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Summary

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. 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



1. Introduction

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).
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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
(Jabtonska 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
a-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



1. Introduction

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 |, which includes the duplication of the DNA of
progenitor cells. The next stages are meiosis Il, which includes prophase Il, metaphase II,
anaphase Il, and telophase Il. 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 |, 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 | 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 RECS8 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 MSHS5 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 |, where chromosomes condense further, and the nuclear
membrane breaks down as the cell prepares for Metaphase |. During prophase |, genetic
recombination occurs, where homologous chromosomes exchange genetic material.
During Metaphase |, 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 | signifies the end of meiosis |, during which the
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cell divides into two and homologous chromosomes separate, while sister chromatids
remain joined until meiosis Il. Meiosis Il is a faster process with four stages similar to
Meiosis |, 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 | and subsequently
undergo two rapid divisions, while females experience a shorter prophase | 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, Zip7is 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 | (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 eukaryaotic 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 (Horandl 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 (Gonzalez 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.
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1.3 Aims and Outline of this Study

In this thesis, | 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 HGTSs) 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), | constructed a reference transcriptome and detected the
meiosis-associated genes using the “meiosis toolkits”. Moreover, | compared the
expression change between cells fusion induced by starvation and the cells supplied with
food. | 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, | 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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Abstract

Background Unicellular eukaryotes were widely considered to reproduce without sex. However, recent findings
suggest that meiosis, and by extension (sometimes cryptic) sexual reproduction, might be present in almost all

eukaryotic lineages.

Results Here, we investigate the transcriptomic response underlying starvation-induced fusion in the Rhizaria protist
Fisculla terrestris. Investigations of differentially expressed genes (DEGs) with a particular focus on the expression
of meiosis-associated genes suggest that some form of meiosis and recombination might occur in these Rhizaria.

Conclusions We showed that starvation triggered changes in gene expression of meiosis-associated genes in F. ter-
restris. However, if these processes are coupled with sexual reproduction remains to be investigated.

Keywords Meiosis, Protist, Rhizaria, Differentially expressed genes (DEGs), Meiosis toolkits, Cell fusion, Recombination

Background

Meiotic sex, the reciprocal genetic exchange between
individuals, including the fusion of nuclei, recombina-
tion, and segregation of chromosomes, was commonly
assumed to be restricted almost entirely to animals,
fungi, and plants [1]. The vast majority of unicellular
eukaryotes, ie., protists, were considered to be asexual;
however, recent findings suggest the existence of some
form of sex. Animals, fungi (both Amorphea), and
plants (Archaeplastida) are unrelated lineages nesting in
the large diversity of eukaryotes (Fig. 1) [2]. The appar-
ent polyphyly of sexual macroorganisms and the con-
served manner of eukaryotic sex (via meiosis) suggest an
early evolutionary origin of sexual reproduction within
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eukaryotes. Intriguing is the conservancy and homol-
ogy of eukaryotic meiosis-associated (including “Mei-
osis-specific genes” and “Meiosis-related genes” from
the meiosis toolkit) enzymes to recombination enzyme
machinery of prokaryotes [3—5] and the finding of
archaeal cells that undergo fusion coupled with recombi-
nation, a process being very similar to eukaryotic sex [6].
It is therefore commonly suggested that sex evolved with
the eukaryotic common ancestor (that derived in some
form from an archaeal ancestor) [1, 7]. Nonetheless, it
is important to note that there is considerable ascertain-
ment bias in our understanding of sex across eukaryotic
lineages, as many protistan groups remain understudied.
‘While sexual reproduction has been well-documented
in plants, animals, and fungi, there is growing evidence
for its occurrence across a wide range of eukaryotic lin-
eages [9]. This evidence comprises observations of the
fusion of cells, the fusion of nuclei (karyogamy), certain
chromosomal behaviors that were interpreted as meiosis,
and subsequent fission [10—12]. Although fusion in pro-
tists is widely observed, the entire sequence of putative

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons org/licenses/by/4.0/.
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Fig. 1 Evolutionary relationship and life history of the used organism. A F. terrestris is a representative of the Rhizaria, being only distantly related

to the well-known eukaryotes like plants (Archaeplastida) and animals or fungi (Amorphea). The phylogenetic tree is based on Burki et al. [8]

and only the most important eukaryotic groups are indicated by names; other branches are reduced. B The life history of F. terrestris is divided

into the two treatments used for the differential genes expression (DGE) experiment, i.e, predominantly mitotically growing, non-starved individuals
(left, i.e, the non-starved treatment) and predominantly starved individuals comprising dormant and fused individuals (right, i.e, the starved

treatment)

sexual behaviors could so far only be described in very
few taxa. Accordingly, it proved dificult to gather direct
evidence for sex in protists [13] and attention of the
research field shifted to the accumulation of indirect evi-
dence. Currently, the most common approach to inves-
tigate sex in protists is thus screening for genes that are
considered to be involved in meiosis [5, 14—17]. With this,
diverse groups of protists have been shown to possess
meiosis-associated genes [4, 16—18]. Since these genes
seem to be conserved in almost all eukaryotic lineages, it

was concluded that sex must be widely distributed, cryp-
tic, and not necessarily coupled with offspring produc-
tion [19—21]. However, recently, it was questioned to rely
solely on the detection of these meiosis-associated genes
as evidence for sex, as these genes possibly exert pleio-
tropic functions [22, 23].

The Thecofilosea (Rhizaria, protists) are only very dis-
tantly related to the well-known sexual and macroscopic
eukaryotes (Fig. 1A). Thecofilosea species can undergo
a complete life history under laboratory conditions,
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including fusion, karyogamy (fusion of nuclei), and fis-
sion [11, 24]. Fisculla terrestris (Thecofilosea) is a unicel-
lular, shell-bearing amoeba living in soils where it feeds
predominantly on fungi (yeasts and spores) and algae. In
Fisculla terrestris, the depletion of prey reliably triggers
the fusion of cells and karyogamy, a subsequent addi-
tion of prey (or its supernatant) induces the separation
of fused individuals (Fig. 1B). This process seems remi-
niscent of “cyclical asexuality,” i.e., the ability to switch
to sexual life cycles under unfavorable conditions, while
otherwise reproducing asexually [25, 26]. To generate
insights into potentially occurring meiosis and sex in
Thecofilosea, we identify the expression response to star-
vation-induced fusion in Fisculla terrestris with a specific
focus on meiosis-associated genes.

Results

Experimental setup and reference transcriptome assembly
In many eukaryotes, starvation triggers a switch from an
asexual to a sexual reproductive cycle [27]. In the cultures
used here, F terrestris fed, digested, and underwent typi-
cal mitotic fission, when food (Saccharomyces cerevisiae)
was plentiful (i.e., in the “non-starved treatment”; Fig. 1B,
left). The majority of F. terrestris individuals entered dor-
mancy, i.e., a state of immobility and low activity, when
food was depleted (i.e., “starved treatment”). However,
under starvation, about 5% of individuals fused into large
aggregates with a huge, very active pseudopodial mass
(Fig. 1B, right).

To identify the molecular signatures associated with
fusion (and potential meiosis-facilitated sexual repro-
duction), we extracted RNA from five replicated cul-
tures under each treatment, i.e., non-starved and starved.
Next, we combined all data and assembled a de novo ref-
erence transcriptome. In total, 60 GB of raw data were
obtained, resulting in 43,531 assembled transcripts in the
reference transcriptome, of which 26,525 remained after
quality filtering, i.e., selecting for longest isoform length,
duplicate, and redundancy removal. Then, we mapped
the reads of the respective samples back to the reference
transcriptome. Transcription expression patterns were
highly similar among replicates, whereas patterns were
clearly different between treatments (Fig. 2A).

Differentially expressed enrichments

To estimate functional changes in expression patterns
between treatments, we determined 16,473 differentially
expressed genes (DEGs), of which 15,327 were found to
be protein-coding. Protein-coding DEGs were used to
identify specific pathways associated with either treat-
ment. For this, protein-coding DEGs were annotated
and subjected to pathway over-representation, gene
set enrichment analyses, and gene ontology (GO) term
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enrichment analysis. As annotation of protistan genomic
data is challenging, these DEGs were annotated with
both, the human KOBAS database and a universal eukar-
yote eggNOG-mapper database, obtaining 3497 and 3577
annotated genes respectively of which 3093 were shared
[28—30]. The pathway over-representation analysis
revealed DEGs assigned to numerous pathways (Fig. 2B),
including pathways like “Cell cycle! “Oocyte meiosis.
and “DNA replication” The gene set enrichment analysis
showed similar results but further indicated enrichment
in sulfur-related metabolism, including “Glutathione”
and “Cysteine and methionine metabolism” pathways. To
identify specifically upregulated DEGs between the two
treatments, we then analyzed the GO term enrichment.
A total of 8345 genes (of which 1929 could be annotated)
were significantly upregulated in the non-starved treat-
ment and 8128 genes (of which 1648 could be annotated)
in the starved treatment. In total, 300 GO terms and 23
Kyoto Encyclopedia of Genes and Genomes (KEGG)
terms with differentially expressed genes were obtained
for the non-starved treatment, and 112 GO terms and
7 KEGG terms with differentially expressed genes were
obtained for the starved treatment. Subsequently, to elu-
cidate the biological significance represented by numer-
ous GO terms, the GO terms were simplified. Fourteen
and nine simplified groups were obtained for the non-
starved (Fig. 2C) and starved treatment (Fig. 2D). In the
non-starved treatment, upregulated simplified groups
included terms such as “Mitotic” “Cell division.” “Lamel-
lipodium]” and “Metabolic,” indicating mitotic division,
rapid growth, and pseudopodia-facilitated predation,
as expected for the treatment and consistent with the
observed behaviors of cells (Fig. 2C). In the starved treat-
ment, we observed an upregulation of terms such as “Cell
adhesion” “RNA. “Response.” and “Macropinocytosis.’
supporting the expected transcriptomic response to
fusion, starvation stress, and an increased communica-
tion. The upregulation of macropinocytosis-related genes
might indicate a non-selective uptake of remaining envi-
ronmental nutrients as a stress response [31-33].

Differential expression of meiosis-associated transcriptions
Lastly. genes that are typically associated with meiosis
in species with sexual reproduction were identified in £
terrestris and analyzed for changes in their expression.
A previously published list of meiosis-associated genes
comprised 11 meiosis-specific and 40 meiosis-related
genes [7]. Here, a total of 41 out of 51 meiosis-associated
genes were detected, including eight meiosis-specific
genes and 33 meiosis-related genes (Fig. 3; Additional
file 1: Table S1). The ten missing transcriptions in F. fer-
restris included MSH4, ZIP1, REDI, LIFI, RECI114,
BRCAI, BRCA2, YENI, MECI, and RADS2.
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Among the eight meiosis-specific genes, three (DMC1,
MNDI, and MER3) were upregulated and three (SPOI1,
HOPI, and RECS8) were downregulated during starvation.
The three upregulated genes function in crossover regu-
lation. The downregulated genes, RECS forms the bou-
quet, HOPI regulates crossover formation, and SPO!]
forms the double-strand break during meiosis. The mei-
osis-specitic genes HOP2 and MSHS5 did not exhibit sig-
nificant expression changes between treatments [5].

Additionally, we identified 22 meiosis-related DEGs,
of which 8 were upregulated and 14 were downregulated
during starvation. All upregulated genes contribute to
recombinational repair, except for RAD50, which func-
tions in DNA damage sensing/response. The downregu-
lated DEGs fall into five distinct functional groups: five
genes (EXOI, SLX1, SMC6, RADS51, and SAE2) fulfill
functions in recombinational repair; four genes (RADI7,
RAD24, RAD23, and MREI1) are involved in DNA dam-
age sensing/response; three genes (LIG4, KU70, and
KUS80) are assigned to double-strand break repair (non-
homologous end joining); CDC2 indicates meiotic entry;
and SADI is involved in bouquet formation. Eleven mei-
osis-related genes did not change significantly in expres-
sion intensity between treatments [5].

Discussion

F. terrestris expresses meiosis-associated genes

during starvation

We were able to determine 41 of the initially surveyed
51 meiosis genes. Twenty-eight of the 41 detected mei-
osis-associated genes were shown to be differentially
expressed. Seventeen of these genes were downregulated
during starvation. Downregulated genes include predom-
inantly genes that are thought to be involved in five dis-
tinct meiosis-related processes: (1) double-strand break
and its repair (SPOI1, RECS, and the three genes LIG4,
KU70, and KUS80, both being involved in nonhomology
end joining integration of DNA); (2) five genes that are
reported to funection in recombinational repair (RAD51,
SAE2, SLX1, EXOI, and SMC6); (3) four genes belong
to DNA damage sensing/response function, including
RADI7, RAD23, RAD24, and MRE11; (4) CDC2 indicat-
ing “Meiotic entry”; and (5) HOPI regulates crossover.
Specifically, SPO11 produces DNA double-strand breaks
(DSBs), which are necessary for meiotic recombination
[34]. According to studies in yeast, the expression of
SPOI 1 peaks at meiotic entry and then gradually declines
[35]. Starving yeast was shown to induce genome-wide
meiotic SPOII-dependent double-strand breaks, and
then return to mitotic growth when food was resupplied
indicating a temporal separation and termination of ini-
tiated meiosis, a process known as “Return To Growth”
(RTG) [36. 37]. Considering that fused F terrestris can
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separate when food is resupplied (Fig. 1B, right), a tem-
poral separation of meiosis and an RTG-like process in
protists like F terrestris is thinkable, potentially explain-
ing the mixed response of meiosis-associated genes in
our analysis.

Most upregulated meiosis-associated genes during
fusion of F. terrestris are known to be involved in crosso-
ver regulation (DMCI, MER3, and MNDI) and recom-
binational repair (MLHI, MMS4, MSH6, MLH3, SGSI,
SLX4, and RTEL). Upregulated R4AD50 is related to
DNA damage sensing/response. Among the upregulated
genes, including the equally expressed HOP2, DMCI is
expected to be crucial for entering meiosis as it promotes
the formation of strand-invasion products (D-loops)
between homologous molecules [27]. MNDI and HOP2
stabilize the binding of DMCI and DNA [38—40]. Thus,
their simultaneous activity suggests active recombination
between homologies. The last upregulated meiosis-spe-
cific gene, the MER3 helicase is a member of the ZMM
protein group (also known as the synapsis initiation com-
plex = SIC), facilitating the formation of the majority of
crossovers during meiosis [41, 42]. Based on the differen-
tial expression of said genes, we hypothesize that F. fer-
restris undergoes double-strand breaks and homologous
recombination during fusion.

We were not able to detect the expression of three
meiosis-specific transcriptions (MSH4, ZIP!1, and REDI)
and seven meiosis-related transcriptions (LIFI, REC114,
BRCAL. BRCA2, YENI, MEC!, and R4D32), indicating
their absence. These transcriptions may either not have
been expressed during our experiment or may have been
lostin F ferrestris. Many members of the SAR clade seem
to miss some or all of those genes, such as MSH4 [5, 43].
ZIP1 and REDI] are both involved in the synaptonemal
complex, which is not strictly needed for meiosis in many
taxa [43]. The common absence of these genes from
transcriptomic or genomic data in the SAR clade might
indicate a loss of those genes in its common ancestor
(consisting of the Stramenopiles, Alveolata, and Rhizaria,
see Fig. 1A). However, the absence of meiosis-associated
genes does not necessarily confirm an absence of meiosis.
For example, Caenorhabditis elegans and Drosophila mel-
anogaster are missing a whole series of meiosis-related
genes and evidently undergo meiosis nonetheless as these
taxa exclusively using crossover pathway 1 [44, 45]. The
same applies to the protistan Alveolata (in SAR group)
for which there is plenty of evidence for sex, but an
absence of numerous meiosis-associated genes [5].

Sulfur availability may trigger fusion and recombination

in F. terrestris

Under starvation, the amoeba Dictyostelium discoi-
deum (Amoebozoa, Fig. 1A) shifts from a unicellular
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to a multicellular life history stage and forms sexually
derived spores [46, 47]. During extensive research on
this model organism, it was found that harmful reac-
tive oxygen species (ROS) form under starvation. As
a response, the amino acid cysteine is sequestered in
the antioxidant glutathione. Altogether, this links sul-
fur availability to fusion and sex in this protist [48].
Although only distantly related, we found the down-
regulation of the pathways “Cysteine and methionine
metabolism” and “Glutathione metabolism” indicat-
ing this to be a conserved eukaryotic response. Even in
bacteria, sulfur metabolism regulates cell cycle progres-
sion via shifts in glutathione levels [49].

Conclusions

The detection of sexual processes in protists is gen-
erally quite challenging because of their small size,
restricted culture conditions, and limited access to
genetic material. A number of studies interpreted the
presence of conserved meiosis genes as evidence for sex
[50]. As discussed, such conserved genes are often plei-
otropic and meiosis can be present in asexual organ-
isms [21-23, 51]. Consequently, the presence of meiosis
genes alone is of limited reliability for detecting meiosis
and sex. Here, to alleviate some of the mentioned chal-
lenges, we induced fusion in F terrestris and analyzed
the transcriptional response with a specific focus on
meiosis-associated genes and processes. Based on the
findings here, the genes that likely regulate crossover
and repair recombination are upregulated, so meiosis
might be active, but temporal dynamics and RTG-like
processes could confound meiosis-associated expres-
sion dynamic patterns which cannot be ruled out. Ulti-
mately, to clearly elucidate the occurrence and role of
meiosis, genetic recombination, and sexual processes
in Rhizaria, further studies are needed analyzing, e.g.,
fine-scale cytological processes during fusion and/
or population genetic outcomes of sex such as allele
sharing among individuals. It is important to note
that while meiosis, genetic recombination, and sexual
reproduction are often associated, they are not univer-
sally linked across all eukaryotic groups. For instance,
in ciliates, meiosis and genetic exchange occur without
being directly tied to reproduction. This highlights the
need for careful distinction during the investigation of
these processes in diverse eukaryotic lineages, includ-
ing Rhizaria. Fisculla terrestris is a well-suiting candi-
date to further investigate putative sexual reproduction
in distant relatives of animals and plants. Cultures of
F. terrestris can be easily established and maintained,
fusion can be easily induced, and its slow and transpar-
ent cells facilitate microscopical investigation.
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Methods

Experimental setup and transcriptome sequencing

E terrestris was cultured in Waris-H+Si (McFadden &
Melkonian) with Saccharomyces cerevisiae as food in 80
ml batch cultures. Under these culture conditions, the
highest density of F ferrestris cells was expected after 5
days. We, therefore, harvested five replicates for tran-
scriptome sequencing after 4 days of culture growth
when food was declining in abundance, and another set
of five replicates was harvested after an additional 3 days
of growth, when food was depleted and a large number of
cells were fused or dormant. RNA was extracted with the
Qiagen RNeasy plant mini kit. For this, the culture flasks
were vigorously shaken to detach amoeba cells from the
plastic surface, and approx. 80 ml of each culture was fil-
tered with an 8-pm pore size filter to maximize the den-
sity of F terrestris while minimizing contamination by
environmental bacteria and S. cerevisiae. The filter was
given into a 1.5-ml Eppendorf tube with 1 ml of ice-cold
Soerensen buffer and vortexed vigorously to detach the
cells from the filter. Subsequently, the Eppendorf tube
was centrifuged at 1000 rpm for 5 min at 4 °C and the
filter was removed without disturbing the pellet. The
Eppendorf tube was centrifuged at 1000 rpm for 2 min
and 4 °C to firm the pellet. The Soerensen buffer was
discarded and replaced by 1 ml of clean new buffer. The
tube was centrifuged at 1000 rpm for S min and 4 °C to
firm the pellet. The Soerensen buffer was discarded and
replaced by 170 ul ice-cold RLN buffer. The tube was vor-
texed, and 450 pl RLT buffer of the Qiagen RNeasy plant
mini kit was added and mixed by vortexing. The tubes
were kept in liquid nitrogen until following the rest of
the manuals instructions for the Qiagen RNeasy plant
mini kit. Poly-A selection, cDNA synthesis, paired-end
library preparation, and subsequent Illumina NovaSeq
6000 sequencing were conducted in the West German
Genome Center.

Reference transcription assembly

Sequence reads were trimmed with TrimGalore (version
v0.6.5, https://github.com/FelixKrueger/ TrimGalore)
before assembly with Trinity (version v2.1.1) [52]. We
used the default parameter for assembly and then used
Trinity’s “get_longest_isoform_seq per_trinity gene.pl”
to select for the longest transcripts. The CD-HIT (version
v4.8.1) [53] was employed to select the unique transeripts
according to a similarity criterion of 90% and reads with
a length of <300 bp were removed by Seqkit (version
0.14.0) [54]. Translation of transcripts was performed
by Transdecoder (https://github.com/TransDecoder/
TransDecoder/wiki; last accessed November 14, 2018) to
establish the protein data set used for further analyses.
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Contamination removal and quality assessment

To identify and remove putative contamination by the
food organism Saccharomyces cerevisiae, we down-
loaded its genome and related protein sequences
(ASM308665v1). We used Minimap2 (version v2.1) [55]
and Blastp [56] to screen for the presence of potential
yeast sequences. In addition, we used the BlobTools2 kit
(version v2.3.3) [57] to check the results made by Busco
(version 5.0.0) [58] and Blastp. Most of the transcripts
(29M/30M) were no-hit in the nt database and the Busco
results showed a completeness of 77.3% against the
eukaryota obdl10 database.

Differentially expressed genes detection

To identify and quantify the DEGs, we used RSEM (ver-
sion v1.3.3) [59] to map the filtered reads to the reference
transcriptome with parameters “--est method RSEM
--aln_method bowtie2 --trinity mode --prep reference”
DEGs were determined with DeSeq2 (version v. 1.10.1)
[60]. Transcripts with <50 reads among all samples were
discarded and we only kept DEGs with an adjusted p
value of less than 0.05.

Annotation and enrichment of DEGs

The longest resulting protein sequences were used for
annotation. DEGs were annotated with KOBAS (version
v. 3.0) [29] and its human database and eggNOG-mapper
(version v2.1.6) [30]. Subsequently, the Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathways and gene
ontology (GO) enrichment analysis and gene set enrich-
ment analysis (GSEA) were carried out using clusterPro-
filer (version v. 3.15) [61]. The protein sequences derived
from DEGs were submitted to the human database, and
hypergeometric test/Fisher’s exact test were used to cal-
culate the corrected p values.

Meiosis-associated genes Blast

Lastly, we compared our genes to 11 meiosis-specific and
40 meiosis-related genes published before [5, 50]. For
this, we aligned these sequences to our protein database.
Aligned sequences with an ¢ value <10E™* were kept and
then manually curated.

Abbreviations

DEGs  Differentially expressed genes

GO Gene ontology

KEGG  Kyoto Encyclopedia of Genes and Genomes
DSBs  Double-strand breaks

RTG Return to growth

SIC Synapsis initiation complex

ROS Reactive oxygen species

GSEA  Gene set enrichment analysis

PCA Principal component analysis

Page80of9

Supplementary Information

The online version contains supplementary material available at https://doi.
01g/10.1186/512915-025-02246-3.

Additional file 1: Table S1 DESeq2 expression level of the 41 DEGs showed
the raw expression.

Acknowledgements
This work was funded by the core funding of J.B.

Authors’ contributions

Conceptualization: K.D; investigation: KD. and M.D.S; formal analysis: S.G.;
writing — original draft: $G., J.B. and K.D.; writing — review & editing: all authors;
visualization: S.G. and K.D; funding acquisition: JB.

Funding
Open Access funding enabled and organized by Projekt DEAL This work was
funded by the core funding of J.B.

Data availability
The raw data is available at NCBI Bioproject PRINA1108686 [62].

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 24 May 2024 Accepted: 13 May 2025
Published online: 22 May 2025

References

1. Garg SG, Martin WF. Mitochondria, the cell cycle, and the origin of
sex via a syncytial eukaryote common ancestor. Genome Biol Evol.
2016;8:1950-70.

2. AdlsMm, Bass D, Lane CE, Luke$ J, Schoch CL, Smirnov A, et al. Revisions to
the classification, nomenclature, and diversity of eukaryotes. J Eukaryot
Microbiol. 2019;66:4-119.

3. Camerini-Otero RD, Hsieh P. Homologous recombination proteins in
prokaryotes and eukaryotes. Annu Rev Genet. 1995;29:509-52.

4. Ramesh MA, Malik S-B, Logsdon JM. A Phylogenomic inventory of meiotic
genes: evidence for sex in giardia and an early eukaryotic origin of meio-
sis. Curr Biol. 2005;15:185-91.

5. ChiJ,Mahé F, Loidl J, Logsdon J, Dunthorn M. Meiosis gene inventory
of four ciliates reveals the prevalence of a synaptonemal complex-inde-
pendent crossover pathway. Mol Biol Evol. 2014;31:660—72.

6. Bernstein H, Bernstein C. Sexual communication in archaea, the precursor
to eukaryotic meiosis. In: Witzany G, editor. Biocommunication of archaea.
Cham: Springer International Publishing; 2017. p. 103-17.

7. Lopez-Garcia B Moreira D.The syntrophy hypothesis for the erigin of
eukaryotes revisited. Nat Microbiol. 2020,5:655—67.

8. Burki F, Roger AJ, Brown MW, Simpson AGB. The new tree of eukaryotes.
Trends Ecol Evol. 2019;35:43-55.

9. Horandl E, Bast J, Brandt A, Scheu S, Bleidorn C, Cordellier M, et al.
Genome evolution of asexual organisms and the paradox of sex in
eukaryotes. In: Pontarotti P, editor, et al, Evolutionary biology—a trans-
disciplinary approach. Cham: Springer International Publishing; 2020. p.
133-67.

10. Bell G. Sex and death in protozoa: the history of obsession. Cambridge:
Cambridge University Press; 1988.

35



2. Chapter 1 Meiosis-associated expression patterns during starvation-induced cell fusion in the

Gao et al. BMC Biology

11
12.
13.
14.

15.

16.
17.

18.

19.
20.
21
22
23.
24,
25.

26.

27.

28.
29.

30.

31
32.

33

34,
35.
36.

37.

protist Fisculla terrestris

(2025) 23:140

Bélaf K. Protozoenstudien. lll. Arch Protistenk. 1921:43:431-62.

Valkanov A. Paraquadrula madarica n. sp.(Rhizopoda-Testacea) und ihre
Kopulation. Dokl Bolg Akad Nauk Rep Bulg Acad Sci. 1962;15:423—6.

Lahr DJG, Parfrey LW, Mitchell EAD, Katz LA, Lara E. The chastity of amoebae:
re-evaluating evidence for sex in amoeboid organisms. Proc R Soc B Biol Sci.
2011;278:2081-90.

Normark BB, Judson OP, Moran NA. Genomic signatures of ancient asexual
lineages. Biol J Linn Soc. 2003;79:69-84.

Patil S, Moeys S, von Dassow P, Huysman MJJ, Mapleson D, De Veylder L,

et al Identification of the meiotic toolkit in diatoms and exploration of
meiosis-specific SPO11 and RAD51 homologs in the sexual species Pseudo-
nitzschia multistriata and Seminavis robusta. BMC Genomics. 2015;16:930.
Schurko AM, Logsdon JM. Using a meiosis detection toolkit to investigate
ancient asexual “scandals’and the evolution of sex. BioEssays. 2008,30:579-89.
Hofstatter PG, Brown MW, Lahr DJG. Comparative genomics supports sex
and meiosis in diverse Amoebozoa. Genome Biol Evol. 2018;10:3118-28.
Malik SB, Pightling AW, Stefaniak LM, Schurko AM, Logsdon JM Jr. An
expanded inventory of conserved meiotic genes provides evidence for sex
in Trichomonas vaginalis. PLOS ONE. 2008;3:e2879.

Dunthorn M, Katz LA. Secretive ciliates and putative asexuality in microbial
eukaryotes. Trends Microbiol. 2010;18:183-8.

Dacks J, Roger AJ. The first sexual lineage and the relevance of facultative
sex. J Mol Evol. 1999,48.779-83.

Dunthorn M, Zufall RA, ChiJ, Paszkiewicz K, Moore K, Mahé F. Meiotic genes in
colpodean ciliates support secretive sexuality. Genome Biol Evol. 2017,9:1781-7.
Maciver SK. Ancestral eukaryotes reproduced asexually, facilitated by poly-
ploidy: a hypothesis. BioEssays. 2019;41:1900152.

Maciver SK. Asexual amoebae escape Muller’s ratchet through polyploidy.
Trends Parasitol. 2016,32:855—62.

Breuer R. Fortpflanzung und biologische Erscheinungen einer Chla-
mydophrysform auf Agarkulturen. Arch Protistenkd. 1917,37:65-92.
Decaestecker E, De Meester L, Mergeay J. Cyclical parthenogenesis in daph-
nia: sexual versus asexual reproduction. In: Schén |, Martens K, Dijk P, editors.
Lost sex the evolutionary biology of parthenogenesis. Dordrecht: Springer
Netherlands; 2009. p. 295-316.

Lucchesi P, Santangelo G. How often does conjugation in ciliates occur?
Clues from a seven-year study on marine sandy shores. Aquat Microb Ecol.
2004;36:195-200.

Chu S, DeRisi J, Eisen M, Mulholland J, Botstein D, Brown PO, et al. The transcrip-
tional program of sporulatien in budding yeast Science. 1998282:699—705.

Bu D, Luo H, Huo P,Wang Z, Zhang S, He Z, et al. KOBAS-i: intelligent
prioritization and exploratory visualization of biological functions for gene
enrichment analysis. Nucleic Acids Res. 2021;49:W317-25.

Xie C, Mao X, Huang J, Ding Y, Wu J, Dong S, et al. KOBAS 2.0: a web server
for annotation and identification of enriched pathways and diseases.
Nucleic Acids Res. 2011;39 suppl_2W316-22.

Cantalapiedra CP, Herndndez-Plaza A, Letunic |, Bork P, Huerta-Cepas J.
eggNOG-mapper v2: functional annotation, orthology assignments, and
domain prediction at the metagenemic scale. Mol Biol Evol. 2021. https://
doi.org/10.1093/molbev/msab293.

Commisso C, Davidson SM, Soydaner-Azeloglu RG, Parker SJ, Kamphorst JJ,
Hackett S, et al. Macropinocytosis of protein is an amino acid supply route in
Ras-transformed cells. Nature. 2013;497:633—7.

Kamphorst JJ, Nofal M, Commisso C, Hackett SR, Lu W, Grabocka E, et al.
Human pancreatic cancer tumors are nutrient poor and tumor cells actively
scavenge extracellular protein. Cancer Res. 2015;75:544-53.

Xiao F LiJ, Huang K, Li X, Xiong Y, Wu M, et al. Macropinocytosis: mechanism
and targeted therapy in cancers. Am J Cancer Res. 2021;11:14-30.

Cao L, Alani E, Kleckner N. A pathway for generation and processing of
double-strand breaks during meiotic recombination in S. cerevisiae. Cell
1990,61:1089-101.

Primig M, Williams RM, Winzeler EA, Tevzadze GG, Conway AR, Hwang

SY, et al. The core meiotic transcriptome in budding yeasts. Nat Genet.
2000;26:415-23.

Mozzachiodi S, Tattini L, Llored A, Irizar A, §kofUanc N, D'Angiolo M, et al.
Aborting meiosis allows recombination in sterile diploid yeast hybrids. Nat
Commun. 2021;12:6564.

Mozzachiodi s, Liti G. Evolution of yeast hybrids by aborted meiosis. Curr
Opin Genet Dev. 2022;77:101980.

38.

39.

40.

41,

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Page9of 9

Petukhova GV, Pezza RJ, Vanevski F, Ploquin M, Masson J-Y, Camerini-Otero
RD. The Hop2 and Mnd1 proteins act in concert with Rad51 and Dmc1 in
meiotic recombination. Nat Struct Mol Biol. 2005;12:449-53.

Pezza RJ, Petukhova GV, Ghirlando R, Camerini-Otero RD. Molecular activities
of meiosis-specific proteins Hop2, Mnd1, and the Hop2-Mnd1 complex *.J
Biol Chem. 2006,281:18426-34.

Bugreev DV, Pezza RJ, Mazina OM, Voloshin ON, Camerini-Otero RD, Mazin
AV.The resistance of DMC1 D-loops to dissociation may account for the
DMC1 requirement in meiosis. Nat Struct Mol Biol. 2011;1856-60.
Nakagawa T, Ogawa H. The Saccharomyces cerevisiae MER3 gene, encoding
a novel helicase-like protein, is required for crossover control in meiosis.
EMBO J. 1999;185714-23.

Nakagawa T, Kelodner RD. Saccharomyces cerevisiae Mer3 is a DNA helicase
involved in meiotic crossing over. Mol Cell Biol. 2002;22:3281-91.

Eichinger CS, Jentsch S. Synaptonemal complex formation and meiotic
checkpoint signaling are linked to the lateral element protein Red1. Proc
Natl Acad Sci. 2010;,107:11370-5.

Masson J-Y, West SC. The Rad51 and Dmc1 recombinases: a non-identical
twin relationship. Trends Biochem Sci. 2001;26:131-6.

Pezza RJ, Voloshin ON, Vanevski F, Camerini-Otero RD. Hop2/Mnd1 acts

on two critical steps in Dmcl1-promoted homologous pairing. Genes Dev.
2007,21:1758-66.

Bonner JT, Savage LJ. Evidence for the formation of cell aggregates by
chemotaxis in the development of the slime mold Dictyostelium discoi-
deum.J Exp Zool. 1947,106:1-26.

Katoh M, Chen G, Roberge E, Shaulsky G, Kuspa A. Developmental commit-
ment in Dictyostelium discoideum. Eukaryot Cell. 2007,6:2038—-45.

Kelly B, Carrizo GE, Edwards-Hicks J, Sanin DE, Stanczak MA, Priesnitz C, et al.
Sulfur sequestration promotes multicellularity during nutrient limitation.
Nature. 2021;591:471-6.

Hartl J, Kiefer P, Kaczmarczyk A, Mittelviefhaus M, Meyer F Vonderach T, et al.
Untargeted metabolomics links glutathione to bacterial cell cycle progres-
sion. Nat Metab. 2020;2:153-66.

Kraus D, Chi J, Boenigk J, Beisser D, Graupner N, Dunthorn M. Putatively
asexual chrysophytes have meiotic genes: evidence from transcriptomic
data. Peer). 2019,6:25894.

Jaron KS, Bast J, Nowell RW, Ranallo-Benavidez TR, Robinson-Rechavi M,
Schwander T. Genomic features of parthenogenetic animals. ) Hered.
2021;112:19.

Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit |, etal.
Full-length transcriptome assembly from RNA-Seq data without a reference
genome. Nat Biotechnol. 2011;29:644-52.

Fu L, Niu B, Zhu Z, Wu S, Li W. CD-HIT: accelerated for clustering the next-
generation sequencing data. Bioinformatics. 2012;28:3150-2.

Shen W, Le S, LiY, Hu F. SeqKit: a cross-platform and ultrafast toolkit for
FASTA/Q file manipulation. PLOS ONE. 2016;11:€0163962.

Li H. New strategies to improve minimap2 alignment accuracy. Bioinformat-
ics. 2021,37:4572-4.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment
search tool.J Mol Biol. 1990;215:403—10.

Challis R, Richards E, Rajan J, Cochrane G, Blaxter M. BlobToolKit — interactive
quality assessment of genome assemblies. G3 GenesGenomesGenetics.
2020;,10:1361-74.

Manni M, Berkeley MR, Seppey M, Simdo FA, Zdobnov EM. BUSCO update:
novel and streamlined workflows along with broader and deeper phylo-
genetic coverage for scoring of eukaryotic, prokaryotic, and viral genomes.
Mol Biol Evol. 2021;38:4647-54.

Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data
with or without a reference genome. BMC Bioinformatics. 2011;12:323.
Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.

WuT, HUE XuS, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: a universal
enrichment tool for interpreting omics data. Innovation. 2021;2:100141.
Meiosis-related expression patterns during starvation-induced cell fusion
in the protist Fisculla terrestris. Raw sequence reads. NCBI Bioproject
https://www.ncbi.nlm.nih.gov/bio project/PRINA1108686/%20(2024).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional afiliations.

36



3. Chapter 2 Chromosome-scale genome dynamics reveal signatures of independent haplotype
evolution in the ancient asexual mite Platynothrus peltifer

3. Chapter 2 Chromosome-scale genome
dynamics reveal signatures of independent
haplotype evolution in the ancient asexual mite

Platynothrus peltifer

The following chapter consists of a manuscript: “Chromosome-scale genome dynamics
reveal signatures of independent haplotype evolution in the ancient asexual mite
Platynothrus peltifer”

Manuscript published in Science Advances.
The CRediT (Contributor Roles Taxonomy) is employed to clarify the contribution of the
authors.

Authors:

Hiusna Oztoprak, Shan Gao, Nadége Guiglielmoni, Alexander Brandt, Yichen Zheng,
Mohammed Errbii, Viktoria Bednarski, Christian Becker, Kerstin Becker, Lea
Borgschulte, Katharina Atsuko Burak, Anne-Marie Dion-Cété, Vladislav Leonov, Linda
Opherden, Satoshi Shimano, Jens Bast

Shared Corresponding author

Author contributions of this thesis:

Formal analysis: Assembled and annotated the reference genome and annotated
haplotype assemblies, differentially expressed alleles (DEAs) detection, horizontal gene
transfer (HGTs) detection, repeat region annotation, supervised students on identifying
de novo mutations, Wolbachia detection, orthology and Ka/Ks analyses between the two
haplotypes.

Methodology: Detection of DEAs, identifying de novo mutations, identifying orphan
HGTs, decontamination of the raw data.

Visualization: Fig. 3. C, D, E in the main text and Fig. S10., Fig. S13., Fig. S14., Fig. S15.,
Fig. S19., Fig. S20., Fig. S21., Fig. S22. and Fig. S23. in supplementary.

Supervision: Training students in author list (K.A.B. and L.O.)

Data curation: Upload the raw data and assemblies to NCBI and Zenodo, manage the
code in GitHub and Zenodo with N.G..

Writing of methods for analyses parts and contributions of writing results parts of the main
article and contributions of writing and added analyses as response to reviewer
comments.

“Substantial contributions, specifically through the analysis of the German reference
genome, focusing on haplotypic differences. Both corresponding authors were
additionally contributing as stated in the above-listed roles”, as stated in the published
paper “Author Contributions” part.

37



3. Chapter 2 Chromosome-scale genome dynamics reveal signatures of independent haplotype
evolution in the ancient asexual mite Platynothrus peltifer

38



3. Chapter 2 Chromosome-scale genome dynamics reveal signatures of independent haplotype
evolution in the ancient asexual mite Platynothrus peltifer

W) Check for updates

Science AdvAnceS | ReSeARch ARticle

GENETICS copyright © 2025 the
Authors, some rights

reserved; exclusive

Chromosome-scale genome dynamics reveal signatures
of independent haplotype evolution in the ancient
asexual mite Platynothrus peltifer

licensee American
Association for the
Advancement of
Science. no claim to
original U.S.
Government Works.

Hiisha Gztoprakl*, Shan Gao*, Nadege Guiglielmonil, Alexander Brandt?, Yichen Zhengl's, aistributed under a

Mohammed Errbiil, Viktoria Bednarski', Christian Becker?, Kerstin Becker®, Lea Borgschultel,
Katharina Atsuko Burak®, Anne-Marie Dion-C6té%, Vladislav Leonov’, Linda Opherdenl,
Satoshi Shimano?, Jens Bast!

creative commons
Attribution
noncommercial
license 4.0 (cc BY-nc).
Some unique asexual species persist over time and contradict the consensus that sex is a prerequisite for long-term

evolutionary survival. How they escape the dead-end fate remains enigmatic. Here, we generated a haplotype-

resolved genome assembly on the basis of a single individual and collected genomic data from worldwide popula-

tions of the parthenogenetic diploid oribatid mite Platynothrus peltifer to identify signatures of persistence without

sex. We found that haplotypes diverge independently since the transition to asexuality at least 20 million years ago

in European lineages, contrasting Japanese and Canadian lineages. Multiple lines of evidence indicate conservation

of one haplotype copy and relaxed selection in the other for the ancient asexual lineages. These findings highlight

the evolutionary genomic singularities of ancient asexual oribatid mites that may have contributed to escaping the

early demise typically associated with asexuality.

INTRODUCTION

Some oribatid mite species are rare evolutionary anomalies, as they
maintain effective purifying selection and persist and diversify over
millions of years in the absence of sex (/—4). Oribatid mites are di-
verse (>>10,000 species), small (150 to 1400 um), mainly soil-living
decomposers that were among the first arthropods to colonize land
during the Devonian (3, 6). Notably, a high number of species in this
animal order (10%) reproduce via parthenogenesis, of which many
radiated and form diverse phylogenetic clades (7, 8). Such evolution-
ary exceptions are invaluable because understanding the peculiarities
for success without sex will help to identify the adaptive value and
constraints of sex and vice versa (9). To date, however, the genomic
signatures of successful persistence without sex, i.e., how peculiar ge-
nome dynamics of long-term asexuals affect genome evolution and
differ from other, younger asexuals, remain largely unknown (7, 3, 10).
One of the most iconic old asexual oribatid mite species is the diploid
Platynothrus peltifer (C. L. Koch, 1893; Fig. 1A). Previous work sug-
gested a transition to asexuality tens of millions of years ago, likely
predating the separation of Europe and North America (2). The cyto-
logical mechanism for asexuality is a form of automictic thelytoky
during which recombination is restricted to chromosome ends, main-
taining heterozygosity and resulting in “effective clonality” (11, 12).
P peltifer has a generation time of 1 year and produces only female
offspring in lab rearings. and extremely rare spanandric males are in-
fertile (13, 14).
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In this study, we first generated a phased reference genome of
P, peltifer to identify the genomic properties that might be associated
with ancient asexuality. Second, we tested for independent haplo-
type evolution (aka “the Meselson effect”), which is theoretically
expected under the given type of cytological mechanism and long-
term asexuality, using worldwide P peltifer populations. Last, we
explored haplotype-specific genomic properties and evolutionary
dynamics under independent haplotype evolution to identify a po-
tential impact on the evolution under a long-term absence of sex.

RESULTS AND DISCUSSION

Phased genome assembly to identify signatures of

ancient asexuality

To reveal the genomic properties and signatures of haplotype evolution
associated with ancient asexuality, we first generated a chromosome-
scale reference genome from a natural population and additionally re-
solved haplotypes of P pdtifer from a single individual, sampled in
Germany (Fig. 1). In short, PacBio HiFi long reads and TELL-Seq linked
reads stemming from one diploid individual were assembled into
haplotype-collapsed scaffolds that were ordered to chromosome scale
with chromosome conformation capture (Hi-C) data from pooled indi-
viduals of the same population. The same long-read and linked-read
data were used to generate a haplotype-resolved assembly; next, phased
haplotypic blocks were anchored to each other and the chromosome-
scale assembly (Fig. 1B and fig. S1). The chromosome-level genome as-
sembly is of high completeness and contiguity and spans 219 Mb
comprising nine chromosomes with 24,932 annotated genes (Fig. 1C,
figs. S2 and $3, and table S1). The haplotypes comprise 63 blocks B an-
chored to 44 blocks A, representing 92.7% (203 Mb) of the genome be-
ing phased (Fig. 1C and table S2). The genome size estimate via flow
cytometry closely matches the assembly size (6% difference: 232 Mb
versus 219 Mb) and, together with A-nucleotide oligomer spectrum
ploidy analyses and synteny analyses between nonhomologous chro-
mosomes, suggests no historical whole-genome duplication (fig. S4 and
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Fig. 1. Assembly strategy and characteristics of the P. peltifer genome. (A) P. peitifer electron microscopy picture. Scale bar, 100 pum. (B) Schematic workflow of single-
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the total length of haplotype B). Genomic properties of the collapsed assembly with nine pseudochromosomes are depicted in densities of 100-kb blocks: gene content,
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Supplementary Text). In addition, we assembled the complete mito-
chondrial genome from the same individual (fig. S5).

Haplotype dynamics and divergence across

worldwide populations

After the transition from sexuality to asexuality, spontaneous mutations
are predicted to occur independently on each haplotype in a diploid,
“effectively clonal” asexual. Over time, the absence of sex, recombina-
tion, and gene flow should thus manifest into increasing intra-individual
heterozygosity, which drives the divergence and independent evolution
of haplotypes. Consequently, if the transition to asexuality occurred a
considerable amount of time ago, such that different populations sepa-
rated after, haplotypes should be more diverged within individuals than
between individuals from different populations, generating haplotype
trees mirroring each other’s topology. Such independent evolution of
haplotypes is the strongest evidence for obligate asexual reproduction
over long time periods (aka the “Meselson effect”) (/5). However, de-
spite this straightforward prediction, empirical evidence remains equiv-
ocal and the only strong evidence for independent haplotype evolution
in animals stems from an oribatid mite species (7).

To investigate haplotypic independence associated with ancient
asexuality in P pelrifer, we sequenced five individuals per population
from German (Dahlem), Italian (Montan), Russian (Moscow Oblast),
Japanese (Yamanashi), and Canadian (Moncton) populations (Fig.
2A). Genetic divergence clusters individuals by their geographical
locations and by haplotypes (Fig. 2B). Next, to identify haplotypic
differences among individuals and populations, we analyzed genetic
diversity patterns over the whole nine chromosomes. Overall dy-
namics of mean heterozygosity between haplotypes within individ-
uals are similar among populations, with shared regions of high and
low heterozygosity (Fig. 2C). Regions of reduced heterozygosity at
chromosome extremities are likely the consequence of recombination
between haplotypes that is restricted toward telomeres in P, peltifer.
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Larger regions of high and low heterozygosity are more likely driven
by differences in purifying selection among the various chromo-
somal regions, given that gene content negatively correlates with het-
erozygosity (r = —0.55) and heterozygosity fluctuations are shared by
all populations. German, Italian, and Russian (European) popula-
tions feature similar levels of mean individual heterozygosity of 1.6
to 1.8% along chromosomes. The mean heterozygosity of individu-
als from Canadian (1.4%) and Japanese (1.0%) populations is con-
sistently lower compared to that from the other populations but
shows notably similar heterozygosity dynamics along chromosomes
(Fig. 2C). As expected under asexuality, individuals within each
population share heterozygous sites; the largest proportions are
shared by European individuals and lower proportions by Japanese
and Canadian individuals. Notably, a large excess of heterozygous
genotypes is shared among all individuals from European popula-
tions, but shared variants remain private to individuals of Canadian
or Japanese populations (Fig. 2E and figs. S7 and S8). These patterns
are consistent with independent haplotype divergence after a transi-
tion to asexuality and subsequent population separation for Euro-
pean P peltifer lineages. Together, the very similar heterozygosity
dynamics along chromosomes are thus not the consequence of large
distinct stretches of loss of heterozygosity that can occur under
some nonclonal forms of asexuality (/6). These findings suggest
considerable differences in processes that can affect the overall di-
vergence of haplotypes among populations, such as the rate of spon-
taneous mutations increasing heterozygosity and the rate of gene
conversion removing heterozygosity, and/or suggest independent
transitions to asexuality for the Japanese and Canadian populations.

Haplotypes evolve independently under asexuality since

20 million years ago

‘We generated haplotype-specific trees using phased data to identify
whether the transition to asexuality occurred considerable amounts
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Fig. 2. Haplotype dynamics of worldwide P. peltifer populations suggest independent haplotype evolution for at least 20 million years under asexuality of the
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triangles and circles represent haplotypes Aand B, respectively. (C) Mean heterozygosity between haplotypes within individuals for each population across nine chromo-
somes in 1-Mb genomic blocks. (D) Simulations of increased divergence between haplotypes over time with a gene conversion track length of 1000 bp, plateauing after
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cate consensus supports >96%.

of time before the separation into different populations (Fig. 2F, fig.
$9, and table $3). As expected under ancient asexuality, a perfect
split of the two haplotypes displaying mirror topologies of popula-
tions could be identified, including all individuals of European pop-
ulations, representing the “Meselson effect” (Fig. 2F). Contrastingly,
haplotype trees of Japanese and Canadian populations lack such
clear separation. While some individuals display a shared separation
of haplotypes as expected under asexuality, this is confined to each
respective population (Fig. 2F). Together, heterozygosity patterns
are corroborated by haplotype topologies and suggest an ancient
transition to asexuality for the ancestor lineage of the European
populations and an independent loss of sex for both the Japanese
and Canadian populations (Fig. 2, C. E. and F; and figs. S7 to $9).
Heterozygosity dynamics along chromosomes are very similar in all
populations and imply conserved synteny in the ancestral lineage
for all transitions (Fig. 2C). Thus, while likely not sharing the same
transition event, the ancestor of all P pétifer populations was a
closely related lineage, indicating comparable ages of asexuality or
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very conserved genome evolution. Although the mechanism of
transition to asexuality is unknown, hybridization is unlikely as it
cannot generate the shared haplotype differences among the European
populations. Moreover, hybridization would entail substantial ge-
nomic changes and thus cannot explain the similar heterozygosity
patterns for all populations (/7). As remnants of the Wolbachia en-
dosymbiont can be detected in the P, pelrifer genome, the transition
to asexuality might have happened via reproductive manipulation of
this endosymbiont (fig. $10). This type of transition often results in
fully homozygous lineages (/8). Together, and given that haplotypic
divergence of the Canadian and Japanese populations are consider-
ably lower, transitions to asexuality in 2. peltifer might have occurred
via such a mechanism that substantially removes heterozygosity.
Next, we estimated the age of asexuality (Fig. 2D). Haplotypic
divergence (i.e., heterozygosity) under asexuality over a substantial
amount of time can be used to infer the age of asexuality. Heterozy-
gosity gain over time involves the combined effects of accumulating
differences between haplotypes via novel mutations (1) and decreases
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via gene conversion events. Consequently, we first estimated the
spontaneous mutation rate of P peltifer by sequencing mothers and
their eggs from the German population and measured y =2.05 x 10°
(Supplementary Text). Second, we estimated gene conversion to
occur with a minimum track length of 500 base pairs (bp) in the
German P, pelrifer (fig. $11). Simulations of these combined effects
show that contrary to common assumptions, heterozygosity reaches
an equilibrium value that is independent of gene conversion track
lengths over time (Fig. 2D and fig. S$12). Using these biological pa-
rameters of P peltifer and assuming that the initial heterozygosity is
close to zero, about 20 x 10° generations are necessary to attain the
mean 1.5% heterozygosity equilibrium for P, pelrifer (Fig. 2D). Given
a generation time of one generation per year for P peltifer, and as-
suming that the pre-asexuality heterozygosity for P. peltifer’s ances-
tor was substantially lower and that heterozygosity currently is at
equilibrium, the European P, peltifer lineage has reproduced asexu-
ally since at least 20 million years. Moreover, these findings again
suggest that the Japanese and Canadian populations are younger as
they have not yet reached equilibrium.

Haplotype-specific genome evolution in the long-term
absence of sex
Next, we explored haplotype-specific genome dynamics associated
with the exceptional independent evolution of haplotypes. These are
exemplified in the ancient asexual German P, peltifer lineage (Fig. 3)
encompassing allelic diversification, evolutionary rate differences,
gene expression, horizontally transferred genes, and transposable
element (TE) activity.

‘We first analyzed how haplotypes and haplotypic alleles differ in their
genetic composition, variation, and rates of evolution. Haplotypes show

a mean heterozygosity of 2.4% (Fig. 1C). Among 10,816 allelic, single-
copy 1:1 orthologs, the vast majority differ from each other by nonsyn-
onymous (88.0%) and/or synonymous (96.8%) variants. Approximately
10% of allelic orthologs gained a stop codon, and 1.4% lost a stop codon.
About 11% of alleles showed frameshift and nearly 15% nonframeshift
insertions and/or deletions (figs. S13 and S14). Nonsynonymous-to-
synonymous divergence (Ku/K) analysis suggests an allele-specific di-
rection of selection with 4.6% (470 of 10,238) of alleles showing signs of
strong selection (K/K; > 1) (fig. $15). Similarly, a number of haplotypic
blocks exhibit significantly higher levels of genetic diversity (1) com-
pared to their allelic counterparts (=44% of haplotypic blocks; Fig. 3A).
Moreover, 9% (650 of 7404) of alleles with population- and haplotype-
specific variation show strongly differential rates of evolution (o) (Fig.
3B and table $4). In contrast to the German lineage, the Japanese lineage
shows overall lower Ky/K; values for allelic orthologs with fewer under
strong selection (3.6%; fig. S15). Moreover, there is no evidence for dif-
ferent levels of genetic diversity between haplotypes (figs. S16 to S18)
and almost no differential rates of evolution between alleles (fig. S15 and
table S4) for the Japanese population. Together, these analyses indicate
different evolutionary dynamics acting on the haplotypes for European
lineages, consistent with conservation of one haplotypic copy (or allele)
and relaxed selection in the other under independent haplotype evolu-
tion. Such differences are not present in the Japanese (and Canadian)
lineages, where haplotypes are not evolving independently.

In (nearly) clonal species, under haplotypic independence, chang-
es in expression patterns between the two alleles are theoretically
expected as the consequence of progressive haploidization of ex-
pression via an “enhancer divergence process” (/9). In the predic-
tions, the overexpressed gene locus is purged from deleterious
alleles, whereas the lowly expressed locus is under relaxed selection.
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Fig. 3. Haplotype-specific genome evolution. (A) nucleotide diversity () for the largest haplotypic blocks in German P. peltifer. All estimates were calculated in 25,000
site windows sliding by 10,000 sites. (B) Allele-specific evolutionary rates (o; see table S4 for countdata). (C) violin plots show levels of K,/K; of deAs and eeAs, highlighting
Ka/Ks << 1.5 (effect size, 0.0820; small). (D) Boxplots calculated for SnPs/100 bp for genic and neighboring regions, including the 5'UtRs and 3'UtRs, exons, introns, and up/
downstream regions (+/—2 kb, respectively) for deA and eeA (see table S5 for effect sizes). (E) violin plots show levels of K,/K; of hGts and non-hGts, highlighting
Ka/Ks << 1.5 (effect size, 0.0468; small). Statistics for (A) to (e) were calculated using the Wilcoxon rank-sum test between deAs (n = 879) and eeAs (n = 9359) and hGts
(n=62) and non-hGts (n = 10,176) (ns, not significant; *P < 0.05; **P <<0.01; ***P < 0.001; ****P < 0.0001).
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Hence, we identified and analyzed differentially expressed alleles
(DEAs) under haplotypic independence. About 8.7% (936 of 10,816)
of alleles are differentially expressed and show elevated K,/K values
compared to equivalently expressed alleles (EEAs), albeit with small
effect size (Fig. 3C). Specifically, upstream and exonic regions of
DEAs showed elevated variant densities compared to EEAs, unlike
introns and 5" untranslated regions (5'UTRs), suggesting selection
on and diversification of transcription factor, promoter regions, and
gene copy, as predicted (Fig. 3D). Up- or down-regulation of DEAs
is not haplotype specific and can be different for each allele. These
DEAs are enriched for basic cell functions, such as ribosomes, trans-
lation, and protein production (fig. $19).

One mechanism providing novel traits to organisms is horizontal
transfer of preexisting genes (20). Horizontal gene transfers (HGTs)
contributed substantially to the evolution of novel traits in the ancient
asexual rotifer Adineta vaga (21). In P, peltifer, such HGTs are distrib-
uted throughout the genome without apparent hotspots and repre-
sent 2.0% (504) of genes, which are within the typical range of
asexual animals (78). These HGTs stem mainly from bacteria but also
fungi, plants, and viruses. Of these HGTs, 92.9% (468) are expressed
and 61.5% (319) contain intronic regions, indicating adjustments to
functional integration in the host genome. From the 62 allelic single-
copy HGTs that show signs of diversification, 25.2% are differentially
expressed, again suggesting diverging HGT alleles under differential
selection (Fig. 3E). These HGTs might have arrived before the transi-
tion to asexuality, but divergent haplotypes likely are subject to differ-
ent selection trajectories, similarly to overall alleles. This is why we
next identified HGTS that were incorporated after the transition to
asexuality and before potential gene conversion events, ie., HGTs
that reside only on one haplotype (fig. $20). Of the 33 “orphan HGTs.
19 (57.6%) are expressed and 16 (48.5%) contain at least an intron,
which is less compared to allelic HGTs, indicating a more recent ar-
rival with less time to adjust to the host background. Notably, HGT
functional annotations, including differentially expressed and orphan
HGTSs, suggest the involvement in processes to digest plant cell walls
(e.g., glycosyl hydrolases). Furthermore, HGT genes of the UGT [uri-
dine diphosphate (UDP)-glycosyltransferases] family may contribute
to pesticide resistance, suggesting a contribution to the mite’s ecology
as soil-living decomposers (figs. S14 and S21 to S23 and data S1).

Another important genomic component contributing to genome
evolution is TEs. They proliferate throughout genomes indepen-
dently of the host cell cycle, and their activity is often deleterious but
occasionally can be beneficial (22, 23). Obligate asexual reproduc-
tion couples the fate of TEs and their host; thus, TEs likely evolve to
be more benign in asexual genomes compared to sexuals (4, 22). We
identified TEs and their haplotype-specific activity in the P. pelzifer
reference genome. TEs comprise 27% of the genome assembly, and
TE density distributions suggest effective selection against TE inser-
tion within genes, in concordance with previous results (fig. S24 and
table S6) (4). We detected fluctuating historical activity as empha-
sized by Kimura substitution levels (fig. $25). Moreover, we detect
noticeable differences in haplotype-specific historical TE activity
between some of the largest phased haplotypic blocks of each chro-
mosome (fig. $26). Very recent activity (0% Kimura substitution) is
rather low or largely restricted to one haplotype. Similar to haplo-
typic alleles, these findings suggest divergence of one haplotype and
more conservation of the other in TE activity and content.

Overall, all analyses on haplotype-specific genome evolution in-
dicate conservation of one allelic copy (or haplotype) and relaxed
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selection in the other in the ancient asexual lineages. This suggests
that the decoupling of haplotypes after the transition to asexuality in
P, peltifer mimics duplications of the whole genome with genes rep-
resenting quasihomeologs. Evolutionary trajectories of duplicated
genes often result in a conserved copy and a copy that is “free to
evolve” While most gene copies under such relaxed selection will
deteriorate via mutation accumulation, a small fraction can poten-
tially provide novel functions (24, 25). Similarly, independent
haplotype dynamics might have helped ancient asexual oribatid
mites to escape the dead-end fate typically associated with asexual-
ity by maintaining effective purifying selection in one haplotype (3)
and harboring the potential for an increased substrate for evolvabil-
ity in the other in the long-term absence of sex. The impact of
independent haplotype evolution on the adaptive potential of an-
cient asexual oribatid mites remains to be investigated in future,
functional studies.

Summary

In summary, we provide support for at least 20 million years of asex-
ual evolution in multiple geographically separated populations of
the oribatid mite P. peltifer. Several lines of evidence indicate that
haplotypic independence leads to conservation of one haplotype
and relaxed selection in the other. Thus far, the best evidence for the
Meselson effect and ancient asexuality in parthenogenetic animals
only exists in oribatid mites [this study and also (/)] suggesting that
the rarity of long-term asexuals might be explained by the contribu-
tion of haplotypic independence in masking deleterious mutations
and serving as a possible source of novelty that allows persistence in
the absence of sex over time.

MATERIALS AND METHODS

Sample preparation and sequencing

Sample collection

All mite individuals were sampled from natural populations in
Germany, Italy, Canada, Japan, and Russia. German samples were
collected in a coniferous forest in Dahlem (50.39010°N, 6.57162°F)
in a 30-cm? square. Italian samples were collected at Montan Southern
Tyrol (46.33514°N, 11.29728°E) in a 30-cm” square. Japanese soil
and leaf litter were sampled near a larch forest in Yamanashi
(35.5449°N, 138.2403°E) and sent to Germany for extraction.
Canadian samples were collected from 46.03570°N, —64.79896°E
and 46.14482°N, —64.76913°E. Specimens of interest were sent to
Germany. Russian samples were isolated from a spruce forest in
Moscow Oblast (56.02522°N, 38.43074°E). Specimens were isolated
out of leaf litter by heat gradient extraction (26). P, peltifer was iden-
tified morphologically using (27) and molecularly confirmed by cy-
tochrome oxidase I sequencing.

Sample preparation

Specimens were starved for more than a week and cleansed with a
brush in distilled water, followed by distilled water with detergent
(fit GmbH, Zittau, Germany). They were then incubated in 0.05%
NaCIO (DonKlorix; CP GABA GmbH, Hamburg, Germany) and
70% ethanol for 30 s each and lastly rinsed in distilled water again.
High-molecular-weight gDNA extraction (for ultralow input)
For high-molecular-weight (HMW) single-individual DNA extrac-
tion, we established a modified salting-out protocol (28, 29). In
short, a single individual was submerged in TNES buffer and flash
frozen in liquid nitrogen. The sample was then homogenized using
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a sterile pestle. After adding proteinase K, the sample was incubated
for at least 1 hour. Next, yeast tRNA was added, followed by NaCl
and 96% ethanol. DNA purification was conducted, and the sample
was left to homogenize overnight. DNA concentration was mea-
sured using a Qubit Fluorometer version 4 with the Qubit dsSDNA
HS Assay kit (Thermo Fisher Scientific, Waltham, MA).
Cytochrome oxidase | sequencing

The cytochrome oxidase subunit 1 (~700 bp) region was amplified
using the universal primers LCO1490F/HC02198R (30). The poly-
merase chain reaction (PCR) was run with 1 ng of DNA, 2x Thermo
Fisher Scientific DreamTaq Green PCR Master Mix, 1 pM forward
and 1 uM reverse primers, and double-distilled H,O added to bring
the total reaction volume to 25 pl.

Amplification was conducted under the following conditions:
denaturation at 95°C for 5 min, 35 cycles at 95°C for 30 s, 45°C for
30 s and 72°C for 1 min, and final extension at 72°C for 6 min. PCR
products were purified by adding exonuclease (1 U/ml) and FastAP
(0.3 U/ml) to 8 pul of PCR product and then heated for 30 min at
37°C and, subsequently, for 20 min at 85°C. For sequencing, the Big-
Dye Terminator Cycle sequencing kit and an ABI PRISM automatic
sequencer were used at the Cologne Center for Genomics (CCG;
Cologne, Germany). To molecularly verify the samples, sequences
of cytochrome oxidase I with =99% similarity to P peltifer were
identified as such.

DNA quality

The HMW genomic DNA (gDNA) sample was assessed at the Ge-
nomics & Transcriptomics Laboratory (Dusseldorf, Germany) us-
ing the Agilent Femto Pulse system. HMW gDNA with an OD5go/250
ratio of approximately 1.8 to 2.0 and fragment size above 15 kb was
selected for sequencing.

Long-read and linked-read sequencing for reference assembly
Single-individual HMW DNA was sequenced using two technolo-
gies: PacBio HiFi (SMRTbell Libraries from Ultra-Low DNA Input)
and TELL-seq (TELL-seq WGS library) both with ultralow DNA
input of at least 5 ng. Library preparation and sequencing of the
SMRTbell templates were conducted by the Genomics & Transcrip-
tomics Laboratory. PacBio HiFi sequencing yielded 34.7 Gb of reads
with an N50 of 15 kb. In addition, TELL-seq libraries were con-
structed and sequenced by CCG using a TELL-Seq WGS Library
Prep Kit (Universal Sequencing Technology, Carlsbad, CA) and
yielded 69 Gb of reads.

Omni-C sequencing

To construct the library for Omni-C, adult individuals were sampled
from two spots in the coniferous forest in Dahlem, Germany, in close
vicinity. Previous analyses on cytochrome oxidase I from these two
spots suggest two distinct mitochondrial lineages to be present in
both of these spots. A total of 226 whole adult specimens were flash
frozen with liquid N, crushed, and vortexed, and the Omni-C Prox-
imity Ligation Assay protocol for insects and marine invertebrates
was followed. The library was sequenced on Illumina NovaSeq 6000
by Novogene (Cambridge, United Kingdom), which generated 92.7 <
10° pairs of 150-bp reads.

Linked-read sequencing for populations

In addition to the reference individual, four individuals of the same
population were sequenced using Illumina TELL-seq linked paired-
end reads only. For details, see data S1.

RNA sequencing

Total RNA was extracted from 10 adult individuals from the German
population using TRIzol reagent treated with deoxyribonuclease I
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within a Direct-zol RNA MicroPrep kit (Zymo Research, Irvine, CA).
An RNA sequencing (RNA-seq) library was constructed by the CCG
using TruSeq Stranded Total RNA with Ribo-Zero Globin, and 43 x
10° pairs of 100-bp reads were sequenced.

k-Nucleotide oligomer analyses

27-Nucleotide oligomers in the HiFireads were analyzed using KAT
version 2.4.2 (3/) with the modules kat hist and kat gep (default
parameters). Ploidy was further investigated using kmc version
3.2.1 with parameters -k 27 -¢i 1 -cs 10000 and Smudgeplot (version
0.2.5) (32) with default parameters.

Chromosome-level collapsed and phased assemblies
Genome assembly followed best practices using state-of-the-art ap-
proaches for chromosome-level assembly and haplotype resolu-
tion (33, 34).

De novo genome assembly

HiFi reads were assembled using Hifiasm (version 0.16.1-r375) (35)
with default parameters into initial collapsed haploid contigs and us-
ingFlye (version2.9) (36) with default parameters into phased contigs.
TELL-seq scaffolding

Barcoded TELL-seq linked Illumina reads were generated and cor-
rected from BCL raw data using tell-read (version 1.0.2). The bar-
codes were formatted to 10x Genomics standard by using ust10x
(version 1.0.2) from TELL-seq conversion tool. The collapsed hap-
loid contigs (Hap0: 211 Mb, V= 33) were scaffolded using Scaff1 0X
(version 4.2) (https://github.com/wtsi-hpag/Scaff1 0X) with format-
ted TELL-seq reads and using arguments -longread 1 -gap 100
-matrix 2000 -reads 10 -score 10 -edge 50000 -link 8 -block 50000.
Haplotype-resolved contigs were scaffolded using Scaffl 0X with pa-
rameters -longread 1 -gap 100 -matrix 2000 -reads 10 -score 10
-edge 50000 -link 8 -block 50000.

Omni-C scaffolding

Omni-C reads were cleaned using TrimGalore (version 0.6.5) (https://
github.com/FelixKrueger/ TrimGalore) with parameters “~j 30 -q 30
--fastqe --paired” and mapped to the draft haploid assembly using
hicstuff (version 3.1.1) and bwa (version 0.7.15) (37) with parameters
--enzyme 100 --iterative --aligner bwa. InstaGRAAL (version 0.1.6
no-opengl branch) (38) was run with parameters --level 5 --cycles
100. The scaffolds were curated with instaGRAAL-polish to reduce
misassemblies and add 10 Ns in gaps. A total of 99.75% of the assem-
bly was anchored to nine chromosome-level scaffolds, which were
selected as chromosome candidates for subsequent analyses.

Gap filling and polishing

HiFi reads were mapped to the haploid assembly using minimap2
with parameters “--secondary=no --MD -ax asm20” and then sorted
and indexed using SAMtools (version 1.11) with default parameters.
Gaps in the collapsed scaffolds Hap0 were filled using TGS-GapCloser
(version 1.1.1) (39) with the parameters “-tgstype pb --minmap arg
-x asm?20 --ne.” and the final haploid (Hap0) assembly was polished
using HyPo (version 1.0.3) (40) with the PacBio HiFi reads.
Haplotype scaffolding

Primary and alternative haplotypes were separated using minimap2
and purge dups (version 1.2.5) (47) and are subsequently designated
as haplotypic blocks A and B. Haplotypes were reciprocally scaf-
folded using RagTag (version 2.1.0) (42) with the other haplotype as
the reference.

Anchoring of haplotypes

Haplotypic blocks A were mapped against the collapsed assembly
(Hap0) using minimap2 (version 2.24-r1122) with parameter -x
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asm5. Haplotypic blocks B were mapped against haplotypic blocks
A. Haplotype-resolved scaffolds were attributed to chromosome
candidates of Hap0 for which they had the higher number of resi-
due matches.

Assembly evaluation

Completeness

For the chromosome-level assembly (Hap0), ortholog completeness
was assessed using the tool Benchmarking Universal Single-Copy
Orthologs (BUSCO version 5.0.0) (43) against the Arthropoda
0db10 lineage (1066 orthologs) and the Arachnida odbl0 lineage
(2934 orthologs). k-Nucleotide oligomer completeness was evalu-
ated using KAT (version 2.4.2) and the module kat comp with
default parameters.

Omni-C contact map

Omni-C reads were mapped to Hap0 using bwa and hicstuff as pre-
viously described. The contact map was generated using the module
hicstuff view with the parameter -b 500.

Contaminants

PacBio HiFi reads were mapped to the final Hap0 scaffolds using
minimap?2 (version 2.24-r1122) with parameters -ax map-hifi, and
the mapped reads were sorted with SAMtools (version 1.11) (44, 43).
Hap0 was aligned against the nucleotide database using the Basic
Local Alignment Search Tool (BLAST version 2.6.0) (46) with pa-
rameters -outfmt “6 gseqid staxids bitscore std sscinames scom-
names”’ -max_hsps 1 -evalue le-25. The outputs of minimap2, BLAST,
and BUSCO (against the Arachnida odb10 lineage) were provided
as input to Blobtools2 (44).

Genome annotation

Repeat and TE annotation and masking

A repeat library including TEs was built using EDTA (version 1.9.6)
(47) with parameters “--sensitive 1 --anno 1” TEs were annotated
and classified to the superfamily level using the FasTE pipeline (48).
The hardmasked assemblies were converted to softmasked assem-
blies using BEDTools (version 2.26.0) with mask mode.

RNA-seq mapping

Adapter sequences were removed from RNA-seq raw reads using
TrimGalore (version 0.6.5) with parameters “-j 30 -q 30 --fastqc
--paired” Trimmed reads were mapped to the softmasked refer-
ence haploid assembly Hap0 and the two haplotypic block assem-
blies haplotypic blocks A and haplotypic blocks B using STAR
(version 2.5.1a) (49) with parameters “--readFilesCommand zcat
--outSAMtype BAM SortedByCoordinate --outSAMstrandField in-
tronMotif --outFilterIntronMotifs RemoveNoncanonical”’

Gene structure prediction

Trinity (version 2.1.1) was used to assemble the RNA-Seq reads de novo,
and the resulting 61,067 transcripts were aligned to the assemblies
using PASA (version 2.5.2). Mapped reads were provided to StringTie
(version 2.2.0) to predict transcripts. Then, TransDecoder (https://
github.com/TransDecoder/TransDecoder/wiki; last accessed 14 No-
vember 2018) was used to find the open reading frames for each gene.
BRAKER? (version 2.1.6) was used to predict gene structures with
RNA-seq evidence. These results were provided to EVidenceModeler
(version 1.1.1) with weight parameters “ABINITIO PREDICTION
AUGUSTUS 4; TRANSCRIPT assembler-database.sqlite 7, OTHER
PREDICTION transdecoder 8” to select genes. Last, PASA was used
to refine UTR regions. The final annotation was converted into pro-
tein sequences using gffread (version 0.12.1).
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Functional annotation

‘We used Eggnog-mapper (version 2.1.6) with protein sequences and
generated KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathway annotations. Furthermore, we used InterProScan (version
5.61-93.0) with protein sequences to generate reactome pathway an-
notations. The Gene Ontology annotation was created by combin-
ing the results of Eggnog-mapper (version 2.1.6) and InterProScan
(version 5.61-93.0).

Genome dynamics

TE abundance and landscapes

Quality-cleaned genome-wide repeat abundances were generated by
FasTE. To generate the TE divergence landscape, a custom R seript
was created to rename the TE superfamilies after Wicker classifica-
tion (50) and adjust the data to plot the TE divergence landscape
with the “Plot Kimura Distance” R script for the Hap0 and the larg-
est haplotypic blocks per chromosome. For more information on
the size of regions, see table S2.

TE density

The TE density pipeline (57) was applied to generate the TE density
plots. which are defined as TE-occupied base pairs in a given win-
dow, on the collapsed assembly of P, pelrifer.

Gene synteny

Protein sequences of Hap0 and the haplotypic blocks were aligned
using BLAST version 2.6.0 with parameters -evalue 1e-10 -outfmt 6.
To find blocks of gene synteny, MCScanX (commit 97e74f4) was run
between Hap0, haplotypic blocks A, and haplotypic blocks B with
default parameters. Collinearity was visualized with SynVisio (52)
with a minimum match score >3950.895. Heterozygosity between
the haplotypes was estimated using Mash (version 2.3) (53).
Genome architecture

To calculate TE, gene, and exon content along the genome, BED-
Tools and BEDOPS (version 2.4.41) (54) were used in conjunction
with the TE and gene annotations in 100-kb nonoverlapping win-
dows, following the pipeline described in https://github.com/merrbii/
Pcal-SocialPolymorphism/blob/main/PcalGenomics.md#te-and-
gene-content.

Mitochondrial genome assembly and annotation

TELL-seq reads were trimmed using TrimGalore and assembled us-
ing MitoFinder version 1.4.1 with the mitochondrial genome of Sre-
ganacarus magnus as seed (55, 56). The assembly was annotated
using MiTFi version 0.1 (57) and then using MITOS (58), MITOS2
(59) (both available at https://gitlab.com/Bernt/MITOS/), ARWEN
version 1.2.3 (60), and tRNAscan-SE version 2.0 (6/) to find genes
and tRNAs that could not be found by MiTFi. tRNAscan-SE was run
with COVE cutoff set to —20. Geneious (Biomatters Ltd.) was used
to manually curate annotations and find consensus predictions.
tRNAs were selected on the basis of their predicted secondary struc-
ture and their minimum free energy, computed using the RNAfold
web server (http://rna.tbi.univie.ac.at/) (62).

Spontaneous mutation rate estimation

Sample preparation

For spontaneous de novo mutation rate estimation without rearings
and mutation accumulation lines, best practice was followed by se-
quencing parents and offspring [as in (63, 64)]. P, peltifer individuals
were sampled from the same population as the reference genome in-
dividual (Dahlem, Germany) in early June 2021. For three individual
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mothers (M1, M2, and M3), their “offspring daughters” i.e. eggs,
were extracted after removing the genital plates. Eggs were cleansed
in 0.05% NaCIO (DonKlorix; CP GABA GmbH, Hamburg, Germa-
ny) with a brush to remove tissue from their mothers. One daughter
(D1) for M1, one daughter (D2) for M2, and three daughters (D3,
D4, and D5) for M3 could successfully be analyzed.

Sequencing

To avoid PCR-induced read errors and to get highly accurate reads, the
“NEBNext Ultra I FS DNA Library Prep Kit for [llumina’ (New Eng-
land Biolabs, Ipswich, US) in combination with UMI Adaptor “NEB-
Next Multiplex Oligos for Illumina (Unique Dual Index UMI Adaptors
DNA Set 1)” (New England Biolabs, Ipswich, US) was chosen. These
libraries were multiplexed and whole-genome sequenced on an Illu-
mina NovaSeq 600, generating paired-end 150-bp reads. This yielded a
total of 811.6 x 10° reads with a mean of 102.1 x 10° for the mothers
(minimum, 100.3 x 10°; maximum, 103.0 x 106) and amean of 100.9 %
10° (minimum, 81.2 < 10°%; maximum, 111.0 x 105) for the eggs.
Identifying de novo mutations

Reads were demultiplexed using UMI-tools extract (version 1.1.2).
Adapters were trimmed using TrimGalore (version 0.6.5) with param-
eters -q 30 -a AGATCGGAAGAGCACACGTCTGAACTCCAGTCA
-a2 AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT --fastqe
--paired. Reads were mapped against the hardmasked reference ge-
nome of P pelrifer using the Burrows-Wheeler Alignment tool bwa
mem (version 0.7.17-r1198-dirty) and filtered with the Genome Anal-
ysis ToolKit (GATK version 4.1.9). Duplications were removed with
UMI-tools (version 1.1.2). Potential variant sites were called and fil-
tered using GATK (version 4.1.9) following an in-house pipeline (all
scripts and parameters are outlined in detail at GitHub). In short, vari-
ants were filtered by read depth (DP), phred-scaled likelihood of the
genotype (PL), allele depth, and homozygous to heterozygous muta-
tions. In addition, following common practice (64, 65), only candidate
sites that were homozygous in mothers and heterozygous in daughters
were considered as possible de novo mutations. Identified mutation
site candidates were manually checked in Integrative Genomices View-
er (IGV version 2.8.13) under the following conditions: Mothers were
filtered for a major allele frequency of 0.95 and the daughters for a
minor allele frequency of 0.2. Alternatively, a major allele frequency of
0.9 for the mothers and a minor allele frequency of 0.3 for the daugh-
ters also passed the filter. Candidate sites found in all sibling daughters
were removed as false positives resulting from erroneous genotype as-
signment in the mother (see table 3 in data S1).

Spontaneous mutation rate

To calculate the mutation rate per generation, the number of sites for
which a new variant could have been detected, i.e., the “callable ge-
nome;” was identified. The callable genome includes all homozygous
sites in the three mothers, similarly filtered as the de novo mutations.
All positions with the variant sites are included in the previously called
GVCF-file by GATKs HaplotypeCaller. Each mother’s GVCF-file was
filtered in DP, genotype, PL, and allele depth: DP was filtered like above;
sites with DP between 28 and 124 were accepted; for genotype, all ho-
mozygous sites from the mother were selected; PL for sites must have
fulfilled PLsecond most likety — PLfirst most likely << 120; and only sites where
allele depth supported one allele were kept. For details, see GitHub.

Population genetic analyses

Variant identification

Single-nucleotide polymorphisms (SNPs) were used to investigate
population dynamics within populations of asexual P. peltifer from
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Germany, Russia, Italy, Canada, and Japan. Phased population data
were generated by mapping trimmed raw reads generated by TELL-
read (version 1.0.3) using bwa mem (version 0.7.15) with default
parameters to the collapsed softmasked haploid reference genome
(Hap0). The resulting alignment was sorted using SAMtools (ver-
sion 1.11), and duplications were removed using Picard MarkDupli-
cates (version 2.26.2 Broad Institute). Coverage was calculated with
SAMtools flagstat. Following, variants were called using the Ge-
nome Analysis ToolKit (GATK version 4.1.9.0) pipeline. GVCFs
were produced using HaplotypeCaller and then merged using Com-
bineGVCFs. Variants were detected with GenotypeGVCFs. SNPs
were selected with SelectVariants.

Site frequency spectrum analysis

To visualize the genotype profiles of P. pelrifer populations on a site
frequency spectrum, we filtered the population-specific variants to
only include biallelic SNPs with a mean coverage between 15.7 and
124 and at least five reads per genotype. In addition, we retained
SNPs with a minor allele count of at least 1 (i.e., polymorphic sites)
with no missing data, resulting in 7,710,168 SNPs. The filtering
thresholds were selected on the basis of the distribution of these
metrics in the original call set. An in-house script was then used to
count the number of genotypes across all individuals at each SNP
position, and R (version 4.3.2; R Core Team, 2023) was used to pro-
duce a bar plot depicting the number of sites with a given number of
nonreference variants.

Population data coverage filter

To compare population statistic metrics among the different popu-
lations (Germany, Russia, Italy, Japan, and Canada), it is required
that the respective reference genome sites are matched, i.e., aligned.
Some genomic regions may have only one haplotype being success-
fully sequenced or mapped, which may lead to artifactual underes-
timation of heterozygosity and false signals of homozygosity. This
becomes apparent with regions mapping with half-coverage of the
overall median mapped coverage. To mitigate this issue, for each
individual, the site-wise coverage was filtered so that only sites that
have 75% or higher of the genomic median coverage (for that indi-
vidual) is used for the population statistics. The high variation of
coverage distribution among individuals (median ranging from 28
in IT3 to 124 in IT1, although most are between 70 and 100) called
for individual-based coverage filtering.

Basic population statistics

The German reference genome is divided into contiguous 1-Mb
blocks for each chromosome, with a total of 220 blocks. Within each
block, we calculated the heterozygosity for each individual (see
GitHub for scripts used). Because calculation of 6z or 6w requires
using only sites that passed the coverage filter for every individual
and, thus, the amount of data is too small and potentially biased, we
used an alternative method to quantify deviation from sexual equi-
librium: the “unshared-to-shared ratio” by comparing two individu-
als from the same population at a time, rx = (H ul + H u2)/A2 *
H sh), where H ul is the number of sites that are heterozygous only
in the first individual, H u2 heterozygous only in the second indi-
vidual, and H_sh heterozygous in both. For each population, all 10
possible pairs are used and the mean value is used. This ratio can
show whether the heterozygosity and site frequency distribution is
more similar to that of a sexual one (closer to 2) or a clonal one
(closerto0) and iscomparable in interpretation to the heterozygosity-
to-6m ratio (which is 1 for a sexual equilibrium population and 2 for
a long-term clonal one).
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Empirical gene conversion estimation

To compare empirical data with the simulated gene conversion data
(see simulations), we tallied the distribution of “homozygosity stretch-
es” i.e, the distance between two consecutive heterozygous sites, from
each individual in the German sample. To minimize the effect of map-
ping artifacts, only stretches of 1000 bp or shorter are counted, and the
stretch is required to have its mean coverage above the filter threshold.
The distribution is calculated separately for each individual and is com-
pared with simulated data under different gene conversion track lengths.

Haplotype-specific analyses
Parallel divergence of haplotypes
Quality trimmed paired-end resequencing reads were mapped against
haplotypic block assemblies haplotypic blocks A and haplotypic blocks
B simultaneously (competitive mapping) and split according to which
haplotype they mapped best to using bbsplit [bbmap version 38.63;
(66)]. Reads with ~>35 noncontiguous substitutions were discarded
(minratio = 0.9). Reads that mapped to both haplotypic block assem-
blies were kept (ambiguous2 = split) and merged with each set of split
reads mapping best to haplotypic blocks A and with the set of split
reads mapping best to haplotypic blocks B per individual. This was
done to avoid biasing the analysis toward regions that are phaseable,
and hence highly heterozygous, in most populations and individuals.
The split sets of resequencing reads (haplotypic blocks A + am-
biguous reads and haplotypic blocks B + ambiguous reads) were
mapped to the collapsed, softmasked genome assembly Hap0 using
bwa version 0.7.17 and sorted using SAMtools version 1.15.1 (as de-
scribed above). Optical and sequencing duplicates were removed us-
ing picard MarkDuplicates version 2.26.2 (Broad Institute). Variants
were called for each split set of resequencing reads, i.e.. each haplo-
type, separately using gatk version 4.2.6.1 HaplotypeCaller, Combine-
GVCFs, and GenotypeGVCFs, as described above. Indels, multiallelic
sites, sites with a quality <20, genotypes with a depth below 10, and
heterozygous genotypes were removed using BCFtools. Heterozygous
genotypes could result from sequencing error, paralogs, and incom-
plete phasing: either because of the absence of a region from one of
the two haplotypic block assemblies such that reads from both haplo-
types map to the haplotypic block assembly that is present or because
of low divergence of haplotypes vielding ambiguous mapping results.
Variants were applied to the collapsed assembly using BCFtools
consensus, thereby generating one consensus genome per haplotype
per individual. Missing sites and genotypes were applied as Ns leaving
a 50-sequence whole haplome alignment (2 haplotypes * 5 individu-
als * 5 populations). To determine regions in phase, i.e., no phase
switching possible within a region, scaffolds of haplotypic block as-
sembly haplotypic blocks A were aligned to the collapsed assembly
using D-Genies and standard parameters (see table S3) (67). Per chro-
mosome, the longest alignment block was extracted from the hap-
lome alignment using Geneious (68) and subdivided into 1 Mio Mb
long bins using msa_split (69). This resulted in a region of 47,131,932
bp (~21% of the collapsed assembly). Best-fitting ML trees were re-
constructed for each bin using IQ-tree (version 1.6.1) (70) with imple-
mented model testing and 1000 bootstrap replicates. A majority rule
consensus tree (i.e., comprises clades that are present in at least 50% of
trees) was constructed using Geneious (see Fig. 2 and fig. $9).
Multidimensional scaling
To conduct a multidimensional scaling analysis, the haplotype-
specific SNPs were filtered using VCFtools [version 0.1.16; (71)] to
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include only biallelic SNPs with less than 20% missing data, resulting
in 4,463,885 SNPs. Next, SNPs were pruned based on linkage dis-
equilibrium with a threshold of #* < 0.2 (--indep-pairwise 1 kb 1
0.2), plink [version 1.90b7.2; (72)]. The resulting 416,588 linkage
disequilibrium-pruned SNPs were then used to perform multidi-
mensional scaling using the “~--mds-plot 5 eigvals” command in plink.
Nucleotide diversity calculation

Overall nucleotide diversity as well as diversity at synonymous and
nonsynonymous sites in the five populations of 2. peltifer was calcu-
lated considering each haplotype separately. For this, haplotype-
specific genotypic calls, excluding those with more than 20% missing
data, were used, resulting in 101,833,929 genotyped sites (includ-
ing both variant and invariant positions). Invariant positions
were extracted separately, and the effects of all variant sites on protein-
coding genes were annotated using SnpEff [version 5.2¢; (73)]. From
these annotated variants, retrieved SNPs were annotated as “synony-
mous variant” or “missense variant” separately with SnpSift [version
5.2¢;(73)]. Each of these types of variants was combined with the
set of invariant positions, resulting in two sets of calls: one con-
taining the synonymous variants and the other containing the non-
synonymous variants.

The two VCF files were converted into genotype files. Nucleotide
diversity at synonymous and nonsynonymous sites in 25,000 site
windows sliding by 10,000 sites was calculated using scripts avail-
able at https://github.com/simonhmartin/genomics_general. Unlike
VCFtools, this approach does not assume missing sites to be invari-
ants but requires their inclusion with the variant sites to compute
more reliable estimates of nucleotide diversity (74). Overall levels as
well as nucleotide diversity at synonymous and nonsynonymous
sites were compared between haplotypic blocks A and B for the two
longest haplotypic blocks on each chromosome. This analysis was
restricted to populations from Germany and Russia (showing the
Meselson effect) and Canada and Japan (no Meselson effect).
Individuals from Italy were excluded as they showed very little
genetic variation.

Allele-specific evolutionary rates

Omega (® or dy/ds ratio) was calculated for single-copy orthologous
genes between P, peltifer using haplotype-specific polymorphisms in two
populations: one exhibiting haplotype-specific divergence (Germany)
and one without haplotype-specific divergence (Japan) using Hermannia
gibba as an outgroup species (75). From the call set generated for the
“Haplotype-specific analyses” section, 92,105,324 positions (includ-
ing invariant calls) were successfully genotyped in at least 90% of the
samples from both German and Japanese populations.

Next, to produce consensus FASTA files with variant and invari-
ant sites specific to each haplotype in the two populations (four con-
sensus FASTA files in total), the most represented allele (allele
frequency > 0.6) was applied in each haplotype and population
separately to the reference genome using BCFtools consensus [ver-
sion 1.19; (45)]. To extract the longest protein isoform and corre-
sponding CDS for each gene, SeqKit [version 2.8.0; (76)] was used.
To retrieve all single-copy orthologs, OrthoFinder [version 2.5.5;
(77)] was used. Amino acid alignments for each of the 88353 single-
copy ortholog groups were generated using ClustalO [version 1.2.4;
(78)] and converted into nucleic acid alignments using Pal2Nal
[version 14; (79)]. After excluding one gene that failed the previous
step, phylogenetic trees were generated for the remaining 8852
genes using RAXML [version 8.2.12; (80)].
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To estimate omega (©) or dy/ds ratio, the FitMG94 model was
applied, by implementing the HyPhy package [version 2.5.60; (81)],
to fit the Muse-Gaut model (82) of DNA sequence evolution, which
estimates the number of synonymous and nonsynonymous substi-
tutions per nucleotide site for each branch on a given tree. Gene
alignments containing premature stop codons or not being a multi-
ple of three were excluded, resulting in a total of 8600 gene align-
ments to which the FitMG94 model was applied. Further genes not
overlapping any of the applied SNP genotypes were excluded, result-
ing in 7404 genes, with o rates estimated for the branch leading to
each allele in the two populations.

Horizontal gene transfer

To detect horizontally transferred genes from different organisms, a
previously developed pipeline (https://github.com/reubwn/hgt) (83) was
used, which applies several lines of evidence for detecting HGT candi-
dates (HGTc). In short, DIAMOND (version 0.9.21.122) BLASTP was
used in “sensitive” mode to align the protein sequences from the refer-
ence and two haplotypic block assemblies to the UniRefo0 database.
Then, taxid information from the National Center for Biotechnology
Information (NCBI) Taxonomy database and three measures were used
to identify putative candidate HGTs.

The three measures including the (i) HGT index using the best-
hit bitscores from the BLASTP results and defined “(best-hit bitscore
for OUTGROUP) — (best-hit bitscore for INGROUP)” (ii) alien
index based on E-values also from the BLASTP results to evaluate
HGT defined by “logl0((best-hit E-value for INGROUP) + 1 x
1072°%) — log10((best-hit E-value for OUTGROUP) + 1 x 1072y
(21), and then (iii) consensus hit support using the sum of bitscores
across all hits, and the HGTc must be designated as the outgroup
and the designation of rest hits >90%. IQ-tree (version 1.6.1) was
used to plot gene phylogenies.

Orphan HGTs

To detect HGTec that are only found on one of the two haplotypic
blocks (“orphan HGTs”), the protein sequence of the HGTs from
one haplotypic block was searched in the other haplotypic block.
The potential orphan HGTs were additionally analyzed for coverage,
as true missing HGTs should exhibit substantially lower coverage as
only one copy (instead of two) and single-copy genes from BUSCO
results are sequenced. The mapped read count was divided by gene
length for normalization. In addition, the orphan HG Tt were checked
for syntenic neighboring gene content.

Variation calling and annotation

PacBio HiFi reads from the reference individual were mapped to the
collapsed assembly (Hap0) using minimap?2 (version 2.24-r1122). Sub-
sequently, the resulting BAM file was sorted using SAMtools (version
1.11). The above-mentioned pipeline was applied, and the SNP was
annotated by ANNOVAR (version 2020-06-07 23:56:37-0400).
Orthology and K./K;

The protein sequences of annotated genes from the haplotypic blocks
and collapsed assemblies were used for detecting the single-copy genes
between haplotypes. Among these three, pairwise comparisons were
made by OrthoFinder (version 2.5.4) (77) to detect single-copy ortho-
group genes with default parameters on the haplotypic blocks and col-
lapsed assemblies. The 1:1 orthologous genes between haplotypic blocks
A and haplotypic blocks B were additionally filtered by the 1:1 orthol-
ogy results from the haplotypic blocks A to Hap0 and haplotypic
blocks B to Hap0. Then, the ParaAT (version 2.0) (84)—integrated
KaKs Calculator (version 1.2) was used to calculate the K,/K; value
for the haplotypic orthologous single-copy gene pairs.
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Differential expression of alleles
The cleaned RNA-seq reads used for annotation were mapped to the
two softmasked haplotypic block assemblies haplotypic blocks A
and haplotypic blocks B using STAR (version 2.5.1a) with parame-
ters “--readFilesCommand zcat --outSAMtype BAM SortedByCo-
ordinate --outSAMstrandField intronMotif --outFilterIntronMotifs
RemoveNoncanonical --outFilterMismatchNmax3 —-outFilterMismatch
NoverLmax 0.1 --outFilterMismatchNoverReadLmax 0.5
Differential expression of alleles between the two haplotypic
blocks haplotypic blocks A and haplotypic blocks B was performed
with GFOLD version 1.1.4 (85). The GFOLD value > |0.2] and the
RPKM (Reads Per Kilo bases per Million reads) > 1 of all samples
were set as cutoff values (the GFOLD value could be considered as a
reliable log2 fold change). All identified DEAs were further submit-
ted for functional enrichment with R package clusterProfiler (ver-
sion 4.6.2) using all RPKM > 1 single-copy genes as the background
with the “enricher” function.

Wolbachia

Previously published Wolbachia genomes on NCBI used ASM1658442v1
as a query. To identify candidate genes integrated into the mite genome,
we used the DIAMOND (version 0.9.21) Blastp tool. Genes exhibiting
an identity of over 40% were deemed potential candidates for integra-
tion into the mite genome. The synteny was plotted by using NGenome-
Syn (version 1.41) (86).

Simulations

Single lineage—based long-term simulation

Considering a lack of exchange of genetic material between indi-
viduals in a cloning species, long-term evolution can be eficiently
simulated by tracing the sequences of a pair of haplotypes (i.e., an
individual) over time. To determine the long-term effects of cloning
and gene conversion on heterozygosity, we simulated a genomic
block as a sequence of 5 million sites. Each site can be in a state
of homozygosity (represented by the value of 0) or heterozygosity
(represented by the value of 1). At the beginning (generation 0), all
5 million sites are set to 0. Mutations occur with a rate of 2 x p
events per site per generation. When it occurs, the site is set to 1
regardless of the original state (in other words, back-mutations from
heterozygotes to homozygotes are considered negligible). Gene con-
version occurs with a rate of 2 x rgc events per site per generation.
When it occurs, Lgc consecutive sites (starting from a random site)
are set to 0, also regardless of the original state. The “2x” in both
mutations and gene conversions represents the fact that both types
of events can initiate in one or the other haplotype.

The mutation rate is set to ;1 = 2.05 x 10 ° (as empirically esti-
mated, see above). The rate of gene conversion is set up in such a
way that rgc % E(Lgc) = 11/0.015, which would lead to an equilibri-
um heterozygosity of 1.5% (to match the average empirical diver-
gence between haplotypes of the populations). These parameters are
set as constant so that the equilibrium state is constant across simu-
lations. We set the mean gene conversion track length, E(Zgc), as a
variable with values of 50, 100, 200, 500, 1000, 2000, and 5000; and
the Lgc for each gene conversion event is either constant or geo-
metrically distributed. This is to observe the effect of gene conver-
sion track length on how heterozygotic sites are distributed on the
chromosome. For each of the 7 x 2 parameter combinations, 20 rep-
licates are run. Each replicate runs for 5 x 107 generations. To speed
up the computation, every 100 generations are completed in the
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same loop, with the mutations occurring first and gene conversion
second. Every 5000 generations, the number of heterozygous sites in
the 5-Mb sequence is recorded. From 2 x 10" to 5 x 107 generations,
we also record the distribution of homozygous stretch lengths
(numbers of consecutive homozygotes) every 1 x 10° generations.

Genome size estimation

Flow cytometry

To estimate the genome size of P peltifer, flow cytometry was used
following the method in (87). Drosephila melanogaster (1 C = 175 Mb)
was used as the reference. In short, animals were frozen at —80°C
and cut on dry ice. The head of D. melanogaster was removed and
ground with 15 strokes (1 per second) of a B pestle in 10 ul of Galbraith
buffer in a 1-ml Dounce homogenizer, after which 990 pl of buffer
was added and homogenized. For the mite, the anterior portion of
the proterosoma was cut off (as mites do not have distinct “heads™),
typically containing blood cells, muscle, and neural cells that will
yield 2C nuclei. This part of the mite was similarly ground in 10 pl of
Galbraith buffer, after which 440 pl of budder was added. Next, 50 pl
of the D. melanogaster mix was added to the mite cells and homog-
enized. The mix containing the sample and reference was filtered
through a 45-um nylon mesh, and 20 pl of propidium iodide (50 pg/
ml) was added and homogenized. The sample was then incubated at
4°C for 2 hours before running with the Accuri C6 Flow Cytometer
(BD Biosciences, Erembodegem, Belgium). To compare fluores-
cence signals, the sample and reference were run both separately and
together to check for 2C and 4C peak signals. Flow cytometry was
run slowly and stopped after a minimum of 1000 counts in the 2C
peaks. Software gates were used for cleaning and filtering the data.
The data were deemed good quality if the peaks were separated and
4C had the double mean FL3-A value as the 2C peak. Several repli-
cates were run, and the best-quality peak was chosen as a result.
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3. Chapter 2 Chromosome-scale genome dynamics reveal signatures of independent haplotype
evolution in the ancient asexual mite Platynothrus peltifer
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5. General discussion

In this dissertation, | 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 presentin
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). | 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, | 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 ym 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
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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.

58



5. General discussion

References of General Discussion

Bell G. 1982. The masterpiece of nature: the evolution and genetics of sexuality.

Routledge

Brandt A, Van PT, Bluhm C, Anselmetti Y, Dumas Z, Figuet E, Francgois CM, Galtier N,
Heimburger B, Jaron KS, et al. 2021. Haplotype divergence supports long-term

asexuality in the oribatid mite Oppiella nova. Proc. Natl. Acad. Sci.

Da Silva VS, Machado CR. 2022. Sex in protists: A new perspective on the reproduction
mechanisms of trypanosomatids. Genet. Mol. Biol. 45:€20220065. Felsenstein J.

1974. The evolutionary advantage of recombination. Genetics 78:737—-756.

Felsenstein J. 1974. The evolutionary advantage of recombination. Genetics
78:737-756.

Flot J-F, Hespeels B, Li X, Noel B, Arkhipova |, Danchin EGJ, Hejnol A, Henrissat B,
Koszul R, Aury J-M, et al. 2013. Genomic evidence for ameiotic evolution in the
bdelloid rotifer Adineta vaga. Nature 500:453—457.

Fu C, Coelho MA, David-Palma M, Priest SJ, Heitman J. 2019. Genetic and genomic
evolution of sexual reproduction: echoes from LECA to the fungal kingdom. Curr.
Opin. Genet. Dev. 58-59:70-75.

Judson OP, Normark BB. 1996. Ancient asexual scandals. Trends Ecol. Evol. 11:41-46.
Otto SP. 2009. The evolutionary enigma of sex. Am. Nat. 174 Suppl 1:5S1-S14.

Sagan D, Margulis L. 1987. Cannibal’s relief: the origins of sex. New Sci. 1971
115:36—-40.

Schaefer |, Domes K, Heethoff M, Schneider K, Schén |, Norton RA, Scheu S, Maraun M.
2006. No evidence for the “Meselson effect” in parthenogenetic oribatid mites
(Oribatida, Acari). J. Evol. Biol. 19:184-193.

59



5. General discussion

Smith RJ, Kamiya T, Horne DJ. 2006. Living males of the ‘ancient asexual’ Darwinulidae
(Ostracoda: Crustacea). Proc. R. Soc. B Biol. Sci. 273:1569-1578.

Speijer D, Lukes J, Elias M. 2015. Sex is a ubiquitous, ancient, and inherent attribute of
eukaryotic life. Proc. Natl. Acad. Sci. 112:8827-8834.

Speijer D. 2016. What can we infer about the origin of sex in early eukaryotes? Philos.
Trans. R. Soc. B Biol. Sci. 371:20150530.

Mitchell AP, Herskowitz |. 1986. Activation of meiosis and sporulation by repression of the
RME1 product in yeast. Nature 319:738-742.

Norton RA, Kethley JB, Johnston DE, O’Connor BM, Wrensch DL, Ebbert MA. 1993.

Phylogenetic perspectives on genetic systems and reproductive modes of mites.

Muller HJ. 1964. The relation of recombination to mutational advance. Mutat. Res. Mol.
Mech. Mutagen. 1:2-9.

White MJD. 1954. Animal cytology & evolution. Cambridge university press

Zhang X, Gunewardena S, Wang N. 2021. Nutrient restriction synergizes with retinoic

acid to induce mammalian meiotic initiation in vitro. Nat. Commun. 12:1758.

60



6. Appendix

6. Appendix

Chapter 1 Meiosis-associated expression patterns during

starvation-induced cell fusion in the protist Fisculla terrestris
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Table. 1 DESeq2 expression level of the 41 DEGs showed the raw expression.

name
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Supplementary Text

Genome size estimation with flow cytometry

The relative genome size of Platynothrus peltifer was estimated to be 232 Mb. For P. peltifer
the mean FL.3-A for the 2C peak was 395 and for the 4C peak 789. For D. melanogaster 298
and 596 respectively. The genome size estimate of flow cytometry matches somewhat closely
the cleaned, chromosome-scale genome assembly size (6 % difference: 232 Mb vs 219 Mb).

Note that flow cytometric estimates for mites are typically associated with some minor
uncertainties, as there is no clear head given and only a ‘few’ cells can be extracted and stained.
Additionally, D. melanogaster genome sizes are variable to some degree among individuals
and strains. Following, the genome assembly is a very suitable representation of the full P.

peltifer genome.

Mutation rate estimations

In total, two de novo spontaneous mutations were identified in daughters compared to mothers
based on the filtered and carefully curated variants. These two mutations were found at
chromosome 2 in position 5257052 and at chromosome 4 in position 19592709 in D2.

To determine the overall mutation rate, the number of de novo mutations is divided by twice

(as the species is diploid) the sum of all callable sites from replicate daughters taken together.

TUHERE O F%+C(HT-o-/(H0 2
_ - E N ———_—— * -
(2% 3-4-$4% 5%+ (H%) # (2% 488,839,965) 205x10=9

The estimated spontaneous mutation rate is thus 2.05x10? per generation for P. peltifer and is

thus within the range of Daphnia and Drosophila.
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Fig. S1

Hi-C contact map of Platynothrus peltifer with a binning of 500 representing 9 chromosome-
level scaffolds (chromosome 1 to 9 from left to right, top to bottom). The contact map shows

strong intrachromosomal interaction frequencies and no structural errors.
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Fig. S2.

f-mer comparison of the assemblies of Platynothrus peltifer against PacBio HiFi reads. The
plots show two peaks, the first one for heterozygous k-mers, and the second one for
homozygous k-mers. In both assemblies, low-multiplicity k~mers are not included (black, 0X).
a) Final chromosome-level collapsed assembly. Homozygous k-mers are represented exactly
once (red). As the assembly is collapsed, only one version of each heterozygous region can be
included in the assembly, thus parts of heterozygous k-mers are represented once (red) and
parts are absent from the assembly (black). b) Phased assembly including haplotype blocks A
and B. Homozygous k-mers are represented twice (purple) for both haplotypes and

heterozygous k-mers are all represented once (red).
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Fig. S3.

The final assembly (HapO0 scatfolds) contains no contaminants as seen in the blob plot analysis.
The nine chromosome candidates have similar GC contents of 0.28, and their coverage depth
(based on mapping of the HiFi reads) ranges from 126X to 153X. Eight of these scaffolds were
flagged as Arthropoda, and chr8 was flagged as Proteobacteria due to the integration of

Wolbachia sequences in the genome.
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Fig. S4.

Genome property analyses based on k~mers of the PacBio HiFireads (k= 27). a) The two peaks
identified in histogram (c) have similar GC content, and there is no extra peak at a higher GC
content, which does not suggest bacterial contamination in the reads. b) The Smudgeplot shows
a distinct smudge of kF-mers with an A/B configuration and the genome is identified as diploid
without duplications. ¢) In the k-mer histogram, two peaks are visible at 80X and 160X
corresponding to the heterozygous k-mers and the homozygous k-mers respectively, which
suggests a diploid, heterozygous genome. d) Dot plot generated with synteny analysis with D-
GENIES supporting ploidy level. e) Pairwise collinearity between haploid assembly. Synteny

blocks within the collapsed assembly were obtained using MCScanX.
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Fig. S5.

Annotated mitochondrion of Platynothrus peltifer, stemming from the same individual as the

reference genome. The size is 14,891 bp and all typical mitochondrial genes could be identified.
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Fig. S6.

Multidimensional scaling (MDS) analysis using 416,588 LD-pruned genome-wide SNPs from
five individuals belonging to the five populations of Platynothrus peltifer. The scatterplot
matrix displays the five eigenvectors and their respective percentages of explained variation.
Note: MDS1 primarily separates samples based on their population origin, while MDS3 splits
the samples based on the two haplotypes (triangle for haplotype A and point for haplotype B)

mirroring each other.
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Fig. S7.

Site frequency spectrum (SFS) shows the alternate allele counts on the x-axis in a sample size
of n = 25 diploid individuals (five from each population), and the number of sites with that
count on the y-axis. Colored bars depict the number of sites with a given genotype across all
25 individuals. Horizontal bars at the top of the legend highlight the genotypes of all five
individuals in each population. For example, the majority of sites with exactly 5 alternate alleles
are those where all Italian individuals are heterozygous, while individuals from other
populations are homozygous for the reference allele. In contrast, the majority of sites with an
alternate allele count of 15 are those where all 15 individuals from Europe are heterozygous,
indicating shared heterozygosity before the split, while individuals from Canada and Japan are

homozygous for the reference allele.
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Fig. S8.

The ratio of unshared to shared heterozygotic sites from pairwise comparisons averaged for
each population and separated into 1 Mb genomic blocks. The expected value of this ratio is 2
(black line) in a sexual, random mating population, and trends towards 0 under long-term clonal
reproduction. In a sexual population, the expected value of Rx = 2. Le., for each pair of
individuals, the ratio should be approximately 2 Het-Hom, 2 Hom-Het, and 1 Het-Het sites. In
a clonal asexual population, because the two haplotypes diverge, any site that is either i) het at
the beginning, or ii) fixed in one haplotype but not found in the other, will be shared het sites.
Unshared het sites only occur when there are newer mutations (in one haplotype) that are not
yet fixed. With time, the number of shared het sites will increase indefinitely, but unshared
ones will stay in an equilibrium (new mutations vs fixation/loss within haplotype). Given
enough time, Rx will become smaller and smaller. It cannot reach 0 (because there are always
new mutations not fixed yet) but should be much smaller than 2.

The proportion of shared heterozygous sites among individuals of each of the populations is
much larger for the Italian population, followed by the German, Russian and Japanese, with
the Canadian population sharing only a few heterozygous sites. As individual heterozygosity
values of the European-Russian populations are comparable, the differences likely reflect
population size variation, as in smaller populations the likelihood to sample closely related
clones of the same lineage increases. The Canadian and Japanese populations have the lowest
individual heterozygosity and also fewer shared heterozygous variants, which might suggest
more recent transition events to asexuality, much lower mutation rates and/or substantially

larger population sizes compared to European-Russian populations.
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Fig. S9.

The haplotype tree illustrates the presence of the Meselson effect in three populations of
Platynothrus peltifer (Germany - DE, Italy - IT, Russia - RU). In addition, haplotype
divergence exceeds divergence among individuals for three individuals from Japan (JA) and
two from Canada (CA). The tree is a majority rule consensus tree (i.e. comprises clades that
are present in at least 50 % of trees) constructed from 51 trees. Each of the 51 trees was
reconstructed from a 1 Mb bin derived from the longest alignment block of the in-phase regions
per chromosome. For readability, the tree was rooted manually at the clade comprising the
populations: DE, IT, RU. Branch labels represent consensus support values (%; e.g. a value of
96.08 indicates that a clade is present in 96.08 % (49) of 51 trees). Branch length indicates
divergence (average number of substitutions per site). Colors indicate different populations;

_ A & B: haplotypes A and B.
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Fig. S10.

Integration of Wolbachia remnants into the Platynothrus peltifer genome. Depending on the
stringency of parameters, portions of Wolbachia can be detected. Synteny analyses suggest
Wolbachia genome (in green) copies throughout the P. peltifer genome (in red, nine

chromosomes).
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Fig. S11.

Gene conversion exists in Platynothrus peltifer and the track lengths are at least 500bp.
Distribution of homozygosity stretch lengths in (A) simulated and (B) empirical data. The
numbers are normalized by dividing with the counts of stretches of size 0 (consecutive sites are
heterozygous). The simulation shows the effects of GC track length on the ‘homozygosity
stretch’, i.e. a number of consecutive matching nucleotides between haplotypes. If the process
is governed by mutation alone, each site should be independent, and lengths of homozygosity
stretches geometrically distributed. GC biases the distribution so that longer stretches are more
likely to occur. Line colors in (A) represent different GC track lengths: black = 50bp; dark to
light red = 100, 200, 500, 1000bp; dark yellow and yellow = 2000, 5000bp and in (B) empirical
mean track length estimates of the different populations. When the mean GC track is short
(50bp), the distribution resembles the expected geometric; with the increase of track length, it
becomes flatter by reducing the number of stretches < 400bp and increasing those > 400bp.
However, once the mean GC track is 500bp or longer, increasing track length

does not seem to change the distribution anymore. This asymptotic distribution is highly similar

to the one observed from the empirical P. peltifer data.
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Fig. S12.

Simulations of heterozygosity change (i.e., divergence of haplotypes) over time under different
gene conversion track lengths in Platynothrus peltifer. The simulation was started from a
hypothetical zero-heterozygosity pair of haplotypes, and the mutation rates estimated from P.
peltifer and a gene conversion rate that gives a theoretical equilibrium heterozygosity of 1.5 %
(mean genome-wide heterozygosity of five populations) were applied. Average number of
nucleotides affected by gene conversion per event was A: 200 B: 1000 C: 5000 bp. While a
longer GC track does increase the variation of heterozygosity, it has a small effect compared

to the total heterozygosity value.
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Fig. S13.

Categories of different SNP effects and their percentage in orthologous genes (blue),
differentially expressed alleles (DEAs; red), and horizontal gene transfers (HGTs; yellow). The
sum of the 1 to 1 copy genes, DEA and HGT genes are 10816, 905 and 460, respectively.
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PacBio HiFi reads

Fig. S14.

Differentially expressed HGT (Ppr_hap0_g20434:chr8:683873-688817) as an example of the
molecular changes contributing to divergent haplotypes. The two haplotypic blocks A and B
differ in the number of exons (red bars). The highlighted region shows HiFi reads supporting
allelic divergence (brown bars) by a deletion (white bar) and three non-synonymous
substitutions (yellow stripe) in the second exon (red bar). Colored stripes in the reads indicate
non-reference base substitutions. This gene was annotated to be a GDSL-like
Lipase/Acylhydrolase-like horizontally transferred gene from the Acidobacteria which are one
of the most abundant groups across soil ecosystems. The Blastp results suggest similarity to
pectin esterase (identify=96 %, coverage=59.48 %), which was found in all higher plants as
well as in some bacteria and fungi. This HGT might have contributed to facilitating the

breaking down of cell walls or pectin, which is in line with their function as soil decomposers.
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Fig. S15.

(A) Pairwise comparison of the Ky/K; distribution for German Platynothrus peltifer’s allelic
genes. Outlier Ky/Ks=0.225 p-value=5.36587*10"22% removed from plot. (B) K+/K distribution
for allelic genes in the Japanese lineage. This Ko/K landscape shows Ko/Ks of 7,174 single copy
alleles, among those 257 alleles with Ko/Ks>1, which is less than in the German lineage,
consistent with the hypothesis that the German lineage is long-term asexual while the Japanese
lineage is not. (C) The Ky/Ks comparison of the single copy alleles between the German and
Japanese lineages indicates higher Ko/K; mean values in German P. peltifer. (Effect size=0.181,
small). (D) The Ku/Ks comparison between HGT genes and non-HGT genes of the Japanese

lineage. Similar to the German lineage, K/Ks mean values in Japanese HGTs are higher than

in non-HGT regions (Effect size=0.0609, small).
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Fig. S16.

Nucleotide diversity (m) for the first and second largest haplotypic blocks in four populations
of Platynothrus peltifer from Canada, Germany, Japan and Russia. Italy was excluded as
individuals from this population showed very little genetic variation. The x-axis shows
chromosomes (chr’X”) along with the largest (chr’X’.1) and second largest haplotypic blocks
(chr’X’.2). The percentage in parentheses indicates the fraction of the chromosome covered by
the respective haploblock. All estimates were calculated in 25,000 site windows sliding by
10,000 sites (Wilcoxon rank-sum test; n.s. = non-significant; *p<0.05; **p<0.01; ***p<0.001;

##35p<(.0001).
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Fig. S17.

Nucleotide diversity (m) at nonsynonymous sites for the first and second largest haplotypic
blocks in four populations of Platynothrus peltifer from Canada, Germany, Japan and Russia.
Italy was excluded as individuals from this population showed very little genetic variation. The
x-axis shows chromosomes (chr’X’) along with the largest (chr’X’.1) and second largest
haplotypic blocks (chr’X’.2). The percentage in parentheses indicates the fraction of the
chromosome covered by the respective haploblock. All estimates were calculated in 25,000
site windows sliding by 10,000 sites (Wilcoxon rank-sum test; n.s. = non-significant; *p<0.05;

##p<0.01).
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Nucleotide diversity (m) at synonymous sites for the first and second largest haplotypic
blocks in four populations of Platvnothrus peltifer from Canada, Germany, Japan and
Russia. Italy was excluded as individuals from this population showed very little genetic
variation. The x-axis shows chromosomes (chr’X’) along with the largest (chr’X’.1) and
second largest haplotypic blocks (chr’X’.2). The percentage in parentheses indicates the
fraction of the chromosome covered by the respective haploblock. All estimates were
calculated in 25,000 site windows sliding by 10,000 sites (Wilcoxon rank-sum test; n.s. =
non-significant; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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Fig. S19.

Enrichment of differentially expressed alleles (DEAs) in GO terms.
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Fig. S20.

The orphan HGTs show reduced mapped read coverage compared to HGTs and BUSCO
single-copy genes found on both haplotypes. This is consistent with annotations of orphan
HGTs being present in only one haplotype and suggests no missing HGT allele in the haplotype
assemblies (hapl HGT=428, hap2 HGT=415, hapl orphan HGT=17, hap2 orphan HGT=16,
hap1 single copy=2694, hap2 single copy=2677).
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Fig. S21.

Enrichment of HGTs in a) GO terms and b) KEGG pathways.
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KEGG Pathway of HGT
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Fig. S22.
KEGG pathways enrichment of HGT genes that exhibit differential expression.
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GO terms of Orphan HGT
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Fig. S24.

Transposable elements are selected against in the Platynothrus peltifer reference genome. TE
density patterns (of chromosome 1) upstream, intragenic and downstream suggest effective

selection against TE insertions in the proximity and within genes (note differences in scale).
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Fig. S25.

Transposable element (TE) content and activity in the Platynothrus peltifer reference genome.
The TE landscape shows historical TE activity and indicates recent activity and a main past
expansion event approximately 29-59 my ago (6 %-12 % divergence), coinciding with the

increase of global temperature dynamics.
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Fig. S26.

(A) Transposable element divergence landscapes of the largest haplotypic blocks per
chromosome show slight but noticeable haplotype-specific historical activity. Green bars
represent haplotypic block A and gray bars haplotypic block B. While haplotype TE dynamics
differ among chromosomes (p=0.0002, non-parametric permutation ANOVA), dynamics differ
between haplotypes overall in chromosome 6 (p=0.029, non-parametric permutation ANOVA).
Chromosomes 7 and 8 show no difference between haplotypes in TE dynamics. Chromosomes
1,2,3,5,6,9 feature different episodes of differential TE activity between haplotypes. (B) Delta-
differences between the haplotypes of each chromosome regarding the TEs as percent of the
genome for each position of Kimura substitution level including the mean delta-difference

across all chromosomes.
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Table S1.

Assembly and annotation metrics of Platynothrus peltifer.

Metrics Value
Assembly size [Mb] 219
N50 [Mb] 23
Number of scaffolds 9

BUSCO completeness [%] (arthropoda odb10) C€:96.0 [S:93.9, D:2.1], F:1.0, M:3.0

BUSCO completeness [%] (arachnida odb10)  C:96.7 [S:93.7, D:3.0], F:1.0, M:2.3

Nr annotated genes 249
Nr annotated genes (both haplotypes) 10.24
Repeats [%] 319
BUSCO Protein [%0] 98
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Table S2.

Fragment sizes [bp] of haplotypic blocks A and B (in bold the longest scaffold in each

chromosome used for TE analyses)

Haplotypic Blocks A Haplotypic Blocks B
altl_chrl_1 14957471 alt2_chrl 1 1 16050112
altl chrl 2 3366384 al2 chrl 12 30068
altl_chrl 3 11361060 al2_chrl 2 1 3329658
al2 chrl 3 1 11289522
altl chr2 1 4591776 al2 chi2 11 4510490
altl chr2 2 5547886 alt2 chr2 1 2 30298
altl chi2 3 7322949 alt2 chr2 2 1 5700626
altl chr2 4 5292 alt2 chr2 3 1 9480104
altl_chr2 5 10752214 alt2 chr2 3 2 163756
altl chr2 6 7574 alt2 chr2 3 3 41987
altl chr2 7 46558 alt2_chr2 5 1 8601668
alt?_chr2 5 2 47936
altl_chr3 1 676958 al2_chr3 10 1 437948
altl chr3 2 3879045 al2 chr3 10 2 34120
altl chrd 3 5119837 al2 chi3d 11 1 126106
altl chr3 4 38148 alt2 chr3 1 1 657132
altl_chr3 5 12829885 alt2 chr3 2 1 4292554
altl chr3 6 16941 alt2 chr3 2 2 26733
altl chr3 7 1421540 alt2 chr3 2 3 23797
altl chr3 8 22959 alt2 chr3 2 4 15897
altl chr3 9 25189 alt? chr3 3 1 4992518
altl chr3 10 375324 al2 clu3 4 1 35663
altl_chr3 11 179310 alt2_chr3 5 1 11108905
altl chr3 12 16590 alt2 chr3 5 2 115854
altl chr3d 13 17503 al2 chi3 6 1 16643
alt2 chr3 7 1 966844
alt2 chr3 7 2 21497
alt2 chr3 8 1 38849
alt2 chr3 9 1 47801
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altl chr4 1
altl chrd4 2
altl chr4 3
altl_chr4_4
altl chrd 5

altl_chr5_1
altl chr5 2
altl chr5 3

altl chr6 1
altl chr6 2
altl chr6 3
altl chr6 4
altl_chr6_5

altl chr6 6

altl_chr7_1
altl chr7 2

altl_chr8_1
altl chr8 2
altl chr8 3

altl_chr9_1
altl chr9 2

No 1

4929078
3965152
4381018
9443682
6884

13159702
3558262
4240044

6313945
3497893
516618
32118
7722251
2805762

15067032
3480545

10309134
7338071
321376

17136559
1763873
29782

6. Appendix

alt2 chr4 1 1
alt2 chrd 2 1
alt2_chrd4 2 2
alt2 chrd4 2 3
alt2 chr4 2 4
alt2 chr4 3 1
alt2 chr4 3 2
alt2 chrd4_4 1
alt2 chr4 4 2
alt2 chr5_1_1
al2 chr5 1 2
alt2_chr5 2 1
alt2 chr5 3 1
alt2 chr6 1 1
alt2 chr6 2 1
alt2 chr6 3 1
alt2 chr6 4 1
alt2 chr6_5 1
alt2 chr6 5 2
alt2 chr6 5 3
alt2_chr6 6_1
alt2_chr7_1_1
alt2 chr7 1 2
al2 chr7 1 3
alt2 chr7 2 1
alt2 chr8_1_1
alt2 chr8 1 2
alt2 chr8 2 1
alt2 chr8 3 1
alt2_chr9_1_1
alt2 chr9 1 2
alt2 chr9 1 3
alt2 chr9 1 4
alt2 chr9 2 1

5114047
3867448
813
17851
32058
6073
4246053
9773924
42082
12553406
901490
2145778
5744347
6077717
2259272
476161
16509
9189643
11517
32350
2871417
15422707
18765
15977
3041516
10145487
20432
8024092
268508
16549588
71763
28075
27189
2038438

94



6. Appendix

Table S3.

Summary statistics for the longest in-phase region used for haplotype tree reconstruction per
chromosome. Target start and target end mark the start and end coordinates to extract the

longest alignment block.

alignment
block
(collapsed
strand assembly
query query query query  direct- target target #residue  region)
name length start end ion name length  targetstart target end matches length

altl_chr 6864089
11 14957471 3454174 9999998 + chrl 32608290 3587612 10326678 5228739  (6739067)
altl_chr 5862286
2.5 10752214 28598 5717847 + chr2 30492103 89265 5854202 4686177  (5764938)
altl_chr 5196015
33 5119837 32321 5119734 + chr3 27587832 45418 5170894 4366896  (5125477)
altl_chr 5063857
41 4929078 15814 4928941 + chr4 23397169 14530458 19553083 4185504  (5022626)
altl_chr 3552017
51 13159702 2582264 6054325 + chrs 22442908 4686733 8214567 3064880  (3527835)
altl_chr 6050008
65 7722251 1802320 7722233 + chré 21557542 13485156 19401970 5149241  (5916815)
altl_chr 5883881
71 15067032 7073018 12787819 + chr7 19673716 7426596 13193208 4927722  (5766613)
altl_chr 4785435
81 10309134 3280164 7993029 + chr8 19511964 8588947 13277971 4100966  (4689025)
altl_chr 4657571
91 17136559 7136559 11645221 + chr9 18765566 7084104 11663639 3571460  (4579536)
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6. Appendix

Table S4.

Number of genes exhibiting differential omega (dw/ds) values between the two alleles
(haplotypes) in the German (showing haplotype independence) and Japanese (without
haplotype independence) populations. Out of 7,404 tested genes, over 320 show differential
omega values between alleles (omega values close to 0 for one allele and close to 1 for the
other). In Japan, only one gene shows such a pattern, while the remaining 7,403 genes show no

difference in omega values.

Germany vs Japan

Population Allele subject to purifying selection Count
Germany A 321
Germany B 329
Germany none 6754
Japan B 1

Japan none 7403
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Table SS.

The effect size of the SNP density on five kinds of gene regions compared between
differentially expressed alleles (DEA) and equivalently expressed alleles (EEA).

comparison groupl group2  effect size nl n2 magnitude
exon SNP DEA EEA 0.0669 936 11174 small
intron SNP DEA EEA 0.0192 822 9139 small
UTR3 2kb SNP  DEA EEA 0.0311 936 11174 small
UTR3 SNP DEA EEA 0.0377 467 5816 small
UTRS 2kb SNP  DEA EEA 0.0283 936 11174 small
UTR5_SNP DEA EEA 0.0127 466 5567 small
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6. Appendix

Table S6.

Genomic proportion of different transposable element superfamilies detected in the genome.

Proportion in

TE superfamily genome
DHH_Helitron 0.447
DTA hAT 6.451
DTA_hAT MITE 2.737
DTA hAT unknown 0.071
DTC_CACTA 0.388
DTC CACTA MITE 0.075
DTH_Harbinger MITE 0.243
DTM Mutator 0.074
DTM Mutator MITE 0.097
DTM_ Mutator unknown 0.004
DTP_P 0.481
DTT TC1 Mariner 2.173
DTIT _TC1 Mariner MITE 2.618
DTT TC1 Mariner unkno
wn 0.111
DXX 5.570
RII I 0.599
RIL L1 0.214
RIT RTE 0.026
RIX 0.005
RIB Bel Pao 0.152
RLC Copia 0.139
RLE ERV 0.033
RLG_Gypsy 3.339
RIX 0.706
RPP Penelope 0.494
RST tRNA 0.015
RXX 0.038
RXX nL TR 0.081

Total TEs in genome 27.389
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6. Appendix

Data S1. (separate file)
Datasheets include detailed information about assembly and annotation metrics of Platynothius

peltifer, including fragment size of haplotypic blocks and longest alignment blocks; details on
population data, mutation rate and telomeric regions, Wolbachia homology to P. peltifer,
horizontal gene transfers (HGT) and orphan HGT candidates and categories of different SNP
effects.
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