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Abstract

Environmental DNA (eDNA) metabarcoding, a method that applies high-throughput
sequencing and universal primer sets to eDNA analysis, has been a promising ap-
proach for efficient, comprehensive biodiversity monitoring. However, significant
money-, labor-, and time-costs are still required for performing eDNA metabarcoding.
In this study, we assessed the performance of an “early-pooling” protocol (a protocol
based on 1st PCR tagging) to reduce the experimental costs of library preparation for
eDNA metabarcoding. Specifically, we performed three experiments to investigate
the effects of 1st PCR-tagging and 2nd PCR-indexing protocols on the community
composition revealed by eDNA metabarcoding, the effects of post-1st PCR exonucle-
ase purification on tag jumping (corresponds to index hopping in 2nd PCR indexing),
and the effects of the number of PCR replicates and the eDNA template volume on
the number of detected OTUs. Analyses of 204 eDNA libraries from three natural
aquatic ecosystems and one mock eDNA sample showed that (i) 1st PCR tagging does
not cause clear biases in the outcomes of eDNA metabarcoding, (ii) post-1st PCR exo-
nuclease purification reduces the risk of tag jumping, and (iii) increasing the eDNA
template volume may increase the number of detected OTUs and reduce variations
in the detected community compositions, similar to increasing the number of 1st PCR
replicates. Our results show that an early-pooling protocol with post-1st PCR exonu-
clease purification and an increased amount of the DNA template reduces the risk of
tag jumping, the costs for consumables and reagents (except for many tagged 1st PCR
primers), and the handling time in library preparation, and produces similar results to a
2nd PCR-indexing protocol. Therefore, once a target metabarcoding region is selected
and a set of tagged-1st PCR primers is prepared, the early-pooling protocol provides

a cost, labor, and time-efficient approach for processing a large number of samples.

KEYWORDS
amplicon sequencing, biodiversity, early pooling, environmental DNA, exonuclease, index
hopping, library preparation, metabarcoding, tag jumping

Masayuki Ushio and Saori Furukawa contributed equally to this work

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2022 The Authors. Environmental DNA published by John Wiley & Sons Ltd.

1212 wileyonlinelibrary.com/journal/edn3

Environmental DNA. 2022;4:1212-1228.

[

&

5190117 SUOLLILIOD SA1IER.10 3|1 fdde ) Aq poueNob a2 SOILE YO ‘98N JO'SBINI 10y ARi 1 BUIIUO AB]1AM UO (SUO1IPUCD-PUB-SLLLIBIALIC" A8 1 ARG [pUIUO//SANY) SUONIPUOD PUe SIS | 84} 39S *[£202/T0/62] U0 A1 auiluo A8 |1 “Ueder aUeIU000 Aq € SUPS/Z00T OT/10p/LI0D"AB| 1N ARIGIIPUIIUO//SANY LLOI| POpROIUMOQ *Q ‘ZZ0C ‘SrBY LS


www.wileyonlinelibrary.com/journal/edn3
mailto:﻿
https://orcid.org/0000-0003-4831-7181
mailto:﻿
https://orcid.org/0000-0001-7891-5049
http://creativecommons.org/licenses/by/4.0/
mailto:ong8181@gmail.com
mailto:anagano1234@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fedn3.337&domain=pdf&date_stamp=2022-07-05

K

KYOTO UNIVERSITY

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

Environmental DNA

USHIO ET AL.

WILEY

1 | INTRODUCTION

Frequent and comprehensive ecosystem monitoring is a basis for ef-
fective biodiversity conservation, resource management, and near-
future forecasting. Direct visual census, direct capture (e.g., fishing
and insect collection), and camera/video trapping (e.g., for forest
mammals) have traditionally been used as tools for biodiversity mon-
itoring (Masuda et al., 2010; Nakagawa, 2019; Samejima et al., 2012).
These data are invaluable and contribute to better understanding,
conservation, and management of ecosystems under intense human
pressures. However, these methods are usually time-consuming and
require professional expertise such as taxonomic identification skill,
which prevents their application to a frequent, large spatial-scale
biodiversity monitoring.

Environmental DNA (eDNA), namely DNA isolated from environ-
mental samples without capturing target organisms, has been used
to detect the presence of macro-organisms (e.g., Miya et al., 2015;
Taberlet et al., 2012, 2018; Yamamoto et al., 2017). In the case of
macro-organisms, eDNA originates from various sources such as
metabolic waste or damaged tissue (Kelly, Port, Yamahara, Martone,
et al., 2014b), and the eDNA contains information about the spe-
cies identity of organisms that produced it. Since the first applica-
tion of eDNA analysis to natural ecosystems (Ficetola et al., 2008),
eDNA has been used in many studies as a tool for investigation of
the distributions of fish species in ponds, rivers, and seawater (Jerde
et al., 2011; Minamoto et al., 2011; Sigsgaard et al., 2015; Ushio
et al., 2018), as well as the distributions of other aquatic/semi-
aquatic/terrestrial organisms (Bista et al., 2017; Deiner et al., 2016;
Ishige et al., 2017; Ushio et al., 2017; Yonezawa et al., 2020).

eDNA metabarcoding, a method that applies universal primer
sets and high-throughput sequencing to eDNA analyses, has now
been widely used for comprehensive sequencing of target me-
tabarcoding regions in an eDNA sample (Kelly, Port, Yamahara, &
Crowder, 2014a; Miya et al., 2015; Taberlet et al., 2012; Ushio, 2022;
Ushio et al., 2017; Yamamoto et al., 2017). For example, a previ-
ous study demonstrated that an eDNA metabarcoding using fish-
targeting universal primers (MiFish primers) enabled the detection
of more than 230 fish species from seawater in a single study (Miya
et al., 2015). Another study demonstrated that eDNA metabarcod-
ing can detect nearly 300 families from river eDNA samples and that
the families contain both aquatic and terrestrial organisms, which
suggested that a river collects and transports eDNA from surround-
ing area and that river eDNA can provide a large amount of infor-
mation about the biodiversity in the watershed (Deiner et al., 2016).

Although eDNA metabarcoding is a powerful and promising
method for comprehensive and efficient biodiversity monitoring,
it has significant costs. While sequencing costs have been continu-
ously declining over the past few decades (for example, see https://
www.genome.gov/about-genomics/fact-sheets/DNA-Sequencing
-Costs-Data), sample collection, DNA extraction, and library prepa-
ration are still laborious and time-consuming. To reduce the costs
of eDNA metabarcoding, researchers have been developing tech-
nologies that enable automated sampling and rapid DNA extraction
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(Fukuzawa et al., 2022; Yamahara et al., 2019). However, the com-
monly used 2-step PCR protocol for eDNA library preparation re-
mains laborious (e.g., Minamoto et al., 2021), and researchers have
begun to develop an efficient eDNA library preparation protocol
(Buchner et al., 2021).

The 2-step PCR protocol includes the first-round PCR (1st PCR)
that amplifies a target metabarcoding region using a universal
primer (e.g., mitochondrial 12S region by MiFish primers), followed
by the second-round PCR (2nd PCR) that appends sample-specific
sequences to amplicons. After the 2nd PCR, multiple samples may
be combined (i.e., multiplexing or “pooling”) because samples may
subsequently be distinguished by the sample-specific sequences.
However, until sample-specific sequences are appended, each sam-
ple needs to be separately processed, and careful operations are
required to prevent cross-contamination. Alternatively, a sample-
specific sequence may be appended at the 1st PCR. The sample-
specific sequence is termed “index” when it is appended just outside
sequence primers, or “tag” when it is appended just outside a uni-
versal primer, of which terminology we employed in this study ac-
cording to Bohmann et al. (2022). The approach that appends the
tag/index at the 1st PCR has been used in metabarcoding studies
targeting prokaryotes (Caporaso et al., 2011; Smets et al., 2016) and
eukaryotes (Bohmann et al., 2022; Leray & Knowlton, 2017; Minardi
etal., 2022; Zizka et al., 2019). Although the preparation of many 1st
PCR primers with sample-specific sequences is costly, this protocol
enables multiplexing after the 1st PCR (i.e., “early-pooling”) and may
be efficient and suitable for large-scale metabarcoding. However,
such an approach may introduce tag-/index-specific amplification
biases (Berry et al., 2011; O'Donnell et al., 2016). In addition, if sam-
ples are pooled without the inactivation of primers and enzymes in
the reaction, early pooling may increase the risk of tag jumping or
index hopping because inter-sample chimeras may form due to the
amplification of pooled amplicons with primers with different tags/
indices (see Bohmann et al., 2022; Snyder & Stepien, 2020).

Furthermore, because the concentration of target eDNA is often
low, especially for macro-organisms (e.g., fish), researchers have rec-
ommended preparing multiple technical replicates at the 1st PCR to
maximize the species detection probabilities (e.g., >4-8 replicates;
Doi et al., 2019), which inevitably increases the handling time and
costs for plastic consumables and reagents. Increasing the number
of the 1st PCR replicates, however, increases the total volume of
template eDNA used in the PCR. For example, eight replicates of a
1st PCR which uses 1 pl of template eDNA per replicate uses 8 pl of
template eDNA in total. Therefore, although increasing the number
of the 1st PCR replicates is currently recommended, it is still unclear
whether the thus-far observed patterns that the species detection
probability increased with the number of replicates employed in the
1st PCRis due to the increased number of replicates or the increased
volume of template DNA.

Because techniques in molecular biology have been continuously
improving, whether common recommendations still hold for the cur-
rent situation and how outcomes change using updated reagents
and protocols are often unclear. Therefore, we herein assessed the
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performance of an “early-pooling” protocol (i.e., a protocol based on
tagging at the 1st PCR) to reduce the experimental costs of library
preparation for eDNA metabarcoding. Using tagged 1st PCR prim-
ers, updated reagents, and several customized protocols, we per-
formed fish eDNA metabarcoding for natural and mock samples and
compared the results obtained with those from a common 2nd PCR-
indexing protocol. Specifically, we conducted three experiments to
test the effects of (i) tagging/indexing methods on the community
composition revealed by eDNA metabarcoding (Experiment 1), (ii)
post-PCR exonuclease purification on tag jumping (Experiment I1),
and (iii) the number of PCR replicates and volumes of the eDNA
template on the number of detected OTUs (Experiment Ill). Based
on the experiments, we discuss the advantages and disadvantage
of the early-pooling protocol and propose an efficient protocol for
eDNA metabarcoding library preparation which is applicable to a

large number of eDNA samples.

2 | MATERIALS AND METHODS

2.1 | Safeguarding against potential
contaminations during the sampling and experiments

Prior to DNA extraction and library preparation, the work-space
was sterilized using RNAase Quiet (Nacalai Tesque, Kyoto, Japan)
and 70% EtOH and equipment was sterilized with a UV light or 10%
commercial bleach. We used filtered pipette tips and conducted pre-
and post-PCR manipulations in separate rooms to safeguard against
cross-contamination.

2.2 | Preparation of eDNA samples and standard
fish DNAs

Water samples for the method testing were collected from three
natural environments: two marine and one freshwater environments
in Japan. Seawater samples were collected at Nagahama, Maizuru in
Kyoto prefecture (35°29'24''N, 135°22'6''E) on May 13, 2021, and
Otomi, Takahama in Fukui prefecture (35°32'24"'N, 135°30'3"'E) on
May 14, 2021. Seawater was collected by throwing a bucket tied
with a rope from a pier 10 times. Three Sterivex filter cartridges
(SVHVO10RS, Merck Millipore, Darmstadt, Germany) were used
at each site, and 1000ml of seawater was filtered using a disposal
syringe for each cartridge, followed by the addition of RNAlater
(ThermoFisher Scientific, Waltham, Massachusetts, USA) to prevent
DNA degradation. The cartridges were transferred to the laboratory
within 30 min and stored at -20°C.

Freshwater samples were collected from the Seta River in Otsu,
Shiga prefecture, Japan (34°57'39"'N, 135°54'32"'E) on March 30,
2020. We collected 1600ml of river water using plastic bottles,
and filtered the water sample using eight Sterivex filter cartridges
(each Sterivex filtered 200 ml of water sample). The cartridges were
brought back to the laboratory within 1h, and stored at -20°C. The
samples were kept at 4°C during transport.

In our experiments, we did not analyze field negative controls (e.g.,
samples that filtered sterilized distilled H,O instead of field water) be-
cause the primary objective of this study was to investigate whether and
how fish community compositions change when identical eDNA samples
are analyzed using different experimental protocols, and not to elucidate
fish community compositions under field conditions. In eDNA studies in
which the primary objective is to reveal ecological community composi-
tions, the inclusion of multiple field negative controls is necessary.

Detailed protocols for DNA extraction are described in the
Appendix S1. Briefly, DNA was extracted using a DNeasy Blood &
Tissue kit (Qiagen, Hilden, Germany) following a protocol described
previously (Miya et al., 2016). After the cell lysis and purification,
DNA was eluted using 100l of the elution buffer. Extracted DNAs
from the same study site were combined and treated as one com-
posite sample for the method testing. Eluted DNA samples were
stored at -20°C until further processing.

In addition to the three samples obtained from natural ecosys-
tems, we prepared 10 fish-like standard DNAs (i.e., artificial DNA
fragments with MiFish primer regions and conservative regions
that are the same as existing fish species; see Preparations of stan-
dard fish DNAs in the Appendix S1). These 10 fish-like standard
DNAs were synthesized using gBlocks Gene Fragments service
by Integrated DNA Technologies, Inc. (Coralville, IA, USA). Equal
amounts of the 10 standard DNAs were mixed and treated iden-
tically with the eDNA samples from the three study sites. More
information about the standard fish DNAs is available in the
Appendix S1 and Table S1.

2.3 | Quantification and normalization of fish
eDNA concentrations

Total DNA concentrations varied among samples (Nagahama,
44.8 ng/ul; Otomi, 9.1 ng/pl; Seta River, 4.8 ng/ul; quantified by
NanoDrop One, ThermoFisher Scientific, Waltham, MA, USA).
Before we started the experiments, the concentrations of fish eDNA
and the standard DNAs were normalized so that similar numbers of
sequence reads could be generated for each site and each replicate.
Fish eDNA concentrations were measured using quantitative PCR
(gPCR) as described in the Appendix S1. The minimum concentra-
tion of fish eDNA was found in the river eDNA sample (43.2 copies/
ul), and thus, the other eDNA samples were diluted so that their fish

eDNA concentrations are 43.2 copies/pl.

2.4 | Experiment I: Effects of tagging/indexing
methods on the community composition revealed by
eDNA metabarcoding

241 | Tagging/indexing methods and two DNA
polymerases

In Experiment |, the primary objective was to test the effects of
two tagging/indexing methods, 1st PCR tagging and 2nd PCR
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indexing, on the detected fish eDNA compositions. First PCR tag-
ging is a method to append a sample-specific sequence in the 1st
PCR (Figure 1a). This method is referred to as “1st PCR tagging,” not
“1st PCR indexing” (Bohmann et al., 2022), and similar approaches
were previously applied in eukaryotic eDNA metabarcoding studies
(Bohmann et al., 2022; Leray & Knowlton, 2017; Minardi et al., 2022;
O'Donnell et al., 2016; Zizka et al., 2019). The 1st PCR primer set
for 1st PCR tagging (hereafter referred to as “the 1st tagging-1st
PCR primer”) is composed of an lllumina sequencing primer, 8-base
sample-specific sequences, and a MiFish-U primer (Table 1). In the
1st PCR-tagging protocol, PCR products are pooled and purified
after the 1st PCR, and Illumina P5/P7 adapters are appended for
the pooled sample at the 2nd PCR using “the 1st tagging-2nd PCR
primer” (Table 1). On the contrary, the 2nd PCR-indexing protocol
does not append a sample-specific sequence at the 1st PCR and
uses “the 2nd indexing-1st PCR primer” to amplify a target region
(Figure 1a; e.g., Miya et al., 2015). “The 2nd indexing-1st PCR primer”
is identical to MiFish-U primers, except that it does not include six
ambiguous sequences (Miya et al., 2015). After the 1st PCR, each
PCR product is separately purified, and is then used as a template for
the 2nd PCR. At the 2nd PCR, sample-specific index sequences and
the lllumina P5/P7 adapters are appended to the amplicon.

As a secondary objective, we evaluated effects of two DNA
polymerases on the outcomes of eDNA metabarcoding: KAPA
HiFi HotStart ReadyMix (KAPA Biosystems, Wilmington, WA,
USA; hereafter, “KAPA”) and Platinum SuperFi Il PCR Master Mix
(ThermoFisher Scientific, Waltham, MA, USA; hereafter, “Platinum”).
The former is a commonly used enzyme in eDNA metabarcoding,
while the latter is a newer enzyme with higher fidelity according to
the manufacturer's information.

2.4.2 | Experimental design

In Experiment |, we tested three library preparation protocols: 2nd
PCR indexing with KAPA, 2nd PCR indexing with Platinum, and 1st
PCR tagging with Platinum. The first two were used to compare the
effects of enzymes, and the last two were to compare the effects
of tagging/indexing methods. In each library preparation protocol,
eDNA samples originated from three study sites (i.e., Nagahama,
Otomi, and Seta-river) and one standard DNA mix were analyzed.
In each study site, five technical replicates and one negative control
(H,0) were included. Thus, we had 72 eDNA libraries in total, that
is, (5 technical replicates+ 1 negative control)x (3 study sites and 1
standard DNA)x (3 protocols) = 72.

Open
Dedicated to the study and use of environmental DNA for basic and applied sciences

2.4.3 | Library preparations and iSeq sequencing
The thermal cycle profiles of the 1st and 2nd PCR are described in
Table S2. We used dual-unique combinations of the forward and re-
verse tags/indices for different templates (samples) for lllumina se-
quencing, which reduced the risk of tag jumping (Esling et al., 2015).
All combinations of tags/indices are available at https://github.com/
ong8181/eDNA-early-pooling/tree/main/sampledata.

For all treatments, we performed the 1st and 2nd PCR follow-
ing the manufacturers' protocols as described in the Appendix S1.
Briefly, for “the 2nd PCR indexing with KAPA” treatment (i.e., a com-
mon 2-step PCR protocol), KAPA HiFi HotStart ReadyMix was used
for the 1st and 2nd PCR. Sample-specific index sequences were ap-
pended in the 2nd PCR. For “the 2nd PCR indexing with Platinum”
treatment, Platinum SuperFi [l PCR Master Mix was used instead of
KAPA, and sample-specific index sequences were appended in the
2nd PCR. In the “1st PCR tagging with Platinum” treatment, sample-
specific sequences were appended in the 1st PCR. After the 2nd
PCR, the pooled 2nd PCR products from each treatment were puri-
fied, target-sized DNA was excised, the double-stranded DNA con-
centrations of the libraries were quantified, and the libraries from
the three treatments were combined as one sample. The double-
stranded DNA concentration of the combined library was then ad-
justed to 50pM using 10mM Tris-HCI (pH 8.5), and DNA was then
sequenced by the iSeq 100 system (lllumina, San Diego, CA, USA)
using iSeq 100 Reagent v2 (2 x 150bp PE). For the sequencing, 30%

PhiX was spiked-in to improve the sequencing quality.

2.5 | Experiment ll: Effects of post-1st PCR
purification on tag-jumping events

The early-pooling protocol may cause tag-jumping events because
the enzyme and tagged primers were not inactivated before sam-
ple pooling. Therefore, in Experiment I, we measured the frequency
of tag-jumping events in the 1st PCR-tagging treatment and inves-
tigated the effects of exonuclease purification, temperature, and
time after sample pooling on the frequency of tag-jumping events
(Figure 1b).

2.5.1 | Experimental design

In Experiment Il, the frequency of tag-jumping events was exam-

ined by preparing one positive sample and two negative samples for

FIGURE 1 Experimental designs of this study. (a) Experiment I. the effects of the tagging/indexing method were examined. The 1st
PCR-tagging protocol appends sample-specific sequences in the 1st PCR using “1st tagging-1st PCR primers,” while the 2nd PCR-indexing

protocol appends index sequences in the 2nd PCR using “2nd indexing-2nd PCR primers.

» o«

purification” indicates magnetic bead purification

in experiment . (b) Experiment Il. The effects of exonuclease purification on tag-jumping events were examined. Exonuclease purification
was performed for each sample. Then, samples were combined and incubated to test the effects of incubation time and temperature. (c)
Experiment Ill. The effects of the 1st PCR replicates and template DNA volume were tested. Other processes were identical with that of

experiment Il with exonuclease purification
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@ Experiment |: Tagging/indexing method test

1st PCR tagging protocol

1st-tagging-1st-PCR primer 1st-tagging-2nd-PCR primer
MiFish-U-F MiFish-U-R
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PCRNC——> 88 = =
2nd PCR indexing protocol
2nd-indexing-1st-PCR primer 2nd-indexing-2nd-PCR primer
MiFish-U-F MiFish-U-R
RSP meeeeeeeeeeaas Rd2 SP P5 RAISP | ===mmemmmccccccaeeaaaan Rd2 SP P7
MiFish region Rd1 SP MiFish region Rd2 SP
5 technical Purification - ;
replicates 4 PCRrep. 15t PCR 2nd PCR Pooling Sequencing
33 g PO == = Purification o
—83 > g O == - -
— 30 -
~E A e Rl R
Sample R > g N e - v ‘; -
PCRNC——> 38 > g >0 =o =
® Experiment Il: Tag-jumping test
w/wo
i . . Exonuclease
With/without exonuclease purification 1st PCR  purification N
tagging ... Purification
Nagahama eDNA . ID1: AACTTTCC - ID1: AACTTTCC B> == = > S ond PCR
PCR NG (H20) () ID2: GTATCCTA - ID2: GTATCCTA B> —m-m— i 3= | |p @CorRT P gz P Purification
: : for 5-120 mi ) )
PCR NG (H20) (O ID3: AGCGGACG - ID3: AGCGGACG B —m—me | g * 1/ 1O1O7120MN g Sequencing

«© Experiment lll: The number of replicates and template volume test

1-rep. treatment — O 1 uIDNA x 1 rep. B>
Replicate test ° 2-rep. treatment —— O 1uIDNAx 2rep. B> 1st PCR
% € 4-rep. treatment — O 1 uIDNA x 4 rep. >
82  8rep.treatment ——» O 1nIDNA x8rep. B Exonuclease
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£8 1-pl treatment —> O1uIDNAx 1rep. B> 2nd PCR
Volume test S g 2-l treatment — O2uIDNA x 1rep. B> Purification
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TABLE 1 Primer sequences used in the present study
Primer information Primer sequence®™<¢ Length
The 1st PCR-tagging method
“1st tagging-1st PCR primers”
Forward primer for the 1st PCR ACACTCTTTCCCTACACGACGCTCTTCCGATCT XXXXXXXX 62
GTCGGTAAAACTCGTGCCAGC
Reverse primer for the 1st PCR GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT XXXXXXXX 69
CATAGTGGGGTATCTAATCCCAGTTTG
“1st tagging-2nd PCR primers”
Forward primer for the 2nd PCR AATGATACGGCGACCACCGAGATCTACAC 62
ACACTCTTTCCCTACACGACGCTCTTCCGATCT
Reverse primer for the 2nd PCR CAAGCAGAAGACGGCATACGAGAT 58

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

The 2nd PCR-indexing method
“2nd indexing-1st PCR primers”
Forward primer for the 1st PCR
Reverse primer for the 1st PCR

ACACTCTTTCCCTACACGACGCTCTTCCGATCT GTCGGTAAAACTCGTGCCAGC 54
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 61

CATAGTGGGGTATCTAATCCCAGTTTG

“2nd indexing-2nd PCR primers”

Forward primer for the 2nd PCR® AATGATACGGCGACCACCGAGATCTACAC XXXXXXXX 56
ACACTCTTTCCCTACACGA
Reverse primer for the 2nd PCR® CAAGCAGAAGACGGCATACGAGAT XXXXXXXX 53

GTGACTGGAGTTCAGACGTGT

?Normal characters indicate target-specific universal primers (MiFish-U-F/R in the present study).

Bltalic characters indicate the lllumina sequencing primers.
“X indicates tag/index sequences to identify each sample.

dUnderlined characters indicate P5/P7 adapter sequences for lllumina sequencing.
®Several bases of the 3’ end of the 2nd PCR primers for the 2nd PCR indexing were deleted to reduce the cost of purchasing the primers.

each treatment. Two negative controls were prepared to increase
the number of combinations of unused tags. eDNA extracted from
Nagahama seawater was used as the positive sample, while H,O was
used as negative samples. These three samples were distinguished
by dual-unique tags, for example, the combinations of ID1-1D1,
ID2-1D2, and ID3-ID3 (Figure 1b). In the 1st PCR-tagging protocol
in Experiment |, 1st PCR products were immediately combined after
the 1st PCR and the polymerase and primers were not inactivated
when the samples were pooled. Therefore, we may find “unused”
tag combinations, such as ID1-1D2, ID2-1D1, ID1-1D3, and ID3-1D1,
which is a signature of tag-jumping events. Two-time tag jumping
may generate the combinations of ID2-1D2 and ID3-1D3; however,
we disregarded this because it should occur less frequently than
one-time tag jumping.

We evaluated the effects of the three variables on the fre-
quency of tag-jumping events: exonuclease purification for each 1st
PCR product (hereafter referred to as the “without exonuclease” or
“with exonuclease” treatment) and the incubation temperature and
time after sample pooling. We examined the effects of temperature
and time because we expected these two variables to affect the
performance of DNA polymerase and, hence, the amplification of
the pooled 1st PCR products with primers with different tags. The
purification of each 1st PCR product was performed by incubating

PCR products using ExoSAP-IT Express (ThermoFisher Scientific,
Waltham, MA, USA) only in the “with exonuclease” treatment, which
is less labor-intensive than purification using magnetic beads. The
three 1st PCR products for each treatment were then pooled and
incubated at two temperatures (on ice [ca. 4°C] or at room tempera-
ture [ca. 22°C]) for three durations (5, 30, and 120min). Thus, we
had 36 eDNA libraries in total, that is, (1 positive sample+2 neg-
ative controls)x (with/without exonuclease)x(2 temperatures)x (3
durations) = 36.

2.5.2 | Library preparations and iSeq sequencing

Detailed protocols for Experiment Il are described in the
Appendix S1. The 1st PCR was performed on 36 samples using the
1st PCR-tagging protocol with Platinum as in Experiment | with
some modifications. Briefly, for the “with exonuclease” treatment
only, 4 pl of ExoSAP-IT Express was added to each 10-ul PCR prod-
uct. The mixture was incubated for 4 min at 37°C, followed by the
incubation for 1 min at 80°C. In addition, we performed the 2nd PCR
using “2nd indexing-2nd PCR primers” to append additional indices
to the library (i.e., tag-index combined approach). This approach was

adopted to ensure that the three tags used to distinguish samples in
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each treatment were identical among the treatments. The double-
stranded DNA concentration of the combined library was then ad-
justed and DNA was sequenced by the iSeq 100 system using iSeq
100 Reagent v2 (2x 150bp PE).

2.6 | Experiment lll: Effects of the number of
PCR replicates and volume of eDNA template on the
number of OTUs detected

As the results of Experiments | and Il suggested that fish com-
munity compositions revealed by 1st PCR tagging with exo-
nuclease purification were similar to those revealed by the 2nd
PCR-indexing protocol, in Experiment Ill, we evaluated the effects
of replications and the template volume in the 1st PCR to further
reduce potential experimental and labor costs associated with li-
brary preparation.

2.6.1 | Experimental design

In Experiment lll, we prepared eight treatments, that is 1, 2, 4, and
8 replicate treatments (“replicate” treatment) and 1, 2, 4, and 8-pl
treatment (“volume” treatment), for two sample types (Nagahama
seawater and standard DNA samples; Figure 1c). In each treatment,
five technical replicates and one negative control were included.
We chose the Nagahama sample because its eDNA diversity was
highest among the four sample types (ca. 20-30 fish species were
detected in Experiment | and Il). A standard DNA sample consist-
ing of 10 fish-like DNAs was included to evaluate species detection
probabilities. We had 96 eDNA libraries in total, that is, (5 technical
replicates+1 negative control)x (4 replicate treatments and 4 vol-

ume treatments)x (2 sample types) = 96.

2.6.2 | Library preparations and iSeq sequencing
Detailed protocols are described in the Appendix S1. DNA libraries
were prepared using the 1st PCR-tagging protocol with Platinum, as
described in Experiment | with the following modifications. Briefly,
for all treatments, exonuclease purification for each 1st PCR prod-
uct was included. In the “replicate” treatment, the number of 1st
PCR replicates was changed for each treatment. The number of 1st
PCR replicates was 1, 2, 4, or 8, and replicates were combined after
the 1st PCR. In the “volume” treatment, the total reaction volume
was increased from 10 to 20 pl to include up to 8 pl of the eDNA tem-
plate. The number of replicates was 1 for all “volume” treatments.
As in Experiment Il, “2nd indexing-2nd PCR primers” were used to
append additional indices to the library (i.e., tag-index combined
approach). This approach was adopted to distinguish libraries with
identical 1st PCR tags. The double-stranded DNA concentration of
the combined library was then adjusted and DNA was sequenced
by the iSeq 100 system using iSeq 100 Reagent v2 (2x 150bp PE).

2.7 | Sequence data processing

Detailed procedures for our sequence data processing are described
in the Appendix S1. Our sequence data included sample-specific
tag sequences inside the sequencing primers and we prepared a
custom shell script using seqgkit 2.1.0 (Shen et al., 2016) to demul-
tiplex our samples (see https://github.com/ong8181/eDNA-early
-pooling/tree/main/01_Demultiplex and https://doi.org/10.5281/
zenodo.6045851). Raw sequences were demultiplexed and MiFish
primer regions were trimmed by cutadapt 2.10 (Martin, 2011). The
quality of our sequence data was high, and after primer trimming,
8,948,113 sequence reads (%>Q30 = 93.9; average 43,863 reads
per sample) remained for the three experiments.

The demultiplexed, primer-trimmed sequences were processed
using DADA2 (Callahan et al., 2016), an amplicon sequence vari-
ant (ASV) approach, for each iSeq run. First, at the quality filtering
process, low quality and unexpectedly short reads were removed.
Error rates were learned, and sequences were dereplicated, error-
corrected, and merged to produce an ASV-sample matrix. Then,
chimeric sequences were removed. ASVs detected in the three
experiments were merged and clustered into OTU at 97% similar-
ity using DECIPHER package of R (Wright, 2016), which converted
the ASV-sample matrix into the OTU-sample matrix. We con-
verted ASVs to OTUs because ASVs often detected intraspecific
variations and the focus of this experiment was fish community
compositions at the species level (not at the intra-species level).
Taxonomic identification was performed for OTUs based on the
query-centric auto-k-nearest-neighbor (QCauto) method (Tanabe
& Toju, 2013) implemented in Claident v0.9.2021.10.22 (https://
www.claident.org/). The QCauto method is a conservative method,
and all of the nearest neighbors of a query sequence need to have
the same taxa information for taxa assignment. For example, if
the QCauto method assigns a genus name to an OTU, all of the
nearest neighbors surrounding the OTU have the same genus
name. This method increases the number of OTUs without species
names, but decreases the potential for misassignments in species
information more than other common methods (Sato et al., 2018;
Wang et al., 2007). As the QCauto method requires at least two
sequences from a single taxon, standard DNAs were separately
identified using BLAST (Camacho et al., 2009).

2.8 | Statistical analyses and data visualization

All statistical analyses and visualizations were performed using a free
statistical environment, R4.1.2 (R Core Team, 2021). The sample meta-
data, taxa information assigned to each OTU, and OTU-sample matrix
were imported as an object using phyloseq package of R (McMurdie &
Holmes, 2013). The merged phyloseq object was then divided into the
three experiments and analyzed separately. In this study, we describe
the results of statistical tests using the term “statistical clarity” rather
than “statistical significance” to avoid misinterpretations, according to
the recommendations by Dushoff et al. (2019).
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2.8.1 | Statistical analyses of experiment |

In Experiment |, the data set was first divided into each sample type
(i.e., Nagahama, Otomi, Seta-river, or standard DNA; Figure S1) after
a brief inspection of the sequence reads distribution. The sequence
reads generated in the negative controls were mostly minor com-
pared with those generated in the samples (Figure S1). However,
in 4 of the 12 negative controls, we detected non-negligible se-
quence reads from one or two OTUs (see Results). Therefore, we
subtracted the sequence reads per OTU in each negative control in
each treatment from true sample reads. Then, the sequence reads
were rarefied by the minimum number of sequence reads detected
in each sample type to remove the effects of sequence depth on
results. Rarefying sequence reads by the minimum number of se-
quence reads is usually not recommended for ecological studies
(McMurdie & Holmes, 2014). However, in our case, this approach
was suitable because replicates in each sample type were techni-
cal replicates, and because we wanted to focus on the effects of
the library preparation protocols on the outcomes by removing the
effects of sequence depth. After rarefactions, we removed rare
OTUs with <0.01% relative abundance from each sample to further
mitigate the effects of contaminated sequence reads.

After the rarefaction within each sample type, the fish commu-
nity compositions were first visualized using bar plots. The effects of
the library preparation protocols on the numbers of detected OTUs
were tested using the generalized linear model (GLM with Poisson
error distribution). The dependence of fish community compositions
on the library preparation protocols was assessed by nonmetric di-
mensional scaling (NMDS) based on the Bray-Curtis dissimilarity, and
the differences in the detected community compositions among the
library preparation protocols were tested by the analysis of similari-
ties (ANOSIM) using vegan package of R (Oksanen et al., 2008). Also,
the effects of the library preparation protocols on the Bray-Curtis
dissimilarities were tested by bootstrap analysis (see https://github.
com/ong8181/eDNA-early-pooling/tree/main/08_Expl_1st2nd for
detail).

2.8.2 | Statistical analyses of experiment I

In Experiment Il, there were one positive sample and two negative
samples in each treatment. As each treatment has three dual-unique
tags (ID1, ID2, and ID3), there were nine possible combinations of
tags (3x3 combinations), among which four “unused” combina-
tions indicated possible tag-jumping events (i.e., ID1-1D2, ID2-1D1,
ID1-1D3, and ID3-ID1). Sequence reads assigned to OTUs with these
four tag combinations were standardized by the sequence reads
of the positive sample. For example, in the case that OTUOO1 has
10,000 reads in the positive sample (ID1-ID1) and 10 reads are de-
tected as tag jumps (e.g., the ID1-1D2 combination), the proportion
of tag-jumped reads is calculated as 0.1%. The pattern was visualized
and the statistical clarity of three variables, that is, purification pro-
cess, temperature, and time, was tested by GLM.

Open
Dedicated to the study and use of environmental DNA for basic and applied sciences

2.8.3 | Statistical analyses of experiment Ill

In Experiment Ill, the data set was first divided into each sample
type (i.e., Nagahama, or standard DNA). Similar to Experiment I,
we subtracted sequence reads per OTU in each negative control
in each treatment from true sample reads. Sequence reads were
then rarefied to the minimum number of sequence reads in each
sample type to remove the effects of sequence depth. After rar-
efactions, we removed rare OTUs with <0.01% relative abundance
from each sample to further mitigate the effects of contaminated
sequence reads. The effects of the reaction scale (i.e., the num-
ber of 1st PCR replicates or the volume of template DNA) were
then statistically tested using GLM. In addition, how the number of
1st PCR replicates and template DNA volume influence the detec-
tion of rare OTUs was evaluated (see Results). The effects of the
number of replicates and total template volume on the Bray-Curtis
dissimilarities were tested by bootstrap analysis as described for
Experiment I.

2.8.4 | Tag- and protocol-specific biases in the
detected community composition

We performed additional analyses to investigate tag- and protocol-
specific biases in the detected community composition using data
from Experiments I, Il, and Ill. In the tag-specific bias test, samples
sequenced using the identical tag were grouped, and variations in
the relative abundance of dominant OTUs among the sequences
were tested. We performed this test because previous studies re-
ported that a 1st PCR-tagging protocol introduced tag-specific
biases in eDNA-based community composition detections (Berry
et al., 2011; O'Donnell et al., 2016). In the protocol-specific bias
test, we visualized how the protocols changed the fish eDNA com-
positions of the Nagahama samples because these samples were
analyzed using various library preparation protocols (e.g., the 1st
PCR-tagging method, the 2nd PCR-indexing method, and with/with-

out exonuclease purification).

2.9 | Code and data availability

Sequence data are deposited in DDBJ Sequence Read Archives
(DRA) (DRA accession number = DRA013399). Analysis scripts and
the information about R packages are archived at Zenodo (https://
doi.org/10.5281/zenodo0.6679138).

3 | RESULTS

In total, 8,948,113 sequence reads were generated from 204 sam-
ples by three iSeq runs, of which 8,530,488 reads remained after
DADA2 sequence processing. Of the sequences that remained,
8,518,552 reads were assigned to 113 fish OTUs, including the
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standard DNAs. A small number of sequence reads (11,936 reads;
0.13%) was assigned to 21 non-fish OTUs such as mouse (Mus mus-
culus), pig (Sus scrofa), and common pochard (Aythya ferina). In the

subsequent analysis, we focused on the 113 fish OTUs.

3.1 | Experiment |: Effects of tagging/indexing
methods on the community composition revealed by
eDNA metabarcoding

In total, 1,910,880 reads were generated from 72 samples in
Experiment |. The sequence reads generated in the negative con-
trols were mostly minor compared with those generated in the sam-
ples (Figure S1; 0-1.2% of true sample reads for 8 of the 12 negative
controls). However, in 4 of the 12 negative controls, we detected
non-negligible sequence reads from one or two OTUs (e.g., 1705-
3647 Acanthopagrus sp. reads were detected in the negative con-
trol samples in “2nd PCR indexing with Platinum”). Therefore, we
subtracted the sequence reads per OTU found in each negative
control in each treatment from true sample reads. To archive fair
comparisons between the protocols, we rarefied sequence reads to
the minimum number of sequence reads within each sample type
(21,452 reads for Nagahama; 8351 reads for Otomi; 10,151 reads
for Seta river; 9574 reads for standard DNA mix). After rarefac-
tions, to further mitigate the effects of contaminated sequence
reads, we removed rare OTUs with <0.01% relative abundance
from each sample.

Overall, we detected very similar OTU richness and commu-
nity compositions regardless of the library preparation protocols
(Figure 2 and Figure S2). The effect of the protocols on fish OTU
richness was statistically unclear (Figure S2a; p>0.05). However,
in standard DNA mix samples, one or two standard DNAs were
not detected in four of five replicates in the 1st PCR-tagging pro-
tocol, while all 10 standard DNAs were detected in most replicates
in the 2nd PCR-indexing protocol. Acanthopagrus sp (OTU002),
Hexagrammos sp. (OTU092), and Cyprinidae (OTU0O04) were the
most-dominant fish OTUs in Nagahama, Otomi, and Seta river, re-
spectively, and similar community compositions were detected by
the three protocols (Figure S2b). Similarly, the NMDS plot shows that
the samples are largely overlapped among the protocols (Figure 2a-
d). Difference in the fish community composition between “the 2nd
PCR indexing with Platinum” and “the 2nd PCR indexing with KAPA”
was statistically unclear (ANOSIM; p>0.05). Similarly, difference
between “1st PCR tagging with Platinum” and “2nd PCR indexing
with Platinum” was statistically unclear (ANOSIM; p>0.05). We
further investigated the reproducibility in each protocol (i.e., vari-
ations in the technical replicates within a protocol) in the fish com-
munity compositions by calculating Bray-Curtis dissimilarity. We
found that 1st PCR tagging increased dissimilarities among tech-
nical replicates in standard DNA samples (Figure 2e; p <0.001). On
the contrary, for the other samples, differences in the dissimilari-
ties among technical replicates were statistically unclear (Figure 2e;
p>0.05). In addition, the relative abundance of the dominant fish

OTUs were not different among the protocols (Figure S3; p>0.05)
except that of the second most-dominant OTU (Parablennis) in the

Nagahama samples.

3.2 | Experiment ll: Effects of post-PCR clean-up
on tag jumping

In total, 3,060,823 reads were generated from 36 samples in
Experiment Il. We detected tag-jumping events and the proportion
of tag-jumped sequence reads per sample ranged between 0% and
0.486% (mean+SD = 0.05+0.08%). Although the proportion of
sequence reads for each OTU generated by tag jumping was gen-
erally low, “unused” combinations of tag sequences were found in
many OTUs in the without-exonuclease treatments (red and dark red
points in Figure 3; mean and maximum tag-jumping rates per OTU
were 0.0509%-0.0761% and 0.249%-0.475%, respectively). On the
contrary, the frequency of tag-jumping events markedly decreased
when 1st PCR products were purified using exonuclease before
sample pooling (blue and light blue points in Figure 3; mean and
maximum tag-jumping rates per OTU were 0%-0.0395% and 0%-
0.855%, respectively). No tag-jumping events were observed with
the exonuclease treatment within 5 min after sample pooling at 4°C
and room temperature. Some tag-jumping events were observed
with the exonuclease treatment 30 and 120 min after sample pool-
ing at 4°C and room temperature (0.0007%-0.0395% of reads in
each OTU had tag jumps on average); however, the number of OTUs
with tags that were jumped was markedly lower than that with non-
purified treatments (the number of tag-jumped OTUs = 4-7 OTUs
with the exonuclease treatment vs. 39-59 OTUs without the exonu-
clease treatment). The effect of exonuclease was statistically clear
(binominal GLM; p<0.0001), while those of time and temperature
were not (p>0.05).

3.3 | Experiment lll: Effects of the number of 1st
PCR replicates and volume of eDNA template on the
number of OTUs detected

In total, 3,546,849 reads were generated from 96 samples in
Experiment Ill. The sequence reads generated in the negative con-
trols were negligible (O reads were detected for 14 of the 16 nega-
tive controls, while only 12 or 63 reads were detected from two out
of the 16 negative samples). To be consistent with Experiment |, we
subtracted the sequence reads per OTU found in each negative con-
trol in each treatment from true sample reads. We then rarefied se-
quence reads to the minimum number of sequence reads within the
sample type (15,394 reads for Nagahama; 3025 reads for standard
DNA mix). After rarefactions, we removed rare OTUs with <0.01%
relative abundance from each sample to further mitigate the ef-
fects of contaminated sequence reads. One of the five replicates in
the 1-rep. Treatment was excluded from the analysis because only
304 reads were detected from the replicate (the 1-, 2-, 4-, and, or
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FIGURE 2 Nonmetric dimensional scaling (NMDS) and Bray-Curtis dissimilarities of fish eDNA composition detected in experiment . fé
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standard fish DNAs. Filled circles and triangles indicate that KAPA HiFi HotStart ReadyMix and platinum SuperFi [l PCR master Mix was g
used for PCR, respectively. Red and blue circles indicate that sample-specific sequences were appended by the 1st PCR-tagging method g
and the 2nd PCR-indexing method, respectively. (e) each panel represents eDNA samples collected in one study site. Points in each panel o
represent Bray-Curtis dissimilarities of fish eDNA compositions between two eDNA samples. The thick bar indicates the median value of g
the Bray-Curtis dissimilarities in each treatment. Statistical clarity was tested by bootstrap test (see Materials and Methods) '§
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FIGURE 3 Estimation of the tag-jumping probability of each library preparation method. The y-axis indicates the proportion of sequence
reads for each OTU generated by tag jumping. We used three tag combinations in experiment I, that is, ID1_F (AACTTTCC)-ID1_R
(AACTTTCC) (positive sample), ID2_F (GTATCCTA)-ID2_R (GTATCCTA) (H,0), and ID3_F (AGCGGACG)-ID3_R (AGCGGACG) (H,0). Tag
jumping is defined as the occurrence of any of the four “unused” tag combinations in this study: ID1_F-ID2_R, ID1_F-ID3_R, ID2_F-ID1_R,
and ID3_F-ID1_R. We ignored the other possible combinations as described in the main text. Each point represents the tag-jumped sequence
reads for each OTU divided by the sequence reads of the corresponding OTU detected in the positive sample. Blue and light blue points
indicate that exonuclease-purified 1st PCR products were pooled and incubated on ice and at room temperature (22°C), respectively. Red
and dark red points indicate not-purified 1st PCR products were pooled and incubated on ice and at room temperature (22°C), respectively

8-replicate treatments are hereafter referred to the 1-rep., 2-rep.,
4-rep., and 8-rep. Treatments, respectively). Overall, the community
compositions detected in the treatments were similar (Figure S4),
and the numbers of OTUs in Nagahama seawater and standard DNA
samples increased with elevations in the number of 1st PCR repli-
cates and volumes of the eDNA template (Figure 4a,b).

Regarding Nagahama seawater samples, in the replicate test,
11.0+1.2 (mean+standard deviation), 16.0+2.6, 21.8+1.8, and
28.0+3.2 fish OTUs were detected in the 1-rep., 2-rep., 4-rep.,
and 8-rep. Treatments, respectively (Figure 4a). In the volume test,
12.4+0.9, 13.6+2.9, 18.8+1.9, and 25.2+1.3 fish OTUs were de-
tected for Nagahama samples in the 1-, 2-, 4-, and 8-pl treatments,
respectively (Figure 4a). In Nagahama samples, the effect of the
reaction scale (an increasing number of replicates or an increasing
template volume) on the number of fish OTUs was statistically clear
(Poisson GLM; p<0.0001), while that of the test category (“repli-
cate” test or “volume” test) was not.

Regarding standard DNA samples, in the replicate test, 6.4+1.7
and 9.0+1.0 fish OTUs were detected in 1-rep. and 2-rep. treat-
ments, respectively (Figure 4b). In the volume test, 8.4+1.1 and
9.2+0.4 fish OTUs were detected in 1- and 2-pl treatments, respec-
tively (Figure 4b). Concerning the other treatments, all 10 standard
fish DNAs were detected in all replicates. In standard DNA samples,

clearly reduced the Bray-Curtis dissimilarities (Figure 4c,d; p <0.05).
For both Nagahama and standard DNA samples, 8-rep. and 8-pl
treatments showed more consistent community compositions
among the technical replicates than 1-rep. and 1-pl treatments did
(Figure 4c,d).

We further investigated how the number of 1st PCR repli-
cates and template DNA volumes influenced OTU detection using
Nagahama samples (for standard DNA samples, all 10 standard DNAs
were detected in the 1-pl or 1-rep. Treatments when OTUs detected
in the 5 replicates were merged). We did this by identifying OTUs
that were newly detected in a more-replicated treatment or a larger
template-volume treatment (Figure 4e,f). For example, “Detected
OTUs in 2-rep.” indicates that the OTUs were not detected in the
1-rep. treatment but were newly detected in the 2-rep. treatment
(Figure 4e). Newly detected OTUs in more-replicated treatments gen-
erally had lower abundance than OTUs detected in 1-rep. treatment
(Figure 4e), which indicates that rare OTUs can be detected more eas-
ily by increasing the number of 1st PCR replicates. These patterns
were almost the same for the template volume test (Figure 4f). Newly
detected OTUs in larger template-volume treatments generally had

lower abundance than OTUs detected in 1-ul treatment (Figure 4f).

the effect of the reaction scale was statistically unclear (Poisson 3.4 | Testing tag- and protocol-specific biases
GLM; p = 0.103), which may have been due to the small number of
fish standard DNAs included in the samples. Using the data from Experiments I, Il, and Ill, we tested tag- and

Asforthe reproducibility of each treatment (i.e., within-treatment
variations in the detected community compositions), increasing the
number of the 1st PCR replicates or template volumes statistically

protocol-specific biases in eDNA metabarcoding. Tag-specific bi-
ases were tested by quantifying the relative abundance of domi-
nant OTUs detected in the Nagahama seawater samples (Figure 5a).
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FIGURE 4 Effects of the number of replicates and the volume of template DNA in the 1st PCR reaction on community compositions and
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(a; Sea_Nagahama) and standard DNA samples (b; STD_Mix). In b, dashed horizontal line indicates the number of standard DNAs included in
the reactions. Statistical clarity was tested by GLM. (c, d) effects of the number of replicates and the template DNA volume on Bray-Curtis
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in the replicate treatment described on x-axis. Points at “Detected OTUs in 1-rep.” indicate all OTUs detected in the 1-rep. Treatment. Colors
indicate the treatment in which OTUs are detected. (f) Results for the volume test of the Nagahama samples

0OTU002, OTUO07, and OTUO56 were the three most abundant taxa
and were assigned as Acanthopagrus sp. (most likely, Japanese black
seabream, A. schlegelii), Parablennius yatabei (Yatabe blenny), and
Takifugu sp. (most likely, pufferfish, T. alboplumbeus), respectively,
which are all common fish species in the region (Masuda, 2008;
Masuda et al., 2010). The relative abundance of the three OTUs esti-
mated by a common method, the 2nd-indexing protocol with KAPA
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or Platinum, were 39.5%, 18.4%, and 6%, respectively (red dashed g
horizontal lines in Figure 5a). Technical replicates were grouped into g
each tag sequence in Experiments |, Il, and Ill, ignoring detailed ex- g
perimental steps in each Experiment (e.g., with/without exonucle- g
ase, the number of 1st PCR replicates, and the volume of template e
DNA). We found that the relative abundance of the top three OTUs %
were similar to those using the common 2nd-indexing protocol §
g
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FIGURE 5 Effects of tag sequences and protocols on the relative abundance and community compositions of fish detected in Nagahama
samples. (a) the y-axis shows the relative abundance of the three most-dominant OTUs. The x-axis shows the library preparation method
(= “2nd PCR indexing”) or the names of the tag sequences used in the 1st PCR. Red dashed horizontal lines indicate the mean relative

abundance of each OTU detected by the 2nd PCR-indexing method.

In experiment |, only one library was sequenced using each tag. In

experiments Il and Ill, multiple libraries were sequenced using the same tag. Note that different experimental treatments (e.g., incubation
time and temperature in experiment Il) are grouped in this figure. In experiment Ill, statistical clarity was tested by GLM. (b) the effects of
library preparation protocols on the fish community compositions of three study sites visualized by nonmetric dimensional scaling (NMDS).
All Nagahama samples are clearly distinguished from natural eDNA samples from the other study sites. Symbols and colors indicate the
library preparation protocols and study sites, respectively. Ellipses indicate 95% confidential intervals for each study site. An NMDS plot

with more detailed sample information is shown in Figure S5b

regardless of the tag sequences, and the effect of the tag sequence
on the relative abundance of the three OTUs was statistically un-
clear (binomial GLM; p>0.05; tested only for Experiment I11).
Protocol-specific community compositions were tested by le-
veraging the results from Experiment I, Il, and Ill. Fish community
compositions of the Nagahama seawater samples were grouped into

each protocol and visualized in Figure 5b and Figure S5. In general,

the fish community compositions were similar regardless of the pro-
tocols used (Figure S5a). These patterns were also evident in NMDS
(Figure 5b and Figure S5b). Exonuclease purification after the 1st
PCR may slightly affect community compositions; however, fish
community compositions were clearly distinguished from those de-
tected in different sample types, such as river and other seawater

samples (Figure 5b and Figure S5b).
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4 | DISCUSSION

4.1 | Effects of the tagging/indexing method on
fish community compositions

In Experiment I, we showed that 1st PCR tagging and early pool-
ing did not result in statistically clear protocol-specific biases in the
community compositions or relative abundance of dominant OTUs
(Figures 2 and 5, and Figures 5S1-S3), which is in contrast to previous
findings (Berry et al., 2011; O'Donnell et al., 2016). In the study by
O'Donnell et al. (2016), biases could be caused by tag-specific mis-
matches with template DNAs and subsequent variations in primer-
template binding efficiencies between taxa. O'Donnell et al. (2016)
employed shorter primers (31 bases including three ambiguous
bases and six unique bases) for 1st PCR tagging than those used
in the present study (62-69 bases including eight unique bases;
Table 1), which caused larger variations in T, among the primers.
As differences in T, affect primer-template binding efficiency (Wu
et al., 2009), this difference may be a reason for the discrepancy.
Previous studies also reported little differences in outcomes be-
tween the 1st PCR-tagging and 2nd PCR-indexing protocols (Leray
& Knowlton, 2017; Zizka et al., 2019), which is consistent with
the present study. Although difficulties are associated with eluci-
dating the mechanisms responsible for the differences observed
between studies, 1st PCR tagging generated qualitatively and quan-
titatively similar results to those by 2nd PCR indexing, at least in

our protocol.

4.2 | Effects of post-1st PCR purification on tag-
jumping events

Tag jumping, or index hopping, is an event that prevents accurate
DNA-based evaluations of ecological community compositions
(Esling et al., 2015), and the development of strategies to reduce
the risk of tag-jumping/index-hopping events is an important issue.
This is particularly the case in an early-pooling protocol because
tagged/indexed primers and enzymes are still “active” at the time
of pooling. In Experiment Il, tag-jumping events were confirmed by
the detection of “unused” combinations of tag sequences (Figure 3).
The proportion of tag-jumped sequence reads without the exonu-
clease treatment ranged between 0% and 0.486%, which is consist-
ent with previous findings (0.18%-0.42%; Snyder & Stepien, 2020).
Post-1st PCR exonuclease purification reduced this risk (Figure 3;
no tag-jumped sequences were detected in the 5-min incubation
after the exonuclease treatment). Although adding the purification
step increases the cost and handling time for the library prepara-
tion, the exonuclease-based purification is much easier and more
rapid compared with magnetic beads-based purification. Also, it
does not require an expensive instrument (e.g., a microplate washer
such as Hydrospeed, TECAN) even for a large number of samples.
Furthermore, pooling steps may be performed at room temperature,
which did not increase the risk of tag-jumping events.

Open
Dedicated to the study and use of environmental DNA for basic and applied sciences

4.3 | Effects of the number of 1st PCR
replicates and template volume on OTU richness

In Experiment Ill, we showed that increasing the number of the 1st
PCR replicates and template DNA volume had similar effects on the
detected OTU richness (Figure 4a,b). Our analysis found that rarer
OTUs tended to be detected more easily in the more-replicated and
larger template-volume treatments (Figure 4e,f), suggesting that the
positive effects of increasing the number of the 1st PCR replicates
and template DNA volume are simply due to the increased prob-
ability of the occurrence of rare OTUs in the reaction. In addition,
increasing the number of the 1st PCR replicates and template DNA
reduces variations among technical replicates (Figure 4c,d), which
could be due to the mitigation of random sampling effects of rare
DNAs. In the previous study, increasing the number of the 1st PCR
replicates was recommended to increase the eDNA-based detection
probability of fish species (Doi et al., 2019). However, this inevitably
increases the pipetting frequency and the amount of consumables
used in the experiment (e.g., pipette tips and PCR tubes), which will
increase the cost of consumables and reagents and the handling time
of the library preparations. On the contrary, increasing template vol-
ume does not increase the cost or handling time, and thus would be
preferable to increasing the number of replicates, especially when a
large number of samples are processed.

44 | Arecommended protocol

We showed that (i) 1st PCR tagging did not cause clear biases on
outcomes, at least in our experimental settings (i.e., with our rea-
gents and primer structures), (ii) post-1st PCR exonuclease purifica-
tion reduced the risk of tag-jumping events, and (iii) increasing the
template DNA volume enhanced the OTU richness detected and
reduced variations in the detected community composition among
technical replicates, similar to a higher number of 1st PCR replicates.
Based on these results, we recommend the following protocol for

eDNA metabarcoding library preparation:

1. Prepare tagged 1st PCR primers (e.g., 48 or 96 tagged primers).

2. Append tag sequences in the 1st PCR (the 1st PCR tagging). In
the 1st PCR, the number of 1st PCR replicate(s) may be one if the
template DNA volume is 4-8 pl or greater.

3. Perform post-1st PCR purification by exonuclease to reduce the
risk of tag jumping.

4. Pool purified 1st PCR products.

5. If the concentration of 1st PCR products is low, concentrate DNA
using magnetic beads. Also, if primer dimers exist, bead purifica-
tion can effectively remove them.

6. Perform the 2nd PCR to append the sequencing adapter for one
composite sample (2nd indices may be appended to increase the
maximum number of multiplexed samples; the “tag-index com-
bined approach”).

7. Purify PCR products, adjust concentrations, and sequence DNA.
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This “early-pooling” protocol reduces the costs for consumables,
reagents (except for the tagged 1st PCR primers), and handling times
(see Table S3 for cost and time estimations), and does not require ex-
pensive automated liquid handlers (Buchner et al., 2021). In addition,
the “tag-index combined approach” enables the easy multiplexing
of a large number of samples. For example, the combination of 96
1st PCR tags and 96 2nd PCR indices enables the differentiation of
nearly 10,000 samples (96x 96 = 9216) in a single sequencing run,

which will contribute to large-scale eDNA monitoring.

4.5 | Potential limitations of the early-
pooling protocol

Despite several advantages of the early-pooling eDNA metabarcod-
ing protocol, there are several potential limitations/disadvantages.
The early-pooling protocol requires tagged 1st PCR primers for each
metabarcoding region, which will potentially increase the associated
costs for primers for the 1st PCR. Therefore, researchers attempting
to test many different metabarcoding regions for a relatively small
number of samples may first consider using the common 2nd-PCR-
indexing protocol, which uses the same indexed primer set for any
metabarcoding region. Second, increasing the template DNA volume
will simultaneously increase the concentrations of PCR inhibitors
such as humic substances (Schrader et al., 2012). For samples with a
high concentration of PCR inhibitor, one may consider increasing the
number of the 1st PCR replicates or using a PCR-inhibitor-tolerant

DNA polymerase.

5 | CONCLUSIONS

In the present study, we showed that an early-pooling protocol with
post-1st PCR exonuclease purification and an increased amount of
the DNA template will reduce the risk of tag jumping and costs for
consumables, reagents, and handling times in library preparation,
and that it produces similar results as those with a common 2nd
PCR-indexing protocol. Therefore, once a target metabarcoding re-
gion is selected and a set of tagged 1st PCR primers is prepared, the
early-pooling protocol provides a cost, labor, and time-efficient ap-
proach for processing a large number of samples, which will contrib-
ute to a more detailed understanding and near-future forecasting of

ecosystem dynamics.
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