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The resilience of the mitochondrial genome (mtDNA) to a high mutational pressure depends, in part, on negative
purifying selection in the germline. A paradigm in the field has been that such selection, at least in part, takes
place in primordial germ cells (PGCs). Specifically, Floros et al. (Nature Cell Biology 20: 144-51) reported an
increase in the synonymity of mtDNA mutations (a sign of purifying selection) between early-stage and late-stage
PGCs. We re-analyzed Floros’ et al. data and determined that their mutational dataset was significantly
contaminated with single nucleotide variants (SNVs) derived from a nuclear sequence of mtDNA origin (NUMT)
located on chromosome 5. Contamination was caused by co-amplification of the NUMT sequence by cross-
specific PCR primers. Importantly, when we removed NUMT-derived SNVs, the evidence of purifying selection was
abolished. In addition to bulk PGCs, Floros et al. reported the analysis of single-cell late-stage PGCs, which were
amplified with different sets of PCR primers that cannot amplify the NUMT sequence. Accordingly, there were no
NUMT-derived SNVs among single PGC mutations. Interestingly, single PGC mutations show a decrease of syn-
onymity with increased intracellular mutant fraction. More specifically, nonsynonymous mutations show faster
intracellular genetic drift towards higher mutant fraction than synonymous ones. This pattern is incompatible
with predominantly negative selection. This suggests that germline selection of mtDNA mutations is a complex
phenomenon and that the part of this process that takes place in PGCs may be predominantly positive. However
counterintuitive, positive germline selection of detrimental mtDNA mutations has been reported previously
and potentially may be evolutionarily advantageous.

1. Introduction

Mitochondrial DNA (mtDNA) is known for having a high mutational
rate and a high density of crucial genes. Therefore, mtDNA mutations
not only underlie a spectrum of mitochondrial diseases (Lander and
Lodish 1990), (Elliott et al. 2008) but also, if left unpurged, could result
in long-term detrimental effects on species evolution, a.k.a. Muller’s

ratchet (Popadin et al. 2007). It is thus vital to understand how mtDNA
mutations are kept at a sustainable level. It has been long realized that
detrimental mtDNA mutations are selected against not only at the level
of the organism but also at the level of germ cells. This phenomenon was
demonstrated in a 2008 study (Fan et al. 2008), where an efficient se-
lection against highly detrimental mtDNA mutation was demonstrated
in the mouse germline prior to ovulation. Another study from 2008
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demonstrated significant levels of purifying selection against a wide 2. Results and discussion
range of detrimental mutations in the germline. This conclusion was
based on the high synonymity of mtDNA mutations as early as the sec- An initial review of Floros et al. primary data of pooled PGCs revealed
ond generation after they were generated de novo in an mtDNA "muta- that a majority (~80%) of ‘approved’ sequence variants (i.e., those
tor’ mouse line (Stewart et al. 2008). Similarly, purifying selection was above the 1% threshold and thus deemed true mutations by the authors)
reported to shape human mtDNA diversity (Wei et al. 2019). However, were found in multiple unrelated samples (Suppl. Table, orange
the mechanism(s) and precise developmental timing(s) of germline shading). Such profuse recurrence is normally not observed in somatic
purifying selection are still under investigation. mutations, most of which are individually rare events and therefore are
Recently, Floros and colleagues (Floros et al. 2018) studied changes negligibly likely to occur in multiple samples. One widely recognized
in the transcriptome and mtDNA mutations during the late-stage cause of such inter-sample repetition of low fraction mtDNA sequence
development of human primordial germ cells (PGCs). Importantly variants is contamination with nuclear DNA of mitochondrial origin
Floros et al. reported a sharp increase in synonymity of mtDNA muta- (NUMTS).
tions in late-stage (CS20/21: Carnegie Stage 20/21) PGCs, compared to NUMT contamination is a well-recognized problem of mtDNA
early-stage (CS12), which they interpreted as purifying selection in late mutational analysis, which we and others first encountered decades ago
PGCs. However, the observed increase in synonymity of mutations in (Khrapko et al. 1994), (Hirano et al. 1997). NUMTs are nuclear pseu-
pooled late-stage PGCs appeared to originate, surprisingly, not from a dogenes derived from fragments of mtDNA inserted into the nuclear
decrease of nonsynonymous mtDNA mutations, as would be expected genome. Many of them were inserted millions of years ago and since
under negative purifying selection, but, instead, mostly from an increa- then nuclear and mitochondrial sequences have been diverging from
se in the frequency of synonymous mutations. In search of an explana- each other. A typical NUMT differs from mtDNA by multiple changes,
tion, we analyzed Floros et al. primary pooled PGC data as well as single which appear as multiple linked SNVs and constitute a ‘haplotype’
PGC data, which were provided to us by Dr. Chinnery and are now specific to each NUMT. We tested the NUMT contamination hypothesis
published (Floros et al. 2022). We found that the apparent synonymity and were able to prove it with three lines of evidence.
shift in PGCs resulted from NUMT co-amplification, a previously First, we aligned the Floros et al. sequence variants to several known

described artifact (Khrapko et al. 1994), (Hirano et al. 1997), (Wallace NUMT sequences of the human genome. This analysis revealed that at
et al. 1997), (Lutz-Bonengel and Parson 2019) (Annis et al. 2019), least 30% of protein-coding single-nucleotide variants (SNVs) reported
(Balciuniene and Balciunas 2019), (Wei et al. 2020). Removal of NUMT- by Floros et al. as real mutations, actually mapped to a NUMT located on

derived SNVs abolished evidence of purifying selection; moreover, chromosome 5 (CNVs marked ‘ch5’ in Suppl. Table). Coincidentally, we
analysis of non-contaminated single PGC data implied predominantly have previously used this very NUMT as a marker of human evolution
positive selection in these cells. (Popadin et al. 2022) so we were very familiar with it. We determined
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Fig. 1. NUMT co-amplification contaminates mtDNA mutations from pooled PGCs: evidence from spatial distribution and sequence alignment. A. Spatial density
distribution of SNVs from pooled PGC dataset (Floros et al 2018). The unexpected dense patch of variants (between ~ 8 kb and 10 Kb, marked by dashed vertical
lines) corresponds to one of the PCR fragments used in Floros et al. (bp:8187-10165, horizontal blue double arrow with the ‘PCR’ label). The PCR primers of this
fragment co-amplify a portion of the nuclear pseudogene of mtDNA (NUMT) on Chromosome 5 (hg38(100045938-100055045)) that is homologous to this region of
mtDNA (red double arrow; see also Suppl. Note 1). B. A representative section of alignment of the reference mtDNA sequence (‘mtDNA’) with the NUMT sequence on
Chromosome 5 (‘NuMT Chr 5') and two mtDNA sequences with added SNVs reported by Floros et al. Sequence “Floros (all)” includes all reported SNVs. “Floros (>1%
MF)” includes only the ‘approved’ SNVs that are above 1% threshold. This alignment shows that a great majority of SNVs from Floros et al. are identical to the NUMT-
derived SNVs, consistent with their NUMT origin. Of 10 variants located in this section of the genome, one (9506C > T, green arrow) exceeded the threshold and thus
was erroneously considered a real mutation. 9506C > T is just one example; there are 11 cases like that across this PCR fragment (see Suppl. Table). This
contamination is substantial in relative terms: NUMT-derived SNVs account for 10 of 28 protein-coding SNVs in late-stage PGCs (36%) and 1 of 8 in early PGCs
(12%). See Fig.S1 for more details.
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that contamination was introduced by co-amplification of the NUMT
sequences by one of the PCR primer pairs used in their study. Indeed, all
NUMT-mapping SNVs were located in the mtDNA sequence between the
primers of a primer pair that was used by Floros et al. to amplify one of
their PCR fragments (Fig. 1, see also Suppl. Note 1).

Second, NUMT origin of NUMT-mapping SNVs was confirmed by
comparison to pooled PGC mutations to single PGC mutations. Floros et
al amplified Single PGCs using different sets of primers than pooled
PGCs. We determined that none of the two primer pairs used for single
PGCs amplification were able to amplify any portion of this NUMT
(shown in schematics in Suppl. Note 2). In full agreement with NUMT
co-amplification hypothesis, no NUMT - mapping SNVs were detected in
single PGC samples.

Third, the strongest evidence of NUMT origin of NUMT-mapping
SNVs was obtained using raw next-generation sequencing (NGS) data
(provided by Floros et al. in their Supplement). We determined that NGS
reads of the pooled PGCs fell into two classes — the ‘mtDNA-derived
reads’ and the ‘NUMT-derived reads’. The latter were clearly distin-
guished by the presence of the ‘NUMT haplotype’, i.e., a full set of
NUMT-specific nucleotide changes present in a single NGS read. Note
that all 1%+ NUMT-mapping SNVs reported by Floros et al. were
derived exclusively from the NUMT-derived NGS reads, which carry the
full NUMT haplotype, definitively proving their NUMT origin (see

Original data (Floros et al.)
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Fig. S1 and its caption for details of the analysis).

Having confirmed that NUMT-mapping SNVs are indeed NUMT-
derived, we asked whether contamination with NUMT-derived SNVs
affected the key conclusions of the study and in which way. The effect of
the removal of NUMT contamination on the estimated synonymity
change between early and late PGCs is shown in Fig. 2. In this figure, we
recreated original data plots from Fig. 2b and 2c of the Floros study
(these are left-side panels 2a and 2c of our Fig. 2, correspondingly). Then
we removed NUMT-derived SNVs and re-plotted the data (right side
panels Fig. 2b and d, correspondingly).

As seen in Fig. 2, the removal of NUMT-derived SNVs results in a
complete loss of statistical significance of the synonymity change be-
tween early and late-stage PGCs both in overall synonymity (p-value
increases from 0.06 with NUMTs to 0.34 without NUMTs, Fig. 2 ¢ vs. d)
and in distribution of synonymous mutations between codon positions
(p-value increases from 0.006 with NUMTs to 0.3 without NUMTs,
Fig. 2a vs. b). In conclusion, the apparent synonymity change and the
purifying selection deduced from this change are merely a result of
NUMT contamination.

We then asked how NUMT contamination caused such an inaccurate
assessment of the synonymity change between early and late PGCs.
Supplementary Table shows that the NUMT contamination is biased: 10
of NUMT-derived SNVs are in late-stage PGC samples, and only one is in

NUMT SNVs removed
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Fig. 2. Removal of NUMT contamination fully abolishes statistical evidence of purifying selection in late-stage PGCs. a. a recreation of Fig. 2b from Floros et al.,
2018. That figure seemingly demonstrated a marked and highly significant excess of synonymous mutations in the 3¢ codon positions compared to the combined 1st
and 2nd positions in late PGC CS20/21 (p ~ 0.006, Fisher’s exact test, two-sided). Such a bias was not observed in early PGCs (CS12). This was interpreted as
evidence of purifying selection. b. This effect completely disappeared after the removal of NUMT-mapping SNVs because most of synonymous mutations at 3¢ codon
position (7 of 10) turned to be NUMT-derived variants. c. A recreation of Fig. 2¢ from Floros et al., 2018: pie charts were supposed to show a significant increase of
synonymity of mutations in late PGC compared to early PGC, an apparent indication of purifying selection. d. After the removal of NUMT-derived SNVs the increase
of synonymity became clearly insignificant. Notes: The white numbers within bars and pie charts represent the absolute number of mutations in each category; these
numbers are not proportional to the size of the bars because the mutant fraction represented by the height of the bars is calculated relative to the number of embryos
in each category, and there are 3 times more late stage embryos (6) than early stage embryos (2). All P-values were calculated using Fisher Exact Test, two-sided.
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early-stage PGCs. This is a 3-fold bias, after correction for the number of
mutations. Note that NUMT-derived SNVs are generally highly synon-
ymous. This is because, due to a much higher mutational rate in mtDNA
than in nuclear DNA, most differences between a NUMT and mtDNA
(which are recorded as NUMT SNVs) are in fact ancient mtDNA muta-
tions, the absolute majority of which are synonymous (this is further
discussed in Suppl. Note 3, see also (Popadin et al. 2022)). Thus, an
excess of synonymous, NUMT-derived SNVs in late PGC naturally led to
a significant overestimation of the synonymity of their mutations, and
therefore to the perceived purifying selection in late PGCs. Reassuringly,
this prevalence of synonymous NuMT-derived SNPs fully explains the
puzzling surge of synonymous variants in late-stage PGCs (Fig. 2a)
which initiated this inquiry.

Why is NUMT contamination in Floros et al. so biased towards late
PGCs? Suppl. Table shows that almost all NUMT-derived SNVs (8 out of
10) come from a single late-stage PGC sample, CS20-11593. For an
explanation of this peculiarity, we turned to unprocessed mutational
data (Floros et al., Table S5). This table contains all SNVs detected in
pooled PGC samples, including those below the 1% threshold, down to
0.3%. We found that NUMT-derived SNVs were in fact present in all
pooled PGC samples, however, in the CS20-11593 sample a large pro-
portion of these SNVs exceeded 1%, whereas in other samples most of
them remained just below 1%. Even in the most NUMT-rich sample
CS20-11593, most of the NUMT-derived SNVs were "hidden’ just under
the 1% threshold.

The SNV-to-SNV and sample-to-sample variability of NUMT-
mapping SNVs fractions may look unexpected because theoretically,
they must have the same fraction, which is equal to the mtDNA-to-
nuDNA ratio. The likely cause of the SNV-to-SNV variability is small
changes in read coverage between mtDNA and nuDNA, which is further
discussed in supplementary figure S1. The sample-to-sample variability,
in turn, may be caused by varying extent of DNA damage in the samples,
or by the intrinsic differences in the ratio of mtDNA-to-nuDNA between
individuals (genetic or environmentally-driven).

In addition to protein-coding mutations, Floros et al. reported a
decrease in RNA-coding mutations in late PGC with a p-value of 0.03
(Fig. 2d of Floros et al). We were not able to reproduce this result using
Floros et al. data: there is only one non-coding RNA mutation in CS12
and only two in CS20/21. Thus, we are not able to comment on that
result. Finally, Floros et al. reported convincing evidence of selection
among mutations of the control region. We note, however, that D-loop
mutations, although many of them are known to be prone to selection,
are typically not detrimental, making the impact of these results on the
possibility of purifying selection unclear.

Because pooled PGC data proved to be contaminated with NUMTs
and their analysis appears inconclusive, we turned to single PGC data,
which, as discussed earlier, are free from contamination with NUMT on
ch5. The single PGC dataset comprises late-stage PGCs only, so early vs.
late-stage comparison is impossible. However, we note that the single
PGC data contain many clonally expanded mutations (Floros et al.,
2018), which gives us an alternative way to assess selection that does not
require comparison between stages, as discussed below.

Logically, the purifying selection of an mtDNA mutation can proceed
within or between cells. Within cells, purifying selection may prefer-
entially remove mitochondria with detrimental mutations or prevent
them from proliferation. Either way, clonal expansion of detrimental
mutations is suppressed. On the inter-cellular level, selection may
preferentially remove or prevent the proliferation of cells with a higher
mutant fraction (i.e., larger clone size) of detrimental mutations. Either
scenario predicts an increased proportion of synonymous-to-
nonsynonymous mutations among mutations with higher intracellular
mutant fractions, than those with lower MF. In other words, mutations
with higher intracellular mutant fractions should have increased
synonymity.

In direct disagreement with the above predictions, the average
mutant fraction of synonymous single PGC mutations was significantly
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lower than that of nonsynonymous ones (0.028 vs. 0.042, p < 0.02, two-
sample t-test. The data used in these and the following calculations can
be found in Suppl. Note 4). This effect is echoed by a dramatic decrease
in synonymity at higher mutant fractions shown in Fig. 3. Moreover,
detailed analysis revealed an even stronger disagreement with the pur-
ifying selection hypothesis: we found that the difference in average
mutant fraction between synonymous and nonsynonymous mutations
was due to a group of statistical outliers, i.e., 12 nonsynonymous mu-
tations with the highest mutant fractions in the entire dataset (see Suppl.
Note 4 for details).

The prevalence of high-fraction nonsynonymous mutations with
mutant fractions exceeding those of synonymous mutations strongly
contradicts purifying selection either on the mitochondrion or the
cellular level. However, the formal proof of the statistical significance of
the observation of these high-fraction nonsynonymous mutations re-
quires non-parametrical analysis (outliers, by definition, are not nor-
mally distributed). The binomial probability of observing this set of
nonsynonymous outliers is 0.017, i.e., this observation is statistically
significant with p < 0.017. In addition, we performed a bootstrap
simulation, which showed that the increase of nonsynonymous muta-
tions among high-mutant-fraction clonal mutations is highly significant
(p ~ 0.01; see Suppl. Note 4 for details).

The latter findings imply that the hypothesis of predominant pur-
ifying selection in late PGCs is not merely ‘not supported’ by the data,
but has been rejected. Moreover, a statistically significant increase of
non-synonymity among clonally expanded mutations in individual PGCs
implies statistically significant predominantly positive selection in PGCs.
We use the word ‘predominant’ to acknowledge that synonymity change
only attests to the predominant direction of selection. The overall
decrease in synonymity does not exclude that some detrimental muta-
tions may be under purifying selection. All this means is that a pre-
dominant majority of nonsynonymous mutations are under positive
selection. Further, we performed a cumulative fraction analysis (Yuan
et al. 2020), which confirmed the significance of positive selection (see
Suppl. Note 4 for details). Similar to This conclusion of predominantly
positive selection is quite extraordinary, however, and, given the rela-
tively small size of the data set, it needs independent confirmation.

As counterintuitive as it may seem, positive germline selection of
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Fig. 3. The synonymity of clonally expanded single PGC mutations decreases
with the relative intracellular clone size (which is equivalent to the intracellular
mutant fraction). To make this graph, single PGC mutations were ranked by
their mutant fraction, then synonymity and average mutant fraction was
calculated in sliding windows 20 mutations wide. The observed decrease of
synonymity with average clone size is the opposite of what is predicted by the
purifying selection hypothesis, moreover, it implies a positive selection of non-
synonymous mutations in PGCs (see text for details). The statistical significance
of this decrease is formally demonstrated in Supplemental note 4.
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detrimental mtDNA mutations is not a novel observation. An average
increase of heteroplasmy (the term ‘heteroplasmy’ traditionally is used
in place of mutant fraction when discussing inherited mutations) across
generations has been reported for 8993 T > G (Otten et al. 2018). More
recently, it became clear that some mtDNA mutations may be subject to
positive germline selection within a limited interval of heteroplasmy
level. We have recently reported, by analyzing publicly available data,
that two fairly detrimental mutations, mouse 3875delC and human
3243A > G, are subject to such heteroplasmy-dependent positive se-
lection at intermediate heteroplasmy (Franco et al. 2020) and (Fleisch-
mann et al. 2021). In contrast, Chinnery’s laboratory proposed positive
selection, but at low mother’s heteroplasmy in the mouse 5024C > T and
human 3243A> G, 8344A > G, and 8993 T > G (Zhang et al. 2021). Very
recently, we have revisited the issue of heteroplasmy-dependent getm-
line selection. We discvered that previous analyses were strongly
confounded by a classical ststistical bias, rgression to the mean. Once
this bias was neutralized, we were able to confirm the existence of
positive selection in several inherited pathogenic mtDNA mutations at
the intermediate heteroplasmy levels. (Cote-L’Heureux et al., 2023) Thus,
positive selection of detrimental mutations in the germline may be a
fairly common phenomenon.

Why is the presumably disadvantageous positive selection possible,
and why was it not eradicated by evolution? One possibility is insuffi-
cient selective pressure. Under this scenario, the positive selection of
detrimental mutations in the germline is a ‘spontaneous’ natural pro-
cess, similar to that observed in muscle and kidney and presumably
driven by a compensatory mechanism. The total burden of mtDNA-
driven disease in the human population is only ~ 1/5000 (Elliott
et al. 2008), which may not be enough to exert sufficient selective
pressure in the population to maintain a mechanism that would prevent
positive selection at the cellular level in the germline. Alternatively,
positive selection could even serve a positive role by pushing detri-
mental mutations to higher heteroplasmy levels and thus effectively
exposing individuals who carry such mutations to natural selection so
that they can be removed from the population rather than spread the
mutation further. Finally, it must be kept in mind that a certain rate of
mutations is needed to ensure sufficient adaptability of the genome.
Thus, the observed balance between the ‘bombarding’ mutational rate
and positive and negative selection may represent an ‘optimal equilib-
rium’, of which positive selection in the germline could be an essential
component.

How can the putative positive selection of detrimental mtDNA mu-
tations be compatible with overall purifying selection in the germline, e.
g., as reported by (Stewart et al. 2008) and (Wei et al. 2019)? We note
that the signature of positive selection inferred in our study pertains to
mutations with intermediate mutant fractions and happens during a
specific interval of germline development. The significance ceases at
lower mutant fractions (see Supplementary Note 4). This is consistent
with our previous findings of an ‘arching’ selection profile in the human
m.3243A > G mutation (Franco et al. 2022). More generally, mutations
at other mutant fractions, mutations of other types (e.g., highly detri-
mental mutations - (Fan et al. 2008)), and at different stages of germline
development may be subject to purifying selection so that the overall
balance of selection in the germline is negative despite some positive
intervals. This study confirms the potential complexity of the inner
workings of purifying germline selection. A recent report by the Chin-
nery group that a detrimental mtDNA mutation in the mouse (m.5024C
> T) is subject to positive selection specifically during oocyte matura-
tion (Zhang et al. 2021) is consistent with the idea of the complexity of
germline selection. Interestingly, in m.5024C > T, positive selection is
reported during oocyte maturation, not during PGC proliferation. More
research is needed to reconcile these findings. The differences may be
attributable to the special properties of the m.5024C > T mutation.
m.5024C > T is known for its unusual inheritance pattern: for example,
it was not possible to obtain heteroplasmy below 15% in the offspring
(Jim Stewart, personal communication).

Mitochondrion 74 (2024) 101817

In conclusion, the pattern of germline selection appears to be
potentially complex and dependent on the type of mutation, it’s a
fraction in the cell and on the stage of germline development. More
research is needed to explore this critical phenomenon and in doing so
great caution should be exercised to avoid dangerous artifacts inherent
to mutation analysis of mtDNA, including NUMT contamination.

3. Methods

3.1. Synonymity and repeatability analysis of sequence variants of
mtDNA

The data of the Floros et al. study have been imported from their
supplemental table 5 at https://doi.org/10.1038/541556-017-0017-8
(Floros et al., 2018). Synonymity was analyzed using the ‘lookup’
function on in-house Excel-based spreadsheets containing synonymity
tables for all possible mutations in the mitochondrial genome. Identical
mutations in different samples were identified using the ‘count if’
function.

The Floros data were filtered to only contain SNVs that exceeded 1%
MF (in doing so we followed the filtering protocol used by Floros et al.).
Statistical significance was calculated as p-values with two-sided
Fisher’s Exact tests (Fig. 2). Subsampling of the reads in Figure S1 was
done by randomizing the list of sequences and then selecting the top
10% of the list.

3.2. Extraction and multiple alignment of raw reads from the next
generation sequencing (NGS) dataset

We extracted raw read NGS data from NCBI Sequence Read Archive
record SRR6288291, which corresponds to the late PGC sample CS20-
11593. We aligned reads against an mtDNA reference sequence (bp
9379-9436) that corresponds to the Chr5 NuMT with the BWA-MEM
tool (https://bio-bwa.sourceforge.net/) and then filtered the reads to
only capture those with seven or fewer mismatches using samtools
(“[NM]<=7") and had a mapping quality of > 20; duplicate sequences
were removed using a custom script. We again used samtools to convert.
bam files to. fasta files.

Multiple alignment of the extracted reads was performed using the
NCBI BLAST server with default parameters, with the sequence of the
human NuMT at chromosome 5 (hg38(ch5100045938-100055045)) as a
query. We chose this method merely as a visually convenient approach
to present the results.
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