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Abstract

Environmental DNA (eDNA) metabarcoding from water samples has, in recent years, shown great promise for biodiversity mon-
itoring. However, universal primers targeting the cytochrome oxidase I (COI) marker gene popular in metazoan studies have dis-
played high levels of nontarget amplification. To date, enrichment methods bypassing amplification have not been able to match the
detection levels of conventional metabarcoding. This study evaluated the use of universal metabarcoding primers as capture probes
to either isolate target DNA or to remove nontarget DNA, prior to amplification, by using biotinylated versions of universal meta-
zoan and bacterial barcoding primers, namely metazoan CO/ (mlCOlintF) and bacterial /6S (515F). Additionally, each step of the
protocol was assessed by amplifying for both metazoan COI (mlCOlintF/jgHCO2198) and bacterial /65 (515F/806R) to investigate
the effect on the metazoan and bacterial communities. Bacterial read abundance increased significantly in response to the captures
(COI library), while the quality of the captured DNA was also improved. The metazoan-oriented probe captured bacterial DNA in a
range that was also amplifiable with the /65 primers, demonstrating the ability of capture probes to isolate fragments of DNA span-
ning over a longer distance than perhaps expected, from eDNA. Although the use of the tested CO! probe cannot be recommended
for metazoan enrichment, based on the experimental results, the concept of capturing these longer fragments could be applied to
metazoan metabarcoding. By using a truly conserved site without a high-level taxonomic resolution as a target for capture, it may
be possible to isolate DNA fragments large enough to span over a nearby barcoding region (e.g., COI), which can then be processed
through a conventional metabarcoding-by-amplification protocol.
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Introduction

The use of environmental DNA (eDNA) metabarcoding
for monitoring aquatic species has steadily increased
during the past decade (Thomsen et al. 2012; Port et
al. 2016; O’Donnell et al. 2017; Sigsgaard et al. 2017;
Cilleros et al. 2019; Jeunen et al. 2020). In many cas-
es, the aim of a metabarcoding effort is to estimate the
number of different species or taxa present in a body of
water, without having to physically observe the organ-
isms. Although many studies have shown that eDNA me-
tabarcoding is more sensitive than traditional monitoring

methods (Valentini et al. 2016; Sard et al. 2019), others
have pointed out that choices made in the laboratory and
during the bioinformatics analyses can have large impacts
on the inferred species lists and downstream ecological
analyses (Ficetola et al. 2014; Evans et al. 2017).
Analysing eDNA present in highly diverse marine
samples is associated with well-known challenges, espe-
cially when targeting metazoans. For example, the pro-
portion of available eukaryotic DNA in a marine envi-
ronmental sample can be overrun by orders of magnitude
more of genetic material from microbial origins (Stat et
al. 2017; Zafeiropoulos et al. 2021). Additionally, a recent
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study comparing the effectiveness of metabarcoding wa-
ter eEDNA samples against bulk samples has demonstrated
large discrepancies in the biodiversity obtained between
these two methods (Hajibabaei et al. 2019), noting espe-
cially the inability of eDNA metabarcoding to detect key
indicator species. That said, neither is necessarily an issue
when species-specific primers are used on eDNA samples,
as positive detections can be made from very low concen-
trations (Biggs et al. 2015; Furlan et al. 2016; Gargan et
al. 2021). Recently, less universal primers were developed
targeting macroinvertebrates while specifically excluding
nontarget groups (Leese et al. 2021). While these prim-
ers capture mostly target DNA and thus can give a deeper
picture of the community present, they also show more
primer bias than compatible universal primers, sometimes
struggling to detect specific species or even groups.

Many metabarcoding studies target the mitochon-
drial gene cytochrome oxidase I (COI), the classical
eumetazoan barcoding gene, which due to its high rate
of evolution gives it good interspecific resolution. Yet,
this complicates the development of universal primers
aimed at amplifying COI for a broad range of taxa in a
single metabarcoding effort (Collins et al. 2019). These
universal primers for COI are often highly degenerated,
which can lead to high levels of nontarget amplification,
and therefore also amplify nontarget DNA (especially
when little target DNA is present in the sample), as well
as introduce primer bias during amplification (Elbrecht
and Leese 2015; Collins et al. 2019; Zafeiropoulos et al.
2021). For marine eDNA samples it is not uncommon to
have over 50% of the resultant Amplicon Sequence Var-
iants (ASVs) or molecular operational taxonomic units
(mOTUs) assigned to bacterial origins due to COI-like
bacterial genes co-amplifying with the degenerate COI
primers (Zafeiropoulos et al. 2021).

To address the issues of primer bias, enrichment meth-
ods that bypass the amplification step altogether have
been investigated in the context of metazoan metabarcod-
ing (Zhou et al. 2013; Dowle et al. 2016; Mariac et al.
2018; Wilcox et al. 2018; Giinther et al. 2022). On bulk
samples, whether using differential centrifugation to iso-
late mitochondrial DNA (Zhou et al. 2013), employing
20,000 capture probes designed based on a reference se-
quence database of target taxa (Dowle et al. 2016), or bio-
informatically reconstructing sequenced capture products
(Giinther et al. 2022), the enrichment results in detection
rates that are comparable to or better than conventional
PCR-based methods, with the added benefit of good cor-
relation of returned sequence abundance to the relative
biomass or abundance of species in the sample. To avoid
the cost and technical challenges of synthesising multi-
ple probes via PCR in-house (Maggia et al. 2017), Mar-
iac et al. (2018) used a single capture probe synthesised
in-house that was designed to be equidistant to the fish
species found in the Amazon basin. Captures were done
on ichthyoplankton samples with results showing good
correlation to real species frequencies as discovered by
morphological identifications. Despite the encouraging
results, few have tested capture approaches on aquatic

https://mbmg.pensoft.net

eDNA samples where low levels of target DNA is the
norm rather than the exception. The first proof of concept
for enrichment of metazoan DNA from eDNA samples
came from Wilcox et al. (2018), who synthesised capture
probes via PCR from 40 target taxa. Although they found
a good correlation of true abundance to sequences per
taxa, the sensitivity of the method was deemed much low-
er than that of contemporary PCR-based metabarcoding.

This study wanted to take advantage of the universal-
ity of existing primers used in metabarcoding and apply
them to the capture process. The theory behind this ap-
proach relates to the varying probabilities of primers am-
plifying a target. The probability of template amplifica-
tion by a primer is related to its affinity to the target, i.e.,
the number and position of mismatches between primer
and template. Based on Kebschull and Zador (2015), if
the probability of a template to get amplified by a prim-
er varies only during the first few cycles of PCR (and
not after), the difference between templates of dissimilar
probabilities of amplification can be up to 4-fold by the
end of 25 cycles. Applying their theory into metabarcod-
ing, then, having a much higher proportion of amplifiable
non-target DNA can easily counteract the higher proba-
bility of target templates being amplified, throughout the
PCR cycles, purely due to the quantity of each type of
available template. However, if the target templates that
have a higher probability of being amplified with the
primer, are isolated after the first cycle, the relative pro-
portions of target and amplifiable non-target DNA should
be evened out to an extent. Additionally, this theory could
also be applied in reverse: by removing the lower prob-
ability but higher quantity templates from the template
pool (i.e., eDNA sample) prior to amplification, the rela-
tive quantity of rarer target templates would be increased
in relation to the non-targets.

To test this theory, biotinylated versions of two com-
mon metabarcoding primers for metazoan and bacterial
metabarcoding were used in an attempt to isolate either
nontarget or target templates prior to the typical amplifica-
tion step. The first aim was to capture target DNA in order
to isolate it from the template pool overrun by nontarget
DNA. Secondly, to account for potential biases in the cap-
ture process that could arise when using a degenerate prim-
er as the capture probe, capture of bacterial DNA was tested
in order to remove nontarget DNA from the template pool
(i.e., eDNA extract). Bacteria were chosen due to their high
prevalence in marine eDNA samples (Zafeiropoulos et al.
2021). Sequencing for both target and nontarget markers
(i.e., COI and 16S) allowed for an assessment of the effect
of the capture protocol steps on both communities.

Materials and methods

The eDNA samples chosen for this study were collected in
July 2019 as part of a larger sampling effort characterising
habitat connectivity between mangroves and coral reefs in
Honduras (results reported elsewhere). The samples used
here were from two subsites of a coral reef habitat (a small
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reef outcrop, samples A—E, and the reef proper, samples
F-J, see Suppl. material 2) known as Banco Capiro in Tela,
Honduras (15°51'48.6"N, 87°29'42.9"W), following the
sampling and filtering protocols as outlined in Suppl. mate-
rial 1: Section 1. A total of ten 1L eDNA samples (five from
each subsite) were extracted using Qiagen Blood and Tis-
sue kit as per manufacturers protocol and eluted in 100 pl of
AE buffer. These 10 eDNA extracts were all used through-
out the experimental setup, to ensure any potential effects
observed could be attributed to the experimental step, and
not to differences between individual samples arising from
the heterogenous nature of marine eDNA in water samples.
It is important to note that the volume of water filtered was
low (1L), therefore potentially exacerbating the heteroge-

nous effect and potentially reducing the probability of cap-
turing the already sparse target metazoan DNA. However,
as the aim of the experiment is to improve the amplifica-
tion success of extremely low-quantity templates in eDNA
samples using a very broad taxonomic target group (i.e.,
metazoa), this caveat is not deemed significant due to it
being highly unlikely that no metazoan DNA was captured
in these samples. To investigate the effect of the capture
protocol on the taxonomic groups and diversity detected
from these eDNA samples, the experiment was designed to
track changes at each step of the protocol in both metazoan
and bacterial communities by building sequencing libraries
targeting the metazoan cytochrome oxidase subunit I (COI)
and the bacterial /68 small subunit rRNA (765).

Amplified steps

Step_ID
- ) |
Untreated eDNA raw_eDNA
’ AMPure cleaned eDNA  AMPure
eDNA

sample COl capture product COI_capt.
. Eluent from COI capture = COI_eluent

16S Capture product 165_capt.
16S_eluent

Elue;'nt from7167$ cai:);cure

Figure 1. Flowchart of targeted capture experimental design: Experimental design to assess changes in community detections

through the targeted capture protocol (eDNA sample n = 10). The numbered steps detail the type of template used in PCR to ampli-
fy both metazoan COI and bacterial /6S. Untreated eDNA (i.e., raw_eDNA) refers to template taken directly from eDNA extract.
AMPure clean refers to template from eDNA extract that was cleaned with AMPure magnetic beads. Steps 3 and 6 (capture steps)

refer to the product of the targeted capture with either COI and 16S probe, resp., and are explained in more detail in the main text.

Steps 4 and 6 are templates obtained from the eluents of steps 3 and 5, respectively, rather than from direct processing of the eDNA

extract. The IDs used for each step in the figures throughout this study are shown in the yellow boxes.

The experimental design

To assess changes in the detected community, all of the
experimental steps of the capture protocols were ampli-
fied and sequenced using aliquots from each of the ten
eDNA samples. The experimental design is visualised in
Fig. 1. Firstly, the untreated eDNA was amplified to pro-
vide a baseline against which the rest of the steps could
be compared (step ID: raw_eDNA). To evaluate the effect
of a basic bead clean, step 2 involved a clean with AM-
Pure XP beads at a 1:1 ratio, using 20 pl of the eDNA
extract (step ID: AMPure). Steps 3 and 4 involve the cap-
ture of DNA from the eDNA extract with a COI probe, to
assess the community that can be detected from the COI
captured product (step ID: COI capt.) and from what is
left behind after the capture (step ID: COI eluent). The
same was done for steps 5 and 6, where the eDNA sample

was subjected to a capture with a /6S probe, and both the
captured product (step ID: 16S_capt.) and the eluent (step
ID: 16S_eluent) were amplified to assess the effect on the
communities detected. Two libraries were constructed for
sequencing; one for COI and one for bacterial /65, to bet-
ter quantify and assess the effect of the captures in the tar-
get and nontarget groups. To summarise, as each of the ten
eDNA extracts were represented at each of the steps of the
capture protocol, and also amplified for both sequencing
libraries, the total replicates per step in each library is ten.

Targeted capture method - capture probes

Biotinylated capture probes have been utilised in targeted
DNA capture, as they allow for the separation of hybri-
dised target products from the rest of the template pool
using streptavidin coated magnetic beads (Mariac et al.
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2018). For the captures targeting the COI region, a bioti-
nylated version of forward primer mICOIintF (referred to
as COI probe; Leray et al. 2013) was used (5’-biotin-GGW
ACW GGW TGA ACW GTW TAY CCY CC-3’). For the
captures targeting bacterial /65, a biotinylated version of
forward primer 515F (referred to as /6S probe; Earth Mi-
crobiome Project (EMP)) was used (5’-biotin-GTG YCA
GCM GCC GCG GTAA-3’).

Targeted capture method - hybridisation and bead capture

For both COI and 16S capture reactions, hybridisation
was performed using 20 pl of eDNA sample and 20 pl
of hybridisation buffer (12 pl of SSC (20X), 0.2 ul of
SDS (10%), 1.2 ul of BSA (10 mg/ml), 1.6 pl of probe
(COI or 168, 10 uM), 5 pl of ddH,0O). Hybridisation tem-
peratures for the biotinylated probes were initially based
on the recommended minimum annealing temperatures
as suggested by the OligoAnalyzer Tool (Integrated DNA
Technologies). However, pilot testing using scat and tis-
sue samples with high DNA content showed best hybri-
disation results using a hybridisation temperature 2 °C
lower than the minimum suggested temperature (data
not shown). Prior to hybridisation, the DNA in the eDNA
extract must be denatured. Therefore, both hybridisation
reactions were first incubated for 10 minutes in 95 °C fol-
lowed by 24 h in 58 °C or 63 °C for the COI and 16S
probes, respectively. Then, the reactions were allowed to

cool to room temperature before processing with strepta-
vidin coated magnetic beads (DynaBeads M270).

Streptavidin binds biotin and allows for the target
gene/region to be pulled out of the samples with the an-
nealed biotinylated probes using an external magnet. The
beads were prepared as per manufacturer’s instructions,
by washing stock beads (concentration 10 pg/ul) thrice
with 2X binding and washing buffer (2X B&W buffer:
10 mM Tris-HCI (pH 7.5), 1 mM EDTA, 2 M NacCl), and
resuspending in twice the stock volume of 1X B&W buff-
er, to a final concentration of 5 pg/ul. For the capture,
a 1:1 ratio of beads to sample was deemed most appro-
priate (pers. comm. with DynaBeads manufacturer) to
achieve the optimal 3D spatial configuration of beads in
the reaction and to maximise their biotin binding ability.
Therefore, 35 pl of the hybridised product and 35 pl of
the prepared beads were mixed in new 0.5 pl PCR tubes
by pipetting 10 times, and incubated for 30 minutes at
room temperature with gentle rotation. After incubation,
the tubes were placed on a magnetic plate for 3 min to
collect the beads with their bound probe-target complex
on the side of the tubes. The eluent (approximately 70 pl)
from each capture was transferred to new 1.5 ml Eppen-
dorf tubes, and the magnetically captured products were
washed three times with 1X B&W buffer before being
resuspended in 20 ul ddH,O (to match the original eDNA
volume used for the capture). A visualisation of the tar-
geted bead capture process is provided in Fig. 2.

A

I

B

C D

EAdd biotinylated capture
1 probes and hybridise to
itarget to form hybridised

product beads to hybridised
product
v v .
v [ )
DNA o0 ,
extract ‘ ‘

>

‘ \) Target DNA w Capture probe

Add streptavidin coated
magnetic beads and
incubate to bind the

® Magnetic bead \\\\\ Other DNA

Separate by pipetting
into product and eluent

Use an external magnet
to pull capture product
to the side of tube

Capture product

Target DNA ﬂ
other DNA ﬂ

Magnet

Capture eluent

Target DNA ﬂ
other DNA ﬂ

Figure 2. Flowchart describing the stages of a targeted bead capture protocol.

The eluents were further processed with ammonium ac-
etate precipitation to reduce inhibition, after pilot testing
showed evidence of potential PCR inhibition, likely due to
the high salt concentration of the buffers used (pilot data
not shown). First, for each 70 pl eluent, 5.6 pl of ammo-
nium acetate (7.5 M) and 160 pul of cold 100% EtOH was
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added, and the tubes centrifuged at 12 400 rcf or 30 min.
Then, the liquid was discarded (if no visible pellet, ap-
prox. 3—5 ul was left in tubes) and another 100 pul of cold
70% EtOH was added, and the tubes centrifuged at 12
400 rcf for another 15 minutes. Again, the liquid was dis-
carded, but if no pellet was visible approx. 3—5 ul was left
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in the tube and allowed to evaporate on a thermal block set
to 50 °C. Finally, the precipitated DNA was re-eluted in
20 pl of ddH, O, to match the volume of the original eDNA
extract aliquot used in the capture reactions.

To account for any contamination that might have oc-
curred during sample processing, protocol controls (PC)
were included throughout the process. Essentially, for
every step where DNA was added or manipulated, an
additional sample with ddH,O in place of DNA was in-
cluded and brought through the rest of the protocol (i.e.,
for a capture of COI, one sample with water was also put
through the capture process, with the capture product of
the water sample acting as the capture PC, and the eluent
from that used as the eluent PC).

Amplification and library preparation

To multiplex the samples, a combination of ten and sev-
en uniquely tagged forward and reverse primers (respec-
tively, for details see Suppl. material 1: Section 2, Table
S1) (COI: 5° — 6 bp tag — mICOlintF — 3*/ 5 — 6 bp tag
— jgHCO2198 — 3’ (Leray et al. 2013); /6S: 5" — 6 bp
tag — 515F -3’/ 5" — 6 bp tag — 806R — 3° (EMP)) were
used to amplify an approx. 313 bp section of the mito-
chondrial cytochrome oxidase I (COI) gene and the ap-
prox. 250 bp hypervariable V4 region of the bacterial /65
gene, respectively. A different tag combination was used
for each step of the protocol and each eDNA sample used
(for details see Suppl. material 2, columns F_tag and R
tag), and PCR reactions were run in triplicate. Each 30 ul
reaction consisted of 2 pl template DNA, 1.2 pl of each
forward and reverse primers (10 uM), 1.2 ul dNTP’s,
1.2 pul BSA (10 mg/ml), 0.12 ul KAPA Taq Polymerase,
3.0 pl KAPA Taq Buffer A and 20.08 pl ddH,O. The ther-
mocycling profile for COI amplification consisted of an
initial denaturation step of 5 min at 95 °C, followed by
40 cycles of 10 s at 95 °C, 30 s at 46 °C and 60 s at
72 °C, and a final elongation step of 10 minutes at 72 °C.
For /6§ amplification, the thermal conditions were an
initial denaturation step of 3 min at 94 °C, followed by
35 cycles of 45 s at 94 °C, 60 s at 50 °C and 90 s at
72 °C, and a final elongation step of 10 minutes at 72 °C.
The PCR replicates were then pooled for each tag com-
bination, excess primers and nucleotides were removed
using ExoSAP-IT (ThermoFisher Scientific) according
to manufacturer’s instructions, the replicate pools were
quantified and finally pooled in equimolar amounts into
the COI and 168 libraries. The final library preparation
(PCR-free sequencing adapter ligation) and sequencing
using NovaSeq 250PE technology was undertaken by
Novogene Europe.

Bioinformatic processing

Bioinformatic processing was done for the /65 and COI
libraries separately. The quality of the raw reads was first
assessed with FastQC (v0.11.9, Andrews 2010). Due
to the library preparation method leading to a mixed

orientation of reads in the sequencing output (both for-
ward and reverse primers are possible in both paired end
raw files, i.e., in R1 and R2), for each library, demulti-
plexing was performed twice using CUTADAPT (v.2.8,
Martin 2011), once for each orientation. Additionally, to
account for the tag sequences being the same for both
forward and reverse primers, the full tag plus primer se-
quences were used for demultiplexing (instead of only the
6 bp tag sequences) with a maximum two errors allowed.
Full demultiplexing commands are provided in Suppl.
material 1: Section 3.

The rest of the bioinformatic processing was done
using the DADA2 pipeline (v1.12.1, Callahan et al.
2016), with each orientation processed separately to
avoid mixing of error models as per developer’s recom-
mendation. The following describes the steps taken for
each orientation. First, minimum read length was set to
100 bp, and both read directions (R1 and R2) were set
to truncate at 200 bp (function: ‘filterAndTrim’; param-
eters: truncLen=c(200,200), minLen=100, maxN=0,
maxEE=c(2,2), truncQ=2). Then, to denoise the demul-
tiplexed reads into Amplicon Sequence Variants (ASVs)
DADA2 estimates the sequencing error rates from the
demultiplexed data. The pipeline was modified to ac-
commodate the use of Illumina NovaSeq 6000 data in-
stead of MiSeq (which the pipeline was developed for)
by enforcing monotonised decreasing error rates after the
error estimations, as recommended by the pipeline devel-
opers. Finally, the paired-end reads were merged across
all samples, filtered to 253 bp and 313 bp length for the
16S and COI libraries, respectively, and chimeras were
removed (details of read abundance at each step of the
pipeline are available in Suppl. material 2).

The resulting ASVs were then taxonomically assigned
using the RDP Naive Bayesian classifier method (Wang
et al. 2007). This classifier uses kmers to find the best
hit in a reference database and assigns a bootstrap confi-
dence value at each taxonomic level. For the /65 data, the
DADAZ2 function ‘assignTaxonomy’ was used with the
SILVA version 132 trained database, which covers Bacte-
ria, Archaea and Eukaryotic taxa for the /65 small subu-
nit rRNA locus. For the COI ASVs, the RDP assignment
tool was used outside of DADA2, with a trained database
of COI references covering Bacteria, Archaea and Eukar-
yotic taxa (Porter and Hajibabaei 2018). For each /65 and
COI assignment, a bootstrap threshold of 0.5 was applied
across all taxonomic levels, as recommended by Wang
et al. (2007). A further curation step to remove spurious
ASVs and cluster similar ASVs together was done with
the LULU algorithm (Freslev et al. 2017).

Control correction to remove potential contami-
nant ASVs was first applied using the negative controls
(no-template controls and extraction blanks) and a rela-
tive abundance threshold of 10%; if an ASV found in a
control sample had a relative abundance of >10% out of
the total abundance for that ASV across all samples, it
was discarded (as in Antich et al. (2021)). The same ap-
proach was applied with the protocol controls (PCs) but
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applying the correction only to samples of the same pro-
tocol step (i.e., PC2 = COI capture: ASV relative abun-
dances calculated across COI capture samples only).

Statistical tests

All statistical testing and data analyses were performed in
R (v4.0.3) using packages ‘phyloseq’ (v1.34.0, McMur-
die and Holmes (2013)) and ‘vegan’ (v2.5.7, Oksanen et
al. (2009)). Changes in the reads obtained through the
bioinformatic pipeline were assessed as total reads and
as a percentage of reads that passed from demultiplexing
through control correction. Kruskal-Wallis nonparamet-
ric tests to assess variation of means were done across all
template types in each library (COI and /6S5), and pair-
wise Wilcoxon rank sum tests were carried out comparing
the raw eDNA template to all other template types. After
the passing reads statistics were computed, all samples
were rarefied without replacement to sample depth of 30
000 reads (minimum sample depth was 30 111 reads).

For the COI library, relative read abundance per king-
dom was plotted for each template type, and both total
reads and ASV richness were plotted as boxplots for reads
assigned to groups Metazoa, Bacteria and Unassigned.
Kruskal-Wallis tests and paired Wilcoxon rank sum tests
with raw eDNA as reference group were calculated for
each of the investigated groups (Metazoa, Bacteria and
Unassigned). Furthermore, the Unassigned ASVs were
taxonomically placed using the Dark mAtteR iNvestiga-
tor tool (DARN, Zafeiropoulos et al. (2021)) in order to
gain a better understanding of the ASVs that could not be
assigned using the RDP taxonomic assignment method.
The placed Unassigned ASVs were qualitatively assessed
using kronaplot visualisations from DARN.

For the /68 library, relative read abundances of the top
phyla making up approx. 99% of the total reads were plot-
ted for each template type, and both total reads and ASV
richness were plotted as boxplots for reads assigned to Pro-
teobacteria, Cyanobacteria and Bacteroidetes, as they were
found to be the top three phyla. Kruskal-Wallis tests and
paired Wilcoxon rank sum tests with raw eDNA as refer-
ence group were calculated for each of the top three phyla.

To assess whether the capture protocol influenced
template quality, total reads and richness of ASVs that
had at minimum a family level assignment were exam-
ined using Kruskal-Wallis and paired Wilcoxon tests for
both libraries.

Results

The individual steps for which results are presented are out-
lined in Fig. 1. To summarise briefly, “raw eDNA” refers
to templates taken directly from eDNA extracts, “COI cap-
ture” and “16S capture” refer to templates that were cap-
tured from the raw eDNA extract using either COI or 16S
capture probes (resp.), and “COI eluent” and “16S eluent”
refer to what is left behind, after the capture product has
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been removed with either COI or 16S capture probes (resp.).
All steps were amplified with COI and /6S primers to build
two sequence libraries, and each step included ten samples.

For the two libraries combined, a total 19 419 054 raw
reads were returned from the NovaSeq sequencing effort
(raw sequence files available at European Nucleotide Ar-
chive (ENA) under project accession PRJEB49001), of
which 9 728 354 passed through demultiplexing, denois-
ing and control correction. For the COI library, the raw
eDNA samples yielded the highest number of total reads
passing the bioinformatics pipeline, but in the /6S library,
only the COI eluent showed significantly less reads than
raw eDNA passing bioinformatics and control correction
(Fig. 3A). No significant differences in the proportion of
reads per sample that passed all bioinformatics steps were
observed between the raw eDNA versus any other step of
the protocol, indicating no loss in overall sequence qual-
ity was observed (Fig. 3B). Overall richness of ASVs in
the COI library was not affected by the capture protocols
steps, but the /6S library showed significant decreases in
ASV richness after the AMPure clean, as well as both elu-
ents and the /6S capture templates (Fig. 3C)

COlI library

In total, 2 074 ASVs and 1.8M reads were included in
the analyses of the COI library after rarefying the sam-
ples to a read depth of 30 000. It was hypothesised that
both relative read count and ASV richness for metazoans
would increase with the templates from COI captures or
eluents of the /6S captures, as in each case the expectation
is that target template availability is increased in relation
to the nontarget. However, Unassigned ASVs dominated
the results originating from each template type (Fig. 4).
Additionally, a slight increase was observed in the relative
abundance of both bacterial and metazoan reads when us-
ing either the COI or 168 capture products as template.
Total metazoan reads were observably reduced in both
capture products when compared to the raw eDNA sam-
ples, but this was only statistically significant for the /65
captures (Fig. 5A). The ASV richness of metazoans was
significantly reduced for both capture products (COI_capt.
and /6S capt.) (Fig. 5A). On the other hand, bacterial
reads showed a significantly higher abundance for both the
COI and 16S captures when compared to the raw eDNA
but did not display any statistically significant changes in
ASV richness, despite overall evidence of significant var-
iation (Fig. 5B). The unassigned reads exhibited a signifi-
cant drop in read abundance for the COI capture and /65
capture template types, but no significant differences were
observed in the richness of unassigned ASVs (Fig. 5C).
The Unassigned ASVs that were further taxonom-
ically placed with DARN did not seem to vary to any
considerable extent between the different template types
(see Suppl. material 5) in terms of broad taxonomic
groupings. The majority were placed within Eukaryota
(between 76% (16S capture) and 78% (raw eDNA)), of
which between 42% to 46% were further placed within
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the Haptophyta, a protist group of phototrophic and main-
ly planktonic marine organisms that are currently known
from 330 described species. Of the eukaryotically placed
ASVs, another approx. 30% for each template type did
not receive any deeper placement than Eukaryota, while
approx 20-25% were divided between various small and/
or microbial groups such as Chlorophyta (green algae),
Basidiomycota (fungi), Dictyochophyceae (heterokont
algae) and Cercozoa (mostly heterotrophic protozoa).

16S library

The 168 library contained 406 ASVs in 1.8M reads af-
ter rarefying to even sequencing depth (30 000 reads)
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without replacement. Unsurprisingly, bacterial reads
dominated the /6S library, with between 98.2% and
99.1% of reads assigned to Bacteria for each template
type (Suppl. material 1: Fig. S1). A total of six phyla
made up 98.6% of all the reads in the rarefied dataset.
The most abundant phylum across all template types
was Proteobacteria, followed by Cyanobacteria and Bac-
teroidetes (Fig. 6, Suppl. material 1: Fig. S2). Among
the top six phyla was also one archaeal group, Euryar-
chaeota. No differences in relative abundances of phyla
between the template types were observed in the /65 li-
brary, except in the /6S eluent where the relative abun-
dance of Cyanobacteria was visibly increased, while
Proteobacteria were reduced.

Phylum
[ Bacteroidetes
I cyanobacteria
Euryarchaeota
I Marinimicrobia_(SAR406_clade)
. Planctomycetes
. Proteobacteria

Figure 6. /6S library relative abundance. Relative abundance of six most abundant phyla detected in the /6S library with each

template type.

Neither Proteobacteria nor Bacteroidetes showed
statistically significant changes in the reads obtained
throughout the capture protocol, but the Cyanobacteria
phylum displayed a significant increase in total reads
in the 768 eluent when compared to raw eDNA (Fig.
7A-C). ASV richness varied significantly in all the top
three phyla. For the dominant phylum Proteobacteria,
all template types showed a decrease in richness when
compared to the raw eDNA (Fig. 7A). Cyanobacteria ex-
hibited a drop in richness for the AMPure cleaned tem-
plates, as well as the /65 eluent, despite the increase in
reads (Fig. 7B). Meanwhile, richness was reduced for
the Bacteroidetes phylum for template types of COI elu-
ent, /6S capture and /6S eluent. It should be noted that

the overall richness for the most dominant phylum was
approx. four to five times higher than the two others used
in detailed analysis.

Taxonomic confidence

Overall, the /6S library showed a high proportion of con-
fident family level assignments across all template types,
while the opposite was true for the COI library (Fig. 8A).
In the COI library, the total abundance of family level
assignments was significantly increased for both COI and
16S captures (Fig. 8B) but is likely attributable to the in-
creases in bacterial reads overall in the COI library for
these templates (Fig. 5B). Additionally, the increases in
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Figure 7. 16S read abundance and ASV richness. Total reads (top) and ASV richness (bottom) for Protebacteria (A), Cyanobacteria
(B) and (C) Bacteroidetes ASVs of the /65 library. On the x-axis are the different template types used from each step of the targeted
capture protocol. The p-values at the bottom show the result of the Kruskal-Wallis test for the whole group, while significant results
of Wilcoxon pairwise test between reference group raw_eDNA and all other template types are depicted with asterisks. (Significance
levels: * =p <0.05, **=p <0.01, *** =p <0.001). The boxplot limits stretch over the interquartile range, with the horizontal line
signifying the median value, and the whiskers reaching to the upper and lower limits. Outliers are shown as points. Note: y-axes do
not begin at 0 to accommodate the scale differences for the three phyla and to provide a clearer visualisation.

reads confidently assigned to family were not translated
into higher richness of good confidence ASVs in the COI
library (Fig. 8C). In the /6S library, no changes to the
total abundance of good confidence reads were observed,
yet the richness of confidently assigned ASVs was sig-
nificantly reduced in all template types amplified for the
16S library (Fig. 8B, C).

Discussion

This study was done to assess if broadscale metabarcod-
ing primers could act as capture probes for target template
enrichment or to remove nontarget templates from eDNA
extracts prior to amplification. However, contrary to ex-
pectations, the /6S richness (bacterial) decreased in the
remaining DNA pool after using a COI probe to isolate
target DNA, suggesting that captures with the COI probe
had a stronger effect on the bacterial template pool than
the intended target group of metazoans, and that a signifi-
cant amount of bacterial DNA was captured with the CO/
probe. Additionally, reductions in metazoan richness were

https://mbmg.pensoft.net

observed in the COI capture templates. While it is pos-
sible that reductions in richness at any of the processing
steps could be attributed to typical loss of templates during
captures and/or precipitation processes, should this be the
case, the effects would be observed in the majority of the
groups examined. However, within both the 765 and COI
libraries there are no obvious trends of this type of effects,
therefore suggesting that significant changes in abundance
or richness can be attributed to the method itself.

In theory, if the captures of bacterial DNA were success-
ful using the /6S probe, there should be less bacterial DNA
available for PCR in the /6S eluents, and therefore a reduc-
tion in relation to the raw eDNA in both bacterial reads and
richness could be expected. Here, demonstrating the ability
of a capture probe to isolate longer fragments of template
DNA than would be expected from eDNA samples, in-
creased availability of COI-like bacterial DNA was appar-
ent in the /6S capture templates based on the increased pro-
portion of reads obtained for the kingdom Bacteria when
amplifying for COI (i.e., the COI library). Despite the rare-
fied read counts in the eluents remaining relatively similar
to the raw eDNA, richness of bacterial COI-like templates
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Figure 8. Confident family level assignments of ASVs. A) Proportion of reads that belong to ASVs with high confidence family
level assignments. Boxplots show total reads (B) and observed richness (C) of ASVs with high confidence family level assignments.
The boxplot limits stretch over the interquartile range, with the horizontal line signifying the median value, and the whiskers reach-

ing to the upper and lower limits. Outliers are shown as points. The p-values at the bottom of boxplots show the resulting p-value of

Kruskal-Wallis test for the whole group, while significant results of Wilcoxon pairwise test between reference group raw_eDNA and

all other template types are depicted with asterisks (significance levels: * = p <0.05, **

was significantly reduced in the /6S eluents, suggesting
most of the bacterial diversity that is amplifiable with COI
primers was captured with the /6S probe. The fact that the
165 library did not show the same pattern of increase with
the captures would indicate that the primer pair used for
165 is able to amplify most of its intended targets even from
very diverse samples (i.e., the raw eDNA).

In fact, both probes seemed to capture longer fragments
than just their intended target gene from the eDNA sam-
ples, as evidenced by the amplification success of bacte-
rial DNA in both the /68 and COI libraries from captured
templates. In fact, the COI probe appeared to be more
efficient in capturing bacterial DNA than metazoan DNA
(Fig. 5A, B). This shines a particularly bright spotlight on
the inaccuracy of a popular COI primer used in metazoan
metabarcoding applications, an issue that has not gone un-
noticed in recent literature (Deagle et al. 2014; Collins et
al. 2019; Zafeiropoulos et al. 2021). Admittedly, the abil-
ity of metazoan COI primers to amplify microbial DNA
has been known for over a decade (Siddall et al. 2009).
Although broadscale biodiversity estimates can be ob-
tained when using universal COI primers (e.g., Chapters
[I-1I1, Grey et al. (2018), Zafeiropoulos et al. (2021)),

=p <0.01, *** =p < 0.001).

their bias towards bacterial templates can lead to severe
impacts on future metabarcoding efforts, for instance by
causing bacterial sequences mislabelled as eukaryotic
taxa to be entered into reference databases (Siddall et al.
2009; Mioduchowska et al. 2018). One way to address
this nontarget amplification is to develop new primers,
however this usually comes with a cost on the univer-
sality (Elbrecht and Leese 2017; Marquina et al. 2018;
Sultana et al. 2018; Collins et al. 2019; Leese et al. 2021).
Therefore, approaches to isolate the target DNA of broad
eukaryotic groups from the nontarget DNA (e.g., bacteria
and archaea) prior to amplification are more desirable, to
maintain the broad applicability of the COI marker for
metazoans. For instance, the application of a suite of bac-
terial probes to capture and remove DNA across a broad
region of the bacterial genome could be used to reduce
the relative quantity of nontarget to target DNA in eDNA
extracts prior to amplification. The present experiment
provides a good starting point for optimising the removal
of nontargets from eDNA samples.

It is possible that the reductions observed in richness
of metazoan taxonomic groups in the captured templates
is a result of the probes pulling out more exclusively
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DNA of mitochondrial origin, as it would be easier for
the probes to attach to and pull out smaller fragments.
This is also supported by the increased proportion of tar-
get reads that had a lower-level taxonomic assignment af-
ter the COI capture. Nuclear mitochondrial pseudogenes
(numts) have been identified as a potential source of in-
creased species richness estimates (Song et al. 2008), and
especially when using denoising rather than OTU cluster-
ing methods (Andujar et al. 2021). Here, the higher rich-
ness estimates of metazoans in the raw eDNA samples
could (in addition to potential procedural losses of DNA)
be a result of numt amplification in addition to the de-
sired mitochondrial COI amplification. One way to avoid
amplification of nuclear DNA (and therefore numts), is
to isolate mitochondrial DNA prior to any further pro-
cessing by isolating the entire organelles. Isolation of
mitochondria can be done for example by differential
centrifugation, which has been successfully applied as an
enrichment step to avoid the biases arising from PCR on
bulk samples of invertebrates, yet this has not yet been
tested on eDNA samples (Zhou et al. 2013). That said,
current knowledge of the state of eDNA in different envi-
ronmental conditions is sparse (Mauvisseau et al. 2021),
and isolation of full mitochondrial organelles may end up
discarding a lot of dissolved or particle bound target DNA
from an environmental sample. Bait capture methods on
eDNA samples were tested to enrich target DNA, howev-
er it is likely the omission of amplification combined with
the high dilution factor of target DNA in environmental
samples led to reduced species detection rates when the
bait capture approach was compared to more convention-
al PCR based metabarcoding (Wilcox et al. 2018). Hence,
the ideal approach would efficiently isolate mitochondrial
DNA — or a part of it spanning over the barcoding region
— of metazoans to avoid amplification of numts and non-
target taxa, as well as incorporate a universal amplifica-
tion step to enhance detection rates.

One potential option to address the above, would be
to identify a region of the metazoan mitochondrial ge-
nome that could be used as a ‘capture region’. Essentially,
this could be any 25-30 bp region of the genome univer-
sally conserved across multiple metazoan groups (e.g.,
fish, invertebrates, molluscs, etc.). This ‘capture region’
would not require a counterpart a certain distance away
like primers do, nor would have to display interspecif-
ic resolution. It would be utilised purely for the capture
of metazoan mtDNA, after which the captured product
could be processed as if it was a normal eDNA sample,
through metabarcoding-via-PCR. Determining what this
region would be, or if one even exists among metazoans,
is unfortunately out of scope for the present study.

Furthermore, the results also highlighted gaps in some
eukaryotic groups in reference sequence databases, as
evidenced by the large proportion of ASVs that were
annotated as Unassigned by the RDP taxonomic assign-
ment method, being placed within Eukaryota by the Dark
mAtteR iNvestigator (DARN). Lack of coverage exists
both at the taxonomic level as well as the biogeographic
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level. For instance, in the Barcode of Life database
(BOLD), fewer than half of Atlantic Iberian coast mol-
luscs, arthropods and polychaetes have a DNA barcode
(Leite et al. 2020), while globally the average species
representation across all phyla was estimated at approx.
21% (Kvist 2013). However, this relates to coverage in
terms of how many species within a phylum have a rep-
resentative sequence, whereas in some cases, intraspecif-
ic coverage may be more important for making accurate
taxonomic assignments. Here, most placements of the
unassigned ASVs being made to Haptophyta could have
suggested that the group is not well represented in the
reference database used in the RDP assignments, yet not
only were they represented, some ASVs were also con-
fidently assigned to species level within Haptophyta by
RDP. However, haptophyte taxa can exhibit high levels of
intraspecific genetic variation (Medlin et al. 1996), mean-
ing the group would require a higher number of repre-
sentative references per species to allow for higher levels
of confident taxonomic assignments. In cases like this,
tools such as DARN that allow for a broader investigation
of reads unassignable by conventional assignment meth-
ods may help direct future research and barcoding efforts
in terms of taxonomic focus.

Conclusions

Although the objective of this study to isolate metazoan
DNA from environmental samples was not fully fulfilled,
the results presented here provide signposts for multiple
different avenues of further research. It demonstrated
the bacterial bias of a popular COI primer with bacteri-
al DNA hitchhiking on the metazoan probe, but in the
meantime the results also showed how a relatively sim-
ple capture protocol can increase the proportion of taxo-
nomically assignable reads obtained from environmental
samples. It may be possible to address the bias issue with
better designed primers, but primer design is as heavily
reliant on reference databases as is taxonomic assignment
of metabarcoding outputs, and restricting metabarcoding
output to only those taxa we know now may lead to data-
sets that cannot be used for temporal analyses in years to
come when more taxa have reference sequences. Addi-
tionally, because the capture protocol seemed efficient in
capturing bacterial DNA along with metazoan templates,
a further investigation into the origin of the DNA may be
warranted to account for the presence or absence of numt
amplicons. Based on the results of this study, the use of the
tested universal COI primer as a capture probe for metazo-
an taxa cannot be recommended due to the observed loss
of richness after the captures. Additionally, little evidence
was found that would support the use of the protocol for
bacterial enrichment, as the /6S primers used seemed ca-
pable of capturing most of the bacterial diversity from the
raw eDNA samples. Nevertheless, the COI probe was ca-
pable of capturing fragments of bacterial DNA that were
amplifiable with the /6S primer set, providing evidence
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of relatively large DNA fragments being isolated with the
probe. Indeed, perhaps it is possible to find a truly con-
served region on metazoan mitochondrial genomes to use
as a “capture-region” for mitochondrial DNA, the captured
products of which could then be used for conventional CO/
metabarcoding — even with the most degenerate primers.
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