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Abstract

DNA barcoding, the use of a standard DNA fragment for species identification, has
emerged as a major field of biodiversity research. The effectiveness of this approach
rests on the premise that much less variation exists within species than between them.
While exceptions occur, this has been demonstrated in many animal taxa where the COI
gene is effective in species discrimination. Sawflies are an exception to this pattern
because DNA barcodes often fail to distinguish congeneric species. Using high-
throughput single-molecule DNA sequencing to recover COI sequences from thousands
of sawflies, we found that single individuals often possess multiple, seemingly functional,
full-length DNA barcodes (i.e., unrecognizable as nuclear pseudogenes)—a phenomenon
not documented at similar prevalence in any animal taxon. While the evolutionary causes
of multiple variants require further investigation, our observation is remarkable as it vio-
lates the one-barcode-one-specimen assumption. The presence of multiple variants of
barcodes within individuals does not jeopardize the concept, but it introduces a com-
plexity for species inventories based on metabarcoding. They will overestimate the spe-
cies count when barcode-based operational species units are used as species proxies.
Similarly, DNA barcode reference libraries must consider how best to deal with the high

frequency of multiple intra-individual variants.
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possible to probe species interactions with unprecedented detail and
accuracy (Hrcek et al, 2011; Hréek & Godfray, 2015; Wirta

Since its introduction more than 20 years ago (Hebert et al., 2003),
DNA barcoding, the use of short, standard fragments of DNA to
assign biological specimens to a species, has transformed many areas
of biodiversity research (DeSalle & Goldstein, 2019; Hebert
et al., 2016; Smith et al., 2008). Due to its effectiveness in distinguish-
ing cryptic taxa, DNA barcoding has facilitated taxonomic research
(Janzen et al., 2017; Smith et al., 2007). Similarly, it has made it

1 Deceased.

et al., 2014) and has enabled efficient mapping of community diversity
(Castafio et al, 2020; Creedy et al, 2022; van der Loos &
Nijland, 2021). DNA barcoding can also accelerate species discovery
in ‘dark taxa’, that is, poorly studied hyper-diverse groups of organ-
isms (Page, 2016). Besides biological research, the approach is valu-
able in applied contexts such as forensics (Meiklejohn et al., 2021),
biomonitoring (Pawlowski et al., 2021; Wang et al., 2019), detection
of invasive species (Madden et al., 2019) and deterring marketplace
fraud (Galimberti et al., 2019; Siozios et al., 2020). Innovative
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applications based on the concept are constantly emerging, such as
the field of metabarcoding (Taberlet et al., 2018). Consequently, mas-
sive enterprises such as BIOSCAN (https://ibol.org/programs/
bioscan/), BGE (https://biodiversitygenomics.eu/) and many national
initiatives are presently building DNA barcode reference databases at
local, regional or global scales.

In animals, the standard DNA barcode, a 658 bp segment of the
mitochondrial COI (cytochrome c oxidase) gene (Hebert et al., 2003),
was selected for several reasons. The mitogenome is haploid and
shows little or no recombination (Saville et al., 1998), aiding data inter-
pretation. Multiple copies of COI are present in each cell, facilitating
its PCR amplification even from very small organisms. In addition, the
evolution of COI is usually rapid enough to discriminate closely
related species (Kerr et al, 2007; Lopez-Vaamonde et al., 2021;
Pentinsaari et al., 2014; Roslin et al., 2022). However, DNA barcodes
are less effective in distinguishing species in some animal lineages,
including sawflies (Hymenoptera, Symphyta). This compromised per-
formance has been linked to mitonuclear discordance (Linnen &
Farrell, 2007; Liston et al., 2023; Prous et al., 2017, 2020) and to low
barcode divergence among species (Prous et al., 2021).

The interpretation of DNA barcode data is sometimes compli-
cated by NUMTSs, non-coding copies of COIl located in the nuclear
genome. When such NUMTs are sufficiently long and retain binding
sites for both primers used in PCR, they are co-amplified with mtCOI.
Because NUMTSs are generally less than 300 bp in length, the risk of
exposure is greatest when short fragments of COI are amplified, for
example in eDNA or metabarcoding studies (Song et al., 2008). While
relatively few NUMTSs span the barcode region, they do occur (Hebert
et al., 2023). As NUMTs are not exposed to natural selection, they
often accumulate frameshift mutations and stop codons which allow
their discrimination from mtCOlI, but long NUMTSs without these diag-
nostic features have been detected in genomic assemblies (Hebert
et al., 2023).

Heteroplasmy, the phenomenon where an individual harbours
more than one mtDNA haplotype, represents a second potential
source of interpretational complexity. While most organisms inherit a
single mitogenome, exceptions have been documented in diverse taxa
(Ladoukakis & Zouros, 2017), including plants (Levsen et al., 2016),
bivalve molluscs (Ghiselli et al., 2019), lobsters (Chow et al., 2021),
ants (Meza-Lazaro et al., 2018), beetles (Kastally & Mardulyn, 2017;
Sriboonlert & Wonnapinij, 2019) and potentially sawflies (Liston
et al., 2023; Prous et al., 2021). Divergent heteroplasmy (>1% diver-
gence) based on whole mitochondrial genomes has been reported in
the tuatara (Macey et al., 2021) and a beetle (Kastally &
Mardulyn, 2017). Heteroplasmy is generally considered uncommon so
it is not thought to significantly compromise eDNA or metabarcoding
analyses, but large-scale studies on its prevalence have not been con-
ducted. An important feature of heteroplasmy is that its presence is
difficult to document using Sanger sequencing—until recently the
standard method for barcode reference library construction. This bar-
rier reflects the fact that heteroplasmy is easily misinterpreted as con-
tamination in Sanger sequencing chromatograms as both are revealed

by the presence of multiple peaks.
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The sawfly fauna of northern Europe has been under intensive
taxonomic reassessment for the last decade (Liston et al., 2017, 2022;
Prous et al.,, 2017, 2025). As one component of this work, over
20,000 specimens have been DNA barcoded. This analysis revealed
unusual patterns of barcode variation. First, barcode sharing was prev-
alent among closely related species and, second, many individuals of
some species possessed two or more barcodes with deep divergence,
many of which were examined for nuclear markers to evaluate possi-
ble cryptic diversity. The shift from Sanger sequencing to high-
throughput sequencing (HTS) revealed an unexpected pattern: deep
intraspecific variants were not only frequent within species, but also
within individuals, suggesting that long NUMTs and/or heteroplasmy
were prevalent in sawflies.

In this study, we investigate the frequency of sawflies possessing
two or more COI variants by examining 6763 specimens across
88 genera of sawflies from North Europe, chiefly Finland. Our goals
were (1) to ascertain if within-individual variability results from the
co-amplification of recognizable NUMTs (frame shifts, stop codons)
spanning the barcode region or as multiple seemingly functional mito-
chondrial variants within individuals, and (2) to assess the prevalence
of these full-length within-individual barcode variants among sawflies.
Although the presence of seemingly functional or almost functional
intra-individual mitochondrial variants has been reported (Li
et al., 2021; Ozana et al., 2022; Prous et al., 2025), our study is the
first large scale and systematic investigation of the prevalence of long

within-individual barcode variants based on a massive HTS data set.

MATERIALS AND METHODS

The sawfly material was collected during many field excursions. Most
specimens were net collected as adults, but several hundred were
reared from larvae. Most specimens were collected by the authors, but
a few by other collectors. All except six specimens were collected from
Finland, that is, from Norway (3), Germany (1) and Austria (2). Full col-
lection and taxonomic data of all specimens, including specimen photo-
graphs, can be retrieved from the public BOLD dataset https://doi.org/
10.5883/DS-SYMVARI. Additional data (e.g., secondary COIl variants
that are not permitted in GenBank or BOLD) are included in the Sup-
plementary Material and on Dryad (Mutanen et al., 2025).

Tissue pulling, specimen photography and data entry were carried
out at the University of Oulu, Finland, by the authors, as part of the
Finnish Barcode of Life (FinBOL) project activities. The sawfly samples
were not ordered taxonomically for sequencing as they remained
largely unidentified to species at that stage, but sawfly samples were
mostly not mixed with non-sawflies in the 96-well lysis plates. DNA
extraction, COl amplification and sequencing took place at the Centre
for Biodiversity Genomics (CBG) at the University of Guelph, Canada,
following the procedure outlined in Hebert et al. (2018). Sequencing
was conducted using Pacific Biosciences Sequel | and Il platforms.
Details of laboratory analysis, such as primers used, are available in
the LIMs reports for each record. LIMs reports are also available

through the BOLD dataset (see above). As sequencing was conducted
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as part of FinBOL's barcode reference library construction activities,
amplicons from multiple specimens were pooled, often together with
other arthropods. In each run, amplicons from either 4560 or 9120
specimens were pooled for analysis.

Our initial datasets were recovered using circular consensus
sequences (CCSs) of mtCOIl amplicons generated by Sequel I/Sequel Il
platforms at the CBG. This analytical path generates a read count for
every CCS recovered from a specimen, a taxonomic assignment based
on the reference library in BOLD, and a percent similarity to the clos-
est reference sequence. This dataset, which was derived from the
analysis of 6773 specimens representing about 480 species, included
14,090 sequence variants. After initial filtering (see Supplementary
Material), 14,072 sequences from 6763 sawflies were retained for fur-
ther analyses. Some identifications delivered by analysis with
mBRAVE were based on fewer than 20 bases of overlap, which led to
incorrect taxonomic assignments. As a result, the dataset (14,072
sequences) was re-identified against a reference sawfly dataset (see
below). The main analytical steps were (1) exclusion of sequences
reflecting cross-contamination or non-target sequences (e.-
g., endosymbionts, parasitoids), (2) exclusion of NUMTs with diagnos-
tic features and (3) identification of the remaining specimens with
multiple variants. Cases of contamination were defined as those
with sequences matching specimens from a different genus. Diagnos-
able NUMTs were defined as sequences with stop codons and/or
frameshift indels (1 or 2 bp insertions/deletions). We provide counts
for each of these three categories of sequences (contaminants, diag-
nosable NUMTs, potentially functional sequences) based on either all
CSSs or restricted to CSSs with at least three reads to minimize expo-
sure to sequencing error or tag jumping.

The sawfly specimens were identified based on morphology by
MP and MM to species or species group level. Although many of the
specimens in some species groups could have been identified to spe-
cies level, they were left at the group level for the purpose of this
study due to the fact that mitochondrial COI does not allow reliably
species level identifications in these groups (Prous et al., 2017, 2020,
2025). To control for contaminations among sawfly specimens, we
used a sawfly reference dataset that contains published and unpub-
lished validated mtCOI sequences connected to the Electronic World
Catalogue of Symphyta (Taeger et al., 2018). Due to the lack of con-
sistency in taxonomic names across databases (most linked to the
recent generic revision of the Nematinae; Prous et al., 2014) as well
as gaps or errors in identification, the names of specimens were cor-
rected to a genus or species level according to the latest taxonomy
before further analyses (Prous et al., 2025; Taeger et al., 2018).

Sequences derived from contamination were removed based on
four filters. Sequences were first excluded if they were proteobacter-
ial or derived from a different family than the source specimen. After
this filtration, the remaining sequences were re-identified based on a
reference dataset using BlastN (Camacho et al., 2009) with—evalue
1E-150—max_target_seqs 100 (to ensure finding the closest reference
sequences), and excluded if the sequence-based genus assignment did
not match the actual genus determined through morphological

examination. Some additional cases of contamination (18 sequences
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removed, all supported by only one read) were manually detected
within genera, involving distantly related species or species groups
not known to share barcodes.

NUMT detection was done in three steps: (1) detection of frame-
shifts with BlastN (Camacho et al., 2009) against the sawfly nucleotide
reference dataset (as above), (2) detection of stop codons with BlastX
(Camacho et al., 2009) against an amino acid (aa) reference dataset
(translated sawfly reference dataset) and (3) manual checks of
sequences for which the Blast results were ambiguous regarding
frameshifts. Reads longer than the amplicon region (2659 bp) were
retained if stop codons or frameshifts were only detected in the
primer regions. Reads significantly shorter than expected amplicon
length (e.g., <212 amino acids; a 658 bp amplicon should include
219 aa) were checked to ascertain if they were obviously chimeric
(one part of read identical or very similar to other sequences and the
other part unalignable) and those detected were excluded. Although
sequences with more than three aa deletions are probably NUMTs,
they were retained for consistency (there were only five sequences
with more than two aa deletions). The remaining sequences were
(1) aligned with MAFFT (Katoh & Standley, 2013) at a nucleotide level
to establish a common translation frame, (2) translated to amino acids
using the invertebrate genetic code, (3) aligned again with MAFFT at
an aa level and (4) using pal2nal (Suyama et al., 2006) to recover a
nucleotide alignment based on the aa alignment. This enabled the
detection of additional problematic sequences, including overlooked
stop codons close to the ends of sequences, frameshift mutations and
unusually long indels. See Supplementary Material for additional
details.

As an additional quality control measure, we also reported the
number of possible NUMTs/heteroplasmic variants by only consider-
ing sequences differing by more than one nucleotide substitution or
indel. Although this criterion will undoubtedly exclude many true vari-
ants, those remaining are more reliable, particularly when supported
by multiple reads. The more stringently filtered dataset (CSSs sup-
ported by >2 reads and excluding intra-individual variants differing by
one nucleotide) containing specimens with seemingly functional intra-
individual COI variants was manually examined for PCR chimeras. As
a final validation step, we compared the variants detected in 14 speci-
mens in the most stringently filtered dataset and an independently
obtained (an additional tissue sample extracted and sequenced) data-
set by Prous et al. (2025), available at https://doi.org/10.5852/ejt.
2025.977.2799.12791.

Phylogenetic trees were generated for the most stringently fil-
tered dataset and subsets of this (Figures 2-5) with FastTree (Price
et al., 2009), using default parameters: Jukes-Cantor, CAT approxima-
tion with 20 rate categories; balanced Support: SH-like 1000. Prior to
phylogenetic analyses, the primer sequences were trimmed. The tree
based on the most stringently filtered dataset (Figure S1 in the Sup-
plementary Material) was arbitrarily rooted between Tenthredinoidea
and the other sawflies (Pamphiliidae, Xiphydriidae and Cephidae). The
trees based on the data subsets (examples inside Pamphiliidae and
Tenthredinidae, Figures 2-5) were rooted based on the full tree

(Figure S1 in the Supplementary Material).
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Analyses were done using custom scripts written in R
(RCoreTeam, 2021) using packages plyr (Wickham, 2011), dplyr
(Wickham et al., 2021), xIsx (Dragulescu & Arendt, 2020) and tidyr
(Wickham, 2021).

For p-distance calculations, we used R package ape (Paradis &
Schliep, 2019). The ape package was also used to calculate the ratio of
non-synonymous (amino acid-changing, dN) to synonymous (silent, dS)
substitutions for each pair of intra-individual variants in the most strin-
gently filtered dataset. A chi-squared test in R (RCoreTeam, 2021) was
used to check if the sex ratio differed between two groups of speci-
mens: those with multiple apparently functional intra-individual COI
variants and those with a single COI variant.

RESULTS
Characterization of the sawfly dataset

The contamination recognition step removed 2702 sequences (derived
from 1939 specimens) and 273 specimens (Table 1). The removal of diag-
nosable NUMTs excised 3458 sequences (from 1768 specimens) and
317 specimens. The remaining dataset contained 7879 sequence variants
derived from 6173 specimens. After excluding variants with <3 reads, the
dataset contained 6064 sequence variants from 5474 specimens.

After the exclusion of contaminants and diagnosable NUMTs,

20.8% of specimens contained two or more COIl variants (Table 1)

TABLE 1 Number of specimens and COI sequence variants
before and after consecutive filtering steps.

Specimens Variants
Before filtering steps 6763 14,072
Contaminants removed 273 (4.0%) 2702 (19.2%)?
Contaminants, read count >2 114 (1.7%) 439 (3.1%)°
NUMTSs removed 317 (4.7%) 3458 (24.6%)
NUMTs, read count >2 178 (2.6%) 857 (6.1%)
After first filtering steps 6173 7879¢
With multiple variants 1282 (20.8%) 2988 (37.9%)
Sequences with at least 3 reads 5474 6064
With multiple variants 519 (9.5%) 1109 (18.3%)
Treating intra-individual 497 (9.1%) 1058 (17.4%)
variants differing by one
nucleotide as one
Additionally excluding PCR 497 (9.1%) 1039 (17.1%)

chimeras

®Most “contaminants” (>60%) are endosymbionts, parasitoids and other
non-sawflies.

®Most “contaminants” (>90%) with at least 3 reads are endosymbionts,
parasitoids and other non-sawflies.

“An additional 33 variants were excluded here that were treated as
different variants in the original data simply because of slight differences
in overlap length (differentially cut sequences at 5’ and 3’ ends). These
otherwise identical sequences were also excluded in subsequent steps. Of
these identical sequences, the one with fewer reads was chosen for
exclusion.
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After excluding sequences with fewer than three reads, 9.5% of speci-
mens possessed two or more variants. When only variants differing
by more than one nucleotide were retained, 19.4% (all sequences) or
9.1% (sequences supported by three or more reads) of the specimens
had more than one variant (Table 1). Finally, the removal of chimeras
in the dataset with sequences supported by more than two reads left
497 specimens (9.1%) with 1039 variants (Table 1, Figure S1).

Co-presence of Intra-individual variants in sawflies

After the exclusion of diagnosable NUMTs, a fifth (1282/6173 or
20.8%) of the specimens in the sawfly dataset possessed intra-
individual variants. Of the specimens with multiple variants, most had
two variants (median variant count two), but as many as 10 were
observed. The median read count for the major variant in these speci-
mens was 18 (maximum = 126) while the median read count for the
minor variant was two (maximum = 35). When present, the other var-
iants had a median read count of one and a maximum of 15.

Once sequences with fewer than three reads were excluded (Table 1),
9.5% of the specimens (519/5474) in the sawfly dataset retained intra-
individual variants. Most of these specimens had two variants (median var-
iant count two), with a maximum of four. For the major variant, the median
read count was 19 with a maximum of 110. For the next most common
variant, the median read count was five with a maximum of 33. Minor vari-
ants had a median read count of four and a maximum of 15.

Considering only the dataset based on sequences supported by at
least three reads, the following seven genera with at least three speci-
mens with more than one variant showed a high incidence (>30% of
specimens) of intra-individual variation (Table S2): Fenella (100%),
Monophadnoides (80%), Eriocampa (69%), Nesoselandria (52%), Cladius
(36%), Cephalcia (36%), Nematus (33%) and Xiphydria (33%).

Considering all 347 species or species groups, 110 included speci-
mens with more than one intra-individual variant (dataset with
sequences supported by at least three reads). Considering only species
or species-groups represented by at least 3 specimens with more than
one variant, 26 showed more than 30% of their members with two or
more COI variants. They included Fenella nigrita, Eriocampa dorpatica,
Euura respondens (all 100%), Ametastegia tenera (92%), Dolerus subarcti-
cus (82%), Monophadnoides rubi (80%), Euura obducta (79%), Tenthredo
silensis (67%), Eriocampa ovata (67%), Ametastegia perla (60%), Nematus
tulunensis (60%), Xiphydria prolongata (60%), Nesoselandria morio (52%),
Cladius pectinicornis (45%), Tenthredo ferruginea (43%), Dolerus vestigialis
(41%), Empria pallimacula (37%), Cephalcia spp. (36%), Claremontia brevi-
cornis (35%), Cladius brullei (33%), Euura pavida (33%), Dineura virididor-
sata (32%), Cladius compressicornis (32%), Euura vaga (32%), Euura
myosotidis (31%) and Tenthredo atra group (30%).

The occurrence of intra-individual variants is clearly taxonomically
widespread in sawflies, but in some genera no intra-individual variants
were detected or they were much less frequent compared to the taxa
above. Considering genera with at least five specimens and sequences
supported by at least three reads, Pristiphora, Arge, Empria (except
E. pallimacula and E. pumila), Dolerus, Rhogogaster and Monophadnus
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FIGURE 1 Shown for each sawfly genus is the percentage of specimens in the multiple variant dataset (excluding specimens with only single
detected COl variant) minus the percentage of specimens in the whole dataset (including specimens with single and multiple variants). This figure
only shows genera with at least five specimens and with sequences supported by at least three reads. Genera marked with **> contain only
specimens with a single variant. The number of specimens in the whole dataset is shown after each genus name. See Dataset S1 for the

underlying data.

TABLE 2 Number of female and male specimens (excluding larvae) and variants in different datasets.

p-value of chi-squared

p-value of chi-squared

Dataset # female # male tests (specimens) % female # variants female # variants male tests (variants)
all vs. multi 3851 2281 0.65 62.80 4878 2953 0.28
792 484 62.07 1819 1156
single vs. all 3059 1797 0.56 62.99 3059 1797 0.11
all_rc3 vs. multi_rc3 3450 2010 0.76 63.19 3785 2217 0.57
310 187 62.37 645 394
single_rc3 vs. all_rc3 3140 1823 0.73 63.27 3140 1823 0.49

Note: ‘all’ includes specimens both with single and multiple apparently functional intra-individual COIl variants. ‘multi’ dataset contains only specimens
with multiple intra-individual variants and ‘single’ dataset contains only specimens with one variant. ‘rc3’ means that only sequences supported by at least
three reads were considered. Possible PCR chimeras were excluded and variants differing by single nucleotide were treated as single variants in rc3
datasets. Chi-squared tests were performed to compare male and female numbers between multiple variant and all or single datasets.

(no secondary variants detected) were particularly under-represented
in the multiple variant dataset (Figure 1). Tables S1 and S2 provide
details on all species and genera with multiple intra-individual variants.
Supplementary table in the Dataset S1 also includes genera where
only a single COI variant was detected in all specimens.

Comparison of variants of 14 specimens (30 variants) present in
the most stringently filtered dataset (497 specimens with 1039 vari-
ants, PacBio dataset) and an independent dataset (Nanopore dataset;
Prous et al., 2025) revealed that only 12 (from 9 specimens) PacBio var-
iants out of 30 are identical to variants from the corresponding speci-

mens in the Nanopore dataset. However, the non-identical PacBio

variants (identity to Nanopore sequences 97.37%-99.85%, mostly
99.23%-99.85%) are almost all unique in the whole PacBio dataset
(16 variants with identity of 98.91%-99.85% to the others), suggesting
underestimation of intra-individual variants rather than contamination.
The remaining two variants (out of 18 not detected with Nanopore
sequencing) from two specimens (ZMUO.033566, ZMUO.040755) are
identical to each other (read counts 25 and 18) and to some other con-
specific (Euura clitellata s. str.) specimens in the PacBio dataset.

When specimens with multiple apparently functional variants
were compared to specimens with a single variant, there were no sta-

tistically significant differences in sex ratios (Table 2). This was the
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FIGURE 2 Specimens of Empria pallimacula and E. pumila with seemingly functional intra-individual COI variants. SH-like branch support
values above 0.9 are shown. p-distances between the variants are shown for selected individuals. Maximum inter-individual distance is 5.8% for

E. pumila and 9.4% for E. pallimacula.

case for comparisons made at both the specimen and variant levels,
whether or not sequences were supported by more than two reads
(p-values 0.11-0.76, Table 2).

Intra-individual divergences of sawflies

The maximum likelihood tree for the most stringently filtered data-
set of specimens with intra-individual variants is provided as Supple-
mentary Material, but some remarkable examples are illustrated in
Figures 2-5. Specimens of Empria pumila possessed up to four vari-
ants with divergences from 2.3% to 5.7% while two variants with

up to 8.6% divergence were detected in E. pallimacula (Figure 2).
Two closely related species of Tenthredo (T. ferruginea, T. silensis)
possessed intra-individual variants showing up to 6.9% divergence
(Figure 3). Specimens of Cephalcia (number of species uncertain) are
grouped into two main barcode clusters (except ZMUO.033841,
whose variants are split between the two groups), but the clusters
within both groups are rendered polyphyletic by intra-individual var-
iants. The maximum genetic distances between intra-individual vari-
ants within these two main groups are 4.8% and 6.6% (Figure 4).
There were also two groups within Cladius pectinicornis, which do
not share specimens (Figure 5), but again, the variants from single

individuals are distributed across within-group clusters. Within the
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FIGURE 3 Specimens of Tenthredo ferruginea and T. silensis with seemingly functional intra-individual COI variants. SH-like branch support
values above 0.9 are shown. p-distances between the variants are shown for selected individuals. Maximum intra-individual distance is 6.9% for
T. silensis and 6.0% for Tenthredo ferruginea. Maximum inter-individual distance is 7.8% between T. ferruginea and T. silensis and 7.7% within the

same species (T. silensis).

groups, the maximum distances between intra-individual variants are
3.4% and 3.8%.

Non-synonymous to synonymous substitution ratios
(dN/dS) of intra-individual variants

dN/dS can be used to estimate the strength of selection acting on
protein-coding sequences. A ratio close to one suggests relaxed
selection (no difference between rates of synonymous and non-
synonymous mutations), indicating that the gene might not be func-
tional. Ratios less than one indicate purifying selection (non-
synonymous mutation rate lower than synonymous rate) while ratios
greater than one suggest positive selection (non-synonymous muta-
tion rate higher than synonymous rate). Using the most stringently fil-
tered dataset (497 specimens with 1039 variants), dN/dS was

calculated for intra-individual variants of each specimen. 96% of pair-
wise comparisons (567/589) give ratios below 0.5, and 71% are below
0.1, indicating that most variants have been under strong purifying
selection. There are only eight pairwise comparisons (1%) with ratios
above 0.9, two of them above 2 (5.2 for variants with 1.6%
divergence and infinity for variants with only two differences that are
non-synonymous). See Dataset S1 for the table containing all within-

specimen pairwise comparisons.

DISCUSSION

With 5474 specimens and about 347 species or species groups of
sawflies represented in the final validated dataset, our study repre-
sents the first large-scale investigation of intra-individual full-length
mtCOl DNA barcode variants. Our detection of multiple variants
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FIGURE 4 Specimens of Cephalcia (number of species uncertain) with seemingly functional intra-individual COI variants. SH-like branch
support values above 0.9 are shown. p-distances between the variants are shown for selected individuals, which happen to be the maximum

intra-individual distances within the two main groups (4.8% and 6.6%).

might potentially arise from sequencing errors or overlooked contami-
nants, but sequencing errors were eliminated by excluding reads that
were only recovered once. Bioinformatics pipelines do provide an effi-
cient way to recognize sequence variation derived from contamina-
tion, particularly when the taxa in a sample are known and when
comprehensive reference libraries are available. Although we could
not always reliably detect contamination between different conge-
neric species, the residual contamination level after filtering steps
must be very low or absent, particularly in the most stringently filtered
dataset (497 specimens with 1039 variants). We removed only 18 vari-
ants out of about 7900 as contamination between congeners (cases
which could be recognized), all supported by only one read. The

intra-individual variants were frequently unique sequences and often

differed by more than two nucleotides from the others, excluding the
possibility of cross-contamination in such cases. The widespread pres-
ence of intra-individual variants has been found repeatedly by other
studies in a large sawfly genus Euura (about 27% of the specimens in
this work) with longer amplicons and different sequencing technology
(Liston et al., 2023; Prous et al., 2021, 2025). Independent DNA
extraction and sequencing of some specimens (Prous et al., 2025)
used in this study revealed significant underestimation of within spec-
imen COI variant diversity (>50% more variants detected) instead of
congeneric contamination. This is supported also by nuclear genes
(Prous et al., 2025) with the expected number of variants for males
(one) and females (one or two, except a few parthenogenetic species
that may be triploid). Given the prevalence of long intra-individual
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variants, our observations have important implications for results
gathered through metabarcoding or eDNA analysis because such
intra-individual variants inflate the estimated species count. For exam-
ple, the most stringently filtered dataset contains 110 species or spe-
cies groups, but would increase by about 45 species (3% distance
threshold) or even 70 species (2% distance threshold) if intra-
individual variants were assumed to belong to different specimens.
Variation of this type is certainly not restricted to sawflies, but its
prevalence varies among taxonomic groups.

The possible biological explanations for the observed seemingly func-
tional intra-individual COI variants are nuclear insertions of mitochondrial
fragments (NUMTS) or heteroplasmy (multiple mtDNA haplotypes).

For example, NUMTs (although the exact nature of the
intra-individual variation found here is still to be confirmed) are more
prevalent in insect species with direct development or incomplete
metamorphosis than in those employing complete metamorphosis,
reflecting genome size differences (Hebert et al., 2023). Elucidating
the prevalence of intra-individual variants across all taxa is an obvious
next step. The emergence of high-throughput DNA sequencers
enables their efficient detection as demonstrated here but may also
provide avenues to mitigate its downsides.

Our analysis demonstrates that HTS produces many sequences
that seemingly represent the target region but could actually be
NUMTs. NUMTs are a well-recognized complication for DNA barcod-
ing, and recognition of those with frameshift mutations or stop
codons is straightforward. However, the diagnosis of shorter NUMTs
is often challenging. A recent analysis of 1002 insect genomes
revealed that NUMTs are ubiquitous in insects (Hebert et al., 2023).
While it found that most NUMTs are short and that most NUMTs
spanning the barcode region possess indels or premature stop codons,
this was not always the case. Some long NUMTSs lack diagnostic fea-
tures, but they were uncommon (Hebert et al., 2023). By contrast, our
dataset includes thousands of variants that remain unrecognizable as
NUMTSs, provided that the intra-individual variants really represent
NUMTs. However, at least in the species-rich genus Euura (>25% of
specimens in our dataset), 25% of about 1000 specimens show seem-
ingly functional intra-individual variants even based on 1078-1087 bp
COI amplicons (Prous et al., 2025). Moreover, non-synonymous to
synonymous substitution ratios (dN/dS) of most intra-individual vari-
ants detected here (considering only those supported by at least three
reads) indicate strong purifying selection (ratios below 0.1 in 71% of
pairwise comparisons), at least in the recent past. There are only eight
pairwise comparisons out of 589 (1%) with ratios above 0.9, indicating
likely pseudogenes. Hence the key questions are: (a) Why are long
intra-individual variants with no indels or stop codons, and with little
or no indication of pseudogenization (low dN/dS) so prevalent in saw-
flies, and (b) in addition to NUMTSs, might processes such as hetero-
plasmy explain their occurrence?

@ Entomological
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Some of the intra-individual variants which appear fully functional
possess more than 2% sequence divergence, a threshold often used
to flag putative cryptic species. Moreover, cases of apparently homol-
ogous variants occurring in different species were frequent in many
genera, compromising the ability of DNA barcodes to separate these
species. Further, the observed incidence of intra-individual variability
is likely an underestimate because the number of mitochondrial vari-
ants varied among individuals. Therefore, any single high-throughput
run is unlikely to recover all variants present in a species.

In Sanger sequencing, the presence of two or more co-amplified
barcode variants generates double peaks in chromatograms, but there
is no way to ascertain if they reflect contamination, heteroplasmy or
NUMTSs. Deeper insights into these situations only became possible
with the emergence of single molecule sequencers capable of gener-
ating long reads (e.g., PacBio, Oxford Nanopore). Although the detec-
tion of co-amplified variants is now efficient, it remains difficult to
discriminate heteroplasmic variants from long NUMTSs which lack stop
codons or frameshift mutations. The discrimination of such cases
requires either transcriptomic analysis—because NUMTs are not tran-
scribed while heteroplasmic variants are—or whole genome sequenc-
ing to localize NUMTs in the nuclear genome.

Can we exclude the possibility that the cases of deep divergence
between multiple variants reflect heteroplasmy? Past studies have
shown that most cases of heteroplasmy involve very low levels of
divergence (Dowling, 2014; Leeuwen et al., 2008). The seemingly
functional intra-individual COIl variants of ~650 bp barcodes detected
using PacBio are also found with Nanopore sequencing of ~1080 bp
mtCOlI fragment (Prous et al., 2025). This observation supports the
heteroplasmy hypothesis, although Hebert et al. (2023) observed a
few dozen NUMTs spanning over 1500 bp but lacking frameshift
mutations or stop codons. As such, the detection of long variants in
sawflies is not sufficient evidence to support the heteroplasmy
hypothesis. It has been suggested that paternal leakage of mitochon-
dria increases with increasing genetic divergence between the parents
(e.g., in the case of interspecific hybrids) due to failure of paternal
mtDNA elimination (Ladoukakis & Zouros, 2017; Mastrantonio
et al,, 2019). For example, divergent parent mitochondrial types are
et al.,, 2015). In sawflies, mitonuclear discordance is common and may
reflect mitochondrial introgression (Linnen & Farrell, 2007; Prous
et al., 2020), which would be consistent with the prevalence of possi-
ble heteroplasmy detected in this study.

If the ‘functional’ intra-individual variants are NUMTs, they
would be expected to be more prevalent in diploid females than hap-
loid males if the presence/absence of NUMT is polymorphic within
species. However, no difference in sex ratio was found between spec-
imens with and without multiple variants (Table 2), a result that can
be explained if the NUMTSs are universally present within species.

FIGURE 5 Specimens of Cladius pectinicornis with seemingly functional intra-individual COI variants. SH-like branch support values above 0.9
are shown. p-distances between the variants are shown for selected individuals.
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To rule out the NUMT hypothesis, complete nuclear and mito-
chondrial genomes should be sequenced. For example, the chromo-
some level genome assembly for the sawfly Tenthredo mesomela
(https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_943736025.
1/), includes two nuclear scaffolds (OX031020, OX031013) with
98%-99% sequence identity to ~7000 bp segments of the mitogen-
ome (GenBank accession OX031023), indicating the presence of long
NUMT insertions. Another possibility to distinguish between hetero-
plasmy and NUMTs would be to screen for the multiple variants in
different specimens and populations of the same species (Kastally &
Mardulyn, 2017). Divergent NUMTs should be present in all speci-
mens, while heteroplasmic variants should occur in only some of the
individuals (Kastally & Mardulyn, 2017) due to strong genetic bottle-
necks expected for mitochondria in germline cells.

As long intra-individual barcode variants are widespread in saw-
flies, it is important to consider how best to mitigate their effect both
on the identification of single specimens and on metabarcoding-
derived inferences about the species present in a sample. We recog-
nize two concrete actions towards this goal. First, DNA barcoding
should transition to single molecule sequencing instead of Sanger,
because only the former can separate the multiple variants. The shift
from Sanger to HTS is underway and, before long, all barcoding will
be based on the latter approach as it is much less expensive. Second,
as long as barcoding applications include PCR, intra-individual barcode
variants will be co-amplified. Although the much higher copy number
of mtCOl should reduce exposure to NUMTs (Hebert et al., 2023), our
experience with sawflies is that any of these variants could realisti-
cally produce the highest read count, and therefore be selected as the
specimen’s barcode sequence, which is the default approach in most
bioinformatics pipelines. As such, these co-amplified, seemingly func-
tional variants persist in data sets. For a practical solution to this prob-
lem, we suggest that they be explicitly indexed as alternative
barcodes and integrated into reference libraries, as otherwise such
‘ghost’ species will continue to be an issue in metagenomics datasets.
Alternatively, DNA barcoding could be based on transcribed DNA
which would enable the exclusion of non-transcribed NUMTSs, but this
is only possible for fresh material as RNA degrades quickly.

In conclusion, the analysis of 6000 sawfly specimens using
high-throughput single-molecule sequencing platforms frequently
recovered multiple long mtCOI variants from single sawflies. While
the factors underlying this phenomenon require further investigation,
their presence has significant implications for DNA barcoding and
metabarcoding studies on this group. While the documented observa-
tions represent a complication for barcode library construction initia-
tives, single molecule-based sequencing platforms provide efficient
ways to overcome it. Such ambitious enterprises should therefore

increasingly turn to using high-throughput platforms.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

Dataset S1. Data tables containing original sawfly PacBio CCS reads,
variants after contamination and NUMT filtering, sequence IDs for
variants identified as contaminations, variants identified as NUMTSs,
variants differing by single nucleotide (substitution or indel), identical
variants, variants (supported by at least three reads) identified as PCR

chimeras.
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Dataset S2. Reference sawfly COIl sequences in fastA format used for
reidentification of PacBio reads.

Dataset S3. Reference sawfly COIl protein sequences in fastA used for
reidentification of PacBio reads.

Dataset S4. Sawfly specimens with intraindividual COI variants (fastA
alignment used to build the tree in Fig. S1) after the most stringent fil-
tering steps (sequences supported by at least three reads, with mini-
mum of two differences between the intraindividual variants, no
contaminations, no variants identifiable as NUMTSs, no chimeras).

Data S1. Supporting Information.
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