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Abstract

Biomonitoring surveys from environmental DNA make use of metabarcoding tools to describe the community composition.
These studies match their sequencing results against public genomic databases to identify the species. However, mitochondrial
genomic reference data are yet incomplete, only a few genes may be available, or the suitability of existing sequence data is
suboptimal for species level resolution. Here we present a dedicated and cost-effective workflow with no DNA amplification for
generating complete fish mitogenomes for the purpose of strengthening fish mitochondrial databases. Two different long-fragment
sequencing approaches using Oxford Nanopore sequencing coupled with mitochondrial DNA enrichment were used. One where
the enrichment is achieved by preferential isolation of mitochondria followed by DNA extraction and nuclear DNA depletion
(‘mitoenrichment’). A second enrichment approach takes advantage of the CRISPR-Cas9 targeted scission on previously
dephosphorylated DNA (‘targeted mitosequencing’). The sequencing results varied between tissue, species, and integrity of
the DNA. The mitoenrichment method yielded 0.17-12.33 % of sequences on target and a mean coverage ranging from 74.9-
805-fold. The targeted mitosequencing experiment from native genomic DNA yielded 1.83-55 % of sequences on target and
a 38-2123-fold mean coverage. This helped complete the mitogenome of species with homopolymeric regions, tandem repeats
and gene rearrangements. We demonstrate that deep sequencing of long fragments of native fish DNA is possible, can be
achieved with low computational resources in a cost-effective manner, exceeding the widespread genome skimming approach,
and allowing the discovery of mitogenomes of non-model or understudied fish taxa to a broad range of laboratories worldwide.
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Abstract

Biomonitoring surveys from environmental DNA make use of metabarcoding tools to describe the community
composition. These studies match their sequencing results against public genomic databases to identify
the species. However, mitochondrial genomic reference data are yet incomplete, only a few genes may be
available, or the suitability of existing sequence data is suboptimal for species level resolution. Here we
present a dedicated and cost-effective workflow with no DNA amplification for generating complete fish
mitogenomes for the purpose of strengthening fish mitochondrial databases. Two different long-fragment
sequencing approaches using Oxford Nanopore sequencing coupled with mitochondrial DNA enrichment
were used. One where the enrichment is achieved by preferential isolation of mitochondria followed by DNA
extraction and nuclear DNA depletion (‘mitoenrichment’). A second enrichment approach takes advantage of
the CRISPR-Cas9 targeted scission on previously dephosphorylated DNA (‘targeted mitosequencing’). The
sequencing results varied between tissue, species, and integrity of the DNA. The mitoenrichment method
yielded 0.17-12.33 % of sequences on target and a mean coverage ranging from 74.9 to 805-fold. The targeted
mitosequencing experiment from native genomic DNA yielded 1.83-55 % of sequences on target and a 38 to
2123-fold mean coverage. This produced complete the mitogenome of species with homopolymeric regions,
tandem repeats, and gene rearrangements. We demonstrate that deep sequencing of long fragments of native
fish DNA is possible and can be achieved with low computational resources in a cost-effective manner,
opening the discovery of mitogenomes of non-model or understudied fish taxa to a broad range of laboratories
worldwide.

Resumen

Los estudios de biomonitoreo mediante ADN ambiental utilizan herramientas de caracterización genética
(metabarcoding) para describir la composición de la comunidad. Estos estudios contrastan las secuencias
obtenidas con bases de datos genómicas públicas para aśı identificar la especie. Sin embargo, las bases de
datos mitocondriales de referencia distan mucho de estar completas. En la mayor parte de los casos solo hay
unos pocos genes disponibles o los datos existentes no ofrecen resolución hasta el nivel de especie. En este
estudio presentamos un método dedicado a generar mitogenomas de peces completos de forma rentable y sin
necesidad de amplificación del ADN, con el objeto de ampliar las bases de datos mitocondriales de peces.
Para ello se utilizaron dos enfoques diferentes de secuenciación de fragmentos largos utilizando secuenciación
Oxford Nanopore y enriquecimiento de ADN mitocondrial. Uno en el que el enriquecimiento se logra medi-
ante el aislamiento preferencial de mitocondrias seguido de extracción del ADN y la eliminación del ADN
nuclear (”mitoenriquecimiento”). En el segundo enfoque se aprovecha la capacidad de escisión dirigida por la
endonucleasa CRISPR-Cas9 sobre ADN previamente desfosforilado (”mitosecuenciación dirigida”). Los resul-
tados difirieron con el tejido, la especie y la integridad del ADN. El método de mitoenriquecimiento produjo
un 0,17-12,33% de secuencias objetivo y una cobertura media entre 74,9 y 805 secuencias. El experimento
de mitosecuenciación dirigida a partir de ADN genómico nativo produjo entre 1,83 y 55 % de secuencias
objetivo y una cobertura media de 38 a 2123 secuencias. Este estudio permitió completar mitogenomas
de diferentes especies que incluyen regiones homopoliméricas, repeticiones en tándem y reorganización de
genes. Demostramos que la secuenciación intensiva de fragmentos largos de ADN de peces es posible, se
puede lograr con bajos recursos informáticos de una manera económca, superando el método generalizado
de secuenciación genómica de baja cobertura y permitiendo el descubrimiento de mitogenomas de taxones
de peces no modelo o poco estudiados a una amplia gama de laboratorios en todo el mundo.

Keywords: mitogenome, fish, eDNA, long fragment, Cas9 targeted sequencing, mitochondrial enrichment

Introduction

Environmental DNA (eDNA) is providing previously unthinkable insights into the aquatic environment as
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a non-invasive and relatively cost-efficient tool, illustrating the presence-absence and distribution of certain
species and the composition of the community of an ecosystem, and is particularly informative to evaluate
these parameters as a result of variable conditions (Furlan et al., 2019; Gallego et al., 2020; Stat et al., 2017;
Thomsen & Willerslev, 2015). Besides the logistics and technical constraints to acquire samples, there are
further challenges in accurately characterizing the biome, including the molecular strategy used (i.e. DNA
extraction and the marker or gene of choice), and the reference databases used to identify the origin of
the DNA found in a certain environment (Jackman et al., 2021; Schenekar et al., 2020; Wang et al., 2021).
Environmental DNA identification needs robust, comprehensive, and accurate DNA reference libraries based
on solid taxonomic frameworks, and this effort requires more exhaustive, comprehensive, and revamped
efforts in light of recent technical advancements in DNA sequencing (Margaryan et al., 2021; Novak et al.,
2020; Taberlet et al., 2012).

There are currently two main strategies for biomonitoring surveys to describe the community composition
or evaluate the abundance of certain species: DNA metabarcoding approaches or targeted molecular assays
using quantitative Polymerase Chain Reaction (qPCR) or digital PCR (dPCR) (Shu et al., 2020). These
molecular tools are well established and have been added to the toolbox of conservation management. These
studies make use of the public genomic databases and, more specifically, of mitochondrial genes found in
public repositories to construct well represented alignments to identify the amplicon sequence variants (ASV)
in the case of metabarcoding or achieve the desired specificity for primer design in the case of targeted assays.
However, in spite of the colossal sequencing effort undertaken in the last two decades with initiatives like
the Barcode of Life (Mugnai et al., 2021; Ratnasingham & Hebert, 2007), mitochondrial genome reference
data for the breadth of taxa of interest are yet not accessible and if they are, only one or a few genes may
be available. Among these, the suitability of existing sequence data for the purpose of designing species-
specific oligonucleotides is typically suboptimal for targeted eDNA assays. Such is the situation of one the
most traditionally sequenced genes for barcoding purposes, the cytochrome c oxidase subunit 1 (COI) of the
mitochondrion that offers scattered, short conserved regions that are unsuitable for primer design in order to
effectively discriminate the taxon of interest (Langlois et al., 2020; Margaryan et al., 2021; Schroeter et al.,
2020). Metabarcoding analysis of fish targets more conserved genes or regions where universal primers can be
placed flanking interspecifically variable regions. Examples are the 12S rRNA subunit (12S) using the MiFish
primers (Miya et al., 2015) that produce an amplicon of ca. 170 base pairs (bp) and the 16S rRNA (16S) with
primers Ac16S that amplify a region of 330 bp (Evans et al., 2016) and ca. 100 bp-fragment with Fish16S
primers (Deagle et al., 2009; Shaw et al., 2016). The aforementioned markers have provided an extraordinary
wealth of information for community studies and species detection using eDNA (Miya, 2022; Shu et al., 2020).
Building more comprehensive mitochondrial genome databases would be particularly advantageous for those
species for whom identification cannot be resolved with short fragments of the 16S, 12S, or COI genes and
to expand the representation to account for intra and interspecific variability. In addition, having more
regions of the mitogenome available would facilitate an eDNA multi-marker metabarcoding approach, eDNA
population genetics studies and even explore the possibility of mitochondria-associated disorders caused by
mutations, an unexplored line of research that may provide insights into health or fitness questions (Brown,
2008; Dugal et al., 2021; Jackman et al., 2021; Jensen et al., 2020; Sharma & Sampath, 2019). Despite
the mitochondrial genes being physically linked to each other, mitochondrial haplotypes from eDNA could
determine minimum number of individuals and provide information about the origin of the populations (e.g.
in the case of the stocks of anadromous fishes found in the ocean (Weitemier et al., 2021)). Additionally,
whole mitochondrial genome databases, from verified, vouchered specimens, will also be critical for seafood
monitoring, as molecular methods are routinely used to identify species in domestic and international trade
(Bourret et al., 2020; Ogden, 2008). The expansion of mitochondrial genomic databases is not only costly and
requires access to voucher specimens, but also relies in the use of so-called universal primers that have proven
to be less generic than desired. Whole mitochondrial sequencing, although attainable, is still expensive and
not readily accessible for all research groups due to a limitation in read length, non-affordable methods and
long protocols (Gilpatrick et al., 2020).

In this study, we explore target enrichment methods to attain whole mitogenome sequence data in a simple
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and cost-effective manner. Current technologies allow for whole genome direct sequencing (i.e. no special
treatments are necessary) that can yield regions of interest, particularly those in high copy number such as
mitochondrial DNA, which can be identified and recovered from the data in a process called ‘genome skim-
ming’ or shallow sequencing (Straub et al., 2012). We propose that targeted mitochondrial DNA enrichment
during the DNA isolation process or library preparation step should be sought if willing to reduce costs, ti-
me, data storage capacity and bioinformatic capabilities while improving coverage and consensus sequences,
avoiding pseudogenes and general background noise that can affect the molarity of the target and thus com-
promise the sequencing performance. In spite of hundreds to about a thousand mitochondrial DNA (mtDNA)
copies present in a fish cell depending on the tissue and the age, which is lower than in mammals (Hartmann
et al., 2011), the amount of mtDNA in a preparation is normally around 0.1% of the genomic DNA (Ro-
bin & Wong, 1988) and is overwhelmed with nuclear DNA (nDNA). Different enrichment outcomes can be
attained depending on the DNA extraction, treatment, sequencing and bioinformatic approaches employed.
The physical properties of mtDNA (enclosed organelle physical location and the circularity of the mitochon-
drial genome) can be used to preferentially extract mtDNA using sequential precipitation methods or to
deplete the non-circular DNA (i.e., nDNA) using exonucleases. Targeted enrichment can be also conducted
using CRISPR-based methods by targeting conserved regions of the mitogenomes with specific guide RNAs
(Schultzhaus et al., 2021). Mitochondrial enrichment without PCR amplification avoids universal primer
incompatibility and PCR amplification errors. Additionally, long range amplification is proving challenging
(Ramón-Laca personal observations, (Gilpatrick et al., 2020)) and target enrichment using hybridization
capture is not yet fully operative for long fragments.

Long fragment sequences can help diminish the number of nuclear mitochondrial sequences (NumtS) that
can be very long and are found in fish in a greater ratio than in most vertebrate species (Antunes & Ramos,
2005; Dayama et al., 2014). Long fragments preserve the order of the genes, in contrast with the short reads
sequencing platforms that can also be affected by PCR bias on AT-rich regions (Gan et al., 2019). Long
sequences can be key for accurate genome assembly (Pollard et al., 2018), in particular in repetitive regions,
which are sometimes found in the control region of the mitochondria and have proven challenging to sequence
with traditional methods (i.e., Sanger and whole genome sequencing of short fragments) (Formenti et al.,
2021; McDonald et al., 2021). A rearrangement in the order of the genes will not be missed if transferring
annotations from a different species because the order of the genes is determined by the sequence and not
the reference genome. For all the aforementioned reasons, a de novo assembly of whole mitogenomes should
be favored, to not bias the newly generated mitogenomes and to not overlook any possible modifications.

However, long-fragment sequencing comes with its own challenges. The main downside, and a common
criticism, of long-read sequencing with Oxford Nanopore technologies is the relatively high error rates in the
sequences obtained. Nonetheless, in opposition with short-read platforms, these errors are mostly random
except for the homopolymeric regions from single pore reads with ONT that can be overcome with high
read depth (Pollard et al., 2018; Schultzhaus et al., 2021) and with the constantly evolving flow cells,
chemistry and base calling algorithms. Collections of fish have traditionally preserved the specimens (e.g.
whole individuals, fin clips) in jars or tubes with >95% ethanol. This method has worked well for gene
sequencing or microsatellite or SNP typing, but does not prevent the degradation of the high molecular
weight fragments (Oosting et al., 2020) and thus most specimens of the collections will not yield fragments
of the desired length to hinder accidental sequencing of NumtS. In addition, fish samples can sometimes take
long to be sorted even on board of dedicated research vessels, which can compromise tissue quality and lead
to degradation of most of the high molecular weight DNA (Oosting et al., 2020; Rodriguez-Ezpeleta et al.,
2013).

In this study we show how to generate whole mitogenomes from fish species, with the aim of generating
affordable and comprehensive databases that are not restricted to a few genes of interest. The long-fragment
approach combined with the mitochondrial DNA enrichment produced whole mitogenomes with full coverage
and great sequencing depth while using fewer computational and sequencing resources than genome skim-
ming. Two approaches that enrich the mitochondrial DNA were evaluated in this study: 1) Mitochondrial
DNA enrichment by isolating intact mitochondria; and 2) Targeted mitosequencing by using CRISPR Cas9
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on conserved regions of the mitochondrial genome. Both approaches are followed by sequencing on an Oxford
Nanopore platform. These target enrichment and long-fragment sequencing approaches efficiently produce
data for whole mitogenomes while using less computational and sequencing resources than genome skim-
ming, simplifying the discovery of mitogenomes of non-model or understudied fish taxa to a broad range of
laboratories worldwide.

Methods

DNA extraction methods

Two different DNA extraction methods were used: 1) an organic DNA extraction using a phenol-chloroform
based method that avoids pipetting to maximize the integrity of the DNA (Ana Ramón-Laca et al., 2021) and
favors the isolation of DNA of high molecular weight; 2) and a mitochondria isolation procedure (see below,
Fig 1 and S1) followed by the phenol-chloroform extraction. A chinook salmon (Oncorhynchus tshawytscha
) from the NOAA Northwest Fisheries Science Center hatchery was euthanized and approximately 0.125
cm3 of skeletal muscle (fresh) and liver and heart (frozen at -80ºC) samples were dissected (Table 2). These
tissue samples in Longmire buffer were macerated using a TissueRuptor (Qiagen) with disposable probes.
DNA was eluted in 100 and 50 μl of TlowE for either extraction method, respectively. Additional methods
discarded for the purposes of this study are in File S3. Additional species (Table 2) were also extracted with
either one or the two methods and these were eluted in 200 and 100 μl of TlowE, respectively. Wide bore
tips were used where required to avoid fragmentation. All DNA extractions were performed in a dedicated
genetics laboratory.

DNA quantity and quality

All samples were quantified with either the dsDNA high sensitivity or broad range kits on the Qubit (Invit-
rogen, ThermoFisher). In the case of the chinook salmon, a TaqMan qPCR specific assay was used (Shelton
et al., 2019) to quantify the amount of target DNA of each DNA extraction using gBlocksTM fragments
(synthetic double stranded oligonucleotides from Integrated DNA Technologies Inc.) as standards from 105

to 1 copies μl-1 and assess the target to total ratio. The integrity of the DNA (DIN) was also evaluated using
the Genomic DNA ScreenTape and kit on a 2200 TapeStation System (Agilent Technologies)

Enrichment by organelle isolation and nuclear DNA depletion: ‘mitoenrichment’

The mitochondria isolation procedure is based on sequential precipitation. We used the Mitochondria Isola-
tion kit for cultured cells (ThermoFisher) and followed protocol B (details in S1). Subsequently, we added 2
ml of mitochondria lysis buffer (Isokallio & Stewart, 2018) and 100 μl of proteinase k to the crude mitochon-
dria pellet and incubated up to 2 h after which the phenol chloroform DNA extraction was conducted. In
order to maximize the amount of pure mtDNA, nuclear DNA (nDNA) removal was performed in a 40 μl reac-
tion with 30 μl of DNA at ideally >60 ng μl-1, 1×NEBuffer4, 1mM ATP and 10 U of Exonuclease V (RecBCD)
(New England Biolabs Inc.). The digestion was performed at 37°C for 2 h followed by heat-inactivation at
70°C for 30 min (Dhorne-Pollet et al., 2020). The resulting DNA was cleaned and concentrated using 0.7×
Ampure XP (Agencourt) (with two washes with 70% EtOH) and eluted in 10 μl of TlowE. Nanopore library
preparation was conducted with the rapid sequencing kit (SQK-RAD004, ONT), which uses a transposase
that cleaves the DNA randomly linearizing the mitochondrial DNA while adding the necessary adapters for
the motor proteins that serve as sequencing adapters using up to 400 ng oftemplate following manufacturer’s
protocol (Fig 1, detailed protocol in S1). Running times varied as in Table 3.

Targeted mitosequencing of genomic DNA using CRISPR Cas9: ‘targeted mitosequencing’

Design of Cas9 guide RNAs: The CRISPR Cas9 enzyme cleaves at specific sites of your choice with the
aid of the so-called guide RNA (gRNA) sequences. The latter were designed based on an alignment of
several salmonid species and rockfish species that were of interest and sequences compatible to all the
species were found using the ‘Find CRISPR Site’ tool within Geneious Prime 2021.2.2 (Biomatters Ltd,
www.geneious.com). This tool searches for sequences of 20 nucleotide followed by a protospacer adjacent
motif (PAM) on the 3’ end of three nucleotides with the motif NGG. Five candidate gRNAs (Table1, S1) were
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selected to ensure there was going to be enough coverage in the event of one or two failing due to mismatches
as well as to ensure even coverage (López-Girona et al., 2020). These cutting sites are conserved regions of the
mitogenome in fishes.: one (alias 41) on the 12SrRNA gene (12S), two (alias 28 and 17) about 2 kbp further on
the 16SrRNA (16S) and two more are overlapping and cleave on the tRNA-Gly (G) that is located between
the COIII and ND3 coding genes (alias 20 and 24) about 7 kbp away. The cutting sites on the tRNA-Gly
were chosen to increase the coverage at approximately halfway on the mitogenome from the 16S or 12S cuts
to ensure the (cytochrome b) cytb and (control region) D-loop areas were covered evenly in which seemed a
promising site although there was no guarantee of its match with most of the fish due to lack of representation
of this gene in GenBank. The complete mitogenome of 2941 specimens was downloaded and the specificity of
the gRNAs was tested in silico against the consensus of the alignment of 176 full Chondrichthyes mitogenomes
(with 0,0, 0, 5, 5 mismatches for gRNA alias 41, 28, 17, 20 and 24, respectively), 13 Cyclostomata (2, 2,
0, 5, 5), 7 Sarcopterygii (0, 0, 0, 3, 3) and 2693 Teleostei (0, 0, 0, 2,2). These five gRNA were also tested
against the whole genome of Sebastes schlegelii(GenBank Acc ASM1467356) to assess whether the guides
could target nuclear regions using a Bowtie2 alignment within Geneious, with low sensitivity/fast parameters
and no contigs were found The gRNA sequences were synthesized with a crRNA tail that will bind to the
transactivating RNA (tracRNA) to form the duplex that the Cas9 uses to find the cutting sites (IDT, Skokie,
IL, USA).

Table 1. Details of the guide RNA (gRNA) sequences used to direct the CRISPR-Cas9 scission.
The gRNA positions (5’-3’) are based on the mitogenome sequence of Sebastes aleutianus (GenBank Acc.
NC039779).

Name alias gene location direction Position 5’-3’ Sequence PAM Length %GC Reference

Sa-12S-591R 41 12S rRNA reverse 591-572 AAGTCCTTTGGGTTTTAAGC NGG 20 40 this study
Sa-16S-2601F 17 16S rRNA forward 2601-2620 TACGTGATCTGAGTTCAGAC NGG 20 45 this study
Sa-16S-2550R 28 16S rRNA reverse 2550-2531 GATGTCCTGATCCAACATCG NGG 20 50 this study
Sa-Gly-9640R 24 tRNA-Gly reverse 9640-9621 TTTAACCAAGACCGGGTGAT NGG 20 45 this study
Sa-Gly-9607F 20 tRNA-Gly forward 9607-9626 ATAAGTGACTTCCAATCACC NGG 20 40 this study

Cas9 enrichment for mtDNA: The genomic DNA samples were treated to maximize the available mitochon-
drial target fragments for the sequencing process using the Cas9 targeted sequencing method described by
Gilpatrick et al (2020) with a few variations (Fig 1). More specifically, the crRNA-tracrRNA duplexes were
first assembled individually by incubating 1 μl of each 100 μM crRNA, 1 μl of 100 μM Alt-R® CRISPR-Cas9
tracrRNA and 8 μl of duplex buffer (IDT) at 95 °C for 5 min in separate tubes. Five Alt-R CRISPR-Cas9
tracrRNA and guide RNA molecules hybridizations were subsequently combined at 10 μM each to form
the ribonucleoprotein (RNP) complexes by adding 4 μl of Alt-R HiFi Cas9 V3 Nuclease (0.8 μl per guide
included, IDT) and 10 μl of 10 × CutSmart(r) buffer (New England Biolabs, Ipswich, MA, USA - NEB),
36 μl of nuclease-free H2O and incubated at room temperature for 30 min. In the meantime, the DNA was
dephosphorylated in a reaction that included 24 μl genomic DNA (aiming for >210 ng μl-1), 3 μl of 10 ×
CutSmart(r) buffer, 3 μl nuclease-free H2O, and 3 μl Quick phosphatase CIP (NEB). Dephosphorylation time
was increased to 20 min at 37 °C because it proved to augment the on-target sequences ratio in preliminary
tests (results not shown) followed by inactivation at 80 degC for 2 min. The dephosphorylated DNA sample
was then subjected to cleavage and dA-tailing in a reaction that comprised 10 μl of Cas9 RNPs, 1 μl 10 mM
dATP (NEB) and 1 μl Taq DNA polymerase (5,000 U/ml) (NEB). The reaction was incubated at 37 °C for
45 min followed by an inactivation at 72 degC for 5 min. These newly generated A-tailed fragments were
ready for ligation of the adapters using the LSK109 or LSK110 sequencing kits (detailed protocol in S1).

Library sequencing

Libraries were run on a MiniION Mk1C (ONT) using a FLO-MIN106 (R9.4.3.), FLO-MIN111 (R10.3) or
flongle FLO- FLG001 (R9.4) flow cells following manufacturer’s protocol. The sequencing runs were initiated
using MinKNOW software (ONT), Raw data were processed with high accuracy basecalling. Sequences with
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Qscore>9 were subsequently analyzed with Guppy5 with the ‘sup’ algorithm, using a custom script in Google
Colab. All necessary steps for nDNA depletion, Cas9 targeted sequencing, library preparation, sequencing
and analyses were undertaken using a portable setup in a home office during the Covid 19 pandemic.

Mitogenome assembly

Sequences that passed the filter of the Guppy5sup base caller were then assembled de novo using Flye v2.7
(Kolmogorov et al., 2019) using Geneious [flye –nano-raw input 0 Unpaired.fastq –threads 8 –genome-size
0.016m –min-overlap 1000 –iterations 1 –out-dir out]. In the instances in which this de novo assembly failed
with the raw data, sequences from 10-18 kbp were extracted and used for de novo assembly in Flye. The
resulting circular mitogenome was then used as the reference to map the sequences from its own run to
polish the contig and revise the sequencing depth parameters using minimap2 (Li, 2018) within Geneious.
Two iterations of the consensus of the contig were built with the highest quality of bases matching at least
60 % and removing the reference genome. This consensus sequence was then annotated using MitoFish
(Iwasaki et al., 2013). All consensuses from the different tissues, treatments and runs for chinook salmon
were aligned using MAFFT in Geneious and compared. A genome skimming approach was conducted to
the two whole genome sequencing runs (C in Table 3) by mapping the sequencing data to the mitogenome
of a closely related species using minimap2 (Osmerus mordax dentex (MH370836) in the case ofT. pacificus
and Merluccius merluccius in the case ofM. productus ) and the resulting consensus sequence without the
reference genome was then used as the reference for the second mapping iteration.

Figure 1. Outline of the two enrichment methods from DNA extraction to de novo assembly
of the mitogenomes. A. Mitoenrichment: Mitochondrial DNA (mtDNA) enrichment by isolating intact
mitochondria followed by DNA extraction. Any residual nuclear DNA (nDNA) co-purification is depleted
based on the ability of the exonuclease V of cleaving the 5’ and 3’ termini of any linear DNA (single or
double stranded) while leaving circular DNA intact. The circular DNA is then linearized with a transposase
that facilitates the addition of the sequencing adaptors. B. Targeted mitosequencing : Targeted Sequencing
that combines the CRISPR Cas9 nuclease cutting ability directed by a so-called guide RNA or crRNA
for targeted scissions of the DNA. The DNA has been previously treated with a phosphatase enzyme that
dephosphorylates the free ends of DNA strands preventing any sequencing adapters binding the non-target
DNA but allowing the adapters binding to the newly free phosphorylated ends in the selected regions.
Both approaches are followed by sequencing on an Oxford Nanopore platform. Illustration by Su Kim,
NWFSC/NOAA Fisheries.
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Results

DNA quality and quantity

Long fragments of DNA were extracted suggesting very little fragmentation of the DNA with the phenol-
chloroform and phase lock method for the fresh O. tshawytscha specimen (DIN>9 for gDNA), apart from
the fragmentation caused by the transposase activity of the rapid library protocol and the targeted scission
of the Cas9 nuclease. Among all the sequences obtained, a great number of complete mitogenome sequences
were observed that were simply linearized by the Cas9 or the transposase enzymes. Slightly lower DIN (8.9)
was obtained for T. pacificus that were kept at -80°C for approximately a month and transported in dry ice
for 6 h. Even lower values (<6.5) were obtained for M. pacificus, T. crenularis, D. theta and S. leucopsarus
that were kept at -80°C for a month but transported with ice blocks for 18h. Almost complete degradation
of the DNA (DIN<2) was observed on a T. pacificus samples that had been always kept at -80°C for more
than a year (Table 2, S2).
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The mitoenrichment method augmented the ratio of mitochondrial DNA from 2-fold in the case of heart to
26-fold for skeletal muscle (Table 2) and preserved the DNA intact with DIN˜7. Heart and liver produced
more mtDNA than muscle, respectively, but also more nDNA and hence the increment of the proportion
of target to total DNA is not as pronounced as muscle mitochondrial isolations (Table 2). Liver was not
useful in combination with Longmire buffer for the extraction of gDNA because the sample coagulated and
made the subsequent extraction steps difficult and an unattainable eluate to work with because the DNA
extract was not clean and difficult to pipette. Moreover, the subsequent sequencing run produced very few
sequences compared to other runs with no clear size pattern despite having great amounts of DNA and thus
liver as a tissue for genomic DNA extraction with Longmire buffer was discarded. However, useful mtDNA
was isolated from liver for chinook.

Table 2 DNA extraction comparison by species, tissue type, DNA extraction and integrity
(DIN), total DNA quantity, target DNA copy number, target DNA concentration and ratio
of target-to-total DNA.gDNA: genomic DNA extraction, mtDNA: mitochondria selection and DNA ex-
traction. The target DNA concentration (only explored for O. tshawytscha ) is in ng ul-1 and target ratio
are calculated assuming intact mtDNA of 16,633 bp.

Species sample ID tissue DNA extraction DIN total DNA ng ul-1 target DNA copies ul-1 target ng ul-1 target ratio%

Oncorhynchus tshawytscha Ot-PCI-1 muscle gDNA 9.5 409 8.00E+07 1.46 0.36
Oncorhynchus tshawytscha Ot-PCI-H24 heart gDNA 9 1060 4.14E+08 7.55 0.71
Oncorhynchus tshawytscha Ot-C-15 muscle gDNA+ 9.4 18.7 8.38E+06 0.15 0.82
Oncorhynchus tshawytscha Ot-T-5 muscle mtDNA 6.9 14.5 7.70E+07 1.40 9.68
Oncorhynchus tshawytscha Ot-T-6 muscle mtDNA 7 10.6 5.40E+07 0.98 9.28
Oncorhynchus tshawytscha Ot-T-L7 liver mtDNA 7.3 310 8.46E+07 1.54 0.50
Oncorhynchus tshawytscha Ot-T-H20 heart mtDNA 9.1 136 1.17E+08 2.13 1.57
Merluccius productus Mp-T-L7 liver mtDNA 3.5 101
Merluccius productus Mp-T-H14 heart mtDNA 3.6 257
Merluccius productus Mp-PCI-1 muscle gDNA 6.3 174.5
Merluccius productus Mp-C-3B liver gDNA+ 6.5 500
Thaleichthys pacificus Tp-T-22 muscle mtDNA 6.3 65.9
Thaleichthys pacificus Tp-PCI-21 muscle gDNA 8.9 176
Thaleichthys pacificus Tp-PCI-5 muscle gDNA 1.5++ 78.35
Tarletonbeania crenularis Tcre-PCI-1 muscle gDNA 6.2 680
Diaphus theta Dthe-PCI-1 muscle gDNA 6.1 375
Stenobrachius leucopsarus Sleu-PCI-1 muscle gDNA 3.1 690

gDNA+ was extracted using the Nanobind DNA extraction kit (Circulomics) while the rest were extracted
using a modified phenol chloroform DNA extraction (PCI) either from crude tissue or from isolated mito-
chondria (see S3). ++ Tissue was preserved at -20°C for months and at -80°C for more than a year.

Comparing mitonerichment to targeted mitosequencing

The total number of reads was greater on the mitoenrichment method, however the proportion and number
of sequences on target was greater for the targeted mitosequencing method (Table 3, S3, Fig. 2). On the
other hand, the read depth was more evenly distributed across the mitogenome with the mitoenrichment
method despite the average read depth being greater for the targeted mitosequencing approach. The use of
liver increases the ratio of sequences on target for the mitoenrichmnent approach while also increasing the
off-target number of sequences, which turns into a greater use of the flow cell. On the contrary, the heart
does not perform better than skeletal muscle (Table 3, Fig.3). The more degraded the sample (low DIN) the
lower the coverage and the shorter the reads were. Further enrichment was achieved for samples extracted
from isolated mitochondria and treated with the Cas9 targeted sequencing method (Fig 3)
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Figure 2. Overall representation of all runs and species for the proportion and number of se-
quences on-target and mean coverage by enrichment method. The targeted mitosequencing method
has a greater proportion of sequences on target and deeper coverage overall.

Table 3 Results of the sequencing process and assemblies from three different enrichment
methods and different tissue and species.Extraction (method): gDNA - total DNA extraction with
phenol-chloroform; mtDNA: extraction with phenol-chlroform from isolated mitochondria. Enrich. method
A: mitoenrichment; B: targeted mitosequencing; C: genome skimming after whole genome sequencing. Un-
derlined sample ID indicate those that are available in GenBank with accessions ON005612-ON005619.

Figure 3. Maximum, mean and minimum coverage per treatment (mitoenrichment and tar-
geted mitosequencing), species and sample.Targeted mitosequencing average read depth is overall
10-fold the read depth of the mitoenrichment approach but with more variability within the mitogenome
while the mitoenrichment coverage is more uniform. Sample name coding is T: mitochondria selection with
ThermoFisher Mitochondria Isolation kit for cultured cells followed by phenol-chloroform DNA extraction;
PCI: direct genomic DNA phenol-chloroform extraction; L: liver; H: heart (no notation for skeletal muscle).
Note that run Ot-T-6 was performed on a flongle flow cell and run Ot-T-H24 performed on a flongle flow
cell that died before two hours of sequencing is not included.
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The mitoenrichment method produced fragments of all sizes, including full mitogenomes, because the trans-
posase cleaves the DNA at random places, while the Cas9 in the targeted mitosequencing approach cleaves
the DNA at specific sites, hence producing fragments of expected sizes with all the combinations possible
with one to five cuts (Fig S3.1). This can be used as an indication of success while monitoring the sequencing
run. There are typically peaks of sequences at ˜7.5, 9 or 16kb and the number of sequences passing filter on
these peaks can be used as an estimation of the coverage of the final assembly.

The number of sequencing pores is low for these two approaches when compared to Nanopore standards,
especially for the targeted mitosequencing method, which can be in the order of 0.3% pores sequencing, while
the mitoenrichment can have ca 5% of sequencing pores. This is due to the intense selection of mitochondrial
DNA that drastically reduces the number of sequences available for each method, with only very few sequences
having sequencing adaptors in the case of the targeted mitosequencing approach. Importantly, these low
levels are not an indication of failure, but future improvement of methods should look at optimizing a
sequencing run with multiple samples analyzed at once by multiplexing / barcoding samples. When using
the flongle flow cell, the targeted mitosequencing run carried took only two hours until functional pores
were exhausted; however, the mitoenrichment run lasted for 12 h and produced a mitogenome with 640-fold
coverage (Table 2, S2).

Mitogenome assemblies

De novo assemblies of the mitogenome of chinook salmon (Oncorhynchus tshawytscha ), Pacific hake (Merluc-
cius productus ), eulachon (Thaleichthys pacificus ), blue lanterfish (Tarletonbeania crenularis ), California
headlight fish (Diaphus theta ), and Northern lampfish (Stenobrachius leucopsarus ) were generated from
the Oxford Nanopore data in this project. The M. productus, T. pacificus and T. crenularismitogenomes
are new contributions to public databases (GenBank Acc. No ON005612-ON005619).

The 11 consensus sequences generated for all the methods optimization tests for chinook salmon are between
16628 and 16634 bp with 99.9% similarity, only differing in homopolymeric regions and follow the canonical
vertebrate mitochondrial genome containing 37 genes (13 protein coding, 22 tRNA, and 2 rRNA genes)
and 2 noncoding regions (the control region or D-loop and the light strand replication origin or OL) (Fig
4). These sequences are 10-16 bp shorter than reference genome NC002980 (16,644 bp) (Wilhelm et al.,
2003) with 112-134 differences and a pairwise identity ranging from 99.23% (Ot-T-H20-mitosequencing) to
99.33% (Ot-T-L17 and Ot-T-H20 mitoenrichment). The targeted mitosequencing run for the heart sample
(Ot-T-H20) was the lowest quality for salmon resulting in a few bp shorter and the most dissimilar sequence
to the only reference genome available (NC002980) but also failed to call with confidence a short area near
the cutting site of gRNA alias 28 that had shallowed read depth (54-60x) with the strict parameters given.
The matching sequences obtained from targeted mitosequencing muscle gDNA and liver mtDNA samples
(Ot-PCI-1 and Ot-T-L17), with deepest coverage, was deposited in GenBank as the mitogenome of reference
for this individual that only had 3 undetermined nucleotides out of 16633 bp (GenBank Acc. ON005616).
All the SNPs found when compared with the reference genome are consistent among the 11 consensus se-
quences from different tissues, samples, and protocol for the same specimen. Most of the SNPs identified
resulted in synonymous substitutions in the coding genes (SNPs on the third position of the codon) and
no stops. The exceptions are five non-synonymous substitutions (Ala126Thr, in agreement with (Weit-
emier et al., 2021), and Ala348Thr on ND2; Ile152Val on COII; Leu116Glu and Met95Thr on ND6). There
are also two one-nucleotide insertions and two indels that cause two seven-aminoacid modifications in 519-
531aa 571-582aa of ND5. These modifications coincide with other reference sequences for other salmonids
(AB252719-AB252722, AY032629- AY032632, LC361126-LC361129) suggesting the reference genome avail-
able in GenBank (NC002980) may be incorrect for this region of the ND5 gene. In addition, a previously
uncharacterized ND1 aminoacid has been ascertained as Ala118. Despite all the above differences, most of
the variation is found in the D-loop with a 98.1 % pairwise identity.

A complete mitogenome was generated for the first time forMerluccius productus , for which different hap-
lotypes were found from four different individuals following the canonical vertebrate mitogenome with no
gene rearrangements. Three haplotypes obtained from the enrichment methods were deposited in GenBank
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(Acc. No ON005613- ON005615). Their length ranges from 16736 to 16775 with the variation found in
the non-coding region between genes tRNA-Thr and tRNA-Pro (Fig 4) and at the end of the control re-
gion. When the sequences were compared against Atlantic hake (M. merluccius ) sequence FR751402, the
newly identified haplotypes have a shorter non-coding region between genes tRNA-Thr and tRNA-Pro (201
compared to 533 bp) that is missing a 144-bp repetitive region present in the sister species. The genome
skimming approach did not produce a complete mitogenome.

A complete mitogenome was generated for the first time for T. pacificus for which two haplotypes were
identified from two different individuals and three runs, with the two samples from the same individual
sequenced using the enriched methods only differing in one nucleotide out of 16,762 bp on a homopolymeric
region in the control region (GenBank Acc. No ON005619). The resulting sequence of the genome skimming
process was not considered due to its low quality. T. pacificus follows a canonical vertebrate mitogenome
with no rearrangements or duplications and it contains a repeated motif of a total of 150 bp at the beginning
of the control region that was not found on the sequence obtained with the genome skimming approach.
Further investigations would be necessary to ascertain the true absence of this repetition cause by either a
different haplotype due to a different population origin or bias caused by shallow coverage, short fragment
sequencing and degradation and/or the fact that the genome was mapped against a different species.

Three species of myctophids were sequenced, Tarletonbeania crenularis, Diaphus theta and Stenobrachius
leucopsarus , which illustrate the exceptional mitochondrial gene reorganization of this group as described
by Poulsen et al. (2013). The three mitogenomes sequenced showed 71.11-75.66% pairwise identity and ca.
4,500-5,500 bp difference in 17.6-18.3kbp. However, no protein coding genes change their order for these
three species. The three species present a non-coding indel between tRNA -Leu and ND1 of 39-71 bp and
also the typical rearrangement of all myctophids in which the tRNA-Cys (C) and tRNA-Tyr (Y) are switched
from the canonical WANCY tRNA-gene order to WANYC (single-letter aminoacid code) and several spacer
insertion between genes are found (Fig 4) (Poulsen et al., 2013; Satoh et al., 2016). There is also a longer
sequence in the putative origin of replication of the light strand (OL). Diaphus theta and Stenobrachius
leucopsarus mostly agreed with their publicly accessible references with differences. The sequence generated
here for D. theta (Acc. No. ON005612) differs in that it is almost 2kbp longer than GenBank Acc. AP012240
(Poulsen et al., 2013) since here we added the complete tRNA-Thr, tRNA-Glu, tRNA-Pro, a novel putative
tRNA-Tyr duplication and the D-loop sequences and a 77.1 % pairwise identity at the tRNA-Phe with the
rest of the genome only having 46 SNPs. Further analyses are necessary to corroborate the authenticity of the
putative duplication of the tRNA-Tyr found in the control region, in agreement with other gene duplications
found most often in this area also on birds, reptiles and fishes (Formenti et al., 2021). Nonetheless, it agrees
on the Diaphini rearrangement (from IQM to IMQ) in which tRNA-Gln (Q) and tRNA-Met (M) not only
switch places but also strands and an extra tRNA-Met pseudogene found between tRNA-Gln and ND2. S.
leucopsarus complete mitogenome (ON005617) is 2.6 kbp longer than GenBank AP012245 and ND4 gene
goes from 98.3% pairwise identity in the first 699 bp to 78.7 in the next 700 bp (158 bp substitutions in
1386 bp resulting in only 13 nonsynonymous aminoacid substitutions). More work is needed to ascertain this
remarkable difference in the second half of the ND4 gene. The relocation of tRNA-Glu between tRNA-Thr
and tRNA-Pro for S. leucopsarus was also observed. S. leucopsarus has 44 poly-G in the control region.
Lastly, we generated the first publicly available mitochondrial genome for T. crenularis ( ON005618), which
has an insertion of 321 bp between COII and tRNA-Gly.

Discussion

This study evaluates simple and cost-effective methods for the discovery of fish mitogenomes for the purpose
of building up fish mitochondrial databases. We combined long fragment sequencing and de novo assembly to
generate unbiased consensus sequences that do not miss gene duplications, order variations, homopolymeric
or tandem repeat regions. We used two mitochondrial DNA enrichment approaches in combination with
two different Oxford Nanopore sequencing kits: the mitoenrichment enhances the amount of mtDNA at the
extraction and post-extraction steps and can be applied to all fish while the targeted mitosequencing favors
the sequencing of mtDNA from previously dephosphorylated genomic DNA with the aid of a CRISPR Cas9
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enzyme in combination with five guide RNA sequences that direct the cuts and can be applied to a major-
ity of fish species. Indeed, we obtained novel complete mitogenomes, some following the typical vertebrate
mitogenome, some with extremely repetitive segments in the control region and others with gene rearrange-
ments and indels. We generated a new reference mitogenome for chinook (Oncorhynchus tshawytscha ) and
complete mitogenome of another two key species of economical and conservation importance, the Pacific
hake (Merluccius productus ) and eulachon (Thaleichthys pacificus ). We see the methods tested here as
an immediate, speedy, practical sequencing approach that provides certainty and quality to the mitogenome
contigs.

Myctophids (lanterfishes and blackchins) are a common finding in our laboratory metabarcoding studies
from oceanic samples, being the most abundant family of fishes in the oceans in terms of biomass. Adding
resolution further than Myctophidae ASV beyond the phylogenetic effort by Poulsen et al. (2013) is im-
portant to resolve species within eDNA metabarcoding work. Myctophiformes is a very diverse family with
250 species described with very divergent larval forms that is far from complete in the molecular databases
(Poulsen et al., 2013, also see Fig S3.2). Moreover, very few specimens remain identifiable in survey net
hauls because their scales and photophores pattern are often damaged. Getting more voucher specimens se-
quenced is thus important and de novo assembly of this group of fishes is key because the gene rearrangement
made mapping to a close relative mitogenome insufficient, resulting in shorter genomes with missing genes
(data not shown). The complete mitogenomes of the blue lanternfish (Tarletonbeania crenularis ), Northern
lampfish (Stenobrachius leucopsarus ), and California headlighfish (Diaphus theta ) were generated for the
first time in this study. Prior myctophid mitogenomes (Poulsen et al., 2013) were almost complete but were
missing the last ca. 2000 bp from the tRNA-Thr, t-RNA-Pro and the control region, due to the difficulty
of sequencing such highly polymorphic and repetitive region (e.g. 44 G and >30 repetitions of 18bp on S.
leucopsarus ).

Figure 4. Sequential order of the genes found in the six species studied. The tRNA are noted
with their single-letter aminoacid code and there are either they are placed on above or below their line to
denote in which strand they are transcribed.

Importantly, the success of the approach for generation of whole mitogenomes is predicated on the availability
of high-quality material and proper handling, preserving the integrity and quality of high molecular weight
DNA. In this study, we used a modified phenol-chloroform method (Ana Ramón-Laca et al., 2021), directly
to crude lysate or after mitochondria isolation, that does not require pipetting steps or manipulation of the
DNA to avoid DNA fragmentation. Preventing DNA shearing is crucial for nuclear copies of mitochondrial
DNA (NumtS) avoidance and gene order preservation as well as to hamper the linearization of the circular
mitochondrial genomes, which would decrease the amount of mtDNA at the nDNA depletion enrichment
process. High target DNA (i.e. mitochondrial DNA) concentrations are required to achieve the deep read
coverage necessary to overcome the error rates of Oxford Nanopore sequencing. We achieved high DNA
concentrations while maintaining good DNA quality with phenol-chloroform extractions with a phase-lock
in this study (Table2). However, good DNA handling is not the only parameter that determines the DNA
integrity. The level of integrity and the wide range of sample preservation showed in this study demonstrated
the speed at which the DNA degrades. We encourage researchers to either preserve samples in dry ice or
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at -80°C as soon as possible and to perform the extractions quickly after collection or to preserve the DNA
from the first minute in Longmire buffer at room temperature; however, in this case only the targeted
mitosequencing approach is possible because the cells and organelles are already lysed and the DNA is in
suspension.

The results of the enrichment process (proportion of sequences on target, read depth, fragments length,
method to be used) are heavily dependent on the type and level of degradation of the tissue and thus on the
quality and quantity of the DNA and enrichment treatment. The genome skimming results demonstrated
that the metric of proportion of reads on target does not guarantee a reliable mitogenome, but the coverage
and the length of the fragments is what will determine a good result. The amount of mitochondrial DNA
found in skeletal muscle (˜0.3% of gDNA) already shows some level of enrichment when compared to the
expected 0.1% of the total DNA (Robin & Wong, 1988). The purification of DNA from isolated mitochondria
already enriched the proportion of target DNA by two in the case of heart and 26-fold in the case of skeletal
muscle. The effect caused by the nDNA depletion in this study, was not measured but empirically observed
by a decrease in the amount of total DNA of the sample (results not shown). When comparing the same
chinook sample using the two enrichment methods, the targeted mitosequencing approach more than tripled
the proportion of reads on target escalating by 67 to 196-fold (Table 2).

To date, the average depth of reads for the mitochondrial genome using PCR-free genome skimming approach
with long reads is low [e.g. 9x for the Brazilian buffy-tufted-ear marmoset Callithrix aurita , 78x for fresh
liver of a rodent of the genus Melanomys (Franco-Sierra & Diaz-Nieto, 2020; Malukiewicz et al., 2021)].
Using Nanopore sequencing, the present study achieved only 0.08 % sequences on target and 8.9x coverage
(with some areas not covered) for a genome skimming analysis for Merluccius productus. Margaryan et al.
(2021) obtained an average value of the median depth of coverage for the 192 assemblies of Danish vertebrate
species of 1,170.8x, ranging ca. 27– 12,208x, while the fraction of mtDNA reads was around 0.54% ranging
from ca. 0.005% to 5.62% depending on the tissue preservation conditions using short-fragment data from
genome skimming with HiSeq technology (Illumina). The overall coverage of the contig was dramatically
enhanced in this study from hundreds to thousands of reads depending on the tissue, extraction method
and treatment (Table 3), with the targeted mitosequencing method providing deepest coverage. The deep
coverage results obtained for targeted mitosequencing are, not surprisingly, remarkably higher than other
Cas9 targeted assays on nuclear regions of interest. Gilpatrick et al. (2020) obtained a coverage of 80x
for a nuclear gene with similar length as the mitogenomes (18kbp), but 680x when targeting the region
with multiple cuts. Since the number of available mitochondrial copies is up to 500 times the number of
nuclear copies the results are comparable to the latter mentioned study. The cutting sites for the targeted
mitosequencing approach are notably less covered than the rest of the mitogenome (File S3.3), but these
sites are precisely the least variable regions of the mitogenome among fish. Directional bias is created at the
cut site, due to the retention of bound Cas9 ribonucleotide complexes on cleaved DNA fragments that are
distal to the PAM site.

While Sanger and mass parallel sequencing of short reads can hinder and obscure challenging tandem repeat
regions found in the non-coding regions of the mtDNA of some organisms, such as the tandem repeat
insertion in the control region of eulachon or the 44 bp stretch of polyG found on S. leucopsarus , in this
study (Filipović et al., 2021; Kinkar et al., 2020), long read sequencing can overcome this obstacle. We expect
a few scattered errors in the homopolymeric regions in the mitogenomes generated herein (sequencing error
rates were [?]2% at the time of this study with Guppy5sup basecalling and R9.4 flow cells), but these are
to be fixed as the base calling algorithms evolve or ultimately with the new sequencing kits and flowcells
that increase yield and accuracy (SQK-LSK114 and flow cell R10.4) that were just released at the time of
finalizing this manuscript, which were shown to reach >99% accuracy. These improvements will presumably
allow single nucleotide variants and possible heteroplasmy detection (Keraite et al., 2022). On the other
hand, the genomes generated in this study are likely to be more accurate than previous efforts since the
methods overcomes the difficulty of sequencing the tandem repeats and long insertions, repetitions and
rearrangements that can take place in vertebrate genomes (Formenti et al., 2021), provide read depth, favor
long fragments of DNA and augment the proportion of the target. To circumvent sequencing errors, we
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recommend read depth of 50-75x for reliable mitogenome generation at the current error rate to get accurate
mitogenomes with R9.4 flow cells. Srivathsan et al. (2021) demonstrate that 25-50x for R10.3 flowcells is
sufficient and this can only decrease with new improvements.

The mitoenrichment method can be used straight away from mitochondrial isolation material of any fish
and is particularly useful in the absence of a reference mitogenome of the species or closely related species of
interest to develop guides for the Cas9 for the targeted mitosequencing method. However, the mitochondrial
isolation can decrease the mitochondrial DNA amount and there can be nDNA co-purification to some extent.
Exonuclease V digestion helps reduce the noise caused by the nDNA, but it is yet incomplete. The rapid
sequencing kit (ONT) uses a transposase and a rapid adapter ligation that makes the library preparation brief
and straightforward. We speculate that this method will also work on other phyla provided there is enough
mitochondrial representation of the target vs microorganisms (i.e. little contamination from symbionts or
gut microbiota) as seen in preliminary work performed on bivalves (results not shown, Ramón-Laca personal
observation). On the contrary, the Cas9 guides RNAs developed for the targeted mitosequencing method
will be useful for most fish and particularly the guides that cut the 12S and 16SrRNA genes. The two
guides located on the tRNA-Gly may be less universal since this region is not as conserved and there may be
mismatches. Both methods take the same time, around 2.5 h for the library preparation from DNA treatment
after the DNA extraction to library load on the flow cell, but the mitoenrichment includes an extra step
prior to the DNA extraction to isolate the mitochondria.

The targeted mitosequencing approach tends to shorten the life of the regular flow cells and particularly
so in the case of the flongle compared to the mitoenrichment method, presumably due to the presence of
the dephosphorylated DNA that may be blocking pores. On the other hand, the mitoenrichment method
worked well on a flongle making it an ideal approach for de novo sequencing that will reduce the cost per
samples if running them individually almost 10 times compared to the prince of a regular flow cell. However,
a refrigerated centrifuge is still needed for the mitochondria isolation and it comes with the disadvantage of
the flongle flow cells having a very short shelf-life, which reduces the chances of improvisation, especially in
remote places. All the analyses of this study were carried out on a regular computer using standard analysis
software within Geneious Primer 2021, with the exception of the Guppy5sup base calling that was performed
using Google Colab with a subscription of 10 USD a month, which allowed the use of a high-end GPU that
completed basecalling at a rate >106bp s-1.

At the time of these experiments a barcoding kit or protocol for multiple samples was not available and it
was more practical to carry out each mitogenome sequencing in a different run to guarantee good results and
reuse the flow cell up to five times (116 USD per mitogenome, sequencing cost without labor and reagents)
or use the flongle version of the flow cell for the mitoenrichment workflow (67 USD per mitogenome without
labor and reagents). Advancements that make multiplexed runs using barcodes possible with the same yield
will reduce the cost significantly while increasing the throughput. (Keraite et al., 2022) run multiple samples
by using different guide RNAs for each sample of human origin. However, this is less attainable with de
novo sequencing of mitogenomes of fishes given their diversity but could be useful for multiple samples
of the same species. Comparatively, the widespread genome skimming approach on a NovaSeq platform
(Illumina) can run 200 samples with a cost of sequencing per sample of 140 USD that could be decreased
to USD 28 if pooling 1000 samples and aiming for 100x on target read depth (Margaryan et al., 2021).
However, this approach is only worth if pooling many different samples, which entails time and a great effort
that is likely to involve the coordination of many different institutions and archived samples that may see
the sample quality compromised. In addition, intense computational power would be necessary for genome
skimming, especially if aiming for deep read approaches to gain coverage that can produce 5 Gb per specimen
(Margaryan et al., 2021), which may be impractical for many researchers and laboratories, but also may take
weeks to process while the approaches shown here can take two days from DNA extraction to mitogenome
annotation. Moreover, typical sequencing lengths of short-fragment platforms from range 150-300 bp and
thus this approach is expected to be more prone to include nuclear copies of the mitochondria (Numts) in
the contig; resulting in illegitimate or inaccurate sequences. However, we have proven here that in the event
of the DNA being degraded (e.g. eulachon Table 3), genome skimming is the only alternative in which case

15



P
os

te
d

on
A

u
th

or
ea

9
J
u
n

20
22

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
65

47
70

64
.4

40
60

38
9/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

the researcher will have to assume the potential contamination with Numts that may be overcome by a
high proportion of mtDNA that is likely to be due to degradation of linear DNA. This is probably a better
approach for archived samples from museums.

Besides supplementing public databases with the standard metabarcoding mitochondrial genes (12S, 16S,
COI, and to a lesser extent Cytb or ND2), there are other genes (e.g. D-loop) that may be relevant to closely
related species, such as those with more recent evolutionary histories. In addition, the complete mitogenome
availability will enhance multiple marker metabarcoding efforts (Leite et al., 2021), providing the resources
for population mitogenomics (e.g. hypervariable non-coding region found in this study among three different
individuals of Pacific hake) and will provide insightful knowledge about radiation and evolutionary processes
with possible gene rearrangement. With deeper sequencing and research, it may even help gain perspective
about mitochondrial disorders and diseases of wildlife.

The targeted mitosequencing approach can be further optimized by introducing some of the features used
by (Keraite et al., 2022). They pre-enriched by selecting the circular DNA using exonuclease V like we did
here for the mitoenrichment approach with a 27-49 % of reads increase (useful for high integrity DNA only)
and they also performed a digestion with proteinase K after the cleavage of the DNA to avoid the directional
bias seen in our mitosequencing workflow from bound Cas9 enzymes to the DNA that increase the yield
of full length reads 2-fold. Further targeted enrichment could possibly be attained at the sequencing step
without any further lab-bench effort by using the adaptive sampling capability of the nanopores (Martin
et al., 2021; Payne et al., 2021). This process requires reference sequence of the target or related species.
We speculate that if all fish mitogenomes are uploaded as references to enrich for, the on-target yield could
be improved. However, this tool at the sequencing level requires greater computational power and would
need to be validated to ensure it does not bias the results. Alternative methods to enrich the mitochondrial
DNA yield could be also pursued using custom myBaits Mito Targeted Sequencing Kit (Arbor biosciences).
However, this is a less universal, more complex and longer procedure (Zascavage et al., 2019). Instead, size
selection could be achieved with gel extraction (e.g. BluePippin platform), but this instrument was not
available for this study and it was not tested.

A great potential advantage of the MinION sequencing platform and associated single flow cell Oxford
Nanopore sequencers is the portability outside of a traditional laboratory. The MinION has great portability
and the instruments and equipment necessary (e.g. laptop, pipettes, minicentrifuge, small thermal cycler,
vortex, plasticware) could also be easily transported in a couple of suitcases. In fact, the experiments in this
study were mostly undertaken using a portable setup in a home office during the Covid19 pandemic showing
that the lab requirements can be kept to a minimum. Though some of the reagents and the flow cells listed
in the methods section would be more limiting as they need to be stored either in the fridge or freezer,
these are often readily accessible on research vessels and at remote field stations, or portable refrigeration
could be used. In the field, the targeted mitosequencing approach could be modified to be performed in
situ, replacing the phenol-chloroform DNA purification with a simpler HMW DNA extraction (e.g. Monarch
HMW kit, New England Biolabs), with very little equipment. The mitoenrichment approach uses the Rapid
sequencing kit SQK-RAD004 (ONT). The field sequencing kit (SQK-LRK001) is fundamentally the same,
but the chemistry is dehydrated to allow its use in the field in the absence of a freezer. This sequencing kit
might simplify and allow in situ sequencing; however, further investigations are necessary to determine the
yield as it was not tested in this study. The portability of this approach affords the opportunity not only
to take these resources to the field, but in doing so, takes advantages of the freshness of samples to yield
optimal results, and the production of data in a timely manner.

In summary, the targeted mitosequencing and mitoenrichment approaches, paired with the portable MinION
sequencer, gives rapid, cost-effective results for the generation of whole mitogenomes, which are increasin-
gly important for explorations of biological diversity in environmental DNA studies. Mitogenomes can be
generated ad-hoc on one to a few samples at a time with little computational effort. Future improvements
on samples multiplexing or in sequencing devices will enable high-throughput sequencing of mitogenomes at
once. The methods outlined here rely heavily on high quality, (HMW DNA). We strongly recommend the
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targeted mitosequencing using the gRNAs designed in this study for all bony fishes, whereas the mitoenrich-
ment would be preferred on distant taxa for which a group-specific nCATS has not been developed. Genome
skimming is recommended when only degraded DNA is available (e.g. Museum specimens in ethanol). We
believe these approaches will make the generation of reference mitogenomes accessible to many researchers
worldwide.
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