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HIGHLIGHTS

o Mitogenome SNPs are useful in animal breeding and conservation genetics.

e Mitogenome 310 SNPs are integrated into the commercial GGP Bovine 100K SNP Chip.
e Magellan v2.0 enables automated and efficient use of mitogenome information.

o Selected 310 SNPs with the Magellan v2.0 algorithm enable mitogenome classification.
e Mitogenome variations can have significant effects on cattle phenotypes (disorders).

ARTICLE INFO ABSTRACT
Keywords: In contrast to nuclear markers routinely used for genomic selection, mitogenome information has been
Bovine SNP chip underutilized for breeding and biodiversity management of cattle populations. Our main goal was to promote the

Cattle breeding
Diversity management
Mitochondrial DNA
Pedigree verification

efficient use of mitogenome SNPs contained in commercial high-throughput SNP arrays. In collaboration with
NEOGEN Genomics (Lincoln, NE, USA), we integrated 310 SNPs into the commercial GGP Bovine 100K SNP
array. In doing so, we demonstrated how mitogenome SNPs can be used in high-throughput arrays to (i) analyze
population structure and diversity, (ii) classify bovine haplogroups and identify introgression and/or upgrading,
(iii) screen and identify pedigree defects, (iv) impute mitogenome information on maternal lineages to increase
statistical power in estimating the effects of mitogenome variation on quantitative production traits, and (v)
identify deleterious mutations found in humans. In addition, we have developed protocols and pipelines inte-
grated with the Magellan v2.0 software to enable efficient and routine use of mitogenome information in cattle
breeding and genetic diversity management. Finally, we have highlighted some other interesting opportunities
for the use of mitogenome information in the near future.

1. Introduction (Sherratt, 1983). Today, the human population is growing exponentially
and is projected to reach 10 billion by 2050 (FAO, 2015), requiring more

Cattle were domesticated about 12,000 years ago when people efficient livestock production to meet the high demand for food with
recognized their ability to convert large amounts of roughage into high high nutritional value. Over the past 100 years, great success has already
quality food, as well as other potential benefits (draft power, trans- been achieved in increasing the productivity of cattle. For example, at
portation, leather, manure as fertilizer, etc.) that were substantial the beginning of the twentieth century, the average milk yield of a dairy
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cow was 2.6 to 3.2 tons per lactation (305 days), whereas today the best
dairy cows can give more than 14.3 tons per lactation, with average
production systems in Canada, the United Kingdom, and the United
States yielding 8.0 to 11.0 tons per lactation (Britt et al., 2018; Britt
et al., 2021).

Much of the high-performance success in modern cattle breeding has
been achieved through the classical quantitative breeding approach
based on pedigree and phenotype information but has been accelerated
in recent decades by the application of genomic selection, even many
times over for some traits (Boichard et al., 2015; Weigel et al., 2017;
Cole and VanRaden, 2018). However, the approach used is based on the
breeding value concept and additive polygenic inheritance of autosomal
genes in the nucleus following Mendel’s segregation, while neglecting
the effects of other types of inheritance, such as those of the mito-
chondrial genome and sex chromosomes.

On the other hand, there are several hundred to several thousand
mitochondria in each cell that play a critical role in the general func-
tional aspects of mammalian cells, and their dysfunction has been
associated with various metabolic phenotypes related to bioenergy
(Wallace 2018). This is not surprising, because although their unit of
inheritance (mitogenome) is a small circular and double-stranded
molecule of approximately 16- to 17-thousand nucleotides in length,
mitochondria are responsible for many cellular processes, beyond en-
ergy metabolism, such as signal transduction by reactive oxygen species
(Li et al., 2013), regulation of membrane potentials (Vasan et al., 2022),
apoptosis-programmed cell death (Green 1998), calcium signaling
(Hajnoczky et al., 2006), regulation of cellular metabolism (McBride
et al., 2006), certain heme synthesis reactions (Oh-Hama, 1997), and
many others.

All these multifunctional bioenergetic aspects and the importance of
mitochondria for cell biology strongly suggest that mitogenome varia-
tions, although not currently used in genomic selection and breeding,
should have significant implications for energy-intensive modern cattle
production, as shown by experimental analyses. For example, the po-
tential impact of mitogenome variation on quantitative traits in cattle
has long been questioned by cytoplasmic models in which maternal
lineages in the pedigree explain up to 10% of phenotypic variability in
dairy (Albuquerque et al., 1998; Boettcher and Gibson, 1997; Kennedy,
1986; Roughsedge et al., 1999) and beef (Mannen et al., 1998; Mezza-
dra et al., 2005; Pun et al., 2012) populations. The effects of molecular
variation in the mitogenome, although limited to only a few hundred
nucleotides, have been used in several studies (Boettcher et al., 1996;
Brown et al., 1989; Qin et al., 2012; Schutz et al., 1994). Using complete
mitogenome information traced back (imputed) to maternal lineages,
Brajkovic (2019) confirmed that mitogenome polymorphism can
explain a substantial part of the variation in milk (up to 10.2%), fat (up
to 8.1%), and protein (up to 14.6%) performance. Recently, Fortuna
et al. (2022) showed in a simple model through computer simulations
that accounting for mitogenome variation can increase the accuracy of
estimated breeding values from 1% to 4%, although given that mito-
chondrial DNA is passed through the maternal line, it is clear that ge-
netic improvement only affects the selection pathway from dam to
daughter. For more on incorporating cytoplasmic (mitogenome) infor-
mation into dairy cattle breeding programs, see Gibson et al., 1997.
Biological evidence for the importance of the mitogenome in bovine
production performance has been provided by gene expression analyses
based on RNA sequencing which linked mitochondrial genes variation to
energy metabolism and feed efficiency in dairy cows (Dorji et al., 2020,
2021). The association of DNA copy number (an indicator variable for
mitochondrial efficiency) and mitogenome variation (SNP and hap-
logroups) with growth and carcass traits in cattle was confirmed by
Sanglard et al., (2022b). Evidence for the effects of the mitogenome on
phenotype was also provided by Novosel et al. (2022), who showed that
mutations known to be deleterious in humans can have negative effects
similar to those of Leber’s hereditary optic neuropathy when they occur
in cattle, whereas deleterious mitogenome mutations have also been
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observed in dogs (Baranowska et al., 2009) and mice (Wredenberg et al.,
2002; Trifunovic et al., 2005).

In addition to their functional and physiological effects on pheno-
typic variation, which is important for high productivity, mitochondrial
DNA information can also be used for a variety of tasks, including
genealogical verification with error detection in the pedigree (Oliehoek
and Bijma 2009; Caci¢ et al., 2014), understanding domestication and
phylogenetics (Bradley et al., 1996; Loftus et al., 1994; Verdugo et al.,
2019), providing evidence for ancient introgression (Achili et al., 2008;
Cubric-Curik et al., 2022; Schibler et al., 2014; Verdugo et al., 2019),
estimating maternal demographics (Achili et al., 2008; Cubric-Curik
et al.,, 2022; Mannen et al., 2020; Olivieri et al., 2015), estimating
maternal lineage diversity with analysis of population structure (Ginja
et al., 2019; Lorenzo et al., 2018) and several other topics.

Despite their tremendous applicability, mitogenome information
contained in high-throughput SNP arrays, unlike nuclear markers, has
not been adequately exploited for breeding and biodiversity manage-
ment of cattle populations. Therefore, the main objective of this study
was to change this state of affairs by enabling and promoting the routine
use of mitogenome SNPs. To achieve our goal, we collaborated with
Neogen Genomics (Lincoln, NE, USA) to select and verify 310 mito-
chondrial SNPs that were included in the new NEOGEN GGP Bovine
100K SNP Chip. This is the most comprehensive and systematic incor-
poration of mitogenome information into a SNP array that we are aware
of to date. We have also developed pipelines and analysis tools, all
implemented in the beta version of the improved Magellan software
(Ristov et al., 2016), enabling numerous mitogenome analyses,
including i) automatic readout of raw genotyping data with formation of
mitogenome haplotypes in Fasta formated files, ii) classification of
haplotypes based on 310 verified SNPs, iii) genealogical verification
with identification of pedigree errors, iv) imputation of haplotypes by
maternal lineages - necessary to reduce genotyping costs and improve
the performance of quantitative genetic mitogenome analyses, v) iden-
tification of some hereditary deleterious mutations, and more. Finally,
exemplary analyses were performed on a dataset of 264 genotyped an-
imals (NEOGEN GGP Bovine 100K SNP Chip) to illustrate how mitoge-
nome information can be efficiently used in cattle breeding and
biodiversity management.

2. Materials and methods
2.1. Selection and verification of informative SNP markers

The selection of informative SNP markers included in the NEOGEN
GGP Bovine 100K SNP Chip was based on our previous large-scale
mitogenome study that included 736 complete mitogenome sequences
from over 150 cattle breeds (Cubric-Curik et al., 2022), with 164
mitogenomes added (all listed in Table S1). Our original reference
dataset was aligned to the bovine reference mitogenome sequence
(GenBank accession number V00654, 16338bp) using the Clustal Omega
program (Sievers et al., 2011), visualized using MEGA7 software
(Kumar et al., 2016), and set to a length of 16388bp without indels. All
mitogenomes in our reference dataset were classified respect to hap-
logroups using both MitoToolPy (Peng et al., 2015) and BEAST algo-
rithms according to the procedures described in Cubric-Curik et al.
(2022).

Once the reference dataset was created, the selection was based on
several criteria. First, we selected all discriminative SNPs that would
provide a good classification of mitogenomes according to known hap-
logroups. Second, we selected those SNPs that represented high diversity
metrics in our large meta-population dataset of over 150 breeds. In
addition, we focused on selecting SNPs that could promote the use of
mitogenomes in animal breeding, i.e., that would provide the haplotype
variation required for quantitative genetic mitogenome analyses. Third,
we selected a small number of SNPs that have been shown to cause
mitochondrial disease in humans (Wallace 2007; Wallace et al., 1988,
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2018). This decision was motivated by previous experience where we
detected different putatively detrimental mutations in our reference
dataset that originated from several breeds and were associated with
LHON-like phenotypes in several breeds (Novosel et al., 2022). Intui-
tively, the observed prevalence was much more disproportionate than
originally expected, which deserves further attention. Overall, our se-
lection included 331 SNPs among which 70, 219 and 42 SNPs were
chosen with respect to haplogroup classification, diversity and their
potential impact on the health status, respectively.

Validation of the selected mitogenome SNPs was carried out by high-
throughput genotyping with the NEOGEN GGP Bovine 100K SNP Chip of
264 individuals belonging to 19 cattle breeds sampled in Austria,
Croatia, Greece, and Italy. Complete mitogenome sequences were pre-
viously determined for 129 animals, and the remaining 135 animals
were sampled from the same breeds. To ensure reliable SNP verification
and haplogroup classification, our data set included animals assigned to
all other established haplogroups (R, P, Q, Ty, Ty, T3, T4, and Ts), with
the exception of I, the haplogroup characteristic of Indicine cattle.

2.2. Computerized enhancement of mitogenome analyses

Mitogenome analyses require additional knowledge due to their
specific nature of haplotype maternal inheritance, which differs from
classical breeding approaches and the usual handling of high-
throughput SNP arrays. For example, to identify haplotypes from the
set of mitogenome SNPs of high-throughput genotyping arrays and
correctly classify them into correct haplogroups, one would have to go
through a rather time-consuming protocol that could be quite daunting
for a non-specialized user. To address this problem, we have developed
pipelines and analysis tools, all implemented in the publicly available
beta version of the Magellan v2.0 software (https://angen.agr.hr/en/
group/77/MaGelLAn+2.0 or https://github.com/sristov/magellan),
that allow convenient and efficient execution of numerous mitogenome
analyses. Using the 264 animal dataset described above, we further
explained how to perform a number of useful mitogenome analyses
using Magellan v2.0 software. Please note that the current beta version
of Magellan v2.0 is not final, as there are a number of opportunities for
improvement beyond this study that represent our future challenge.

2.2.1. Automatic readout of mitogenome SNPs from the raw genotyping
data of the NEOGEN GGP Bovine 100K SNP chip

The Magellan v2.0 release includes a new module mag_snp.py (“SNP
analysis” in the GUI version) that can accept as input the NEOGEN GGP
Bovine 100K final report in TSV (tabulator separated values) format,
along with three additional mandatory files (Map file, SNP list, and
population list). A Map file is a TSV formated file that describes the SNPs
present in the chip and contains the following mandatory columns:
Name, Chromosome, Position and GenTrain Score. The SNP list is a TXT
formated file containing the list of the relevant mitochondrial SNPs.
Finally, the population list is a TSV formated file containing the list of
analyzed individuals along with the corresponding population. The
population list file requires two mandatory columns (Sample ID and
Population), while the functions of the module can be used to analyze
the input and prepare the .Igen, .fam and .map files for further analysis,
for example for further use in PLINK software, and to output a FASTA
formated file containing the sequences (310 SNP long haplotypes) of the
relevant SNPs from the map file for all individuals in the population. An
example of a final report can be found in the example inputs in Magellan
v2.0 as "1. Example_of Final report_of Neogen_GGP_Bovine
100K _SNP_array".

2.2.2. Biodiversity, classification of haplotypes, and phylogenetic analyses

We have developed another method that provides meaningful clas-
sification of bovine mitogenome haplogroups based only on “reduced
haplogroups”, i.e., containing 310 verified SNPs previously stored in the
FASTA-formated file. In Magellan v2.0 software, classification is
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performed in mag_snp.py and/or “SNP analysis” (highlight “Fasta”, run
“Run classification”, and select the FASTA input file). The classification
algorithm was trained on our highly informative dataset of 900 se-
quences representing all known haplogroups (see Table S1). Effectively,
our dataset included 436 haplotypes, as we removed duplicates that
occurred when reducing the complete mitogenome to 310 informative
SNPs. The Magellan v2.0 software uses two different approaches for
assigning “reduced haplotypes” to haplogroups, depending on the type
of classification required. For classification into highly divergent hap-
logroups (R, I, P, Q, T), the software uses a multilayer machine learning
model called eXtreme Gradient Boosting (Xgboost) (Chen et al., 2016),
while for classification between T haplogroups (T3, Tg, T3, T4, or Ts), the
Siamese Dense Neural Network (SDNN) approach is used (Bromly et al.,
1993). The classification results were provided in a textual output file
“OutputSNP_Classification.txt”.

Please note that any other biodiversity or/and phylogenetic analysis
can be performed on the selected FASTA file with the reduced 310 SNPs
of the informative haplogroups. Here, biodiversity analysis was per-
formed using the DnaSp program (Rozas et al., 2017) on our sample of
264 haplotypes enriched with additional 248 “reduced haplotypes”
derived from the 310 SNP information extracted from publicly available
complete mitogenomes with previously classified haplogroups
(Cubric-Curik et al., 2022) and 288 mitogenomes from GenBank. To
confirm the results obtained with the classification algorithm, we also
performed median-joining network analyses (Bandelt et al., 1999) on a
selected dataset visualised with PopART (Leigh and Bryant, 2015).

2.2.3. Genealogical verification with identification of pedigree errors

Maintaining an accurate and informative pedigree has been an
important component of animal breeding for over 100 years and has lost
none of its applicability today with the use of the single-step genomic
BLUP model that considers phenotypic, pedigree, and genomic infor-
mation simultaneously (Legarra et al., 2009; Aquilar et al., 2010;
Kudinov et al., 2022). Although not yet fully recognized in practice,
mitogenome information, if typed for large numbers of animals and
integrated into commercial high-throughput SNP arrays, could be a
powerful tool to test the accuracy of pedigrees and find misaligned in-
dividuals deep in the pedigree (Caci¢ et al., 2014; Ristov et al., 2016).
Using a pedigree of Croatian Busha cattle with 2444 triplets (animal,
sire, dam) and 25 genotyped individuals, we demonstrated the power of
mitogenome information that was integrated into the SNP chip and
Magellan v2.0 algorithms (mag_ver.py) to identify and visualized pedi-
gree errors. The example file (BushaPedErrors.txt) with recoded partial
pedigree and mitogenome information for Busha cattle is included in the
example inputs in Magellan v2.0 as “2.
Example_of Busa_pedigree_with_haplotypes™.

2.2.4. Imputation of haplotypes by maternal lineages

The specific mitochondrial inheritance pattern allows “imputation”
of haplotypes across maternal lineages. Magellan v2.0 provides several
options in mag_verif (“Object of verification” highlight “SNP Sequence”
and run “Impute haplotype™) that allow imputation with varying de-
grees of confidence depending on the assumptions made (e.g., that the
pedigrees are correct and that no mutations occur within certain line-
ages), which is demonstrated here using the Croatian Busha cattle
dataset mentioned above.

2.2.5. Identification of deleterious mutations

As mentioned earlier, we also selected 40 SNP positions from the 310
SNPs that are associated with various pathological effects (diseases) in
humans, such as Leber Hereditary Optic Neuropathy, Mitochondrial
Encephalopathy, Lactic Acidosis, Stroke-like Episodes, and others (see
Table S3 for more information on the selected potentially deleterious
variants their positions). The large number of selected SNP positions was
motivated by the relatively high frequency of supposedly deleterious
mutations found in our previous study (Cubric-Curik et al., 2022;
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Novosel et al., 2022). Here, we used Busha cattle as an example to show
how the Magellan v2.0 program (with the “Check deleterious muta-
tions” option) uses mitogenome information from the NEOGEN GGP
Bovine 100K SNP Chip to identify potentially deleterious mutations. For
example, Magellan v2.0 provides the output “MUTATIONS_ALERT.TXT”
which includes individual identification, SNP position in cattle, SNP
position in humans, and type of associated diseases. Please use “I.
Example_of Final report_of Neogen_GGP_Bovine_100K_SNP_array” from
the example inputs in Magellan v2.0 to check for the occurrence of
deleterious mutations.

3. Results and discussion

3.1. Validation of mitochondrial SNPs from NEOGEN GGP Bovine 100K
array

In our validation analyses, only 310 SNPs included in the NEOGEN
GGP Bovine 100K SNP Chip matched 100% with previously known
mitogenome sequences, whereas 21 SNPs were excluded from further
analyses as unreliable.

Unfortunately, some alternative mutations within the selected SNPs
were not verified directly, although the match to their wild types was
confirmed, because we did not have access to samples with all known
mutations appearing among selected 331 SNP positions. Visualization of
the verified mitogenome SNPs is shown in Fig. 1, whereas the list of
mitogenome SNPs included in the analysis contains additional
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information (Table S2).

3.2. Biodiversity and classification of haplotypes

Mitogenome diversity and haplotype classification for the 264 ani-
mals genotyped with the NEOGEN GGP Bovine 100K SNP chip and the
288 mitogenomes downloaded from the GenBank is presented in
Table 1. The results clearly demonstrate that the mitogenome diversity
explained by our “reduced haplotypes” (310 mitogenome SNPs) is suf-
ficient to be effectively used in numerous applications such as biodi-
versity monitoring, pedigree verification, breed identification,
quantitative genetic analysis, etc., even when applied to extremely
small-sized indigenous cattle breeds such as Croatian Busha cattle,
Slavonian-Syrmian Podolian cattle, and Katerinis-Outras cattle. For
example, we observed haplotype diversity values that frequently
exceeded 0.85 (see Table 2), even though some samples were inten-
tionally taken from the same maternal lineages (this was required for
pedigree verification), which is quite high a value considering that
haplotype diversity of the selected world breeds complete mitogenome
dataset ranged from 0.93 to 1.00 (Dorji et al., 2022). We analyzed an
additional 288 mitogenomes from GenBank to test how well our selected
SNPs describe diversity in the very distant breeds not included in our
training (SNP selection) dataset. The results of the diversity analysis of
these breeds were consistent with those of the breeds of the training set.
For example, haplotype diversity ranged from 0.68 to 0.94, with most
populations exceeding 0.91.
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Fig. 1. Visualization of the verified 310 mitogenome SNPs with their position colored according to their function. SNP positions associated with deleterious mu-
tations in humans are shown in the inner circle. Genes inside the circle are transcribed clockwise, genes outside the circle are transcribed counterclockwise. Solar plot
was generated by modifying R code (https://github.com/stephenturner/solarplot) and OrganellarGenomeDRAW (Greiner et al., 2019).
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Table 1
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Mitogenome diversity and haplotype classification for 264 cattle genotyped by the NEOGEN GGP Bovine 100K SNP Chip and for 362 mitogenomes from the GenBank.

Haplogroup classification

Breed N nML nH HD Vs Ty Ty Ts Ty Ts Q P R I
Breeds for which mitogenome information was provided by the NEOGEN GGP Bovine 100K SNP Chip

CHF 85 38 30 0.87 39 7 4 73 1

CIP 30 12 9 0.86 10 2 28

CB 25 16 18 0.97 25 6 8 11

CSSP 24 8 5 0.77 9 18 6

AMB 24 14 0.93 56 2 17

GKO 10 6 0.78 22 1 8 1

GKT 10 3 0.60 8 6 4

GSP 12 6 0.85 17 1 8 3

GSR 13 6 0.86 19 1 10 2

OTH 31 17 0.89 72 1 26 4

Breeds for which mitogenome information was obtained from GenBank

Gir 28 17 0.88 29 28
Holstein 26 9 0.83 10 1 25

Kankrej 20 11 0.92 23 20
Ladahki 11 7 0.91 260 1 10
Lakhimi 12 7 0.83 206 2 10
Longlin 21 8 0.68 206 1 2 18
Mewati 10 7 0.91 17 10
Mongolian 26 13 0.94 212 3 7 11 2 2 1
Tibetan 48 18 0.92 34 8 1 34 2 3

Yunling 160 35 0.92 226 30 5 47 7 71

Number of genotyped animals (N); Number of maternal lineages derived from the pedigree (nML and was not provided for breeds where pedigree was not available);
Number of haplotypes (nH); Haplotype diversity (HD); VS — variable sites; Pedigree not available (PNA); Croatian Holstein (CHF), Istrian Cattle - Boskarin (CIP),
Croatian Busha (CB), Slavonian Syrmian Podolian (CSSP), Murbodner (AMB), Katerinis Outras (GKO), Katerinis Tsiandouris (GKT), Shorthorn Pindos (GSP), and
Shorthorn Rodopi (GSR), while other breeds genotyped in this study but represented with less than 10 animals were pooled (OTH). Breeds for which mitogenome
sequences were taken from the GenBank are labelled with their full names, while the same mitogenomes were also used in Kinoshita et al. (2018) for Holstein, Xia et al.
(2019) for Yunglin, Xia et al. (2020) for Longlin, Xia et al. (2021) for Mongolian and Tibetan cattle and Manisha et al. (unpublished) for Gir, Kankrej, Ladakhi, Lakhimi
and Mewati breeds (accession numbers can be found in the Supplemental Table S1). All analyses have been performed on the 310 selected and verified SNPs.

At the same time, the classification algorithm implemented in
Magellan v2.0 was able to correctly define haplogroups according to the
classification of complete mitogenomes obtained in Cubric-Curik et al.
(2022), as 100% empirical agreement (Tq, Ty, T3, Ts, Q, P, and R hap-
lotypes) was found for all samples that were additionally sequenced or
that were in the same lineage as the verified sequenced samples. In
classifying the “reduced haplotypes” from the non-training dataset from
GenBank, we identified a wide range of haplogroups, including hap-
logroups T4 and I, which were not present in our genotyped samples.
These haplotypes were 97% correctly assigned by the algorithm
implemented in MitoToolPy according to the classification of complete
mitogenomes, further highlighting the efficiency of our classification
algorithm and SNP selection. In this way, we were able to confirm the
efficiency of the classification for all existing haplogroups.

The performance of the Magellan algorithm in correctly assigning
the “reduced haplotypes” to the haplogroups is further supported by
visualization of the Median-Joining network analysis (Fig. 2), in which,
for example, four Chianina and five Murbodner haplotypes genotyped in
this study (in gray) were correctly assigned to highly divergent hap-
logroups R and P, respectively. Agreement with the full mitogenome
classification was also observed for other “reduced haplotypes” con-
taining only 177 SNPs due to missing information of ancient samples
obtained from the SNP chip (in gray). The Median-Joining network
shown in Fig. 2 allows highlighting the relationships between repre-
sentative haplotypes, including ancient aurochs sequences, and their
positioning within the haplogroups. Please note that genetic relation-
ship of mitogenomes can also be analyzed and visualized using phylo-
genetic trees and other clustering approaches, which has been presented
in more detail in in Dorji et al. (2022).

Proper classification of haplotypes is necessary if we are to trace the
long-term history of introgressions and the origin of cattle breeds.
Ancient introgressions of different "ecotypes" of aurochs into modern
cattle are a good example, as shown by the presence of haplogroups, as
e.g. R and P, that diverged long before domestication (for more infor-
mation, see Achilli et al., 2008; Verdugo et al., 2019; Cubric-Curik et al.,

2022). High maternal lineage diversity and/or the presence of rare
haplogroups could be the result of upgrading or deliberate continuous
crossing of low production breeds (cows) with bulls representing high
production breeds.

This could be the case in the CHF breed investigated in this study,
where the presence of rare haplotypes (T1, T2 and Ts) that are not spe-
cific to the Holstein-Frisian breed most likely indicates a maternal
background resulting from the upgrading of local indigenous cattle in
which a higher frequency of T;, T and Ts was observed (CB and CSSP),
see Table 1. Another example is the presence of haplogroup I, which
indicates the maternal introgression of Bos indicus into Mongolian cattle
(Table 1).

Our selection of 310 mitogenome SNPs allows analysis of maternal
relatedness between different cattle breeds, as shown by the two-
dimensional PCA plot of the pairwise calculated Wrights Fgr distance
matrix between nine cattle breeds (Fig. 3B). Although theoretically
higher in mammals, the estimated Fgy between breeds from mitogenome
are expected to correlate with nuclear SNP estimates (Larson et al.,
2009; Petit and Escoffier, 2009). To allow comparison with autosomal
relatedness, the two-dimensional PCA representation of the pairwise
Wright Fgr distance matrix is shown in Fig. 3C. When we regressed 36
pairwise nuclear Fgr values between nine breeds (n > 9) genotyped with
the NEOGEN GGP Bovine 100K SNP Chip on estimates from the mito-
genome (310 SNPs), the coefficient of determination (R? = 0.48) indi-
cated that substantial variation in nuclear Fgr values can be explained by
mitogenome estimates. Nevertheless, Fg estimates from nuclear SNPs
and mitogenomes can provide complementary information for popula-
tion differentiation, and the degree of correlation between the two es-
timates should be interpreted contextually (Hedrick et al., 2013). For
example, the strong sex-biased dispersal or gene flow between pop-
ulations will lower correlation between Fgr estimates from nuclear SNPs
and those from mitogenome (Petit and Escoffier, 2009). The same
approach was repeated for 10 breeds with complete mitogenomes (362)
from GenBank (Table 1). Surprisingly, the coefficient of determination
of the regression of the pairwise Fgr values estimated from the complete
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Fig. 2. The Median-Joining network shows the relationships among 77 “reduced haplotypes” (177 SNPs) found in 383 representative cattle samples. For aDNA cattle
samples, the number in the name indicates the year before present, while aurochs are indicated by a black star.

mitogenomes on the estimates from the "reduced” mitogenomes (310
SNPs) was very high (R> = 0.98), demonstrating the power of the
selected 310 SNPs in estimating maternal population relatedness. The
regression analyses performed are shown in Fig. 4.

3.3. Genealogical verification with identification of pedigree errors

While verifying the correctness of Croatian Busha cattle pedigree, we
found five cases where the maternal haplotypes did not match. One such
example can be seen on the small portion of the Croatian Busha pedigree
in Fig. 5, where cow 2308 with the alternative haplotype, here labelled
A, did not match two other mitogenome haplotypes, here labelled G,
identified in cows 2708 and 2191. The genealogical verification of
pedigrees by mitogenome segregation can be very informative when the
genotypes of a large number of individuals are available, especially
when it complements the segregation of nuclear SNPs. For more infor-
mation on the principles of the pedigree verification algorithm, see Caci¢
etal. (2014) and Ristov et al. (2016). Unfortunately, the number of SNPs
included in the SNP array did not provide satisfactory discriminatory
power to assign individual animals to specific breeds because some
haplotypes occurred in multiple breeds (information in the Supplement
Table S5). However, given the suitability of mitochondrial DNA for
human forensic analyses with large numbers of genotyped animals, the
implemented 310 SNPs could be used as useful prescreening information
prior to more informative full sequencing of the mitogenome. By
combining the information from the SNP array and full mitogenome
sequencing, it may be possible to improve the accuracy and resolution of

breed assignment in animals, similar to how mtDNA analysis is used in
forensic analyses in humans. For more details on the revolution of ani-
mal genomics in forensic sciences, see Cardinali et al. (2023).

3.4. Imputation of haplotypes by maternal lineages

Imputation of haplotypes across maternal lineages, while easily
integrable into a software, is almost a prerequisite for performing
quantitative genetic analyses because they require large numbers of
genotyped animals. No less importantly, imputation across maternal
lineages can be useful for detecting individuals with specific or delete-
rious mutations. For example, we have used the Magellan algorithm to
trace Murbodner cattle with the P haplotype specific to aurochs and in
tracing Cika cattle with the deleterious LHON mutation (for more in-
formation, see Cubric-Curik et al. (2022) and Novosel et al. (2022),
respectively). However, the quality of the imputation and of any further
analysis depends on a correct pedigree. Therefore, we strongly advise to
check the pedigree before imputation. Depending on the reliability of
the imputation, the new version of Magellan software offers two options.
In the less reliable option, all individuals in the genotyped maternal
lineages that do not turn out to be false are imputed. In the example
pedigree shown in Fig. 5, a less reliable imputation would list all animals
with letters (all animals with green or orange frames), specifically those
labelled 1525, 1828, 2191, 2708, 2713, 2516, 3045, 3284, and 3360
representing haplotype G, and the directly genotyped cow "2308" with
haplotype A (the only reliable animal in this part of the pedigree). In
contrast, a very reliable imputation would list only animals with green
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Fig. 3. Illustration of the genetic relatedness between genotyped cattle breeds. A. Pairwise plot of Fsr values (estimated using 310 mitogenome SNPs versus 70,242
autosomal SNPs) between cattle breeds (breed represented with only more than nine animals and genotyped with NEOGEN GGP Bovine 100K SNP Chip). B. Principal
component plot from Fgr distance matrix based on 310 mitogenome SNPs and C. Principal component plot from Fgr distance matrix based on 70,242 autosomal SNPs.
The concept has been applied to the following breeds of cattle: Holstein (CHF), Istrian Cattle - Boskarin (CIP), Croatian Busha (CB), Slavonian Syrmian Podolian
(CSSP), Murbodner (AMB), Katerinis Outras (GKO), Katerinis Tsiandouris (GKT), Shorthorn Pindos (GSP), and Shorthorn Rodopi (GSR).

frames, more precisely the animals numbered 1525, 1828, 2191 and
2708 with haplotype G and the cow 2308 with haplotype A (genotyped),
since these are the only individuals with verified haplotypes.

3.5. Identification of some deleterious mutations

The presence of deleterious mutation, either placed on autosomes or
X chromosomes, are well documented in cattle (Fritz et al., 2013; Son-
stegard et al., 2013; VanRaden et al., 2011; Jenko et al., 2019) and ac-
cording to Bosse et al. (2019) everyone is expected to possess a certain
number of such mutations in its genome. In contrast to humans, where
deleterious mitogenome mutations are well documented (Wallace 2007;
Wallace et al., 1988, 2018), only one deleterious mitogenome mutation
has been shown to cause pathological changes in cattle (Novosel et al.,
2022), whereas the deleterious effects of mutation C3965A (C4171A
mutation in humans) found in several cattle breeds (GenBank accession
numbers Croatian Busha - MZ901457; Croatian Holstein - MZ901512;
two Slovenian Cika - MZ901663, MZ901664; Korean cattle - DQ124399;
Kosovo Busha - MZ901737) and reported by Novosel et al. (2019)
remain to be confirmed. Among the cattle genotyped with the NEOGEN
GGP Bovine 100K SNP chip, we detected the presence of the C3965A

mutation in four animals (one Croatian Busha and three Croatian Hol-
stein cattle) and the presence of the T10432C mutation (T10663C mu-
tation in humans) in the Cika cow “Gavtraza” (GenBank accession
number MZ901664). Our analysis of the SNP array data revealed three
additional Croatian Holstein animals with the C3965A mutation.
Automatic reporting of putatively deleterious mutations was done via
the Magellan v2.0 output file “MUTATIONS_ALERT.TXT” (see
Figure S1). In general, we were surprised by the high frequency of these
supposedly deleterious mutations in cattle, a problem that requires
further assessment. When referring to deleterious mitogenome muta-
tions, we have considered changes occurring in the mtDNA sequence
and not the nuclear mutations that disrupt normal mitochondrial func-
tion and lead to dysfunction, such as the mutation in the MFN2 gene
found in Tyrolean grey cattle and associated with degenerative axon-
opathy (for more information, see Drogemiiller et al., 2011). The in-
clusion of many known deleterious human mitogenome mutations in
high-throughput arrays routinely used for genomic selection, as is the
case with the NEOGEN GGP Bovine 100K SNP Chip, will certainly help
to clarify this issue.
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4. Future prospects and possibilities

Besides the research applications of mitogenome information that we
presented here, there are several additional usages we have not
addressed in this study but whose potential we would like to highlight.
Certainly, of great importance is the concept of relating tissue-specific
mitochondrial content to various production-related phenotypes, as re-
ported for chickens by Reverter et al. (2017) or for cattle by Sanglard
et al. (2022b). This is of particular interest because mitochondrial DNA
copy number, a good indicator of mitochondrial activity and a proxy for
the number of mitochondria in cells, is heritable and can be readily
determined by low-pass whole genome sequencing (Sanglard et al.,

2022a). In humans, heteroplasmic mitogenome mutations detectable by
whole-genome sequencing (Young et al., 2022; Battle et al., 2022) are
known to cause the prevalence of various disorders, particularly above a
certain threshold (Ye et al., 2014; Davis et al., 2022). In addition, the
Magellan v2.0 software provides some features that were not described
in this study. A good example is the “optimal sample selection” feature,
which is particularly useful for populations with informative and correct
pedigree information when our financial resources are limited, and/or
for diversity studies (the implemented algorithm searches for the sample
set with the largest sum of mutual distances in a pedigree) to achieve the
best coverage of sample variation for the available sample resources (the
algorithm is described in Hrsak et al., 2022b). We will continue to work
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on improving the Magellan software (for some recent changes see Hrsak
et al. (2022a) and we take advantage of this opportunity to announce
our plans for the near future. The most obvious improvement to be
included in the Magellan software is the automatic reading of other
high-throughput arrays containing mitogenome information. As
mentioned earlier, low-pass whole genome sequencing is becoming
more common in animal breeding, providing additional opportunities
such as retrieving complete mitogenome sequence information and/or
estimating mitochondrial DNA copy number. Therefore, in the future,
we plan to integrate some automation pipelines into the Magellan
software to enable complete mitogenome identification, heteroplasmy
quantification, and mitochondrial DNA copy number estimation (for
more information, see Sanglard et al., 2022a) to expand and further
promote routine use.

5. Conclusion

Mitogenome information contained in high-throughput SNP arrays,
unlike nuclear markers, has not been adequately exploited for breeding
and biodiversity management of cattle populations. Here, we demon-
strated the broad potential of using mitogenome information contained
in high-throughput arrays to: (i) analyze population structure and di-
versity, (ii) classify mitogenome haplogroups in cattle and identify
introgression or upgrading, (iii) screen and identify pedigree errors, (iv)
impute mitogenome information on maternal lineages to analyze the
effects of mitogenome variation on quantitative production traits, (v)
identify suspected deleterious mutations. While full use of mitogenome
information can be time consuming and requires additional specific
knowledge, our enhancements built into the Magellan v2.0 software
enable automation of several required analyses and thus the routine use
by a broader scientific community. Overall, we hope that this study will
foster use of mitogenome information in cattle breeding and genetic
diversity monitoring.
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