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"The cure for ignorance is to question."  

– Prophet Muhammad (s.a.w.) reported by Abu Daawood 

 

 

"Acquire knowledge and teach it to people. Learn with it dignity and tranquility and 

humility for those who teach you and humility for those whom you teach." 
– Umar ibn Al-Khattab (RA) 

 

 

 

 

 

 

 

 

 

 

 
“There is grandeur in this view of life, with its several powers, 

having been originally breathed by the Creator into a few forms or into one; 

 and that, whilst this planet has gone cycling on according to the fixed law of gravity, 

from so simple a beginning endless forms most beautiful and most wonderful 

have been, and are being, evolved” 
– Darwin (1859) First edition of Origin of Species
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Summary 

 

The enigma of why sexual reproduction persists in nature despite its many costs continues to challenge 

the field of evolutionary biology. Compared to sexual reproduction, asexuality is more straightforward. 

However, it is rare in animals and often regarded as an evolutionary dead-end. ‘Ancient asexuals’ 

challenge this view, as they successfully persisted over evolutionary time. Understanding how these 

evolutionary scandals thrive in the absence of sex will, in turn, provide insights into the selective 

advantage of sexual reproduction.  

This thesis explored the consequences of ancient asexuality and emphasized its effects on genome 

evolution in natural populations. The oribatid mite Platynothrus peltifer was introduced as an ideal 

subject for studying ancient asexuality and speciation. Employing a comprehensive approach, I 

generated genome, transcriptome, and population data. Within this data, we found evidence of intra-

individual haplotype divergence, conserved genomic synteny among populations, and notable inter-

individual population variation. Thus, we proposed haplotypic independence to contribute to 

evolvability as a way to adapt and escape extinction in long-term asexuals.  

P. peltifer is known to exhibit multiple independent evolutionary lineages. Asexual speciation may be 

more prevalent in certain taxa, like oribatid mites, due to their distinctive ecological niches and long-

term evolutionary persistence. Understanding how asexuals diversify into new species is crucial as it 

challenges traditional evolutionary paradigms, reveals hidden biodiversity, and provides insights into 

the dynamics of speciation, evolution, taxonomy, and conservation. Thus, this study delved into the 

complexities of species delimitation, while emphasizing the need for a holistic perspective in 

comprehending asexual speciation. I suggested speciation of the Japanese population and identified 

potential cryptic lineages in the Canadian population of P. peltifer. European populations lacked distinct 

phylogenetic boundaries and genetic differences. However, haplotypic divergence in European 

populations implied cohesion mechanisms on a global scale among geographical lineages. Furthermore, 

this work laid the foundation for future sex-asex comparisons in oribatid mites as it provided high-

quality genomes of sexual and asexual oribatid mites. This will determine whether the observed effects 

are lineage-specific or general consequences of ancient asexuality. 

This study established a new protocol allowing for haplotype-specific genomics of tiny non-model-

organisms. It discussed how ancient asexuals might have evolved and benefitted from their genome 

dynamics and how this facilitates asexual speciation. An in-depth analysis of Platynothrus peltifer 

provided evidence of its long-term asexuality and speciation. It introduced haplotypic independence as 

a way to allow for ‘evolution’ thus contributing to the persistence of ancient asexuals. 
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General Introduction  

Unraveling the Genomic Mysteries of Ancient Asexuality 

Despite the possibility of straightforward asexual reproduction, the majority of metazoans reproduce 

via costly sex (Lehtonen et al. 2012; Bell 1982). Even after decades of research, it remains largely 

unanswered why sex is maintained in natural populations and why it is needed every generation. This 

paradox is known as the “queen of problems'' in evolutionary biology. The persistence of sexual 

reproduction in the face of competition from asexually reproducing individuals requires that the 

disadvantages of sex are fully compensated by its benefits (Neiman et al. 2014). Such disadvantages 

include smaller population size, possibly transmitted sexual diseases, fewer offspring, and the two-fold 

‘cost of males’ experienced by sexual females who invest equally in sons and daughters, but only 

daughters contribute to the next generation. Short-term benefits of sex act on the level of genes and 

individuals and require a rapidly fluctuating direction of selection. The consensus is that through the 

breakage of linked alleles with contrasting fitness effects, more variation is generated by effective 

selection (Felsenstein 1974). Thus, the fixation probability is reduced when selection acts on a locus in 

linkage with another beneficial mutation (Hill and Robertson 1966). Hypotheses on the selective 

advantage of sex inherently predict that asexuality also comes with specific disadvantages that manifest 

in the genome over evolutionary times. Hence, most of the asexual lineages are observed at the tips of 

phylogenies, deeming asexuality an evolutionary dead-end (Judson and Normark 1996; Engelstädter 

2008; Schwander and Crespi 2009).  

Long-term consequences of asexuality act on the lineage level, manifesting over multiple generations. 

They can be divided into consequences driven by selection and/or mechanistic effects. Selection-driven 

consequences include less effective selection in asexuals due to strong physical linkage (Muller 1964; 

Hill and Robertson 1966; Felsenstein 1974; Keightley and Otto 2006; Fisher 1999). This is proposed to 

lead to decreased rates of adaptation, increased accumulation of deleterious mutations, and repetitive 

elements fueling the Hill-Robertson effect and Muller’s ratchet, ultimately leading to the extinction of 

asexual lineages. The accumulation of deleterious mutations in asexual genomes was shown in 

computational simulations (Muller 1964; Hill and Robertson 1966; Keightley and Otto 2006) as well 

as experimental evolutionary studies (Morgan et al. 2014). Genome-based studies show less effective 

selection in asexuals in Timema spp. (Bast et al. 2019), and no difference in Aphididae spp. (aphids; 

Ollivier et al. 2012). However, data on natural populations are scarce. Natural asexual populations of 

oribatid mites were shown to maintain effective selection and purge deleterious mutations even more 

successfully than sexual populations (Brandt et al. 2017). Mechanistic consequences of asexuality 

include independent divergence of homologous chromosomes known as the ‘Meselson-effect’. The 

phylogenetic history of sexual lineages shows initial separation into populations and then into separate 
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haplotypes because recombination maintains the similarity between haplotypes. In contrast, in asexual 

haplotype phylogenies, the haplotypes are expected to separate before population separation (Birky 

1996). Therefore interallelic divergence is expected to be higher in asexuals. The lack of recombination 

and chromosomal rearrangements thus results in the independent evolution of homologous 

chromosomes. Within a single individual, this leads to high heterozygosity between two alleles of the 

same gene. Multiple studies revealing elevated heterozygosity levels between alleles were shown to be 

driven by the effects of a hybrid origin of asexuality, rather than prolonged asexuality (Jaron et al. 

2021). Support for such within-individual divergence is limited. To date, the only documented case of 

haplotype divergence in parthenogenetic animals on the genome scale stems from Oppiella nova 

(oribatid mites; Brandt et al. 2021). The genomic peculiarities of oribatid mites that allow them to 

escape the predicted detrimental consequences of asexuality and persist over evolutionary time are still 

unclear.  

Genomes of other asexual animal species have frequently been analyzed on some peculiarities that were 

suggested to be generally linked to asexuality, such as horizontal gene transfer, genomic 

rearrangements, gene family expansions, gene losses, and gene conversion (Flot et al. 2013; Danchin et 

al. 2010; Faddeeva-Vakhrusheva et al. 2017). Yet, parthenogenesis is regarded as a lineage-level trait, 

and up until now, it was not possible to detect genomic features as general consequences of 

parthenogenesis (Jaron et al. 2021).  

Ancient Asexual Scandals  

Obligate asexuality is assumed to be rare in animals, occurring only in approximately 0.1 % of species 

(White 1977; Bell 1982). This observation led to the assumption that asexual lineages are bound for 

early extinction (see potential reasons above). Still, there are some asexuals, who escape the detrimental 

fate of asexuality and persist over time. They are called ancient asexual scandals (Judson and Normark 

1996). Understanding the peculiarities of how they are able to persist in the absence of sex will in turn 

contribute to identifying the advantage of sexual reproduction. Some of the most established 

representatives of ancient asexuals include bdelloid rotifers, darwinulid ostracods, and oribatid mites 

(Judson and Normark 1996; Schön et al. 2009; Neiman et al. 2009). Bdelloid rotifers were shown to 

engage in non-canonical forms of sex (Gandolfi et al. 2003; Signorovitch et al. 2015; Schwander 2016; 

Debortoli et al. 2016; Vakhrusheva et al. 2020). Like the bdelloid rotifers, Darwinulid ostracods arose 

from a single transition to asexuality, limiting comparative analyses (Tran Van et al. 2021; Wallace and 

Snell 1991; Ricci 1987). Thus, the identified effects might be lineage-specific. In contrast, oribatid mites 

provide evolutionary replicates as they have lost sex multiple times independently through time (Norton 

and Palmer 1991; von Saltzwedel et al. 2014). This enables a comparative analysis of sexual and asexual 

species, helping to disentangle lineage-specific effects from the true consequences of ancient asexuality. 
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Oribatid mites are thus a suitable non-model system to reveal the prerequisites for persistence without 

sex. 

Unraveling the Genomic Mysteries of Asexual Speciation 

Speciation is the formation of new and distinct species in the course of evolution. The origin of species 

was once referred to as the “Mystery of Mysteries” by Charles Darwin (Darwin 1909). Since then, 

speciation research has become one of the most active areas of evolutionary biology. Understanding 

speciation requires knowledge of whether, when and why conditions favoring divergence arise and how 

the genetic response of organisms drives reproductive isolation and species separation. Speciation is a 

dynamic process. Two irrevocable processes lead to speciation: first, gene pool division in the form of 

reduced or absent gene flow. This can happen through geographical isolation (allopatry), differentiation 

of a new niche (sympatry), or uneven gene flow (parapatry). But these barriers are not to be absolute, 

as long as divergence is more promoted than gene flow and cohesion (Hernández-Hernández et al. 2021; 

Barraclough 2019). Ecological divergence seems to play the driving role and reproductive isolation the 

facilitating role in independent evolution (Barraclough 2019). However, neither seems to be sufficient 

alone for creating the pattern of species (Sobel et al. 2010). Secondly, there is a genetic response to the 

new conditions, which leads to discrete entities. Explaining phenotypic differentiation in a population 

and diversity in nature. Shedding light on the steps leading to reproductive isolation and subsequent 

species diversification in sexual organisms has been a fascinating and challenging topic in research for 

a very long time.  

These ideas of mechanisms were developed with sexual organisms in mind. Therefore recombination 

and reproductive isolation have played crucial roles in theories of speciation. Even though sexual 

reproduction may result in stronger clustering patterns compared to their asexual counterparts, sex per 

se is not a prerequisite for speciation. Despite the vast efforts to understand the genomic basis of 

speciation in sexual organisms, the genomic basis of speciation in asexual organisms is completely 

unknown. Mechanisms leading to speciation differ under asexuality, as asexual lineages are 

reproductively isolated per definition. However, reproductive barriers might still affect asexuals as they 

not only impose premating but also postmating isolation. This includes prezygotic and postzygotic 

effects, which entail divergent selection, and genetic incompatibilities dependent on cytology 

(Seehausen et al. 2014). Similar effects might also influence parthenogenetic embryos. The 

understanding of asexual speciation and its underlying molecular mechanisms and the impact of the 

cytological mechanism of asexuality are still in their infancy. Compared to sexuals there are only a few 

known cases of asexual speciation. Bdelloid rotifers are an ancient asexual group that includes more 

than 400 species defined by phenotype. The taxonomic challenges presented by asexually reproducing 

organisms have led researchers to explore novel species concepts and criteria tailored to their unique 
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reproductive modes (Barraclough et al. 2003; Birky et al. 2010). Hence, the phylogenetic and 

evolutionary species concepts can be applied to asexually reproducing organisms.  

 

An understanding of what asexual species are and how to define them is essential for testing theories 

about the evolutionary advantage of sex and the consequences of losing sex. Criteria of species concepts 

are i) initial separation ii) cohesion iii) monophyly and iv) distinguishability.  

There are some predictions regarding possible differences between the processes of sexual and asexual 

adaptation and speciation. Firstly, asexuals should diversify more readily than sexuals. Having no 

reproductive barriers is a requirement for sexual reproduction like the production of gametes and pairing 

of homologous chromosomes during meiosis (Barraclough 2019). Reproductive isolation is generally 

regarded to be a limiting factor for speciation in sexuals (Coyne et al. 2004). In asexuals, this mechanism 

is non-existent and therefore secures reproductive isolation between diverging populations. Secondly, 

it is predicted that sexual populations might diverge more rapidly than asexuals. Recombination enables 

the spread of beneficial gene combinations. This may allow sexual adaptation at a higher pace and 

promote greater clustering than in asexuals (McDonald et al. 2016; Barraclough 2019). 

Genomes are highly organized on multiple levels in the cell. The folding and unfolding of genomic 

DNA are known to influence various basic biological processes (Cavalli and Misteli 2013). The DNA 

compaction machinery reorganizes chromosomes to allow homologous chromosome pairing. In 

contrast to chromosome dynamics in sexuals, asexuality releases constraints from chromosome pairing. 

Therefore, genome structure can be more plastic in asexuals than in sexuals (McElroy et al. 2021). 

Variations in gene copy number, insertions, and deletions between homologous chromosomes lead to a 

potential for evolutionary novelty and diversification that is not as easily given in sexuals. Especially 

with speciation, it is known that structural rearrangements influence differentiation, which is crucial for 

sexual organisms to overcome the effect of recombination. Therefore, an in-depth assessment of ploidy 

and haplotype structure is essential. Moreover, the correlation between the diversity of expression 

patterns found in asexuals, which result from gene family expansions and traces of positive selection, 

will give interesting clues to the success of ancient asexuals. Overall, characterizing the genomic 

features that are contributing to the differentiation and speciation in ancient asexuals will help to 

understand how asexuals can adapt and therefore persist over time.  

Platynothrus peltifer as a Model Organism to Study Ancient Asexuality and Speciation 

An organism that combines the possibility to study ancient asexual persistence and speciation is the 

oribatid mite Platynothrus peltifer. It has a single generation per year, with a life cycle of 170 days from 

hatching to adult emergence (Jalil 1972). It likely reproduces parthenogenetically at least for tens of 

millions of years, probably even longer (Heethoff et al. 2007). Reproduction was suggested to be by 
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automictic thelytoky with terminal fusion (Taberly 1987), with one to seven (unfertilized) eggs (Jalil 

1972) between March and September (Grandjean 1950). Inverted meiosis was proposed to be the 

driving force for fixed heterozygosity in natural populations (Heethoff et al. 2007). Within this 

parthenogenetic species, substantial divergence occurred leading to its radiation despite the absence of 

sex (Figure 1). The distribution of extant populations reflects continental drift (Hammer and Wallwork 

1979) and has been shown to exhibit mitochondrial diversification and morphological flexibility 

(Heethoff et al. 2007), highlighting P. peltifer uniqueness in investigating asexual speciation. 

 

 

Figure 1: Excerpt from Heethoff et al., 2007 

showing the seven different evolutionary lineages 

of Platynothrus peltifer, with molecular clock 

assumption. Numbers indicate bootstrap values. 

Bold numbers indicate the age (Myr). Southern 

Europe (SE), Japan (J), Nothern Tyrolia (NT), 

Nothern/Central Europe (NCE), Eastern Europe 

(EE), USA West Virginia (UWV), USA New York 

(UNY). 
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 Aims and Outline of this Study 

In this thesis, I unraveled novel ways of evolvability of ancient asexuals and shed light on asexual 

speciation. To address this I propose three hypotheses that underpin our exploration of the genomic 

features associated with ancient asexuality:  

1) Platynothrus peltifer reproduces in the absence of sex for millions of years which is reflected 

by unique evolutionary patterns of independent haplotype evolution (i.e. the ‘Meselson effect’). 

2) Such independent haplotype evolution could potentially contribute to evolvability. 

3) Asexual adaptation and diversification into novel species proceed differently from sexual 

species and involve structural variation.  

To test these hypotheses, I first established a protocol for single-individual high-molecular-weight 

gDNA extraction from minuscule non-model organisms (Chapter 1). This formed the basis for in-depth, 

genome-wide analyses for which I generated genome, transcriptome, and population data from five 

individuals from five distinct populations each. Second, I generated a haplotype-resolved chromosome-

scale genome assembly of the obligate ancient asexual oribatid mite Platynothrus peltifer. Further, I 

utilized the newly generated population data to reveal increased intra-individual haplotype divergence, 

suggesting evolution without sex for 20 my. This haplotypic independence might contribute to 

evolvability in these ancient asexuals (Chapter 2). In-depth population analyses additionally show 

conserved genome synteny and heterozygosity patterns among worldwide populations (Chapter 3). 

Moreover, assembling the genomes of the sexual outgroup Hermannia gibba and asexual outgroup 

Nothrus palustris, establish these species as part of a broader comparative approach in oribatid mites to 

reveal common features in ancient asexuals and their independent transitions to asexuality (Chapter 3-

4). Additionally, identifying the sex-determination mechanisms in H. gibba provided an ancestral 

example in sex-chromosome evolution (Chapter 4). Lastly, I emphasize the importance of scientific 

outreach and present research addressing children, introducing diverse reproductive modes in soil, 

highlighting the consequences of asexuality, and milestones of oribatid mite research (Chapter 5). 
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Chapter 1  

Challenges in Genomic Studies of Oribatid Mites and the Need for 

High-Quality Assemblies of Single-individuals 

 

Abstract 
Answering questions of evolutionary biology necessitates the use of population genetic studies, for 

which single-individual approaches are often needed. Recent studies have made progress, allowing 

research on previously unattainable organisms. Yet, the genome quality of such organisms lacks 

continuity, which remains a bottleneck for in-depth analysis. This study uses oribatid mites, a group of 

minute soil organisms, to tailor a gDNA extraction protocol, which now yields >20 ng of high-

molecular-weight gDNA. Thus, overcoming limitations associated with small invertebrate organisms. 

Results showcase Femto Pulse Chromatograms and HiFi read metrics, demonstrating excellent read 

quality and continuity. Overall, the established protocol demonstrates its ability to generate ample DNA 

for de novo genome assembly, empowering researchers to delve into the genomics of small invertebrate 

organisms.  

 

 

Introduction 
The sequencing of DNA has revolutionized the field of molecular biology. The development of several 

waves of sequencing technologies impacted our understanding of genome evolution. From the early 

days of Sanger sequencing to the emergence of second-and third-generation sequencing, each new 

technology has enabled new possibilities. Ultimately, we entered an era where we can study any 

organism and untangle its genomic diversity and evolutionary history. Single-individual genomics is a 

powerful tool, that addresses evolutionary theories in natural environments. One such theory deals with 

the divergence of alleles over evolutionary time in the absence of sex, a phenomenon observed in 

ancient asexual diploid organisms. To explore the independent evolution of haplotypes, phased 

continuous genomes are needed. However, this presents a challenge when studying ancient asexuals 

like oribatid mites, which are tiny soil-living invertebrates. The difficulty of obtaining high-molecular-

weight genomic DNA (HMW gDNA) for these organisms, resulted in discontinuous genomes. 

Compared to Illumina sequencing, which can manage poor DNA quality and quantity, long-read 

procedures have higher requirements: technologies like Pacific Biosciences (PacBio) Single Molecule 
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Real-Time (SMRT) sequencing requires 3 µg/ 1 Gb genome for standard HiFi Sequencing or 5 ng with 

>20 kb HMW gDNA for the Ultra-Low DNA Input Sequencing (Application Note — PacBio 2021). 

Moreover, there is a lack of pure HMW gDNA extraction protocols accounting for difficulties in 

extracting DNA of invertebrates, i.e. chitinous exoskeleton, small size, and high contamination (internal 

(gut) and external). Commercially available kits promise easy, quick, and efficient HMW gDNA 

extractions (e.g. Wizard HMW DNA Extraction Kit (Promega, Madison, USA), NEB Monarch® High 

Molecular Weight DNA Extraction Kit (New England Biolabs, Massachusetts USA), Quick-DNA 

HMW MagBead Kit (Zymo Research, California USA) and MagAttract HMW DNA Kit (Qiagen, 

Netherlands)). However, they are not optimized to work with invertebrate organisms, which usually are 

tiny and cannot be reared in the lab. Nevertheless, invertebrates harbor more diversity than vertebrates 

(Eisenhauer & Hines, 2021). Thus to uncover such diversity, a particular HMW extraction protocol is 

needed.  

 

Case study: Platynothrus peltifer, Camisiidae, Acariformes, is a small (<1 mm) invertebrate of interest 

in evolutionary biology due to its successful persistence of life without sex (Judson & Normark, 1996; 

Maraun et al., 2003). With a life cycle of 170 days at 25°C (Jalil, 1972), P. peltifer cannot be cultured 

in the lab and must be obtained from a natural population in the wild. For wild-caught organisms in 

general, the likelihood of including cryptic species (and or different genetic lineages) is imminent and 

greatly impairs assembly quality. As P. peltifer is proposed to reproduce asexually for tens of millions 

of years (Heethoff et al., 2007), high levels of heterozygosity are expected. Here, I provide an HMW 

gDNA extraction protocol for small arthropods, tested on oribatid mites, which generates >20 ng of 

HMW gDNA of a single individual (~700 µm). The quality of gDNA allows for long-read sequencing 

techniques like PacBio HiFi sequencing, which is used as a basis for the generation of phased de novo 

assemblies.  

 

 

Material and Methods 
Sample Collection 

Details of sample collection and sample preparation are given in Chapter 2. In short: five different 

populations of Platynothrus peltifer were collected. The Russian, Japanese, and Canadian populations 

were sent by collaborators from Moscow (Central Russia), Yamanashi (Chūbu), and Moncton (New 

Brunswick) respectively. The German population of P. peltifer and its sexual outgroup Hermannia 

gibba were sampled in Dahlem (North Rhine-Westphalia). The Italian population was sampled in 

Montan (Trentino). Additionally, specimens of Nothrus palustris, which is a closely related asexual 

outgroup of P. peltifer, were sent from Göttingen (Lower Saxony, Germany). 
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High-molecular-weight (HMW) gDNA extraction protocol 

Specimens were cleansed prior to DNA extraction. Cleansing followed a newly established workflow, 

including cleansing specimens with detergent, ethanol, and bleach. Optimization of the salting-out 

method for DNA extraction for oribatid mites included modifications on the lysis of cells and sample 

purification. To identify the most efficient lysis of a single individual tests whether the disruption of 

tissue was more efficient if conducted with a razor blade or pestle and whether sonification of tissue 

increases DNA yield were conducted. Additionally tested was if an increase in time, temperature, and 

amount of proteinase K increases digestion. Furthermore, the influence of various volumes of buffer 

was tested. 

 

HMW DNA Quality Assessment 

The quality of HMW gDNA was assessed using a pulsed-field power supply like the Femto Pulse 

System (Agilent), which is more sensitive than other gel-based instruments, especially when low 

concentrations of DNA are expected. Samples were chosen if size distribution depicted HMW DNA 

smears and fragments ≥165 kb.  

 

Sequencing 

For details on sequencing see Chapter 2. In short: for the de novo assembly individuals were long-read 

sequenced with PacBio HiFi (SMRTbell® Libraries from Ultra-Low DNA Input). Plots on read length 

and quality of HiFi reads were generated using NanoPlot v1.41.0 (De Coster & Rademakers, 2023). 

 

Assessing genome complexity of species 

27-mers in the HiFi reads were analyzed using KAT v2.4.2 (Mapleson et al., 2017) with the modules 

kat hist and kat gcp (default parameters). Ploidy was further investigated using kmc v3.2.1 with 

parameters -k 27 -ci 1 -cs 10000 and Smudgeplot v0.2.5 (Rhyker Ranallo-Benavidez et al., 2020) with 

default parameters. To obtain a frequency count of k-mers Jellyfish v2.2.8 (Marçais & Kingsford 2011) 

was used as input to estimate genome heterozygosity and repeat content with GenomeScope 

(http://qb.cshl.edu/genomescope/; last access 17.10.23; (Rhyker Ranallo-Benavidez et al., 2020). 

 

 

Results 
The high-molecular-weight genomic DNA (HMW gDNA) extraction protocol was tested on more than 

360 individual oribatid mites, mainly on Platynothrus peltifer. Additionally tested specimens include 

Hermannia gibba, and multiple species of genera such as Nothrus, Camisia, Heminothrus, Pergalumna, 

Carabodes, Hydrozetes, and Steganaccarus.  
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Establishment of single individual low-input high-molecular-weight gDNA extraction 

Lysis of oribatid tissue and exoskeleton was most efficient with at least 3x freeze and thaw cycles 

followed by disruption of the whole individual with a pestle. Sonification did not yield higher results 

and disrupting tissue with a razor blade even led to decreased DNA yield. Incubation time and 

temperature of DNA digestion with proteinase K did not show verifiable effects on DNA yield. It is 

advised to follow the manufacturer’s instructions for optimal proteinase K digestion. Furthermore, 

ethanol volume during purification was most efficient with ~2 volumes of sample. 

The following protocol is the now-established high-molecular-weight (HMW) gDNA extraction 

method in the working group. Further, it was shared with colleagues worldwide and successfully used 

on Collembolans and even Nematodes (personal communication Dr. Kamil Jaron, June 2023). It enables 

the generation of HMW gDNA of ~20 ng, even up to 200 ng of a single oribatid mite, depending on the 

genus.  

 

 

Modified salting out method for high-molecular-weight gDNA 

extraction (oribatid mites)  

Hüsna Öztoprak* & Jens Bast  

 

PROTOCOL integer ID: 88360 - Protocols.io (2023)  

 

*Corresponding author 

 

Abstract 

This protocol describes a low-cost, high-molecular-weight genomic DNA extraction method for a single 

minuscule specimen (modified from Miller et al., 1988). DNA extractions from oribatid mites are 

typically challenging, because of the small body size of 150-1400 µm. Their chitinous exoskeleton does 

not dissolve during DNA extraction, impedes DNA purification, and leads to additional loss of DNA. 

Therefore, high-molecular DNA from oribatid mites has been thus far unattainable, especially from 

single individuals. We established a high-molecular-weight gDNA extraction protocol for mites that 

enables the generation of high-quality phased genomes for small non-model organisms. There are three 

options to utilize this protocol: i) for high-molecular gDNA extraction ii) for high-molecular gDNA 

extraction, while preserving the exoskeleton for morphological analysis, and iii) DNA extraction with 

Chitinase to yield more gDNA. 
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As specimens are collected from natural populations and are not cultured in the lab. They are cleansed 

prior to DNA extraction to minimize external contamination. Cleansing includes brushing the specimen 

in distilled water and in distilled water with detergent (fit GmbH, Zittau, Germany). Once the external 

residue is not visible anymore, the specimen is incubated in NaCIO 0.05% (DonKlorix; CP GABA 

GmbH, Hamburg, Germany) and ethanol 70% for 30 seconds each and rinsed in distilled water again.  

 

Keywords: Sample preparation, DNA extraction, Low-cost, low-input, HMW DNA 

 

Material and Regents 

1. Proteinase K (Qiagen, catalog number: 19131) 

2. Yeast tRNA (Invitrogen, catalog number: AM7119) 

3. RNase Cocktail (Invitrogen, catalog number: AM2286) 

Solutions 

1. TNES buffer (see Recipes) 

 

Recipes 

1. Final concentration of TNES buffer freshly made before each extraction, ddH20 used to dilute.: 

400 mM NaCl, 20 mM EDTA, 50 mM Tris pH 8.0, 0.5 % SDS  

 

Procedure 

Version i) High-molecular gDNA extraction  

DNA Extraction  

• Submerge cleansed specimen in 195 µl TNES buffer and flash freeze by holding tube in liquid 

nitrogen.  

• Using a sterile pestle, homogenize by applying pressure to grind the specimen between pestle 

head and the walls of the tube.  

If low DNA yield is expected. Leave pestle in tube to ensure maximum digestion of material. 

Consider including multiple (3x) freeze and thaw cycles and vortexing to disrupt tissue fully. 

• Add 5 µl proteinase K. 

• Vortex for 3 sec. Centrifuge briefly.  

• Incubate at 55°C for ~60 min (completely dissolve the specimen). 

If there is indigestible debris left over centrifuge (18000 rcf for 5 min) and transfer the supernatant to 

a fresh tube.  

• Add 1.5 µl yeast tRNA, flick to mix briefly then spin down.  
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• Add 65 µl 5 M NaCl and 290 µl 96 % EtOH, mix by inversion.  

• This should clarify the solution. Store at -20°C for 1h.  

Solution can be stored overnight at this step. 

  

DNA Purification  

• Optional: add 1 µl Pellet Paint Co-Precipitant (for colorful pellet)  

• Spin down at 18000 rcf for 15 min at 4°C.  

Know the expected position of the DNA pellet, as it can be difficult to see.  

• Ghostly pellet should be visible.  

• Remove supernatant.  

• Add 0.5 ml chilled 70 % EtOH (make fresh).  

• Spin at 18000 rcf for 5 min.  

• Repeat ethanol rinse.  

• Carefully remove supernatant.  

• Leave tube open to air dry. Pellet should have a glassy appearance.  

• Using a wide-bore pipette tip, add 21 µl TE Buffer (elution buffer) and gently resuspend the 

DNA pellet with pipette mixing.  

• Let DNA resuspend at 4°C overnight.  

• Add 2 µl RNase Cocktail. Incubate at 37°C for approx. 60 min.  

  

Note: For femto pulse systems elution in TE Buffer, more specifically EDTA is not recommended. 

Alternatively use 0.1 mM EDTA or EB, Tris-HCl (pH 8-8.5)  

 

Version ii) High-molecular gDNA extraction preserving exoskeleton 

DNA Extraction  

• To observe the specimen under a microscope, cleansed specimens are placed on a sterile slide 

and submerged with TNES buffer until fully covered. 

• Remove one genital plate cautiously with a sharp needle and stir tissue without destroying the 

exoskeleton. 

• Transfer specimen in 195 µl TNES buffer.  

• Add 5 µl proteinase K.  

• Incubate at 37°C overnight. 

• Transfer specimen with sterile needle to a tube containing 70 % EtOH and store it for 

morphological analysis. 
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• Add 1.5 µl yeast tRNA, flick to mix briefly then spin down.  

• Add 65 µl 5 M NaCl and 290 µl 96 % EtOH, mix by inversion.  

• This should clarify the solution. Store at -20°C for 1h.  

 DNA Purification follows the same procedure as above. 

 

Version iii) gDNA extraction with chitinase digestion 

DNA Extraction  

• Submerge specimen in 195 µl TNES buffer and flash freeze by holding tube in liquid N.  

• Using a sterile pestle, homogenize by applying pressure to grind the specimen between pestle 

head and the walls of the tube.  

• Add 2 µl chitinase (1 U/ml). 

• Vortex for 5 sec. Centrifuge briefly. 

• Incubate at 55°C for ~60 min. 

• Add 5 µl proteinase K. 

• Vortex for 5 sec. Centrifuge briefly.  

• Incubate at 55°C for ~60 min (completely dissolve the specimen). 

If there is indigestible debris left over centrifuge (18000 rcf for 5 min) and transfer the supernatant to 

a fresh tube.  

• Add 1.5 µl yeast tRNA, flick to mix briefly then spin down.  

• Add 65 µl 5 M NaCl and 290 µl 96% EtOH, mix by inversion.  

• This should clarify the solution. Store at -20°C for 1h.  

DNA Purification follows the same procedure as above. 

 

HMW DNA Quality Assessment 

Henceforth, shown samples of Nothrus palustris (Nps), Hermannia gibba (Hga), and Platynothrus 

peltifer (Ppr) were chosen for HiFi sequencing and later used for de novo generation of assemblies. The 

integrity and purity of gDNA were assessed using the Femto pulse System (Agilent). The Femto Pulse 

gel images and traces of the seven samples show fragments with the majority of DNA >20 kb, fulfilling 

the minimum requirement for generating PacBio HiFi reads for de novo assembly (Figure 1). All the 

samples of N. palustris, H. gibba and P. peltifer from Germany (DE), Italy (IT), Russia (RU), and Japan 

(JP) show a narrow peak at a fragment size of around 165,500 bp, except the Canadian Ppr (CA). The 

majority of Canadian Ppr gDNA has 4010 - 15400 bp. All samples show an initial peak of less than 200 

bp, most likely representing RNA contamination in the sample, which was separated in follow-up 

procedures like size selection.  
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Figure 1: Modified Femto pulse chromatograms of gDNA of Platynothrus peltifer (Ppr) sampled from 

Germany (DE), Italy (IT), Russia (RU), Japan (JP), and Canada (CA) chosen for long-read sequencing 

prior to size selection. Additionally, one sample of Hermannia gibba (Hga) and Nothrus palustris (Nps) 

were chosen. The red dotted line indicates a fragment size of 20 kb, which is the minimum requirement 

for PacBio HiFi SMRTbell® Libraries. 
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Long-read sequencing  

 

The minimum amount of 8 ng of HMW gDNA of a single specimen was used for PacBio HiFi 

sequencing. It resulted in at least 2.3 M reads for each individual, which equals approximately 100X 

coverage (Figure 2a). For the Canadian P. peltifer and H. gibba more than 3 M reads were sequenced. 

The mean read length across all samples was 12,132 bp (Figure 2b), ranging from 6,153 bp (Ppr CA) 

to 14,709 (N. palustris). The read length for the Canadian P. peltifer was half as high compared to the 

other samples, with an N50 of 6,539 (Figure 2c). The German P. peltifer had an N50 of 15,100 bp, N. 

palustris of 15,429 bp and H. gibba of 15,041 bp. The median base call quality score was in all samples 

above 30, ranging from 31.2 (Ppr DE) to 42.3 (Ppr CA; Figure 2d). This resulted in a probability of 

incorrect base call of 1 in 1000, meaning 99.9% inferred base call accuracy. 

  

 

 

Figure 2: Comparison of HiFi reads generated with the established protocol for high-molecular-weight 

gDNA extraction for oribatid mites. Plots visualize a) number of reads, b) read length, c) N50-read-

length, and d) the base call quality score. Color code: red for Hermannia gibba (Hga), grey for Nothrus 

palustris (Nps), purple, cyan, green, yellow and brown for Platynothrus peltifer (Ppr) populations from 

Germany (DE), Russia (RU), Italy (IT) Japan (JP) and Canada (CA) respectively. 
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To judge sequencing complexity such as ploidy, heterozygosity and genome duplications of each 

species we conducted k-mer analyses on the generated HiFi reads of German P. peltifer, N. palustris, 

and H. gibba using a k-mer size of 27. 

 

 

Figure 3: k-mer analysis of the PacBio HiFi reads (k=27) of a) Platynothrus peltifer (Ppr), b) 

Hermannia gibba (Hga), and c) Nothrus palustris (Nps). Distinct smudges of k-mers with an A/B 

configuration identify the genomes as diploid without signs of genome duplication. Heterozygous and 

homozygous content is represented in two peaks respectively in the histograms. Plots show GC content 

of these two peaks, with no residue of DNA contamination.  

 

The smudgeplots for each species showed a single smudge with an A/B configuration, identifying each 

species as diploid (Figure 3). Their k-mer spectra histograms showed two peaks corresponding to the 

heterozygous k-mers and the homozygous k-mers respectively, suggesting diploidy in all species. The 

asexual N. palustris exhibited an elevated homozygous peak (Figure 3c). The homozygous peak in 

sexual H. gibba was not prominent (Figure 3b). The k-mer coverage vs GC count plot showed a peak 
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at 50-100X for P. peltifer, 50-75X for N. palustris, and 50X coverage for H. gibba with a GC spread 

from 2 to 15 in all species. There was no additional peak of higher GC detectable, indicating no 

significant contamination in any reads.  

 

GenomeScope 3.0 estimated genome size, heterozygosity and repetitiveness based on k-mer frequencies 

for P. peltifer, H. gibba and N. palustris (Table 1).  

 

Table 1: Genomescope statistics on HiFi reads from Platynothrus peltifer (Ppr), Hermannia gibba 

(Hga) and Nothrus palustris (Nps). 

 Ppr Hga Nps 

expected genome length [bp] 171,269,487 313,701,730 231,232,057 

expected heterozygosity [%] 2.35 1.77 1.33 

coverage 91 62 71 

duplication/repetitiveness [%] 4.76 7.29 6.44 
  

With a genome length of ~171 Mb for P. peltifer, 231 Mb for N. palustris and 314 Mb for H. gibba, 

genome size is, compared to other arthropods (from 98 Mb to 18.6 Gb; Kelley et al., 2014; Gregory, 

2023) small in these oribatid mites. The heterozygosity of P. peltifer was highest at 2.35 % and lowest 

in N. palustris at 1.33 %. Following this, the increased heterozygosity was also visible in a higher first 

peak and a lower second peak of distinct 27-mers in the histograms (Figure 3). Duplication was 

estimated to be highest in H. gibba at 7.29 % and lowest in P. peltifer at 4.76 %, which can also be seen 

in the higher coverage peaks of H. gibba and N. palustris in the k-mer spectrum representing 

increasingly high copy repetitive sequences in the genomes. 

 

Discussion 
Understanding evolution in natural populations requires high-quality and contiguous genomes. 

Specifically, in oribatid mites previous studies lacked high-quality assemblies (Bast et al., 2016; Brandt 

et al., 2021; Brückner et al., 2022). Therefore, establishing a distinct extraction protocol of high-

molecular-weight genomic DNA (HMW gDNA) based on single individuals was essential for genomic 

studies on these ancient asexual scandals. During the development of the protocol, it became clear that 

the adjusted salting out method was the only known method that could yield the quality and quantity 

needed for single individual genome sequencing in oribatid mites. The extracted HMW gDNA quality 

satisfied the strict requirements for long-read sequencing. It generated high-quality reads, thus 

underlying the capability of the protocol to extract DNA useful to generate de novo assemblies of 
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invertebrate organisms. Even the initially more fragmented DNA from the Canadian Platynothrus 

peltifer sample generated HiFi reads with comparably high base call quality to all the other samples. 

Although, oribatid mite DNA is known to be associated with fungal taxa like Basidiomycota, 

Ascomycota and Zygomycota (Renker et al., 2005) and harbor a substantial amount of body-surface 

contamination (Remén et al., 2010), no excessive contamination was detected in our samples. We 

conclude that starving the specimen prior to DNA extraction and body-surface cleansing with detergent, 

bleach and ethanol is an essential step in minimizing contamination in sample preparation. 

We were able to confirm P. peltifer, Hermannia gibba, and Nothrus palustris as diploid organisms. 

Distinct levels of heterozygosity were detected among P. peltifer, H. gibba and N. palustris, supporting 

the applicability of the extraction protocol for studying heterozygous organisms and specifically genetic 

diversity in oribatid mites. Concluding that the established protocol for HMW gDNA extraction 

provides ample DNA for HiFi sequencing useful to generate high-quality genome assemblies of small 

invertebrate organisms.
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Chapter 2 

 

Haplotypic independence contributes to evolvability in the long-

term absence of sex in a mite 
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V., Borgschulte, L., Burak, K.A., Dion-Côté, A-M., Leonov, V., Opherden, L., Shimano, S. & Bast, 

J.* 

bioRxiv (2023) 

Submitted to Science (2023) 

 

† Shared first authorship  

*Corresponding authors 

 

 

Abstract 
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 based on a single individual and collected genomic 

data from worldwide populations 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 my ago. Multiple lines of evidence indicate disparate evolutionary 

trajectories between haplotypic blocks. Our findings imply that such haplotypic independence can lead 

to non-canonical routes of evolvability, helping some species to adapt, diversify and persist for millions 

of years in the absence of sex. 

 

One-Sentence Summary 
Functionally different chromosome sets in an asexual mite species showcase a survival strategy 

spanning millions of years. 
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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 (1–4). Oribatid mites are 

diverse (>10,000 species), small (150-1400 µm), mainly soil-living decomposers that were among the 

first arthropods to colonize land during the Devonian (5, 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 evolutionary exceptions are invaluable because understanding the 

peculiarities for success without sex will help to identify the adaptive value and constraints of sex vice-

versa (9). To date, however, the population-genomic signatures of persistence without sex, i.e. how 

peculiar genome dynamics of ancient asexuals might contribute to maintaining effective selection, 

adaptation and diversification remain largely unknown (1, 3, 10). 

 

A phased genome assembly to identify signatures of ancient asexuality 

One of the most iconic old asexual species is the diploid oribatid mite Platynothrus peltifer (C.L. Koch, 

1893; Fig. 1A). Previous work suggested a transition to asexuality tens of millions of years ago, likely 

predating the separation of Europe and North America (2). The cytological mechanism for asexuality 

is a form of automictic thelytoky during which recombination is restricted to chromosome ends, 

maintaining heterozygosity and resulting in ‘effective clonality’ (11–13). Platynothrus peltifer has a 

generation time of one year and produces only female offspring in lab rearings, and extremely rare 

spanandric males are infertile (14, 15). 

To reveal the genomic substrate for persistence without sex, we first generated a chromosome-scale 

reference genome from a natural population and additionally resolved haplotypes of P. peltifer 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 

individuals of the same population. The same long-read and linked-read data were used to generate a 

haplotype-resolved assembly; following, phased haplotypic blocks were anchored to each other and the 

chromosome-scale assembly (Fig. 1B, fig. S1). The chromosome-level genome assembly is of high 

completeness and contiguity and spans 219 Mb comprising nine chromosomes with 24,932 annotated 

genes (Fig. 1C, fig. S2, fig. S3, table S1). The haplotypes comprise 63 blocks B anchored to 44 blocks 

A, representing 92.7 % (203 Mb) of the genome being phased (Fig. 1C, table S2). The genome size 

estimate via flow cytometry closely matches the assembly size (6 % difference: 232 Mb vs 219 Mb) 

and together with k-mer spectra ploidy analyses suggest no ancient whole genome duplication (fig. S4, 

supplementary text). Additionally, we assembled the complete mitochondrial genome from the same 

individual (fig. S5).  
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Fig. 1. Assembly strategy and characteristics of the Platynothrus peltifer genome. (A) P. peltifer 

electron microscopy picture. Scale bar indicates 100 µm. (B) Schematic workflow of single-individual 

sequencing and assembly. (C) Genomic properties of the aligned haplotypic blocks (i) A and (ii) B, 

anchored to the (iii) nine pseudochromosomes, for which densities of 100 kb blocks of (iv) coding 

sequences, (v) gene number, (vi) transposable elements, (vii) heterozygosity percentage, and (viii) 

horizontally transferred gene locations are shown along the genome. 

 

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, recombination 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 separated 

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’) (16). However, despite this straightforward prediction, empirical evidence remains 

equivocal and the only strong evidence for independent haplotype evolution in animals stems from an 

oribatid mite species (1). 

To investigate haplotypic independence associated with ancient asexuality in P. peltifer, 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 (Fig. 2B). Next, to identify haplotypic differences among 

individuals and populations, we analyzed genetic diversity patterns over the whole nine chromosomes. 
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Overall dynamics of mean heterozygosity between haplotypes within individuals are similar among 

populations, with shared regions of high and low heterozygosity (Fig. 2C). This suggests differences in 

purifying selection or mutation rate heterogeneity among the various chromosomal regions, shared by 

all populations. German, Italian and Russian (European) populations feature similar levels of mean 

individual heterozygosity of 1.6 % to 1.8 % along chromosomes. As expected under asexuality, 

individuals within these populations also share a large proportion of heterozygous sites, with Italian 

individuals sharing most (fig. S6). The mean heterozygosity of individuals from Canadian (1.4 %) and 

Japanese (1.0 %) populations is consistently lower compared to the other populations, but shows 

strikingly similar heterozygosity dynamics along chromosomes (Fig. 2C). These differences are thus 

not the consequence of large distinct stretches of loss of heterozygosity (LOH) that can occur under 

some non-clonal forms of asexuality (17). Individuals within these populations moreover share a lower 

proportion of heterozygous sites, especially Canadian individuals (fig. S6). These findings suggest 

considerable differences in processes that can affect the overall divergence of haplotypes among 

populations, such as the rate of spontaneous mutations increasing heterozygosity, the rate of gene 

conversion removing heterozygosity and/or suggest independent and more recent 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 if the transition to asexuality 

occurred considerable amounts of time before the separation into different populations (Fig. 2D, fig. 

S7, table S3). As expected under ancient asexuality, a perfect split of the two haplotypes displaying 

mirror topologies of populations could be identified, including all individuals of European populations, 

representing the ‘Meselson effect’ (Fig. 2D). 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. 2D). Taken 

together, heterozygosity patterns are corroborated by haplotype topologies (Fig. 2C, D, fig. S7) and 

suggest an ancient transition to asexuality for the ancestor lineage of the European populations and a 

more recent independent loss of sex for both the Japanese and Canadian populations. 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. peltifer populations was a closely related lineage, indicating comparable ages of 

asexuality or very conserved genome evolution. Although the mechanism of transition to asexuality is 

unknown, hybridization is unlikely as it can not generate the shared haplotype differences among the 

European populations. Moreover, hybridization would entail substantial genomic changes and thus can 
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not explain the similar heterozygosity patterns for all populations (18). As remnants of Wolbachia 

endosymbiont can be detected in the P. peltifer genome, the transition to asexuality might have 

happened via reproductive manipulation of this endosymbiont (fig. S8). This type of transition often 

occurs via gamete duplication and results in fully homozygous lineages (25). Taken together, and given 

that haplotypic divergence of the Canadian and Japanese populations are considerably lower, transitions 

to asexuality in P. peltifer likely occurred via such a mechanism that substantially removes 

heterozygosity.  

Following, we estimated the age of asexuality (Fig. 2E). Haplotypic divergence (i.e., heterozygosity) 

under asexuality over a substantial amount of time can be used to infer the age of asexuality. 

Heterozygosity gain over time involves the combined effects of accumulating differences between 

haplotypes via novel mutations (µ), and decreases 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 µ = 2.05×10-9 (supplementary text). Second, we estimated gene 

conversion to occur with a minimum track length of 500 bp in the German P. peltifer (fig. S9). 

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. 2E, 

fig. S10). Using these biological parameters of P. peltifer, about 20×106 generations are necessary to 

attain the mean 1.5 % heterozygosity equilibrium for P. peltifer (Fig. 2E). Given a generation time of 

one generation per year for P. peltifer, and assuming that the pre-asexuality heterozygosity for P. 

peltifer’s ancestor was substantially lower and that heterozygosity currently is at equilibrium, the 

European P. peltifer lineage has reproduced asexually 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. 
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Fig. 2. Haplotype dynamics of worldwide Platynothrus peltifer populations suggest independent 

haplotype evolution for at least 20 my under asexuality of the DE-IT-RU lineages. (A) Sampling 

spots of the P. peltifer populations worldwide. Background gray shading indicates water bodies. 

Abbreviations: CA: Canada, DE: Germany, IT: Italy, JP: Japan, RU: Russia, color code kept throughout 

the figure. (B) Principal component analysis (PCA) of genomic population data visualizing 34.6 % of 

the total variability. (C) Mean heterozygosity between haplotypes within individuals for each 

population along the nine chromosomes, separated into 1 Mb genomic blocks. (D) Unrooted consensus 

haplotype tree showing the Meselson effect, i.e., complete separation of haplotypes A and B with mirror 

topologies, among P. peltifer populations from Germany, Russia and Italy. Bold branches indicate 

consensus supports > 96 %. (E) Simulations of increased divergence between haplotypes over time 

under gene conversion track length of 1000 bp, reaching a plateau after 20 million generations, using 

biological parameters of P. peltifer. 

 

Adaptation and evolutionary innovation in the long-term absence of sex 

Asexual organisms are typically regarded as evolutionary dead-ends because linkage of loci should 

result in decreased efficiency of purifying selection and reduced adaptive potential (19). Contrary to 
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evidence for these predictions in some younger asexual arthropods (20, 21), asexual species of oribatid 

mites can maintain effective purifying selection (3). However, the genomic substrate for their unique 

ability to evolve and adapt in the long-term absence of sex remains unknown. Hence, we identified 

different evolutionary dynamics associated with the exceptional independent evolution of haplotypes 

that could contribute to adaptation and evolutionary novelty. This is exemplified in the haplotype-

resolved genome of German P. peltifer (Fig. 3) encompassing allelic diversification and 

functionalization, the impact of horizontally transferred genes, and transposable element activity. 

The decoupling and independent evolution of haplotypes after the transition to asexuality in P. peltifer 

(Fig. 2) mimics duplications of the whole genome with genes representing quasi-homeologs. Gene 

duplications are a major source of evolutionary innovation and allow access to novel phenotypes, as 

they can provide a novel function while preserving the old function of one duplicate and systematically 

increase mutational robustness (22, 23). To test this prediction, we first analyzed differences in genetic 

variation between haplotypes that show a mean heterozygosity of 2.4 % (Fig. 1C). Among 11,029 allelic 

1:1 orthologs, the vast majority differ from each other by non-synonymous (88.0 %) and/or synonymous 

(96.8 %) variants. Approximately 10 % gained or lost a stop codon and about 11 % showed frameshift, 

and nearly 15 % non-frameshift insertions and/or deletions (fig. S11). Non-synonymous to synonymous 

divergence (Ka/Ks) analysis suggests allele-specific direction of selection with 4.6 % (470/10,238) of 

alleles showing signs of strong positive selection (Ka/Ks > 1), potentially indicating rapid evolution (Fig. 

3A). Over time, diverging alleles (similar to duplicated genes) might acquire novel functionalities and 

expression patterns. Hence, we also tested whether differentially expressed alleles (DEAs) contribute 

to functional diversification. About 9.1 % (936) of alleles are differentially expressed and show elevated 

Ka/Ks values compared to equivalently expressed alleles (EEAs) (Fig. 3B, C). Specifically, upstream 

and exonic regions of DEAs showed elevated variant densities compared to EEAs, unlike introns and 

5’ UTRs, suggesting functional and adaptive diversifications of alleles as well as associated 

transcription factors (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, 

translation, and protein production (fig. S12). 

Another mechanism providing novel traits to organisms is horizontal transfer of pre-existing genes (24). 

Horizontal gene transfers (HGTs) represent 2.0 % (504) of P. peltifer genes, which is within the typical 

range of asexual animals (Fig. 1C, Fig. 3B) (Jaron et al. 2021). These HGT stem mainly from bacteria, 

but also fungi, plants and metazoans. 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 1:1 HGT copies that show signs of diversification, 25.2 % are differentially expressed, again 

suggesting selection of diverging HGT alleles (Fig. 3B, E, F). These HGTs might have arrived before 

the transition to asexuality, but divergent haplotypes likely contributed to novel (sub-) functions, 



Chapter 2 

 
 

35 

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, i.e. HGTs that reside only on one 

haplotype (fig. S13). 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, indeed indicating a more recent arrival with less 

time to adjust to the host background. Notably, HGT functional annotations, including differentially 

expressed and orphan HGTs, suggest the involvement in processes to digest plant cell walls (e.g. 

Glycosyl hydrolases). Further, HGT genes of the UGT family may contribute to pesticide resistance, 

indicating a contribution to the mite’s ecology as soil-living decomposers (fig. S14, S15, S16, 

supplementary data). Overall, the molecular underpinnings driving diverging haplotypes under 

asexuality, specifically allelic differentiation of DEAs and HGTs, involve in addition to single 

nucleotide variants, (non-) frameshift insertions and deletions and stop gains/losses, most pronounced 

in HGT alleles (Fig. 3F, fig. S11). 

Another possible agent of evolvability are transposable elements (TEs). They proliferate throughout 

genomes independently of the host cell cycle and their activity is often deleterious (26). While TEs 

likely evolve to be more benign in asexual genomes compared to sexuals (4, 26), TE activity can 

occasionally be beneficial by accelerating evolution and by rewiring regulatory networks (27, 28). We 

identified TEs and their haplotype-specific activity in the P. peltifer reference genome. Transposable 

elements comprise 27 % of the genome assembly and show signs of recent and past activity as 

emphasized by Kimura substitution levels (fig. S17, table S4). Moreover, TE density distributions 

suggest effective selection against TE insertion within genes, in concordance with previous results (fig. 

S18) (4). We detect noticeable differences in historical TE activity between the largest phased 

haplotypic blocks of chromosomes (Fig. 3G, fig. S19). Interestingly, pronounced differences occur 

from 6 %-12 % TE copy divergence, suggesting an increase in TE activity for one haplotype and a 

decrease in the other over 29 to 59 my ago. This correlates with the transition to asexuality of the P. 

peltifer lineage over 20 my ago. Very recent activity is largely restricted to one haplotype and, similar 

to haplotypic alleles, suggests divergence of one haplotype and more conservation of the other in TE 

activity and content. 

Overall, our analyses suggest conservation of one allelic copy (or haplotype) and relaxed selection 

and/or functional adaptive divergence in the other, similar to innovation via gene duplication (22). This 

suggests that evolution of genes and regulatory regions via haplotypic divergence, modification of pre-

existing genes (HGTs) and haplotype-specific activity of transposable elements can lead to increased 

evolvability via evolutionary innovation and robustness. 
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Fig. 3. Independent haplotypes contribute to evolvability. (A) Pairwise comparison of the Ka/Ks 

distribution for allelic genes. (B) Venn diagram showing numbers of differentially expressed alleles 

(DEA), horizontally transferred genes (HGT), and genes with Ka/Ks > 1. (C) Violin plots show levels 

of Ka/Ks of differentially expressed alleles and equivalently expressed alleles (EEA), highlighting Ka/Ks 

< 1.5. (D) Boxplots calculated for SNPs/100 bp for genic and neighboring regions, including the 5’ and 

3’ untranslated regions (UTR), exons, introns, and up-/ and downstream regions (+2 kb and -2 kb 

respectively) for differentially (DEA) and equivalently (EEA) expressed alleles. (E) Violin plots show 

levels of Ka/Ks of HGTs and non-HGTs, highlighting Ka/Ks < 1.5. (F) Differentially expressed HGT 

(Ppr_hap0_g20454) 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. (G) Transposable element divergence landscape of the largest 

homologous haplotypic blocks of chromosome five (indicated by gray and green). Statistics were 

calculated using the Student’s t-test between two groups (DEAs (n=879) and EEAs (n=9,359) and 

between HGTs (n=62) and non-HGTs (n=10,176)) (*: p-values < 0.05, **: < 0.01, ***: < 0.001).  

 

Summary 

In summary, we provide support for at least 20 million years of asexual evolution in multiple 

geographically separated populations of the oribatid mite P. peltifer. Several lines of evidence indicate 

that haplotypic independence provides the substrate for evolvability and evolutionary innovation. Thus 

far, the best evidence for the Meselson effect and ancient asexuality in parthenogenetic animals only 
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exists in oribatid mites (this study and also (1)), suggesting that the rarity of long-term asexuals might 

be explained by the requirement for haplotypic independence as a source for novelty to adapt and 

diversify in the absence of sex. 
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Abstract 
In theory, long-term disadvantages of asexual reproduction are plentiful, deeming the absence of sex an 

evolutionary dead-end. Yet, certain oribatid mite species evade their detrimental fate and are known as 

‘ancient asexual scandals'. They not only persist but also diversify over evolutionary time. One 

prominent example is Platynothrus peltifer, which has been asexual for millions of years and diversified 

into various known evolutionary species. Here we provide haplotype-resolved reference genomes of 

five asexual P. peltifer populations from Germany, Russia, Italy, Japan, and Canada. We identify i) 

conserved genome synteny among the populations, ii) shared nucleotide diversity, iii) population-

specific regions of genetic differentiation, and iv) distinct mitochondrial lineages of worldwide 

populations. Finally, we conclude that the Japanese P. peltifer population underwent speciation and 

highlight the affinity of cryptic species in this clade. 

 

Introduction 
Our understanding of how speciation proceeds has changed from one that emphasizes slow, steady 

processes controlled by different types of natural selection (Darwin, 1859) to a more contemporary 

perspective that acknowledges dynamic and potentially rapid mechanisms (Butlin et al., 2012). Key 

criteria for defining speciation revolve around reproductive isolation, genetic cohesion, common 

ancestry, and lineage distinguishability. Most research on speciation has primarily focused on the 

formation of reproductive barriers in sexual organisms. The concept of genetically and morphologically 

distinct clusters in asexual organisms however is not new, albeit somewhat controversial (Barraclough 

et al., 2003; De Queiroz, 2007). The emergence of species concepts involving asexual species thus 

protects the biodiversity of these units. As such the evolutionary species concept states that a lineage 

maintaining its identity from other organisms, with its own evolutionary tendencies and historical fate 

is a species, thus including asexuals (Simpson, 1951; Wiley, 1981). However, the processes of asexual 
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speciation remain poorly understood. Establishing the genomic basis of asexual population dynamics 

will unravel the vast biodiversity that is currently overseen. Evolutionary consequences of asexuality 

suggest that asexual organisms struggle to adapt to rapidly changing environments, thus occupying the 

tips of phylogenies only. However, parthenogenesis is more common than previously recognized, with 

many parthenogens occurring in larger geographic regions than their related sexual species (van der 

Kooi et al., 2017). Remarkably, certain eukaryotic taxa have maintained asexual reproduction for 

millions of years (Brandt et al., 2021; Öztoprak et al., 2023). They persisted in the absence of sex despite 

the consequences of asexuality and are known as "ancient asexual scandals" (Judson & Normark, 1996).  
 

The Taxonomy of clonal organisms has been a subject of significant discourse, emphasizing the need 

to distinguish between various types of asexual organisms, their origins, histories, and modes of 

reproduction (Martens et al., 1998; Simpson, 1961). Moreover, population genetic theory has 

demonstrated that asexual organisms can potentially undergo speciation, either through diversifying 

selection or prolonged geographical isolation (Barraclough et al., 2003). Hence, various species 

concepts have emerged over time. Each strives to delimit concrete entities of organisms, which live in 

a dynamic and ever-changing natural world.  

Concepts such as the Evolutionary Species Concepts (EvSC; Hey, 2006; Simpson, 1961) were among 

the first to include asexual organisms, as asexuals encompass (i) independent evolving lineages, (ii) 

monophyly in taxonomy, and (iii) phenotypic reflection of genotypes (Barraclough, 2010). The 

Evolutionary Genetic Species Concept (EgSC) provides a framework to assign asexual organisms into 

species based on the degree of genetic differentiation, using the K/θ method (commonly referred to as 

4X-Rule; Birky et al., 2010; Birky & Barraclough, 2009).  

An extensively studied system characterized by vast morphological diversity and distinct asexual clades 

are the bdelloid rotifers (Fontaneto et al., 2007). They are species under the EvSC, coherent with genetic 

clusters that evolve independently under geographic isolation. Another notable group exhibiting asexual 

speciation, under the EvSC, is found in oribatid mites. A study of the oribatid mite Platynothrus peltifer 

identified seven distinct clades within this species, supported by genetic differences exceeding 2% 

among lineages and averaging 56%. Evidence suggests that they were physically isolated by continental 

drift and mountain uplift (Heethoff et al., 2007). These clades met the criteria of species according to 

the 4X rule (Schön et al., 2009), although the extent to which they differ morphologically and 

ecologically remains uncertain. Recently, an in-depth study of worldwide populations of P. peltifer 

provided evidence for its long-term asexuality and showed that its haplotypes evolved independently 

for at least 20 million years (Öztoprak et al., 2023). These findings raise questions about how haplotypic 

independence influences diversification and speciation. 
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In this study, we aimed to investigate the global diversity of P. peltifer and to identify the underlying 

mechanisms of asexual speciation on a genomic scale. Therefore, we collected samples from Germany, 

Italy, Russia, Japan, and Canada and assembled four de novo genomes of P. peltifer individuals and one 

asexual outgroup, Nothrus palustris. With previously published German P. peltifer and Hermannia 

gibba assemblies, we performed a comparative analysis of the genomes, exploring population structure 

and dynamics. Our results characterized the patterns of nuclear and mitochondrial divergence and 

conserved synteny. In addition, we presented the first genome-wide quantification of genomic variation 

in multiple populations of this ancient asexual species. Understanding the processes of divergence and 

speciation in asexual organisms, such as P. peltifer, holds the potential to advance speciation research, 

which has traditionally been founded on sexual reproduction.  

 

Material & Methods 
Sample preparation, sequencing and read quality  

Details of sample collection and sample preparation are given in Chapter 2. In short: five different 

populations of Platynothrus peltifer were collected from Germany, Russia, Italy, Japan and Canada. 

The German population of P. peltifer and its sexual outgroup Hermannia gibba were sampled from the 

same spot in Dahlem (North Rhine-Westphalia). Additionally, an asexual outgroup to P. peltifer, 

Nothrus palustris was acquired from Göttingen (Lower Saxony, Germany).  

 

For details on sequencing see Chapters 2 and 4. In short: for the de novo assembly of each population 

of P. peltifer, H. gibba and N. palustris one reference individual was long-read sequenced with PacBio 

HiFi (SMRTbell® Libraries from Ultra-Low DNA Input) and linked-read sequenced with TELL-seqTM 

whole-genome-sequencing (WGS) library. To generate population data four individuals from each 

population were sequenced with TELL-seqTM only.  

 

To assess read quality 27-mers in the HiFi reads were analyzed using KAT v2.4.2 (Mapleson et al., 

2017) with the modules kat hist and kat gcp (default parameters). Ploidy was further investigated using 

kmc v3.2.1 with parameters ‘-k 27 -ci 1 -cs 10000’ and Smudgeplot (v0.2.5) (Rhyker Ranallo-

Benavidez et al., 2020) with default parameters. To obtain a frequency count of k-mers Jellyfish v2.2.8 

was used as input to estimate genome heterozygosity and repeat content with GenomeScope 

(http://qb.cshl.edu/genomescope/). 
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Assembly of N. palustris and additional P. peltifer populations  

Assemblies. Assemblies of N. palustris and the Russian, Italian, Japanese and Canadian P. peltifer 

populations were conducted following this pipeline: HiFi reads were assembled using hifiasm v0.16.1-

r375 (Cheng et al., 2021) with default parameters into initial collapsed haploid contigs. Flye v2.9 

(Kolmogorov et al., 2019) was used with default parameters to phase contigs. To purge artificial 

duplications minimap2 v2.24 (Li, 2021) with parameter ‘-x map-hifi’ and purge_dups v1.2.5 (Guan et 

al., 2020) were used. Short-read data from TELL-Seq was used to scaffold reads with scaff10x and 

ragtag. Gaps were filled with TGS-Gapcloser v.1.1.1. Finally, the scaffolds were polished after mapping 

Hifi reads using minimap 2 v2.24 with parameter ‘-x map-hifi’ and HyPo v.1.0.3.  

 

Assembly evaluation. To assess ortholog completeness Benchmarking Universal Single-Copy 

Orthologs (BUSCO v.5.0.0; Simão et al., 2015) was used against the Arthropoda odb10 lineage (1,066 

orthologs) and the Arachnida odb10 lineage databases (2,934 orthologs). To evaluate k-mer 

completeness KAT v2.4.2 was used with the module kat comp with default parameters.  

 

Genome annotation. For details on genome annotation see Chapter 4. In short: A repeat library 

including transposable elements (TEs) was built. The hardmasked assemblies were converted to 

softmasked assemblies. Details on RNA-seq mapping of N. palustris followed the German P. peltifer 

pipeline. Functional annotation followed the Funannotate v.1.8.13 pipeline, using trimmed RNA-seq 

reads from each species. RNA-seq data from German P. peltifer was used for the other P. peltifer 

populations.  

 

Genome dynamics. Gene synteny of protein sequences of the collapsed haploid assembly and the 

haplotypic blocks were aligned using BLAST v2.6.0 with parameters ‘-evalue 1e-10 -outfmt 6’. In order 

to find blocks of gene synteny, MCScanX (commit 97e74f4) was run between the collapsed haploid 

assembly (Hap0), of each population with default parameters. Collinearity was visualized with 

SynVisio (Bandi et al., 2022) with a minimum match score of 2812.74 (CAvsJP), 2953.26 (ITvsRU), 

3577.26 (RUvsJP) and 3873.95 (DEvsIT). 2,653,942 matches imported and 36,971 pairwise 

comparisons among all populations. 

 

Mitochondrial genome assembly. To generate the mitochondrial genome trimmed TELL-seq reads 

were first assembled using MitoFinder v1.4.1 (Allio et al., 2020) with parameter ‘-MEGAHIT’ ( Li et 

al., 2015) for invertebrate mitochondria. To check for heteroplasmy a second assembly with 

NOVOPlasty v4.3.1 was conducted (Dierckxsens et al., 2017; Dierckxsens et al., 2020). The 

mitochondrial genome of Steganacarus magnus was used as seed.  
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Mitochondrial genome annotation. To identify protein coding, tRNA and rRNA genes, the 

mitochondrial genomes were annotated using MiTFi v0.1 and additionally using MITOS, MITOS2 

(both available at http://mitos2.bioinf.uni-leipzig.de/index.py; Bernt et al., 2013; Donath et al., 2019), 

ARWEN v1.2.3 and tRNAscan-SE v2.0 (Chan et al., 2021). tRNAscan-SE was run with COVE cutoff 

‘-20’. Geneious (Biomatters Ltd.) was used to manually curate annotations and find consensus 

predictions. tRNAs were selected based on their predicted secondary structure and their minimum free 

energy, computed using the RNAfold web server (http://rna.tbi.univie.ac.at/). 

 

Population genetic analyses 

Single nucleotide polymorphisms (SNPs) were used to investigate population dynamics within 

populations of P. peltifer from Germany, Russia, Italy, Canada, and Japan. Phased population data were 

generated by mapping trimmed raw reads generated by TELL-read v1.0.3 to the collapsed haploid 

reference genome. 

 

Mapping. TELL-seq reads of each individual were mapped against the soft masked collapsed haploid 

assembly (Hap0) of its population using bwa mem v0.7.15 with default parameters. The resulting 

alignment was sorted using samtools v1.11 and duplications were removed using Picard 

MarkDuplicates (v2.26.2 Broad Institute). Coverage was calculated with samtools flagstat with default 

parameters.  

 

Variant calling. Variants were called using the Genome Analysis ToolKit (GATK v.4.1.9.0) pipeline. 

GVCFs were produced using HaplotypeCaller and then merged using CombineGVCFs. Variants were 

detected with GenotypeGVCFs. SNPs were selected with SelectVariants. SNPs were filtered with 

VariantFilteration following hard-filtering criteria of GATK in variant quality ‘QD < 2.0, QUAL < 

30.0, strand bias estimated by the Symmetric Odds Ratio test SOR > 3.0, fisher strand filter FS > 60.0, 

mapping quality MQ < 40.0, MQRankSum < -12.5’ and distance of ALT reads from the end of the 

reads ‘ReadPosRankSum < -8.0’. Multiallelic SNPs and indels were removed. 

After filtering, our final data set involved 25 samples with 15,105,721 sites for P. peltifer, and five 

samples with 7,479,671 sites for H.gibba. Nothrus palustris was excluded from this analysis.  

 

Nucleotide diversity. To identify whether asexual populations have less diversity than sexual 

populations and further characterize genetic distances among the populations of P. peltifer, we 

calculated the nucleotide diversity of each population. Therefore we obtained per-site nucleotide 

diversity with the ‘--site-pi’ function in VCFtools (Danecek et al., 2011) and calculated their mean and 
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standard deviation. The distribution of nucleotide diversity was calculated in 1 Mb windows with the ‘-

-windowed’ function.  

 

Genetic differentiation. Genetic differentiation was assessed through pairwise Fst comparisons among 

the populations. Pairwise Fst values were calculated for each pair with the ‘--weir-fst-pop’ function of 

VCFtools (Danecek et al., 2011) in a sliding window with 50-kb windows in 10-kb steps. To detect 

selection signatures regions in the 5 % right tail of the empirical distribution of Fst values were 

considered to be candidate regions under selection.  

 

Tajima’s D. To shed light on whether DNA is evolving non-random processes, we calculated Tajima’s 

D in non-overlapping sliding windows of 50-kb size using the ‘--TajimaD’ function of VCFtools 

(Danecek et al., 2011).  

 

Phylogenetic Analyses of cytochrome oxidase I  

A cytochrome oxidase I (cox1) sequence was amplified from each isolate for details see Chapter 2. For 

the phylogenetic analyses, a reference database containing 65 cox1 sequences of P. peltifer was obtained 

from NCBI GenBank database. These sequences add similar and more distinct populations of P. peltifer 

(last date of accession: October 2023). Additionally, cox1 sequences from Heminothrus spp. were 

obtained from NCBI and isolated from Heminothrus spp. individuals occurring at the same sample spot 

in Japan. Sequences of the generated population data of Hermannia gibba and Nothrus palustris were 

added as outgroups. All cox1 sequences obtained for this study were manually checked and corrected 

for sequencing errors using Chromas v.2.6.5 and aligned in SeaView v.4.6 (Gouy et al., 2010). They 

were aligned in mafft using the local-pair algorithm (Katoh & Standley, 2013). The phylogenetic tree 

was calculated in Genious (Biomatters Ltd. Geneious Prime 2023.1.2: Biomatters Ltd.). Following 

previous studies on oribatid mite mitochondria based on the Akaike informative criterion, the Neighbor-

Joining clustering method with the genetic-distance model HKY was used. Confidence values were 

added as percentages obtained through 1000 replicates bootstraps to the best scoring tree.  
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Results & Discussion 
 

De novo Platynothrus peltifer genomes of worldwide populations compared to chromosome-scale 

genomes of sexual outgroup Hermannia gibba and asexual outgroup Nothrus palustris 

As the basis for analyzing genomic patterns of differentiation, we de novo assembled four draft genomes 

of worldwide populations of Platynothrus peltifer (based on criteria including geographic distribution 

and mitochondrial divergence) and their asexual outgroup Nothrus palustris. Adding the chromosome-

level reference genome of P. peltifer (Öztoprak et al., 2023), and of its sexual outgroup Hermannia 

gibba (Wulsch et al., 2023), allows for comparative analysis. 

For these assemblies, a single individual from each population was sequenced using PacBio HiFi and 

TELLseqTM (Illumina). The resulting assemblies of P. peltifer varied in size. The combined genome 

size ranged from a minimum of 195 Mb in the Japanese assembly to a maximum of 292 Mb in the 

Canadian assembly (Table 1). Generally, the genome sizes of all populations were largely similar. 

Except for the Canadian P. peltifer, which exhibited a genome size excess of more than 50%. However, 

this is most likely due to the lower quality of the genome assembly and the resulting poor annotation 

(Table 1). The assembled genome size of Nothrus palustris comprised 255 Mb. The scaffold N50 and 

N90 of the assemblies were 0.99 Mb and 0.15 Mb for the Canadian, 9.3 Mb and 2.1 Mb for the Russian, 

11.8 Mb and 5.3 Mb for the Japanese and 18.8 Mb and 9.4 Mb for the Italian P. peltifer. For N. palustris 

N50 and N90 were 6.9 Mb and 2.5 Mb respectively. Genome assembly completeness was high with 

BUSCO completeness scores in the Arachnida dataset ranging from 96.6 % to 96.8 % (Table 1) for all 

genomes. Genome annotation yielded total gene predictions per genome, ranging from 19,722 to 28,499 

(mean= 24,326.8, standard deviation= 2,252.64) for P. peltifer. BUSCO analysis of the annotated genes 

showed less completeness for all populations, with a mean of 90.2 ± 1.72 % in the Arachnida dataset 

(Table 1). Finally, repeats (including transposable elements and unknown repeats) comprise 7.5 % in 

Japanese, 7.7 % in Russian, and 26.9 % in Italian assembly. Because high continuity of the assembly is 

essential for TE identification, Canadian repeats were not annotated, as identification is expected to 

yield even fewer TEs compared to Japan and Russia. Thus, variations in genome size are associated 

with the relative TE content of TEs, explaining the majority of assembly size differences across P. 

peltifer.



Table 1: Genome and annotation statistics of collapsed haploid assembly of Platynothrus peltifer (Ppr) populations, sexual Hermannia gibba (Hga) and asexual 

Nothrus palustris (Nps). arachnida_odb10 including n:2934 and arthropoda_obd10 n:1013 orthologs. C: complete BUSCSOs, S: Complete and single-copy 

BUSCOs, D: Complete and duplicated BUSCOs, F: Fragmented BUSCOs, M: Missing BUSCOs.  

 Canadian Ppr Japanese Ppr Italian Ppr Russian Ppr German  Ppr Hga Nps 

Dataset PacBio HiFi, TELLseq  PacBio HiFi, TELLseq  PacBio HiFi, TELLseq  PacBio HiFi, TELLseq  
PacBio HiFi, TELLseq 

Omni-C  
PacBio HiFi, Arima 

Hi-C  
PacBio HiFi, TELLseq  

Size of assembled 

scaffolds [Mb] 
292 195 208 219 219 352 255 

Number of scaffolds 1023 111 49 70 9 8 139 

Largest scaffold [Mb] 4.2 18 26 14.4 32.6 75.9 22.9 

Scaffold N50 [Mb] 0.99 11.8 18.8 9.3 23.4 43.9 6.9 

Scaffold N90 [Mb] 0.15 5.3 9.4 2.1 19.5 30.9 2.5 

BUSCO completeness 

[%] (arthropoda 

odb10) 

C:95.8% 

[S:88.3%, D:7.5%], 

F:1.3%, M:2.9% 

C:95.2% 

[S:93.6%, D:1.6%], 

F:1.7%, M:3.1% 

C:95.8% 

[S:93.8%, D:2.0%], 

F:1.3%, M:2.9% 

C:95.7% 

[S:93.5%, D:2.2%], 

F:1.4%, M:2.9% 

C:96.0% 

[S:93.9%, D:2.1%], 

F:1.0%, M:3.0% 

C:94.3% 

[S:91.4%, D:2.9%], 

F:2.1%, M:3.6% 

C:95.4% 

[S:92.8%, D:2.6%], 

F:1.4%, M:3.2% 

BUSCO completeness 

[%] (arachnida odb10) 

C:96.7% 

[S:87.9%, D:8.8%], 

F:1.0%, M:2.3% 

C:96.6% 

[S:93.9%, D:2.7%], 

F:1.0%, M:2.4% 

C:96.8% 

[S:94.4%, D:2.4%], 

F:1.0%, M:2.2% 

C:96.8% 

[S:94.4%, D:2.4%], 

F:1.0%, M:2.2% 

C:96.7% 

[S:93.7%, D:3.0%], 

F:1.0%, M:2.3% 

C:96.1% 

[S:92.7%, D:3.4%], 

F:0.9%, M:3.0% 

C:96.8% 

[S:93.2%, D:3.6%], 

F:1.1%, M:2.1% 

Repeats [%] - 7.5 26.9 7.7 31.9 48.5 6.4 

GC content [%] 28.59 28.54 28.56 28.67 28.69 - - 

Number of genes 28449 23300 19722 25254 24909 - - 
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Synteny among the assemblies of the five populations of Platynothrus peltifer  

Taking together the four newly assembled lineages of P. peltifer from this study and the one previously 

published, the generated data exhibit a range from various populations in the northern hemisphere. 

Owing to the old age of P. peltifer populations and their geographical isolation, genome-wide structural 

rearrangements are expected. No large-scale rearrangements were prominent, indicating conserved gene 

order among the populations (Figure 1). All populations shared 78.56% collinear genes, with a match 

score of 50. In chromosome (Chr) 6 of the German Assembly, a region of approx. 11 Mb is relocated 

in Chr 6 of the Italian assembly. Following this region, we see that it is partly relocated to Chr 7 in the 

Russian assembly. Considering the previous in-depth analysis of the German assembly, this region is 

poor in coding sequences (Öztoprak et al., 2023). Thus, we conclude that this translocation likely did 

not affect many genes. Further translocations were observed between Russian and Japanese assemblies 

(Figure 1) 

 

 

Figure 1: Syntenic regions of collinear genes among Platynothrus peltifer populations show only a few 

large-scale rearrangements. Note: Canadian assembly was excluded due to low continuity. Showing 

distinctly separated scaffolds for Russian and Japanese assemblies is difficult due to the high scaffold 

number.
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Genetic diversity and comparative population analysis  

As the assembly quality varied, k-mer analysis of PacBio HiFi reads was conducted to compare 

heterozygosity differences independent from assembly quality. Japan and Canada exhibited higher 

homozygous content than other populations, indicating less heterozygosity (suppl. Figure 1). This is 

consistent with findings demonstrating the Meselson effect in the German, Russian, and Italian 

populations, but not in the Japanese and Canadian populations of P. peltifer (Öztoprak et al., 2023). 

 

To allow the genetic comparison of population statistical metrics among the five geographically distinct 

P. peltifer genomes (DE, RU, IT, JP, and CA), aligning the genome sites to the chromosome-scale 

assembly of the German P. peltifer was required. A set of five individuals per population was used for 

population diversity and differentiation analyses. Nucleotide diversity (pi) suggests comparably high 

diversity among global P. peltifer populations and their sexual outgroup Hermannia gibba (suppl. 

Figure 2). Moreover, while fluctuations in nucleotide diversity along the chromosomes were shared, the 

overall amount of diversity differed among the P. peltifer populations (Figure 2). Compared to the other 

populations, diversity in the Japanese and Italian populations was reduced, indicating more homogenous 

populations in Japan and Italy. Furthermore, comparable trends were observed between the observed 

regions of lower diversity and the previously observed regions of lower heterozygosity (Öztoprak et al., 

2023). However, regions of remarkably high and narrow peaks of nucleotide diversity with neighboring 

lower values, which would indicate recombination, were absent. 

 

 

Figure 2: Mean nucleotide diversity (π) between haplotypes within individuals for each population of 

Platynothrus peltifer along the nine chromosomes, separated into 1 Mb genomic blocks. Color code for 

the populations: purple=Germany, blue=Russia, green= Italy, yellow=Japan, brown=Canada. 

 

 

However, it is worth noting that the calculated diversity is underestimated, as all sites were used for 

calculation. This suggests that the actual diversity is even higher than our estimates. This intriguing 

similarity in diversity patterns between sexual and asexual species raises questions about how P. peltifer 

manages to maintain such high genetic diversity despite its asexual reproduction mode. 
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Regions of differentiation are unevenly distributed and population-specific 

To identify specific regions contributing to population differentiation, we measured the fixation index 

(Fst). The Fst-values among the populations were variable, including values from 0.16±0.06 between the 

German and Russian populations, up to 0.42±0.08 between the Japanese and Italian populations (Figure 

3). This aligns with differences in heterozygosity between the European and Pacific clades (Öztoprak 

et al., 2023). Pairwise comparisons among all populations showed genomic regions with high and low 

differentiation unevenly distributed along the chromosomes. For each population, region above the 5% 

tail of the empirical distribution are distributed along the whole genome. This might be due to the 

linkage of genes in asexuals. Still, there are most prominent population-specific regions of 

differentiation at the end of Chr 1 for the Japanese, Chr 3 for the Canadian, two consecutive regions in 

Chr 7 for the German, Chr 8 for the Russian and Chr 9 for the Italian population. Some pairwise 

comparisons did not exhibit this differentiation or were observed at a different location: Canada vs. 

Germany in Chr 3, Russia vs. Japan in Chr 8, and Russia vs Italy in Chr 9. The regions of differentiation 

may be mainly attributed to the differences in mutation rate heterogeneity among the populations. 

Moreover, differences in the frequency of gene conversion events may also contribute to lineage-

specific differentiation. Genes within these regions will be identified in the future.
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Figure 3: Distribution of population differentiation (Fst values) from pairwise comparisons of Platynothrus 

peltifer populations. The region above the red line are in the 5% tail of the empirical distribution: i) Fst(DE vs. 

RU)=0.157±0.057; ii) Fst(DE vs. JP)=0.319±0.072; iii) Fst(DE vs. CA)=0.232±0.059; iv) Fst(DE vs. 

IT)=0.222±0.058; v) Fst(IT vs. RU)=0.234±0.057; vi) Fst(JP vs. RU)=0.301±0.081; vii) Fst(JP vs. 

CA)=0.270±0.071; viii) Fst(CA vs. RU)=0.188±0.056; ix) Fst(CA vs. IT)=0.301±0.064; x) Fst(JP vs. 

IT)=0.418±0.077. Arrows indicate population-specific high differentiation. Arrows with grey borders indicate low 

differentiation in regions with high differentiation in pairwise comparisons with all other populations.   
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Mitochondrial genomes 

Mitochondrial (mt) genes exhibit higher mutation rates than nuclear genes, hence the mito-nuclear 

mismatch increases over evolutionary time in asexuals (Havird et al., 2015). We therefore additionally 

assembled mitochondrial (mt) genomes from short linked reads. This allowed next to genomic 

diversification and differentiation, the analysis of recent evolutionary changes in the form of 

mitochondrial divergence. While mt genome assembly size was consistent within populations, it varied 

among populations between 14,891 bp (German) to 14,930 bp (Japan). Their variation in size but also 

the intrapopulation variation is consistent with previous assemblies of P. peltifer and other oribatid 

mites (Domes-Wehner, 2009; Li & Xue, 2019). For N. palustris assembly size was consistently 14,546 

bp and for H. gibba 14,340 bp (suppl. Table 1). Annotation revealed 13 protein-coding genes in all 

species. The gene order among all the species was generally conserved (Figure 4, suppl. Table 2). From 

the expected 22 tRNAs (Zhan et al., 2021) 21 were annotated in the German P. peltifer (Ppr DE1; 

Öztoprak et al. 2023). Further, some tRNAs were systematically missing in all individuals from each 

species: trnaA (Alanine) for P. peltifer and N. palustris. However, previous studies identified tRNA for 

Alanine in both species (Li & Xue, 2019; Zhan et al., 2021). This also applies to the not retrieved trnR 

(Arginine) in H. gibba.  

 

To compare the nucleotide diversity of the mt genomes in the populations, we examined the percentage 

of identical sites. For the single populations of N. palustris and H. gibba, we found 99.1 % and 99 % 

identical sites, respectively, among the mt genomes in their populations (suppl. Figure 3). For P. peltifer, 

we identified differences for each population, with 70.4 % of the sites shared among all populations 

(suppl. Figure 3). The highest intraindividual variation in mt genomes was observed among Canadian, 

German, and Russian individuals with only approximately 84 % shared sites. Here, we found two 

distinct mitochondrial lineages, where the individuals in the lineage shared all sites, but between the 

lineages, we found divergence. This phenomenon is frequent among oribatid mites, with multiple 

parthenogenetic mites in various habitats showing significant intraspecific genetic divergence (von 

Saltzwedel et al., 2014). 



 

 

 

 

 

 

Figure 4: Schematic representation of mitochondrial genomes of German Platynothus peltifer, Hermannia gibba and Nothrus palustris. Genes are highlighted 

in yellow, tRNAs in brown and rRNAs in red. The size of the circular contig is shown in the center.
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Mitochondrial phylogeny  

Mitochondrial genes like cytochrome oxidase I (cox1) are employed in phylogenetic analyses to 

elucidate speciation (Armstrong & Ball, 2005; Hajibabaei et al., 2007; Hebert et al., 2003). To illustrate 

interindividual divergence among worldwide P. peltifer, cytochrome cox1 sequences were obtained. 

We were able to generate nearly full-length cox1 sequences for 23 of the 25 individuals. The sequences 

ranged from 468 to 660 nucleotides (suppl. Table 1). A combined analysis of these sequences and 

sequences from a previous study of global P. peltifer from the NCBI database were subjected to 

phylogenetic analyses (Heethoff et al., 2007) to allow for more data and thus a taxonomically broader 

approach. As oribatid mite species are known to exhibit cryptic species (Lienhard & Krisper, 2021; 

Pfingstl et al., 2019; Schäffer et al., 2019), we also included sequences of closely related Heminothrus 

species to allow for more genetic references. The analysis revealed, next to known geographical cox1 

lineages of P. peltifer (Domes-Wehner, 2009; Heethoff et al., 2007; Rosenberger, 2022), novel clades 

in the family Nothridae (Figure 5). Hermannia gibba and Nothrus palustris individuals grouped 

monophyletic and basal to all other sequences with full support. All sequences of P. peltifer and 

Heminothrus spp. each formed a distinct monophylum. The P. peltifer clade exhibited seven main 

clades with full support, roughly following their geographical origin. A basal clade with two sequences 

from Canada was followed by a fully supported clade with mainly sequences from Northern Tyrolia, 

Italy, exhibiting longer branch lengths, hence more diversity. However, sequences obtained from this 

study from Russia and one from Germany were also grouped in this clade. Their exact location is unclear 

as bootstrap support within this monophylum is low. All Japanese sequences built a monophyletic clade 

with full bootstrap support. Paraphyletic to the Japanese phylum was a clade separated into the 

Northern/Central Europe clade, including newly obtained sequences from Germany but also one 

Russian sequence from a previous study. Nevertheless, these Russian sequences were grouped with one 

sequence from Germany, and both were separated from all the other sequences with full support. Next 

to the Northern/Central Europe clade, we found two clades with full support, one inducing the remaining 

three Canadian sequences and one with Northern Tyrolia sequences from a previous study intertwined 

with two of the newly obtained Russian sequences. Although these seven subclades exhibited full 

support, their basal branching ordination remains unclear, indicating unresolved diversity in the family 

Nothridae.  

Paraphyletic to the Platynothrus peltifer clade was the Heminothrus clade. This clade included 

Heminothrus targionii, Heminothrus longisetosus, as well as two distinct but unknown Heminothrus 

species from NCBI with full support. It also showed the newly obtained Heminothrus specimen from 

this study grouping basally in a fully supported monophylum. As the ‘American’ P. peltifer sequences, 

which were obtained from a previous study, grouped within the Heminothrus clade, we suggest 

misidentification of these sequences.
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Figure 5: Cytochrome oxidase I phylogeny of Platynothrus peltifer with sequences of Heminothrus 

spp. and Hermannia gibba and Nothrus palustris as outgroups. Shown is the Neighbor-Joining tree 

including 153 sequences. Support values are given in bootstraps ≥75 % from 1000 replicates. Color 

indicates geographical origin, hexagons indicate newly obtained sequences and squares indicate 

sequences from NCBI. Heminothrus spp. sequences obtained from NCBI and outgroups are collapsed.
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Employing species criteria 

To investigate whether speciation criteria of evolutionary genetic (Eg) species are met in P. peltifer 

lineages, the 4X rule is conducted on the clades identified through the phylogenetic analysis. The rule 

states that nucleotide diversity among the clades should be four times greater than the maximum 

diversity within the clade (Birky et al., 2005). The highest within-clade diversity is 2.8 % observed in 

the Japanese clade. This is 14 times greater than within the whole P. peltifer clades overall (suppl. Table 

3). Yet, all seven clades within P. peltifer exhibit this phenomenon, which indicates all clades as species 

following the EgSC. 

To check whether these differences result in coding variation we translated the alignment for cox1 and 

cob, revealing a pairwise identity of 99.9 % and 96.3 % respectively for all P. peltifer (suppl. Table 4). 

Only one amino acid in the Japanese mt genomes differed in cox1 from the other populations. However, 

for cob1 translational differences of 3.7 % among individuals were observed.  

 

Species delimitation in ancient asexual Platynothrus peltifer 

Genome synteny and whole genome nucleotide diversity are intended to be re-evaluated once the data 

has undergone necessary improvements. For now, we therefore, focus on general population 

differentiation and heterozygosity patterns, basing them on mitochondrial phylogeny to discuss possible 

species delimitation in P. peltifer. The use of mitochondrial phylogeny as our basis allows us to discuss 

already available data on worldwide populations and expand the dataset. 

A distinct separation of the Japanese population becomes evident. Their lower heterozygosity compared 

to the European clades (Öztoprak et al., 2023) and distinct cox1 phylogeny indicate independent species 

boundaries. Moreover, morphological differences between the Japanese specimen compared to the 

European specimen were identified (suppl. Figure 4). Teratology, i.e., morphological abnormalities are 

generally observed in oribatids (Arroyo & Iturrondobeitia, 2007). Still, these differences were 

consistently exhibited within the Japanese population (personal communication, Dr. Fernando 

Villagomez, October 2023). Taking this into account we suggest the Japanese population be an 

independent subspecies of P. peltifer. The separation of Japan from the mainland was 25-15 Ma 

(Maruyama et al., 1997), perpetuating the effects of geographical isolation and allopatric speciation on 

this lineage. 

The Canadian sequences did not form a monophyletic group, although the basal bootstrap support, in 

general, is low. Their lower heterozygosity but comparably higher nucleotide diversity to the European 

clade might suggest a cryptic lineage. However, this remains inconclusive at this point. Improving the 

Canadian genome will allow for improved nuclear comparisons to the other populations and within the 

population. The European sequences lack clear separation. Two distinct clades include Italian and 

Russian sequences. Despite their shared phylogeny, Italy and Russia have been geographically isolated 
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by the uplift of the Alps at least since 44 Ma (van Hinsbergen et al., 2020). This period exceeds the 

separation of Japan from the mainland, indicating that ‘enough’ time should have passed to differentiate. 

However, other factors like mutation rate heterogeneity and environmental factors could also influence 

these differences. Indeed, pairwise comparisons do show distinct regions of differentiation along the 

genomes of these two populations. Among all, the Italian population lacks a morphological record. 

Considering, that the Italian population had no mitochondrial diversity within the population and 

comparably lower nuclear diversity than the other populations, speciation might be ongoing. The 

Morphological analysis becomes indispensable to uncover the relationship between the Italian 

population to the other European populations. How this mechanism facilitates this effect remains to be 

investigated in the future. Another possibility stems from the idea that high genetic diversity in 

parthenogenetic species suggests the possibility of multiple colonization by genetically diverse clones. 

The wind-mediated dispersal of Russian, German, and Italian clones may have contributed to their 

phylogenetic polyphyly. This could lead to re-colonization of different lineages in the same habitat. 

Considering that most of the European-clades variation stems from haplotypic divergence, we suggest 

a mechanism working on a global (population) scale facilitating cohesion among geographical lineages. 

 

Conclusion and comments 

Asexual speciation is a longstanding enigma in evolutionary biology, challenging conventional notions 

of sexual reproduction and species formation. This study highlights the relevance of applying genetic 

and phylogenetic tools to organisms with ‘unconventional’ modes of reproduction, shedding light on 

various levels of diversity in nuclear and mitochondrial genomes. 

Although this study has provided valuable insights into the genomics of asexual speciation in 

Platynothrus peltifer, it is important to note that this study is an ongoing endeavor. As the genomes are 

continuously improved, there will be a need to add, revisit and refine certain genomic analyses. 

Additionally, future investigations are planned to explore further aspects of asexual speciation in this 

intriguing species, such as e.g. the McDonald Kreitman test to compare species variation to the 

divergence between species or a genome-wide association study (GWAS) to identify genetic markers 

associated with particular phenotypes. Studies on P. peltifer’s ecological and morphological data are 

also ongoing (Heethoff Lab, University of Darmstadt, Dr. Fernando Villagomz, personal 

communication, October 2023). We advise integrating whole genome, mitochondrial and 

morphological results to delimit new species. We anticipate that these upcoming analyses will 

contribute to a deeper and more comprehensive understanding of the complex processes underlying 

asexual speciation.
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Abstract 

Sexual reproduction, while often associated with separate sexes, is an ancient and widespread feature of 

multicellular eukaryotes. While a diversity of sex-determination mechanisms exist, for many organisms, 

which of these mechanisms is used remains unknown. Exploring sex-determination mechanisms in 

Acariformes, among the oldest chelicerate clades, is intriguing due to its potential to unveil conserved 

sex-determination systems. This insight can have implications for understanding sex chromosome 

evolution and its broader impact on higher taxa. To identify the mechanism of sex determination in 

Acari, i.e., oribatid mites, we generated a high-quality chromosome-level genome assembly of 

Hermannia gibba (Koch, 1839) by combining PacBio HiFi and Hi-C sequencing. Coverage and allele-

frequency analyses on pools of male and female individuals suggest a female-heterogametic ZW sex-

determination system with little degeneration of the W chromosome. To date, this represents the only 

documented case of a ZW system in Acariformes. Further comparative studies in H. gibba will reveal 

how old the ZW system is and whether it exhibits conservation or polymorphism.  

 

Introduction 

The vast majority of metazoans reproduce sexually whereby two separate sexes mix their genomes via 

meiosis and fusion of gametes to generate offspring (Bell 1982). Despite this being such a widely shared 

and fundamental feature, the mechanisms that determine whether individuals develop into males or 
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females are highly diverse (Bachtrog et al. 2014; Beukeboom and Perrin 2014). Two (not mutually 

exclusive) main types of sex determination occur in nature: environmental sex determination (ESD), 

where environmental cues trigger sex development; and genotypic sex determination (GSD), where sex-

specific genotypes determine the individual’s sex, such as sex chromosomes. Sex chromosome systems 

have evolved independently numerous times throughout eukaryotes. The spectrum ranges from stable 

sex chromosomes, e.g. in birds or mammals (Bull 1984; Zhou et al. 2014) to rapidly evolving sex 

chromosome pairs with frequent turnovers, e.g. in frogs and fish (Takehana et al. 2014; Jeffries et al. 

2018). Why the stability of sex chromosomes and the prevalence of transitions differ so much across 

the tree of life remains one of the unsolved mysteries in the field of reproductive systems evolution. To 

answer this question, it is imperative to characterize the diversity of sex chromosome systems across a 

diversity of organisms (Bachtrog et al. 2014; Consortium et al. 2014; Palmer et al. 2019). 

Acariformes are one of the major groups of Acari including over 11,500 species with many more 

undescribed (Subías 2023). They likely originated during the Precambrian and were among the first to 

colonize land (Schaefer et al. 2010; Lozano-Fernandez et al. 2019). Despite their age and diversity, 

relatively little is known of their sex-determination system. Generally, there is considerable debate and 

contrasting reports about sex determination in Acariformes based on karyotypes (Heethoff et al. 2006). 

The ancestral state in Acariformes is believed to be diplodiploidy, i.e. the same karyotype for females 

and males without distinct sex chromosomes (Sokolov 1954; Norton et al. 1993; Wrensch et al. 1994). 

Most previous studies on the major Acari groups (Parasitiformes and Acarifomres) investigated sex 

determination based on indirect evidence or karyotypes: in Parasitiformes 76 cases with XO or XY sex 

chromosomes and 106 with some form of haplodiploid, whereas in Acariformes 17 cases of XO or XY 

are reported and 106 with a type of haplodiploidy (Heethoff et al. 2006; Consortium et al. 2014). 

Oribatid mites (Acariformes, Acari), lack differentiated sex chromosomes and are diploid (mostly 

2n=18) (Norton et al. 1993). Due to conflicting evidence hinting at the potential existence of 

haplodiploidy or parahaploidy, the exact sex-determination mechanism present in oribatid mites remains 

elusive (Oliver 1983; Norton et al. 1993; Wrensch et al. 1994). The sex ratios of some sexual oribatid 

mites are balanced (1:1) or they tend to show a female bias (Grandjean 1941; Webb and Gw 1979; 

Smelansky 2006; Wehner et al. 2014). Moreover, the presence of diverse sex-determination systems 

within the group cannot be ruled out, given its large size, diversity, and the paucity of prior investigations 

into sex-determination mechanisms. In most species where balanced sex ratios are observed, sex is 

genetically determined through the mechanism of GSD and often involves sex chromosomes (Uller et 

al. 2007). Some oribatid mite species show an equal 1:1 sex ratio, whereas for most species female-

biased (72%-69%) sex ratios are observed (Domes et al. 2007). Interestingly, a large number of asexual 
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species exist in the Oribatida that reproduce in the absence of sex over a substantial amount of time 

(Brandt et al. 2021; Wehner et al. 2021; Öztoprak et al. 2023). 

Hermannia gibba (Hermanniidae, Sarcoptiformes), a widely distributed sexual species found in diverse 

forest soils, is presumed to employ genetic sex determination due to the unstable nature of its soil habitat 

with various microhabitats (Smrž 2010; Liana and Witaliński 2012; Lóšková et al. 2013). However, a 

comprehensive understanding of its sex-determination mechanisms remains elusive. In this study, we 

investigate the sex-determination system of the oribatid mite H. gibba. Prerequisites for the 

identification of the sex-determining region (SDR) are high-quality genome and sequence data of pools 

from male and female individuals.  

Thus, we first generated a chromosome-level genome assembly from a female H. gibba individual up 

to current standards (Guiglielmoni et. al 2022). Second, we conducted whole-genome sequencing of 

pools of female and male individuals. We used two complementary approaches to identify regions of 

sex linkage (Palmer et al. 2019): scans of i) coverage differences and ii) allele frequencies along the 

genome of male and female mite pools. Further for additional verification, we performed a restriction 

enzyme digestion of a predicted female-specific site and confirmed the adequacy between 

morphological and molecular identifications (Methods and Figure S4). Our results identify a ZW 

female-heterogametic sex-determination system with a sex-linked region of 14.54 Mb on Chromosome 

1 in H. gibba. To date, this is the first documented case of a ZW system in Acari. 
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Results  

Genome assembly and annotation 

The de novo genome assembly of Hermannia gibba was performed using a combination of Pacific 

Biosciences (PacBio) HiFi reads from a single female individual, and Hi-C reads from a population 

pool, as described in Figure 1a (see Methods for details). PacBio HiFi reads were first analyzed with k-

mer spectra, which showed that sequencing data had little contamination and the genome was predicted 

as diploid (Supplementary Figures S1, S2). The initial assembly resulted in 934 contigs with a total size 

of 537.1 Mb, which was decreased to 415 contigs and a total size of 371.1 Mb after haplotig purging. 

Subsequent Hi-C scaffolding yielded eight chromosome-level scaffolds. The final assembly has a size 

of 352.2 Mb, 61 gaps, and with few duplicated regions (Figure 1b). The Benchmarking Universal 

Single-Copy Orthologs (BUSCO) tool was used to assess completeness, resulting in a score of 96.1 % 

against the Arachnida odb10 database (92.7 % single-copy orthologs, 3.4 % duplicated orthologs). The 

eight chromosome candidates, ranging from 29.5 to 75.9 Mb in size, can be identified in the Hi-C contact 

map (Figure 1c). 55.92 % of the assembly was identified as repetitive content, including 29,072 

telomeric repeats of the sequence ‘AACCT’. Genome annotation yielded 25,869 predicted protein-

coding genes with a BUSCO score of 95.5 % against the Arachnida odb10 database (91.5 % single-copy 

orthologs, 4.0 % duplicated orthologs).  
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Figure 1 - Genome assembly of female Hermannia gibba. a) Assembly workflow. b) k-mer analysis of the final assembly. 

Low-multiplicity k-mers are absent from the assembly (0X). The heterozygous peak and the homozygous peak are respectively 

identified around 50X and 110X. As haplotypes are collapsed in the assembly, homozygous k-mers are represented once and 

only half of heterozygous k-mers are included in the assembly. There are limited artifactual duplications (2X in the homozygous 

peak). c) Hi-C contact map of the eight chromosome candidates.  

 

 

Searching for degenerated sex-linked regions using read coverage 

To identify the SDR, we searched for genomic differences between females and males by sequencing 

pools of 30 individuals of each sex from H. gibba (for details see methods, Figure S1). 

Sex chromosomes often lose recombination between gametologs (i.e. X/Y or Z/W) in the region 

surrounding the sex determination locus. These non-recombining regions are expected to accumulate 

sequence divergence over time, as well as deleterious mutations, and repetitive sequences. Given enough 

time, the sex-limited chromosome (Y or W) eventually loses large numbers of genes (Charlesworth et 

al. 2005; Jeffries et al. 2018), resulting in regions of the X or Z that are haploid in the heterogametic 

sex. To search for such highly diverged and/or degenerated sex-linked regions, we aligned the pooled 

sequencing data against the female repeat-masked reference genome, yielding comparable mapping 
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rates of the female pool (96.76 %) and the male pool (98.11 %). We then compared coverage between 

male and female pools in 1 kb windows along the genome. If degenerated sex-linked regions exist, we 

would expect to find a male/female coverage ratio ∆ = 0.5 for a XY system, or ∆ = 2 for a ZW system. 

While autosomal, pseudoautosomal, or undegenerated sex-linked regions are expected to have a 

male/female coverage ratio of ∆ = 1. The ratio of male-to-female coverage along the genome of H. gibba 

did not show any differences, indicating either a lack of sex chromosomes or the absence of a 

degenerated sex-linked region (Figure 2a).  

 

Identification of sex-linked regions using allele frequency calculation 

Nucleotide sequences in SDRs can diverge more rapidly between the gametologs than large changes in 

chromosome structure. Thus, in sex-linked regions that recently lost recombination and have not yet 

degenerated to the point of exhibiting coverage differences, differences in allele frequencies (AF) 

between males and females can be more informative. We found 4,663,024 polymorphic sites between 

the two pools which we used to search for loci with SNPs specific to the sex-limited chromosome. Such 

loci are expected to possess a major allele frequency of 1 in the homogametic sex, and 0.5 in the 

heterogametic sex. We therefore filtered for loci where one of the sexes is fixed (with a major allele 

frequency of >0.95) and the other to be half (~0.5; Figure 2b,c,d). As we did not know the system of 

heterogamety before performing this analysis, we did this twice, once to search for an XY system by 

filtering for a major allele frequency of >0.95 in females and ~0.5 in males, and once to test for a ZW 

system with a major allele frequency of >0.95 in males, and ~0.5 in females.  

Only in the female pool, we observed loci that exhibited allele frequencies ranging from 0.51 to 0.69, 

calculated based on the local maxima and minima. Among these 7,649 discovered SNPs, 7,029 (92 %) 

were located on Chromosome 1, forming a contiguous region of 14.54 Mb from the start of 6.3 Mb to 

the end of 20.8 Mb (Figure 2e). As these loci are homozygous in males and heterozygous in females, 

we inferred the presence of a ZW female heterogametic genotypic sex-determination system. To test 

this hypothesis, we searched for the presence of a sex-specific locus in the sex-linked region that is 

exclusively present in females and absent in males. We performed restriction enzyme digestion, 

specifically targeting the female-specific locus located within a HindIII restriction site (Figure S4). 
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Figure 2 - The sex determination region is not highly degenerated in Hermannia gibba. RPKM normalized coverage 

differences along the eight chromosomes in 1 kb blocks do not reveal any significant differences in coverage between male 

and female genomes (A). The histograms (B) and (C) provide an overview of the allele frequency distributions within each sex 

across the genome. The x-axis represents the allele frequency, and the y-axis represents the number of alleles corresponding to 

each frequency. Only alleles with an allele frequency (AF) greater than 0.95 in the other sex are included. The chromosome-

specific histogram (E) shows the allele frequencies on Chromosome 1, with allele frequencies falling within the calculated 

threshold of 0.51 to 0.69 displayed in dark red. Scatter plot (E) visualizes the position of allele frequencies falling within the 

calculated threshold range on Chromosome 1. These allele frequencies indicate a sex-linked region spanning a continuous 

region of 14.54 Mb. 

Discussion 

Historically, sex determination in oribatid mites relied mainly on cytological approaches, which led to 

contradicting results (Heethoff et al. 2006). Our study represents the first time a sequencing-based 

approach has been used to identify the sex-determination system within the Acariformes group, while 

also uncovering the first documented case of a ZW system in Acariformes. Our investigation revealed 
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a lack of extensive degeneration of the Hermannia gibba sex chromosome. This may reflect a relatively 

recent loss of recombination in the sex-linked region. However, the age of the sex chromosome remains 

unknown as there is a large variation in the rate at which sex chromosomes lose recombination, and in 

the rate at which they degenerate once recombination has ceased (Wright et al. 2016).  

 

The relatively large size (75.9 Mb) of the identified sex chromosome compared to autosomes might 

indicate chromosomal rearrangements. Oribatid mites possess holocentric chromosomes, which, unlike 

monocentric chromosomes, offer unique advantages that may impact recombination patterns (Wrensch 

et al 1994, Izraylevich 1995). Holocentric chromosomes are recognized for preserving chromosomal 

regions that might otherwise degrade or disappear due to recombination suppression (Lachange, 1967). 

This preservation is attributed to their ability to retain kinetic activity along the whole chromosomes 

thus withstanding fragmentation. Notably, it was demonstrated that both in butterflies (which also 

exhibit a ZW sex-determination system) and in nematodes (which share holocentric chromosomes), 

inverted meiosis can drive the evolution of new karyotypes (Lukhtanov et al. 2018). Oribatid mites are 

suggested to exhibit inverted meiosis (Wrensch et al. 1994), thus if these rearrangements happened 

recently, the sex chromosomes in H. gibba might not have had enough time to degenerate.  

 

In our study, the presence of distinct hard edges in the allele frequency plot suggests a singular event, 

most likely an inversion. Considering the significant role of inversions in contributing to recombination 

suppression and the formation of sex chromosomes, they align with two possible models i) the sex 

antagonistic selection model and ii) the deleterious mutation load model. 

Sex antagonistic selection is known to be the main driver of recombination suppression in sex-

chromosome evolution (Wright et al. 2016). However, a recently proposed model suggests that this 

might be an overrepresentation (Ironside 2010; Jay et al. 2022). Besides sex antagonistic selection, 

alternative hypotheses deal with the effect of meiotic drive and genetic drift (Svedberg et al. 2018). 

However, oribatid mites are known to exhibit large and stable population sizes (Maraun and Scheu 2000) 

and testing for meiotic drive is difficult (Ponnikas et al. 2018). Nonetheless, insights from comparative 

genomic analyses in fungi challenge the notion that inversions primarily cause halted recombination on 

sex chromosomes (Bergero and Charlesworth 2009). Instead, these analyses suggest that recombination 

suppression was the ancestral state, with inversions emerging as a consequential, rather than primary, 

factor in recombination suppression. Many forces drive recombination suppression, and identifying a 

single event is difficult since interactions of different circumstances can result in a loss of recombination 

forming heterozygous sex chromosomes (Charlesworth et al. 2005; Bergero and Charlesworth 2009; 

Ponnikas et al. 2018).  
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In summary, our analysis indicated the absence of highly differentiated regions through coverage 

analysis. Allele frequencies identified distinct patterns indicative of chromosomal rearrangements, 

possibly inversions. We hypothesized a relatively recent loss of recombination. Nevertheless, how and 

why the sex chromosomes might not have differentiated is a complex process influenced by various 

genetic and structural factors. To obtain a more profound understanding of sex chromosome evolution 

in mites, it is imperative to expand our investigations to include additional mite species for 

comprehensive data collection. Considering Acariformes' position as a basal group within Chelicerata, 

where diverse mechanisms are observed, our research contributes to enhancing clarity on sex-

determination system evolution in basal groups.  

Materials & Methods 

Since there is no apparent external dimorphism in these mites, sex was determined by examination of 

the genitalia as previously described in the literature (Palmer and Norton 1991). The reference genome 

was from a single individual, and reads were generated from sex-specific pools to perform coverage 

analysis and allele frequency calculation to determine genomic differences between the sexes. 

 

Sampling 

Animals were collected from ground litter in a coniferous forest in Dahlem, Germany (50.389204 N, 

6.568780 E) in April 2021. Specimens were isolated using heat gradient extraction (Kempson, Lloyd, 

and Ghelardi 1963). Hermannia gibba was morphologically identified after Weigmann (Weigmann 

2006) and genetically confirmed by cytochrome oxidase I (CO1) sequencing. 

 

Sample preparation 

To minimize contamination from gut contents, mites were starved for at least one week before DNA 

extraction. Mites were cleansed with a brush in sterile water, in a solution of detergent/water (1:20) (fit 

GmbH, Zittau, Germany), 70 % ethanol (EtOH), and 0.05 % bleach (DonKlorix; CP GABA GmbH, 

Hamburg, Germany), and then rinsed with sterile water. To prevent DNA degradation, mites were stored 

at -80°C prior to sexing. 

 

Identification of individuals sexes 

Following standard practice for morphological sexing in oribatid mites, the presence of an ovipositor is 

used for identification of females; spermatophore and missing ovipositor were used to identify male 

specimens (Figure S3). To perform morphological sexing, the mites were first quickly frozen and then 
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placed onto a microscope slide in 5 µl cooled TNES buffer (400 mmol NaCl, 50 mmol Tris pH 8, 0.5% 

SDS, 20 mmol EDTA). To expose the ovipositor, genital plates were removed with a dissecting needle, 

and specimens were dissected completely. To ensure no misidentification and therefore bias to pool 

data, only clearly identified specimens were used. Sexed individuals were transferred to 190 µl of TNES 

and frozen at -80°C until gDNA extraction. In total 155 specimens were examined with 72 females (~46 

%) and 83 males (~54 %). 30 individuals were pooled to an equimolar amount and sequenced at 3-4X 

coverage per individual (see Supplementary Table 1). We obtained a total of 38 Gigabases (Gb) of raw 

data for each pool, with an average of 10.19*106 reads for the female pool and 9.97*106 reads for the 

male pool. 

 

gDNA extraction (for extra low input) 

We followed the high-molecular-weight gDNA extraction protocol for oribatid mites with chitinase 

digestion (Öztoprak & Bast 2023). In short: chitinase was added to each individual and incubated at 

37°C for 60 min. Then Proteinase K was added followed by t yeast tRNA (Invitrogen) and 5 M NaCl 

and 96 % ethanol. The solution was incubated at -20°C for 1h or overnight. DNA purification was 

conducted by washing the pellet twice with fresh and chilled 70 % ethanol and eluted in TE buffer. 

Samples were left to homogenize at 4°C overnight. RNase digestion was conducted and DNA 

concentration was measured using Qubit Fluorometer v. 4 with the Qubit dsDNA HS Assay kit 

(ThermoFisher Scientific, Waltham, MA). For pool-sequencing DNA of n = 30 individuals of each sex 

are pooled to an equimolar amount. 

 

Long-read sequencing 

Single-individual high-molecular-weight DNA was sequenced at Genomics & Transcriptomics Lab 

(GTL) in Düsseldorf with an ultra-low input protocol for long-read sequencing. Sequencing yielded in 

total 45.8 Gb of Pacific Biosciences Circular Consensus HiFi reads (Wenger et al. 2019) with an N50 of 

15 kilobases (kb). 

 

Hi-C sequencing 

Thirty whole mites were crosslinked in 3 % formaldehyde for 1 hour at room temperature with low 

agitation, followed by quenching in 250 mM glycine for 30 minutes at room temperature with low 

agitation. The Hi-C library was prepared using the Arima Hi-C+ kit (Arima Genomics); after the 

addition of lysis buffer, the sample was frozen in liquid nitrogen to crush the mites with a pestle, and 

the protocol was strictly followed thereafter. The library was sequenced on an Illumina NovaSeq 6000 
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at the Cologne Center for Genomics (CCG; Cologne, Germany), which generated 88 million pairs of 

150-bp reads.  

 

RNA sequencing 

A Direct-zolTM RNA MicroPrep kit (Zymo Research, Irvine, CA) was used to extract total RNA from 

10 adults using TRIzol reagent that had been DNase I-treated. With the use of TruSeq Stranded Total 

RNA with Ribo-Zero Globin, the CCG built an RNA-seq library and sequenced 35x106 pairs of 100-bp 

reads. 

 

Pool sequencing 

We used n = 30 individuals from each sex for pool sequencing. To meet sample requirements of 3-5-

fold coverage for Illumina NovaSeq 6000 Genomic DNA (PCR free -350bp) paired-end DNA 

sequencing, concentrations were normalized for each individual (Table S1). Genome sequencing and 

associated library preparation were performed by Novogene Europe (Cambridge, United Kingdom). 

 

Preliminary analyses of HiFi reads 

k-mer spectra of the PacBio HiFi reads were built using KAT v2.4.2 (Mapleson et al. 2016) with the 

modules kat hist and kat gcp (default parameters, k=27). Ploidy was estimated using KMC v3.2.1 (Kokot 

et al. 2017) with parameters -k 27 -ci 1 -cs 10000 and Smudgeplot v0.2.5 (Ranallo-Benavidez et al. 

2020) with default parameters. 

 

Genome assembly and scaffolding 

PacBio HiFi reads were assembled using hifiasm v0.16 (Cheng et al. 2021) with parameter ‘-l 2 ‘ 

Primary contigs were purged of artifactual duplications using minimap2 v2.24 (Li 2021) with parameter 

‘-x map-hifi’ and purge_dups v1.2.5 (Guan et al. 2020) with thresholds ‘-l 6 -m 89 -u 327’. Hi-C reads 

were first trimmed using cutadapt v1.15 (Martin 2011) with parameters ‘-m 10 -a AGATCGGAAGAG 

-A AGATCGGAAGAG’ and then pre-processed using BWA v0.7.17 (Li 2013) and hicstuff v3.1.1 

(Matthey-Doret et al. 2020) with parameters ‘-e DpnII,HinfI -m iterative -a bwa’. The resulting Hi-C 

sparse matrix was used to scaffold the assembly using instaGRAAL (Baudry et al. 2020) on Galaxy 

(Galaxy Version 0.1.6; (Galaxy Community 2022) with parameters ‘-l 5 -n 50 -c 1 -N 5’. These scaffolds 

were curated using instaGRAAL-polish with parameters ‘-m polishing -j NNNNNNNNNN’. Gaps were 

filled using TGS-GapCloser v1.1.1 (Xu et al. 2020) and the non-CCS PacBio reads with parameters ‘–

tgstype pb –ne’. The scaffolds were finally polished by mapping the PacBio HiFi reads using minimap2 
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v2.24 with parameter ‘-x map-hifi’ and running HyPo v1.0.3 (Kundu et al. 2019). Assembly was curated 

using hicstuff for iterative mapping, PretextMap v0.1.9 and PretextView v0.2.5. 

 

Assembly evaluation 

Ortholog completeness was assessed using the tool Benchmarking Universal Single-Copy Orthologs 

(BUSCO) v.5.0.0 (Manni et al. 2021) against the Arthropoda odb10 lineage (1,066 orthologs) and the 

Arachnida odb10 lineage (2,934 orthologs). k-mer completeness was evaluated using KAT v2.4.2 

(Mapleson et al. 2016) and the module kat comp with default parameters. Hi-C reads were mapped to 

the assembly using BWA (Li 2013) and hicstuff (Matthey-Doret et al. 2020) as previously described. 

The contact map was generated using the module hicstuff view with the parameter ‘-b 500’. The mapped 

PacBio HiFi reads were mapped to the final scaffolds using minimap2 v2.24 (Li 2021) with parameters 

‘-ax map-hifi’ and the mapped reads were sorted with SAMtools v1.11. The final scaffolds were aligned 

against the nucleotide database using the Basic Local Alignment Search Tool (BLAST) v2.6.0 (Altschul 

et al. 1990) with parameters ‘-outfmt "6 qseqid staxids bitscore std sscinames scomnames" -max_hsps 

1 -evalue 1e-25’. The outputs of minimap2, BLAST, and BUSCO (against the Arachnida odb10 lineage) 

were provided as input to BlobTools2 v2.3.3 (Challis et al. 2020). Sequences identified as bacteria were 

subsequently removed. 

 

Repeat annotation 

Transposable elements (TE) were annotated with the EDTA pipeline v1.9.4 (Bell et al. 2022). Long 

terminal repeats (LTR) were predicted by LTRharvest v1.6.1 (Ellinghaus et al. 2008) and LTR_FINDER 

v1.07 (Xu and Wang 2007) and then filtered using LTR_retriever v2.9.0 (Ou and Jiang 2018). Helitron 

transposons were identified using HelitronScanner (Xiong et al. 2014), and other repeats were detected 

using Generic Repeat Finder v1.0 (Shi and Liang 2019) and TIR-learner (Su et al. 2019). The final TE 

library was produced after further filtering and repeat annotation with RepeatModeler v2.0.1 (Flynn et 

al. 2020). The output hardmasked assembly was converted into a softmasked assembly. In addition, 

telomeres were masked after identification using Telomic Identifier v0.2.1 with parameter ‘-l 5’. 

 

Gene prediction and functional annotation 

RNA-seq reads were trimmed using cutadapt v1.15 (Martin 2011) with parameters ‘-m 10 -a 

AGATCGGAAGAG -A AGATCGGAAGAG’ and assembled into transcripts using Trinity v2.14 

(Grabherr et al. 2011) with default parameters. The genome assembly was then annotated using the 

pipeline Funannotate v1.8.13 using the trimmed RNA-seq reads and the transcriptome assembly as 

input. First, the module ‘funannotate train’ pre-processed the RNA-seq reads by mapping them using 
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HISAT2 v2.2.1 (Kim et al. 2019) and providing the output to StringTie v.2.2.1 (Shumate et al. 2022), 

and processed the transcripts through PASA v2.5.2 (Haas et al. 2003). The initial predictions were 

provided as input to ‘funannotate predict’ which combined them with predictions from Augustus v3.3.3 

(Stanke et al. 2008) using EVidenceModeler v1.1.1 (Haas et al. 2008).  

 

Data preprocessing 

Detailed scripts can be found on Github at https://github.com/TheBastLab/sexdetermination.  

Raw reads were first checked for quality with FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/). Specific adapter sequences of paired-end reads 

were provided (see Github) and removed and a quality phred score cut off of ‘30’ was performed with 

TrimGalore v0.6.5 (Krueger et al. 2023). For the allele we used the unmasked reference genome. 

Trimmed reads were mapped against both versions of the in-house reference genome using BWA 

v0.7.17 (Li 2013). Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM 

(Li 2013). Using SAMtools v1.11 (Danecek et al. 2021) SAM files were converted into BAM files and 

sorted using GATK SortSam v4.1.9.0 (McKenna et al. 2010). Duplicates were then marked using Picard 

(http://broadinstitute.github.io/picard/) and reindexed.  

 

Coverage analysis 

We used deepTools bamCoverage v3.5.1 (Ramírez et al. 2014) to calculate the coverage as the number 

of reads per bin. We set a window size of 1 kb and performed the normalization according to the scaling 

factor reads per kilobase transcript per million mapped reads (RPKM; García et al., 2016). The results 

from the two pools were then merged for further analysis.  

 

Allele frequency calculation 

Allele frequencies (AF) were calculated using MAPGD -pool (Lynch et al. 2014; Ackerman et al. 2017), 

which uses a maximum likelihood approach to estimate allele frequencies from pooled population 

genomic data. Probabilities of polymorphism are calculated using the log-likelihood ratio test (LLR) by 

testing the null hypothesis of no polymorphism. The LLR threshold for identifying a polymorphism 

corresponds to a significant level of p = 0.00001 (-a 22) (Lynch et al. 2014; Guirao-Rico and González 

2021). Allele frequencies were calculated for 4,663,024 million sites, with frequencies calculated based 

on the major allele in the female and male pools. According to common practice, loci are assumed to be 

monomorphic/fixed for AF in the range of 0.95 to 1 (Chakraborty et al. 1980). 
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Restriction enzyme digestion 

Restriction sites were identified using the online tool “GenScript Restriction Enzyme Map Analysis 

Tools”. (https://www.genscript.com/tools/restriction-enzyme-map-analysis, last accessed on January 

21, 2023). Restriction enzyme HindIII was selected for chromosome 1, as the site is exclusive to the 

female sex. Primers were designed using primer3 with default values (forward: 

‘ACACGACAACGCGTCTTTAAT’, reverse: ‘AAAACTCCTGGTTCGCAGTTT’). For PCR we used 

1 µl DNA, 10 µl DreamTaq Green PCR Master Mix (2X) (ThermoFisher), 2 µl forward, 2 µl reverse 

primer and 5 µl ddH2O. Each sample was PCR-amplified in a thermal cycler (BentoLab) with initial 

denaturation at 95°C, followed by 30 cycles of 30 s at 95°C, 30 s at 60°C and 1 min at 72°C. Following 

ThermoFisher instructions for DNA digestion with a single restriction enzyme, we used 1 µl PCR 

product (~2-4 ng/µl), 2 µl 10x Puffer R, 1 µl HindIII, 16 µl ddH2O. The reaction was incubated at 37°C 

for 1.5 hours. The samples were run on a 1.5 % agarose gel with 12 µl SYBR™ Green I (ThermoFisher) 

and TBE 1×
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Chapter 5  

Science Outreach and Empowerment: Bridging the Gap for 

Diverse Audiences 

 

As the scientific process usually excludes the public and addresses mainly other scientists with a specific 

scientific language, research awareness is mainly confined to the respective scientific field. This poses 

barriers to communication with the public. The rise of misinformation and distrust, exacerbated by the 

COVID-19 pandemic, challenges the credibility of the scientific process (Nasr 2021). Many headlines 

such as ‘Why don’t people trust science?’ (2022) from the European Commision (CORDIS), ‘Why so 

many people distrust science and how we can fix it’ from Greenfield (2022) in University World News 

and ‘Widespread distrust in science: Is the way we communicate to blame?’ from Boyle (2022) in 

AAMC Communities Network, were circulating in media during the pandemic. To counter these 

misconceptions, scientific outreach plays a vital role by providing insight into scientific processes in an 

accessible and engaging way for diverse audiences. Especially among children, this outreach can foster 

curiosity and critical thinking and establish a foundation for informed decision-making and potential 

career inspirations in science. Thus, scientific outreach can contribute to broader demographic diversity 

in higher education, through the empowerment of children. Academic achievement gaps are driven by 

factors like race, ethnicity, family socioeconomic status, and parental education level (Ahram, Fergus, 

and Noguera 2011; Pfeffer 2018). A German study found that the likelihood of achieving a doctorate 

drops by half if only one parent is non-German (Krempkow 2017). The biggest difference in transitional 

quota was observed early on between children aged nine and ten, where 37 % of children with migration 

background went on to schools that allow college admissions, whereas for children without migration 

background 57 % did. Early sustained intervention in the form of educational programs can help reduce 

the achievement gap between children (Temple, Ou, and Reynolds 2022). The consistent recognition 

of the importance of diversity in science underscores the ongoing global lack of diversity in higher 

education (Bernard and Cooperdock 2018; Judd and McKinnon 2021; Forrester 2020; Nature 2018). 

Frontiers for Young Minds is a unique journal that facilitates collaboration between children and 

scientists in the peer-review process of articles tailored for young readers. The journal involves 6500 

young reviewers aged 8-15, who give insights to enhance article accessibility for their peers. Supporting 

them are 819 science mentors, who are in direct contact with the young reviewers guiding them through 

peer review. Articles cover new research or shed light on core concepts of various fields such as 

‘Biodiversity’, ‘Engineering and Technology’, ‘Astronomy and Physics’, and more 

(https://kids.frontiersin.org/about/journal, last access: 13.04.23 13:44). 
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My article, ‘Having Babies in Soil: Is Sex Really Necessary?’ was published as part of the collection in 

soil biodiversity aiming to fight the misconception that soil is “just dirt below our feet” 

(https://blog.frontiersin.org/2020/04/28/children-in-science-soils-are-alive/ last access: 13.04.23 

13:44). The article introduces diverse reproductive modes of soil organisms, highlighting 

parthenogenesis in oribatid mites. It explains core concepts of evolutionary biology like the two-fold 

cost of sex and mutational meltdown. The collaborative effort involved researchers from the terrestrial 

ecology working group at the University of Cologne, the J.F. Blumenbach Institute of Zoology and 

Anthropology of the University of Göttingen, and the Department of Ecology and Evolution of the 

University of Lausanne. This article was translated into German making it accessible to an even broader 

audience. Further translations into French, Japanese, and Turkish are in progress. It also forms the basis 

for workshops conducted with Stiftung Wissen, an organization by the Sparkasse KölnBonn promoting 

education, science and research (https://www.stiftung-wissen-koelnbonn.de/, last access 7.08.23). 

Moreover, it was integrated into the biology curriculum for secondary school in North-Rhine 

Westphalia shaping scientific knowledge acquisition (“Wissenschaftliche Erkenntnisgewinnung”) for 

students aged 10 to 16 (“Kernlehrplan für Sekundarstufe I NRW (Biologie)”) in the winter term 2022 

and summer term 2023, across two schools around Cologne. 

Investing in science outreach remains crucial to ensure quality science education for children and 

engaging exposure to science. 
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Having babies in soil: is sex really necessary? 
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ABSTRACT 

Finding a partner and having sex to produce babies is a common way to reproduce. Yet, upon closer 

look, we see that nature provides many ways for reproduction. What about a world without males? What 

first sounds impossible is the reality for many organisms that reproduce asexually, meaning without 

having sex. Females produce daughters that are clones of themselves, so no partner is required and 

males are dispensable. An Example of such all-female societies are several species of oribatid mites, 

which live in soils. These mites were already on earth long before the dinosaurs. Have oribatid mites 

always been asexual? Why do they reproduce without males? Does asexual reproduction have any 

advantages? Keep reading to learn about asexual reproduction and why oribatid mites are a key 

organism to investigate the question, “Why sex?” 

 

REPRODUCTION IN SOIL ORGANISMS 

All living organisms reproduce to generate new offspring. Almost all organisms, including humans, use 

some form of sex to reproduce. In sexual reproduction, an egg cell produced by a female and a sperm 

cell produced by a male fuse. The result is a zygote that develops into a unique offspring. Each offspring 

is a mixture of its parents, since it inherits half of its DNA from its mother and half from its father. The 

new offspring grows, becomes an adult, finds a partner, and finally produces offspring itself. This is the 

circle of life. 

Many kinds of organisms live in soil, and they have a variety of different ways to reproduce. For 

example, earthworms are hermaphrodites, which means that one worm has both male and female 

reproductive organs. Earthworms reproduce sexually – if two earthworms meet, they exchange sperm 

cells that fuse with the egg cells of the other earthworm (Figure 1A). Since they have both male and 
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female sex organs, earthworms do not have to worry about finding a partner of the opposite sex because 

there is always a match. Earthworms belong to a group of soil organisms called the macrofauna, which 

includes all animals larger than 2 mm. Macrofauna are soil giants compared to most soil organisms. 

 

Figure 1 – Overview of different reproductive modes described in the text. (A) In hermaphroditism, 

each individual possesses both male and female reproductive organs; earthworms fertilize each 

other and each individual lays eggs. (B) In binary fission, a cell divides into two cells of equal size 

after duplicating its genetic material. Two individuals are produced from a single parent cell. This 

method is used by many Protists, for example amoebae. (C) Parthenogenesis is a form of asexual 

reproduction in which an offspring develops from an unfertilized egg cell. Some oribatid mites 

reproduce via parthenogenesis.  
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The greatest number of soil organisms belongs to the microfauna, which consists of organisms smaller 

than 0.1 mm. Most are single-celled organisms called protists. They are so small that one handful of 

soil contains more protists than there are humans in the entire world. For reproduction, protists do not 

need a partner at all. Some protists reproduce via a type of asexual reproduction, by making exact 

copies of themselves through a process called binary fission. First, they duplicate all their genetic 

material, and then one cell divides in two (Figure 1B). If repeated several times, many identical copies 

of one individual independently populate the soil. 

Another essential group of soil organisms is known as the mesofauna, which includes all soil animals 

between 0.1 and 2 millimeters in size. The soil mesofauna includes springtails and oribatid mites. These 

organisms are very common and play a key role in the soil food web. They shred dead organic matter 

from plants, making the nutrients available to other organisms, including bacteria and fungi, which are 

then eaten by other belowground organisms. Many oribatid mites live in all-female populations and 

have done so for millions of years. They do not need sex for reproduction, because they can lay eggs 

that develop without being fertilized by a male, in a process called parthenogenesis (Figure 1C). Each 

egg contains the DNA only of the mother, which means that the offspring are clones of the mother.  

 

ADVANTAGES OF ASEXUAL REPRODUCTION 

Copying or cloning oneself seems to be much easier than finding a partner, but there are even more 

advantages of asexual reproduction. If you follow a sexual and an asexual population over time, two 

major differences appear. An asexual female only produces daughters, and these daughters produce 

only daughters again when they reproduce. The sexual females, however, must produce sons to fertilize 

the eggs – but only daughters can produce offspring. So, even if sexual and asexual females produce 

the same number of offspring, the asexual female has more daughters, which means more offspring that 

can reproduce. 

Over time, the asexual population grows much faster and may outcompete the sexual population just 

by numbers (Figure 2). Scientists call this the “cost of males”. In addition to providing greater 

population growth, asexual reproduction seems to have other advantages: no sexually transmitted 

diseases, no energy loss, and no chance of being eaten by predators while trying to find a mate.  
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Figure 2 – Predicted population growth for sexual and asexual populations. In this example, each 

female produces two offspring. The size of the sexually reproducing population remains constant over 

time, because males are needed to fertilize the eggs of the females, but they cannot have offspring 

themselves. In asexual reproduction, the female produces twice as many childbearing offspring 

(females), leading to exponential population growth. (F0: parental generation, F1: first set of offspring 

from parents, F2: next generation of offspring from F1) 

 

WHAT IS THE USE OF SEX IF REPRODUCTION CAN HAPPEN WITHOUT IT? 

If there are successful ways of asexual reproduction, why do eukaryotes bother with complex, risky, 

and costly sexual reproduction? More than 98 % of all animals use sex to reproduce. This means that 

sexual reproduction must have clear advantages over asexual reproduction. Therefore, scientists try to 

explain the benefits of sex mainly by looking for potential problems if sex is not used. One disadvantage 

that scientists proposed for asexual reproduction has to do with mutations. Mutations are changes in the 

DNA that are an important cause of diversity among organisms. Occasionally, mutations are beneficial 

– sometimes they are very harmful – and most of the time they are slightly harmful. When an organism 

copies itself all the time, slightly harmful mutations keep adding up over generations, causing more and 
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more harm. Once they build up enough, these mutations could lead to the extinction of the species. This 

does not happen in sexual organisms, because the harmful mutations of one parent can be compensated 

for by the unmutated DNA from the other parent. Think of two bikes, one with a flat tire and one with 

a broken pedal. By combining parts from the two, you could still have a functional bike. It would be 

preferable to have one fully functional instead of two semi-functional ones. Some scientists suggest that 

this repair mechanism is an essential advantage of sexual over asexual reproduction. 

Furthermore, just making copies or clones means that an organism will stay the same for many 

generations. This leads to problems when the environment changes. For example, the availability of 

resources such as food could change over time, e.g. due to climate change or the presence of other 

organisms competing for food. Food may develop a defense strategy, like running faster or becoming 

poisonous. Parasites can also be a problem. Since all individuals in an asexual population are very 

similar, they will not have the tiny differences that could help them adapt quickly enough to the ever-

changing environment, so they would eventually die out. This means that offspring produced through 

sexual reproduction have higher chances of survival simply because they are different from those that 

came before them. This seems to tell us that all asexual organisms should go extinct in the long term. 

But, knowing that so many asexual organisms thrive in soil, we asked whether asexual organisms truly 

are doomed to die. 

 

GENES CAN TELL US ABOUT ASEXUAL REPRODUCTION 

Our research groups work with soil-living oribatid mites because many asexual species have survived 

without males for millions of years. We analyze the genes of sexual and asexual oribatid mite species 

because genes can tell us what happened to organisms in the past. Imagine genes as a captain’s logbook, 

in which important things that happened to an organism in the past were recorded and passed on to 

future generations. We are still able to see the disadvantages of asexual reproduction in these logbooks. 

If we compare logbooks of oribatid mites that reproduce sexually to those that reproduce asexually, we 

can figure out which of the above-mentioned problems occurred and how they were solved. Since we 

are comparing two very similar species of mites, most of the genes are very similar. However, for some 

genes we can identify certain differences that must be caused by the consequences of the different 

reproductive modes. 

In contrast to what scientists theorized, we found that asexual species do not accumulate more harmful 

mutations than sexual species (Figure 3) [1]. They do not need to combine two broken bikes to get a 

functional bike, because they keep the bikes functional. We also found that the asexual mites do 



Chapter 5 

 

 

77 

maintain variability in their large populations [2]. The genes in separate mother-daughter lines are as 

different from each other as are individuals that mix genes by reproducing sexually. Last, we found that 

the genes of two (or more) populations of asexual oribatid mites can be as varied as the genes of sexual 

species. This means that asexual oribatid mites do not stay the same for many generations, so they can 

adapt to new environments and are even able to diverge into new species [3].  

 

Figure 3 – Asexual oribatid mites get rid of slightly harmful mutations even more effectively than 

sexual oribatid mites [1]. Asexuals are even better at maintaining healthy genes (indicated by the 

fancy blue bike) than the sexual species (which still have decent red bikes). A boxplot shows the 

middle 50% of the data, each with a line in the middle representing the median (center of data). The 

two lines outside the box indicate the highest (maximum) and lowest (minimum) observations. The 

three stars on top indicate that this result is statistically significant, meaning it is very unlikely to 

observe this just by chance. 
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From our research, it appears that asexual oribatid mites have no disadvantages compared with the ones 

that reproduce sexually. They keep mutations in check, maintain genetic variability, and adapt over 

time, all without sex!  

 

WHY IS THIS IMPORTANT? 

There are many ways to produce offspring, and they do not always include sex. In theory, asexual 

species are expected to go extinct. In nature, however, there are various asexual organisms that have 

persisted over time. There must be ways to overcome the disadvantages of asexuality, as we saw in the 

asexual oribatid mites. But how do they do it? Do they have special mechanisms that fix mutations? Do 

they have to maintain a large population size to keep genetic variability? Is it easier to be asexual if you 

feed on a dead food source, which cannot develop defense strategies that you must adapt to? One future 

challenge will be to find the mechanisms that most asexual organisms have in common. Scientists 

continue to work on pairs of related sexual and asexual organisms to shed light on the variety of 

reproduction modes and to attempt to answer the question, “Why is sex so common?” 

 

Glossary 

Zygote: A cell resulting from the fusion of a male’s sperm cell with a female’s egg cell i.e., a zygote is 

a fertilized egg. 

Hermaphrodite: A single individual that can produce both egg cells and sperm cells. It is basically 

both a female and a male. 

Eukaryotes: can be animals, plants, single-celled organisms like protists and fungi. These are complex 

cells, where the genetic information is organized in a nucleus. 

Parthenogenesis: A form of asexual reproduction in which an offspring develops from an unfertilized 

egg cell.  

Sexual reproduction: Reproductive mode that requires an egg cell of a female and sperm cell of a male 

individual. The offspring is a unique individual that carries half of each parent’s DNA. 

Asexual reproduction: Any type of reproductive mode that produces offspring without the fusion of 

egg and sperm cells, also called gametes. The offspring are identical to the parent and/or to each other. 
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Binary fission: A cell divides into two cells of equal size after duplicating its genetic material. Two 

individuals are produced from a single parent cell i.e., one daughter and one parent cell.  

Protist: Single celled organism that are eukaryotes. Many feed on bacteria and release excess nitrogen, 

providing essential nutrients for plants and other organisms.  
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General Discussion 

Importance of Single Individual Genomics from Natural Populations 

Natural populations are crucial for understanding evolution's complex tapestry and validating 

evolutionary theories. These theories often arise from a blend of conceptual frameworks, natural 

observation, and laboratory experiments. Charles Darwin's observations of finches on the Galapagos 

Islands provide one of the most famous examples of natural populations informing evolutionary theory 

(Darwin 1859; Grant 2017). Evidence of natural selection was gathered during the Industrial Revolution 

in England, where the change in the moth population's coloration was observed over just 30 years 

(Kettlewell 1958; Cook 2003). The paradox of sex remains a complex and enigmatic question in 

evolutionary biology (Hörandl 2013; Smith and Maynard-Smith 1978; Neiman et al. 2018). Obligate 

asexuality is predicted to be associated with numerous effects on genome evolution (Jaron et al. 2021; 

Glémin and Galtier 2012; Hörandl et al. 2020). One of the predictions is the divergence of alleles in the 

absence of sex over evolutionary time also known as the Meselson effect (Welch and Meselson 2000). 

Evidence of the Meselson effect in parthenogenetic animals stems from the oribatid mite Oppiella nova 

(Brandt et al. 2021). Yet, this study was not able to exclude the possibility of nonconical forms of sex 

outside the regions featuring the Meselson effect, because of their scaffold-rich assemblies. 

This thesis established a high-molecular-weight gDNA extraction protocol (for oribatid mites) and thus 

transformed ancient asexual mite research. It addresses the gap in high-quality phased genomes of non-

model organisms (Chapter 1). It provided the chromosome-level reference genome of a single 

Platynothrus peltifer individual and its sexual outgroup Hermannia gibba from the same location. As 

well as additional genomes representing worldwide populations, building P. peltifer into a new model 

organism for evolutionary biology (Chapters 2-3). 

 

Unraveling Ancient Asexuality 

One long-standing open question was whether P. peltifer is indeed reproducing without sex over 

evolutionary time. Indeed, we can confirm our hypothesis: P. peltifer is an ancient asexual. It has been 

reproducing parthenogenetically since possibly around 20 million years (Chapter 2). Its haplotypes 

evolve independently, which is reflected by the Meselson effect. Our second hypothesis can also be 

confirmed as this independent haplotype evolution provides the means for adaptation and evolution in 

the absence of sexual reproduction. The evolutionary success of oribatid mites follows in the footsteps 

of bdelloid rotifers, which have been integral in ancient asexual evolution research thus far. Theories 

about oribatid mite ecology, mainly about their resource acquisition and high population sizes have 
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been proposed to explain some of their evolutionary success (Brandt et al. 2017; Maraun et al. 2012). 

With the gained insights from this thesis we can now conclude more holistically: their persistence is 

likely a combination of their cytological predisposition, genomic innovation, and probably their broad 

ecological spectrum: (i) oribatid mite cytology is largely unknown. The suggested automictic thelytoky, 

with terminal fusion and ‘inverted meiosis’ in parthenogenetic oribatid mite species, lacks definitive 

evidence (Bergmann et al. 2018). However, it must be a form of automixis that preserves heterozygosity 

over generations, as such ‘effective clonality’ is a requirement for the found haplotypic divergence. It 

further provides the foundation for the shared fluctuations of heterozygosity and nucleotide diversity 

observed among various populations (Chapters 2 and 3). These patterns are probably also facilitated by 

similar mutation rates and/or purifying selection among populations. (ii) Haplotypic independence 

observed in P. peltifer harbors the potential of genomic innovation as it mimics whole-genome 

duplication. Across various metazoans, whole-genome duplication events enabled neofunctionalization 

and subfunctionalization (Kenny et al. 2016; Ohno 1970). Evolutionary innovation after whole genome 

duplication was shown as functional diversification of genes (Storz et al. 2013), increased tolerance to 

environmental stress (Nowell et al. 2018), and enhanced adaptive radiation and speciation (cichlid 

fishes; Van de Peer et al. 2009). Similarly, P. peltifer exhibits allelic diversification and 

functionalization (Chapter 2), which might facilitate the conservation of function in one haplotype, thus 

increasing mutational robustness, while simultaneously maintaining and facilitating genetic variation 

(Fares 2015). (iii) Oribatids are key organisms in the soil food web. Their role as primary decomposers 

during soil processes is essential in regulating propagating microorganisms (Coleman et al. 2017). The 

association between the high frequency of parthenogenetic oribatids and their high densities supports 

predictions of the Structured Resource Theory of Sex (Maraun et al. 2012; Pequeno et al. 2022; Scheu 

and Drossel 2007). This theory suggests that the abundance of dead organic matter in soil facilitates 

asexuality, as resource acquisition is not threatened by biotic factors. 

 

Unraveling Asexual Speciation 

Asexual speciation remains a topic of debate as it is regarded as relatively rare compared to speciation 

through sexual reproduction. However, in some taxa like the oribatids this phenomenon might occur 

more frequently, as their ecology and evolutionary persistence provide a suitable foundation for 

evolutionary innovation, as presented in this thesis. Still, there is a contrast between the continuous 

process of evolution and the delimitation of definite entities, we call ‘species’. The complexity of 

species delimitation is a constant hot topic in “species” related research. It raises the question of whether 

species delimitation is introducing more misconceptions than it is providing merits to research. 
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Untangling the genomic basis of asexual speciation will enhance our understanding of species and 

species-related research. 

Most oribatids are cosmopolitan, with parthenogenetic oribatid mite species exhibiting a larger range 

than sexual species (Maraun et al. 2022). While P. peltifer is considered a single species, their globally 

distributed populations consist of a range of distinct genotypes. Long-term asexuality gives rise to 

multiple evolutionary lineages in the ancient asexual P. peltifer. This indicates that the persistence of 

ancient asexuals allows for diversification. The mitochondrial analysis supports seven different lineages 

of P. peltifer (Chapter 3), while genomic data indicate two separate lineages most likely following 

independent transitions to asexuality (Chapter 2). The divergence among the Japan-Canada and 

European clades raises questions about their common ancestry. Observed genetic variation in the P. 

peltifer nuclear genome (e.g. shared heterozygosity, conserved synteny) is mainly explained by 

haplotype divergence (Chapter 2,3). Still, we partially reject our previous hypothesis that asexual 

adaptation and diversification into novel species proceed differently from sexual species, as it does not 

involve large-scale rearrangements of structural variation. However, identifying smaller rearrangements 

and comparing synteny once all assemblies reach chromosome-level, is imminent to draw a conclusion. 

How the mechanisms leading to speciation differ between sexuals and asexuals needs to be investigated 

further. Still, the evolutionary history shown by mitochondrial genes (such as cox1) alone is incomplete 

and demonstrates how deceptive it can be to base population genetic research on just one marker (Noor 

and Feder 2006; Anderson 2001). Integrating further information from various sources such as 

morphology and ecology will boost our understanding of speciation in the ancient P. peltifer. 

 

Discoveries in Sex Determination 

The exploration of the Hermannia gibba genome, an important outgroup of the asexual cluster, led to 

the discovery of a ZW female heterogametic system in H. gibba (Chapter 4). This unexpected finding 

opens new avenues of inquiry, such as determining the frequency of ZW systems in oribatids and 

Acariformes and understanding their contribution to transitions to asexuality. Understanding sex 

determination in Acariformes provides further insights into ancestral sex-determination mechanisms 

within the Chelicerate lineage, which subsequently diversified into various sex-determination systems 

in higher taxa (Král et al. 2011).  

 

Bridging Science and Education 

The preparation of a manuscript addressing children exceeded the realm of academic research and 

transgressed to the public (Chapter 5). General concepts of evolutionary biology and the vast 
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biodiversity in soil reached younger audiences and were even taught in schools. This engagement fosters 

a broader understanding of the intricate world of oribatid mites and the significance of reproduction and 

soil biodiversity. 

Conclusion 

The genomic analyses of natural populations of Platynothrus peltifer and related organisms in this thesis 

offer insights into the consequences of asexual reproduction, asexual speciation, sex chromosome 

dynamics, and thus allow a glimpse into the tapestry of life's evolutionary journey without sex.
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General Outlook 

The success of establishing a reference assembly with phased haplotypes of the German Platynothrus 

peltifer and improving the assemblies of the other populations with Hi-C data, will allow chromosome-

level comparison of e.g. genomic rearrangements to further untangle their intricacies. Further, 

investigating population-specific mutation rates has the potential to give insight into the effects shaping 

their different heterozygosity levels. Genome fluidity can be evaluated through pan/core-genomes as it 

will also highlight the conserved evolutionary history in P. peltifer populations. This will allow us to 

expand our understanding of asexual speciation. Moreover, incorporating multiple lines of evidence is 

imperative when delimiting species. Especially in cryptic species with conserved morphology but high 

diversity as in the oribatid mites an integrative approach for species delimitation is indispensable. To 

not underestimate species diversity and increase robustness in P. peltifer, morphological and ecological 

data should be acquired and critically discussed with the gained genomic knowledge; not only for 

species delimitation but also for the implications of their evolutionary trajectory.  

Haplotype divergence is not universally observed in asexual organisms and thus far only conclusively 

documented in oribatid mites. As it is now possible to study the evolutionary innovation of P. peltifer 

it will be imperative to test other oribatids and compare replicates of independent transitions to 

asexuality among asexuals and sexual relatives to exclude lineage-specific patterns. Identifying 

similarities among the evolutionary replicates not only allows differentiation between species-specific 

effects but also identifies general signatures of asexual evolution in oribatid mites. Such further in-depth 

analyses will shed light on all the innovations buried in these ancient asexual genomes. 
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Appendix 

Supplementary Materials Chapter 2

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 E) in a 30 cm² square. Italian samples were collected at Montan Southern Tyrol (46.33514 

N, 11.29728 E) in a 30 cm² square. Japanese soil and leaf litter was 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 (29). Platynothrus 

peltifer was identified morphologically using (30) and molecularly confirmed by cytochrome oxidase I 

(CO1) sequencing. 

 

Sample preparation. Specimens were starved for more than a week and cleansed with a brush in 

distilled water, distilled water with detergent (fit GmbH, Zittau, Germany), and incubated in NaCIO 

0.05% (DonKlorix; CP GABA GmbH, Hamburg, Germany) and ethanol 70% for 30 seconds each and 

rinsed in distilled water again. 

 

High-molecular-weight gDNA extraction (for ultra-low input). For high-molecular-weight (HMW) 

single-individual DNA extraction, we established a modified salting out protocol (31). In short: A single 

individual was submerged in TNES buffer and flash-frozen in liquid nitrogen. The sample was then 

homogenized using a sterile pestle. After adding Proteinase K, the sample was incubated for at least 1h. 

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 measured using Qubit 

Fluorometer v. 4 with the Qubit dsDNA HS Assay kit (Thermo Fisher Scientific, Waltham, MA).  

 

Cytochrome oxidase I sequencing. The cytochrome oxidase subunit 1 (CO1; ~700 bp) region was 

amplified using the universal primers LC01490F/HC02198R (Folmer et al., 1994). The PCR reaction 

was run with 1 ng of DNA, 2x Thermo Scientific DreamTaq Green PCR Master Mix, 1 µM forward 

and 1 µM reverse primer, and ddH20 to fill until 25 µl. 
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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 1 U/ml of Exonuclease and 0.3 U/ml FastAP to 8 µl PCR product 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. HMW gDNA sample was assessed at the Genomics & Transcriptomics Laboratory 

(GTL; Düsseldorf, Germany) using the Agilent Femto Pulse system. HMW gDNA with an OD260/280 

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 technologies: PacBio HiFi (SMRTbell® Libraries from Ultra-Low DNA Input) 

and TELL-seq (TELL-seqTM WGS library)TM both with ultra-low DNA input of at least 5 ng. Library 

preparation and sequencing of the SMRTbellTM templates were conducted by the GTL. PacBio HiFi 

sequencing yielded 34.7 Gb of reads with an N50 of 15 kb. In addition, TELL-seq libraries were 

constructed 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. 226 whole adult specimens were flash-frozen with liquid N2, crushed, vortexed, and the Omni-C 

Proximity Ligation Assay protocol for insects & marine invertebrates was followed. The library was 

sequenced on Illumina NovaSeq 6000 by Novogene (Cambridge, United Kingdom), which generated 

92.7x106 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 supplementary data. 

 

RNA sequencing. Total RNA was extracted from ten adult individuals using TRIzol reagent treated 

with DNase I within a Direct-zolTM RNA MicroPrep kit (Zymo Research, Irvine, CA). An RNA-seq 
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library was constructed by the CCG using TruSeq Stranded Total RNA with Ribo-Zero Globin and 

43x106 pairs of 100-bp reads were sequenced. 

 

k-mer analyses. 27-mers in the HiFi reads were analyzed using KAT v2.4.2 (32) with the modules kat 

hist and kat gcp (default parameters). Ploidy was further investigated using kmc v3.2.1 with parameters 

-k 27 -ci 1 -cs 10000 and Smudgeplot (v0.2.5) (33) with default parameters. 

 

Chromosome-level collapsed and phased assemblies 

De novo genome assembly. HiFi reads were assembled using hifiasm (v0.16.1-r375) (34) with default 

parameters into initial collapsed haploid contigs, and using Flye (v2.9) (35) with default parameters into 

phased contigs.  

 

TELL-seq scaffolding. Barcoded TELL-seq linked Illumina reads were generated and corrected from 

BCL raw data using tell-read (v1.0.2). The barcodes were formatted to 10X Genomics standard by using 

ust10x (v1.0.2) from TELL-seq conversion_tool. The collapsed haploid contigs (Hap0: 211 Mb, N=33) 

were scaffolded using Scaff10X (v4.2) (github.com/wtsi-hpag/Scaff10X) with formatted 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 Scaff10X with parameters -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 (v0.6.5) 

(github.com/FelixKrueger/TrimGalore) with parameters ‘-j 30 -q 30 --fastqc --paired’ and mapped to 

the draft haploid assembly using hicstuff (v3.1.1) and bwa (v0.7.15) (36) with parameters --enzyme 100 

--iterative --aligner bwa. instaGRAAL (v0.1.6 no-opengl branch) (37) was run with parameters --level 

5 --cycles 100. The scaffolds were curated with instaGRAAL-polish to reduce misassemblies and add 

10 Ns in gaps. 99.75% of the assembly were 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 (v1.11) with 

default parameters. Gaps in the collapsed scaffolds Hap0 were filled using TGS-GapCloser (v1.1.1) 

(38) with the parameters ‘-tgstype pb --minmap_arg -x asm20 --ne’ and the final haploid (Hap0) 

assembly was polished using HyPo (v1.0.3) (39) with the PacBio HiFi reads. 
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Haplotype scaffolding. Primary and alternative haplotypes were separated using minimap2 and 

purge_dups (v1.2.5) (40), and are subsequently designated as haplotypic blocks A and B. Haplotypes 

were reciprocally scaffolded using RagTag (v2.1.0) (41) with the other haplotype as reference. 

 

Anchoring of haplotypes. Haplotypic blocks A were mapped against the collapsed assembly (Hap0) 

using minimap2 (v2.24-r1122) with parameter -x 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 residue matches.  

 

Assembly evaluation 

Completeness. For the chromosome-level assembly (Hap0), ortholog completeness was assessed using 

the tool Benchmarking Universal Single-Copy Orthologs (BUSCO v.5.0.0) (42) against the Arthropoda 

odb10 lineage (1,066 orthologs) and the Arachnida odb10 lineage (2,934 orthologs). k-mer 

completeness was evaluated using KAT (v2.4.2) and the module kat comp with default parameters.  

 

Omni-C contact map. Omni-C reads were mapped to Hap0 using bwa and hicstuff as previously 

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 minimap2 (v2.24-

r1122) with parameters -ax map-hifi and the mapped reads were sorted with SAMtools (v1.11) (43, 44). 

Hap0 was aligned against the nucleotide database using the Basic Local Alignment Search Tool 

(BLAST v2.6.0) (45) with parameters -outfmt "6 qseqid staxids bitscore std sscinames scomnames" -

max_hsps 1 -evalue 1e-25. The outputs of minimap2, BLAST, and BUSCO (against the Arachnida 

odb10 lineage) were provided as input to Blobtools2 (43). 

 

Genome annotation 

Repeat and transposable element annotation and masking. A repeat library including transposable 

elements (TEs) was built using EDTA (v1.9.6) (46) with parameters ‘--sensitive 1 --anno 1’. TEs were 

annotated and classified to the superfamily level using the FasTE pipeline (47). The hardmasked 

assemblies were converted to softmasked assemblies using bedtools (v2.26.0) with mask mode.  

 

RNA-seq mapping. Adapter sequences were removed from RNA-seq raw reads using TrimGalore 

(v0.6.5) with parameters ‘-j 30 -q 30 --fastqc --paired’. Trimmed reads were mapped to the softmasked 

reference haploid assembly Hap0 and the two haplotypic blocks assemblies haplotypic blocks A and 

haplotypic blocks B using STAR (v2.5.1a) (48) with parameters ’--readFilesCommand zcat --
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outSAMtype BAM SortedByCoordinate --outSAMstrandField intronMotif --outFilterIntronMotifs 

RemoveNoncanonical’.  

 

Gene Structure Prediction. Trinity (v2.1.1) was employed to assemble the RNA-Seq reads de novo, 

and the resulting 61,067 transcripts were aligned to the assemblies using PASA (v2.5.2). Mapped reads 

were provided to StringTie (v2.2.0) to predict transcripts. Then TransDecoder 

(https://github.com/TransDecoder/TransDecoder/wiki; Last accessed November 14, 2018) was used to 

find the Open Reading Frames (ORF) for each gene. BRAKER2 (v2.1.6) was used to predict gene 

structures with RNA-seq evidence. These results were provided to EVidenceModeler (v1.1.1) with 

weight parameters ‘ABINITIO_PREDICTION AUGUSTUS 4; TRANSCRIPT assembler-

database.sqlite 7; OTHER_PREDICTION transdecoder 8’ to select genes. Finally, PASA was used to 

refine UTR regions. The final annotation was converted into protein sequences using gffread (v0.12.1). 

 

Functional annotation. We utilized Eggnog-mapper (v2.1.6) with protein sequences and generated 

KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway annotations. Furthermore, we employed 

InterProScan (version 5.61-93.0) with protein sequences to generate Reactome pathway annotations. 

The Gene Ontology (GO) annotation was created by combining the results of Eggnog-mapper (v2.1.6) 

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 script was created to rename the TE 

superfamilies after Wicker-classification (49) and adjust the data to plot the TE divergence Landscape 

with the ‘Plot Kimura Distance’ R script for the Hap0 and the largest haplotypic blocks per 

chromosome. For more information on the size of regions see table S2. 

 

TE Density. The TE Density pipeline (50) was applied to generate the TE Density plots, which are 

defined as TE-occupied base pairs in a given window, on the collapsed assembly of P. peltifer.  

 

Gene synteny. Protein sequences of Hap0 and the haplotypic blocks were aligned using BLAST v2.6.0 

with parameters -evalue 1e-10 -outfmt 6. In order 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 (51) with a minimum match score >= 3950.895. 

Heterozygosity between the haplotypes was estimated using Mash (v2.3) (52). 
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Mitochondrial genome assembly and annotation 

TELL-seq reads were trimmed using TrimGalore and assembled using MitoFinder v1.4.1 with the 

mitochondrial genome of Steganacarus magnus as seed (53, 54). The assembly was annotated using 

MiTFi v0.1 (55) and then using MITOS (56), MITOS2 (57)(both available at http://mitos2.bioinf.uni-

leipzig.de/index.py), ARWEN v1.2.3 (58) and tRNAscan-SE v2.0 (59) 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 based on their predicted secondary structure and their minimum free energy, computed using 

the RNAfold web server (http://rna.tbi.univie.ac.at/) (60). 

 

Spontaneous mutation rate estimation  

Sample preparation. For spontaneous de novo mutation rate estimation without rearings and mutation 

accumulation lines, best practice was followed by sequencing parents and offspring (as in (61, 62)). 

Platynothrus peltifer individuals were sampled from the same population as the reference genome 

individual (Dahlem, Germany) in early June 2021. For three individual mothers (M1, M2, and M3) their 

‘offspring daughters’, i.e. eggs, were extracted after removing the genital plates. Eggs were cleansed in 

NaCIO 0.05% (DonKlorix; CP GABA GmbH, Hamburg, Germany) with a brush to remove tissue from 

their mothers. For M1 one daughter (D1), for M2 one daughter (D2), and for M3 three daughters (D3, 

D4, and D5) could successfully be analyzed. 

 

Sequencing. To avoid PCR-induced read errors and to get highly accurate reads, the ‘NEBNext Ultra 

II FS DNA Library Prep Kit for Illumina’ (New England Biolabs, Ipswich, USA) in combination with 

UMI Adaptor ‘NEBNext Multiplex Oligos for Illumina (Unique Dual Index UMI Adaptors DNA Set 

1)’ (New England Biolabs, Ipswich, USA) was chosen. These libraries were multiplexed and whole-

genome sequenced on an Illumina NovaSeq 600 generating paired-end 150 bp reads. This yielded a 

total of 811.6x106 reads with a mean of 102.1x106 for the mothers (min 100.3x106, max 103.0x106) and 

a mean of 100.9x106 (min 81.2x106, max 111.0x106) for the eggs. 

 

Identifying de novo mutations (DNM). Reads were demultiplexed using UMI-tools extract (v.1.1.2). 

Adapters were trimmed using TrimGalore (v0.6.5) with parameters -q 30 -a 

AGATCGGAAGAGCACACGTCTGAACTCCAGTCA -a2 

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT --fastqc --paired. Reads were mapped against 

the hardmasked reference genome of P. peltifer using the Burrows-Wheeler Alignment tool bwa mem 

(v0.7.17-r1198-dirty) and filtered with the Genome Analysis ToolKit (GATK v4.1.9). Duplications 

were removed with UMI-tools (v 1.1.2). Potential variant sites were called and filtered using GATK 
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(v4.1.9) following an in-house pipeline (all scripts and parameters are outlined in detail at the github). 

In short, variants were filtered by read depth, phred-scaled likelihood of the genotype, allele depth and 

homozygous to heterozygous mutations. Additionally, following common practice (62, 63) 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 

Genomics Viewer (IGV v2.8.13) 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 daughters also passed 

the filter. Candidate sites found in all sibling daughters were removed as false positives resulting from 

erroneous genotype assignment in the mother (see Supplementary Data Table 3 ). 

 

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 genome' was identified. The callable 

genome includes all homozygous sites in the 3 mothers, similarly filtered as the DNMs. 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 read depth (DP), genotype (GT), phred-scaled likelihood of the 

genotype (PL), and allele depth (AD): DP was filtered like above, sites with DP between 28 to 124 were 

accepted; for GT, all homozygous sites from the mother were selected; PL for sites must have fulfilled: 

!"!"#$%& '$!( )*+"), − !"-*.!( '$!( )*+"), < 120; only sites where AD 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 Germany, Russia, Italy, Canada and Japan. 

Phased population data were generated by mapping trimmed raw-reads generated by TELL-read 

(v1.0.3) using bwa mem (v0.7.15) with default parameters to the collapsed soft masked haploid 

reference genome (Hap0). The resulting alignment was sorted using samtools (v1.11) and duplications 

were removed using Picard MarkDuplicates (v2.26.2 Broad Institute). Coverage was calculated with 

samtools flagstat. Following, variants were called using the Genome Analysis ToolKit (GATK 

v.4.1.9.0) pipeline. GVCFs were produced using HaplotypeCaller and then merged using 

CombineGVCFs. Variants were detected with GenotypeGVCFs. SNPs were selected with 

SelectVariants. PLINK (v 1.9) and VCFtools (0.1.15) were used to perform PCA analysis.  

 

Population data coverage filter. To compare population statistic metrics among the different 

populations (DE, RU, IT, JP, CA), it is required that the respective reference genome sites are matched, 
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i.e. aligned. Some genomic regions may have only one haplotype being successfully sequenced or 

mapped, which may lead to artifactual underestimation 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 individual) are used for the 

population statistics. There is high variation of coverage distribution among individuals (median 

ranging from 28 in IT3 to 124 in IT1, though most are between 70 and 100) which makes this individual-

based coverage filtering necessary. 

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 θπ or θw 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 equilibrium: the 

‘unshared-to-shared ratio’ by comparing two individuals from the same population at a time, rx = 

(H_u1+H_u2)/(2*H_sh) where H_u1 is the number of sites that are heterozygous only in the first 

individual, H_u2 heterozygous only in the second individual, and H_sh heterozygous in both. For each 

population, all ten possible pairs are used and the mean value is used. This ratio can show if the 

heterozygosity and site frequency distribution is more similar to a sexual one (closer to 2) or a clonal 

one (closer to 0), and is comparable in interpretation to the heterozygosity-to-θπ ratio (which is 1 for a 

sexual equilibrium population and 2 for a long-term clonal one). 

Empirical gene conversion estimation. To compare empirical data with the simulated gene conversion 

data (see simulations), we tallied the distribution of ‘homozygosity stretches’, i.e., the distance between 

two consecutive heterozygous sites, from each individual in the German sample. To minimize the effect 

of mapping artifacts, only stretches of 1000bp 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 compared 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 

v38.63; (64)). Reads with ~> 5 noncontiguous substitutions were discarded (minratio=0.9). Reads that 

mapped to both haplotypic block assemblies were kept (ambiguous2=split) and merged with each the 
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set of split reads mapping best to haplotypic blocks A and to the set of split reads mapping best to 

haplotypic blocks B per individual. This was done to avoid biasing the analysis towards regions that are 

phaseable, and hence highly heterozygous, in most populations and individuals.  

The split sets of resequencing reads (haplotypic blocks A+ambiguous reads and haplotypic blocks 

B+ambiguous reads) were mapped to the collapsed, softmasked genome assembly Hap0 using bwa 

v0.7.17 and sorted using samtools v 1.15.1 (as described above). Optical and sequencing duplicates 

were removed using picard MarkDuplicates v2.26.2 (Broad Institute). Variants were called for each 

split set of resequencing reads, i.e. each haplotype, separately using gatk v4.2.6.1 HaplotypeCaller, 

CombineGVCFs 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 incomplete phasing: either 

due to the absence of a region from one of the two haplotypic block assemblies such that reads from 

both haplotypes map to the haplotypic block assembly that is present, or due to low divergence of 

haplotypes yielding 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 individuals * 5 populations). To determine 

regions that were in-phase, i.e. no phase switching possible within a region, scaffolds of haplotypic 

blocks assembly haplotypic blocks A were aligned to the collapsed assembly using D-Genies and 

standard parameters (see Table S3) (65). Per chromosome the longest alignment block was extracted 

from the haplome alignment using geneious (66) and subdivided into 1 Mio Mb long bins using 

msa_split (67). Best fitting ML trees were reconstructed for each bin using IQ-tree (version 1.6.1) (68) 

with implemented 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 Figure 

2; Figure S9). 

 

Horizontal gene transfer (HGT). To detect horizontally transferred genes from different organisms, a 

previously developed pipeline (https://github.com/reubwn/hgt) (69) was utilized, which applies several 

lines of evidence for detecting HGT candidates (HGTc). In short, DIAMOND (v0.9.21.122) BLASTP 

was used in ‘sensitive’ mode to align the protein sequences from the reference and two haplotypic block 

assemblies to the UniRef90 database. Then taxids information from the NCBI Taxonomy database and 

three measures were employed to identify putative candidate HGTs.  

The three measures including the (a) HGT Index (hU) using the best-hit bitscores from the BLASTP 

results and defined ‘(best-hit bitscore for OUTGROUP) - (best-hit bitscore for INGROUP)’; (b) Alien 

Index (AI) based on E-values also from the BLASTP results to evaluate HGT defined by ‘log10 ((best-
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hit E-value for INGROUP) + 1e-200) - log10((best-hit E-value for OUTGROUP) + 1e-200)’(70) and 

then (c) Consensus Hit Support (CHS) using the sum of bitscores across all hits, and the HGTc must be 

designated as outgroup and the designation of rest hits >=90%. IQ-tree (version 1.6.1) was used to plot 

gene phylogenies. 

 

Orphan HGTs. To detect HGTc 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 respectively. 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. Mapped reads count was divided by gene length 

for normalization. 

Additionally, the orphan HGT candidates were checked for syntenic neighboring gene content. 

 

Variation calling and annotation. Using PacBio HiFi reads from the reference individual, we mapped 

them to the Hap0 genome using minimap2 (version 2.24-r1122). Subsequently, the resulting BAM file 

was sorted using Samtools (version 1.11). The identical pipeline as previously employed was then 

applied and the SNP annotated by ANNOVAR (version 2020-06-07 23:56:37 -0400). 

 

Orthology and Ka/Ks. 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 (v 2.5.4) (71) to detect single-copy orthogroups 

genes with default parameters on the haplotypic blocks and collapsed assemblies. The 1:1 orthologous 

genes between haplotypic blocks A and haplotypic blocks B were additionally filtered by the 1:1 

orthology results from the haplotypic blocks A to Hap0 and haplotypic blocks B to Hap0. Then the 

ParaAT (v 2.0) (72) integrated KaKs_Calculator (v 1.2) was employed to calculate the Ka/Ks value for 

the haplotypic orthologous single-copy genes pairs. 

 

Differential expression of alleles (DEA). 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 (v2.5.1a) with parameters ’--readFilesCommand zcat --outSAMtype BAM 

SortedByCoordinate --outSAMstrandField intronMotif --outFilterIntronMotifs RemoveNoncanonical -

-outFilterMismatchNmax 3 --outFilterMismatchNoverLmax 0.1  --

outFilterMismatchNoverReadLmax 0.5 ’.  

Differential expression of alleles (DEA) between the two haplotypic blocks haplotypic blocks A and 

haplotypic blocks B were performed with GFOLD V1.1.4 (73). The GFOLD value ≥ | 0.2 | and the 
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RPKM>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 submitted for functional enrichment with R package 

clusterProfiler (v4.6.2), using all RPKM>1 single-copy genes as the background with the ‘enricher’ 

function.  

 

Wolbachia 

Previously published Wolbachia genomes on NCBI were utilized ASM1658442v1 as a query. To 

identify candidate genes integrated into the mite genome, we employed the DIAMOND (v. 0.9.21) 

Blastp tool. Genes exhibiting an identity of over 40% were deemed potential candidates for integration 

into the mite genome. The synteny was plotted by using NGenomeSyn (v1.41) (74). 

 

Simulations  

Single-lineage-based long-term simulation. Considering a lack of exchange of genetic material 

between individuals in a cloning species, long-termed evolution can be efficiently 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 value 0) or heterozygosity 

(represented by value 1). 

At the beginning (generation 0), all 5 million sites are set to 0. Mutations occur with a rate of 2×µ 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 conversion occurs 

with a rate of 2×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 “2×” 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 µ = 2.05×10-9 (as empirically estimated, see above). The rate of gene 

conversion is set up in such a way that rGC×E(LGC) = µ/0.015, which would lead to an equilibrium 

heterozygosity of 1.5% (to match the average empirical divergence between haplotype of the 

populations). We set the mean gene conversion track length, E(LGC) as a variable with values 50, 100, 

200, 500, 1000, 2000 and 5000; and the LGC for each gene conversion event is either constant or 

geometrically distributed. For each of the 7×2 parameter combinations, 20 replicates are run. Each 

replicate runs for 5×107 generations. To speed up the computation, every 100 generations are completed 

in the 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 2~5×107 

generations, we also record the distribution of homozygous stretch lengths (numbers of consecutive 

homozygotes) every 1×105 generations. 
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Genome size estimation  

Flow Cytometry. To estimate the genome size of P. peltifer, a flow cytometry was utilized following 

the method of (75), supported by personal communication with J. Spencer Johnston. Drosophila 

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 µL of Galbraith buffer in a 1 mL Dounce homogenizer, after which 990 µL buffer were 

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 10µL Galbraith buffer, after which 440 µL budder 

was added. Following, 50 µL of the D. melanogaster mix was added to the mite cells and homogenized. 

The mix containing sample and reference was filtered through a 45-µm nylon mesh and 20 µL of 

Propidium iodide (50 µg/mL) was added homogenized. The sample was then incubated at 4°C for 2 h 

prior to running with the Accuri C6 Flow Cytometer (BD Biosciences, Erembodegem, Belgium). To 

compare fluorescence signals, the sample and reference were run both separately and together to check 

for 2C and 4C peak signals. The 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 was 

deemed good quality if the peaks were separated and the 4C had the double mean FL3-A value as the 

2C peak. Several replicates were run and the best quality peak chosen as result.  
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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 

FL3-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 ‘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. 

µ = 	!"#$%&	()	*%	+(,(	#"-.-/(+0	(2×	4.55.$5%	6%+(#%)  	→ 	µ = 	 2
	(2×	899,9;<,<=>) 	= 2.05 ∗ 10 − 9	 

The estimated spontaneous mutation rate is thus 2.05x10-9 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. k-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 part of 

heterozygous k-mers are represented once (red) and part 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 (Hap0 scaffolds) 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 HiFi reads (k = 27). a) 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. b) The two peaks 

identified in histogram (a) have similar GC content, and there is no extra peak at a higher GC content, 

which indicates that there is no significant contamination in the reads. c) The Smudgeplot shows a 

distinct smudge of k-mers with an A/B configuration and the genome is identified as diploid without 

duplications.  



Appendix Chapter 2 

 

 

125 

 

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. 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. I.e., 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 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 few heterozygous sites (fig. S6). 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. S7. 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. S8. Integration of Wolbachia remnants into the Platynothrus peltifer genome. Depending on the 

stringency of parameters, portions of Wolbachia can be detected. Synteny analyses suggest a Wolbachia 

genome (in green) copies throughout the P. peltifer genome (in red).  
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Fig. S9. 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. 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 (76). 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. S10. Simulations of heterozygosity change (i.e., divergence of haplotypes) over time under 

different gene conversion track length 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 were 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. S11. Categories of different SNP effects and their percentage in orthologous genes (blue), DEAs 

(red) and HGTs (yellow). 

 

 

Fig. S12. Enrichment of differentially expressed alleles (DEAs) in GO terms. 
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Fig. S13. 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. 
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Fig. S14. Enrichment of HGTs in a) GO terms and b) KEGG pathways. 
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Fig. S15. KEGG pathways enrichment of HGT genes that exhibit differential expression. 

 

 

Fig. S16. GO term enrichment for orphan HGTs. 
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Fig. S17. 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 29-49 mya (6%-10% divergence), coinciding with increase of global temperature 

dynamics. 

 

 

Fig. S18. 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).  



Appendix Chapter 2 

 

 

136 

Fig. S19. Transposable element divergence landscapes of the largest haplotypic blocks per chromosome 

show slight but noticeable haplotype specific historical activity. Green bars represent haplotypic blocks 

A and gray bars haplotypic blocks B. For example, chr2 and chr5 show haplotype-specific repeat 

dynamics with a pronounced divergence in activity approximately at 6%, which translates into 29 mya. 

For chr4, chr6 and chr9 activity differences starting from 12% divergence translate to 59 mya.  

 

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 24.9 

Nr annotated genes (both haplotypes) 10.24 

Repeats [%] 31.9 

BUSCO Protein [%] 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 Meselson effect and TE analyses) 

Haplotypic blocks A Haplotypic Blocks B 

alt1_chr1_1 14957471 alt2_chr1_1_1 16050112 

alt1_chr1_2 3366384 alt2_chr1_1_2 30068 

alt1_chr1_3 11361060 alt2_chr1_2_1 3329658 

  alt2_chr1_3_1 11289522 

alt1_chr2_1 4591776 alt2_chr2_1_1 4510490 

alt1_chr2_2 5547886 alt2_chr2_1_2 30298 

alt1_chr2_3 7322949 alt2_chr2_2_1 5700626 

alt1_chr2_4 5292 alt2_chr2_3_1 9480104 

alt1_chr2_5 10752214 alt2_chr2_3_2 163756 

alt1_chr2_6 7574 alt2_chr2_3_3 41987 

alt1_chr2_7 46558 alt2_chr2_5_1 8601668 

  alt2_chr2_5_2 47936 

alt1_chr3_1 676958 alt2_chr3_10_1 437948 

alt1_chr3_2 3879045 alt2_chr3_10_2 34120 

alt1_chr3_3 5119837 alt2_chr3_11_1 126106 

alt1_chr3_4 38148 alt2_chr3_1_1 657132 

alt1_chr3_5 12829885 alt2_chr3_2_1 4292554 

alt1_chr3_6 16941 alt2_chr3_2_2 26733 

alt1_chr3_7 1421540 alt2_chr3_2_3 23797 

alt1_chr3_8 22959 alt2_chr3_2_4 15897 

alt1_chr3_9 25189 alt2_chr3_3_1 4992518 

alt1_chr3_10 375324 alt2_chr3_4_1 35663 

alt1_chr3_11 179310 alt2_chr3_5_1 11108905 

alt1_chr3_12 16590 alt2_chr3_5_2 115854 

alt1_chr3_13 17503 alt2_chr3_6_1 16643 

  alt2_chr3_7_1 966844 

  alt2_chr3_7_2 21497 

  alt2_chr3_8_1 38849 

  alt2_chr3_9_1 47801 

alt1_chr4_1 4929078 alt2_chr4_1_1 5114047 

alt1_chr4_2 3965152 alt2_chr4_2_1 3867448 
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alt1_chr4_3 4381018 alt2_chr4_2_2 813 

alt1_chr4_4 9443682 alt2_chr4_2_3 17851 

alt1_chr4_5 6884 alt2_chr4_2_4 32058 

  alt2_chr4_3_1 6073 

  alt2_chr4_3_2 4246053 

  alt2_chr4_4_1 9773924 

  alt2_chr4_4_2 42082 

alt1_chr5_1 13159702 alt2_chr5_1_1 12553406 

alt1_chr5_2 3558262 alt2_chr5_1_2 901490 

alt1_chr5_3 4240044 alt2_chr5_2_1 2145778 

  alt2_chr5_3_1 5744347 

alt1_chr6_1 6313945 alt2_chr6_1_1 6077717 

alt1_chr6_2 3497893 alt2_chr6_2_1 2259272 

alt1_chr6_3 516618 alt2_chr6_3_1 476161 

alt1_chr6_4 32118 alt2_chr6_4_1 16509 

alt1_chr6_5 7722251 alt2_chr6_5_1 9189643 

alt1_chr6_6 2805762 alt2_chr6_5_2 11517 

  alt2_chr6_5_3 32350 

  alt2_chr6_6_1 2871417 

alt1_chr7_1 15067032 alt2_chr7_1_1 15422707 

alt1_chr7_2 3480545 alt2_chr7_1_2 18765 

  alt2_chr7_1_3 15977 

  alt2_chr7_2_1 3041516 

alt1_chr8_1 10309134 alt2_chr8_1_1 10145487 

alt1_chr8_2 7338071 alt2_chr8_1_2 20432 

alt1_chr8_3 321376 alt2_chr8_2_1 8024092 

  alt2_chr8_3_1 268508 

alt1_chr9_1 17136559 alt2_chr9_1_1 16549588 

alt1_chr9_2 1763873 alt2_chr9_1_2 71763 

No_1 29782 alt2_chr9_1_3 28075 

  alt2_chr9_1_4 27189 

  alt2_chr9_2_1 2038438 
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Table S3. Summary statistics for the longest in-phase region that was used for haplotype tree 

reconstruction per chromosome. Target start and target end mark the start and end coordinates to extract 

the longest alignment block 

query 
name 

query 
length 

query 
start 

query 
end 

strand 
direct-

ion 
target 
name 

target 
length target start target end 

# residue 
matches 

alignment 
block 
length 

alt1_chr
1_1 14957471 3454174 9999998 + chr1 32608290 3587612 10326678 5228739 6864089 

alt1_chr
2_5 10752214 28598 5717847 + chr2 30492103 89265 5854202 4686177 5862286 

alt1_chr
3_3 5119837 32321 5119734 + chr3 27587832 45418 5170894 4366896 5196015 

alt1_chr
4_1 4929078 15814 4928941 + chr4 23397169 14530458 19553083 4185504 5063857 

alt1_chr
5_1 13159702 2582264 6054325 + chr5 22442908 4686733 8214567 3064880 3552017 

alt1_chr
6_5 7722251 1802320 7722233 + chr6 21557542 13485156 19401970 5149241 6050008 

alt1_chr
7_1 15067032 7073018 12787819 + chr7 19673716 7426596 13193208 4927722 5883881 

alt1_chr
8_1 10309134 3280164 7993029 + chr8 19511964 8588947 13277971 4100966 4785435 

alt1_chr
9_1 17136559 7136559 11645221 + chr9 18765566 7084104 11663639 3571460 4657571 
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Table S4. Genomic proportion of different transposable element superfamilies detected in the genome. 

TE superfamily Proportion in 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 

DTT_TC1_Mariner_MITE 2.618 

DTT_TC1_Mariner_unknown 0.111 

DXX 5.570 

RII_I 0.599 

RIL_L1 0.214 

RIT_RTE 0.026 

RIX 0.005 

RLB_Bel_Pao 0.152 

RLC_Copia 0.139 

RLE_ERV 0.033 

RLG_Gypsy 3.339 

RLX 0.706 

RPP_Penelope 0.494 

RST_tRNA 0.015 

RXX 0.038 

RXX_nLTR 0.081 

XXX 4.551 

  

Total TEs in genome 31.932 
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Supplementary Materials Chapter 3 

 

Figure S1: k-mer analysis of the PacBio HiFi reads (k=27) from different Platynothrus peltifer populations. a) 

Heterozygous and homozygous content is represented in two peaks respectively b) Plots show GC content of these 

two peaks. The plots further show no contamination, as contamination of the WGS datasets is expected to exhibit 

differing levels of coverage and/or GC content from the target species, and no further GC peaks can be detected. 

Abbreviations: RU=Russia, IT=Italy, JP=Japan, CA=Canada
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Figure S2: Nucleotide diversity of Hermannia gibba, global Platynothrus peltifer and population-specific of 

Japanese (JP), Canadian (CA), Russian (RU), German (DE), and Italian (IT) populations, as well as a subset of 

one individual of each population as a subset. Mean nucleotide diversity calculated in 1 Mb windows. 

 

 

 

 

Figure S3: Aligned mitochondrial genomes of Hermannia gibba, Nothrus palurstris and various populations of 

Platynothrus peltifer. Percentages show identical sites among individuals of the same population. 
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Figure S4: Landmark configuration of Platynothrus peltifer set to identify morphological differences through 

morphometrical analysis (provided by Dr. Fernando Villagomez). a) Sketch of P. peltifer and the set landmarks 

(highlighted in red dots) measured for each specimen, including 26 landmarks on the notogaster and 8 on the 

prodorsum. b) Thinplate spline and comparison of the average shape of German (purple) and Japanese (yellow) 

P. peltifer, showing differences in arrangement and distance between landmarks. Note: Significant differences 

were observed between landmarks: c1, c2, c3, d1, d2, e1 (data not shown).  
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Table S1: Mitochondrial genome of geographically distinct Platynothrus peltifer (Ppr) individuals as well as 

Nothrus palustris (Nps), Hermannia gibba (Hga), and Heminothrus sp. (Hsp) obtained in this study and their 

respective cytochrome oxidase 1 (cox1) sequences. 

ID Species mt genome length [bp] cox1 sequence length [bp] 

DE 1 Ppr 14891 688 

DE 2 Ppr 14891 599 

DE 3 Ppr 14914 619 

DE 4 Ppr 14914 121 

DE 5 Ppr not assembled 648 

RU 1 Ppr 14911 523 

RU 2 Ppr 14911 563 

RU 3 Ppr 14909 648 

RU 4 Ppr 14911 645 

RU 5 Ppr 14909 644 

IT 1 Ppr 14909 - 

IT 2 Ppr not assembled 635 

IT 3 Ppr 14909 518 

IT 4 Ppr 14909 556 

IT 5 Ppr not assembled 515 

JP 1 Ppr 14930 479 

JP 2 Ppr 14930 478 

JP 3 Ppr not assembled 487 

JP 4 Ppr 14930 478 

JP 5 Ppr 14930 468 

CA 1 Ppr 14915 660 

CA 2 Ppr not assembled 652 

CA 3 Ppr not assembled 647 

CA 4 Ppr 14905 654 

CA 5 Ppr 14913 651 

Hga 1 Hga 14340 646 

Hga 2 Hga 14340 530 

Hga 3 Hga 14340 542 

Hga 4 Hga 14340 527 

Hga 5 Hga 14340 536 
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Nps 1 Nps not assembled 617 

Nps 2 Nps 14546 641 

Nps 3 Nps 14546 626 

Nps 4 Nps 14546 628 

Nps 5 Nps 14546 643 

Hsp_JAP_F7 Hsp not assembled 574 

Hsp_JAP_F8 Hsp not assembled 569 

Hsp_JAP_1 Hsp not assembled 507 

Hsp_JAP_2 Hsp not assembled 528 

Hsp_JAP_3 Hsp not assembled 511 

Hsp_JAP_4 Hsp not assembled 523 

Hsp_JAP_5 Hsp not assembled 544 

Hsp_JAP_8 Hsp not assembled 651 

Hsp_JAP_9 Hsp not assembled 508 

Hsp_JAP_10 Hsp not assembled 632 

Hsp_JAP_11 Hsp not assembled 642 

Hsp_JAP_12 Hsp not assembled 503 

Hsp_JAP_13 Hsp not assembled 639 

Hsp_JAP_14 Hsp not assembled 482 

Hsp_JAP_15 Hsp not assembled 618 

Hsp_JAP_16 Hsp not assembled 639 

Hsp_JAP_17 Hsp not assembled 609 

Hsp_JAP_19 Hsp not assembled 500 
 

 

 
Table S2: Gene order of mitochondrial contigs of Platynothrus peltifer, Nothurs palustris and Hermannia gibba. 

Consensus sequences are highlighted. Underlined genes are on the reverse strand. 
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Table S3: Cytochrome oxidase I divergence among clades observed from the phylogenetic analysis. 

 
number of 
nucleotides 

number of 
sequences 

GC  
[%] 

Identical 
sites [%] 

Platynothrus peltifer 46455 78 43.30 60.70 

Clade I 1306 2 42.10 99.50 

Clade II 11803 20 43.60 98.00 

Clade III 11390 20 43.30 97.20 

Clade IV 1958 3 43.00 96.80 

Clade V 1306 2 42.10 99.50 

Clade VI 3692 6 44.20 99.70 

Clade VII 15106 25 43.00 92.40 

 

 

Table S4: Shared pairwise identity of all Platynothrus peltifer individuals in protein alignments of cytochrome 

oxidase I (cox1) and cytochrome b (cob). 

Gene no of sequences pairwise identity [%] sequence length [bp] 

cob 24 96.3 363 

cox1 24 99.9 508 
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Supplementary Materials Chapter 4 

 

Figure S1 - Analysis of GC content and frequency of 27-mers. There are two peaks at frequencies of 50 and 100 

(respectively, heterozygous and homozygous peaks) with a GC content mainly between 4 and 9. This plot shows 

no bacterial contaminants.  

 

Figure S2 - k-mer analysis of ploidy. The strong AB smudge predicts that the species is diploid. 



Appendix Chapter 4 

 
 

148 

 
Figure S3 - Overview of morphological sex determination in Hermannia gibba (A) Arrow points to the 

ovipositor (ov) of an adult female (B) Arrows shows spermatophore (x5 magnification) (sp) of an adult 

male (C) In between arrows dissected ovipositor. 

 
 

         
Figure S4 - Restriction enzyme digestion approach was conducted using following individuals with 

corresponding cDNA concentrations: female ID: 10: 6.20 ng/µl, 111: 2.85 ng/µl, 74: 2.79 ng/µl, 75: 

6.06 ng/µl, 77: 3.95 ng/µl; male ID: 65: 5.25ng/µl, 67: 3.56 ng/µl, 68: 4.08 ng/µl, 70: 3.06ng/µl, 81: 

5.39 ng/µl). The experiment targeted a female-specific SNP in the Sex Determining Region (SDR) on 

chromosome 1 using the HindIII restriction enzyme. In both the male and female samples, PCR 

amplification resulted in a 710-base pair product. After digestion, only female DNA produced two 

fragments (380 and 330 base pairs), confirming the presence of a female-heterogametic ZW sex-

determination system in H. gibba. 

 
 
Restriction enzyme digestion for sex verification 
To additionally verify the identification of a ZW system and to be able to sex individuals collected from 

natural populations without the need for time-consuming morphological analyses, we designed a restriction 

enzyme digestion assay for Hermannia gibba. Therefore, we screened for the presence of a female-specific 

SNP in the SDR on chromosome 1, which is located within a restriction site of the HindIII restriction enzyme. 
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PCR amplification of both male and female products has an expected size of 710 base pairs. After restriction 

enzyme digestion, the PCR product was cleaved as expected into two fragments with sizes of 380 and 330 

base pairs, in the female DNA pool only (Figure S4). This confirmed the presence of a female-heterogametic 

ZW sex-determination system in H. gibba. 

 

 

Table S1 - Morphological sex determination of 30 specimens of both sexes, DNA concentration per 

individual (ng/µl), pooling amount per individual for equimolar DNA concentrations for each pool (µl)  

No. Sex Sample-
ID 

Qubit 
(ng/µl) 

Pooling 
amount 

(µl) 

No. Sex Sample-
ID 

Qubit 
(ng/µl) 

Pooling 
amount 

(µl) 

1 Female 1 4,45 7,19 1 Male 65 3,05 10,49 

2 Female 2 5,34 5,99 2 Male 66 3,95 8,1 

3 Female 3 5,07 6,31 3 Male 67 4,49 7,13 

4 Female 4 7,08 4,52 4 Male 68 3,92 8,16 

5 Female 5 5,25 6,1 5 Male 70 5,23 6,12 

6 Female 6 6,84 4,68 6 Male 71 3,71 8,63 

7 Female 7 3,96 8,08 7 Male 81 2,97 10,77 

8 Female 8 4,71 6,79 8 Male 86 3,34 9,58 

9 Female 9 5,51 5,81 9 Male 87 3,61 8,86 

10 Female 10 6,2 5,16 10 Male 88 3,5 9,14 

11 Female 74 2,79 11,47 11 Male 89 2,32 13,79 

12 Female 75 6,06 5,28 12 Male 90 4,17 7,67 

13 Female 77 3,95 8,1 13 Male 92 3,91 8,18 

14 Female 78 3,12 10,26 14 Male 93 3,96 8,08 

15 Female 105 5,67 5,64 15 Male 94 3,99 8,02 

16 Female 110 5,19 6,17 16 Male 95 2,37 13,5 

17 Female 111 2,85 11,23 17 Male 100 6,66 4,8 
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18 Female 114 5,92 5,41 18 Male 107 6,59 4,86 

19 Female 125 5,49 5,83 19 Male 112 3,32 9,64 

20 Female 126 4,48 7,14 20 Male 113 2,15 14,88 

21 Female 127 6,02 5,32 21 Male 115 2,39 13,39 

22 Female 128 4,99 6,41 22 Male 117 4,03 7,94 

23 Female 129 3,66 8,74 23 Male 118 7,93 4,04 

24 Female 137 5,3 6,04 24 Male 119 6,83 4,69 

25 Female 138 3,86 8,29 25 Male 120 5,24 6,11 

26 Female 139 5,38 5,95 26 Male 121 3,28 9,76 

27 Female 140 2,82 11,35 27 Male 122 4,97 6,44 

28 Female 142 6,16 5,19 28 Male 123 4,52 7,08 

29 Female 143 4,18 7,66 29 Male 124 6,77 4,73 

30 Female 144 7,15 4,48 30 Male 130 4,67 6,85 
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