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Environmental DNA (eDNA) has been used in research relevant to fish ecology such as
species diversity and conservation studies, threatened and invasive species monitoring, and
analyses of population structure and distribution. How to choose the optimal laboratory
protocols on the basis of the research targets is the first question to be considered when
conducting an eDNA study. In this review, we searched 554 published articles using the
topic subject ((eDNA or environmental DNA) and (fish)) within the time span 2011–2021 via
Thompson Reuters Web of Science (WoS) and China National Knowledge Infrastructure
(CNKI) literature databases, and screened 371 articles related to eDNA research on fish
ecology. These articles were categorized into “article (334)”, “review (36)”, and “letter (1)”
based on the type, and “article” was divided into “article (method research)” and “article
(eDNA application)” in line with the study objectives. The experimental methods adopted in
each study were reviewed, and advantages and disadvantages of the main protocols were
analyzed for each step. We recommend a set of optimal protocols for regular eDNA-based
fish diversity detection and present the following suggestions for water sample collection and
subsequent sample processing and experiments. Sample size is suggested to be 2 L
regardless of the type of water bodies; three water replicates are recommended per
sampling site, and water collection sites should be designed to cover various water
layers and micro-habitats within research areas. Filtration is the best method for
collecting eDNA from the larger water samples; 0.45 μm glass fiber/glass microfiber (GF)
filters and mixed cellulose acetate and nitrate (MCE) filters are recommended for use, and
MCE filters are suitable for use in turbid waters; pre-filtration (>10 μm filtering membranes)
can be used to prevent clogging. Freezing temperature storage can slow eDNAdegradation,
and this is the optimal way to store DNA no matter what filtering method is applied. The
Qiagen DNeasy Blood and Tissue DNA extraction kit was the most economical and efficient
DNA extraction method compared to other commercial kits. The 12S rRNA gene is the first
choice for detecting interspecies variation in fishes, and five 12s primer sets, Ac12S,MDB07,
Mi-Fish, Vert-12SV5, and Teleo, are recommended. The TruSeq DNA PCR-free LT Sample
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Prep kit and NEBNext DNA Library Prep Master Mix Set for the 454 kit can be chosen. The
IlluminaHiSeq platform can obtain sufficient data depth for fish species detection. QIIME and
OBITools are independent software packages used for eDNA sequences analysis of fishes,
and bioinformatic analyses include several indispensable steps such as filtering raw reads,
clustering filtered reads into molecular operational taxonomic units (MOTUs) or amplicon
sequence variants (ASVs), and completing taxon annotation. Contamination, inhibition, lack
of reference DNA data, and bioinformatic analysis are key challenges in future eDNA
research, and we should develop effective experimental techniques and analysis
software regarding these aspects. This review intends to help eDNA beginners to
quickly understand laboratory protocols applied in fish ecological research; the
information will be useful for the improvement and development of eDNA techniques in
the future.

Keywords: eDNA, fish biodiversity and conservation, fish monitoring, analysis methods, experimental techniques,
challenges and prospects

INTRODUCTION

Environmental DNA (eDNA) refers to DNA obtained from
environmental samples such as water, soil, and sediments as
well as DNA released through skin flakes, urine, and feces
(Pedersen et al., 2015). With the increasing development of
primers for multicellular organisms, eDNA has been widely
applied to detect the presence of plants and animals, and
fishes have become major research objects in current studies
(Thomsen et al., 2012; Bista et al., 2017; Ficetola et al., 2018).
Owning to fish releasing DNA into water (such as through feces,
tissues, or secretions), eDNA can be used to monitor essential
aspects of fish ecology, including taxa composition and
distribution, species abundance, and population dynamics
(Takahara et al., 2012; Lacoursière-Roussel et al., 2016; Zhang
et al., 2020a; Fukaya et al., 2020; Griffiths et al., 2020; Hänfling,
2021; Milhau et al., 2021). eDNA is a noninvasive, efficient, and
easily standardized research approach compared to traditional
fish sampling methods. Therefore, application of eDNA allows us
to explore aquatic ecosystems without capturing biological
specimens and thereby reduces the possibility of diminishing
wild fish populations and biomass through sampling, especially
for threatened or endangered species.

Experiments using eDNA consist of three key steps: 1)
collection and preservation; 2) extraction and purification; and
3) detection of fish taxa (Rees et al., 2014; Tsuji et al., 2019).
Almost every mature eDNA research group has developed
independent laboratory protocols used for eDNA-based
detection of fish taxa. Consequently, there are many protocols
for eDNA experiments, and thus it may be difficult to identify the
most appropriate laboratory protocols for a fish ecological
research project. Recently, several articles have reviewed eDNA
experimental techniques and methodology for aquatic animal
research (Bohmann et al., 2014; Rees et al., 2014; Goldberg et al.,
2016; Zhang et al., 2020b; Wang et al., 2021). However, there are
only few reviews for eDNA research in fish ecology. This study
presents a comprehensive search of the published academic
literature on fish ecology from 2011 to 2021, and the major

aims are to organize information on eDNA field and laboratory
protocols, recommend optimal protocols, and propose
methodological challenges. We also provide information on
future trends in eDNA methodology used in the field of fish
ecology. We hope to help eDNA beginners fundamentally
understand regular methods and present researchers with the
advantages and disadvantages of major laboratory protocols and
developmental trends in this field.

LITERATURE REVIEW METHODS

The eDNA articles on fish ecology during the past 10 years
(2011–2021) were searched and synthesized using the software
CiteSpace 5.7.2 R. We obtained data on references in Chinese and
other languages from the universal Chinese literature database China
National Knowledge Infrastructure (CNKI) and the Thompson
Reuters Web of Science (WoS), respectively, using the search type
“Topic Subject (TS) = [(eDNA or environmental DNA) and (fish)]”
within the time span 2011–2021 and retrieved a total of 554 articles
published or available as early access byDecember 2021.We screened
the articles by hand to obtain 371 articlesmost relevant to fish ecology
(including species diversity, alien species, biomass, and population
dynamics) published in formal academic journals. The results
comprised three document types: “article” (334), “review” (36),
and “letter” (1). We divided “article” into two types according to
the following criteria: “article (method research)” represented the
articles that described the development of eDNA techniques and
compared eDNA with other investigation methods, and “article
(eDNA application)” represented the articles that involved specific
studies using eDNA methods.

STATUS OF ENVIRONMENTAL DNA
RESEARCH IN FISH ECOLOGY

The eDNA research on fish ecology began in 2011, when a
relevant article demonstrated that the DNA of fish released
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into water could be detected for research on freshwater
ecosystems (Dejean et al., 2011). Before 2014, the number of
publications in this field remained low (Figure 1), indicating that
the eDNA method had not been completely established and was
only accepted by a fraction of researchers, and its use by a
minority of fish ecologists. The studies focused on detecting
invasive and threatened species in this stage (Thomsen et al.,
2012). Since 2014, the number of published eDNA articles has
largely increased, and fish eDNA has become a frequent research
topic (Keskin et al., 2014; Klymus et al., 2015; Sigsgaard et al.,
2015). As an emerging DNA technology, the development and
improvement of eDNA laboratory protocols are still ongoing, and
most of the relevant research appeared after 2014 (Figure 1). The
application of eDNA to the research field of fish ecology exhibited
a rapid growth in quantity in 2016 when numerous articles on fish
diversity based on eDNA appeared. Subsequently, the amount of
research on fish ecology using eDNA has steadily increased
through 2021 (Figure 1). From 10 to nearly 30 articles on
eDNA methods were published every year between 2016 and
2021, and the number of articles on eDNA application increased
yearly during this period (Figure 1). Review articles about eDNA
used in fish ecological research were concentrated from 2018 to
2020; these articles included reviews of fish monitoring by eDNA,
and a few involved the experimental protocols.

PROTOCOLS OF ENVIRONMENTAL
DNA-BASED FISH ECOLOGY STUDIES
Collection and Storage of Environmental
DNA From Water Samples
Sampling
To detect fish species using eDNA for ecological analysis, water
samples are obtained from lakes, rivers, streams, seas, artificial
ponds/reservoirs/canals/ditches, lagoons, and lab tanks that
contain fish. Sample volume depends on the water type and
individual research target (Schumer et al., 2019; Dressler et al.,

2020; Fraija-Fernández et al., 2020; Sigsgaard et al., 2020; Brys
et al., 2021). Considering that eDNA may degrade after sample
collection due to microbial activity (nucleases) and oxygenation
reactions (Lindahl, 1993), sampling effectiveness is a factor that
must be considered when planning the volume of each sample.
On the one hand, enough eDNA should be obtained; on the other
hand, not too much time spent in sampling, especially at large
spatial scales.

Water sample volumes from 15 ml to 45 L used for eDNA
collection for fish ecological research have been recorded
(Takahara et al., 2012; Thomsen et al., 2012; Sigsgaard et al.,
2015; Civade et al., 2016; McDevitt et al., 2019; Brys et al., 2021;
Milhau et al., 2021; Sugiura et al., 2021). In experimental
conditions such as lab tanks or experimental enclosures, the
sample volume will depend on the volume of the containers,
often from 20 ml to 2 L (Takahara et al., 2012; Capo et al., 2019).
Regular sample volumes in the field have varied from 1 to 2 L in
natural water bodies (Takahara et al., 2012; Li et al., 2018; Bagley
et al., 2019; Zou et al., 2019; Griffiths et al., 2020; Riaz et al., 2020;
Brys et al., 2021). With the development of sampling equipment,
researchers have tended to collect large amounts of water (>10 L)
to study species diversity, distribution patterns, seasonal
dynamics, and conservation of fish communities in rivers and
lakes (Civade et al., 2016; Pont et al., 2018; Goutte et al., 2020;
Milhau et al., 2021). The commonly accepted assumption is that
we can obtain higher amounts of DNA and detect more eDNA-
based species from larger volumes of water. Muha et al. (2019)
detected the highest amount of eDNA from 2 L water samples
compared to 15 ml, 100 ml, 250 ml, and 1 L samples collected
from two lentic and one lotic freshwater bodies located in Wales,
United Kingdom. Cantera et al. (2019) compared change trends
of species richness detected through filtered eDNA from 34 L to
340 L water samples collected in the tropical streams and rivers of
French Guiana and found that 34–68 L sample sizes were suitable
to detect most fauna, and there was no further advantage above
68 L. At present, 45 L is the largest water sample volume used for
fish ecological research (Civade et al., 2016).

FIGURE 1 | Change trend of number of articles published in formal academic journals from 2011 to 2021.
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A sample with a fixed volume of water collected from multiple
subsites at one sampling location or taking sample replicates fromone
sampling site can help to obtain enough DNA for detecting fish taxa,
because a random distribution of eDNA is usually assumed
(Goldberg et al., 2016; Griffiths et al., 2020). Hunter et al. (2019)
compared eDNA amounts between 200ml of water filtered through
one filter and 800ml through four filters, and the results indicated
that the average DNA concentration was 1.4 copies/μl in the former
and 6.39 copies/μl in the latter. There is no explicit standard for the
number of subsites that should be collected for each sample; one 1 L
sample from 10 different subsites was the case with the highest
number of subsites for sampling that we could find up to the present
(Lacoursière-Roussel et al., 2016). Previous research used three to six
water replicates at a single site; for example, Sigsgaard et al. (2015)
collected 3 × 15ml water samples per site in Jutland, Denmark, to
monitor the European endangered fish species weather loach
(Misgurnus fossilis). West et al. (2020) sampled 6 × 1 L water

replicates in the lagoons around the Cocos Islands in the eastern
Indian Ocean aiming to detect coral reef fishes, and Griffiths et al.
(2020) collected 2 L water samples composed of 5 × 400ml
subsamples taken from pumped waterways and drainage ditches
in the Fens, United Kingdom, to research community structure of the
European eel (Anguilla anguilla). A recent study on coral fish
biodiversity based on environmental DNA suggested that about
25 replicate water samples could often reflect enough species
richness in the tropical oceans (Stauffer et al., 2021). Indeed,
spatial sampling designs have expressed correlations with fish
community composition. Previous research has confirmed that
more fish species were detected in shallow water than in deep
water, and eDNA may accumulate in nearshore areas so that
shoreline samples generally captured the majority of the fish
diversity compared to interior samples in lakes (Hänfling et al.,
2016; Zhang et al., 2020a). Therefore, it is suggested that more water
collection sites should be designed at the surface and nearshore areas

FIGURE 2 | Operational steps of three eDNA collection methods.
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of lentic water bodies. For lotic water bodies such as streams and
oceans, water movement leads to diffusion and advection of eDNA,
so multiple locations and known habitat components should be
targeted (Goldberg et al., 2016). For the tropical ocean ecosystems
such as coral reef environments, it has been suggested that sampling
should be performed not only at the surfaces of water bodies but also
along a depth gradient (Stauffer et al., 2021).

Environmental DNA Collection Methods
Filtration
The eDNA collection methods include filtration, precipitation,
and centrifugation, each of which has individual operation steps
(Figure 2). Filtration is the most common method used to collect
eDNA for fish ecological research, and this method was used in
more than 90% of our analyzed studies. Compared with other
methods, filtration has been determined to obtain the highest
eDNA yields (Eichmiller et al., 2015). In the filtration method,
water samples are pumped through a filter with a certain pore size
to collect eDNA. In summary, the pore size used for filtering
water samples varies from 0.22 to 5 μm, and filter types generally
include glass fiber/glass microfiber (GF) filters, nylon filters
(NFs), cellulose nitrate (CN) filters, polycarbonate (PC) filters,
polyethersulfone (PES) filters, polyvinylidene difluoride (PVD)
filters, mixed cellulose acetate and nitrate (MCE) filters, and filter
capsules (Sterivex enclosure filter, GP). Different pore sizes and
filter types can affect DNA yields. Generally, 0.45 and 0.7 μm
filters are the most used for fish detection (Shu et al., 2020; Wang
et al., 2021). Compared to filters with larger pore sizes (>1 μm),
the smaller pore-size filters performed better for fish species
detection. The 0.2 μm filters were recommended to capture
DNA of common carp (Cyprinus carpio), and the 0.45 μm
filters could collect the highest amount of DNA and fish
species information compared to 0.8 and 1.2 μm filters (Li
et al., 2018). The GF filter performed better than other types
of filters for eDNA capture from water samples, and the MCE
filter was suitable for turbid and high species-density water bodies
(Eichmiller et al., 2015; Lacoursière-Roussel et al., 2016; Muha
et al., 2019).

Although the smaller pore size filters performed better at
capturing more DNA yields from water samples, clogging is
always a problem, especially in turbid and high-biodiversity
water bodies (Li et al., 2018; Wang et al., 2021). Pre-filtration
and increasing filtration volume are two optional solutions in
addition to the selection of the larger pore size filters. Takahara
et al. (2012) used 0.8 μm filters to collect fish eDNA and
conducted pre-filtration using 12 μm filters before main
filtration to preventing clogging. Li et al. (2018) confirmed
that 20 μm pre-filtration was essential to save filtration time
and improve eDNA capture by removing suspended
particulate matter.

Precipitation
In the precipitation method, proportions of ethanol and sodium
acetate are added to obtain eDNA, and thus this method is
therefore usually called the ethanol precipitation method. This
method has been used regularly for eDNA capture from small
water samples (<30 ml) (Sigsgaard et al., 2015; Wang et al., 2021)

and volumes up to 100 ml as an exception (Eichmiller et al., 2015;
Minamoto et al., 2016). Minamoto et al. (2016) demonstrated that
the highest amount of eDNA from Cyprinus carpio could be
obtained through ethanol precipitation compared with phenol
extraction and ultrafiltration methods. Recently, some
researchers have used a combination of precipitation and
filtration methods to collect eDNA from large-volume water
samples (e.g., 30 L). Pont et al. (2018) and Goutte et al. (2020)
both used a 0.45 μm filtration device connected to a peristaltic
pump to filter 30 L water samples for approximately 30 min and
added CL1 conservation buffer to the filter capsules after
emptying them, and then stored the samples at room
temperature; ethanol (33.5 ml) and sodium acetate (1.5 ml,
3M) were then added after centrifugation of the CL1 buffer,
and the supernatant was removed and stored at −20°C until DNA
extraction. Muha et al. (2019) proposed that using a combination
of ethanol-sodium acetate precipitation and filtration methods
could reduce the volume filtered and the contamination risk
when the smallest water samples were tested.

In addition to the ethanol precipitation method, the
isopropanol precipitation method is also an alternative for fish
eDNA collection from larger than 50 ml volume water samples.
Doi et al. (2017) compared the effects of eDNA capture using the
ethanol and isopropanol precipitation methods in both
experimental and field conditions and found that isopropanol
precipitation could collect more common carp (Cyprinus carpio)
eDNA copies than ethanol precipitation when using 50 ml of
water. However, ethanol precipitation could obtain more eDNA
from 15 ml water samples compared with the isopropanol
method in the mesocosm sampling. In contrast, there was no
difference between the two precipitation methods in the field
experiments. The isopropanol precipitation method has two
advantages compared with the ethanol method: 1) it can yield
a higher DNA concentration when processing higher volume
water samples (>50 ml); 2) it is cheaper and easier to operate.

Centrifugation
Centrifugation is the least commonly used method for collecting
eDNA in studies of fish ecology because it is not suitable for large
volumes of water. Eichmiller et al. (2015) estimated common carp
(Cyprinus carpio) DNA concentrations by comparing
centrifugation with filtration and precipitation methods; the
results indicated that centrifugation obtained a higher eDNA
yield than precipitation and a lower yield than filtration. Recent
research indicates that the centrifugation method has been rarely
used for eDNA collection from water samples.

Environmental DNA Storage
Appropriate methods of eDNA storage can slow the degradation
rate and improve the extraction efficiency of eDNA when
conducting fish ecological research. Keeping eDNA at a
freezing temperature (e.g., using ice, liquid nitrogen, or
freezing the samples) and adding a fixed buffer (e.g., ethanol,
or lysis buffer) to eDNA samples are common preservation
methods used in recent research (Bagley et al., 2019; Zou
et al., 2019; Alam et al., 2020; Juhel et al., 2020; Brys et al.,
2021; Milhau et al., 2021; Sugiura et al., 2021). Freezing is the
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most commonly method used and is the best for eDNA
precipitation by centrifugation (Thomsen et al., 2012;
Sigsgaard et al., 2015), and freezing and lysis buffers can be
used for preserving filtered eDNA samples (Civade et al., 2016;
Sigsgaard et al., 2017; Bagley et al., 2019). Although freezing at
−20°C has excellent performance for eDNA storage, it is difficult
to achieve these conditions in most field environments.
Therefore, preservation buffers can be a practical alternative.
Renshaw et al. (2015) studied the preservation time of filtered
eDNA samples using two lysis buffers (CTAB and Longmire’s) at
room, freezing, and higher temperatures and concluded that
eDNA could be preserved in these two lysis buffers for more
than 2 weeks at room temperature. Hinlo et al. (2017) used the
oriental weather loach (Misgurnus anguillicaudatus) as a research
animal to study how to optimize eDNA preservation, and they
suggested that refrigeration may be a better choice than freezing
for storage lasting three to 5 days. Majaneva et al. (2018) stored
filtered samples using ethanol, lysis buffer, ice, or drying by silica
gel and demonstrated that the drying method may be a good
option if DNA was extracted and used within a short time, and
lysis buffer could preserve eDNA for several weeks. In general,
CL1 conservation buffer is regularly used to store water samples
at room temperature, and then the precipitation method is
applied to collect the eDNA (Pont et al., 2018; Goutte et al.,
2020; Milhau et al., 2021). In addition to common preservation
buffers such as ethanol, lysis buffer, and CL1 conservation buffer,
several new buffers have been used in recent fish ecological
research. Yamanaka et al. (2017) tested the storage ability of
benzalkonium chloride (BAC) for both short-term and long-term
periods, and 0.01% BAC was found to effectively maintain 92% of
the eDNA of bluegill sunfish (Lepomis macrochirus) for 1 day,
50–70% for 1–10 days, and 20% after 10 days at ambient
temperature.

Environmental DNA Extraction
eDNA extraction is a process used to release DNA from intact
cells and organelles present in environmental samples and to
enable researchers to effectively remove polymerase chain
reaction (PCR) inhibitors such as humic acids or humic
substances through purification (Eichmiller et al., 2015). The
traditional DNA extraction method is the phenol-chloroform-
isoamylol (PCI) method. Deiner et al. (2015) modified the PCI
protocol to perform eDNA extraction. Although PCI provided
better eDNA yields and lower amounts of inhibitors combined
with specific filters and preservation methods when fish
ecological research is conducted (Eichmiller et al., 2015;
Renshaw et al., 2015; Hunter et al., 2019), commercial
extraction kits are more often recommended because harmful
substances such as phenol and chloroform are used during PCI
extraction. The types of commercial kits used for eDNA
extraction are diverse, including the Qiagen DNeasy Blood
and Tissue Kit (DNeasy kit), the MoBio PowerWater DNA
Extraction Kit (PowerWater kit), the MoBio PowerSoil DNA
Extraction Kit (PowerSoil kit), the MP Biomedicals FastDNA
SPIN Kit (Biomedicals kit), the MP Biomedicals FastDNA SPIN
Kit for soil kit (Biomedicals soil kit), the PowerMax Soil kit
(PowerMax kit), the Qiagen QIAamp DNA Stool Mini Kit

(Stool Mini kit), and the DNeasy Mericon Food Kit (Mericon
Food Kit).

An ideal eDNA extraction kit is assessed by its ability to reduce
inhibitors while also obtaining a high DNA concentration and
saving as much cost as possible. Based on a review of the literature
and our research experience, the eDNA yields, experimental
expenses, and levels of inhibitors of several of the most-used
eDNA extraction kits were compared (Table 1). The DNeasy kit
was the most well-established, economical, and efficient choice,
although it does not include “inhibitor removal” steps. The
PowerWater kit had the better performance for DNA yield
and inhibitor removal; however, experimental expenses are
high, nearly four times the cost of the DNeasy kit.
Eichmilleret al. (2015) also compared six commercial kits (the
PowerSoil, PowerWater, Biomedicals, Biomedicals soil, DNeasy,
and Stool Mini) and suggested that the Biomedicals kit was most
sensitive to detect the DNA of common carp (Cyprinus carpio),
and the PowerSoil kit had the lowest variation between lake and
well water and did not produce inhibitors.

Environmental DNA Detection
Trend Analysis of Research on eDNA Detection
eDNA detection in fish ecological studies can be divided into two
categories: species-specific detection and multi-species detection
(Thomsen and Willerslev, 2015). With regard to the number of
published articles concerning fish ecology studies on species-
specific detection and multi-species detection on the basis of
eDNA between 2011 and 2021 (Figure 3), the number of articles
on both research directions were basically the same. There were
more articles published on species-specific detection in 2013 and
2014. Year 2015 was a turning point when the number of articles
on multi-species detection dramatically increased, and the
number of articles on detection of specific species was clearly
less than that of the former. Different protocols were chosen to
conduct detection of fish using eDNA for specific purposes.

Species-specific Detection
Species-specific detection using eDNA was mostly applied in
monitoring threatened or invasive fish species in analyses of the
distribution, population size, and population dynamics of these
target species. The information on relevant research is shown in
Table 2. Targeted species detection using eDNA has shown that it
can fulfil the requirements of fishery management and ecosystem
monitoring and can be used as an alternative approach to answer
relevant questions for managers (Gilbey et al., 2021).

Species-specific detection was carried out by designing specific
primers and identifying target species using PCR technology
(Thomsen and Willerslev, 2015). Mitochondrial DNA (mt-
DNA) fragments such as 12S ribosomal RNA (12S), 16S
ribosomal RNA (16S), cytochrome c oxidase subunit 1 (COI),
cytochrome b (Cytb), and D-loop are suitable for single-species
detection compared with nuclear DNA because these types of mt-
DNA contain more copy numbers per cell enables easier detection,
and conserved interspecific sequence variations of mtDNA allow
reliable species identification (Erickson et al., 2016; Minamoto
et al., 2016; Brys et al., 2021). The target region of molecular
markers for eDNA detection is usually 80–120 bp (Thomsen et al.,
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2012; Jerde et al., 2013; Deiner et al., 2015; Edwards et al., 2018).
According to the statistics of relevant articles (there were a total of
36 articles on specific fish detection; Figure 4), Cytb was usedmost
in species-specific detection (n = 12, 33.33%) followed by COI (n =
9, 25.00%); this was attributed to the fact that the sequences of these
two genes of fish species were more easily found on NCBI, so that
species-specific primers for the fragments could be designed.
Specific primers were generally designed using professional
software such as Primer version 3 or PrimerHunter (Dougherty
et al., 2016). Recent research compared the particle size distribution
of nuclear eDNA (nu-eDNA) of Japanese Jack Mackerel
(Trachurus japonicus) in experimental tanks with that of mt-
eDNA and found that the concentration of nu-eDNA was
higher than that of mt-eDNA in the 3–10 μm size fraction, and
0.8 to 3 μm and 0.4–0.8 μm size eDNA fragment concentrations of
both types increased with higher temperature (Jo et al., 2019a). This
trend may suggest that nu-eDNA could be used for fish specific
species detection in the next step.

PCR, real-time quantitative PCR (qPCR), and droplet digital PCR
(ddPCR) are generally used for fish species-specific detection. These
methods have individual advantages and disadvantages (Nathan
et al., 2014; Dressler et al., 2020; Griffiths et al., 2020). PCR
amplification is the traditional method used to detect target
fragments, and measured results should be confirmed using
electrophoresis (Atkinson et al., 2018). The PCR method is low-

cost and simple to operate, and gel electrophoresis can be used to
visualize results of PCR products. However, electrophoresis also
easily increases the possibility of contamination if gel-cutting
recovery is needed. Unlike regular PCR, a single qPCR can
simultaneously detect several species (typically two to five species)
labeled with unequal fluorescent dyes (Tsuji et al., 2018). This
method has its own characteristics of specificity, sensitivity, and
quantification ability as well as reduced necessary reaction time.
Therefore, qPCR has become themainmethod for eDNA-based fish
species-specific detection in recent years. TaqMan probe-based
qPCR is the most effective way for eDNA detection of single
species (Thomsen and Willerslev, 2015; Wang et al., 2021).
ddPCR, as “third-generation” PCR, is also a quantitative PCR
method like qPCR and can provide absolute quantification of
target DNA. Compared with qPCR, ddPCR does not require a
standard curve of the reference relevant to target DNA (Hindson
et al., 2011). When using ddPCR to detect fish species, lesser
numbers of species can be estimated compared to qPCR
(Hindson et al., 2011; Nathan et al., 2014). Doi et al. (2015a)
documented that ddPCR was better for measuring eDNA
concentration in water bodies, because it provided more accurate
results related to the abundance and biomass of the target species
compared with qPCR. However, the disadvantage of this method is
that ddPCR is more expensive. In addition to these three common
PCR methods, new PCR strategies have been developed. For

TABLE 1 | Comparison of several of the most-used eDNA extraction kits in the fish ecological research.

eDNA extraction kits DNA yields Experimental expenses ($
per sample)

Level of inhibitor

Dneasy kit High 4.7 High
PowerWateter kit High 18.5 Medium
PowerSoil kit Medium 7.8 Low
PowerMax kit Medium 10 Low

aExperimental expenses referenced price of each kit in the Chinese market.

FIGURE 3 | Trends of the number of studies on species-specific detection and multispecies detection in 2011–2021.
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example, Stoeckle et al. (2018) developed nested PCR (GoFish) to
detect the eDNA of a single fish species. GoFish has the advantages
of both Illumina MiSeq metabarcoding and qPCR and also has
individual merits; for example, target tissue materials are not
required, and a basic thermal cycler is sufficient. Doi et al. (2021)
developed an innovative novel method that uses an ultra-rapid
mobile PCR platform to detect on-site eDNA, and it has been
successfully applied to eDNA measurements of the fish species
Hypophthalmichthys molitrix. The method reduced the
measurement time to 30min and provided high detectability.

Multispecies Detection
DNA meta-barcoding is an approach used to simultaneously
identify multiple taxa (Taberlet et al., 2012). Although DNA

meta-barcoding is theoretically similar to classical DNA
barcoding, there are differences in practical operation and
target DNA regions (Hebert et al., 2003). Both barcoding
methods rely on short DNA regions amplified by PCR,
typically utilizing mitochondrial or ribosomal RNA (rRNA)
genes. DNA meta-barcoding depends on universal primers for
multiple taxa amplified by PCR. At present, a total of 25 primer
sets have been recorded for the target genes 12S, 16S, Cytb, and
COI that can be used for meta-barcoding analysis of fish
(Bylemans et al., 2018; Zhang et al., 2020b; Wang et al., 2021).
Previous in silico and in vitro tests revealed that almost all fish
primers amplified relatively large proportions of the sequences of
non-fish organisms in analyses of the primer performance
regarding taxonomic specificity (Zhang et al., 2020b).

TABLE 2 | Summary of articles describing the use of eDNA for detection of threatened and endangered fish species or for detecting invasive fish species.

Species Threatened/
Endangered

Invasive Countries References

Acheilognathus typus × — Japan Sakata et al. (2017)
Acipenser sinensis × — China Yu et al. (2021)
Alburnoides bipunctatus × — Germany Pont et al. (2018)
Ameiurus melas — × Spain Clusa and Garcia-Vazquez, (2018)
Ameiurus nebulosus — × Spain Clusa and Garcia-Vazquez, (2018)
Carassius carassius × — United Kingdom Harper et al. (2018)
Carassius gibelio — × Turkey Keskin et al. (2014)
Clarias gariepinus — × Turkey Keskin et al. (2014)
Ctenopharyngodon idella — × US Wilson et al. (2014)
Cyprinus carpio — × Australia Hinlo et al. (2017)
Cyprinus carpio — × Japan Uchii et al. (2017)
Esox lucius — × United States Sepulveda et al. (2018)
Eucyclogobius newberryi × — United States Schmelzle and Kinziger, 2015; Dressler et al., 2020
Hemigrammocypris rasborella × — Japan Jo et al. (2020)
Hypophthalmichthys molitrix — × United States Wilson et al., 2014; Klymus et al., 2015; Erickson et al.,

2016
Hypophthalmichthys nobilis — × United States Wilson et al., 2014; Klymus et al., 2015; Erickson et al.,

2016
Lepisosteus oculatus × Canada Boothroyd et al. (2016)
Lepomis macrochirus — × Japan Takahara et al., 2013; Jo et al., 2020
Macquaria australasica × — Australia Piggott, 2016; et al., 2017; Rojahn et al., 2021
Micropterus dolomieu — × Japan Jo et al. (2020)
Micropterus salmoides — × Japan Jo et al. (2020)
Micropterus salmoides — × Spain Clusa and Garcia-Vazquez, (2018)
Misgurnus anguillicaudatus × — Japan Jo et al. (2020)
Misgurnus anguillicaudatus — × Australia Hinlo et al. (2017)
Misgurnus fossilis × Denmark Sigsgaard et al., 2015; Kusanke et al., 2020
Misgurnus fossilis × — France Brys et al. (2021)
Mylopharyngodon piceus — × United States Guan et al. (2019)
Neogobius melanostomus — × Switzerland Adrian-Kalchhause and Burkhardt-Holm, (2016)
Opsariichthys uncirostris × — Japan Maruyama et al., 2018; Yamanaka et al., 2018
Oreochromis mossambicus — × Australia Farrington et al. (2016)
Oreochromis niloticus — × Turkey Keskin et al. (2014)
Oryzias latipes × — Japan Jo et al. (2020)
Pangasianodon gigas × — Cambodia, Lao PDR, and

Thailand
Eva et al. (2016)

Parabotia curtus × — Japan Sugiura et al. (2021)
Parahucho perryi × — Japan Mizumoto et al. (2017)
Perca fluviatilis — × Australia Hinlo et al., 2017; Rojahn et al., 2021
Percinarex spp. × — United States Strickland and Roberts, (2018)
Plecoglossus altivelis ryukyuensis × — Japan Akamatsu et al. (2020)
Pseudorasbora parva — × Netherlands Spikmans et al. (2020)
Pseudorasbora parva — × United Kingdom Davison et al. (2017)
Pseudorasbora parva — × Turkey Keskin et al. (2014)
Silurus glanis — × Spain Parrondo et al. (2018)
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Compared to other primer sets, 12S appears to have highly
effective fish coverage and species resolution, and Cytb
primers have generally provided fewer fish taxa than the 12S
and 16S primers, while COI appears to be a less common target
for fish than other mitochondrial genes (Zhang et al., 2020b). This
may be due to universal primers being impeded by interspecific
genetic variation (Deagle et al., 2014; Thomsen and Willerslev,
2015). Among 12S primer sets, Ac12S and AcMDB07 displayed
the best performance for detecting fish species in lakes, and
MiFish-U and AcMDB07 primers provided a higher
taxonomic resolution and more accurate species-level
assignments in research on freshwater fish biodiversity using
eDNA meta-barcoding (Bylemans et al., 2018; Zhang et al.,
2020b). Since the longer eDNA fragments can be amplified to
provide more sequence information (Deiner et al., 2017;
Bylemans et al., 2018), Ac12S and AcMDB07 (target DNA
fragment approximately 300–400 bp) have provided the
highest numbers of fish taxa and species-level assignments
(Zhang et al., 2020b). Miya et al. (2015) developed a set of
universal PCR primers (MiFish) for eDNA metabarcoding of
fishes that have been used for monitoring multispecies fish eDNA
in the Huddersfield Narrow Canal in the United Kingdom
(McDevitt et al., 2019), a coastal wetland of the Pearl River
Estuary (Zou et al., 2019), four Korean rivers (Alam et al.,
2020), and coastal marine ecosystems of Japan (Ushio et al., 2017).

Environmental variation also can affect eDNA detectability.
(Barnes and Turner, 2016). have shown that fish eDNA
degradation increased under lower aerobic activity and pH.
Seymour et al. (2018) used four sets of upland stream
mesocosms with an acid–base gradient to assess the temporal
and environmental degradation of multispecies eDNA (e.g.,
zooplankton, plants, and fish) and suggested that acidic
environments could accelerate the degradation of eDNA.

High-throughput sequencing (HTS) can be used for species
identification. With the development of HTS technology, meta-
barcoding used for eDNA research has become more efficient and
less expensive. The Illumina sequencing platforms are commonly
used, including HiSeq and MiSeq sequencers, and choice of the
sequencer is determined by the sequencing depth needed. Through
HTS, molecular operational taxonomic units (MOTUs), short
barcode sequences for species identification, can be obtained to
yield taxonomic information at the species level (Bienert et al.,
2012; Thomsen and Willerslev, 2015). Amplicon sequence variant
(ASV) is an alternative approach for species level detection (Callahan
et al., 2017). Forster et al. (2019) compared the performance of
eDNA-based ASVs and MOTUs sequenced on the Illumina
sequencing platform; ASVs were much closer to the known
number of species than MOTUs, and thus the authors
recommended ASVs as replacement for MOTUs. ASVs have been
used for fish monitoring based on eDNA. Antognazza et al. (2020)
usedASVs to detect fish species composition in a fragmented lowland
river and compared eDNA-based and long-term fishing monitoring
results; the results showed that eDNA could detect species such as
European shads (Alosa spp.) with high conservation value that were
never sampled by capture techniques.

Bioinformatic Analysis
Species identification on the basis of meta-barcoding can be
conducted through various bioinformatics software programs
such as PhyloPythia, Mothur, Usearch, QIIME, OBITools, and
Cutadapt (Kalyuzhnaya et al., 2008; Schloss et al., 2009; Caporaso
et al., 2010; Edgar, 2010; Sigsgaard et al., 2017). QIIME and
OBITools are usually the independent software packages used for
eDNAHTS sequences analysis of fishes, and both were developed
in Python. QIIME can be run in many environments (Caporaso
et al., 2010; Kuczynski et al., 2011), and OBITOOLS can only be

FIGURE 4 |Composition and percentage of target primer fragments for PCR (figures on the map refer to the frequency of occurrence of each molecular marker in a
total of 36 articles).
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TABLE 3 | Major steps and optimal protocols on field and laboratory of regular eDNA-base fish ecological research.

Step Target Protocols Remarks

Step
1

Collecting water samples Necessary appliances and tools: one water collector, 2 L
water bottle, 2 ml centrifugal tube, glove, mouth mask, marker
pen, sealed pocket, gauze, parafilm, 10% bleach, ship/boat

Specific number of appliances and tools are needed to be
confirmed based on number of sampling sites before sampling

Sample size: 2 L each sample repetition —

Sample repetitions: three —

Spatial position of sampling sites choice —

lake/pond/reservoir/lagoon: center, inlet, outlet, bank Sampling surface water
river/stream: rapid waters, riffle, pool, backwater Sampling surface water
ocean: various micro-habitats Sampling along the depth gradient
Contamination control —

use 10% bleach to clean sampling appliances and tools (include
ship or boat used) before sampling

—

wear mouth masks and disposable latex gloves during sampling Change mouth masks and gloves between different sampling
sites

make negative control using purified water Setup one negative control at same sampling place at every
turn

Step
2

Filtering water samples to
collect eDNA

Necessary appliances and tools: specialized filtration device
with pump, filter membrane, 10% bleach, sealed pocket, gauze,
parafilm

Specific number of appliances and tools are needed to be
confirmed based on number of water samples collected

Material type of filter: glass fiber/glass microfiber (GF) filters,
mixed cellulose acetate and nitrate (MCE) filters

MCE filters are the best choice in the turbid waters

Pore size of filter: 0.45 μm —

Pre-filtering: >10 μm filtering membranes —

Contamination control —

use 10% bleach to clean sampling appliances and tools before
filtration

—

use 10% bleach to clean filtration device between different
sample replicates

—

wear mouth masks and disposable latex gloves during filtering Change mouth masks and gloves between different sample
replicates

make negative control using purified water Setup one negative control at same filtering place at every turn
Step
3

eDNA samples storage Field: frozen in the portable car or ship refrigerator Setup <−10°C
Laboratory: frozen in the common refrigerator Setup −20°C

Step
4

eDNA extraction Commercial kit: DNeasy
®
Blood and Tissue kit (Qiagen, Hilden,

Germany)
eDNA extraction should be performed within 1 week after
sampling

Modifications compared to spin column protocols —

add 720 ATL buffer and 80 ul proteinase K —

incubate supernatants 3 h at 56°C —

add 800 μL AL buffer and 800 μL 96% ethanol —

incubate with elution 60 μl × 2 buffer EB to elute Two rounds of 37°C for 10 min for a final volume of 120 μl
Contamination control —

use 10% bleach to clean appliances, tools, and operation table
before DNA extraction

—

wear disposable latex gloves during DNA extraction Change gloves between steps
setup negative control used extraction blank sample Smaller volumes added: 180 μl ATL buffer, 20 μl proteinase K,

200 μl AL buffer and 200 μl 96% ethanol
perform eDNA extraction in the clean lab —

Step
5

PCR amplification Primer sets choice: Ac12S, MDB07, Mi-Fish, Vert-12SV5,
Teleo

Primer details see Table 3, setup four PCR replicates

Setup PCRproduct pools: each PCR replicate products mixed
with equal quality

—

Purification: purify PCR product pools used Qiagen’s MinElute
PCR Purification Kit

—

Contamination control —

set up two negative controls (PCR blank) per PCR reaction Setup two positive controls (template DNA extracted from fish
tissue) per PCR reaction

build the PCR system without eDNA template in the DNA-free lab —

Step
6

Library building Library building kit: TruSeq DNA PCR-free LT Sample Prep kit NEBNext DNA Library Prep Master Mix Set for 454 kit is
alterative

Step
7

High-throughput
sequencing

Sequencer platform: Illumina HiSeq —

Step
8

Bioinformatics analysis Raw reads de-multiplexed: QIIME 2, OBITools Quality control: Trimmomatic 0.32
Align paired-end reads: Vsearch, OBITools Quality control: Qiime 2
Cluster filtered reads into MOTUs: QIIME 2, OBITools Setup similarity cutoff: 97%
Taxa annotation: NCBI-Blast References database: NCBI GenBank
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operated under the UNIX environment (Biggs et al., 2015; Boyer
et al., 2016). Pipelines of sequences analysis include the following:
1) Filtering raw reads to discard low frequency and error reads
from further analysis, a process that comprises the three main
procedures of demultiplexing raw reads, alignment of paired-end
reads, and quality control of aligned reads. Errors can be reduced
by quality filtering, and the parameters can be set according to
needs of individual research. Choice of parameters should be in
accordance with target fragments. 2) Clustering filtered reads into
MOTUs or ASVs at a number of different similarity cutoffs,
where the cutoff value is a parameter used in the clustering
algorithm (Balasingham et al., 2017). Recent studies on fish
eDNA have adopted a minimum 97% similarity cutoff
(Williams et al., 2017; Majaneva et al., 2018). 3) Comparison
of MOTUs or ASVs and taxon annotation using specific DNA
sequence databases. Comparing MOTUs or ASVs to classical
taxonomy is an important step in eDNA research, and NCBI-
Blast is the most commonly used tool. Using relevant sequence
analysis programs requires researchers to have certain knowledge
and operating experience with computer programs, a situation
that has made these approaches difficult for many ecologists. To
solve this problem, HTS data analysis platforms were developed
that are simpler andmore user-friendly for researchers unfamiliar
with computer programs. MitoFish and MiFish Pipeline were
developed for analysis of mitochondrial genome databases of fish
for eDNA. The programs are key sequence analysis platforms for
studies of fish evolution, ecology, and conservation (Sato et al.,
2018).

DISCUSSION

Optimal Recommendations for Field and
Laboratory Protocols of Environmental
DNA-Based Fish Ecological Research
Undoubtedly, a variety of eDNA protocols have already been
applied aiming at different research objectives and study areas.
However, an eDNA beginner or an ecological monitor may feel
puzzled facing such a variety of protocols. The above review on
sampling and experimental methods used in the articles we
screened combined with our own eDNA research experience
allows us to propose a set of basic eDNA field and laboratory
protocols for the majority of research situations (Table 3). The
suitability, portability, efficiency, and cost are considerations for
setting up a general protocol to decrease investment in
equipment, reduce manpower, shorten sampling and filtering
time, and save experimental expenses.

Choice of an appropriate volume of water sample needs to
consider whether it can supply enough taxonomic information
and whether it can complete filtration within a limited sampling
time. A 2 L water volume appears to be the proper size for sample
replicates from lakes, rivers, and offshore seawater, as this volume
can reveal more fish species compare to ≤1 L volumes while
saving filtering time (Muha et al., 2019). In contrast, sampling a
larger volume of water may extend the time needed for filtering
and increase the probability of DNA degradation. Water sample

replication per sampling site is aimed to eliminate randomness,
and three replicates is the lowest statistical standard. Spatial
design of sampling sites needs to cover all water layers and
various micro-habitats to collect eDNA of all species as much
as possible (Table 3; Hänfling et al., 2016; Zhang et al., 2020a).

Filtration is the most recommended eDNA collection method,
because it can collect eDNA from larger water samples of 2 L,
while precipitation and centrifugation methods have been shown
to be suitable to collect eDNA from samples of 30 ml or less
(Sigsgaard et al., 2015; Wang et al., 2021). The 0.45 μmGF and
MCE filters generally have best performance on DNA yield and
species detection in clear and general turbid water bodies. The
MCE filters with the larger pore size (i.e., >1 μm) could be
adopted for collecting water samples from extremely turbid
waters. Although 0.22–0.26 μm filters may obtain higher DNA
yields compared to 0.45 μm filters, those with the smaller pore
size are very easy to be clogged by suspended matter and algae,
even in relatively clear water bodies, and thus we do not
recommend the use of the smaller pore-size filters. Pre-
filtration using >10 μm filtering membranes is recommended
to prevent clogging. eDNA storage at freezing temperature is
still the best choice no matter what filtration methods applied,
and ordinarily the portable car or ship refrigerator can provide
storage conditions in the field. Because we found that ethanol and
lysis buffers led to unstable storage effects under different
temperature conditions in our research, these two methods are
not considered as the best options for routine eDNA research. For
eDNA extraction, the DNeasy kit and the PowerWater kit are
most often used for total DNA extracted from water samples, and
they have similar effects on DNA concentration and inhibitor
removal, and the PowerWater kit has the better performance.
However, the DNeasy kit is more economical, because its price is
only one fourth of the price of the PowerWater kit. Therefore, the
former kit is more recommended for regular research, especially
in the case of limited funds. The remaining several kinds of
commercial kits all have features not ideal for DNA yields from
water samples, even though “inhibitor removal” steps are
included. When using the DNeasy kit, the spin column
protocols should be modified to be suitable for water samples
rather than tissue samples (Table 3; Sigsgaard et al., 2017).

PCR is an indispensable step for fish species diversity
detection. The 12S rRNA gene is preferred to detect
interspecies variation of fish, and one of five most-used 12S
primer sets can be chosen (Table 4; Zhang et al., 2020b;
Wang et al., 2021). PCR system ratio and reaction conditions
are not completely fixed due to different DNA template
concentrations and primer sets used, and even using different
PCR machines. Therefore, one must explore the most suitable
reaction system and conditions in individual research.

The Illumina HiSeq sequencer platform is the better choice for
eDNA meta-barcoding HTS, because it can obtain sufficient data
depth for sequence analysis. Methods and specific software for
bioinformatic analysis of eDNA data are being continuously
developed and updated, and algorithm choice is closely related
to the targets of the research. QIIME, OBITools, Vsearch, and
Trimmomatic are software programs we have used, and they can
effectively analyze and cluster sequence reads into MOTUs and
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complete taxon annotation using NCBI-blast. Filtered reads are
usually clustered into MOTUs with a >97% similarity cutoff. The
GenBank database of NCBI is also the first choice of reference
database for eDNA-based fish taxa identification because it
contains a wide variety of global fish species nucleotide sequences.

Key Challenges Faced When Using
EnvironmentalDNA in Fish Ecological
Research
Contamination
Contamination is a serious challenge for eDNA research, because
it can occur in all stages of the laboratory protocols, including
eDNA collection, extraction, amplification, and library building.
Sampling from the field is the experimental step most at risk of
cross-contamination. According to previous studies, 10% bleach
can be used to clean sampling appliances, including the ship or
boat used, and mouth masks and disposable latex gloves should
be worn by samplers to prevent DNA contamination (Sigsgaard
et al., 2017; Muha et al., 2019; Kusanke et al., 2020; Riaz et al.,
2020). Unmanned aerial vehicles (UAVs) have been used as a new
technique to collect environmental samples for eDNA studies and
avoid contamination (Doi et al., 2017). UAVs were used to collect
water samples from the dam reservoir of the Joge River, Japan,
and the results were compared with traditional boat sampling; the
quantitative DNA of two species (bluegill sunfish and largemouth
bass) were analyzed by qPCR. The results showed that the
concentration of DNA with the UAV sampling method was
equal to or higher than with the boat sampling method, and
the contamination risk was lower.

Lab contamination is unavoidable, especially when the frequency
of PCR is very high during eDNA lab work. Therefore, clean labs
should be built only for eDNA experiments, and strict
decontamination procedures and the separation of pre- and post-
PCR labs should be followed to limit cross-contamination during
experimental stages (Thomsen and Willerslev, 2015; Goldberg et al.,
2016). Negative controls should be made to monitor contamination
at the links of water sampling, eDNA collection, extraction,
amplification, and library building (Goldberg et al., 2016). During
HTS, many cross-contamination target fragments are produced, and
these fragments should be removed when sequence analyses are
conducted using specific computer software.

Inhibition
Factors such as humic acids, humus, and organic compounds
contained in environmental samples are extracted together with
the target DNA, and these have an inhibitory effect on subsequent
PCR. Inhibition reduction depends on DNA extraction dilution and
purification (Biggs et al., 2015; Balasingham et al., 2017; Williams
et al., 2017; Harper et al., 2019). Since eDNA samples may contain
many impurities, we chose to dilute eDNA templates 10 times before
PCR. PCR reaction enhancers such as BSA, RSA,DMSO, and Tween
200 as well as reducing the amount of DNA template added are also
able to decrease the impact of inhibitors on PCR (Takahara et al.,
2015; Sidstedt et al., 2017; King et al., 2019). qPCR and ddPCR can be
used to make quantitative analysis of eDNA, although inhibition
exists (Hindson et al., 2011; Nathan et al., 2014; Doi et al., 2015b). In
addition, PCR inhibition can be tested through qPCR to define “Ct
shift” (Jane et al., 2015).

Lack of Reference DNA Data
Species identification derived from eDNA fragments depends of
necessity on a reference DNA database, and related DNA
sequence databases still need to be established, although global
gene databases have been built, including NCBI (www.ncbi.nlm.
nih.gov/genbank), databases of DNA barcodes targeting specific
biological taxa such as World’s Fish (www.fishbol.org), the
mammal DNA database (http://www.mammaliabol.org), and the
bird species DNA database (http://www.barcodingbirds.org) as
well as databases for specific regions such as the European
Molecular Biology Laboratory (https://www.embl.org). China
harbors high biological diversity and 9% of global freshwater fish
species (Xing et al., 2016). China itself, however, has no DNA
database. When studying the species diversity of cave fish using
eDNA, we found that less than 50% of the DNA barcodes of Chinese
cave fishes were collected in the NCBI database, a situation that
hindered our research and prevented it from proceeding smoothly
(Bai et al., 2020). Therefore, the continuous improvement of DNA
reference databases will be crucial for the development of eDNA
research, including DNA barcodes and even complete mitochondrial
DNA for wider application.

Bioinformatic Pipelines
Sequencing errors and low-quality sequences are inevitable, although
sequencing technology is always evolving, and such errors are

TABLE 4 | Most-recommended 12S primer sets for eDNA-based fish multiple species detection.

Primer name Sequence (59–39) Targeted region Annealing temperature
(°C)

Type of
taxa

References

Ac12S_F ACTGGGATTAGATACCCCACTATG ~385 bp 65 Freshwater fishes Evans et al. (2016)
Ac12S_R GAGAGTGACGGGCGGTGT — — — —

AcMDB07_F GCCTATATACCGCCGTCG ~300 bp 60 Freshwater fishes Bylemans et al. (2018)
AcMDB07_R GTACACTTACCATGTTACGACTT — — — —

MiFish-U_F GTCGGTAAAACTCGTGCCAGC ~170 bp 60 Freshwater and Marine fishes Miya et al. (2015)
MiFish-U_R CATAGTGGGGTATCTAATCCCAGTTTG — — — —

Vert-12SV5_F TTAGATACCCCACTATGC ~106 bp 60 Vertebrate Riaz et al. (2011)
Vert-12SV5_R TAGAACAGGCTCCTCTAG — — — —

Teleo_F ACACCGCCCGTCACTCT ~100 bp 60 Teleostei Valentini et al. (2016)
Teleo_R CTTCCGGTACACTTACCATG — — — —
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important factors leading to inaccurate detection results based on
eDNA meta-barcoding (Kunin et al., 2010; Thomsen and Willerslev,
2015). Therefore, improving bioinformatic pipelines and developing
useful computer programs for raw sequences filtering and quality
control will be beneficial for removing interfering sequences and
increasing identification rates of MOTUs, in addition to improving
reference databases. Trimmomatic is a popular tool at present that
performs a variety of useful trimming tasks for Illumina sequencing
platform results to control raw sequences quality (Bolger et al., 2014).
Undoubtedly, bioinformatic analysis and pipeline optimization will
be important aspects of future eDNA meta-barcoding analyses.

CONCLUSION

eDNA has been widely accepted and adopted as a useful tool in
research on fish ecology and water environmental health. In this
review, we have attempted to recommend optimal field and
laboratory protocols, presenting the merits and drawbacks of each
protocol at each step in the process to help general users of eDNA to
understand the outline of this method and how to perform it in their
research. However, it is difficult to evaluate efficiencies of every
protocol or provide a set of definite eDNA protocols available for
different fish taxa, habitats, and research targets only through
comparative study of the literature. Therefore, we recommend the
protocols that are consistent with most common eDNA sampling
and experimental steps used in recent fish ecological research. eDNA
techniques and analysis methods are still developing and improving.
This method is not only used in countries such as the United States,
Europe, Japan, and Australia but also is widely applied in countries
that are facing water environmental degradation and decreasing

biodiversity, and thus the future of eDNA indicates the methods
becoming routine measurement for biodiversity changes and water
ecosystem evaluation in fish ecology. We hope that eDNA methods
will become more standardized and portable so that users besides
professional researchers can master this method.
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