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ARTICLE INFO ABSTRACT

Mitochondrial pseudogenes (numts) inserted in the nuclear genome are frequently found in population studies.
Its presence is commonly connected with problems and errors when they are confounded with true mitochon-
drial sequences. In the opposite side, numts can provide valuable phylogenetic information when they are copies
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Chamois of ancient mitochondrial lineages. We show that Rupicapra individuals of different geographic origin from the
z‘:];n;;\ Cantabrian Mountains to the Apennines and the Caucasus share a nuclear COI fragment. The numt copies are
cor monophyletic, and their pattern of differentiation shows two outstanding features: a long evolution as differ-
eyt entiated true mitochondrial lineage, and a recent integration and spread through the chamois populations. The

COI pseudogene is much older than the present day mitochondrial clades of Rupicapra and occupies a basal
position within the Rupicapra-Ammotragus-Arabitragus node. Joint analysis of this numt and a cytb pseudogene
with a similar pattern of evolution places the source mitochondrial lineage as a sister branch that separated from
the Ammotragus-Arabitragus lineage 6 million years ago (Mya). The occurrence of this sequence in the nucleus of
chamois suggests hybridization between highly divergent lineages. The integration event seems to be very re-
cent, more recent than the split of the present day mtDNA lineages of Rupicapra (1.9 Mya). This observation

invites to think of the spread across the genus by horizontal transfer through recent male-biased dispersal.

1. Introduction

Mitochondrial pseudogenes integrated in the nuclear genomes
(numts) are frequently detected as unwanted paralogous in PCR-based
mitochondrial studies (reviewed in (Bensasson et al., 2001; Ermakov
et al., 2015). In addition, numts were detected in scans of most se-
quenced eukaryotic genomes (Richly and Leister, 2004; Hazkani-Covo
et al., 2010; Verscheure et al., 2015). Their abundance varies in dif-
ferent eukaryotic taxa and can derive from all types of mitochondrial
sequences, vary in sizes, and bear different degrees of similarity to their
mitochondrial counterparts (Hazkani-Covo, 2009; Shi et al., 2016).
When transferred to the nucleus, mitochondrial sequences become non-
functional pseudogenes (Li et al., 1981; Lopez et al., 1997). The mu-
tation rate in the nucleus is lower than that of the mitochondria and
hence, when numts are the result of ancient translocations to the

nucleus, they give information about ancestral sequences of mi-
tochondrial genes. In that case, the study of numts provides information
about their origin and the evolutionary histories and phylogenetic re-
lationships of taxa, given that they represent a fossil lineage that
evolved in parallel to their mitochondrial counterparts (Hazkani-Covo,
2009; Baldo et al., 2011; Miraldo et al., 2012; Ko et al., 2015).

Here we analyse a numt of the gene COI to investigate the ancestral
history of chamois (genus Rupicapra). Chamois is a mount caprine
found in most of the mountain ranges of southern Eurasia from the
Cantabrian Mountains to the Caucasus. The most accepted classification
considers two species, R. pyrenaica and R. rupicapra, (Grubb, 1993;
Corlatti et al., 2011): Rupicapra pyrenaica (with the subspecies parva,
pyrenaica and ornata) from southwestern Europe, and R. rupicapra (with
the subspecies cartusiana, rupicapra, tatrica, carpatica, balcanica, asiatica
and caucasica) from northeastern Europe. The mitochondrial phylogeny
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showed three main lineages (Crestanello et al., 2009; Rodriguez et al.,
2009; Rodriguez et al., 2010) that were referred to as W, C and E after
its restricted geographic distribution in either west, central or east
Eurasia (see Rodriguez et al., 2009). The populations in the Iberian
Peninsula (R. pyrenaica parva and R. pyrenaica pyrenaica) and several
individuals in the west Alps (R. rupicapra rupicapra) grouped into clade
W, the population in the Apennines (R. pyrenaica ornata) and the small
population in the Massif of Chartreuse (R. rupicapra cartusiana) were of
mitochondrial type C and most of the alpine chamois (R. rupicapra ru-
picapra) and the populations to the East of the Alps (R. rupicapra tatrica,
R. rupicapra carpatica, R. rupicapra balcanica, R. rupicapra asiatica and R.
rupicapra caucasica) were of clade E. The divergence between the three
main mtDNA clades has been estimated around 1.9 Mya (Lalueza-Fox
et al., 2005; Rodriguez et al., 2010; Pérez et al., 2014), at the Early
Pleistocene following the recent “Formal Subdivisions of the Pleisto-
cene Series/Epoch” of the Subcommission on Quaternary Stratigraphy
(Cohen et al., 2013) that we will adopt along the paper. This is by far
older than the age of the most ancient Rupicapra fossils in Europe that
were discovered in the Balkans and correspond to the beginning of the
middle Pleistocene, between 780 and 750 thousand years ago (kya)
(Fernandez and Cregut, 2007). The analysis of different nuclear mar-
kers, contrary to the data obtained from mtDNA, indicated very low
divergence among populations even when they belonged to different
putative species (Pérez et al., 2002; Rodriguez et al., 2010; Pérez et al.,
2011; Pérez et al., 2013; Pérez et al., 2017). A previous analysis of a
nuclear copy of cytb added more complexity to the history. The nuclear
pseudogene originated from a lineage even older than the already old
lineages found in the mitochondria (Rodriguez et al., 2007). Here we
study a numt of the COI gene and check its presence in different po-
pulations across Europe. In addition we study the phylogeny of the COI
numt and the previously identified cytb numt within the mitochondrial
phylogeny of caprini (Hassanin et al., 2012) in order to investigate the
timing of transposition of the numts and the ancient chamois relatives
that were involved in the process. Our data show how unexpected
findings change the perception of an evolutionary history.

2. Materials and methods
2.1. Samples and DNA extraction

A total of seventy samples were included in the study (see
Additional File 1). Twenty eight samples were of the species R. pyr-
enaica (11 from the Cantabrian Mountains, 15 from the Pyrenees and 2
from the Apennines), and 42 of R. rupicapra (2 from the Massif of
Chartreuse, 24 from the Alps, 1 from the Tatra Mountains, 6 from the
Carpathians, 6 from the Balkans, 1 from the Pontic Mountains and 2
from the Caucasus).

Most of the samples (62 out of the 70) have been included in pre-
vious analysis. The DNA for amplification was obtained by different
methods as detailed in our previous studies (Pérez et al., 2002;
Rodriguez et al., 2010). DNA from soft tissue was extracted either with
the phenol/chloroform method (Sambrook et al., 1989), using Chelex
following Estoup et al. (1996) or using the ‘DNeasy Tissue kit’ (Qiagen,
Hilden, Germany). Genomic DNA from bone or teeth was extracted
from 1 g powdered material following Cattaneo et al. (1995) and fur-
ther purified with Chelex as described (Pérez et al., 2002).

2.2. Amplification and sequencing of PCR products

We amplified a fragment of 382 bp of the COI gene using a primer
pair designed from the mitochondrial genome of Ovis aries (GenBank
Acc. N°. NC_001941) with the aid of the software Amplify (Engels,
2005). The sequences of the primers are as follow: 5’TTCAACCAACC-
ACAAAGATATCGG3’ (CO1F forward primer) and 5’TGCCTGCTAGAG-
GAGGGTATACG3’ (CO1R reverse primer).

PCR amplifications were performed in 20-ul volume with 0.5 u of
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Biotools DNA polymerase, 0.5uM of each primer, 200 uM of each
dNTP, 1 x PCR Buffer, and 2.5 mM MgCl,. Cycling parameters were as
follow: 1 cycle of 94 °C for 3 min, followed by 35 cycles, each of 94 °C
for 15 s; 64 °C for 30 s; and 72 °C for 30 s; followed by 72 °C for 10 min.
PCR products were electrophoresed along with size standards in 2%
agarose gels in 1 X TBE, stained with ethidium bromide (0.5 pg/ml)
and visualized under UV light. The PCR-amplified products were pur-
ified with the illustra™ ExoStar™ 1-Step (GE Healthcare). Both strands
of PCR products were sequenced with PCR primers and the BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems).
Sequencing products were purified with isopropanol precipitation and
sequenced in an ABI 310 Genetic Analyzer (Applied Biosystems).

2.3. Identification of the COI numt

The nucleotide sequences were checked, edited and aligned manu-
ally with MEGA vs 6.06 (Kumar et al., 2012). The first inspection of
sequences evidenced two unexpected facts: 1) Several sequences had a
stop codon due to a substitution at nucleotide 126 of the COI gene and
the amino acid number 42 of the protein sequence; 2) For several in-
dividuals, we obtained chromatograms with the same double peaks
repeatedly (the double peaks were not due to contamination). After
these observations, we hypothesized that we were dealing with a nu-
clear pseudogene and performed several analysis in order to confirm
this possibility. First, the presence of a nuclear copy of COI was shown
by Southern blot of genomic DNA, as described below. Further, the
individuals that produced double peaked sequences were reanalyzed by
cloning the amplified products in order to obtain single sequences, ei-
ther mitochondrial or nuclear. Amplification products of the expected
size were purified using GFX PCR DNA and Gel Band Purification Kit
(Amersham Biosciences), and they were directly cloned into the
pMOSBlue vector (Amersham Biosciences) and transformed into MOS-
Blue competent cells according to the supplier's specification. Clones
were screened for inserts of the expected size by PCR amplification with
the universal primers M13 and T7. Several clones from each sample
were sequenced attempting to obtain both the mitochondrial and the
nuclear sequences. For sequencing, plasmid DNA was prepared for se-
lected clones (Sambrook et al., 1989) and sequences were determined
for both strands using the T7 and M13 universal primers. The BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) was used
for sequencing, and the reactions were run on an ABI 310 sequencer.

We obtained both sequences, gene and pseudogene, from a single
individual for the subspecies ornata, rupicapra, carpatica, balcanica and
caucasica. In other subspecies where the nuclear copy did not arise
fortuitously, we checked for its presence using high molecular weight
(HMW) DNA as template for the amplification (only possible in the
cases in which we had enough quality and quantity of starting DNA).
Genomic DNA was electrophoresed in 0.75% agarose gels and the HMW
DNA was extracted from the gel using the GFX PCR DNA and Gel Band
Purification Kit. We then amplified the COI fragment from this fraction
of DNA and proceeded with the sequencing. This way, the non-func-
tional copies corresponding to the nuclear pseudogene were obtained
from HMW DNA of specimens of parva, pyrenaica and asiatica.
Eventually, we did obtain both sequences, mitochondrial (COI) and
nuclear (nuCOID) from 11 individuals covering eight of the ten sub-
species.

2.4. Southern blotting

We checked for the presence of nuclear copies of the COI gene in
five Rupicapra specimens from the subspecies parva, pyrenaica, ornata,
carpatica and asiatica. We included the outgroups Ammotragus lervia and
Capra hircus in the analysis. Total genomic DNA was digested with Pstl
(New England Biolabs®Inc.), a restriction enzyme that does not cut the
mtDNA of Rupicapra, so that we expected a Southern band of 16.4 kb
when hybridized with a COI probe. Approximately 5 g of genomic
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DNA were digested with a fivefold excess of enzyme in a total volume of
50 pl, using standard buffers provided by the manufacturer. Digested
DNA was separated by electrophoresis in 20-cm, 0.7% agarose gels and
TBE buffer (Sambrook et al., 1989). Gels were run at 65 V for 13 h. Gels
were depurinated in 0.2 N HCI for 20 min. DNA was transferred to a
charged nylon membrane (Sigma) by capillary blotting under alkaline
conditions, following Sambrook et al. (1989). DNA was fixed to the
membrane by exposing it to UV light. Membranes were prehybridized
during 4h at 65°C in 6 X SSC, 0.5% SDS, 5 X Denhart containing
100 pg/ml of denatured herring sperm DNA. About 25 ng of probe DNA
were 32P-labeled by random priming using 4 pl of High Prime (Roche
diagnostics) and 3 pl DCTP in a 20 pl reaction and hybridized overnight
at 65 °C in the same solution. Membranes were washed twice at 65 °C
for 30 min in 2 X SSC, 0.1% SDS, once in 0.1 X SSC, 0.1% SDS at 65 °C,
briefly washed in 0.1 X SSC at room temperature and autoradiographed
for 1-4 days at 70 °C with one intensifying screen.

2.5. Phylogenetic analysis

The final dataset consisted of 81 sequences, including gene and
pseudogene, with a length of 271 nucleotides corresponding to posi-
tions 110 to 380 of the COI gene. At first, we chose to use simple models
of nucleotide substitution for analyzing phylogenies because differences
in genetic estimates of distances is low when one is studying closely
related sequences. In addition, statistical prediction based on a model
with many parameters is subject to more errors than a simple one (Nei
and Kumar, 2000). We constructed a neighbor joining (NJ) tree with
MEGA, using the simple Jukes-Cantor (JC) model of nucleotide sub-
stitution. The reliability of the nodes was assessed by 1000 bootstrap
replicates (Felsenstein, 1985). The sequences grouped into 8 haplotypes
of the COI gene and 3 haplotypes of the COI pseudogene. GenBank
Accession Numbers and list of samples bearing each haplotype are
given in Additional File 2.

To evaluate the differentiation between the gene and the pseudo-
gene and compare rates of substitution, we limited the dataset to the
eleven individuals from which both sequences, COI and nuCOI, were
obtained. We constructed a UPGMA tree based in JC distance because it
is a simple linear tree that allows to readily check distances between
nodes and from nodes to tips. The sequence of Capra ibex was used as
outgroup. Estimates of nucleotide diversity and divergence within and
between groups of sequences corresponding to the gene and the pseu-
dogene were obtained with MEGA under JC. Errors of the estimates
were obtained by a bootstrap procedure using 1000 replicates.
Synonymous and nonsynonymous distances, both within and between
the two groups of sequences, were estimated using the Kumar model
(Nei and Kumar, 2000). The rates of substitution in the mitochondrial
and nuclear lineages were compared both using the Maximum Like-
lihood ratio test and Tajima's relative rate test, both implemented in
MEGA.

To place the COI nuclear copy of Rupicapra in the mtDNA phylo-
genetic tree of caprines, it was compared with the corresponding se-
quences of species of the tribe (Hassanin et al., 2012). Their GenBank
Accession Numbers are listed in Additional File 3. We performed a
Bayesian analysis using the Monte Carlo Markov chains (MCMC)
method implemented in BEAST 2 (Drummond and Rambaut, 2007) and
defining the topology previously obtained from complete mitochondrial
genomes (Hassanin et al., 2012; Pérez et al., 2014), as prior. We used a
relaxed log Normal clock and a calibrated Yule speciation process as
priors. The model of nucleotide substitution was the HKY + G with the
empirical base frequencies, as determined by the AIC criteria in MEGA
6. The analysis was run for 1 million generations with tree and para-
meter sampling every 100 generations and a burn-in of 10%. Two in-
dependent replicates were run and their sampling distributions were
checked for convergence using the software TRACER 1.6 (Rambaut and
Drummond, 2009). The sampled trees of the two replicates were
combined using the software LogCombiner (within BEAST) and the
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Maximum clade credibility criterion tree was obtained with TreeAn-
notator, using a burn-in of 10% trees and with mean node heights.
We compared the phylogeny obtained for the COI numt with the one
obtained for a pseudogene of cytb that was sequenced in a previous
study (Rodriguez et al., 2007). At first, the partial sequences of cytb
(403 nt) were studied with BEAST as before. Finally, the sequences of
the two genes were analysed together in BEAST including the two
partitions in the same analysis under linked site and clock models and
trees. The parameters of the run were the same as previously described
except in that three nodes were calibrated to obtain divergence times
for the lineage origin of pseudogenes. Calibrations included soft bounds
to account for uncertainty (Ho and Phillips, 2009). Two calibration
points were based on the fossil record using the ages and prior prob-
ability distributions given in Bibi (2013). These points were crown
Bovidae with a normal prior (mean = 18 Ma, standard devia-
tion = 1 Ma), based on Eotragus noyei; and crown Caprini with a normal
prior (mean = 8.9 Ma, standard deviation = 2 Ma) based on Aragoral
mudejar (see Additional File 1 in Bibi, 2013). The third calibration point
was the node that links the branch of Rupicapra with Ammotragus-
Arabitragus (mean = 7.90, 95% HSP 6.67-9.23). This calibration is
based on the previously obtained molecular dating from the complete
mitochondrial genome (Pérez et al., 2014). Two independent replicates
were run as before, convergence was checked with TRACER, the trees
were combined with LogCombiner and the Maximum clade credibility
tree was obtained with TreeAnnotator. All trees obtained by the dif-
ferent methods were visualized with FigTree 1.4 (Rambaut, 2006).

3. Results
3.1. NuCOI detection and nucleotide substitution pattern

Our final dataset consisted of 81 sequences, 61 corresponding to the
COI gene and 20 corresponding to the nuclear pseudogene, nuCOI
From 11 out of the 70 specimens studied, we obtained the two se-
quences corresponding to the true gene and the pseudogene. All the 20
copies of the pseudogene presented a stop codon at the nucleotide 126
and hence represent non-functional copies of the gene. The phyloge-
netic tree of the 81 sequences unambiguously supported two mono-
phyletic clades, one consisting of the nuclear copies and the other
consisting of the mitochondrial ones (Fig. 1).

The existence of nuclear copies of COI was checked by Southern
analysis. Total genomic DNA digested with PstI was electrophoresed
and hybridized to a radiolabeled COI probe (Fig. 2). Every Rupicapra
sample shows a band of about 16 kb, corresponding to the mitochon-
drial gene, and another one of > 50 kb that should correspond to nu-
clear DNA. The samples of Ammotragus and Capra do not show the high
molecular weight band. Ammotragus only presents the mtDNA band at
16 kb and Capra has a band of 11.9 kb that corresponds to the fragment
containing the COI gene obtained after the digestion of its mtDNA with
Pstl.

Analysis of sequences revealed 11 haplotypes, 8 among the 61 mi-
tochondrial sequences (2 in R. pyrenaica and 7 in R. rupicapra, 1 shared
by individuals of the subspecies R. pyrenaica parva, R. pyrenaica pyr-
enaica and R. rupicapra rupicapra) and 3 among the 20 sequences cor-
responding to the nuclear copy, one common to the 16 individuals of R.
rupicapra (subspecies rupicapra, carpatica, balcanica, asiatica and cau-
casica) and one of the specimens of R. pyrenaica (subspecies parva), and
the other two found in individuals of R. pyrenaica, one in the subspecies
pyrenaica and the other in the subspecies ornata. Overall, a total of 23
substitutions were observed in 23 sites (Table 1). The average percent
divergence between nuclear and mitochondrial copies of the gene was
6.79 = 1.56 substitutions. A total of 10 mutations were observed
among mitochondrial sequences, with an average of 1.19 * 0.39
substitutions between pairs of individuals. The difference between
percent synonymous and non-synonymous mutations was
2.83 + 1.12. Only 2 mutations were observed between the nuCOI
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sequences with an average of 0.29 *= 0.10% substitutions between
pairs of individuals. Among the 12 mutations that differentiate the
copies of the mitochondrial gene and the pseudogene, 10 were synon-
ymous, leading to a difference of 19.82 + 6.47 between the percent
synonymous and non-synonymous substitutions. The non-synonymous
include a transition G > A that produced a stop codon at position 76 of
the protein. The other non-synonymous substitution was a transition
A > G that causes an I > V amino acid substitution at position 57 of
the protein. This substitution is present in other caprines including
Ammotragus lervia and Arabitragus jayakari.

Among others, we obtained the sequences of both the gene and the
pseudogene (COI and nuCOI) from eleven specimens: four from the
species Rupicapra pyrenaica, including the subspecies parva, pyrenaica,
and ornata, and seven from the species R. rupicapra, including the
subspecies rupicapra, carpatica, balcanica, asiatica and caucasica. We
constructed a simple UPGMA tree using the sequence of Capra ibex as
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Fig. 1. Neighbor-joining tree based on Jukes-
Cantor distance of 81 COI sequences. The two
deep clades correspond to the gene and pseudo-
gene. Numbers at nodes indicate percent boot-
strap support.
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outgroup to check the divergence between the two nominal species,
both for the gene and the pseudogene. The hypothesis of equal evolu-
tionary rate was not rejected by the molecular clock test by Maximum
Likelihood (P = 1). In the same way, in the relative rate test of Tajima
(1993), the mean distance between the outgroup and the pseudogene
sequences (9.96 + 1.93) and between the outgroup and the mi-
tochondrial COI sequences (9.88 *+ 1.83) did not differ (P = 0.61 in
the relative rate test). The UPGMA tree of Fig. 3 shows clearly that the
pseudogene originated far before the split of mitochondrial sequences
of the genus Rupicapra. The group of sequences of the true mitochon-
drial gene shows a deep subdivision into clades that can't be seen
among the sequences of the nuclear pseudogene. The percent diversity
within the group of sequences of the gene (1.57 *+ 0.48) is higher than
for the pseudogene (0.19 + 0.13).
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Fig. 2. Southern blot of total genomic DNA digested with PstI and hybridized to a COI
fragment probe.

Table 1
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3.2. Numt phylogenetic position within the Caprini

The COI pseudogene has been shown to be older than the split of
Rupicapra mtDNA clades and to show a pattern of substitutions proper
to a true gene rather than a pseudogene. These features have been
previously observed in a nuclear copy of the cytb gene (Rodriguez et al.,
2007). We studied the position of these two numts within the phylo-
geny of caprines, at first separately and then in a combined analysis of
the two partitions in BEAST.

The COI pseudogene is phylogenetically close to the branch leading
Ammotragus and Arabitragus even though the Bayesian posterior prob-
ability (BPP) of the grouping is only of the 56% (Fig. 4a). The tree based
on cytb sequences groups the pseudogene in the same node (Rupicapra,
Ammotragus, Arabitragus) but the branch joints to Rupicapra with a 57%
BPP (Fig. 4b). Finally, the combined analysis joins the branch of the
pseudogene to the Ammotragus-Arabitragus node with a 69% support.
The alternative grouping basal to the branch leading to Rupicapra has a
BPP of 31%. The age of the split is of 6.36 Mya and the highest posterior
density interval of the estimate [95% HPD, 4.90-8.23] overlaps the
basal node of the clade Rupicapra, Ammotragus, Arabitragus.

4. Discussion

Mitochondrial pseudogenes are a common component of eukaryotic
nuclear genomes. During years their identification was linked to the
occurrence of unexpected sequences in phylogenetic studies (Lépez
et al., 1994; Arctander, 1995; Pons and Vogler, 2005). Most recently,
numts have been detected in genome sequencing projects (Richly and
Leister, 2004; Hazkani-Covo et al., 2010) even though next generation
sequencing methods, based on the assemblage of small reads, pre-
sumably fail to identify many of the numts present in a genome.

Many studies have dealt with numts as artefacts that can confound
phylogenetic relationships between taxa (Haran et al., 2015). Others
have focused on the possibility of misidentification of species when
attempting to use mitochondrial DNA markers for DNA barcoding
(Ermakov et al., 2015). These effects would be particularly important
when the numts present the evolutionary pattern of true mitochondrial
genes, as in the present study, complicating its unmasking. Re-
commendations to avoid the unwanted inclusion of numts in analyses
were given elsewhere (Bensasson et al., 2001; Thalmann et al., 2004).
Besides these undesirable effects, numts can be used to identify extinct
mitochondrial lineages that provide an insight in the evolution of their
carriers (Zischler et al., 1998; Schmitz et al., 2005; Kim et al., 2006;
Hazkani-Covo, 2009). In the present study, after obtaining numt se-
quences as accidental artefacts, we intended to go deeper in their study
to obtain information on the evolution of the genus Rupicapra.

At first, we must remind the singular evolutionary history of numts.
In its origin, a numt arises from a functional mitochondrial gene that
transposes to the nucleus, thereafter the evolution of the numt is ex-
pected to follow a pattern characterized by a lower evolutionary rate
due to the lower mutation rate in the nucleus than in the mitochondrion
(Brown et al., 1979), and its evolution is expected to be neutral, given

Absolute number of mutations, sequence divergence and estimated number of synonymous (Ks) and non-synonymous (Ka) substitutions per 100 sites in mitochondrial gene COI and

nuclear pseudogene nuCOIL

Total cor nuCoOI COI vs nuCOI
N° sequences 81 61 20
N° haplotypes 11 8 3
N° mutations 23 10 (1 shared) 2 12
Synonymous 19 9 1 10
Mean divergence 3.22 = 0.68 1.19 = 0.39 0.29 = 0.10 6.79 + 1.56
Ks 9.48 = 2.65 3.06 = 1.19 0.11 = 0.11 20.64 = 6.53
Ka 0.45 * 0.30 0.24 = 0.24 0.11 * 0.12 0.82 * 0.63
Ks-Ka 9.03 * 2.27 2.83 = 1.12 —0.005 = 0.16 19.82 + 6.47
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that the copy in the nucleus is non-functional and hence it is not subject
to selection (Lopez et al., 1997). The comparison among the true mi-
tochondrial sequences shows a larger number of synonymous than non-
synonymous substitutions as expected for a gene subject to purifying
selection. There were only two mutations between the sequences of the
pseudogene, one synonymous and one non-synonymous, pointing to
relaxed selection although the number of mutations is too small to draw
any conclusion.

We will consider now the comparison between COI mitochondrial
sequences versus nuCOI sequences. The branches leading to numts in a
phylogenetic tree are expected both to be shorter than those of their
true mitochondrial correlates and to accumulate non-synonymous
mutations. On the contrary, length differences between the branches
leading to the COI gene and to the nuCOI pseudogene are non-sig-
nificant. In addition, ten of the twelve fixed substitutions that differ-
entiate gene and pseudogene are synonymous, as expected if they oc-
curred in a functional mitochondrial sequence. This pattern of
evolution is fully coincident with the one that we have described pre-
viously for a pseudogene of cytb (Rodriguez et al., 2007). Similar facts,
long branches and a pattern of substitutions proper of a functional
mitochondrial gene, theoretically unexpected for the evolution of
numts, were recurrently observed in numt studies (Lopez et al., 1994;
Sunnucks and Hales, 1996; DeWoody et al., 1999; Lu et al., 2002; Baldo
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Fig. 3. UPGMA tree of pairs of sequences, gene and pseu-
dogene, obtained from eleven specimens of Rupicapra. The
tree is based on Jukes-Cantor distances and Capra ibex was
used as outgroup. Branch lengths are given in percent
number of substitutions per nucleotide.

Rupicapra
col

| Rupicapra
nuCOl

Capra_ibex

et al., 2011). Alternative interpretations were given to these observa-
tions. Lu et al. (2002) interpreted that the pseudogene originated from a
duplication event in the mitochondrial genome of a common ancestor,
diverged in the mitochondria as a functional copy, and then inserted
into the nuclear genome and pseudogenized. As the authors point out,
no duplication in the mitochondria has been described in vertebrates. In
addition, it is difficult to explain the loss of the duplicate sequence from
the mitochondrion and its simultaneous acquisition by the nucleus. The
most likely interpretation is that long numt branches come from source
mitochondrial lineages that are now extinct or unsampled (Sunnucks
and Hales, 1996) and that are very different from the extant mi-
tochondrial lineage with which they appear now associated. This im-
plies hybridization between lineages and transposition to the nucleus of
a mitochondrial sequence highly divergent from the lineage present in
the mitochondrion (Rodriguez et al., 2007; Baldo et al., 2011).

The nuCOI sequences present a mean divergence of 6.8% with the
current mitochondrial sequences of Rupicapra. This value is remarkably
close to the divergence of 7.2% previously reported between a cytb
pseudogene and the corresponding mitochondrial gene. The patterns of
evolution of the two pseudogenes were also similar and both of them
were shown to hybridize to the same specific nuclear DNA band of high
molecular weight obtained from the digestion of genomic DNA with
Pstl. It can be presumed that the two sequences come from the same
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Fig. 4. Bayesian trees relating the sequences of
the pseudogenes with the true mitochondrial
genes of caprines. a) COI tree, b) cytb tree, c)
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the nodes are Bayesian posterior probabilities
(BPP). In (c) the mean age estimate for each node
is given in million years, with 95% credibility
intervals indicated by the blue bars. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version
of this article.)

Rupicapra_rupicapra
Rupicapra_numt
Ammotragus lervia

Arabitragus_jayakari

Rupicapra_pyrenaica

Rupicapra_p_omata
Rupicapra_rupicapra
Rupicapra_numt
Ammotragus lervia

Arabitragus_jayakari

Pseudois_nayaur

O

Ovis_aries

_griseus

Capricornis_crispus

15,0 12,5 10,0 7.5

source ancestor. The simultaneous Bayesian phylogenetic analysis of
the two pseudogenes supports a species tree in which the numt is
grouped to the Rupicapra-Ammotragus-Arabitragus clade at a basal po-
sition. The split of the putative ancestor of the pseudogenes from the
Ammotragus-Arabitragus  branch was 6.36 Mya [95% HPD:
4.90-8.23 Mya]. Although we were not able to perform an analysis on
the presence/absence of numts at the individual level over the different
populations/subspecies of Rupicapra, we did uncover the presence of
nuCOlI in the subspecies parva, pyrenaica, ornata, rupicapra, carpatica,
balcanica, asiatica and caucasica. That means that the same numt is
widely spread over the chamois populations and is present in popula-
tions belonging to the extant three different mitochondrial clades that
did diverge 1.9 Mya (Pérez et al., 2014).

The question of when the mitochondrial sequence leading to the
present day pseudogenes has been translocated into the nucleus and
how it spread over chamois populations is not easy to solve. The most
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recent common ancestor of the caprine contributing the numts and the
current chamois occurred at the split of Rupicapra, Ammotragus,
Arabitragus, 7.5 Mya [95% HPD: 6.24-8.81 Mya]. How the new pseu-
dogene persisted and spread along the population is difficult to explain
given that the fate of a single new mutation that occurs in a population
must in most cases be its loss (Hedrick, 2010). The persistence of the
new insertion in a population and its eventual fixation is a highly im-
probable event even if it is beneficial (Hedrick, 2010).

We can consider three possibilities for the origin and spread of the
pseudogene of the genus Rupicapra as depicted in the Fig. 5: a) the
translocation of the mtDNA to the nucleus occurred in the ancestral
lineage of Rupicapra and from this initial event it became fixed in the
population and went through the same historical events as the mi-
tochondrial gene given that both copies resided in the same specimens;
b) the pseudogene originated after the hybridization with a highly di-
vergent lineage, now extinct or unsampled, that occurred before the
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Fig. 5. Alternative hypotheses for the origin or the numt lineage of Rupicapra. a) The numt originated in the ancestral lineage of Rupicapra and from this initial event it became fixed in the
population; b) The numt originated subsequent to hybridization with a distant lineage before the split of the three extant mtDNA lineages; ¢) The numt originated subsequent to
hybridization with a distant lineage after the split of the extant mtDNA lineages and then spread across populations through male-dispersal. Solid lines indicate true mtDNA lineages.

Dotted lines are used to represent numt sequences.

divergence of the extant mitochondrial clades; c) as in (b) the pseu-
dogene originated after hybridization but this occurred after the split of
the three mitochondrial clades of Rupicapra and then spread all over the
divergent populations by horizontal transfer through sexual reproduc-
tion. In the case (a) the translocation event can be seen as a founder
event and the inserted sequence needs to be very different from the
sequence that lasted in the mitochondrion, the observed difference
seems too high even for a large ancestral Rupicapra population. From
this ancestral insertion event the population should be supposed to
suffer a bottleneck with few founder individuals that could lead to a
rapid genetic differentiation (Baker and Moeed, 1987), but this would
affect both the nuclear and the mitochondrial sequences. After that, the
sequences of the gene and pseudogene would evolve within the same
chamois populations and hence the outcome of differentiation will be
totally different to the observed as the nuclear sequence should follow a
reduced evolutionary rate under neutrality contrasting with the evo-
lution in the mitochondrion. The scenarios depicted in (b) and (c)
propose the hypothesis of a more recent insertion of mitochondrial
sequences into the nucleus to explain their long evolution as true mi-
tochondrial sequences, their reduced diversity and the lack of a struc-
ture that correlates with the three present day mitochondrial lineages.
The huge differentiation with the extant mitochondrial sequences im-
plies that hybridization between highly divergent lineages should have
occurred.

The generation of numts is thought to occur after the release of
mtDNA sequences in the cytoplasm and their posterior translocation
and insertion into the nuclear DNA (Blanchard and Schmidt, 1996;
Bensasson et al., 2001). In mammals, the transfer of mtDNA to nucleus
can occur preferentially when sperm mtDNA is released shortly after
penetration of the egg by the sperm (Leister, 2005). The sperm mi-
tochondria are subjected to proteolysis inside the egg cytoplasm. It is
interesting to note that the mechanism of elimination of sperm mi-
tochondrial DNA is species specific and that leakage of parental mtDNA
occurs in interspecific crosses (Kaneda et al., 1995; Sutovsky et al.,
2000). It is then conceivable that the integration of numts is linked to
the hybridization event between a female with the extant mitochondrial
lineage and a distantly related male from which the pseudogene ori-
ginated.

So we propose that the origin of the pseudogene is linked to a hy-
bridization event between distant populations. Under the alternative
depicted in (b), we would expect the pseudogene branch to be shorter
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than their mitochondrial companions since numts must have evolved
into the nucleus during at least 1.9 Myr. The long branches of the
pseudogenes and reduced differentiation between numt copies are
compatible with a recent transposition into the nucleus and its spread
through sexual reproduction as represented in Fig. 5c. This is in ac-
cordance with the male-biased dispersal trough Europe during the late
Pleistocene that we had hypothesized after the observation of very little
diversity in the genus for nuclear markers (Pérez et al., 2017) and in
particular for markers of the Y chromosome (Pérez et al., 2011).

This study shows how the fortuitous finding of mitochondrial
pseudogenes reveals central facts in the evolution of a genus. The
identification and study of numts in genome sequencing projects and its
posterior screening in populations will provide valuable information
about past diversity of mitochondrial sequences and phylogeny of ex-
tant organisms, especially regarding the role of hybridization among
divergent lineages in the evolution.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gene.2017.07.035.
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