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Abstract

Next-generation sequencing is now a mature
technology, allowing partial animal genomes to be
produced for many clades. Though many software
exist for genome assembly and annotation, a simple
pipeline that allows researchers to input raw
sequencing reads in fastq format and allow the retrieval
of a completely assembled and annotated
mitochondrial genome is still missing. mitoMaker 1.0 is
a pipeline developed in python that implements (i)
recursive de novo assembly of mitochondrial genomes
using a set of increasing k-mers; (ii) search for the best
matching result to a target mitogenome and; (iii)
performs iterative reference-based strategies to
optimize the assembly. After (iv) checking for
circularization and (v) positioning tRNA-Phe at the
beginning, (vi) geneChecker.py module performs a
complete annotation of the mitochondrial genome and

provides a GenBank formatted file as output.

Availability and implementation: The software runs
in UNIX terminal-based interface. The source code is
freely available wunder the MIT License at

http://mitomaker.sourceforge.net/
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1. Introduction

With more than a decade of existence, next-generation
sequencing is a mature technology and has proven its
revolutionary impact to XXI century biology (van Dijk et al,,
2014; Koboldt et al., 2013). It has been used worldwide to allow
the quick production of high and low coverage genomic
sequences from a broad spectrum of organisms (Zhao et al,,
2013; Pérez-Enciso et al., 2010). However, researchers are still
overwhelmed with the enormous amount of data generated
even in partial genomic projects that makes use of sequencing
reads provided by 454, Illumina, Ion Torrent and SOLiD DNA
sequencers. On the other hand, the advance of bioinformatics
tools used to analyze these data automatically is also developing
fast, allowing easy processing and annotation of genomic
information (Lee et al., 2012). Here we suggest that whole
mitochondrial genome assembly and annotation is an
interesting starting point for a partial genome analysis of a
given organism whose genome has been sequenced in low
coverage. Therefore, we provide a completely automatic
pipeline developed to assemble and annotate the whole
mitogenome using an open-source, user friendly and thorough
script developed in python and called via LINUX command

line.

After sequencing, assembling and annotating more than 20
metazoan mitogenomes (Prosdocimi et al.,, 2012; Perini et al,,
2014; Souto et al., 2016; Prosdocimi et al., 2016; Uliano-Silva et

al.,, 2016) we observed that, although many software exist to
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facilitate the assembly and annotation, a straightforward
pipeline allowing an easy reconstruction and annotation of
mitochondrial genomes based on raw genomic reads is still
missing. This fact motivated us to develop mitoMaker, a
pipeline for automatic assembly and annotation of whole
mitochondrial genomes based on raw data generated from

highperformance DNA sequencers.

mitoMaker is a python script that performs a number of steps,
including: (i) de novo assembly of a partial animal genome; (ii)
reference-based assembly of the best assembled mitochondrion
obtained in the de-novo step; (iii) circularization check to
confirm circular genome; (iv) annotation of all protein coding,
tRNA and rRNA genes based on a closely related mitochondrial
genome, either available in the package or provided by the user.
The software produces an output containing the best version of
the mitogenome assembled completely annotated in GenBank
and FASTA files, providing also a .tbl file ready for database
submission to Sequin/GenBank, besides other file formats and

statistics.

2. Methods

mitoMaker v1.0 is an open source package that includes:
Biopython library (Cock et al, 2009), SOAPdenovo and
SOAPdenovo-Trans (Luo et al., 2012), MIRA v4.0 (Chevreux et
al,, 1999), MITObim v1.6 and v1.7 with minor modifications
(Hahn et al., 2013), BLAST+ (Alstchul et al., 1990; Gish et al.,
1993), and tRNAscan-SE (Lowe & Eddy, 1997).

The software initially starts a de novo assembly round using
SOAPdenovo, SOAPdenovo-trans or MIRA software with the

entire set of reads provided by the user. SOAP-denovo-trans
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version for transcriptome assembly is used by default since
mitochondrial reads are frequently found in higher amounts
than average genomic reads and they are often interpreted as
repeats by genome assemblers (Rubinstein et al., 2013). In a
single lane of Illumina sequencing, even when multiplexed for
dozens of different samples using a Nextera kit, for example,
millions of sequencing reads are generated, frequently allowing
a whole mitochondrial assembly with high coverage (>100-fold).
For non-illumina sequencers we suggest the usage of MIRA
software, turned on with an appropriate flag, for initial de novo
assembly of raw reads (please check the mitoMaker manual

provided in the Supplementary Information).

Once the de-novo assembly is finished, BLAST+ is used to find
the best contig or scaffold matching the target mitogenome
provided by the user or selected from the mitoMaker package. If
this best match is not close enough in size (default: < 92.5% of
size coverage) to the target, other contigs are searched using
blastn and all matching contigs are filtered and concatenated

according to their relative position of the reference.

The assembly result is checked for circularization, looking for
matching regions at the start and end of the provisory
mitogenome. Afterwards, mitoMaker checks for the presence of
each and every feature present in the reference GenBank file
through the geneChecker module, which calls upon blastn and
blastx, such as the software DOGMA does (Wyman et al., 2004).
If circularization is not confirmed and at least one gene feature
is missing, a new de novo assembly step is started with a
different k-mer size. By default, mitoMaker performs the
assembly using 5 different k-mers and allows the user to specify

different values in the command line.

mitoMaker stores the very best mitochondrial assembly found
during the de novo steps run with different k-mers and then
executes the software MIRA and MITObim (Hahn et al., 2013)

iteratively in the Mapping mode, using as reference the very
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best assembly obtained in the de novo steps. This procedure
allows gap closures and increases the build, improving the

number of features found and facilitating circularization.

After exhaustively performing de novo and mapping
assemblies, the mitogenome is normally built using raw fastq
tiles generated from pair-end sequences containing ~3 gigabytes
of genomic information each or ~10 million pair-end reads of
100bp. We verified that mitochondrial reads frequently
represent about 0.1%-1% of the entire sequencing reads dataset,
although this percentage is different from organism to
organism. The mitogenome is normally assembled with high

coverage.

As an output, mitoMaker provides a Genbank file containing all
the annotated mitochondrial genes ordered with tRNA-Phe at
the beginning, with FASTA files corresponding to the annotated
Genbank, SEQUIN formatted file (TBL), CAF/MAF final
assembly results used for read coverage checks, a PNG image
for easy visualization of the annotation results as well as a
STATS file presenting general information about the

mitogenome assembled.

If the appropriate GenBank reference file is provided,
mitoMaker can also be used to assemble and annotate other

organellar genomes, such as chloroplasts and other plastids.

We strongly recommend that the user double-checks each
feature provided by mitoMaker by visual inspection using
Artemis (Carver et al., 2012) or any other genome visualization
software in order to resolve inconsistencies that may be present

in the start and end positions of genes.
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3. Conclusion

mitoMaker is an easy-to-use pipeline for animal mitogenome
assembly and annotation. It uses well-known software and
internal algorithms, automatically integrating applications in
order to provide thoroughly analysed mitogenomes. mitoMaker
reduces considerably the amount of expert time and effort
required to perform the assembly and annotation of whole

mitochondria based on shotgun, genomic NGS data.
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The current manuscript was produced in September 2014 and
submitted to the specialized journal in bioinformatics field. The
editor refused the publication because we did not compare the
results to other software: “I must formally decline the
manuscript, due to lack of comparisons.” We did not performed
comparisons at the time because there was not any other
program that performed the same features as mitoMaker. Until
today, I am not aware about any other program specifically

design to assemble and annotate mitochondrial genomes.
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Two months after the refusal, the undergraduate student Alex
Schomaker Bastos that developed the software and conducted
most assemblies and annotations tests was shot dead in a
violent robbery happened in Rio de Janeiro on January, 2015.
Alex was a brilliant, dedicated and creative student. He was
very much interested in Bioinformatics, algorithm development
and he was also great teacher, with a genuine interest in educate
the younger students. We were very much shocked with his
decease and this manuscript has been in drawer since them.
With the current possibility of publishing this work as a
preprint, I decided to send it for publishing as homage to Alex’s

memory.

Mitomaker have been extensively used in our laboratory to
assemble and annotate dozens of complete mitochondrial
genomes from different animals. Although it keeps working, it
is nowadays out of date because newer versions of genome
assemblers have been produced. Nevertheless, the annotator
script originally developed by Alex from the mitoMaker
package and named GeneChecker.py (it is available at the
sourceforge link provided in the abstract) is still in usage and it
is probably the most efficient and quick annotator for

mitochondrial genomes available worldwide.
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