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Summary

Lena Bonassin

Genome characterisation of European freshwater crayfish

Summary

Freshwater crayfish are an ecologically important group of decapod crustaceans with a vital 

role in freshwater ecosystems. Many of these species are, however, among the most 

threatened species worldwide, with declines and local extinction of many populations. Their 

conservation is therefore critical to mitigate the biodiversity loss and preserve the health of 

the entire ecosystem. Despite their important role, genomic resources are lacking due to the 

large and repeat-rich genomes. In this study I address this genomic gap by characterising the 

genome among freshwater crayfish families to inform management of threatened populations. 

Across Decapoda and freshwater crayfish species, I identified a large proportion of 

transposable elements (TE) and satellite DNA (satDNA). Freshwater crayfish species with 

large genomes showed a particularly large content of satDNA. Based on the analysis of TE 

and satDNA, I identified species-specific patterns with a phylogenetic signal. To improve 

repeat detection, a new annotation pipeline was developed that detected 10% more repeats 

than the commonly used approaches. I also propose an optimised long-read sequencing 

workflow based on a salting-out DNA extraction protocol combined with PacBio sequencing. 

A combination of amplification-based, and amplification-free library preparation strategies 

was used to produce high-quality long-read sequencing data sufficient for de novo assembly. 

Both presented methodological advancements reduce the difficulties of working with 

challenging genomes. I further used genomic data to inform conservation actions in the 

endangered Austropotamobius bihariensis. A ddRADseq dataset revealed low heterozygosity 

(0.149 0.331), few private alleles (0 12), and small effective populations sizes (<100) 

with strong structuring. Together, my results highlight the need for conservation at a 

population scale to maintain the unique genetic makeup and mitigate the loss of variation 

through drift and inbreeding in A. bihariensis. Overall, this work provides a methodological 

framework and understanding of generating long-read sequencing data, TEs, satDNA and 
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Summary 

genome-wide SNPs for genomic studies, comparative analyses and to translate genomic 

evidence into management actions for endangered species.
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Résumé 
Les écrevisses d'eau douce constituent un groupe de crustacés décapodes important sur le 

plan écologique, de par leur rôle essentiel dans les écosystèmes d'eau douce. Bon nombre de 

ces espèces figurent cependant parmi les espèces les plus menacées au monde, avec des 

déclins ou des extinctions locales de nombreuses populations. Leur conservation est donc 

essentielle pour limiter la perte de biodiversité et préserver la santé de l'ensemble de 

l'écosystème. Malgré leur rôle, les ressources génomiques font défaut pour les décapodes es 

décapodes en raison de la taille importante de leur génome et de sa richesse en éléments 

répétés. Dans cette étude, je réponds à ce manque de données génomique en caractérisant le 

génome des familles d'écrevisses d'eau douce afin d'éclairer la gestion des populations 

menacées. Chez les espèces de décapodes et d'écrevisses d'eau douce, j'ai identifié une grande 

proportion d'éléments transposables (TEs) et d'ADN satellite (satDNA). Les espèces 

d'écrevisses d'eau douce avec de grands génomes présentaient une teneur particulièrement 

élevée en satDNA. Sur la base de l'analyse des TEs et de l'ADN satellite, j'ai identifié des 

caractéristiques spécifiques à chaque espèce et mis un signal phylogénétique. Afin 

d'améliorer la détection des éléments répétés, un nouveau pipeline d'annotation a été 

approches couramment utilisées. Je propose également une procédure optimisée pour le 

séquençage à lecture longue basée sur un protocole d'extraction d'ADN par "salting out" 

combiné au séquençage PacBio. Une combinaison de stratégies de préparation de librairies 

avec et sans amplification a été utilisée pour produire des données de séquençage à lecture 

longue de haute qualité, suffisantes pour un assemblage de novo. Ces deux avancées 

méthodologiques permettent de surmonter les difficultés liées à ces génomes particulièrement 

complexes. J'ai également généré et utilisé des données génomiques pour orienter les mesures 

de conservation de l'espèce menacée Austropotamobius bihariensis. Un ensemble de données 

ddRADseq a révélé une faible hétérozygotie (0,149 - 0,331), peu d'allèles privés (0 - 12) et de 

petites tailles de populations effectives (<100) avec une forte structuration. Dans l'ensemble, 

l'échelle de la population afin de préserver la composition génétique unique et d'atténuer la 

perte de variation due à la dérive et à la consanguinité chez A. bihariensis. Globalement, ce 

travail fournit un cadre méthodologique et une meilleure compréhension de la génération de 

données de séquençage à lecture longue, de TEs, de satDNA et de SNPs à l'échelle du 



 

IV 
 

Summary 

génome, en vue d

génomiques en actions de gestion pour les espèces menacées. 
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General introduction 

1.1. Decapod crustaceans and freshwater crayfish 

Decapoda: a diverse and ecologically significant order 

Decapoda is a large order within the subphylum Crustacea that encompasses shrimps, 

crayfish, lobsters, and crabs. The order includes over 17000 species in marine, freshwater and 

semiterrestrial habitats across all continents, except Antarctica (Cumberlidge et al., 2015). 

The number of species is in constant change as new species are being discovered and 

taxonomically revised (De Grave et al., 2023). Decapoda have the greatest morphological 

diversity of all orders of crustaceans, which allowed their spread in diverse habitats. 

Nevertheless, the common characteristics among all Decapoda are extensive body 

segmentation, five pairs of jointed appendages and an exoskeleton composed of 

polysaccharides and inorganic salts (Cumberlidge et al., 2015). The general decapod body 

consists of a head, thorax, and abdomen. In shrimps, crayfish and crabs, the head and the 

thorax are fused into a cephalothorax (Figure I-1). The appendages are modified for different 

functions: sensory, feeding, locomotion, copulation, and swimming (Cumberlidge et al., 

2015).  

 

Figure I-1. Dorsolateral view of a generalised crayfish. Adapted from Cumberlidge et al., 
2015 

Decapoda play crucial roles in the ecosystem through their activities of burrowing, feeding 

and movement (Reynolds et al., 2013). They are primarily nocturnal, hiding during the day 

and foraging at night. Key contributions to the ecosystem include nutrient cycling and 

detritus processing, sediment bioturbation through burrowing and the structuring of benthic 
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communities. As ecosystem engineers, they can alter substrate composition, water flow and 

nutrient availability in aquatic and terrestrial environments (Albertson & Daniels, 2018). 

Their ecological roles are varied, as they enter the food webs as both primary consumers and 

prey for a wide range of predators. Predators of Decapoda include fish, amphibians, snakes, 

birds, and mammals, while their diet consists of a variety of plant and animal material, 

microorganisms in the substrate, and insects (Lavalli & Spanier, 2016).  

The order Decapoda contains two suborders: Dendrobranchiata (shrimps and prawns) and 

Pleocyemata (true crabs, lobsters, and crayfish). The suborder Pleocyemata includes several 

infraorders. Stenopodidea (boxer shrimps), Procarididea and Caridea (true shrimps) form one 

group within the suborder. The second group, Reptantia, comprises the infraorders Achelata 

(spiny lobsters), Polychelida (benthic crustaceans), Astacidea (true lobsters and crayfish), 

Axiidea (mud shrimps), Gebiidea (mud lobsters and mud shrimps), Anomura (hermit crabs, 

squat lobsters, and king crabs), and Brachyura (true crabs). The different infraorders can be 

found in different marine, freshwater, and estuarine environments (Figure I-2) (Wolfe et al., 

2019).  

 

Figure I-2. Decapoda cladogram. Adapted from Wolfe et al., 2019. Organisms silhouettes 
from PhyloPic (phylopic.org) 
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Global distribution and phylogeny of freshwater crayfish 

The infraorder Astacidea (freshwater crayfish) comprises two superfamilies: Astacoidea in 

the northern hemisphere and Parastacoidea in the southern hemisphere. The two 

superfamilies diverged from marine species between 320 and 290 Mya (Wolfe et al., 2019) 

and the split between the superfamilies occurred around 185 Mya with the break-up of 

Pangea (Crandall & Buhay, 2007). The superfamily Astacoidea includes three families, 

Astacidae, Cambaridae and Cambaroididae, while the family Parastacidae is the only family 

within the Parastacoidea superfamily. Freshwater crayfish families are distributed across the 

hemispheres: the Astacidae in Europe and western part of North America, Cambaridae in the 

eastern part of North America, Cambaroididae in eastern Asia and Parastacidae in South 

America, Madagascar, and Australia (Figure I-2) (Kawai & Crandall, 2016). The radiation 

within Parastacoidea occurred following the separation of the South American continent 

around 165-140 Mya, followed by Madagascar around 160 -120 Mya and finally the split of 

New Zealand from Australia around 80 Mya (Toon et al., 2010). Within the superfamily 

Astacoidea, Cambaroididae is the oldest family with a separation around 110 Mya, while the 

Cambaridae family is considered the youngest freshwater crayfish family with a radiation 

around 57 Mya (Wolfe et al., 2019). 

 

Figure I-3. Global distribution and number of freshwater crayfish species. Adapted from 
Richman et al., 2015 
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Globally there are two centres of diversity: one in the southeastern United States and one in 

southeastern Australia (Figure I-3). The majority of the ~650 freshwater crayfish species 

belong to the family Cambaridae with more than 400 species, with the most species-rich and 

widespread genera being Procambarus (167 species) and Cambarus (118 species). It has 

been hypothesised that the speciation of the family Cambaridae is driven by changes in river 

drainage patterns and glacial periods during the Pleistocene (Crandall et al., 1999; 

Cumberlidge et al., 2015). The second highest number of species is in the family 

Parastacidae. The diversity within this family is highest in southeastern Australia, with the 

Euastacus (53 species) and Cherax (52 species) genera being the most species-rich, while the 

most species-rich genus in South America is Parastacus (11) (Crandall & De Grave, 2017). 

Their radiation is a reflection of ancient continental drift (165  121 Mya) and more recently 

(6 Mya) of intense glaciation periods . The 

family Astacidae is mostly distributed across the Eurasian continent, while only the genus 

Pacifastacus is native to North America. This genus is basal to all other genera of the family 

Astacidae, however its phylogeographical placement has not been elucidated (Bracken-

Grissom et al., 2014). The spread of genera present in Europe was highly influenced by 

glaciation during the last glacial maximum 29000 to 19000 years ago. Glacial refugia were 

found in southern Europe which became the centre of diversity from which the spread 

towards Northern Europe began. . The family 

Cambaroididae is the smallest family, comprising only one genus Cambaroides and six 

species. Its distribution is limited to eastern Russia, China, Korea, and Japan (Crandall & De 

Grave, 2017).  

Freshwater crayfish: keystone species in aquatic ecosystems  

Freshwater crayfish inhabit streams, rivers, lakes, and marshes with only a few species found 

in brackish waters. They are living within the same aquatic environment in all life stages and 

are dependent on permanent freshwater (Kawai & Crandall, 2016; Reynolds et al., 2013). 

When fluctuations of water levels occur, they can construct burrows with water at the bottom 

and humid air above it. They have an important role and impact within the ecosystem. They 

are defined as keystone species, surrogate species for water quality and flagship species for 

management decisions. Their key roles in environments include keystone trophic regulators 

and ecological engineers (Reynolds et al., 2013). Furthermore, they are considered water 

quality indicators and biodiversity indicators. They are dependent on habitat heterogeneity 

and water quality, and often adapted to specific habitats in terms of temperature, oxygen and 
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salinity (Füreder & Reynolds, 2003). Most freshwater crayfish require good quality of water 

where they search for refuges or create burrows. Astacidae and most Cambaridae prefer 

streams and lakes, while the minority of Cambaridae and Parastacidae species live in warm 

water ponds, ditches, and swamps (Crandall & Buhay, 2007).  

Like many freshwater Decapoda, crayfish are mostly detritivores or omnivores, with some 

species being predominantly carnivorous or vegetation feeding (Reynolds et al., 2013). 

Crayfish have a clear impact on their habitat and on the structure of food webs by feeding on 

vegetation and invertebrates. Due to selective predation, they can alter the invertebrate 

composition and can eliminate macrophyte species due to intensive grazing (Olsson, 2008). 

Crayfish are also an important prey resource for larger predators such as fish, amphibians, 

reptiles, birds and mammals (Reynolds et al., 2013). The impact of crayfish on their 

ecosystem is clearly seen when a change in density or range occurs. Translocated crayfish, 

outside their native range can reach higher densities, altering the food-web interaction by 

predation and competition (Herrmann et al., 2022). As ecosystem engineers, the feeding 

activities and movement of crayfish affect the sediment in streams and the presence of 

resources for other organisms (Gherardi et al., 2010).  

Decline of native freshwater crayfish populations in Europe 

In Europe there are six indigenous crayfish species (ICS): the noble crayfish Astacus astacus 

(Linnaeus, 1758), the thick-clawed crayfish Pontastacus pachypus (Rathke, 1837), the 

narrow-clawed crayfish Pontastacus leptodactylus (Eschscholtz, 1823), the idle crayfish 

Austropotamobius bihariensis Pârvulescu, 2019, the white-clawed crayfish Austropotamobius 

pallipes (Lereboullet, 1858) and the stone crayfish Austropotamobius torrentium (Schrank, 

1803). Because of the decreasing population numbers, the IUCN red list of threatened species 

lists A. astacus as vulnerable, and A. bihariensis and A. pallipes as endangered, while A. 

torrentium is listed as a priority species under the EU Habitats Directive on the conservation 

of natural habitats and of wild fauna and flora (Council Directive 92/43/EEC, 2007) . These 

species are impacted by the introduction of alien species and the spread of the crayfish plague 

(Richman et al., 2015). Specifically, in the case of the endemic A. bihariensis, the main 

threats are its small geographic range, restricted to the Apuseni mountains in Romania, and 

anthropogenic influence (urbanisation, forestry activities, pollution, reduction of habitat) (Ion 

et al., 2024). The general decline of European freshwater crayfish species is caused by 

climate change, extreme droughts, habitat alterations, introduction of diseases and water 

pollution (Tarandek et al., 2023). Current models estimate 87% of total freshwater crayfish 
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species being sensitive, and 80% of European species vulnerable to climate change mainly 

because of their habitat specialisation and range limitation (Hossain et al., 2018).  

Beyond their ecological role, crayfish have a great cultural and commercial significance 

(Jussila, Edsman, et al., 2021). Because they are favoured in aquaculture and ornamental 

trade, they are among the most widely translocated aquatic invertebrates (Bláha et al., 2022; 

Jussila, Edsman, et al., 2021; Kouba et al., 2014). The long-distance (often cross continental) 

translocation facilitated the spread of non-indigenous crayfish species (NICS) and their 

diseases, most notably the crayfish plague and its causative pathogen Aphanomyces astaci 

Schikora, 1906 from North America (Jussila, Edsman, et al., 2021). Because of the role of 

crayfish as keystone species in their native habitats, their translocation can have disrupting 

consequences in the non-native habitat.  

In European freshwaters, NICS are usually outcompeting and displacing ICS. This is 

facilitated through higher fecundity and faster population growth, higher dispersal rate and 

higher robustness than ICS (Holdich et al., 2009; Hudina et al., 2014). Unlike ICS, when in a 

non-native habitat, NICS can tolerate changes in the habitat like lower water quality, 

increased salinity, and decreased oxygen levels, allowing their successful spread in 

freshwater systems (Carvalho et al., 2022; Holdich et al., 2009; Soto et al., 2023). The 

adaptability and greater physiological plasticity are a result of NICS evolution in more 

dynamic and fluctuating environments compared to the pristine habitats of ICS (Marn et al., 

2022). These characteristics raise the invasion potential and success of NICS. Moreover, 

NICS are often carriers of the crayfish plague pathogen, the oomycete Aphanomyces astaci, 

particularly deadly when infecting European crayfish. Since its first introduction in Europe in 

the 19th century, the pathogen has spread quickly causing mass mortalities and collapses of 

crayfish population throughout the continent (Alderman, 1996). The combination of 

competitive exclusion, environmental tolerance and disease transmission overwhelms native 

crayfish populations leading to their decline and local extinction. Consequently, there is the 

disappearance of other freshwater species through the impact on food webs and the collapse 

of the entire ecosystem (Lee et al., 2023). Several NICS have been introduced into Europe, 

mainly from North America and Australia (Holdich et al., 2009; Kouba et al., 2014; Laffitte 

et al., 2023). The NICS originating from North America with established populations in 

Europe are the signal crayfish Pacifastacus leniusculus (Dana, 1852), the red swamp crayfish 

Procambarus clarkii (Girard, 1852), the marbled crayfish Procambarus virginalis Lyko, 

2017, the white river crayfish Procambarus acutus (Girard, 1852), the spiny-cheek crayfish 
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Faxonius limosus (Rafinesque, 1817), the calico crayfish Faxonius immunis (Hagen, 1870), 

the Kentucky River crayfish Faxonius juvenilis (Hagen, 1870), the virile crayfish Faxonius 

virilis (Hagen, 1870), and the rusty crayfish, Faxonius rusticus (Girard, 1852). Australian 

NICS established in European freshwaters are the Australian red claw crayfish Cherax 

quadricarinatus (Marten, 1868) and the common yabby Cherax destructor (Clark, 1936). 

Adding to the already established populations of NICS, there is a continuous escape of new 

species through aquarium and pet trade, which is challenging the biodiversity in European 

freshwaters. 

1.2. Genetic landscapes of endangered species 

Genetic data in freshwater ecosystems 

Freshwater ecosystems are among the most diverse ecosystems on the planet, supporting 10% 

of all known species . However, in the last decades, 35% of 

freshwater areas worldwide were lost, thereby accelerating the global biodiversity decline 

(Sayer et al., 2025). Yet, freshwater ecosystems have not been prioritised as marine and 

terrestrial habitats in global management actions. Based on the IUCN Red List of Threatened 

Species one quarter of freshwater species are threatened with extinction and have thus 

received IUCN classification as extinct in the wild, critically endangered, endangered, or 

vulnerable. The group with one of the highest extinction threats are Decapoda, with 30% of 

species being at risk. Additionally, 39% of Decapoda species are classified as data deficient, 

potentially increasing the number of species at risk (Sayer et al., 2025)

is based on population size and decline, geographic range, and probability of extinction 

within the next century (IUCN, 2001). However, there are growing recommendations for 

including genetic and genomic data in the assessm (McLaughlin et 

al., 2025).  

etic 

diversity. Key metrics used in the assessment of a species  genetic health status are 

heterozygosity (H), 

(ROH), allelic richness, effective population size (Ne) and fixation index (FST) (McLaughlin 

et al., 2025). These metrics can be studied at the individual or population level and can be 

measured from single or multiple genetic markers, or whole genomes (Kardos et al., 2021). 

Single genetic markers often include mitochondrial DNA and ribosomal DNA genes and are 

used in species identification (barcoding), understanding geographic patterns of genetic 
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diversity and evolutionary relationships (Raza et al., 2016). As multiple marker approach, 

microsatellites are among the most widely used genetic markers for population level genetic 

characterisation (Abdul-Muneer, 2014). Microsatellites are short interspersed repetitive DNA 

sequences found throughout the genome, especially in non-coding regions. They are useful 

for studying population structure, genetic mapping and evolutionary processes because of 

their high mutation rate and analyses reproducibility among related species (Mason, 2015; 

Vieira et al., 2016). Genome-wide markers are single nucleotide polymorphisms (SNP). They 

are markers of choice for genetic diversity studies, genome wide association studies, genomic 

selection, and evolutionary history studies (Yirgu et al., 2023). SNP loci can be found in both 

coding and non-coding genomic regions which, alongside their abundance, allows their 

application in a variety of studies at a relatively low cost (Wenne, 2023). The most 

comprehensive view on genomic diversity is provided through the analysis of whole 

reference genomes, which allow the understanding of both coding and non-coding regions, 

including repetitive regions (Formenti et al., 2022; Theissinger et al., 2023). 

Genetic research on Decapoda and freshwater crayfish 

The use of whole genome sequencing (WGS) for conservation management practices in non-

model organisms has become common practice only in the last decade. With the increase of 

SNPs and WGS studies, the number of studies using microsatellites decreased (Hogg et al., 

2022). However, when a reference genome is not available, the commonly used approach 

remains microsatellites, or SNPs obtained from reduced representation sequencing 

approaches (RRS). RRS approaches include genotyping by sequencing (GBS), restriction-site 

associated DNA sequencing (RADseq) and double digest DNA restriction site-associated 

DNA sequencing (ddRADseq). RRS approaches use restriction enzymes to digest the genome 

into fragments, thus reducing the complexity of the genome and making it more cost-

effective to generate a large number of SNPs across many individuals (Baird et al., 2008). 

GBS uses a single enzyme to digest DNA which is then sequenced. This method is very high-

throughput but prone to high rates of missing data due to uneven sequencing coverage 

(Scheben et al., 2017). RADseq and ddRADseq approaches use an additional step of DNA 

fragment size selection which ensure consistent marker distribution, however the two 

methods are more complex and expensive than GBS. ddRADseq includes the use of two 

different restriction enzymes, a rare and common cutter, generating DNA fragments of 

various size. Following the enzymatic digestion, a size selection is performed to isolate 

fragments in a specific range and PCR amplified (Puritz et al., 2014) (Figure I-4).  
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Figure I-4. Double digest RAD sequencing (ddRADseq). Adapted from Peterson et al., 2012 

Microsatellites have been widely used to investigate genetic variation between and within 

freshwater crayfish populations providing insights into genetic diversity and structure, 

admixture, and gene flow thereby contributing critical data for conservation initiatives. These 

studies show high genetic diversity in south-eastern Europe, compared to the lower genetic 

diversity in central and Northern Europe for A. astacus, A. torrentium and A. pallipes (Berger 

, 2022; Schrimpf et al., 2014). Microsatellites 

have also been used in studies aiming to identify populations suitable for selection in 

breeding programs and aquaculture (Liu et al., 2023). Studies using whole genome SNPs are 

rare within freshwater crayfish, mainly due to their large genomes and restricted resources for 

their sequencing.  

1.3. Advancements in sequencing technologies and 

bioinformatic methodologies 

In the last years, with improvement of sequencing technologies and with the increased 

number of global genome consortia, the number of sequenced genomes is increasing (Hogg et 

al., 2022). These genomes and their downstream applications can improve the knowledge 

about the species biology, evolutionary processes and functional variation (Hogg et al., 2022; 

Theissinger et al., 2023). For species of conservation concern, the use of genomic tools has 

helped decreasing biodiversity loss (Paez et al., 2022). Such tools include the reference 

genome, a highly contiguous, accurate and annotated genome assembly (Formenti et al., 

2022). In the case of the European ash Fraxinus excelsior, genome sequencing of the ash tree 

and its fungal pathogen revealed traits associated with reduced susceptibility of the trees to 

the pathogen, which is crucial for breeding programmes to restock forests (Sollars et al., 

2017; Theissinger et al., 2023). Genomic studies using a reference genome of the Florida 
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panther Puma concolor revealed reduced genetic variation and high inbreeding levels 

(Johnson et al., 2010). Translocation programs effectively decreased phenotypic defects and 

the population size increased (Supple & Shapiro, 2018). Still, globally, less than 3% of 

species listed as threatened by the IUCN Red List have a reference genome, which means that 

genomic resources for most critically endangered species are still lacking (Hogg et al., 2022).  

Genome sequencing  

Many of the sequencing efforts in producing reference genomes have been conducted using 

first- and second-generation genome sequencing technologies (Paez et al., 2022). First 

generation sequencing technologies includes the Sanger chain-termination dideoxy technique 

(Sanger et al., 1977). This low-throughput sequencing technology produces reads less than 

one kilobase (kb) in length (Heather & Chain, 2016). The development of second-generation 

sequencing technologies allowed to increase the throughput and reduce the costs of 

sequencing. The most successful among second-generation sequencing technologies is the 

Solexa/Illumina sequencing (Greenleaf & Sidow, 2014). It uses a sequencing by synthesis 

methodology using reversible terminator nucleotides, and a bridge amplification method 

which allows paired-end sequencing to occur simultaneously for thousands of molecules 

(Heather & Chain, 2016). Illumina reads are typically 50 bp to 300 bp long and have a 99,9 

% accuracy, meaning there is a one incorrect base in 1000 (G. Tan et al., 2019). Third-

generation DNA sequencing allows real-time sequencing of single molecules without the 

requirement of DNA amplification. The most widely used third-generation technologies are 

Pacific Biosciences (PacBio) and Oxford Nanopore Technologies (ONT). These technologies 

allow to sequence long DNA molecules up to hundreds of kb with high accuracy (Espinosa et 

al., 2024).  

PacBio sequencing utilises single molecule real time (SMRT) sequencing where a DNA 

polymerase is immobilised at the bottom of a zero-mode waveguide (ZMW) well (Figure 

I-5). Sequencing proceeds with the detection of fluorescently labelled nucleotides 

incorporated by the DNA polymerase in each ZMW (Espinosa et al., 2024). The first 

sequencing mode of PacBio is the Continuous Long Read (CLR) sequencing which generates 

extremely long reads, with tens of kilobases in length. The maximum length is limited by the 

length of the input DNA molecule and the polymerase activity. A major drawback of the 

CLR sequencing mode is the 5  1 % error rates (Rhoads & Au, 2015). A much higher 

accuracy is obtained with the Circular Consensus Sequencing (CCS) strategy where a 

consensus sequence is derived from multiple passes of a circular template molecule from a 
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single ZMW (Schell et al., 2025). Such circular templates, called SMRTbell libraries, are 

created by ligating hairpin adapter molecules to the DNA fragments ends. The adapters 

contain sequences that serve as starting points for the polymerase during sequencing. Using 

CCS strategy to generate high-fidelity (HiFi) reads, results in consensus sequences with 99,9 

% accuracy, making them comparable to the accuracy of short read Illumina sequencing 

(Espinosa et al., 2024; Wenger et al., 2019).  

 

Figure I-5. PacBio sequencing method (A) and HiFi read generation (B). Adapted from 
PacBio, 2021 
ONT Nanopore sequencing technology relies on a DNA molecule passing through a 

nanopore, tiny protein channel, which causes changes in the electrical current (Figure I-6). 

These changes are then decoded computationally during sequencing into nucleotides and 

DNA sequences (Jain et al., 2016). Nanopore sequencing is currently producing the longest 

sequence reads among all technologies with 99,75 % accuracy and is therefore suitable to 

tackle complex genomic regions, repetitive sequences and structural variations which could 

span large proportions of the genome (Espinosa et al., 2024; Schell et al., 2025).  

 

Figure I-6. Nanopore sequencing technology. Adapted from Y. Wang et al., 2021 
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DNA sequencing technologies have varying requirements for DNA input. Differences in 

DNA purity and fragment length are key considerations when choosing a sequencing 

methodology (Bista & Lino, 2025; Trigodet et al., 2022). All sequencing technologies require 

high-purity DNA, free from RNA, protein, and chemical contaminants (Dahn et al., 2022). 

Short-read Illumina sequencing is tolerant of minor impurities, however inhibitors can still 

reduce the sequencing quality (Hess et al., 2020). Long-read sequencing technologies, PacBio 

and ONT, are much more sensitive to contaminants. Both the polymerase (in PacBio 

sequencing) and the nanopore (in ONT sequencing) are affected by contaminants, leading to 

low sequencing quality and failed sequencing. The required DNA fragment length is the 

major factor distinguishing between the two sequencing technologies. In short read 

sequencing, genomic DNA is fragmented during library preparation to 300  500 bp. Long 

read sequencing technologies, on the other hand, require high molecular weight (HMW) 

DNA, generally over 50 kb in length. To obtain high-purity DNA, there are several extraction 

methods with different approaches to isolate DNA (Dahn et al., 2022). Column-based 

extraction uses a silica membrane which binds the DNA, while contaminants are washed 

away. This approach is commonly used for short-read sequencing, but it is not perfectly 

suitable for long read sequencing, as the numerous centrifugation steps can reduce the DNA 

fragment length (Kalendar et al., 2023). Organic solvent-based extraction, such as the phenol-

chloroform method, uses a liquid-liquid separation to purify DNA. This method effectively 

removes contaminants, however it involves more hazardous chemicals than other extraction 

methods (Kalendar et al., 2023; Sambrook & Russell, 2006). Salt precipitation methods use 

high concentrations of salts like sodium acetate or ammonium acetate to precipitate the DNA 

out of the solution. This method is often used in combination with other methods because of 

the high purity of DNA that is obtained. Finally, magnetic bead-based extractions utilise 

beads that selectively bind DNA, allowing the easy separation of DNA from the rest of the 

sample. Since magnetic bead extraction does not utilise centrifugation steps it is the method 

of choice in many long read sequencing projects (Howard et al., 2025). 

Genome assembly 

After data generation by sequencing, the subsequent processes of genome assembly and 

annotation can be performed by a variety of available tools. Since in non-model organisms, 

genomic resources are scarce, genome assembly is usually done de novo. Assemblers for 

short read data are efficient, but often cannot resolve repeat sequences longer than the read 

length. In contrast, long-read assemblers can improve the contiguity of the assembly by 
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handling longer reads that can resolve complex regions of the genomes, still the read length 

remains the limiting factor in resolving repetitive regions (Treangen & Salzberg, 2012). 

Nevertheless, de novo assembly processes demand significant time and computational 

resources and are still challenging for genomes with high heterozygosity, high number of 

repeat elements and polyploid genomes (Espinosa et al., 2024). These factors create highly 

similar or ambiguous regions that generate conflicting information for the assembler, leading 

to fragmented or incorrect sequences that do not accurately represent the full genome 

(Treangen & Salzberg, 2012). The genome assembly process is complemented with 

information obtained from chromosome conformation capture (3C) methods used to provide 

chromosome-scale structural information (McCord et al., 2020). Data obtained from 3C 

methods is used to help scaffold and orient contigs in genome assemblies and provides 

insight in the three-dimensional structure of the genome (Belton et al., 2012). By capturing 

physical interaction between distant DNA segments, 3C methods provide information that 

cannot be obtained from short or long read sequencing alone, therefore the integration of 3C 

data enhances generating complete reference genomes.  

Genome assemblies quality is primarily measured by the assembly contiguity and 

completeness metrics. Contiguity indicates the number of contigs (i.e., a continuous piece of 

genomic sequence) and their length distribution, measuring the success of the assembler to 

produce a genome without gaps. A more contiguous genome has fewer, longer sequences, 

ideally of chromosome length (Schell et al., 2025). Completeness refers to the amount of the 

original genome present in the final assembly. This is typically evaluated by comparing the 

total assembly size to the estimated genome size and by assessing the presence of a core set 

of conserved genes (Simão et al., 2015). 

Genome annotation 

After the genome assembly, protein-coding genes and repeat sequences are annotated to 

provide a comprehensive understanding of the genomic features and allow functional 

characterisation. For non-model organisms, these steps are often hindered by the 

underrepresentation or lack of data in databases (Schell et al., 2025). The annotation of 

protein coding genes follows the identification of genic regions: introns, exons, splice sites 

and start and stop codons, and is supported by known protein sequences in databases and/or 

transcriptome RNA sequencing data (Harrow et al., 2009). Repeat elements are usually 

annotated using tools that rely on public databases, masking repeat sequences based on 
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significant similarity. These databases contain information on transposable elements and can 

be taxon-specific, but often lack information on satellite DNA. 

When reference sequences are missing from databases, repeat identification can be performed 

de novo. De novo repeat identification software utilise the repetitive features to identify 

repeats. They are based on alignment among sequences to identify homologies (self-

comparison) or they search for repeated occurrences of short motifs that can be extended to 

larger sequences (k-mer approaches) (Jiang, 2013). Self-comparison approaches define 

repeats if sequences share a certain threshold of sequence similarity over a certain length. The 

results are then further clustered into repeat families. The k-mer approach identifies repeated 

DNA sequences by counting short, fixed-length substrings (k-mers) which act as starting 

points (seeds) to find and extend into larger repeating patterns (Jiang, 2013). Most of the de 

novo identification tools are challenged with the fragmentation of TE and the low sensitivity 

for highly divergent sequences which results in RE being split as multiple sequences (Storer 

et al., 2022). This highlights the need for use of multiple tools for comprehensive RE 

annotation. 

De novo repeat identification tools identify and classify repetitive DNA from whole-genome 

or genome skimming data. When applied to genome skimming data, meaning low coverage 

(0.01  0.05X) genome sequencing data, these tools primarily detect high copy regions 

(Novák et al., 2020). Among these high copy regions are mitochondrial DNA, chloroplast 

DNA, nuclear ribosomal DNA and repeat elements. Still, building repeat libraries remains a 

manual and time-consuming process (Mann et al., 2024), and the development of 

standardised pipelines is needed.  

1.4. Gaps in Decapoda and freshwater crayfish genomics 

Within the order Decapoda, there are to date 58 species with published genomes of which 21 

at chromosome level (NCBI Genomes, August 2025.). The sequencing technologies used for 

the sequencing of Decapoda species are mostly PacBio in combination with Hi-C sequencing, 

while only four genomes were sequenced using Nanopore technology. Many of these 

genomes are still highly fragmented and with low contiguity, with half of the genomes having 

N50 lower than 1 Mb, resulting in poor annotation for protein coding genes, non-coding and 

repetitive sequences (Yuan et al., 2021, 2023). The genome sizes of the sequenced species 

range from 1.4 to 7.1 Gb (Gregory, 2025), however, the assembly size is lower than the 

expected genome size for all species.  
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Among freshwater crayfish there are only four available genomes: Procambarus virginalis, 

Procambarus clarkii, Cherax destructor and Cherax quadricarinatus, belonging to the family 

Cambaridae and Parastacidae, respectively (Austin et al., 2022; Gutekunst et al., 2018; Liao 

et al., 2024; M. H. Tan et al., 2020; Z. Xu et al., 2021). The sequenced species include 

economically relevant organisms, important in aquaculture, while the genomes of many 

ecologically relevant species, including the European crayfish species, have not been studied 

(Yuan et al., 2023). Sequencing Decapoda genomes has provided valuable insights into sex 

determination mechanisms, environmental adaption, stress tolerance and disease resistance. 

The genomes have also facilitated the design of high-throughput SNP chips, which are 

essential for genetic selection in aquaculture and breeding programs. Beyond aquaculture, 

this information can also be applied to conservation management programs.  

The unique challenges of genomes 

The low number of Decapoda genomes is due to the limitations in sequencing and assembly 

caused by large genome sizes, large number of chromosomes, high polymorphism, and high 

number of repeat elements (Abdelrahman et al., 2017; Yuan et al., 2023). These factors 

complicate the processes of generating a reference genome. For instance, organisms with 

larger genome size require more sequencing data to achieve the necessary coverage for 

complete and accurate assembly. Beyond the amount of data, larger genomes tend to contain 

more repetitive elements. Their amount, length, localisation and sequence identity are 

contributing to fragmented genomes and gaps in the assembly (Tørresen et al., 2019). 

Furthermore, repetitive regions can often result in higher levels of polymorphism. 

Polymorphisms can cause sequences from the same locus to be mistakenly identified as 

sequences from different loci, or it can lead to contigs breaking at polymorphic regions 

during assembly (Claros et al., 2012; Huang et al., 2013; Kyriakidou et al., 2018).  

Genome size 

Genome size shows extreme variability among and within various taxonomic levels. Genome 

size variation reveals positive correlation with cell size, where larger genomes are associated 

with larger cells for structural reasons (Hessen & Persson, 2009). As genome size increases, 

the volume of the nucleus increases proportionally, and cells maintain a constant nuclear-to- 

cytoplasmic ratio (Veitia & Bottani, 2009). It has been hypothesised that this ratio is linked to 

the transcriptional capacity and protein synthesis rate (Wu et al., 2022). In organisms with 

larger genomes, the amount of DNA, including large amounts of repetitive DNA, contributes 

to larger nuclear volume. The increased cellular machinery, ribosomes and synthesised 
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proteins, required for the larger amount of coding genes and transcribed repetitive DNA, can 

lead to larger cell volumes (Balachandra et al., 2022). Furthermore, the expansion of the 

genome, driven by DNA duplication and repetitive element insertion/proliferation leads to 

larger nuclear volume and consequently to larger cytoplasmic volume to maintain a constant 

ratio (Veitia & Bottani, 2009). With increased cell and genome size, the duration of the cell 

cycle increases, therefore large cells develop more slowly. This suggests that the 

developmental rate of the organism decreases, and organisms with large genome sizes 

develop more slowly than related species with smaller organisms (Dufresne & Jeffery, 2011).  

In particular, Decapoda organisms exhibit a genome size ranging from 1 Gb to 40 Gb 

(Gregory, 2025). Such variability is characteristic in all Crustacean orders (Hessen & 

Persson, 2009). In different Crustacean orders, genome size is correlated to body size, 

latitude, temperature and water depth, however, such correlation pattern has not been found 

within Decapoda (Iannucci et al., 2022). Instead, genome size in Decapoda is correlated with 

the developmental mode, with genome size being larger in species with direct development 

(less larval stages). Such direct development is characteristics of freshwater crayfish 

(infraorder Astacidea). Organisms with many larval stages have time-limited developmental 

windows which require rapid cellular division. In contrast, for species with direct 

development the development rate is less stringent, allowing for genome expansion (Gregory, 

2002; Iannucci et al., 2022). Moreover, in the infraorders Anomura, Brachyura and 

Astacidea, freshwater species have larger genome sizes than species in terrestrial and 

intertidal habitats (Iannucci et al., 2022). Generally, freshwater species tend to have larger 

genomes than marine species possibly because of the harsher and more fluctuating freshwater 

environment (Dufresne & Jeffery, 2011).  

The variation in genome sizes is greatly impacted by the repetitive sequences in the genomes: 

transposable elements (TE) and satellite DNA (satDNA). TEs have been shown to increase 

genome size by replicating in response to environmental changes and satDNA under 

replication shows strong correlation with genome size in some Drosophila species (Dufresne 

& Jeffery, 2011; Flynn & Yamashita, 2024). Increases in genome size can also result from 

whole-genome duplication and polyploidisation events, which lead to an increase in the 

number of chromosomes within the genome (Mayrose & Lysak, 2021). In Crustacea and 

Decapoda, chromosomes have been studied in a small number of species. The chromosomes 

are numerous, very small and punctiform making them difficult to analyse (Lécher et al., 

1995). In the infraorder Astacidea, the chromosome numbers range from 2n=102 to 2n=276 
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. Moreover, the presence of supernumerary B chromosomes has been 

demonstrated in various Decapoda species (Coluccia et al., 2004; Lécher et al., 1995). These 

extra chromosomes are not essential for 

repetitive DNA and can influence host fitness. B chromosomes are highly variable in number, 

even among individuals of the same species. (Houben et al., 2014). The large variability in 

genome size and chromosome number makes genomic research in these species both 

challenging and important, as it provides a framework for understanding their evolution 

shaping their genomes. 

Satellite DNA 

Satellite DNA are tandemly repeated non-coding DNA sequences typically located in 

heterochromatic regions of the genomes, particularly in centromeres and telomeres (Garrido-

Ramos, 2017). The typical structure of a satDNA consists of a repetition of monomeric units 

repeated head-to-tail (Figure I-7). Based on the length of the monomer, satDNA is 

categorised in three groups: microsatellites (2  10 bp), minisatellites (10  100 bp) and 

macrosatellites (>100 bp) (Garrido-Ramos, 2017). Microsatellites form arrays of repeated 

monomers up to 100 bp and are the most present class of satDNA in Eukaryota genomes, 

while minisatellites are forming arrays of total length up to 1000 bp. Macrosatellites arrays 

can span up to megabases of DNA in length and are present in lower abundance in the 

genome than the other two classes (Richard et al., 2008). SatDNA was first discovered with 

density-gradient ultracentrifugation of DNA using caesium chloride, in which the repeated 

fraction of the DNA separates from the rest of the DNA. Later, satDNA was studied using 

hybridisation techniques, PCR and/or cloning methods. However, it was not until the advent 

of next-generation sequencing (NGS) and high-throughput genome sequencing, that satDNA 

could be studied more effectively. This has led to a better understanding of satDNA 

composition and function (Garrido-Ramos, 2017).  
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Figure I-7. Structure of satellite DNA. (A) SatDNA array organised in head-to-tail monomer 
units. (B) Higher order repeats (HOR).  
Within a genome, satDNA is characterised by its nucleotide sequence, monomer length and 

copy number (Plohl et al., 2012). Furthermore, monomers of some satDNA can create higher-

order repeats (HOR), in which two or more monomers create a new, longer monomer unit 

that becomes tandemly repeated. HOR structures are found across plant and animal species, 

and are common in centromeric repeats (Melters et al., 2013). SatDNA forms with a de novo 

duplication of a sequence of two or more base pairs in length (Ruiz-Ruano et al., 2016). This 

duplication occurs through DNA slippage during DNA replication or through reinsertion of 

extrachromosomal circular DNA (eccDNA) intermediaries (Garrido-Ramos, 2017). The 

spread of the satDNA through the genome happens through unequal crossover, rolling circle 

replication or transposition.  

The collection of satDNA families in a genome is termed satellitome (Ruiz-Ruano et al., 

2016). There are different satDNA families in one species, with typically one or a few 

predominant satDNA families in each species. SatDNA families can be species specific, 

shared among related species within a genus, shared by several genera within a family, by a 

whole family, several families or by a whole order (Garrido-Ramos, 2017; Martinsen et al., 

2009; Petraccioli et al., 2015; Robles et al., 2004). Moreover, according to the library 

hypothesis, closely related species share a set of satDNA which differ by copy number in 

each species (Fry & Salser, 1977; Garrido-Ramos, 2017) (Figure I-8). Within a species, 

satDNAs undergo concerted evolution where a new variant of a satDNA sequence is 

homogenised within the satDNA family and is fixed between individuals of a same 

population within a species. The process of concerted evolution leads to greater similarity of 

satDNA within an individual and between individual of the same species than between 

further related individuals (Plohl et al., 2012).  



 

19 
 

General introduction

 

Figure I-8. Satellite DNA evolution concepts: (A) SatDNA library concept and (B) concerted 
evolution. Adapted from Plohl et al., 2012 

satDNA is among the most dynamic component in the genomes, with changes in length and 

sequence happening within short evolutionary periods. Rapid amplification and sequence 

changes lead to reproductive isolation speciation - . However, 

certain satDNA sequences can be conserved for long evolutionary periods because of 

functional constraints. Specific sequences can act as binding sites for proteins, such as the 

centromere protein B (CENP-B) box or are transcribed into small interfering RNAs (siRNA) 

involved in heterochromatin formation (Garrido-Ramos, 2017). satDNAs are involved in the 

assembly of centromeric chromatin, segregation of chromosomes and in preserving genome 

integrity - Plohl, 2023). satDNA can also be transcribed into long 

noncoding RNAs (lncRNA) and siRNA. These transcripts are involved in heterochromatin 

regulation, centromere formation and gene expression regulation (Pezer et al., 2012). 

In the 1970s, the first studies on satDNA in Crustacea species were conducted using 

traditional methods such as density gradient centrifugation, restriction enzyme digestion, 

DNA reassociation kinetics, hybridisation, and Sanger sequencing. These studies identified 

multiple satDNA conserved across various crustacean species. For instance, a GC-rich 

satellite discovered in the crab Gecarcinus lateralis (order Brachyura) was also found in 

lobster and shrimp species (order Decapoda), although the homology was lower, this finding 

suggested a phylogenetic signal (Skinner & Beattie, 1974). Later studies on Crustacea and 

Decapoda focused on the use of microsatellites with application in population genetic studies, 

and aquaculture (Feng & Li, 2008; Gross et al., 2021; Heras et al., 2016; Liu et al., 2023; 

.  
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Whole genome sequencing studies on Crustacea and Decapoda rarely report the number of 

identified satDNA sequences. Often, assembled Decapoda genomes are highly fragmented, 

therefore difficult to annotate (Austin et al., 2022). Consequently, satDNA is frequently 

missing or is underrepresented in these genome assemblies. In the crayfish P. clarkii, tandem 

repeats constitute 5.21% of the genome. In contrast, satDNA is making up 27.5% of the 

genome in P. leptodactylus . The difference in satDNA amount could 

be an underestimation due to the assembly not representing correctly the complement of 

tandem repeats or a true biological signal. This makes crayfish an interesting group to study 

on satDNA. 

Transposable elements 

Transposable elements (TE) are repetitive DNA sequences spread throughout the genome, 

with the ability to move the location within a genome (Bourque et al., 2018). Based on the 

transposition mechanism, TEs are divided into Class I Retrotransposons and Class II DNA 

transposons. Within each class, the different subclasses are divided based on the mechanism 

of chromosomal integration (Bourque et al., 2018) (Figure I-9). Class I retrotransposons 

utilise a copy-and-paste transposition mechanism in which an RNA intermediate is 

transcribed into a cDNA copy and integrated in the genome (Boeke et al., 1985). For long 

terminal repeats (LTR) integrases catalyse the cleavage and strand-transfer reaction. Non-

LTR retrotransposons are mobilised through target-primed reverse transcription. The 

Dictyostelium intermediate repeat sequence (DIRS) elements are, unlike other Class I TE, 

using single stranded cDNA intermediates for transposition (Malicki et al., 2020). Class II 

DNA transposons are mobilised through a DNA intermediate in a cut-and-paste mechanism 

and include Helitron, Crypton and Maverick/Politron subclasses. In the case of Helitron 

elements, the transposition mechanism includes a circular DNA intermediate (Bourque et al., 

2018; Munoz-Lopez & Garcia-Perez, 2010).  
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Figure I-9. Class, subclass, and superfamily classification of transposable elements. Adapted 
from Bourque et al., 2018 
Within a genome, TEs are not distributed randomly, but exhibit preference for insertion sites. 

Insertions which cause deleterious effects on the genome, i.e. disrupt gene exons, are rapidly 

removed from the population, and rarely fixed (Bourque et al., 2018). The general 

transposition mechanism of TE leads to genome expansion and is counteracted by DNA 

deletion. These two processes are a key driver of genome size evolution. Moreover, the 

mobilisation of TE leads to structural variation in the genome, such as deletions, duplications, 

and inversions. The high homology between TE copies facilitates recombination effects in 

distant genomic regions (Aasegg Araya et al., 2025). The insertion of TEs can influence the 

regulation and expression of nearby genes. Furthermore, the transcription of TEs can regulate 

gene expression, chromatin accessibility or RNA interference (Lanciano & Cristofari, 2020). 

The presence of TEs within genomes is primarily attributed to vertical transfer, from parents 

to offspring by reproduction. However, TEs can be transmitted through the non-reproductive 

mechanism of horizontal transfer (HT), with viruses being major vectors of HT. Horizontally 

transferred TE into new genomes can lead to increased genomic variation, chromosome 

rearrangements and potential functional innovation (Gilbert & Feschotte, 2018).  

TEs constitute a major but variable part of the genome in different species, such as 2.7% in 

the fish Takifugu rubripes and 85% in maize Zea mays (J. Wang et al., 2021). In Crustacea 

genomes, the amount of TEs varies from 6.74% in the crab Eriocheir sinensis (Y. Xu et al., 

2023) to 78.22% in the krill Euphausia superba (Shao et al., 2023). Moreover, some TEs 

exhibited lineage specificity among Decapoda, with non-LTR/CR1 being abundant in 

Brachyura species, while non-LTR/CRE were found abundant in Astacidea species (Y. Xu et 

al., 2023). Within freshwater crayfish, TEs constitute from 27% of the genome in P. 
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virginalis, to 65% in P. clarkii (Liao et al., 2024; M. H. Tan et al., 2020). The most abundant 

TE in Cherax and Procambarus species are LTR/LINE elements which make approximately 

half of the whole TE content (Austin et al., 2022; M. H. Tan et al., 2020). In addition to the 

composition of TEs within a genome, temporal dynamics of TE activity have a significant 

evolutionary impact (Zeng et al., 2025). Certain TE classes, such as the LTR/Ty3 and Bel-

Pao families, show low divergence across multiple Crustacea species, which suggest active 

proliferation that is driving genome expansion, while other classes, such as LTR/Copia show 

high divergence only in a few species, preserving genomic stability over time (Petersen et al., 

2019; Zeng et al., 2025). Within Decapoda, many of the TEs cannot be classified, yet they are 

often key in genome evolution, as their activity coincides with shifts in genomic architecture 

or selective pressures (Colonna Romano & Fanti, 2022; Zeng et al., 2025). Furthermore, 

specific patterns of TE expression were revealed as critical in the process of moulting in the 

crab E. sinensis and shrimp P. vannamei (Zeng et al., 2025). Certain TEs were shown to be 

associated with responses to various environmental stressors or prolonged air exposure 

(Salem, 2024; Y. Xu et al., 2023). These studies highlight the diverse roles of TE in 

Crustacea, as drivers of genomic change and crucial regulators of physiological and adaptive 

responses. 
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Thesis objectives 

In this work, I aim to characterise the genomic variability in Decapoda and particularly in 

freshwater crayfish, to address the gaps in understanding the evolution and adaptation of 

these species. I characterised the genomic variability of Decapoda on different levels 

beginning with a comparative study of the repeatome in 20 Decapoda species that 

demonstrated the role of transposable elements in genome size variation observed in these 

species. Furthermore, I characterised the diversity of satellite DNA in 19 freshwater crayfish 

species, highlighting the importance of the satellitome in their genomic diversity. In an effort 

to facilitate genome sequencing in European freshwater crayfish species, I tested different 

DNA extraction protocols on different crayfish tissues and evaluated various library 

preparation strategies for long-read genome sequencing. Finally, using population genomic 

approaches, I studied the genetic diversity of the endemic idle crayfish Austropotamobius 

bihariensis, indicating the need for conservation actions.  

Overview of the chapters 

The scientific contributions are presented in four chapters (II -V) 

Chapter II: Abundance and diversification of repetitive elements in Decapoda genomes; 

published in Genes, doi: 10.3390/genes14081627 

Chapter III: The extraordinary satellitome diversity of freshwater crayfish: a driver of 

genome evolution; under review in BMC Mobile DNA, doi: 10.21203/rs.3.rs-7499918/v1 

Chapter IV: From DNA extraction to long read sequencing: assessment of workflow 

challenges on giant genomes of two non-model Astacidae (Crustacea: Decapoda) species; 

intended for submission in BMC Genomics 

Chapter V: Genomic insights into the conservation status of the Idle Crayfish 

Austropotamobius bihariensis Pârvulescu, 2019: low genetic diversity in the endemic 

crayfish species of the Apuseni Mountains; published in BMC Ecology and Evolution, doi: 

10.1186/s12862-024-02268-5 

Chapter II and Chapter III explore the diversity of the repeatome in freshwater crayfish and 

Decapoda species. Chapter II aims to characterise the repetitive elements (REs) in Decapoda 

genomes. The repetitive fraction of the genome is often not fully characterised in genome 
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assemblies, therefore a new standardised bioinformatic pipeline was developed and applied to 

Decapoda genome assemblies. The study revealed a generally higher amount of REs in 

Decapoda than in other Crustacea species. Furthermore, a strong correlation was observed 

between assembly size and the load of TEs. Chapter III addresses the satellitome of the 

species based on low coverage genome sequencing and de novo repeat identification. The 

comprehensive analysis of satDNA diversity across freshwater crayfish species and families, 

phylogenetic reconstruction and investigation of chromosomal distribution aims to elucidate 

the role of satDNA in genome evolution. The analyses revealed a high proportion of 

repetitive DNA and an extraordinary diversity of satDNA families. I further characterised a 

conserved satDNA family identified in all species with chromosomal localisation using 

fluorescence in situ hybridisation (FISH), revealing its role as pericentromeric DNA. Both 

Chapter II and Chapter III showed that repetitive elements largely reflect the phylogenetic 

relationships within Astacidea and Decapoda, respectively. These results collectively 

underscore the significant impact of REs on Decapoda genome evolution providing a baseline 

for genomic studies. 

In Chapter IV, I aimed to identify the most suitable workflow for long read genome 

sequencing, as basis for genomic studies in European freshwater crayfish species. I tested six 

DNA extraction protocols on three different tissue types to obtain high-quality high 

molecular weight (HMW) DNA. Based on DNA yield, purity, and fragment length, I 

identified extraction protocols suitable for long read sequencing. I tested two long read 

sequencing approaches and evaluated different library preparation methods. I identified the 

salting-out DNA extraction protocol in combination with amplification based PacBio library 

preparation as the best workflow for obtaining high amounts of sequencing reads suitable for 

genome assembly of two freshwater crayfish species.  

In Chapter V, I focused on the freshwater crayfish A. bihariensis, whose geographical range 

is restricted to the Apuseni Mountains in Romania. Considering the outlined difficulties 

encountered in long-read genome sequencing in Chapter IV, a reference genome could not be 

generated within the timeframe of this thesis. Therefore, I conducted a population genomic 

survey based on a SNP dataset obtained via ddRADseq to obtain the species  genetic status 

by estimating population genetic diversity metrics. The study revealed critically low numbers 

of private alleles and small effective population size. Due to the reduced genetic diversity, the 

populations are at risk which makes them vulnerable to environmental changes, underscoring 

the urgent need for appropriate conservation measures.  
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Abstract  

Repetitive elements are a major component of DNA sequences due to their ability to 

propagate through the genome. Characterization of Metazoan repetitive profiles is improving; 

however, current pipelines fail to identify a significant proportion of divergent repeats in non-

model organisms. The Decapoda order, for which repeat content analyses are largely lacking, 

is characterized by extremely variable genome sizes that suggest an important presence of 

repetitive elements. Here, we developed a new standardized pipeline to annotate repetitive 

elements in non-model organisms, which we applied to twenty Decapoda and six other 

Crustacea genomes. Using this new tool, we identified 10% more repetitive elements than 

standard pipelines. Repetitive elements were more abundant in Decapoda species than in 

other Crustacea, with a very large number of highly repeated satellite DNA families. 

Moreover, we demonstrated a high correlation between assembly size and transposable 

elements and different repeat dynamics between Dendrobranchiata and Reptantia. The 

patterns of repetitive elements largely reflect the phylogenetic relationships of Decapoda and 

the distinct evolutionary trajectories within Crustacea. In summary, our results highlight the 

impact of repetitive elements on genome evolution in Decapoda and the value of our novel 

annotation pipeline, which will provide a baseline for future comparative analyses. 

Keywords 

transposable elements, satellite DNA, Crustacea; annotation, evolution, genome size, library 

2.1. Introduction 

With over 15,000 living species, Decapoda represents a diverse order of Crustacea that 

includes lobsters, crayfish, crabs, prawns, and shrimps (De Grave et al., 2009). They are a 

crucial component of marine and freshwater ecosystems (Reynolds et al., 2013, Souty-

Grosset et al., 2006). The Decapoda order originated around 455 million years ago, in the 

Late Ordovician, and is divided into two suborders: the Dendrobranchiata (commonly known 

as prawns) and the Pleocyemata. The latter encompasses Caridea (swimming shrimps) and a 

crawling/walking group called Reptantia that consists of Achelata (spiny lobsters), Astacidea 

(true lobsters and crayfish), Anomura (hermit crabs), and Brachyura (short-tailed crabs) 

(Wolfe et al., 2019).  
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Decapoda are characterized by highly variable genome sizes. According to the Animal 

Genome Size Database (https://www.genomesize.com, accessed on 17 May 2022), genome 

size estimates range from 2.3 Gb for Penaeus duorarum to 5.1 Gb for Aristaeomorpha 

foliacea in the Dendrobranchiata suborder. In Pleocyemata, particularly in the Caridea 

infraorder, genome size variations are even more striking, with estimates ranging from 3.2 Gb 

for Antecaridina sp. to 40 Gb for Sclerocrangon ferox. Freshwater crayfish (Astacidea 

infraorder) also display substantial genome size variations, ranging from 2 to 6 Gb in 

Cambaridae and Parastacidae families. Recent genome size estimates for the noble crayfish 

Astacus astacus and the narrow-clawed crayfish Pontastacus leptodactylus, both 

representatives of the Astacidae family, reach 17 Gb (K. Theissinger, unpublished results) 

and 18.7 Gb , respectively. Decapoda also displays high variation in 

the number of chromosomes. The number of chromosomes in the Dendrobranchiata suborder 

is mainly at a 2n of 88 (reviewed in González-Tizón et al., 2013; Lécher et al., 1995), while 

this number can explode in Pleocyemata species to a 2n of 376 for the Astacidea Pacifastacus 

leniusculus (Crandall & De Grave, 2017; Niiyama 1962).  

Variations in genome sizes are usually attributed to the presence of repetitive elements (REs), 

which can represent the major part of the genome in some eukaryotic species (Gregory, 

2005). A high proportion of REs can greatly complicate genome sequencing and can lead to 

fragmented and incomplete assemblies (Pop, 2009; Tørresen et al., 2019; Treangen et al., 

2012). This may explain the notorious difficulties encountered in the sequencing of large 

Decapoda genomes, with only eight assemblies available at the chromosome level. To date, 

the relationship between the genome size and repeat content, and the impact of REs on 

genome evolution, remain poorly studied in Crustacea. 

The role of REs can be diverse (reviewed in Shapiro & von Sternberg, 2005). They can affect 

transcription and regulation at transcriptional and post-transcriptional levels. Through their 

ability to act as signals to locate and process information stored in coding sequences, they can 

influence damage repair, DNA restructuring, chromatin and nuclear organization, and cell 

division. REs can be classified into two types: tandem repeats (satellite DNA, satDNA) and 

transposable elements, TEs, also known as interspersed repeats (Jurka et al., 2007). 

SatDNAs consist of tandemly repeated patterns of nucleotides, called repeat units 

(monomers) (Garrido-Ramos, 2017). Different satDNA families are present in the genome, 

with usually only one or a few predominant families (Macas et al., 2007; Miga, 2015; 

Mravinac et al., 2005; Ruiz-Ruano et al., 2016). SatDNAs can have specific roles in gene and 
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genome regulation, such as chromosome organization, pairing, and segregation formation of 

the centromere locus (Plohl et al., 2008; 2012), in epigenetic regulation of heterochromatin 

establishment, and modulation of gene expression in response to stress (Biscotti et al., 2015; 

Pezer et al., 2012). In Crustacea, some SatDNA transcripts can have an impact on the inter-

molt stage (Wang et al., 1999). Despite their importance, the distribution patterns, percentage, 

and copy number of satDNAs are not yet fully explored in Crustacea. 

Transposable elements (TEs) are mobile elements known to participate in DNA replication 

and cause gene rearrangements that can confer new functional properties (Bennetzen et al., 

2014; Bourque et al., 2018; Craig, 2002; Deininger et al., 2003). Deletions, duplications, and 

inversions can be caused by recombination events between homologous regions dispersed by 

related TEs at distant genomic positions. When they are inserted into genes or coding regions, 

TEs can alter gene expression and may produce deleterious effects, such as diseases, or 

neutral effects on the host (Barrón et al., 2014; Burns & Boeke, 2012; Deininger et al., 2003; 

Kim et al., 2012). Organisms living in challenging environmental conditions can have more 

TEs in their genome, increasing genome plasticity to respond to stress factors (Lanciano & 

Mirouze, 2018). TEs can be divided into two classes based on their replication mechanisms: 

Class I elements transpose with RNA-mediated mechanisms (retrotransposons), while in 

Class II the transposition mode is DNA-based (DNA transposons) (Di Stefano, 2022; Kojima, 

2019; Slotkin & Martienssen, 2007; Wicker et al., 2007). In Class I, LTR retrotransposons 

and Penelope-like elements are characterized by Long Terminal Repeat (LTR). DIRS are 

bound by direct or inverted repeats. Finally, LINEs (long interspersed nuclear elements) and 

SINEs (short interspersed nuclear elements) are retrotransposons that do not have terminal 

-coding RNA 

genes and are non-autonomous. Class II can be divided into two subclasses. Subclass 1 

includes TIR and Crypton elements, while subclass 2 includes Helitrons and Mavericks. 

Apart from SINEs, most TEs encode proteins that are necessary for their transposition in an 

autonomous way. However, accumulation of mutations can lead to incomplete versions of 

TEs that no longer encode transposition enzymes. The identification of these truncated 

alternatives represents a particular challenge for automated annotation pipelines. 

Currently, there are several pipelines available for annotation of REs. The most commonly 

used tools are RepeatModeler2 (Flynn et al., 2020) and RepeatMasker (Smit et al., 2013). 

However, a wide variety of additional tools have been developed, such as RECON (Bao & 

Eddy, 2002), RepeatScout (Price et al., 2005) and LtrHarvest/Ltr_retriever (Ou & Jiang, 
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2018), REPET (Flutre et al., 2011), RepeatExplorer (Novák et al., 2013) (based on paired-end 

reads). The availability of multiple tools highlights the lack of a standardized protocol, 

making it impossible to directly compare the RE composition between different genomes 

based solely on the literature. Moreover, current pipeline annotations of REs fail to identify a 

significant portion of divergent repeats in non-model organisms. To address these limitations, 

we designed a standardized protocol for RE annotation that encompasses both TEs and 

satDNAs. This pipeline was used to establish the RE landscape of twenty Decapoda and six 

other Crustacea, enabling an objective comparison of the Decapoda repeatomes in terms of 

abundance, composition, and evolutionary dynamics. Our standardized approach allowed us 

to assess the contribution of REs to the evolution of the enigmatic Decapoda genomes. 

Furthermore, we explored the possibility of using the REs as reliable phylogenetic markers 

for Decapoda. Lastly, this study also provides a new library of REs in Decapoda genomes 

that extends the existing databases and can be used for future analyses. 

2.2. Materials and Methods 

2.2.1. Genomic Datasets 

Available assemblies for Decapoda species were downloaded from NCBI GenBank and 

RefSeq (last accessed 16 February 2022). Contig and scaffold N50 are useful values to 

estimate the contiguity of the genome by indicating the length of the shortest contig or 

scaffold that cover 50% of assembly. However, Decapoda genomes present variable N50 

values (Supplementary table II-1). The BUSCO completeness score, which can be 

independent of the contiguity of the genome, was also determined for each genome to assess 

the completeness of the assemblies (Table II-1) (Holt et al., 2018). Only the 20 genomes with 

a BUSCO completeness score of at least 25% were selected. Considering the low number and 

fragmentation status of available Decapoda genomes, a lower BUSCO score threshold than 

usually used was chosen to retain at least one genome in all infraorders that had genome 

assemblies. To obtain a broader perspective of the landscape of Decapoda REs compared to 

crustaceans, we added 6 non-Decapoda crustaceans (Table II-1). This allowed us to see if 

Decapoda species have a different or similar trend in terms of the proportion of the individual 

repeat families, the presence/absence of RE families, and finally their evolutionary 

trajectories in comparison to six other Crustacea. 
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2.2.2. Identification and Annotation of Repetitive Elements 

2.2.2.1. Identification of Satellite DNA Families 

For each species, a set of Illumina paired-end reads was randomly chosen in the SRA 

database (Table II-1). Reads that mapped to the mitochondrial genome were discarded, and 

the remaining reads were sampled to represent 1.6% of estimated genome size. Genome size 

estimations were retrieved for all genomes, except for Chionoecetes opilio (Table II-1). For 

this genome, all short paired-end reads corresponding to the assembly were downloaded and 

the genome size was estimated using KmerGenie version 1.7051 (Chikhi & Medvedev, 

2014). The sets of reads were then analysed using the TAREAN pipeline, Galaxy version 

2.3.8.1 (Novák et al., 2017) (reads trimmed at 100 bp and default parameters) to compile each 

species-specific library of satellite elements. 

2.2.2.2. Construction of a Common Library of Repetitive Elements 

De novo identification of repetitive elements in each genome was performed using 

RepeatModeler2 version 2.0.1 (Flynn et al., 2020) with the LTRStruct option and default 

parameters. The LTRStruct option is an LTR structural discovery pipeline that allows a better 

identification of LTR elements by using LTR_Harvest and LTR_retriever. All species-

specific libraries of repetitive elements identified with RepeatModeler2 were renamed 

according to the RepBase version 26.05 (Bao et al., 2015) nomenclature, with the repeat 

family, a unique number for the family to distinguish the different sequences of the repeat, 

the 3-letter species name, the repeat class and family, and finally the complete species name. 

Similar renaming was applied to species-specific libraries of high-confidence satellites 

number. 

All species-specific libraries of high-confidence satellites and repeats identified by the 

TAREAN pipeline and RepeatModeler2 were combined with the Arthropoda-specific subset 

of RepBase26.05 to form a single library (Figure II-1). This library was then split into 2 sub-

libraries. The first one corresponds to the known TEs and the second one represents unknown 

TEs, satellites, and simple repeats. 
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Figure II-1. Standardized annotation protocol for repetitive elements developed in this study.

2.2.2.3. Identification of Repetitive Elements

In order to annotate repetitive elements that are present in the 26 crustacean genomes, we 

used RepeatMasker version 4.1.2-p1 (Smit et al., 2013) following a two-step approach 

(Figure II-1). First, we used RepeatMasker with the library of known TEs using the options -a 

-gccalc -excln -s -nolow to identify and mask TEs in genomic sequences. We then performed 

a second run of RepeatMasker (with -a -gccalc -excln -s options) on the previously masked 

genomes using the second library to identify unclassified TEs, satellite DNA, and simple 

repeats. The ProcessRepeats and buildSummary tools of RepeatMasker were then used to 

combine all results and produce a detailed summary of annotations.

2.2.2.4. Statistical Analysis

In order to test for correlation between genome size, assembly size, repeats, or TE load 

(number of copies) or percentage, we used a linear regression model and the Spearman rank 

produced by calculating pairwise distances between repeat profiles (the pattern of presence 

and absence of repetitive elements) using hclust with the Euclidean method, and the heatmap 

was plotted using Orange3 . The sequence divergence distribution was 

calculated as Kimura distances (rates of transitions and transversions) using the 

2.3. Results and Discussion

2.3.1. Construction of Repetitive Elements Reference

To obtain a comprehensive view of REs in Decapoda and reduce the number of elements 

clas

at the genomic level (see Methods and Figure II-1). This pipeline integrates the consensus 
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sequences of the Arthropoda section of the RepBase database and the de novo identification 

of REs in all species by a combination of RepeatModeler2 and the TAREAN pipeline, in 

order to generate an extensive library of consensus sequences. The TAREAN pipeline was 

used to specifically identify satDNAs. Due to their structure and high sequence homogeneity, 

satDNAs are extremely difficult to assemble and are often excluded from the assembly 

(Trangean & Salzberg, 2012). Therefore, we searched for satDNAs in Illumina raw reads 

paired-end sequences using the TAREAN pipeline to construct the 

4 satDNA families (Table II-2). 
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Using our newly developed pipeline, we identified between 3643 and 11,431 families of REs 

(Table II-2). Unknown elements are repetitive sequences that could not be further classified. 

The lowest percentage of unknown elements is observed in Dendrobranchiata species. This 

might be explained by the presence of the annotated TEs of the Dendrobranchiata Penaeus 

vannamei in RepBase, allowing a better identification in closely related species. 

All detected REs were renamed according to the RepBase nomenclature. In fact, the RE 

classification by Wicker et al. (2007) is widely used, but new TEs have been characterized 

since the establishment of the classification in 2007, resulting in conflicts in TE databases. 

Kojima (2019) improved the classification of the RepBase database (Bao & Eddy, 2002), but 

TE annotations can differ between RepBase, RepeatModeler2 database, and DFAM due to 

capital letters or multiple naming of the same element, for example. A manual correction of 

repeat names was thus applied when needed in order to obtain a clear annotation.  

All libraries generated by RepeatModeler2, the TAREAN pipeline, and RepBase were 

merged into a single library. This extensive database contains a total of 71,601 sequences 

including sequences from RepBase. Among these families, known TEs represent 31,579 

sequences. With this new merged library, we considerably extended the number of annotated 

families compared to the RepBase database of Arthropoda REs. Indeed, RepBase provides 

consensus sequences of 13,906 repetitive elements in Arthropoda, including 109 satDNAs. 

These elements are distributed in 218 Arthropoda species and in Eukaryota or Metazoa 

common ancestors. However, only sixteen Crustacea and six Decapoda species are 

represented, with 1419 and 328 sequences, respectively. Moreover, most Decapoda 

sequences (320) are from a single species, P. vannamei, as repeats from other species have 

not been submitted to RepBase. This shows the lack of knowledge of REs in Decapoda 

species in established databases. Our work also extended the number of known satDNA 

families in Decapoda species, with 405 consensus sequences compared to the 109 present in 

RepBase. The new REs identified in this study are provided in Supplementary Materials 

(Supplementary figure II-1). Well-categorized REs have also been submitted to RepBase. 

2.3.2. Annotation of Repetitive Elements in Decapoda Genomes 

With our new extensive database, we performed two rounds of annotation using 

RepeatMasker. In the first round we only used known TEs in order to have a better 

characterization and reduce the proportion of unknown TEs, and in the second we used all the 

remaining REs. We identified between 6805 and 31,798 consensus RE sequences in the 
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different assemblies (Table II-2). This represents an increase of approximately 16,500 

families on average in Decapoda compared to previous annotations and 6500 for the other 

Crustacea. Moreover, our standardized protocol successfully identified the type of REs that 

were previously unclassified for most species (now between 4.40% and 24.15%). This 

represents a considerable improvement over the results obtained with the widely used 

species-specific databases. 

Taking into account all the satDNA families annotated in the genome with the merged 

library, we annotated between 11 and 109 different families (previously 10 to 40 using the 

species-specific strategy, Table II-2). The Astacidea and Anomura infraorders have higher 

numbers of satDNA families, ranging from 92 to 109, except for H. americanus and B. latro. 

The latter two species have a number of satDNA families more similar to the other Decapoda 

species, with 61 and 59 satDNA consensus sequences, respectively. The large number of 

satDNA families detected in Astacidea and Anomura is in agreement with the 258 families 

detected in the crayfish Pontastacus leptodactylus . The 

diversification of satDNA families in Astacidea and Anomura is remarkable compared to the 

observations in other species. For example, Drosophila species generally have less than ten 

different families in their genomes, and humans have nine (Miga, 2015; Silva et al., 2023). 

However, a large number of satDNA repeats has already been found in Arthropoda, such as 

Triatoma infestans (42 families, genome size 1.4 Gb) (Pita et al., 2017), Locusta migratoria 

(62 families, genome size 6 Gb) (Ruiz-Ruano et al., 2016), the morabine grasshoppers (129 

families, genome size 5 Gb) (Palacios-Gimenez et al., 2020), and the fish Megaleporinus 

microcephalus (164 families, assembly size 1.2 Gb) (Utsunomia et al., 2019). It should be 

noted that our results may still underestimate the real number of satDNA families, due to the 

fragmentation of available assemblies (Supplementary table II-1). In fact, some satDNA 

families identified by the TAREAN pipeline in Illumina reads were not retrieved in the 

genome assembly. It is likely that the missing satDNAs were contained in reads that were not 

included in the final assembly. However, the number of satDNAs remains consistent in each 

infraorder.  

Interestingly, the number of RE families is correlated with both estimated genome size and 

assembly size (Table II-1 -value = 8.925 

x 10-8 -value = 1.146 x 10-6, respectively. The same correlation is observed 

with satDNA families, with Spearman rank -value = 6.875 x 10-8 
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-value = 3.83 x 10-10, respectively. This result reveals the importance of the 

diversification of RE families in larger genomes. 

The strategy used in this study increases the knowledge of REs in Decapoda species and 

provides an extended library that can be used in future studies (Supplementary figure II-1). 

Unfortunately, there are still a large number of unknown REs in some of the annotated 

genomes. A manual curation of the library would be necessary but was beyond the scope of 

this study. We also want to mention that, due to the high presence of REs, genome assemblies 

are often fragmented, preventing the exhaustive annotation of TEs that can be absent from the 

assemblies or split into two contigs. The study of Sproul et al. (2022) of more than 600 insect 

species showed the influence of sequencing technology on repeat detection, with long read 

assemblies containing 36% more repeats than short-read assemblies and a huge impact on 

LTR detection (sproul et al., 2022). This is because assemblies based on long reads are often 

more contiguous (Logsdon et al., 2020; Paajanen et al., 2019). In our case, most of the 

genomes were assembled using long reads or a combination of long and short reads, and 

short- read assemblies do not stand out concerning repeat content or diversification 

(Supplementary table II-1). 

2.3.3. Proportion of Repetitive Elements in Decapoda Genomes 

The RE proportions are variable both between and within phylogenetic clades of the analysed 

species. The proportion of REs in the studied Arthropoda genomes is above 40%. Exceptions 

are two Decapoda species, C. quadricarinatus, with the lowest contig N50, and C. 

multidentata, with the lowest BUSCO score. They present 38.73% and 39.02% of repeat 

content, respectively (Table II-1, Figure II-2, and Supplementary table II-1). The non-

Decapoda H. azteca also presents fewer REs, with 26.12%, and is one of the genomes 

assembled with short reads only (Figure II-2 and Supplementary table II-1), but given the 

fragmented status of these genomes, these percentages may underestimate the RE proportion. 

Compared to the Decapoda species, which have an average of 59.7% REs in their genomes, 

the non-Decapoda Crustacea analysed in this study exhibit a lower proportion of REs, with an 

average of 46.4%. However, it is important to note that A. vulgare stands out among the non-

Decapoda studied, as it has a remarkably high percentage of repeats (76.26%). If A. vulgare 

is excluded, the average of REs in non-Decapoda is reduced to 40.4% and the difference is 

significant, with Wilcoxon p-value = 0.0074.Within Decapoda species, Anomura presents an 

especially high percentage of REs, with on average 73.6%. Indeed, the Anomura species P. 

platypus has the highest proportion of REs among the studied species with 78.89% (Figure 
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II-2). In contrast, the genome with the lowest percentage of repeats was the non-Decapoda H. 

azteca with 26.12%. Thus, the RE proportions were highly variable among the phylogenetic 

clades, as was the content of RE categories.  

We also observed a variability in the content of REs within suborders. Among Decapoda, 

Dendrobranchiata exhibited half the amount of LINEs compared to Pleocyemata, with up to 

35.3% in the Astacidea C. destructor (Figure II-2). Dendrobranchiata was characterized by a 

high proportion of DNA transposons, for example in A. vulgare, with between 13% and 18% 

of DNA transposons. The Anomura infraorder has the highest percentage of LTRs, with more 

than 16%, and the Achelata P. ornatus has the lowest, with 3.24%. SINE elements were rare 

in all genomes, ranging from 0.02% in H. azteca to 2.54% in P. trituberculatus. DIRS 

elements contribute less than 1% of the repeat content in almost all genomes. The main 

exception was M. nipponense, where DIRS represented 8.84%. This species also has the 

highest proportion of Penelope elements, with 5.18%. The infraorder with the second highest 

number of Penelope elements was Astacidea, with a mean of 2.3%. Unclassified elements 

were less frequent in the Dendrobranchiata suborder, with around 3.5%, probably because of 

the better characterization of REs in this suborder in the RepBase database, with the almost 

exclusive presence of annotations derived from P. vannamei. Therefore, more divergent 

species present a higher proportion of unclassified elements, such as E. affinis with 24.15%. 

The content variability suggests that the different suborders of the studied crustacean species 

have specific major REs present in their genomes. 
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Figure II-2. Proportion and content of repetitive elements in genomes. Percentage of 
repetitive ele-ments in the genome by class of repetitive elements. De, Dendrobranchiata; Ca, 
Caridea; Ac, Achelata; As, Astacidea; An, Anomura; Br, Brachyura; Oc, other Crustacea. 

 

According to RE studies of Decapoda species included in assembly publications, the 

proportion of REs varies from 8% to 82% (Austin et al., 2022; Bacvaroff et al., 2021; 

Gutekunst et al., 2018; Jin et al., 2021; Katneni et al., 2022; Kawato et al., 2021; Liu et al., 

2022; Polinski et al., 2021; Tan et al., 2020; Tang et al., 2020; Uengwetwanit et al., 2021; 

Veldsman et al., 2021; Wang et al. 2022; Xu et al., 2021; Yuan et al., 2021; Zhang et al., 

2019). Tan et al. (2020) annotated the repeatome of eight decapod species and estimated 

repetitive content between 27% and 50%, with the majority of the genomes having more 
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LINEs, except for P. vannamei, which had more DNA transposons (Tan et al., 2020). 

Compared to these studies, we annotated approximately 10% more repeats with our pipeline. 

For the P. virginalis genome, 8.8% of repetitive elements were retrieved in the assembly 

Pvir0.4 (GenBank accession: GCA_002838885.1) and 27.52% in the study of Tan et al. 

(2020). However, in the assembly DKFZ_Pvir_1.0 (GenBank accession: 

GCA_020271785.1), the new assembly version used in this study, we annotated 57.87% of 

repetitive elements (Gutekunst et al., 2018; Polinski et al., 2021). In the assembly of P. 

clarkii, Xu et al. (2021) annotated 82.42% of repeats, while in our study, we observed only 

71.26% (Figure II-2). For the P. platypus genome, we observed similar overall results to 

Tang et al. (2021) (Figure II-2). However, the percentages of LINEs and LTRs are increased 

by almost 10% each, while unknown TEs were reduced to 17%. The percentage of REs in E. 

sinensis was estimated at 40.5% and 61.42% in two different studies (Tan et al., 2020; Tang 

et al., 2020), while here we determined that repetitive elements represent 58.93% of the 

genome (Figure II-2). Taken together, these results show that our method provides greater or 

equal proportion of REs but with a better characterization. 

The Decapoda species studied here all presented high proportions of REs, ranging from 58% 

to 79% (Figure II-2). They are in the upper range of what is generally observed in 

Arthropoda. Indeed, comparative studies carried out on arthropods (mainly based on insects) 

report highly variable proportions of TEs, ranging from 1% to 80% (Petersen et al., 2019; 

Sproul et al., 2022; Wu & Lu, 2019). We expect even higher proportions of REs with the 

forthcoming sequencing of giant genomes in Decapoda or other Crustacea. Recently, the 

assembly of the Antarctic krill (belonging to a sister order of Decapoda) demonstrated that 

92% of its genome is constituted of REs, 78% of them being TEs, indicating that Arthropoda 

can have an extremely high proportion of REs (Shao et al., 2023). In terms of TE landscape, 

Decapoda presents only a few SINE elements, as for all Arthropoda (Figure II-2). Previous 

studies in Dendrobranchiata species reported that the most abundant groups of repeats, 

disregarding simple sequence repeats, were DNA transposons or LINEs, with different results 

depending on the bioinformatic tools used (Petersen et al., 2019; Sproul et al., 2022; Wu & 

Lu, 2019). Here, we showed that DNA transposons were the major subclass in all 

Dendrobranchiata species, followed by LINEs (Figure II-2). This is similar to what is 

observed in most insect species, where DNA transposons are generally the major TE group 

present in genomes (Petersen et al., 2019; Sproul et al., 2022; Wu & Lu, 2019). Interestingly, 
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our results revealed a different situation in the studied Pleocyemata species, where LINE and 

LTR elements are more abundant (Figure II-2). 

This can be compared to what is observed in some insect orders exhibiting a different TE 

composition: LTRs are more abundant in Diptera species, and Odonata and Orthoptera 

species are richer in LINE elements (Petersen et al., 2019; Sproul et al., 2022). The change in 

the major type of REs between suborders suggests an altered strategy for genome stability 

maintenance and regulation of REs between suborders. Sproul et al. (2022) demonstrated that 

LINE-rich species lineages present many REs that are associated with protein-coding genes. 

Such associations suggest consequences regarding phenotype evolution. The presence of a 

TE near a gene can lead to methylation changes. Indeed, it already has been shown that 

LINEs can serve as amplifiers for silencing away from the X-chromosome inactivation 

center, and LINEs and SINEs for gene imprinting (Lyon, 2006; Slotkin & Martienssen, 

2007). The movement of a LINE, or other TE, to a new genomic locus, can thus have an 

impact on nearby gene expression, and ultimately reshape gene expression networks and 

impact genome evolution. 

2.3.4. Correlation between Genome Size and Repetitive Elements 

The 20 Decapoda species analysed in the present study have large differences in genome size 

estimations (1.6 Gb to 8.5 Gb). These differences were also evident in assembly sizes, 

although less pronounced (1 Gb to 4.8 Gb). The variability of the genome sizes raised the 

question of the contribution of REs to their host genome. After masking each genome, we 

calculated the load of REs, i.e., the number of copies of REs and TEs only, and the 

percentage of REs and TEs only. We then tested for a correlation between the 

aforementioned values and both assembly size and estimated genome size. The assembly size 

p-value = 1.864 x 10-6) and the 

percentage of -value = 1.48 x 10-3) (Figure II-3A,B). The estimated genome 

size (Table II-2 -value = 7.114 x 

10-4), but there was no significant corr 47, p-value = 

1.421 x 10-2) (Figure II-3C,D). Although the number of satDNA families was correlated with 

both assembly size and estimated genome size, when satDNA elements are included, the 

significance of the correlation between the load of REs and genome/assembly size is smaller 

(Supplementary figure II-1). The correlations between the percentage of REs and both 

Supplementary 

figure II-1).  
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For the first time in Decapoda species, a strong correlation is demonstrated between assembly 

size and load (number of copies) of TEs. This strong positive correlation reveals the impact 

of the number of TEs on the size of the assembly, with larger genomes associated with a 

higher presence of TEs. The percentage of TEs or REs is more often analysed than the load. 

In our study, the percentage of TEs was less significantly correlated with genome or 

assembly size than the load of TEs, and REs were not correlated with genome size. As in our 

study, Petersen et al. (2019) found a positive correlation between the percentage of TEs and 

assembly size in arthropods, but they also found a positive correlation between the percentage 

of TEs and estimate size, which was not observed in our study. Moreover, Sproul et al. 

(2022) found a positive correlation between the proportion of REs and assembly size in 

insects, which was not confirmed in our study. The differences between our results and the 

cited studies are likely due to the difficulties in assembling REs in large genomes such as 

Decapoda (Petersen et al., 2019; Sproul et al., 2022). During assembly, REs can be excluded 

from the assembly even if they are present in the genome. It is therefore expected that REs 

are more correlated with assembly size than the estimated size. REs can also be fragmented 

and included in the assembly only partially, contributing to the load of REs in the genome but 

not to the percentage. This could explain the higher correlation coefficient observed for the 

load of REs in Decapoda genomes and highlights the usefulness of studying both percentage 

and load of REs in fragmented assemblies. The presence of fragmented REs is particularly 

true for satDNAs, which are often concatenated, since the assembler cannot define how many 

repetitions are present if they are not entirely covered by a long read. These difficulties in 

assembling satDNAs are particularly pronounced when assemblies are highly fragmented, as 

in this study, and could explain the decrease in or absence of the significance of the tests 

when including satDNAs. An improvement in genome contiguity could therefore affect 

inferences of correlation between REs and genome size. However, removing genomes of 

BUSCO score of less than 50% does not change conclusions on correlations between repeats 

and genome size. 
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Figure II-3. Correlation between genome size and TEs. Correlation plots between assembly 
or estimated genome size and load (number of copies) or percentage of TEs. Orders and 
suborders are indicated by different colours. (A). Correlation between assembly size and the 
load of TEs. S -value = 1.864 x 10-6. (B). Correlation 
between assembly size and the percentage of TEs. Spearman rank -
value = 1.48 x 10-3. (C). Correlation between estimated genome size and the load of TEs. 

-value = 7.114 x 10-4. (D). Correlation between 
estimated genome size and the percentage of TEs
p-value =1.421 x 10-2 

2.3.5. Frequency of satDNA Families Occurrence 

In Crustacea, and particularly in Decapoda, we annotated a large number of different satDNA 

families (Table II-2) and evaluated the occurrence of each family in each genome (Figure 

II-4). In each genome, the majority of satDNA families were detected one to nine times. 

Depending on the genomes, between one and thirty-four families appeared between 10 and 

99 times. With nine out of the ninety-seven satDNA families repeated more than 1000 times, 

P. clarkii was the species with the highest number of highly repeated satDNA families. In 

contrast, five genomes do not have highly repeated satDNA families (more than 99 

occurrences). Thus, although Decapoda has extremely large numbers of satDNA families 

(Table II-2), only a few are predominant in each genome (Figure II-4), as seen in several 

other studies (Mravinac et al., 2005; Miga, 2015; Ruiz-Ruano et al., 2016). The Decapoda 
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and non-Decapoda species studied here are no exception. The Decapoda infraorders 

Astacidea and Anomura had the largest genome size estimation and assembly size (Table 

II-1) and presented the largest numbers of families that were highly repeated in their genomes 

(Figure II-4). They also tend to have the highest total number of families (Table II-2). This 

suggests that satDNA is a key factor in explaining the huge variations in genome size 

observed in Decapoda. 

 

Figure II-4. Distribution of satDNA families according to the number of occurrences in each 
genome. Low-frequency families (less than 10 occurrences) are indicated in dark green, while 
highly abundant families with more than 1000 occurrences are indicated in red. Number 
indicated for each species is the estimated genome size. De, Dendrobranchiata; Ca, Caridea; 
Ac, Achelata; As, Astacidea; An, Anomura; Br, Brachyura; Oc, other Crustacea. 

2.3.6. Diversity of Repetitive Elements 

To investigate the diversity of REs, we determined the number of copies (the load) of each 

superfamily of REs identified for each genome (Figure II-5). With 67 superfamilies of TEs 

present in at least one species, the majority of the known superfamilies of REs were found in 

the investigated genomes, as seen in insects (petersen et al., 2019), and appear highly 

conserved across all the genomes (Figure II-5). Among the studied Decapoda genomes, there 

was a clear pattern of high and low presence of repeat superfamilies, with only a few distinct 

variations between species by repeat suborder.  

The load of REs of each superfamily was then used as a profile for each genome to construct 

the dendrogram by clustering of the RE profiles (Figure II-5). This dendrogram mainly 

followed the currently known species phylogeny (Wolfe et al., 2019) except for A. vulgare, 
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whose RE proportions and composition were more similar to Decapoda (Figure II-2) and two 

Anomura species that were grouped with the Caridea. The genome of A. vulgare (1.6 Gb) 

was larger than the other Crustacea analysed in this study (238 Mb 1 Gb), with the highest 

percentage of repeats among the studied non-Decapoda crustacean species (Figure II-2). This 

may explain why A. vulgare is clustered with Decapoda species and not with other 

crustaceans (Figure II-5). Nevertheless, we could see a clear differentiation between 

Decapoda species and the other Crustacea that have a lower number and a distinct 

composition of REs, except for A. vulgare. Similarly, we could clearly distinguish 

Dendrobranchiata from Pleocyemata infraorders, with the presence of LINE ingi and SINE 

MIR.Within Pleocyemata, Caridea was also separated from the other Reptantia species, in 

agreement with the established phylogeny (Wolfe et al., 2019). Many studies, including 

Petersen et al. (2019), Sproul et al. (2022), and Wu and Lu (2019), based their RE analysis on 

already published phylogenetic trees. In our study, we clustered the repetitive profile of each 

genome and obtained a phylogenetic signal that respects the major classification (Figure II-5) 

(De Grave et al., 2009). In fact, REs have been used recently as evidence for phylogenetic 

tree construction in plants, with RE abundance resolving species relationships in a similar 

manner to DNA sequences from plastid and nuclear ribosomal regions (Dodsworth et al., 

2015; 2017). This can be explained by the capacity of some REs to have a high conservation 

and synteny within species (Silva et al., 2003; Vitales et al., 2020; Zhu et al., 2003). This 

approach could therefore be used in the future to determine the phylogeny of non-model 

species using low-coverage, low-cost sequencing.  



 

48 
 

Chapter II

 

Figure II-5. Diversity of repetitive elements. Log2 of the load of each family of repetitive 
elements identified for each genome was graduated between 0 (blue) and 21 (red). Gray 
colour indicates raw values of 0, before log2 transformation. The dendrogram was produced 
according to repeat profile by clustering. 
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2.3.7. Sequence Divergence Distribution of Transposable Elements 

The genetic distance between each annotated TE copy and the consensus sequence of the 

respective TE family was calculated using the Kimura 2P distance in order to analyse the 

sequence divergence distribution and approximate the age and intensity of duplication events 

(Figure II-6). The distribution shows the genomic coverage of TE copies according to the 

percentage of divergence from their family consensus estimated using the Kimura 2P 

distance. A peak indicates that a large group of TE copies shares the same divergence to the 

consensus sequence and suggests a major expansion event of these elements. This event is 

more recent if the peak is located at a low Kimura 2P distance from the consensus, i.e., at a 

low percentage of divergence. At a high Kimura 2P distance, a wide peak can indicate that 

TE copies have undergone genetic drift or other processes, leading to high sequence 

divergence and suggesting an ancient expansion event. 

In Dendrobranchiata, sequence divergence landscapes were similar for the five species 

(Figure II-6). We observed two very similar peaks. The first one presented a larger number of 

LTRs and a smaller increase in LINE elements between 10% to 15% of divergence. The peak 

of LTRs was particularly high in P. japonicus and P. indicus. At the same time point, we 

observed an increasing amount of DNA transposons with the same distance to the consensus 

in P. monodon. A longer time ago, an augmentation of DNA transposons and LTR elements 

around 25% of divergence was shared by all species. This suggests that all the 

Dendrobranchiata shared the same old evolutionary events. The P. monodon genome was one 

of the few analysed Decapoda genomes showing a recent peak of SINE elements with the 

two Procambarus species. We would therefore expect to see a higher proportion of SINEs in 

P. monodon compared to other genomes. However, SINE elements were only slightly more 

abundant in this genome due to a higher presence of SINE MIR elements (Figure II-2 and 

Figure II-5). Interestingly, the content of repeats showed that DNA transposons are the most 

widespread among the suborder (Figure II-2). However, the expansion of DNA transposons 

was older and more spread out over time (Figure II-6). In contrast, the landscape and 

diversity of repeats showed a higher peak of LTR elements over time in the suborder 

compared to the other species, with Gypsy being the most abundant (Figure II-5 and Figure 

II-6).There were almost no sequences with low divergence. This quasi-absence of recent 

peaks in Dendrobranchiata suggests low activity of the TEs in recent times in these genomes 

(Figure II-6). 
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Figure II-6. Sequence divergence distribution of TEs representing TE accumulation history 
based on Kimura 2P distance. Percentage of sequence divergence, or Kimura substitution 
level, is indicated on the x-axis. On the y-axis is the percentage of the genome occupied by 
each TE type; the scale is different for each genome depending on the percentage occupied. 
The TE type is indicated by the color chart. 

The two Caridea species presented a different sequence divergence landscape (Figure II-6). 

In C. multidentata, there was a recent peak of unknown elements between 5% to 10% of 

divergence. This peak could be caused by the expansion of one or several families of 

unknown TEs. We also observed that from high divergence, the fraction of the genome 

increased as the Kimura 2P distances decreased. This trend could be seen until the event at 

5% to 10% of divergence. After this event, and more recently, the number of TEs with very 
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low divergence decreased, with almost no TEs at 0% of divergence. This suggests that 

despite the peak of recently active unknown elements, TEs are not active anymore for this 

species. For M. nipponense, we observed two recent peaks at 1 4% and 10% of Kimura 

divergence corresponding to LINE, Penelope, and LTR elements for the first one and DIRS 

for the second one. We observed integrated virus expansion between 5% and 25% of 

divergence. This was in accordance with the diversification of repeats (Figure II-5), where 

the M. niponnense genome was the Decapoda with the highest amount of integrated virus. 

The presence of sequences with little divergence from the consensus sequences suggests that 

TEs are active in this genome (Figure II-6). 

Within Astacidea, H. americanus has a different TE landscape compared to the other four 

species belonging to the infraorder (Figure II-6). Indeed, the genome has a high peak at a 

divergence of 15% of unknown elements. Interestingly, we observed an ancient event 

concerning integrated viruses at 40% to 45% of Kimura 2P distance. The H. americanus 

genome was the only Decapoda genome studied here presenting this characteristic. Integrated 

virus could not be seen in the proportion of repeats because of their low presence in genomes 

and was inc Figure II-2). Integrated virus in H. americanus 

sequences corresponds to the white spot syndrome virus (WSSV) (Bao et al., 2020), 

suggesting that H. americanus faced this virus a long time ago and these sequences were then 

propagated (Figure II-6). Since WSSV is a worldwide threat to shrimps and potentially to 

many crustacean species, this interesting finding in a resistant species (i.e., H. americanus) 

could be important for future inferences into susceptibility/resistance to WSSV (Cawthorn, 

2011; Clark et al., 2013). In the H. americanus genome, there was a clear increase in LINE, 

LTR, and DNA transposon coverage with a low percentage of divergence, which leads us to 

conclude that TEs are still active in this genome. TEs are also active in the Procambarus 

species, which has a similar landscape, with several elements at a low divergence and 

especially LINEs. We also observed an augmentation of Penelope and SINE elements at low 

divergence for both species. In P. clarkii, there was also a small peak at 10% of divergence of 

unknown elements. In contrast to the TEs in C. quadricarinatus, TEs seem to be active in C. 

destructor, with an increase in LINEs at low divergence. The expansion of LINEs in C. 

quadricarinatus was, instead, more ancient, at 6% to 10% of divergence. 

In Brachyura, all genomes seemed to have active TEs, but the TE landscapes across the 

genomes of this infraorder differ from each other (Figure II-6). In P. trituberculatus, the 

LINEs with no divergence from consensus sequences were three times more abundant than 
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LINEs at 1% of divergence. These LINEs were in a very active phase in this genome. 

Penelope elements were also more abundant at 0% of divergence. The C. sapidus genome 

showed an almost constant increased coverage of TEs with lower divergence for all elements. 

However, we observed an increasing number of LTRs with no divergence and a decreasing 

number of LINEs and DNA transposons. The genome of E. sinensis was the only Brachyura 

genome presenting two peaks. The oldest one was at 15% of Kimura 2P distance and was 

caused by unknown elements. The latest event involved LINE, LTR, and unknown elements 

at divergences between 0% and 7%. Of the Brachyura, C. opilio had the least active TEs. We 

observed a large peak between 0% to 20% of divergence, where LINEs and LTRs increased. 

The proportion of DNA transposons also increased during this time, but at a lower coverage. 

Concerning the last two infraorders, in Achelata, the P. ornatus genome has a middle age 

peak at 15% of divergence, corresponding to LTRs (Figure II-6). There was also a recent and 

high peak, around 4 8% of divergence, caused by the expansion of LINE elements, with 2% 

of the genome being represented by LINEs that are 6% divergent. This suggests that LINEs 

were, until recently, highly transcriptionally active in the genome but are now inactive. The 

high presence of LINE elements was also visible when considering the proportion of repeats 

in the genome (Figure II-2). In Anomura, the intragroup with the highest percentage of LTRs 

within Decapoda (Figure II-2), B. latro and the Paralithodes species had very different 

landscapes. The B. latro genome seemed to have inactive TEs, with two peaks of LTRs and 

LINEs at 3% and 15% of Kimura 2P distance (Figure II-6). On the other hand, Paralithodes 

species had highly active LINEs and LTRs, with 6.8% and 3.6% of LINE elements without 

divergence to consensus sequences in P. platypus and P. camtschaticus, respectively. Finally, 

for other crustaceans, the amount of unknown elements in their genomes was predominant, 

making the analysis of the divergence distribution of TEs in their genomes difficult to 

interpret (Supplementary figure II-2). 

A clear differentiation in sequence divergence distribution between Dendrobranchiata and 

Pleocyemata species was observed, as seen with the proportion and diversity of repeats 

(Figure II-6). Indeed, Dendrobranchiata have more non-transcriptionally active TEs 

compared to the majority of Pleocyemata. Among all Pleocyemata species studied here, 

almost all have at least one or more types of active TEs. The expansion of a particular 

subfamily of RE increases genome plasticity and can indicate periods of rapid evolutionary 

changes (Lanciano & Mirouze et al., 2018; Shapiro & von Sternberg et al., 2005). This 

suggests that Pleocyemata genomes had a rapid evolution on a recent timescale. Genomes 
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with recent accumulations of repeats present highly similar repeats or types of repeats that 

can be long (mostly LTRs and LINEs). These long repetitive regions are more difficult to 

assemble, and so repeat resolution during assembly is even more problematic (Sotero-Caio et 

al., 2017). Indeed, we could argue that a large number of the genomes studied presented 

recent accumulation of long REs. These long REs, being difficult to assemble, can be a 

possible explanation of assembly fragmentation. Moreover, species with larger genome sizes 

tend to have more transcriptionally active TEs, but also more REs. 

2.4. Conclusions 

In this study, we annotated repetitive elements in twenty Decapoda and six other Crustacea 

genome assemblies publicly available, using a new pipeline for the annotation of repetitive 

elements. We showed that repetitive elements constitute a large fraction of Decapoda 

genomes, with a highly variable content of REs both between and within infraorders of 

Decapoda. Additionally, our analysis indicates that in Decapoda, both the load of repetitive 

elements and the number of RE families are correlated with the assembly size of the genome. 

Moreover, larger genomes tend to have more active TEs (high proportion of sequences at 0% 

of divergence from their consensus), confirming the impact of REs in genome size expansion. 

We also demonstrated that, although the age distribution of TE superfamilies shows intra- 

and inter-lineage variation, the clustered RE profile reflects the phylogeny of the major 

groups analysed in this study. Compared to non-Decapoda Crustacea, Decapoda have a 

higher proportion and number of REs in their genome. Moreover, the pattern of RE families 

present in Decapoda is well-conserved across species. With our protocol, we showed that the 

combination of repeat libraries of all species provides an excellent tool to analyse content and 

diversification of repetitive elements with on average 8% more categorized elements. The 

new consensus sequences can improve the annotation of TEs in other Crustacea or 

Arthropoda species by increasing the number of consensuses for homology searches. We 

suggest using this two-step pipeline for all repeatome studies on non-model organisms that 

are often underrepresented in public databases. Our pipeline provides a baseline for future 

genomic analysis, producing standardized and reproducible analyses that will allow for much 

more rigorous and complete comparative analysis of repeats in non-model organisms. 
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Abstract 

Background: Repetitive elements, particularly satellite DNA (satDNA), play a significant 

role in genome evolution and organisation. However, their diversity and evolutionary 

dynamics remain poorly understood in non-model organisms. Freshwater crayfish 

(Decapoda, Astacidea) have large genomes with a high chromosome number and are rich in 

satDNAs. This makes them attractive for studying the impact of satDNA on genome 

evolution.  

Results: In this study, we investigated the repetitive genomic landscape of 19 species 

representing four freshwater crayfish families. Our analysis revealed a high proportion of 

repetitive DNA in all studied species, with the total repeat content ranging from 30% to 66%. 

The number of satDNA families was remarkably high (54 622 families per species), with 

minisatellites (<100 bp) forming the largest component of the satellitome. Family-specific 

patterns emerged: Astacidae and Cambaroididae showed the highest satDNA proportions, 

while Cambaridae and Parastacidae were dominated by Class I transposable elements. 

Species of the family Parastacidae showed the largest number of unique satDNA clusters and 

were clearly separated from other families, reflecting their phylogenetic divergence and 

distinct biogeographic history. We identified specific satDNAs conserved across all species, 

among them the PlSAT3-411, pointing to their important functional roles as pericentromeric 

satDNA.  

Conclusion: This study provides the first comprehensive comparative analysis of satDNA in 

freshwater crayfish. Our results highlight the dynamic nature of repetitive DNA and 

underscore its importance in genome organisation and evolutionary history. 

Keywords 

satellite DNA, repetitive elements, Decapoda, library hypothesis, concerted evolution 

3.1. Background 

Freshwater crayfish are a group of taxonomically diverse decapod crustaceans belonging to 

two superfamilies: Astacoidea (families Astacidae, Cambaridae, Cambaroididae) and 

Parastacoidea (family Parastacidae) (Crandall & De Grave, 2017). Their distribution range 
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spans all continents except Antarctica and Africa (with the exception of Madagascar), with 

particularly high diversity in southeastern North America and southeastern Australia 

(Crandall & Buhay, 2007; Ion, Bloomer, et al., 2024). Based on phylogenetic evidence, the 

two superfamilies Astacoidea (in the Northern hemisphere) and Parastacoidea (in the 

Southern hemisphere) split around 261/268 Mya  241 Mya (Bracken-Grissom et al., 2014; 

Wolfe et al., 2019). Within the superfamily Astacoidea, the oldest family Cambaroididae is 

distributed in East Asia, while the family Astacidae is distributed in Europe, with the 

exception of the genus Pacifastacus, which is found in western North America. The family 

Cambaridae, considered the youngest freshwater crayfish family, is distributed in eastern 

North America (Crandall & Buhay, 2007). Freshwater crayfish play crucial roles in aquatic 

ecosystems worldwide. They are considered keystone species and ecosystem engineers, 

contributing to various ecological processes in their environment (Holdich, 2002). In recent 

decades, population numbers of many freshwater crayfish species have experienced severe 

declines due to diverse anthropogenic influence (Ion, Ács, et al., 2024; Jussila et al., 2021) 

and are the subject of many conservation efforts (Ács et al., 2025; Bonassin et al., 2024; 

Schrimpf et al., 2017; Theissinger et al., 2022). 

Freshwater crayfish families exhibit high diversity in their genomic characteristics (Rutz et 

al., 2023; Tan et al., 2020). Chromosome numbers in the infraorder Astacidea range from 2n 

= 102 in Procambarus digueti (family Cambaridae) up to 2n = 276 in Procambarus virginalis 

(family Cambaridae) . This chromosomal diversity is further 

highlighted by significant variations in genome size and repetitive DNA content across 

different species and habitats. Within the infraorder Astacidea, freshwater crayfish generally 

possess larger genomes than the species occurring in shallow and deep water marine 

environments (Iannucci et al., 2022). In particular, genome sizes in freshwater crayfish range 

from 3.16 Gb in Cherax quadricarinatus (family Parastacidae) to 19.2 Gb in Astacus astacus 

(family Astacidae), while in marine species, genome sizes range between 4.16 Gb in 

Hommarus gammarus and 4.79 Gb in Nephrops norvegicus (Iannucci et al., 2022). A large 

portion of these giant genomes consists of repetitive elements (REs), with satellite DNA 

(satDNA) families being particularly abundant in freshwater crayfish 

Rutz et al., 2023). Thus, freshwater crayfish represent an interesting model for investigating 

the processes that drive the evolution of repeat-rich genomes. 

The repetitive fraction of any eukaryote genome plays a crucial role in genome organisation, 

functioning and evolution - . Repetitive DNA can broadly be 
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divided into transposable elements (TEs) and satDNA (Garrido-Ramos, 2017). TEs, 

including retrotransposons and DNA transposons, are characterised by their ability to 

proliferate, and are therefore widely dispersed within the genome. They can play a role in 

genome reorganisation, in regulation of gene expression and epigenetic processes (Bourque et 

al., 2018). SatDNA plays a crucial role in the formation of chromosomal structures and in 

genome stability, forming long tandem arrays primarily in telomeric, centromeric and 

pericentromeric regions of the genome (Shatskikh et al., 2020). In most animal and plant 

species, satDNA contributes to the formation of centromeres (Talbert & Henikoff, 2022). 

These long arrays allow the attachment of histones essential in the formation of the 

kinetochore. The ability of satDNAs to undergo homogenisation and rapid evolution is 

essential for maintaining their structural and functional roles in centromeric regions (Plohl et 

al., 2008). Pericentromeric satDNA PlSAT3-411 has been previously identified and 

characterised in the crayfish Pontastacus leptodactylus, where it has been found to colocalise 

with the pericentromeric regions on all chromosomes ( . In the same 

species, the PlSAT57-664 satDNA showed complex units that include the complete PlSAT3-

411 unit and four direct sub-repeats, but with lower abundance than the PlSAT3-411 

21). The most abundant satDNAs are often implicated in the crucial and 

conserved function of centromeres. Despite their importance, centromeric sequences often do 

not share conserved properties such as monomer length, GC content, or common sequence 

motifs (Melters et al., 2013). These findings underscore the significance of satDNA 

organisation in understanding the evolution of centromeric regions in crayfish and other taxa.  

SatDNA sequences exhibit great variability in monomer size, nucleotide sequence, genomic 

distribution and abundance among closely related species (Plohl et al., 2012). This unique 

collection of satDNAs di The 

diversity of satDNA emphasises their rapid evolution while maintaining structural 

importance. Divergence of satDNA sequences can be detected at different taxonomic levels, 

with certain sequences diverging from population to species or higher taxonomic levels 

. The library hypothesis predicts that related species share a 

common library of satDNAs inherited from a common ancestor, with differences primarily 

being quantitative due to differential amplification of certain variants (J. P. M. Camacho et 

al., 2022; Shatskikh et al., 2020; Veseljak et al., 2024). This rapid divergence between 

species is often explained by concerted evolution, a pattern emerging from processes like 

satDNA amplification and homogenisation that maintains sequence similarity within a 
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species while allowing independent changes to accumulate in different lineages -

. SatDNA has long been challenging to 

study due to the limitations of sequencing technologies and bioinformatic tools (Louzada et 

al., 2020). Nowadays, low coverage genome skimming data used in combination with 

assembly free software allows de novo repeat identification from short read sequencing data 

(Louzada et al., 2020; Theissinger et al., 2023). This approach enables comprehensive studies 

across taxa, including those with large genomes whose assemblies are often still missing 

(Lower et al., 2018). Despite their biological importance, the evolutionary dynamics of 

satDNA, and their potential impact on intra- and interspecific diversification are still poorly 

understood in many invertebrate groups. 

This study aims to elucidate the characteristics and distribution of repetitive DNA, 

specifically satDNA, across 19 species belonging to four freshwater crayfish families: 

Astacidae, Cambaridae, Cambaroididae, and Parastacidae. Previous research has highlighted 

large genome sizes with a high proportion of REs and satDNA for several crayfish species 

. Given this previously observed abundance of 

satDNA in crayfish, and the known rapid evolution of these sequences in other taxa, we 

hypothesise that satDNA abundance and diversity vary among freshwater crayfish families, 

with diversification of satDNA reflecting family-specific evolutionary events. Through 

comparative analyses, we aim to identify conserved and lineage specific repeat sequences and 

investigate the relationship between the phylogenetic structure and satellitome composition of 

the species. Understanding the composition and evolution of repetitive DNA in freshwater 

crayfish is crucial for unravelling the mechanisms that drive genome expansion, structural 

diversity, and adaptation in this ecologically relevant group. 

3.2. Methods 

3.2.1. Sampling and genomic DNA extraction 

The male individual of Astacus astacus was purchased from the crayfish farm 

Flusskrebszucht Frömel (Kavelstorf, Germany). The male individual of Austropotamobius 

torrentium was collected from the stream Dolje (Podsused, Croatia) with the permission of 

the of Croatian Ministry of Economy and Sustainable Development (517-10-1-2-22-4). 

Pacifastacus leniusculus was collected from the river Korana (Croatia) and Faxonius 

immunis from Neuburg am Rhein (Germany). One adult male individual of A. bihariensis 
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was collected from the Valea Iadului river in Romania (46,7447 N 22,5597 E) with the 

necessary authorisation from the Romanian Academy (1/CJ/13.01.2021), the Romanian 

Ministry of Water and Forests (DGB/2/R5787/16.08.2022), the Apuseni Nature Park 

Administration (199/09.09.2022), the National Agency for Protected Areas (882/15.09.2022), 

and the Environmental Protection Agencies in the geographical area where the specimen was 

sampled (76/20.09.2022). 

Genomic DNA was extracted using a salting out protocol (Jenkins et al., 2019) with the 

following modifications: the digestion of the tissue was performed for 3 h at 65°C and 400 

rpm, to remove proteins and cellular debris the samples were centrifuged at 5000 x g for 10 

min, and to precipitate the DNA the samples were centrifuged at 5000 x g for 5 min. Finally, 

the DNA pellet was resuspended in 100 µL nuclease free water. DNA was quantified using 

 

3.2.2. Flow cytometry analysis 

The genome size was estimated for Astacus astacus and Austopotamobius bihariensis 

following a flow cytometry protocol with propidium iodide-stained nuclei (Hare & Johnston, 

2012) lt sample and neural tissue of 

the internal reference standard Acheta domesticus (female, 1C = 2Gb) was mixed with 2 mL 

of chopping 

buffer (Galbraith et al., 1983), Phosphate (Otto, 1992). The 

suspension was filtered through a 42-

fluorochrome propidium iodide (PI, Thermo Fisher Scientific) and treated with RNase II A 

(Sigma-Aldrich), each with a f PI fluorescence 

of stained nuclei was quantified using a CytoFLEX flow cytometer (Beckman-Coulter, USA) 

with a solid-state laser emitting at 488 nm. Fluorescence intensities of 5000 nuclei per sample 

were recorded. We used the CytExpert 2.3 software for histogram analyses. The total quantity 

of DNA in the sample was calculated as the ratio of the mean fluorescence signal of the 2C 

peak of the stained nuclei of the crayfish sample divided by the mean fluorescence signal of 

the 2C peak of the stained nuclei of the reference standard times the 1C amount of DNA in 

the reference standard. The genome size is reported as 1C, the mean amount of DNA in Gbp 

in a haploid nucleus. 
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3.2.3. Next-Generation Sequencing 

Extracted DNA was fragmented using the Bioruptor® Pico sonication device (Diagenode, 

Hologic Inc., Liege, Belgium) for 21 cycles of 30 s ON followed by 30 s OFF. Illumina 

libraries were prepared according to the BEST protocol (Carøe et al., 2018). Preparation of 

PCR reactions was automated using a Biomek i7 Hybrid workstation (Beckman Coulter, 

Brea, CA, USA). Library lengths were verified on a TapeStation system (Agilent 

Technologies, Santa Clara, CA, USA). Libraries of all species were barcoded, pooled, and 

sequenced on an Illumina NovaSeq 6000 at Novogene (Cambridge, UK) to obtain 2 x 150 bp 

paired-end reads. Sequence quality was assessed using FastQC v0.11.9 (Andrews, 2010) and 

quality trimming was performed using the Trimmomatic software (Bolger et al., 2014). The 

reads generated during the current study have been deposited in the NCBI SRA repository, 

BioProjectID PRJNA1293697, sample accession numbers SAMN50031846- 

SAMN50031850. 

3.2.4. Identification and annotation of repetitive DNA  

For the identification of repetitive DNA, the following species were chosen from all crayfish 

families: Astacus astacus, Austropotamobius torrentium, Austropotamobius pallipes, 

Austropotamobius bihariensis, Pontastacus leptodactylus, Pacifastacus leniusculus, Faxonius 

immunis, Faxonius limosus, Procambarus clarkii, Procambarus acutus, Cambarus robustus, 

Cambaroides japonicus, Cambaroides dauricus, Cambaroides schrenckii, Cambaroides 

similis, Cherax destructor, Cherax robustus, Cherax quadricarinatus, Parastacus 

brasiliensis. Accession numbers of Illumina paired-end reads obtained in this study and 

accession numbers of datasets from publicly available studies from the European Nucleotide 

Archive (ENA) are listed in Supplementary table III-1. Quality control, read pre-processing 

and RepeatExplorer2 (Galaxy Version 2.3.12.1) analysis were performed following the 

protocol described in (Novák et al., 2020). Reads of each analysed species were filtered 

against a customised database containing mitochondrial sequences of the species using the 

RepeatExplorer Utilities: Preprocessing of FASTQ paired-end reads (Galaxy Version 

1.0.0.3). The GenBank accession numbers of the mitochondrial sequences used for filtering 

the reads are listed in Supplementary table III-1. Similarity-based clustering analysis using 

RepeatExplorer2 (Novák et al., 2013) was performed using 500 000 reads. The reconstruction 

of monomer sequences of individual satDNA families was performed using TAREAN 
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analysis (Novák et al., 2017). After individual clustering analysis, the reads were 

concatenated and subjected to comparative analysis using RepeatExplorer2.  

3.2.5. Repeat classification and sequence analysis 

Repeat classification was done following the procedure described in . 

After de novo identification of repetitive elements in RepeatExplorer2 (Galaxy Version 

2.3.12.1), contigs were further classified using Censor (Kohany et al., 2006) and with 

similarity searches using BLASTN 2.5.0. (C. Camacho et al., 2009) and BLASTX 2.5.0. (C. 

Camacho et al., 2009) against public databases and against the repetitive elements identified 

in Rutz et al. (2023). Similarity between the clusters obtained from comparative analysis and 

individual RepeatExplorer2 runs were analysed using BLASTN 2.5.0.  

Statistical analyses were conducted in R version 4.2.1 (R Core Team, 2024). The normality of 

GC content and length of satDNA sequences was assessed using the Shapiro Wilk's test, and 

the correlation between the two variables was calculated using the Spearman rank correlation 

test. The distribution of GC content and length of satDNA sequences was assessed using the 

Wilcoxon test. Comparisons of repeat unit length and GC content among all freshwater 

crayfish genera and between families was assessed using a Kruskal-Wallis test. Post-hoc 

pairwise Wilcoxon rank-sum tests with Bonferroni correction were applied to identify 

 

3.2.6. Phylogenetic reconstruction and divergence analysis 

Phylogenetic reconstruction was based on (Vitales et al., 2020) using a custom bash and R 

script (Supplementary file III-1 and Supplementary file III-2). A distance matrix was 

calculated based on the observed/expected number of edges in clusters between species 

obtained in comparative analysis using the distance.comb function from the R package sidier 

v4.1.0 (Pajares, 2013). A dendrogram was built using the R package pvclust v2.2.0 (Suzuki et 

al., 2019) with ward.D2 as the method for hierarchical clustering, Bray Curtis dissimilarity 

distance method and 1 000 bootstrap replications. The heatmap was constructed using the R 

package ComplexHeatmap v2.20.0 (Gu, 2022; Gu et al., 2016). 

The satDNA consensus sequences obtained from the comparative analysis were used to 

estimate divergence. First, for all sequences dimers or higher repeat numbers up to 200 nt 

were generated using the dimerator.py script.This collection was used as a reference for 

running the RepeatMasker software against reads from each species. RepeatMasker v4.1.2-p1 
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(Smit et al., 2013) was used with the parameters -a -nolow -no_is. The sequence divergence 

distribution was calculated as Kimura distances using the RepeatMasker tool 

calcDivergenceFromAlign.pl.  

3.2.7. Detailed characterisation of PlSAT3-411 and PlSAT57-664 

SatDNAs from each species with similarity to the PlSAT3-411 and PlSAT57-664 were 

extracted using BLASTN (C. Camacho et al., 2009) and a consensus sequence was produced 

using Bowtie2 (Langmead & Salzberg, 2012). For both sequences, dimers were produced 

using the dimerator.py script (https://github.com/fjruizruano/ngs-

Protocols/blob/master/dimerator.py, 2025). Patterns in the PlSAT3-411 and PlSAT57-664 in 

all species were examined applying the RepeatProfiler workflow 

(Https://github.com/johnssproul/RepeatProfiler, 2025; Negm et al., 2021). For the correlation 

analysis, species were grouped by family. Both consensus sequences were used as reference 

for the RepeatMasker software against reads from each species.  

3.2.8. Preparation of chromosome spreads and fluorescence in situ 

hybridisation (FISH) 

Chromosome spreads were prepared according to the method described in (Mlinarec et al., 

2011). Specific primers for the satDNA sequence PlSAT3-411 l., 2021) were 

used for amplification of probes for FISH. PCRs were performed using GoTaq Green Master 

Mix (Pro

each with 1 min denaturation at 95°C, 30 s annealing at 55°C, 1 min extension at 72°C, and a 

final extension of 20 min. Amplicons were visualised on a 2% agarose gel and purified from 

gel slices using the ReliaPrepTM DNA Clean-Up and Concentration System (Promega, 

USA). Cloning was performed using a pGEM-T Easy Vector System (Promega, USA) 

accord . Individual clones were purified using the 

(Amsterdam, The Netherlands). 

Plasmid vectors containing the satDNA monomer sequence were labelled with Aminoallyl-

dUTP-Cy3 (Jena Bioscience GmbH, Jena, Germany) using the Nick Translation Reagent Kit 

modifications: plasmid DNA (700 ng) was labelled in a reaction volum
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mixture for 6 h at 15°C. FISH was performed according to 

2021). The preparations were mounted in Dako Fluorescence Mounting Medium (Dako 

North America Inc., USA) and stored at 4°C overnight. Signals were visualised using an 

Olympus BX51 microscope, equipped with a cooled CCD camera (Olympus DP70). 

3.3. Results 

3.3.1. Repeat classification and sequence analysis 

The genome size of A. astacus and A. bihariensis was measured from haemolymph. Results 

showed that the average 1C DNA value was 16.89 Gbp for A. astacus and 11.58 Gbp for A. 

bihariensis (Supplementary table III-2). The number of obtained reads per species (A. 

torrentium, A. bihariensis, F. immunis, P. leniusculus, A. astacus) resulting from low 

coverage sequencing ranged from 13.5 M to 40.8 M reads corresponding to 0.15  0.53 x 

coverage. (Supplementary table III-1). Reads obtained in this study and from public databases 

were used in the de novo identification of repeats in 19 freshwater crayfish species 

(Supplementary table III-1) with the RepeatExplorer2 pipeline based on low-coverage 

Illumina reads. The clusters identified by RepeatExplorer2 are shown in Supplementary table 

III-3. The number of identified clusters ranged between 620 in A. astacus and 756 in P. 

leptodactylus. The read proportion of each element, grouped by repeat type, is shown in 

Figure III-1. All sequences were annotated as satDNA, ribosomal DNA (rDNA), TEs 

belonging to Class I and Class II, or repeats (sequences without detailed annotation). The 

total proportion of REs in each species ranged from 30% in P. clarkii to 66% in C. similis. 

Ribosomal DNA (rDNA) was identified with 0.08% to 1.5% abundance per species, except 

for P. leniusculus, A. torrentium and P. brasiliensis where no sequences were assigned to 

rDNA sequences (Figure III-1, Supplementary table III-3). In each genome, the most 

abundant REs were either annotated to satDNAs or Class I TEs, which were represented by 

LINE and LINE/DIRS elements. In the Astacidae family, the highest proportion of reads was 

represented by satDNA sequences ranging from 17% in A. torrentium to 41.7% in P. 

leniusculus. The second highest proportion of reads in the Astacidae family belonged to Class 

I TEs, while no Class II elements were annotated. In the Cambaridae family, the highest 

proportion of reads were assigned to Class I TEs (between 16% in P. acutus and 24% in both 

species of the genus Faxonius), while 8 to 14% of sequences were assigned to satDNA. Class 

II TE were assigned to 0.01% (Maverick element) and 0.05% (Helitron element) of the 

sequences in F. immunis and P. acutus, respectively. In the Cambaroididae family, most 
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sequences were assigned to Class I TEs in C. japonicus and C. dauricus with 19% and 27%, 

respectively, while in C. similis and C. schrenckii most sequences were assigned to satDNA 

with 57% and 27%, respectively. In C. japonicus, 0.01% of reads were assigned to Class II 

TE Maverick. In the Parastacidae family, most sequences were assigned to Class I TEs, 

ranging between 20% in Ch. robustus and 29% in C. quadricarinatus. Among the studied 

species, distinct satDNA sequences dominate their respective genomes (Supplementary table 

III-3, Supplementary table III-4). In genomes with the highest proportion of satDNA, the 

most abundant satDNA are CsiSAT1-17 in C. similis with 38% of reads assigned, PleSAT1-

21 in P. leniusculus with 22% of reads assigned and ApaSAT1-21 in A. pallipes. 

Figure III-1. Proportions of repetitive elements in genomic reads of the 19 freshwater 
crayfish species used in this study. Each bar represents a species, with colours indicating 
different repetitive element categories. Repetitive elements are annotated as satellite DNA
(satDNA), ribosomal DNA (rDNA), TEs belonging to Class I and Class II, and sequences 
without detailed annotation indicated as Unclassified repeats. Proportions are on a scale from 
0 to 65 %. 

The range of the repeat unit length of satDNA sequences was from 12 to 2657 bp for the 

Astacidae family, from 14 to 4898 bp for the Cambaridae family, from 12 to 1920 bp for the 

Cambaroididae family and 13 to 2700 bp for the Parastacidae family (Supplementary table 

III-3). The distribution of the repeat unit length of satDNA sequences is concentrated below 

100 bp (Figure III-2). The mean repeat unit length for minisatellite sequences (below 100 bp) 

were 46.9 bp for Astacidae, 35.2 bp for Cambaridae, 38.1 bp for Cambaroididae and 37.1 bp 
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for Parastacidae. The mean repeat unit length for macrosatellite sequences (above 100 bp) 

were 201.7 bp for Astacidae, 622.1 bp for Cambaridae, 368.3 bp for Cambaroididae and 

608.5 bp for Parastacidae (Figure III-2). Overall, the length of repeat unit sequences of 

satellites was significantly different between genera (Kruskal-Wallis test, p = 5.157e-68) and 

between families (Kruskal-Wallis tests, p = 2.537e-70) (Supplementary table III-5). From 

now on, we will refer to satDNA sequences below 100 bp as minisatellites, satDNA 

sequences above 100 bp as macrosatellites, and all satDNA as simply satellites. 

 

 

Figure III-2. Frequency of satDNA sequences length across studied species. (A) 

colour represents a species. Vertical dashed lines represent the mean length value for each 
family. 

The GC content of the satDNA sequences across all studied species varied between 17.2% 

(PbrSAT14-29 in P. brasiliensis) and 80% (FimSAT163-15 in F. immunis). The median GC 

content value for minisatellites was 49.19% and 46.15% for macrosatellites (Supplementary 

table III-3). The GC content differed significantly between macrosatellites and minisatellites 

(Wilcoxon rank-sum test, p = 1.048e-05) (Figure III-3). We observed two different 

populations of macrosatellites in terms of GC content in the genera Astacus, 

Austropotamobius, Pacifastacus, Pontastacus and Cambarus: one peak of satDNA 

distributed at around 30% GC content and a second peak at 50% GC content (Figure III-3). 

GC content was different for all satDNA between genera (Kruskal-Wallis test, p= 5.252 e-67) 
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and between families (Kruskal-Wallis test, p = 1.0156 e-56) (Supplementary table III-5). A 

negative correlation was observed between GC content and repeat unit length overall in 

satellite DNA (Spearman's rho = -0.056, p = 1.581 e-04) and in minisatellites (Spearman's 

rho = -0.035, p = 0.0205). On family level, a negative correlation was observed only for the 

family Astacidae and Cambaridae for satDNA (Supplementary figure III-1, Supplementary 

table III-6).  

 

 

 

Figure III-3. Density plot representing the GC content distribution for minisatellite and 
macrosatellite sequences by crayfish genus. Colours represent sequence type minisatellite (< 
100 bp) and macrosatellite (> 100 bp) 

 

3.3.2. Phylogenetic reconstruction and divergence analysis 

Hierarchical clustering was performed based on the clusters obtained from comparative 

analysis of all species with RepeatExplorer2. Based on the cluster similarities, two clusters 

are observed: one for species of the family Parastacidae, and another for all the other 

freshwater crayfish families. Species belonging to the same family clustered together except 

for F. limosus and P. clarkii (family Cambaridae) that grouped together with the species of 

the family Astacidae (Supplementary figure III-2). 
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Based on comparative analysis, we identified in total 395 RE clusters (Figure III-4). The 

highest number of RE clusters were present in the species A. torrentium and the lowest in P. 

brasiliensis (Figure III-4.A). Most of the identified clusters appeared in the species within the 

family Astacidae, while the lowest number of shared RE clusters was present between the 

species of the family Parastacidae and all other species (Figure III-4.B). The number of 

unique clusters per species was generally low (<5), except for P. brasiliensis and P. 

leniusculus with 18 and 11 unique clusters respectively (Figure III-4.C).  

 

Figure III-4. A) Total number of RE clusters per species identified in comparative analysis 
by Repeat Explorer2. B) Number of share clusters between species. C) Number of unique 
clusters per species.  

Sequence divergence landscapes were calculated for all satDNA sequences in each species. 

The analysis revealed distinct patterns across the crayfish species and families (Figure III-5). 

In the family Astacidae, a peak was observed at lower substitution levels (0  10%). In 

Cambaridae, distinct patterns were observed between species of the genus Faxonius (one 

peak at 0  10%), the genus Procambarus (multiple peaks between 0 - 20%), and Ca. 

robustus (peak between 5  20%). In the family Cambaroididae, distinct patterns were 

observed between C. similis and C. schrenckii (one peak at 0  10%), and between C. 

japonicus and C. dauricus (one peak at 0  10 % and another peak at 20  30%). In Ch. 

robustus, multiple peaks were present at 0 -30% divergence, while the other species in the 
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family Parastacidae show one peak at lower substitution levels (0 10%). The overall 

satDNA content varies between species as indicated by the different coverage (Figure III-5). 

Figure III-5. SatDNA sequence divergence landscapes for each species. Colours indicate 
different freshwater crayfish families. y-axes are scaled for each species.

3.3.3. Detailed characterisation of PlSAT3-411 and PlSAT57-664

The PlSAT3-411 satDNA family was previously identified as pericentromeric satellite DNA 

in P. leptodactylus and was selected for further analysis. Dimer 

consensus sequences of the PlSAT3-411 sequence were used to obtain repeat profiles of the 

sequence in each species. The colour enhanced profiles showed the presence of the entire 

sequence in the species from the Astacidae and Cambaroididae family with similar depth 

(Supplementary figure III-3). In the Cambaridae family, only parts of the sequence were 

mapped, while the sequence is not present in the Parastacidae family. Variant profiles show 

family-specific signatures in the pattern of variants relative to the consensus PlSAT3-411 

sequence (Figure III-6).
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Figure III-6. Variant repeat profiles of PlSAT3-411 satellite DNA family across the studied 
species. Different colours indicate A, T, C and G bases. The height of each bar indicates the 
coverage of each variant in the reads.  

The distribution of Kimura substitution levels was explored for the PlSAT3-411 and 

PlSAT57-664 sequences in each species. The landscapes varied among species and between 

the two satellite sequences. In the Astacidae and Cambaroididae family, the PlSAT3-411 

sequence showed high coverage and a peak at lower substitution levels (0 - 5%). In contrast, 

the PlSAT57-664 sequence showed 10^5-fold lower coverage than the PlSAT3-411 

sequence. The pattern was opposite for the species in the Cambaridae family, with the 

PlSAT57-664 sequence having a double coverage compared to the PlSAT3-411 in all genera, 

except in the genus Faxonius where the coverage of the PlSAT57-664 sequence was 10^5-

fold higher than the PlSAT3-411 sequence. In the genera Cambarus and Procambarus 

(Cambaridae family) the divergence peak was present at 5  10% for the PlSAT3-411 

sequence and 10  30% for the PlSAT57-664 sequence. In the genus Faxonius, the PlSAT57-

664 showed a peak at 0  10 % divergence with higher coverage for F. immunis than F. 

limosus (Figure III-7). To check for the chromosomal localisation of the PlSAT3-411, FISH 

was performed on metaphase spreads of A. torrentium and P. leniusculus. The chromosome 
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mapping revealed hybridisation sites in the pericentromeric regions on all chromosomes in 

both species (Figure III-8).  
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Figure III-7. Sequence divergence landscapes for each species for the PlSAT3-411 (left) and 
PlSAT57-664 (right) sequences. Colours indicate different species. y-axis is scaled for each 
species. 
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Figure III-8. Localisation of PlSAT3-411 satellite repeat family (in red) on metaphase 
chromosomes of (A) A. torrentium and (B) P. leniusculus. Red signals represent the Cy3 

 

 

3.4. Discussion 

We investigated the repetitive genomic landscape of freshwater crayfish to gain novel 

understanding of the genome evolution through satellite DNA in 19 species across four 

families. In line with our hypothesis, our findings highlight universal patterns present across-

freshwater crayfish families, as well as lineage specific sequences, providing unique insights 

into repetitive element diversification in freshwater crayfish. The relevance of our results 

regarding our research hypothesis is discussed below. 

3.4.1. High number of satellite DNA families in all freshwater 

crayfish species 

The high number of REs identified across all studied species aligns with previous findings in 

Decapoda, where the proportion of REs constitutes 58% to 79% of genomes (Rutz et al., 

2023). Our results confirm an overall high repetitive DNA content in all species, ranging 

from 30% in P. clarkii to 66% in C. similis (Figure III-1). We observed family-specific 

patterns in the distribution of transposable elements and satDNA, with Astacidae and 

Cambaroididae showing the highest proportion of satDNA, while Cambaridae and 

Parastacidae genomes were dominated by Class I transposable elements (Figure III-1). The 

lack or low number of identified Class II TEs observed here has already been reported in 

other Decapoda (Rutz et al., 2023; Xu et al., 2023). Class I TEs tend to accumulate in low-

A B
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recombination regions such as peri-centromeric heterochromatin, while Class II are more 

common in gene rich regions (Wells & Feschotte, 2020)

mechanism of Class I TE can lead to TE copy accumulation, contributing to larger genome 

sizes (Wells & Feschotte, 2020). The prevalence of TEs has been identified as a key factor 

underlying genome size variation in Decapoda (Liu et al., 2024; Rutz et al., 2023).  

Eukaryotes exhibit a wide array of satDNA families, ranging from 2 in the plant Tanacetum 

cinerariifolium (Mlinarec et al., 2019) to 226 in the frog Proceratophrys boiei (João Da Silva 

et al., 2023) and 258 in P. leptodactylus . Even within genera, 

satDNA counts can vary greatly, as seen in the beetle Tribolium freemani with 135 satDNA 

families and T. castaneum with 57 satDNA . In our 

study, the number of satDNA families varies greatly, but is overall high, between 54 and 622 

(Supplementary table III-3). This illustrates the remarkable diversification of the satellitome 

in freshwater crayfish. A high proportion of satDNA in all species in this study is formed by 

minisatellites (<100 bp), especially sequences shorter than 50 bp (Figure III-2). A high 

abundance of minisatellites has also been found in other Decapoda genomes (Molina et al., 

2020; Zhang et al., 2019). Minisatellites are often associated with euchromatic regions 

(Garrido-Ramos, 2017; Zhao et al., 2012), but they can also be associated with long arrays 

present in pericentromeric and subtelomeric regions (Garrido-Ramos, 2017). In P. 

leptodactylus, the minisatellites PlSAT6-70 and PlSAT14-79 are located interstitially along 

the chromosome arms, considered part of euchromatic regions . The 

formation of new minisatellite sequences arises from DNA replication, DNA recombination 

or DNA repair (Richard et al., 2008). Some minisatellites found in euchromatic regions or 

within genes appear to be essential for protein function (Richard et al., 2008). Furthermore, it 

has been proposed that minisatellite sequences facilitate interchromosomal DNA exchanges 

(Pathak & Ali, 2012; Piazza et al., 2012). Based on this, the presence of a large number of 

minisatellites in freshwater crayfish could allow for rapid adaptation of the organism to the 

environment.  

3.4.2. SatDNAs among freshwater crayfish show shared 

characteristics 

Our study revealed distinct satDNA sequence characteristics across the 19 species belonging 

to the four extant crayfish families, including variations in repeat unit length, GC content 

(Supplementary table III-3), and substitution landscapes (Figure III-5). We observed a 
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negative correlation between GC content and satellite length overall for satellites and 

minisatellites (Figure III-3, Supplementary figure III-1). A negative correlation has been 

found in the grasshopper Locusta migratoria and in the fish Astyanax paranae, where short 

satDNA tend to arise from GC-rich regions, while longer monomers are more AT-rich (Ruiz-

Ruano et al., 2016; Silva et al., 2017). Other studies in fish genera Megaloporinus, 

Psalidodon and Astyanax did not establish correlation between these two characteristics 

(Goes et al., 2022; Utsunomia et al., 2019). It is generally considered that AT-rich satDNA 

can induce DNA curvature, important for facilitating the tight packing of DNA and proteins 

in heterochromatin . Heterochromatin acts as a scaffold for nuclear 

architecture, enabling the efficient organisation and proper chromosome segregation during 

mitosis and meiosis (Jagannathan et al., 2018), therefore ensuring the proper organisation of 

the large number of chromosomes. 

3.4.3. Phylogenetic signal of satDNA 

Among the analysed freshwater crayfish families, species of the family Parastacidae shows 

the highest number of unique clusters (Figure III-4). Hierarchical clustering based on the 

repeat profiles separated the family Parastacidae from the other families (Supplementary 

figure III-2), consistent with their distinct biogeographic history and deep phylogenetic 

divergence from Northern Hemisphere crayfish (Crandall & De Grave, 2017). The clustering 

of the three other families into a single group reflects higher repeat similarity, despite their 

taxonomic diversity. While hierarchical clustering of satDNA profiles aligns with the 

divergence of Parastacidae, the clustering of the other crayfish families suggests that satDNA 

evolution is also influenced by lineage-specific homogenisation processes within the whole 

superfamily Astacoidea. Repeatome based analyses have revealed clear phylogenetic signals 

in different plant groups (Herklotz et al., 2021; Vitales et al., 2020), and several studies 

showed the use of single satDNA as phylogenetic markers (Dias et al., 2021; Utsunomia et 

al., 2017). The clustering of species in our study based on satDNA does not fully mirror their 

taxonomy. Stronger phylogenetic signals could arise by performing clustering analysis at the 

family or genus level or by focusing only on a smaller number of satDNA sequences. 

Clustering can be further influenced by high intraspecific diversity and the presence of 

multiple divergent satDNA subfamilies. Low sequence divergence peaks in the family 

Astacidae and in two Cambaroididae species, C. similis and C. schrenckii (0  10%, Figure 

III-5) suggest the rapid spread and amplification of similar repeat units within a species, 

resulting in a high abundance of recently homogenised sequences that have not yet 
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accumulated many mutations (Palomeque & Lorite, 2008; Rico-Porras et al., 2024). This 

could reflect rapid and localised speciation events or rapid population increases potentially 

driven by paleohydrogeological changes. Conversely multiple and broader peaks present in 

Ca. robustus, P. acutus, Ch. robustus, C. dauricus and C. japonicus (Figure III-5) indicate 

that different subfamilies within a satDNA family are diverging independently, thus creating 

more sequence variants. This pattern suggests older and more complex speciation histories 

which aligns with the wide distribution and large number of species present in the families 

Parastacidae and Cambaridae or reflects distinct diversification events within the 

Cambaroides genus. 

3.4.4. Conserved satDNAs at the core of the freshwater crayfish 

satellitome 

The presence of certain satDNA sequences with low sequence divergence (as seen in the 

PlSAT3-411, Figure III-6, Figure III-7) can be attributed to the concerted evolution and 

strong purifying selection in functionally constrained genomic regions (Thakur et al., 2021). 

SatDNA sequences found near important functional regions such as ribosomal loci or within 

euchromatic regions can exhibit minimal divergence due to functional constraints and 

potentially deleterious effects of mutations (Schaper, 2014; Thakur et al., 2021). The 

distribution of the PlSAT3-411 sequence throughout all the species aligns with patterns of 

concerted evolution, where the repetitive DNA sequences maintain a greater similarity among 

repeats within a species than between species (Garrido-Ramos, 2017; Plohl et al., 2012). This 

conservation may reflect functional roles in centromeric/pericentromeric regions, while its 

absence in Parastacidae suggests deep evolutionary divergence. Due to abundance of 

PlSAT57-664 in the family Parastacidae and its sequence similarity to PlSAT3-411, we can 

speculate that PlSAT57-664 family may have a similar role across these species, however, 

this hypothesis should be confirmed in future by chromosomal localisation studies. The 

functional roles of centromeric satDNA include contributing to structural integrity of the 

centromere (Bloom, 2014), maintenance of the heterochromatin, epigenetic regulation 

through non-coding RNAs , recruitment of centromere specific 

proteins during cell replications and maintenance of genome stability (Shatskikh et al., 2020). 

High AT content and canonical size of 170 or 340 bp have been proposed to support the 

packaging of DNA in the heterochromatin, providing crucial satDNA function typical for 

centromeric satellites . The functional role of the PlSAT3-411 family, as 
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pericentromeric satDNA, has already been hypothesised in 021). The 

contrasting abundance of PlSAT3-411 and PlSAT57-664 among the freshwater crayfish 

families parallels the library hypothesis of satDNA evolution, which suggests that related 

species share a common library of satDNA sequences inherited from the last common 

ancestor but differentially amplified across closely related lineages. This process leads to 

species-specific satDNA profiles, with similar sequences in different proportions observed 

among the species with a common ancestor (J. P. M. Camacho et a -

Plohl, 2023). While satDNA is usually highly dynamic, several studies have reported 

conservation over periods longer than 50 Mya (dos Santos et al., 2021). In molluscs, two 

satDNAs, BIV160 and PjHaaI, have been discovered to be conserved for 540 Mya 

(Petraccioli et al., 2015; Plohl et al., 2010). The divergence between Northern and Southern 

Hemisphere crayfish families (Parastacidae vs. Astacidae, Cambaridae, Cambaroididae) 

occurred around 241 Mya (Wolfe et al., 2019), suggesting that the PlSAT3-411 is at least 241 

Mya old. This makes the PlSAT3-411 one of the most ancient satDNAs discovered so far. 

3.4.5. The challenges of studying satellitomes of non-model organisms 

The study of REs, especially satDNA, across diverse organisms poses computational 

challenges - . satDNA consists of long arrays of highly 

repetitive sequences which makes them challenging to sequence and assemble leading to gaps 

in genome assemblies - . Bioinformatic tools used in genome 

assembly methodologies, often misclassify, or fail to identify satDNA sequencing, making 

them underrepresented in databases. Moreover, satellitome studies are still often performed 

on one or a few species, with limited insight in diversity of satDNA across different genera or 

families. Here we focused on species representative of all four freshwater crayfish families. 

We analysed species from all genera in the families Astacidae and Cambaroididae, 23% of 

genera from the family Cambaridae and 15% of genera from the family Parastacidae. This 

approach allowed the capturing of a wide diversity of repetitive DNA patterns and identify 

lineage-specific satDNA trends. The assembly of reference genomes for species with large, 

highly repetitive genomes, such as freshwater crayfish, remains a significant challenge for 

current sequencing technologies. To date, only four freshwater crayfish genomes have been 

published, none featuring satDNA as a driver of genome evolution. Low coverage genome 

sequencing circumvents the challenges associated with assembling highly repetitive regions 

in large, complex genomes. This approach has been demonstrated to provide reliable repeat 

profiles across a range of diverse taxa. Although bioinformatic annotation of repetitive DNA 
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is complicated by the dynamic organisation and homology of satDNA (Lower et al., 2018), 

our study addressed these challenges by integrating established tools such as RepeatExplorer 

and TAREAN, which perform de novo identification of REs and satDNA. We further 

characterised the satDNA employing metrics like monomer clustering and GC-content 

analysis. These findings not only enrich our knowledge of crayfish genomes but also provide 

a replicable framework for studying satDNA in other non-model organisms.  

 

3.5. Conclusion 

Here we provide novel insights into the repetitive DNA and highlight conserved and lineage-

specific patterns of satDNA evolution across 19 freshwater crayfish species from four 

families. Our results reveal a high number of satDNA families and a high proportion of REs 

in all species, confirming the important role of repetitive DNA in shaping freshwater crayfish 

genomes. Our results show distinct family-level patterns, with Parastacidae exhibiting the 

highest number of unique repeat clusters and phylogenetic separation from Northern 

Hemisphere families, consistent with their evolutionary divergence. The observed variation in 

satDNA repeat unit length, GC content, and substitution landscapes reveals dynamic 

processes, including concerted evolution and differential amplification, as predicted by the 

library hypothesis. The conservation of certain satDNAs across all species highlights their 

likely functional roles, particularly in centromeric or pericentromeric regions. This study 

advances our understanding of genome evolution in decapods and emphasises the value of 

satDNA in unravelling both evolutionary history and functional genome organisation in 

crustaceans. 
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Abstract 

High-quality reference genomes are key for advancing evolutionary, ecological, and 

conservation research. Freshwater crayfish are ecologically important invertebrates, yet their 

genomic data remain limited. Currently, only four freshwater crayfish genome assemblies are 

publicly available, none of them belonging to the Astacidae family. Species of the Astacidae 

family are freshwater crayfish native to Europe, and are endangered by climate change, 

crayfish plague and competition from invasive non-native crayfish. The genome sequencing 

and assembly of crayfish species is challenging because of their large genome sizes, high 

number of repetitive sequences, and high heterozygosity. In this study we optimised protocols 

for long read sequencing of two freshwater crayfish species from the family Astacidae: the 

noble crayfish Astacus astacus and idle crayfish Austropotamobius bihariensis. We evaluated 

various DNA extraction methods, tissue types and library preparation strategies. We tested 

the suitability of six DNA extraction protocols (Qiagen MagAttract HMW DNA kit, Qiagen 

DNeasy blood and tissue kit, phenol-chloroform extraction, Nanobind Big DNA kit, salting 

out protocol, and sorbitol-wash coupled with salting-out protocol) and three tissue types (leg 

muscle, abdomen muscle, and claw tissue) to obtain high molecular weight (HMW) DNA. 

We assessed DNA quality and fragment length using fluorometric and spectrophotometric 

measurements, as well as pulsed-field capillary electrophoresis. The best performing protocol 

was chosen for the library preparation and sequencing. Specifically, the salting-out protocol 

combined with a sorb  high-purity 

(A260/280 1.8 and A260/230 2.0-2.2), high-molecular-weight (HMW) DNA. We tested two 

sequencing platforms: PacBio and Nanopore using two library preparation approaches (with 

and without PCR amplification). PacBio outperformed Nanopore sequencing, especially 

when using the amplification-based library preparation approach. Our optimised workflow, 

encompassing the salting-out protocol with sorbitol wash and the use of abdomen or leg 

muscle tissue followed by PacBio amplification-based library preparation, provides a robust 

framework for generating high-quality HMW DNA and maximizing sequencing output from 

freshwater crayfish. With this approach the highest yield in a sequencing run was 30.3 Gb for 

A. astacus and 37 Gb for A. bihariensis. Overall, we successfully generated substantial 

genomic data, 640.26 Gb for A. astacus and 243.15 Gb for A. bihariensis, sufficient for de 

novo genome assemblies. This established workflow provides a valuable foundation for 
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accelerating genomic studies in freshwater crayfish and other challenging invertebrate 

species. 

Keywords 

HMW DNA extraction, long-read sequencing, freshwater crayfish, genomic DNA 

4.1. Introduction 

High quality reference genomes provide information on genetic and structural variants and 

elucidate complex genomic features such as satellite DNA (satDNA), mobile elements or 

segmental duplications (Theissinger et al., 2023). By thoroughly characterising these 

genomic features, the genomic resources can greatly assist biodiversity conservation and 

restoration efforts (Formenti et al., 2022; Theissinger et al., 2023). For instance, 

understanding genetic diversity and population structure through high-quality reference 

genomes can inform breeding programs, identify vulnerable populations, and guide 

reintroduction efforts for endangered species (Bonassin et al., 2024). In recent years, 

advances in long read sequencing technologies have allowed the genome assembly of many 

non-model species. Long read sequencing technologies simplify genome reconstruction and 

improve assembly contiguity, generating reads that can span tens of kilobases to several 

megabases (Espinosa et al., 2024). This offers the opportunity to investigate genomic 

structures and functions, phylogenetic relationships and evolutionary processes (Bein et al., 

2025; Russo et al., 2022). Long-read sequencing is increasingly being applied to a wider 

range of species, leading to a rapidly growing number of high-quality reference genomes. 

However, there are still biological complexities that challenge genome sequencing and 

assembly processes. These include, but are not limited to large genome size, high 

heterozygosity levels, presence of mobile elements and/or tandem repeats and genomes with 

variable ploidy (Espinosa et al., 2024). A major step to overcome these sequencing 

challenges is to establish a reproducible high-quality laboratory workflow.  

Due to their large proportion of repetitive elements, the production of reference genomes of 

Crustaceans is still particularly challenging. To date, there are only 45 published Crustacean 

genomes at chromosomal level, yet their contiguity remains low with short contig N50 (9 kb 

 11 Mb) (NCBI Genome database, Yuan et al., 2023). Larger genomes require more 

sequencing data to obtain the necessary coverage and more computing resources to assemble 

a high-quality genome (Yuan et al., 2023). In Crustacea, genome sizes vary widely, with 

values ranging from 0.11 Gb in the ostracod Xestolebris sp. to 63.19 Gb in the amphipod 
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Ampelisca macrocephala (Gregory, 2025). Among species of the order Decapoda, genome 

size can reach up to 39.12 Gb in the polar shrimp Sclerocrangon ferox (Rees et al., 2008). In 

the freshwater crayfish family Astacidae there are notable large genomes, including the idle 

crayfish Austroptamobius bihariensis with 11.58 Gb (Chapter III), the noble crayfish Astacus 

astacus with 16.89 Gb (Chapter III), and the narrow-clawed crayfish Pontastacus 

leptodactylus with 18.7 Gb . These genomes are also high in 

repetitive DNA content (Rutz et al., 2023) which poses difficulties in aligning and 

assembling reads due to the copies in multiple locations in the genome and the length of their 

repeat unit (Treangen & Salzberg, 2012). It has been shown that the genome size in 

Decapoda correlates with a higher number of transposable element (TE) copies, whose 

proportion in the genome can be up to 82% (Rutz et al., 2023, Chapter III). Along with a high 

proportion of TEs, satDNA occupies a large part of Decapoda genome. In the family 

Astacidae, satDNA represents the highest proportion of repetitive elements, with up to 55% 

in the Pontastacus leptodactlyus genome (Chapter III . High 

heterozygosity also has a significant influence on sequencing and genome assembly resulting 

in assembly fragmentation, incorrect haplotype collapsing and increased error rates (T. Zhang 

et al., 2022). High heterozygosity was reported in several freshwater crayfish species (Gross 

 et al., 2022) with a significant amount of genetic variation within 

populations (Bonassin et al., 2024; Wei et al., 2024). Therefore, genome assembly projects of 

freshwater crayfish are particularly challenging due to their complex genomic characteristics. 

In addition to the degree of genomic complexity, the success of long read genome sequencing 

also depends on obtaining high quality and high molecular weight (HMW) DNA, ideally with 

a fragment length of 50 kb or more. Obtaining HMW DNA from crustaceans has several 

challenges, from DNA in vivo stability, to extraction, purification and library preparation: 

DNA is easily degraded by endonucleases (Abdelrahman et al., 2017; Angthong et al., 2020) 

and the purity is affected by high amounts of polysaccharides and polyphenolic proteins 

(Panova et al., 2016). Initial sample handling has significant impact on DNA integrity, 

therefore proper tissue preservation is needed to prevent enzymatic activity and oxidative 

degradation (Nagy, 2010). Flash-freezing of tissue in liquid nitrogen immediately after 

collection has been the benchmark for minimal DNA degradation and impact on fragment 

length (Dahn et al., 2022). Unlike short-read sequencing, which is compatible with DNA 

obtained from almost all standard DNA extraction methods, only a few extraction methods 

are suitable for HMW DNA (Dahn et al., 2022). These include bead-based, high-salt, agarose 
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plug and magnetic disk methods (Dahn et al., 2022). While the use of the appropriate 

extraction methods ensures the appropriate DNA integrity, DNA purity is an additional 

crucial parameter for long-read sequencing (Trigodet et al., 2022). Conventional protocols 

can be unreliable when applied to certain organisms with high contaminant levels still present 

in DNA extracts, which can interfere with downstream applications. To increase DNA purity, 

common DNA purification strategies include bead-based clean up, agarose gel 

electrophoresis, or buffer exchange. However, it is crucial that purification protocols preserve 

the integrity and length of the DNA as excessive shearing can compromise sequencing 

outcomes.  

-Time (SMRT) sequencing is a long-read 

sequencing technology that generates highly accurate and long DNA reads (Rhoads & Au, 

2015). PacBio Circular Consensus sequencing (CCS) strategy derives a consensus sequence 

from multiple passes of a single template molecule producing accurate reads. CCS reads with 

over 99% accuracy are called High Fidelity (HiFi) long reads (Schell et al., 2025). The choice 

of library preparation workflow, either amplification-free or whole-genome amplification-

based, depends on the available DNA quantity. The standard amplification-free workflow is 

preferred due to sequencing native DNA but requires high amounts of DNA (minimum 400 

ng recommended, PacBio, 2020). In contrast, the amplification-based workflow enables 

sequencing from samples of extremely limited DNA quantity (minimum 5 ng recommended, 

PacBio, 2020). However, whole genome amplification in this workflow can introduce risks 

such as errors or coverage biases when compared to the standard, amplification-free method 

(PacBio, 2020). In cases where no other option is available, these risks are acceptable if a 

high-quality reference genome is sought after. The second most widely used long-read 

sequencing technology is Oxford Nanopore Technologies (ONT) that uses change in ionic 

current as a DNA molecule passes through a nanopore to determine the sequence of 

nucleotides (Wang et al., 2021). The main strategies of library preparation for ONT are 

ligation-based protocols which involve enzymatic adapter ligation to native DNA fragments, 

transposase-based methods that utilise a transposase to fragment and attach adapters and PCR 

amplification-based workflows usually used for low input samples. Both PacBio and ONT 

offer considerable advantages compared to short read sequencing in generating the long reads 

critical for de novo assembly of complex, giant genomes. 

In this study, we aim to identify the most effective combination of DNA extraction methods 

and purification strategies for long read sequencing of two freshwater crayfish species with 
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giant genomes, A. astacus and A. bihariensis. These species are characterised by large 

genomes which are impossible to assemble using short reads and which present significant 

challenges for long-read sequencing. However, due to their crucial ecological importance as 

keystone species in freshwater ecosystems and their endangered status, their reference 

genomes are more needed than ever. We hypothesise that a carefully optimised protocol, 

involving specific DNA extraction and purification steps, will yield DNA of sufficient quality 

to overcome the known difficulties in sequencing crayfish species with large and repetitive 

genomes. We assess DNA quantity and quality using fluorometric measurements and high 

sensitivity fragment length analysis. To test the suitability of the protocol for long-read 

sequencing technology, we prepared amplification-free as well as amplification-based 

libraries. Based on our findings, we propose a DNA extraction and library preparation 

protocol suitable for long read sequencing of freshwater crayfish. The insights gained in this 

study may also be applicable to other non-model invertebrate species.  

4.2. Methods 

4.2.1. Sampling of individuals and tissue 

One adult male individual of A. astacus was obtained from the breeder Flusskrebszucht 

Frömel (Kavelstorf, Germany). One adult male individual of A. bihariensis was collected 

from the Valea Iadului river in Romania (46,7447 N 22,5597 E) with the necessary 

authorisation from the Romanian Academy (1/CJ/13.01.2021), the Romanian Ministry of 

Water and Forests (DGB/2/R5787/16.08.2022), the Apuseni Nature Park Administration 

(199/09.09.2022), the National Agency for Protected Areas (882/15.09.2022), and the 

Environmental Protection Agencies in the geographical area where the specimen was 

sampled (76/20.09.2022). 

For both individuals, approximate 50 mg muscle tissue samples from abdomen, legs 

(pereopods) and claws (chelae) were dissected and flash frozen with liquid nitrogen before 

being stored at -80 °C until DNA extraction.  

4.2.2. Genomic DNA extraction 

Samples from both A. astacus and A. bihariensis were used in the extraction testing, and each 

protocol was tested at least in two replicates. For all DNA extractions, tissue disruption was 

performed in lysis buffer (described for each approach below) with a plastic pestle on ice. In 

total we tested five extraction protocols representative of the main DNA extraction principles 

used for obtaining HMW DNA, including three commercial protocols (Qiagen DNeasy Blood 
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and Tissue Kit, Qiagen MagAttract HMW DNA kit, Nanobind Tissue Big DNA Kit) and two 

non-commercial protocols (phenol-chloroform extraction and salting out protocol). The 

detailed procedure of each protocol is described in the text below. 

4.2.2.1. Qiagen DNeasy Blood and Tissue Kit 

The DNeasy Blood and Tissue Kit (Qiagen, Germany) was utilised according to the 

manufacturer's protocol for purification of total DNA from animal tissue, with the addition of 

an optional step: after lysis, RNase A was added to the lysate according to the protocol, and 

the solution was incubated for 2 min at room temperature. Finally, DNA was eluted in 100 

 

4.2.2.2. Qiagen MagAttract HMW DNA kit 

The MagAttract HMW DNA kit (Qiagen, Germany) was used for genomic DNA extraction 

according to the manufacturer's protocol for purification of DNA from fresh or frozen tissue 

with the following modifications: to improve the lysis of the tissue, lysis was performed for 4 

h, and all centrifugation steps were performed at 1200 rpm to reduce DNA shearing. Finally, 

buffer preheated to 37°C.  

4.2.2.3. Nanobind Tissue Big DNA Kit 

Genomic DNA extraction was performed using the Nanobind Tissue Big DNA Kit 

(Circulomics) following the manufacturer's protocol for isolation of HMW DNA from crab 

muscle (Circulomics Crab muscle Application Note v1 12/2019).  

4.2.2.4. Salting out protocol 

A modified salting out protocol (Jenkins et al., 2019) was implemented for DNA. Specific 

modifications included: tissue digestion performed for 4 h at 65°C and 400 rpm. To remove 

the proteins and cellular debris the samples were centrifuged at 5000 g for 10 min, and to 

precipitate the DNA the samples were centrifuged at 5000 g for 5 min. Finally, the DNA 

pellet was resuspended in 60 µL nuclease-free water. 

4.2.2.5. Phenol-chloroform extraction  

Genomic DNA was extracted following the phenol-chloroform protocol by Sambrook & 

Russell, 2006. Tissue was homogenised in H1 buffer (50 mM Tris-Cl, 10 mM EDTA, 100 

mM NaCl, 1% SDS and 1 mg/mL proteinase K) and lysed for 4 h at 65°C and 400 rpm on a 

Thermomixer. After lysis, 0.5 mg/mL RNase A was added, and samples incubated for 20 min 

-chloroform-isoamylalcohol (25:24:1) was added to the 

lysate, the mixture was centrifuged for 5 min at 5000 x g. 1x volume chloroform was added 
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to the aqueous phase and the mixture was centrifuged for 5 min at 5000 x g. DNA was 

precipitated by centrifugation, by adding 0,1x volume 3M sodium acetate and 2,5x volume 

100% ethanol. The solution was incubated for 1 h at -20 °C and subsequently centrifuged for 

10 min at 7500 x g. The pellet was washed twice, first with 1 mL 100% ethanol and again 

with 1 mL 80% ethanol, after an intermediate centrifugation for 10 min at 7500 x g. After the 

 

TE-buffer. 

4.2.3.  Evaluation of DNA quantity and quality 

For all DNA extracts, DNA was quantified using a QuantiFluor® dsDNA System on the 

Nanophotometer P300 (Implen, Germany). The fragment size distribution was assessed using 

a Femto Pulse System and the Genomic DNA 165 kb Kit (Agilent, USA).  

4.2.4.  Pre-extraction sorbitol washing complex homogenate protocol 

After analysing the results for DNA yield and fragment size, the two most suitable extraction 

methods MagAttract HMW DNA kit (section 4.2.2.2) and salting out protocol (section 

4.2.2.4), evaluated based on the overall yield, fragment length and purity, were 

complemented with a sorbitol based purification protocol prior to DNA extraction to obtain 

higher purity of DNA. The sorbitol washing complex homogenate protocol (Jones et al., 

2021) was modified as follows: tissue was grinded using a pestle in a 2 mL tube filled with 

-mercaptoethanol (v/v) was 

added and centrifuged for 5 min at 2500 x g. After removal of the wash solution, extractions 

were continued as described above.  

4.2.5.  Comparison of size selection protocols 

4.2.5.1. AMPure PB beads size selection 

To improve the fragment length of DNA used in library preparation, we tested the size 

selection using AMPure PB beads (40% v/v) following 

-730-400 Version 07, November 2021). DNA was incubated with 

beads at room temperature for 30 min. After removing the supernatant, the beads were 

washed with 80% ethanol twice and the DNA was elut  

4.2.5.2. BluePippin size selection 

We tested the size selection using the BluePippin (SageScience, USA). We followed the 

High-PassTM DNA Size Selection protocol with BLF7510 Cassette kit and 0.75% DF Marker 
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S1 high-pass 6-10kb vs3 Casse

run buffer.  

4.2.6.  Oxford Nanopore Technology library preparation 

purity ratio above 1.8 and A260/230 between 2.0 and 2.2. Nanopore libraries were prepared 

using the amplification-free Ligation gDNA sequencing kit SQK-LSK109 and sequenced on 

a MinION Flow Cell R9.4.1 FLO-MIN106D. To reduce costs, a set of libraries were prepared 

using the amplification-based Rapid barcoding gDNA sequencing kit SQK-RBK004 and 

sequenced on a Flongle Flow Cell R9.4.1 FLO-FLG001.  

4.2.7.  PacBio library preparation 

The extraction and purification combinations that yielded the best results based on DNA 

quantity and quality and according to PacBio recommendations, were selected for library 

preparation and sequencing. We used DNA extracts with amount higher than 500 ng, 

A260/280 purity ratio above 1.8 and A260/230 between 2.0 and 2.2 and fragment length 

longer than 10 kb.  

4.2.7.1. Low input protocol 

Low input PacBio HiFi libraries for both species were prepared according to the protocol 

Preparing HiFi Libraries from Low DNA Input Using SMRTbell® Express Template Prep 

Kit 2.0 (PacBio, Version 06, August 2020). DNA was sheared using a long hydropore on a 

Megaruptor 2 (Diagenode, USA) set to 25 kb target length. After the final adapter ligation, 

nuclease treatment of the libraries was performed according to the protocol. The libraries 

were sequenced on Sequel IIe platforms at Novogene (UK) or Radboudumc Genome 

Technology Center (Netherlands) (Supplementary table IV-1).  

4.2.7.2. Ultra-low input protocol 

Library preparation for Astacus astacus 

Ultra-low input PacBio HiFi libraries for the species A. astacus were prepared and sequenced 

at the West German Genome Centre (WGGC, Düsseldorf, Germany). Libraries were 

prepared with the ultra-low input WGS workflow using the Express Template Prep Kit 2.0 

-Low 

ry preparation was started with 20 ng 

 using gTubes (Covaris, UK) aiming for a 

mean fragment size of 15kb. Centrifugation speed was increased gradually until the whole 
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sample had passed through the membrane. Fragment size distribution was assessed using a 

Femto Pulse System (Agilent, USA) with the Genomic DNA 165 kb kit. The sheared sample 

was used as input for library preparation according to the manufacturer's instructions. Whole 

genome amplification was performed with the gDNA Sample Amplification Kit (PacBio) 

according to the above-mentioned protocol with the following modifications: Reaction mix A 

reaction mix A, a 10 min extension time was used. Both PCR programs were initially run 

with 15 cycles. An additional 2-3 cycles were performed if the amount of PCR product was 

less than 250 ng per reaction. Concentration of the amplified libraries was measured with a 

Qubit fluorometer (Thermo Fischer Scientific, USA) and size distribution was analysed on a 

Fragment Analyzer (Agilent) with the DNF-464 large fragment kit. For each sample, the 

amplified library from the two reaction mixes were pooled and a second library preparation 

was performed with the SPK3 kit (PacBio) according to the protocol version 02 (Procedure-

checklist-Preparing whole genome and metagenome libraries using SMRTbell prep kit 3.0, 

PacBio; REV02, March 2023) including nuclease treatment. Final libraries were size selected 

on a Blue Pippin (Sage Science, USA) with the following settings: 0,75% DF Marker S1 

High-Pass 6-10kb vs3. Cut-off 6kb. Library concentration was measured with Qubit dsDNA 

HS (Thermo Fischer Scientific, USA) and size distribution was analysed with a Fragment 

Analyzer (Agilent, USA). Sequencing primer (v3.2) and polymerase were bound to the 

library using the Sequel® II Binding Kit 3.2 (PacBio) and the library was sequenced on a 

Sequel II/Sequel IIe instrument using 20 8M Sequel II SMRT Cell with a final on plate 

loading concentration of 85pM, 2h pre-extension and 30h movie time. Circular consensus 

(CCS) reads were generated with SMRT Link version 11 with min. predicted accuracy of 

0.99 and min. 3 passes. 

Library preparation for Austropotamobius bihariensis 

Ultra-low input PacBio HiFi libraries for the species A. bihariensis were prepared according 

to the protocol described in (Bein et al., 2025). The libraries were prepared with the 

ure & Checklist

Preparing HiFi SMRTbell® Libraries from Ultra- 987-800 

Version 02). Whole genome amplification was performed using the Polymerase C (KOD 

e 

Revio platform by Bioscientia Healthcare GmbH (Ingelheim, Germany).  
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4.2.8.  Statistical analyses 

Statistical analyses were conducted in R version 4.2.1 (R Core Team, 2021). For all analyses, 

as assessed using the 

Shapiro-Wilk test, and homogeneity of variances was evaluated with Levene's test. Statistical 

analyses were done on extraction methods with more than 5 replicates. Differences in DNA 

yield across extraction methods and tissue types were analysed using the Aligned Rank 

Transform (ART) ANOVA. Significant main effects were investigated using Tukey post-hoc 

pairwise comparisons to determine specific group differences. Differences in A260/280 and 

A260/230 purity ratio across extraction methods and tissue types were analysed using 

ANOVA. Significant main effects were investigated using Tukey post-hoc pairwise 

comparisons to determine specific group differences. Wilcoxon signed-rank test was used to 

assess differences in PacBio HiFi read length between library preparation methods, while t-

test was used for testing differences in PacBio HiFi yield. Kruskal Wallis test was used to 

assess differences in PacBio HiFi read length and PacBio HiFi yield between sample 

replicates. PacBio sequencing runs were evaluated comparing productivity values P0, P1 and 

P2, which represent a percentage of the total number of ZMWs (Zero Mode Waveguide) on a 

SMRT cell. Spearman's correlation was used to calculate the correlation between P1 

productivity values and HiFi read length, and between P1 productivity values and HiFi yield. 

Differences between P0 and P1 against different library preparation approaches were 

assessed using a t-test.  

4.3. Results 

In this study we employed multiple tissues, extraction methods and library preparation 

strategies to identify the protocol that produces highest amounts of DNA suitable for 

sequencing. Figure IV-1. presents a comprehensive visualisation of the sample processing 

workflow. After DNA extraction and library preparation, quality controls were performed 

and samples that failed to meet DNA quality and quantity thresholds were not advanced to 

subsequent processing steps. Details about samples, extraction protocol used, quantity and 

quality of DNA are provided in Supplementary table IV-1. 
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Figure IV-1. Workflow of sample processing from tissue to sequencing. The Sankey diagram 
illustrates the flow of samples through various stages of processing for different tissue types. 
Ribbons represent the sample pathways, originating from three tissue types (Claw, Leg 
muscle, Abdomen muscle). Samples then proceed through different DNA extraction methods 
(Sorbitol wash & Salting-out, Salting-out, MagAttract HMW, Phenol-chloroform, Nanobind 
Big DNA kit, Qiagen DNeasy). Following extraction, samples proceed to library preparation 
methods (PacBio amplification-based kit, PacBio amplification free kit, Nanopore 
transposase-based kit and Nanopore ligation kit), leading to sequencing. The width of the 
ribbons is proportional to the number of samples following that specific path. The numbers in 
parenthesis indicate the number of samples.  

 

4.3.1. Total DNA concentration, purity and fragment length 

DNA yield, purity and fragment length were assessed across different extraction methods and 

tissue types. DNA yield was significantly different among the various DNA extraction 

methods (ART ANOVA, F = 12.012, p = 3.4811 e-05, Supplementary table IV-2). 

Specifically, the salting-out protocol and sorbitol wash coupled with salting-out protocol 

produced the highest yields, with Supplementary table IV-3, 

Figure IV-2). The lowest DNA yield was produced by sorbitol wash coupled with Qiagen 

MagAttract HMW kit, with an average of 311 ng (Supplementary figure IV-1). Tissue type 

also exerted a significant effect on DNA yield (ART ANOVA, F = 12.887, p = 1,8397 e-05, 
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Supplementary table IV-2), with abdomen and leg muscle yielding more DNA than claw 

tissue (Supplementary table IV-3). 

Figure IV-2. Violin dot plot of total DNA yield (ng) from three extraction methods. Colour 
indicates tissue types used for DNA extraction.

DNA purity, as indicated by the A260/280 ratio, varied significantly across extraction 

methods (ANOVA, F = 4.031, p = 0.0235, Supplementary table IV-4). Sorbitol washing 

coupled with the salting-out protocol resulted in A260/280 ratios in the 1.8 to 2.0 range, 

while Qiagen MagAttract HMW kit extracts showed values lower than 1.8 (Figure IV-3, 

Supplementary table IV-5). Tissue type did not have an influence on A260/280 values 

(Supplementary table IV-4). Moreover, there was no difference in A260/230 values between 

extraction methods and tissue types (Supplementary table IV-6). The lowest purity values 

were obtained with the Nanobind Big DNA kit and sorbitol wash coupled with the Qiagen 

MagAttract HMW kit (Supplementary figure IV-2.)
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Figure IV-3. Absorbance ratio A260/280 (left) and A260/230 (right) for three extraction 
methods. Colour indicates tissue types used for DNA extraction. Dashed lines indicate 
optimal absorbance ratio values. 

Fragment size distribution revealed that both extraction method and tissue type had 

significant impact on the fragment length (Supplementary table IV-7). Extraction methods 

had a significant impact (ART ANOVA, F = 6.1652, p= 0.00373), with the sorbitol wash 

coupled with salting out protocol yielding DNA with fragments longer than Qiagen 

MagAttract HMW and salting-out alone (Supplementary table IV-8, Figure IV-4). Tissue 

type also exerted a significant influence on DNA fragment length (ART ANOVA, F = 

3.3711, p = 0.0106), however, post-hoc analyses did not reveal specific differences among 

tissue types. Among all extraction methods the shortest DNA fragments were obtained with 

phenol-chloroform and Qiagen DNeasy kit (Supplementary figure IV-3). 
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Figure IV-4. DNA fragment length (bp) at which the highest concentration of DNA extract 
was observed for three extraction method. A) Zoomed in y-axis 0-25000 bp and B) y axis 0-
200000 bp. Colour indicates tissue types used for DNA extraction.

4.3.2. Size selection

To improve the fragment length of the libraries we evaluated the AMPure PB bead (40 % 

v/v) and BluePippin size selection methods using an exemplary DNA extract from A. astacus

leg muscle obtained with sorbitol wash and salting out extraction method. The original DNA 

sample (Figure IV-5) exhibited a broad fragment distribution, with a highest concentration 

peak around 11 kb. Following AMPure PB bead size selection (Figure IV-5), the fragment 

distribution showed a peak around 12 kb, however it was still broad. In contrast, the 

BluePippin size selection (Figure IV-5) effectively removed the low molecular weight DNA 

fragments, with the apex of the biggest peak at 16 kb. 
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Figure IV-5. DNA fragment distribution electropherograms from a Femto pulse run using 
the genomic DNA 165 kb kit (lower marker at 1 bp, ladder range from 1 bp to 165 kb). 
Colours indicate original DNA sample (pink), AMPure PB bead (purple) and BluePippin 
(yellow) size selected sample. 

4.3.3. DNA sequencing 

Based on comprehensive quality metrics, the DNA extraction that yielded optimal DNA 

quality (high yield, purity, and large fragment size) were selected for PacBio HiFi library 

preparation and subsequent sequencing. Some DNA extracts were used for preparing multiple 

HiFi libraries. As shown in Figure IV-1, 58 out of the 76 libraries were successfully 

sequenced. The remaining libraries could not be sequenced primarily due to insufficient DNA 

amounts or wide fragment distribution, which failed to meet Nanopore and PacBio's 

sequencing requirements. 

To evaluate the Nanopore sequencing we assessed the read N50 and the total sequencing 

yield across two library preparation approaches: ligation based and amplification-based 

approach. The overall read N50 ranged from 2525 bp to 363690 bp, and the yield from to 4.3 

Mbp to 1800 Mbp. The phenol-chloroform DNA extraction showed longer read lengths and 

higher sequencing yields than the Qiagen MagAttract HMW kit (Supplementary figure IV-4). 

Overall, the ligation-based kit produced longer fragments and higher sequencing yield than 
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the transposase-based kit (Supplementary figure IV-4). Considering the generally lower 

yields observed with Nanopore sequencing in this study, most of the libraries for subsequent 

sequencing were prepared and run using PacBio technology.  

PacBio sequencing success was evaluated with HiFi read length and HiFi yield values in 

relation to the two library preparation approaches: the low input and the ultra-low input 

(Figure IV-6). The HiFi read length differed between the two library preparation methods, 

with ultra-low input producing longer reads (Wilcoxon Rank- Sum test, W = 53, p = 0.0408, 

Supplementary table IV-9). Similarly, HiFi yield was significantly higher for the ultra-low 

input approach (t-test, t = -18.13714, p = 6.66e-21). Furthermore, analyses of within-sample 

replicates consistently showed no significant differences in neither HiFi yield nor HiFi read 

length (Kruskal-Wallis H-tests: p > 0.05 for all comparisons, Supplementary table IV-10). 

 

 

Figure IV-6. HiFi read length (A) and HiFi yield (B) separated by library preparation 
method. Colours indicate samples used for library preparation, while shape indicates the 
polymerase used in the ultra-low input library preparation. 

Productivity values P0, P1 and P2 were evaluated for PacBio sequencing success. These 

values are co-dependant and together equal P0 + P1 + P2 = 1. For all samples, the P2 value 

was low (< 6.26, mean = 2.11), while an increase in P0 would be reflected as a decrease in 
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P1. There was a significant difference in P0 and P1 values between the two library 

preparation approaches (Supplementary table IV-11). Amplification based libraries exhibited 

P1 values ranging from 46.54 to 85.66 (mean = 70,42), which were overall higher than those 

observed in amplification-free libraries, ranging from 7.02 to 58.94 (mean = 31.90) (Figure 

IV-7A, C). Spearman's correlation revealed a significant positive relationship between P1 

productivity values and HiFi yield for all samples prepared with ultra-low and low input 

protocols (R = 0.76, p = 3.4 e-06, Figure IV-7B). A positive relationship was also identified 

between P1 and HiFi Yield for amplification-free libraries (R = 0.67, p = 0.024), but 

correlation was not observed for amplification-based libraries (Figure IV-7B). No correlation 

was found between P1 values and HiFi read length for all samples (Figure IV-7D). 

 

Figure IV-7. Sequencing metrics P0, P1 and P2 and correlation of P1 % with HiFi yield (Gb) 
and HiFi read length (bp) per sample for Low input and Ultra low input libraries. Panels A 
and C display heatmaps of sequencing metrics P0, P1, and P2 (%) for low input and ultra-low 
input libraries, respectively. Panels B and D show correlation of P1 % with HiFi sequencing 
yield (in Gb) and HiFi read length (bp), respectively. 

4.4. Discussion 

The objective of this study was to evaluate various DNA extraction methods, tissue types and 

library preparation strategies to identify the optimal workflow for generating high quality 

HMW DNA for long read sequencing of freshwater crayfish species. The results of our study 
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demonstrate that both the choice of extraction protocol and tissue used for library preparation 

plays important roles in long read sequencing success. Moreover, we identified that the 

PacBio HiFi sequencing and its amplification-based library preparation approach is better 

suited for obtaining high yields of sequencing data.  

The complexities of de novo genome assembly are particularly pronounced in freshwater 

crayfish, characterised by large, repetitive, genomes with a large number of chromosomes. 

Successful assemblies necessitate substantial quantities of high-molecular-weight (HMW) 

DNA (Dahn et al., 2022). Adding to these challenges, high levels of heterozygosity in 

crayfish can significantly complicate genome assembly and introduce errors (Xu et al., 2021; 

You et al., 2020). Therefore, it is important that all DNA used for sequencing originates from 

a single individual. Maximising the DNA yield from a single specimen is a crucial factor 

making efficient extraction protocols paramount for achieving the necessary input for long 

read sequencing technologies. To date, only four freshwater crayfish genomes have been 

assembled. These previous efforts used hybrid strategies combining Illumina short reads for 

high accuracy with PacBio and/or Nanopore long reads and Hi-C data for scaffolding (Austin 

et al., 2022; Gutekunst et al., 2018; Liao et al., 2024; Tan et al., 2020; Xu et al., 2021). 

Across these studies, DNA extraction relied on commercial kits (Qiagen DNeasy, E.Z.N.A 

Tissue DNA kit, Zymo Quick gDNA) from different tissue types (hepatopancreas, ovaries, 

abdomen muscle). Given the large crayfish genomes (3.5 Gb  4.6 Gb) and high repeat 

content (27.5% - 79.6%) these studies produced large amounts of sequencing data requiring 

numerous sequencing runs, e.g., 24 PacBio libraries for the Procambarus clarkii (Liao et al., 

2024) and 20 R9.4.1 Nanopore flowcells for the Cherax destructor (Austin et al., 2022). 

These studies collectively highlight that achieving high-quality, contiguous genome 

assemblies in freshwater crayfish necessitates efficient DNA extraction and, advanced 

sequencing technologies strategies to overcome the inherent genomic complexities of this 

group. However, freshwater crayfish genome studies do not report DNA extraction quantity 

and quality metrics. This lack of reported data makes it difficult to compare results between 

studies and establish a standard for high-quality DNA extraction in this group of organisms. 

It highlights a gap in the existing literature and underscore the need for reporting 

methodological details, including DNA quality metrics, to ensure reproducibility and 

facilitate future genomic research in freshwater crayfish. 

In our study, DNA yield proved to be highly dependent on both the extraction and tissue type 

(Figure IV-2, Supplementary table IV-2). The salting out protocol, particularly when coupled 
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with the sorbitol wash purification, consistently produced highest DNA yields 

(Supplementary table IV-3). Other DNA extraction kits, based on column extraction (Qiagen 

DNeasy) and magnetic beads (Qiagen MagAttract HMW) produced lower yields 

(Supplementary figure IV-1), possibly because of limited binding capacity to the silica 

column or beads, the column being clogged with tissue fibres or excessive DNA loss during 

washing steps (Qiagen, 2023). Tissue type also played a significant role, with abdomen and 

leg muscle tissues consistently yielding more DNA than claw tissue (Supplementary table 

IV-3). This is likely attributed to cellular density and toughness, as claw muscle contains long 

fibres and can be integrated with connective tissue (Fukuzawa, 2001), making it lowly 

abundant in cells and tougher to homogenise. A tissue type commonly used for DNA 

extraction in crustaceans is the hepatopancreatic tissue, which is, however rich in nuclease 

enzymes which can affect DNA integrity, contains high levels of lipids and other metabolites 

which can inhibit downstream reactions, and can be a source of microbial contamination.  

All enzymatic reaction involved in library preparation and sequencing can be affected by 

DNA purity and leftover contaminants. In common laboratory practices, DNA samples with 

A260/280 ratio above 1.8 and A260/230 ratio 2.0  2.2 are considered suitable for 

downstream applications (Glasel, 1995). Chemicals like ethanol or phenol used in DNA 

extraction protocols, proteins and/or other organic compounds from the animal tissue can 

compromise DNA purity (Russo et al., 2022). Low A260/280 values may indicate protein and 

phenol presence in the DNA extract, while low A260/230 values indicate to a presence of 

carbohydrates, buffer salts from DNA extraction, ethanol or EDTA (Russo et al., 2022). 

Common contaminants reducing A260/230 values are polysaccharides and polyphenols, often 

found in crustacean tissue (Panova et al., 2016). Our findings demonstrated that the sorbitol 

wash coupled with the salting-out protocol delivered DNA with A260/280 ratios within the 

ideal range, indicative of high purity (Figure IV-3, Supplementary table IV-5). Salting-out 

protocols are efficient in removing proteins, as high salt concentration reduce the solubility of 

the protein molecules, precipitating them from the solution. A260/230 ratios did not show 

significant variations across methods or tissue types (Supplementary table IV-6), however, 

only the sorbitol wash coupled with the salting out protocol resulted in values above the 

optimal 2.0 threshold (Figure IV-3). The sorbitol wash performed before lysis of the tissue 

-mercaptoethanol (section 4.2.4, Jones et al., 

2021). Sorbitol forms a hypertonic environment that causes water and cytoplasmic content to 

leak out of the cell (Lang et al., 2014), PVP binds to phenolic compounds that can oxidise 
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into quinones and bind to DNA and proteins (Pérez-Pérez et al., 2025). Lastly, ß-

mercaptoethanol reduces disulphide bonds in proteins and inhibits the oxidation of 

polyphenols (Price et al., 1969). High purity ensures that DNA is free from contaminants that 

could inhibit polymerase activity during library amplification or sequencing, thereby 

improving overall library quality and sequencing success. 

For long-read sequencing technologies, the integrity of DNA, particularly its fragment length, 

is a critical determinant of sequencing success and read length. Both extraction method and 

tissue type significantly influenced DNA fragment length (Figure IV-4, Supplementary table 

IV-7). The sorbitol wash coupled with the salting-out protocol produced DNA with notably 

longer fragments compared to the Qiagen MagAttract HMW kit and salting-out alone 

(Supplementary table IV-8). The Nanobind Big DNA kit also produced long fragments in the 

HMW range. Conversely, phenol chloroform and the Qiagen DNeasy kit resulted in the 

shortest DNA fragments (Supplementary figure IV-3). While tissue type also had a 

significant impact, specific post-hoc differences among tissue types were not elucidated 

(Supplementary table IV-8). These findings highlight the importance of careful protocol 

selection, especially in the presence of challenging biological factors, such as high 

concentrations of DNases (Angthong et al., 2020), which can severely impact DNA integrity. 

For instance, the effect of ß-mercaptoethanol, disrupting disulphide bonds, can inactivate 

DNases present in high amounts in crustacean tissue that fragment DNA (Russo et al., 2022). 

The choice of extraction mechanism is equally crucial for obtaining HMW DNA of 

appropriate integrity (Trigodet et al., 2022). Nanobind kits are utilising magnetic disks to 

bind DNA with minimal shearing and are specifically designed for HMW DNA extraction for 

PacBio sequencing (PacBio, 2024; Y. Zhang et al., 2016). However, we observed an 

underperformance in both DNA yield and purity (Supplementary figure IV-1, 2). This, 

coupled with their higher cost compared to non-kit protocols, should present significant 

considerations for their application in large-scale genomic sequencing efforts. 

The primary measure of an extraction protocol's efficiency is its ability to yield DNA suitable 

for downstream library preparation and subsequent sequencing. In our study, 76% of the 

prepared libraries were successfully sequenced (Figure IV-1). Failures were predominantly 

attributed to insufficient DNA quantity or suboptimal fragment distribution. Even when 

extraction protocols yielded DNA of apparent good quality, issues during the library 

preparation led to failure: low yields during library preparation can result from the nuclease 

treatment step that removes damaged or un-ligated SMRTbell templates (in PacBio library 
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preparation) or from low recovery during AMPure clean up steps (both PacBio and 

Nanopore) (Bronner et al., 2025). This could indicate the presence of DNA damage and 

contaminants not detected during the DNA quality controls. This underscores the importance 

of rigorous quality control at early stages and the implementation of an optimised workflow. 

The Nanopore libraries sequenced in our study yielded an overall low amount of data and 

short fragment lengths (Supplementary figure IV-4), which contrasted with typical 

expectations for Nanopore technology. The ligation-based kit generally produced higher 

sequencing output than the transposase-based kit (Supplementary figure IV-4). This aligns 

with expectations, as transposase kits introduce additional fragmentation, making them less 

suitable for maximising read length (Oxford Nanopore Technologies, 2024). However, even 

when shorter fragments were anticipated, low yields remained the main issue. The highest 

yield in a run obtained in our study was 1.8 Gb, while usual expected throughput ranges 

between 10 and 15 Gb per run (Wang et al., 2021). In the C. quadricarinatus genome study 

(Tan et al., 2020) the Nanopore output was 36 Gb (7x coverage) with an average length of 

3419 bp. In the C. destructor genome study (Austin et al., 2022), 20 Nanopore flowcells were 

used with 106 Gb output and 6705 bp average length. These values are still below the 

expected Nanopore throughput, especially in fragment length. In our study, across all runs, 

most sequencing failed within a few hours, with pores becoming unavailable for sequencing 

(data not shown), indicating pore blockage, presumably by contaminants (Oxford Nanopore 

Technologies, 2024). An additional issue could stem from the long homopolymer stretches 

and short tandem repeats present in repetitive genomes, which negatively influence base 

detection as the DNA molecule passes through the nanopore (Fang et al., 2022). While R10 

flowcells, with longer pore head, could potentially mitigate the issue (Sanderson et al., 2023), 

this was not pursued during this study. Instead, we focused our efforts on optimising PacBio 

sequencing. 

With the aim of maximising the sequencing output, we compared PacBio amplification-free 

and amplification-based library preparation protocols. Significant differences were observed, 

with both HiFi read length and HiFi yield being higher for the amplification-based approach 

(Figure IV-6, Supplementary table IV-9). Ultra-low input amplification-based libraries 

yielded between 10 and 30 Gb, which is the expected output for the Sequel IIe system, while 

the Revio system can produce up to 120 Gb per SMRTcell (PacBio, 2025). A significant 

difference in P0 and P1 values was observed between amplification-based and amplification-

free library preparation approaches (Supplementary table IV-10). Amplification-based 
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libraries generally exhibited higher P1 values, indicating higher percentage of occupancy and 

sequencing wells producing high quality sequencing. Overall, P1 correlates with higher 

sequencing yield for all libraries. However, when observed separately, only amplification free 

libraries show a correlation in P1 values and yield (Figure IV-7B). Low P1 values indicate 

sample quality issues, therefore higher P1 values and higher sequencing yield originates from 

samples with better DNA quality (Pacific Biosciences, 2020). The high P1 value for all 

amplification-based libraries, but no correlation with sequencing yield, could be indicative 

for an overall high DNA quality without contaminants that could interfere the sequencing. 

Therefore, the DNA sequence itself becomes the metric to evaluate the quality of the 

sequencing.  

The evaluation of library preparation and sequencing is important especially when working 

with complexities of large genomes. PacBio recommends the amplification-based protocol as 

suitable for genomes up to 0.5 Gb, however this approach has been successfully applied to 

genomes up to 3.1 Gb (Bein et al., 2025). It has been shown that an inclusion of a PCR pre-

amplification step improved the sequencing yield in samples with poor sequencing yield, and 

the data is adequate for genome assemblies when combined with data from amplification-free 

libraries (Bronner et al., 2025). Furthermore, a PCR amplification step is usual in Illumina 

library preparation protocols, which sequencing is successful for freshwater crayfish (Liao et 

al., 2024; Liu et al., 2024). For large genomes like freshwater crayfish, obtaining large 

amounts of data, and thus combining data from multiple libraries is crucial for successful 

assembly. In total we generated 640.26 Gb of data for A. astacus and 243.15 Gb of data for A. 

bihariensis, corresponding to 38x and 21x coverage, respectively. This highlights how 

different library preparation strategies are essential to overcome the challenges of large and 

complex genomes. 

4.5. Conclusion 

Our study evaluated various DNA extraction methods, tissue types, and library preparation 

strategies to establish an optimal workflow for generating high-quality high-molecular-

weight (HMW) DNA suitable for PacBio HiFi sequencing of freshwater crayfish species. We 

demonstrate that both the chosen extraction protocol and tissue type are critical determinants 

of long-read sequencing success. The salting out protocol coupled with a sorbitol wash 

performed on muscle tissue from abdomen or legs proved to be suitable for library 

preparation. Furthermore, our investigation into library preparation revealed that the PacBio 
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amplification-based approach is suited for maximising sequencing yield. The variable 

sequencing success emphasizes the importance of quality control throughout the workflow.  

This established workflow provides a foundation for future genomics studies in freshwater 

crayfish and other challenging invertebrate species. Future research could explore further 

optimisation of these protocols, as well as deeper understanding of the specific contaminants 

or DNA damage present in the sample. The field of genomics is highly dynamic, with DNA 

extraction and library preparation protocols, as well as sequencing technologies, continually 

being improved. Optimised approaches are key for accelerating genomic studies across a 

broad range of biodiversity, including often overlooked complex non model species, thereby 

contributing to an understanding of evolution, ecology, and conservation.  
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Abstract  

Background: Biodiversity in freshwater ecosystems is declining due to an increased 

anthropogenic footprint. Freshwater crayfish are keystone species in freshwater ecosystems 

and play a crucial role in shaping the structure and function of their habitats. The Idle 

Crayfish Austropotamobius bihariensis is a native European species with a narrow 

distribution range, endemic to the Apuseni Mountains (Romania). Although its area is small, 

the populations are anthropogenically fragmented. In this context, the assessment of its 

conservation status is timely.  

Results: Using a reduced representation sequencing approach, we identified 4875 genomic 

SNPs from individuals belonging to 13 populations across the species distribution range. 

Subsequent population genomic analyses highlighted low heterozygosity levels, low number 

of private alleles and small effective population size. Our structuring analyses revealed that 

the genomic similarity of the populations is conserved within the river basins.  

Conclusion: Genomic SNPs represented excellent tools to gain insights into intraspecific 

genomic diversity and population structure of the Idle Crayfish. Our study highlighted that 

the analysed populations are at risk due to their limited genetic diversity, which makes them 

extremely vulnerable to environmental alterations. Thus, our results emphasize the need for 

conservation measures and can be used as a baseline to establish species management 

programs. 

Keywords 

ddRAD-seq, endemic species, Idle Crayfish, genetic diversity, Apuseni Mountains 

 

5.1. Background 

Freshwaters are one of the most diverse ecosystems on the planet with exceptionally high 

levels of endemism . Unfortunately, freshwater biodiversity 

is declining rapidly, faster than that of terrestrial or marine, with small endemic populations 

with limited distribution being especially affected (Tickner et al., 2020). Among the other 

taxa, freshwater crayfish are keystone species with a fundamental role in determining the 

structure and function in freshwater ecosystems (Reynolds et al., 2013). Moreover, crayfish 

have a high cultural significance, especially in Europe (Swahn, 2004). However, many native 
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crayfish populations are in decline and nearing extinction (Jussila et al., 2021). Native 

crayfish species richness in Europe is relatively low, with only six native species present 

(Kouba et al., 2014) etic diversity is high, especially within the 

genus Austropotamobius . 

The Idle Crayfish, Austropotamobius bihariensis, Pârvulescu, 2019, is an endemic freshwater 

crayfish species with the smallest distribution range restricted to the Apuseni Mountains in 

Romania (Pârvulescu, 2019)

rivers in the Apuseni Mountains characterised by habitats with clean waters in the 

mountainous and sub-mountainous regions (Pârvulescu, 2019). Being a recently described 

species, the conservation status of A. bihariensis is not yet finally determined (Ion et al., 

2024). With the other Austropotamobius species, it is the most vulnerable among native 

European freshwater crayfish species, being threatened by water quality deterioration, 

urbanisation, and other anthropogenic influences (Pârvulescu et al., 2020; Tarandek et al., 

2023). Compared to other native species, the genus Austropotamobius has lower dispersal 

capacity, lower reproductive output and higher oxygen demand (Kozák et al., 2015; 

Pârvulescu et al., 2011). Moreover, the invasive spiny-cheek crayfish Faxonius limosus 

(Rafinesque, 1817) is spreading through the Romanian rivers, carrying the crayfish plague 

pathogen Aphanomyces astaci (Groza et al., 2021; Pacioglu et al., 2020; Pârvulescu et al., 

2012; Ungureanu et al., 2020). This pathogen has already caused the devastation of several 

native crayfish populations throughout Europe, and its presence has been recently confirmed 

among A. bihariensis populations (Satmari et al., 2023; Theissinger et al., 2022).  

Species with restricted distribution and limited dispersal capabilities are threatened by 

extinction due to loss of habitat, genetic variation, and invasive species (Allendorf & 

Lundquist, 2003). Endemic species present in a narrow geographical range are particularly 

vulnerable and are often characterised by a small population size (Jamieson, 2007). In small 

populations, genetic diversity is quickly declining due to genetic forces, posing a threat to the 

long-term survival of the species (Willi et al., 2022). Specifically, genetic variability is 

important for preserving the adaptive potential of a species, its reproductive success and 

disease resistance, especially in response to environmental changes (Çilingir et al., 2022; 

Reed & Frankham, 2003). Genetic characterisation of individuals within and amongst 

populations allows the identification of genetic population structure and gene flow for 

defining genetically similar conservation units (Woodruff, 2001). This information can then 
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be used to conduct informed management actions such as habitat restoration or species 

translocation (Zimmerman et al., 2020). 

The assessment of genetic diversity is an initial step towards conservation actions. Genomic 

data allows to characterise and monitor genetic diversity, maximising the information 

obtained from each individual (Theissinger et al., 2023). Previous studies on A. bihariensis 

and other European freshwater crayfish taxa focused on the phylogenetic analysis of 

mitochondrial DNA markers (Pârvulescu et al., 2019), and the population diversity was 

assessed based on a small number of microsatellite loci (Pârvulescu et al., 2020). A small 

number of loci can limit the characterisation of the genetic diversity of species. This 

limitation can be overcome by using genome-wide assessments. (Theissinger et al., 2023). 

When a reference genome is unavailable, a reduced representation DNA sequencing (RRS), 

which sequences a random fraction across the entire genome, is a suitable approach to 

provide key insights into the genomic structure of a population. In particular, ddRADseq 

(double digest DNA restriction-site-associated DNA sequencing) provides a large single 

nucleotide polymorphism (SNP) dataset from a subset of the genome (Zimmerman et al., 

2020). Unlike microsatellites, SNPs are more abundant and uniformly distributed across the 

genome, being found in both non-coding and coding regions of the genome, and thus increase 

the sensitivity of the analysis and robustness of population genetic estimates compared to 

microsatellite markers. Therefore, SNPs are appropriate markers for the assessment of 

demographic as well as functional processes (Zimmerman et al., 2020).  

Here, we conducted the first population genomic analyses of the endemic freshwater crayfish 

species A. bihariensis using a large SNP dataset to aid the assessment of the species 

conservation status. We performed ddRAD sequencing to obtain an insight into the genomic 

variants and genetic diversity present in 13 populations, belonging to five river basins across 

the entire distribution range of this endemic species. Due to the low dispersal capability of the 

species, we hypothesised that the population structure is reflected by the river basins. Based 

on the identified SNPs, we also aimed to uncover unique genomic variants to identify 

populations of the highest conservation priority. 

5.2. Methods 

5.2.1. Sample collection and DNA extraction 

Tissue samples from 235 individuals were obtained by collecting one pereopod from each 

individual and tissue was stored in 96% ethanol at 4 °C until DNA extraction. Sample 
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collection was conducted at 13 locations belonging to five river basins (Supplementary table 

V-1) across the species distribution range (Figure V-1), obtaining between 10 and 20 

individuals per population (Supplementary table V-1). Considering the high number of 

individuals needed for population genetic studies, the sampling was not conducted in 

populations known to have a low number of individuals. DNA was extracted using the salting 

out protocol (Jenkins et al., 2019) with the following modifications: the digestion of the tissue 

was performed for 3 h at 65 °C and 400 rpm, to remove the proteins and cellular debris the 

samples were centrifuged at 5000 g for 10 min, and to precipitate the DNA the samples were 

centrifuged at 5000 g for 5 min. Finally -

free water. DNA 

Fluorometer (Promega, USA). 

5.2.2. ddRAD sequencing 

ddRAD libraries were produced by IGA Technology Services (Udine, Italy) using a custom 

-site 

associated DNA preparation (Peterson et al., 2012). The enzyme pair was selected based on 

in silico analysis of 24 Gb of PacBio HiFi reads of the species (unpublished data). Genomic 

DNA was fluorometrically quantified using Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA, 

USA) and normalised to a uniform amount. It was then double digested with 2.4 U of both 

PstI and EcoRI endonucleases (New England BioLabs ction supplemented 

with CutSmart Buffer and incubated at 37°C for 90 min, then at 75°C for 20 min. Fragmented 

DNA was subsequently ligated with 180 U of T4 DNA ligase (New England BioLabs, USA) 

and 2.5 pmol of overhang barcoded adapters for both cut sites 

at 23°C for 60 min and at 20°C for 60 min, followed by 20 min at 65°C. Samples were 

pooled on multiplexing batches and purified with 1.5 volumes of AMPureXP beads 

(Agencourt). For each pool, targeted fragment distributions were collected using BluePippin 

(Sage Science Inc., USA) with a set range 400 bp - 550 bp. The gel eluted fraction was 

amplified with indexed primers using Phusion High-Fidelity PCR Master Mix (New England 

BioLabs, USA) in a final volume of d to the following thermal protocol: 

[95°C, 3 min] - [95°C, 30 s - 60°C, 30 s - 72°C, 45 s] x 10 cycles - [72°C, 2 min]. PCR 

products were purified with 1 volume of AMPureXP beads (Agencourt). The resulting 

libraries were checked with both Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) and 

Bioanalyzer DNA assay (Agilent technologies, Santa Clara, CA). Libraries were sequenced 
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with 150 cycles in paired-end mode on a NovaSeq 6000 instrument following the 

ina, San Diego, CA). 

5.2.3. ddRADseq data processing 

Demultiplexing of raw Illumina reads was performed using the process_radtags utility 

included in Stacks v2.61 (Catchen et al., 2013). Sequence quality was assessed using FastQC 

v0.11.9 (Andrews, 2010) and MultiQC v1.9 (Ewels et al., 2016). De novo assembly was 

performed in Stacks v2.62 and the parameters for the assembly were selected following the 

recommendations by (Paris et al., 2017). For the de novo building of loci, creation of a 

catalog of loci and SNP calling, the pipeline module denovo_map.pl included in Stacks v2.62 

was used with the following parameters: -m 6, -M 2 and -n 2. Using Plink v1.90 (Purcell et 

al., 2007), SNPs and individuals with a missing call frequency greater than 0.1, and SNPs 

with minor allele frequency lower than 0.05 were filtered out. The filtered SNPs and 

individuals were used to create a whitelist and run the populations module in Stacks v2.62. 

5.2.4. Population genetic diversity 

The population genetic diversity was assessed by calculating the percentage of polymorphic 

loci (P), number of private alleles, observed heterozygosity (HO), expected heterozygosity 

(HE), and inbreeding coefficient (FIS) based on SNPs in the populations module in Stacks 

v2.62. The analysis was first done by assigning individuals to populations and then by 

assigning individuals to river basins. The effective population size (Ne) was estimated using 

NeEstimator v2 (Do et al., 2014). To obtain more reliable results, Ne was calculated using the 

LD method and heterozygote excess method, and 95% Cis were calculated by a jackknife-on-

samples method. To avoid bias caused by rare allele presence, Ne was calculated at a Minor 

Allele Frequency (MAF) equal or smaller than 0.02 and 0.01.  

5.2.5. Population genetic structure  

The population differentiation was estimated by pairwise comparisons of the fixation 

coefficient (FST) calculated in the populations module in Stacks v2.62. The genetic structure 

was assessed with principal component analysis (PCA) and Bayesian clustering algorithm 

implemented in fastStructure (Raj et al., 2014). PCA was performed using Plink v1.90 and 

plotted using the ggplot2 R package (Wickham, 2016). We performed the fastStructure 

analysis for K values between 1 and 12 to determine the most likely value for K determined 

by marginal likelihood. The results were visualised using the pophelper R package (Francis, 

2017). FineRADstructure (Malinsky et al., 2018) was used to observe co-ancestry among 
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individuals and populations based on haplotypes with default parameters. Final editing of the 

resulting graphics was done in Inkscape 1.2.1 (Inkscape, 2020). 

5.2.6. Ethical statement 

All tissue samples involved in this study were taken in accordance with international ethical 

guidelines. No animal was killed, and after collecting the sample, the animal was released 

exactly where it was caught. Also, the necessary approvals were requested and obtained, 

according to the legislation in force in the area: Romanian Academy (1/CJ/13.01.2021), 

Romanian Ministry of Water and Forests (DGB/2/R5787/16.08.2022), Apuseni Nature Park 

Administration (199/09.09.2022), National Agency for Protected Areas (882/15.09.2022), 

Environmental Protection Agencies in the geographical area (8027/26.07.2022, 

76/20.09.2022, 53/20.09.2022, 29/27.10.2022, 77/28.10.2022). 

 

5.3. Results 

5.3.1. ddRAD data assembly 

We sequenced ddRAD libraries from 235 individuals across 13 populations (Figure V-1, 

Supplementary table V-1). In total 3 371 654 698 reads were obtained with a length of 135 

bp. After quality filtering of the reads, in total 3 265 444 937 reads were retained, ranging 

from 872 095 to 92 642 412 reads per individual, with a mean of 13 895 510 reads 

(Supplementary table V-2). In total, 2 042 818 loci were assembled with a mean length of 

260.78 bp and 1 381 639 SNPs were identified. After SNP and individual missingness 

filtering, RAN population was removed due to too much missing data. The final dataset 

consisted of 4 875 SNPs and 205 individuals from 12 populations (Figure V-1, Table V-1). 
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Figure V-1. Distribution map of the sampled locations. Colours denote different river basins 
and arrows the direction of river flow. Population acronyms: DUD   
Corbului, TAL  Tâlniciorii, BOG  Boga, RAC  Racu, CUT   Iadei, PRE  
Preluca, ANI  i, MAR  Mare, STE -  Bistrii. The base map layout is 
provided by Earthstar Geographics (https://www.terracolor.net) and river basin boundaries 
were delineated using the HydroBASINS database (https://www.hydrosheds.org).  

 

5.3.2. Population genetic diversity 

The observed overall genetic diversity of A. bihariensis populations was similar on a 

population level (Table V-1) and at the river basin level (Table V-2). Considering all 

populations, the percentage of polymorphic loci ranged between 0.212% and 0.464%. On the 

population level, only DUD had private alleles (n=12). On the river basin level, private 

alleles were identified in the Alb (n=77) and Negru (n=10) river basins. The values for 

observed heterozygosity (HO) ranged from 0.164 to 0.311, with the lowest value for the ANI 

population and the highest for TAL. The HO 

s of expected heterozygosity (HE) ranged 

from 0.149 (ANI) to 0.294 (RAC). HE values for riv

IS) ranged from -0.058 to 0.011 

for the populations and from -0.058 to 0.109 for the river basins, respectively.  
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Table V-1. River basins and populations used in genetic analyses, number of individuals per 
population, percentage of polymorphic loci, number of private alleles, observed (HO) and 
expected (HE) heterozygosity and inbreeding coefficient (FIS) 

River 
basin 

Population Acro
nym 

N Polymorphi
c loci % 

Private 
alleles 

HO HE FIS 

Alb 
 DUD 20 0.409 12 0.273 0.259 -0.001 

Alb 
Corbului COR 10 0.435 0 0.313 0.292 0.002 

Negru 
Racu RAC 17 0.459 0 0.321 0.294 -0.031 

Negru 
Tâlniciorii TAL 18 0.464 0 0.331 0.290 -0.058 

Negru 
 CUT 19 0.303 0 0.210 0.198 -0.011 

Negru 
Boga BOG 20 0.342 0 0.238 0.232 0.011 

Repede 
Iadei IAD 18 0.266 0 0.181 0.173 -0.002 

Repede 
Preluca PRE 19 0.317 0 0.179 0.172 -0.001 

Repede 
 ANI 7 0.212 0 0.164 0.149 0.007 

 Mare MA
R 

17 0.383 0 0.251 0.217 -0.058 

 Bistrii BIS 20 0.381 0 0.210 0.190 -0.022 
  STE 20 0.309 0 0.203 0.190 -0.007 

         
Table V-2. Number of individuals per river basin, percentage of polymorphic loci, number of 
private alleles, observed (HO) and expected (HE) heterozygosity and inbreeding coefficient 
(FIS) of individuals grouped by river basins. 

River 
basin 

N Polymorphic 
loci % 

Private 
alleles 

HO HE FIS 

 Alb 30 0.475 77 0.287 0.313 0.096 

Negru 
72 0.498 10 0.272 0.307 0.109 

Repede 
42 0.339 0 0.178 0.177 0.010 

 17 0.383 0 0.252 0.217 -0.058 
 40 0.408 0 0.207 0.205 0.017 

 

The results of population size estimation are shown in Table V-3. Across the majority of the 

investigated populations, the effective population size estimated for 0.02 and 0.01 MAF with 

LD method ranged from 3.1 to 86.3, while estimated with heterozygote excess method ranged 

from 6.9 to 1033.3. The estimates were indefinable (
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COR estimated with both methods. For the majority of the populations, 95% CIs were wide, 

 

Table V-3. Effective population size estimation based on linkage diseqilibrium (NeLD) and 
heterozygote excess (Neb) for 0.02 and 0.01 minor allele frequency (MAF) and 95% CI based 
on jackknifing method  Ne estimator. Population acronyms: DUD   
Corbului, TAL  Tâlniciorii, BOG  Boga, RAC  Racu, CUT   Iadei, PRE  
Preluca, ANI   Mare, STE   Bistrii. 

Population NeLD 95% CI Neb 95% CI 
DUD 21.0 6.8 -  1033.3 48.0 -  
COR  23.4 -   56.8 -  
BIS 3.1 1.0  78.8 17.3 13.0  25.9 
STE 72.6 18.7 -  47.4 22.2 -  
MAR 20.1 10.7  21.1 6.9 6.2  8  
RAC 86.3 27.3  88.1 14.9 11.9  20.1  
TAL 26.2 8.3  99.2 8.3 7.3  9.6  
CUT 55.9 21.8 -  28.9 17.0  102.5 
BOG  -   -  
IAD 39.2 10.8 -  139.9 28.4. -  
PRE 9.6 3.3  22.4 449.4 39.3 -  
ANI  -   336.9 -  
 

5.3.3. Population genetic structure 

The pairwise fixation index (FST) ranged from 0.025 (PRE  IAD) to 0.29 (DUD  IAD) 

(Figure V-2). The highest FST is present in the DUD population, while the lowest 

differentiation is seen in the MAR population.  
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Figure V-2. Fixation coefficient (FST) between each population pair. Darker blue indicates 
higher FST values. Population acronyms: DUD Corbului, TAL 
Tâlniciorii, BOG Boga, RAC Racu, CUT Iadei, PRE Preluca, ANI 

Mare, STE Bistrii.

The structuring of population with K=5 (number of river basins), K=8 (highest marginal 

likelihood revealed by fastStructure analysis) and K=12 (number of populations) is shown in 

Figure V-3. With K=5, the DUD and COR populations shared one cluster, in accordance with 

was formed by the 

river basin, form another distinct cluster with the largest number of admixed individuals. All 

individuals from BOG population belonged to one distinct cluster. CUT, MAR, IAD, PRE 

and ANI populations belonged to one other cluster combining populations from river basins 

D, PRE, ANI) (Figure V-3). With 
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K=8, the individuals from DUD, COR populations (Cri  Alb basin), and BOG, RAC and 

Figure V-3). Some individuals 

from the RAC and TAL populations showed genetic admixture and belonging to multiple 

clusters. The BIS and STE populations together formed one cluster in accordance with their 

basin), and ANI, PRE, IAD populations fro

with all the individuals from the CU

clustering of the populations was the same as for K=8, except for some individuals from 

basin) which split into a separate cluster.  

 

 

Figure V-3. Population structure based on fastStructure analysis for K=5, 8, and 12. 
Different colours represent different genetic clusters. Each column represents one individual. 
Population acronyms: DUD   Corbului, TAL  Tâlniciorii, BOG  Boga, 
RAC  Racu, CUT   Iadei, PRE  Preluca, ANI   Mare, 
STE   Bistrii. Columns with different colours indicate admixture of 
populations. 

 

The PCA analysis showed congruent results to structure analysis with K=8, with the first two 

components explaining 57.3% of the variance (Figure V-4A), while PC3 explains 10.1% of 
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the variance (Figure V-4B). Based on the variation represented in PC1, populations belonging 

parately from the rest of the analysed populations. 

separately, while BOG ( Negru basin) separated based on the variation from PC3. 

 

Figure V-4. PCA. Different colours denote different populations, and different symbols the 
river basins to which populations belong. A  PC1 and PC2, B  PC1 and PC3. Population 
acronyms: DUD   Corbului, TAL  Tâlniciorii, BOG  Boga, RAC  
Racu, CUT   Iadei, PRE  Preluca, ANI   Mare, STE  

 Bistrii. 

 

The results of genetic structure based on shared co-ancestry matrices are represented in 

Figure V-5. Generally, individuals shared higher genetic similarity and co-ancestry with 

individuals from the same river basin. Furthermore, the clustering dendrogram showed 

clustering of the populations based mainly on the river basin. The populations from the river 

asin compared to 

basin) populations formed one cluster and shared a more recent ancestry than with other 

populations. The individuals belonging to the TAL, RAC and BOG populations (all located 

population than with other populations. The TAL and RAC populations did not separate 

clearly but showed similarity between the two populations. 
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Figure V-5. Co-ancestry matrix of pairwise genetic similarity between the individuals. 
Darker (blue and black) colours represent high level of genetic similarity and co-ancestry 
(relatedness), and light colours lower level of co-ancestry. The clustering of individuals is 
shown in a dendrogram on top of the matrix. Posterior probabilities values are 1 unless 
indicated on branches. Colour bars indicate river basins and populations. Population 
acronyms: DUD   Corbului, TAL  Tâlniciorii, BOG  Boga, RAC  
Racu, CUT   Iadei, PRE  Preluca, ANI   Mare, STE - 

 Bistrii. 

 



 

137 
 

Chapter V

 

5.4. Discussion 

In this study, we applied reduced representation genome sequencing of 235 crayfish 

individuals to assess the population genomic structure and variation among the populations of 

the freshwater crayfish A. bihariensis, an endemic species to the Apuseni Mountains in 

Romania with the most restricted range of all freshwater crayfish species in Europe. We show 

basins. Moreover, the identified low genetic diversity presents a risk for the populations and 

highlights the need for targeted conservation actions.  

5.4.1. Population genetic diversity and structure 

Based on 4 875 SNPs from 12 populations covering the entire distribution range of the 

species, we observed an overall low genetic diversity, with almost no private alleles within 

populations, low heterozygosity, and low polymorphism. We confirmed our hypothesis that 

population structuring mainly depends on river basins. Low genetic diversity is usually 

attributed to small population sizes, genetic inbreeding and/or genetic drift, and bottlenecks 

(Frankham et al., 2010). In small and isolated populations, there is a higher likelihood of loss 

of rare alleles and of low migration rates (Meffe & Carroll, 1997). This causes small effective 

population sizes (Ne) and deficiency of heterozygotes, hence resulting in decreased observed 

heterozygosity and lower genetic variation (Bassitta et al., 2021). Private alleles were found 

basins, possibly because of the geographical isolation of these populations. Private alleles are 

shared among populations within river basins, but are unique among the river basins. 

compared to the DUD population alone. Our results showed small Ne for all populations, 

below the recommended 100/1000 rule for avoiding inbreeding and maintaining evolutionary 

potential (Frankham et al., 2014). These low values indicate a higher extinction risk in the 

long-term, especially for species with low reproductive rates (Pérez-Pereira et al., 2022). 

Higher values of Ne based on heterozygote excess methods were estimated for DUD, IAD 

and PRE populations. However, the upper limit of the confidence interval, as well as Ne 

values for COR, ANI and BOG populations, show indefinite values, indicating the method 

cannot provide a precise estimation, possibly because of small sample size or missing 

information. In our analysis, FIS values were around 0, which suggests random-mating in the 

population (Nichols, 2017). Furthermore, there have been no reports of mortality or severe 
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natural events, such as drought, floods, or disease outbreaks, which could indicate a 

bottleneck event. Therefore, we interpret the low values of genetic diversity as the result of a 

combination of genetic forces, low dispersal capability, as well as habitat fragmentation. 

The previous study based on five microsatellite loci, observed heterozygosity (HO) levels 

ranged from 0.325 to 0.834 in A. bihariensis (Pârvulescu et al., 2020). Lower values of 

heterozygosity observed in our study (0.164  0.311) are expected since SNPs have lower 

mutation rates than microsatellites and can present only two allelic states in diploid species 

(Haasl & Payseur, 2011; Zimmerman et al., 2020). Reports on the population genetics of 

other European freshwater crayfish species have mostly been based on microsatellite markers 

2017), while genome-wide studies using SNPs are still lacking. However, studies using SNPs 

on other species from the order Decapoda showed similar or lower heterozygosity levels 

compared to this study. In the lobster species Panulirus homarus and Panulirus ornatus, HO 

ranged from 0.05 to 0.15, and the average HO for the crayfish species Procambarus clarkii 

was 0.0047 (Farhadi, Jeffs, et al., 2022; Farhadi, Pichlmueller, et al., 2022; Yi et al., 2018). In 

our study, low genetic diversity was also seen in the small percentage of polymorphic loci 

and private alleles in the populations. All summary statistics (heterozygosity, number of 

private alleles, and percentage of polymorphic loci) suggested limited genetic variation 

within the analysed populations. Several studies showed that low genetic diversity can lead to 

faster extinction (Kardos et al., 2021; Lynch et al., 2016; Razgour et al., 2019). In those 

cases, the population can only persist if it is able to adapt to environmental change, or able to 

migrate to other areas. Thus, a lower population's ability to adapt to changing environments 

can increase vulnerability to environmental pressures (Reed & Frankham, 2003). Based on 

the fixation coefficient (FST), which is a measure of population differentiation, the highest 

different

of the populations, with values above the significant level of differentiation (i.e., FST = 0.15 

(Frankham, 2003)). We detected the strongest differentiation based on FST values between the 

were obtained 

iated 

from the rest of the populations. fastStructure analysis revealed a most likely grouping of 

populations into eight genetic clusters, with single populations belonging to unique clusters. 

ons form a separate 

cluster, indicating longer isolation periods from the other populations. Strong genetic 
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structure on a narrow geographic range has been observed in other crayfish populations of 

European Astacus astacus  and 

Australian Euastacus bispinosus (Miller et al., 2014) and Euastacus armatus (Whiterod et al., 

2017). This observation is expected for species with low vagility and limited dispersal 

capacity, such as crayfish (Clay et al., 2020).  

Based on co-ancestry analysis, which indicates the degree of sharing haplotypes between 

individuals/populations (Lawson et al., 2012), the populations group mostly according to 

CUT show possible presence of gene flow. The same populations also belong to a joint 

genetic cluster based on our analyses, and have lower FST values indicating recent gene flow 

between these populations, which reduces genetic differentiation. Considering their 

geographic location in a karstic area, the underground connectivity between CUT population 

(Mato . 

 basin, is likely a 

result of human-mediated translocation, as it has been already hypothesised based on 

microsatellites (Pârvulescu et al., 2020). In the latter case, no recent or past karstic substrate 

could allow undergr ede populations. 

Microsatellites were often used more frequently in genetic population studies. However, large 

 

more reliably (Haasl & Payseur, 2011). Microsatellite markers can also overestimate the 

genetic variability because of the intrinsic high mutation rates, which leads to homoplasy, 

making it difficult to discern ancestry from independent mutations (Zimmerman et al., 2020). 

In our case, the SNPs provided a higher resolution of the population structure and showed 

more precision in clustering analyses than microsatellite data for the same populations, where 

the individuals were grouped into only one cluster (Pârvulescu et al., 2020). 

5.4.2. Conservation 

Freshwater crayfish are considered keystone species with important ecological functions in 

maintaining the structure and functioning of their ecosystems (Reynolds et al., 2013). Thus, 

the low genetic diversity of the Idle Crayfish and the small effective population sizes are 

particularly concerning. Reduced genetic diversity in a population can lead to decreased 

adaptability and decreased resilience to environmental changes, making populations less 
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capable of effectively performing their ecological functions (Barrett & Schluter, 2008). The 

decline of Idle Crayfish populations can cause cascading effects through stream ecosystems, 

with potentially dramatic consequences on their biodiversity (Barnett et al., 2020). Therefore, 

whenever present, native crayfish should be regarded as umbrella species of conservation 

focus in protected areas such as the Apuseni mountains, which is regarded as a biodiversity 

hotspot (Bálint et al., 2011).  

Even though A. bihariensis is found in multiple protected areas, there are no species-specific 

conservation programs in place yet, making it vulnerable especially to anthropogenic 

influence. The results presented here can provide important information to build an 

appropriate conservation program. Based on the genetic diversity of the populations, 

considerations of the adaptive potential of the populations are needed to make efficient 

conservation decisions, as populations with different genetic diversities have different 

capabilities of responding and minimising the effect of changing environments (Holderegger 

et al., 2006). Identifying the genetic characteristics of the individuals and populations can 

inform translocations for endangered species with the goal of restoring a population and 

increasing its genetic diversity (Weeks et al., 2011). Considering the population structure 

revealed in this study, and the identified population differentiation according to their river 

basins, our results suggest that translocations of this species would be possible among 

populations within the same gene pool. Such actions could be applied between the 

po

enetic similarity. However, translocation actions 

should also take into consideration the genetically unique populations within the river basins, 

intraspecific diversity of this species. 

Reintroduction and translocation actions have been proven successful for the crayfish species 

Astacus astacus (Linnaeus, 1758) and Austropotamobius pallipes (Lereboullet, 1858) (sensu 

lato) whose populations were extinct due to the crayfish plague disease (Schulz et al., 2002). 

Although useful, the translocations can carry risks of introducing diseases, such as the 

crayfish plague. Since known carriers of A. astaci have already been identified in the 

(Ungureanu et al., 2020), conservation actions need to consider the 

potential threat of the disease introduction in unaffected populations (Manenti et al., 2021). 

Knowing the risks and problems that translocation carries, reintroduction and translocation 

actions should remain a last resort in the face of the eventual extinction of some populations. 
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Until then, appropriate measures to preserve habitats and thoroughly prevent colonisation by 

invasive species should remain the main efforts in the short and medium term. 

The highest conservation priority should be addressed towards the populations carrying 

unique genetic composition (  Alb and  Negru populations). Prospectively, as some 

populations might be more adaptable to potential environmental changes, further studies are 

needed to identify SNPs associated with more resilient phenotypes. Reference genomes can 

be highly useful to identify SNPs involved in specific traits or disease resistance (Formenti et 

al., 2022; Theissinger et al., 2023). However, it is still challenging to generate high-quality 

reference genomes, especially for non-model invertebrate species with large and repetitive 

genomes, characteristic of Decapoda (Rutz et al., 2023). Even in species where reference 

genomes are available, whole genome re-sequencing of a large number of individuals needed 

for population genomic studies is a financially exhausting and time-consuming approach. 

ddRADseq is useful for obtaining genomic SNPs without a reference genome, and is 

appropriate for monitoring as a reproducible and low-priced method. 

5.5. Conclusion  

In this study, the ddRAD approach allowed the identification of genetically distinct 

populations which require monitoring and priority in the conservation management of the 

species. Using genomic approaches for monitoring the genetic diversity of a species allows 

more comprehensive information than traditional single markers. Our work emphasizes the 

urgent need to implement a habitat preservation policy for these highly threatened 

populations. Moreover, we point out the need for a reference genome for this endemic 

species, to identify the genotypes associated with the most resilient phenotypes. In the case of 

A. bihariensis, there is an urgent need to bring this species to the forefront as a priority 

sequencing target to ensure the monitoring and conservation of the species. 
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General discussion 

Genetic diversity is recognised as one of the fundamental levels of biodiversity (Genome 10K 

Community of Scientists, 2009; McMahon et al., 2014; Shaw et al., 2025). The whole-

genome assessment of species allows to gain knowledge about both coding and non-coding 

parts of the genome, which provides information about evolutionary processes, speciation, 

adaptation and (McMahon et al., 2014). 

Freshwater crayfish represent key organisms in freshwater ecosystems. However, their 

population numbers, especially in Europe, have been in decline over the last decades. 

Globally, freshwater crayfish are a highly diverse taxon and have been mostly studied 

regarding their physiological and ecological aspects. Genetic studies have primarily focused 

on single, mitochondrial markers, and/or nuclear microsatellites to understand phylogeny and 

population diversity , and on 

transcriptomics studies to investigate the immune response , while 

genomic studies have been rare. Studies focusing on genomic characteristics have 

investigated genome size and chromosome number, but these have been conducted on a small 

number of species  et al., 2016; Salvadori et al., 2023). The 

rarity of genomic studies is most likely related to freshwater crayfish being characterised by 

large genome sizes and high genome size variation, high chromosome numbers, high 

heterozygosity, and large number of repeat sequences. These characteristics represent 

challenges that have hindered whole-genome sequencing studies in freshwater crayfish 

species.  

In this thesis, I aimed to address the challenging genome characterisation of freshwater 

crayfish and Decapoda at different levels: from repetitive elements, including TEs and 

satDNA, to SNPs and the whole-genome level. Furthermore, I employed novel 

methodological approaches to offer new insight into the evolution of freshwater crayfish. In 

whole genome assemblies of 20 Decapoda and 6 Crustacea species a high amount of TE was 

identified, and their abundance was correlated with genome size and assembly size. Based on 

low-coverage genome sequencing of 19 freshwater crayfish species, satDNAs were identified 

as a major component of the genome and the analysis revealed distinct lineage specific 

patterns that match the phylogeny of these taxa. Since genomic studies in crayfish rely on 

optimised protocols, I tested several extraction and sequencing protocols for two freshwater 

crayfish species with large genomes. Both the choice of DNA extraction protocols and tissue 

type significantly impacted the success of long read sequencing. A protocol for obtaining 
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high genomic sequencing yield is proposed. A population genomic study was conducted on 

the freshwater crayfish A. bihariensis using reduced representation sequencing. Low genetic 

diversity was recorded, and the insights gained based on SNPs provide conservation 

guidelines for the endangered A. bihariensis. Overall, I provide a methodological framework 

and genomic context that leverage the whole genome, including its non-coding part, that can 

be exploited for in-depth studies of evolution and conservation status. 

6.1. Decapoda genome complexity is driven by repetitive 

elements 

Repetitive DNA sequences are a dynamic component of genomes and are drivers of genome 

size variation and evolution. TEs are considered key drivers of genome expansion and 

rearrangement. Their insertions can cause alteration of gene expression and mutations. They 

influence gene expression by altering regulatory elements of genes, through epigenetic 

silencing and non-coding RNA transcription (Bourque et al., 2018). Their movement can lead 

to genomic changes that contribute to evolutionary novelty, but also to dysregulations and 

diseases. SatDNAs are essential for structural integrity of chromosomes, telomere protection 

and centromere function (Garrido-Ramos, 2017). SatDNA is involved in regulating gene 

expression through copy number variation and influence on local chromatin environment. 

High repeat content usually provides genome plasticity to the species, allowing for rapid 

adaptation. Furthermore, chromosomal rearrangements caused by RE can lead to 

reproductive isolation and speciation (Fuller et al., 2019). 

A high number of RE was identified across different Decapoda and Crustacea species in 

Chapter II and Chapter III. The percentage of REs in the genomes and their load (copy 

number) is correlated with the genomes size (Chapter II) indicating that REs are key in 

driving genome expansion in these species. In Decapoda species total RE content average 

was 59.7 %, while in non-Decapoda species it was 46.4 %. The most abundant elements in 

Decapoda compared to other non-Decapoda are non-LTR/LINE elements (Chapter II), a 

pattern identified also within freshwater crayfish species (Chapter III). Larger genome sizes 

in Decapoda species were associated with expansion of specific classes of TE. Moreover, 

within freshwater crayfish species, satDNA contributes to large parts of the genome, 

especially within Astacidae species (Chapter III). In these species, with even larger genome 

sizes (12  18 Gb) than in other Decapoda species, the genomic content could be influenced 

by the amplification of satDNA families. Intraspecific and between closely relates species 
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genome size variation coupled with high satDNA variation has been observed in grasshopper 

genomes (Shah et al., 2020). Generally, except as stand-alone repeats, tandem repeats have 

also been found as part of TEs, especially Class II DNA transposons MITE and Helitron, 

which help in the spread of tandem repeats through the genome , 2013; 

Scalvenzi & Pollet, 2014). However, in the studied Crustacea and Decapoda, DNA 

transposons are the least represented TE class, with up to 10% of the genome, except in the 

Dendrobranchiata species where they contribute up to 20% of the genome (Chapter II). This 

shows that in different species, different elements are more prevalent. For instance, Penelope 

elements (PLE) are the most abundant in Astacidea species compared to other Decapoda 

species. However, within the Astacidea the presence of PLE differs in abundance: in the 

family Astacidae and Parastacidae up to 5% are PLE, while in the Cambaridae and 

Cambaroididae families, PLE are present only in certain species with up to 2% (Chapter III.).  

The RepeatExplorer/TAREAN pipeline is designed for de novo repeat analysis using low-

coverage whole-genome sequencing reads (Novák et al., 2020). This makes it ideal for non-

model organisms that lack a repeat library or a whole genome assembly. The tool works with 

unassembled reads bypassing the difficulty of assembling highly repetitive regions. 

Furthermore, TAREAN is designed to specifically identify satellite DNA and tandem repeats, 

which are often overlooked by other tools (Novák et al., 2017). The downside of the tool is 

that the process is computationally intensive due to the all-to-all sequence comparison. 

RepeatModeler, used in Chapter II, creates repeat libraries from assembled genomes (Flynn 

et al., 2020). Because of the assembly requirement, it is not suitable for species where none is 

available. The program identifies new repeat sequences that are not present in public 

databases, though this process can be lengthy for large genomes with a high number of 

repeats. The species-specific library created by RepeatModeler can be used in RepeatMasker 

to align and annotate DNA sequences (Tempel, 2012). 

The characterisation of the repeatome in Chapter II and Chapter III showed that the RE 

proportion and content was variable among the higher taxonomic orders, and more similar 

among closely related species. In both studies, based on satDNA in Chapter III and TEs in 

Chapter II, the repeat content showed a phylogenetic signal. Both the quality and quantity of 

shared REs shows higher similarity within groups, i.e. family (Chapter III) or order (Chapter 

II), than among groups. In both cases, there were exceptions of species that did not cluster 

according to the phylogeny. This could be explained by differential RE loss or expansion 

where some REs got removed in the genomes of certain species or there is a proliferation of 
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specific Res due to loss of repressive mechanisms. Horizontal transfer of TEs (HTT) could 

also plays a role in the differentiation of the repeatome, making the species affected by HTT 

more similar than their phylogenetic relatives (H.-H. Zhang et al., 2020). HTT events can be 

promoted by endogenous viruses (Gilbert & Feschotte, 2018). In Chapter II, integrated 

viruses were found in the genomes of M. nipponense and H. americanus, potentially 

contributing to HTT events.  

In species with larger genome sizes, I did not observe an increase in the diversity of TEs 

(Chapter II). This was expected since other studies have shown that the diversity of TE 

increases only up to ~500 Mb genomes, while above that threshold there is only amplification 

of the TEs already present (Elliott & Gregory, 2015). Even in closely related species, the 

activity of TEs can largely influence the genome size. In the Isopoda species Armadillidium 

nasatum and A. vulgare, the genome sizes differ by ~500 Mb (1.2 Gb vs. 1.7 Gb, 

respectively), which is attributed to the higher transposition activity in the species with the 

larger genome (Becking et al., 2020). The genome size measurement of A. bihariensis and A. 

astacus revealed large genome sizes, 11.58 and 16.89 Gb, respectively (Chapter III). This 

result was within the order of magnitude expected for the Astacidae family 

2021; Hultgren et al., 2018; Söderhäll et al., 2022). The two species share 95% of identified 

RE clusters, but their copy number could be different, depending on different transposition 

activity or amplification of satDNAs.  

The species A. bihariensis and A. astacus belong to the family Astacidae which generally 

stands out within Decapoda for their large genome sizes. The average genome size is more 

than two time larger than in the Cambaridae family. Large genomes resulting from 

accumulation of REs, may be due to a relaxation of selective pressures. REs can provide 

regulatory elements and modulate gene expression. Furthermore, when there is an 

accumulation of RE and increase in genome size, satDNA, involved in chromosome integrity, 

can accumulate in heterochromatin and centromere and help stabilise the now larger 

chromosomes (Shah et al., 2020). Thus, satDNA can be viewed as a cause but also a 

consequence of large genomes. On the other hand, large genome sizes may impose costs for 

the organism, such as slower cell division, increased energy consumption and slower growth 

and development limiting the overall fitness (Lertzman-Lepofsky et al., 2019). Genome size 

in Crustaceans has in general been shown to correlate with life cycle and habitat (i.e., 

terrestrial, marine or freshwater) but does not follow phylogeny (Alfsnes et al., 2017). 

Freshwater crayfish are also characterised by high chromosome numbers ranging from 2n 
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=102 to 2n= 276 , however, there is no correlation observed between 

genome size and chromosome number (Jeffery, 2015).  

Chromosome numbers are altered by polyploidisation, translocation, sequence amplification, 

fusions, and fissions (Schubert, 2007). Polyploidisation events include the duplication of the 

entire set of chromosomes because of errors during meiosis or mitosis (Mayrose & Lysak, 

2021). Polyploidy is common in plants, but rare in animals. Fusions and fissions of 

chromosomes alter the chromosome number while preserving the total genome size. These 

events are considered the primary reason for the variation of chromosome numbers between 

closely related species (Mackintosh et al., 2023). Amplification of specific sequences can 

increase the chromosome size and lead to a formation of small chromosomes which increases 

the chromosome number and the genome size (Li et al., 2017). Translocations involve the 

exchange of genetic material between chromosomes and can lead to a gain or loss of entire 

chromosomal segments and alter the chromosome number (Canoy et al., 2022). The 

chromosomal rearrangements are promoted by satDNA and TE further contributing to 

evolutionary change (Louzada et al., 2020).  

Between the different Crustacea species, the TE sequences showed high divergence values, 

indicating ancient expansion events (Chapter II). In contrast, satDNA sequences within 

freshwater crayfish species showed low divergence and recent expansion events (Chapter III). 

The sequence divergence landscape of TE and satDNA in P. clarkii shows a similar pattern, 

indicating the expansion of RE copies could happen simultaneously. Cherax destructor and 

C. quadricarinatus divergence landscapes show low divergence of satDNA sequences 

(Chapter III), and higher divergences for TE sequences (Chapter II). The low divergence of 

satDNA sequences in these two Cherax species is following the pattern of concerted 

evolution. This mechanism corrects and homogenises the satDNA sequences within the 

genome, preventing the accumulation of mutations. Unlike satDNA, TEs do not undergo 

concerted evolution, but after insertion TEs accumulate mutations independently of other 

copies. The divergence patterns are a result of different rates and evolution mechanisms of 

these two types of repetitive DNA.  

The insertion of TE in specific genomic regions can affect gene expression (Schrader & 

Schmitz, 2019). Different TE families have different insertion sites preferences which 

enables the existence of multiple families in the genome (Wells & Feschotte, 2020). Diverse 

DNA transpos

for (Spradling et al., 2011). Autonomous 
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TE, which include LINEs and LTR elements, that carry their own promoters have greater 

likelihood of disrupting the expression of the genes. Therefore, LTR elements are usually not 

found in gene rich regions, but in regions with low recombination rates, such as peri-

centromeric chromatin (Wells & Feschotte, 2020). TEs are often inserted into regions of the 

genome where they can leave a trace, making them suitable for studying macroevolutionary 

timescales (Bourque et al., 2018). SatDNA, because of their quick evolution, can be used as 

species specific markers. However, certain satDNA can be found in multiple species and 

families where they are conserved for millions of years (dos Santos et al., 2021; Petraccioli et 

al., 2015). Such sequence was also found in the freshwater crayfish species (Chapter III). The 

PlSAT3-411 was identified as conserved across all freshwater crayfish families, making it 

one of the most ancient satDNA discovered so far. The conservation might reflect the 

functional role of the satDNA sequence in the pericentromeric region.  

Genomic changes between closely related species and among populations can be detected 

with satDNA and TE (Bourgeois & Boissinot, 2019), however, more suitable are SNPs which 

derive from point mutations and errors during DNA replication. The high number of repeats 

can also lead to a high number of SNPs. In Chapter V, in total ~1.3 million SNPs were 

identified for the species A. bihariensis. In studies on Panulirus homarus and Penaeus 

monodon the total number of identified SNPs was only around 100 k (Farhadi et al., 2022; Vu 

et al., 2021). The discrepancy is due to A. bihariensis having a five to ten fold larger genome 

size than P. homarus and P. monodon (11.58 Gb compared to 1.3 Gb and 2.2 Gb, 

respectively), as in general, larger genomes have more SNPs (Montanari et al., 2023). Most 

of the SNPs found within a genome do not have a significant impact on the phenotype or on 

the evolution of the individual. SNPs that occur in genes or regulatory regions can have a 

direct effect on the gene expression or alter protein functions. For the adaptive evolution of 

the species, SNPs that are found in gene coding regions are more useful than the ones in 

repetitive sequences (Sudan et al., 2019). The functional characterisation of SNPs was 

beyond the scope of the study in Chapter V, however, I expect that a lot of the SNPs come 

from repetitive DNA sequences and thus do not carry adaptive potential, while still reflecting 

the population structure.  

While SNPs are key to adaptive evolution, the high number of RE, particularly satDNA, also 

present a unique potential for adaptation to environmental pressures. The freshwater crayfish 

species studied in Chapter III exhibited a high number of satDNA families, the highest 

proportion were satellites below 100 bp in length. This has already been observed in other 
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Decapoda species, such as P. leptodactylus, Litopenaeus vannamei and several 

Macrobrachium species . 

In L. vannamei simple repeats accounted for 23.93% of the genome, constituting the highest 

proportion among animal genomes, and were mostly found in intergenic regions and introns 

of protein coding genes (X. Zhang et al., 2019). In Macrobrachium species, simple repeats 

were localised on chromosome arms, but were absent from centromeric AT-rich regions 

(Molina et al., 2020). In general, the simple repeats found among introns may regulate gene 

expression, while repeats found within TEs could contribute to DNA recombination with TEs 

(X. Zhang et al., 2019). The localisation and high abundance of short satDNA sequences, 

could create a genetic architecture that allows adaptation to environmental changes or 

stressors. It has been shown that in plant species, the length of simple repeats can change the 

(Reinar et al., 2021).  

Moreover, simple repeat sequence expansion can act as templates to small RNAs which are 

involved in epigenetic silencing (Sureshkumar et al., 2025). In the shrimp P. vannamei it has 

been shown that small RNAs play a complex role in the immune response during a viral 

infection, modulating both viral and host gene expression (Luangtrakul et al., 2025). The high 

amount of simple repeats identified in crayfish in this thesis, could thus play an important 

role in the crayfish immune response. The high turnover of satDNA leads to rapid divergence 

between closely related species which can create reproductive barriers (Ferree & Prasad, 

2012). SatDNA sequences are often transcribed into non-coding RNAs that are involved in 

epigenetic regulation and heterochromatin formation, allowing for rapid adaptive changes 

without the alteration of gene sequences (Fonseca-Carvalho et al., 2024). Furthermore, 

mutations in the centromeric satDNA can disrupt the compatibility of centromeres and 

associated proteins leading to speciation (Melters et al., 2013). Ultimately, the RE in 

Decapoda evolution are key drivers of genome expansion and provide a source of genomic 

plasticity. However, their specific function and dynamics, specifically the interplay between 

TE and satDNA and their potential adaptive function, remain important avenues for future 

research.  
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6.2. Optimised methodologies are crucial for studying 

freshwater crayfish genomes 

Given the genomic characteristics of Decapoda, i.e., large genomes and high repetitive DNA 

content, the commonly used genomic methodologies are often not efficient. Especially in 

whole genome sequencing of such complex genomes, the bioinformatic tools used for 

genome assembly do not perform as expected leading to incomplete and fragmented 

assemblies. In addition to the challenges in the bioinformatic processing of the data generated 

by sequencing methods, difficulties can arise in the sequencing process and protocols prior to 

sequencing. Many studies working with non-model organisms and invertebrate species have 

shown the need for optimisation of protocols used for long read sequencing (Howard et al., 

2025). These protocols tend to be standardised but often there are species-specific adaptations 

needed to overcome biological challenges such as tough exoskeleton, high contaminant 

content or low tissue availability. In Daphnia spp., DNA extraction protocols were modified 

on the step of mechanical disruption of tissue. The chitin released from the carapace was 

shown to overestimate DNA concentration during measurements, therefore a proteinase K 

digestion step was performed to digest the tissue without disrupting the carapace (Athanasio 

et al., 2016). In the shrimp Penaeus monodon the CTAB method, usually efficient in 

removing proteins and neutral polysaccharides (S. C. Tan & Yiap, 2009), resulted in low 

DNA purity due to ineffective removal of organic contaminants such as acidic 

polysaccharides. Therefore, a commercial kit was used for HMW DNA extraction (Angthong 

et al., 2020). In contrast, species specific modifications of protocols are often not needed for 

vertebrate genomes studies. Vertebrate genomes also tend to have fewer repetitive sequences 

and lower polyploidy rates. They are therefore comparatively easier to sequence and 

assemble and are the focus of extensive research leading to many available resources (Rhie et 

al., 2021). The laboratory protocols are well established for vertebrate tissue and the high 

demand for sequencing vertebrate genomes has decreased the costs of the service. This made 

vertebrate genome sequencing much more affordable and accessible as compared to 

invertebrates. The lack of standardised protocols for non-model invertebrate organisms 

highlights the critical need for methodological development.  

In Chapter IV, I therefore focused on the optimisation of DNA extraction and library 

preparation protocols for long read sequencing technologies. In Chapter IV a combination of 

different extraction methods, tissue types and sequencing technologies was tested for long 

read sequencing of two freshwater crayfish species belonging to the family Astacidae, A. 
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astacus and A. bihariensis with large genomes of 11.58 Gb and 16.89 Gb, respectively. For 

these species, the salting-out DNA extraction protocol coupled with sorbitol wash 

purification and the PacBio amplification-based library preparation strategy were identified 

as highly suitable for obtaining large amounts of data needed for the genome assembly of the 

two species. Moreover, the different DNA extraction protocols showed different performance 

based on the tissue type used, identifying muscle from abdomen and pereopods as the tissue 

most appropriate for DNA extraction because of high yield and purity of DNA. The muscle 

tissue has high cell density (Fukuzawa, 2001), is uniform and free of complex cell types and 

metabolites found in other tissues, such as the often-used hepatopancreas or haemolymph. 

Here, a non-kit-based DNA extraction protocol is favoured, while commercial kits showed 

lower performance (Chapter IV). Commercial kits are designed for a broad range of sample 

types and are not optimised for tissue with unique challenges. A non-kit-based protocol 

allows the adjustment of every step and thus outperform commercial kits. In cases were 

standardisation and automation of protocols or high throughput is needed, commercial kits 

could be more appropriate because of the higher reproducibility (Wallinger et al., 2017), 

however, higher per-sample costs that are usually associated with kit-based protocols need to 

be considered. 

In addition to high DNA yield, high DNA quality is crucial for successful sequencing 

performance (Dahn et al., 2022; Howard et al., 2025). The hepatopancreas, a major organ 

involved in metabolism contains enzymes, specifically nucleases, that can degrade DNA 

(McGaw & Curtis, 2024). Haemolymph, a common source of DNA in other organisms, has 

lower cells concentration and contains proteins that cause coagulation (Gianazza et al., 2021), 

which interfere with the DNA extraction and result in low DNA yield. In Crustacea tissues 

the most common contaminants are polyphenols and polysaccharides present in the 

exoskeleton. Polysaccharides are often co-precipitated with the DNA and can inhibit 

downstream enzymatic reactions (Fang et al., 1992). Polyphenols are a key component of the 

crustacean immune system (Hong et al., 2024). When the tissue is damaged, polyphenols are 

oxidised into quinones that irreversibly bind to the DNA. These DNA-bound metabolites 

could be then inhibiting the PacBio sequencing polymerase and blocking the passage of the 

molecule through the Nanopore. Such issues have been noted in the brown algae where the 

DNA bound quinones inhibited Nanopore sequencing with available pores declining rapidly 

(Pearman et al., 2024).  
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In Chapter IV, PacBio sequencing methodology outperformed ONT Nanopore for generating 

sequencing data because of higher data yield. On average, PacBio amplification-free protocol 

yielded 3.35 Gb per run, while Nanopore yielded 1.08 Gb per run. ONT Nanopore is based 

on a single molecule of DNA passing through a protein pore. If there are contaminants 

present in the sample, or damages to the DNA molecule, the passage of the DNA will be 

blocked causing the pore to become inactive and the data will not be usable (Pearman et al., 

2024). PacBio sequencing is less affected by inhibitors compared to ONT Nanopore. The 

library preparation in PacBio sequencing has multiple steps effective at cleaning up the 

sample and creating a library of high integrity (PacBio, 2025). ONT Nanopore libraries are 

prepared in a smaller number of steps with fewer clean-up steps to maintain the length of the 

DNA molecule. Therefore, it is also affected more by short fragments potentially present in 

the sample (Lopez et al., 2019).  

In Chapter IV, the amplification-based PacBio approach was selected over the amplification-

free approach to generate sequencing data. The PacBio amplification-based approach yielded 

27.9 Gb per run. In cases were DNA-bound metabolites are inhibiting the sequencing 

polymerase, amplification-based library preparation protocols can improve sequencing 

(Männer et al., 2024). PCR amplification of DNA molecules is carried out using polymerases 

with high fidelity, processivity and reduce bias (Bein et al., 2025). This creates copies of 

molecules that are free of contaminants and are further copied. The sequencing polymerase, 

on the other hand, is synthesising a new DNA strand based on the SMRTbell circular 

template (Travers et al., 2010). The sequencing polymerase is meant to synthesise a long 

DNA strand without detaching but it is highly sensitive to DNA-bound molecules which 

cause the polymerase to stop, leading to a failed or incomplete reads (Korlach et al., 2010; 

PacBio, 2018).  

In the case of small Isopoda species, where tissue is limited due to small body size, the 

species have large genome size (average 7.59 Gb (Jeffery, 2015)), and the DNA sequences 

poorly, reaching sufficient coverage is challenging. Therefore, the challenge is addressed by 

combining amplification free and amplification based PacBio library preparation approaches 

(Howard et al., 2025). In Chapter IV, amplification-based PacBio library preparation 

approach showed higher sequencing yield and longer reads than the amplification-free 

approach. While the general best practice is to avoid PCR amplification steps due to potential 

bias towards specific genomic regions and PCR errors (Howard et al., 2025; Männer et al., 

2024), this bias can be mitigated. For example, using different PCR polymerases that amplify 
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different genomic regions and then combining the data can improve the quality of genome 

assemblies (Bein et al., 2025; Männer et al., 2024). Nonetheless, the combination of 

amplification-based and amplification-free approaches is currently necessary for crayfish 

genome sequencing. Overall, we successfully generated substantial genomic data, 640.26 Gb 

for A. astacus and 243.15 Gb for A. bihariensis, sufficient for de novo genome assemblies, 

corresponding to 38x and 21x coverage, respectively. 

Improving genome contiguity is crucial for accurate annotation and downstream genomic 

analysis such as variant detection, analysis of repetitive regions or comparative genomics 

studies (Grau et al., 2018). For genes, which are often large and contain multiple exons and 

introns, a fragmented assembly presents a challenge. These genes can be split across multiple 

contigs making it difficult to annotate (Kim et al., 2022). Furthermore, regulatory elements 

can be distant from the gene itself, and in a fragmented assembly located on a different 

contig. This is a challenge for studies on gene expression and regulation patterns. In RNAseq 

based gene expression studies, RNA transcripts are usually mapped to a reference genome if 

available. When the genome is incomplete or fragmented, the reads may be mapped in 

erroneous locations or not mapped at all, which distorts the gene expression data (Chen et al., 

2023).  

Similarly, in fragmented genome assemblies, the repeat annotation is often incomplete or 

missing. The workflow proposed in Chapter II allowed the identification of around 10% more 

REs compared to standard approaches. This workflow uses a two-step approach in which 

repeats are first identified prior to assembly and genome annotation and secondly, the 

obtained library of identified repeats is combined with public repeat databases to improve 

annotation. This approach allows for better identification of repeats and satDNA, especially 

in species that are not extensively represented in public databases. The overall improvement 

in annotation among the studied species ranged from 1 to 20% more identified repeats. This 

indicates that the repeat annotation could not be significantly improved for certain genomes, 

likely due to excessive fragmentation or the need for additional manual curation. The de novo 

identification of repeats, in particular satDNA, is extremely important in Decapoda, as 

satDNA constitutes a large proportion of the genome. De novo identification of repeats from 

low coverage sequencing applied in Chapter III, allowed the characterisation of the 

repeatome of 19 species without a genome assembly. The use of Repeat Explorer and 

TAREAN pipeline allowed the identification of satDNAs, which usually remain unidentified 

by other repeat tools. This demonstrates the value of a whole genome-free approach for 
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species lacking a complete genome assembly, offering a foundation for future genomic 

studies.  

In addition to gene and repeat annotation, the quality of a genome assembly is also critical for 

accurate identification of SNPs (Florea et al., 2011). A fragmented assembly produces partial 

genes or predicts a smaller number of genes than there are present preventing the complete 

identification of SNPs in gene regions. Furthermore, mis-assembled genomes can have 

misconstructed structural variants which leads to erroneous SNP calling (Hurgobin & 

Edwards, 2017). SNPs identified from a whole genome assembly offer comprehensive 

coverage across the entire genome, including gene regions and non-coding regions. Among 

the alternatives used for SNP identification without a reference genome is also double-digest 

restriction-site associated DNA sequencing (ddRADseq). Considering the challenges in long-

read genome sequencing and the lack of a reference genome, in Chapter V, a ddRADseq 

approach was applied to populations of A. bihariensis, allowing for the identification of SNPs 

from a reduced portion of the genome. ddRADseq is useful because it can be used without a 

reference genome and significantly reduces costs compared to WGS, especially for species 

with large genomes. Moreover, the quality of DNA can affect SNP identification (Montanari 

et al., 2023), therefore, to ensure the highest SNP data quality, the DNA extraction protocol 

developed in Chapter IV was utilised for all DNA extractions in Chapter V. 

Overcoming the limitations of studying freshwater crayfish genomes requires the application 

of novel and/or alternative methodologies. The work detailed across Chapters II - V addresses 

the technical and biological challenges inherent in studying these complex genomes. By 

applying specific techniques, such as modified DNA extraction protocols and a novel repeat 

annotation workflow, my research provides effective alternatives for efficient genomic data 

generation. Using specialised methods, such as ddRADseq, enables a wide range of 

downstream analyses, such as population structure and phylogenetic analyses, or phenotype-

genotype association studies. These findings underscore the need for continued 

methodological development to advance the understanding of crayfish and crustacean 

genomics.  

Genomic projects for crayfish and other organisms with large genomes require specialised 

sequencing technology and substantial amount of data. While long read sequencing is 

becoming more accessible and the costs are decreasing, the large amount of data needed to 

achieve sufficient coverage for downstream applications still makes these projects financially 

prohibitive for many researchers. Furthermore, technical and biological failures are seldom 
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reported in scientific literature. Even when considerable time and resources have been spent 

on troubleshooting issues with DNA extraction, library preparation or bioinformatic 

pipelines, these difficulties are not well documented. Future advances in crustacean and other 

non-model organisms genomics therefore depend not only on the development of improved 

methodologies but also on reporting these challenges. With the advancement of genomic 

initiatives such as the Darwin Tree of Life Project (DToL), the Vertebrate Genome Project 

(VGP), and the European Reference Genome Atlas (ERGA) initiative, these challenges are 

being reported more frequently (e.g., Howard et al., 2025), and reviews on key difficulties are 

now being published (e.g., Reichel et al., 2025). In this regard, the comprehensive and 

systematic comparison of different protocols provided in this thesis, will greatly facilitate 

future genomic studies on crayfish genomes. 
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6.3. Genomic approaches for informing conservation strategies of 

endangered freshwater crayfish 

Genetic diversity is critical to individual and population fitness, enables a species to respond 

to environmental changes and determines their evolutionary potential for long-term survival 

(Shaw et al., 2025). Globally, there is a loss of intra-specific genetic diversity over time, and 

once lost this diversity is difficult to restore, reflecting in permanent loss in species 

adaptability and ecosystem resilience. Conservation actions that include carefully planned 

translocation for population reinforcement have been proven to increase genetic diversity 

within populations, while actions on improving environmental conditions and increase 

population growth, may reduce the decline of genetic diversity (Shaw et al., 2025). Both 

genetic and genomic data informs on population structure, effective population size, 

inbreeding, isolation and fragmentation of the populations (Höglund, 2009; McMahon et al., 

2014). However, the use of a high number of markers across the genome can provide more 

accurate estimates than genetic datasets based on few markers (Supple & Shapiro, 2018). In 

the case of the idle crayfish A. bihariensis, genetic data based on five microsatellite loci 

revealed strong genetic structuring between populations (Pârvulescu et al., 2020), however, 

the genomic SNP dataset showed additional structuring within populations (Chapter V). The 

latter can help identifying unique genetic patterns, population history and gene flow. 

Furthermore, the low heterozygosity identified in the populations indicates the reduced ability 

for adaptation, and therefore an increased vulnerability of the populations. 

The traditionally used genetic markers in population genetic studies are microsatellites which 

are short repetitive sequences with high mutation rate. Because of their variability they can 

provide enough information for genetically distinguishing populations and individuals 

(Putman & Carbone, 2014). However, their limited number usually used in population 

genetic studies provides a low-resolution view on the genome. SNPs mutate at a lower rate 

than microsatellites but are more abundant throughout the genome. A high abundance of 

analysed SNPs provides a much higher resolution and can detect more subtle differences 

between populations. The more comprehensive genetic evaluation of populations provided by 

SNPs is crucial for conservation efforts (Zimmerman et al., 2020). The SNP data obtained in 

Chapter V helped in the conservation status assessment of the A. bihariensis, which was 

classified as endangered (Pârvulescu et al., 2025). This study identified populations with 

unique genetic diversity that were defined by (Ács et al., 2025) to meet the criteria to be 
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considered ark sites, where the individuals are protected from threats. Moreover, it was 

shown that the gene flow between populations is highly restricted and structured by river 

basins (Chapter V). This indicates there is reduction in genetic exchange which poses a 

significant threat for the species genetic health.  

Austropotamobius bihariensis is an endemic species, with small and isolated populations 

(Pârvulescu et al., 2020). These populations are characterised by deficiency of heterozygotes, 

lower genetic variation and have a higher likelihood of loss of rare alleles and low migration 

rates. These factors influence small effective population sizes (Ne). Ne is defined as the 

number of individuals that participates in producing the next generation and in an idealised 

population would maintain the same level of genetic diversity as the real population 

(Frankham, 2019). Ne is identified as a key metric for monitoring within population genetic 

diversity and provides information about evolutionary processes by quantifying the random 

effects of genetic drift . Ne identified in A. 

bihariensis populations was below 100 (Chapter V) and similarly low values were identified 

in the endangered Nashville crayfish Faxonius shoupi (Hurt et al., 2022). It has been found 

that Ne is negatively correlated with genome size and TE expansion in fruit flies, isopods and 

killifishes indicating the role of genetic drift in determining recent differences in genome size 

(Cui et al., 2019; Lefébure et al., 2017; Mérel et al., 2025). However, this effect is not seen at 

larger taxonomic scales (Marino et al., 2025). Lineages with low Ne can accumulate TEs 

which have slight deleterious insertions (Lynch, 2007). Consequently, because of strong drift 

effects in populations with small Ne (Charlesworth et al., 2003), these insertions have a 

higher chance to fixate as neutral alleles and cause larger genome size (Lynch, 2007; Marino 

et al., 2025). High TE content and large genome sizes observed across Decapoda species 

(Chapter II and Chapter III) could relate to small Ne, especially considering the large 

variation in genome size among closely related species. Still research about Ne in Decapoda 

is missing to test the correlation between Ne, TE, and genome size.  

While the theoretical understanding of how a low Ne can impact genetic health and 

potentially lead to larger genome sizes is advancing, translating this knowledge into 

conservation actions requires high resolution data. Whole genome SNPs are often used in 

conservation studies. The information gained from SNPs can be used in delineating 

conservation units and identify gene flow among populations (Supple & Shapiro, 2018). For 

instance, in Chapter V, genetic similarity was identified among populations of A. bihariensis 

belonging to different rivers. This indicates the possibility of human mediated translocation. 
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In such case, the conservation actions applied would be different than to other populations 

where there is no human influence. Conservation actions focused on genetically distinct 

populations usually aim to protect the unique genetic diversity by maintaining natural barriers 

between the populations, while at the same time preventing inbreeding by maintaining large 

population size (Hoban et al., 2023). In cases of translocated populations, conservation efforts 

focus on reducing the risk of outbreeding depression, where mixing genetically distinct 

populations can lead to offspring with lower fitness (Reid et al., 2025). The translocation 

brings further risks of transmitting diseases between populations, making preventing disease 

spread a foremost management action (Warne & Chaber, 2023).  

SNPs used in genome-wide association studies (GWAS) can link genotypes to specific 

phenotypes and are commonly applied in disease-resistance studies (Zimmerman et al., 

2020). European freshwater crayfish species are threatened by the crayfish plague disease, 

however, some populations were shown to be resistant to the disease (Jussila, Francesconi, et 

al., 2021; Maguire et al., 2016). Future studies could investigate the genetic variants 

underlying the resistance which could be informative for conservation. Even with the 

advantages of whole-genome sequencing, SNPs are widespread tools in genetic research. 

Freshwater crayfish would benefit greatly from more extensive genomic research to better 

understand their biology, their genome architecture and evolution and apply this knowledge 

to conservation efforts. 
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In this thesis I characterised the extraordinary genomes of freshwater crayfish and other 

Decapoda across complementary levels of organisation in order to clarify how genome 

characteristics intersect with evolutionary potential and conservation needs. Across whole 

genome assemblies and low coverage datasets in freshwater crayfish and Decapoda, REs 

emerged as principal drivers of genome size and structure revealing a phylogenetic signal. 

Comparative analyses showed Class I non-LTR/LINE elements as particularly abundant, 

while DNA transposons were less represented. Within freshwater crayfish satDNA was 

particularly abundant in the Astacidae family, characterised by extremely large genomes. 

Repeatome clustering mirrors the taxonomical relatedness of species, while a few outliers are 

present due to differential amplification, loss or horizontal transfer. Divergence landscapes 

show older TE bursts and recent satellite expansions. Within crayfish, the recent satDNA 

burst is in line with concerted evolution, and larger genomes containing more copies of 

common sequence families, rather than more families. TEs and satDNA, therefore, contribute 

to genome size expansion. At the population level, ddRADseq of A. bihariensis populations 

revealed low diversity, strong spatial sstructuring,and small effective population sizes, 

providing insights for conservation and management actions. Small Ne increases the fixation 

probability of deleterious insertion and can thereby facilitate repeat accumulation, while low 

genetic diversity indicates reduced adaptive capacity. Therefore, the RE dynamics determine 

the adaptive potential and conservation risk in crayfish.  

Methodological advances were essential for observing genomic patterns with a two-step de 

novo repeat identification pipeline improving repeat detection and annotation compared to 

standard approaches. Furthermore, an optimised DNA extraction protocol enabled me to 

generate sequencing data from tissue prone to contaminants. The DNA extraction protocol 

was used prior to both long-read sequencing and ddRAD library preparation. With these 

methods I provide a workflow for future comparative and conservation genomic studies in 

crayfish. With optimised protocols, generating high contiguity assemblies is more accessible. 

Coupling whole genome data with chromosome conformation capture methods, like Hi-C, 

will help to resolve more complex genomic regions, especially REs. Method development is 

crucial for the advancement of successful genomic studies, and further optimisations should 

be done for long read sequencing library preparation without PCR amplification. Transparent 
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reporting of wet-lab and bioinformatic limitations are key for accelerating standardisation 

across studies. Even though the assembly of certain Decapoda genomes remains challenging, 

the constant development of new technologies and bioinformatic tools makes genomic data 

more accessible and complete. As more complete reference genomes are produced, genomic 

characterisation should be complemented by functional studies that examine the roles of 

satDNA and TEs, as well as small RNAs transcribed from repeats. Genome-wide SNPs 

should be complemented with structural variant analysis and functional characterisation to 

inform management actions, including phenotypic resilience and disease resistance. The large 

genome size and RE content should be further explored in relation to the large chromosome 

number and chromosome number variation between the species. Ultimately, a comprehensive 

understanding of Decapoda genomics will require multiple approaches, integrating genomic, 

structural, and functional analyses complemented with ecological data to provide insights 

crucial for their conservation and management. 
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Dans cette thèse, j'ai caractérisé les génomes exceptionnels des écrevisses d'eau douce et 

d'autres décapodes à différents niveaux d'organisation complémentaires afin de comprendre 

comment les caractéristiques génomiques interagissent avec le potentiel évolutif et les 

 d'assemblages de génomes complets et de jeux de 

données à faible couverture chez les écrevisses d'eau douce et les décapodes, les REs sont 

révélant un signal phylogénétique. Les analyses comparatives ont montré que les éléments de 

classe I non LTR/LINE étaient particulièrement abondants, tandis que les transposons ADN 

étaient moins représentés. Chez les écrevisses d'eau douce, l'ADN satellite était 

particulièrement abondant dans la famille des Astacidae, caractérisée par des génomes 

extrêmement grands. Le clutering des éléments répétés reflète la proximité taxonomique des 

espèces, bien que quelques valeurs aberrantes soient présentes en raison d'une amplification 

différentielle, d'une perte ou d'un transfert horizontal. Les profils de divergence des REs 

montr

ne 

évolution concertée, et les génomes plus grands contiennent davantage de copies de familles 

de séquences communes, plutôt que davantage de familles. Les TEs et l'ADN satellite 

contribuent donc à l'expansion de la taille du génome. Au niveau des populations, le 

séquençage ddRAD des populations d'A. bihariensis a révélé une faible diversité, une forte 

structuration spatiale et une petite taille effective des populations, fournissant ainsi des 

informations utiles pour les mesures de conservation et de gestion. Une petite Ne augmente la 

probabilité de fixation d'insertions délétères et peut ains  

répétés, tandis qu'une faible diversité génétique indique une capacité d'adaptation réduite. Par 

conséquent, la dynamique des REs conditionne le potentiel adaptatif et le niveau de risque 

pour la conservation chez les écrevisses. 

Les avancées méthodologiques ont été essentielles pour observer les motifs génomiques 

grâce à un pipeline d'identification de novo en deux étapes des éléments répétés, qui a 

amélioré la détection et l'annotation des éléments répétés par rapport aux approches standard. 

De plus, un protocole d'extraction d'ADN optimisé m'a permis de générer des données de 

séquençage à partir de tissus particulièrement riches en contaminants. Le protocole 
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d'extraction d'ADN a été utilisé à la fois pour les extractions d'ADN destinées au séquençage 

à lecture longue et pour la préparation de la librairie ddRAD. Grâce à ces méthodes, je 

propose un pipeline pour de futures études comparatives et de génomique de conservation 

chez les écrevisses. Avec des protocoles optimisés, la génération d'assemblages à haute 

contiguïté est plus accessible. Le couplage de données de génome complet avec des méthodes 

-C, aidera à résoudre les 

régions génomiques complexes, en particulier les REs. Le développement de méthodes est 

essentiel à la réussite des études génomiques, et des optimisations supplémentaires devraient 

être apportées à la préparation de librairies de séquençage à lecture longue sans amplification 

par PCR. Une communication transparente sur les limites expérimentales et bio-

informatiques est essentielle pour accélérer la standardisation entre les études. Même si 

l'assemblage de certains génomes de décapodes reste difficile, le développement continu de 

nouvelles technologies et d'outils bio-informatiques rend les données génomiques plus 

accessibles et plus complètes. À mesure que des génomes de référence plus complets sont 

générés, la caractérisation génomique devrait être complétée par des études fonctionnelles 

pour déterminer les rôles de l'ADNsat et des TEs, ainsi que des petits ARN transcrits à partir 

analyse des variants structuraux et une caractérisation fonctionnelle afin d'orienter les 

mesures de gestion, notamment en matière de résilience phénotypique et de résistance aux 

maladies. La grande taille du génome et la teneur en REs devraient être explorées plus en 

détail en relation avec le nombre élevé de chromosomes et la variation du nombre de 

chromosomes entre les espèces. En définitive, une compréhension approfondie de la 

analyses génomiques, structurelles et fonctionnelles enrichies par des données écologiques, 

afin de fournir des informations cruciales pour la conservation et la gestion de ces espèces.
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Supplementary material 

Supplementary material is provided below for each chapter. Due to size or extension of the 

files incompatible with a printed version, the remaining Supplementary material will be made 

available only digitally. 

Supplementary material - Chapter II 

The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/genes14081627/s1 

Supplementary file II-1. crustaceans_RE_library.fa;  

Supplementary table II-1. Assembly metrics. Contig and scaffold N50, number of scaffold 
and type of reads produced. L: long reads; S: short reads; O: optical mapping; M: mate pair 
reads. 

Genomes contig N50 
Number of 

scaffolds 

Scaffold 

N50 

Type of 

reads 

Penaeus chinensis 470.2 kb 1060 36.9 Mb L 

Penaeus indicus 463.4 kb 11166 34.4 Mb L+S 

Penaeus japonicus 132.8 kb 18210 234.9kb L+S 

Penaeus monodon 45.2 kb 26875 44.9 Mb L+S 

Penaeus vannamei 86.9 kb 4682 605.6 kb L+S 

Caridina multidentata 819 bp 2750712 819 pb S 

Macrobrachium 

nipponense 
267.3 kb 24 83 Mb L 

Panulirus oranatus 5.4 kb 403881 8.1 kb S 

Procambarus virginalis 12.2kb 169498 144.4 kb L 

Procambarus clarkii 217.7 kb 24238 17 Mb L 

Cherax destructor 80.9 kb 98662 87.2 kb L+S 

Cherax quadricarinatus 3.3 kb 508682 33.2 kb L+S 

Homarus americanus 133.3 kb 47245 759.6 kb L+S 

Paralithodes 

camtschaticus 
5.8 kb 859811 7 kb S 

Paralithodes platypus 147.8 kb 6958 51.2 Mb L 

Birgus latro 5.3 kb 767134 6.3 kb S 
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Chionoecetes opilio 149.6 kb 26514 208.1 kb L+S

Eriocheir sinensis 3.2 Mb 4311 17.6 Mb S+O

Portunus trituberculatus 4.1 Mb 523 21.8 Mb L+S

Callinectes sapidus 9.3 kb 3967 18.8 Mb L+S+O

Amphibalanus amphitrite 536.8 kb / / L+S

Armadillidium vulgare 38.4 kb 43541 51.1 kb L+S

Daphnia magna 1.5 Mb 308 12.5 Mb L+S

Darwinula stevensoni 38.5 kb 62117 56.4 kb M+S

Eurytemora affinis 67.7 kb 6171 252.3 kb S

Hyalella azteca 112.9 kb 17395 213.8 kb S

Supplementary figure II-1. Correlation between genome size and REs. Correlation plot 
between assembly or estimate genome size and load or percentage of REs. Order and 
suborder are grouped by colours. A. Correlation between assembly size and the load of REs. 

-value=1.939E-6. B. Correlation between assembly 
size and the percentage of RE -value=0.00502. C. 
Correlation between estimate genome size and the load of REs. Spearman rank correlation 
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-value=0.00208. D. Correlation between estimate genome size and the 
percentage of REs. Spe -value=0.02745.

Supplementary figure II-2. Sequence divergence distribution of TEs. TE accumulation 
history based on Kimura 2P distance. Sequence divergence on the x-axis. On the y-axis, the 
percentage of the genome represented by each TE type, the scale is different for each genome 
depending on the percentage occupied. TE type indicated by the colour chart.

Crustaceans non-Decapoda species studied present a large fraction of unknown elements in 

their sequence divergence distribution. Unknown elements can largely bias the analysis. 

Indeed, the identification of these unknown can change interpretation. A. amphitrite and D. 

magna present active TE with an expansion of LTR and unknown elements. In D. magna, we 

can also observe a peak of unknown elements at 15% of divergence. We can notice in H. 

azteca a peak at 5% of divergence of unknown elements. For E. affinis genome there is 

almost no distinction between the two peaks, around 4% of divergence and 10% to 30%. LTR

can be the predominant elements of the oldest event, but an identification of unknown 

elements can change the interpretation. In D. stevensoni there is a peak between 5% to 10% 

of divergence of DNA transposons and unknown. A. vulgare present a high peak at a Kimura 

distance of 5% to 10% with an augmentation of the coverage of DNA transposons, LINE and

LTR elements. At really low Kimura divergence, we can observe an increasing coverage of 

Penelope elements.
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Supplementary material - Chapter III 

 

 

Supplementary figure III-1. Correlation of GC content (%) and repeat unit length (bp) for 
(A) overall satellites (B) overall satellites per family, (C) minisatellites and (D) minisatellite 
per family. Colours indicate different genera. Correlation was tested using Spearman rank 

cance levels are indicated as follows: p 
< 0.05 *, p < 0.01 **, and p < 0.001 ***. 
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Supplementary figure III-2. (A) Cluster dendrogram and (B) heatmap showing hierarchical 
clustering of satDNA sequences in all 19 species based on observed/expected number of 
edges between species in RepeatExplorer2 analysis. In (A) red numbers on nodes indicate 
Approximately Unbiased (AU) p-value, while green numbers on nodes indicate Bootstrap 
Probability (BP) values. Clusters with AU larger than 95% are highlighted by rectangles. In 
(B) colours indicate distance values.  
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Supplementary figure III-3. Colour enhanced profile of PlSAT3-411 satellite DNA family 
against each species. Different colours indicate coverage. The height of each bar indicates the 
coverage of base variant in the reads 

Supplementary table III-1. Overview of the analysed species, including their genus, family, 
accession number of the reads, number of sequencing reads obtained in this study, 
mitochondrial genome accession number and genome size (Gb)  
https://figshare.com/s/d0629e60ce817faf53b4  
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Supplementary table III-2. Flow cytometry genome size measurement of haemolymph from 
Astacus astacus and Austropotamobius bihariensis obtained by PI fluorescence dye excitation 
with three chopping buffers. 

Species Chopping buffer Genome size 
(Mb) 

Average genome size (Mb) 

A. astacus Galbraith et al. 
(Galbraith et al., 1983) 

17495 

16891 

A. astacus Galbraith et al. 
(Galbraith et al., 1983) 

19472 

A. astacus Galbraith et al. 
(Galbraith et al., 1983) 

18894 

A. astacus Otto et al. (Otto, 
1992) 

15268 

A. astacus Phosphate buffer 
saline 

14944 

A. astacus Phosphate buffer 
saline 

15273 

A. bihariensis Galbraith et al. 
(Galbraith et al., 1983) 

12240 

11583 
A. bihariensis Galbraith et al. 

(Galbraith et al., 1983) 
12170 

A. bihariensis Phosphate buffer 
saline 

10340 

 

Supplementary table III-3. Summary of clusters identified in individual RepeatExplorer 
runs for each crayfish species. For each cluster are indicated the unique cluster name 
(CL_unique), the supercluster classification, the cluster size, automatic annotation from 
RepeatExplorer, TAREAN annotation, the final manually curated annotation and genome 
proportion (%). For satDNA sequences the sequence, length (bp) and GC content (%) are 
indicated. 
https://figshare.com/s/a698b2280377f714bff3  

Supplementary table III-4. Summary of clusters identified in the comparative 
RepeatExplorer run. For each cluster are indicated RepeatExplorer classification, TAREAN 
classification, total number of reads in a cluster and number of reads in a cluster belonging to 
a particular species, and correspondence to satDNA in individual clustering. 
https://figshare.com/s/1809671357f57ebda826  

Supplementary table III-5. Summary of Kruskal-Wallis tests comparing GC content and 
satDNA repeat length across genera and families. The table reports the tested variable, 
grouping factor, test statistic (Chi-squared), degrees of freedom (Df), and corresponding p-
value for each comparison. 

Variable Grouping Chi-squared Df p-value 
Length Genus 340.9753 9 5.157e-68 
Length Family 325.8408 3 2.537e-70 
GC Genus 336.2363 9 5.252e-67 
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GC Family 262.8178 3 1.105e-56 
 

Supplementary table III-6. Spearman rank correlation test between GC content and satDNA 
repeat length across freshwater crayfish families. The table reports the correlation value 

-value for each family. 

 Family Correlation p-value 
Satellites Astacidae -0.061 0.00397 
Satellites Cambaridae -0.098 0.00254 
Satellites Cambaroididae 0.022 0.49285 
Satellites Parastacidae -0.079 0.12717 
Minisatellites  Astacidae -0.060 0.00542 
Minisatellites  Cambaridae -0.005 0.89189 
Minisatellites  Cambaroididae 0.030 0.35321 
Minisatellites  Parastacidae -0.038 0.48598 
 

Supplementary table III-7. Results of pairwise Wilcoxon rank-sum tests comparing GC 
content and satDNA repeat length across genera and families. Adjusted p-values were 
calculated using the Bonferroni correction to control for multiple comparisons. Significance 
levels are indicated as follows: p < 0.05 *, p < 0.01 **, and p < 0.001 ***. The table includes 
the tested variable, grouping factor, compared groups, adjusted p-values, and significance 
annotations. 
https://figshare.com/s/d7fbab812b51db4ea9ba  

Supplementary file III-1. Cluster_similarity.sh 

https://figshare.com/s/d4fbffa9e20233416b6b  

Supplementary file III-2. Cluster_similarity.R 

https://figshare.com/s/e852b2baddb01352cc33  
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Supplementary material - Chapter IV 

Supplementary table IV-1. Summary of sample preparation and sequencing metrics. 
Overview of sample, species, tissue type and DNA extraction protocol, DNA quality metrics 
(DNA yield, absorption ratios A260/280 and A260/230, and fragment length), library 
preparation information, polymerase, sequencing platform and sequencing run performance 
(productivity metrics P0, P1 and P2 and HiFi yield). 
https://figshare.com/s/cf6d8d5f7667cc2f2f7c 

Supplementary table IV-2. Analysis of Variance of Aligned Rank Transformed Data (ART 
ANOVA) for Tissue and Extraction method effects on DNA yield. Degrees of freedom (Df), 
residual degrees of freedom (Df.res), F-statistic (F value), and the corresponding p-value (Pr 
(>F)). Significance codes are indicated as followed: for p < 0.
0  

 Df Df. res F value Pr (>F)  

Extraction 2 67 12.012 3.481e-05 *** 

Tissue  2 67 12.887 1.839e-05  *** 

Extraction:Tissue 4 67 3.232 0.0173 * 
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Supplementary table IV-3. Post-hoc comparisons for main effects of Extraction method and 
Tissue type on DNA yield. For each comparison, the estimated difference (estimate), 
standard error (SE), degrees of freedom (df), t-ratio, and adjusted p-value (p.value) are given. 
P value adjustment using Tukey method. Significance codes are indicated as followed: for p 

 

  estimate SE df t.ratio p.value  

Qiagen 

MagAttract 

HMW 

Salting-out -25.86 7.06 67 -3.664 0.0014 ** 

Qiagen 

MagAttract 

HMW 

Sorbitol 

wash & 

Salting-out 

-30.61 7.59 67 -4.030 0.0004 *** 

Salting-out Sorbitol 

wash & 

Salting-out 

-4.75 9.06 67 -0.524 0.859 ns 

Abdomen 

muscle 

Leg 

muscle 

-31.44 6.56 67 -4.796 <.0001 *** 

Abdomen 

muscle 

Claw  -25.23 6.86 67 -3.676 0.0014 ** 

Leg muscle Claw 6.22 6.99 67 0.889 0.649 ns 
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Supplementary figure IV-1. Total DNA yield (ng) for all extraction methods. Colour 
indicates tissue types used for DNA extraction.

Supplementary table IV-4. Analysis of Variance of Aligned Rank Transformed Data for 
Tissue and Extraction method effects on A260/280. Degrees of freedom (Df), residual 
degrees of freedom (Df.res), F-statistic (F value), and the corresponding p-value (Pr (>F)). 

Df Df. res F value Pr (>F)

Extraction 2 53 4.031 0.024 *

Tissue 2 53 0.404 0.669 ns

Extraction:Tissue 4 53 0.607 0.659 ns
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Supplementary table IV-5. Tukey's Honestly Significant Difference (HSD) post-hoc test for 
multiple comparisons of means for the A260/280 ratios. For each comparison, the table 
includes the mean difference (diff), the lower (lwr) and upper (upr) bounds of the 95% 
confidence interval, and the adjusted p-value (P adj). Significance codes are indicated as 

  

  diff  lwr upr P adj  

Salting-out Qiagen 

MagAttract 

HMW 

0.0435 -0.0795 0.166 0.672 ns 

Sorbitol 

wash & 

Salting-out 

Qiagen 

MagAttract 

HMW 

0.140 0.021 0.259 0.017 * 

Sorbitol 

wash & 

Salting-out 

Salting-out 0.096 -0.0513 0.245 0.265 ns 

 

Supplementary table IV-6. Analysis of Variance of Aligned Rank Transformed Data for 
Tissue and Extraction method effects on A260/230. Degrees of freedom (Df), residual 
degrees of freedom (Df.res), F-statistic (F value), and the corresponding p-value (Pr (>F)). 
Significance codes are indi  

 

 Df Df. res F 

value 

Pr (>F)  

Extraction 2 53 2.290 0.111 ns 

Tissue 2 53 1.548 0.222 ns 

Extraction:Tissue 4 53 1.586 0.192 ns 
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Supplementary figure IV-2. Absorbance ratio A260/280 (left) and A260/230 (right) for all 
extraction methods. Colour indicates tissue types used for DNA extraction. Dashed lines 
indicate optimal absorbance ratio values.

Supplementary table IV-7. Analysis of Variance of Aligned Rank Transformed Data for 
tissue and extraction method effects on DNA fragment length. Degrees of freedom (Df), 
residual degrees of freedom (Df.res), F-statistic (F value), and the corresponding p-value (Pr 
(>F)). Significance codes are indicated as followed: for p < 

Df Df. res F value Pr (>F)

Extraction 2 58 6.165 0.0038 **

Tissue 2 58 3.371 0.041 *

Extraction:Tissu

e

4 58 3.619 0.0106 *
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Supplementary table IV-8. Post-hoc comparisons for main effects of Extraction method and 
Tissue type on DNA fragment length. For each comparison, the estimated difference 
(estimate), standard error (SE), degrees of freedom (df), t-ratio, and adjusted p-value 
(p.value) are given. P value adjustment using Tukey method. Significance codes are indicated 

 

  estimate SE df t.ratio p.value  

Qiagen 

MagAttract 

HMW 

Salting-out 7.8 7.01 58 1.113 0.5103 ns 

Qiagen 

MagAttract 

HMW 

Sorbitol 

wash & 

Salting-out 

-21.9 7.50 58 -2.918 0.0137 * 

Salting-out Sorbitol 

wash & 

Salting-out 

-29.7 8.80 58 -3.370 0.0038 ** 

Abdomen 

muscle 

Leg 

muscle 

16.82 7.85 58 2.142 0.0903 ns 

Abdomen 

muscle 

claw -3.51 8.26 58 -0.425 0.9054 ns 

Leg muscle claw 20.33 8.67 58 2.346 0.0573 ns 
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Supplementary figure IV-3. DNA fragment length (bp) at which the highest concentration 
of DNA extract was observed for all extraction methods. A) Zoomed in y-axis 0-25000 bp 
and B) y axis 0-200000 bp. Colour indicates tissue types used for DNA extraction.
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Supplementary figure IV-4. Comparison of Nanopore sequencing metrics for different 
DNA extraction methods and library preparation kits. The left panel shows Read N50 (bp), 
and the right panel shows total sequencing yield (Mb). Colors represent different DNA 
extraction methods. Library preparation kits include SQK-LSK109 and SQK-RBK004. 

Supplementary table IV-9. Wilcoxon sign rank test for HiFi read length and t-test results for 
HiFi yield between amplification free and amplification-based library preparation methods. 
For each comparison, the test statistic and p-value are given. Significance codes are indicated 

 

   statistic p-value significance 

HiFi read 

length 

Low input Ultra-low 

input 

53 0.0408 * 

HiFi yield Low input Ultra-low 

input 

-18.137 6.66e-21 *** 
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Supplementary table IV-10. Kruskal-Wallis rank sum test for HiFi read length and HiFi 
yield across sample replicates. Kruskal-Wallis chi-squared statistic and the corresponding p-
value are given. Significance codes are indicated as followed: for p < 

 

sample  Statistic P value significance 

AA1_70 Read length 0 1 ns 

AA1_86 Read length 1 1 ns 

AA1_91B Read length 7 0.429 ns 

AB2_1 Read length 3 0.3916 ns 

AB2_28 Read length 4 0.406 ns 

AB2_29 Read length 2 0.3679 ns 

AA1_70 yield 0 1 ns 

AA1_86 yield 0 1 ns 

AA1_91B yield 19 0.4568 ns 

AB2_1 yield 3 0.3916 ns 

AB2_28 yield 4 0.406 ns 

AB2_29 yield 2 0.3679 ns 

 

Supplementary table IV-11. t-tests for P0 and P1 Values across library preparation 
Methods. For each test, the t-statistic and the corresponding p-value are given. Significance 

 

   statistic P value significance 

P0 Low input Ultra-low 

input 

7.223 1.14e-07 *** 

P1 Low input Ultra-low 

input 

-7.904 2.22e-08 *** 
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Supplementary material - Chapter V 

The following supplementary material can be downloaded at: 

https://doi.org/10.1186/s12862-024-02268-5.  

Supplementary table V-1. Sampling site locations, code and sampling size of A. bihariensis 
populations. 

River basin Population Code Sample size GPS N GPS E 

 Bistra BIS 20 46,4059 23,0541 

  STE 20 46,4728 22,9175 

 Mare MAR 20 47,1242 22,6216 

 Corbului COR 10 46,4244 22,3438 

  DUD 20 46,4334 22,2324 

  RAN 16 46,4391 22,2672 

 Boga BOG 20 46,6107 22,661 

  CUT 20 46,8311 22,3977 

 Racu RAC 20 46,6631 22,5255 

 Tâlniciorii TAL 20 46,4182 22,4672 

  ANI 10 46,7883 22,8872 

 Iadului IAD 20 46,7447 22,5597 

 Preluca PRE 19 46,7257 22,8813 

 

Supplementary table V-2 River basin, population, number of demultiplexed reads, 
assembled loci and variant sites after filtering for each individual 
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