Molecular Antiquity Does Not Establish Mitochondrial Origin
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Ancient mitochondrial DNA is commonly authenticated using short fragment lengths and character-
istic substitutions near read termini. Cytosine deamination typically produces C-to-T differences
toward the 5 end and the complementary G-to-A pattern toward the 3’ end. These signatures
provide evidence that a molecule has undergone the chemical degradation expected in ancient ma-
terial [1-3]. They do not, however, establish that the molecule originated from the mitochondrial
genome.

This distinction is important because an ancient fragment from another genomic source can be
genuinely old, carry genuine post-mortem damage and still align to the mitochondrial reference.
Nuclear mitochondrial DNA segments (NUMTs) are a particularly relevant source of ambiguity.
NUMTs: originated through the integration of mitochondrial sequences into the nuclear genome and
subsequently evolved as nuclear loci [4, 5]. An endogenous ancient NUMT fragment is authentic
ancient nuclear DNA rather than modern contamination, although modern nuclear contamination
may also contribute NUMT-derived reads.

The underlying concern is well established. Nuclear insertions were recognized early as difficult to
distinguish from damaged or authentic organellar sequences in ancient DNA studies [6]. Analyses
of museum and ancient specimens showed that nuclear copies can be recovered instead of the
intended mitochondrial target, especially when DNA is scarce or degraded [7], while broader
methodological work proposed experimental and computational strategies for preventing NUMT
pollution of mitochondrial datasets [8]. In modern human sequencing, NUMTs are also known to
bias mapping and mitochondrial heteroplasmy calls [5, 9].

More recently, de Flamingh et al. [10] introduced Numt Parser, which directly compares reads
with cytoplasmic mitochondrial and characterized NUMT references and demonstrated improved
mitogenome reconstruction in two ancient Cape lions. That study provides an important read-level
precedent, but addresses known Panthera NUMTs and empirical historical specimens. In a related
but biologically distinct setting, Feuerborn et al. [11] used competitive mapping to identify human
contamination in ancient faunal genomic datasets. Dolenz et al. [12] further showed that reference
bias and spurious ancient DNA mappings depend strongly on fragment length, alignment algorithm
and mapping-quality threshold. The present note does not claim the first recognition of NUMT
contamination or the first use of competitive mapping. Its contribution is an explicit human,
reference-scale stress test using the complete T2T nuclear assembly, ultrashort reads down to
25 bp, controlled terminal damage and a quantitative comparison between mitochondrial-only and
origin-aware mapping.

To characterize the available nuclear competitors, the human mitochondrial reference, namely the
revised Cambridge Reference Sequence (rCRS) (NC_012920.1), was aligned against the nuclear
component of the T2T-CHM13v2.0 assembly (GCF__009914755.1). The mitochondrial record was
excluded from the nuclear reference. BLASTN was run with a 7-bp word size, with DUST filtering
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and soft masking disabled, and an E-value threshold of 1073. Local alignments with at least 70%
identity and a minimum aligned length of 30 bp were retained and merged when separated by
no more than 20 bp. This procedure produced 691 candidate NUMT regions. T2T-CHM13v2.0
provides a more complete representation of mitochondrial-like nuclear regions than earlier human
assemblies [13, 14]. The candidate regions varied substantially in length and mitochondrial identity
(Figure 1); long, highly similar regions are expected to generate the greatest ambiguity because
they can attract short reads across extended mitochondrial intervals.
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Figure 1: Length and mitochondrial identity of candidate NUMTs in T2T-CHM13v2.0. Long
regions with high mitochondrial identity represent the most plausible competitors during short-read

mapping.

The reference substitution spectrum between the mitochondrial reference and the candidate
NUMTs is shown in Figure 2. Here, X-to-Y denotes base X in the mitochondrial reference
aligned to base Y in the NUMT. Reference C-to-T and G-to-A differences are particularly relevant
because NUMT-derived reads carrying these alleles generate the same mismatch classes commonly
inspected during ancient DNA authentication. In this case, the mismatch reflects inherited
NUMT divergence rather than post-mortem modification. Although reference substitutions are
not expected to show the systematic terminal decay profile of biochemical damage, an ultrashort
read may contain a reference-state difference near an end by chance. At low depth, a small
number of such reads can distort an apparent terminal profile. Substitution class alone is therefore
insufficient to infer either molecular antiquity or genomic origin.

To test whether this sequence-level ambiguity produces actual read-level misassignment, a controlled
competitive-mapping benchmark was performed. High-risk NUMT intervals required at least
90% BLAST identity and an aligned length of at least 75 bp. Overlapping high-risk alignments
were merged, yielding 41 simulation intervals. As a bacterial negative control, the strongest local
alignment between rCRS and Paracoccus denitrificans PD1222 chromosome 1 (NC_008686.1) was
selected. This alignment spanned 750 nucleotides at 64.667% identity.

Synthetic single-end reads of 25, 30, 35, 50 and 75 bp were sampled from rCRS, the 41 high-risk
NUMT intervals and the bacterial region. For every combination of origin, length and damage
condition, 50,000 reads were generated, giving 1.5 million reads in total. Damaged reads received
terminal C-to-T substitutions at the 5’ end and G-to-A substitutions at the 3’ end according to
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Figure 2: Substitution spectrum between the human mitochondrial reference and T2T-CHM13v2.0
NUMTs. Reference C-to-T and G-to-A differences generate damage-compatible mismatch classes
when NUMT reads are aligned to the mitochondrial reference, although inherited NUMT divergence
and post-mortem damage remain mechanistically distinct.

p(d) = 0.3exp(—d/2), where d is the distance from the corresponding read end. Damage was
sampled across the first ten terminal positions. An independent sequencing-error probability of
0.001 per base was then applied. The random seed was 20260728.

Three Bowtie 2 reference configurations were constructed by concatenating the relevant reference
sequences [15]: (i) mtDNA alone; (ii) mtDNA plus the complete T2T nuclear genome; and (iii)
mtDNA plus the complete T2T nuclear genome and the bacterial chromosome. Reads were aligned
in end-to-end very-sensitive mode, allowing one seed mismatch, with a 15-bp seed and -score-min
L,-0.6,-0.6. A read was classified as ambiguous when the primary and second-best alignment
scores differed by no more than three. MAPQ > 30 was used as a secondary high-confidence
criterion. The experiment is a targeted stress test of high-risk NUMTs and one selected bacterial
region; it is not an estimate of their prevalence in archaeological libraries.

As depicted in Figure 3, mitochondrial-only mapping produced extensive false assignment of
NUMT reads. Across fragment lengths, 81.698-89.002% of undamaged NUMT reads and 75.946—
86.476% of damaged NUMT reads were assigned to mtDNA. At 25 bp, the corresponding rates
were 81.698% without damage and 75.946% with damage. Even under the secondary MAPQ > 30
criterion, 26.346-48.238% of undamaged NUMT reads and 18.888-40.052% of damaged NUMT
reads remained high-confidence mitochondrial assignments. Terminal damage therefore did not
resolve origin: damaged nuclear fragments were still readily accepted by a mitochondrial-only
reference.

Adding the complete nuclear genome reduced false mitochondrial assignment to 0.008-0.036% for
undamaged NUMT reads and 0.388-0.810% for damaged NUMT reads. Relative to mitochondrial-
only mapping, this corresponds to reductions of 99.959-99.990% and 99.055-99.489%, respectively.
Most affected reads were reassigned to the nuclear genome or labelled ambiguous because the
mitochondrial and nuclear scores were similar. The residual damaged NUMT assignments show
that origin-aware mapping greatly reduces, but does not eliminate ambiguity under all combinations
of divergence, damage and sequencing error.

This gain in specificity incurred an expected sensitivity cost. Competitive mapping retained
67.894-92.076% of undamaged true mitochondrial reads and 64.332-88.622% of damaged true
mitochondrial reads, with retention increasing consistently from 25 to 75 bp. At 25 bp, retention
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was 67.894% without damage and 64.332% with damage; at 75 bp it increased to 92.076% and
88.622%, respectively. Most of the reduction resulted from ambiguity rather than confident nuclear
assignment. At 25 bp, 32.066% of undamaged mitochondrial reads and 31.494% of damaged
mitochondrial reads were classified as ambiguous. These reads should not automatically be
interpreted as incorrectly rejected mitochondrial molecules: many ultrashort sequences genuinely
lack sufficient information to discriminate between homologous mitochondrial and nuclear loci.
The result therefore exposes a sensitivity—specificity trade-off that mitochondrial-only mapping
conceals. Adding the bacterial chromosome to the mitochondrial-plus-nuclear reference had
a negligible effect on mitochondrial and NUMT assignment rates, indicating that the nuclear
competitor accounted for the dominant ambiguity in this targeted benchmark.

—e— MT only MT + nuclear =& MT + nuclear + bacteria
NUMT reads: false mtDNA assignment Bacterial reads: false mtDNA assignment True mtDNA reads: retention
100 q
A B ¢ ———a
./‘\,/‘ i
3 8 ] T
0w o
B | &
E o
£ 60
T
0.2
® 9
E® 40
<
B2z
=)
£ 20
0 e e e e e e e e e e e e e ) A A
NUMT reads: false mtDNA assignment Bacterial reads: false mtDNA assignment True mtDNA reads: retention
100 q —
D E F
e —
~ e Al
g M’—' | o S
B¢ A
© @ | &
QE 60
38
on
E8 a0
8
e
=]
£ 20
o M —— e — [

25 30 35 50 75 25 30 35 50 75 25 30 35 50 75
Read length (bp) Read length (bp) Read length (bp)

Figure 3: Read-level competitive-mapping benchmark for mitochondrial-origin assessment. For
every origin, length and damage condition, 50,000 single-end reads of 25, 30, 35, 50 and 75 bp
were simulated from the human mitochondrial reference, 41 high-risk T2T-CHM13v2.0 NUMT
intervals and the strongest local human mtDNA-Paracoccus denitrificans alignment. Reads were
generated without damage (top row) or with terminal C-to-T and G-to-A damage (bottom row),
then mapped against mtDNA alone, mtDNA plus the complete T2T nuclear genome, or mtDNA
plus the nuclear genome and bacterial chromosome. The panels report the percentage assigned to
mtDNA. Similar primary and secondary scores (A < 3) were classified as ambiguous. NUMT and
bacterial simulations are targeted stress tests, not prevalence estimates.

The bacterial result provides an informative negative control. The strongest mtDNA-P. denitrifi-
cans local alignment contained C-to-T and G-to-A mismatch classes, but generated no appreciable
mitochondrial misassignment under the tested conditions. In mitochondrial-only mapping, one
of 50,000 undamaged bacterial reads of 25 bp (0.002%) and three of 50,000 damaged bacterial
reads of 25 bp (0.006%) were assigned to mtDNA. No bacterial read of 30, 35, 50 or 75 bp
was assigned to mtDNA. Thus, only four of 500,000 bacterial reads were assigned to mtDNA,
and none met the MAP(Q > 30 high-confidence criterion. When the bacterial chromosome was
included in the competitive reference, no bacterial read was assigned to mtDNA. The presence of
damage-compatible substitution classes is therefore not sufficient to establish a practical mapping
risk. A broader microbial screen selected using maximum short-window identity, rather than only
the strongest long local alignment, would be required before drawing general conclusions about
microbial competitors.

Taken together, these results separate two inferential questions that are often conflated. Terminal
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deamination supports molecular antiquity, whereas mitochondrial origin requires an independent
origin-aware comparison. Competitive mapping is one effective approach, but it is not the only
possible source of origin evidence. Longer fragments, paired-end information, split alignments,
nuclear flanking sequence, experimentally characterized NUMTs and direct read-comparison
methods such as Numt Parser may also contribute. Damage estimates should be calculated only
after origin filtering, and reads with near-equivalent mitochondrial and nuclear scores should be
retained as ambiguous rather than forced into a mitochondrial assignment.

A robust workflow should therefore align reads against complete mitochondrial and nuclear
references, preserve competing alignment scores and evaluate sensitivity to fragment-length,
alignment and MAPQ thresholds. This recommendation complements, rather than replaces, earlier
NUMT-filtering strategies [8, 10], competitive-contaminant mapping [11] and broader assessment
of ancient DNA mapping bias [12]. After origin-aware filtering, the reconstructed mitogenome
should also be evaluated for coverage stability, contamination and endogenous mitochondrial
consensus quality [16], as well as for phylogenetic placement and temporal consistency. Ancient
mitogenomes have been used as calibration points for the human mitochondrial clock [17]; such
applications require particular caution because mapping artefacts can propagate into tree topology
and age estimation.

Metagenomic classification may provide complementary evidence when environmental or laboratory
DNA is abundant. FALCON2 and Kraken 2, for example, can highlight unexpected taxa before
consensus reconstruction [18, 19]. Such classifications are not definitive for ultrashort reads and
should guide, rather than replace, competitive alignment and manual validation. This multi-
signal interpretation is consistent with ancient paleovirology, where molecular damage, taxonomic
assignment and evolutionary context must be evaluated jointly [20].

The current study has several limitations. T2T-CHM13v2.0 is a largely haploid composite
reference, comprising chromosomes 1-22 and X from T2T-CHM13v2.0 and chromosome Y from
HGO002 [21], and therefore does not capture the full population-level diversity of polymorphic
NUMTs documented across human populations [5]. The simulations deliberately sampled high-
risk NUMT intervals and therefore quantify vulnerability under an adverse scenario rather than
real-library prevalence. They also use one aligner and one parameterization; mapping behaviour
can change with algorithm, MAPQ threshold and fragment length [12]. The damage model is
intentionally simplified and does not reproduce the full complexity of empirical ancient DNA
libraries, including fragment-length distributions, base-quality profiles, strand asymmetry, library-
preparation effects, contamination mixtures and genomic coverage heterogeneity. Finally, the single
bacterial reference produced only four low-confidence mitochondrial assignments and should be
treated as an exploratory negative control, not as evidence against a general microbial-confounding
mechanism.

The central conclusion is that a molecule may be genuinely ancient and genuinely damaged
while still being assigned to the wrong genomic compartment. Reliable ancient mitogenome
reconstruction should distinguish (i) whether a molecule is compatible with ancient DNA, (ii)
where that molecule originated and (iii) how much uncertainty accompanies each inference.
Post-mortem damage supports molecular antiquity; mitochondrial origin must be evaluated
independently through competitive or otherwise origin-aware analysis.

Code and data availability

The source code, complete benchmark pipeline, simulation parameters and analysis scripts are
available in the AMITO repository at https://github.com/cobilab/amito.
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