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ABSTRACT:

The advances of life sciences in the past two decades are mainly driven by the extensive improvement of nucleic acid
sequencing techniques, moving modern biology into the area of big data. In particular, large amounts of data on
mitochondrial DNA (mtDNA), a versatile tool for evolutionary biology, population genetics and forensic science,
have immensely improved our understanding of modern human evolution and dispersal. Its usage has allowed for the
reconstruction of genetic histories of numerous human populations. For managing and analyzing massive volumes of
human mitogenomic information, numerous mtDNA-oriented databases were recently implemented. Here, we review
the main population genetics databases designed for human mtDNA, which we call a human mtDNA DBome, aiming
to support researchers who intend performing population-scale human mitogenomic studies.
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[I] INTRODUCTION

Mitochondria are mammalian cellular organelles
that have the function of oxidative
phosphorylation and the formation of ATP.
Mitochondrial DNA is a small, ca 16.6 base pairs
long circular double-stranded DNA which encodes
13 essential proteins of electron transport chain, 2
ribosomal (12S and 16S) and 22 transfer RNA’s.
It is inherited maternally [1], does not recombine
with paternal molecules [2, 3], has a fast mutation
rate [4] and is presented by multiple copies in a
cell [5,6]. These unique characteristics of mtDNA
have made it an invaluable tool for evolutionary
and population genetics studies toward the end of
the last century, when genome-wide or whole
genomic population studies were a daydream for
researchers.

After the publication of the first complete human
mitochondrial DNA sequence, called a Cambridge
Reference Sequence (CRS) [7], researchers began
studying human mtDNA using low resolution
restriction fragment length polymorphism analysis
with only a few nucleases. After the application of
high-resolution restriction analysis techniques [8],
the human mitogenome has become a ubiquitous
tool in population genetics studies. Finally, in the
mid-2000s the development of fully automated
and next-generation sequencing technologies,
which allowed massive sequencing of whole
mitogenomes, opened a new phase of mtDNA
research. Since then, numerous studies have
involved hundreds or even several thousand [9-11]
newly sequenced human mitogenomes (Fig. 1) for
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addressing medical issues [12], as well as different
guestions on  population  genetics  [13],
phylogeography [14], demography [15], etc.
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Fig: 1. Dynamics of the number of deposited complete
or near-complete human mitochondrial genomes in
GenBank per year. The search was conducted using the
query available in Mitomap
(Www.mitomap.org/bin/view.pl/MITOMAP/MitoSeqs)

According to the most recent Phylotree [16] to the
date of February 18M 2016, 24,275 complete
human mitogenomes have been sequenced and
published in ca 300 papers and projects, defining
the current nomenclature of global human
mitochondrial DNA variation.

However, from the perspective of the data amount,
the information on the overall available data of
human mitogenomes in .fasta format (ca 520MB)
doesn’t exceed even one entire human haploid
genome in the same format (the latest GRCh38.p6
assembly is ca 720MB, when considering the total
length of all scaffolds). Nevertheless, numerous
features of human mitogenomes, such as mtDNA
haplogroups, their  geographic  distribution,
population affiliation, ethnicity of individuals
screened and other highly relevant characteristics
for population genetics studies make it
problematic  for large-scale mMtDNA data
management and further analysis. For the purpose
of integrating these different types of data, several
attempts were made to design human mtDNA-
specific databases in the recent two decades, and
to date there are several resources that are
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developed for this aim. In this paper, we review
the human mtDNA DBome — the entire set of the
databases that are implemented for human
mitogenomic data management. By analyzing the
advantages and drawbacks of those, we hope that
our review will support researchers, intending to
perform human mitogenomic studies.

[IIJOVERVIEW OF DATABASES

HvrBase

One of the first original databases designed
specifically for human mtDNA, HvrBase [17],
launched in 1999, was an extended version of the
compilation of human mtDNA control region
sequences, published in 1998 [18]. HvrBase
contained aligned sequences of Hyper Variable
Regions (HVR) I and Il with available data on
humans or apes. The authors implemented a
'search’ function, allowing users to retrieve the
sequences matching a key-word. This function
allowed users to search the following types of
information: name in publication or GenBank,
author and publication, species, population,
continent and origin. Additionally, sequences were
searchable for certain motifs.

The collection of human data at the time of
publication in the database comprised 5846, 2302,
2061 samples sequenced for HVRI, HVRII and
jointly HVRI and HVRII, respectively. HvrBase
was outdated in 2000, and, today, when
researchers  utilize complete  mitochondrial
genomes for population genetics studies, the data
on HVRI and HVRII is no longer widely used by
researchers.

In 2005, by adding more sequences from primates
including humans, the database was updated to
HvrBase++[19] — the improved and extended
version of HvrBase. Apart from the data on
hyper-variable regions, the HvrBase++ contained
the complete mitochondrial genomes and nuclear
sequences from several chromosomal loci. Table
1 displays a human HVRI dataset collected from
103 papers which describe sequences from 89
countries and 220 populations.
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Number
Continent ~1uman of Populations  -2"9uage
samples . S
countries
Europe 4358 17 25 31
Africa 1680 25 47 47
North 1581 2 2 o
America
Sout_h 473 ; 1 L9
America
Asia 4778 23 102 67
Austral_ia/ 473 10 " 28
Oceania
Total 13343 89 220 194

Table: 1. Human HVRI datasets over six continents

The overall collection of the database comprised 131873 and 4940 HVRI and HVRII sequences,
respectively. Additionally, 1376 complete mitochondrial genomes, 205 sequences from the X-chromosome
and 202 sequences from the autosomal chromosomes 1, 8, 11 and 16 were also available.

To reduce the input of error-prone data into the database, the authors developed an algorithm that screened
GenBank for new versions of the data in HvrBase++ and automatically updated the collection. The
database also allowed users to find and download the additional information on the donors, such as
geographic region, population affiliation and language. As a new feature, HvrBase++ had an interactive
graphical tool for easy data accessing using dynamical geographical maps.

Now the HvrBase++ is available through http://hvrbase.cibiv.univie.ac.at, though it is outdated and has
several bugs that do not allow for the appropriate and efficient usage of the database.

mtDB

Following HvrBase++, the database mtDB was launched in 2005 [20] and provided users with complete
mitogenomic data on population scales; also including the data for medical relevancy. By the 1 March
2007, there were 2697 complete mitogenomes from different geographic regions taken from 33 published
papers (Table 2).

mtDB had four main types of functionality. First, it allowed downloading of all mtDNA sequences either by
individual molecules or by sets of population. All data were grouped into ten major geographic regions
based on the population affiliation of the individuals. Data from the same populations were also
downloadable as batches of individual files. All sequences were linked to the original papers where they
were first published and to the corresponding GenBank accession numbers.

Geographic region N of mitogenomes
Africa 287
Middle East 45
Europe 1192
North America 11
South America 14
Asia 922
South Asia 125
Australia 32
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Geographic region N of mitogenomes
Melanesia/Micronesia/
A 69
Polynesia
Total 2697

Table: 2. Number of complete human mitogenomes obtained from corresponding geographic regions

Secondly, mtDB had special search function for locating polymorphic sites. At the moment of mtDB
publication, 3311 polymorphic loci were identified and tabulated. The table comprised a separate line for
any polymorphic site with a number of sequences that contain each particular variant at that site, location of
the locus comparing to rCRS, codon number and position, and the mutational shift in the amino acid (aa).
Clicking on the number of a particular variant, users are able to obtain a list of the sequences containing
that particular mutation (insertions relative to CRS were discarded) and then consequently download them.
Ultimately, to search the data on mtDNA haplogroups of interest, users are provided with the phylogenetic
tree with illustrated clickable haplogroups. When clicking, the database shows all the sequences matching
the haplogroups with the further ability to adjust the query according to the sequence length and geographic
region.

Finally, a 'search’ function for mitochondrial haplotypes is implemented in the mtDB. Users can search up
to 10 loci simultaneously by specifying the ‘position” and ‘nucleotide’. Again, those sequences could then
be downloaded from the database.

mtDB was outdated since March 1, 2007 and the lack of convenient functionality of sequence retrieval and
data parsing limited the usage of this database.

HmtDB

The database was created in 2005 [21] and relaunched in January 2012 [22]. To date, the HmtDB is one of
the most convenient databases of human mtDNA: it is regularly updated and has numerous functional
features, which make it a powerful tool for population-based mitogenomic studies. Moreover, by including
the mtDNA data from patients with different disorders, the database provides users with the information
that has direct medical relevance. HmtDB stores mitogenomic data annotated with the population and
variability information (Table 3 and 4, respectively).

Continent name Individuals Number of Complete Only coding region
genomes genomes genomes
. Normal 3091 2943 148
Africa

Patient 71 71 0

Normal 2336 2231 105
America
Patient 26 24 2
) Normal 6385 6324 61
Asia

Patient 1116 1116 0

Normal 7205 6711 494
Europe )

Patient 1708 1571 137

) Normal 1537 1523 14

Oceania

Patient 0 0 0
Undefined Continent Normal 6818 6716 102

Patient 634 631 3
. Normal 27372 26448 924

All continents

Patient 3555 3413 142

Table: 3. Total amount of mitogenomic data in HmtDB
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Continent name Number of variant sites

Africa 3505
America 3461
Asia 5058
Europe 4473
Oceania 1554
All continents 7694

Table: 4. Statistics of variable site in HmtDB

The annotations of sequences are curated manually, giving the data a higher degree of accuracy. The
authors have designed a ‘Classify’ tool that allows the database to predict the haplogroups based on
Phylotree for all mitogenomes stored in the database or even for new sequences provided by users.

HmtDB provides three main categories of usage.

First, users can browse the database by a multi-criterion query system (Fig. 2). The possibilities for parsing
the data include searching by unique identifiers (GenBank accession numbers and internal HmtDB
identifiers), by continents and countries, by haplogroups, sex and age of the individuals, disease types and
others, as well as by combinations of queries.

Query Criteria

Subjects’ gecgraphical origin

Haplogroup Code

Select a specific HmtD8 Genome Identifier for the search
Select a specific Reference DS Id for the search

Returns info about the Continent
Return info about the Country

Select & specific Haplogroup Code for the search

—— Any HMEDB Genorme Identifier — %

Complete genomes / Only coding region

Select complete geneme or only coding region or whole

T — e e e s

(E3.: 263 or 245,2135,11789 or 1120-2
Transition

ransvertion --
WVariation type

Transversion
Insertion

5' insertion position
Deletion

Deletion start position

Deletion end position

Retumns genomes correlated to the years oid of the Sul
Insert the right age or the age's range. (Ex.: 26 or 32-52):

Returns genomes correlated to the sex of the Subject

Returmns genomes correlated to the source of DNA

Subject Age (vear)
Subject Sex
DNA source

— Amy Sex ——

- Any Tissue —-

@Al Normal ()Control ()Patient

Individual type Returns genomes correlated to the selected phenotype

AErl
pe 2]

Haplotype Paper Code
Journal

Authors:
Pub Med ID

Figure 2. Multi-criterion query system of HmtDB (Figure is taken from [22])

Second, users can analyze their own mitogenomes using the ‘Classify’ tool (for complete genomes) or by
the ‘Fragment-classifier’ tool (for partial sequences). These tools perform predictions and assignments of
haplogroups to complete or partial mitogenomes. The result includes an output list of most likely
haplogroups, a table with their mutated positions, numerous statistics of the variable sites, and possible
disease associations of particular variants with different disorders. However, the computational
performance of the ‘Classify’ tool allows a simultaneous analysis of only a few mitogenomes (it takes ca 17
minutes to assign haplogroups for 10 complete mitogenomes), while for multiple genomes, the ‘Classify’
tool lags behind other haplogroups assignment tools like Haplofind [23] (ca 70 seconds for 100
mitogenomes).
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Third, users can download sequence alignments with reference genomes as well as variability data.
Mitomap

The very first database for human mtDNA was Mitomap, which initially appeared in print form in the paper
of Kogelnik et al. (1995) [24]. Then, in 1996, it was developed into an online database, containing
published human mtDNA variation along with geographic and disease specific variants. Today, Mitomap is
a manually curated, regularly updated and functionally rich resource of high-quality human mtDNA data
for researchers, clinicians and genetic counselors [25].

Mitomap has three main categories for usage. First, it contains background information about the human
mitochondrial DNA. This section might be a very useful resource for researchers who begin mtDNA
studies, since it has comprehensive information about the numerous characteristics of human mitogenomes,
such as general representation of mtDNA, aa translation table, haplogroups and their frequencies, major
rearrangements, illustrations of mtDNA and many others. Additionally, users within this database can find
the information on other mtDNA-specific databases, tools and several useful resources. Moreover, the
section provides users with up-to-date information (comprising ca 5800 references) on papers published
since 1997 where mtDNA was used. These features make Mitomap an extremely important resource for
mitogenomic studies, especially for beginners.

Second, Mitomap stores the annotated listing of mtDNA variants from both healthy individuals and
patients; From the database users can comb the data for either the control or coding region variants. The
frequencies of the variants are calculated from the set of 30589 complete or near complete human
mitogenomes retrieved for GenBank. The web-interface of the Mitomap variant search function is shown
on Fig. 3.

Show| 10 v entries Locus| MT-ATPS v Copy || CSV || Excel || POF || Print
Position #  Locus Nucleotide Change Codon number Codon Position Amino Acid Change GB frequency Curated References

8369 MT-ATP8 | C-A 2 1 non-syn:P-T

8369 MT-ATP8 | C-T 2 1 non-syn:P-8 3 1

8371 MT-ATP8 | C-T 2 3 syn:p-P

|

8374 MT-ATP8  A-G 3 3 syn:Q-Q
8375 MT-ATP8 | C-T 4 1 syn:L-L 2 1

8376 MT-ATP8  T-C 4 2 non-syn:L-P

PSS

8379 MT-ATP8 A-G g 2 non-syn:N-8

8380 MT-ATP8 | T-C g 3 SYNN-N 12 4

8381 MT-ATP8 A-G 6 1 non-syn:T-A

8382 MT-ATP8 | C-T 6 2 non-syn:T-I
Showing 1 to 10 of 181 entries (filtered from 9,228 fotal entries)

=\=':musj 3|4 |5 9 | Next

Fig: 3. Mitomap variant search, querying variants of ATP8 gene (10 polymorphic positions are shown)

The users can retrieve the information on the loci, nucleotide change, codon position and number, aa
change, number of GenBank records where the particular variant is found and relevant references.
Additionally, the end-users are allowed to download the data in different file formats.

Third, the Mitomap team has developed the Mitomaster analysis tool and currently provides the Application
Programming Interface for it. The main function of Mitomaster is the identification of polymorphic
positions, calculation of variant statistics (positions, GB frequencies, references, etc.,) and assignment of
haplogroups to complete or partial mitogenomes (Fig. 4). The query might be performed using sequences,
GenBank identifiers or single nucleotide variants or SNVs. It should be noted that Mitomaster performs
relatively fast; as it takes ca 74 seconds to analyze 10 complete mitogenomes.
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Mitornaster  Sequence Query  GenBankQuary SNV Quary Species  Usa Wab AP Heip

Alignment Summary
rCRS track view

uuuuu

nnnnnn

;;;;;;

Sea_1s

seq_s

;;;;;;

;;;;;;

oooooooooooooooooooooooo

Sequence alignment

Click a single sequence link below to show details or click here to show details for al
show| 10 = |entrics cony |[csv || Excat |[ PF
Sequence 4 Predicled Haplogroup

Total Varian ts Variants

Bsaq_ uza s A16051G. A16183C. T16189C, C16234T, C 16201 T | Sunmit New Variants to Miomap

Fig: 4. Mitomaster’s output result for six complete mitogenomes and one HVRI

Other human mtDNA databases and database-like
resources, such as Phylotree, Empop [26],
MitoAge [27], mtDNA community [28],
mitosearch, MamMiBase [29] and mitodata, are
not included in our review since some of them are
currently unavailable (MamMiBase and mitodata),
others are essentially just data repositories, rather
than functional databases (Phylotree and mtDNA
community) and the rest are not designed
specifically for population genetics purposes
(Empop, mitosearch, MitoAge).

CONCLUSION

Ultimately, here we have reviewed the main
population genetics-oriented databases for human
mitochondrial DNA storage and management.

The HvrBase++ and mtDB databases were
launched more than ten years ago but have not
been updated since, while the number of new
mtDNA partial and complete sequences has
increased substantially. Besides being outdated,
the mtDB did not have appropriate functional
characteristics for managing mtDNA data. For
example, a lack of the data on human mtDNA
haplogroup and sorting/grouping functions were
restricting the usage of mtDB. Additionally, when
the current next-generation technologies allow
massive sequencing of entire mitochondrial
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genomes on large population scales, the data on
HVRI and HVRII of mtDNA available in these
aforementioned databases fail to fulfill the
requirements of modern population genetics.

On the other hand, the HmtDB and Mitomap
databases are regularly updated and have
numerous options for complex data searching — a
powerful querying system, where user can search
data according to the mutated position,
haplogroup, geographic region, tissue, sex, etc,
and contain mtDNA haplogroup assignment tools
and convenient downloading functions.
Nevertheless, there still exist some functional
characteristics that are not implemented in the
mentioned databases that would significantly
enhance the efficacy of their usage. For instance,
the possibility of downloading the information in
different file formats would be a useful feature for
databases, as numerous programs that analyze
sequence data may require specific data formats
such as fasta, nexus, phylip, etc. Moreover, since
mtDNA is extensively used in human evolutionary
studies, it might also be useful to implement
algorithms permitting the partitioning of multiple
alignments into segments, which would allow the
assignment of specific mutation rates to
corresponding sites of the molecule. Additionally,
this will enable researchers to study different
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regions of the molecule, such as protein coding
genes, rRNAs, tRNAs, etc. on the population
scale, thus creating additional possibilities in
human mtDNA research. One of the major points
that should be taken into account by mtDNA
database developers is the growing number of
ancient mtDNA samples, which have peculiar
characteristics and are highly important for human
population genetics studies.
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