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Comparison of detection
methods and genome quality
when quantifying nuclear
mitochondrial insertions in
vertebrate genomes

Deborah A. Triant* and William R. Pearson
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The integration of mitochondrial genome fragments into the nuclear genome is
welldocumented, and the transfer of these mitochondrial nuclear pseudogenes
(numts) is thought to be an ongoing evolutionary process. With the increasing
number of eukaryotic genomes available, genome-wide distributions of numts
are often surveyed. However, inconsistencies in genome quality can reduce the
accuracy of numt estimates, and methods used for identification can be
complicated by the diverse sizes and ages of numts. Numts have been
previously characterized in rodent genomes and it was postulated that they
might be more prevalent in a group of voles with rapidly evolving karyotypes.
Here, we examine 37 rodent genomes, and an additional 26 vertebrate
genomes, while also considering numt detection methods. We identify
numts using DNA:DNA and protein:translated-DNA similarity searches and
compare numt distributions among rodent and vertebrate taxa to assess
whether some groups are more susceptible to transfer. A combination of
protein sequence comparisons (protein:translated-DNA) and BLASTN
genomic DNA searches detect 50% more numts than genomic DNA:DNA
searches alone. In addition, higher-quality RefSeq genomes produce lower
estimates of numts than GenBank genomes, suggesting that lower quality
genome assemblies can overestimate numts abundance. Phylogenetic
analysis shows that mitochondrial transfers are not associated with
karyotypic diversity among rodents. Surprisingly, we did not find a strong
correlation between numt counts and genome size. Estimates using DNA:
DNA analyses can underestimate the amount of mitochondrial DNA that is
transferred to the nucleus.
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Introduction

Mitochondrial and nuclear genomes have been co-evolving
for more than a billion years, so that most of the proteins needed
for mitochondrial function are now found in the nuclear genome
following the gradual transfer of ancestral mitochondrial
(mtDNA) genes to the nucleus (du Buy and Riley, 1967; Lang
et al, 1999). The transfer and insertion of mtDNA genome
fragments into the nuclear genome has continued, with
nuclear copies of mtDNA fragments documented in a variety
of species (Hazkani-Covo et al., 2010; Yan et al., 2019; Ding et al.,
2021; Zhang et al,, 2022). These nuclear insertions or “numts”
(Lopez et al., 1994) are widespread among eukaryotes, but despite
their ubiquity, numt function is largely unknown. Once
integrated into the nuclear genome, numts are no longer
under the evolutionary constraints of the mtDNA genome
and can evolve as noncoding nuclear sequences that can
fragment after insertion (Hazkani-Covo et al, 2003; Kim
et al., 2006). The accumulation of mutations in older numt
insertions can alter the transferred sequence so that it is no
longer perceived as a mtDNA fragment. When numts are co-
amplified with mtDNA during PCR-based studies or misaligned
during similarity searches, they can compromise studies
involving heteroplasmy (Maude et al., 2019), DNA barcoding
(Song et al., 2008), ancient DNA (Ovchinnikov and Kholina,
2010) and phylogenetics (Lucas et al., 2022). Numts have also
incorrectly supported the bi-parental inheritance of mtDNA
(Luo et al., 2018).

With the increasing number of nuclear genome sequences
available, many genome-wide assessments of numts have been
described (Pereira and Baker, 2004; Calabrese et al., 2012; Nacer
and Raposo do Amaral, 2017; Liang et al, 2018). However,
differences in genome assembly quality can reduce the
accuracy of numt transfer estimates, especially when sequence
alignment methods are used (T'suji et al., 2012; Grau et al., 2020).
The diversity in the age and size of numts can also complicate
numt estimates as numts can be duplicated within the genome
post-insertion and can vary in length from short fragments to
numts that span the entire mtDNA genome. Correlations
between genome size and numt abundance have been
suggested and patterns of numt organization tend to vary
across species (reviewed in Puertas and Gonzalez-Sanchez, 2020).

Numts are typically identified by comparing the complete
mitochondrial genome sequence to the nuclear genome
sequence, using the BLASTN similarity search program
(Camacho et al., 2009) to compare the mitochondrial DNA
sequence to a target genome [e.g, (Pamilo et al, 2007;
Féménia et al., 2021)]. However, similarity searches done with
protein:translated-DNA are more sensitive than DNA:DNA
searches, because their scores are calculated using protein
similarity scoring matrices (Pearson et al, 1997; Pearson,
2019). Protein:translated-DNA
evolutionary look back times that are 5-10-fold longer than

searches routinely allow
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DNA:DNA alignments, so we examined the effect of these more
sensitive search methods on numt estimates.

How numts integrate into the nuclear genome is unclear.
One hypothesis proposes that mtDNA is introduced at nuclear
double-strand DNA breaks by non-homologous end-joining
repair machinery (Blanchard and Schmidt, 1996; Ricchetti
et al, 2004; Hazkani-Covo and Covo, 2008). DNA strand
breaks are required for chromosomal structural changes, such
as inversions and translocations, and these rearrangements can
influence chromosomal evolution (Garagna et al., 2001; Dobigny
et al., 2017), suggesting a possible relationship between numt
quantities and karyotypic diversity. Estimations of numts in
rodents have linked high rates of karyotypic evolution with
the accumulation of numts (Triant and DeWoody, 2007a;
and DeWoody, 2008). The
Arvicolinae (Cricetidae) consists of ~150 species of voles and

Triant rodent subfamily
lemmings with almost half of the species within the genus
Microtus (Musser and Carleton, 2005; Galewski et al., 2006).
Rates of speciation and karyotypic evolution among Microtus
voles are among the fastest known for mammals (Modi, 1987;
Fabre et al., 2012; Steppan and Schenk, 2017) with karyotypes
characterized by numerous chromosomal rearrangements
(Lemskaya et al., 2010; Romanenko et al, 2018). If the
insertion of mtDNA is driven by chromosomal repair
mechanisms, then perhaps the chromosomal structural
that

evolutionary history is facilitating this process leading to a

rearrangements have occurred throughout voles’
high numt content. Thus, we were interested in examining the
correlation between karyotypic evolution and numt transfer.
In this paper, we examine the relationship between
karyotypic diversity in Microtus voles and numt transfer using
a diverse set of rodent genomes. To better estimate numt
transfers, we tested seven different sequence alignment
methods. Previous searches for numts in rodent nuclear
genomes used just a few rodents and searches were done with
BLASTN (Triant and DeWoody, 2007b). In this work, we expand
the number of rodents for which nuclear and mitochondrial
genomes are available to compare similarity search algorithms,
(DNA:DNA and protein:translated-DNA),

protein scoring matrices and genome assembly quality. We

sequence types

also extend the same search techniques to another dataset of
vertebrate genomes that range in size and quality.

Materials and methods
Mitochondrial and genomic sequences

Mitochondrial coding sequences (both protein and nucleotide)
and complete mitochondrial genome sequences were downloaded
from the National Center for Biotechnology (NCBI), as were
complete nuclear (or nuclear plus mitochondrial) genome
assemblies. If a nuclear genome assembly was missing the
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FIGURE 1

Rodent neighbor-joining tree constructed with full mtDNA genome sequences with M. muntjak colored in pink and H. sapiens colored in
purple. GenBank genomes are colored orange and RefSeq colored green. The three vole species from the genus Microtus (M. agrestis, M. arvalis and
M. ochrogaster) are found on the far left. Total numt counts (A) and length (B) are shown for each species for the 7 different similarity searches run are
shown as follows: 1) plus sign (+): coding sequence queries—BLASTN DNA:DNA with “-task megablast” default option (BLN); 2) (x): coding
sequence queries—BLASTN DNA:DNA with “-task blastn” option (BLNT); 3) open circle: coding sequence queries—TFASTX protein:translated-DNA
searches with the MD10 protein scoring matrix (MD10); 4) filled circle: coding sequence queries—TFASTX protein:translated-DNA searches with the
MD40 protein scoring matrix (MD40); 5) open square: whole mtDNA genome queries—BLASTN DNA:DNA with “-task megablast” default (BLNG); 6)
diamond: whole mtDNA genome queries—BLASTN DNA:DNA with “-task blastn” option (BLNGT); 7) square with plus inside: combined numts found
only with coding sequence queries TFASTX protein:translated-DNA with the MD40 scoring matrix, only those found with whole mtDNA
genomes—BLASTN DNA:DNA that includes numts from non-coding portions of the genome and overlapping numts found with both (MD40BG).

mitochondrial genome, we downloaded it separately. We selected
37-rodent species, for which either GenBank or RefSeq genome
assemblies were available (referred to as the “rodent” dataset;
Supplementary Table S1). We also included the assembly for
human because of its detailed annotation and the assembly for
muntjak, an Asian deer that exhibits rapid karyotypic evolution
among mammals (Wurster and Benirschke, 1967, 1970; Mudd
et al,, 2020), for a total of 39 genomes (20 from GenBank and
19 from RefSeq; Figure 1 and Supplementary Table S1). There was
no annotated mtDNA genome for Cynomys gunnisoni so the
mtDNA genome for the subspecies C. gunnisoni gunnisoni was
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used as the query sequence. MtDNA coding sequences (both
protein and nucleotide) were also downloaded for each species
from the same annotated mtDNA genome sequence as either the
“FASTA nucleotides” or “FASTA proteins” (Supplementary
Table S2).

A second vertebrate dataset was examined to explore the
relationship between numt transfer and genome size over a
longer evolutionary timescale. We sought to sample from a
range of genome sizes using the better-annotated RefSeq
assemblies when available. Human, mouse, and rat genomes
were used in both genome sets. The vertebrate dataset consisted
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of 21 RefSeq and 6 GenBank genome assemblies, including the
3 RefSeq assemblies for H. sapiens, M. musculus and R.
norvegicus that were also used in the rodent genome set
(Supplementary Table S1). Genome sizes ranged from
0.38-34.56 GB. MtDNA coding sequences were downloaded as
described for the rodent genome set. We sampled across a range
of genome sizes within each taxonomic group from the smallest
fish genome to the largest lungfish and salamander genomes.
When a group had a relatively consistent range of genome sizes,
we sampled from the genomes that were of good quality (e.g., for
the consistent bird genomes, we used the chicken and zebra finch
genomes). We also sampled from the marsupials as this group
was reported to have an abundance of numts in their nuclear
genomes relative to other mammals (Hazkani-Covo, 2022). A
complete list of species and accession numbers with versions for
the sequences used is provided in Supplementary Table Sl1
(species, mitochondrial genome accession, genome assembly
Table S2
protein-coding sequence accessions).

accession) and Supplementary (mitochondrial

Sequence searches

Similarity searches with mitochondrial sequences were run
against the nuclear genomes using three sets of query sequences
per species: 1) the individual protein sequences of the 13 mtDNA
protein-coding genes were compared to the nuclear genome
using TFASTX (version 36.3.8i, September 2021; (Pearson
et al,, 1997), 2) the nucleotide sequences of the 13 mtDNA
protein-coding genes were compared to the nuclear genome
using BLASTN (version 2.12.0+; Camacho et al., 2009), and 3)
the entire mitochondrial genome nucleotide sequence was
compared to the nuclear genome with BLASTN. Searches
using DNA vs. DNA for both mtDNA protein-coding genes
and entire mtDNA genomes as search queries were performed
with BLASTN with two different algorithm options, described
below. Searches using protein:translated-DNA were performed
with TFASTX with two different scoring matrices. Because the
genetic codes between nuclear and mtDNA differ, we used the
mtDNA translation table for alignments. TFASTX searches used
the command line output option “-m8CBI”, which produces the
same output format as BLASTN with the “-outfmt ’7 gseqid glen
sseqid slen pident length mismatch gapopen gstart qend sstart
send evalue bitscore score btop’ command line output option.
Search results were loaded into a mySQL database (Pearson and
Mackey, 2017) for further analysis.

BLASTN searches were conducted using the default
parameters, which defaults to “-task
megablast” (labeled in the Figures as “BLN”), or with the
“-task blastn” option (labeled as “BLNT”), which produces a
more sensitive search. Two types of scoring matrices were
evaluated with the TFASTX searches: the MDMI0 scoring
matrix using the “-s MD10” option (labeled as “MD10”) and

no -task option,
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the MDM40 scoring matrix using the “-s MD40” option (labeled
as “MD40”) (Jones et al, 1992). The MDI0 matrix targets
alignments that are 90% identical, while the MD40 matrix
targets alignments that are about 65% identical (Pearson, 2013b).

Estimating numt counts

Numt alignments were counted if they were at least
30 nucleotides long (or 10 amino acids) and had a statistical
significance (E()-value) of 0.001. We used a threshold of
30 nucleotides (10 amino acids) so that the alignments would
be long enough to generate a statistically significant score. Full-
length exact-matches (> 99% identity) alignments were excluded
to remove self-hits to authentic mitochondrial sequences.
Because searching with the 13 protein-coding genes can
overestimate the number of numts by breaking long multi-
gene nuclear insertions into individual gene alignments,
searches with protein-coding regions were post-processed to
combine adjacent multi-gene alignments into a single longer
alignment. To look at numt transfer across the mitochondrial
genome, genomic search alignments with the “-task blastn”
option (“BLNGT”) were mapped back to the mitochondrial
genome in 16 non-overlapping fragments and the median
number of numts across the 39 “rodent” genomes in each
interval was calculated. To account for any possible false
positives, we determined the fraction of numts that would
also be found with more stringent E()-values, <107 for
TFASTX and <107 for BLASTN, (Supplementary Table S1).

Merged estimates of numt counts (labeled in the Figures as
“MD40BG”) combined the results of the two most sensitive
strategies, TFASTX/MD40 searches with the 13 mitochondrial
proteins, and BLASTN “-task blastn” searches with the entire
mitochondrial genome. Because the two methods produce
overlapping sets of numt alignments, alignments from each of
the searches were merged based on nuclear chromosome location
using a python script. Merged counts included alignments
identified only by TFASTX/MD40 (MD40), only by BLASTN
“-task blastn” whole genome (labeled as “BLNGT”), or by both
methods. Alignments identified by both methods were counted
only once.

Comparison to an existing human numts
database

Human numt locations assembled by Simone et al. (2011)
were downloaded from the UCSC genome browser (https://
genome.ucsc.edu/cgi-bin/hgTrackUi?db=hg19&g=numtSeq)
as a BED file using the UCSC table browser (Kent et al., 2002).
Numts were originally mapped onto the hgl9 genome
assembly but the current study uses build hg38. Therefore,
coordinates were converted with the UCSC Liftover tool
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TABLE 1 Similarity searching strategies used in this study: program, query sequences, scoring matrix, abbreviations used within the text, the number
of numts found in mouse, rat, human and the medians for rodent Refseq and GenBank genomes.

Program Query Scoring Abbreviation Mouse Rat Human RefSeq GenBank
BLASTN mtCDS -task megablast BLN 23 31 63 31 74

BLASTN mtCDS -task blastn BLNT 133 95 772 133 332
TFASTX Mt-proteins -s MD10 MD10 165 100 765 165 365
TFASTX Mt-proteins -s MD40 MD40 191 128 758 199 384
BLASTN mtGenome -task megablasst BLNG 44 84 185 59 144
BLASTN mtGenome -task blastn BLNGT 171 194 834 198 506
BLASTN + TFX mtGenome + proteins Blastn + MD40 MD40BG 310 286 1,348 338 771

(https://genome.ucsc.edu/cgi-bin/hgLiftOver). Coordinates
the BLASTN “-task blastn” genome searches
(BLNGT) were converted to bed format. Because the NCBI

hg38 genome sequence uses non-chromosomal names for

from

accessions, we removed numt references to incompletely
assembled or unmapped chromosome locations; only numts
on chrl-chr22, chrX, and chrY were compared. UCSC numt
coordinates and BLNGT coordinates were compared using the
“bedtools intersect” function from Bedtools2 version 2.30.0
(Quinlan and Hall, 2010).

Numt counts were totaled and plotted with ‘R’ scripts using
ggplot2 (Wickham, 2016). A rodent phylogeny was constructed
from a multiple sequence alignment of the mitochondrial
genomes listed in this study using MUSCLE (Edgar, 2004)
followed by a distance calculation using Biopython’s (Cock
et al., 2009) Bio.Phylo.Treeconstruction DistanceCalculator ()
and DistanceTreeConstructor () functions to build a Neighbor
Joining tree (Saitou and Nei, 1987). Correlations between
genome size and numt count were estimated using the ‘R’
cor.test () function. The software and datasets used in this
analysis
numts2022.

are available from https://github.com/wrpearson/

Results

Mitochondrial-nuclear transfer is not
correlated with karyotypic diversity in
rodents

We compared voles in the genus Microtus (M. agrestis, M.
arvalis, and M. ochrogaster), which have undergone rapid
karyotypic evolution, with 34 other rodent genomes, as well
as human and the muntjak deer (20 genomes from GenBank
and 19 from RefSeq (Figures 1, 2; Supplementary Tables S1,
S2). The number (Figure 1A) and length (Figure 1B) of
mitochondrial/nuclear transfer events in the rodent genome
set are plotted on a mtDNA genome phylogeny (human was
included for comparison of a well-annotated genome and M.
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muntjak because of its chromosomal diversity among
mammals). For each organism, transfers were measured
with seven different types of similarity search strategies:
four using BLASTN (mitochondrial DNA:nuclear genomic
DNA searches), two using TFASTX (mitochondrial protein
versus translated nuclear genome DNA) with either the
MD40 protein scoring matrix or the MD10 protein scoring
matrix, and one method that combined the most sensitive
BLASTN search with the most sensitive TFASTX search
(MD40BG). Three
similarity searches: 1) the individual protein sequences of

sets of sequences were used for
the 13 mtDNA protein-coding genes, 2) the nucleotide
sequences of the 13 mtDNA protein-coding genes, and 3)
the entire mtDNA genome nucleotide sequence. The different
search strategies, and the number of numts they detect, are
summarized in Table 1.

Numt transfer can be quantified in two ways, either by
considering the number of mitochondrial to nuclear transfer
events (“numt counts”, Figure 1A), or by calculating the total
amount of mtDNA sequence that was transferred to the
nucleus (“numt length”, Figure 1B). As Figures 1A,B show,
numt count and numt length show virtually identical trends.
The same similarity (counts vs length) can be seen when
looking at vertebrate numt transfer (Figure 5). Because
both measures of transfer show similar trends, we have
used numt count to investigate the effects of search
similarity, genome origin, and genome size as reported
below. We also report the median numt lengths and
longest numt found for each species in Supplementary
Table S1.

Among the rodent genomes, the median number of numts
calculated using the most sensitive MD40BG method ranges
from 168 to 11,930 (median 477); 25% of the genomes have
fewer than 310 numts, and 25% have more than 803 (Figure 1;
Supplementary Table S1). The Microtus voles are not
unusual, with 625 (M. agrestis), 334 (M. ochrogaster), and
2,952 (M. arvalis) numts (the M. arvalis number is probably
inflated by a poor genome assembly, as discussed below).
Thus, despite their unusually high level of karyotypic

frontiersin.org
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Total numt counts for the genomes in Figure 1 for 7 different similarity searches as a function of alignment length. Within each box plot, there are
39-symbols for the 39-genomes displayed in Figure 1 color-coded by genome type. (A) alignments at least 30 nt/10 aa; (B) at least 60 nt/20 aa; (C) at
least 150 nt/50 aa; (D) at least 300 nt/100 aa. Median values are given for each type of similarity search with GenBank mtDNA genomes colored in
orange and RefSeq mtDNA genomes colored in green. The symbols for the 7 different similarity searches run are the same as in Figure 1, and are

labeled on the x-axis.

diversity, the range of numts found in Microtus vole nuclear
genomes is typical for rodents. Likewise, the M. muntjak
genome, which has also seen considerable chromosomal
rearrangement, is just above the third quartile for numts
(895). We do not see a strong association between karyotypic
diversity and mitochondrial-nuclear transfer in either the
Microtus voles or M. muntjak. Two Arvicoline voles, which
are not karyotypically diverse, have numt counts similar to
the Microtus voles: 290 (A. amphibius) and 502 (M.
glareolus).

Different search strategies identify
different sets of numts

As the range of symbols for each organism in Figure 1 shows,
different search strategies detect different numbers of numts. The
sensitivities of different search strategies are illustrated in more
detail in Figure 2, which reports the number of numts identified
from either RefSeq or GenBank genomes. In Figure 2, each
species from Figure 1 is represented within a box plot color-
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coded by genome type. To better display the sensitivities of the
different methods at different alignment lengths, we consider
alignments with minimum lengths of 30, 60, 150, and
300 nucleotides (nt) (10, 20, 50, or 100 amino acids for
TFASTX searches).

As Figures 1, 2; Table 1 show, BLASTN using the default
“-task megablast” option is the least sensitive search. The
BLASTN default typically identifies about one-quarter as
many numts as either BLASTN in its more sensitive mode
(“~task blastn”), or the TFASTX searches. For RefSeq genomes
and alignments > 30 nt, BLASTN (default, BLN) the median
number of numts identified across the 39 genomes is 31,
compared with 133 (BLASTN “-task blastn”, BLNT). For
alignments > 300 nt (Figure 2), the median number of
numts drops to 10 (BLN) vs. 44 (BLNT). BLNT is slightly
less sensitive than TFASTX with the MD10 scoring matrix
(133 vs 165 median numts at > 30 nt; 44 vs. 57 at > 300 nt)
while BLNT is about 67% as sensitive as TFASTX with MD40.
Similar improvements in sensitivity are seen when looking at
median numt count in 21 vertebrate RefSeq genomes: 10 vs.
52 for BLN vs. BLNT at > 30 nt, 3 vs. 15 at > 300 nt; 52 BLNT
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RefSeq genomes. The percent identities are compared in each panel for 1) TFASTX (orange): numts found only with coding sequence queries TFASTX
protein:translated-DNA with the MD40 scoring matrix; 2) BLASTN (purple): numts found only with whole mtDNA genomes - BLASTN DNA:DNA
with “-task blastn” option that includes numts from non-coding portions of the genome; 3) numts found with both methods (TFASTX and BLASTN,

green).

vs. 71 TFASTX/MD40 at > 30 nt, but 15 vs. 17 at > 300 nt.
(Supplementary Figure S1).

While protein:translated-DNA (TFASTX) searches are more
sensitive than the most sensitive BLASTN searches, searches with
individual coding sequences miss the non-protein-coding portions
of the mitochondrial genome. BLNG and BLNGT (“-task blastn”)
search with the entire mitochondrial genome, the traditional strategy
for identifying numts. These searches identify as many numts as
TFASTX/MD40, and sometimes more (for RefSeq genomes,
medians of 198 BLNGT vs 199 TFASTX/MD40 at > 30nt;
82 vs. 79at 300 nt, Figure 2). In the vertebrate RefSeq
genome set, BLNGT found more numts than TFASTX/MDA40,
with medians of 101 (BLNGT) vs. 71 (TFASTX/MD40) at >
30 nt and 38 vs. 17 at > 300 nt (Supplementary Figure SI).

While TFASTX/MD40 and BLNGT find similar numbers of
numts, many of the numt locations are different. Because it searches
with the entire genome, BLNGT finds numts corresponding to the

>

non-protein-coding portion of the mitochondrial genome (about
33%) that cannot be detected with TFASTX. However, TFASTX
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searches are more sensitive than BLASTN “-task blastn”, allowing
additional numts to be found from the protein-coding portion
(66%) of the To
comprehensive estimate of mitochondrial transfer, we combined
the results from TFASTX/MD40 and BLNGT by examining the
nuclear genome alignment coordinates and recording whether the
alignment was found by TFASTX/MD40, BLNGT, or both search
methods. The merged alignment results are shown as MD40BG in

mitochondrial ~ genome. produce a

Figures 1, 2 and Supplementary Figures SI, S2, S4. Because we
account for numt alignments found by both methods, the merged
numt count is not the sum of the MD40 and BLNGT counts
(Figure 3).

We evaluated the accuracy of our BLNGT chromosome
locations in humans by comparing their coordinates to those
of Simone et al., (2011) downloaded from the UCSC browser.
Of the 755 numt sites on chr1-22,X and Y from the UCSC
browser, 702 (93%) were found overlapping our BLNGT
(blastn “-task blastn” with the entire mitochondrial
genome) sites by 90%; 715 (95%) overlapped at 50%
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Rodent median numt counts for mtDNA protein genes found using TFASTX with the MD40 scoring matrix. Genes are sorted by length from
shortest to longest. GenBank genomes are colored orange and RefSeq colored green with M. muntjak colored in pink and H. sapiens colored in
purple. (A) Total counts per gene ordered by gene length in amino acids (aa); (B) Numt counts scaled by average gene length. Lines connect numt

counts from mtDNA genes in the same species.

coverage. Virtually identical results (702-720 overlapping
sites) were found with the most comprehensive MD40BG
approach, suggesting that the most sensitive approach finds
most of the previously identified and validated numts in the
human genome (Simone et al., 2011).

Lower quality genome assemblies
overestimate numt counts

On average, fewer numts are found in RefSeq genomes than in
GenBank genomes in the rodent genome sets (Figures 1, 2, 4) and in
the vertebrate genomes (Figure 5). To view the differences in RefSeq
and GenBank genome numt counts in more detail, we plotted
counts as a function of alignment length in Figure 2. The four species
with the highest numt count, regardless of search strategy (the four
highest symbols in Figures 2, 4) are C. sociabilis, M. arvalis, M.
coypus and T. swinderianus, so we speculated that these four
genomes produced most of the discrepancy between the RefSeq
and GenBank numt counts. However, when these four genomes are
removed from the rodent set, the differences between RefSeq and
GenBank numt count medians changes very little (Supplementary
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Figure S2). This discrepancy between RefSeq and GenBank genome
counts is found at different alignment lengths (Figure 2;
Supplementary Figure S2), and across each of the mtDNA
protein-coding genes (Figure 4). The M. coypus genome has a
large number of contigs (1.6 million) and an N50 of 28 kb. In
contrast, the rodent RefSeq genome with the largest number of
numts (N. galili, 1,280 numts) assembles into 356,000 contigs
(N50 = 30,353), while a rodent with a more typical number of
numts (M. agrestis, 625 numts) has been assembled into fewer than
7,000 contigs. We included only six GenBank genomes in the
vertebrate set because we concluded that RefSeq genome
assemblies would provide more accurate numt estimates. Poorly
assembled GenBank genomes have many more genome fragments
that can dramatically increase the apparent amount of
mitochondrial nuclear transfer.

The mtDNA genome is transferred
uniformly across its length

Parts of different protein-coding genes appear in the
nuclear genome at different frequencies (Figure 4) -
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FIGURE 5

Mitochondrial nuclear transfer across vertebrate genomes. (A) Total numt counts and (B) total numt length (kb) for the 7 different similarity

searches ordered by genome size (GB) from smallest to largest. Genome sizes are listed in the top panel and species are listed on the bottom panel
but are consistent for both panels. GenBank mtDNA genomes colored in orange and RefSeq mtDNA genomes colored in green. Scientific names
shown in panel B are colored by vertebrate classes shown in panel (A). Numt counts (A) and lengths (B) for each species for the 7 different

similarity searches run are shown as follows: 1) plus sign (+): coding sequence queries—BLASTN DNA:DNA with "-task megablast” default option
(BLN); 2) (x): coding sequence queries—BLASTN DNA:DNA with “-task blastn” option (BLNT); 3) open circle: coding sequence queries—TFASTX
protein:translated-DNA searches with the MD10 protein scoring matrix (MD10); 4) filled circle: coding sequence queries—TFASTX protein:

translated-DNA searches with the MD40 protein scoring matrix (MD40); 5) open square: whole mtDNA genome queries—BLASTN DNA:DNA with
“-task megablast” default (BLNG); 6) diamond: whole mtDNA genome queries—BLASTN DNA:DNA with “-task blastn” option (BLNGT); 7) square with
plus inside: combined numts found only with coding sequence queries TFASTX protein:translated-DNA with the MD40 scoring matrix, only those
found with whole mtDNA genomes—BLASTN DNA:DNA that includes numts from non-coding portions of the genome and overlapping numts

found with both (MD40BG).

fragments from shorter genes are transferred less frequently,
and fragments from longer genes more frequently (Figure 4A).
As was seen with the total numt counts and lengths (Figures 1,
2), the
mitochondrial

GenBank genomes consistently display more
that

genome numt counts are likely to be overestimates. When

transfer, suggesting lower-quality
the numt counts are normalized to correct for protein length,
the transfer frequencies are relatively uniform (Figure 4B), as
would be expected if the mitochondrial genome fragmentation
and transfer process were random. To further examine
preferential transfer of portions of the mtDNA Genome, we
divided the mtDNA genome into 16 non-overlapping
segments and plotted them by genome interval with the
median number of numts across the 39 species in the
rodent set found at each interval with the BLASTN “-task
blastn” method (Supplementary Figure S3). This unbiased
measure of mitochondrial genome transfer does not show
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any locally strong transfer preferences across the

mitochondrial genome.

Numt correlation with genome size

In addition to examining the relationship between karyotypic
diversity and mtDNA-nuclear transfer by comparing voles with
other rodents, we examined the relationship between genome
size and numt transfer with a more diverse vertebrate genome set
(Figure 5; Supplementary Table S1, and Supplementary Figure
S4). The much larger range of vertebrate genome sizes (from
0.4 to 35GB), together with the longer vertebrate timescale,
400 MYA vs. 60 MYA for rodents (Benton and Donoghue,
2006; dos Reis et al, 2015) allow us to explore the
relationship between mtDNA transfer and genome size. In
selecting vertebrates for this analysis, we sought groups of
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more closely related organisms with contrasting genome sizes,
e.g., small and large genome amphibians (X. tropicalis, genome
size 1.4 GB vs. A. mexicanum 28.2 GB) and fish (T. rubripes,
genome size 0.38 GB vs. D. rerio 1.4 GB and the ancestral lung
fish, N. forsteri, genome size 34.6 GB). We also sampled five
organisms that have been reported to have high number of
numts, the platypus, O. anatinus, a member of the earliest
branching mammalian lineage (Calabrese et al., 2017; Zhou
et al., 2021) and four marsupials (Hazkani-Covo, 2022). In
addition, we sampled organisms in clades where the genome
size was relatively consistent (birds, reptiles, bats; full list in
Supplementary Table S1). To minimize quality issues with poorly
assembled GenBank genomes, we chose 21 RefSeq vertebrate
genomes, and 6 GenBank genomes.

There is little correlation between genome size and either
the amount of mitochondrial transfer (Figure 5) or the median
length of the segments transferred (Supplementary Figure S4).
The largest amount of transfer in our sample was seen with
average sized (3 GB) genomes (S. harrisii, T. cynocephalus,
and A. flavipes), the largest genomes in our sample (A.
mexicanum and N. forsteri) had transfer amounts similar to
the majority of organisms with genome sizes from 1.4 to 3 GB.
Statistical analysis of the numt counts versus genome size in
the 21 vertebrate RefSeq genomes, excluding genomes with no
numts, revealed a weak (p < 0.02) Spearman rank correlation
coefficient. For the same dataset, the Pearson correlation,
which takes into account the magnitudes of both the
genome sizes and numt counts, was not statistically
significant.

Numts cannot be detected in some
vertebrates

As shown earlier (Figures 1, 2, 3, 5), the combination of
sensitive TFASTX/MDA40 protein:translated-DNA searches and
the more complete whole-mitochondrial genome BLNGT
searches produce the most comprehensive estimates of
mtDNA-nuclear TFASTX/
MD40 can find numt transfers that are not detected by other
methods, it is possible that some of those transfers are alignment

genome transfer. Because

artifacts, e.g., false positives that do not represent genuine
transfers. Evidence that there are very few false-positives,
particularly with the most sensitive MD40BG merged count
strategy, is provided by the vertebrate genome set. When we
looked at numt hits under more stringent E()-values, using
<107° for TFASTX and <107 for BLASTN, the median
reduction in numts was ~17 % (Supplementary Table SI).
While most organisms in both rodent and vertebrate genome
sets had between 100 and 1,000 numt transfers, three vertebrate
genomes (N. naja, T. rubripes and X. tropicalis) appear to have no
detectable mitochondrial nuclear transfers when measured with
our most sensitive method (MD40BG; Figure 5). While each of
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those genomes showed some transfer with one or two of our
methods, the alignments supporting those transfers had low
expectation values, and we believe those alignments were false
positives (T. rubripes TFASTX MDI10 alignments had E()-
values > 107, and the X. tropicalis MD10 alignments had E()-
values >107°). The MD40BG strategy found 84 numts in D.
rerio, but none of the numts were found by TFASTX/MD40 with
E ()<107% and none of the DNA:DNA alignments had E ()-values
<1078, a generous threshold for DNA:DNA alignments. We do
not believe the D. rerio alignments represent true nuclear
transfers; 94% of the numts reported for D. rerio are lost
under more stringent E()-values, TFASTX < 107, BLASTN
<1071% (Supplementary Table S1). With the large number of
searches being analyzed, some false-positives are expected.
However, while our hybrid TFASTX/BLASTN approach can
detect more numt transfer than previous methods, there are
still organisms with no apparent mitochondrial-nuclear transfer.

Discussion

MtDNA transfer is not more abundant in
Microtus voles

MtDNA genomes contain a small fraction of the genes
necessary for the function of the mitochondria; most
mitochondrial proteins are coded by genes that have been
transferred to the nucleus (Lang et al, 1999). There are also
continued insertions of mtDNA genome fragments into the
nuclear genome that are not expressed and endure as
pseudogenes. Little is known about why some taxonomic
lineages have infrequent or no mtDNA nuclear transfers,
while others have transferred thousands of pieces of the
mitochondrial genome to the nucleus. One of the initial goals
of this study was to survey rodent genomes to test whether
Microtus vole genomes harbored an increased number of numts
that was driven by their plastic karyotype (Triant and DeWoody,
2008). If double-strand break repair mechanisms are involved in
numt integration, as was postulated for primate genomes
(Ricchetti et 2004), that
generations of chromosomal fusion events would seem good

al, species have undergone
candidates for numt transfers.

We looked at mitochondrial nuclear transfer in 37 rodent
genomes, using a variety of similarity searching strategies.
Traditionally, mitochondrial nuclear transfers (numts) have
been identified by looking for mitochondrial genomic
fragments with BLASTN, and, more recently, SRA alignments.
While BLASTN can identify many numt transfer events, DNA:
DNA similarity searching is considerably less sensitive than
protein:translated-DNA searching, so we also did searches
using the mitochondrial encoded proteins. We used a scoring
matrix that is optimal for about 90% identity (MD10) and a

second that works best at about 65% identity (MD40). We also
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searched with the much more sensitive BLOSUMG62 matrix,
which targets alignments that are 30% identical (Pearson,
2013b), the default used by BLASTP and TBLASTN
(Camacho et al., 2009). BLOSUMS62 searches did not produce
significantly more numts than MD40, but appeared to produce
more false-positives (data not shown), so we used MD40 for our
most sensitive searches. In addition to providing a greater
evolutionary look-back time, protein:protein (or protein:
translated-DNA) alignments have more consistent statistical
properties; at a given expectation value, TFASTX alignments
produce fewer false positives (Pearson, 2013a).

Despite using more sensitive search techniques, none of the
vole species, particularly the three species of Microtus voles nor
the two other Arvicoline voles in the rodent set (A. amphibius
and M. glareolus), had an unusual number of numts, apart from
M. arvalis. However, the M. arvalis genome is a lower quality
GenBank genome assembled at the scaffold level. Because of the
scaffold level assembly, we believe the M. arvalis numt count is an
overestimate. We also included the muntjak deer, Muntiacus
muntjak, which has a rapidly evolving mammalian karyotype
(Wurster and Benirschke, 1967, 1970; Mudd et al., 2020). The
muntjak genome is also a GenBank assembly but the genome is
assembled at the chromosome level. M. muntjak has a numt
count just above the third quartile in the rodent genome set. The
rodent genomes sampled are relatively uniform in size
(2.0 GB-3.7 GB; Supplementary Table S1) and the two species
that did have a 10-fold higher amount of numts (M. coypus and
T. swinderianus) have similar sized genomes (2.9 GB and 2.6 GB,
respectively). Again, those high-numt genomes were GenBank
genomes assembled at the scaffold level. We conclude that
neither Microtus voles nor rodents are remarkable in their
numt content and karyotypic plasticity does not seem to be
driving mtDNA transfers.

Similarity search strategies and numt
estimates

We assessed seven search methods for finding numts
including using the whole mtDNA genome with BLASTN.
We note that the BLASTN -task option used is critical.
BLASTN defaults to using “-task megablast”, which is fast but
not very sensitive (targeting alignments that are more than 99%
identical), and the alternative “-task blastn” option, uses more
sensitive parameters and target sequences that are more than
80% identical. Searches with the complete mitochondrial genome
and BLASTN “-task BLASTN” (BLNGT) found more than 90%
of previously characterized human numts (Simone et al,, 2011).
Our results indicate that BLASTN with the “-task megablast”
default found the fewest numts both using the protein-coding
portions of the mtDNA genome, and when using the entire
genome as a query (Figures 1, 2, 5). Many BLASTN users may not
be aware of this lower sensitivity default. The low sensitivity
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BLASTN default is equivalent to aligning against the NCBI
Sequence Read Archive (SRA). BLASTN “-task megablast”
uses the same match/mismatch parameters as the short-read
aligners required to align SRA reads. Just as “-task megablast”
finds only half as many numts as BLASTN, SRA alignments
would miss a similar number of numt insertions.
Protein:translated-DNA the
protein-coding portion of the mtDNA genome using TFASTX
found higher numbers of numts than BLASTN. Searching with
the mtDNA genes also allowed us to ask whether some parts of

searches conducted with

the mtDNA genome (among the protein-coding genes) are more
likely transferred than others, but we did not find any. Figure 4
shows that the mtDNA genes are uniformly represented in the
nuclear genomes, after they are scaled by gene length. We also see
more gene fragments transfers in GenBank genomes, suggesting
that numt counts for GenBank genomes are inflated.

Searches with individual genes (TFASTX) and analyses of
segments of complete BLASTN genomic searches (BLNGT) do
not show preferential transfer of mitochondrial genome regions
(Figure 4 and Supplementary Figure S3). To examine functional
non-coding mtDNA genomic regions (e.g., the control region or
the ribosomal RNAs 12S and 16S), we divided each mtDNA
genome into 16 intervals (approximately 1,000 nt) and examined
the median number of numts found in each interval in BLNGT
searches (the entire mtDNA genome searched with BLASTN
“-task blastn”, Supplementary Figure S3). As before, GenBank
genomes produce higher counts, but counts across the intervals
are relatively uniform. The intervals that contain the non-coding
regions—12S rRNA (intervals 1,2), 16S rRNA (intervals 2,3)—
are not overrepresented in their median numt counts. Likewise,
we do not see differences in the control region (intervals 15,16),
in contrast to other observations (Doynova et al., 2016; Calabrese
et al., 2017).

Our most sensitive search strategy (MD40BG), Figures 1, 2, 5;
Supplementary Figures S1, S2, S4) combines the sensitivity of
TFASTX  protein:translated-DNA with  the
MD40 protein scoring matrix, with the comprehensiveness of

searches

the BLASTN whole genome searches with the more sensitive
“-task blastn” option. The scoring system used by TFASTX can
detect alignments with more sequence changes, or lower percent
identities, and finds more distant numts (Figure 3), while
BLASTN “-task blastn” full-genome searches ensure that
transfer from non-coding genes can be detected. The
complementary effectiveness of the two approaches is shown
in Figure 3, where percent identity is a proxy for evolutionary
distance; older (more distant) numt transfers have lower identity.
Although the rate of evolution on the mtDNA locus from which
the numt originated can differ by location within the mtDNA
genome and by organism, once the numt is transferred to the
nuclear genome it is presumed to be non-functional and thus no
longer under selection (Zischler et al., 1995; Bensasson et al.,
2001). For both individual organisms (mouse, human) and the
entire rodent and vertebrate genome sets, the TFASTX/MD40-

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.984513

Triant and Pearson

only searches can identify lower identity (more distant)
alignments, while the BLNGT-only alignments have higher
identities. This is expected; protein:translated-DNA alignments
can easily detect transfers with less than 50% identity, which are
rarely found by DNA:DNA alignments (Pearson, 2019).

Genome quality and numt detection

The observation that GenBank genomes tend to have higher
apparent numbers of numt transfers than RefSeq genomes came
as a surprise. However, the observation is consistent; we see it not
only in rodent genomes (Figures 1, 3) but also in non-rodent
vertebrates (Figure 5; Supplementary Figure S1) both when
looking at the total number of numts and at longer,
presumably “younger”, numt transfers. We see the same
pattern when looking across the individual genes in the
mitochondrial genome (Figure 4). RefSeq genomes are
typically constructed from higher quality assemblies and go
through additional gene-finding and annotation pipelines
(O’Leary et al,, 2016). In general, RefSeq genomes are better
curated than GenBank genomes, and our results suggest that the
higher quality RefSeq genome assemblies generate smaller
numbers of numt alignments.

It is difficult to posit a biological explanation for the
difference in the amount of numt transfer for RefSeq and
GenBank genomes. A simpler explanation is that GenBank
genomes are more preliminary and therefore, more likely to
include duplicated or poorly assembled regions that will be
merged in future genome releases, so that the numt count
associated with those duplicated/unassembled regions will
subsequently be reduced. While some GenBank genomes
are assembled to the chromosome level, others can be to
the scaffold or even contig level and have not been
further the NCBI (e.g.,
contaminants removed) (Benson et al., 2013). The four

annotated or curated by
rodent species that show the highest number of numts
regardless of alignment length (C. sociabilis, M. arvalis, M.
coypus, T. swinderianus) (Figures 1, 3) are all GenBank
genome assemblies at the scaffold assembly level with
scaffold N50 ranging from 21 to 53 kb. Their numt counts
are likely the results of a highly-fragmented genome. Before
beginning a numt search, the quality of the genomes being
used should be considered. It is also important to report the
exact version of the assembly as improvements made between
versions could potentially affect the number of numts
discovered (Grau et al., 2020).

Genome size and numt transfer

As with the rodents, there was not any clear biological
pattern of numt transfer among vertebrate species (Figure 5).
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In particular, the species with the largest genomes (A.
(28.2GB) and N. forsteri (34.6 GB), both
GenBank genomes with assembled chromosomes, did not

mexicanum

contain the largest number of numts. The large genome of
A. mexicanum had fewer numts than other species with 10-
fold smaller genomes (Figure 5). This lack of correlation is
consistent with other findings (Puertas and Gonzdlez-
Sanchez, 2020). However, Hazkani-Covo (2022) found a
significant Spearman-rank correlation between genome size
and numt content in vertebrates with genome sizes ranging
from (0.38-5.3 GB). We performed a Spearman rank analysis
on the 19 RefSeq vertebrates that contained numts (thus
excluding D. rerio, N. naja, T. rubripes, and X. tropicalis),
and found a weak correlation (p < 0.02). Significant
correlations were not found with the Pearson measure,
which we prefer, because it considers the magnitudes of the
genome sizes and numt counts.

MtDNA insertions have been reported to be absent from
fish or present in small numbers (Antunes and Ramos, 2005).
We did not find any numts in the fish T. rubripes with our
most sensitive search methods. Numts were found with only
one or two methods in the N. naja and X. tropicalis genomes,
and by the genomic BLNGT strategy in D. rerio. We believe
these alignments are false positives, because they are not
found with more sensitive methods and because they had
marginal E()-values. When presented with a very small
number of numts in a genome, attention should be paid to
the alignment’s E()-value, as higher (less significant) values
could indicate false positives rather than authentic transfers.
In the genomes with hundreds to thousands of numts, most of
the numts had extremely significant (E() < 107*°) expectation
values.

We detect the largest numbers of numts both in count and
length in H. sapiens, consistent with previous studies of human
genomes (Jensen-Seaman et al., 2009; Lang et al,, 2012; Dayama
et al, 2014; Dayama et al,, 2020; Popadin et al.,, 2022). Three
marsupial genomes: A. flavipes and S. harrisii, both in the family
Dasyuridae and the extinct T. cynocephalus (Figure 5), have high
numt counts. The marsupial genomes are all close to 3 GB in size
(range 3.1-3.2 GB) with two assembled to the chromosome level
(A. flavipes—GenBank; S. harrisii—RefSeq) and the third at the
scaffold assembly level (T. cynocephalus—GenBank). Two of the
marsupials (A. flavipes, S. harrisii) were recently found to have
high numt content with numbers similar to those in this study (8.
harrisii 5,319 numts/2,054 kb this study, 3,450 numts/1,995 kb
(Hazkani-Covo, 2022); A. flavipes 4,247 numts/876 kb,
2,813 numts/847 kb; T. cynocephalus 4,111 numts/742 kb,
435 numts/238 kb). While our numt lengths are similar for the
two chromosome level assemblies, our combined search method
found more numts. This may be the result of the protein-coding
searches, which can find shorter, more diverged numts. For the
lower quality scaffold level assemblies, both our counts and total
lengths are higher, highlighting the challenges associated with
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searching more fragmented GenBank genomes. Likewise, our
estimates for two high quality RefSeq bird genomes (T. guttata:
52 numts/28 kb total length; G. gallus: 37 numts/12 kb total length)
are consistent with previous avian studies that have reported low
numbers of mtDNA insertions [T. guttata 22 numts/10 kb total
length; G. gallus 13 numts/9 kb total length; (Pereira and Baker,
2004; Liang et al,, 2018)], although our more sensitive approach
again finds more numts.

We used a range of numt detection techniques to estimate
mitochondrial nuclear transfer and recommend a method that
protein:translated-DNA  (TFASTX)
conducted with the protein-coding portion of the mtDNA
genome with DNA:DNA (BLASTN “task blastn”) searches
with the entire mtDNA genome to capture numts from non-

combines searches

coding regions. We did not find any abundance of numts in the
Microtus voles despite their rapid rates of chromosomal
evolution. Mitochondrial transfer estimates from GenBank
genomes should be viewed with caution, as highly fragmented
genomes can artificially increase numt counts.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material, further

inquiries can be directed to the corresponding author.

Author contributions

Both authors listed, DAT and WRP, have made a substantial,
direct and intellectual contribution to the work, and approved it
for publication.

References

Antunes, A., and Ramos, M. J. (2005). Discovery of a large number of previously
unrecognized mitochondrial pseudogenes in fish genomes. Genomics 86 (6),
708-717. doi:10.1016/j.ygeno.2005.08.002

Bensasson, D., Zhang, D.-X,, Hartl, D. L, and Hewitt, G. M. (2001).
Mitochondrial pseudogenes: evolution’s misplaced witnesses. Trends Ecol. Evol.
16 (6), 314-321. doi:10.1016/S0169-5347(01)02151-6

Benson, D. A., Cavanaugh, M., Clark, K., Karsch-Mizrachi, I, Lipman, D. ],
Ostell, ., et al. (2013). GenBank. Nucleic Acids Res. 41, D36-D42. Database issue).
doi:10.1093/nar/gks1195

Benton, M. J., and Donoghue, P. C.J. (2006). Paleontological evidence to date the
tree of life. Mol. Biol. Evol. 24 (1), 26-53. doi:10.1093/molbev/msl150

Blanchard, J. L., and Schmidt, G. W. (1996). Mitochondrial DNA migration
events in yeast and humans: Integration by a common end-joining mechanism and
alternative perspectives on nucleotide substitution patterns. Mol. Biol. Evol. 13 (3),
537-548. doi:10.1093/oxfordjournals.molbev.a025614

Calabrese, F. M., Balacco, D. L., Preste, R., Diroma, M. A., Forino, R., Ventura, M.,
et al. (2017). NumtS colonization in mammalian genomes. Sci. Rep. 7 (1), 16357.
doi:10.1038/s41598-017-16750-2

Calabrese, F. M., Simone, D., and Attimonelli, M. (2012). Primates and mouse
NumtS in the UCSC genome browser. BMC Bioinforma. 13, S15. doi:10.1186/1471-
2105-13-s4-s15

Frontiers in Genetics

13

10.3389/fgene.2022.984513

Funding

WRP was supported by a grant from the National Science
Foundation (NSF-1759625).

Acknowledgments

We are grateful to the reviewers their comments.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2022.984513/full#supplementary-material

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, ., Bealer, K.,
et al. (2009). BLAST+: Architecture and applications. BMC Bioinforma. 10, 421.
doi:10.1186/1471-2105-10-421

Cock, P.J. A,, Antao, T., Chang, J. T., Chapman, B. A, Cox, C. ], Dalke, A,, et al.
(2009). Biopython: Freely available Python tools for computational molecular
biology and bioinformatics. Bioinformatics 25 (11), 1422-1423. doi:10.1093/
bioinformatics/btp163

Dayama, G., Emery, S. B,, Kidd, J. M., and Mills, R. E. (2014). The genomic
landscape of polymorphic human nuclear mitochondrial insertions. Nucleic Acids
Res. 42 (20), 12640-12649. doi:10.1093/nar/gku1038

Dayama, G., Zhou, W., Prado-Martinez, J., Marques-Bonet, T., and Mills, R. E.
(2020). Characterization of nuclear mitochondrial insertions in the whole genomes
of primates. Nar. Genom. Bioinform. 2 (4), 1qaa089. doi:10.1093/nargab/lqaa089

Ding, L., Sang, H., and Sun, C. (2021). Genus-wide characterization of nuclear
mitochondrial DNAs in bumblebee (hymenoptera: Apidae) genomes. Insects 12
(11), 963. doi:10.3390/insects12110963

Dobigny, G., Britton-Davidian, J., and Robinson, T. J. (2017). Chromosomal
polymorphism in mammals: An evolutionary perspective. Curr. Biol. 92 (1), 1-21.
doi:10.1111/brv.12213

dos Reis, M., Thawornwattana, Y., Angelis, K., Telford, M. J., Donoghue, P. C.].,
and Yang, Z. (2015). Uncertainty in the timing of origin of animals and the limits of

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fgene.2022.984513/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2022.984513/full#supplementary-material
https://doi.org/10.1016/j.ygeno.2005.08.002
https://doi.org/10.1016/S0169-5347(01)02151-6
https://doi.org/10.1093/nar/gks1195
https://doi.org/10.1093/molbev/msl150
https://doi.org/10.1093/oxfordjournals.molbev.a025614
https://doi.org/10.1038/s41598-017-16750-2
https://doi.org/10.1186/1471-2105-13-s4-s15
https://doi.org/10.1186/1471-2105-13-s4-s15
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1093/bioinformatics/btp163
https://doi.org/10.1093/bioinformatics/btp163
https://doi.org/10.1093/nar/gku1038
https://doi.org/10.1093/nargab/lqaa089
https://doi.org/10.3390/insects12110963
https://doi.org/10.1111/brv.12213
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.984513

Triant and Pearson

precision in molecular timescales. Curr. Biol. 25 (22), 2939-2950. doi:10.1016/j.cub.
2015.09.066

Doynova, M. D., Berretta, A., Jones, M. B, Jasoni, C. L., Vickers, M. H., and
O’Sullivan, J. M. (2016). Hybridization between the nuclear and kinetoplast
dna’s of leishmania enriettii and between nuclear and mitochondrial dna’s of
mouse liver. Proc. Natl. Acad. Sci. U. S. A. 30, 187-196. doi:10.1016/j.mito.
2016.08.003

Du Buy, H. G,, and Riley, F. L. (1967). Hybridization between the nuclear and
kinetoplast DNA’s of Leishmania enriettii and between nuclear and mitochondrial
DNA’s of mouse liver. Proc. Natl. Acad. Sci. 57(3), 790-797. doi:10.1073/pnas.57.
3.790

Edgar, R. C. (2004). Muscle: Multiple sequence alignment with high accuracy
and high throughput. Nucleic Acids Res. 32 (5), 1792-1797. doi:10.1093/nar/
gkh340

Fabre, P. H., Hautier, L., Dimitrov, D., and Douzery, E. J. (2012). A glimpse on the
pattern of rodent diversification: A phylogenetic approach. BMC Evol. Biol. 12, 88.
doi:10.1186/1471-2148-12-88

Féménia, M., Charles, M., Boulling, A., and Rocha, D. (2021). Identification and
characterisation of mitochondrial sequences integrated into the ovine nuclear
genome. Anim. Genet. 52 (4), 556-559. doi:10.1111/age.13096

Galewski, T., Tilak, M.-K., Sanchez, S., Chevret, P., Paradis, E., and Douzery, E.
J. P. (2006). The evolutionary radiation of Arvicolinae rodents (voles and
lemmings): Relative contribution of nuclear and mitochondrial DNA
phylogenies. BMC Evol. Biol. 6, 80. doi:10.1186/1471-2148-6-80

Garagna, S., Marziliano, N., Zuccotti, M., Searle, J. B., Capanna, E., and Redi, C. A.
(2001). Pericentromeric organization at the fusion point of mouse Robertsonian
translocation chromosomes. Proc. Natl. Acad. Sci. U. S. A. 98 (1), 171-175. doi:10.
1073/pnas.98.1.171

Grau, E. T., Charles, M., Féménia, M., Rebours, E., Vaiman, A., and Rocha, D.
(2020). Survey of mitochondrial sequences integrated into the bovine nuclear
genome. Sci. Rep. 10 (1), 2077. doi:10.1038/s41598-020-59155-4

Hazkani-Covo, E. (2022). A burst of numt insertion in the Dasyuridae family
during marsupial evolution. Front. Ecol. Evol. 10. doi:10.3389/fevo.2022.844443

Hazkani-Covo, E., and Covo, S. (2008). Numt-mediated double-strand break
repair mitigates deletions during primate genome evolution. PLoS Genet. 4 (10),
€1000237. doi:10.1371/journal.pgen.1000237

Hazkani-Covo, E., Sorek, R., and Graur, D. (2003). Evolutionary dynamics of
large numts in the human genome: Rarity of independent insertions and abundance
of post-insertion duplications. J. Mol. Evol. 56 (2), 169-174. doi:10.1007/s00239-
002-2390-5

Hazkani-Covo, E., Zeller, R. M., and Martin, W. (2010). Molecular poltergeists:
Mitochondrial DNA copies (numts) in sequenced nuclear genomes. PLoS Genet. 6
(2), €1000834. doi:10.1371/journal.pgen.1000834

Jensen-Seaman, M. L, Wildschutte, J. H., Soto-Calderén, 1. D., and Anthony, N. M.
(2009). A comparative approach shows differences in patterns of numt insertion during
hominoid evolution. J. Mol. Evol. 68 (6), 688-699. doi:10.1007/s00239-009-9243-4

Jones, D. T., Taylor, W. R,, and Thornton, J. M. (1992). The rapid generation of
mutation data matrices from protein sequences. Comput. Appl. Biosci. 8 (3),
275-282. doi:10.1093/bioinformatics/8.3.275

Kent, W.]., Sugnet, C. W, Furey, T. S., Roskin, K. M., Pringle, T. H., Zahler, A. M.,
etal. (2002). The human genome browser at UCSC. Genome Res. 12 (6), 996-1006.
doi:10.1 101/gr.229102

Kim, J.-H., Antunes, A., Luo, S.-J., Menninger, J., Nash, W. G., O’Brien, S.J., et al.
(2006). Evolutionary analysis of a large mtDNA translocation (numt) into the
nuclear genome of the Panthera genus species. Gene 366 (2), 292-302. doi:10.1016/j.
gene.2005.08.023

Lang, B. F., Gray, M. W., and Burger, G. (1999). Mitochondrial genome evolution
and the origin of eukaryotes. Annu. Rev. Genet. 33, 351-397. doi:10.1146/annurev.
genet.33.1.351

Lang, M., Sazzini, M., Calabrese, F. M., Simone, D., Boattini, A., Romeo, G, et al.
(2012). Polymorphic NumtS trace human population relationships. Hum. Genet.
131 (5), 757-771. doi:10.1007/s00439-011-1125-3

Lemskaya, N. A, Romanenko, S. A., Golenishchev, F. N., Rubtsova, N. V., Sablina,
0. V., Serdukova, N. A., et al. (2010). Chromosomal evolution of Arvicolinae
(Cricetidae, Rodentia). III. Karyotype relationships of ten Microtus species.
Chromosome Res. 18 (4), 459-471. doi:10.1007/s10577-010-9124-0

Liang, B., Wang, N, Li, N, Kimball, R. T., and Braun, E. L. (2018). Comparative
genomics reveals a burst of homoplasy-free numt insertions. Mol. Biol. Evol. 35 (8),
2060-2064. doi:10.1093/molbev/msy112

Lopez, J. V., Yuhki, N., Masuda, R., Modi, W., and O’Brien, S. J. (1994). Numt, a
recent transfer and tandem amplification of mitochondrial DNA to the nuclear
genome of the domestic cat. J. Mol. Evol. 39 (2), 174-190. doi:10.1007/bf00163806

Frontiers in Genetics

14

10.3389/fgene.2022.984513

Lucas, T., Vincent, B., and Eric, P. (2022). Translocation of mitochondrial DNA
into the nuclear genome blurs phylogeographic and conservation genetic studies in
seabirds. R. Soc. Open Sci. 9 (6), 211888. doi:10.1098/rs0s.211888

Luo, S., Valencia, C. A., Zhang, J., Lee, N. C,, Slone, J., Gui, B,, et al. (2018).
Biparental inheritance of mitochondrial DNA in humans. Proc. Natl. Acad. Sci. U. S.
A. 115 (51), 13039-13044. doi:10.1073/pnas.1810946115

Maude, H., Davidson, M., Charitakis, N., Diaz, L., Bowers, W. H. T., Gradovich,
E., et al. (2019). NUMT confounding biases mitochondrial heteroplasmy calls in
favor of the reference allele. Front. Cell Dev. Biol. 7, 201. doi:10.3389/fcell.2019.
00201

Modi, W. S. (1987). Phylogenetic analyses of chromosomal banding patterns
among the nearctic arvicolidae (mammalia: Rodentia). Syst. Zool. 36 (2), 109-136.
doi:10.2307/2413264

Mudd, A. B., Bredeson, J. V., Baum, R., Hockemeyer, D., and Rokhsar, D. S.
(2020). Analysis of muntjac deer genome and chromatin architecture reveals rapid
karyotype evolution. Commun. Biol. 3 (1), 480. doi:10.1038/s42003-020-1096-9

Musser, G. G., and Carleton, M. D. (2005). “Superfamily muroidea,” in Mammal
species of the world: A taxonomic and geographic reference. Editors D. E. Wilson and
D. M. Reeder (Baltimore: The Johns Hopkins University Press).

Nacer, D. F., and Raposo do Amaral, F. (2017). Striking pseudogenization in avian
phylogenetics: Numts are large and common in falcons. Mol. Phylogenet. Evol. 115,
1-6. doi:10.1016/j.ympev.2017.07.002

O’Leary, N. A., Wright, M. W, Brister, J. R,, Ciufo, S., Haddad, D., McVeigh, R.,
et al. (2016). Reference sequence (RefSeq) database at NCBIL: Current status,
taxonomic expansion, and functional annotation. Nucleic Acids Res. 44 (D1),
D733-D745. doi:10.1093/nar/gkv1189

Ovchinnikov, I. V., and Kholina, O. I. (2010). Genome digging: Insight into the
mitochondrial genome of Homo. PLoS One 5 (12), €14278. doi:10.1371/journal.
pone.0014278

Pamilo, P., Viljakainen, L., and Vihavainen, A. (2007). Exceptionally high density
of NUMTs in the honeybee genome. Mol. Biol. Evol. 24 (6), 1340-1346. doi:10.1093/
molbev/msm055

Pearson, W. R. (2013a). An introduction to sequence similarity ("homology")
searching. Curr. Protoc. Bioinforma. Chapter 3, Unit3.1. doi:10.1002/0471250953.
bi0301s42

Pearson, W. R. (2019). Identification of homologs. Encycl. Bioinforma. Comput.
Biol. 3, 980-984. doi:10.1016/b978-0-12-809633-8.20180-5

Pearson, W. R,, and Mackey, A. J. (2017). Using SQL databases for sequence
similarity searching and analysis. Curr. Protoc. Bioinforma. 59, 9-9.4.22. doi:10.
1002/cpbi.32

Pearson, W. R. (2013b). Selecting the right similarity-scoring matrix. Curr.
Protoc. Bioinforma. 43, 3.5.1-3.5.9. doi:10.1002/0471250953.bi0305s43

Pearson, W. R,, Wood, T., Zhang, Z., and Miller, W. (1997). Comparison of DNA
sequences with protein sequences. Genomics 46 (1), 24-36. doi:10.1006/geno.1997.4995

Pereira, S. L., and Baker, A. J. (2004). Low number of mitochondrial pseudogenes in the
chicken (Gallus gallus) nuclear genome: Implications for molecular inference of population
history and phylogenetics. BMC Evol. Biol. 4, 17. doi:10.1186/1471-2148-4-17

Popadin, K., Gunbin, K., Peshkin, L., Annis, S., Fleischmann, Z., Franco, M., et al.
(2022). Mitochondrial pseudogenes suggest repeated inter-species hybridization
among direct human ancestors. Genes (Basel) 13 (5), 810. doi:10.3390/
genes13050810

Puertas, M. J., and Gonzalez-Sanchez, M. (2020). Insertions of mitochondrial
DNA into the nucleus-effects and role in cell evolution. Genome 63 (8), 365-374.
doi:10.1139/gen-2019-0151

Quinlan, A. R., and Hall, I. M. (2010). BEDTools: A flexible suite of utilities for
comparing genomic features. Bioinformatics 26 (6), 841-842. doi:10.1093/
bioinformatics/btq033

Ricchetti, M., Tekaia, F., and Dujon, B. (2004). Continued colonization of the
human genome by mitochondrial DNA. PLoS Biol. 2 (9), E273. d0i:10.1371/journal.
pbio.0020273

Romanenko, S. A., Serdyukova, N. A., Perelman, P. L., Trifonov, V. A,
Golenishchev, F. N., Bulatova, N. S, et al. (2018). Multiple intrasyntenic
rearrangements and rapid speciation in voles. Sci. Rep. 8 (1), 14980. doi:10.
1038/541598-018-33300-6

Saitou, N., and Nei, M. (1987). The neighbor-joining method: A new method for
reconstructing phylogenetic trees. Mol. Biol. Evol. 4 (4), 406-425. doi:10.1093/
oxfordjournals.molbev.a040454

Simone, D., Calabrese, F. M., Lang, M., Gasparre, G., and Attimonelli, M. (2011).
The reference human nuclear mitochondrial sequences compilation validated and
implemented on the UCSC genome browser. BMC Genomics 12, 517. doi:10.1186/
1471-2164-12-517

frontiersin.org


https://doi.org/10.1016/j.cub.2015.09.066
https://doi.org/10.1016/j.cub.2015.09.066
https://doi.org/10.1016/j.mito.2016.08.003
https://doi.org/10.1016/j.mito.2016.08.003
https://doi.org/10.1073/pnas.57.3.790
https://doi.org/10.1073/pnas.57.3.790
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1186/1471-2148-12-88
https://doi.org/10.1111/age.13096
https://doi.org/10.1186/1471-2148-6-80
https://doi.org/10.1073/pnas.98.1.171
https://doi.org/10.1073/pnas.98.1.171
https://doi.org/10.1038/s41598-020-59155-4
https://doi.org/10.3389/fevo.2022.844443
https://doi.org/10.1371/journal.pgen.1000237
https://doi.org/10.1007/s00239-002-2390-5
https://doi.org/10.1007/s00239-002-2390-5
https://doi.org/10.1371/journal.pgen.1000834
https://doi.org/10.1007/s00239-009-9243-4
https://doi.org/10.1093/bioinformatics/8.3.275
https://doi.org/10.1101/gr.229102
https://doi.org/10.1016/j.gene.2005.08.023
https://doi.org/10.1016/j.gene.2005.08.023
https://doi.org/10.1146/annurev.genet.33.1.351
https://doi.org/10.1146/annurev.genet.33.1.351
https://doi.org/10.1007/s00439-011-1125-3
https://doi.org/10.1007/s10577-010-9124-0
https://doi.org/10.1093/molbev/msy112
https://doi.org/10.1007/bf00163806
https://doi.org/10.1098/rsos.211888
https://doi.org/10.1073/pnas.1810946115
https://doi.org/10.3389/fcell.2019.00201
https://doi.org/10.3389/fcell.2019.00201
https://doi.org/10.2307/2413264
https://doi.org/10.1038/s42003-020-1096-9
https://doi.org/10.1016/j.ympev.2017.07.002
https://doi.org/10.1093/nar/gkv1189
https://doi.org/10.1371/journal.pone.0014278
https://doi.org/10.1371/journal.pone.0014278
https://doi.org/10.1093/molbev/msm055
https://doi.org/10.1093/molbev/msm055
https://doi.org/10.1002/0471250953.bi0301s42
https://doi.org/10.1002/0471250953.bi0301s42
https://doi.org/10.1016/b978-0-12-809633-8.20180-5
https://doi.org/10.1002/cpbi.32
https://doi.org/10.1002/cpbi.32
https://doi.org/10.1002/0471250953.bi0305s43
https://doi.org/10.1006/geno.1997.4995
https://doi.org/10.1186/1471-2148-4-17
https://doi.org/10.3390/genes13050810
https://doi.org/10.3390/genes13050810
https://doi.org/10.1139/gen-2019-0151
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1371/journal.pbio.0020273
https://doi.org/10.1371/journal.pbio.0020273
https://doi.org/10.1038/s41598-018-33300-6
https://doi.org/10.1038/s41598-018-33300-6
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1186/1471-2164-12-517
https://doi.org/10.1186/1471-2164-12-517
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.984513

Triant and Pearson

Song, H., Buhay, J. E., Whiting, M. F., and Crandall, K. A. (2008). Many species in
one: DNA barcoding overestimates the number of species when nuclear
mitochondrial pseudogenes are coamplified. Proc. Natl. Acad. Sci. U. S. A. 105
(36), 13486-13491. doi:10.1073/pnas.0803076105

Steppan, S. J., and Schenk, J. J. (2017). Muroid rodent phylogenetics: 900-species
tree reveals increasing diversification rates. PLoS One 12 (8), €0183070. doi:10.1371/
journal.pone.0183070

Triant, D. A., and DeWoody, J. A. (2007a). Extensive mitochondrial DNA
transfer in a rapidly evolving rodent has been mediated by independent
insertion events and by duplications. Gene 401 (1), 61-70. doi:10.1016/j.gene.
2007.07.003

Triant, D. A., and DeWoody, J. A. (2008). Molecular analyses of mitochondrial
pseudogenes within the nuclear genome of arvicoline rodents. Genetica 132 (1),
21-33. doi:10.1007/s10709-007-9145-6

Triant, D. A., and DeWoody, J. A. (2007b). The occurrence, detection, and
avoidance of mitochondrial DNA translocations in mammalian systematics
and phylogeography. J. Mammal. 88 (4), 908-920. doi:10.1644/06-mamm-a-
204r1.1

Tsuji, J., Frith, M. C., Tomii, K,, and Horton, P. (2012). Mammalian NUMT
insertion is non-random. Nucleic Acids Res. 40 (18), 9073-9088. doi:10.1093/nar/
gks424

Frontiers in Genetics

15

10.3389/fgene.2022.984513

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. Berlin, Germany:
Springer International Publishing.

Woaurster, D. H., and Benirschke, K. (1967). Chromosome studies in some deer, the
springbok, and the pronghorn, with notes on placentation in deer. Cytol. (Tokyo) 32
(2), 273-285. doi:10.1508/cytologia.32.273

Waurster, D. H., and Benirschke, K. (1970). Indian muntjac, Muntiacus muntjak:
A deer with a low diploid chromosome number. Science 168 (3937), 1364-1366.
doi:10.1126/science.168.3937.1364

Yan, Z., Fang, Q., Tian, Y., Wang, F., Chen, X., Werren, J. H,, et al. (2019).
Mitochondrial DNA and their nuclear copies in the parasitic wasp pteromalus

puparum: A comparative analysis in chalcidoidea. Int. J. Biol. Macromol. 121,
572-579. doi:10.1016/j.ijbiomac.2018.10.039

Zhang, G., Geng, D., Guo, Q,, Liu, W,, Li, S., Gao, W., et al. (2022). Genomic landscape
of mitochondrial DNA insertions in 23 bat genomes: Characteristics, loci, phylogeny, and
polymorphism. Integr. Zool. 17 (5), 890-903. doi:10.1111/1749-4877.12582

Zhou, Y., Shearwin-Whyatt, L., Li, J., Song, Z., Hayakawa, T., Stevens, D., et al.
(2021). Platypus and echidna genomes reveal mammalian biology and evolution.
Nature 592 (7856), 756-762. doi:10.1038/s41586-020-03039-0

Zischler, H., Geisert, H., von Haeseler, A., and Piibo, S. (1995). A nuclear *fossil’
of the mitochondrial D-loop and the origin of modern humans. Nature 378 (6556),
489-492. doi:10.1038/378489a0

frontiersin.org


https://doi.org/10.1073/pnas.0803076105
https://doi.org/10.1371/journal.pone.0183070
https://doi.org/10.1371/journal.pone.0183070
https://doi.org/10.1016/j.gene.2007.07.003
https://doi.org/10.1016/j.gene.2007.07.003
https://doi.org/10.1007/s10709-007-9145-6
https://doi.org/10.1644/06-mamm-a-204r1.1
https://doi.org/10.1644/06-mamm-a-204r1.1
https://doi.org/10.1093/nar/gks424
https://doi.org/10.1093/nar/gks424
https://doi.org/10.1508/cytologia.32.273
https://doi.org/10.1126/science.168.3937.1364
https://doi.org/10.1016/j.ijbiomac.2018.10.039
https://doi.org/10.1111/1749-4877.12582
https://doi.org/10.1038/s41586-020-03039-0
https://doi.org/10.1038/378489a0
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.984513

	Comparison of detection methods and genome quality when quantifying nuclear mitochondrial insertions in vertebrate genomes
	Introduction
	Materials and methods
	Mitochondrial and genomic sequences
	Sequence searches
	Estimating numt counts
	Comparison to an existing human numts database

	Results
	Mitochondrial-nuclear transfer is not correlated with karyotypic diversity in rodents
	Different search strategies identify different sets of numts
	Lower quality genome assemblies overestimate numt counts
	The mtDNA genome is transferred uniformly across its length
	Numt correlation with genome size
	Numts cannot be detected in some vertebrates

	Discussion
	MtDNA transfer is not more abundant in Microtus voles
	Similarity search strategies and numt estimates
	Genome quality and numt detection
	Genome size and numt transfer

	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


