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Summary

In the last two decades, mitochondrial DNA (mtDNA) has become one of the most 
used genetic markers for studying evolution and phylogeny. Understanding mitochondrial 
genome (mitogenome) structure, gene arrangements, base compositions and noncoding 
regions can reveal valuable information on various organisms, including wild ungulates. A 
huge number of sequenced mammalian mitogenomes are available on GenBank, including 
8074 mitogenome sequences of wild ungulates. The Next-Generation Sequencing (NGS) 
approach can reveal mitogenome regions that can explain the variation in populations. Such 
variations could show ungulates’ resistance to pathogens or processes of their adaptation. 
Despite the extensive number of new sequenced mitogenomes, there is still a lot of ambiguity 
around the mitogenome architecture. Methods for NGS, genome assembly and annotation 
are still in the process of development, aiming to make these tools powerful enough to reveal 
enormous knowledge crucial for assessing wild ungulate species’ conservation status, and 
their ecological status. In this review paper, we describe the methods and principles derived 
from mtDNA studies on wild ungulate species. We outline basic sequence preparation 
methods and specialized software for mitogenome assembly and annotation. Additionally, 
we present several different approaches of mitogenome comparison. 
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INTRODUCTION

The Structure of Mitochondrial DNA

Mitochondria are organelles in eukaryotic cells responsible 
for producing energy, which play a pivotal role in mammals’ 
temperature regulation (Boore, 1999; Wallace, 2007). During 
the oxidative phosphorylation (OXPHOS) process (that results 
in adenosine triphosphate ATP synthesis), mitochondria oxidize 
metabolic substrates in order to generate energy and water. 
The metabolic processes differ between taxa (da Fonseca et al., 
2008), essentially depending on species’ metabolic requirements 
(e.g. body size, diet, high altitudes). Mammal mtDNA is a 
small (~16 kb) circular molecule with two strands (Heavy or 
H strand and Light or L strand), divided in two parts: coding 
and non-coding. The coding part contains 13 protein-coding 
genes (PCGs) for OXPHOS, the 22 transfer RNA genes (tRNA) 
for protein translation and 2 ribosomal RNA genes (rRNA) 
for the mitochondrial ribosome. This part is highly conserved 
for mammalian mitogenomes and has a low rate of gene 
rearrangements compared to the nuclear genome (Wolstenholme, 
1992). The H strand encodes 12 PCGs, 2 rRNA genes and 14 tRNA 
genes and it is rich in guanin. The L strand encodes one subunit 
(ND6) and 8 tRNA genes (Barshad et al., 2018; Barchiesi and 
Vascotto, 2019). The non-coding parts of mtDNA comprise three 
parts: the control region (CR, Displacement loop, D-loop), the 
OL region (the origin of L-strand replication), and the intergenic 
regions. The D-loop is long about 700-1,300 bp in length while the 
OL is long about 30 bp. The intergenic regions (spacers) are located 
within some genes. MtDNA genes do not have introns, except 
for the intergenic spacers that are limited to a few bases, or, in 
some cases, completely absent from the mitogenome (Taanman, 
1999). Dromedary camel (C. dromedaries) has a total of 116 bp 
of intergenic regions (22 different locations) in its mitogenome 
(Manee et al., 2019), which is identical or very similar for species 
within the same genus. DNA and RNA synthesis start in D-loop 
regions (Saccone et al., 2000), which are well conserved (Garesse 
and Vallejo, 2001). However, other parts of the D-loop regions 
present the most polymorphic region of mtDNA (Upholt and 
Dawid, 1977; Shadel and Clayton, 1997). Those variable parts of 
the D-loop evolve four to five times faster in comparison to other 
regions of mitogenome (Fumagalli et al., 1996). 

The replication of mammalian mitogenome is asymmetric 
since the two strands are synthesized from two distinct replication 
sites. The H strand replication site (OH) is located at the D-loop 
region while L strand is in the OL region located between the 
genes encoding tRNAs asparagine and cystine (Hixson et al., 
1986). During replication, the H strand is replicated first, and 
the parental H strand remains single until it is paired with 
newly synthesized L strand. Before pairing, the parental H 
strand is exposed to oxidative damage because it is only partially 
protected by proteins. This process is one of the causes of large 
number of mutations in mtDNA. In addition, nuclear proteins 
that are transported from cytosol into mitochondria are directly 
involved in mitochondrial function and can cause mutations 
in mitochondrial genes (Patrushev et al., 2014). The rate of the 
mutations caused by those reasons is the highest in the D-loop 
region of mtDNA (Brown and Simpson, 1982; Reyes et al., 1998). 
Mutations accumulating in D-loop region are not lethal, and they 

can be passed to progeny. On the other hand, the number of such 
mutations accumulating in the coding region is small, since they 
might be lethal, and only lesser number of them is passed down to 
future generations (Gupta et al., 2015). 

Since the D-loop region is the most rapidly evolving part of 
the mitogenome (Upholt and Dawid, 1977; Walberg and Clayton, 
1981), where the largest number of mutations is accumulated, 
it is commonly used as a molecular marker for finding genetic 
differentiation between animal species, as well as between 
individuals of the same species (Gupta et al., 2015). 

Another mtDNA region with high diversity is cytochrome 
c oxidase subunit 1 (COI), which is often used as animal DNA 
barcoding system. Animal barcoding systems are used to provide 
additional information for species that are not correctly identified 
by typical techniques based on morphology (Naseem et al., 2020). 
Hebert et al. (2003) proposed an approach where, based on the 
nucleotide sequence diversity in the COI gene, it is possible to 
differentiate species from diverse taxonomic groups. 

D-loop Region Structure and Repeating Sequences

Most of the mammals have similar D-loop location and 
organization. The D-loop is located between the genes encoding 
tRNAs Pro and Phe and it consists of three main domains. The first 
domain is called the right domain (or conserved sequence blocks, 
CBS) and is adjacent to the tRNA gene encoding Phe. This region 
contains crucial regulatory parts for replication, transcription of 
both strands and the segment with conserved sequence blocks 
(CBSs) involved in the processing of RNA primers for synthesis of 
H-strand. The second is the left domain (or the extended terminal 
associated sequenced domain, ETAS), which is adjacent to the 
tRNA gene encoding Pro. In this region synthesis of the heavy 
strand is paused. The third part is the central conserved domain. 
It is presumed to be the site of origin for replication and the most 
highly conserved region of the D-loop (Saccone et al., 1991; Sbisà 
et al., 1997; Shadel and Clayton, 1997; Boore, 1999). 

As mentioned before, the main factors defining the variability 
of the D-loop region are processes during replication, but there 
are other contributing factors such as the different numbers of 
repeating sequences (RS). These regions are common in the ETAS 
and CSB domains (Polziehn and Strobeck, 2002; An et al., 2010; 
Meadows et al., 2011). Furthermore, the highest rate of sequence 
variation between individuals is found in hypervariable region 1 
and hypervariable region 2 (Miller et al., 1996; Jazin et al., 1998). 
The D-loop is responsible for length variations of mitogenomes due 
to the number of RS across different taxa (Brown et al., 1996; Xu 
et al., 2005; Meadows et al., 2011; Cui et al., 2012). In mammalian 
D-loop regions, the RS have been found in five positions (RS 1-5). 
RS1 and RS2 are found in the ETAS domain of the D-loop, where 
the H strand replication pauses; RS3, RS4, and RS5 are found in 
the CBS domain, upstream of the site for the H strand origin of 
replication (Hoelzel et al., 1994). 

Mitogenome Sequence Variations

In the coding sequence, the first and second positions of the 
codon are often stable, but the third position mutates fast (Kimura, 
1968). The mtDNA does not have the same repair system as the 
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nuclear DNA, which means it is exposed to rapid molecular 
evolution (Matosiuk et al., 2014). The changes in base composition 
might lead to modifications in amino acid composition (Foster et 
al., 1997). The changes in genome sequence are divided into four 
different types: sequence rearrangements, additions, deletions and 
substitutions (Brown, 1985). The most common type of mutations 
in mitogenome are nucleotide substitutions. The substitution 
rate has been estimated to be about 5-10 times greater than in 
the nuclear DNA, although rates vary between different parts of 
the mitogenome (Brown et al., 1979). The substitutions can be 
detected as synonymous (i.e. silent) or nonsynonymous (Jukes 
and Bhurshan, 1986). If a synonymous substitution occurs, the 
corresponding protein sequence will be identical, but if there is a 
nonsynonymous substitution, it will affect the amino acid, making 
changes in the protein sequence (Foster et al., 1997). 

The genetic code of the mammalian mitogenome is universal, 
albeit with few exceptions. For example, the UGA codes for 
tryptophan rather than for STOP; AGA and AGG, normally coded 
for arginine, codes for STOP codons; AUA codes for methionine 
and not isoleucine; and ubiquitous AUG start codon is sometimes 
replaced by AUA or AUU in mitochondrial genes; AGR (R=A, G) 
specifies a STOP codon in vertebrate mtDNA, codes for serine in 
mtDNA of echinoderms and codes for arginine in yeast mtDNA, 
as in the standard genetic code (Xiufeng and Árnason, 1994; 
Taanman, 1999; Gupta et al., 2015). 

The substitution rate in synonymous and nonsynonymous 
positions varies between genes. A higher mutation rate may be 
associated with the damage caused by free radicals generated 
during the OXPHOS process (Reyes et al., 1998). The ETAS 
domain has high substitution rate in most mammals. Korean 
gorals (N. caudatus, N. goral), Korean native goats (C. hircus) and 
Japanese serows (C.swinhoei, C. crispus) have the highest number 
of substitutions in ETAS domain (An et al., 2010). 

The most remarkable feature of mammalian mitogenome 
is the distribution of G and C bases between the two strands 
(Reyes et al., 1998). GC-content is the percentage (or ratio) of 
nitrogenous bases in DNA or RNA sequences molecule that are 
either guanine or cytosine. The coding regions have shown that 
the length of the coding sequence is directly proportional to GC-
content. Furthermore, the stop codon has a bias toward T and A 
nucleotides, thus the shorter the sequence the higher the AT bias 
(Wuitschick and Karrer, 1999; Pozzoli et al., 2008; Romiguier et 
al., 2010; Manee et al., 2019). 

Except the GC-content, there are two more measures: the GC-
skew and the AT-skew, calculated as (G – C)/(G+C) and (A – T)/
(A + T), respectively. All of the mentioned measures are used to 
understand various mutational patterns between the genomes, 
and as indicators of difference between the two strands (Gibson 
et al., 2005). For example, the negative GC-skew represents the 
cytosine richness over guanine. AT- and GT-skewness can be 
calculated either for the entire coding sequence, only the D-loop, 
or only for the PCGs (Manee et al., 2019). According to An et al. 
(2010) research of Caprine species’ D-loop, A+T<G+C is present 
in all the domains of all five species. The ETAS and the central 
domain showed a base content of G>C>A>T and C>A>G>T, 
respectively. In all species, thymine (T) is the least displayed 
across all domains of the control region. Reyes et al. (1998) in 
their research analyzed 25 complete mammalian mitogenomes 

and investigated the relationship between the compositional 
features of all three positions in amino acids and third positions 
of fourfold degenerate codons. They concluded that transcribed H 
strand is richer in G base compared to L strand (L strand mRNAs 
are very poor in G, particularly in the third position), and that A 
nucleotide is more represented on L strand, while C and T differ 
among species. 

Why Study Mitochondrial DNA?

MtDNA studies are a valuable tool for understanding 
evolutionary relationships, especially for the non-model species 
for which the nuclear genomes have not yet been assembled. 
Mitogenome sequences evolve rapidly, but gene regions of PCGs 
often stay unchanged over long periods of evolutionary time. For 
that reason, mitogenomes could give us valuable information 
about evolution of different taxa (Mereu et al., 2008; Manee et al., 
2019; Prada and Boore, 2019). 

Mitogenomes have several beneficial features. MtDNA 
is maternally inherited for most species since the paternal 
mitochondria are destroyed in the process of fertilization. 
Therefore, mtDNA lacks recombination (Clayton, 1992), so the 
haplotypes are shared between all individuals within a maternal 
line (Hutchinson et al., 1974; Gupta et al., 2015). Finally, mtDNA 
has well conserved protein-coding regions with little noncoding 
intergenic regions and with some overlapping between genes 
(Cantatore and Saccome, 1987; Taanman, 1999) and multicopy 
status in the cell (Robin and Wong 1988).

Using mtDNA in Ungulate Phylogeny 

Ungulates present a large, diverse group of herbivores of large 
body-size. Based on the structure of their toes, they are divided into 
Cetartiodactyla, or the even-toed ungulates and Perissodactyla, 
or the odd-toed ungulates. Ungulates range from tropical forests 
to tundra regions, with between 250 and 450 species currently 
described (Groves and Grubb, 2011). The great diversity of such a 
large group makes it a good model for evolutionary paths studies, 
as well as for developing new methods of phylogenetic analysis. 
Many proposals have been made to resolve ungulate relationships, 
but there has been a lack of consensus between the results of 
morphological and molecular studies (Irwin et al., 1991; Allard 
et al., 1992; Hassanin and Douzery, 1999). Different phylogeny 
methods combined with analyses of nucleotide sequences (mostly 
mtDNA and its parts) have been used in the last 30 years to resolve 
their taxonomy. Phylogenetic tree constructed from the mtDNA 
is one of the major tools used to answer evolutionary questions 
(Chikuni et al., 1995; Budowle et al., 2003; Song et al., 2016). 
Gene arrangements are relatively similar within major groups of 
ungulates with few exceptions, and the differences between them 
could resolve some of the deepest branches of metazoan phylogeny. 
Even small changes in gene arrangements allow the estimation of 
relatedness and divergence times via calibrated molecular clocks 
(Tobe et al., 2010). 

SCOPE OF THE REVIEWED LITERATURE 
In order to find and survey the literature for our topic, 

we searched for titles, abstracts, and keywords in the Web of 
Science and Scopus database. Our search criteria were the 
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terms “mitochondrial”, “mitogenome”, “mtDNA”, “mitogenome 
assembly”, “mitogenome annotation” in combination with 
“ungulates”, “wild ungulates”, “even-toed ungulates”, “Bovidae”, 
“Caprine”, “Artiodactyla”, ”Cetartiodactyla“, Ruminantia”, 
“Cervidae”. We examined all publications that were likely to 
include information about mitogenome assembly and annotation, 
phylogenetic information and relationship between wild ungulates.

METHODS FOR mtDNA ASSEMBLY AND ANNO-
TATION 

Next-generation Sequencing Technology

Next-generation sequencing technology (NGS) has 
revolutionized the field of genomics. Using NGS, an entire 
mitogenome can be sequenced and assembled in a very short 
period. NGS sequencers are unable to read the entire DNA strand 
at once, so the raw results are numerous readings of only short 
fragments of the entire sequence. On their own, such fragments 
offer very little information since every additional analysis 
requires a complete sequence of genes or mitogenomes. In 
order to reconstruct an entire sequence, reads must be arranged 
in the correct order. It is necessary to assemble those reads by 
overlapping or by using reference sequence (these can comprise 
a single gene, a group of genes or even an entire mitogenome). 
There are several NGS platforms with different approaches and 
properties (e.g. Roche, Solid). Compared to the Sanger method 
where reads are 650-800 bp long, Roche’s 454 sequencer produces 
reads between 205-400 bp, while Solexa/Solid reads are generally 
within 100 bp. 

Most of NGS platforms use short reads technology. On 
the other hand, the third-generation sequencing (or long-read 
sequencing) methods use a different approach, producing long 
reads (length between 2-5k bp). It is assumed that longer reads 
give more information and better results. However, long-read 
sequencing platforms give reads with high rates of random short 
indels and single nucleotide errors (Alkanaq et al., 2019). Moreover, 
production of long reads is expensive due to an increased cost in 
reagents and an increased running time of instruments, as well as 
a computer memory limitation (Ji et al., 2011). The most common 
platform for mitogenome assembly is Illumina that gives short 
reads within 25 or 150 bp, providing a large data output (15-1,800 
Gbp). Illumina has a low sequencing price, and uses a different 
approach depending on research field (Song et al., 2016).

Mitogenome Assembly

Genome assembly is a process in which longer sequence is 
reconstructed from a collection of randomly sampled fragments 
using specific software. The aim is to create a mitogenome 
assembly with the longest possible assembled sequence and with 
the smallest number of mis-assemblies (Dominguez Del Angel 
et al., 2018). Before the development of the NGS technology, 
different methods were used for mitogenome assembly and 
the most popular ones were based on primer walking where 
mitochondria were isolated and amplified with PCR primers from 
closely related organisms (Bignell et al., 1996; Al-Nakeeb et al., 
2017). However, the number of mitochondrial sequences in NGS 
data generated from whole-genome sequencing (WGS) is higher 

compared to nuclear sequences due to the high copy number of 
mitochondria per cell, what makes NGS data a valuable resource 
for extracting and assembling mitogenomes without isolation. For 
the same reason, the mitochondrial reads from WGS data will 
have a higher read depth compared to the nuclear genome which 
can be used to isolate the reads belong to mitogenome and use 
them for the assembly (Al-Nakeeb et al., 2017).

NGS results are stored in FASTQ files which contain small 
DNA fragments called reads that have limited information 
and because of that, reads should be assembled in contiguous 
sequences (or contigs) using dedicated software (Ye et al., 2011; 
Song et al., 2016). Contigs are assembled fragments of DNA 
constructed from smaller, overlapping fragments. Assembly of 
mitogenomes is easier compared to the whole genome assembly, 
due to its length. For reference, the length of the human genome 
is around 3 Gb, while the length of human mitogenome is about 
16 kb (Gupta et al., 2015). 

Before starting the assembly process, raw NGS data should 
be assessed and checked for quality (number of reads, GC 
content, number of duplicated reads, etc.). This step also includes 
cleaning, trimming, and correcting sequences that are too short 
or incomplete (Ekblom and Wolf, 2014). The most popular tool 
for assessing the quality of reads is FastQC (Andrews, 2010), 
which produces graphs and crucial statistics that show the average 
read quality. It is generally recommended to check the assembler 
documentation before starting the analyses to determine the input 
requirements (Dominguez Del Angel et al., 2018).

There are two main approaches to genome assembly. The first 
one is a genome assembly in which reads are mapped against the 
reference sequence from a related species. This approach generally 
requires less computational memory and time (Dominguez Del 
Angel et al., 2018). If the genomic sequence of related species is 
previously known, the assembly becomes less complex (Gordon 
et al., 1998). If there is no reference genome, the new genome is 
assembled using a de novo approach, whereby reads are compared 
and gathered into a longer sequence by overlapping them (Song 
et al., 2016; Paszkiewicz and Studholme, 2010; Dierckxsens et al., 
2017). 

When standard, whole genome assemblers are used for mtDNA 
assembly they usually do not result in a high-quality mitogenome 
sequence. This is because they have been programmed for assembly 
of nuclear genomes and the problems occur when those programs 
find the parts of sequence with extremely high depth (Meng et 
al., 2019). Furthermore, these assemblers have not been designed 
for generating circular genomes, so they often fail to recognize 
RS in mitogenomes of some species (mostly invertebrate species) 
(Dierckxsens et al., 2017; Meng et al., 2019). 

The fact that ungulates have a very similar mitogenome 
structure makes most of the assemblers that are specialized for 
mitogenome assembly successful in mitogenome reconstruction. 
Several tools have been created specifically for mitogenome 
assembly and most of them are using Illumina reads. 

Some of the most often used tools for de novo assembly of the 
mtDNA include MitoZ (Meng et al., 2019), MITObim (Hahn et 
al., 2013), NOVOPlasty (Dierckxsens et al., 2017), and Norgal (Al-
Nakeeb et al., 2017). NOVOPlasty and MITObim are based on 
subtype of a de novo approach: “seed-and-extend”, where a small 



Agric. conspec. sci. Vol. 86 (2021) No. 1

Analyses of Wild Ungulates Mitogenome | 5

aCS

part of mitochondrial sequence (CYTB or COI gene) is used as 
a starting position from a related or distant single seed sequence 
(Dierckxsens et al., 2017; Alqahtani and Mandoiu, 2020). The 
seed sequence can also be a complete mitogenome from a very 
close species or subspecies. It is used to start an assembly process 
iteratively by scanning the start and stop positions. This algorithm 
uses the hash table that is a type of data structure for indexing 
genomes providing a list of genomic position for each possible read 
(Wu, 2016). After scanning the start and stop positions, the hash 
table is created, and similar reads are grouped together creating a 
circular sequence (Dierckxsens et al., 2017). The sequence will be 
complete when both ends overlap by at least 200 bp and when a 
consensus sequence is produced (Dierckxsens et al., 2017). 

The most popular commercial tools for genome assembly 
are Geneious Prime ® (Kearse et al., 2012) and CLC (CLCbio, 
Aarhus, Denmark) assembler where one can easily manage to 
get a new mitogenome using both approaches, reference-based 
or de novo. Miller et al. (2012) set a good example by using CLC 
software to construct bighorn sheep (O. canadensis) mitogenome 
where they imported NGS reads (around 312 million short reads) 
into CLC and aligned them against a reference mitogenome of a 
domestic sheep (O. aries). Of the 312 million short reads, about 
470,000 reads were mapped to reference genome, creating a 
new consensus sequence. This small number of mapped reads is 
usual for mitogenome construction since the mitogenome has 16 
kb. The rest of the reads that are not mapped mostly belong to 
the nuclear sequence. The CLC approach was used for de novo 
assembly of mitogenome of Indian hog deer (A. porcinus) (Hill et 
al., 2017), while Caparroz et al. (2015) used de novo approach in 
Geneious Prime in order to assemble a new mitogenome of brown 
brocket deer (M. gouazoubira).

After the assembly, it is important to evaluate the completeness 
and contiguity of assembled mitogenome, since errors could 
occur for many reasons (e.g. RS, wrong orientation etc.). The 
assembled sequence may contain not only the information about 
the wanted mitochondrial DNA, but also misassembled bases 
originating from other sequences (i.e. nuclear, organelle or even 
contaminating DNAs), with common errors such as duplications 
and deletions of some regions. Therefore, the first step is to 
compare the size of consensus genome with the genome of a 
related species. Sequence homology check by BLAST algorithm 
will confirm completion of the target genome. The second step 
is read-mapping to the consensus sequence. This step will show 
the parts of genome that need more sequence data to ensure the 
accuracy. For circular genomes, connection of both ends needs 
to be checked by additional read-mapping. If both ends are not 
connected, this gap must be filled using Sanger sequencing or an 
additional NGS run. Read-mapping can be performed using any 
of the currently available programs (e.g. CLC, Geneious, BWA (Li 
and Durbin, 2009) and Bowtie (Langmead, 2011)) which include 
an aligning function (Yandell and Ence, 2012). Mohandesan et 
al. (2017) used a similar approach for camel mitogenome. They 
first used BWA for mapping NGS reads against reference genome 
and then, they imported all mapped reads into CLC to create a 
consensus sequence.

It is understandable why mitogenome sequencing became 
relatively easy and cost-effective. This resulted in a huge amount 
of sequenced mitogenomes in online databases, and at the same 

time, in the development of programs and open source tools for 
genome assembly and annotation. 

To confirm this, in April of 2020, we searched GenBank data 
for complete mitogenome sequences of even-toed ungulates. From 
given results we excluded Cetacea and Delphinidae records. We 
got 8074 sequences, both the complete mitogenomes sequences 
and sequences that present only small parts of mitogenomes 
(D-loop, PCGs, etc.). In order to get only complete sequences, 
we included option “Sequence length” and specified mitogenome 
length from 16000 to 17000 bp that is characteristic for mammalian 
mitogenome. This resulted in 2652 mitogenome sequences. The 
most common sequences in this search belong to cattle (560), pig 
(299) and goat (256).

Mitogenome Prediction and Annotation

After completing the draft genome construction, it is 
necessary to identify and annotate the genes. Genome annotation 
is the process where biological information is attached to genome 
sequence. It is performed by first analyzing the draft genome 
sequence structure and composition, and then comparing it to a 
known genome sequence of a closely related species (Dominguez 
Del Angel et al., 2018). Usually, the quality of mitogenome 
assembly (estimated as similarity with a reference sequence) 
is between 90 and 100%, which represents a very good result. 
This measure is very important for the annotation step, since 
annotation strongly depends on the quality of the assembled 
genome. The mitogenomes that have an above 90 % completeness 
typically yield satisfying annotation (Ekblom and Wolf, 2014). The 
annotation process can be done manually or through an automated 
computer analysis. The very process can be divided into two main 
steps: 1) structural annotation (gene prediction) that consists of 
the identification of genomic elements (open reading frames, 
coding regions, gene structure), and 2) functional annotation that 
consists of attaching biological information to genomic elements 
(biological function, expression). The first step is gene prediction, 
the process of identifying parts of encoded genes that are likely to 
occur in the sequence (Wang et al., 2004). This process determines 
genes’ location and their structure in the genome (Dominguez 
Del Angel et al., 2018). The procedure involves translating the 
nucleotide sequence and finding open reading frames. There are 
two methods for gene prediction procedures: the similarity-based 
and the ab initio method. The first approach tries to find similarities 
in the gene region between the sequences and it is based on the 
assumption that exons are more conserved evolutionary than the 
other nonfunctional regions. On the other hand, ab initio uses gene 
structure as a template to detect genes using two types of sequence 
information: signal sensors (refers to short sequence motifs such 
as splice site, start and stop codons, etc.) and content sensors, 
used for exon detection in a way that allows coding sequences 
to be distinguished from the surrounding non-coding regions 
(Wang et al., 2004). Ab initio gene predictor, using mathematical 
models, identifies genes together with their intron-exon parts 
and uses genomic traits such as codon frequencies and lengths of 
intron-exon regions for the purpose of distinguishing genes from 
the intergenic regions (Korf, 2004). The functional annotation 
process assigns biologically relevant information to the predicted 
proteins and to the features they derive from (e.g. gene, mRNA). 
The annotation of nuclear genome is usually specific since every 
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genome is different, and it is necessary to rebuild and retrain 
genome regions for each new species. Contrarily, the mitogenome 
annotation is easier since most vertebrate mitochondria are very 
similar. The function of predicted proteins can be defined by 
comparison of a given sequence and the sequences from different 
public repositories. In the last 15 years, several mitogenome 
annotation programs have been developed in order to fulfill 
mitogenome annotation step automatically. The most popular 
tools for annotation are DOGMA (Wyman et al., 2004), MITOS 
(Bernt et al., 2013), GeSeq (Tillich et al., 2017) and MitoZ (Meng et 
al., 2019). The DOGMA, MITOS and GeSeq are web applications 
for annotation, while MitoZ is an open source software. Most 
of the tools require a reference sequence from a related species 
in FASTA format. GeSeq can read GenBank format files, with 
additional information about the annotated regions. MitoZ can 
perform the annotation step without a reference sequence, but it 
is highly recommended to use a reference, since every tool uses 
GenBank data for comparison. The fastest software is GeSeq, 
which also has the option to annotate multiple sequences. Usually, 
tools for annotation use the BLAST method, while GeSeq uses the 
BLAT method to identify the coding and the non-coding parts 
by searching for open reading frames from similar sequences in 
Genbank. The tRNA scan-SE software (Lowe and Eddy, 1997; 
Lowe and Chan, 2016) is used for annotation of tRNA genes 
and it is implemented into most of the annotation software (Cui 
et al., 2007; Jiang et al., 2013; Matosiuk et al., 2014; Zhou et al., 
2019). Identifications of the D-loop elements are usually based on 
previous reference data from closely related species. MitoZ uses 
MiTFi (Jühling et al., 2012) to annotate tRNA genes. Overall, the 
fastest tools are GeSeq and MITOS.

After the annotation step, it is necessary to check whether the 
lengths of the annotated genes are similar to the reference. It is 
also very important to make sure that the stop codons are used 
correctly, since indels can cause the presence of stop codons in 
the middle of gene (Bernt et al., 2013). Analyzing those elements 
can provide information about specific genome properties and 
similarities compared to the closely related species. It also includes 
an additional quality check for the predicted gene set where 
it is possible to identify problematic regions by the presence of 
specific domain, ortholog assignment, or similar. The output of a 
genome annotation is most often in a GFF format and it includes 
structural and functional features of the mitogenome, but not the 
actual sequence. Other output formats are GTF, BED, Genbank 
and EMBL, of which the last two include both sequence and 
annotation information (Domiguez Del Angel et al., 2018)

USING mtDNA IN UNGULATE PHYLOGENY

Problems with Mitogenomes

The number of mtDNA sequences in GenBank increases rapidly. 
According to the currently available literature, mitogenomes 
are considered well researched (Boore et al., 2005). However, 
it is necessary to be careful when using reference sequences 
from GenBank because of the possibility that the sequences are 
incomplete, incorrect, or contain pseudogenes. Such problems 
could have consequences for the future genomic studies of mtDNA 
and could cause misleading interpretations (Hassanin et al., 2010). 
Prada and Boore (2019) investigated the mitogenome annotations 

of the 304 complete sequences representing 29 taxonomic orders 
available on GenBank. They were comparing nucleotide sequences 
of orthologous regions of evolutionarily close species and found 
a significant number of rearrangements confirming errors in 
annotation. These include false inversion of genes encoding tRNA 
and partial or complete deletions of genes encoding tRNA and the 
D-loop regions. This problem was also highlighted by Hassanin et 
al. (2010), who pointed out the errors in a domestic goat (C. hircus) 
reference sequenced by Parma et al. (2003). To re-examine their 
findings, they independently assembled the goat mitogenome 
and compared it with mitogenomes available for the goat (six 
sequences) and four Caprine species. Their phylogenetic analyses 
discovered that Parma et al. (2003) sequenced only 44.5% of the 
total mtDNA and that five of the six goat mitogenomes available on 
Genbank were contaminated by the NuMt (nuclear sequences of 
mitochondrial origin) fragments. Furthermore, Prada and Boore 
(2019) indicated that errors in mitogenome annotation were 
probably present in many deposited mitogenomes, which should 
be corrected by the curators of the NCBI. On the other hand, 
many authors, when exploring and assembling new mitogenomes, 
sparsely explain their methods or hypotheses they tested (Hu et 
al., 2015; Hu et al., 2016; Hill et al., 2017; Mao et al., 2017; Nguyen 
et al., 2017). They usually give information about the program 
they used and how many genes the new mitogenome contains. 
This problem was addressed by Smith (2016), with the author 
concluding that mitochondrial research has become repetitive and 
suffers from a general lack of hypothesis testing. Besides that, it 
is essential to use proper mitogenome annotation and correctly 
deposit it to the GenBank.

A Brief Historical Summary of the Usage of Mitochon-
drial Segments

Within the ungulate clade, the Ruminantia suborder is the 
most diverse group among the currently extant species. Their 
proposed taxonomy is based on the analyses of different parts 
of their mitochondrial DNA. The segments of mtDNA that were 
most often used were two rRNA genes (16S and 12S) (Miyamoto 
et al., 1989; Allard et al., 1992; Gatesy et al., 1992), CYTB (Irwin 
et al., 1991; Chikuni et al., 1995; Groves and Shields, 1996; Groves 
and Shields, 1997; Hassanin et al., 1998; Randi et al., 1998; 
Hassanin and Douzery, 1999;) and the D-loop (Douzery and 
Randi, 1997; Polziehn and Strobeck, 2002). Molecular analyses 
based on the single-gene sequences placed most of Ruminantia 
species into specific genera or tribes, but the relationships 
among some of the groups were not determined (Gentry, 1990). 
For some species, those analyses were not conclusive. Good 
examples are the Saiga antelope (S. tatarica) and the chiru (P. 
hodgsonii). Their phylogenetic status has been debated for years 
and remains unresolved. Grubb (1993) and McKenna and Bell 
(1997) proposed that those two species should be included in the 
Antilopinae subfamily of Bovidae (bovids), while Gentry (1992) 
recommended their incorporation into Caprinae. To resolve 
the relationship between the two species and other Caprinae, 
Hassanin et al. (1998) conducted a complete CYTB sequence for 
18 species of Caprinae. The authors concluded that most of the 
analyses based on a single gene (in this case, the CYTB gene) led 
to limited conclusions and that other parts of mitogenome and 
larger taxa samples should be included in further analyses in order 
to confirm or refute the given hypothesis. However, their analyses 
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contradicted the classical systematics of Caprinae. They proposed 
that the Saiga should be excluded from the Caprinae (the same 
results were given by Chikuni et al. (1995)) while the results 
placed the chiru as a sister taxon to Caprinae. Irwin et al. (1991) 
used CYTB sequences to construct the phylogeny tree of bovids 
and Cervidae (cervids), where the analysis placed both families in 
one group. To confirm this result, Chikuni et al. (1995) sequenced 
the complete CYTB of the lesser mouse deer (T. javanicus), sika 
deer (C. nippon), water buffalo (B. bubalis), and Japanese serow 
and preformed the analysis together with the CYTB sequences 
published in the previous reports (Anderson et al., 1981; Irwin 
et al., 1991). The northern giraffe (G. camelopardalis), pronghorn 
(A. americana), and fallow deer (D. dama) were separated from 
bovids, but the sika deer and black-tailed deer (O. hemionus) were 
placed together with bovids with low bootstrap confidence levels. 
They concluded that given results might be different because of 
the rapid evolution in synonymous sites and the biased transition/
transversion ratio in mtDNA and because the saturation of 
nucleotide substitutions could affect the evolutionary analyses. 
Another reason includes an introgressive hybridization between 
ancestral species of bovids and cervids. The cervid evolution is 
also complex, and Grubb (1993) has proposed the identification 
system for cervids that classifies deer genera into four subfamilies. 
Randi et al. (1998) provided new phylogenetic information 
on relationship among cervids using CYTB sequences, while 
Kuwayama and Ozawa (2000) used the same approach on the 
European red deer (C. elaphus), wapiti (C. canadensis) and sika 
deer to resolve their relationships, since the previous studies 
showed that those three species were monophyletic. Their analysis 
showed that the wapiti was more closely related to the sika deer 
than to the European red deer. Those conclusions were conflicted 
with traditional taxonomy results based on morphology, which 
suggested a close relationship between the wapiti and the 
European red deer. However, the new analyses of the Cetacea 
additionally complicated the relationships within ungulates, 
putting the Cetacea as the sister to the Hippopotamidae. This 
suggested an inclusion of Artiodactyla and Cetacea into a single 
order named Cetartiodactyla (Montgelard et al., 1997; Ursing and 
Arnason, 1998; Nikaido et al., 1999; Ursing et al., 2000). Besides 
that, placing the Moschidae family into Ruminantia was also 
questionable since the Moschidae are placed between cervids and 
bovids. The next step in studying evolutionary relationship was 
to use a combination of the mentioned mtDNA fragments with 
sequences of nuclear genes such as κ-casein (Chikuni et al., 1995; 
Cronin et al., 1996), β-casein (Gatesy et al., 1996), γ- fibrinogen 
and other genetic loci (Gatesy, 1997; Hassanin and Douzery, 
1999; Gatesy and Arctander, 2000; Matthee and Davis, 2001). 
For all these studies, Hassanin and Douzery (2003) concluded 
that the taxonomic samples were not appropriately determined, 
since the representatives of several groups were not included. For 
that reason, the same authors sequenced molecular markers that 
could show different directions of cetartiodactyl evolution. They 
analyzed a large dataset consisting of 23 species, which consisted 
of CYTB gene and two rRNA gene sequences and nuclear markers 
that revealed new insights, such as that Mochidae were closer to 
bovids rather than to cervids. 

Analyses of the D-loop region have been conducted for the 
purpose of establishing intra-specific and inter-specific relations, 
determining maternal contributions, and tracing the origin 

of modern and ancient animals (Gupta et al., 2015). The first 
D-loop comprehensive study was performed by Sbisà et al. (1997), 
including D-loop sequences from ten different mammalian orders. 
Furthermore, RS in the D-loop have been used for phylogenetic 
comparisons among cervids due to the absence of variation within 
individuals (Cook et al., 1999). Polziehn and Strobeck (2002) were 
using the D-loop and CYTB to test the hypothesis that red deer 
was a distinct species from wapiti. They highlighted that number 
of RS within cervids could be used to infer relatedness. However, 
using RS of the D-loop is limited to studying relations among 
different species, and it depends on number of RS for given taxa. 
Ursing et al. (2000) showed that the RS of alpaca (V. pacos), sheep 
(O. aries), and pig (S. scrofa domesticus) were profoundly different 
and that studying their RS relations provided limited information. 
Additionally, many studies failed to resolve the basal artiodactyl 
divergences because their analyses were based on short sequences 
on several genes (Ursing et al., 2000)

Using Whole Mitogenomes in Phylogenetics

Mitogenome sequence comparisons are much more 
informative than single gene comparisons (Ingman et al., 2000; 
Ursing et al., 2000; Boore et al., 2005; Miller et al., 2012; Kim et 
al., 2014) because they contain more polymorphic sites and they 
can provide significant insights into the evolution of organisms 
and mitogenomes (Boore, 1999). Ursing and Arnason (1998) and 
Ursing et al. (2000) were among the first authors to present the 
usage of complete mitogenomes for phylogeny analyses, when 
they used the sequences of 12 PCGs with the combination of the 
D-loop. Phylogenetic studies are usually performed by comparing 
data sets that contain the whole mitogenome data or data that 
contain 12 (+1) concatenated sequences of PCGs. The ND6 is 
usually excluded because it is encoded by the L strand which has a 
different base composition from the H strand (Gibson et al., 2005; 
Mereu et al., 2008; Miller et al., 2012; Douglas et al., 2011; Jiang 
et al., 2013; Świsłocka et al., 2020). The rationale of using only 
PCGs is that they are more conserved, and therefore less prone 
to assembly errors. On the other hand, this approach reduces 
the number of polymorphic sites, leading to lower resolution 
power in phylogenies. Zhou et al. (2019) used sequences that 
contained 13 PCGs and 2 rRNA genes but without any initiation 
and termination codons while Hassanin et al. (2009), Matosiuk 
et al. (2014), and Mohandesan et al. (2017) created data for 
every gene family separately (ND, ATP, COI, CYTB) in order to 
explore comparing rates of synonymous and nonsynonymous 
substitutions (ω=dN/dS). Hassanin et al. (2009) concluded that 
the largest differences had been found in the ATP gene family 
while the other three complexes were more conserved. Matosiuk 
et al. (2014) concluded that the largest differences had been found 
in the ND gene family while Mohandesan et al. (2017) found the 
highest differences in the CYTB gene. 

All approaches for mitogenome analyses may reveal differences 
such as gene gains, duplications, rearrangements, or inversions of 
gene fragments. Zurano et al. (2019) used a different approach 
to resolve phylogenetic relationships of Cetartiodactyla, including 
two datasets. The first set contained mitogenome sequences of 225 
species, and the second set contained data from 93 species that 
had at least one mitochondrial gene available. Both datasets gave 
nearly identical topologies that had small differences in divergence 
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time estimates, which meant that using smaller sets of data (i.e. 
a single gene, CYTB, or the D-loop) could have confirmed the 
given results from the complete mitogenome analyses. A similar 
approach has been used by Meadows et al. (2011) and Jiang et 
al. (2013), who examined four datasets to resolve the phylogeny 
of wild sheep species (O. musimon, O.vignei, and O. ammon 
hodgsoni) and create phylogenetic trees. Their approach was based 
on 1) whole mitogenomes; 2) concatenated sequence from smaller 
regions (D-loop and protein-coding regions); 3) CYTB regions, 
and 4) D-loop regions. Jiang et al. (2013) concluded that all the 
analyses showed identical topology with high support by posterior 
probability and bootstrap values. Meadows et al. (2011) concluded 
that using fragments like CYTB or some other PCGs would not 
give full information about relationships and that using the whole 
mitogenome sequence might successfully resolve phylogenetic 
relationships between animals. Similar explanation to Meadows 
et al. (2011) has been given by Arif et al. (2012) who used 12 
representative Bovidae species to address the question whether 
single genes (two rRNA gens, COI, CYTB and D-loop) can provide 
the same phylogenetic information as compared to complete 
mitochondrial sequences. The phylogenetic trees constructed 
from a single gene sequences were not identical with the given 
results of whole mitogenome sequences (the trees obtained by 
analysis of the CYTB gene showed differences compared to other 
trees from a single gene). They concluded that the use of complete 
mitogenome sequences should be preferred over individual 
genes. However, Naseem et al. (2020) used the COI gene for the 
identification of wild ungulates from Pakistan. They analyzed 86 
specimens of 19 wild ungulates species. With intraspecific and 
interspecific distances and with neighbour-joining tree, they were 
able to discriminate all species into their respective clades. Their 
conclusion, however, was similar to those of previous research, 
suggesting that the COI gene can be an efficient marker for 
species identification. However, it is recommended to include a 
larger taxon sampling and more mitochondrial genes in order to 
resolve taxonomic questions. Phylogenetic relationships cannot 
be fully described for all ungulate clades or species using only 
mtDNA since some linages have limited mitogenomic diversity. 
Świsłocka et al. (2020) compared mitogenomic diversity of the 
European moose (A. alces) and other cervids by comparing whole 
mitogenome sequences. They found only between 13 and 18 fixed 
nucleotide substitutions in the European moose mtDNA, which 
indicated a lower diversity of the whole mitogenome sequences 
than in the other hoofed mammals.

Adaptive Evolution of Mitochondria 

Variation of protein-coding regions of a mitochondrial 
genome can directly influence metabolic performances and 
seriously affect chemical processes in the mitochondria (Blier 
et al., 2001; Ballard and Whitlock, 2004; Mishmar et al., 2003; 
Mohandesan et al., 2017). However, changes in amino acids 
may also improve the aerobic capacity and adaptation to new 
environments since the metabolic function varies widely among 
mammalian species (Suarez et al., 2004; Mohandesan et al., 2017), 
and since variation in the OXPHOS regions has been connected to 
different life history traits and environment adaptations (McNab, 
2000). Finding these differences could give us useful information 
about the adaptive evolution of the mitochondria within species 
(Blier et al., 2001). A good example is research from da Fonseca 

et al. (2008), who explored how the mitochondrial genetic 
variation might be connected to the diverse metabolic patterns 
of 41 mammalian species. They combined molecular analyses 
with secondary structure prediction analyses, and used estimates 
of metabolic rates based on oxygen consumption under aerobic 
conditions for physiological differences among species. The genes 
that had the largest changes in the amino acid site were ND and 
ATP genes, and the ones that had the smallest changes were 
CYTB and CO genes. Although variations in the CYTB region 
are rare and usually hard to detect, several variations were found 
in CYTB regions (changes per site in elephants, cetaceans, seals, 
foxes, and bats). Usually, these changes were not crucial but may 
reflect better animal adaptation to environment. Hassanin et al. 
(2009) have studied and compared sequences of 17 Caprine and 
18 Bovine species that are well adapted to life at high altitudes. 
They calculated the ratio of natural selection operating at the 
amino acid sequence level by comparing rates of synonymous 
and nonsynonymous substitutions (ω=dN/dS). These rates give a 
measure of selection at the protein level, where ω > 1 indicates 
positive selection, while ω < 1 indicates negative selection. Their 
analyses showed the highest ω values were found for ATPase 
and CYTB, and the lowest for ND and CO regions. Analyses 
revealed that ω has increased during the Caprinae evolution, 
suggesting higher levels of selective pressures in this taxonomic 
group. Usually, the mtDNA rate of ω is below 1, which means that 
most of nonsynonymous mutations are eliminated by purifying 
selection (Bazin et al., 2006; Meiklejohn et al., 2007). Xu et al. 
(2005) investigated genetic mechanisms of adaptations to the high 
altitude of native mammals on the Tibetan Plateau. Evidence from 
the synonymous and nonsynonymous ratio showed that the COI 
gene had more functional mutations in the yak (B. grunniens) and 
Tibetan antelope (chiru) compared to other mammals. Therefore, 
they concluded that changes in the COI gene were under a positive 
selection for Tibetan antelope and yak because of their adaptation 
to the high altitude unique to the Tibetan Plateau. Similar results 
have been shown by Mohandesan et al. (2017) about the genus 
Camelus that is well-adapted to environments of varying altitude 
and temperature. The same authors found a high variation in the 
CYTB that could be explained by the more specialized metabolic 
requirements of camels (adaptation to a low-energy diet or to 
living at higher altitudes). 

CONCLUSION
Mitochondrial DNA is most often used to examine the 

taxonomic and phylogenetic relationships of various taxonomic 
groups of organisms, including ungulates. Initially, only parts 
of mtDNA (single genes or regions) were used to address 
phylogenetic relationships between genera and families. However, 
some relationships could not be resolved because of the low 
number of informative (variable) sites in used sequences, so new 
methods were developed that used whole mitogenomes. 

The process of assembly and annotation of ungulate 
mitogenomes is automated, and many research groups have 
access to comprehensive sets of data, as well as specialized 
software. Based on the literature review, for mitogenome assembly 
we recommend using specialized software that use reference 
sequences such as NOVOPlasty or MITObim. Before it is used, 
the reference sequence should be checked for quality. For the 
annotation step, we recommend GeSeq, MitoZ and tRNA scan-
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SE software. Furthermore, to avoid ambiguity of the assembled 
sequence, we recommend using at least two programs for assembly 
and annotation and then comparing the results. Most research 
papers describing new mitogenomes lack detailed descriptions of 
the assembly and annotation methods, making it hard to replicate 
the experiments. This means that it would be extremely useful to 
find a unique approach for analyzing mitogenomes.

Besides the constant increase and improvement of available 
methods for mtDNA sequencing and analysis, there are some 
persistent challenges still limiting the use of mtDNA or influencing 
the results of the analyses. Overview of the literature revealed 
examples of errors in assembly and annotation of deposited 
mtDNA sequences, insufficient descriptions of methodologies 
used in published papers, inconsistent results depending on the 
different methods applied to the same sets of sequences. There 
seems to be, however, lack of interest in systematic approach to 
identify and solve these problems. Most of the reviewed literature is 
focused on utilization of mtDNA in solving taxonomical problems 
using previously described methodology, without consideration 
for potential sources of errors (that can occur during sequencing, 
assembly, annotation or any other step in the analysis). 
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