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Abstract 
Freshwater ecosystems are increasingly threatened by anthropogenic stressors such as pesticide 
contamination, agricultural runoff, pollution, and climate change. Freshwater unionid mussels 
play a critical ecological role as filter feeders and bioindicators of aquatic ecosystem health; 
however, genomic resources for these organisms remain limited due to the large and repetitive 
nature of their genomes. This study aimed to sequence and assembled the genome of Anodonta 
anatina using Oxford Nanopore long-read sequencing technology while evaluating the 
effectiveness of two high-molecular-weight (HMW) DNA extraction methods. Fresh specimens of 
A. anatina were collected from Lake Vingsjön, Sweden, foot and gill tissues were processed using 
the Monarch HMW DNA Extraction Kit and the PacBio Nanobind PanDNA protocol. DNA quality 
and integrity were assessed using Qubit fluorometry, NanoDrop spectrophotometry, and pulsed-
field gel electrophoresis (PFGE). Sequencing libraries were prepared using the Oxford Nanopore 
Ligation Sequencing Kit V14 and sequenced on MinION R10.4.1 flow cells. Sequencing quality was 
evaluated using NanoPlot, genome assembly was performed using Flye, and assembly quality was 
assessed using QUAST. PFGE and NanoPlot analyses demonstrated superior preservation of high 
molecular weight DNA and improved long-read distributions in PacBio-derived samples 
compared with Monarch-derived samples. The PacBio assembly generated a draft genome of 
approximately 1.38 Gb with an N50 value of 34,332 bp and a maximum contig length of 381,012 
bp, whereas the Monarch assembly was substantially smaller and more fragmented. Although the 
assemblies remained incomplete relative to the estimated 3 Gb genome size, the study 
demonstrates the feasibility of nanopore-based genome assembly in A. anatina and highlights the 
importance of extraction methodology for long-read sequencing performance. These genomic 
resources provide a valuable foundation for future studies in freshwater mussel genomics, 
conservation genetics, and aquatic ecotoxicology. 
 
Keywords: Anodonta anatina; Oxford Nanopore sequencing; genome assembly; long-read 
sequencing; high molecular weight DNA; Flye; QUAST 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 



 

Popular Scientific Summary 
 

Freshwater ecosystems such as lakes and rivers are essential for biodiversity, drinking water 
supplies, and human well-being, but they are increasingly threatened by pollution, agricultural 
runoff, and climate change. Chemicals such as pesticides and industrial contaminants can enter 
aquatic environments and negatively affect the organisms living there. Freshwater mussels are 
among the most sensitive organisms in these ecosystems and are widely used as indicators of 
water quality. By filtering large volumes of water to obtain food, they accumulate substances from 
their surroundings and can therefore provide valuable information about environmental 
conditions and pollution levels. One species commonly found in Swedish freshwater habitats is 
Anodonta anatina, also known as the duck mussel. Despite their ecological importance, 
freshwater mussels remain poorly studied at the genetic level because their genomes are very 
large and contain many repeated DNA sequences, making them difficult to reconstruct using 
traditional sequencing methods. 
 
Recent advances in DNA sequencing technology have created new opportunities to study complex 
genomes. One such technology is Oxford Nanopore sequencing, which can read very long DNA 
molecules and thereby improve genome reconstruction. The aim of this study was to sequence 
and assemble the genome of A. anatina using Oxford Nanopore sequencing technology. A second 
objective was to compare two methods for extracting high-quality DNA from mussel tissue: the 
Monarch HMW DNA Extraction Kit and the PacBio Nanobind protocol. Fresh mussels were 
collected from Lake Vingsjön in Sweden, and DNA was extracted from foot and gill tissues. DNA 
quality and integrity were evaluated before sequencing on the Oxford Nanopore MinION 
platform. The resulting sequence data were analyzed using specialized computer programs to 
reconstruct the genome and assess assembly quality. 
 
The results showed that the PacBio Nanobind protocol produced longer and better-preserved 
DNA molecules than the Monarch method, resulting in improved sequencing performance and a 
more continuous genome assembly. Although the assembled genome remained incomplete due 
to the large and complex nature of mussel genomes, the study demonstrates that nanopore 
sequencing is a suitable approach for genomic research in freshwater mussels. The genomic 
resources generated in this study provide a foundation for future research in freshwater 
conservation, environmental monitoring, ecotoxicology, and biodiversity protection, and may 
contribute to the development of improved tools for assessing aquatic ecosystem health. 
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1 Introduction 
 
The widespread application of pesticides has significantly enhanced agricultural productivity and 
crop yield efficiency. However, their increasing and often excessive use, particularly in 
economically developed regions, has led to contamination of terrestrial and aquatic ecosystems 
(Goh et al., 2021). Pesticides are frequently detected in food products, drinking water, and human 
biological samples, posing potential risks to human and animal health (Kumar & Kumar, 2019). 
Additionally, pesticide transport into aquatic systems through runoff, leaching, and atmospheric 
deposition threatens non-target organisms, disrupts ecological processes, and may lead to 
biodiversity loss and population declines (Nowell et al., 2014; Pathiratne & Kroon, 2016). In many 
agricultural landscapes, pesticide mixtures rather than single compounds are typically detected, 
creating complex exposure scenarios that may result in additive, synergistic, or antagonistic toxic 
effects. These combined exposures complicate ecological risk assessment and increase 
uncertainty in predicting long-term impacts on freshwater communities. Pesticides can disrupt 
aquatic ecosystems across multiple trophic levels, affecting invertebrates and the higher 
organisms that depend on them. Such disturbances alter food-web structure and threaten 
ecosystem stability, highlighting the importance of assessing pesticide exposure in sensitive 
species to support effective ecosystem health evaluation and sustainable management (Hassaan 
& El Nemr, 2020). Chronic low-dose exposure is of particular concern, as sublethal concentrations 
may not cause immediate mortality but can impair growth, reproduction, immune function, and 
behavior, ultimately influencing population dynamics over time. Freshwater ecosystems are 
among the most threatened environments worldwide, experiencing increasing pressure from 
industrial discharge, agricultural runoff, and urbanization (Vörösmarty et al., 2010). Climate 
change further exacerbates these pressures by altering hydrological cycles, increasing water 
temperature, and intensifying extreme weather events, all of which can modify contaminated 
transport and toxicity. Within these ecosystems, freshwater mussels play a crucial ecological role 
as filter feeders, contributing to nutrient cycling, water clarification, and habitat structuring 
(Vaughn & Hakenkamp, 2001). 
 
Unionid freshwater mussels are long-lived, sedentary organisms that thrive in clean, unpolluted 
waters, with some species living for several decades or more (Aldridge, 1999; Hastie et al., 2000a, 
2000b). Their reliance on filtering large volumes of water for feeding makes them particularly 
sensitive to water quality, and their presence is therefore widely regarded as an indicator of 
healthy aquatic environments (Grabarkiewicz & Davis, 2008). Unionid mussels serve as 
bioindicators of water quality, living longer in unpolluted waters and shorter in polluted water. 
Their presence signals good water quality, useful in environmental monitoring. Reproducing 
mussel populations also reflect healthy host fish populations (Watters, 1996). Because they 
integrate environmental conditions over extended periods, unionids provide time-integrated 
information about contaminant exposure that may not be captured through short-term water 
sampling alone. Despite their ecological importance, freshwater mussels are among the most 
endangered faunal groups globally (Lydeard et al., 2004). Habitat fragmentation, river regulation, 
invasive species, and pollution collectively contribute to their rapid decline, with many species 
now listed as threatened or critically endangered in Europe and North America. The complex life 
cycle of unionids, which includes a parasitic larval stage on host fish, further links their 
populations to the ecological status of fish communities (Watters, 1996). Due to their sedentary 
lifestyle and continuous exposure to surrounding water, freshwater mussels are widely 
recognized as effective bioindicators of aquatic pollution (Bauer & Wächtler, 2001). Anodonta 
anatina (duck mussel) is a widespread European unionid commonly found in Swedish freshwater 
systems and has been proposed as a candidate indicator species for pollution monitoring. Its 
broad geographic distribution, relative abundance, and tolerance to moderate environmental 
variability make it a practical model for investigating pollutant responses under both laboratory 
and field conditions. In addition to their value as bioindicators, unionid mussels act as ecosystem 
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engineers by enhancing habitat structure, increasing invertebrate biodiversity, and improving 
water quality through high filtration capacity. By stabilizing sediments and creating 
microhabitats for other benthic organisms, mussel beds contribute to overall ecosystem 
resilience and productivity (Aldridge et al., 2007; Strayer, 2008). Although freshwater mussels 
are well established in environmental research, the use of Anodonta anatina as an indicator 
species remains limited. Existing studies demonstrate its potential, including successful detection 
of microcystin-producing cyanobacteria and measurable biomarker responses to metal and 
industrial wastewater exposure, despite inconclusive outcomes that highlight the need for 
further investigation (Ekelund Ugge et al., 2020, 2021; Lance et al., 2025). Whole-genome 
sequencing provides the genetic framework required to identify genes and regulatory pathways 
involved in stress responses, detoxification, immune function, and environmental adaptation. A 
reference genome for Anodonta anatina will facilitate future transcriptomic, proteomic, and 
ecotoxicological studies and improve the development of molecular biomarkers for freshwater 
ecosystem monitoring. These findings suggest that while physiological and biochemical 
biomarkers provide valuable insights, a deeper molecular understanding is necessary to fully 
characterize stress-response mechanisms in this species. In parallel, genomic knowledge of 
freshwater mussels remains scarce due to historical technical and financial barriers; however, 
recent advances in sequencing technologies and genome assembly tools are rapidly improving 
accessibility to genomic research in these organisms. The development of genomic resources is 
particularly important for non-model species such as unionids, where limited reference data have 
historically constrained molecular investigations (Bagger et al., 2024; Smith, 2021). 
 
Whole-genome sequencing (WGS) involves determining the complete DNA sequence of an 
organism and has become increasingly accessible due to technological advances and reduced 
costs. While initially demonstrated through large-scale projects such as the Human Genome 
Project, WGS is now widely applied in smaller research and clinical studies (Bagger et al., 2024; 
Lander et al., 2001). Sequencing technologies are commonly classified into three generations, 
each offering distinct advantages and limitations that influence their suitability for specific 
research objectives. First-generation Sanger sequencing provided highly accurate but low-
throughput reads; second-generation platforms such as Illumina enabled massively parallel 
short-read sequencing; and third-generation technologies introduced real-time long-read 
capabilities (Heather & Chain, 2016). Recent advances in next-generation sequencing (NGS) 
technologies have enabled comprehensive genomic characterization of non-model organisms, 
providing valuable resources for ecological and toxicological studies (Ekblom & Galindo, 2011). 
Genome sequencing allows identification of genes involved in detoxification, oxidative stress 
response, immune regulation, and metabolic adaptation (Gomes et al., 2019). Such genes often 
belong to conserved molecular pathways that are activated in response to xenobiotic exposure, 
including phase I and phase II detoxification systems. Phase I detoxification enzymes, such as 
cytochrome P450s, modify toxic compounds through oxidation or reduction reactions, whereas 
Phase II enzymes conjugate these metabolites to increase their solubility and facilitate excretion. 
Understanding these pathways is important for identifying molecular responses to 
environmental pollutants. Such genomic information forms the foundation for transcriptomic 
and proteomic investigations of pollutant-induced biological effects. In aquatic toxicology, 
genomic resources have proven instrumental in revealing biomarkers associated with heavy 
metals, pesticides, and organic contaminants (Ankley et al., 2006). For example, genes encoding 
cytochrome P450 enzymes, heat shock proteins, and antioxidant enzymes have been linked to 
environmental stress adaptation. A reference genome provides an essential framework for 
transcriptomic studies investigating gene expression changes and proteomic studies examining 
protein-level responses following pollutant exposure. Integrating genomic data with 
ecotoxicological endpoints enables a mechanistic understanding of how contaminants influence 
organismal health, bridging the gap between molecular responses and ecological consequences 
(Livingstone, 2001). 
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Unionid mussel genomes are often exceptionally large (2–4 Gb), comparable to or exceeding the 
approximately 3.2 Gb human genome (Renaut et al., 2018). Recent advances in long-read 
sequencing and hybrid assembly approaches have enabled the generation of high-quality genome 
assemblies for these complex genomes, facilitating functional annotation, comparative genomics, 
and the identification of pollution-responsive pathways, structural variants, repetitive elements, 
and gene duplications associated with environmental adaptation. As sedentary filter feeders that 
accumulate contaminants over time, freshwater mussels are valuable bioindicators for 
monitoring chronic pollution exposure, and genomic resources can support environmental risk 
assessment, conservation planning, and population genetic studies of genetic diversity and local 
adaptation (Borcherding & Volpers, 1994). The extraction of high-quality, high-molecular-weight 
DNA is a critical prerequisite for long-read sequencing because DNA purity and integrity directly 
influence sequencing performance and assembly quality. For Oxford Nanopore sequencing, DNA 
fragments >50 kb are generally desirable, whereas fragments >100 kb are considered optimal for 
improving assembly contiguity. However, mussel tissues contain polysaccharides, secondary 
metabolites, and mucopolysaccharides that can interfere with DNA isolation, often requiring 
protocol optimization to achieve sufficient yield and fragment length. Consequently, DNA 
extraction success is typically assessed through purity measurements and fragment size 
evaluation, as high-molecular-weight DNA is essential for maximizing read length, assembly 
contiguity, and genome completeness (Maghini et al., 2021; Ye & Lei, 2023). 
 

Oxford Nanopore Sequencing and Genome Assembly 

 
Oxford Nanopore Technologies (ONT) sequencing has emerged as a widely adopted platform due 
to its portability, scalability, and real-time sequencing capabilities. Unlike second-generation 
sequencing methods that rely on short DNA fragments, nanopore sequencing permits the analysis 
of long DNA molecules, thereby improving genome assembly continuity and structural resolution. 
These characteristics make nanopore sequencing particularly suitable for de novo genome 
assembly, structural variant detection, environmental genomics, and field-based sequencing 
applications. Nanopore sequencing operates through the detection of electrical current 
fluctuations generated when nucleic acid molecules pass through nanoscale protein pores 
embedded within a synthetic membrane. During sequencing, a voltage gradient drives single-
stranded DNA or RNA molecules through the nanopore, and each nucleotide base produces a 
characteristic disruption in ionic current. These current changes are interpreted computationally 
to identify nucleotide sequences in real time. In contrast to amplification-dependent sequencing 
technologies, nanopore sequencing can directly sequence native nucleic acids while also enabling 
the detection of epigenetic modifications such as DNA methylation. Continuous technological 
improvements in pore chemistry, sequencing chemistry, and base calling algorithms have 
significantly increased sequencing accuracy and throughput in recent years (Lin et al., 2021; 
Wang et al., 2021). 
 
Following sequencing, genome assembly is performed to reconstruct genomic sequences from 
overlapping sequencing reads. Genome assembly involves computational alignment and merging 
of reads into larger contiguous sequences known as contigs, which may subsequently be 
connected into scaffolds representing larger genomic regions or complete chromosomes. Long-
read sequencing technologies are especially advantageous for genome assembly because long 
reads can span repetitive genomic regions that are difficult to resolve using short-read 
sequencing approaches (Jiao & Schneeberger, 2017). Several bioinformatic tools have been 
developed for long-read genome assembly in Linux-based computational environments. Among 
the most widely used assemblers for nanopore data is Flye, which is specifically optimized for 
assembling long noisy reads generated by nanopore and PacBio sequencing technologies. Flye 
constructs repeat graphs from sequencing reads to produce highly contiguous genome 
assemblies and has become a preferred assembler for nanopore sequencing datasets due to its 
efficiency and assembly accuracy (Nurk et al., 2020). Prior to assembly, sequencing read quality 
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and length distribution are commonly assessed using NanoPlot, a visualization tool designed for 
nanopore sequencing datasets. DNA concentration was quantified using Qubit fluorometry, DNA 
purity was assessed using NanoDrop A260/A280 and A260/A230 ratios, and DNA integrity was 
evaluated using PFGE. Together, these measurements provided complementary information 
regarding DNA quantity, contamination levels, and fragment size distribution. NanoPlot 
generates statistical summaries from nanopore sequencing reads, including read length 
distribution, read quality scores, sequencing throughput, and N50 values. These analyses are 
essential for evaluating sequencing performance and determining the suitability of datasets for 
downstream assembly. Assembly quality is subsequently evaluated using tools such as QUAST, 
which provides quantitative metrics including contig number, assembly length, GC content, and 
N50 statistics (Gurevich et al., 2013). Together, nanopore sequencing and Linux-based genome 
assembly workflows provide a robust framework for generating high-quality genomic resources 
for non-model organisms and comparative genomic studies. 

1.1 Aim and Objectives 

 
Aim 
 
The aim of this thesis is to sequence and assemble the whole genome of the freshwater mussel 
Anodonta anatina using Oxford Nanopore long-read sequencing technology. 
 
Objectives 
 
To achieve this aim, the study was conducted through three main objectives: 

• To isolate high-molecular-weight genomic DNA from A. anatina tissue and evaluate DNA 
quality and integrity using pulsed-field gel electrophoresis (PFGE).  

• To prepare sequencing libraries and perform whole-genome sequencing using Oxford 
Nanopore Technologies on the MinION platform.  

• To assemble the A. anatina genome using a long-read assembler and assess assembly 
quality using standard metrics, including N50, total assembly size, and contig number. 
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2 Materials and Methods 

2.1 Collection and Dissection of Anodonta anatina freshwater mussel 
 

Three specimens (Mussel 1, Mussel 2, and Mussel 3) of Anodonta anatina were collected from 
Lake Vingsjön in March 2026 with assistance from Annie Jonsson. Mussels were transported in 
freshwater and stored at 4°C until processing. Foot tissue samples (A1, A2) and gill tissue samples 
(B1, B2) from mussel 1 and foot tissue samples (A3, A4) from mussel 3 were dissected using 
sterile instruments after rinsing the shells with distilled water. Mussel 2 was not used for DNA 
extraction. Genomic DNA was extracted using two methods: the Monarch High Molecular Weight 
(HMW) DNA Extraction Kit and the PacBio Nanobind PanDNA Kit. Foot and gill tissues were 
selected to evaluate DNA yield, purity, and integrity for long-read sequencing. Dissected tissues 
were transferred to sterile 1.5 mL DNA LoBind tubes, kept on ice, and processed immediately for 
DNA extraction. 

2.2 DNA Extraction using the Monarch HMW DNA extraction kit  

 
High-molecular-weight genomic DNA was extracted from 15–25 mg of foot tissue (samples A1, 
A2) and gill tissue (samples B1, B2) from mussel 1 using the Monarch HMW DNA Extraction Kit 
(Thermo Fisher Scientific). Tissue was minced, kept on ice, and lysed in 600 µL HMW gDNA Tissue 
Lysis Buffer with 20 µL Proteinase K, followed by manual homogenization using sterile pestles. 
Samples were incubated at 56°C and 600 rpm for 45 min on a thermal mixer, followed by RNase 
A treatment (10 µL, 10 min at 56°C). Proteins were removed using 300 µL Protein Separation 
Solution with mixing (20 rpm) and centrifugation (14,000 rpm, 10 min), and the aqueous phase 
was transferred to a 1.5 mL DNA LoBind tube. DNA was bound using two DNA Capture Beads with 
550 µL isopropanol, mixed at 10 rpm for 5 min, washed twice with 500 µL gDNA Wash Buffer, 
and eluted in 100 µL Elution Buffer II at 56°C for 5 min with shaking at 300 rpm. DNA 
concentration was measured using a Qubit Fluorometer (Thermo Fisher Scientific), and purity 
was assessed using a NanoDrop 2000 by A260/A280 and A260/A230 ratios. 

2.3 DNA Extraction Using the PacBio Nanobind extraction kit 
DNA extraction was performed using the PacBio Nanobind PanDNA Kit (Pacific Biosciences) to 
compare DNA yield and integrity. Fresh foot tissue samples (A3, A4; 50–100 mg) were minced 
(<1 mm³), transferred to pre-chilled 14 mL tubes, and homogenized in 750 µL cold Buffer CT 
using a Tissue Ruptor at maximum speed for ~10 s. The homogenate was centrifuged (6,000 × g, 
5 min, 4°C), washed with 1 mL Buffer CT, and lysed with 20 µL Proteinase K and 150 µL Buffer 
CLE3. Samples were incubated on a Thermo Mixer (Thermo Fisher Scientific) at 55°C and 900 
rpm for 30 min, followed by 20 µL RNase A treatment for 30 min. After clarification with 60 µL 
Buffer SB and centrifugation (10,000 × g, 5 min), ~300 µL supernatant was transferred to a low-
bind Eppendorf tube. DNA binding was initiated with 50 µL Buffer BL3, a Nanobind disk, and 350 
µL isopropanol, followed by mixing on a platform rocker (Thermo Fisher Scientific) at 20 rpm for 
15 min at room temperature (RT). The disk-bound DNA was washed twice with Buffer CW1 and 
twice with Buffer CW2 and eluted in 100 µL Buffer LTE. The sample was incubated at room 
temperature for 10 min and then overnight for complete solubilization. DNA quality and purity 
were assessed using a NanoDrop 2000 (A260/A280 and A260/A230), and DNA concentration 
was measured using a Qubit Fluorometer (Thermo Fisher Scientific) for nanopore sequencing 
suitability. 
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2.4 Pulsed-Field Gel Electrophoresis (PFGE) Sample Preparation and Analysis 

 
PFGE was used to assess the integrity and size distribution of ultra-high-molecular-weight DNA, 
as conventional agarose gel electrophoresis cannot efficiently resolve fragments larger than ~20–
30 kb. Six representative genomic DNA samples were selected following multiple DNA extraction 
and PFGE optimization experiments conducted during the study. For each sample, 8 µL of DNA 
was gently mixed with 2 µL of 5× Purple Loading Dye (NEB) and loaded onto a 1% pulsed-field 
agarose gel. PFGE was performed using a Bio-Rad CHEF-DR III (Bio-Rad Laboratories) system in 
0.5× TBE buffer with a Lambda Ladder PFG Marker (Bio-Rad) under conditions optimized for 
48.5–1000 kb DNA fragments (50–90 s switch time ramp, 120° field angle, 6 V/cm, 22 h run time, 
14°C with active cooling). Gels were stained with GelRed (NEB) and visualized under UV 
illumination. 

2.5 Nanopore Sequencing: Library Preparation and Sequencing of PacBio-Extracted 

DNA 
 
Sample A4 was selected for nanopore sequencing based on high DNA quality, as determined by 
Qubit Fluorometer and NanoDrop 2000 (Thermo Fisher Scientific), and improved DNA integrity 
as assessed by pulsed-field gel electrophoresis (PFGE). A total of 1 µg DNA sample adjusted up to 
48 µL with nuclease-free water from the PacBio foot sample A4 was used for library preparation 
and sequenced on a new flow cell. Library preparation was performed using the ONT SQK-LSK114 
kit, with Short Fragment Buffer (SFB) used in the initial run and Long Fragment Buffer (LFB) used 
during flow cell reuse to enrich long fragments, with minor protocol modifications. The workflow 
included DNA repair and end-prep, adapter ligation, clean-up, flow cell priming, sequencing, and 
flow cell washing for reuse. Sequencing was performed on a MinION R10.4.1 flow cell using 
MinKNOW v24.11.10 for 46 h in the initial run, followed by an additional 24 h on the reused flow 
cell for downstream analysis and preliminary assembly. Data were analyzed using Linux-based 
tools including CAT, NanoPlot, Flye, and QUAST. 

2.6 DNA Repair and End-Preparation for PacBio Sample A4 
 
End-repair and A-tailing were performed in a 60 µL reaction containing the DNA, 7 µL NEBNext 
FFPE DNA Repair Buffer v2, 2 µL NEBNext FFPE DNA Repair Mix, and 3 µL Ultra II End-Prep 
Enzyme Mix, followed by incubation at 20°C for 5 min and 65°C for 5 min. The reaction was 
purified with 60 µL AMPure XP beads, washed twice with 80% ethanol, and eluted in 61 µL 
nuclease-free water, after which DNA concentration was measured using Qubit fluorometer 
(Thermo Fisher Scientific) prior to adapter ligation. 
 

2.7 Adapter Ligation and Library Clean-Up 
 
Adapter ligation was performed on 60 µL of repaired DNA using 5 µL Ligation Adapter (LA), 25 
µL Ligation Buffer (LNB), and 10 µL Salt-T4 DNA Ligase in a 100 µL reaction, incubated at room 
temperature for 10 min with gentle mixing. The ligated library was purified with 40 µL AMPure 
XP magnetic beads were used to purify DNA fragments and remove contaminants, incubated on 
a Hula mixer for 5 min, washed twice with 250 µL Short Fragment Buffer (SFB), briefly air-dried, 
and eluted in 15 µL Elution Buffer (EB) after 10 min incubation at room temperature. The final 
15 µL library was quantified by Qubit fluorometer (Thermo Fisher Scientific), and 12 µL was used 
for flow cell loading and sequencing. 
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2.8 Priming of the MinION/GridION Flow Cell 
 
Prior to sequencing, a MinION R10.4.1 flow cell was equilibrated at room temperature for 20 min 
and prepared according to ONT guidelines. A priming mix was prepared by combining 1170 µL 
Flow Cell Flush (FCF), 5 µL BSA (50 mg/mL), and 30 µL Flow Cell Tether (FCT) (total 1205 µL). 
Pore availability was checked using MinKNOW v24.11.10, and 20–30 µL buffer was first removed 
from the priming port to prevent air bubbles. Then 800 µL priming mix was loaded and incubated 
for 5 min, followed by an additional 200 µL to complete priming, ensuring bubble-free flow across 
the nanopore array. 

2.9 Flow Cell Loading and Sequencing 
 
Immediately prior to sequencing, 12 µL DNA library from PacBio sample A4 was combined with 
37.5 µL Sequencing Buffer (SB) and 25.5 µL Library Solution (LIS) to obtain a 75 µL loading mix, 
which was gently homogenized by pipetting and loaded dropwise via the SpotON port onto the 
MinION R10.4.1 flow cell, ensuring complete absorption of each drop for uniform nanopore 
distribution; the flow cell was then sealed and run was initiated in MinKNOW v24.11.10 with a 
planned 72 h duration, but manually stopped after 46 h based on yield and pore depletion. 

2.10 Flow Cell Washing and Reusing 
 
To maximize remaining active nanopores, the flow cell was washed with the flow cell wash kit 
and then ran again according to the manufacturer’s protocol. The Wash Mix (2 µL WMX + 398 µL 
DIL) was freshly prepared, with WMX kept on ice (no vortexing) and DIL thawed, vortexed, and 
briefly centrifuged. After pausing/ending the run in MinKNOW with the flow cell still installed, 
waste buffer was carefully removed from waste port 1, and 20–30 µL was withdrawn from the 
priming port to eliminate air bubbles. Then 200 µL wash solution was slowly added, incubated 
for 5 min, followed by a second 200 µL addition, after which the flow cell was incubated for 1h 
before complete removal of waste buffer. Following washing, the flow cell was reused for a second 
sequencing run with the same DNA sample using an identical workflow. 

2.11 Second Sequencing Run Using Long Fragment Buffer 
For the second sequencing run, library preparation was repeated using the same ONT protocol 
and conditions, except that Long Fragment Buffer (LFB) replaced Short Fragment Buffer (SFB) 
during post-ligation clean-up to enrich for ultra-long DNA fragments by retaining larger 
molecules during purification. All subsequent steps, including flow cell priming, library loading, 
sequencing, and MinKNOW monitoring, were performed identically to the first run, with a 72-h 
maximum duration and continuous assessment of sequencing yield and pore activity. 

2.12 Nanopore Sequencing: Library Preparation and Sequencing of Monarch kit 

extracted DNA 
 
A total of 1 µg Monarch gill DNA (sample B2) was adjusted up to 48 µL using nuclease-free water 
with DNA concentration and quality confirmed using a Qubit Fluorometer and NanoDrop 2000 
(Thermo Fisher Scientific), was selected for Nanopore sequencing from the HMW extraction 
based on its superior integrity as assessed by PFGE. Library preparation was performed using the 
Oxford Nanopore Technologies (ONT) SQK-LSK114 kit, with Long Fragment Buffer (LFB) 
substituted for Short Fragment Buffer (SFB) to enrich for ultra-long DNA fragments. Sequencing 
was conducted on a MinION R10.4.1 flow cell using MinKNOW v24.11.10. Due to reduced pore 
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activity from the new flow cell, the flow cell was run for 24 h; however, sufficient sequencing data 
were generated for downstream analyses and preliminary genome assembly. DNA repair and 
end-preparation, adapter ligation and library clean-up, priming of the MinION/GridION flow cell, 
and flow cell loading and sequencing were performed according to the manufacturer's 
instructions as described in Sections 2.6–2.9. 

2.13 Sequencing Data Processing and Genome Assembly 
 
Raw Oxford Nanopore sequencing data were assessed using MinKNOW quality reports for 
sequencing yield, read length distribution, and read quality. Reads from two sequencing runs 
were merged to increase coverage for genome assembly. 
Bioinformatic analyses were performed in a Linux environment using Conda for software 
management. Read quality and length distributions were evaluated with NanoPlot, and de novo 
genome assembly was conducted using Flye with multiple Nanopore assembly modes and an 
estimated genome size of 3 Gb. Assembly quality was assessed using QUAST, which generated 
metrics including total assembly length, contig number, and N50. All Linux commands used are 
provided in Appendix I. 
 

                                                                                                                                                   
Use of AI Tool  
 
in this thesis work AI tools such as CHAT GPT and GROK AI were used. Chat GPT AI tool used to 
generate Linux software command codes programming assistance to analyse genome data, also 
used to align texts and grammar editing, idea generation. GROK AI tool used to data analysis 
support to analyse nano plot (KDE plot), flye, and QUAST data generated through genome 
analysis. 
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3 Results 

3.1 DNA Extraction 

 
Following high-molecular-weight (HMW) DNA extraction, genomic DNA from A. anatina was 
evaluated for concentration and purity using Qubit fluorometry (Thermo Fisher Scientific) and 
NanoDrop 2000 spectrophotometry (Thermo Fisher Scientific). Tissue masses from foot and gill 
samples were recorded to assess extraction efficiency across protocols (Table 1). Qubit 
measurements provided accurate quantification of double-stranded DNA, while NanoDrop 
absorbance ratios (A260/A280 and A260/A230) were used to evaluate potential contamination. 
As shown in Table 1, several samples yielded high DNA concentrations and exhibited acceptable 
purity values, indicating their suitability for downstream Oxford Nanopore long-read sequencing 
and genome assembly analyses. 
 
Table 1. DNA concentration and purity of foot and gill tissue extracts obtained from Anodonta anatina using 
Monarch and PacBio extraction methods. DNA concentrations were measured using Qubit and NanoDrop, 
while DNA purity was assessed using NanoDrop 𝐴260/𝐴230 and 𝐴260/𝐴280 ratios. Samples A1, A2, B1, B2 
from Mussel 1 and samples A3, A4 from mussel 3 input mass is given in milligrams (mg), and concentrations 
are reported in ng/𝜇L. 
 

Sample Qubit DNA 
Conc. (ng/µL) 

Nanodrop DNA 
Conc. (ng/ul) 

A260/A230 A260/A280 

Monarch Foot A1 97 110 1.53 1.92 

Monarch Foot A2 27 24 0.15 5.55 

PacBio     Foot A3 108 145 1.74 1.80 

PacBio     Foot A4 124 181 1.81 1.90 

Monarch Gill 
 B1 

115 210 1.85 1.89 

Monarch Gill  
B2 

150 241.3 1.81 1.90 

3.2 Pulsed-Field Gel Electrophoresis (PFGE) 
 

The PFGE analysis was performed to evaluate the integrity and fragment size distribution of the 
extracted genomic DNA obtained from both the Monarch and PacBio Nanobind extraction 
protocols.  Figure 1 shows the PFGE profiles of genomic DNA extracted from A. anatina using the 
Monarch (A1, A2 foot samples, B1, and B2 gill samples) and PacBio Nanobind (A3 and A4 foot 
samples) protocols. L1 and L2 Lambda Ladder (Bio-rad laboratories) correspond to DNA size 
markers. High-molecular-weight DNA was detected in all samples, with signal concentrated near 
the wells and extending through the gel. Differences in band intensity and smear distribution 
were observed among samples. PacBio Samples A3 and A4 displayed intense signals in the high-
molecular-weight region, whereas Monarch samples A1, A2, B1, and B2 showed varying degrees 
of DNA migration throughout the gel. DNA fragments were observed across a broad size range, 
including fragments exceeding 150 kb based on comparison with the molecular size marker. 
 
Among the Monarch-extracted samples, B2 displayed a stronger high-molecular-weight DNA 
signal and less smearing than A1, A2, and B1. Differences in DNA migration patterns and band 
intensities ranging from 50kb to 200 kb were observed among all Monarch-extracted samples. 
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Figure 1: Pulsed-field gel electrophoresis (PFGE) analysis of high molecular weight genomic DNA extracted 
from Anodonta anatina using Monarch HMW DNA Extraction and PacBio Nanobind protocols. Lanes A1, A2 
(foot tissue) B1, B2 (Gill tissue) contain DNA extracts with Monarch and lanes A3-A4 contain foot tissue 
DNA extracts with PacBio.  
 

3.3 Selection of Samples for Oxford Nanopore Sequencing Based on PFGE 

Evaluation 

 
The PFGE analysis was performed to evaluate the integrity, fragment size distribution, and 
suitability of DNA samples for long-read sequencing applications. The quality of extracted DNA is 
a critical factor for Oxford Nanopore Technologies (ONT) sequencing, as both DNA fragment 
length and purity directly influence sequencing output, read quality, and genome assembly 
performance. Based on the PFGE profiling, two samples, A4 (foot tissue sample extracted using 
the PacBio HMW DNA extraction protocol) and B2 (gill tissue sample extracted using the Monarch 
HMW DNA extraction protocol), were selected for downstream ONT sequencing. These samples 
exhibited the most favourable HMW DNA characteristics, including optimal DNA concentration 
and a predominant fragment size distribution within the desired range of approximately 50–200 
kb. This size range was considered suitable for long-read sequencing because it provides 
sufficient read length to improve genome assembly continuity while maintaining efficient library 
preparation and sequencing performance. 
 
Samples with excessively large DNA fragments were avoided because ultra-high molecular 
weight DNA can negatively affect library preparation efficiency and may reduce sequencing 
consistency. Conversely, samples containing a high proportion of shorter DNA fragments were 
considered unsuitable because reduced read lengths can limit the ability to resolve repetitive 
genomic regions and negatively impact assembly quality. Therefore, maintaining an appropriate 
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balance between DNA fragment size and integrity was essential for obtaining reliable long-read 
sequencing data. 
 
In addition to fragment size distribution, DNA purity was considered a critical selection criterion. 
Residual contaminants, including proteins, salts, organic compounds, or extraction-related 
impurities, can interfere with ONT sequencing chemistry by reducing nanopore availability, 
damaging the flow cell, and decreasing sequencing efficiency. The selected A4 and B2 samples 
showed improved DNA quality with minimal evidence of degradation or contamination, making 
them the most appropriate candidates for ONT sequencing. Following selection, the A4 and B2 
libraries were subjected to Oxford Nanopore sequencing, and the resulting sequencing datasets 
were evaluated using quality assessment and genome assembly analysis pipelines. Read quality 
and length distributions were assessed using NanoPlot, while genome assembly performance was 
evaluated using Flye, a long-read genome assembler. The quality and completeness of the 
resulting assemblies were further assessed using QUAST, allowing comparison of assembly 
statistics, including total assembly length, contiguity metrics, and sequence accuracy indicators. 
Therefore, based on PFGE evaluation and HMW DNA quality parameters, samples A4 and B2 were 
selected as the optimal candidates for ONT sequencing to maximize sequencing efficiency and 
generate high-quality long-read data suitable for downstream genome assembly and analysis. 

3.4 NanoPlot Summary for Monarch and PacBio Samples 
 

NanoPlot analysis of the PacBio Nanobind A4 foot sample generated 1.64 × 10⁷reads and a total 
sequencing yield of 18.43 Gb. The mean read length was 1,121.8 bp, while the median read length 
was 388 bp. The read length N50 was 3,504 bp and the standard deviation of read length was 
3,109 bp. Mean and median read quality scores were 15.1 and 16.1, respectively. Quality 
assessment showed that 97.2% of reads exceeded Q10, 63.2% exceeded Q15, and 15.4% 
exceeded Q20. The longest read obtained was 923,769 bp, with the five longest reads ranging 
from 591,703 to 923,769 bp in length. The read length distribution included many short reads 
together with a smaller proportion of substantially longer reads. The NanoPlot summary 
statistics are shown in Appendix II Table 1.  
 
NanoPlot analysis of the Monarch B2 gill sample generated 265,095 reads with a total sequencing 
yield of 285.1 Mb. The mean read length was 1,075.6 bp and the median read length was 276 bp, 
while the read length N50 was 3,933 bp. The mean and median read quality scores were 15.3 and 
16.9, respectively. A total of 96.9% of reads exceeded Q10, 68.3% exceeded Q15, and 20.1% 
exceeded Q20. The longest read obtained from this dataset was 52,901 bp, with the five longest 
reads ranging from 48,310 to 52,901 bp. These results indicate a broad distribution of read 
lengths with a subset of longer reads present in the sequencing dataset. Detailed NanoPlot 
summary plots are presented in Appendix II Table 2. 

3.5 Kernel Density Estimation (KDE) Plot Analysis 
 

The KDE plot for PacBio Nanobind A4 foot sample shows a broad read-length distribution with a 
clear extension toward longer reads, indicating that a substantial proportion of high-molecular-
weight DNA was retained during extraction and library preparation (figure 2a). This pattern 
suggests that the sample was relatively well preserved and that fragmentation was limited, 
allowing the generation of longer sequencing fragments. The presence of an extended long-read 
tail is particularly important for downstream genome assembly because long reads can span 
repetitive regions and improve assembly contiguity. Overall, the distribution observed in A4 is 
consistent with a high-quality sequencing dataset that is well suited for assembly-based analyses. 
NanoPlot dot plots illustrating the relationship between read length and read quality are 
provided in Appendix II Figure 1.  
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In figure 2b, the KDE plot for Monarch B2 gill sample displays a narrower distribution with fewer 
ultra-long reads, suggesting a greater degree of DNA fragmentation or reduced recovery of long 
DNA molecules during processing. The lower representation of long reads may reflect differences 
in extraction efficiency, sample integrity, or library preparation performance. Because long reads 
are especially valuable for resolving repetitive genomic regions and bridging gaps, their reduced 
abundance in B2 may have contributed to weaker assembly performance. This is consistent with 
the lower continuity and reduced N50 values observed in the Monarch B2 gill sample genome 
assembly. Detailed NanoPlot visualisations, including read length versus read quality dot plots, 
are provided in Appendix II Figure 2.  
 
 

 
      (a) PacBio Foot sample A4 Nano plot result          (b) Monarch Gill sample B2 Nano plot 
 
Figure 2. Kernel density estimation (KDE) plots showing the distribution of read lengths and average read 
quality scores for long-read sequencing datasets generated from Anodonta anatina samples. (a) Sample A4 
(b) Sample B2. 

3.6 QUAST Assembly Analysis for PacBio Foot Sample A4 and Monarch gill 

sample B2. 
 

The quality of genome assemblies generated from samples A4 (PacBio) and B2 (Monarch) was 
evaluated using QUAST following assembly with Flye (Table 2). QUAST generated a range of 
assembly statistics describing assembly size, continuity, fragmentation, and nucleotide 
composition. Key metrics included total assembly length, number of contigs, largest contig, N50, 
L50, GC content, and the number of ambiguous bases. Together, these statistics provide an 
overview of assembly characteristics and facilitate comparison between assemblies derived from 
the two DNA extraction protocols. Detailed QUAST outputs for the PacBio and Monarch 
assemblies are presented in Appendix II Table 3 and Table 4 respectively. 
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Table 2. Summary of assembly statistics for the PacBio-derived sample (A4) and the Monarch-derived 
sample (B2), including contig number, assembly length, contig size metrics, GC content, and continuity 
statistics such as N50, N90, auN, L50, and L90. 

 
Metric Monarch (B2) PacBio (A4) 
contigs (>= 0 bp) 753 106,793 
contigs (>= 1000 bp) 600 89,873 
contigs (>= 5000 bp) 218 53,830 
contigs (>= 10000 bp) 81 35,660 
contigs (>= 25000 bp) 14 14,940 
contigs (>= 50000 bp) 0 6,214 
Total length (>= 0 bp) 3,457,385 13,834,639,996 
Total length (>= 1000 bp) 3,359,382 13,732,731,117 
Total length (>= 5000 bp) 2,347,065 12,753,591,56  
Total length (>= 10000 bp) 1,375,744 11,438,084,74  
Total length (>= 25000 bp) 449,519 8,198,297,25  
Total length (>= 50000 bp) 0 5,113,849,52  
contigs 737 102,768 
Largest contig 49,353 381,012 
Total length 3,451,860 13,820,907,67 
GC (%) 35.53 34.15 
N50 7,965 34,332 
N90 2,323 6,230 
auN 11,284.1 48,592.4 
L50 121 10,559 
L90 438 48,205 

 
 
Figure 3 summarises the assembly statistics of the PacBio foot sample A4 derived genome 
assembly generated using Flye. The assembly had a total length of approximately 1.38 Gb, an N50 
value of 34,332 bp, and a maximum contig length of 381,012 bp. The cumulative assembly length 
plot shows the contribution of contigs to the overall assembly size, while the Nx plot illustrates 
assembly contiguity across different Nx thresholds. The contig size distribution indicates the 
presence of contigs spanning a broad range of lengths, including several large contigs. The GC 
content histogram exhibited a single dominant peak centred at approximately 34–35%, and the 
GC content distribution plot showed a consistent nucleotide composition throughout the 
assembly. Together, these metrics provide an overview of assembly size, contiguity, contig 
distribution, and sequence composition. 
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Figure 3. QUAST assembly analysis of the genome assembly generated from the PacBio Nanobind-extracted 
foot sample A4 of A. anatina following Oxford Nanopore long-read sequencing and Flye assembly. 
Cumulative contig length in megabase pairs (Mbp) as a function of contig index. Distribution of GC content 
across contigs, showing the number of contigs per GC percentage bin. Nx plot, where x represents the 
percentage of the assembly and contig length is shown in kilobase pairs (kbp); the N50 value is the point at 
which contig length reaches 50% of the total assembly. GC content variation presented as GC percentage 
versus contig GC values. 
 

The QUAST assembly summary for the Monarch gill sample B2 is presented in Figure 4. The 
cumulative length plot showed a steady increase in assembly size with increasing contig rank 
before reaching a plateau corresponding to the total assembly length. The Nx plot demonstrated 
a gradual decrease in contig length across increasing assembly coverage thresholds, reflecting the 
distribution of contig sizes within the assembly. The contig length distribution revealed that the 
assembly consisted predominantly of shorter contigs, together with a smaller proportion of 
longer contigs. The GC content histogram exhibited a single dominant peak centred around the 
mean assembly GC content, while the GC content profile (Figure 4) showed relatively consistent 
nucleotide composition across assembled contigs. Together, these metrics provide an overview 
of assembly length, contiguity, contig size distribution, and sequence composition for the 
Monarch gill sample B2 derived genome assembly. 
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Figure 4. QUAST assembly analysis of the genome assembly generated from the Monarch HMW DNA 
extraction gill sample B2 of A. anatina. GC content distribution across sliding windows, showing the number 
of windows per GC percentage bin for the assembly. Cumulative assembly length in kilobases (kb) as a 
function of contig index. Distribution of GC content across contigs, showing the number of contigs per GC 
percentage bin for the assembly. 
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4 Discussion  
 

The present study successfully demonstrated the extraction of high molecular weight (HMW) 
genomic DNA from A. anatina and its application in long-read nanopore sequencing and 
preliminary genome assembly generation. The results indicate that both the Monarch HMW DNA 
Extraction Kit and the PacBio Nanobind HMW DNA extraction kit could produce DNA suitable for 
Oxford Nanopore sequencing; however, substantial differences in sequencing performance and 
assembly quality were observed between DNA samples generated using the Monarch HMW DNA 
Extraction Kit and the PacBio Nanobind Kit. 
 
Among the extracted samples, PacBio foot sample A4 produced the highest-quality sequencing 
dataset and generated the most contiguous genome assembly. PFGE analysis demonstrated 
superior preservation of high molecular weight DNA fragments in the PacBio-extracted foot 
samples compared with the Monarch-derived samples. The improved integrity of the extracted 
DNA was reflected in the NanoPlot sequencing statistics, where the PacBio foot sample A4 dataset 
showed a higher read length N50 and a greater proportion of long reads than the Monarch gill 
sample B2 dataset. Long-read preservation is critically important for nanopore sequencing 
because long reads improve the ability of genome assemblers to resolve repetitive genomic 
regions and reconstruct larger contiguous sequences (Jiao & Schneeberger, 2017). 
 
The QUAST assembly statistics demonstrated clear differences in assembly quality between the 
PacBio and Monarch datasets. The PacBio assembly generated from foot sample A4 produced a 
total assembly length of approximately 1.38 Gb with an N50 value of 34,332 bp and contigs 
exceeding 381 kb in length. In contrast, the Monarch gill sample B2 assembly produced a 
substantially smaller assembly size of approximately 3.45 Mb with a lower N50 value of 7,965 bp 
and no contigs larger than 50 kb. These findings suggest that both the PacBio Nanobind extraction 
protocol and higher sequencing coverage in the PacBio foot sample A4 dataset may have 
contributed to the improved genome assembly. 
 
Despite the improved assembly quality obtained for sample A4, the assembly remained 
fragmented, as indicated by the large number of contigs present in the final assembly. Freshwater 
mussel genomes are known to be highly repetitive and genetically complex, often containing 
extensive repetitive elements and elevated levels of heterozygosity that complicate genome 
reconstruction (Renaut et al., 2018). Although the expected genome size for A. anatina was 
estimated to be approximately 3 Gb, the final assembly size generated in this study was 
approximately 1.38 Gb, suggesting incomplete genome representation. Several factors may have 
contributed to this outcome, including insufficient sequencing depth, uneven genome coverage, 
unresolved repetitive regions, and assembly collapse within highly repetitive genomic sequences 
(Gan et al. 2021). 
 
Sequencing performance was additionally influenced by declining nanopore activity during the 
sequencing runs. Reduced active pore availability resulted in lower sequencing throughput and 
likely limited overall genome coverage. In the Monarch sequencing experiment, pore depletion 
caused early termination of the sequencing run after approximately 24 hours, thereby reducing 
sequencing yield and negatively affecting assembly continuity. Similar limitations associated with 
reduced sequencing depth and flow cell performance have been reported in other nanopore-
based genome assembly studies involving large eukaryotic genomes (Wang et al., 2021). 
 
The GC content distributions generated during QUAST analysis remained relatively stable across 
both assemblies, with GC values ranging between approximately 34% and 36%. These values are 
consistent with previously reported freshwater mussel genomes and suggest minimal GC-
associated sequencing bias. Furthermore, the absence of ambiguous bases within the assemblies 
demonstrated that the Flye assembler successfully reconstructed assembled genomic regions 
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without introducing unresolved sequence gaps. Nevertheless, the fragmented nature of the 
assemblies indicates that substantially greater sequencing coverage would likely be required to 
achieve chromosome-level assembly quality. 
 
The use of Long Fragment Buffer (LFB) during post-ligation clean-up may also have contributed 
positively to long-read retention during library preparation. Preservation of ultra-long DNA 
molecules is particularly important in nanopore sequencing because longer reads improve repeat 
resolution and facilitate assembly of structurally complex genomic regions. However, the benefits 
of LFB were likely partially constrained by limited sequencing throughput and declining pore 
activity during the sequencing runs. 
 
Several limitations influenced the present study. Only nanopore long-read sequencing data were 
used for assembly generation without complementary short-read polishing, Hi-C scaffolding, or 
PacBio HiFi sequencing approaches, which are widely recognised as important strategies for 
improving assembly accuracy and contiguity in complex genomes (Treangen & Salzberg, 2012). 
In addition, the number of sequencing flow cells and total sequencing depth were limited, 
reducing the ability to obtain complete genome coverage and contributing to fragmentation of 
the assembly. Freshwater mussel genomes are exceptionally challenging to assemble due to their 
large genome sizes, high repetitive content, and potential heterozygosity, all of which require 
extensive sequencing coverage and advanced assembly strategies for optimal reconstruction 
(Renaut et al., 2018; Gan et al., 2021). 
 
Despite these limitations, the present study successfully generated a large-scale draft genome 
assembly for Anodonta anatina and demonstrated the feasibility of applying nanopore long-read 
sequencing to this non-model freshwater mussel species. The generated genomic resources 
provide an important foundation for future studies involving freshwater mussel genomics, 
comparative genomics, conservation genetics, and environmental toxicology. Furthermore, the 
availability of genomic data for Anodonta anatina may support future investigations into 
pollutant-response pathways, adaptive mechanisms, and the development of molecular 
biomarkers for freshwater ecosystem monitoring. 

4.1 Comparison Between Monarch and PacBio Nanobind Results 

 
The present study demonstrated clear differences in DNA quality, nanopore sequencing 
performance, and genome assembly outcomes between the Monarch HMW DNA extraction 
protocol and the PacBio Nanobind extraction protocol used for A. anatina. The comparison 
between the two extraction methods highlights the importance of preserving intact high-
molecular-weight DNA for successful long-read sequencing and genome assembly generation in 
large and repetitive freshwater mussel genomes. 
 
The PacBio Nanobind protocol generally produced DNA with superior integrity and higher 
suitability for long-read sequencing applications. PFGE analysis revealed that PacBio foot 
samples, particularly sample A4, contained stronger high-molecular-weight DNA bands with 
reduced smearing, indicating better preservation of long DNA fragments. In contrast, several 
Monarch-derived samples exhibited increased DNA fragmentation and weaker high-molecular-
weight band intensity, although gill sample B2 still demonstrated acceptable DNA quality for 
sequencing (Jain et al., 2018). Preservation of ultra-long DNA molecules is particularly important 
for long-read sequencing because fragmented DNA can reduce read length and negatively affect 
assembly continuity, a pattern widely reported in nanopore and other long-read sequencing 
studies (Logsdon et al., 2020). 
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Differences were also observed in DNA concentration and purity measurements. PacBio foot 
samples A3 and A4 produced high Qubit concentrations of 108 ng/µl and 124 ng/µl, respectively, 
with acceptable A260/A280 and A260/A230 purity ratios, indicating relatively low 
contamination levels. Monarch gill sample B2 generated the highest Qubit concentration overall 
(150 ng/µl); however, variability in purity and DNA integrity was observed among Monarch 
samples, particularly foot sample A2, which showed poor purity ratios and evidence of degraded 
or contaminated DNA (Kolmogorov et al., 2019). These findings suggest that the PacBio Nanobind 
protocol provided more consistent recovery of high-quality genomic DNA. Similar observations 
have been reported in studies of high-molecular-weight DNA extraction and long-read genome 
assembly, where DNA integrity rather than concentration alone is a key determinant of 
sequencing performance and assembly quality in complex genomes (Michael & VanBuren, 2020). 
 
NanoPlot sequencing analysis further demonstrated improved sequencing performance for the 
PacBio-derived dataset. PacBio foot sample A4 produced longer read distributions and higher 
sequencing output compared with the Monarch gill sample B2. The broader read length 
distribution observed in the PacBio foot sample A4 dataset indicates more effective preservation 
of ultra-long DNA molecules during extraction and library preparation. In contrast, the Monarch 
gill sample B2 dataset exhibited shorter average reads and lower sequencing throughput, likely 
due to partial DNA fragmentation and reduced nanopore activity during sequencing. Long 
nanopore reads are especially important for resolving repetitive regions and improving assembly 
continuity in large and complex freshwater mussel genomes (Jiao & Schneeberger, 2017). Similar 
relationships between DNA integrity, nanopore read length, and assembly quality have been 
reported in previous nanopore sequencing studies involving large eukaryotic genomes (Jain et 
al., 2018; Wang et al., 2021). 
 
Substantial differences were also observed in genome assembly quality. The PacBio foot sample 
A4 assembly generated a total assembly length of approximately 1.38 Gb with an N50 value of 
34,332 bp and contigs exceeding 381 kb in length. In comparison, the Monarch gill sample B2 
assembly produced a much smaller assembly size of approximately 3.45 Mb with an N50 value of 
only 7,965 bp and no contigs larger than 50 kb. The superior assembly continuity observed in the 
PacBio-derived foot sample A4 dataset is consistent with previous studies demonstrating that 
long-read sequencing technologies improve genome reconstruction by spanning repetitive 
regions and reducing assembly fragmentation (Chin et al., 2016; Koren et al., 2017). Furthermore, 
preservation of high-molecular-weight DNA is essential for maximizing read length and 
improving assembly contiguity, as DNA fragmentation directly reduces long-read sequencing 
performance (Mayjonade et al., 2016).  The use of Long Fragment Buffer (LFB) may also have 
contributed positively to long-read retention. The reduced assembly quality observed in the 
Monarch gill sample B2 dataset may therefore be associated with lower effective sequencing 
output, reduced pore activity, and insufficient long-read coverage, factors known to negatively 
influence long-read genome assembly performance (Delahaye & Nicolas, 2021). Assembly quality 
assessment using Flye and QUAST follows established approaches for evaluating long-read 
assemblies through metrics such as N50, contig length distribution, and total assembly size 
(Kolmogorov et al., 2019; Gurevich et al., 2013). 
 
Additionally, the observed differences between the two extraction protocols highlight the 
importance of optimizing sample preparation strategies for non-model organisms with large and 
complex genomes. Freshwater mussel tissues often contain polysaccharides, proteins, and other 
contaminants that may interfere with DNA purification and negatively affect sequencing quality. 
The PacBio Nanobind protocol demonstrated greater consistency in producing high-quality 
genomic DNA, suggesting improved removal of contaminants while preserving DNA integrity. 
 
Despite these differences, both extraction protocols successfully generated DNA suitable for 
nanopore sequencing and preliminary genome assembly analysis. The Monarch kit protocol 
demonstrated that cost-effective extraction approaches can still support long-read sequencing 
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applications, whereas the PacBio Nanobind kit protocol produced superior overall sequencing 
and assembly performance. Collectively, the results indicate that extraction methodology plays a 
critical role in determining long-read sequencing quality and genome assembly success in 
freshwater mussel genomics. 
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5 Conclusion 
 

This study successfully demonstrated the extraction of high-molecular-weight genomic DNA from 
A. anatina and its application in Oxford Nanopore long-read sequencing for preliminary genome 
assembly. Both the Monarch HMW DNA Extraction Kit and the PacBio Nanobind kit protocol 
produced DNA suitable for sequencing; however, the PacBio Nanobind kit consistently yielded 
higher-quality DNA and superior sequencing performance, resulting in a more contiguous 
genome assembly. 
 
Although the generated assemblies did not fully capture the estimated genome size of A. anatina, 
the results highlight the challenges associated with assembling the large and repetitive genomes 
of unionid mussels. The findings further emphasize the importance of DNA extraction quality as 
a key factor influencing long-read sequencing and genome assembly outcomes. 
 
It demonstrates the feasibility of nanopore-based genome sequencing in non-model freshwater 
mussels and provides a valuable genomic resource for future research in freshwater mussel 
genomics, conservation biology, ecotoxicology, and environmental biomonitoring. These results 
also support the continued development of molecular tools for monitoring and protecting aquatic 
ecosystems. 
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6 Ethical Aspects, Gender Equality Perspective, and Impact on Society 
 

This project involved the collection and analysis of A. anatina (duck mussel) specimens from 
natural freshwater habitats in Sweden. Ethical considerations focused primarily on biodiversity 
conservation and responsible sampling practices. Specimens were collected in collaboration with 
experienced personnel to ensure accurate species identification and to avoid disturbance of 
protected populations or sensitive habitats. The number of individuals used was kept to a 
minimum while still providing sufficient biological material for genomic analyses. Tissue 
sampling and handling procedures were conducted carefully to minimize unnecessary stress and 
biological waste. The study did not involve human participants, human biological material, 
personal data, or vertebrate animals. Therefore, formal approval from human or animal ethics 
committees was not required under current Swedish regulations, although relevant local 
regulations and permit requirements were considered prior to sampling. 
 
The study does not directly address gender-related research questions; however, it was 
conducted within an academic environment that promotes equal opportunities and 
inclusiveness. Scientific competence, collaboration, and participation were valued independently 
of gender, ethnicity, or other personal characteristics, reflecting the principles of gender equality 
and non-discrimination in research and higher education. 
 
The outcomes of this study may have positive societal and environmental impacts by contributing 
to freshwater mussel genomics and conservation research. Freshwater mussels are important 
components of aquatic ecosystems and serve as valuable indicators of environmental quality. The 
genomic resources generated through this work can support future studies in biodiversity 
conservation, ecotoxicology, and environmental monitoring. In the long term, improved genomic 
knowledge of A. anatina may facilitate the development of molecular tools for assessing 
ecosystem health, monitoring environmental stressors, and supporting evidence-based 
management and conservation of freshwater habitats.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

  22 

7 Future Perspectives 

The draft genome assemblies generated in this study provide an important foundation for future 
genomic research on Anodonta anatina and other freshwater mussel species. Although the 
assemblies remained fragmented, the successful use of high-molecular-weight DNA extraction 
and Oxford Nanopore long-read sequencing demonstrates the feasibility of genome sequencing 
in non-model unionid mussels and establishes a basis for further methodological improvements 
(Koren et al., 2017; Wenger et al., 2019). 

Future work should focus on increasing sequencing depth and read coverage using additional 
nanopore flow cells and optimized library preparation protocols. Greater sequencing output is 
expected to improve assembly contiguity and genome completeness. The integration of 
complementary technologies, such as Illumina short-read polishing, PacBio HiFi sequencing, and 
Hi-C scaffolding, could further enhance assembly quality and enable chromosome-level genome 
reconstruction. Hybrid assembly approaches may also improve the resolution of repetitive and 
highly heterozygous genomic regions that are challenging to assemble using nanopore data alone 
(Wenger et al., 2019; Rhie et al., 2021). 

Beyond assembly improvement, future studies should include genome annotation and the 
characterization of genes involved in environmental stress responses, detoxification, and 
adaptation to changing freshwater environments. Such analyses would advance understanding 
of freshwater mussel biology and ecological resilience. The genomic resources generated in this 
project may also support conservation and population genomics research by providing insights 
into genetic diversity, population structure, and local adaptation. Given the global decline of 
freshwater mussels, these resources could contribute to evidence-based conservation strategies 
and strengthen the use of A. anatina as a bioindicator species for monitoring freshwater 
ecosystem health (Rhie et al., 2021). 
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Appendix I 

Linux Software Command  
 
conda activate longread 
The sequencing data generated from the two nanopore sequencing runs were stored as 
compressed FASTQ files (fastq.gz). To maximize sequencing depth and improve genome 
assembly performance, the reads from both sequencing runs were merged into a single combined 
dataset using the Linux cat command: 
cat Desktop/Data/fastq_pass/* > merged.fastq.gz 
Following data merging, read quality and length distribution were assessed using NanoPlot. 
NanoPlot was used to generate summary statistics and graphical visualizations of read quality, 
sequencing yield, and read length distributions, including N50 values. The analysis was 
performed using the following command: 
NanoPlot \ 
--fastq merged.fastq.gz \ 
--outdir nanoplot_output \ 
--threads 8 \ 
--N50 
Genome assembly was subsequently performed using Flye version 2.9.6, which is specifically 
optimized for long-read sequencing technologies such as nanopore sequencing. To evaluate 
assembly performance under different read correction assumptions, Flye assemblies were 
generated using different sequencing modes, including Nanopore Raw, Nanopore High Quality, 
and Nanopore Corrected modes. The approximate genome size was specified as 3 Gb based on 
estimated genome characteristics. Assembly was executed using the following command: 
flye \ 
--nano-raw merged.fastq.gz \ 
--genome-size 3g \ 
--out-dir Flye_Output_PacBio \ 
--threads 8 
Following completion of the assembly process, assembly quality assessment was performed 
using QUAST version 5.3.0. QUAST was used to generate assembly statistics including total 
assembly length, number of contigs, N50 values, and contig size distributions. During analysis, 
parameters were adjusted to accommodate characteristics associated with large eukaryotic 
genomes and nanopore sequencing reads. Assemblies were analysed using the following 
command: 
quast.py Flye_Output_PacBio/assembly.fasta \ 
-o quast_output \ 
-t 8 \ 
--min-contig 500 
The bioinformatic workflow, including sequencing quality assessment, read visualization, 
genome assembly, and assembly quality evaluation, was performed within a Linux environment 
and supported using the Galaxy Europe server infrastructure for selected analyses and data 
management tasks. 
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Appendix II 
 
Table 1. Oxford Nanopore sequencing performance of PacBio foot sample A4. Read length and quality 
metrics (N50 = 3,504 bp, total yield = 18.4 Gb, mean quality = Q15.1). Percentage and cumulative bases 
(Mb) of reads above Q10–Q30 thresholds. Most reads exceeded Q10 (97.2%), while 15.4% and 0.1% 
exceeded Q20 and Q30, respectively, indicating predominantly moderate-quality reads. 

 

 
 
Table 2. Summary statistics of Oxford Nanopore sequencing data for Monarch gill sample B2. Mean read 
length = 1,075.6 bp, median read length = 276.0 bp, median read quality = Q16.9, total reads = 265,095, 
read length N50 = 3,933 bp, read length SD = 2,454.9 bp, and total yield = 285.1 Mb. The marked 
difference between mean and median read length, together with the high N50, indicates a broad read 
length distribution with a long tail of longer reads. 
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Figure 1. Scatter plot showing nanopore sequencing read length and quality distribution for Monarch gill 
sample B2. The density and distribution of points illustrate trade-offs between read length and basecall 
accuracy, guiding quality-based length filtering decisions. 
 

 

 
Figure 2. Dots plot showing nanopore sequencing read length and quality distribution for the PacBio foot 
sample A4. Used to evaluate trade-offs or correlations between read length and sequencing accuracy. 
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Table 3. Quast Report Summery for PacBio foot sample A4. Assembly contiguity statistics. Key metrics: 
N50 = 34.3 kb, total length = 1.38 Gb, 102,768 contigs, GC = 34.15%. The high contig count and modest 
N50 indicate a fragmented assembly suitable for gene-level analysis but requiring scaffolding for 
chromosome-scale resolution. 
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Table 4. Quast Report Summery for Monarch gill sample B2. Assembly contiguity statistics for a small 
genome (total length = 3.45 Mb). Key metrics: N50 = 7.97 kb, largest contig = 49.4 kb, 737 contigs, GC = 
35.53%. No contigs reached 50 kb, and the high contig count relative to total size indicates a fragmented 
assembly requiring additional scaffolding or long-read data for chromosome-level completion. 
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