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Abstract

Next-generation sequencing continues to revolutionize biodiversity studies by generating unprecedented amounts
of DNA sequence data for comparative genomic analysis. However, these data are produced as millions or billions of
short reads of variable quality that cannot be directly applied in comparative analyses, creating a demand for meth-
ods to facilitate assembly. We optimized an in silico strategy to efficiently reconstruct high-quality mitochondrial
genomes directly from genomic reads. We tested this strategy using sequences from five species of frogs: Hylodes
meridionalis (Hylodidae), Hyloxalus yasuni (Dendrobatidae), Pristimantis fenestratus (Craugastoridae), and
Melanophryniscus simplex and Rhinella sp. (Bufonidae). These are the first mitogenomes published for these species,
the genera Hylodes, Hyloxalus, Pristimantis, Melanophryniscus and Rhinella, and the families Craugastoridae and
Hylodidae. Sequences were generated using only half of one lane of a standard Illumina HiqSeq 2000 flow cell,
resulting in fewer than eight million reads. We analysed the reads of Hylodes meridionalis using three different
assembly strategies: (1) reference-based (using BOWTIE2); (2) de novo (using ABYSS, SOAPDENOVO2 and VELVET); and (3)
baiting and iterative mapping (using mMirA and miTOBIM). Mitogenomes were assembled exclusively with strategy 3,
which we employed to assemble the remaining mitogenomes. Annotations were performed with miTos and con-
firmed by comparison with published amphibian mitochondria. In most cases, we recovered all 13 coding genes, 22
tRNAs, and two ribosomal subunit genes, with minor gene rearrangements. Our results show that few raw reads can
be sufficient to generate high-quality scaffolds, making any Illumina machine run using genomic multiplex libraries
a potential source of data for organelle assemblies as by-catch.
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systems had been studied for only a few model organ-

Introduction

Most vertebrate mitochondrial genomes (mitogenomes)
are about 15-22 kbp, double-stranded, circular DNAs
that encode a set of 37 genes (two rRNAs, 13 proteins
and 22 tRNAs), as well as a major non-coding region
(control region, CR) that accounts for much of the mito-
genome size variation (Gissi et al. 2008). Mitochondrial
DNA (mtDNA) sequences are used in a wide range of
studies, from population genetics to phylogenetics, ulti-
mately improving our knowledge on the evolution of
both genomes and organisms (e.g. Hancock-Hanser
et al. 2013; Hulsey et al. 2013; Bertrand et al. 2015). Until
the 2000s, the molecular biology of mitochondrial
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isms (Boore 1999). More recently, next-generation
sequencing (NGS) and advances in bioinformatics tools
have enabled the analysis of mitogenomes to extend
to non-model organisms on an unprecedented scale
(Mardis 2008).

Numerous methods for rapidly assembling mitogen-
omes directly from shotgun sequencing have been pro-
posed (e.g. Cameron 2014; Gan et al. 2014; Lounsberry
et al. 2015). These methods are intended for fast recovery,
assembly and annotation of mitogenomes as the primary
research objective. For example, Gan et al. (2014) provide
a detailed protocol for the fastest recovery, assembly,
and annotation of mitogenome using the mitoBM soft-
ware (Hahn et al. 2013), the mitos (Bernt et al. 2013) anno-
tation web service and data from the Illumina MiSeq
platform. However, in addition to studies designed
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specifically to capture mitogenomic sequences, whole-
genome sequencing, targeted amplicon sequencing and
hybrid enrichment approaches also capture mitogenomic
reads as by-catch, albeit with significantly lower cover-
age and quality. To make use of these reads, an efficient
bioinformatics pipeline is required to extract and assem-
ble mitogenomes from limited data.

Here, we add to the methods for harvesting com-
plete mitogenomes from whole-genome multiplex
libraries sequenced using the Illumina HiSeq platform
and compare the performance of different assembly
strategies when read number and quality are limited.
As test data, we present novel, near-complete mitogen-
omes from five South American frog species of the
families Bufonidae, Craugastoridae, Dendrobatidae and
Hylodidae.

Material and methods

Taxon selection and data archiving

We sequenced five South American species of frogs from
four families: the torrent frog Hylodes meridionalis (Mer-
tens, 1927) (Hylodidae), the rocket frog Hyloxalus yasuni
Paez-Vacas, Coloma, & Santos, 2010 (Dendrobatidae),
the rain frog Pristimantis fenestratus (Steindachner, 1864)
(Craugastoridae) and the red-belly toad Melanophryniscus
simplex Caramaschi and Cruz, 2002 and an undescribed
species of beaked toad (Rhinella acrolopha group sensu
Grant & Bolivar-G 2014) that we refer to as Rhinella sp. C.
(Bufonidae).

Total DNA extraction and sequencing

Muscle tissue samples were stored in 70% ethanol at
—20 °C for several months or years. Materials were sepa-
rately pooled for DNA extraction wusing the
AGENCOURT® DNAdvance™ Genomic DNA Isolation
Kit. Total genomic libraries were prepared using a
NEBNext® DNA Library Prep Master Mix (NEb
#E6040S) and sequenced using an Illumina HiSeq 2000™
at the multiuser high-throughput sequencing facility of
the University of Sao Paulo Luiz de Queiroz College of
Agriculture. Libraries were distributed in two lanes of a
standard Illumina HiSeq 2000 flow cell and sequenced
using the high-throughput module. However, each lane
also received an unknown number of additional
libraries, reducing the expected total number of reads
from approx. 250 000 000 to 38 903 325 (approx. 75%
fewer) paired-end reads of 100 bp.

We chose the Illumina platform because it produces
high-quality data for various scales of analysis at costs
that have decreased substantially relative to other sec-
ond-generation sequencing instruments (e.g. 454/Roche
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and SOLiD; see Mardis 2013). Among Illumina plat-
forms, the Genome Analyzer IIx (GA IIx) is less automat-
able and produces fewer data than the MiSeq and HiSeq
systems, which are therefore preferred by most research-
ers interested in large-scale analysis. Gan et al. (2014)
selected the Illumina MiSeq over the HiSeq platform due
to its reduced run time and more tractable data. Never-
theless, the HiSeq platform is the system of preference in
numerous research projects targeting elements of nuclear
DNA (nuDNA), such as microsatellite analysis (Castoe
et al. 2012) and whole-genome sequencing (Sun et al.
2015).

Computational resources

All in silico procedures were executed using ‘ACE’, an
SGI rackable computer cluster housed in the Museum of
Zoology of the University of Sao Paulo. Selected servers
had four 2.3 GHz Operon CPUs with 16 cores each and
256 or 516 GB of memory. After optimization, we were
able to reconstruct genomes using a single core and ca.
20 GB of memory. The software environment in ACE
consists of a SUSE Linux Enterprise Server with SGI Per-
formance Suite, SGI Management Center and PBS Pro
Job Scheduler.

Quality control

As stated by Yang et al. (2013: 14), ‘to get reliable result
[s] in downstream analysis, it is necessary to remove
low-quality reads, avoiding mismatches in read mapping
and false paths during genome assembly’. Due to its
function versatility and run-time efficiency, we selected
the HTQC toolkit (Yang et al. 2013) to perform read quality
assessment and filtration. The complete quality control
protocol is described below and the step-by-step proce-
dures are given in Appendix S1 (Supporting information).

Raw reads from each pair were pre-processed using a
series of UNIXx commands and a package of home-made
PYTHON scripts (PATO-FU). The programs ht-stat, ht-filter
and ht-trim are components of the uroc toolkit and were
employed as follows: the summary of the sequencing
read quality was generated with ht-stat. In order for tile
selection to be automated and repeatable, we post-pro-
cessed the ht-stat results using a homemade Python
script (selectTiles.py). Tile removal followed criteria
derived from the nroc guidelines: (i) more than 50% of
the reads have quality score below 10; (ii) <10% of the
reads have quality >30; and (iii) more than 50% of the
reads have quality below 20. Selected tiles were removed
with ht-filter. Remaining reads were trimmed with ht-
trim, removing low-quality bases from reads’ heads or
tails. Finally, short reads were removed with ht-filter and
the quality of filtered reads was evaluated using
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FASTQC (Andrew 2010). Only paired-end filtered reads
were used for assembly.

Mitogenome assembly

We analysed the filtered reads of Hylodes meridionalis
using three assembly strategies: (1) mapping against a
reference mtDNA genome (‘reference based’); (2) de
novo; and (3) baiting and iterative mapping. To imple-
ment each strategy, we selected the best-commented
and most frequently used software in the specialized
literature.

Reference-based assembly (1) was performed using
BOWTIE2 v2.2.3 (Langmead & Salzberg 2012). The mito-
genome of the Tibetan toad Bufo tibetanus (NCBI acces-
sion number NC 020048, Wang ef al. 2013), which is
currently a junior synonym of B. gargarizans (for taxo-
nomic comments see Frost 2015), was selected as refer-
ence due to its completeness and phylogenetic position
and the reliability of the long PCR-based amplification
method used to sequence it.

For de novo sequence assembly (2), the programs soAp-
DENOVO2 v2.04 (Luo et al. 2012), aByss v1.5 (Simpson et al.
2009) and VeLveT v1.2.10 (Zerbino & Birney 2008) were
used. SOAPDENOVO2 v2.04 was run with average insert
sizes of 150, 200 and 250 bp. ABYss and VELVET were run
for all k-mer sizes from 21 to 63, with incremental steps
of 2. BLAT (Kent 2002) was used to map contigs and scaf-
folds against the reference genome of B. tibetanus.

For the baiting and iterative mapping strategy (3), we
used MIRA v4.0 (Chevreux ef al. 1999) and a modified ver-
sion of mrroBM.PL v1.6 (Hahn et al. 2013). This strategy
has two main steps (Hahn et al. 2013). First, reads are
mapped against a reference sequence in Mira, effectively
generating a new reference based on the most conserved
regions. New reads with overlap are then iteratively
fished from the read-pool and mapped against the previ-
ous reference using mMiToBM. Each iteration in mItosmM
expands the novel reference sequence until reaching a
stationary number of reads. This approach only returns a
single-padded consensus sequence in the end, but
sequences can be connected by ‘N’ to indicate that the
fragments are not connected by reads are probably not
contiguous.

Four baiting and iterative mapping strategies were
employed: (i) mapping to the complete mitogenome of a
closely related species (B. tibetanus); (ii) mapping to the
mitogenome of a more distantly related species (a sala-
mander, Rhyacotriton variegatus; NCBI accession number
NC 006331; Mueller et al. 2004); (iii) baiting with a bar-
code seed (the cytochrome C oxidase subunit I [COI]
gene sequence from B. tibetanus, NCBI accession number
NC 020048, 5533-7044 bp) with the de novo option off;
and (iv) same as (iii) but with the de novo option on. Only

consensus sequences with average coverage >20 and
average quality >80 were accepted. If more than one con-
sensus sequence was recovered, the longest one was cho-
sen for further analysis.

The optimal mitogenome assembly strategy was
selected according to the number of reads used, total
ungapped sequence size, average coverage and consen-
sus quality. This strategy was then applied to assemble
mitogenomes using the libraries of Hyloxalus yasuni, Pris-
timantis fenestratus, Melanophryniscus simplex and Rhinella
sp. C. The complete bioinformatics protocol for assembly
is available in Appendix S2 (Supporting information).

Mitogenome annotation and comparison

Assemblies in CAF format were parsed using a home-
made Python script (parseCaf.py) to extract DNA data
and evaluate the coverage and quality of each mtDNA
element. Preliminary de novo mitogenome annotation
used the mitochondrial genome annotation server mitos
(Bernt et al. 2013) with default parameters. Additional
search and validation of tRNA sequences were per-
formed using ARWEN (Laslett & Canback 2008) and
tRNAscan-SE (Lowe & Eddy 1997; Schattner et al. 2005).
Automated annotation was confirmed and edited manu-
ally by comparison to published anuran mitogenomes
(Table S1, Supporting information). The control region
(CR), which typically lies between cytochrome B (CytB)
and the LTPF tRNA cluster in neobatrachians (Zhang
et al. 2013), was annotated using sequence similarity
searching with BLAST using default parameters (Altschul
et al. 1990).

Results

Software

Home-made prytHON scripts (PATO-FU, selectTiles and
parseCaf) are available at http://www.ib.usp.br/grant/
anfibios/researchSoftware.html and https://gitlab.com/
MachadoDJ/ under the GNU General Public License
version 3.0 (GPL-3.0). We modified the mitoBmm original
script so it would create manifest files for Mira pointing
to a directory in a local file system in a cluster environ-
ment. Modifications to mitopiM allow multiple mitogen-
omes to be reconstructed simultaneously using the same
compute node. The modified miToBIM script is available at
http://www.ib.usp.br/grant/anfibios /researchHPC.html.

Quality control results

Comparison of quality reports before and after quality
control shows major improvements in per base/tile
sequencing quality and over-represented sequences (see

© 2015 John Wiley & Sons Ltd


http://www.ib.usp.br/grant/anfibios/researchSoftware.html
http://www.ib.usp.br/grant/anfibios/researchSoftware.html
https://gitlab.com/MachadoDJ/
https://gitlab.com/MachadoDJ/
http://www.ib.usp.br/grant/anfibios/researchHPC.html

MITOGENOME ASSEMBLY FROM GENOMIC LIBRARIES 689

Table S2, Supporting information). Some filtered
sequence files still failed per base sequence content and
k-mer content tests; however, according to the rastoc
help page (available at http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/Help/; last access: May
4, 2015), libraries derived from random priming will
nearly always show k-mer bias, and sequences subjected
to aggressive trimming are more likely to present per
base sequence content bias. Quality control took <1 h
total computation time using ACE, with <5 min hands-on
time.

Comparison of assembling strategies

Reference-based genome assembly using BowTIE2 failed
to align mtDNA sequence reads to the B. tibetanus refer-
ence genome. Likewise, BLAT mapping failed to find
mtDNA sequences within contigs and scaffolds gener-
ated using the de novo sequencing strategy with abyss,
SOAPDENOVO2 and VELVET. Only the baiting and iterative
mapping strategy with MIRA and MITOBIM succeeded in
assembling mtDNA sequences.

We were able to assemble mtDNA for all three varia-
tions of the baiting and iterative mapping protocol. How-
ever, the consensus sequences generated using a barcode
seed with the ‘~denovo’ option in mitoBmM did not pass

our minimum quality criteria. The remaining assembled
consensus sequences were compared according to the
number of reads used, total ungapped sequence size,
average coverage and consensus quality (see Table 1).
The N50 and N90 values are incalculable because only
one contig remains in the last iteration. The longest
ungapped consensus sequences that passed minimum
quality criteria were achieved by mapping to the com-
plete mitogenome of the more closely related species
(B. tibetanus).

Assembly of mitogenomes using MIRA and MITOBIM
took variable amounts of time depending on the refer-
ence used and the number of iterations required by mi-
ToBIM. However, mitogenome assembly using the
complete frog mitogenome as reference required fewer
iterations and <3-h computation time, with <5 min
hands-on time.

Mitogenomic sequences and gene rearrangements

We recovered the nearly complete mitogenome of all five
species of frogs, including the standard 13 protein-cod-
ing genes, 2 ribosomal subunits and 21-22 tRNAs
(Fig. 1). The number of reads used for assembling mito-
genomes and the size of each ungapped consensus
sequenced are shown in Table 1.

Table 1 Baiting and iterative mapping assembly statistics. Strategies: (1) closely related mitogenome (the Tibetan toad, Bufo tibetanus,
NCBI accession number NC_020048); (2) distantly related genome (a salamander, Rhyacotriton variegatus, NCBI accession number
NC_006331); (3) barcode seed (the COI gene sequence of B. tibetanus, NCBI accession number NC_020048, 5533-7044 bp), de novo option
off; (4) same as previous, de novo option on. The chosen mitogenomic sequences for each species are highlighted. See gene order infor-

mation in Table S2 (Supporting information)

Reads (x2)
Species Strat. Iterations Raw Filtered  Used  Ungapped consensus size (bp) Avg. coverage Avg. quality
Hylodes meridionalis 1 18 8 608 779 7745168 4389 16 166 26.88 81
2 49 4122 15 651 20.96 60
3 84 3389 12 079 29.66 87
4 37 3261 13 205 23.78 79
Hyloxalus yasuni 1 E5] 6894772 6160445 4650 16 052 28.28 80
2 29 4625 15 946 23.06 64
3 133 3324 10 330 33.44 87
4 Fail - - - - — -
M. simplex 1 8 7 958 678 7166 358 3717 16 498 232 81
2 49 3261 13 633 17.3 55
3 81 2 503 10 258 26.09 87
4 38 1690 7404 22.07 69
P. fenestratus 1 17 4714 625 4213416 23566 17 892 130.46 87
2 47 16 890 15 880 76.13 63
3 118 17 483 15 966 107.52 88
4 Fail — — — - — -
Rhinella sp. C. 1 13 9874464 8738815 4765 17 050 28.79 84
2 39 4081 15 879 20.58 62
3 68 1700 6912 25.91 86
4 36 1641 7608 0 83
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We also recovered partial CR sequences for all five
mitogenomes. The partial CR of Hyloxalus yasuni was
recovered in a single, contiguous sequence with all cod-
ing genes. The CR sequences of the remaining four mito-
genomes were recovered as non-contiguous sequences,
with fragments varying from 145 bp in Rhinella sp. C. to
2302 bp in P. fenestratus.

Screening with parseCaf allowed us to identify only a
few poorly sequenced (<10x coverage, quality <40)
regions in all mitogenomes, in most cases associated with
homopolymeric regions (poly-G or poly-C sequences). In
the mitogenome of M. simplex, there is a poorly
sequenced fragment at the 5 end of CytB that resulted in
a small duplication that was removed manually in the
final assembly. In the Rhinella sp. C. mitogenome, we
found three poorly sequenced regions: two small regions
inside the ND2 and CytB gene sequences and one region
between ND4 and tRNA-H. The stop codon for ND4 and
a fragment of approx. 20 bp of the tRNA-H sequence
could not be assembled. These regions were also edited
manually and ‘Ns’” were included in the final assembly.
Finally, we found two poorly sequenced regions in the
mitogenome of P. fenestratus: a small fragment immedi-
ately before the tRNA-I sequence and another fragment
just after the tRNA-M sequence.

Most genes in the five mitogenomes we report are
transcribed from the H-strand, exceptions being ND6
and eight tRNA genes (Fig. 1; Table S1, Supporting infor-
mation), as described in other anurans (Irisarri ef al.
2012; Zhang et al. 2013). The gene arrangement in Hylox-
alus yasuni and Melanopryniscus simplex mitogenomes fol-
lows the most common order of Neobatrachia (Zhang
et al. 2005, 2013; Kurabayashi & Sumida 2013). In the case

4

‘Protein-coding Non-coding Low quality reads/ gaps 'fil Rearrangements

Fig. 1 Gene order and orientation for
E mitogenomes of five species of South
«I American frogs. The mitogenome of
D6 c Hyloxalus yasuni has all the expected ele-
ments in the most common gene order in
Neobatrachia. The remaining mitogen-
omes follow alphabetical order (family:
genus). Graphical representation shows
elements pointed in the corresponding
direction in the mitogenome.
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of Rhinella sp. C., the gene arrangement also matches the
arrangement found in most neobatrachian anurans,
except that we were unable to find the tRNA-S2 gene.
Although there is a non-coding region in the expected
position of this tRNA (i.e. just before tRNA-D), the
sequence has low similarity with the tRNA-52 sequence
from other anurans and we were unable to predict its
secondary structure.

One novel tRNA gene rearrangement was observed
in Hylodes meridionalis, in which the tRNA-E is located
between CytB and the major non-coding region rather
than the typical neobatrachian location between ND6
and Cyt B (Fig. 1). Given the high coverage and quality
of this fragment, this unique pattern is unlikely to be an
artefact of assembly. Similarly, in P. fenestratus we found
a new arrangement in the LTPF tRNA cluster, the tRNA-
T was not recovered, and the IQM gene cluster is modi-
fied such that tRNA-Q is absent and now occurs inside
the control region.

Discussion

Numerous studies have employed the baiting and itera-
tive mapping using MIRA and MmiToBM (e.g. Doyle et al.
2014; Grau et al. 2015). Most of these studies share a set
of characteristics: species were sequenced one at a time;
sequencing the mitochondrial genome was at least one of
the main objectives; and the number and quality of the
sequence reads were high. However, when libraries are
multiplexed (e.g. several libraries of different species are
sequenced simultaneously) and/or genomic DNA sam-
ples have been enriched for particular loci (see Jones &
Good 2015), read number will decrease substantially,
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with possible negative effects on overall read quality.
The methods described here can be used to assemble
organellar genomes in this latter scenario.

Our results show that even a low number of reads can
be enough to provide high coverage for most of the mito-
chondrial genome, allowing organellar genomes to be
extracted and assembled as by-catch from any Illumina
HiSeq machine run using total genomic libraries, even
when libraries are multiplexed. The strategy presented
here might also be effective for other technologies, since
MIRA and MITOBIM also accept Ion Torrent and 454 data as
input. We note that MIrA’s manual suggests that the pro-
gram may not be suitable for data sets with more than
2040 million reads and that in some cases it may be nec-
essary to randomly sample reads from the original pool,
but read number will be naturally reduced for multiplex
libraries.

Mitogenomes assembled by mapping to a more clo-
sely related reference mitogenome (in this case, another
anuran) were longer and required fewer iterations than
those generated by mapping to a more distantly related
mitogenome (a salamander), and the assemblies obtained
by mapping to a complete mitogenome generated longer
consensus sequences than by using barcode seeds. How-
ever, no other significant differences were observed in
sequence order and composition when reference
sequences were changed. It should be noted that the anu-
ran reference mitogenome we employed is more closely
related to our four test species than is the salamander ref-
erence mitogenome, but it is deeply nested within the
family Bufonidae and is, therefore, not especially close to
any of our test species (Frost et al. 2006). Consequently,
we suggest choosing references based first on sequence
length and second on phylogenetic proximity.

Mitochondrial DNA has historically been the mole-
cule of choice to address problems in phylogenetics and
population genetics. The availability of complete or par-
tial mitogenomes from different species provides a
unique model to understand mechanisms of genome
evolution (Gissi et al. 2008). Several genome features,
such as molecular evolutionary rates, gene content, gene
order and secondary structure of RNAs, can be explored
in a phylogenetic context, but the utility of these data sets
is fully dependent on taxon sampling (Boore 1999; Gissi
et al. 2008). By using an optimized in silico strategy to
recover mitogenomes from NGS data, the available mito-
genome data set can be efficiently increased and can
enable comparative genomic analysis.

Frog mitogenomics has been a slow yet steadily grow-
ing field of research. At the time this paper was submit-
ted for publication, there were 192 complete and 109
partial mitogenomes of different species of Amphibia
(Gymnophiona, Caudata and Anura) available in NCBI's
Organelle Genome Resources database (Wolfsberg et al.
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2001), and only 83 complete and 56 near-complete
(>14 000 bp) mitogenomes of anurans of 22 different
families. This constitutes a very small proportion of the
7395 known species of amphibians and 6500 species of
Anura (Frost 2015; accessed July 21, 2015), and the five
new mitogenomes we present represent three families
and five genera for which mitogenomes were unknown
previously.

Among vertebrates, amphibian mitogenomes have
the greatest variation in gene order. Gene rearrange-
ments are present in all orders of amphibian. For exam-
ple, San Mauro et al. (2006) found rearrangements in the
WANCY tRNA cluster in the caecilian genus Siphonops,
Mueller & Boore (2005) found rearrangements in ND6-
tRNA-E and WANCY tRNA cluster in plethodontid sala-
manders, and Kurabayashi et al. (2008) reported high fre-
quency of genomic reorganization in the mitochondria of
members of the anuran family Mantellidae. The increas-
ing number of mitogenomes available for this group con-
tributed to overturning the accepted view that
mitochondrial gene organization in vertebrates was
stable (Boore 1999; Saccone et al. 1999; Gissi et al. 2008).

Even though the available anuran mitogenomes are a
small sample of the diversity of frogs, numerous mito-
chondrial gene rearrangements have already been
reported for frogs. Irisarri et al. (2012) found new
arrangements for the ND5 gene and ND6-tRNA-E cluster
in the neobatrachian frogs Lechriodus melanopyga (Limno-
dynastidae) and Heleophryne regis (Heleophrynidae) and
also reported modifications in the tRNA clusters of neo-
batrachians. Zhang et al. (2013) and Xia et al. (2014) also
found several different gene orders for Neobatrachia that
are mainly associated with tRNA clusters LTPF,
WANCY, and IQM and the occurrence of pseudogenes.
Here, we sequenced five new genomes and found three
different gene arrangements associated with tRNA clus-
ters, one in Hylodes and two in Pristimantis.

The mitogenomes presented here should contribute to
future phylogenetic analyses of Amphibia and help
improve understanding of the evolution of mitochon-
drial gene order arrangement in this taxon. At this point,
however, the taxonomic and phylogenetic significance of
these rearrangements is unclear and requires comparison
with additional mitogenomes of closely related frogs.

Conclusions

We have reported the first mitogenomic sequences for
the anuran families Craugastoridae and Hylodidae and
the genera Hylodes, Hyloxalus, Pristimantis, Melanophryniscus
and Rhinella. The mitogenomes of M. simplex and Rhinella
sp. C. are the first mitogenomes of Neotropical bufonids.
Melanoprhyniscus is the sister group of all other bufonids
(e.g. Peloso et al. 2012), making the mitogenome of M. simplex
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especially important for studies of mitochondrial evolution
in this large, nearly cosmopolitan family.

By employing the baiting and iterative mapping strat-
egy tested herein, workers can assemble organelle gen-
omes as by-catch for use in comparative studies. Our
results demonstrate that even a low number of reads can
be sufficient to assemble high-quality mitogenomes,
making any Illumina HiSeq run using libraries prepared
with total genomic DNA extractions a potential source of
organelle assemblies.
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