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ABSTRACT

The Arabian horse breed is well known for its purity and played a key role in the genetic improvement of
other horses worldwide. The mitochondrial genome plays a vital role in maternal inheritance and it’s
helpful to evaluate its genetic diversity and conservation. It has higher mutation rates than nuclear
DNA in vertebrates and therefore reveals phylogenetic relationships and haplotypes. In this study, the
mitochondrial genome mutations in two Saudi horse strains, Kehilan and Hamdani demonstrated various
changes in the gene and amino acid levels and included two other Saudi horses (Hadban and Seglawi)
from the previous study for phylogenetic comparison. The whole mitochondrial genome sequencing
resulted in intra and inter mtDNA variations between the studied horses. Interestingly, the Hamdani
horse has nucleotide substitutions similar to those of the Hadban horse, which is reflected in the phylo-
genetic tree as a significantly close relationship. This type of study provides a better understanding of
mitogenome structure and conservation of livestock species genetic data.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Mitochondrial DNA (mtDNA) has become an essential tool for
studies on maternal inheritance, population genetics, evolution
and phylogenetic relationships. Its haploid, heteroplasmic and
unlike nuclear genomes, has recombinations and higher mutation
rates, making it reliable for biodiversity studies (Mycka et al.,
2022). The control region of mtDNA is known for its maternal
inheritance and higher mutation rate (Hutchison et al., 1974;
Ishida et al., 1995, 1994). Some of the studies focused particularly
on the control region, which is the hypervariable and small region
to explore the variations and useful in population and phylogenetic
analysis of large samples (Kavar and Dov¢, 2008; Luis et al., 2006;
Vila et al., 2001). There is an region of particular interest in mtDNA
related to heredity, known as the Displacement loop (D-Loop)
which is about 1100 bp in length (Ishida et al., 1995) with a muta-
tion rate of 2.8 to 5 times greater than the rest of mtDNA (Aquadro
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and Greenberg, 1983; Cann et al., 1984). Mammalian species have
been recorded with intraspecific differences in their mtDNA
(Achilli et al., 2012; Lippold et al., 2011).

The first horse mitochondrial genome sequencing (Xiufeng and
Arnason, 1994) paved the way for the diversity and evolutionary
studies in zebra and donkey (Ann Oakenfull et al., 2000) and
ancient Equus mtDNA analysis for phylogeny and evolution
(Vilstrup et al., 2013). Horses were domesticated 5000 years ago
and since then they formed inseparable connection with people
(Anthony, 2010; Librado et al., 2021). They are famous due to their
inclusion in the cultural traditions and specific features apart from
their economic significance (Bower et al., 2012). During domestica-
tion, wild horses vastly contributed to the domestic horse diversity
and there were 18 haplotypes found in modern horse mtDNA
sequences (Achilli et al., 2012; Lippold et al., 2011). A significant
mtDNA diversity was observed among the domestic horse popula-
tions which were geographically bounded and maternally inher-
ited (Achilli et al., 2012; Cieslak et al., 2010; Jansen et al., 2002;
Lippold et al., 2011; Vila et al., 2001). The domestication process
was procured by the gene flow of maternal inheritance which
was familiar to the early breeders (Petersen et al., 2013; Wallner
et al., 2013). Maternally inherited mtDNA analysis revealed
remarkable diversity compared to paternal or nuclear genome
(Lindgren et al., 2004; Ling et al., 2010). However, one of the recent
studies used Y chromosome markers to trace the Arabian sire and
successfully record the breeding data for the past 200 years in west
(Remer et al., 2022).

1319-562X/© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
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The genetic ancestral information of horse breeds origin or
ancestry are usually stored in studbook records but can also
be revealed using genomic investigation studies or mtDNA anal-
ysis which can verify or negate studbook information (Raudsepp
et al.,, 2019). mtDNA exploration in horses deduced the place of
origin, phylogeny and evolutionary analyses to characterize the
different founder mare breeds (Aberle et al, 2007; Bowling
et al., 2000; Gtazewska, 2010; Hill et al., 2002; Royo et al,,
2005). The Eurasian steppe was believed to be an important
place of domestication with its widely shared overland routes
(Anthony and Brown, 2003; Benecke and von den Driesch,
2003; Kuzmina, 2003; Levine, 1999; Olsen, 2003). One of the
studies reported that the Iberian Peninsula was also possibly
the site of horse domestication (Lopes et al., 2005). One of the
recent studies reported that there are 18 haplogroups based
on horse mtDNA (A-R) and majority of them were domesticated
in Asia (Gaspardy et al., 2023). They were not well differentiated
geographically due to the mixing and modern breeding methods.
Due to the widespread biogeographical patterns of large, domes-
ticated horses, their genetic diversity is more complex
(McGahern et al., 2006). They have been used as carriers during
prehistorical times and have undergone considerable breed mix-
ing leading to a significant alteration in their genetic structure.
However, mtDNA plays a key role in determining the origin of
breeds (Gaspardy et al., 2023).

The Arabian horses were mentioned as the oldest breeds dis-
persed globally and they contributed to the improvement of
other horse breeds (Bowling et al., 2000; Gtazewska, 2010;
Khanshour et al, 2013; Remer et al, 2022; Zechner et al,
2002). However, there are certain places where the Arabian
bloodlines have not been introduced (Gtazewska, 2010;
Hendricks, 1995). During the 7th to 9th centuries, the Persian
horse significantly contributed to the Central Asian and Euro-
pean lines validated by the ancient DNA (Fages et al., 2019).
The Arabian horses got attention in the 18th century among
Western world and the breeders from Europe started importing
them from Middle East. The 19th century and early 20th century
in Europe marked the introduction of Arbian horses in for
breeding. The practice was widely adopted by a number of
countries and established various horse breeds based on Arabian
horse such as British, Egyptian, French, Polish, Russian and US
Arabian. There are 63 registered Arabian pedigree records glob-
ally according to the World Arabian Horse Organization (WAHO)
(https://www.waho.org). Generally, outside the Middle East,
selective breeding is implemented whereas in the Arabian horse
population majorly followed maternal breeding which resulted
in a few Arabian male lines known as tail male lines (Remer
et al,, 2022).. The Arabian stallions are spread over worldwide
and they were restored in their places of origin (WAHO). Bed-
ouins bred the Arabian horses known as Kehilan, Seglawi, Ham-
dani, Hadban and Abeyan and historically they were known for
their purity and strict breeding lines (Gtazewska, 2010; Pruski,
1983). Glazewska, (2010) stated the pedigree records of Ameri-
can Arabian and Western Arabian (Shagya and Polish) horses
as no older than 100 and 200 years respectively. Syrian, Saudi
Arabian and Iranian horse populations have different registered
maternal pure lines as 'Arabians’ and are referred to as the Mid-
dle Eastern horse populations (Khanshour et al., 2013). There is
a popular belief that the Arabian horses were derived from five
founder mares, however the modern haplogroups suggest that
they have mixed clustering (Wang et al., 2016).

There are little or few studies on partial mitochondrial gene
analysis of Saudi Arabian horses, to this end, this study aims to
sequence the whole mitochondrial genome of two horse strains,
Kehilan and Hamdani to find the variations and analyze them
phylogenetically.
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2. Materials and methods
2.1. Sample information and ethical approval

Acquired the blood samples of two horses Kehilan and Hamdani
from the jugular vein at private farms in Jeddah, Saudi Arabia. Ani-
mal ethics approval was obtained and the experiments were car-
ried out as per the guidelines of the Animal Ethics Research
Committee (Reference No. 298-14).

2.2. Genomic DNA extraction, integrity and quantification

The blood samples were drawn into the labeled EDTA tubes
under aseptic conditions and then carried on an icebox to the lab
and stored at —20 °C. Genomic DNA was isolated using 0.2 ml of
blood through a Qiagen DNA extraction kit as per the manufactur-
ers instructions (Cat. No. 51104; Hilden, Germany). In the final step
the extracted genomic DNA was eluted into Tris Ethylenedi-
aminetetraacetic acid buffer (TE) to avoid degradation. The DNA
concentration was quantified by agarose gel electrophoresis and
spectrophotometer which was stored at —20 °C until further usage.

2.3. Polymerase chain reaction (PCR) and sequencing

The primers were obtained from the previous study (Xu et al.,
2007) and synthesized from Macrogen Inc, South Korea (Table 1).
The extracted DNA was used in PCR amplification. The 25 pL of
PCR reaction mixture containing; 5 pL Jena Bioscience Taq PCR Mas-
ter Mix (Taq DNA Polymerase, PCR Buffer, MgCl2, and dNTPs), 2 pL of
template DNA (100 ng), 1 pL of each forward and reverse primers
(10 picomoles) and distilled water to make up the 25 pL volume.
The following conditions were set on the PCR machine (MULTIGENE,
Labnet International Inc., NJ, US); Initial denaturation at 95 °C for
5 min, 34 cycles of denaturation at 95 °C for 30 sec, annealing at
56-58 °C for 30 sec, initial extension at 72 °C for 90 sec (primers 9
and 10 for 150 sec) and a final extension at 72 °C for 10 min. The
amplicons were stained on 1% agarose gel with ethidium bromide
and the amplified band size was confirmed with a 1 kb DNA marker.
Multiple sets of overlapping primers resulted in accumulation of
amplicons with varying size. These amplicons were purified and
sequenced (Sanger Sequencing) from Macrogen Inc., Korea.

Table 1
MtDNA primers used to amplify the whole mitochondrial genome.

S. No Sequences Amplified Amplified
length region on
in bp mtDNA

1 F: TAACATGAATCGGCGGACA 2000 15,191

R: TTGCTGAAGATGGCGGTAT 706
2 F: ATTTCCATAGACAGGCATCC 1500 16,599
R: TCACCTCTACCTACGAATCTTCT 1,439
3 F: CGTAAGGGAACGATGAAAGAT 1400 1,232
R: AATAGATAGAAACCGACCTGGAT 2,565
4 F: ACGAGAAGACCCTATGGAGC 2000 2,169
R: GTGGAATAGGTTAGTCGTATGTAG 4,835
5 F: TACCTCTAACCACTACACTAATC 1500 4,646
R: CATAATGGAAATGTGCTACTA 6,499
6 F: CGAGCATACTTCACATCAGC 2000 6,265
R: TAGCGAAAGAGGCGAATAGA 7,995
7 F: GACTTTACTACGGTCAATGCTC 1500 7,616
R: TTTCCTTCTATTAGGCTATGGT 9,108
8 F: CCACCCACAGGTATCCAC 2100 8,993
R: GATGAGGACGGCTACGAT 11,113
9 F: GAGGCTACGGAATACTACGAA 1500 10,992
R: TAAAGGATTGCTTGAAGGG 12,303
10 F: GCTAACAACCTTTTCCAACTG 2500 12,182
R: GACCAGGGTAATGTGCGATA 15,359
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2.4. Sequencing analysis

The codon code aligner V.5.0 program (https://www.codon-
code.com/aligner/) was used to analyze the sequencing data such
as trimming, editing, confirming the SNP’s on both sequences (for-
ward and reverse) and nucleotide base quality was assessed on
chromatogram peaks and quality Phred score 20 or above. The ref-
erence sequence also used to crosscheck errors and missing data in
sequenced files. Then, the purified nucleotide sequences were
aligned to the reference sequence and edited each sequence either
manually or automatically. Additionally, they were translated
using the codon code software and analyzed at the amino acids
level to observe the variations and compare them with reference
sequences (JN398377 and X97337.1).

2.5. Phylogenetic relationship

The Molecular Evolutionary Genetics Analysis (MEGAG) pro-
gram (https://megasoftware.net/) was used to build a Neighbor-
joining phylogenetic tree (Tamura et al., 2013) and included two
mitochondrial sequences of Genbank accessions MK100122.1
(Hadban horse) and MK100123.1 (Seglawi horse) from the previ-
ous study. Some other horse mitochondrial Genbank sequences
were included in the analysis and Equus asinus (X97337.1) was
considered as an outgroup.

2.6. Bioinformatic tools

The sequence data from NCBI were aligned in MEGA and
imported to DnaSP v5 (https://www.ub.edu/dnasp/DnaSP32Inf.
html) program. The data file was converted to Roehl Data File
(rdf file) format which provided the general information of haplo-
type data. We opened the rdf file in Network 10.2 (fluxus-engineer-
ing.com) to create the median joining network with default
settings and draw the haplotype network. The NCBI sequences of
cytb gene used were (0Q320039.1, 0Q331231.1, JQ340098.1,
FJ765122.1, MG001421.1, MG001420.1, MG001414.1,
KT368732.1, JQ340168.1, JQ340167.1, Q340153.1, JQ340152.1,
JQ340135.1, JQ340124.1, JQ340123.1, GU734783.1, KF038159.1,
AP013093.1, AP013089.1, MK449357.1, MK467454.1,
HQ439448.1, JN398454.1, JN398453.1, JN398450.1, JN398449.1,
JN398448.1, JN398447.1, JN398446.1, HQ439500.1, HQ439477.1,
HQ439465.1, HQ439457.1, HQ439450.1, HQ439448.1,
HQ439447.1, HQ439444.1, DQ223536.1, DQ297656.1, FJ765139.1,

FJ765112.1, MN187576.1, MN503280.1, MK100122.1,
MG001436.1, MG001435.1, MG001432.1, MGO001430.1,
MG001429.1, MGO001427.1, MG001426.1, KT221837.1,

KT757754.1, KT757739.1, KT368738.1, KT368731.1, KT368726.1,
JQ340161.1, ]JQ340149.1, JQ340125.1, JQ340116.1, JQ340102.1,
JQ340099.1, JQ340096.1, KT368740.1, ON168403.1, K]J917295.1,
KJ917268.1, AP013102.1, AP013101.1, AP013084.1, AP013080.1,
KC202959.1, KC202957.1, KC202956.1, MK449358.1,
MK467453.1, JN398377.2, JN398397.1, JN398394.1, JN398393.1,
JN398392.1, JN398391.1, JN398388.1, JN398387.1, JN398386.1,
JN398385.1, JN398384.1, JN398383.1, JN398382.1, JN398381.1,
JN398380.1, JN398378.1, HQ439491.1, HQ439488.1, HQ439487.1,
HQ439475.1, HQ439471.1, HQ439469.1 and HQ439458.1.

3. Results

3.1. Mitochondrial genome compositions and variations of two Saudi
Arabian horses

The sequenced mitogenomes of Kehilan and Hamdani horses
ranged from 16649 bp to 16655 bp respectively and presented
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similar characteristics. The mitochondrial genome structure and
organization was similar to other horses and composed of 13 pro-
tein coding genes, 22 transfer RNA (tRNA) and 2 ribosomal RNA
(rRNA) along with the control region. The nucleotide base compo-
sition of both the mitochondrial genomes were similar; A (32.1%),
G (13.4%), T (25.8%), C (28.6%) except Kehilan which differed in A
(32.2%) base composition by 0.1%. The estimated GC content was
42%. The estimated haplotype diversity (Hd) was 1.00 and nucleo-
tide diversity, Pi = 0.008. The genomic DNA was extracted, ampli-
fied (through overlapping mtDNA primers) and all the sequences
were assessed critically to analyze the differences with respect to
the reference sequence. Both forward and reverse sequence analy-
sis verified the particular SNP’s chromatogram peaks. This was fur-
ther assessed by reference sequence and quality Phred score to
refine the variable sites. This study revealed 109 genetic variations
including transitions, transversions, insertions and deletions in the
studied horse strains (Table 2). Hamdani horse represented the
highest number (109) of substitutions compared to the Kehilan
(66). The edited sequences were submitted to Genbank of Kehilan
(0Q320039) and Hamdani (0Q331231).

3.2. Differences in coding region of the mitochondria

The protein coding genes exhibited 53 amino acids changes in
Kehilan (9) and Hamdani (44) strains as shown in Table 3. The
horse reference sequence (HRS) JN398377 and X79547 were used
as reference sequences. The HRS differs from X79547 at nucleotide
positions 357 and 358, where two C's were removed, and the
nucleotide positions are highlighted in bold font according to the
X79547 representation in Table 3. Hamdani showed higher varia-
tions at DNA and protein levels than Kehilan.

In gene ND1 there was one amino acid change from Lys-Arg at
3387 nucleotide position in Kehilan horse whereas in Hamdani
there were two changes at 3306 and 3494 from Arg-Met and Pro-
Thr respectively. There were no changes observed in the ND2 gene
of any studied strains. In COX1 and COX2 genes, there was each
amino acid modification (6785 Ile-Val and 7628 Pro-Ser) in Kehilan
and in Hamdani 4 (5888 Ser-Pro, 6312 Pro-Leu, 6507 Pro-Leu and
6714 Thr-Ile) and 3 (7245 GIn-Arg, 7614 Leu-Gln and 7668 Cys-
Tyr) amino acid changes respectively. The genes ATPS, ATP6,
COX3, ND3, and ND4L didn’t result in any mutations in Kehilan,
while in Hamdani, there were 1 (7902 Thr-Ile), 6 (8010 Asn-Ser,
8243 His-Tyr, 8363 Asn-Asp, 8366 Thr-Ala, 8561 Ser-Thr, and
8570 Ser-Pro), 0, 2 (9705 Tyr-Cys and 9777 Leu-Pro), and 0 amino
acid modifications detected, respectively. The ND4 gene from both
the strains has two amino acid changes i.e kehilan-10829 Leu-Val
and 11,555 Ser-Pro; Hamdani-10829 Leu-Val and 11,269 Met-Ile,
observed when compared to J]N398377. However, according to the
reference X79547 there was an amino acid change Leu-Val at
10,829 nucleotide position in both strains which is highlighted in
bold letters in Table 3. In gene ND5 there were two amino acid
changes (12863 Trp-Arg and 13,052 His-Tyr) whereas in Hamdani
20 amino acid varia-tions (11792 Ile-Val, 11,862 Pro-Leu, 11,882
Thr-Ala, 11,888 Arg-Cys, 11,945 His-Tyr, 11,954 Arg-Trp, 11,969
His-Tyr, 11,988 Ser-Asn, 12,086 Arg-Gly, 12,128 Pro-Ser, 12,144
Pro-Leu,12149 His-Tyr, 12,164 His-Tyr, 12,191 Ser-Pro, 12,334 Ile-
Met, 13,335 Ser-Asn, 13,517 Pro-Thr, 13,542 Phe-Tyr, 13,545

Table 2

Nucleotide base substitutions in Hamdani and Kehilan horses.
Substitutions/Change Hamdani Kehilan
Transversions 16 18
Transitions 86 28
Deletions 5 15
Insertions 2 5
Total 109 66
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Table 3
Amino acid changes in Kehilan and Hamdani horse strains with respect to the reference JN398377 and X79547.
Gene Position Kehilan JN398377 Position Hamdani JN398377
ND1 3387 Lys Arg 3306 Arg Met
3494 Pro Thr
ND2
COX1 6785 Ile Val 5888 Ser Pro
6312 Pro Leu
6507 Pro Leu
6714 Thr Ile
(€0),¥) 7628 Pro Ser 7245 Gln Arg
7614 Leu Gln
7668 Cys Tyr
ATP8 7902 Thr Ile
ATP6 8010 Asn Ser
8243 His Tyr
8363 Asn Asp
8366 Thr Ala
8561 Ser Thr
8570 Ser Pro
COX3
ND3 9705 Tyr Cys
9777 Leu Pro
NDA4L
ND4 10,829 Leu Val 10,829 Leu Val
11,555 Ser Pro 11,269 Met Ile
ND5 12,863 Trp Arg 11,792 Ile Val
13,052 His Tyr 11,862 Pro Leu
11,882 Thr Ala
11,888 Arg Cys
11,945 His Tyr
11,954 Arg Trp
11,969 His Tyr
11,988 Ser Asn
12,086 Arg Gly
12,128 Pro Ser
12,144 Pro Leu
12,149 His Tyr
12,164 His Tyr
12,191 Ser Pro
12,334 Ile Met
13,335 Ser Asn
13,517 Pro Thr
13,542 Phe Tyr
13,545 Ser Phe
13,557 Pro Leu
ND6
CYTB 15,291 Arg His 14,554 His Gln
15296,7 Ser Gln 14,619 Pro Gln
14,805 Thr Ile
15,204 Val Ala

Nucleotide changes in bold are according to X79547.

Ser-Phe and 13,557 Pro-Leu) observed as the highest variations. The
gene ND6 does not show any mutations in the studied horses.
Finally, the CYTB gene ends up with two amino acid changes in Kehi-
lan horse (15291 Arg-His and 15,296 Ser-GIn) and four alterations
with Hamdani (14554 His-Gln, 14,619 Pro-Gln, 14805Thr-Ile and
15,204 Val-Ala) at dissimilar positions.

There were 56 nucleotide changes in the non-coding region
including insertions or deletions in rRNA, tRNA, and misc feature
of which 34 were in Hamdani and 20 in Kehilan as shown in Table 4
and Table 5.

3.3. Phylogenetic relationship

A Maximum-likelihood phylogenetic tree has been constructed
with two Saudi horse strains (Kehilan and Hamdani) mtDNA
sequenced data sets. The previous study of Saudi horse strains
Hadban and Seglawi mtDNA along with some Genbank sequences
were included in the phylogenetic tree to obtain the complete
relatedness among the submitted mtDNA sequences. The MEGA6
program was used to construct phylogeny with a distance matrix

of 1,000 bootstrap replicate values. In total, the phylogenetic tree
included 26 horse mitochondrial sequences from NCBI along with
Equus asinus (GenBank: X97337.1) as an outgroup (Fig. 1).

3.4. Network analysis of sequence data

The median joining network was constructed based on the cytb
gene of studied strains along with the NCBI sequenced data set
(n = 98) from different regions (Fig. 2). There were 7 haplotypes
observed based on their similarity, and the Hamdani and Kehilan
formed individual haplogroups H_1 and H_2 respectively. The hap-
logroups H_4 and H_7 witnessed higher sample sizes of 35 and 59
respectively. Hadban horse from the previous study segregated in
haplogroup H_7.

4. Discussion

The Mitochondrial genome provides a vital source for maternal
diversity, phylogeny, evolutionary and place of origin analysis to
correlate among animals evidenced by plenty of studies (Dhorne-
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Table 4
Variations in non-coding region of Kehilan.
Position Place Kehilan JN398377
158 rRNA G A
356 rRNA C T
358 rRNA C -
597 rRNA T G
599 rRNA A -
604 rRNA A G
605 rRNA A C
608 rRNA G T
611 rRNA G T
612 rRNA G T
613 rRNA - T
620 rRNA - C
621 rRNA - T
622 rRNA C
623 rRNA - T
630 rRNA A G
633 rRNA C T
634 rRNA - G
635 rRNA - T
636 rRNA - T
642 rRNA C A
643 rRNA G T
644 rRNA T C
653 rRNA G -
859 rRNA C T
2232 rRNA - T
5098 tRNA A T
5240 tRNA - A
5279 tRNA - A
15,391 tRNA - T
15,498 MF C T
15,723 MF A G
15,773 MF T C
15,829 MF G A

Nucleotide changes in bold are according to X79547, Deletion/Insertion -, MF- Misc
Feature.

Table 5
Variations in non-coding region of Hamdani breed.
Position Place Hamdani JN398377
158 rRNA G A
356 rRNA C T
358 rRNA C -
235 rRNA C A
258 rRNA A T
513 rRNA C A
669 rRNA C T
739 rRNA C T
860 rRNA G A
961 rRNA C T
1386 rRNA - T
1683 rRNA C A
2227 rRNA - T
5099 tRNA A T
5241 tRNA - A
5280 tRNA - A
7003 tRNA A G
11,685 tRNA T C
11,693 tRNA T C
11,727 tRNA G A

Nucleotide changes in bold are according to X79547, Deletion/Insertion -, MF- Misc
Feature.

Pollet et al., 2020; Hill et al., 2002; Khanshour and Cothran, 2013;
Moridi et al., 2013). The mitochondria provide a great source as the
molecular biology markers whether it could be of short gene
sequences (D-Loop, control region and cytb) or complete genome
which has been deployed since a long time ago. This study
sequenced two mitochondrial genomes of the Saudi horse strains
namely Kehilan and Seglawi. Their mitochondrial genomes were
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approximately 16.6 kb in length and consisted of 13 coding genes,
2 rRNAs and 22 tRNAs. Both horses showed more than 99% similar-
ity of the nucleotide bases throughout the mitochondrial genome.
Hamdani horse (showed 109 nucleotide variations and Kehilan
with 66 variations which are comparable to the previous study of
two Saudi horses (Hadban (89) and Seglawi (60) (Sheikh et al.,
2019). The mitochondrial protein coding genes of Hamdani (44)
differed with Kehilan (9) horse however, they were relatively sim-
ilar to the Saudi horses of Hadban (34) and Seglawi (11). The tran-
sitional changes were prevalent in both the horses mtDNA which
was also reported in a study with advanced nanopore sequencing
method of horse mitochondrial genome sequencing (Dhorne-
Pollet et al., 2020). On the other hand, the nuclear DNA also
reported to have the transitional bases substitution effect
(Lanave et al., 1986; Pereira et al., 2009).

The ND5 gene recorded the highest mutations (20) in the Ham-
dani horse whereas in Kehilan horse (2) they were comparatively
less and the ATP6 gene of the Hamdani horse portrayed 6 varia-
tions. Interestingly, the two strains found identical polymorphism
at the 10,829 nucleotide position of the ND5 gene which was
reported in the Hadban horse (Sheikh et al., 2019). This ND5 gene
have been reported with the relation to the positive selections and
adaptation to the extreme environments (Wang et al., 2016).

Of note, three genes ND2, COX3 and ND6 have not been found
with any variants in Hamdani and Kehilan horses as well as Had-
ban and Seglawi from the previous study. Moreover, the ND4L gene
in Hamdani and Kehilan horses and cytb gene in Hadban and
Seglawi horses has not evidenced any polymorphic sites. However,
the cytb gene of Hamdani and Kehilan represented 4 and 2 amino
acid alterations respectively and this could be due to the hetero-
plasmy of the mitochondrial cytb gene (Zhao et al.,, 2015).

The Hamdani (current study) and Hadban (Previous study)
horses formed a sister relationship with each other and fall in-
between closely related branches of Arabian and American paint
horse branches above them and Deqin, Akhal Teke, Arabian horses
branches lie below them. This supports that the exported founder
mare (Arabian horse) influence contribution to the American horse
(Khanshour and Cothran, 2013).

The horses from this study were compared to the haplotypes of
Achilli et al, (2013) study and found that Kehilan horse falls under
haplogroups A1 and A’B with the corresponding mutations at the
nucleotide positions 10,829 and 158, 356 respectively. Hamdani
horse showed diverse similarity of the mutational positions 6507,
7245, 7614, 7668, 7902, 8363, 9777, 12334, 13335, 14,805 and
15,204 resembling the haplogroups P, M'N'O’P, O’'P’'Q, A-K, A-L,
O'P'Q, O'P'Q, J'’K, A’B'CD, A-K, and O’'P’Q respectively.

The Maximum-likelihood phylogenetic tree represented that
the Arabian and Syrian horses were scattered in multiple nodes
(Fig. 1) showing high genetic diversity among them which was
similar to the study by Khanshour et al, (2013). One of the studies
based on mitochondrial D-Loop revealed comparable result to this
current study of Kehilan diversity than Seglawi and Hamdani
(Almarzook et al., 2017). The variations in the mitochondrial gen-
ome of protein-coding genes revealed that Hamdani and Hadban
are more closely related than Seglawi and Kehilan horses. Seglawi
horse stands out as a single branch and is far to the Hamdani and
Hadban group leaving a bunch of horses (American paint, Arabian,
Naqu Syrian and Przewalskii horses) in between. However, Kehilan
horse observed further away from the previous Saudi horses and
relatively diverse from its three neighbors. It branched in between
the Syrian, Arabian and Italian horses towards to the Seglawi and
Akhal Teke, Chincoteague pony and Arabian horses on another
side. The mtDNA data demonstrated that the Hamdani and Hadban
horses were closely allied. However, Kehilan horse showed signif-
icantly fewer and dissimilar variations than the other three Saudi
horses, as represented by the genetic data and phylogenetic tree.
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Fig. 1. Maximum likelihood phylogenetic tree of four Saudi horse strains along with other Genbank sequences constructed based on whole mtDNA. Hadban and Seglawi were

from our previous study. Hamdani and Hadban showed a close relationship.

The Kehilan horse showed unique variability in the current study
however, Kahlila or Kahlawi horses of Syrian Arabian origins
showed high variability in haplotypes with D-Loop region of
mtDNA (Almarzook et al., 2017; Khanshour and Cothran, 2013).
One of the studies on mtDNA revealed that there was haplogroup
sharing between Arabian and Italian horses due to Arabian horse
contribution and maternal gene flow (Cardinali et al., 2016).

The Studied Saudi horses showed the separate nodes and did
not show any admixture revealing the precise selection or breeding
results of Bedouins, which plays a key role in Arabian horse strain
uniqueness (Hendricks, 1995). This type of genetic diversity analy-
sis is useful as a tool in the conservation of livestock species
(Bruford et al., 2003; Freeman et al., 2006). Two haplotypes were
produced from the studied samples, and the median joining net-
work revealed a closer relationship between the Saudi horse hap-
lotypes H_1 (Kehilan) and H_7 (Hadban) than the other ones. The
statistical analysis was non-significant due to small population
size.

Although the studbook may have errors, mtDNA assessment
effectively solves it and illustrates the maternal genetic data. The
mtDNA facilitated maternal phylogenetic relationship however,
on the other hand, Y chromosomal marker analysis provides pa-
ternal lineage of haplotypes, beneficial for further resolution of
the Arabian horse characterization. This could be extended further-
more paleogenetic studies to answer the breed origin, admixtures
and address the lost lineages (Orlando, 2020; Remer et al., 2022).
Therefore, it is recommended to imply both the mtDNA and Y chro-
mosome markers to better understanding of various factors such as
maternal inheritance, diversity, breeding, conservation, place of
origin, classifications and paternal ancestry.

5. Conclusion

mtDNA serves as an important molecular marker for selecting
Saudi Arabian horse strains and preserving their genealogy data.
This study evaluated the mitochondrial genomes of two Saudi Ara-
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Fig. 2. Median joining network of cytb gene from 100 NCBI sequences. Each node
represented the mutation sites from one haplogroup to another. H_1 and H_2 is
Hamdani and Kehilan horse strains respectively. H- Haplotype.

bian horses, Hamdani and Kehilan for variations at DNA and amino
acid levels and derived the phylogenetic relationship between
them along with some NCBI published horse mtDNA sequences.
Hamdani horse formed a sister relation with Hadban Saudi horse
in terms of mtDNA variations and phylogeny, whereas Seglawi
and Kehilan showed distantly related than their neighboring Saudi
horses. The Arabian horse strains harbored broad diversity; how-
ever, there are no clear classifications. They contributed signifi-
cantly to other horse breeds during earlier migrations from the
Middle East. Breed conservation is important for the native horse
population of the Arabian Peninsula, as it influences maternal
genetic diversity. To explore further, a broad-scale perusal, pedi-
gree analysis, and nuclear genome sequencing should be
combined.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgment

The author extend his appreciation to the Deputyship for
Research & Innovation, Ministry of Education in Saudi Arabia for
funding this research work through the project number INST126.

References

Aberle, K.S., Hamann, H., Drégemiiller, C., Distl, O., 2007. Phylogenetic relationships
of German heavy draught horse breeds inferred from mitochondrial DNA D-
loop variation. ]J. Anim. Breed. Genet. 124. https://doi.org/10.1111/j.1439-
0388.2007.00636..

Achilli, A., Olivieri, A., Soares, P., Lancioni, H., Hooshiar Kashani, B., Perego, U. a,
Nergadze, S.G., Carossa, V., Santagostino, M., Capomaccio, S., Felicetti, M., Al-
Achkar, W., Penedo, M.C.T., Verini-Supplizi, A., Houshmand, M., Woodward, S.R.,
Semino, O., Silvestrelli, M., Giulotto, E., Pereira, L., Bandelt, H.-J., Torroni, A.,
2012. Mitochondrial genomes from modern horses reveal the major
haplogroups that underwent domestication. Proc Natl Acad Sci U S A 109,
2449-54, https://doi.org/10.1073/pnas.1111637109.

Almarzook, S., Reissmann, M., Brockmann, G.A., 2017. Diversity of mitochondrial
DNA in three Arabian horse strains. ] Appl Genet 58. https://doi.org/10.1007/
s13353-016-0384-z.

Ann Oakenfull, E., Lim, H.N., Ryder, O.A., 2000. A survey of equid mitochondrial
DNA: Implications for the evolution, genetic diversity and conservation of
Equus. Conserv. Genet. 1. https://doi.org/10.1023/a:1011559200897.

Saudi Journal of Biological Sciences 30 (2023) 103741

Anthony, D.W., 2010. The Horse in Human History. Pita Kelekna. ] Anthropol Res 66.
https://doi.org/10.1086/jar.66.3.20798830.

Anthony, D.W., Brown, D.R., 2003. Eneolithic horse rituals and riding in the steppes:
new evidence. Prehistoric Steppe adaptation and the horse, 55-68.

Aquadro, C.F.,, Greenberg, B.D., 1983. Human mitochondrial DNA variation and
evolution: Analysis of nucleotide sequences from seven individuals. Genetics
103. https://doi.org/10.1093/genetics/103.2.287.

Benecke, N., von den Driesch, A., 2003. Horse exploitation in the Kazakh steppes
during the Eneolithic and Bronze Age. Prehistoric steppe adaptation and the
horse, 69-82.

Bower, M.A., Campana, M.G., Nisbet, R.E.R., Weller, R., Whitten, M., Edwards, CJ.,
Stock, F., Barrett, E., O’Connell, T.C., Hill, EW., Wilson, A.M., Howe, CJ., Barker,
G., Binns, M., 2012. Truth in the bones: Resolving the identity of the founding
elite thoroughbred racehorses. Archaeometry 54. https://doi.org/10.1111/
j.1475-4754.2012.00666.x.

Bowling, A.T., del Valle, A, Bowling, M., 2000. A pedigree-based study of
mitochondrial D-loop DNA sequence variation among Arabian horses. Anim
Genet 31. https://doi.org/10.1046/j.1365-2052.2000.00558 X.

Bruford, M.W.,, Bradley, D.G., Luikart, G., 2003. DNA markers reveal the complexity
of livestock domestication. Nat Rev Genet. https://doi.org/10.1038/nrg1203.
Cann, R.L., Brown, W.M., Wilson, A.C., 1984. Polymorphic sites and the mechanism
of evolution in human mitochondrial DNA. Genetics 106. https://doi.org/

10.1093/genetics/106.3.479.

Cardinali, I., Lancioni, H., Giontella, A., Capodiferro, M.R., Capomaccio, S., Buttazzoni,
L., Biggio, G.P., Cherchi, R., Albertini, E., Olivieri, A., Cappelli, K., Achilli, A.,
Silvestrelli, M., 2016. An overview of ten Italian horse breeds through
mitochondrial DNA. PLoS One 11. https://doi.org/10.1371/journal.
pone.0153004.

Cieslak, M., Pruvost, M., Benecke, N., Hofreiter, M., Morales, A., Reissmann, M.,
Ludwig, A., 2010. Origin and history of mitochondrial DNA lineages in domestic
horses. PLoS One 5. https://doi.org/10.1371/journal.pone.0015311.

Dhorne-Pollet, S., Barrey, E., Pollet, N., 2020. A new method for long-read
sequencing of animal mitochondrial genomes: application to the
identification of equine mitochondrial DNA variants. BMC Genomics 21.
https://doi.org/10.1186/s12864-020-07183-9.

Fages, A., Hanghgj, K., Khan, N., Gaunitz, C., Seguin-Orlando, A., Leonardi, M.,
McCrory Constantz, C., Gamba, C., Al-Rasheid, K.A.S., Albizuri, S., Alfarhan, A.H.,
Allentoft, M., Alquraishi, S., Anthony, D. Baimukhanov, N., Barrett, J.H.,
Bayarsaikhan, ]., Benecke, N., Berndldez-Sanchez, E., Berrocal-Rangel, L.,
Biglari, F., Boessenkool, S., Boldgiv, B., Brem, G., Brown, D., Burger, ]J., Crubézy,
E., Daugnora, L., Davoudi, H., de Barros Damgaard, P., de los Angeles de Chorro y
de Villa-Ceballos, M., Deschler-Erb, S., Detry, C., Dill, N., do Mar Oom, M., Dohr,
A., Ellingvag, S., Erdenebaatar, D., Fathi, H., Felkel, S., Fernandez-Rodriguez, C.,
Garcia-Vifas, E., Germonpré, M., Granado, ].D., Hallsson, ]J.H., Hemmer, H.,
Hofreiter, M., Kasparov, A., Khasanov, M., Khazaeli, R., Kosintsev, P., Kristiansen,
K., Kubatbek, T., Kuderna, L., Kuznetsov, P., Laleh, H., Leonard, J.A., Lhuillier, J.,
Liesau von Lettow-Vorbeck, C., Logvin, A., Ldugas, L., Ludwig, A., Luis, C., Arruda,
A.M., Marques-Bonet, T., Matoso Silva, R., Merz, V., Mijiddorj, E., Miller, B.K,,
Monchalov, O., Mohaseb, F.A., Morales, A., Nieto-Espinet, A., Nistelberger, H.,
Onar, V., Palsdéttir, A.H., Pitulko, V., Pitskhelauri, K., Pruvost, M., Rajic Sikanjic,
P., Rapan Papesa, A., Roslyakova, N., Sardari, A., Sauer, E., Schafberg, R., Scheu, A.,
Schibler, J., Schlumbaum, A., Serrand, N., Serres-Armero, A., Shapiro, B., Sheikhi
Seno, S., Shevnina, I, Shidrang, S., Southon, ]., Star, B., Sykes, N., Taheri, K.,
Taylor, W., Teegen, W.R, Trbojevi¢ Vukicevi¢, T., Trixl, S., Tumen, D.,
Undrakhbold, S., Usmanova, E., Vahdati, A., Valenzuela-Lamas, S., Viegas, C.,
Wallner, B., Weinstock, ]., Zaibert, V., Clavel, B., Lepetz, S., Mashkour, M.,
Helgason, A., Stefansson, K., Barrey, E., Willerslev, E., Outram, A.K., Librado, P.,
Orlando, L., 2019. Tracking Five Millennia of Horse Management with Extensive
Ancient Genome Time Series. Cell 177. https://doi.org/10.1016/
j.cell.2019.03.049.

Freeman, A.R., Bradley, D.G., Nagda, S., Gibson, J.P., Hanotte, O., 2006. Combination
of multiple microsatellite data sets to investigate genetic diversity and
admixture of domestic cattle. Anim Genet 37. https://doi.org/10.1111/j.1365-
2052.2005.01363.x.

Gaspardy, A., Wagenhoffer, Z., Fiirlinger, D., Halmagyi, M., Bodé, I., Lancioni, H.,
Maréti-Agéts, A., 2023. Matrilineal Composition of the Reconstructed Stock of
the Szekler Horse Breed. Agriculture 13, 456.

Glazewska, 1., 2010. Speculations on the origin of the Arabian horse breed. Livest Sci
129. https://doi.org/10.1016/j.livsci.2009.12.009.

Hendricks, B. lou, 1995. International encyclopedia of horse breeds. University of
Oklahoma press.

Hill, EW., Bradley, D.G., Al-Barody, M., Ertugrul, O., Splan, RK. Zakharov, I.,
Cunningham, E.P., 2002. History and integrity of thoroughbred dam lines
revealed in equine mtDNA variation. Anim Genet 33. https://doi.org/10.1046/
j-1365-2052.2002.00870.X.

Hutchison, C.A., Newbold, ].E., Potter, S.S., Edgell, M.H., 1974. Maternal inheritance
of mammalian mitochondrial DNA. Nature 251. https://doi.org/10.1038/
251536a0.

Ishida, N., Hasegawa, T., Takeda, K., Sakagami, M., Onishi, A., Inumaru, S., Komatsu,
M., Mukoyama, H., 1994. Polymorphic sequence in the D-loop region of equine
mitochondrial DNA. Anim Genet 25. https://doi.org/10.1111/j.1365-2052.1994.
tb00196.x.

Ishida, N., Oyunsuren, T. Mashima, S., Mukoyama, H., Saitou, N., 1995.
Mitochondrial DNA sequences of various species of the genus Equus with
special reference to the phylogenetic relationship between Przewalskii's wild
horse and domestic horse. ] Mol Evol 41. https://doi.org/10.1007/BF00170671.


https://doi.org/10.1111/j.1439-0388.2007.00636.x
https://doi.org/10.1111/j.1439-0388.2007.00636.x
https://doi.org/10.1007/s13353-016-0384-z
https://doi.org/10.1007/s13353-016-0384-z
https://doi.org/10.1023/a:1011559200897
https://doi.org/10.1086/jar.66.3.20798830
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0030
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0030
https://doi.org/10.1093/genetics/103.2.287
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0040
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0040
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0040
https://doi.org/10.1111/j.1475-4754.2012.00666.x
https://doi.org/10.1111/j.1475-4754.2012.00666.x
https://doi.org/10.1046/j.1365-2052.2000.00558.x
https://doi.org/10.1038/nrg1203
https://doi.org/10.1093/genetics/106.3.479
https://doi.org/10.1093/genetics/106.3.479
https://doi.org/10.1371/journal.pone.0153004
https://doi.org/10.1371/journal.pone.0153004
https://doi.org/10.1371/journal.pone.0015311
https://doi.org/10.1186/s12864-020-07183-9
https://doi.org/10.1111/j.1365-2052.2005.01363.x
https://doi.org/10.1111/j.1365-2052.2005.01363.x
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0090
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0090
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0090
https://doi.org/10.1016/j.livsci.2009.12.009
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0100
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0100
https://doi.org/10.1046/j.1365-2052.2002.00870.x
https://doi.org/10.1046/j.1365-2052.2002.00870.x
https://doi.org/10.1038/251536a0
https://doi.org/10.1038/251536a0
https://doi.org/10.1111/j.1365-2052.1994.tb00196.x
https://doi.org/10.1111/j.1365-2052.1994.tb00196.x
https://doi.org/10.1007/BF00170671

A. Sheikh

Jansen, T., Forster, P., Levine, M.A., Oelke, H., Hurles, M., Renfrew, C., Weber, ]., Olek,
K., 2002. Mitochondrial DNA and the origins of the domestic horse. Proc Natl
Acad Sci U S A 99. https://doi.org/10.1073/pnas.152330099.

Kavar, T., Dov¢, P., 2008. Domestication of the horse: Genetic relationships between
domestic and wild horses. Livest Sci. https://doi.org/10.1016/j.
livsci.2008.03.002.

Khanshour, A., Conant, E., Juras, R, Cothran, E.G., 2013. Microsatellite analysis of
genetic diversity and population structure of Arabian horse populations. ] Hered
104, 386-398. https://doi.org/10.1093/jhered/est003.

Khanshour, A.M., Cothran, E.G., 2013. Maternal phylogenetic relationships and
genetic variation among Arabian horse populations using whole mitochondrial
DNA D-loop sequencing. BMC Genet 14. https://doi.org/10.1186/1471-2156-14-
83.

Kuzmina, E.E., 2003. Origins of pastoralism in the Eurasian steppes. Prehistoric
Steppe Adaptation and the Horse 203.

Lanave, C., Tommasi, S., Preparata, G., Saccone, C., 1986. Transition and transversion
rate in the evolution of animal mitochondrial DNA. Biosystems 19. https://doi.
org/10.1016/0303-2647(86)90004-3.

Levine, M.A., 1999. The origins of horse husbandry on the Eurasian steppe. Late
prehistoric exploitation of the Eurasian steppe, 5-58.

Librado, P., Khan, N., Fages, A. Kusliy, M.A., Suchan, T., Tonasso-Calviére, L.,
Schiavinato, S., Alioglu, D., Fromentier, A., Perdereau, A., Aury, J.M., Gaunitz, C.,
Chauvey, L., Seguin-Orlando, A., der Sarkissian, C., Southon, ]., Shapiro, B.,
Tishkin, A.A., Kovalev, A.A., Alquraishi, S., Alfarhan, A.H., Al-Rasheid, K.A.S.,
Seregély, T., Klassen, L., Iversen, R., Bignon-Lau, O., Bodu, P., Olive, M., Castel, J.C.,
Boudadi-Maligne, M., Alvarez, N. Germonpré, M., Moskal-del Hoyo, M.,
Wilczyiiski, J., Posputa, S., Lasota-Kus, A., Tunia, K., Nowak, M., Rannamde, E.,
Saarma, U., Boeskorov, G., Lougas, L., Kysely, R., Peske, L., Bidlasescu, A,
Dumitrascu, V., Dobrescu, R., Gerber, D., Kiss, V., Szécsényi-Nagy, A., Mende, B.
G., Gallina, Z., Somogyi, K., Kulcsér, G., Gdl, E., Bendrey, R., Allentoft, M.E., Sirbu,
G., Dergachev, V., Shephard, H., Tomadini, N., Grouard, S., Kasparov, A., Basilyan,
AE., Anisimov, M.A., Nikolskiy, P.A., Pavlova, E.Y., Pitulko, V., Brem, G., Wallner,
B., Schwall, C., Keller, M., Kitagawa, K., Bessudnov, A.N., Bessudnov, A., Taylor,
W., Magail, J., Gantulga, J.0., Bayarsaikhan, J., Erdenebaatar, D., Tabaldiev, K.,
Mijiddorj, E., Boldgiv, B., Tsagaan, T., Pruvost, M., Olsen, S., Makarewicz, C.A.,
Valenzuela Lamas, S., Albizuri Canadell, S., Nieto Espinet, A., Iborra, M.P., Lira
Garrido, J., Rodriguez Gonzalez, E., Celestino, S., Olaria, C., Arsuaga, J.L., Kotova,
N., Pryor, A., Crabtree, P.,, Zhumatayev, R., Toleubaev, A., Morgunova, N.L.,
Kuznetsova, T., Lordkipanize, D., Marzullo, M., Prato, O., Bagnasco Gianni, G.,
Tecchiati, U., Clavel, B., Lepetz, S., Davoudi, H., Mashkour, M., Berezina, N.Y.,
Stockhammer, P.W., Krause, ]., Haak, W., Morales-Muiiiz, A., Benecke, N.,
Hofreiter, M., Ludwig, A., Graphodatsky, A.S., Peters, ]., Kiryushin, KY.,
Iderkhangai, T.O., Bokovenko, N.A., Vasiliev, S.K., Seregin, N.N., Chugunov, K.
v., Plasteeva, N.A., Baryshnikov, G.F., Petrova, E., Sablin, M., Ananyevskaya, E.,
Logvin, A., Shevnina, 1., Logvin, V., Kalieva, S., Loman, V., Kukushkin, 1., Merz, L.,
Merz, V., Sakenov, S., Varfolomeyev, V., Usmanova, E., Zaibert, V., Arbuckle, B.,
Belinskiy, A.B., Kalmykov, A., Reinhold, S., Hansen, S., Yudin, A.L, Vybornov, A.A.,
Epimakhov, A., Berezina, N.S., Roslyakova, N., Kosintsev, P.A., Kuznetsov, P.F.,
Anthony, D., Kroonen, G.J., Kristiansen, K., Wincker, P., Outram, A., Orlando, L.,
2021. The origins and spread of domestic horses from the Western Eurasian
steppes. Nature 598. https://doi.org/10.1038/s41586-021-04018-9.

Lindgren, G., Backstrom, N., Swinburne, J., Hellborg, L., Einarsson, A., Sandberg, K.,
Cothran, G., Vila, C., Binns, M., Ellegren, H., 2004. Limited number of patrilines in
horse domestication. Nat Genet 36. https://doi.org/10.1038/ng1326.

Ling, Y., Ma, Y., Guan, W.,, Cheng, Y., Wang, Y., Han, ], Jin, D., Mang, L., Mahmut, H.,
2010. Identification of y chromosome genetic variations in Chinese Indigenous
horse breeds. J. Hered. 101. https://doi.org/10.1093/jhered/esq047.

Lippold, S., Matzke, NJ., Reissmann, M., Hofreiter, M., 2011. Whole mitochondrial
genome sequencing of domestic horses reveals incorporation of extensive wild
horse diversity during domestication. BMC Evol Biol 11, 328. https://doi.org/
10.1186/1471-2148-11-328.

Lopes, M.S., Mendonga, D., Cymbron, T., Valera, M., da Costa-Ferreira, J., da Camara
Machado, A., 2005. The Lusitano horse maternal lineage based on mitochondrial
D-loop sequence variation. Anim Genet 36. https://doi.org/10.1111/j.1365-
2052.2005.01279.x.

Luis, C., Bastos-Silveira, C., Cothran, E.G., Oom, M.D.M., 2006. Iberian origins of new
world horse breeds. ]. Hered. 97. https://doi.org/10.1093/jhered/esj020.

McGahern, A., Bower, M.A.M., Edwards, C.J., Brophy, P.O., Sulimova, G., Zakharov, I.,
Vizuete-Forster, M., Levine, M., Li, S., MacHugh, D.E., Hill, EW., 2006. Evidence
for biogeographic patterning of mitochondrial DNA sequences in Eastern horse
populations. Anim Genet 37, 494-497. https://doi.org/10.1111/j.1365-
2052.2006.01495.x.

Moridi, M., Masoudi, A.A., Vaez Torshizi, R., Hill, EW., 2013. Mitochondrial DNA D-
loop sequence variation in maternal lineages of Iranian native horses. Anim
Genet 44. https://doi.org/10.1111/j.1365-2052.2012.02389.x.

Saudi Journal of Biological Sciences 30 (2023) 103741

Mycka, G., Klecel, W., Stefaniuk-Szmukier, M., Jaworska, J., Musiat, A.D., Ropka-
Molik, K., 2022. Mitochondrial Whole D-Loop Variability in Polish Draft Horses
of Sztumski Subtype. Animals 12, 1870.

Olsen, S.L., 2003. The exploitation of horses at Botai, Kazakhstan. Prehistoric steppe
adaptation and the horse, 83-104.

Orlando, L., 2020. Ancient Genomes Reveal Unexpected Horse Domestication and
Management Dynamics. Bioessays. https://doi.org/10.1002/bies.201900164.
Pereira, L., Freitas, F., Fernandes, V., Pereira, J.B., Costa, M.D., Costa, S., Maximo, V.,
Macaulay, V., Rocha, R, Samuels, D.C., 2009. The Diversity Present in 5140
Human Mitochondrial Genomes. Am ] Hum Genet 84. https://doi.org/10.1016/j.

ajhg.2009.04.013.

Petersen, J.L., Mickelson, J.R., Cothran, E.G., Andersson, L.S., Axelsson, ]J., Bailey, E.,
Bannasch, D., Binns, M.M., Borges, A.S., Brama, P., da Cimara Machado, A., Distl, O.,
Felicetti, M., Fox-Clipsham, L., Graves, K.T., Guérin, G., Haase, B., Hasegawa, T.,
Hemmann, K., Hill, EW., Leeb, T., Lindgren, G., Lohi, H., Lopes, M.S., McGivney, B.
A.,Mikko, S., Orr, N., Penedo, M.C.T., Piercy, R.J., Raekallio, M., Rieder, S., Reed, K.H.,
Silvestrelli, M., Swinburne, J., Tozaki, T., Vaudin, M.M., Wade, C., McCue, M.E.,
2013. Genetic Diversity in the Modern Horse Illustrated from Genome-Wide SNP
Data. PLoS One 8. https://doi.org/10.1371/journal.pone.0054997.

Pruski, W., 1983. Dwa wieki polskiej hodowli koni arabskich (1778-1978) i jej
sukcesy na Swiecie. Panstwowe Wydawnictwo Rolnicze i Lesne.

Raudsepp, T., Finno, CJ., Bellone, R.R,, Petersen, J.L., 2019. Ten years of the horse
reference genome: insights into equine biology, domestication and population
dynamics in the post-genome era. Anim Genet. https://doi.org/10.1111/
age.12857.

Remer, V., Bozlak, E., Felkel, S., Radovic, L., Rigler, D., Grilz-Seger, G., Stefaniuk-
Szmukier, M., Bugno-Poniewierska, M., Brooks, S., Miller, D.C., Antczak, D.F.,
Sadeghi, R.,, Cothran, G., Juras, R., Khanshour, A.M., Rieder, S., Penedo, M.C.,
Waiditschka, G., Kalinkova, L., Kalashnikov, V. v., Zaitsev, A.M., Almarzook, S.,
ReiBmann, M., Brockmann, G.A., Brem, G., Wallner, B., 2022. Y-Chromosomal
Insights into Breeding History and Sire Line Genealogies of Arabian Horses.
Genes (Basel) 13. https://doi.org/10.3390/genes13020229.

Royo, LJ., Alvarez, I, Beja-Pereira, A., Molina, A., Fernandez, I, Jordana, J., Gémez, E.,
Gutiérrez, J.P., Goyache, F., 2005. The origins of Iberian horses assessed via
mitochondrial DNA. J. Hered. 96. https://doi.org/10.1093/jhered/esi116.

Sheikh, A., Ahmed, M., Mutawakil, M., Saini, K., Alsulaimany, F., Hanafy, A., Sabir, J.,
2019. SNP mapping and phylogenetic analysis of Saudi Arabian horse breeds
based on mitochondrial genome sequencing. Indian Journal of Experimental
Biology (IJEB).

Tamura, K., Stecher, G., Peterson, D., Filipski, A., Kumar, S., 2013. MEGA6: Molecular
evolutionary genetics analysis version 6.0. Mol Biol Evol 30, 2725-2729. https://
doi.org/10.1093/molbev/mst197.

Vila, C, Leonard, J.A., G6therstrom, A., Marklund, S., Sandberg, K., Lidén, K., Wayne,
R.K., Ellegren, H., 2001. Widespread origins of domestic horse lineages. Science
1979, 291. https://doi.org/10.1126/science.291.5503.474.

Vilstrup, J.T., Seguin-Orlando, A., Stiller, M., Ginolhac, A., Raghavan, M., Nielsen, S.C.
A., Weinstock, ]., Froese, D., Vasiliev, S.K., Ovodov, N.D., Clary, J., Helgen, K.M.,
Fleischer, R.C., Cooper, A. Shapiro, B., Orlando, L., 2013. Mitochondrial
Phylogenomics of Modern and Ancient Equids. PLoS One 8, €55950.

Wallner, B., Vogl, C, Shukla, P., Burgstaller, J.P., Druml, T. Brem, G., 2013.
Identification of Genetic Variation on the Horse Y Chromosome and the
Tracing of Male Founder Lineages in Modern Breeds. PLoS One 8. https://doi.
org/10.1371/journal.pone.0060015.

Wang, Y., Shen, Y., Feng, C., Zhao, K., Song, Z., Zhang, Y., Yang, L., He, S., 2016.
Mitogenomic perspectives on the origin of Tibetan loaches and their adaptation
to high altitude. Sci Rep 6. https://doi.org/10.1038/srep29690.

Xiufeng, X., Arnason, U., 1994. The complete mitochondrial DNA sequence of the
horse, Equus caballus: extensive heteroplasmy of the control region. Gene 148.
https://doi.org/10.1016/0378-1119(94)90713-7.

Xu, S., Luosang, J., Hua, S., He, ]., Ciren, A., Wang, W., 2007. High Altitude Adaptation
and Phylogenetic Analysis of Ti- betan Horse Based on the Mitochondrial.
Genome 34, 720-729.

Zechner, P., Solkner, ]., Bodo, I., Druml, T., Baumung, R., Achmann, R., Marti, E., Habe,
F., Brem, G., 2002. Analysis of diversity and population structure in the Lipizzan
horse breed based on pedigree information. Livest Prod Sci 77. https://doi.org/
10.1016/S0301-6226(02)00079-9.

Zhao, Q., Kang, Y., Py, Y., Niu, L., Guan, W,, He, X, Zhang, H., Lim, H., Ma, Y., Zhong, T.,
2015. Primer effect in the detection of mtDNA heteroplasmy: Insights from
horse Cytochrome b gene. Mitochondrial DNA 26. https://doi.org/10.3109/
19401736.2013.855924.


https://doi.org/10.1073/pnas.152330099
https://doi.org/10.1016/j.livsci.2008.03.002
https://doi.org/10.1016/j.livsci.2008.03.002
https://doi.org/10.1093/jhered/est003
https://doi.org/10.1186/1471-2156-14-83
https://doi.org/10.1186/1471-2156-14-83
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0145
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0145
https://doi.org/10.1016/0303-2647(86)90004-3
https://doi.org/10.1016/0303-2647(86)90004-3
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0155
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0155
https://doi.org/10.1038/ng1326
https://doi.org/10.1093/jhered/esq047
https://doi.org/10.1186/1471-2148-11-328
https://doi.org/10.1186/1471-2148-11-328
https://doi.org/10.1111/j.1365-2052.2005.01279.x
https://doi.org/10.1111/j.1365-2052.2005.01279.x
https://doi.org/10.1093/jhered/esj020
https://doi.org/10.1111/j.1365-2052.2006.01495.x
https://doi.org/10.1111/j.1365-2052.2006.01495.x
https://doi.org/10.1111/j.1365-2052.2012.02389.x
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0200
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0200
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0200
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0205
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0205
https://doi.org/10.1002/bies.201900164
https://doi.org/10.1016/j.ajhg.2009.04.013
https://doi.org/10.1016/j.ajhg.2009.04.013
https://doi.org/10.1371/journal.pone.0054997
https://doi.org/10.1111/age.12857
https://doi.org/10.1111/age.12857
https://doi.org/10.1093/jhered/esi116
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0245
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0245
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0245
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0245
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1126/science.291.5503.474
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0260
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0260
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0260
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0260
https://doi.org/10.1371/journal.pone.0060015
https://doi.org/10.1371/journal.pone.0060015
https://doi.org/10.1038/srep29690
https://doi.org/10.1016/0378-1119(94)90713-7
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0280
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0280
http://refhub.elsevier.com/S1319-562X(23)00186-9/h0280
https://doi.org/10.1016/S0301-6226(02)00079-9
https://doi.org/10.1016/S0301-6226(02)00079-9
https://doi.org/10.3109/19401736.2013.855924
https://doi.org/10.3109/19401736.2013.855924

	Mitochondrial DNA sequencing of Kehilan and Hamdani horses from Saudi Arabia
	1 Introduction
	2 Materials and methods
	2.1 Sample information and ethical approval
	2.2 Genomic DNA extraction, integrity and quantification
	2.3 Polymerase chain reaction (PCR) and sequencing
	2.4 Sequencing analysis
	2.5 Phylogenetic relationship
	2.6 Bioinformatic tools

	3 Results
	3.1 Mitochondrial genome compositions and variations of two Saudi Arabian horses
	3.2 Differences in coding region of the mitochondria
	3.3 Phylogenetic relationship
	3.4 Network analysis of sequence data

	4 Discussion
	5 Conclusion
	Declaration of Competing Interest
	Acknowledgment
	References


