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1 | INTRODUCTION

| Luke R. Thompson??3

Abstract

Fish eDNA metabarcoding is a nonintrusive, time- and cost-effective way to de-
tect biodiversity, with potential applications in ecosystem-based management and
fisheries assessment. Nevertheless, fish-specific eDNA resources are currently not
well-developed, and many fish species are not yet sequenced in reference databases.
We developed Mitohelper, a Python-based command line tool to annotate and align
fish mitochondrial sequences available in the existing MitoFish database. Mitohelper
improves MitoFish annotations by adding gene names and additional taxonomic
classifications. Using these improved reference datasets, Mitohelper's getrecord
function searches MitoFish for available mitochondrial (cytochrome ¢ oxidase, 12S
rRNA, and others) gene sequences against a user-provided list of fish taxonomic
names. Mitohelper's getalignment function aligns (often partial) mitochondrial gene
sequences to a user-specified full-length reference sequence for the assessment
and visualization of overlapping sequencing regions. To facilitate the development
of taxonomic classifiers, we combined Mitohelper's 12S rRNA dataset with SILVA's
16S rRNA and 18S rRNA datasets in a QIIME 2-compatible format. By providing valu-
able information on taxonomic and gene region coverage of currently available fish
mitochondrial data, Mitohelper's functions promote informed experimental design
that can guide sequencing and analysis strategies. In summary, Mitohelper improves
the breadth and functionality of eDNA data resources, as well as the accuracy of
taxonomic classification. Mitohelper and its reference datasets are updated approxi-

mately monthly and available at https://github.com/aomlomics/mitohelper.
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primary productivity, biogeochemical cycling, and resource provi-
sioning (Zinger et al., 2012). Understanding species diversity and

Aquatic ecosystems support a rich diversity of micro- and macro-
organisms across the kingdoms of life. These organisms interact
with each other and their environments, forming complex net-
works that underpin ecosystem functions beneficial to humans
(Zinger et al., 2012). These functions include climate regulation,

interactions in aquatic ecosystems is thus a critical component of
ecosystem-based management (Palumbi et al., 2009), including
fisheries assessment (Townsend et al., 2019). The emergence and
increasing availability of high-throughput sequencing technol-
ogy have garnered extensive interest in the use of environmental
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DNA (eDNA) metabarcoding as a non-invasive, time-effective,
and cost-effective method to detect aquatic biodiversity across
multiple trophic levels (Deiner et al., 2017). Particularly for fishes,
eDNA metabarcoding has the potential to detect greater diver-
sity than traditional surveys (e.g., net tows or bottom trawls)
with higher power, especially for elusive fish species and over
large spatial scales (Castafieda et al., 2020; Deiner et al., 2017).
In a typical eDNA metabarcoding workflow, one or more marker
genes are amplified from community DNA, then sequenced with
high-throughput methods to assess species diversity (Deiner
et al., 2017). Marker genes commonly used for fish eDNA me-
tabarcoding are mitochondrial-encoded, including cytochrome
¢ oxidase subunit | (COIl) (Bakker et al., 2017; Leray et al., 2013;
Simpfendorfer et al., 2016; B. C. Stoeckle, Beggel, et al., 2017),
cytochrome b (Hanfling et al., 2016; Jo et al., 2019; Lacoursiére-
Roussel et al., 2016; Murakami et al., 2019), and various ribosomal
RNAs (rRNAs). 16S rRNA and 18S rRNA have been used in fish
eDNA metabarcoding studies (Bessey et al., 2020; Stat et al., 2019)
and broader surveys across eukaryotic groups (Berry et al., 2019;
Djurhuus et al., 2020; Holman et al., 2019; Kelly et al., 2017;
Waraniak et al., 2019). In recent years, 125 rRNA is increasingly
used in fish eDNA metabarcoding (Andruszkiewicz et al., 2017,
Kelly et al., 2014; Lafferty et al., 2020; Miya et al., 2015; Stoeckle
et al., 2017, 2020; Thomsen et al., 2016; Yamamoto et al., 2017).
12S rRNA-based primers offer similar taxonomic resolution as
COl-based primers, but with higher specificity to fishes due to
lower primer-template mismatches and lower PCR amplification
bias (Bylemans et al., 2018).

Taxonomic assignment is a crucial step in assessing eDNA
community composition, involving the comparison of pro-
cessed read sequences to known sequences of interest that
are taxonomically curated within reference databases (Deiner
et al., 2017). Specialized sequence databases include the Barcode
of Life Data System (BOLD), which contains mostly COl sequences
from the Animalia, Plantae, Fungi, and Protista kingdoms of life
(Ratnasingham & Hebert, 2007). Specialized rRNA gene reposito-
ries, such as the SILVA rRNA database (Quast et al., 2013) and the
Ribosomal Database Project (RDP) database (Cole et al., 2009) are
also frequently used for bacteria, archaea, fungal, and eukaryote
taxonomic assignment. The National Center for Biotechnology
Information (NCBI) maintains generalized nucleotide sequence
databases like GenBank (including basic local alignment search
tool (BLAST) nucleotide databases like nt) and the more-curated
RefSeq database, as well as specialized subrepositories like the
Organelle Genome Resources and the ribosomal RNA BLAST
databases (Sayers et al., 2019). Nevertheless, NCBI data are not
quality-controlled to the level required for precise taxonomic anal-
ysis and sequences can be inaccurately annotated, leading to taxo-
nomic misclassification (Iwasaki et al., 2013; Machida et al., 2017;
Wangensteen & Turon, 2017). Furthermore, curated fish sys-
tematics dataset like the classification scheme in Fishes of the
World (Nelson et al., 2016), as well as sequence datasets like BOLD

and NCBI, are not readily compatible with existing taxonomic
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assignment algorithms (Machida et al., 2017). This has motivated
efforts to develop pipelines for data curation and formatting (Curd
etal., 2019; Machida et al., 2017; Wangensteen & Turon, 2017) and
sequence data integration across databases (Arranz et al., 2020).

Despite the wealth of available sequence data, databases fo-
cusing on aquatic organisms are less comprehensive than terrestrial
organisms. Aquatic organisms are often under-represented or ab-
sent from reference databases (Iwasaki et al., 2013; Wangensteen
& Turon, 2017). For fish-related eDNA research, fish-specific se-
quence databases can expedite taxonomic assignment, facilitate
customized annotations, and inform taxonomic coverage of available
sequence data (Ilwasaki et al., 2013; Wangensteen & Turon, 2017).
The MitoFish database (lwasaki et al., 2013; Sato et al., 2018) is cur-
rently the only public fish-specific mitochondrial resource. MitoFish
(lwasaki et al., 2013; Sato et al., 2018) contains high-quality rean-
notated complete mitogenome data, as well as complete and partial
mitogenome data downloaded approximately monthly from NCBI
RefSeq and GenBank (Sayers et al., 2019). MitoFish also offers the
MitoAnnotator and MiFish pipelines for mitogenome annotation and
eDNA analyses (lwasaki et al., 2013; Sato et al., 2018). Nonetheless,
only a small portion (~ 0.4% of sequence data and ~ 8% of species)
of MitoFish data is annotated, while remaining records are FASTA-
formatted and annotated with only their accession numbers and
taxonomic (from species to order) information. Parsing MitoFish se-
quence data to identify gene names and taxonomic classifications
can be time- and resource-consuming, necessitating the develop-
ment of helper tools that expand the annotations available for these
fish mitochondrial sequences.

We developed Mitohelper, a Python-based command line tool
to annotate MitoFish data and facilitate experimental design, align-
ment visualization, and reference sequence analysis in fish-specific
eDNA studies. Mitohelper's getrecord function identifies available
mitochondrial (all genes, COI only, or 125 rRNA only) sequence re-
cords from a user-submitted list of fish taxonomic names. A separate
getalignment function aligns a set of input mitochondrial sequences
with a user-provided reference sequence to identify matching gene
regions. Mitohelper's reference datasets integrate (a) MitoFish data
(accession number and sequence); (b) NCBI data (gene definition and
taxonomic classification); and 3) fish systematics data from Fishes of
the World in tab-separated format files and are publicly available in
our GitHub repository (https://github.com/aomlomics/mitohelper).
Our repository also includes preformatted QIIME-compatible ri-
bosomal RNA sequence and taxonomy databases (12S rRNA gene
alone or 125 rRNA + 16S rRNA + 18S rRNA genes) that can be used

for taxonomic assignment in fish eDNA analyses.

2 | MATERIALS AND METHODS

Complete and partial fish mitogenome sequences were downloaded
from monthly MitoFish (lwasaki et al., 2013) releases available
from http://mitofish.aori.u-tokyo.ac.jp on the 2nd of each month.

Mitogenome accession numbers were matched with NCBI accession
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Mitohelper reference files
MitoFish sequence files NCBI nt (all/COI/12S rRNA)
- NCBI accession number* » - NCBI accession number* » - NCBI accession number*
- Sequence - Gene definition » - Gene definition
- NCBI Taxonomy ID (re- - Sequence - Taxonomy ID
annotated mitogenomes » - Superkingdom
only)_ > - Phylum
- Species —» - Class
- Family (complete + partial NCBI Taxonomy —l - Order
mitochondrial sequences —» - Family
only) . - NCBI accession number* * - Genus
- Order (complete + partial T D | > - Species
mitochondrial sequences T xonomy »/ - Sequence
only) - Superkingdom
- Phylum > - Ordc-.zr ID
- Class y - Family ID
—— - Order
—| - Family
- Genus
- Species
Fishes of the World
> - Family*
—»| - Order
- Order ID
- Family ID

FIGURE 1 Dataschemaillustrating how MitoFish (lwasaki et al., 2013), NCBI (Sayers et al., 2019), and Fishes of the World (Nelson
et al., 2016) data were integrated to generate the Mitohelper reference files. Each box represents a dataset and entries in that dataset. *

denotes the primary key of each dataset

numbers and gene definitions from the nt blast database (Sayers
et al., 2019), using Bash and Python scripts described in the de-
veloper wiki page (https://github.com/aomlomics/mitohelper/wiki;
Figure 1). From the mitogenome entries, corresponding taxonomic
information was retrieved from the NCBI taxonomy database using
the R package taxonomizr (https://www.rdocumentation.org/packa
ges/taxonomizr; Figure 1). Entries with missing taxonomic informa-
tion were manually reviewed and fixed. Order and family numbers
(IDs) from the fifth edition of Fishes of the World (Nelson et al., 2016)
were downloaded from https://sites.google.com/site/fotw5th/
and matched with order and family names in the dataset using R’s
merge function. The COIl gene dataset was extracted from the
merged mitogenome records using the keywords (case-insensitive)
"(COl)," "CO1," "COX1," "(COXI)," "COl" "cytochrome c oxidase
subunit 1," "cytochrome ¢ oxidase subunit 1," "complete genome,"
"complete mito," and "cytochrome oxidase subunit I." Cytochrome
b records were filtered out from this dataset using the keywords
(case-insensitive) “cytochrome b” and “cytb.” The 125 rRNA gene
dataset was extracted from the merged mitogenome records using
the keywords (case-insensitive) "12S ribo," "12S rRNA," "12S small,"
"complete genome," and "complete mito." Records that did not
contain these keywords but contained the more general keyword
“small subunit” were manually reviewed and included in the dataset

if they were described as 12S rRNA records in the corresponding

literature, or classified to be 125 rRNA by NCBI’s web blastn search
(Ye et al., 2006). Records that did not contain these keywords but
were manually verified to be COl or 12S rRNA gene sequences from
literature, such as partial mitogenome records and those described
in fish 12S rRNA metabarcoding studies, for example, (Stoeckle
et al., 2018), were included in the dataset.

Mitohelper functions were written and tested using Python
v3.6.10 (Sanner, 1999). The Python package click v7.1.2 (https://
click.palletsprojects.com) was used to build the command line inter-
face that contains two main commands, getrecord and getalignment,
which are run from the command line following the base command
mitohelper.py. getrecord uses case-insensitive regular expression
searches to retrieve sequence records, FASTA-formatted sequences
(optional), and QIIME-formatted hierarchical taxonomy output (op-
tional) from a user-provided fish taxonomy list. getalignment pro-
vides an option to run a user-specified blastn algorithm (traditional
blastn, blastn-short, megablast, or discontiguous dc-megablast) to
locally align sequences in an input FASTA file with a user-specified
reference sequence. getalignment outputs the blastn results in tab-
separated format (-outfmt 7). For each input sequence, getalignment
extracts the local alignment positions with the highest alignment
bit score to the reference sequence from the tab-separated table.
If more than one alignment shares the highest bit score, the script

will combine the hits and report the earliest start position and latest
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end position. The alignment positions are then parsed by the Python
package pandas v0.25.3 (McKinney, 2010) and visualized with the
Python package seaborn v0.10.1 (Waskom & team, s. d., 2020),
which is based on matplotlib v3.3.0 (Hunter, 2007).

To create QIIME-compatible rRNA datasets, the 12S rRNA
gene reference dataset was split into taxonomy and sequence ta-
bles, then imported into QIIME 2 v2020.6 (Bolyen et al., 2019).
Sequence data were filtered using the QIIME 2 plugin RESCRIPt
(REference Sequence annotation and CuRatlon Pipeline) (Bolyen
et al., 2019). Sequences with > 5 ambiguous bases and homopoly-
mers > 8 bp long were removed from the dataset. Remaining se-
quences and taxonomies were dereplicated in unig mode to retain
identical sequences with different taxonomies. The length-filtering
step was skipped because amplicons generated using MiFish prim-
ers (Sato et al., 2018) are generally short (~170 bp). To create the
combined 125 rRNA + 16S rRNA + 18S rRNA datasets, dereplicated
12S rRNA sequences and taxonomies were exported from QIIME
2. RESCRIPt-processed full-length 16S rRNA and 18S rRNA gene
data from the SILVA database v138 release (Quast et al., 2013) was
downloaded from https://docs.giime2.org/2020.11/data-resources/
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and exported from the QIIME 2 environment. 12S rRNA, 16S rRNA,
and 18S rRNA gene and taxonomy data were then concatenated and
imported back into QIIME 2 (Bolyen et al., 2019).

3 | RESULTS

As of January 2021, there are 668,366 records in MitoFish v3.63
(Iwasaki et al., 2013). Based on our analysis, these species belonged
to 89 known taxonomic orders, 567 families, 4,495 genera, and
37,910 species. 95% of the records (n = 627,768) were from spe-
cies belonging to Actinopteri, the largest taxonomic class of fish
(Figure 2). Mitohelper's data processing pipeline identified ~ 34%
(n=224,712) of the MitoFish records to be COl and ~ 6% (n = 37,314)
to be 125 rRNA. These records were used to create reference data-
sets used for Mitohelper's functions. Of the 567 fish families in the
MitoFish dataset, 13 were absent in the COI subset and 24 were
absent in the 12S rRNA subset (Table 1). Six families commonly
absent in the COIl and 12S rRNA subsets included Cynodontidae,
Hypnidae, Leptochariidae, Normanichthyidae, Notocheiridae, and

Distribution of fish taxonomic classes in Mitohelper's reference datasets

All classes Actinopteri Chondrichthyes
15 —~ —~ 6
N~ [To]
< () 592,415
© o @ —~ 203,902
- | s 8 44 35353 28,626
8 5|8 5 A ’ 15,748 ’
o ON = E = R
e |5 |E £ 2 S 1,581
2 s e S 2 24
° °l8ls 8 2
c S @®
= =} P
i EmlE
o/ IO =
Cladistia Coelacanthimorpha Dipnoi
£ 4
>
o
o
=
o 21
3 - 141 222 » 175 266
14 11 21
0.
Hyperoartia (Petromyzontiformes) Myxini Not assigned
= 4
3
S o54 3,380
> 2 398
)]
e 69 202 13 160
14
0 T T T T T T T T T
12S COl Others 128 Col Others 128 Col Others

Gene

FIGURE 2 Distribution of taxonomic classes in Mitohelper's datasets, including 125 rRNA, COI (cytochrome c oxidase subunit 1), and
other gene records. The number of records (y-axis) from each taxonomic class is log,,-transformed. Actual count values are shown on each

bar [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Fish families present in MitoFish database, but not in
COl and/or 12S rRNA subsets of the database

Fish families missing

Fish families missing from COIl subset from 12S rRNA subset

Aenigmachannidae
Anchariidae
Bathysauroididae
Bembropidae
Cynodontidae
Hypnidae
Leptochariidae
Normanichthyidae
Notocheiridae
Parascylliidae
Radiicephalidae

Tarumaniidae

Akysidae
Aphyonidae
Bathysauropsidae
Brachaeluridae
Congiopodidae
Cynodontidae
Distichodontidae
Gibberichthyidae
Hypnidae
Kryptoglanidae
Leptochariidae

Milyeringidae

Thalasseleotrididae Normanichthyidae
Notocheiridae
Pantanodontidae
Parascorpididae
Pataecidae
Plectrogeniidae
Schilbidae

Scoloplacidae

Stephanoberycidae
(genome assembly
GCA_900312575
available on NCBI)

Thalasseleotrididae
Zanclorhynchidae

Zanobatidae

Note: Families absent from both subsets are highlighted in bold.

Thalasseleotrididae (Table 1). The COI subset contained records
from 25,305 species, while the 12S rRNA subset contained records
from 11,961 species.

getrecord uses case-insensitive regular expression searches to
retrieve sequence records from a user-provided fish taxonomy list
(Figure 3). getrecord supports seven main taxonomic levels, including
species (L7), genus (L6), family (L5), order (L4), and phylum (L3). Users
can submit a plain text file containing fish taxonomic names (at a tax-
onomic rank at or below the specified rank being searched), specify
the reference database, and indicate the taxonomic rank to search
all queries against (Figure 3). For example, given a list of fish spe-
cies names, a user can extract 125 rRNA sequence records (“-d mi-
tofish.12S. Dec2020.tsv") matching the family/families of these fish
species (“-I 5”). getrecord outputs matching records in tab-separated
values (TSV) format with the following headers: Query, Accession,
Gene definition, taxid (NCBI Taxonomy ID), Superkingdom, Phylum,
Class, Order, Family, Genus, Species, Sequence, OrderlD (from
Fishes of the World), and FamilyID (from Fishes of the World; Figure 3).

Accession and sequence data of retrieved records can also be writ-
ten into an output FASTA file using the optional “--fasta” switch
(Figure 3). With the optional “--taxout” switch, getrecord can also
write the accession numbers and taxonomic information of retrieved
records to a hierarchical taxonomy file that can be directly imported
into QIIME 2 (Bolyen et al., 2019).

getalignment uses local sequence similarity search results to re-
trieve the alignment positions of a set of input sequences relative to
a user-specified reference sequence (Figure 3). The input to getalign-
ment can be a FASTA-formatted nucleotide sequence file generated
using Mitohelper's getrecord or other methods (Figure 3). Because
alignment positions are relative, the user will also have to prepare a
separate FASTA file (specified using the “-r/--reference-sequence”
option), which contains a single nucleotide reference sequence for
all the input sequences to be searched against (Figure 3). Example
reference sequence files, including full-length 12S and 18S rRNA
gene sequences from Danio rerio (zebrafish) and 16S rRNA sequence
from Escherichia coli strain K-12 substr. MG1655, are provided in the
“testdata” folder of the Mitohelper GitHub repository. For the se-
qguence similarity search, the user can select one of the following
blastn tasks: blastn, blastn-short, megablast, or dc-megablast, using
the “blastn-task” option (Figure 3). Because of differences in word
size and scoring parameters, the number of hits and maximum bit
scores produced by various blastn tasks is different (see Figure 4
for example). Traditional blastn reports hits with at least 11 nu-
cleotide exact matches (word size = 11), while blastn-short (word
size = 7) is optimized for similarity searches involving short nucle-
otide sequences (<50 bp) (BLAST® Command Line Applications
User Manual, 2008). On the other hand, traditional megablast (word
size = 28) is optimized for detecting highly identical sequences, such
as those from the same species or closely related species, while dc-
megablast (word size = 11 with nonconsecutive base matching) is
optimized for more divergent sequences, such as those from more
distantly related species (BLAST® Command Line Applications User
Manual, 2008).

getalignment also accepts a tab-separated blastn output file
(generated using the BLAST application's -outfmt 6 and -oufmt 7
flags) as input (Figure 3). In this case, getalignment expects the ref-
erence sequence to be the first query sequence and the subject se-
quence. Hence, the “r/--reference-sequence” option is not needed,
and “blastn-task” should be set to “none.” getalignment produces a
tabular output listing the accession numbers of sequences produc-
ing significant alignments, their start and end positions relative to
the reference sequence, and the highest bit score of the alignment
(Figure 3). An output PDF file that graphically summarizes these
alignment positions and scores in a line plot similar to NCBI's web

blast output is also provided (Figure 3).

4 | DISCUSSION

We developed a Python-based search tool, Mitohelper, to facilitate

preliminary stages of fish eDNA research. The getrecord command
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(

getrecord

Input: List of taxonomic names
(-i/--input_file)

|

getalignment

Input

Abraliopsis pfefferi
Ahliesaurus
Perciformes

}

Search parameters

blastn search parameter
(--blastn-task

v

- FASTA-formatted nucleotide sequence(s) of interest (-i/--input file)and
rekrencesequence(—r/——reference sequence)
OR
- Compatible blastn output file (-i/--input file)

v

-d/--database_file
-1/--tax_level (L7 forspecies to L1 for phylum) -
--fasta/--no-fasta -
--taxout/--no-tax -

l i

Traditional blastn
blastn-short
megablast
dc-megablast

none (for blastn input)

]

Output: Available MitoFish records
(-o/--output_prefix)

Extract alignment positions

’ Alignment(s) with highest bit score ‘

- NCBI accession number

- Gene definition *

- Taxonomy ID Output: Alignment positions
- Superkingdom (-o/--output_prefix)
- Phylum - NCBI accession number

- Class - Alignment start position

- Order - Alignment end position

- Family - Highest bit score

- Genus

- Species

- Sequence

- OrderID

- Family ID

[
Output: Alignment visualization

(-o/--output_prefix)

Sequence alignment(s) relative to reference

NC_002333.2:1020-1971 |?! SR Bit Scores

AB938103 29 o 34E PN e 00

o oy W 80-200

AB006953 - 50-80

AB015962 102 95 mmm 40-50

_ AB016274 {7 GiE (M. <40
7 AB018224 2 L
g AB0182252 L2
< AB018226 |1 a5
AB018227 |1 L
AB018228 |} L
AB018229 |1 09,
AB018230 |?! s
0 200 400 600 800

Position

FIGURE 3 Overview of Mitohelper's functions (getrecord and getalignment) and outputs [Colour figure can be viewed at

wileyonlinelibrary.com]

is useful for researchers interested in surveying the presence/ab-
sence of mitochondrial reference sequences for specific fish taxa,
while the getalignment command enables the visualization and
examination of sequenced mitochondrial gene region(s). These
functions are important for experimental design in fish eDNA
studies because not all mitochondrial regions from all fish species
have been sequenced to date. Since COI has traditionally been
used for animal barcoding (Hebert et al., 2003), full-length COI
sequences are available for more fish species than other marker
gene sequences, such as the 12S rRNA gene. Compared to 12S
rRNA sequence records, there are about six times as many COI
records and twice as many fish species represented in MitoFish
(Iwasaki et al., 2013; Sato et al., 2018). Furthermore, because dif-
ferent 12S rRNA sequencing primers used in eDNA studies target
different regions of the gene, partial sequences publicly available
are specific only to the sequenced region. By providing insights
on the taxonomic and gene region coverage of MitoFish (lwasaki
etal, 2013; Sato et al., 2018), Mitohelper guides research decisions
pertaining to the sequencing of additional voucher specimens, the
choice of sequencing primers, and the choice of downstream anal-

ysis methods.

MitoFish (Iwasaki et al., 2013; Sato et al., 2018), compiled from
NCBI RefSeq and GenBank (Sayers et al., 2019), represents one of
the most comprehensive mitochondrial fish sequence resource in
terms of species coverage. With the Mitohelper reference dataset,
we also created QIIME-compatible rRNA datasets that can be use-
ful for developing taxonomic classifiers, based on either 12S rRNA
gene sequences, or 12S rRNA gene sequences + 16S rRNA gene se-
quences + 18S rRNA gene sequences. The inclusion of 16S rRNA
and 18S rRNA sequences to 12S rRNA gene sequence classifier
data can improve the detection of contaminant rRNA sequences,
such as bacterial 16S rRNA sequences concurrently amplified in
metazoan 125 rRNA studies (Machida et al., 2012). Similar to previ-
ous observations (Arranz et al., 2020), we note that data unique to
other resources, such as BOLD (Ratnasingham & Hebert, 2007), can
be missing in the MitoFish database. Mitohelper extracts COIl and
12S rRNA datasets predominantly using keyword searches, which
are affected by metadata accuracy and annotation quality (Arranz
et al., 2020). During the development of Mitohelper, we manu-
ally added sequence records without typical keywords associated
with mitochondrial marker gene records, although our list of atyp-

ically annotated records may not be exhaustive. Sequence-based
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FIGURE 4 Examples of Mitohelper's getalignment graphical output generated using (a) traditional blastn, (b) blastn-short, (c) megablast,
and (d) discontiguous (dc)-megablast. Alignment positions for each sequence are indicated in gray boxes, and line colors correspond to

the alignment bit score values. These alignments were based on the 12S rRNA gene, using the sequence from Danio rerio (zebrafish;
NC_002333) as reference [Colour figure can be viewed at wileyonlinelibrary.com]

approaches for generating reference databases, such as Creating
Reference libraries Using eXisting tools (CRUX) (Curd et al., 2019)
circumvents this limitation, albeit with a trade-off between sensitiv-
ity and computing time.

While Mitohelper's getrecord function looks up mitochondrial
gene information from the reference datasets, the getalignment
function retrieves alignment positions from input sequence(s)
aligned to a reference sequence. Unlike the prokaryotic 16S rRNA
marker gene, where primer and sequence positions across different
species are unanimously labeled according to their corresponding
positions on the E. coli 16S rRNA gene (Lane et al., 1985), a refer-
ence species does not yet exist for eukaryotic and fish eDNA stud-
ies. Although Mitohelper allows users to select their own reference
sequence for alignments, to have a consistent frame of reference,
we recommend the use of Danio rerio (zebrafish) as a reference
species for fish eDNA studies. This is because D. rerio is a widely
used model organism for experimental, especially developmental,
studies with a fully sequenced genome (Howe et al., 2013). Despite
the lack of a reference species, structurally annotated reference
alignments have been created for protein-coding, tRNA, rRNA, and
noncoding genes from the mitogenomes of 250 fish species (Satoh
et al., 2016). These reference alignments, along with a universal ref-

erence species, will promote standardization of primer names and

sequence positions, thus improving existing annotations for fish
marker gene sequences.

In summary, Mitohelper is a tool aimed at improving fish mito-
chondrial sequence annotations and at evaluating taxonomy and
gene region coverage of currently available sequences. As fish eDNA
research continues to grow, there is an impetus to improve the capa-
bilities of eDNA-specific data resources and analysis tools. We also
emphasize the importance of simultaneous barcoding and metabar-
coding efforts to increase the sequence and taxonomic coverage of
fish reference databases for accurate taxonomic classification and
diversity predictions. Future fish eDNA studies will benefit from
comprehensive reference data resources, as well as standardized an-
notation and analysis pipelines, which facilitates scientific discovery,
reproducibility, and comparability.
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