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The analysis of considerable numbers of DNA sequences is largely dependent on the development of sim-
ple software tools for automatically process the genetic data deposited on public databases. However,
there are some difficulties in the automation process due to diverse synonyms being used as qualifiers
for genes and some inconsistencies in gene locations between related Primate species, this fact happen-
ing even in the carefully curated database RefSeq. Here, we present mtDNA GeneEXtractor, a Windows
based computer tool developed for the extraction of information for particular gene/regions from mam-

ﬁlety[\)/\lz\;);ds: mal mitochondrial DNA sequences deposited under GenBank format. The tool was quite efficient in
Computer tool retrieving organized information for comparative mtDNA gene/region diversity analyses when tested
Extraction for the evaluation of transition/transversion ratios in humans and between Primates. Taking phylogenetic

information into account to avoid redundancy due to ancestry-sharing, the transition/transversion ratios
in the 13 protein-coding genes had a mean value of 12.46 for Primates (from 6.46 in ND2 to 17.04 in
COX1) and higher (34.74) but more heterogeneous (ranging from 17.30 in ND5 to 74.39 in ND4) in a
worldwide human database. The similar patterns of transition/transversion ratios in all positions and
in only four fold degenerate positions show no evidence for selection in the 13 mtDNA protein-coding
genes.

Transition/transversion ratios

© 2008 Elsevier B.V. and Mitochondria Research Society. All rights reserved.

1. Introduction

When Zuckerkandl and Pauling (1965) suggested the hypothe-
sis of the evolutionary molecular clock, which would allow the dat-
ing of evolutionary events, it became possible to infer the
phylogenetic history of a set of species (reviewed in Ayala, 1986).
Supporting the existence of a molecular clock, the neutral theory
of molecular evolution, developed by Kimura in the transition from
the 1960s to the 1970s, postulated that the molecular evolution
rates are stochastically constant given that the vast majority of
molecular differences between species are selectively neutral
(Kimura, 1977). The diversity would be driven mainly by genetic
drift, rather than by selective pressure.

Meanwhile, some tests showed that evolution rates are higher
than expected by the regularity of the neutral theory. But this char-
acteristic does not invalidate the molecular clock (Ayala, 1986): evo-
lution is sufficiently regular so that a molecular clock can be applied
to most situations. Attention should be devoted to some uncertain-
ties which can modify the properties of the molecular clock, such us
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events which can lead to big fluctuations on mutation rates between
different periods of time or between different lineages.

By the time these theoretical concepts were being developed, a
few DNA or protein sequences, from diverse organisms, were avail-
able for validation of evolution rates. One of the first molecules to
be analysed was the mitochondrial protein cytochrome c, which
displayed a regularity supporting its application as a molecular
clock (Ayala, 1986).

The mitochondrial proteins continue to be an informative tool
for the inference of phylogeny. A low proportion of these proteins
are coded by a peculiar genome, the mitochondrial DNA (mtDNA),
which is located inside mitochondria. Almost all mtDNAs are circu-
lar and not protected by histones, displaying high mutation rates
and absence of recombination due to the exclusive maternal inher-
itance (haploid genome). The high mutation rates allow a stronger
power to distinguish individuals; the absence of recombination al-
lows an easier inference of the phylogenetic evolution as no shift-
ing of portions of the DNA molecules occurs between homolog
copies. Recently, considerable technological development is allow-
ing the publication of a huge number of complete mtDNA
sequences of many individuals from the same or different species.
It is now possible to use these big public mtDNA databases to eval-
uate the fitness of diverse theoretical models. The most used and
largest molecular public database is GenBank (Wheeler et al.,
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2008), which accounts now more than 1400 different species and
5000 human complete mtDNA genomes.

Many works centred on mtDNA diversity within (e.g. Behar et al.,
2008) and between species (e.g. Belle et al., 2005) are being con-
ducted. As particularly demonstrated in humans, there seems to
be a high heterogeneity in mutation rates between positions inside
some regions of the mtDNA molecule, mainly inside two control re-
gion segments, designated accordingly as hypervariable segments I
and II (Meyer et al., 1999). The control region or D-loop (~1200 bp
in humans), as the name indicates, has controlling functions for the
molecule replication and transcription, including hypervariable re-
gions with portions mutating very fast because they do not seem to
have any function. The rest of the molecule is the coding region, and
in mammals, it is segmented into 13 genes coding for proteins (hav-
ing some evolution constraints dictated by the genetic code — some
alterations modify the proteins while others do not), 22 tRNAs (hav-
ing evolution constraints due to its complex secondary structure)
and two rRNAs (another secondary structure requiring conserva-
tion heterogeneity in different portions).

Again, a discussion ensued on the adequacy of using the very
quickly mutating mtDNA regions as molecular clocks (see
Macaulay et al., 1997 versus Howell et al., 1996). The compara-
tive study of mtDNA coding portions, a slower evolving portion
of the molecule, is supporting inferences attained by the fast
molecular clocks (e.g. Pereira et al., 2005). Additional tests, com-
paring different portions of the mtDNA molecule bearing diverse
molecular characteristics, should be performed in other species
for which increasing numbers of haplotypes are being published
(for example, the mouse, Mus musculus domesticus; Goios et al.,
2007).

The studies focused on ascertaining and using the genetic heter-
ogeneity between different mtDNA portions depend on the devel-
opment of computer tools which allow the automatic and efficient
extraction of information from public databases (Goios et al.,
2006). Some tools allow comparative analyses, as it is the case of
the MamMiBase, developed by Vasconcelos et al. (2005), which
has the limitation of surveying a few and pre-defined species for
only the 13 mtDNA protein-coding genes. Another database,
Mamit-tRNA, displays the alignments for the 22 tRNAs in several
species (Helm et al., 2000).

In this work, we introduce a new computer tool developed for
an easy and efficient extraction of any of the 38 gene/regions that
constitute mammal mtDNA, from whichever mammal species the
user intends to study. The software was developed for Windows
based platforms and can be freely download from http://
www.ipatimup.pt/downloads/mtDNAGeneExtractor.zip. The input
data should be in the format GenBank, which provides annotated
information, namely for gene locations, translation for protein-
coding genes and tRNA codons recognized. However, as the
responsibility for annotating a sequence belongs to the submitting
lab, many inconsistencies can be found in GenBank entries, dra-
matically limiting the efficiency of computer tools to perform
searches across the database (Karp, 2001). In order to solve some
of these problems, the National Center for Biotechnology Informa-
tion (NCBI), responsible for GenBank, created RefSeq database. Ref-
Seq is nonredundant (one sequence per gene/genome per species),
curated by GenBank staff with defined qualifiers (Pruitt et al.,
2007), which intends to function as a reference for genome dat-
abases. We used the revised information of RefSeq for implement-
ing the tool presented here.

2. Design, implementation and functionality

The mtDNA GeneExtractor tool was developed for Windows
based platforms and implemented using the C++ language. Its

graphical environment is very simple and intuitive (Fig. 1). The
left window shows the input sequences (it allows the simulta-
neous input of several files in GenBank format saved as text file)
and the right window is used for selection of the gene/region to
extract during the parsing process. In order to find/extract the
location of the selected gene/region inside the input sequences,
the location is marked by a string used in the RefSeq database
(a list can be found in Table 1). But even in the case of a curated
database, some genes, such as rRNA’s, have more than one way
of identification, making it necessary to include several options
as qualifiers for a single gene. As aminoacids leucine and serine
can be coded by different codons recognized by two tRNAs each,
additional information about codons recognized must be added
(Table 1).

As the beginning of the circular sequence is arbitrary when
the first individual of that species is sequenced, the D-loop
(more than 1000 bp) is sometimes split into two fragments.
When this occurs, the word “join” is shown with the location
of this region. The program will bring together both halves, in
the correct direction.

While testing the tool for GenBank files deposited in RefSeq, for
Primate mtDNAs, we have found some other inconsistencies,
which rendered difficult the automation process. For instance,
the location can be preceded by the signal ‘>’or ‘<’, meaning that
the author was not sure about the beginning of the gene. In such
cases, the signal is ignored and the location is interpreted as begin-
ning in the position indicated. In other situations, some gene/re-
gions locations are not indicated or are incomplete in the file,
this occurring mainly for the D-loop region (totally missing in
NC_008220 and only hypervariable regions were indicated in
NC_008066). In such cases, a manual correction must be
performed.

Users must be aware that, if using this tool to extract genes
coded in the complementary strand, the sequence obtained is the
one provided in the GenBank file (5'-3"). So, they should comple-
ment the segment obtained for further comparison and translation
(as for ND6 gene).

To extract the protein sequence, the checkbox button must be
selected. The same string is used to identify the protein in the file,
but the amino acid sequence extracted is present some lines below
and marked in the file with the word “translation”. When the pro-

[ % mtDNA GeneExtractor

File Help
NC_001807.tst Gene:
NC_002763 twt N1
NC_002764.tst s
NC_008217.twt

v Protein sequence

Fig. 1. Graphic interface of mtDNA GeneExtractor. Left window for input of
sequences and right window for selection of gene to extract. If the option “Protein
sequence” is selected, the information extracted will be the protein sequence.
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Table 1

List of qualifiers used to identify the gene/regions and its location in the genome.
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Gene Qualifiers Necessary additional information
ATP6 /gene = “ATP6” -
ATP8 /gene = “ATP8” -
COX1 /gene = “COX1” -
COX2 /gene = “COX2" -
COX3 /gene = “COX3" -
CYTB /gene = “CYTB” -
ND1 /gene = “ND1” -
ND2 /gene = “ND2” -
ND3 /gene = “ND3” -
ND4 /gene = “ND4” -
ND4L /gene = “ND4L” -
ND5 /gene = “ND5” -
ND6 /gene = “ND6” -
12S rRNA /product = “12S ribosomal RNA” /product = “s-rRNA” -
16S rRNA /product = “16S ribosomal RNA” /product = “I-rRNA” -
tRNA Alanine /product = “tRNA-Ala” —
tRNA Arginine /product = “tRNA-Arg” -
tRNA Asparagine /product = “tRNA-Asn” -

tRNA Aspartate
tRNA Cysteine
tRNA Glutamate
tRNA Glutamine
tRNA Glycine
tRNA Histidine
tRNA Isoleucine
tRNA Leucine UUR
tRNA Leucine CUN
tRNA Lysine

tRNA Methionine
tRNA Phenylalanine
tRNA Proline
tRNA Serine UCN
tRNA Serine AGY
tRNA Threonine
tRNA Tryptophane
tRNA Tyrosine

/product = “tRNA-Asp”
/product = “tRNA-Cys”
/product = “tRNA-Glu”
/product = “tRNA-GIn”
/product = “tRNA-Gly”
/product = “tRNA-His”
/product = “tRNA-Ile”

/product = “tRNA-Leu”
/product = “tRNA-Leu”
/product = “tRNA-Lys”

/product = “tRNA-Met”

/product = “tRNA-Phe”
/product = “tRNA-Pro”
/product = “tRNA-Ser”
/product = “tRNA-Ser”
/product = “tRNA-Thr”
/product = “tRNA-Trp”
/product = “tRNA-Tyr”

tRNA Valine /product = “tRNA-Val”

D-loop D-loop/note = “D-loop”/note = “control region”

/note="codons recognized: UUR” /codon_recognized="UUR"
/note="codons recognized: CUN” /codon_recognized="CUN"

/note="codons recognized: UCN” /codon_recognized="UCN"
/note="codons recognized: AGY" /[codon_recognized="AGY"

tein sequence checkbox button is selected together with a nonpro-
tein-coding gene, an error message is displayed.

The program reads each GenBank input file and writes the re-
quired information into an output file, with FASTA format and text
extension. For this reason, the program does not need a great amount
of memory. In the output file, each sequence is identified with the
Accession Number and the chosen gene, being the order of the se-
quences the same as listed in the interface window. The FASTA for-
mat was chosen because it is an input file accepted by most used
programs dealing with phylogenetic and diversity analyses.

When the program is not able to obtain the information of the
location of the gene due to the absence of the standard identifica-
tion string, the program will skip these files, continuing to the fol-
lowing ones, and a message indicating that the information was
not possible to obtain from all files will appear.

3. Application to the estimation of transition/transversion
ratios per protein-coding genes in humans and other Primates

To test the efficiency and automation of mtDNA GeneExtractor,
the 13 protein-coding genes were extracted from two mtDNA data-
sets: (1) 53 humans representing a worldwide sampling (Ingman
et al,, 2000); and (2) 23 Primates (information displayed in Table
S1). These data were then used to estimate the values of transi-
tion/transversion (ts/tv) ratios.

When using BioEdit (Hall, 1999) to perform the alignment of the
13 protein-coding genes extracted from the Primate dataset, we
have noticed that many genes were beginning or ending in incor-
rect locations (this conclusion being reached from confirmation

of match of the segments missing in some of the Primates species).
The same occurred for tRNAs when comparing with information
reported by Helm et al. (2000). The location inconsistencies de-
tected in Primate mtDNAs are provided in Table S2.

For the human dataset, as they are not deposited in RefSeq,
annotations were different in protein-coding genes, being neces-
sary to add manually to all GenBank files the qualifiers for them,
as for instance /gene = “ATP6”. This absence is however unusual
in GenBank files.

The ts/tv ratios were evaluated in two ways: (1) by direct count-
ing, dividing positions showing transitions by positions showing
transversions; and (2) by taking in consideration the phylogenetic
information to avoid redundancy due to ancestry-sharing of substi-
tutions (substitution which occurred only once along time but
being present in all related individuals). We applied both strategies
to both datasets by using, respectively, the programs Arlequin
(Excoffier et al., 2005) and PAML (standing for phylogenetic analy-
sis by maximum likelihood; Yang, 2007). In the case of PAML, the
molecular model used was HKY85 and it was necessary to input
the phylogenetic trees for each dataset: for the human dataset,
the reconstruction of Bandelt et al. (2006) of the dataset published
by Ingman et al. (2000) was used; for Primates, the tree was recon-
structed from information published in Purvis (1995) and is dis-
played in Fig. S1. The results for ts/tv ratios are presented in Fig. 2.

The direct counting leads to lower estimations than PAML, be-
cause it is centred in variable positions, not evaluating the pairwise
differences between all individuals. Nevertheless, the direct count-
ing allowed us to confirm that we were obtaining the same results
as Belle et al. (2005) who checked this value in the same human
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Fig. 2. Transition/transversion ratios in the 13 mtDNA protein-coding genes in humans and Primates, determined for all positions in PAML (A) and by direct counting (B) and

for 4-fold positions in PAML (C) and by direct counting (D).

database, but for the 13 protein-coding genes together. Both meth-
ods calculated a higher bias towards transitions inside humans
than between Primates, in accordance with previous findings that
rates of mtDNA variation are higher inside than between species
(Nachman et al., 1996).

So, for instance, taking phylogenetic information into account,
the transition/transversion ratios in the 13 protein-coding genes
had a mean value of 12.46 for Primates (from 6.46 in ND2 to
17.04 in COX1) and higher (34.74) but more heterogeneous (rang-
ing from 17.30 in ND5 to 74.39 in ND4) in a worldwide human
database. All genes had transversions when comparing Primates,
in contrast with the human dataset for which no transversions
were observed in ATP8, ND3 and ND4L.

We also tested these estimations in only four fold degenerate
positions, which are the third codon positions that can vary for
any of the four bases, meaning the same amino acid; these posi-
tions are never under the effects of selection. The distributions
were very similar between all positions and four fold degenerate
positions. This result seems to point to the absence of clear selec-
tion effects in any of the 13 protein-coding genes. Previous claims
of selection driving evolution of human mtDNA protein-coding
genes inside some haplogroups have been published (Mishmar
et al., 2003), but latter evidence favoured a slight purifying
selection affecting the younger branches of the human phylogeny
(Kivisild et al., 2006).

Further use of our tool in similar analyses being conducted in lar-
ger datasets of species from different taxa can help to clarify the dis-
agreement between Yang and Yoder (1999) to Belle et al. (2005):

Yang and Yoder claim to detect heterogeneity in rates between dif-
ferent Primates branches, while Belle et al. found no variation not
only between closely related species but also within orders.

4. Final remarks

mtDNA GeneExtractor can be applied to the analyses of large
datasets in GenBank format. As there is still some inconsistency in
public databases relatively to the annotation of deposited genomes,
manual survey of extracted files is advised. Diverse evaluations of
comparative genetic variability between mtDNA gene/regions can
be easily performed, as demonstrated here for the evaluation of
transition/transversion ratios in humans and between Primates.
Results obtained showed that the bias towards transitions is more
pronounced inside humans than between Primates. The method
attending to the phylogeny led to higher estimations of transition/
transversion ratios than the direct counting of polymorphic
positions. And the most significant result was the no evidence for
selection in the 13 mtDNA protein-coding genes as no differences
were observed for patterns of transition/transversion ratios between
all positions and only four fold degenerate positions.
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