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Abstract
We reviewed the current methodology and practices of the DNA metabarcoding approach using a universal PCR primer pair 
MiFish, which co-amplifies a short fragment of fish DNA (approx. 170 bp from the mitochondrial 12S rRNA gene) across 
a wide variety of taxa. This method has mostly been applied to biodiversity monitoring using environmental DNA (eDNA) 
shed from fish and, coupled with next-generation sequencing technologies, has enabled massively parallel sequencing of 
several hundred eDNA samples simultaneously. Since the publication of its technical outline in 2015, this method has been 
widely used in various aquatic environments in and around the six continents, and MiFish primers have demonstrably out-
performed other competing primers. Here, we outline the technical progress in this method over the last 5 years and highlight 
some case studies on marine, freshwater, and estuarine fish communities. Additionally, we discuss various applications of 
MiFish metabarcoding to non-fish organisms, single-species detection systems, quantitative biodiversity monitoring, and 
bulk DNA samples other than eDNA. By recognizing the MiFish eDNA metabarcoding strengths and limitations, we argue 
that this method is useful for ecosystem conservation strategies and the sustainable use of fishery resources in “ecosystem-
based fishery management” through continuous biodiversity monitoring at multiple sites.

Keywords eDNA · Fish community · Biodiversity monitoring · Ecosystem-based fishery management · Ecosystem 
conservation

Introduction

In the past three decades biodiversity monitoring has been 
widely recognized as essential for ecosystem conservation 
and sustainable use of biological resources (Common and 
Norton 1994; Lepetz et al. 2009; Goodwin et al. 2018). 
Indeed, fisheries derive enormous benefits directly or indi-
rectly from aquatic ecosystems, and those benefits are col-
lectively referred to as ecosystem services (Costanza et al. 
1997; Rapport et al. 1998; Barbier et al. 2011; Grizzetti 
et al. 2016). To maximize the benefits of these ecosystem 
services, fisheries management had previously focused on 

maximizing the catch of a single target species, often ignor-
ing habitat, predators, and prey of the target species and 
other ecosystem components and interactions (Pikitch et al. 
2014; Darling et al. 2017; Hansen et al. 2018). However, 
worldwide fisheries management is currently undergo-
ing a paradigm shift from such a single-species approach 
to an ecosystem approach (Koslow 2009; Fogarty 2014; 
Brinson and Wallmo 2015; Long et al. 2017). In response 
to this trend, a subcommittee of the Science Council of 
Japan recently published a report advocating the ecosystem 
approach to fisheries management (http://www.scj.go.jp/ja/
info/kohyo /pdf/kohyo -23-t248-2.pdf).

This approach is called “ecosystem-based fishery man-
agement,” and its overall objective is to sustain healthy eco-
systems and the fisheries they support (Pikitch et al. 2014; 
Hill et al. 2020; DiBattista et al. 2020). The evaluation of 
ecosystem health inevitably requires continuous monitor-
ing of biotic and abiotic components in ecosystems because 
we can only detect, for example, environmental degradation 
or biodiversity loss when temporal changes in ecosystems 
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occur (Rapport et al. 1998; Halpern et al. 2015; Hoffmann 
et al. 2016). Such ecosystem changes have been recognized 
principally through physical attributes (e.g., water tempera-
ture and pH), as these attributes are easily measurable with 
great accuracy, and an international observation network 
has been constructed for continuous monitoring (Riser et al. 
2016). Well-known examples include global warming and 
ocean acidification (Hoegh-Guldberg et al. 2007; Pandolfi 
et al. 2011; McCulloch et al. 2012; Six et al. 2013), both of 
which are causing ecosystem changes (Pörtner 2008; Robi-
son 2009) and, in turn, have a serious impact on human life 
including fisheries (Sumaila et al. 2011; Quesne and Pinne-
gar 2012; Cheung et al. 2016; Stiasny et al. 2016).

In contrast, the enormous biodiversity in aquatic ecosys-
tems, which include a myriad of unknown species, cannot 
automatically be monitored like physical attributes, mak-
ing continuous biodiversity monitoring difficult (Fujikura 
et al. 2010; DiBattista et al. 2017; Alexander et al. 2019). 
Regarding fish, over 32,000 species are known from aquatic 
environments worldwide, and an average of around 400 new 
species were described annually between 2005 and 2014 
(Nelson et al. 2016). Moreover, biodiversity monitoring 
of macroorganisms such as fishery resources is laborious, 
costly, and time consuming, often relying on direct capture 
of specimens through various kinds of netting, trapping, or 
fishing (Thomsen et al. 2012; Evans et al. 2017; Oka et al. 
2020). These capture-based sampling methods are both inva-
sive and destructive, and subsequent morphological identi-
fication of specimens based on taxonomic expertise is also 
required (Thomsen and Willerslev 2015; Andruszkiewicz 
et al. 2017b; Sigsgaard et al. 2019), which is increasingly 
scarce and declining in availability(Hopkins and Freckleton 
2002). Additionally, sampling feasibility heavily depends 
on weather and water conditions. Therefore, it is practically 
impossible to continuously monitor biodiversity at multiple 
sites using the traditional approaches.

Environmental DNA (eDNA) is defined here as the 
extraorganismal genetic materials suspended in environ-
mental samples, such as water and sediment. eDNA is shed 
from macroorganisms through feces, body mucus, blood, 
and sloughed tissue or scales and has emerged as an alter-
native data source for biodiversity monitoring (Bohmann 
et al. 2014; Kelly et al. 2014b; Cristescu 2014; Deiner et al. 
2017). By filtering a certain amount of water, eDNA is con-
centrated and captured on the filter membrane, from which 
it is extracted and subjected to various molecular biology 
experiments for detection of organisms (Turner et al. 2015; 
Deiner et al. 2015; Miya et al. 2016). In particular, the eDNA 
metabarcoding approach enables simultaneous detection of 
multiple species using a high-throughput next-generation 
sequencing (NGS) platform (Taberlet et al. 2012; Thomsen 
et al. 2012; Miya et al. 2015). This approach co-amplifies a 
short fragment of eDNA from the target taxa (e.g., fishes) 

using a set of universal primers through PCR (Fig. 1a) and 
then appends various adapters and index sequences to both 
ends of the amplified fragments (amplicons) (Fig. 1b). Vari-
ous combinations of different index sequences enable mas-
sively parallel sequencing using the NGS platform (MiSeq 
system, Illumina Inc., San Diego, CA, USA), with an output 
comprising tens of millions to billions of amplicons from 
multiple sampling sites. After data preprocessing and subse-
quent taxonomic assignment using a bioinformatics pipeline, 
a tentative taxonomic list is available for each sampling site 
(Miya et al. 2015; Sato et al. 2018).

One of the most crucial steps to determine the success 
or failure of eDNA metabarcoding is the first-round PCR 
(1st PCR; Fig. 1a). The 1st PCR co-amplifies a short frag-
ment of sparse eDNA from across target taxa using a set of 
universal PCR primers to an amount that can be sequenced 
by an NGS platform (Miya and Sado 2019a). For successful 
eDNA metabarcoding, the PCR primer pair and the ampli-
fied intervening eDNA fragments should meet the follow-
ing requirements: (1) the designed universal PCR primers 
should unbiasedly amplify gene fragments across the target 
taxa without PCR dropouts, and (2) the amplified fragments 
should contain sufficient variations to allow unambiguous 
taxonomic assignment. In addition to these requirements, 
(3) the primers should be specific to the target taxa (e.g., 
fishes); otherwise, DNA from non-target taxa (prokaryotic 
and non‐target eukaryotic DNAs) will predominate in the 
amplified products. Such predominant amplification of non-
specific taxa has been demonstrated to compromise eDNA 
metabarcoding by wasting sequencing effort (Collins et al. 
2019). Among a number of universal primers for the fish 
eDNA metabarcoding, MiFish primers (Miya et al. 2015) 
best satisfy the above criteria and have been shown to out-
perform other competing primers in several ways (Bylemans 
et al. 2018a; Collins et al. 2019; Zhang et al. 2020). Actually, 
MiFish primers have been used for biodiversity monitoring 
of fishes in various aquatic environments in and around six 
continents worldwide (Figs. 2, 3).

In addition to these individual case studies plotted on the 
two maps (Figs. 2, 3), two global initiatives are attempt-
ing eDNA metabarcoding using MiFish primers (hereafter 
called MiFish eDNA metabarcoding). The first initiative, 
DNAqua-Net, has been supported by the EU COST (Co-
Operation in Science and Technology) Action program since 
2016, and has set up a network of 39 countries across the 
EU and beyond to develop the next-generation of aquatic 
biomonitoring technology (Leese et al. 2016, 2018). One of 
the DNAqua-Net working groups (W3) is developing field 
and laboratory protocols for biomonitoring using DNA, and 
has discussed and tested MiFish eDNA metabarcoding in the 
December 2018 and December 2019 DNAqua-Net newslet-
ters (https ://dnaqu a.net/newsl etter /; Weigand et al. 2019). 
Weigand et al. (2019) implicitly stated, “the 12S marker 

https://dnaqua.net/newsletter/
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has a high potential to become the gold standard for regu-
lar eDNA-based fish monitoring in the future.” To date, the 
UK and Swedish governmental agencies have commissioned 
environmental survey projects using eDNA metabarcoding 
of fishes, and two private environmental research firms have 
conducted the surveys using MiFish eDNA metabarcoding 
(Tang et al. 2018; Hellström and Blomstrand 2019; Näs-
lund et al. 2019; Tang 2020). The second initiative involves 
several universities and research institutes in the California 
Current region in a joint initiative to consider using MiFish 
eDNA metabarcoding to supplement traditional capture-
based sampling to improve the efficiency of biodiversity 
monitoring in that region (Kacev et al. 2018). As part of this 
effort, the MiFish eDNA metabarcoding library preparation 
protocol has been published online (Pitz et al. 2020), and the 
California Current specific reference database (FishCARD) 
has been assembled for more accurate taxonomic assignment 
in MiFish eDNA metabarcoding (Gold et al. 2020). Thus, 

these two global initiatives in different geographic regions 
are expected to use MiFish eDNA metabarcoding in their 
future studies.

In Japan, several governmental projects have recently 
employed MiFish eDNA metabarcoding for biodiversity 
monitoring (Minamoto et al. 2020). One example of such 
a project is a pilot study called the National Census on 
River Environments, initiated by the Ministry of Land, 
Infrastructure, Transport and Tourism of Japan, which 
uses MiFish eDNA metabarcoding for regular river sur-
veys (Kitagawa et al. 2020). A second example is the pro-
motion of the Biodiversity Center of Japan, Ministry of the 
Environment to standardize MiFish eDNA metabarcod-
ing for monitoring endangered freshwater fishes (https ://
www.biodi c.go.jp/edna/edna_top.html). Further, the Fish-
ery Agency of Japan, Ministry of Agriculture, Forestry, 
and Fisheries has recently initiated a new project employ-
ing eDNA technologies to monitor fishery resources 

Fig. 1  Schematic representation 
of the paired-end library prepa-
ration using a two-step tailed 
PCR for MiSeq sequencing 
(MiSeq system, Illumina Inc.). 
a First-round PCR (1st PCR) 
to amplify a region of interest 
using a pair of MiFish primers 
(blue) with overhang adapter 
sequences (orange), b second-
round PCR to add dual indices 
(red) and sequencing adapters 
(green). (From Miya et al. 2015 
with slight modifications)

https://www.biodic.go.jp/edna/edna_top.html
https://www.biodic.go.jp/edna/edna_top.html
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throughout the Pacific Ocean, with the aim to expand the 
target species from 50 to 200 in the next 5 years (https ://
www.maff.go.jp/j/budge t/attac h/pdf/31ket tei-99.pdf). In 
response to these government-led national trends, several 
private environmental research firms have also begun to 
utilize MiFish eDNA metabarcoding (e.g., https ://ideac 
on.jp/techn ology /inet/vol53 /vol53 _alls.pdf).

In this review paper we primarily focus on MiFish 
eDNA metabarcoding and review the (1) performance 
comparisons with competing PCR primers; (2) taxonomic 
optimization of the primers; (3) desired laboratory set-
tings and revised experimental protocols (Miya and Sado 
2019a) that lead to successful MiFish eDNA metabarcod-
ing without carryover contaminations; (4) new bioinfor-
matics pipeline and reference database; (5) and empirical 
studies conducted in various aquatic environments, includ-
ing marine, freshwater, and estuary ecosystems. Addition-
ally, we discuss (6) the developments of new techniques 
using MiFish primers and applications of the MiFish meta-
barcoding methods to (7) other organisms and (8) bulk 
DNA samples. This review is based on published infor-
mation from 283 studies and documents citing Miya et al. 
(2015) as of 22 August 2020 (Google Scholar: https ://schol 
ar.googl e.com), supplemented by additional information 
from websites and several colleagues around the world.

Performance of MiFish primers

In this section, we briefly describe the background of MiFish 
primer developments (Miya et al. 2015) and introduce three 
recent studies on in silico and in vitro comparisons of the 
primer performance (Bylemans et al. 2018a; Collins et al. 
2019; Zhang et al. 2020).

Miya et al. (2015) developed a set of universal PCR prim-
ers (MiFish-U/E) for metabarcoding eDNA from fishes. 
The primers were designed with reference to the whole 
mitochondrial genome (mitogenome) sequences from 880 
fish species (Fig. 4), supplemented by partial mitogenome 
sequences from 160 elasmobranchs (sharks and rays). Visual 
inspection of the aligned sequences found two conserved 
regions across the 880 species in the 12S rRNA gene with 
an intervening hypervariable region with an average length 
of 172 (range 163–185) bp, leading the authors to design a 
new primer pair based on these two conserved regions.

During primer design process on the conserved regions, 
Miya et al. (2015) considered a number of “technical tips” 
that enhance primer annealing to the template without 
requiring degenerate bases (Palumbi 1996). First, primers 
include some G/C at the 3ʹ ends to strengthen primer–tem-
plate annealing at this position, with the caveat that a string 
of either Gs or Cs at the 3ʹ end be avoided. Second, tak-
ing into consideration the unconventional base pairing in 

Fig. 2  Approximate geographic location of the study sites where 
MiFish metabarcoding has been conducted using environmental DNA 
(eDNA) and bulk DNA samples. Multiple studies conducted in the 

same area are indicated by a single symbol. For details on the refer-
ences, see text. For details on the study sites in Japan, see Fig. 3

https://www.maff.go.jp/j/budget/attach/pdf/31kettei-99.pdf
https://www.maff.go.jp/j/budget/attach/pdf/31kettei-99.pdf
https://ideacon.jp/technology/inet/vol53/vol53_alls.pdf
https://ideacon.jp/technology/inet/vol53/vol53_alls.pdf
https://scholar.google.com
https://scholar.google.com
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Fig. 3  Approximate geographic 
location of the study sites where 
MiFish eDNA metabarcoding 
has been conducted in Japan. 
Multiple studies conducted in 
the same area (e.g., Lake Biwa 
and adjacent areas) are indi-
cated by a single symbol

Fig. 4  Schematic representation of the aligned nucleotide sequences from a hypervariable region of the mitochondrial 12S rRNA gene (approx. 
172 bp) located between the two conserved regions (priming sites of MiFish primers)
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the T/G bond, the designed primers use G rather than A 
when the template is variably C or T, and T rather than C 
when the template is A or G. The G/C content of the prim-
ers falls between 40 and 60%, with the primers having an 
almost identical melting temperature. These “technical tips” 
have proven useful for designing primers for mitochondrial 
genomics of fishes (Miya and Nishida 2015), and Miya et al. 
(2015) found that degenerate primers did not amplify the tar-
get eDNA when they were used with long adapter sequences 
in the tailed PCR.

The hypervariable region between the two conservative 
regions contains sufficient information to identify fishes 
to taxonomic family, genus, and species, with the excep-
tion of some closely related congeners. Miya et al. (2015) 
performed in silico comparisons of taxonomic discrimina-
tory power between the hypervariable regions amplified by 
MiFish primers (hereafter called MiFish sequences) and one 
of the ecoPrimer pairs (Riaz et al. 2011). The latter primer 
pair (12SV5) was used in a previous metabarcoding study 
of fishes (Kelly et al. 2014a), which attempted to estimate 
an artificial fish fauna using eDNA in the large tank at the 
Monterey Bay Aquarium. Miya et al. (2015) found that 
MiFish primers (average length  172 bp) have more vari-
ation than the 12SV5 primer pair (average length 106 bp) 
and outperformed the latter in more unambiguous taxonomic 
assignment.

To provide an in silico workflow for the evaluation of 
metabarcoding primers at the ecoregion scale, Bylemans 
et al. (2018a) used the custom reference database and avail-
able software programs to evaluate the performance of eight 
existing and seven newly developed metabarcoding primers 
assessing freshwater fish biodiversity of the Murray-Darling 
Basin, Australia. Of the 15 primer pairs, five passed the ini-
tial screening based on consistent high scores in taxonomic 
discriminatory power, specificity, and taxonomic coverage 
for each primer pair. Among these, three primer pairs on the 
mitochondrial 12S rRNA gene (MiFish-U/Teleo/AcMDB07) 
were used for further eDNA metabarcoding analyses of an 
artificial DNA community and two eDNA samples from 
natural rivers. The results were somewhat ambiguous, and 

each of the three primer pairs was found to have advantages 
and disadvantages. Consequently, these authors (Bylemans 
et al. 2018a) were uncertain about which primer could be 
used to most effectively reproduce fish compositions con-
tained in the three samples. However, in a subsequent empir-
ical study monitoring riverine fish communities from the 
same water basin, MiFish primers were chosen for eDNA 
metabarcoding analyses based on the results from an inde-
pendent in silico primer evaluation of the local fish diver-
sity (Bylemans et al. 2018b), suggesting that overall perfor-
mance of MiFish primers was better than that of the other 
two primer pairs.

In a case study of marine and freshwater fishes from the 
British Isles, Collins et al. (2019) evaluated the in silico 
performance of 12 PCR primer pairs from four mitochon-
drial genes, i.e., cytochrome oxidase I (COI), cytochrome b 
(cyt b), and 12S and 16S rRNAs, regarding reference library 
coverage, taxonomic discriminatory power, and primer uni-
versality. Based on the in silico comparisons, they selected 
four primer pairs with higher performance, i.e., three COI 
primer pairs (Leray-XT, SeaDNA-mid, SeaDNA-short) and 
one 12S primer pair (MiFish-U), which were then used for 
metabarcoding analyses using eDNA samples from five 
estuarine and coastal sites around the English Channel and 
North Sea. Collins et al. (2019) examined the metabarcod-
ing results regarding reproducibility and congruence using 
independent datasets derived from traditional capture-based 
methods. MiSeq sequencing and subsequent bioinformatic 
analyses showed that despite having the least total raw reads, 
the MiFish-U primers produced the greatest number and 
proportion of usable fish reads (76% of processed reads) 
compared to those of the three COI primers (0.1–4.4% of 
processed reads) (Table 1). Species richness estimates at all 
sampling sites were consistently the highest with MiFish-U 
(Fig. 5) despite the deficiencies in the reference library, at 
only 61% species coverage. Collins et al. (2019) concluded 
that eDNA metabarcoding for restricted taxonomic groups 
(e.g., fishes) using degenerate COI primers results in exces-
sive volumes of “wasted” sequencing effort through the 
co-amplification of prokaryotic and non-target eukaryotic 

Table 1  Number of raw reads and reads remaining after data preproc-
essing (100%) assigned to three taxonomic categories (prokaryotes, 
non-fish eukaryotes, fish) among four competing primers for envi-

ronmental DNA metabarcoding. (From Table 3 in Collins et al. 2019 
with modifications)

MiFish-U primers outperform other primers in terms of fish-specific amplification (75.9 vs. 0.1–4.4%)

COI (Leray-XT) (%) COI (SeaDNA-mid) (%) COI (SeaDNA-short) (%) 12S (MiFish-U) (%)

Raw reads 5,967,313 14,291,168 8,881,088 3,436,278
Preprocessed read 3,223,743 (100) 8,703,109 (100) 4,074,123 (100) 2,157,365 (100)
Prokaryotes 1,476,994 (45.8) 1,388,681 (16.0) 2,242,220 (50.8) 4 (0.0)
Non-fish eukaryotes 1,744,378 (54.1) 7,080,209 (81.4) 1,638,310 (40.2) 519,633 (24.1)
Fish 2371 (0.1) 234,219 (2.7) 193,593 (4.4) 1,637,728 (75.9)
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DNAs. Furthermore, higher specificity to fishes in MiFish-U 
primers was recently demonstrated in an empirical study on 
Lake Tanganyika’s fish communities (96.9 vs. 32.5–49.4% 
in the other three primer pairs used), where cichlids exhibit 
explosive radiation among the 400 fish species recorded in 
the lake (Doble et al. 2019).

Zhang et al. (2020) recently compiled a list of 22 primer 
sets for fish eDNA metabarcoding based on a literature sur-
vey, which performed more comprehensive in silico and 
in vitro comparisons of the primer performance. Those 
primer sets targeted the mitochondrial 12S rRNA, 16S 
rRNA, cyt b, and COI genes (7, 6, 7, and 2 primers, respec-
tively), exhibiting considerable differences in the amplified 
taxonomic ranges and proportions, richness, species discrim-
inatory power, and community compositions (Zhang et al. 
2020). For example, the number of fish species detected 
from eDNA from freshwaters in Beijing, China ranged from 
0 to 66, with the 12S primers consistently detecting greater 
fish diversity than the other primers. Specifically, the top 
six primer sets that recovered the greatest number of fish 
taxa were all 12S primers, of which four primers, including 

MiFish, showed outstanding detection of fish diversity. 
Zhang et al. (2020) also found that the results from in silico 
PCR and in vitro tests did not always agree, leading these 
authors to argue that primer choice for biodiversity monitor-
ing should not be based solely on in silico evaluation. We 
favor their argument, as in silico evaluation of PCR primers 
only considers primer/template mismatches and does not 
accommodate the technical tips described above (Ficetola 
et al. 2010; Elbrecht and Leese 2017; Taberlet et al. 2018), 
which enhance primer annealing to the template.

These three case studies used pure freshwater, estuarine, 
and coastal fish communities, each of which exhibit remark-
ably different taxonomic compositions across the planet, the 
equator, and different continents. The consistently higher 
performance of MiFish primers in these three studies sug-
gests the versatility of this primer pair. However, these stud-
ies were conducted in temperate latitudes with a moderate 
species diversity around 20–60 species (Bylemans et al. 
2018a; Collins et al. 2019; Zhang et al. 2020). To validate 
the versatility of MiFish primers at broader taxonomic and 
geographic scales, primer performance should be evaluated 

Fig. 5  Box plots of fish species richness as estimated by four primer 
pairs at five sampling locations (four estuaries and one coastal water 
in UK; Collins et al. 2019). The horizontal bar, boxes, and whiskers 
represent the median value, 25–75th percentiles, and values < 1.5-
fold the interquartile range (IQR), respectively, while dots represent 

the outlying data points and crosses represent the cumulative number 
of species. COI Cytochrome oxidase I. The original figure was kindly 
provided by Rupert A. Collins and Stefano Mariani (Collins et  al. 
2019)
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in different aquatic ecosystems with much higher taxonomic 
diversity than that in these studies, at lower latitudes, such 
as tropical rivers (Cilleros et al. 2019; Sales et al. 2019) and 
coral reefs (Oka et al. 2020), where more than hundreds of 
species are expected to occur (Jerde et al. 2019).

Taxonomic optimization of the primers

Although the overall performance of MiFish primers is 
demonstrably higher than that of the competing primers 
(Bylemans et al. 2018a; Collins et al. 2019; Zhang et al. 
2020), there are still several challenges to overcome. The 
first challenge is “PCR dropouts,” i.e., amplification fail-
ures of fish DNAs contained in the eDNA extracts, which 
inevitably result in false negatives in eDNA metabarcoding. 
The second challenge is a lack of variations in the MiFish 
sequences (hypervariable region intervening with MiFish 
primers) among closely related congeners, which inevitably 
results in underestimation of species richness. In the follow-
ing text, we briefly discuss these two challenges with some 
examples from our own research group.

Regarding PCR dropouts, Miya et al. (2015) noted that 
the original MiFish primers did not amplify eDNAs from 
a number of elasmobranchs (sharks and rays) reared in an 
aquarium tank. They suspected that absence of the elasmo-
branch sequences in the results from MiFish eDNA meta-
barcoding originated from PCR bias owing to primer–tem-
plate mismatches. Miya et al. (2015) designed a new primer 
pair (MiFish-E) to accommodate sequence variations in the 
priming sites of elasmobranchs (E) and then went on to suc-
cessfully detect all of the 17 elasmobranch species reared 
in the tank with the new primers. However, a subsequent 
study revealed that, in contrast to MiFish-U, the detection 

probabilities of elasmobranch species remarkably decreased 
with increasing annealing temperature in MiFish-E (Fig. 6) 
(Doi et al. 2019), and the primers were further modified by 
adding one extra base at the 5´ ends of both the forward (-F) 
and reverse (-R) primers to increase their melting tempera-
tures, thereby mitigating the temperature dependency of the 
detection rate, i.e., MiFish-E2 (Miya and Sado 2019a). The 
effectiveness of such modifications for the existing primers 
should be tested in a future study.

An additional example related to PCR dropouts includes 
a newly optimized primers for ten species of sea sculpins 
from the four genera Pseudoblennius, Furcina, Ocynectes, 
and Vellitor (Scorpaeniformes: Cottidae), which are com-
mon and tiny reef-associated fish species along the Pacific 
coast of central Japan (Miya and Sado 2019a). While exam-
ining eDNA metabarcoding results from the coastal waters 
along the Boso Peninsula, NGS reads from several com-
mon species were either scarce or completely lacking in a 
list of detected species. Subsequent Sanger sequencing for 
the MiFish priming sites clearly demonstrated that there 
were one to six primer/template mismatches for MiFish-
U (Fig. 7a), which were comparable to those observed in 
MiFish-E. Newly optimized primers (MiFish-U2) accom-
modate the sequence variations among these ten species 
of sea sculpins, and a series of later experiments provided 
reasonable results that more accurately reflect the regional 
fish community compositions (M. Miya, unpublished data). 
In our laboratory, multiplex 1st PCR has been performed 
to amplify eDNA from the local marine fish fauna with a 
primer mix of MiFish-U-F/R/MiFish-E–F/R/MiFish-U2-
F/R = 2:1:1 (Miya and Sado 2019a).

These two examples strongly suggest that it is essential 
to perform preliminary experiments using MiFish primers 
based on a few water samples from the target study area 

Fig. 6  Relationships between detection probabilities and anneal-
ing temperatures during the 1st PCR separately shown for bony and 
cartilaginous fish (Doi et al. 2019). Detection probabilities were esti-
mated by applying the multispecies occupancy modeling framework. 
Note that the detection probabilities of cartilaginous fish remarkably 

decrease with increasing annealing temperature ≥ 62 °C, while those 
of bony fish are stable ≥ 58 °C. Filled circles and error bars indicate 
medians and 95% credible intervals of the posterior distribution, 
respectively
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before starting the actual survey. By comparing the prelimi-
nary results with direct observations through capture-based 
sampling, underwater visual censuses, and/or historical 
records through literature survey, apparent false-negative 
species (or groups of species) can be found among common 
species that are lacking in the preliminary results. In fresh-
water fishes of Japan, some species of lampreys (Lethenteron 
and Lampetra) and some osmerid fishes (Plecoglossus 
altivelis and Hypomesus spp.) are underrepresented in the 
MiFish eDNA metabarcoding data in comparisons with 
their known distributions and abundances, possibly owing 
to primer/template mismatches (Fig. 7b, c), and modified 
primers to accommodate their unique variations effectively 
increase their detections (M. Miya, unpublished data). More 
recently, a similar example was reported for cryptic seahorse 
taxa (family Syngnathidae) from Perth, Australia, in which 
false negatives were apparent with the existing primer sets, 
including MiFish, although the newly developed primers 
could detect these sea horse taxa (Nester et al. 2020). This 
finding is, however, in contrast with the consistent detections 
of two species of seahorse in the UK using MiFish primers 
(Tang et al. 2018).

Regarding the lack of variations in MiFish sequences, 
Miya et al. (2015) found that nucleotide differences in the 
MiFish sequences from tunas (seven species of Thunnus, 
members of Scombridae) were so small that the bioin-
formatics pipeline was unable to assign assembled reads 
to the correct species (Fig. 8). After visually inspecting 

all mitogenome sequences from the seven tuna species, 
they found a region with sufficient interspecific variations 
among constituent species and subsequently designed 
genus-specific primers (MiFish-tuna-F/R) to amplify 
a portion of the ND5 gene (180 bp). Although the new 
primers were designed based on ND5 instead of 12S, the 
two primer pairs (MiFish-U and MiFish-tuna) were suc-
cessfully used simultaneously in multiplex PCR, resulting 
in the correct species assignment (Miya et al. 2015). For 
multiplex PCR, it is important to match the amplicon sizes 
from the two primer pairs (172 vs. 180 bp in this example) 
for successful library preparation and MiSeq sequencing.

Similarly, the freshwater eel genus Anguilla also 
showed a lack of interspecific variations, and Takeuchi 
et al. (2019) designed a new primer pair (MiEel) on the 
mitochondrial ATP6 gene with reference to the aligned 
mitogenome sequences from 16 constituent species. The 
new primer pair amplifies a variable region with suffi-
cient interspecific variations (5–22 nucleotide differences 
and 1–3 nucleotide differences between three subspecies 
pairs), and preliminary experiments using natural waters 
from two rivers successfully detected Japanese freshwater 
eel Anguilla japonica using multiplex PCR with MiFish-U 
(Takeuchi et al. 2019). Takeuchi et al. (2019) argue that 
the MiEel metabarcoding would be particularly effective 
for documenting species distributions and for survey-
ing spawning grounds where co-occurrence of multiple 
Anguilla species might be expected. Indeed, eight Anguilla 

(a) (b)

(c)

Fig. 7  Aligned L-strand nucleotide sequences of priming sites of 
MiFish-U-F/R with ten species of sea sculpins (a), four osmerid 
fishes (b), and three species of lampreys (c). Note that the MiFish-U-

R sequence is the reverse/complement of the actual primer sequence 
from 5ʹ–3ʹ ends. Dots represent nucleotide sequences identical to 
those of the corresponding first lines. F Forward, R reverse
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species co-occur within and near the Indonesian archi-
pelago and six species are known to spawn in the western 
South Pacific (Takeuchi et al. 2019).

A similar example can be found in some salmonid spe-
cies, and a new primer pair was developed on the mitochon-
drial ND2 gene (Morita et al. 2019). Considering those spe-
cies groups exhibiting explosive radiation with extremely 
little interspecific differences in the coding regions of 
mitogenomes, such as freshwater family Cichlidae (Kocher 
2004), rockfishes of the genus Sebastes (Johns and Avise 
1998), and pufferfishes of the genus Takifugu (Yamanoue 
et al. 2009), alternative genetic markers should be explored 
for their correct taxonomic assignment to species through 
eDNA metabarcoding analysis. Recently, a new primer pair 
has been developed for Lake Tanganyika’s highly diverse 
cichlids using a hypervariable region of the mitochondrial 
control region (Doble et al. 2019).

Desired laboratory settings and revised 
experimental protocols

The original experimental protocols for MiFish eDNA meta-
barcoding were developed using seawater samples from four 
aquarium tanks in the Churaumi Aquarium, Okinawa, Japan. 
The contents of these tanks represent the remarkable taxo-
nomic diversity of marine fishes in a variety of tanks that 
resemble the environmental settings in the subtropical west-
ern North Pacific (Miya et al. 2015). Thus, species composi-
tion and species richness in the four tanks were similar to 
those of the surrounding waters, while the population den-
sity of the reared fish species was significantly higher than 
that of the surrounding waters. Owing to the high density 

of fish species, the concentrations of eDNA extracted from 
those tank waters were consistently high, making it easy 
to perform a series of molecular experiments from library 
preparation (PCR amplification of MiFish sequences and 
addition of three adapter sequences at both ends of the 
fragments; Fig. 1) to massively parallel sequencing using 
an NGS platform (Illumina MiSeq). Subsequent empirical 
studies using natural waters from various aquatic environ-
ments, including coastal and oceanic waters, deep-sea, riv-
ers, or lakes, across a wide range of latitudes and altitudes 
revealed that experimental protocols should be optimized 
for natural waters, where the fish population density is rela-
tively sparse and eDNA concentration is unknown before 
the experiments. Taking this result into account, the experi-
mental protocols have been revised in our laboratory; details 
of the latest information can be found in a newly published 
manual entitled “Environmental DNA Sampling and Experi-
ment Manual” (The eDNA Society 2019). In addition, we 
came to recognize that eDNA metabarcoding is extremely 
susceptible to exogenous DNA, which seriously contami-
nates every experimental step from DNA extraction to 
library preparation. In the following text we summarize the 
optimal laboratory settings and revised experimental proto-
cols for MiFish eDNA metabarcoding.

One of the pivotal issues for successful eDNA metabar-
coding is to set up an experimental environment that is less 
susceptible to exogenous DNA. There are various possible 
sources of such exogenous DNA, but all of them have seri-
ous, adverse effects on eDNA metabarcoding owing to the 
detection of false positives (Miya et al. 2015). To avoid the 
possible effects of exogenous DNA, the laboratory perform-
ing eDNA metabarcoding should be divided into at least 
three rooms solely dedicated to (1) eDNA extraction, (2) 

Fig. 8  Neighbor-joining trees of the seven tuna species based on the 
amplified regions using MiFish-U (12S rRNA gene) and MiFish-
tuna (ND5 gene) primer pairs. The two trees were constructed using 
MEGA7 (Kumar et al. 2016). The two tuna species contained in the 
aquarium tank (yellowfin and Pacific bluefin) are highlighted in bold. 

Distances were calculated using the Kimura’s two-parameter model 
of base substitution with gaps being deleted. Numbers beside the 
internal branches are bootstrap probabilities based on 300 pseudo-
replicates, and branch lengths are proportional to substitutions per 
site. (From Miya et al. 2015, with slight modifications)
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PCR preparation (pre-PCR), and (3) PCR amplification and 
checking (PCR and post-PCR) (Fig. 9). To avoid carryover 
contamination, each of these rooms requires its own refrig-
erators, freezers, centrifuges, lab coats, pipettes, a Milli-Q 
water dispenser, etc. (Sefers and Schmitz 2018). In addition 
to such a spatial separation of each experimental step in ded-
icated rooms, the “one-way rule” should be strictly followed 
to avoid carryover contamination by bringing amplicons 
(amplified DNA fragments) from room 3 (PCR and post-
PCR) to the other rooms (The eDNA Society 2019). There-
fore, after performing the PCR amplification and checking, 
the same personnel should not conduct an additional eDNA 
experiments on the same day. Similarly, the use of DNA-
free laboratory equipment is essential. Prior to the molecular 
experiments, all equipment should be new and unused or 
completely decontaminated and DNA-free. For more details 
about general precautions for the contamination-free eDNA 
experiments, see the eDNA Society manual (2019).

While optimizing the eDNA metabarcoding protocol to 
accommodate natural seawaters with varying concentra-
tions of fish eDNA, Miya et al. (2016) noted that MiFish 
primers occasionally failed to amplify the target region for 
subsequent library preparation. One of the most likely rea-
sons for this unsuccessful PCR amplification was the lack 
of adequate amounts of template DNA contained in a small 
volume of water filtered (e.g., 1 L). Although eDNA concen-
tration from a specific taxonomic group is unknown before 
amplification, filtration of large water volumes (> 1 L) would 
be a simple and effective way to collect more eDNA from the 
aquatic environments with scarce fish abundance and bio-
mass, such as open-ocean and deep-sea ecosystems (Miya 
et al. 2016). Relative to the disk fiber filters conventionally 
used in a number of fish eDNA studies (Rees et al. 2014), 

filter cartridges (Sterivex©; Sigma-Aldrich, St. Louis, MO, 
USA) have the advantage of accommodating larger water 
volumes before becoming clogged (Walsh et al. 2009). In 
addition, they are individually packaged and sterile, and 
several steps of the experimental workflow can be per-
formed in the filter housing, thus reducing the probability 
of contaminations from the laboratory (Miya et al. 2016). 
This latter feature is critical for eDNA metabarcoding, in 
which the risk of contaminations remains among the great-
est experimental challenges (Pedersen et al. 2014; Thomsen 
and Willerslev 2015). Considering this, Miya et al. (2016) 
developed a protocol for the filtration of water samples with 
the Sterivex cartridge and for eDNA extraction without hav-
ing to cut open the housing to remove the filter. Using the 
newly developed protocol with the Sterivex cartridge and 
previously used protocols with the GF/F glass microfiber 
filters (Whatman plc, Maidstone, UK), Miya et al. (2016) 
performed MiFish eDNA metabarcoding analysis of a huge 
aquarium tank (7500 m3) with known species composi-
tion and found that the number of detected species using 
the Sterivex cartridges was significantly higher than that 
using the GF/F filters (Fig. 10). This finding is consistent 
with those of subsequent studies comparing the effects of 
filtration methods on eDNA capture efficiency (Spens et al. 
2016; Li et al. 2018; Capo et al. 2020). More recently, Oka 
et al. (2020) developed a parallel filtering system using an 
aspirator, which allows simultaneous filtration of 14 water 
samples contained in 1-L plastic bags (Fig. 11) and is less 
prone to filter clogging.

For MiSeq paired-end sequencing (sequencing from both 
ends of the amplicon), a two-step tailed PCR approach is 
now employed to construct dual-indexed libraries (Fig. 1). 
Ideally, the constructed libraries solely consist of an 

Fig. 9  An example of three physically separated laboratory rooms solely dedicated to eDNA extraction (a), PCR preparation (pre-PCR) (b), and 
PCR and PCR checking (post-PCR) (c) in the Natural History Museum and Institute, Chiba
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amplified hypervariable region from fish (MiFish sequence) 
intervened with primer and three adapter sequences at both 
ends (Fig. 1b). However, in unsuccessful MiSeq sequencing 
with virtually no usable fish reads, MiFish sequences may 
be missing between the two primer/adapter regions or be 

predominantly replaced by sequences from non-fish organ-
isms. To avoid such failures in the library preparation, it is 
important to: (1) purify the 1st PCR products to eliminate 
redundant tailed primers and the primer dimers (hybrid-
ized tailed-primer molecules) using either a spin column or 
beads; (2) quantify the purified 1st PCR products using an 
automated electrophoresis system, such as BioAnalyzer or 
TapeStation (both Agilent Technologies, Inc., San Diego, 
CA, USA) (Fig. 12); (3) dilute the quantified 1st PCR prod-
ucts to a fixed concentration (e.g., 0.1 ng/µl) as templates for 
the second-round PCR (2nd PCR); and (4) size-select the 
2nd PCR products at around 370 bp using gel electropho-
resis to remove extra bands at around 440 bp (presumed to 
be a product derived from the 16S rRNA gene of a micro-
organism; see also Gold et al. 2020). Note that those extra 
bands are more prominent in waters that are susceptible to 
anthropogenic effects, such as estuaries and bay areas near 
the big cities, than in other areas. Strictly following these 
four steps ensures high-quality outputs from MiSeq paired-
end sequencing for MiFish eDNA metabarcoding, compris-
ing mostly fish with almost constant read numbers (Miya 
and Sado 2019a). An example can be found in Table 2 from 
Oka et al. (2020).

It is generally known that eDNA metabarcoding is prone 
to species detection errors that may occur at sequential steps 
in field sampling, laboratory experiments, and bioinformat-
ics pipelines (Doi et al. 2019). Doi et al. (2019) examined 
the effects of the number of replicates in filtration and 1st 
PCR (repeated extractions and amplifications for the same 
samples) on detection probabilities of species across a 
range of PCR annealing temperatures using an aquarium 
tank water with known species composition. Their analysis 
showed consistently high detection rates at the filtration step 
and relatively low and variable detection rates in the 1st PCR 
step, which favored increasing the number of PCR replicates 
rather than that of filter replicates. Therefore, in practice, it 
would be a good choice to perform the 1st PCR with mul-
tiple replicates (e.g., eight replicates for the ease of experi-
mental manipulations) to maintain a relatively high detection 
probability of the species contained in eDNA extracts (Miya 
and Sado 2019a). This practical recommendation is consist-
ent with a previous simulation and empirical study (Ficetola 
et al. 2015), which advocated to perform at least eight PCR 
replicates if detection probability is not high.

New bioinformatics pipeline and reference 
database

MiFish metabarcoding uses a high-throughput NGS 
platform for massively parallel sequencing, result-
ing in the output of tens of millions to billions of DNA 
sequences overnight (Miya et al. 2015). Therefore, using 

Fig. 10  Box plot showing relationships between number of detected 
species and filtered water volumes in MiFish metabarcoding analy-
sis of eDNA from the Kuroshio Tank, Okinawa Churaumi Aquarium 
(Miya et  al. 2016). The horizontal bar, upper and lower edges of 
the box, and vertical bars represent the median inter-quartiles, and 
1.5× quartiles, respectively, and the dots represent outliers. Sterivex 
Sterivex filter cartridges, GF/F GF/F glass microfiber filters (From 
Miya et al. 2016, with slight modifications)

Fig. 11  Hand-made instrument capable of filtering up to 14 Sterivex 
cartridges simultaneously (Oka et  al. 2020). This filtration device is 
less likely to cause filter clogging and can filter 1 L of highly turbid 
water samples within 1 h. Photo was kindly provided by Shin-ichiro 
Oka
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a bioinformatics pipeline is indispensable for preprocess-
ing and analyzing this large amount of the raw sequences 
(reads). Miya et al. (2015) constructed a custom bioinfor-
matics pipeline by connecting various kinds of available 
software with a series of custom scripts. This pipeline has 
subsequently been implemented on the MitoFish server 
(https ://mitofi sh.aori.u-tokyo .ac.jp/) with some additional 

functions for ecological analysis (Sato et al. 2018), and it 
is now available through a graphical user interface on the 
website.

However, it is well known that NGS data include numer-
ous erroneous sequences that differ from the true biological 
sequences by one or few bases at random positions (Cois-
sac et al. 2012; Edgar 2016). These errors may arise when 

Fig. 12  Screenshot of the automatically launched analysis file for 11 
column-purified 1st PCR products from MiFish eDNA metabarcod-
ing by the the Agilent 2200 TapeStation. The upper-left panel shows 
a gel electrophoresis image from the 11 samples, the upper-right 
panel is an electropherogram of lane 11, and the lower panel shows 

the results of the quantification, such as concentration (pg/µl) and 
peak molarity (pmol/l). Based on this quantification, PCR products 
were diluted to 0.1 ng/µl for subsequent use as template for the sec-
ond-round PCR (2nd PCR) in our laboratory (Miya and Sado 2019a)

Table 2  An example showing changes in read numbers of MiSeq sequencing for MiFish environmental DNA metabarcoding after data preproc-
essing (the second to fifth columns) and after taxon assignment (the last two columns)

Those 11 libraries were prepared based on water samples from a coral-reef lagoon, Bise, Okinawa, southern Japan (Oka et al. 2020). The num-
bers in parentheses in the third to fifth columns are percentages of the raw read numbers, while those in the last two columns are percentages of 
denoised read numbers. Note that fish reads predominate among denoised reads for each station (95.3–99.8%)
a Singletons, doubletons, and tripletons were removed before the denoising process following Edgar (2016)

Library Raw read Merged Q filtered Denoiseda Fish Non-fish

Station 1 103,063 101,850 (98.8) 101,197 (98.2) 85,576 (83.0) 85,445 (99.8) 131 (0.2)
Station 2 137,257 135,779 (98.9) 135,177 (98.5) 115,590 (84.2) 113,782 (98.4) 1808 (1.6)
Station 3 127,559 125,686 (98.5) 124,698 (97.8) 104,908 (82.2) 100,889 (96.2) 4019 (3.8)
Station 4 139,776 136,938 (98.0) 135,364 (96.8) 113,505 (81.2) 112,381 (99.0) 1124 (1.0)
Station 5 111,563 108,575 (97.3) 107,531 (96.4) 84,153 (75.4) 80,180 (95.3) 3973 (4.7)
Station 6 104,622 102,356 (97.8) 101,617 (97.1) 84,919 (81.2) 83,308 (98.1) 1611 (1.9)
Station 7 91,112 89,750 (98.5) 89,041 (97.7) 72,641 (79.7) 70,512 (97.1) 2129 (2.9)
Station 8 93,339 90,974 (97.5) 89,960 (96.4) 72,302 (77.5) 69,408 (96.0) 2894 (4.0)
Station 9 99,870 97,704 (97.8) 96,638 (96.8) 77,007 (77.1) 75,495 (98.0) 1512 (2.0)
Station 10 142,972 141,322 (98.8) 140,658 (98.4) 117,373 (82.1) 115,372 (98.3) 2,01 (1.7)
Station 11 115,205 113,586 (98.6) 112,746 (97.9) 93,568 (81.2) 92,524 (98.9) 1044 (1.1)
Total 1,266,338 1,244,520 (98.3) 1,234,627 (97.5) 1,021,542 (80.7) 999,296 (97.8) 22,246 (2.2)

https://mitofish.aori.u-tokyo.ac.jp/
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Taq polymerase incorporates incorrect bases during eDNA 
amplification (1st and 2nd PCR) and/or MiSeq sequencing 
(cluster amplification and sequencing reaction). Addition-
ally, image analysis during the MiSeq sequencing system 
also results in approximately 0.1–1% of bases being called 
incorrectly (Fox et al. 2014). The bioinformatics pipeline 
available on the web (Sato et al. 2018) does not explicitly 
remove such erroneous sequences. Instead, it performs clus-
tering of sequences that are more similar to each other at a 
fixed threshold (e.g., 97% similarity) (Callahan et al. 2016). 
This sequence clustering into operational taxonomic units 
(OTUs) is called the OTU method, and its outputs have been 
demonstrated to lack reusability, reproducibility, and com-
prehensiveness (Callahan et al. 2017).

Recently, amplicon sequence variant (ASV) methods have 
been developed in the field of microbiology, replacing OTU 
methods due to their more accurate estimation of biological 
sequences. ASV methods infer the biological sequences in 
the sample prior to the introduction of amplification and 
sequencing errors, and distinguish sequence variants dif-
fering by as little as one nucleotide (Callahan et al. 2017). 
The core process of ASV methods is called “denoising,” 
which distinguishes the biological sequences from erroneous 
sequences on the basis of the expectation that the former are 
more likely to be repeatedly observed than the latter (Tsuji 
et al. 2020). Our research group currently incorporates this 
denoising process in a custom bioinformatics pipeline, and 
we summarize the updated pipeline from preprocessing 
the raw data to taxonomic assignment based on a custom 
database (PMiFish ver. 2.4; the latest version is available 
from https ://githu b.com/rogot oh/PMiFi sh.git) in the follow-
ing paragraphs. Note that most parameters in the PMiFish 
pipeline (e.g., percentage sequence identity in taxonomic 
assignment) can be modified by users according to the study 
purpose.

Data preprocessing and analysis of MiSeq raw reads 
are performed using USEARCH v10.0.240 (Edgar 2010) 
according to the following steps: (1) assembly of quality-
filtered forward (R1) and reverse (R2) reads; (2) removal 
of primer sequences; (3) quality filtering; (4) dereplication; 
(5) denoising; and (6) taxonomic assignment. Note that 
Edgar (2010) recommended removal of singletons, double-
tons, and tripletons, which are major sources of erroneous 
sequences. After the taxonomic assignment, an optional 
function in PMiFish ver. 2.4 can generate family-level phy-
logenies consisting of detected MiFish sequences and refer-
ence sequences (contained in a custom database) from those 
families. By visually checking those family-level phylog-
enies, one can confirm the authenticity of the taxonomic 
assignment. For more details about the bioinformatics pipe-
line and phylogeny-based authentication of the taxonomic 
assignment, see Komai et al. (2019) or Oka et al. (2020).

Miya et al. (2015) pointed out that there were several 
methodological challenges that must be addressed before the 
eDNA metabarcoding approach is likely to become a main-
stream technology in fish biodiversity research. One of these 
challenges is completeness and accuracy of the reference 
sequence database, which is currently far from satisfactory 
considering the enormous diversity of fish encompassing 
more than 32,000 species known from aquatic environments 
worldwide (Nelson et al. 2016). Indeed, the custom reference 
sequence database in our laboratory (named “MiFish DB”) 
included 5085 MiFish sequences, covering around 4230 fish 
species placed in 457 families and 1827 genera, as of 4 Octo-
ber 2014, when the original study was published (Miya et al. 
2015). MiFish DB has subsequently steadily expanded its 
taxonomic coverage over the past 5 years, almost doubling 
the number of MiFish sequences to 9708, covering around 
8375 fish species placed in 62 orders, 479 families, and 2766 
genera, as 14 June 2020 (Fig. 13).

According to the latest information on species diversity 
from FishBase (Froese and Pauly 2019), the number of fish 
species worldwide is around 34,152, which are classified 
into 62 orders, 515 families, and 5124 genera (numbers of 
order and family follow Nelson et al. 2016). Therefore, the 
global diversity of fish covered by the current version of 
MiFish DB (ver. 38) is at 100% for order, 90.3% for fam-
ily, 54.0% for genus, and 24.5% for species. For Japanese 
fish, 4554 species have been recorded to date (Motomura 
2020), and MiFish DB ver. 38 covers 50 orders (100%), 345 
families (90.6%), 1302 genera (81.2%), and 3257 species 
(71.5%). Apparently, these taxonomic coverages are far 
from satisfactory for accurate taxonomic assignment, and 
database construction through international collaboration is 
eagerly awaited. In this regard, it is worth noting that a joint 

Fig. 13  Temporal accumulation of MiFish sequence numbers in 
the customized database (MiFish DB ver. 38) over a 5-year period 
between 2015 and 2020 after publication of Miya et  al. (2015). For 
taxonomic coverage, see text

https://github.com/rogotoh/PMiFish.git
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initiative among related universities and research institutes 
in the California Current region has built its own reference 
database for enhanced MiFish eDNA metabarcoding, assem-
bling reference sequences from 712 species among the 864 
known species from the region (Gold et al. 2020).

Empirical studies in various aquatic 
environments

After developing MiFish primers using eDNA from aquar-
ium tanks, Miya et al. (2015) sampled natural seawater from 
a rocky coast around the coral reef nearby the aquarium. 
Based on four 2-L seawater samples, Miya et al. (2015) per-
formed MiFish metabarcoding, detecting a total of 93 fish 
species from the coral reef. This preliminary attempt rep-
resented the first demonstration of the feasibility of MiFish 
eDNA metabarcoding using natural water samples. Subse-
quently, several studies using MiFish eDNA metabarcoding 
have been conducted in various aquatic environments, which 
are summarized in the following sections with representative 
case studies in marine, freshwater, and estuary ecosystems.

Marine fish community

Marine ecosystems comprise extremely diverse habitats, 
horizontally ranging from coastal to oceanic areas in terms 
of distance from land, geographically extending from polar 
to equatorial regions, and vertically ranging from the surface 
to deep waters exceeding a depth of 10 km. Here, we intro-
duce those case studies using MiFish eDNA metabarcoding 
conducted in the inner bay along the coast of Sea of Japan 
(Yamamoto et al. 2017), oceanic sites in Monterey Bay, 
southern California (Andruszkiewicz et al. 2017b), various 
coastal habitats off Qatar, Arabian Gulf (Sigsgaard et al. 
2019), and a coral-reef lagoon in Okinawa Island, southern 
Japan (Oka et al. 2020). Additionally, we introduce a case 
study using sponges (phylum Poriphera) as eDNA samplers, 
comparing results from MiFish metabarcoding between the 
Antarctic and Mediterranean waters (Mariani et al. 2019).

Yamamoto et al. (2017) was the first to conduct a study 
that applied the MiFish eDNA metabarcoding approach to 
investigate marine fish communities. Maizuru Bay, an inner 
bay located along the central coast of Sea of Japan, was cho-
sen as study site because underwater visual censuses of fish 
communities had been conducted over a 14-year period and 
baseline data of the faunal composition were available (Mas-
uda 2008). To evaluate the ability of eDNA metabarcoding 
to reveal fish community structures in species-rich coastal 
waters, Yamamoto et al. (2017) conducted a systematic grid 
survey at 47 stations and collected water samples from both 
surface and bottom waters at each station. A total of 94 sam-
ples were subjected to MiFish eDNA metabarcoding and 

128 fish species were detected, of which 62.5% (40 species) 
were also observed by underwater visual censuses and at 
least 23 species were newly recorded by the eDNA meta-
barcoding. While recognizing the need to optimize sam-
pling methods (surface vs. bottom waters) and experimental 
protocols (number of technical replicates in the 1st PCR), 
Yamamoto et al. (2017) concluded that eDNA metabarcod-
ing will enhance marine ecosystem-related research and that 
the method will potentially become a standard tool for sur-
veying fish communities.

At about the same time, Andruszkiewicz et al. (2017b) 
published results from oceanic biodiversity monitoring 
of marine vertebrates in Monterey Bay, California, using 
MiFish eDNA metabarcoding methods. This study expanded 
on a previous eDNA metabarcoding study conducted along 
a short, 2.5-km transect in the same bay (Port et al. 2015) by 
extending the spatial scale to 45 km. The study’s main objec-
tive was to investigate if eDNA metabarcoding could iden-
tify spatial differences between vertebrate communities in 
Monterey Bay. Andruszkiewicz et al. (2017b) set ten stations 
along two transects from bottom depths of 27–2430 m, and 
sampled surface and subsurface waters (depth 20 or 40 m) 
with three biological replicates (one station sampled twice). 
A total of 66 samples were subjected to MiFish eDNA 
metabarcoding, and 72 vertebrate species were detected 
(including 68 fish species), of which 52 species (72.2%) 
were known to occur within the bay. Andruszkiewicz et al. 
(2017b) found that there were differences in vertebrate 
community composition identified by eDNA metabarcod-
ing between the surface and subsurface waters, and between 
neritic (< 200 m depth) and deep-water stations, conclud-
ing that eDNA metabarcoding offers enormous potential 
for identifying spatial structures of vertebrate communities. 
This paper was followed by a series of subsequent eDNA 
metabarcoding studies using MiFish primers off California 
(Andruszkiewicz et al. 2017a; Truelove et al. 2019; Closek 
et al. 2019; Djurhuus et al. 2020; Gold 2020).

To test if eDNA can be informative for marine biodiver-
sity monitoring at large spatial scales (tens to hundreds of 
kilometers), Sigsgaard et al. (2019) investigated marine ver-
tebrate diversity off Qatar, the Arabian Gulf, through eDNA 
metabarcoding of seawater samples. They collected three 
1-L seawater samples from 21 sites around Qatar that cov-
ered five habitat types, i.e., seagrass beds, coral reefs, man-
groves, inshore sand bottom, and offshore sand bottom. A 
total of 72 seawater samples were collected during summer 
2016 and spring 2017, from which eDNA was captured and 
extracted; the eDNA extracts were subsequently subjected to 
MiFish eDNA metabarcoding (another primer pair was also 
used for non-fish vertebrate metabarcoding). Sigsgaard et al. 
(2019) detected 163 fish species, covering 36% of the bony 
fish genera previously recorded in the Gulf, and found that 
the species compositions at different sites clearly reflected 
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habitat types. Species accumulation analyses showed that 
the number of sample replicates was insufficient for some 
sampling sites, but suggested that a few hundred eDNA sam-
ples could potentially capture > 90% of the marine vertebrate 
diversity, including fishes. Sigsgaard et al. (2019) concluded 
that seawater samples contain habitat-characteristic molecu-
lar signatures and that eDNA biodiversity monitoring can 
efficiently cover vertebrate diversity at scales relevant to 
national and regional conservation and management.

One of the big challenges in eDNA metabarcoding is the 
feasibility of eDNA metabarcoding for monitoring highly 
diverse fish communities in “diversity hotspots,” such as 
cichlid fishes of the Great Lakes of East Africa (Kocher 
2004), riverine fishes of the Amazon basin of South Amer-
ica (Lundberg et al. 1998), and tropical fishes of the “Coral 
Triangle,” western Central Pacific (Sanciangco et al. 2013). 
To test the feasibility of MiFish eDNA metabarcoding, Oka 
et al. (2020) examined to which extent species richness could 
be estimated in a small coral reef lagoon (1500 × 900 m) near 
Okinawa Island, southern Japan (Fig. 14), where the sur-
rounding waters are likely to harbor more than 1500 species 

of fish (Sanciangco et al. 2013), and tested if eDNA metabar-
coding could detect differences between adjacent fish com-
munities inhabiting the offshore reef edge and shore-side 
seagrass beds within the lagoon (Dorenbosch et al. 2005). 
Before the eDNA metabarcoding survey, Oka et al. (2020) 
conducted capture-based sampling for 2 years (2017–2018) 
and confirmed occurrences of a total of 217 fish species. 
Subsequent MiFish eDNA metabarcoding from 11 sites on 
1 day in May 2019 detected 291 fish species, identifying a 
total of 410 species distributed across 119 families and 193 
genera. Of these 410 species, only 96 (24% of the total) 
were commonly identified by both methods, indicating that 
capture-based surveys failed to collect a number of species 
detected by eDNA metabarcoding. Interestingly, two differ-
ent approaches to estimate species richness based on eDNA 
data yielded values close to the 410 species, including one 
suggesting that an additional three or more eDNA surveys 
from 11 sites (36 samples) would detect 90% of the 410 
species. Furthermore, non-metric multi-dimensional scaling 
(NMDS) for fish assemblages clearly distinguished between 
the fish communities of the offshore reef edge and those of 

Fig. 14  Map (a) and photograph (b) showing locations of the 11 sea-
water sampling sites (stations, St.) in the coral-reef lagoon at Bise, 
Okinawa, southern Japan (Oka et  al. 2020). The 11 samples were 
taken at a tide level of 180 cm above the lowest tide near high tide. 
Sts. 5–8 were located along the offshore reef edge, while Sts. 1–4 and 

9–11 were located on the shore-side seagrass beds. The lower panels 
show coral assemblages around St. 8 (c), eelgrass beds around St. 9 
(d) and an overview of the lagoon at the same tide level of the sam-
pling day (e). (From Oka et al. (2020 with slight modifications)
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the shore-side seagrass beds (Fig. 15). Oka et al. (2020) 
concluded that the eDNA metabarcoding is a rapid, cost-
effective, and useful approach for estimating species richness 
in tropical and subtropical fish communities with remarkable 
species diversity, and would be useful for detecting micro-
scale habitat segregation. The detection of micro-scale habi-
tat segregations was concurrently confirmed in tropical fish 
communities at Palmyra Atoll, equatorial Central Pacific, 
where reef and sand-flat fish communities were clearly dis-
tinguished by MiFish metabarcoding using eDNA samples 
from the respective habitats (Lafferty et al. 2020).

There are various types of water sampling equipment for 
eDNA analyses, such as buckets, disposable bottles, and 
Niskin or Van Dorn water samplers, although Mariani et al. 
(2019) may have been the first to use sponges (phylum Por-
ifera) as natural eDNA samplers. Sponges are known as the 
planet’s most effective water-filterers, sifting up to 10,000 
L of water in 1 day (Kahn et al. 2015). Mariani et al. (2019) 
collected five Antarctic and four Mediterranean sponge 
samples, from which eDNA was extracted and subjected to 
MiFish metabarcoding. The nine samples recovered at least 
31 metazoan taxa, of which 22 could be identified at least to 
the family level or below. The Antarctic samples comprised 
five typical Antarctic notothenioid fishes (icefishes), while 
the Mediterranean samples comprised common fishes of that 
area, such as species of the families Carangidae, Serranidae, 
Clupeidae, and Sparidae. Additionally, chinstrap penguin, 
Weddell seal, and seven species of sea stars were detected 

(Mariani et al. 2019). Interestingly, sponges’ own DNA was 
not totally detected in the nine samples, and Mariani et al. 
(2019) speculated that their early-splitting phylogenetic 
position yielded primer/template mismatches, resulting in 
PCR dropouts from the supposedly predominant DNA of 
sponges in the eDNA extracts.

In addition to the above six case studies conducted in 
various marine environments, MiFish eDNA metabarcoding 
has been applied to biodiversity monitoring at two coastal 
areas of eastern Java and Sulawesi Sea, Indonesia (Masengi 
et al. 2019; Andriyono et al. 2019); port and urban canal 
area in Osaka Bay, central Japan (Kamimura et al. 2018); 
Innoshima, Seto Inland Sea, Japan (Sakamoto 2019); coastal 
waters off Zhoushan, China (Chen et al. 2019, 2020); a har-
bor at Sloehaven, the Netherlands (Hoorn and Gittenberger 
2019); Gulf of St. Laurence Bay, Canada (Afzali et al. 2020); 
Caribbean bay in Panama (Nguyen et al. 2020); and coastal 
waters along the South Africa by members of the von der 
Heyden Lab (https ://www.vonde rheyd enlab .com/envir 
onmen tal-dna-and-metab arcod ing.html).

Freshwater fish community

MiFish eDNA metabarcoding has been conducted in both 
lotic (Nakagawa et al. 2018; Bylemans et al. 2018a, b, 2019; 
Sales et al. 2019; McDevitt et al. 2019) and lentic (Sato 
et al. 2017; Fujii et al. 2019; Hayami et al. 2020; Sakata 
et al. 2020) freshwater environments (flowing and still water, 
respectively). In addition to highlighting representative stud-
ies from these two different environments, in this section we 
briefly focus on two topics concerning sampling strategies 
and sample media (water vs. sediment) for efficient biodi-
versity monitoring of freshwater fishes.

Nakagawa et al.’s study (2018) was the first to apply 
the MiFish eDNA metabarcoding approach to investigate 
freshwater fish communities. To evaluate the performance 
of MiFish eDNA metabarcoding to investigate local and 
regional diversities of stream fish species, these authors sam-
pled 102 sites in 51 rivers around Lake Biwa in the central 
part of Honshu Island, Japan, within 10 person-days, and 
compared fish species compositions inferred from eDNA 
metabarcoding with existing observational data from a 
literature survey, hypothesizing that eDNA data are more 
consistent with fish assemblages observed upstream than 
to those downstream owing to a directional flow of river 
water. They found that when they used existing observa-
tional data from within 6 km upstream of the eDNA sam-
pling sites, eDNA data were the most consistent with the 
observational data and also showed patterns consistent with 
known upstream–downstream turnover of related species 
and biogeographical assemblage patterns of certain spe-
cies (Fig. 16). It appears that MiFish eDNA metabarcoding 

Fig. 15  Non-metric multi-dimensional scaling (NMDS) for fish com-
munities detected at four sites along the offshore reef edge (Sts. 5–8) 
and seven sites on shore-side seagrass beds (Sts. 1–4 and 9–11) in a 
coral-reef lagoon at Bise, Okinawa, southern Japan (Oka et al. 2020)

https://www.vonderheydenlab.com/environmental-dna-and-metabarcoding.html
https://www.vonderheydenlab.com/environmental-dna-and-metabarcoding.html
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enabled them to obtain as much regional fish diversity data 
in a short period of time as the accumulated observations 
that have been assembled for a long period of time using 
significant amounts of resources.

It is essential to choose the appropriate sampling strate-
gies for biodiversity monitoring using eDNA metabarcod-
ing (Shaw et al. 2016). To evaluate the impact of sampling 
strategies along an altitudinal and biodiversity gradient in 
the upper section of the Murrumbidgee River (Murray-
Darling Basin, Australia), Bylemans et al. (2018b) chose 
five sampling sites ranging from high to low altitude (1303 
and 520 m a.s.l., respectively) with a minimal distance of 
around 35 km between sampling sites. Twelve 2-L sam-
ples were collected at each site along four transects across 
the river width spanning a 100-m river section, and Byle-
mans et al. (2018b) performed MiFish eDNA metabarcod-
ing to determine the local fish biodiversity with varying 
sampling intensity and spatial sampling replication. The 
results showed that optimal eDNA sampling strategies 
varied among sites and indicated that river morphology, 
species richness, and species abundance affected the opti-
mal sampling intensity and spatial sampling replication 
needed to accurately assess fish biodiversity. These authors 

concluded that, while the generality of these patterns will 
need to be confirmed through future studies, these find-
ings provided a basis to guide future eDNA metabarcoding 
surveys in river systems. The impact of sampling strategies 
was also evaluated by Sato et al. (2017), who performed 
MiFish eDNA metabarcoding in four satellite lakes of 
Lake Biwa, Japan, and compared the results from indi-
vidual and pooled samples. In the individual samples from 
the four lakes, Sato et al. (2017) detected 31, 22, 33, and 
31 fish species, while they detected only 30, 20, 29, and 
27 fish species in the pooled samples from the respective 
lakes even after 15 PCR replicates. Based on the appar-
ently lower detection rates from the pooled samples, they 
concluded that the pooling strategy is unsuitable for esti-
mating fish species richness, although they acknowledged 
that this procedure is potentially useful for among-site 
comparison of representative fish communities. Recently, 
Hayami et al. (2020) compared results from MiFish meta-
barcoding based on seasonal sampling at multiple sites 
from the three dam reservoirs in central Honshu Island, 
Japan. They found that the efficiency of species detection 
by eDNA metabarcoding could be maximized by collect-
ing water from shore locations during the breeding seasons 

Fig. 16  Comparisons of eDNA 
detections (a, b) and histori-
cal records (c, d) between two 
closely related congeners of the 
river sculpins (Cottus pollux 
and C. reinii) showing habitat 
segregation (Nakagawa et al. 
2018). Red and yellow circles 
indicate sampling sites with and 
without eDNA detections (a, 
b) or historical records (c, d), 
respectively. Cottus pollux and 
C. reinii tend to occur upstream 
and near river mouths, respec-
tively. (From Nakagawa et al. 
2018 with slight modifications)

a b

c d
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of the inhabiting fish (Hayami et al. 2020). The results 
from these three case studies are useful for developing 
sampling strategies to maximize estimation efficiency of 
species richness and species composition in both lotic and 
lentic environments.

The impact of sampling medium and preservation meth-
ods on fish detection performance by eDNA metabarcod-
ing is also important. Sales et al. (2019) performed MiFish 
eDNA metabarcoding using neotropical freshwater samples 
from Jequitinhonha River, Southeastern Brazil, and col-
lected sediment and water samples from 11 sites with dif-
ferent preservation methods. Sales et al. (2019) found that 
sediment and water samples yielded a similar amount of fish 
species and that water stored in ice provided better results 
than those preserved with cationic surfactant benzalkonium 
chloride (also known as BAC), previously reported to be 
an effective preservative for eDNA (Yamanaka et al. 2016). 
Subsequently, Sakata et al. (2020) collected sedimentary and 
aqueous eDNA from a biotope (an artificial pond prepared 
with concrete) and a small satellite lake of Lake Biwa, cen-
tral Honshu Island, Japan, and compared the decay rates and 
concentrations using quantitative PCR (qPCR), and species 
compositions using MiFish metabarcoding. They observed 
that the sedimentary eDNA exhibited lower decay rates 
and higher concentrations than those of aqueous eDNA, 
while species composition showed no significant difference 
between the two eDNA sources (Sakata et al. 2020). Sakata 
et al (2020) concluded that sedimentary eDNA analysis will 
expand future biomonitoring and ecological studies by pro-
viding a different timescale.

To validate the usefulness of the eDNA metabarcoding 
approach for evaluation of biodiversity in lakes, Fujii et al. 
(2019) compared results from seven capture-based sampling 
methods and MiFish eDNA metabarcoding in 31 backwater 
lakes in Hokkaido Island, northern Japan. The capture-based 
field surveys were often interrupted by macrophytes and 
muddy sediments in the 31 lakes, while the eDNA meta-
barcoding was interrupted by a lack of detectable eDNA at 
some sites, possibly because of PCR inhibitor in the eDNA 
extracts (Fujii et al. 2019). Comparisons of the results from 
eDNA metabarcoding and capture-based sampling showed 
that the detected fish communities were similar between 
methods, with a 70% overlap, leading the authors to con-
clude that the performance of eDNA metabarcoding using 
1-L surface water sampling is similar to that of the capture-
based sampling methods. Similarly, McDevitt et al. (2019) 
compared results from MiFish eDNA metabarcoding with 
those from two different types of electrofishing conducted 
along a stretch of the Huddersfield Narrow Canal in the UK, 
with the aim to validate the detection capability of eDNA 
metabarcoding. The canal has limited data available on fish 
assemblages and biodiversity. In addition to corroborating 
data obtained by electrofishing, eDNA provided a wider 

snapshot of fish assemblages. Given the semi-lotic nature of 
canals, McDevitt et al. (2019) encouraged the use of eDNA 
as a fast and cost-effective tool to detect and monitor whole 
fish communities. As these two case studies have concur-
rently performed capture-based sampling and MiFish eDNA 
metabarcoding, they provided strong proof-of-concepts for 
the eDNA approach being useful for fish biodiversity moni-
toring in both lentic and lotic environments.

In addition to the above ten case studies conducted in 
various freshwater environments, MiFish eDNA metabar-
coding methods have been applied to biodiversity monitor-
ing in the Duck and Clinch Rivers, Tennessee, USA (Paine 
2019); Lake Michigan, USA (Jurecki 2020); Jequitinhonha 
River catchment, Brazil (Sales et al. 2020b); St. Laurence 
and Rupert Rivers, Canada (Boivin-Deslile et al. 2020; 
Berger et al. 2020); Lake Kasumigaura in Ibaraki, central 
Japan (Kondo et al. 2016); agricultural waterway in Saitama, 
central Japan (Kimochi et al. 2020); two rivers in Hokkaido 
and Hyogo, Japan (Akamatsu et  al. 2018); 14 rivers in 
Sado Island, Niigata, Japan (Koseki 2019); a small river in 
Okinawa, southern Japan (Sato et al. 2018); an urban stream 
in Suwon City, Korea (Song et al. 2019); four Korean riv-
ers (Alam et al. 2020); the middle and lower reaches of the 
Yangtze River, China (Nian et al. 2020); and irrigation water 
from two agro-ecological regions of Sri Lanka (Gamage 
et al. 2020). Furthermore, effects of seasonal thermal strati-
fication and fish habitat preferences on the vertical distribu-
tions of eDNA were investigated in the Experimental Lakes 
Area, north-western Ontario, Canada (Littlefair et al. 2020).

Estuarine fish community

Estuarine ecosystems play a significant ecological role 
at the boundary between freshwater and marine environ-
ments, providing foraging, breeding, and nursery habitats 
for a variety of fishes (Flitcroft et al. 2016). Despite their 
importance, estuarine ecosystems are susceptible to anthro-
pogenic effects and are suffering from severe alterations, 
degradation, or losses (Wingard and Lorenz 2014). In light 
of this critical situation in estuarine ecosystems, three papers 
on biodiversity monitoring using the MiFish metabarcoding 
methods from East Asian countries have been consecutively 
published in the past 6 months (Zhang et al. 2019; Zou et al. 
2020; Ahn et al. 2020).

In the Yangtze Estuary, near Shanghai, China, fisheries 
resources have been undergoing dramatic declines as a con-
sequence of environmental changes and human activities 
(Zhang et al. 2015). To investigate the fish assemblage struc-
ture in the Yangtze Estuary and its adjacent waters, Zhang 
et al. (2019) collected 50 water samples from the estuary 
during three seasons in 2018 and subjected the eDNA sam-
ples to MiFish eDNA metabarcoding. They identified 41 
species from the areas, and the fish assemblages differed 



958 Fisheries Science (2020) 86:939–970

1 3

significantly among seasons (Zhang et al. 2019). These 
authors concluded that eDNA metabarcoding can be an 
effective tool not only for monitoring for fisheries resources, 
but also for aquatic product processing, environmentally 
friendly development, and socioeconomic stability.

Subsequently, Zou et al. (2020) reported results from 
eDNA metabarcoding survey in a coastal wetland of the 
Pearl River Estuary, about 1220 km south of the Yangtze 
Estuary. These authors concurrently conducted eDNA sam-
pling and bottom trawling at the same sampling sites and 
seasons and compared the results from eDNA metabarcod-
ing and trawl catches. MiFish metabarcoding was performed 
on eDNA samples, and Zou et al. (2020) detected 57 fish 
species distributed across 24 families and 47 genera. In 
contrast, bottom trawling identified 32 fish species distrib-
uted across 19 families and 26 genera, a considerably lower 
detection sensitivity than that of the eDNA metabarcoding. 
Zou et al. (2020) concluded that the combined results from 
both methods provided a realistic picture of fish diversity of 
the Pearl River Estuary coastal wetland.

More recently, Ahn et al. (2020) conducted biodiver-
sity monitoring using MiFish eDNA metabarcoding at five 
estuaries with a broader geographic scale along the Japa-
nese archipelago. Water samples were collected from river 
mouths and adjacent coastal areas of two and three estuar-
ies with high and low degrees of development, respectively 
(Ahn et al. 2020). A total of 182 fish species across 67 fami-
lies were detected, 11 of which occurred in all of the rivers. 
Species richness apparently decreased with increasing the 
degree of human development along each river, while spe-
cies composition varied among rivers, reflecting the distri-
bution and migration of fishes. Ahn et al. (2020) concluded 
that further development of the eDNA technique will offer 
an alternative method for accurate and non-invasive moni-
toring of aquatic life.

In addition to the above three case studies, eDNA col-
lected from four estuaries around the English Channel and 
North Sea were used to compare primer performance in 
eDNA metabarcoding (Collins et al. 2019). Also, Siegent-
haler et al. (2019) used MiFish metabarcoding to analyze 
the gut contents of a generalist predator/scavenger, the Euro-
pean brown shrimp, Crangon crangon, from the intertidal 
zone at 21 sites distributed over six estuaries in the Nether-
lands, Portugal, and the UK to monitor fish biodiversity (for 
details, see below).

Developments of new techniques

The results from eDNA metabarcoding analysis provide a 
taxonomic table with read abundances. However, read abun-
dances are greatly affected by the amplification efficiency 
of the PCR primers and by PCR cycles, the latter being an 

exponential process that increases the very low concentra-
tion of eDNA to make sufficient amounts for further analysis 
(Kelly et al. 2019). Therefore, comparing read abundances 
between different samples and studies is not a straightfor-
ward procedure.

Ushio et al (2018a) attempted to quantify fish eDNA copy 
numbers in weekly samples collected from a coastal marine 
ecosystem in Maizuru Bay, Japan, using MiFish metabar-
coding methods. The key to this technique is the addition 
of internal standard DNAs at several levels of concentra-
tion (i.e., known amounts of short DNA fragments from fish 
species that have never been observed in a sampling area) 
to the eDNA samples. A correlation equation was obtained 
for each sample using the relationship between the number 
of sequence reads and the added amount of standard DNAs, 
and this equation was used to estimate the copy numbers 
from the sequence reads of non-standard fish eDNA. The 
calculated copy numbers showed a significant and posi-
tive correlation with those determined by qPCR, suggest-
ing that eDNA metabarcoding with standard DNA enabled 
useful quantifications of eDNA. Using this method, Ushio 
et al. (2018a) demonstrated the temporal dynamics of the 
ten most abundant fish species in the bay (Fig. 17), while 
acknowledging that the method requires that (fish) species-
specific PCR amplification biases need to be corrected for 
between-species comparisons. Nevertheless, this method 
(called qMiSeq) appears to provide ecologically meaningful 
information on the natural fish community dynamics. From 
an experimental point of view, continued use of the same 
set of the standards should be avoided; otherwise the labora-
tory will be contaminated with amplicons of the standards, 
compromising the quantification.

The versatility of MiFish primers for gene amplifica-
tion across diverse taxa has led to the development of two 
new techniques for single-species detections (Stoeckle et al. 
2018; Truelove et al. 2019). In addition, two new software 
tools have been developed for bioinformatics pipeline (Curd 
et al. 2019) and ecological analyses based on an output taxo-
nomic table (Kandlikar et al. 2018), with their own analyzed 
data from MiFish eDNA metabarcoding as examples to dem-
onstrate software performance. Below we briefly introduce 
these four papers.

Stoeckle et al. (2018) developed a strategy for single-
species eDNA presence/absence assays using nested PCR 
techniques, naming these assays “GoFish”. The assays first 
amplify a mitochondrial 12S rRNA gene fragment with 
MiFish primers, followed by nested PCR with species-spe-
cific primers. The species-specific primer set was designed 
on the hypervariable regions in the MiFish amplicon for the 
amplification of the target species. Stoeckle et al. (2018) 
designed GoFish assays for 11 bony fish species common in 
the lower Hudson River estuary and then tested their perfor-
mance using eDNA samples from two sites. These authors 
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argue that GoFish does not require tissues of target and 
related species for assay development, that a basic thermal 
cycler is sufficient, and that indexing and batching samples 
are unnecessary and advanced bioinformatics expertise is 
not needed, unlike for qPCR and Illumina metabarcoding, 
respectively. They concluded that this approach will be a 
useful addition to current eDNA methods for analyzing the 
presence/absence of known species, when turnaround time 
is important, and in educational settings.

Truelove et al. (2019) recently developed a rapid eDNA 
sequencing methodology using a portable the Oxford Nano-
pore MinIon Sequencer (Oxford Nanopore Technologies 
Ltd., Oxford, UK) to identify the presence of white sharks 
(Carcharodon carcharias), a threatened top oceanic preda-
tor. The methodology consisted of filtration of 3-L seawa-
ter from a Niskin bottle, eDNA collection from the filter, 
library preparation using MiFish primers, and sequencing, 
all occurring while on board the research vessel (Truelove 
et al. 2019). This rapid eDNA protocol accurately identi-
fied white sharks and cookie cutter sharks in the water col-
umn over 1800 km from shore, providing a first step toward 
using eDNA techniques in the high seas as an oceanic census 
technique. Truelove et al. (2019) argued that future eDNA 
studies using MinIon sequencing in the field can follow 
their protocol to detect the presence of other fish species of 
research or conservation interest using the MiFish universal 
fish primers.

Curd et al. (2019) developed “Anapaca Toolkit”, a bio-
informatic pipeline with modules for (1) creating custom 

reference databases, (2) executing equality control and 
multilocus read parsing, and (3) generating taxonomic 
assignments for all quality reads produced by MiSeq. The 
Anacapa Toolkit is modular and its parameters are easily 
modifiable, making it easily adapted to user-specific needs 
in several important ways. To test the toolkit on field-col-
lected eDNA metabarcoding datasets, MiFish primers were 
used for library preparation, and the raw reads from MiSeq 
were analyzed by the toolkit. Curd et al (2019) found that 
the identified taxa included several of interest for natural 
resource managers, including species of special concern 
(e.g., basking shark Cetorhinus maximus, and giant black 
sea bass Stereolepis gigas) and species that are the subject 
of focused monitoring efforts (California sheepshead Semi-
cossyphus pulcher). Output data from Anapaca Toolkit can 
be subjected to ecological analysis using “ranacapa,” the R 
package that helps perform exploratory biodiversity analyses 
and visualization (Kandlikar et al. 2018).

Application of MiFish eDNA metabarcoding 
to other organisms

MiFish metabarcoding has occasionally detected non-fish 
vertebrates, such as dolphins, sea birds, and turtles, from 
marine environments (Miya et al. 2015). Indeed, a research 
group in California has continuously used MiFish primers 
to census marine vertebrates (Andruszkiewicz et al. 2017a, 
2017b; Closek et al. 2019; Djurhuus et al. 2020), suggesting 

Fig. 17  Changes in relative abundance of ten dominant fish species in Maizuru Bay, Japan, based on quantitative analysis of eDNA metabarcod-
ing methods developed by Ushio et al. (2018a, b, c). The numbers of eDNA copies were normalized to have zero mean and unit variance
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that optimization of the priming sites in MiFish primers to 
accommodate variations of non-fish vertebrates would be 
effective for monitoring these animals. Additionally, ter-
restrial animals must have frequent contact with water to 
survive, implying that eDNA originating from those animals 
should be detectable from places containing water in ter-
restrial ecosystems (Ushio et al. 2017).

To validate the possible detection of terrestrial mammals 
from eDNA in their habitats, Ushio et al. (2017) developed 
a universal primer pair (MiMammal, a modified version of 
MiFish primers) for metabarcoding mammalian eDNA and 
then tested its performance using water samples from zoo 
cages and natural water samples from forest ponds. Using 
MiMammal primers, these authors successfully detected 
mammals reared in the zoo and representative mammals in 
the forest from those samples, and subsequent studies dem-
onstrated that MiMammal primers were useful for detect-
ing tropical forest mammals from a natural saltlick (Ishige 
et al. 2017), Neotropical mammals from the Amazon and 
Atlantic Forest in Brazil (Sales et al. 2020a), forest mammals 
from Jasper Ridge Biological Preserve, California (Leem-
poel et al. 2020), and mammal species in snow tracks during 
winter in Kyoto, Japan (Kinoshita et al. 2019). To the best 
of our knowledge, MiMammal primers have not been used 
to detect marine mammals, partly because most of the spe-
cies identified by the marine mammal visual surveys have 
been detected with MiFish primers (Closek et al. 2019), and 
Closek et al. (2019) stated that MiMammal primers can be 
used in future studies.

Like mammals, Ushio et al. (2018c) developed a universal 
primer pair (MiBird, a modified version of MiFish/MiMam-
mal primers) for metabarcoding bird eDNA and tested its 
performance using water samples from zoo cages and from 
a natural pond. MiBird primers successfully detected known 
species from the zoo cages and representative species from 
the natural pond (Ushio et al. 2018c).

In addition to vertebrates, our research group recently 
developed a set of universal primers for metabarcod-
ing eDNA from a representative invertebrate group, i.e., 
decapod crustaceans comprising approximately 14,000 
extant species and including several commercially impor-
tant species (Komai et al. 2019). The new primers (named 
“MiDeca”) were designed for two conservative regions 
of the mitochondrial 16S rRNA gene that amplify a short 
hypervariable region (average 164 bp, range 153–184 bp) 
with sufficient interspecific variations. After confirmation 
of the amplification from tissue-derived DNA extracts for 
250 species distributed across 65 families and 186 genera, 
Komai et al. (2019) performed preliminary eDNA metabar-
coding from natural seawater collected at a rocky shore in 
Tateyama, the Pacific coast of central Japan, and detected 
42 decapod species.

Both mammals and birds play significant roles in marine, 
freshwater, and estuarine ecosystems as top predators 
(Valenzuela et al. 2013), and decapod crustaceans are one 
of the most important fishery resources in several coun-
tries worldwide (Pan et al. 2007). Therefore, non-invasive, 
rapid, and cost-effective detection of those animals using 
eDNA metabarcoding approaches would further contribute 
to our understanding of aquatic ecosystems, ultimately lead-
ing to sound ecosystem conservation and fishery resource 
management.

Applications of MiFish metabarcoding 
to bulk DNA samples

In addition to fish eDNA suspended in aquatic environments 
or deposited on the bottom sediments, the MiFish metabar-
coding approach is applicable to bulk DNA samples (total 
DNA) containing multiple fish species (Miya et al. 2015). 
These include samples from (1) net collections contain-
ing early life history stages or damaged specimens with no 
diagnostic characters for species identification (Miya et al. 
2015; Kacev et al. 2018), (2) digested stomach contents of 
the piscivorous or generalist/scavenger animals (Devloo-
Delva et al. 2019; Siegenthaler et al. 2019), and (3) pro-
cessed foods (Marín et al. 2018; Calosso et al. 2020). Here, 
we highlight the use of bulk samples from net collections as 
the most promising application of the MiFish metabarcod-
ing approach.

Ichthyoplankton refers to the early life history stages 
of fish (eggs and larvae), and research in this field is an 
important tool to understand trophic dynamics, recruitment 
processes, and the association between environmental fluc-
tuations and productivity of recreational, commercially, and 
ecologically important fish stocks (Auth and Brodeur 2013). 
A long-term sampling program (> 60 years) using plankton 
nets has been conducted in the southern California Current 
since 1949 (McClatchie et al. 2014), and net collections have 
been sorted into major taxonomic groups, followed by mor-
phological identification based on highly specialized taxo-
nomic expertise, which is laborious, time consuming, and 
costly (Kacev et al. 2018). To develop a framework for cost-
effective and informative ichthyoplankton monitoring in the 
southern California Current, Kacev et al. (2018) compared 
results from traditional approaches to those of metabarcod-
ing to determine whether metabarcoding is a viable alterna-
tive. A total of 74 ichthyoplankton samples were collected 
from 37 stations. Fish samples were sorted and identified 
to lowest taxonomic level by expert taxonomists. Subse-
quently, fish samples were homogenized, from which total 
DNA was extracted and subjected to MiFish metabarcoding. 
The metabarcoding results closely matched those of tradi-
tional methods regarding family-level composition within 
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a sample, but at finer taxonomic levels, they did not agree 
as closely to those of traditional methodologies, requiring 
well-curated reference libraries for as many species as possi-
ble. Kacev et al. (2018) concluded that continued refinement 
of this new method (in particular that of reference librar-
ies) will increase the utility of this high-throughput genetic 
approach for routine monitoring and assessment. Actually, 
subsequent efforts to assemble the MiFish sequences from 
fishes of the California Current region resulted in 717 refer-
ence sequences, which cover 84.7% of the total fauna, with 
864 fish species currently included (Gold et al. 2020).

Other than the net collections, MiFish metabarcoding has 
been used to analyze the gut contents of a generalist preda-
tor/scavenger, the European brown shrimp Crangon crangon 
(Siegenthaler et al. 2019). Siegenthaler et al. (2019) used this 
shrimp species as a sampler that consumes a wide variety of 
food items, ranging from meiofauna to fish. To evaluate the 
suitability of trophic contents to assess fish diversity, adult 
brown shrimps (total length 20–50 mm) were collected from 
the intertidal zone at 21 sites distributed over six estuaries 
in the Netherlands, Portugal, and the UK. Siegenthaler et al. 
(2019) performed metabarcoding analysis using both MiFish 
and COI primers, identifying a total of 32 teleost fish species 
from those estuaries, which was twice the number of spe-
cies recovered from the traditional capture-based sampling. 
MiFish primers consistently outperformed COI primers in 
terms of mean number of detected fish taxa per sample (Sie-
genthaler et al. 2019). In another study, MiFish primers were 
used as supplementary to an analysis of stomach contents of 
piscivorous tropical-reef fish (coral trout genus Plectropo-
mus spp.) (Devloo-Delva et al. 2019). However, their utility 
was limited owing to incomplete reference libraries com-
pared with those of the COI and 16S rRNA genes.

MiFish primers (not metabarcoding) have been also used 
to identify food samples being sold at wholesalers, retailers, 
and restaurants (Marín et al. 2018; Calosso et al. 2020). To 
increase knowledge about species diversity available across 
the Peruvian supply chains (from landing sites to markets 
and restaurants), Marín et  al. (2018) applied barcoding 
approaches targeting three mitochondria genes (COI, 12S, 
and 16S) in 131 samples. Among these, 35 samples (26.7%) 
were mislabeled, including tilapia labeled as wild marine 
fish, dolphinfish and hake labeled as grouper, and different 
shark species sold as “smooth-hounds”. Such seafood misla-
beling was also reported from the Turks and Caicos Islands, 
a small island nation in the Wider Caribbean Region. 
Calosso et al. (2020) collected market samples of groupers 
(Epinephelinae spp.), which are frequent targets for fraudu-
lent substitution on the world’s major seafood markets and 
performed barcoding with the COI and 12S genes. These 
authors found that only 18% of samples from restaurants and 
stores were confirmed as groupers, while 96% were misla-
beled in some way. The results from these two case studies 

indicate that MiFish primers are useful as supplementary to 
barcoding when amplification fails or sub-optimal reads are 
obtained with the full COI fish-barcoding primer cocktail 
(Calosso et al. 2020). In the case of processed foods (e.g., 
surimi-based products or fish cakes), where multiple raw 
materials may be used, a metabarcoding approach would be 
useful for identification of the source materials (Giusti et al. 
2017). Similarly, MiFish metabarcoding can be applied to 
fish silage used for animal feed or fish-oil production, which 
consists of minced fish from multiple species dissolved in 
acid upon capture (Hansen et al. 2018).

Concluding remarks

In this review article, we first introduced three recent inde-
pendent studies on performance evaluation of eDNA meta-
barcoding primers including MiFish (Bylemans et al. 2018a; 
Collins et al. 2019; Zhang et al. 2020). Then, we provided 
an overview of the latest developments in the MiFish eDNA 
metabarcoding methods and related techniques (from water 
filtration to library preparation and data analysis) and their 
applications to ecological studies on fish communities in 
various aquatic environments (marine, freshwater, and estua-
rine). In addition, we have covered topics on other applica-
tions of MiFish primers and MiFish metabarcoding methods, 
including developments of new techniques in eDNA stud-
ies (i.e., single-species detections and quantitative MiSeq), 
eDNA metabarcoding of other animal groups (mammals, 
birds, and decapod crustaceans), and metabarcoding of bulk 
DNA samples (net collections and food samples). Although 
we have skipped some of more general topics, such as the 
“ecology” of eDNA (from production and persistence/deg-
radation, to transport of eDNA) (Barnes and Turner 2016; 
Seymour et al. 2018; Harrison et al. 2019; Beng and Corlett 
2020), it is essential to consider the effects of environmental 
factors on those processes for a more appropriate interpreta-
tion of eDNA detections (Yamamoto et al. 2016; Sassoubre 
et al. 2016; Murakami et al. 2019).

Throughout the review, we have attempted to highlight 
not only the strengths, but also the limitations of MiFish 
primers and metabarcoding methods, and have suggested 
alternative strategies to mitigate those limitations. Indeed, 
although recent studies (Bylemans et al. 2018a; Collins et al. 
2019; Zhang et al. 2020) have demonstrated that MiFish 
primers outperformed other competing primers, primer/
template mismatches in MiFish primers occasionally cause 
underrepresentation of some fish groups (Fig. 7), and MiFish 
sequences often lack interspecific variations among some 
closely related congeners, most notably among commer-
cially important groups, such as tunas (Miya et al. 2015), 
salmons (Morita et al. 2019), and freshwater eels (Takeuchi 
et  al. 2019). However, these technical problems can be 
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alleviated by the optimization of MiFish primers to local 
fauna and by simultaneous use of universal MiFish prim-
ers and newly developed group-specific primers amplify-
ing more variable regions. Revised laboratory settings and 
experimental protocols consistently enable the preparation 
of high-quality libraries for massively parallel sequencing 
that are less susceptible to carryover contamination. The new 
bioinformatics pipeline implementing the newly developed 
denoising process has greatly improved taxonomic assign-
ment accuracy and its reproducibility, although taxonomic 
coverage of the reference database is still far from satisfac-
tory, resulting in a number of detections with ambiguous 
species identity. Quantitative MiFish metabarcoding (Ushio 
et al. 2018a) would be a promising approach to capture spa-
tiotemporal dynamics of fish communities that have never 
been easily monitored by conventional methods based on 
capture-based sampling and/or underwater visual censuses. 
Analysis of bulk DNA samples of fish eggs and larvae from 
plankton net collections (Kacev et al. 2018) in combination 
with concurrent analysis of eDNA samples would be another 
promising approach toward a comprehensive understanding 
of oceanic fish communities.

Nevertheless, eDNA simply represents indirect, extraor-
ganismal genetic markers shed from macroorganisms. Thus, 
even if eDNA copy number per single unit volume of water 
(eDNA concentration) can be accurately estimated through 
quantitative PCR (Takahara et al. 2012) or droplet digital 
PCR (Doi et al. 2015), too many challenges need to be over-
come to correlate the eDNA concentration with absolute 
abundance or biomass of the multiple target fish species 
(Rees et al. 2014). This is partly because eDNA itself does 
not contain any information on the size and number of indi-
viduals, age, weight, life-history stages, and (in most cases) 
sex, while all of this information is available from specimens 
collected by traditional capture-based sampling (Hansen 
et al. 2018). Therefore, for fisheries purposes, MiFish eDNA 
metabarcoding demonstrates its strength when a concept 
of “ecosystem-based fishery management” (Pikitch et al. 
2014) is applied and continuous biodiversity monitoring 
is performed at multiple sites. By applying MiFish eDNA 
metabarcoding in this way, we could quickly detect spatial 
and temporal changes in ecosystems, such as biodiversity 
loss or invasion of alien species, thereby taking immediate 
measures to resolve such environmental issues.

Indeed, in August 2017 our research group started 
biweekly eDNA surveys at 11 stations along the south-
ernmost tip of the Boso Peninsula, central Japan (Fig. 18), 
in an attempt to monitor the spatiotemporal dynamics of 

coastal fish communities (M. Miya et al. unpublished). In 
this project, two personnel have conducted a single survey 
along the 130-km-long coastline, while performing a bucket 
water sampling and on-site filtration using a Sterivex fil-
ter cartridge combined with a 50-ml syringe at each station 
(Miya and Sado 2019b), then bringing the filtered cartridges 
back to the laboratory. The eDNA was then extracted from 
the cartridges following the methods developed by Miya 
et al. (2016), and the eDNA extracts subjected to library 
preparation and MiSeq sequencing. The initial 50 surveys 
of this project were completed by August 2019, with a total 
of 550 samples, and the project has been continued with 
eDNA surveys carried out at monthly intervals. All molecu-
lar experiments on the initial 550 samples have been com-
pleted successfully, and a large amounts of raw sequence 
data (approx. 500 million reads) are ready for data analysis 
in the near future. Surprisingly, there have been no missing 
data during the initial 50 surveys despite the occasional field 
sampling under unfavorable weather and sea conditions. 
Apparently, field sampling for traditional capture-based 
sampling or underwater visual censuses could not be con-
ducted at this frequency with this spatial scale, indicating the 
excellent feasibility of eDNA sampling coupled with MiFish 
metabarcoding methods.

However, to perform eDNA biodiversity monitoring on a 
scale comparable to that of physical attributes, several tech-
nical challenges are yet to be overcome. For example, it is 
essential to develop an autonomous sampling instrument, 
called an “environmental sample processor” (ESP) (Scho-
lin et al. 2017), which is a robotic device that can be pro-
grammed to automate water sample filtration and preserva-
tion of the captured material for immediate analyses in situ 
(Yamahara et al. 2019; Fukuba et al. 2019). Furthermore, 
such instrumentation should be cost-effective to be installed 
in large numbers over a wide area. By combining on-site 
eDNA sampling and sample processing automation with 
rapid developments in molecular analysis technology and 
quantitative MiFish metabarcoding (Ushio et al. 2018a), a 
large quantitative dataset could be generated to capture fluc-
tuating interspecific interactions among component species 
in fish communities (e.g., Ushio et al. 2018c). If such com-
plex and dynamic interspecific interactions can be modeled 
using a non-linear method (e.g., empirical dynamic mod-
eling [EDM]), it may be possible to forecast fish community 
dynamics from time series data (Chang et al. 2017). Such a 
forecast should be useful for healthy ecosystem conservation 
and the sustainable use of fisheries resources, which meet 
the goals of SDGs 14 and 15 (conservation and sustainable 
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use of marine and terrestrial [including inland freshwater] 
ecosystems, respectively; https ://sdgs.un.org/goals ).
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Fig. 18  Stations along the 130-km coastline of the southern tip of 
Boso Peninsula for biweekly eDNA sampling from August 2017 
(central map). A bucket water sampling and on-site filtration of 1-L 
seawater using a combination of the Sterivex filter cartridge and a 

50-ml syringe was performed at each station, and 50 samplings have 
been completed by August 2019, resulting in 550 eDNA samples 
without missing data
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