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ABSTRACT. The domestication of the Equus genus 5000-6000 years
ago has influenced the history of human civilization. As soon as horse
and donkey species had been domesticated, they were crossbred,
producing humanity’s first documented attempt at animal genome
manipulation. Since then, the mule (male donkey x female horse) and
the reciprocal cross (the hinny, male horse x female donkey) have been
the most common equine hybrids in the world. Due to their hybrid
vigor, mules and hinnies have been intensively used for carrying loads
and people and for tilling the land. Despite their importance, visual
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distinction of mules and hinnies is difficult due to high phenotypic
resemblance. However, the distinction between these two hybrids is of
pivotal importance for equid breeders and ranchers. In this study, an
easy, low-cost, effective, and fast multiplex-polymerase chain reaction
method was developed to distinguish the maternal origin of mules
and hinnies, targeting the hyper-variable mitochondrial DNA D-loop
region. This methodology can help breeders, ranchers, animal science
professionals, and researchers manage their equine herds with more
confidence and precision.
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INTRODUCTION

The exact date and details of the domestication of the horse (Equus caballus; 2n =
64) are uncertain, but recent DNA analyses suggest multiple-domestication events around
5000 years ago (Jansen et al., 2002). The domestication of the donkey (E. asinus; 2n = 62)
probably occurred around 6000 years ago in North Africa (Egypt area) from the Nubian and
Somalian ass (E. a. africanus and E. a. somaliensis) (Beja-Pereira et al., 2004; Rossel et al.,
2008). As soon as these two species from the Equus genus had been domesticated, they were
crossbred, producing humanity’s first documented attempt at genome manipulation around
5000 years ago (Allen and Short, 1997; Short, 1997). Since then, the mule (male donkey x
female horse) and the reciprocal cross, the hinny (male horse x female donkey) have been the
most common equine hybrids, due to the worldwide success and dissemination of horse and
donkey domestication (Allen and Short, 1997). The mule and hinny are sterile hybrids (2n =
63), because their chromosome imbalance provokes a chromosomal disruption during meiosis
(Allen and Short, 1997; Short, 1997). However, there are documented scientific reports of
fertile mules (Ryder et al., 1985; Rong et al., 1988). Due to their hybrid vigor, the mule and
hinny have been used worldwide for carrying loads and people, and for tilling the land from
the ancient civilizations of Egypt, Mesopotamia, China, and the Roman Empire. They have,
indeed, become essential to human culture and development (Short, 1975, 1997; Aranguren-
Meéndez et al., 2002; Rossel et al., 2008; Chen et al., 2010). In addition, due to their vigor and
intelligence, mules and hinnies are widely used in the management of cattle in large beef cattle
ranches in Brazil, which are important to the regional economy.

Despite their importance in human civilization, the visual distinction of mules and
hinnies is not easy (Figure 1), even for animal-breeding specialists, due to their phenotypic
resemblance (Benirschke et al., 1964; Zhao et al., 2005). The distinction between these two
hybrids is of pivotal importance for equid breeders, ranchers, and associations that keep the
official pedigree of these animals.

Mammalian mitochondrial DNA (mtDNA) has a rate of nucleotide substitution one
order of magnitude higher than nuclear DNA (Brown etal., 1979). mtDNA has been extensively
employed in phylogenetic and evolution studies in mammals (Kim et al., 1999; Ivankovic et
al., 2002; Cothran et al., 2005; Kakoi et al., 2007; Bower et al., 2013). More specifically,
the noncoding mtDNA D-loop region is one of the most frequently employed DNA regions
in phylogenetic studies. This is due to its fast rate of evolution, with a substitution rate five
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times higher than the remaining mitochondrial DNA (Walberg and Clayton, 1981; Aquadro
and Greenberg, 1983; Cann et al., 1984). Several studies on the phylogeny and evolution of
the Equus genus using the D-loop region of mtDNA have been conducted (Kim et al., 1999;
Ivankovic et al., 2002; Cothran et al., 2005; Kakoi et al., 2007; Bower et al., 2013). This makes
the D-loop region a preferred choice for DNA diversity and phylogenetic analyses in horses
and donkeys. The aim of this study was to develop a fast and easy method to differentiate
the maternal origin of mules and hinnies, using D-loop region polymorphisms amplified by
multiplex-PCR.

Figure 1. Pictures of representative equids. A. Donkey (Péga); B. horse (Mangalarga Marchador); C. mule; D.
hinny.

MATERIAL AND METHODS

The blood samples of the 77 animals analyzed in this study (17 horses, 32 donkeys,
18 mules, and 10 hinnies) were provided by Brazilian ranchers and the Brazilian Platform of
Genetic Resources (Table 1).
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Table 1. Origin and breed of the animals used in this study.

Species Total No. Number | Breed Origin
Horse 17 Arabian’ Federal District, Brazil
Baixadeiro'*

Breton®

Campeiro'?
Campolina'?

Crioulo'?

Lavradeiro'-
Mangalarga Marchador'~
Marajoara'~?

Pantaneiro'?
Péga'? Minas Gerais State and Federal District, Brazil
Brasileiro!? Federal District, Brazil

Nordestino'?2 Northeast and Federal Districts, Brazil

Mule 18 18 Péga donkey x Mangalarga Marchador horse Minas Gerais State, Brazil

Hinny 10 10 Mangalarga Marchador horse x Péga donkey Minas Gerais State, Brazil

Total 77

Donkey 32

Blo|G| == o] —

'Brazilian locally adapted breeds. *Samples provided by the Brazilian Platform of Genetic Resources - Brazilian
Agricultural Research Corporation - National Center for Genetic Resources and Biotechnology, Brasilia, Brazil.

Animals were handled according to Brazilian legislation and the experiment was
approved by the Ethics Committee of the Federal University of Uberlandia, Brazil (protocol
No. 160/13). The hybrids were primarily scored as mule or hinny based on their breeding
records as provided by their owners. The blood samples were sent to the laboratory as blind
samples, so the specialist who did the polymerase chain reaction (PCR) genotyping was
unaware of the animals’ identity and breed. Genomic DNA was extracted from the blood
using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany). We used 50 ng genomic
DNA in 20 uLL PCR mix (1 U Taq DNA polymerase, 800 uM dNTP mix, 1.25 mM MgCl,, and
7.5 pmol each primer), using the following conditions: 95°C for 3 min; 36 cycles of 95°C for
30 s, 65°C for 30 s, and 72°C for 1 min; followed by 72°C for 10 min. The forward primer
was designed to hybridize with a conservative region of mtDNA D-loop of horse and donkey
(5'-CTGGCATCTGGTTCTTTCTT-3"). The reverse primers were designed to hybridize a
polymorphic region of D-loop in horse (5'-GGTTTGGCAAGATTGTGTTG-3'") and donkey
(5'-GTGTGTGAGAGTTAGGCTTC-3"), amplifying two specific fragments of 620 and
689 bp, respectively, in a multiplex-PCR. The position of each primer in the hyper-variable
mtDNA D-Loop region is highlighted in Figure S1. The fragments were resolved on a 1.8%
agarose gel. One sample of the mule D-loop amplicon (620 bp), and one of the hinny amplicon
(689 bp) were purified from the agarose gel using the Wizard® SV Gel and PCR Clean-Up
System (Promega, Madison, USA) and sequenced by Sanger method in a DNA sequencing
facility (Helixxa Servigos Genomicos, Brazil). These sequences were submitted to GenBank
(accession Nos. KU881746.1 and KU881747.1). The resulting sequences were aligned against
GenBank reference sequences (E. caballus: NC_001640.1; E. asinus: X97337.1) using the
internet based Clustal Omega software (EMBL-EBI, UK).

RESULTS AND DISCUSSION

All genotyped animals (donkeys, horses, hinnies, and mules) presented D-loop
amplicons of the expected size in 100% accordance with their breeding records (Figure 2). To
confirm the PCR genotyping and amplicon identity, one amplicon from a hinny and one from
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a mule were sent for DNA sequencing. The alignment of the amplicons’ sequences against
the GenBank references confirmed their identity (Figure 3A and B), as well as indicating
the hyper-variable 3'-region of D-loop, which confers specificity for this multiplex-PCR
genotyping method (Figure 3C and D).

M 1 2 3 4 5 6 7 8 9

600 bp-

Figure 2. Agarose gel electrophoresis of multiplex-PCR amplicons from eight representative animals. Lane M =
Molecular marker; 100-bp ladder (Invitrogen). mtDNA D-loop amplicons: horse (lanes 1 and 2); donkey (lanes 3
and 4); mule (/anes 5 and 6); hinny (/anes 7 and 8); and PCR negative control (/ane 9).

Donkey AARTAAGACATCTCGATGGACTAATGACTAATCAGCCCATGCTCACACATAACTGTGGTT Horse AAATAAGACATCTCGATGGACTAATGACTAATCAGCCCATGCTCACACATAACTGTGATT
Hinny AARTAAGACATCTCGATGGACTAATGACTAATCAGCCCATGCTCACACATAACTGTGGTT Mule ARATAAGACATCTCGATGGACTAATGACTAATCAGCCCATGCTCACACATAACTGTGGTT
Donkey TCATGCATTT TGTGACTCAG! ARG Horse TCATGCATTTGGTATCTTTT GCTATGACTCAG J ARG
Hinny TCATGCATTTGG TGCTATGACTCAGCTATGG ARG Mule TCATGCATTTGGTATCTTTTTATATTTGGGGATGCTATGACTCAGCTACGGCCGTCARAG
Donkey CTTARATTGAACGTTATTACT Horse GCCTCGACGCAGTCAATTARATTGAAGCTGGACTTARATTGAACGT TATTCCTCCGCATC
Hinny CTTARATTGAACGTTATTACT Mule GCCTCGACGCAGTCAACTARATTGAAGCTGGACTTARATTGAACGTTATCCCTCCGCATA
Donkey TATTCAGTCCATGGT: AACA cc Horse - CCATAAGGTGTTATTCAGTCCATGGT

Hinny TATTCAGTCCATGGT! CATAAAGAACATGCACACC Mule (CAACCATAAGGTGTTATTCAGTCCATGGTAACAGGACATAAGAAACAA

Donkey c TGCGCRE GCGCGCACACACCCACACACCCATGCGE Horse

Hinny c TGCGe C; \CACACCCATGCGC Mule

Donkey e C: CACCCACA Horse CCTGTGCACCTGTGCACCTGTGCACCTGTGCACCTGTGCACCTGTGCACCTGTGCACCTG
Hinny GCACACACCCACACACCCATGCGCGCACACACCCACACACCCATGCGCGCAC: C Mule CCTGTGCACCTGTGCACCTGTGCACCTGTGCACCTGTGCACCTGTGCACCTGTGCACCTG
Donkey C: T CACE CCCACA 76C Horse TGCACCTGTGCACCTGTGCACCTGTGCACCTGTGCACCTETGCACCT

Hinny ACACCCAT C GCG CCCA CCATGC Mule TGCACCTGTG TGT TGTGCACCTGT TGTGCACCT

Horse ARATAAGACATCTCGAT( TGACTAATCA TGCT TAACTGIGATT Donkey AAATAAGACATCTCGATGGACTAATGACTAAT TGCTCACACAT GTGGTT
Hinny TAAGACATCTCGAT( T TAAT! TGCTCA TAACTGTGGTT Mule ARATAAGACATCTCGATGGACTAATGACTAATCA TGCTCACACATAAYTGT!
Horse TCATGCATTTGGTATCTTTTTATATTTGGGGATGCTATGACTCAGCTAT TCAAAG Donkey TCATGCATTTGGTATCTTTTTATATTTGGGGATGCTGTG! GCTATGGCCGTCAAAG
Hinny TCATGCATTTGGTATCTTTTTATATTTGGGGATGCTATGACTCAGCTATGGCCGTCARAG Mule TCATGCATTTGETATCTTTTTATATTTGGGGATGCTATGACTCAGCTACGGCCGICAAAG
Horse CAATTARATTGAAGCTGGACTTAAATTGAACGTTATTCCT T Donkey GCCCCGACGCAGTCAATTAAATTGAAGCTGGACTTAAATTGAACGTTATTACT T
Hinny TCAATTARATTGAAGCTGGACTTAAATTGAACGTTATTACTCCGCATC Mule GCCTCGACGCAGTCAACTARATTGAAGCTGGACTTARATTGAACGTTATCCCTCCGCATA
Horse CAT TATT CATGGTAG CATAGGARACAAGTGCACCTGT Donkey A-GC T TTCAGTCCA CAGGACATAAAGAACAT( ca
Hinny AGCRACC TATTCAGTCCATGGTAACAGGACATAAAGAACATGCACACCCAC Mule CCAT: TATTCAGTCCATGGT; GACAT, CAAG G
Horse GCA ‘GCACCTGTGCACCTGTGCACCTGTGCACCTGTGCACCTGTGCACCTGTGCAC Donkey CACACCCATGCGCGCACACACCCACACACCCATGCGCGCACACACCE:

Hinny ACACCCAT G CCACACACCCATGCGC Mule TGCACCTGTGCACCTGTGCACCTGTGCACCTGTGCACCTGTGCACCTG!

Horse CTGTGCACCTGTGCACCTGTGCACCTGTGCACCTGTGCACCTGTGCACCTGTGCACCTGT Donkey A ACACCCACACA

Hinny A T C: Mule CCTGTGCACCTGTGCACCTGTGCACCTGT TGTGCACCTGTGCACCT CCTG
Horse GCACCTGTGCACCTGTGCACCTGTGCACCTGTGCACCTGTGCACCTGTGCACCTGTGCAC Donkey CACACCCATGCGCGCACACACCC

Hinny ACACCCATGCGCGC CACCCACACACC! GCACACACCCACACAC Mule TGCACCTGTGCACCTGTGCACCT

Figure 3. Alignment of mtDNA D-loop sequences. A. Donkey x hinny; B. horse x mule; C. horse x hinny; and D.
donkey x mule. GenBank accession Nos.: donkey (X97337.1), horse (NC_001640.1), hinny (KU881746.1), and
mule (KU881747.1). The asterisks represent conserved nucleotide identity between sequences.
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A methodology for genotyping horse, donkey, and their hybrids has been presented in
a previous study (Zhao et al., 2005). In the study of Zhao et al. (2005), two Dpnll restriction
sites were primer-induced in polymorphic regions of the nuclear gene Protamine Pl, and
mitochondrial Cytochrome b; both of which contain natural polymorphic Dpnll sites only
in horse sequences. In this PCR-RFLP strategy, the horse’s Protamine P1 and Cytochrome
b amplicons are cut twice by Dpnll, and the donkey’s amplicons are cut only once in each
gene. The final resulting visible DNA band pattern (two for horse and donkey, and three for
their hybrids) permits genotyping of the animals. On the other hand, the genotyping method
suggested here is based on a single-PCR of a single-target mtDNA sequence (D-loop), using
three primers. In addition, there is no need for further restriction enzyme digestion, which
makes our process faster and cheaper. Our method only permits us to identify the maternal
origin of the hybrids, differentiating mules from hinnies. However, the phenotypic (visual)
differentiation of mules from horses and hinnies from donkeys is not a problem for breeders
and ranchers (Benirschke et al., 1964), according to our field experience. Therefore, the pivotal
problem is to distinguish mules from hinnies and for this the method presented in this study
is very effective.

We believe that the new methodology presented here will permit a fast, cheap, and
easy way to differentiate hinnies and mules with accuracy. This method can help breeders,
ranchers, horse associations, animal science professionals, and researchers to manage their
equid herds and pedigree registers with more confidence and precision.
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Supplementary material

Figure S1. Equus asinus and Equus caballus complete mitochondrial genome sequence with the D-loop region
(highlighted in yellow) and primer sequences used in this study (forward primer highlighted in gray and reverse
primers highlighted in red and green for donkey and horse, respectively).
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