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Abstract

Because DNA metabarcoding typically employs sequence diversity among mitochondrial amplicons to estimate species compo-

sition, nuclear mitochondrial pseudogenes (NUMTs) can inflate diversity. This study quantifies the incidence and attributes of

NUMTs derived from the 658 bp barcode region of cytochrome c oxidase I (COI) in 156 marine animal genomes. The number

of NUMTs meeting four length criteria (>150 bp, >300 bp, >450 bp, >600 bp) was determined, and they were examined to

ascertain if they could be recognized by their possession of indels or stop codons. In total, 389 NUMTs <100 bp were detected,

with an average of 2.49 per species (range = 0–50) and a mean length of 336 bp +/- 208 bp. Among NUMTs lacking diagnostic

features, 52.5% were [?]300 bp, 63.9% were [?]450 bp, and 76.2% were [?]600 bp. Studies examing 150 bp amplicons inflate the

OTU count by 1.57x compared to the true species count and increase perceived intraspecific variation at COI by 1.19x (when

sequence variants with >2% sequence divergence are recognized as different OTUs). There was a weak positive correlation

between genome size and NUMT count but no variation among phyla, trophic groups or life history traits. While bioinformatic

advances will improve NUMT detection, the best defense involves targeting long amplicons and developing reference databases

that include both mitochondrial sequences and their NUMT derivatives.

Introduction

The interplay between the nuclear and mitochondrial genomes is a defining feature of eukaryotes. One
aspect of these interactions is the transfer of segments of mitochondrial DNA (mtDNA) through the nuclear
membrane and their subsequent incorporation into the nuclear genome during the repair of double-stranded
breaks (Blanchard & Schmidt, 1996; du Buy & Riley, 1967; Lopez, Yuhki, Masuda, Modi, & O’Brien, 1994).
The resultant pseudogenes, termed NUMTs, are prevalent throughout the animal kingdom (Bensasson,
Zhang, Hartl, & Hewitt, 2001; Hazkani-Covo, Zeller, & Martin, 2010; Richly & Leister, 2004), but the
factors responsible for their considerable variation in abundance among species is uncertain (Bensasson et
al., 2001; Hazkani-Covo et al., 2010; Richly & Leister, 2004; Song, Buhay, Whiting, & Crandall, 2008).
Some studies have reported a correlation between genome size and NUMT counts (Bensasson et al., 2001;
Hazkani-Covo et al., 2010), but others have not (Gerstein & Zheng, 2006; Richly & Leister, 2004; Wang,
Liu, Miao, Huang, & Xiao, 2020). NUMT frequency has also been linked to environmental factors (Gerstein
& Zheng, 2006; Ricchetti, Tekaia, & Dujon, 2004; Song, Jiang, Yuan, Guo, & Miao, 2013), cellular stress
(Bensasson et al., 2001; Hazkani-Covo et al., 2010), and population dynamics (Antunes & Ramos, 2005;
Deceliere, Charles, & Biémont, 2005)

The evolutionary implications of NUMTs have attracted considerable attention (Balakirev & Ayala, 2003).
Because rates of nucleotide substitution are typically much slower in nuclear than mitochondrial genomes
(Bensasson et al., 2001; Lopez, Culver, Stephens, Johnson, & O’Brien, 1997), each NUMT is a relict of its
mitochondrial ancestor. As a result, they provide useful genetic markers (Harrison et al., 2002; Ricchetti et
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. al., 2004) which can help to resolve phylogenies (Ko et al., 2015), identify cases of hybridization (Machida &
Lin, 2017), and clarify genome dynamics (Matzen da Silva et al., 2011; Zhang & Hewitt, 1996). Although their
evolution is slowed, NUMT sequences are not frozen, and, because they are not transcribed (Bensasson et al.,
2001; Boore, 1999), there is no selection for a functional gene product. As a result, NUMTs accumulate indels
leading to frameshifts, premature stop codons, and sequence changes coding for amino acid substitutions
that would compromise functionality of the gene product (Bensasson et al., 2001; Morgan et al., 2013; Zhang
& Hewitt, 1996). NUMTs with such changes are readily diagnosed (Buhay, 2009), but those lacking these
features (Bensasson et al., 2001) create complexities if they are mistaken for mtDNA (Hazkani-Covo et al.,
2010; Zhang & Hewitt, 1996).

PCR-based approaches run a particular risk of encountering this interpretational complexity because all gene
regions with sequence congruence to a particular primer set are recovered whether they derive from the target
mitochondrial gene or its NUMTs. Past studies have shown that undiagnosed NUMTs can lead to erroneous
phylogenetic trees, distorting evolutionary relationships (Calabrese et al., 2017; Haran, Koutroumpa, Ma-
gnoux, Roques, & Roux, 2015). In addition, NUMTs can create complexities for DNA barcoding (Hebert,
Cywinska, Ball, & DeWaard, 2003) as it employs sequence diversity in mtCOI as a basis for specimen iden-
tification and species discovery in the animal kingdom. In this case, unrecognized NUMTs can inflate both
apparent species or haplotype richness and measures of intraspecific variation at COI (Buhay, 2009; Creedy
et al., 2019; Song et al., 2008). The extent of these risks depends upon the analytical protocol. When PCR
targets DNA extracts from single specimens, most amplicons derive from mtCOI because its copy number is
far higher than those of any NUMT(s) (Bogenhagen, 2012; Quiros, Goyal, Jha, & Auwerx, 2017). Because
they represent a small fraction of the amplicon pool in this situation, NUMTs rarely impede recovery of
the mt COI sequence with Sanger analysis (Hebert, Penton, Burns, Janzen, & Hallwachs, 2004). However,
because HTS platforms characterize single molecules, they do recover NUMTs, even when they comprise a
small proportion of the amplicon pool. When analysis targets DNA extracts from single individuals, NUMT
recovery can be minimized by excluding sequences with low copy numbers. However, NUMTs pose a greater
threat for metabarcoding studies because this protocol involves the amplification of DNA extracts from bulk
collections (Andújar, Arribas, Yu, Vogler, & Emerson, 2018; Andújar et al., 2020; Elbrecht, Vamos, Steinke,
& Leese, 2018; Liu, Clarke, Baker, Jordan, & Burridge, 2019). In this case, NUMTs from species representing
a large proportion of the sample biomass can be abundant, creating the prospect of interpretational errors
when unrecognized (Buhay, 2009; Kunz, Tay, Elfekih, Gordon, & De Barro, 2019).

Because of this impact of species biomass, sequence count is a weak criterion for excluding COI NUMTs
recovered through metabarcoding (Andújar et al., 2018, 2020; Elbrecht et al., 2018; Liu et al., 2019). Stringent
quality filters are also of no value because NUMT and mtCOI templates should be equally susceptible to
PCR and sequencing errors (Andújar et al., 2020; Elbrecht et al., 2018). Divergence values also cannot be
used as a diagnostic feature (Baeza & Fuentes, 2013; Matzen da Silva et al., 2011) because NUMTs and
mtDNA show highly variable divergences (Andújar et al., 2020). Two other diagnostic approaches are more
useful: 1) many NUMTs are a truncated version of the COI gene (Richly & Leister, 2004), and 2) they
often possess diagnostic sequence changes (i.e., indels that lead to frameshifts or premature stop codons).
Recognition of these diagnostic features is optimized when the full 658 bp barcode region is recovered, but
most HTS platforms generate considerably shorter reads (Reuter, Spacek, & Snyder, 2016; Rhoads & Au,
2015). NUMTs create interpretational complexity when they meet two criteria:1) their length exceeds that
of the target amplicon, and 2) they lack frameshift indels or premature stop codons. In such cases, NUMTs
with divergences exceeding the threshold (e.g., 2%) used to define operational taxonomic units (OTUs; a
species proxy) or recognize species (Alberdi, Aizpurua, Gilbert, & Bohmann, 2018; Ratnasingham & Hebert,
2013) will lead to overestimation of the OTU or species count while NUMTs with lower divergences will
inflate estimates of intraspecific COI variation.

NUMTs are likely to pose a particular challenge for metabarcoding studies in marine environments because
their resident species are both phylogenetically diverse and poorly represented in DNA barcode reference
libraries (Leray & Knowlton, 2016; Radulovici, Archambault, & Dufresne, 2010). For example, a single
marine habitat can include representatives from two thirds of all animal phyla (Zeppilli et al., 2015), and
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. most of these species will be undescribed (Appeltans et al., 2012). As a result, marine metabarcoding studies
often encounter many sequences that cannot be connected to a species represented in the barcode reference
library. Do these sequences represent newly encountered species or NUMTs from known taxa? The risk
of encountering NUMTs is certain as they occur in diverse marine lineages including cnidarians (Song et
al., 2013), crustaceans (Bensasson et al., 2001; Nguyen, Murphy, & Austin, 2002; Williams & Knowlton,
2001), echinoderms (Jacobs et al., 1983), fishes (Antunes & Ramos, 2005; Morgan et al., 2013), nematodes
(Derycke, Vanaverbeke, Rigaux, Backeljau, & Moens, 2010), and tunicates (Ahmed & Ali, 2016). Despite
this fact, there has not been a comprehensive effort to ascertain the incidence and attributes of NUMTs in
marine taxa, information that would be useful in evaluating the interpretational complexity introduced by
them and how best to defend against such impacts.

The present study begins to provide this information by examining the prevalence of COI NUMTs in marine
animals and considers their implications for both estimates of richness and measures of intraspecific variation
at COI. Analysis began with the quantification of COI NUMTs derived from any segment of the full (circa
1500 bp) COI gene in 85 marine species to ascertain if certain regions are more prone to incorporation in the
nuclear genome. Analysis then focused on determining the incidence and attributes of NUMTs derived from
the 658 bp barcode region of COI in the genomes of 156 marine species. Particular effort was directed toward
ascertaining the impact of target sequence length on the NUMT count, and on the incidence of those with
diagnostic traits (indels, stop codons). Because read lengths vary with analytical protocol and HTS platform,
we considered four commonly recovered amplicon lengths (150 bp, 300 bp, 450 bp, 600 bp) (Hebert et al.,
2018; Reuter et al., 2016; Rhoads & Au, 2015). Finally, we examined the correlation between the incidence
of NUMTs and genome size, and investigated if NUMT counts varied among phyla, trophic groups, or life
history traits.

Materials and Methods

Data collection

We examined the incidence of COI NUMTs in the genomes of marine animals on the NCBI geno-
me browser (Clark et al. 2016). To identify candidate genomes, we compared taxonomic names in the
World Register of Marine Species (WoRMS; Horton et al. 2020) with the NCBI genome browser (htt-
ps://www.ncbi.nlm.nih.gov/genome/browse). All genomes for marine invertebrates were downloaded to-
gether with those for at least one species per order of marine vertebrates. When more than one genome
was available for a species, the reference genome (if available) or the most recent assembly was selected. In
addition, we downloaded the COI sequence from the mitochondrial genome of each species and used Ali-
view (Larson 2014) to extract the 658 bp recovered by primers targeting the barcode region (Hebert et al.
2003). When available, the reference sequence for the full COI gene was also retained. When a COI sequence
was unavailable on GenBank, the Barcode of Life Database (BOLD; Ratnasingham and Hebert 2007) was
searched for a sequence.

NUMT search and identification

We conducted BLAST searches for mitochondrial COI against the genome sequence available for each species
using the 658 bp barcode region as the query. Using Geneious Prime (version 2020.2.1), we conducted a
BLASTn search with a maximum of 1000 hits and a maximum expectation value of e = 0.0001 to generate
a list of hits. We excluded BLASTn hits <100 bp in length, or those with both 100% coverage and [?] 99.8%
ID as these likely represented a mitochondrial sequence inadvertently included in the nuclear assembly.

The remaining hits were considered putative COI NUMTs and summary information (hit length, GC content,
query coverage, percent similarity, e-value) were exported to Excel (Supp. Table 1). Using MUSCLE in
Geneious Prime, each hit was aligned with the mitochondrial COI sequence for that species to visually search
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. for any insertions and deletions. Each sequence was then translated using the appropriate mitochondrial
code to determine if premature stop codons were present. The presence of indels or premature stop codons
(IPSCs) at any position along the sequence was recorded for six hit length categories: 100–200 bp, 200–300
bp, 300–400 bp, 400–500 bp, 500–600 bp and 600–700 bp.

Since using a longer COI query length could reveal additional NUMTs beyond the 658 bp barcode region, we
conducted a second BLAST search among the invertebrates in our dataset using the full-length ([?]1500 bp)
COI sequence when available. We used the same BLASTn parameters and strategy for identifying IPSCs as
for the 658 bp query, and retained all hits >150 bp. This analysis made it possible to ascertain if certain
regions of COI were more prone to incorporation into NUMTs by mapping hits to the reference COI sequence
and then quantifying the coverage at each nucleotide position. We then plotted the coverage for all species
in a particular phylum to determine the frequency with which each nucleotide position of COI appeared in
a NUMT.

NUMT diagnosis

To quantify the incidence of NUMTs that presented an interpretational threat to metabarcoding, we ascer-
tained the proportion of hits lacking diagnostic features at four sequence lengths (150, 300, 450, 600 bp)
commonly recovered with HTS (Hebert et al., 2018; Reuter et al., 2016; Rhoads & Au, 2015) using the 658
bp COI query. HTS platforms generating short reads will recover all NUMTs, but only those with IPSCs
in the target region will be diagnosed. For instance, platforms that generate 150 bp reads will capture all
NUMTs [?]150 bp, but they will only be recognizable as NUMTs if they possess IPSCs within the first 150
bp. Accordingly, we considered hits diagnosable if they contained IPSCs in the sequence region recovered by
the platform (i.e., 150, 300, 450, 600 bp). The mean number of both diagnosable and non-diagnosable hits
per species was compared among the four sequence length categories using a Kruskal-Wallis rank sum test.

In addition, we examined the impact of NUMT divergence values on metabarcoding results, employing a
standard sequence divergence threshold (2%) for delineating OTUs. Divergence values are only important
for non-diagnosable NUMTs that are not excluded from downstream analysis. We therefore ascertained
the proportion of undiagnosable NUMTs that would either inflate the OTU count (>2% divergence) or
intraspecific barcode variation (<2% divergence).

Patterns of NUMT abundance among species

We examined the relationship between the number of hits ([?]100 bp) and both genome size and the quality of
the assembly (contig N50) reported on NCBI using Spearman’s rank correlations. In addition, we examined
if species in certain phyla or those with differing ecological or life history traits were more likely to possess
NUMTs. For these comparisons, we used results from the COI barcode query length (658 bp) and included
all hits [?]100 bp. We compared the average number of hits per species among phyla and trophic groups
using a Kruskal-Wallis rank sum tests, and between the presence and absence of other life history traits
using Wilcoxon rank sum tests..

Ecological and life history information were primarily compiled from the Encyclopedia of Life (http://eol.org;
accessed 12 Sept 2020), but additional information was obtained from the primary literature to fill gaps
(see Supp. Data Table 2 for specific references). The traits examined included trophic category, mode
of reproduction (asexual/sexual), hermaphroditism and colonialism. We recognized six trophic categories
(predator/carnivore, grazer/herbivore, parasite, suspension feeder, omnivore, other) on the basis of adult
feeding habits. The ‘suspension feeder’ category included passive suspension feeders, active filter feeders,
and mucous net feeders. The ‘omnivore’ category included species with more than one equally prevalent
trophic level or guild. ‘Other’ included a chemosymbiotroph, a surface deposit feeder, and two detritivores.
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. Results

Marine animal genomes

The 348 marine species on the NCBI Genome Browser included 124 invertebrates and 224 vertebrates (157
fishes, 33 mammals, 26 birds, 8 reptiles). We downloaded genomes for 188 of these species including all
124 invertebrates and 64 vertebrates. Thirty-two of these genomes (19 invertebrates, 13 vertebrates) were
subsequently excluded from study, most because no COI sequence was available on GenBank or BOLD, but
one species (Hofstenia miamia ) was excluded because no FASTA file was available. Among the remaining
156 species, 85 invertebrates had a full ([?]1500 bp) mitochondrial COI sequence available. At least one
species from each available vertebrate order was represented. Only partial (487–657 bp) COI sequences were
available for 13 species and these were included in the 658 bp category.

Hit length and distribution

The 658 bp COI query sequence revealed 389 putative NUMTs [?]100 bp in the 156 genomes with 72 (46.2%)
of the species possessing at least one (Supp. Table 1). The NUMT count averaged 2.49 +- 7.06 (SD) per
genome, and ranged from 0–50. Hit lengths varied from 100–729 bp and averaged 336 bp +- 208 bp (Figures
1). Most hits (37.3%) were short (100–200 bp), but almost a quarter (24.4%) were 600–700 bp. Among the
389 hits, 282 (72.5%) contained IPSCs while 107 lacked them (Figures 1).

Forty of the 85 invertebrate genomes with a full-length COI sequence contained one or more NUMTs [?]150
bp. In total, 449 NUMTs were revealed with the full-length COI query (Supp. Table 1) with their lengths
averaging 409 bp +- 284 bp (mean +- SD; Figure 2), but many (58.6%) were less than 300 bp (Figure
2). Most of these NUMTs (358, 79.7%) contained IPSCs, but 91 did not (Figure 2). Hits were not evenly
distributed along COI as nucleotide positions showed more than 2-fold variation in the incidence of their
inclusion in NUMTs (57–126 coverage for a particular nucleotide position) (Figure 3).

NUMT diagnosis

Longer read lengths reduced the number of NUMTs that were recovered (Figure 4; Kruskal-Wallis: Χ2 =
13.05, df = 3, p = 0.005, n = 156) and the number without an IPSC (Figure 4; Kruskal-Wallis: Χ2 = 19.23,
df = 3, p < 0.001, n = 156). Removing these diagnosable hits significantly reduced the hit count for three
length categories (Figure 4; Wilcoxon rank sum tests: 300 bp : W = 10,405, p = 0.01; 450 bp : W = 10,706,
p = 0.02; 600 bp : W = 10,550, p = 0.005, n = 156), but not for150 bp (Figure 4; Wilcoxon rank sum test:
W = 10,787, p = 0.047, n = 156). Among those NUMTs lacking an IPSC, 52.5% were excluded with a read
length of 300 bp, 63.9% with read length of 450 bp, and 76.2% with a read length of 600 bp (Table 1).

NUMTs with IPSCs possessed an average sequence divergence of 21.9% ± 8.8% from the mtCOI sequence
in their parent species with divergences ranging from 0.3–36.0% (Figures 5 & 6). By comparison, NUMTs
lacking IPSCs possessed an average divergence of 10.8% ± 9.3% (range = 0–30.5% ) (Figures 5 & 6). Among
the [?]150 bp hits which lacked an IPSC, 73.0% (89/122) had divergence values >2% so they could inflate
the OTU count while another 30 with divergence values <2% could inflate the amount of barcode variation
within their source species. The other three hits showed 0% divergence from mtCOI so would have no impact.
Accordingly, studies targeting short amplions could increase OTU counts by 1.57x and intraspecific barcode
variation by 1.19x.

Patterns of NUMT abundance among species

Genome sizes varied more than than 2000-fold from 3.03 Mb in the demosponge Aplysina aerophoba to 6,700
Mb in the ridgetail prawnPalaemon carinicauda (Figure 7; Supp. Table 2). There was a weak positive
correlation between the hit count and genome size (Figure 7; Spearman’s rank correlation: ρ = 0.33, p
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. <0.0001, n = 156). Contig N50s ranged 117,000 fold. There was a weak negative correlation between hit
frequency and contig N50 across its 117,000 fold range (198 for Ophionereis fasciata to 23 x106 forChanos
chanos ( (Supp. Table 2; Figure 7; Spearman’s rank correlation: ρ = -0.19, p = 0.02, n = 156).

Arthropods and molluscs had the most COI hits [?]100 bp (Figure 8A), but mean counts did not differ
significantly among phyla (Figure 8A; Kruskal-Wallis: Χ2= 26.05, df = 16, p = 0.053, n = 156). When hits
with IPSCs were removed, there was also no difference in mean hits among phyla (Figure 8B; Kruskal-Wallis:
Χ

2 = 19.37, df = 16, p = 0.25, n = 156). Most phyla were represented by four or fewer representatives
(Figure 8) so the power of this test was very limited. Among phyla with more representatives, echinoderms
and cnidarians contained the highest percent of hits [?]100 bp without IPSCs at 66.7% and 33.3%, respectively
(Supp. Table 2).

The number of hits did not differ among taxa in different trophic categories (Figure 9; Kruskal-Wallis: Χ2=
9.03, df = 5, p = 0.11, n = 156), but the parasitic salmon louse,Lepeophtheirus salmonis , had the highest
NUMT count (Table 2). NUMT incidence was also unrelated to any life history characteristic examined
including asexual reproduction (Figure 10A; Wilcoxon rank: W = 1885.5, p = 0.052, n = 156), sexual
reproduction (Figure 10B; Wilcoxon rank: W = 233.5, p = 0.96, n = 156), hermaphroditism (Figure 10C;
Wilcoxon rank: W = 2448, p = 0.35, n = 156) or colonialism (Figure 10D; Wilcoxon rank: W = 786, p =
0.66, n = 156).

Discussion

This study evaluated the incidence and attributes of NUMTs in the genomes of 156 species of marine animals
and considered the interpretational complexities introduced for biodiversity assessments using metabarcod-
ing. Considering the 85 invertebrate species with a full-length COI sequence, most (58.4%) NUMTs were <
300 bp. This was also true for NUMTs derived from the 658 bp barcode region, where 51.2% were <300 bp.
When hits with IPSCs were excluded, 72.5% of NUMTs were removed. On the other hand, when reads <300
bp were retained, NUMTs often lacked these diagnostic features. When reads were clustered into OTUs
based on a 2% divergence threshold, these undiagnosable NUMTs inflated apparent species richness by up
to 1.57x relative to the true number of species and barcode variation in these species by up to 1.19x. No
significant difference in NUMT incidence was detected among species in different phyla, trophic categories
or breeding systems, but the strength of these tests was limited by the low number of genomes available for
analysis. Based on current information, NUMTs pose a substantial challenge for metabarcoding in marine
environments, particularly when short amplicons are targeted as is often the case in dietary studies (Berry
et al., 2017; da Silva et al., 2019).

Hit length and distribution

NUMTs did not appear to be evenly distributed along the COI gene, but it seems unlikely that certain
regions are more prone to incorporation. NUMTs arise from two processes: novel insertions into the nuclear
genome and post-insertion duplication and translocation (Bensasson et al., 2001; Hazkani-Covo et al., 2010;
Richly & Leister, 2004). The uneven distribution we observed may be driven by NUMT duplications fol-
lowing translocation from the mitochondrial genome rather than by hotspots prone to NUMT integration
(Calabrese et al., 2017). Confirming which mechanism is responsible for a particular NUMT requires detailed
examination of mutation patterns and NUMT attributes in allied species (Behura, 2007; Bensasson et al.,
2001).

The apparent biomodality of sequence lengths for NUMTs identified by both the 658 bp and 1500 bp queries
is likely artefactual. While short NUMTs certainly predominate, the secondary peak of long NUMTs reflects
the fact that any NUMT extending beyond the query length is included in the longest size category. If NUMTs
were evaluated for entire mitochondrial genomes rather just the barcode region, the bimodal pattern would
undoubtedly disappear.
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. NUMT diagnosis

Our results indicate that the impacts of NUMTs can be greatly reduced by targeted longer amplicons because
short NUMTs are excluded and more IPSCs are exposed. As a result, the exclusion of sequences with IPSCs
is a key bioinformatics step (Buhay, 2009; Kunz et al., 2019). In our analysis, screening for IPSCs failed to
significantly reduce the NUMT count for the shortest read length (150 bp), but many NUMTs were found to
possess an IPSCwith longer reads. Porter and Hajibabai (2021) further showed that short (˜300 bp) NUMTs
are also less likely to contain other diagnostic features such as inappropriate amino acid substitutions that
can identified via bioinformatic pipelines. Accordingly, NUMTs pose the highest risk to eDNA studies where
amplicons range from 50-400 bp (Langlois, Allison, Bergman, To, & Helbing, 2021), dietary analyses where
amplicons are 70-230 bp (Berry et al., 2017; da Silva et al., 2019) and marine metabarcoding studies which
commonly target a 313 bp region of COI (Leray et al., 2013), while studies targeting the full 658 bp barcode
region face a lower risk of NUMT misinterpretation. However, the analysis of longer amplicons does not
eliminate the problem as 29.9% of >600 bp NUMTs lacked an IPSC, reinforcing a pattern seen in other taxa
(Antunes & Ramos, 2005; Kunz et al., 2019; Richly & Leister, 2004). Furthermore, NUMTs of any length
can be problematic, even when their incidence in the template pool is low, if primers have higher affinity for
them than for the mitochondrial target (Kim, Lee, & Ju, 2013; Kunz et al., 2019).

Unrecognized NUMTs misclassified as distinct taxa (species, OTUs, ESVs, haplotypes) inflate diversity
estimates generated by metabarcoding. If all NUMTs with >2% divergence in our dataset were mistaken
for a distinct OTU, alpha diversity would have been inflated by1.57x. Conversely, if all NUMTs with <2%
divergence were assumed to reflect haplotype diversity within a taxon, barcode variation would have been
inflated by 1.19x. If intraspecific variation is not under investigation, grouping NUMTs within an OTU will
lessen overestimation of taxon richness by eliminating those NUMTs with the lowest divergence which are
also least likely to posess an IPSC. However, the latter approach may not outweigh the benefits of using ESVs
such as improved resolution and their value as intrinsic units of biological diversity (Callahan, McMurdie,
& Holmes, 2017). Whether OTUs or ESVs are used, sequence arrays containing NUMTs can still indicate
beta diversity if NUMTs are either uncommon or consistently recovered (Porter & Hajibabaei, 2021).

Patterns of NUMT abundance among species

The incidence of NUMTs is influenced by diverse factors. Some are associated with genome size (e.g., fre-
quency of double-stranded breaks, duplication via repetitive elements), but others are not (e.g., mitochondrial
damage, cellular stress) so the linkage between the incidence of NUMTs and genome size is unpredictable
(Antunes & Ramos, 2005; Hazkani-Covo et al., 2010; Ricchetti et al., 2004; Richly & Leister, 2004; Gerstein
and Zheng, 2006;Wang et al., 2020). We detected a significant positive correlation between genome size and
NUMT count, but the low coefficient of determination (ρ = 0.33) helps to explain the variable associations
noted in earlier studies. As NUMT frequency varies by marker (Baeza & Fuentes, 2013), a search for their
incidence across the entire mitochondrial genome would better evaluate the linkage between the prevalence
of NUMTs and genome size.

The quality of genome assemblies, as indicated by contig N50, varied 117,000-fold among the 156 species
examined in our study. High quality assemblies possessed significantly fewer NUMTs than lower quality
assemblies, a result contrary to previous findings (Hazkani-Covo et al., 2010; Richly & Leister, 2004). Typi-
cally, NUMT counts are elevated in high quality assemblies because of their inadvertent exclusion from draft
assemblies. For example, Hazkani-Covo et al. (2010) reported that NUMT counts doubled between low and
high quality assemblies of 18 eukaryotes, including a 20-fold increase in Drosophila melanogaster and a 3-fold
rise in Takifugu rubripes . Since NUMT detection is sensitive to search strategy, genome curation, and level
of completion, estimates of NUMT prevalence will need to be updated as the quality of genome assemblies
improves. Because the quality of current genome assemblies for most marine animals are low (mean contig
N50: 340,000; median: 16,000), our NUMT counts may be substantial underestimates.

Other potential sources of errors in NUMT enumeration include the recovery of COI from bacterial symbionts
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. or other contaminants, heteroplasmy, or PCR/sequencing errors (Baeza & Fuentes, 2013; Song et al., 2008).
For example, a recent genome assembly for a nematode inadvertently included many sequences of bacterial
origin (Schiffer et al., 2019; Thorne, Kagoshima, Clark, Marshall, & Wharton, 2014). Our study revealed
many NUMTs in several molluscs, including bivalves and cephalopods which employ doubly uniparental
inheritance of mitochondrial DNA (Doucet-Beaupré et al., 2010; Shizas, 2012; Zouros, Ball, Saavedra, &
Freeman, 1994) and other mechanisms that add similar diversity (Strugnell & Lindgren, 2007). Because of
such factors, causes aside from NUMTs can contribute to perceived COI diversity (Shizas, 2012).

While our analyses did not reveal significant differences in NUMT counts among phyla, the highest numbers
were found in arthropods, reinforcing evidence that their genomes often possess many NUMTs (Song et al.,
2008). This fact is well-documented for decapods (Baeza & Fuentes, 2013; Gı́slason, Svavarsson, Halldórsson,
& Pálsson, 2013; Kim et al., 2013; Williams & Knowlton, 2001; Yuan et al., 2017), a group with high NUMT
counts in our study. The capacity to rigorously test for variation in the incidence of NUMTs among phyla
was constrained because most (12/17) had only a few genomes available for analysis.

Although no association was evident between NUMT counts and trophic category or breeding system, a
parasitic copepod, Lepeophtheirus salmonis , had the highest NUMT count (50). In bacteria, pseudogenes
are more common among parasites (Lawrence & Hendrix, 2001), and some parasitoid wasps contain many
NUMTs, possibly linked to a high incidence of structural rerarrangements in their mitochondria (Yan et al.,
2019). However, many marine organisms have complex life history patterns that include multiple trophic
levels and reproductive strategies, complicating the detection of linkages with genome dynamics. Patterns
may be apparent once more genomes have been sequenced.

Mitigating the impacts of NUMTs

Because NUMTs are often difficult to recognize, it is worth considering approaches that would minimize
their impacts on metabarcoding. Methodological shifts offer one solution. For example, density gradient
centrifugation can provide highly purified mitochondrial DNA for PCR (Cristescu, 2019; Deiner et al., 2017;
Tsuri et al., 2021), but it requires freshly collected samples (Zhou et al., 2013). Reverse transcription PCR
(RT-PCR) offers another powerful option as sequences are only recovered from mitochondrial DNA because
NUMTs are not transcribed, and this method can be employed on properly preserved samples. (Bensasson
et al., 2001; Porter & Hajibabaei, 2021; Song et al., 2008; D. Wang et al., 2019).

Aside from adjusting wet lab protocols, NUMTs can be excluded by more rigorous bioinfomatic screening
(Porter & Hajibabaei, 2021). Tree-based methods that identify NUMTs based on their divergence from the
mitochondrial copy can aid studies on a particular taxonomic group (Creedy et al., 2019), but are ineffective
for work on communities because taxonomic diversity is high. Read count thresholds can remove 90-95% of
NUMTs while retaining most legitimate mtDNA variants (Andújar et al., 2020). Pipelines that incorporate
amino acid analysis into their filtering parameters can further improve the recognition of NUMTs (Kunz et
al., 2019; Nugent et al., 2020; Porter & Hajibabaei, 2020; Porter & Hajibabaei, 2021). For example, Coil
(Nugent et al., 2020) and METAWORKS (Porter & Hajibabaei, 2020) employ profile hidden Markov model
(PHMM) analysis to compare the features of an unknown sequence with a translated profile built from a
multiple sequence alignment for each taxonomic group to highlight frameshift errors. Because the COI protein
has highly conserved amino acids at certain positions, sequences that lead to an amino acid substitution at
these sites are likely to be NUMTs (Buhay, 2009; Hebert et al., 2003; Kunz et al., 2019).

Despite the potential of these defensive measures to minimize the impact of NUMTs, comprehensive, well-
curated DNA barcode reference libraries are needed to support metabarcoding studies in marine environments
(Bucklin, Steinke, & Blanco-Bercial, 2011; Leray & Knowlton, 2016). At present, NUMTs are typically
discarded, but their retention in the reference library would aid data interpretation (Matzen da Silva et al.,
2011), especially those derived from common, large-bodied species. There are two paths to develop a well-
parameterized reference library that includes both COI sequences and their NUMT derivatives. The first
involves the assembly of high quality nuclear and mitochondrial genome sequences for all marine species.
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. While this is an important goal (Lewin et al. 2018), its completion for all marine species will be a multi-
decadal task. A much faster path involves the collection of fresh specimens and their analysis via RT-PCR
to obtain mtCOI sequences, followed by PCR to amplify both mtCOI and NUMTs from the same specimen.
This approach has the potential to characterize thousands of species in a single HTS run. Although the
analysis of multiple markers can help to resolve ambiguities when NUMTs complicate results (Antunes &
Ramos, 2005; Kunz et al., 2019; Richly & Leister, 2004; Song et al., 2008; van der Loos & Nijland, 2020),
the challenge in developing a well-parameterized reference library for COI reinforces the need to focus on
this task rather than on broadening analysis to additional genes.

DNA metabarcoding has gained rapid adoption due to its capacity to document biodiversity patterns in
unprecedented detail at ever-decreasing costs (Taberlet, Coissac, Pompanon, Brochmann, & Willerslev, 2012;
van der Loos & Nijland, 2020). At a time when marine biodiversity is in rapid decline (Dulvy, Sadovy, &
Reynolds, 2003; Halpern, Selkoe, Micheli, & Kappel, 2007; WWF, 2020), it is critical that the metabarcoding
results used to inform conservation and management decisions be reliable. Hence, it is essential to develop the
informatics tools and analytical approaches to minimize the impacts of NUMTs on biodiversity assessments.
Since marine organisms exhibit tremendous variation in the structure and organization of their genomes
(Burger, Jackson, & Waller, 2012; Lavrov & Pett, 2016), further exploration and acknowledgment of NUMT
prevalence is not only necessary for reliable metabarcoding data, but will likely inform evolutionary insights
regarding genome dynamics across the tree of life (Zhang & Hewitt, 1996).
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Tables and figures

Table 1. Total number of hits, diagnosable hits, and undiagnosable hits for four target sequence lengths of
COI. Hits were diagnosable if they contained indels or premature stop codons (IPSC) in the target sequence
(i.e., in the first 150, 300, 450 or 600 bp).

Target length (bp) Target length (bp) Target length (bp) Target length (bp)

[?]150 [?]300 [?]450 [?]600
A) Total hits A) Total hits A) Total hits A) Total hits A) Total hits
Count 309 161 119 97
Mean 1.98 1.03 0.76 0.62
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. Target length (bp) Target length (bp) Target length (bp) Target length (bp)

SD 5.30 2.82 2.55 2.13
B) Diagnosable hits (IPSC present in region) B) Diagnosable hits (IPSC present in region) B) Diagnosable hits (IPSC present in region) B) Diagnosable hits (IPSC present in region) B) Diagnosable hits (IPSC present in region)
Count 187 103 75 68
Mean 1.20 0.66 0.48 0.44
SD 4.05 2.36 2.19 2.10
C) Undiagnosable hits (IPSC absent in region) C) Undiagnosable hits (IPSC absent in region) C) Undiagnosable hits (IPSC absent in region) C) Undiagnosable hits (IPSC absent in region) C) Undiagnosable hits (IPSC absent in region)
Count 122 58 44 29
Mean 0.78 0.37 0.28 0.19
SD 1.71 0.85 0.70 0.45
>2% Divergent 89 38 30 17
<2% Divergent 30 18 14 12

Table 2. Details on the 25 marine animals with the greatest number of COI hits [?] 100 bp. 156 genomes
were searched using the 658 bp barcode region of the mt COI gene.

Phylum Species Genome size (Mb) Contig N50 Trophic group* Hermaphroditism Sexual reproduction Asexual reproduction Colonial COI Hits COI Hits per 100 Mb+ COI NUMT content (bp)++

Arthropoda Lepeophtheirus salmonis 665.13 16,673 Pa 0 1 0 0 50 7.52 9,085
Mollusca Octopus vulgaris 1,772.96 490,217 P/C 0 1 0 0 45 2.54 9,592
Mollusca Octopus bimaculoides 2,338.19 5,532 P/C 0 1 0 0 38 1.63 7,212
Chordata Balaenoptera musculus 1,876.09 5,963,936 SF 0 1 0 0 32 1.71 16,515
Arthropoda Eriocheir sinensis 1,549.19 45,088 P/C 0 1 0 0 22 1.42 13,314
Arthropoda Palaemon carinicauda 6,699.72 696 Om 0 1 0 0 17 0.25 4,910
Arthropoda Strigamia maritima 176.21 24,745 P/C 0 1 0 0 12 6.81 3,352
Chordata Petromyzon marinus 1,130.42 170,712 Pa 0 1 0 0 10 0.88 4,104
Arthropoda Penaeus japonicus 1,660.27 700 P/C 0 1 0 0 9 0.54 2,183
Mollusca Cumia reticulata 67.1 890 P/C 0 1 0 0 8 11.92 3,176
Arthropoda Penaeus monodon 1,632.39 1,782 Om 0 1 0 0 7 0.43 2,982
Chordata Ursus maritimus 2,301.38 46,506 P/C 0 1 0 0 7 0.30 2,900
Chordata Carcharodon carcharias 3,915.28 46,102 P/C 0 1 0 0 6 0.15 1,705
Chordata Hippocampus comes 493.78 39,546 P/C 0 1 0 0 6 1.22 1,980
Arthropoda Limulus polyphemus 1,828.27 11,441 P/C 0 1 0 0 6 0.33 2,109
Arthropoda Tachypleus tridentatus 2,167.47 1,644,156 P/C 0 1 0 0 6 0.28 1,416
Porifera Amphimedon queenslandica 166.7 11,817 SF 1 1 0 0 5 3.00 1,146
Arthropoda Parhyale hawaiensis 2,752.56 10,438 G/H 0 1 0 0 5 0.18 1,699
Arthropoda Portunus trituberculatus 990.24 788 P/C 0 1 0 0 5 0.50 1,508
Chordata Trichechus manatus 3,103.81 37,750 G/H 0 1 0 0 5 0.16 2,468
Echinodermata Lytechinus variegatus 1061.2 9,657 Om 0 1 0 0 4 0.38 1,525
Mollusca Mytilus galloprovincialis 1,500.15 2,627 SF 1 1 0 0 4 0.27 1,241
Arthropoda Penaeus vannamei 1,663.58 86,864 Om 1 1 0 0 4 0.24 2,215
Chordata Salpa thompsoni 318.75 636 SF 1 1 1 1 4 1.25 1,795
Chordata Eptatretus burgeri 2,608.38 7,991 P/C 1 1 0 0 3 0.12 1,253

* Pa = parasite; P/C = predator/carnivore; SF = suspension feeder; Om = omnivore; G/H =
grazer/herbivore

+ Number of hits corrected for genome size (per 100 Mb); ++ Combined length of all COI NUMTs
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Figure 1 . The length distribution of COI NUMTs derived from the 658 bp barcode region of COI based
upon searches in 156 marine animal genomes. The dotted vertical lines indicate read length cut-offs for
standard HTS platforms (i.e., 150, 300, 450, 600 bp). A few NUMTs were longer than the 658 bp query
length due to their possession of an insertion. n = 389 NUMTs [?]100 bp.

Figure 2 . The length distribution of COI NUMTs in the nuclear genomes of 85 marine invertebrate species
where a full-length mitochondrial COI reference sequence was available to enable the search. n = 449 hits
[?]150 bp.

Hosted file
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. image3.emf available at https://authorea.com/users/435441/articles/538460-do-pseudogenes-

pose-a-problem-for-metabarcoding-marine-animal-communities

Figure 3 . Distribution of NUMTs along the mitochondrial COI gene for phyla of marine animals. ‘Other’
includes Annelida, Brachiopoda, Cephalorhyncha, Cnidaria, Ctenophora, Hemichordata, Nematoda, Ne-
mertea, Platyhelminthes, Porifera, and Rotifera. Analysis was restricted to 85 genomes where a full-length
mitochondrial COI reference sequence was available. n = 449 NUMTs [?]150 bp.

Figure 4 . The mean number of COI NUMTs for 156 marine animal species for four sequence lengths
reovered by standard HTS platforms. Indels and premature stop codons (IPSC) were considered present if
they occurred in the sequence region recovered by the platform (i.e., 150, 300, 450, 600 bp). Standard error
bars are shown.

Hosted file

image5.emf available at https://authorea.com/users/435441/articles/538460-do-pseudogenes-

pose-a-problem-for-metabarcoding-marine-animal-communities

Figure 5. Percent sequence divergence between the COI barcode sequence and NUMTs detected in 156
marine animal genomes for six length categories. Hits with indels or premature stop codons (IPSC) are in
green while those lacking them are in red. The dotted vertical line in each panel indicates the 2% divergence
threshold often used to delineate species. n = the number of hits in each length category.
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Figure 6 . Sequence divergence (%) between NUMTs and their mitochondrial counterpart as a function of
sequence length for COI NUMTs with/without an IPSC (indel and premature stop codon). n = 389 hits
[?]100 bp. Dashed line shows 2% divergence.

Figure 7 . The relationship between genome size, genome quality (contig N50), and the total number of COI
NUMTs per genome for 156 marine animal species using the 658 bp barcode region of COI as a reference. n
= 389 NUMTs [?]100 bp.

Hosted file

image8.emf available at https://authorea.com/users/435441/articles/538460-do-pseudogenes-

pose-a-problem-for-metabarcoding-marine-animal-communities

Figure 8 . The mean number of COI NUMTs [?]100 bp by phylum for 156 marine animal species, including
A) the total number of hits and B) the number without diagnostic features. The number in brackets indicates
the number of genomes examined for each phylum.
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Figure 9 . Variation in the mean number of COI NUMTs [?]100 bp amomg 156 marine animal species with
differing adult feeding habits. The number in brackets indicates the number of genomes in each category.
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Figure 10 . The mean number of COI NUMTs [?]100 bp for 156 marine animal species versus the presence
or absence of A) asexual reproduction, B) sexual reproduction, C) hermaphroditism and D) colonialism.
The numbers in brackets indicate the number of genomes in each category.
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