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Abstract 15 

The nuclear genomes of most animal species include segments of the mitogenome, but the count 16 

of these NUMTs varies greatly. This study examines the incidence of NUMTs derived from a 658 17 

bp region of the cytochrome c oxidase I (COI) gene as a proxy for other coding regions of the 18 

mitochondrial genome. Analysis focuses on the most diverse group of terrestrial organisms, 19 

insects, because COI-based identification systems play a key role in clarifying their diversity, an 20 

essential antecedent to genome sequencing. Nearly 10,000 COI NUMTs ≥ 100 bp were detected 21 

in the genomes of 1,002 insect species with a range from 0–443. NUMT counts were similar among 22 

congeners, but differences among genera in a family were often large with genome size explaining 23 

56% of the mitogenome-wide variation in counts. While many of these NUMTs possessed an indel 24 

or premature stop codon allowing their exclusion, the others could complicate species diagnosis 25 

as they averaged 10.1% divergence from their mitochondrial homologue. The count of NUMTs 26 

varies widely among insect lineages, peaking in groups that employ direct development or 27 

incomplete metamorphosis. They can raise the apparent species count by up to 22% when the 658 28 

bp barcode region is examined while shorter targets (300 bp, 150 bp) elevate exposure (58–111%) 29 

to “ghost” species. As a result, NUMTs represent a particular complication for protocols (e.g., 30 

eDNA, metabarcoding) which employ short amplicons for biodiversity assessments.  31 

 32 
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Introduction 36 

The nuclear genomes of most animal species contain segments of the mitogenome (Bensasson et 37 

al. 2001a) captured during the repair of double-strand breaks associated with meiotic 38 

recombination (Yu and Gabriel 1999, Ricchetti et al. 1999). Many of these NUMTs (nuclear DNA 39 

sequences of mitochondrial origin) are short, but some include much of the mitochondrial genome 40 

(Richly and Leister 2004). Their prevalence reflects both recurrent integration events and 41 

subsequent duplication and diversification. For example, more than 750 NUMTs, ranging in length 42 

from 100 bp to 16,106 bp, comprise 0.01% of the human genome (Richly and Leister 2004, 43 

Dayama et al. 2014). A third of them have arisen through distinct insertion events; the rest likely 44 

reflect duplications following integration (Tourmen et al. 2002, Hazkani-Covo et al. 2003, Pamilo 45 

et al. 2007). Extensive variation is apparent in their age; some entered the nuclear genome tens of 46 

millions of years ago while others are recent (Dayama et al. 2014, Gunbin et al. 2017). While 47 

mechanisms of NUMT insertion are not fully characterized (Hazkani-Covo et al. 2010), their 48 

incorporation seems to follow the entanglement of mtDNA with nDNA during cell division (Henze 49 

and Martin 2001) as densities are highest near centromeres (Viljakainen et al. 2010, Michalovova 50 

et al. 2013). Although most NUMTs are not transcribed, some appear to regulate gene activity 51 

(Chatre and Ricchetti 2011) while others impact the phenotype by disrupting gene function; such 52 

cases are, for example, responsible for several human diseases (Hazkani-Covo et al. 2010). While 53 

NUMTs can offer novel phylogenetic insights (Thalmann et al. 2004) because sequence change is 54 

slowed 3x–4x after their transfer into the nuclear genome (Perna and Kocher 1996), they also 55 

represent a complication for identification systems that employ mitochondrial markers for species 56 

discrimination (Song et al. 2008, Creedy et al. 2020, Francoso et al. 2019). 57 

 58 
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     NUMT counts differ markedly among animal lineages and are positively correlated with size 59 

of the nuclear genome (Hazkani-Covo et al. 2010), but they do vary among closely related taxa. 60 

For example, species of Apis (honeybee) have many more NUMTs than most other members of 61 

their family (Pamilo et al. 2007). In taxa with multiple NUMTs, sequence divergence from mtCOI 62 

often shows considerable variation reflecting their different timing of incorporation. Those with > 63 

2% sequence divergence pose complexity to approaches using mitochondrial markers for species 64 

identification, such as the COI region employed for DNA barcoding (Hebert et al. 2003). While 65 

NUMTs with an IPSC (indel or premature stop codon) can be identified and filtered, those lacking 66 

these features are readily mistaken for the target mitochondrial marker, inflating estimates of 67 

diversity in contexts ranging from studies of dietary composition (Dunshea et al. 2008) to species 68 

richness (Song et al. 2008). To evaluate their impact on such applications, we utilized public 69 

nuclear and mitochondrial sequence data to examine the prevalence of COI-derived NUMTs in 70 

1,002 insect species. Among these taxa, 668 possessed a nuclear assembly derived from high 71 

coverage data, making it possible to estimate genome size, and to examine the relationship between 72 

genome size and NUMT abundance/attributes. Analysis of this dataset also allowed evaluation of 73 

their impacts on the varied analytical approaches that employ mitochondrial markers, especially 74 

COI, for biodiversity assessments. 75 

 76 

Materials and methods 77 

Nuclear genome dataset 78 

Analysis began with extraction of metadata for all nuclear genome assemblies for the 1,479 insect 79 

species in NCBI’s Genome database (https://www.ncbi.nlm.nih.gov/genome/) using the assembly-80 

stats option of the ‘ncbi-genome-download’ package (https://github.com/kblin/ncbi-genome-81 
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download). Sequence coverage, contig N50, and assembly level (i.e., contig, scaffold, 82 

chromosome) were recorded, and this information was used to select a representative assembly for 83 

each species when several were available. Specifically, we favoured chromosome over scaffold 84 

over contig assemblies. When a species had multiple genomes with the same assembly level, we 85 

chose the one with the highest coverage. We next used ‘taxize’ R (Chamberlain and Szocs 2013) 86 

to record the membership of each species in an insect order and family. Thirty-three of the 1,479 87 

assemblies were subsequently excluded because of data problems:  15 derived from bacterial 88 

endosymbionts (see Supplementary Materials – Nuclear genome sizes), 13 lacked a species 89 

identification, 2 were hybrids, 2 were incomplete, and 1 had an assembly error. The other 1,446 90 

assemblies were downloaded between 11/29/21–12/2/21 using ‘ncbi-genome-download’. 91 

 92 

COI barcode dataset from BOLD 93 

We examined BOLD (Ratnasingham and Hebert 2007) to ascertain if COI barcodes were available 94 

for these 1,446 species. Because it is synchronized with GenBank, BOLD provides simultaneous 95 

access to both sources of COI barcodes. When coverage was available for a species, all COI 96 

records > 645 bp were downloaded. For sequences > 665 bp, the barcode region was excised using 97 

Aliview (Larsson 2014). If more than one Barcode Index Number (BIN; Ratnasingham and Hebert 98 

2013) was associated with a binomen (as expected for unrecognized species complexes), the 99 

dominant BIN was used so long as it represented > 65% of the records. Those flagged as 100 

contaminants, those with stop codons, and those marked as problematic were omitted. After 101 

applying these filters, COI barcodes were recovered from 783 (54.1%) of the 1,446 species.  102 

 103 

Mitogenome dataset 104 
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We searched for the mitogenome of these 1,446 species to provide additional COI barcodes and 105 

as a basis for examining if the incidence of NUMTs for the COI barcode region was similar to that 106 

for other segments of the mitogenome. We first used ‘ncbi-acc-download’ 107 

(https://github.com/kblin/ncbi-acc-download) to obtain mitogenomes from the NCBI Organelle 108 

Genome Resources (https://www.ncbi.nlm.nih.gov/genome/organelle/. On 12/1/21, this repository 109 

included mitogenomes for 2,897 insect species. Of these, 391 overlapped with our 1,446 species 110 

while mitogenomes for another 13 species were archived with their nuclear genome assembly. 111 

Among these 404 NCBI-sourced mitogenomes, 219 were annotated, while 185 were not. As a final 112 

step, because genome assemblies can possess ‘overlooked’ mitogenomes (Vieira and Prosdocimi 113 

2019), we screened all nuclear assemblies to identify scaffolds likely to represent unannotated 114 

mitogenomes (see Supplementary Materials –Identification of new mitogenomes). All 115 

mitogenomes lacking an annotation, whether derived from NCBI or from mitogenome mining, 116 

were annotated using the MITOS server (http://mitos.bioinf.uni-leipzig.de/index.py; Bernt et al. 117 

2013). We then filtered the presumptive mitogenomes, retaining only those with all 13 protein-118 

coding genes found in animal mitogenomes (Boore 1999) and with the standard gene order (see 119 

Supplementary Materials – Mitogenome filtering and annotation). These filters produced 120 

mitogenomes for 440 species (30.4% of the 1,446 total species), of which 332 were from NCBI 121 

and 108 were newly recovered from nuclear assemblies. 122 

 123 

Combined COI barcode dataset 124 

The COI barcode dataset needed for NUMT detection was assembled by combining the 125 

mitogenome and BOLD datasets as follows. For the 440 species with full-length mitogenomes, we 126 

used BEDTools getfasta (v.2.30.0; Quinlan 2014) to extract the full-length COI sequence and then 127 
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employed Aliview to isolate the 658 bp barcode region. All 440 mitogenome-derived COI 128 

barcodes were then run through the BOLD Identification tool 129 

(http://boldsystems.org/index.php/IDS_OpenIdEngine) to verify their derivation from the correct 130 

species. This step resulted in the removal of 21 mitogenome-derived barcodes and their source 131 

mitogenomes as they were either misidentified or derived from contamination. Finally, we 132 

incorporated BOLD-derived sequences for 583 species to create a barcode dataset with coverage 133 

for 1,002 (419 + 583) of the 1,446 target species (69.3%). These sequences are available as a 134 

dataset (DS-NUMTINS) on BOLD dx.doi.org/10.5883/DS-NUMTINS.  135 

 136 

NUMT abundance, density, and size distribution 137 

Before analysis, each nuclear genome was filtered to exclude residual mitochondrial DNA 138 

sequences. First, we searched for and removed scaffolds, irrespective of their size, that included 139 

the term ‘mitochondrion’ in their FASTA header. Second, we removed all unannotated scaffolds 140 

that we identified as a mitogenome.  141 

     We then interrogated the nuclear genomes of these 1,002 species for NUMTs derived from the 142 

barcode region using BLASTn searches that employed the COI barcode from each species as the 143 

query. BLAST parameters included a maximum expectation value (-evalue = 0.0001) and a percent 144 

identity > 60% (-perc_identity 60) to the query. In practice, > 99% of the NUMTs recovered 145 

through this approach showed ≥ 65% identity to the query sequence. We only considered BLAST 146 

hits > 100 bp in subsequent analyses for two reasons. First, when matches involve sequences < 147 

100 bp, the average BLAST E-value approaches the threshold (10-6) considered reliable for DNA-148 

based homology matches (Pearson 2013). Second, most studies which employ DNA for species 149 
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identification (e.g., Hellberg et al. 2019, Nithaniyal et al. 2021, Rinkert et al. 2021) target 150 

amplicons > 100 bp so results are unaffected by shorter NUMTs.  151 

     We processed the BLASTn results to remove hits with 100% query coverage (± 1 bp) that were 152 

also very similar (ID > 99%) to the query COI barcode sequence. We reasoned that such sequences 153 

were likely to represent segments of the mitochondrial genome still present in the nuclear data 154 

despite our mitigation efforts. The remaining hits were presumed to be valid, enabling a count of 155 

COI NUMTs for each species. To investigate the length distribution of NUMTs exceeding the 658 156 

bp COI barcode, we repeated the prior steps using full-length COI sequences (ca. 1,500 bp) as the 157 

query, employing records derived from the 419 species with mitogenomes (Table S7). 158 

 159 

NUMT counts for COI versus other regions of the mitogenome 160 

We next determined if the incidence of NUMTs for the COI barcode region was similar to those 161 

for other coding regions of the mitogenome. This analysis employed the fasta_windows_v1.1.sh 162 

script (https://github.com/kdillmcfarland/sliding_windows/) to partition each of the 419 163 

mitogenomes into 15–22 non-overlapping fragments matching the COI barcode (i.e., window size 164 

= 658 bp; slide size = 658 bp), and including the other 12 protein-coding genes and the two rRNA 165 

genes. They were extracted from the full-length mitogenomes using the annotation files and 166 

BEDTools getfasta as described for COI above. While the annotation files recovered the 14 genes 167 

for most mitogenomes, some de novo annotations were incomplete, reducing the apparent length 168 

of a few mitogenomes (see Supplementary Materials – Mitogenome filtering and annotation). 169 

BLAST was used to assess the number of NUMTs derived from each fragment in each species as 170 

described for COI barcodes. We then generated a mean NUMT count for the set of fragments from 171 

each species to create a mitogenome-wide average and compared it with the NUMT count for the 172 
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barcode region using a linear model in R v. 4.1.0 (R Development Core Team 2011) and log2-173 

transformed values for both metrics. To confirm the relationship between these two variables was 174 

not impacted by heavy sampling of certain insect genera, the analysis was repeated with a dataset 175 

containing one representative per genus.  176 

 177 

Patterns of NUMT variation across insect taxa 178 

We examined the impact of the quality of nuclear genome assemblies (sequence coverage, 179 

assembly level) on NUMT counts. A Wilcoxon rank-sum test in R was used to compare NUMT 180 

counts from low and high coverage assemblies (see Supplementary Materials – Nuclear genome 181 

sizes) while the relationship between NUMT counts and contig N50 was evaluated using 182 

Spearman’s rank correlation in R. As NUMT counts typically increase with genome size (Hazkani-183 

Covo et al. 2010), we used Spearman’s coefficient in R to examine the strength of this correlation 184 

for the 668 insect species whose high coverage assembly allowed estimation of their genome size.  185 

      To visualize variation in NUMT counts among the 668 species and its relationship to genome 186 

size, we built circular cladograms based on COI barcodes in raxmlGUI v2.0.7 (Edler et al. 2020) 187 

for the five major orders and for the pooled 12 minor orders. We then used the R package “ggtree” 188 

(Yu et al. 2017) to overlay bars showing NUMT counts and genome size on the four cladograms. 189 

To test for differences in NUMT counts among orders, we used Kruskal-Wallis rank sum tests in 190 

R. Because sample sizes for most orders were low, we restricted this analysis to the five major 191 

orders.   192 

 193 

NUMT diagnosis and impacts on species scans 194 
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NUMTs are typically diagnosed via screens for indels or premature stop codons (IPSCs; Bensasson 195 

et al. 2001a). To determine if the NUMTs identified in our analysis were diagnosable, we first 196 

searched for indels. Specifically, we screened each NUMT for frameshift indels (i.e., those not in 197 

a multiple of three) using a custom R script. To identify premature stop codons, we uploaded all 198 

NUMTs to BOLD where they were translated and subsequently screened for invertebrate 199 

mitochondrial stop codons.  200 

      To determine the impact of NUMTs on species scans, we considered five length categories 201 

(100–150 bp, 151–300 bp, 301–450 bp, 451–600 bp, 601–658+ bp) recovered by HTS platforms 202 

(Quail et al. 2012, Hebert et al. 2018, McCombie et al. 2019). These categories are hereafter 203 

designated as C1, C2, C3, C4, and C5. We focused attention on a subset of C5 NUMTs (C5*) that 204 

were long enough to span the barcode region (651–661 bp) and that possessed >2% divergence 205 

from mtCOI in their source species.   206 

      Because NUMTs lacking IPSCs can impact species diagnosis, we compared the proportion of 207 

diagnosable NUMTs for each category using a homogeneity chi-square test in R. We also 208 

compared the length and nucleotide divergence for diagnosable/non-diagnosable NUMTs of COI 209 

using Spearman’s rank sum tests. We employed a 2% sequence divergence threshold to categorize 210 

NUMTs lacking IPSCs into either distinct Operational Taxonomic Units (OTUs) that would inflate 211 

the species count (NUMTs > 2% divergence) or into haplotypes that would be grouped with their 212 

parent species, inflating its intraspecific COI variation (NUMTs < 2% divergence). To ascertain 213 

their impact on estimates of species richness, we used the RESL algorithm (Ratnasingham and 214 

Hebert 2013) to generate OTU counts for the NUMT array derived from the 668 species for 215 

NUMTs with three lengths (150 bp, 300 bp, 658 bp). 216 

 217 
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Impact of analytical protocols on NUMT exposure 218 

Analytical protocols can influence exposure to NUMTs when they examine differing numbers or 219 

lengths of amplicons. Efforts to expand the DNA barcode reference library always focus on 220 

acquiring a 658 bp barcode. When a single amplicon is targeted, NUMT exposure is determined 221 

by the number of C5* NUMTs. NUMT exposure can similarly be determined for eDNA and 222 

metabarcoding protocols by considering NUMTs in several length categories.   223 

       Barcode library construction examines a single amplicon with high-quality DNA extracts, but 224 

extracts with degraded DNA require the examination of multiple amplicons. Work on lightly 225 

degraded extracts typically examines two C3 amplicons (300–450 bp) that jointly cover the 226 

barcode region (Hebert et al. 2013). Binding sites for their primers can potentially occur in any 227 

NUMT with a length > 300 bp. Studies on heavily degraded DNA extracts, such as those from 228 

century-old museum specimens, often examine 100–150 bp amplicons (D’Ercole et al. 2021, 229 

Prosser et al. 2016) so all five categories must be considered.  230 

       Any COI NUMT can contain the binding sites for the primers used to recover a segment of 231 

the barcode region so long as its length exceeds that of the target amplicon. For example, a 300 bp 232 

segment of COI cannot be recovered from C1 and C2 NUMTs, but it might be included in C3–C5 233 

with the likelihood of its inclusion being determined by the category’s fractional coverage of the 234 

full 658 bp barcode region. Consequently, the NUMT exposure for any category is:  235 

Exposure = mean length of category/length of the barcode region    236 

As a result, the number of C3 NUMTs which will be amplified by a primer set targeting a 300 bp 237 

region of COI = # C3 NUMTs multiplied by their exposure (375 bp/658 bp = 0.57). Exposure rises 238 

to 0.80 (525/658) for C4, and to 0.96 (625/658) for C5. As two C3 amplicons must be analyzed to 239 

recover a full-length barcode, the total NUMT exposure is doubled, and the resultant assembly has 240 
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three possible compositions (2 mtCOI sequences, 2 NUMTs, mtCOI/NUMT chimera). When 241 

analysis targets 100–150 bp amplicons, exposure varies 5-fold among the length categories (C1 = 242 

0.19, C2 = 0.34, C3 = 0.57, C4 = 0.80, C5 = 0.96).  In this case, total exposure involves summing 243 

the values for the five categories.  244 

 245 

Results 246 

NUMT counts: Impact of sequence coverage and assembly contiguity 247 

BLASTn detected 16,584 (≥ 20 bp) and 9,826 (≥ 100 bp) NUMTs derived from the COI barcode 248 

region among the 1,002 species (17 orders, 149 families, 591 genera) with both a genome assembly 249 

and DNA barcode sequence. Table S1 lists these hits together with their key attributes (length, 250 

similarity to query sequence). Most of these species (987/1,002) had a coverage estimate for their 251 

genome assembly. These values varied by six orders of magnitude and were bimodal with the low 252 

distribution possessing a mean/median coverage of 1.02x/1.07x while the high distribution had a 253 

mean/median of 124.1x/76.0x (Figure S1). Given this bimodality, the break point (5x) between 254 

the distributions was used to designate the nuclear assembly for each species as either low coverage 255 

(hereafter LC) or high coverage (hereafter HC). The 15 species lacking an estimate were assigned 256 

as LC. 257 

       The number of COI NUMTs showed marked variation among taxa; 162 of the 1,002 species 258 

had none, while the others possessed from 1 to 443 (Figure 1). Among the 668 HC species, the 259 

number in each log2 interval from 0–32 NUMTs per genome showed less than two-fold variation, 260 

followed by a halving of the species number with each subsequent doubling in the NUMT count. 261 

The 334 LC species showed a similar pattern, but the highest NUMT values were missing, leading 262 

to a lower average NUMT count (4.1 versus 12.6) (Table 1, Figure S2). However, 97.9% of LC 263 
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species (327/334) were Lepidoptera versus 28.4% in the HC set.  The difference in average NUMT 264 

count between coverage classes was greatly reduced (LC = 4.1; HC = 5.7) when analysis compared 265 

members of this order and became insignificant when analysis only examined the six families in 266 

both datasets (Sign test, P = 0.22, Table S3). Genome contiguity (contig N50) did not impact 267 

counts in the LC (Spearman’s rank correlation: p = 0.09, P = 0.12, n = 334) or HC (Spearman’s 268 

rank correlation: p = -0.01, P = 0.88, n = 668) assemblies. Because genome size estimates obtained 269 

from assembly length were determined to be unreliable for LC species (see Supplementary 270 

Materials – Nuclear genome sizes; Figure S1, Figure S3), detailed analysis focused on the HC set 271 

(Figure 2). In total, they possessed 8,423 NUMTs ≥ 100 bp with counts ranging from 0–443 per 272 

species (Table 1 and Table S2). As 126 of the HC species lacked NUMTs, the others possessed 273 

an average of 15.5.  274 

 275 

Lengths and diagnosis of COI NUMTs 276 

       When analysis considered NUMTs recovered with 658 bp barcode queries, lengths varied 277 

from 100–754 bp in the 1,002 species (Table 1). Most were short; 30% were < 150 bp, 71% were 278 

< 300 bp, and 88% were < 600 bp. NUMTs recovered using a full-length COI query sequence 279 

from 283 of the HC species ranged from the low cut-off (100 bp) to circa 1,550 bp, the length of 280 

the gene (Figure 3).  The secondary peak near the upper value was an artifact reflecting the fact 281 

that some NUMTs included COI together with upstream and/or downstream gene regions. 282 

Ignoring this peak, the length distribution of COI NUMTs closely approximated a Pereto 283 

distribution (alpha = 1).  284 

       Sequence similarity of the 8,423 NUMTs to their COI barcode query ranged from 64–100% 285 

(Figure 2). Two-thirds possessed IPSCs, but this percentage varied among the five length 286 
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categories (X2 = 190.0; P < 10-5, df = 4), increasing from 57% in those 100–150 bp to 77% for 287 

those 451–600 bp (Table 2 and Figure 3). The percentage of NUMTs > 600 bp with an IPSC 288 

declined to 64%, likely reflecting their lower divergence from mtCOI than the other length 289 

categories (4.8% versus 10.9%). Considering all NUMT lengths, sequence divergence from the 290 

mtCOI query was greater for those with IPSCs (18.6%) than for those without (10.0%) (Table 291 

S1). Among the 5,607 NUMTs with an IPSC, 3,571 possessed both diagnostic features; 1,528 only 292 

had an indel, and 508 only possessed a stop codon.  293 

 294 

NUMT counts for COI relative to mitogenome-wide counts 295 

      The NUMT count for the COI barcode region was a strong predictor of the mean count for 296 

other mitogenome coding regions (R2 = 0.72) in the HC species (Figure 4). This relationship was 297 

unchanged when analysis considered one species per genus (R2 = 0.71). Moreover, the slope of the 298 

regression was close to 1.0 indicating that NUMT counts for COI matched those for other coding 299 

regions in the mitochondrial genome.   300 

 301 

Variation in genome sizes and COI NUMT counts among insect taxa 302 

       Considering all HC taxa, the count of COI NUMTs was positively correlated with genome 303 

size (R2 = 34%), and r-squared rose when counts for the entire mitogenome (R2 = 56%) were 304 

considered (Figure 5). Congeneric species showed limited variation in both genome size and 305 

NUMT count (Figure 6), but there was a 100-fold difference in mean counts among the 17 insect 306 

orders (Table 3). This variation was associated with a key developmental variable as the mean 307 

NUMT count was 4-fold higher (39.6 versus 9.3) in species with incomplete than complete 308 

metamorphosis (Figure 7), a highly significant difference (Wilcoxon rank-sum test, P = 4.47 x 10-309 
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9). NUMT counts also showed significant variation among the five major orders (Kruskal-Wallis: 310 

X2 = 43.66, df = 4, P = 7.52 x 10-9, n = 638). Hemiptera, the only one employing incomplete 311 

metamorphosis, had the highest count (23.0), but the others showed considerable variation as the 312 

mean for Hymenoptera (17.8) was 3x that for Lepidoptera (5.3) and twice those for Diptera (8.0) 313 

and Coleoptera (9.8) (Table 3). 314 

        The extent of intra-ordinal variation could only be assessed for the five major insect orders 315 

(Figure S4). Among them, Hemiptera had the most variable NUMT counts (CV = 1.97), followed 316 

closely by Diptera and Hymenoptera while Coleoptera and Lepidoptera showed less variation. 317 

Figure 8 provides an overview of the patterns of variation in genome size and NUMT counts for 318 

the 668 species. 319 

 320 

NUMTs and DNA-based identifications 321 

    Figure 9 displays three key attributes (length, sequence divergence from mtCOI, 322 

presence/absence of IPSC) for each NUMT detected in the two species with the greatest genome 323 

size difference in the five major insect orders.  These paired comparisons show consistently higher 324 

NUMT counts in species with large genome sizes. Figure S5 expands this representation of counts 325 

and attributes to all 668 HC species. Among their 8,423 NUMTs, 5,607 had an IPSC while the 326 

other 2,816 (Table 2) included all five length categories: 1,092 C1 (100–150 bp), 978 C2 (151–327 

300 bp), 238 C3 (301–450 bp), 135 C4 (451–600 bp), and 373 C5 (600–658+ bp). Most (2,545) 328 

of these NUMTs occurred as a single copy in the genome, but others were represented by up to 329 

ten copies:  (n = 81 (2 copies); n = 12 (3 copies); n = 6 (4 copies); n =2 (5 copies); n = 2 (6 copies); 330 

n = 1 (8 copies);  n = 1 (9 copies); n = 1 (10 copies).  331 
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     When analysis employs primers for the full barcode region, only C5* NUMTs  can inflate the 332 

species count. Among the 373 C5 NUMTs, 226 in 113 species were C5*. Most of these species 333 

possessed just one or two C5*, but two had ten (Figure 10, Figure S6). In the 69 species with a 334 

single C5*, the NUMTs showed a wide range of divergence (2.1–24.2%) from mtCOI and the 335 

same pattern extended to species with several C5*. A ML tree indicated that the C5* NUMT(s) in 336 

each species typically showed closest affinity to its mtCOI counterpart (Figure 11). Species with 337 

several C5* often possessed several similar or identical NUMTs dispersed in their genome. For 338 

example, all 10 in Mimumesa dahlbomi showed little sequence divergence from each other 339 

(0.26%) while 9 of 10 in Zaprionus ornatus were identical. Because of these cases of close 340 

sequence similarity, RESL assigned the 226 C5* NUMTs to 139 OTUs, a conversion percentage 341 

of 65%. By comparison, RESL assigned the 668 mtCOI sequences from their source species to 342 

632 OTUs, a 95% conversion percentage. If a study recovered all C5* NUMTs, the OTU count 343 

for HC species would be inflated by 22% [(139 + 632)/632]. RESL indicated that NUMTs in 344 

shorter length categories (150 bp, 300 bp) showed a conversion percentage of roughly 67%, similar 345 

to that for C5* (Figure S7).   346 

 347 

Genome sizes – Towards a risk registry for NUMTs 348 

       Because it is a good predictor of NUMT count, all genome size data for insect species was 349 

assembled. The resulting compilation included 1,838 species representing 26 of 27 insect orders, 350 

and 229 of their 1,000 component families (Table S4). Mean genome size varied 60-fold from 130 351 

Mb in Strepsiptera to 7,737 Mb in Orthoptera (Table S5). The average genome size was > 1,600 352 

Mb for the three orders with direct development, > 800 Mb for 8 of 11 orders with incomplete 353 

metamorphosis, and < 800 Mb for 11 of 12 orders with complete metamorphosis (Table S5). While 354 
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congeneric species had similar genome sizes (Figure 6), those in different families within an order 355 

often showed marked divergence. For example, among the nine orders represented by at least five 356 

families, the ratio of high/low genome sizes varied 8-fold (22.3–Coleoptera, 2.9–Lepidoptera) 357 

(Table S6). A plot of mean genome size against the number of described species in each insect 358 

order further indicated that those with the highest species counts all possessed a small genome size 359 

(Figure 12).  360 

 361 

Analytical Protocols – Towards a risk registry for NUMTs 362 

         NUMT exposure varies fivefold among the three analytical protocols targeting a single 363 

amplicon (Table 4). Library construction with a 658 bp amplicon could encounter up to 226 C5* 364 

amplicons, 34% of the species count. By comparison, studies targeting 300 bp or 150 bp amplicons 365 

could recover 578 and 1,118 NUMTs respectively, 87% and 167% of the species count. Because 366 

about a third of the NUMTs in each length category have identical or similar sequences, the count 367 

of distinct OTUs would show less inflation – 22%, 58%, and 111% respectively. Efforts to 368 

assemble a complete barcode sequence from 2–5 amplicons elevate the risk of NUMT exposure, 369 

but the extent of OTU inflation cannot be predicted because the NUMT count, their relative 370 

frequencies, and sequence divergences will determine the number and composition of chimeric 371 

sequences.   372 

 373 

Discussion 374 

The presence of NUMTs in insect genomes has been known for 40 years (Gellissen et al. 1983), 375 

but details on their abundance and attributes have only slowly gained clarity. Early studies revealed 376 

that NUMTs range widely in size (Richly and Leister 2004), that NUMT counts vary among taxa 377 
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(Pamilo et al. 2007), and that sequence change slows after nuclear integration (Lopez et al. 1997, 378 

Bensasson et al. 2001a). Because of the latter property, NUMTs can illuminate deep time events 379 

(Mishmar et al. 2004, Miraldo et al. 2012). However, they can also obscure the present, especially 380 

for approaches that employ mitochondrial gene regions as a basis for specimen identification and 381 

species discovery (Buhay 2009, Andujar et al. 2020). This complexity arises because DNA-based 382 

biodiversity assessments employ primers that amplify the target region in diverse taxa so they also 383 

amplify NUMTs within their nuclear genomes. 384 

      Although past work has revealed NUMTs in many insect lineages (Bensasson et al. 2001b, 385 

Pamilo et al. 2007, Viljakainen et al. 2010, Jordal and Kambestad 2014, Francosco et al. 2019, 386 

Yan et al. 2019), no prior study has systematically characterized their abundance and attributes. In 387 

addressing this gap, the present study confronted some limitations. A third of nuclear assemblies 388 

were derived from too low coverage data to allow the estimation of genome size. Among those 389 

with adequate coverage, 20% lacked a mitogenome or corresponding COI sequence although they 390 

undoubtedly resided in the sequence data from the nuclear assembly (Vieira and Prodoscimi 2019). 391 

As genome sequencing programs expand, the joint assembly of mitochondrial and nuclear 392 

genomes should be expected.   393 

 394 

Variation in NUMT counts 395 

      Despite data constraints, this study has provided a good overview of NUMT counts and 396 

distribution across the class Insecta. COI NUMTs were detected in all but one of the 17 orders 397 

examined, and it (Neuroptera) was only represented by two species. Among the 668 HC species, 398 

126 lacked COI NUMTs (≥ 100 bp), but the others averaged 15.6 with counts ranging from 1 to 399 

443. Pereira et al. (2021) suggested that some mitochondrial segments might be incorporated less 400 
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frequently into the nuclear genome than the COI barcode region, but our mitogenome-wide scan 401 

did not support this hypothesis. In accord with expectations (Hazkani-Covo et al. 2010), NUMT 402 

counts were positively correlated with genome size, and R2 rose from 34% to 56% when analysis 403 

extended from the COI barcode to the entire mitogenome. As the barcode region only represents 404 

a small segment of the mitochondrial genome, this increase was expected, but it does mean that 405 

the prediction of COI NUMT counts from genome size will be imprecise. However, given this 406 

correlation and the mean count of 13 NUMTs for the barcode region, insect genomes likely possess 407 

an average of about 325 NUMTs (as the barcode region represents 4% of the mitogenome). 408 

     Although larger sample sizes are required to tighten confidence estimates, our analysis revealed 409 

a 100-fold difference in mean COI NUMT counts among the 17 insect orders with genome data.  410 

This variation largely reflected the interplay between a deterministic factor, genome size, and a 411 

stochastic process, the inclusion of COI versus another mitochondrial region in the NUMT array 412 

for a species. While the latter factor impedes the prediction of NUMT counts for individual species, 413 

it did not obscure an important generalization. NUMT counts are much higher in insect species 414 

with direct development or incomplete metamorphosis than in those employing complete 415 

metamorphosis, reflecting genome size differences. As a consequence, NUMT counts were usually 416 

low in the four orders that comprise > 90% of all insect species – Coleoptera, Diptera, 417 

Hymenoptera, and Lepidoptera (Stork 2018). As Orthoptera has, by far, the largest mean genome 418 

size of the 27 orders, it is no surprise that the first insect NUMT was discovered in it (Gellissen et 419 

al. 1983), and that many subsequent studies highlighting the complexities introduced by NUMTs 420 

focused on it (Bensasson et al. 2001b, Song et al. 2008, Song et al. 2014, Kaya and Ciplak 2018, 421 

Pereira et al. 2021). While the present results confirm that COI NUMTs occur in most insect 422 

genomes, they do indicate that they are much less common in the most species-rich orders.  423 
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     The current results provide a first sense of taxa within each major order with elevated NUMT 424 

counts, but more data is needed to allow a lineage-by-lineage threat assessment.  For example, the 425 

species of Coleoptera examined in this study displayed little variation in NUMT counts, but the 426 

family with the largest genome size (e.g., Phengodidae) was not represented. Similarly, the low 427 

NUMT count for Lepidoptera reflected results from just a third of its families, and the sole species 428 

from a basal lineage (Adelidae) was a high outlier. Among 37 families of Hymenoptera, the 429 

Cynipidae possessed much larger genome sizes than the others, and its members showed elevated 430 

NUMT counts. However, some species in other families (e.g., Apidae, Formicidae) had high 431 

NUMT counts despite a small genome size, indicating that risk assessments will require 432 

consideration of other factors. Importantly, representatives of the most species-rich families of 433 

insects (e.g., Braconidae, Cecidomyiidae, Chironomidae, Ichneumonidae, Phoridae) all had low 434 

NUMT counts.   435 

 436 

NUMT attributes and recognition  437 

       Aside from documenting their prevalence and distribution, this study has clarified two 438 

attributes that determine the influence of NUMTs on measures of species diversity – their lengths 439 

and the fraction with an IPSC. Nearly 50% of the COI NUMTs detected in this study were too 440 

short (< 100 bp) to impact most biodiversity assessments, but species did possess an average of 441 

12.6 NUMTs above this length threshold. With a mean length of 272 bp, just 5% spanned the 658 442 

bp barcode region and two thirds had an IPSC. As a result, only 113 of the 668 species possessed 443 

a NUMT that could elevate the apparent species count. This incidence is likely representative of 444 

other protein-coding segments of the mitogenome, but studies employing 12S or 16S rRNA will 445 

be more exposed (2x–3x) to NUMTs because an IPSC filter cannot be applied.  446 
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 447 

Impact of NUMTs on DNA-based identification workflows 448 

       The much higher copy number of mtCOI should act to reduce exposure to NUMTs. On 449 

average, diploid insect nuclear genomes are about 60,000x larger than their mitochondrial 450 

counterparts (1,000 Mb versus 16 Kb). In extracts prepared from whole insects, mtDNA typically 451 

comprises less than 0.5% of the total DNA (Zhou et al. 2013). Presuming two copies of each 452 

NUMT per nuclear genome, mitochondrial gene regions will enter PCR with a 150x higher count 453 

(60,000 x .005/2). While this difference favours their recovery, variation in amplification can erase 454 

it (e.g., a NUMT with a 20% higher PCR efficiency will dominate the final amplicon pool after 35 455 

cycles). The risk of recovering a mix of mtCOI and its NUMT amplicons will extend to every 456 

species whose nuclear genome includes binding sites for the primers being used. As a 457 

consequence, NUMTs pose risks to all workflows underpinning DNA-based biodiversity 458 

assessments – from construction of the DNA barcode reference library to its use for inferring the 459 

species composition of environmental samples whether by metabarcoding or eDNA. If all NUMTs 460 

were recovered, OTU counts would be inflated by 22% if analysis targeted 658 bp amplicons, by 461 

58% at 300 bp, and by 111% at 150 bp. These inflation factors presume that our analysis recovered 462 

all NUMTs were discovered in the 1,002 species, but many polymorphic NUMTs will have been 463 

overlooked as their detection requires the analysis of multiple individuals per species (Lang et al. 464 

2012, Dayama et al. 2014)  465 

 466 

Conclusions 467 

This study indicates that the interpretational complexities introduced by NUMTs for studies of 468 

insect biodiversity vary with taxonomy, analytical protocol, and target gene region. From a 469 
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taxonomic perspective, impacts are greater for species with large genome sizes, primarily those 470 

that with direct development or incomplete metamorphosis. Because these orders comprise <10% 471 

of insect species, the overall exposure to NUMTs is reduced, but the present study detected 226 472 

C5* NUMTs that could increase the perceived species count by 22%. Protocols targeting shorter 473 

amplicons raised the inflation value to as much as 111% because they are more abundant and less 474 

likely to possess an IPSC. Finally, the gene region employed for the DNA barcoding can impact 475 

exposure. Ribosomal genes (12S, 16S) increase NUMT exposure by 2x–3x because they cannot 476 

be filtered via IPSC scans. If used in protocols that target short amplicons (e.g., 150 bp), they could 477 

produce a 3-fold inflation in perceived taxon diversity.  478 

     The present study only considered insects, but a similar analysis on marine invertebrates 479 

generated congruent results (Schultz and Hebert 2022). The complexities introduced by NUMTs 480 

can be managed by extending informatics platforms and modifying analytical approaches. As a 481 

first step, BOLD should create a structured database for all C5* NUMTs. Based on this study, their 482 

inclusion would only increase the overall sequence count by about 30%. As well, analytical 483 

protocols such as long PCR and RT-PCR can discriminate NUMTs from their mtCOI counterparts 484 

(Schultz and Hebert 2022).  485 

     While this study has clarified the threats posed by NUMTs, empirical work is needed to 486 

understand their actual recovery and the factors that influence it. For example, does the higher 487 

initial template concentration of mtCOI reduce NUMT recovery? Is the ratio of NUMT/mtCOI 488 

reads stable or, if not, what explains the variation? These investigations have begun (Andujar et al 489 

2020), but they must be expanded to both understand and mitigate the impacts of NUMTs on 490 

biodiversity assessments. 491 

  492 
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Table 1:  NUMT attributes for 668 insect species with high (> 5x) and 334 species with low (< 680 

5x) coverage nuclear assemblies. Fifteen species with uncertain coverage were assigned to the 681 

low category.  682 

Coverage   n #  NUMTs 

Count 

Mean/Range 

 Length  

Mean/Range (bp) 

Proportion  

with IPSC 

High 668 8,423 12.6; 0–443 271 ± 177; 100–754 0.67 

Low 334 1,380 4.1; 0–49 254 ± 164; 100–709 0.46 

  683 
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Table 2:  Number of NUMTs with/without IPSCs in five length categories and mean sequence 684 

divergence between these NUMTs and their mitochondrial COI homologue. Analysis considered 685 

the 668 species with a high coverage genome.  686 

 687 

 
With IPSC Without IPSC 

 
Size Range 
(bp) 

# 
NUMTs 

Mean Divergence 
(%) # NUMTs 

Mean Divergence 
(%) Total 

100–150 1,453 19.1 ± 6.7 1,092 12.01 ± 7.1 2,545 

151–300 2,401 19.6 ± 7.5 978 10.8 ± 7.3 3,379 

301–450 693 19.2 ± 8.1 238 7.9 ± 6.5 931 

451–600 446 18.2 ±9.3 135 7.2 ± 5.9 581 

601–661 614 13.0 ± 8.5 373 4.8 ± 4.1 987 

Total 5,607 18.6 ± 7.9 2,816 10.1 ± 7.2 8,423 

  688 
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Table 3:  Mean genome size and counts for two lengths of COI NUMTs. Analysis considers 668 689 

species with genome assemblies > 5x belonging to 17 orders. * Orders developing via incomplete 690 

metamorphosis. Other orders develop via complete metamorphosis. 691 

 692 

Order n 

Mean 
Genome 

Size (Mb) 

Mean 
Count 

≥ 100 bp 

Mean 
Count 

≥ 658 bp 

Orthoptera* 5 2391 140.6 4.4 

Phasmatodea* 2 2318 138.5 6.0 

Blattodea* 5 1558 84.0 1.2 

Odonata* 2 1146 32.5 0.0 

Plecoptera* 2 371 30.5 0.5 

Hemiptera* 49 660 23.0 1.0 

Ephemeroptera* 2 327 1.0 0.5 

Siphonaptera 1 776 51.0 0.0 

Megaloptera 1 768 28.0 0.0 

Hymenoptera 131 330 17.8 0.8 

Coleoptera 54 562 9.8 0.7 

Diptera 213 284 8.0 0.6 

Strepsiptera 1 156 7.0 0.0 

Lepidoptera 190 529 5.3 0.3 

Trichoptera 7 791 5.0 1.3 

Thysanoptera 1 416 1.0 0.0 

Neuroptera 2 549 0.0 0.0 

Total 668 453 12.6 0.6 

693 
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Table 4: Impact of analytical protocol on exposure to non-diagnosable NUMTs (i.e., those without 694 

an IPSC) for the 668 HC species. For NUMT # see Table 2. Total/species = # of amplicons x 695 

NUMT exposure/668. See Materials section for explanation of the exposure value.  696 

 697 

Protocol # 
Amplicons Length # NUMT x Exposure Total/Species 

Barcode Library 1 651–661 C5* = 226 x 1 
TOTAL = 226 226/668 = 0.34 

Barcode Library 2 300–450 

C3 = 238 x 0.57 + 
578/668 x 2 = 

1.74 
C4 = 135 x 0.80 + 
 C5 = 349 x 0.96  

TOTAL =  578 

Barcode Library 5 1001–50 

     C1 = 1092 x 0.19  

1118/668 x 5 = 
8.35 

C2 =  978 x 0.34  
C3 = 238 x 0.57  
C4 = 135 x 0.80  
 C5 = 349 x 0.96 

TOTAL = 1118 

eDNA 1 100–150 

     C1 = 1092 x 0.19  

1118/668 = 1.67 

C2 = 978 x 0.34  
C3 = 238 x 0.57  
C4 = 135 x 0.80  
C5 = 349 x 0.96 

TOTAL = 1118 

Metabarcoding 1 300–450 

C3 = 238 x 0.57 + 

0.87 C4 = 135 x 0.80 + 
 C5 = 349 x 0.91 

TOTAL = 578 
  698 
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Figure 1: Number of NUMTs (≥ 100 bp) derived from the barcode region of COI for 1,002 insect 699 

species. NUMT counts are plotted separately for species with low (334) and high (668) coverage 700 

assemblies. Orange = low; blue = high; slashed bars = Lepidoptera. Analysis considered species 701 

with both a DNA barcode sequence and a nuclear assembly with a coverage estimate. 702 
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Figure 2: Plot of the 8,423 COI NUMTs (≥ 100 bp) identified in high coverage nuclear genomes 704 

from 668 insect species. The length of each NUMT is shown as well as its sequence divergence 705 

from mitochondrial COI. Values > 658 bp arise through insertions while those < 658 bp reflect 706 

deletions or the original incorporation of a truncated fragment. Green = NUMT with a frameshift 707 

indel and/or a stop codon. Red = NUMT lacking these features. 708 
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Figure 3: Length distribution of COI NUMTs for 283 insect species as revealed by using a full-710 

length (ca. 1,500 bp) COI query. Lengths only show the region corresponding to COI; the 711 

secondary peak circa 1,500 bp reflects NUMTs that extend beyond COI and those with an internal 712 

insertion. The proportion of NUMTs with a frameshift indel or premature stop codon (IPSC) is 713 

shown for each length category.  714 
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Figure 4: Correlation between NUMT counts for the COI barcode and average mitogenome-wide 716 

NUMT counts for species with a mitogenome and 5x nuclear assembly. 77 species lacking NUMTs 717 

were excluded from analysis. (a) 242 species; (b) One species from each of the 191 genera. The 718 

red dashed line has an intercept of 0 and a slope of 1.  719 

  720 
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Figure 5: Correlation between log assembly length and log2 count of COI NUMTs (≥ 100 bp) for 721 

species with > 5x coverage.  Above: NUMT counts for COI barcode region (n = 668). Below:  722 

Mean NUMT counts for 658 bp segments of entire mitogenome (n =391).   723 
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Figure 6:Correlation in log2 NUMT (≥ 100 bp) counts and log2 genome size for 72 pairs of 725 

congeneric species.  726 
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Figure 7: Box plots comparing the COI NUMT count (rank-transformed) in species with complete 728 

or incomplete metamorphosis for five insect orders represented by more than 50 species and for 729 

composites of other orders with fewer species. 730 
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Figure 8: Circular cladograms for insect species with high coverage nuclear genomes based on 742 

sequence divergence in the 658 bp COI barcode region. Bars at the tip of each node indicate 743 

NUMT count or genome size. Upper Panel – 637 species in five major insect orders. Lower panel 744 

– 31 species in 12 minor orders with those employing incomplete metamorphosis first and those 745 

with complete metamorphosis next. 746 
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Figure 9: Bivariate plots showing the length and sequence divergence from mitochondrial COI 748 

for each NUMT in ten species with the smallest and largest reported genome size for each of the 749 

five major insect orders. Gray indicates NUMTs with an IPSC (indel and/or premature stop 750 

codon). Other colours indicate five length categories of NUMTs lacking these features.  751 
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Figure 10: Plot of C5* NUMTs (i.e., those with no IPSC, > 2% divergence from mitochondrial 753 

homologue, length = 651–661 bp) in 113 species. All C5* NUMTs (solid circles) from a species 754 

are connected via dotted lines to a point representing the mean divergence (open circles) for that 755 

species (this connection is absent in species with only one C5* NUMT). The other 555 HC species 756 

lacked C5* NUMTs. The other orders include Orthoptera (lanes 5 & 9), Phasmatodea (lane 8), 757 

Blattodea (lane 1=7% divergence, lane 2 & 3), and Plecoptera (lane 1= 2% divergence). 758 
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Figure 11: Maximum likelihood tree displaying sequence similarities between 226 C5* NUMTs 760 

and the mtCOI from their 113 source species. Arrows indicate mtCOI. 761 
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Figure 12: Variation in mean genome size and species counts for 27 insect orders. As genome size 764 

has not been determined for any Raphidioptera, an estimate was obtained by averaging values for 765 

Megaloptera and Neuroptera, the other two lineages in the superorder Neuropterida (Engel et al. 766 

2018). Brown = no metamorphosis. Red = incomplete metamorphosis. Blue = complete 767 

metamorphosis. 768 
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