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1 | INTRODUCTION

Persistent and growing threats to biological diversity necessitate the
development of tools to document biodiversity in rapidly changing
environments (Butchart et al., 2010; Mantyka-Pringle et al., 2015).
Molecular advances have enabled the detection of DNA that or-
ganisms shed into their environment (i.e., environmental DNA,
eDNA; Rondon et al., 2000; Taberlet et al., 2018), expanding the
biodiversity monitoring toolkit. Notably, metabarcoding of verte-
brate mitochondrial DNA (mtDNA) found in water (Andruszkiewicz
et al., 2017; Port et al., 2016), sediments (Holman et al., 2019) and
soils (Andersen et al., 2012) has proven effective for characterizing
community composition in a diversity of ecosystems. A similar use of
air has recently been suggested based on promising initial results in
zoos (Clare et al., 2022; Lynggaard, Bertelsen, et al., 2022).

Vertebrate DNA is also actively sampled by invertebrates that
come into contact with them or their byproducts. Like eDNA,
invertebrate-derived DNA (iDNA) often allows for the detection of
vertebrate mtDNA. Leeches (e.g., Drinkwater, Jucker, et al., 2021;
Lynggaard, Oceguera-Figueroa, et al., 2022; Schnell et al., 2012,
2015, 2018), carrion flies (e.g., Calvignac-Spencer, Merkel,
et al., 2013; Gogarten et al., 2020; Hoffmann et al., 2018; Rodgers
etal.,, 2017), sandflies (Kocher et al., 2017; Massey et al., 2022), mos-
quitos (e.g., Kocher et al., 2017; Massey et al., 2022), and dung bee-
tles (Drinkwater, Williamson, et al., 2021) have all been successfully
used in metabarcoding studies targeting mtDNA.

The metabarcoding of short mitochondrial eDNA/iDNA frag-
ments is useful to determine vertebrate species presence/absence,
and may even be used to estimate species abundance when com-
bined with careful experimental design and modeling (Carvalho
et al., 2021; Fonseca, 2018; Luo et al., 2022). Yet, short mitochon-
drial eDNA/iDNA fragments are poorly suited to investigate within-
species, population-level characteristics, including genetic diversity,
population size, or the connectivity between populations (Adams
et al., 2019; Sigsgaard et al., 2020). For such purposes, nuclear ge-
nomes (or subsamples thereof) would be a desirable target; yet, the
retrieval of nuclear DNA from eDNA/iDNA extracts is still a chal-
lenging task (Sigsgaard et al., 2020). For example, one iDNA study
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sequencing of libraries is predicted to allow for even more complete recovery of pri-
mate mitogenomes from most samples (90%). Sixty percent of these iDNA extracts
allowed for the recovery of (near) complete mammalian mitochondrial genomes (here-
after mitogenomes) that proved useable for phylogenomic analyses. These findings

contribute to paving the way for iDNA-based population mitogenomic studies of ter-

fly, hybridization capture, iDNA, leech, mitochondrial genome, non-human primates

predicted that microsatellite genotyping would only be possible
from <5% of mtDNA-positive flies (Schubert et al., 2015).

While mtDNA, a single linked locus characterized by strict
maternal inheritance, has inherent limitations for studying within-
species, population-level characteristics, sequencing relatively large
fragments of its fast-evolving regions or even the entire mitogenome
generates valuable information for population genetics. Indeed, both
strategies have been successfully employed in eDNA studies. For
example, Sigsgaard et al. (2016) amplified and sequenced ca. 450bp
D-loop fragments of whale shark mtDNA using seawater eDNA
and showed that estimates of haplotype frequency and abundance
matched those derived from direct sampling of individuals partak-
ing in aggregations. Similarly, eDNA from ancient sediments was
used to reconstruct full mitogenomes of archaic hominins and other
mammals, generating evidence of population turnovers at Denisova
cave (Slon et al., 2017; Zavala et al., 2021). Other eDNA sources (e.g.,
waterholes) have also allowed for the reconstruction of vertebrate
mitogenomes (Seeber et al., 2019).

Here, we set out to test whether iDNA is also amenable to mi-
togenomic analyses. Depending on invertebrate ecology and phys-
iology, iDNA could be sampled in very small quantities (e.g., when
collected from dung by carrion flies or dung beetles) and subject to
active degradation through digestion processes (though this might
be slow, as demonstrated in leeches; Schnell et al., 2012). This could
mean that iDNA is too rare and/or degraded for the systematic gen-
eration of mitogenomic data for population genetics. To our knowl-
edge attempts at generating mitogenome-wide information from
iDNA have thus far been limited to a single study that targeted mul-
tiple mtDNA fragments of the Annamite striped rabbit (Nesolagus
timminsi; Nguyen et al., 2021).

Here, we explore the potential of in-solution hybridization cap-
ture (the use of biotinylated nucleic acid baits to selectively en-
rich target library molecules in solution) as a tool to facilitate the
sequencing of vertebrate mitogenomes from iDNA isolated from
carrion flies and leeches. These invertebrates arguably represent
the best explored iDNA sources, while also representing ecologi-
cally and physiologically divergent organisms (Calvignac-Spencer,
Leendertz, et al., 2013). Specifically, we employ a bait set that spans
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nonhuman primate (NHP) mitochondrial diversity (excluding hu-
mans) to enrich libraries constructed from DNA of individual flies
and terrestrial leeches (hereafter leeches), as well as from pools of
flies or leeches, all of which contained NHP mtDNA.

2 | METHODS AND MATERIALS
21 | Samples

From leeches, we selected individual DNA extracts derived from 7
individuals, as well as 1 pool of DNA containing 10 leeches in the pool
(Schnell et al., 2018). From flies, we selected individual DNA extracts
derived from 7 individuals as well as 5 pools of 6 individual DNA
extracts (Table 1). We were unable to sort leeches or flies morpho-
logically into taxonomic groups, and did not attempt to identify taxa
using molecular approaches. Previous studies of the cytochrome
oxidase ¢ subunit | (COI) barcode diversity of flies captured for bio-
monitoring with these baits in Sub-Saharan Africa ecosystems have
shown a diversity of species assigned to the families Calliphoridae,
Sarcophagidae, and Muscidae (Gogarten et al., 2022; Hoffmann
et al., 2017). Similarly, an analysis of COI barcodes of leeches col-
lected for mammal metabarcoding also suggested a diversity of
species from many genera and families are often collected (Schnell
et al., 2018). All individual extracts and extract pools showed signs
of containing NHP DNA in earlier experiments (Table 1; CR per-
sonal communication; Gogarten et al., 2020; Hoffmann et al., 2017;
Schnell et al., 2018). Mammal mtDNA had also been quantified for
individual fly DNA extracts using the quantitative PCR assay de-
scribed in Schubert et al. (2015); Table 1, which comprised amplify-
ing primers from Taylor (1996) and a human blocking primer from
Boessenkool et al. (2012).

2.2 | Hybridization capture

The iDNA extracts were fragmented to 550bp using an S220
Focused-ultrasonicator (Covaris Inc) and lllumina sequencing li-
braries then prepared using the NebNext Ultra Il Kit (New England
Bioloabs) and dual indexed using the NEBNext Multiplex Oligos for
Illumina (New England Biolabs). Libraries were quantified and equal
masses were pooled to generate pools for hybridization capture (to
avoid confusion with the extracted pools of flies and leeches dis-
cussed throughout the text as pools, we refer to these pools of li-
braries as “capture pools”). Specifically, we generated capture pools
of leeches collected in Madagascar (one pool of two libraries), cap-
ture pools of leeches from Vietnam (two pools containing two and
four libraries, respectively), and capture pools of flies from mainland
Africa (three pools containing two, five, and five libraries, respec-
tively; see Table 1 for details). For libraries with mammal quantifica-
tion data available, we created capture pools with samples of similar
concentrations together (Table 1). Specifically, where the informa-
tion was available, we used the estimated mammalian mitogenome
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to background ratio to place libraries into capture pools within one
log,, difference of one another.

In solution hybridization capture was performed on capture
pools using RNA baits designed to span primate mitochondrial di-
versity (excluding humans; Daicel Arbor Biosciences). With this
approach, DNA or RNA probes that are biotinylated are mixed to
denatured library molecules, which then enables the selection of
targeted fragment-probe heteroduplexes with the help of magnetic
streptavidin beads (Enk et al., 2014). Nontargeted fragments in the
library are removed from the solution through repeated washings,
while probe/target library fragment heteroduplexes are retained on
the magnetic beads. Afterwards, the targeted fragments can then
be eluted from the beads. The bait design consisted of 19,552 80bp
RNA baits; 3189 baits to span the selected gorilla, chimpanzee and
bonobo mitogenomes, and 16,363 to target the remaining 81 NHP
mitogenomes with an 75+% overlap between baits and clustering of
baits with an 88+% identity (Table S1).

Capture reactions were set up according to the manufacturer's
protocol. Briefly, for each capture pool, prior to capture a 20 L hy-
bridization mix was prepared using 9 uL of HYB #1, 0.5 uL of HYB #2,
3.5uL of HYB #3,0.5puL of HYB #4, 1 uL of RNase Block and 5.5 pL of
the baits, which were diluted with water in a 1:4 ratio. A 5.5 pL block-
ing mix was then prepared using 2.5plL of Block #1, 2.5pL of Block
#2, 0.5pL of Block #3 and we added 7 uL of each capture pool to a
prepared blocking mix and incubated it at 95°C for 5min. The block-
ing mix targets the lllumina adapters and indices and prevents bind-
ing of library molecules to one another. The hybridization mix was
then heated to the hybridization temperature of 65°C for 5min, then
18 pL was added to the blocking-sample mix and thoroughly mixed.
The hybridization capture took place at 65°C in a thermocycler for at
least 24 h. Capture products were cleaned using Dynabeads MyOne
Streptavidin C1 Magnetic beads (Thermofisher). We prepared
800uL of wash buffer 2.2 using 6.4puL of HYB #4, 633.6 L of nu-
clease free water and 160pL of Wash Buffer 2, which was used for
up to four washes of each capture pool. An aliquot of 30 uL of beads
was prepared with three 200 uL washes of Binding buffer. Following
the third wash, beads were resuspended in 70 uL of Binding buffer.
Resuspended beads were heated to the hybridization temperature
(65°C) for 2min. All 25uL of the capture mix was transferred to
the heated beads and incubated for 30min. Cleaning of the bead-
sample mix comprised three steps which were repeated for a total
of four times; first, the addition of 180pL of Wash Buffer, followed
by incubation at 65°C for 10 min and finally removal of the superna-
tant. Following the removal of the supernatant in the final wash, the
pellet was resuspended in 30uL of TET. The cleaned product was
then amplified using the KAPA Hot Start Library Amplification Kit
to generate at least 200ng of library that was used for the second
round of capture. Concentrations were assessed using the KAPA
HiFi Library Quantification Kit; briefly, 1 mL of the amplified libraries
was taken and diluted 1:1000 and 1:8000 and quantified with a mix
consisting of 12 uL of KAPA Master Mix, 4 puL of water and 4 pL of di-
luted samples with the following thermocycling conditions: 95°C for
5min, then 35cycles of 95° for 30s and 60°C for 45s, ending with a
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TABLE 1

Mt genome
coverage

Mammal

Closest NHP relative
present in respective

locality

Primate
reads
(%)

mt conc.

Best hit in BLAST
search (% identity)

Reads 210x and 95%
agreement (%)

Human

Total N
reads

Capture
pool

(copies/
pul)

DNA conc.
(ng/pL)

2.6

mapped (%)

reads (%)

Location

Sample

Cercopithecus

Cercopithecus

67.6

75.8 6.3 53.3

438,304

Grebo-Krahn NP,

81

petaurista

petaurista

Liberia

(92.5-99.29)

Cercopithecus

Cercopithecus cephus

13.9

26.6

5.6

2.1

6

4156

41

Grebo-Krahn NP,

86°

petaurista (95.79)

Liberia
Tai NP, Cote d'lvoire

Cercopithecus

Cercopithecus

49.7 86.8

76.7 0.3

1,515,441

104

petaurista

petaurista

(94.3-98.49)

Papio papio

Papio papio

50.2 88.3

64.6 6.9

2,033,336

4.6

Sobeya, Guinea

114

(94.8-98.49)

Abbreviations: CAF, Central African Republic; DRC, Democratic Republic of Congo; NP, National Park.

#Not included in Figure 1d as we only considered fly- or leech-derived mitogenomes with more than 50% coverage.

PNo complete mitogenome of Cercocebus agilis is currently available thus BLAST results return C. chrysogaster as the closest match to the consensus sequence.

“Lowest and highest hit among multiple short sequences.

9A single short sequence returned a best hit on C. petaurista.
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dissociation cycle. Samples with less than 200ng of DNA were am-
plified further for a maximum of up to 10cycles and re-quantified.
We then used at least 200ng of the cleaned and enriched capture
product for the second capture reaction. Cleaned and quantified
products from the second capture reaction were then pooled in
equimolar ratios and sequenced on an lllumina NextSeq using V2
chemistry (2 x 150 cycles; lllumina).

2.3 | Bioinformatic and statistical analysis

For each sample, the 150bp forward and reverse reads were
trimmed using Trimmomatic v.038 (Bolger et al., 2014) to remove
the adapters (ILLUMINACLIP:2:30:10:8), low-quality bases at
both ends as well as within the reads (LEADING:30 TRAILING:30
SLIDINGWINDOW:4:30) and to keep reads of a minimum length
(MINLEN:40). Trimmed reads were then merged using clip&merge
v1.7.8 (Peltzer et al., 2016) and all merged, unmerged and unpaired
reads were concatenated into a single file per sample.

As a preliminary exploration of the vertebrate reads generated
in these experiments, we classified reads using Kraken (Wood &
Salzberg, 2014). For this, a custom database of all complete mito-
chondrial vertebrate sequences was created from GenBank. Trimmed
reads were mapped to a human reference sequence to remove
human reads using bwa MEM (Li, 2013). Unmapped reads were then
competitively mapped to 220 unique NHP mitogenomes (Table S1).
Each sample was then remapped to the single best reference, which
was selected on the basis of having the most mapped reads in the
initial mapping. Bam files were then sorted and duplicate reads re-
moved using the SortSam and MarkDuplicates functions in the Picard
package of tools (The Broad Institute; http://broadinstitute.github.
io/picard/), with coverage calculated using samtools' depth func-
tion (Li et al., 2009). Average insert size was determined with the
CollectInsertSizeMetrics function in Picard, using only merged and
unmerged reads. To explore the accumulation of unique molecules
in libraries at different sequencing depths, we used preseq's Ic ex-
trap function, which bootstraps (BSs) the observed duplicate counts
histogram (Daley & Smith, 2014). Libraries are amplified during their
preparation and after capture, creating the potential for resequenc-
ing of the same amplified initial fragment multiple times, and errors
introduced during the PCR can thus be sequenced multiple times. As
such, when considering the coverage and certainty in calling bases
of the target genome, there is considerable interest in acquiring as
many unique on-target reads as possible. In essence, such efforts
explore when sequencing efforts have exhausted the library's mo-
lecular complexity, beyond which resequencing will not generate
novel information about the target of interest (Daley & Smith, 2014;
Enk et al., 2014).

A consensus sequence for each sample was generated using
Geneious Prime (Biomatters Limited) with a threshold of 95% iden-
tity among 210 unique read coverage for a base to be called. For a
first preliminary species identification, we ran a BLAST search of the
consensus sequences against the NCBI nonredundant database and
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site.

recorded the best hit species name and sequence identity (Altschul
et al., 1990). For a better, phylogeny-informed species assignment,
we downloaded mitochondrial genomes of Cercopithecinae from
GenBank (for GenBank accession numbers see Data S1). The dataset
was filtered to contain at least one representative of all available
species, subspecies and lineages of Cercopithecinae in GenBank, but
sequences with less than 80% sequence coverage were excluded
(the selected sequence set was independent from the set of refer-
ence sequences used for capture bait design). All fly-derived mitog-
enomes with more than 50% coverage were included. The resulting
91 sequences from GenBank and 12 newly generated mitogenomes
were aligned with MAFFT v7.307 (Katoh & Standley, 2013). We iden-
tified conserved blocks using Gblocks (Talavera & Castresana, 2007)
as implemented in SeaView v5 (Gouy et al., 2021), reducing the
alignment to 15,040 positions. A maximum-likelihood tree was re-
constructed in IQ-TREE 1.5.3 (Nguyen et al., 2014) using the best-
fit substitution model (TIM3+1+G4) as automatically calculated in
IQ-TREE using the option-m TEST (similar to jModelTest) and the
Bayesian information criterion. Node support was obtained via
10,000 ultrafast BS replicates (Hoang et al., 2018).

To explore the utility of iDNA to describe within-species vari-
ation, we calculated the pairwise divergence between the high-
quality iDNA mitogenomes included in the phylogenetic analysis
described above. We did this with Geneious Prime and considered

only unambiguous differences between pairs of sequences. This
analysis compared the three individual leech-derived Macaca arctoi-
des mitogenomes from Bach Ma NP, Vietnam, the two leech-derived
Macaca mulatta mitogenomes from Bach Ma NP, as well as the three
fly-derived Cercocebus agilis mitogenomes from Dzanga-Sangha NP,
CAF and the C. agilis mitogenome from Bili, DRC.

Previously, mammal mtDNA estimates were generated for 1154
individual flies captured in a diversity of Sub-Saharan African eco-
systems (Gogarten et al., 2020; Hoffmann et al., 2017). Here, we
compared these concentrations to the concentrations of individual
flies from which we were successfully able to generate usable mi-
togenome coverage, to estimate the proportion of flies amenable for
mitogenomic analyses.

Figures were created in R v4.1.2 (R Core Team, 2021), using the
ggplot2 (Wickham, 2016) and ggtree2 packages (Yu et al., 2017).

3 | RESULTS

All but two of the samples generated reads that could be subse-
quently analyzed (Table 1). We generated a total of 32,700,196 paired
=1,721,063 paired reads, range=0-6,685,581).
per sample=95'5)'
The Kraken analysis revealed that the majority of the reads originated

end reads (Xpersample

Average read lengths ranged from 40bp to 151 bp (x
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from primates (x =77.8% of total reads, range =29.1%-91.9% of total
reads; Table 1). The Kraken analysis also suggested that typically,
only a small number of the total reads sequenced were of human ori-
gin (x=6.0% of total reads, range=0.1%-62.1% of reads), with only
a single sample (the leech pool) having more than 10% of reads as-
signed as human (Table 1). All but one of the individual leeches gen-
erated significant amounts of NHP reads and the single pooled leech
sample contained the least NHP and the most human reads (Table 1).
Similarly, it appeared that individual flies generated relatively more
NHP reads than pools of flies (Table 1).

Mapping of non-human reads from each sample to the best
candidate primate mitogenome, revealed that it was possible to
recover partial mitogenomes from 18 of the 20 samples tested
(Table 1; Figure 1a-c). The proportion of reads mapping to the best
primate mitogenome seemed to be higher for individual flies and
leeches than for pools of flies or leeches (Table 1). Insert size only
slightly varied by source, with fly pools having the largest insert sizes
(X"=273bp), followed by individual flies (X"=253bp), and leeches
generating the smallest insert sizes (X™=235bp; Figure 2d). As DNA
was fragmented prior to library construction, these insert sizes are
underestimates of the condition of vertebrate DNA originally found
in these flies and leeches and represent a lower bound for the frag-
ment sizes of the DNA in the samples themselves.

Among individual fly samples, the proportion of reads mapping
to the best primate mitogenome was at its lowest for samples with
extremely low mtDNA copy numbers. While sample sizes are small,
we were able to generate considerable genomic data from individual
flies that had more than six mitochondrial copies/pL. Comparing this
rough threshold to estimates of mitochondrial copy numbers in our
collection of individual flies from various ecosystems in Sub Saharan
Africa revealed that 24.1% of flies (278/1154) in these ecosystems
are suitable for mitogenomic analysis (Figure 3).

Of the 18 samples with detectable mapping to the primate
mitogenome, it was possible to recover nearly complete genomes
from a majority of samples (x=71.8% of primate mitogenome cov-
ered at 210x, range =8.9%-100.0% of primate mitogenome covered
at 210x; Table 1). The completeness of genomes recovered was
higher for individual flies and leeches than from pools of flies and
leeches and was again at its lowest for the three individual flies with
very low mtDNA concentration (Table 1). Samples that generated
lower completeness also tended to exhibit more uneven coverage
(Figure 1a-c). The accumulation of unique molecules in libraries
generated from all types of samples (except for those two samples
that did not generate any reads) suggests that further sequencing of
these libraries would continue to improve mitogenome complete-
ness (Figure 2a-c). BLAST search using the 18 consensus sequences
returned best hits consistent with initial metabarcoding results,
local species composition, and mitogenome availability in public
databases (Table 1). Finally, the 12 non-chimeric mtDNA consensus
sequences covering more than 50% of the mitogenome clustered
with sequences from species present in the ecosystem where the
invertebrates were collected (or the closest species from which a
mitogenome was available; Figure 1d).

Open Access
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iDNA detected mitogenomic variation within NHP species. Two
of the three individual leech-derived M. arctoides mitogenomes
were identical (Individual leech 177 and 181), while one (Individual
leech 315) differed from these two genomes at three sites. The two
leech-derived M. mulatta mitogenomes from Bach Ma NP, Vietnam
(Individual leech 53 and 393) differed from one another at 12 sites.
The three fly-derived C. agilis mitogenomes from Dzanga-Sangha NP,
CAF were nearly identical, with two of the C. agilis mitogenomes dif-
ferent from the others at a single position each (Individual fly 1542
and 1458). The C. agilis mitogenome from Bili, DRC differed from the
other mitogenomes assigned to the same species at 219 sites.

4 | DISCUSSION

Our results demonstrate that hybridization capture allows for the
reconstruction of mammalian mitogenomes from leeches and flies,
which are then useable for phylogenomic analyses. This joins a
growing body of evidence suggesting that iDNA not only has the
potential to serve as a biomonitoring tool to assess the presence/
absence of species, but also to document a variety of population
genomic characteristics (Keven et al., 2019; Nguyen et al., 2021;
Schubert et al., 2015).

We found that many of our primate positive iDNA samples gen-
erated mitogenomic information useful for phylogenomic analyses.
Perhaps unsurprisingly, mammalian mtDNA concentrations in flies
were related to the performance of hybridization capture, with the
fly extract with the lowest concentration being the only individ-
ual fly sample that failed to generate mitogenomic data. Given the
seeming importance of mitogenome concentrations on our ability to
reconstruct mitogenomes, the poorer performance of pooling ex-
tracts of flies and leeches that we observed might simply reflect the
dilution of the positive extract(s) in these pools (Mata et al., 2019).
Despite this limitation, iDNA analyses often work with pools of flies
or leeches that are extracted together to reduce time and costs of
extractions and for metabarcoding approaches, this appears to not
reduce sensitivity greatly. Here, we set out to test whether an hy-
bridization capture based approach also worked with these pools
of insects. Our results demonstrated that it is possible to gener-
ate mitogenomic data from these pools. Furthermore, using target
concentration information to optimize pooling schemes of libraries
generated from pools prior to hybridization capture, so that sam-
ples with more similar concentrations of mammalian mtDNA are
captured together, might improve success rates. Our preseq analysis
also suggests that further sequencing of poorly performing samples
would generally continue to improve mitogenome recovery (clearly
the case for six of the eight poorly performing samples). Further se-
quencing is complicated by the fact that capture was performed on
pooled libraries, so a resequencing effort would likely benefit from
a new capture experiment on those samples needing further se-
quencing. Importantly, our results suggest that a sizeable fraction of
individual flies positive for mammalian species in a diversity of sub-
Saharan African ecosystems are amenable for such mitogenomic
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analyses, showcasing the feasibility of large-scale mitogenomic
studies based on iDNA.

We found variation between mitogenomes assigned to the same
species and detected within an ecosystem, and also identified con-
siderable divergence between distant populations from what has
historically been considered a single species, C. agilis. These find-
ings demonstrate the potential of iDNA to contribute data to ex-
plore within-species, population-level characteristics, in particular
genetic diversity and has clear potential to be applied to estimating
population sizes and the connectivity between populations (Adams
et al., 2019; Sigsgaard et al., 2020).

The promising performance of iDNA for mitogenomic anal-
yses observed here may be due in part to the large average frag-
ment sizes observed, despite having included a fragmentation step
in our library preparation protocol. The expectation that iDNA is
highly fragmented represents a largely untested hypothesis that has
driven many studies to target short fragments of mtDNA (<150bp).
For example, a study of 216 leech samples found that 144 of them
were amenable to the amplification and sequencing of mtDNA
16S rRNA and cytochrome b (cytb) fragments of 461 to 486bp
lengths (Morishima et al., 2020). In carrion flies, a study comparing

of the samples prior to fragmentation.

the detection of shorter (130bp) and longer mammal mtDNA frag-
ments (300bp) did not reveal dramatic difference in the detec-
tion rates (25% for short fragment vs. 40% for the long fragment;
Calvignac-Spencer, Merkel, et al., 2013). In contrast, a study with
tsetse flies found that the blood meal could be identified in 35%
of samples when targeting long fragments of the cytb (450bp) and
COlI genes (330bp or 660bp); by using a shorter fragment (150bp
of the 16S rRNA), they were able to recover the blood meal in 68
of the 89 (76%) samples that could not be identified with the lon-
ger PCR systems, which suggests more fragmented iDNA in tsetse
flies (Bitome-Essono et al., 2017). A more thorough examination of
the fragmentation of iDNA in different invertebrates and environ-
ments will help guide the selection of PCR target lengths and library
preparation methods to maximize detection rates and mitogenomic
reconstructions. A major benefit of targeting mammal mtDNA with
hybridization capture is that it performs well with even highly frag-
mented samples; if library building costs decrease, this may in some
cases represent a cost-effective and sensitive screening tool.

A potential limiting factor for using iDNA for population-level
inferences is that samples can contain the mtDNA not just of mul-
tiple species, but also from multiple individuals of a single species
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(Sigsgaard et al., 2020). The magnitude of the problem is uncertain
and will likely depend on the invertebrate sampler. The impact of
this problem may be mitigated by: (i) favoring the analysis of indi-
vidual invertebrates, in that it typically isolates one or at most a few
mitogenomes, (ii) focusing mitogenomic efforts on metabarcoded
specimens that do not show preliminary evidence for multiple vari-
ants' being present, and, possibly, (iii) applying long-read sequenc-
ing to resolve mixed mitochondrial haplotypes exhibiting even low
divergence (Sigsgaard et al., 2020), if raw read accuracy continues
improving (Wang et al., 2021). Ultimately, the risk of inadvertent as-
sembly of chimeric mitogenomes can likely be kept at quite low lev-
els, given the nonrecombinant nature of mtDNA and the availability
of many chimerism and recombination detection tools.

The cost of metabarcoding invertebrates for vertebrate bio-
diversity monitoring have declined to the point where they could
effectively be routinely used to complement traditional survey tech-
niques (e.g., a recent estimate of the price per fly pool was €31.93:
Gogarten et al., 2020). Pools containing the DNA of animals of in-
terest could then be targeted using the methods presented here to
generate mitogenomes for an additional cost of ~100-150€/pool for
library preparation and hybridization capture. The cost of sequenc-
ing the capture products will then depend on the depth of coverage
needed and the sequencing platform used, but the high proportion
of reads on target typically observed here, suggest the costs to gen-
erate mitogenomes will be on the order of ~100-200€/pool (e.g., a
MiSeq V2 chemistry 2x 150 costs 1035€ and generates 7.5 million

paired-end reads, with library diversity typically plateaued after ~1
million reads on targeted). We conclude that, although more detailed
exploration will help optimize these tools, mitogenomic studies are
probably already within the reach of iDNA users.
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