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Metabarcoding analysis using fish environmental RNA (eRNA) has demonstrated
higher performance compared to that using fish environmental DNA (eDNA) in the
Naka River in Japan. However, the results from representative sampling sites were
insufficient to estimate the diversity of organisms in the entire river. Therefore, we
validated the evaluation performance using additional traditional field survey (TFS)
data. Data from seven traditional field surveys on fish, covering the area near the
sampling points where eDNA/eRNA metabarcoding analyses were conducted,
were obtained. Ten fish species were newly identified, with nine determined using
the eDNA and eRNA metabarcoding analyses. Performance was evaluated in terms
of both positive predictive value (PPV) and sensitivity. Except for species specifically
detected only near the estuary, the additional use of field survey data increased the
PPV from 26.5% to 36.3% for eDNA and from 43.6% to 57.7% for eRNA. After
combining the results of multiple surveys, the sensitivities for eDNA and eRNA
increased from 52.4% to 67.4% and from 57.1% to 69.8%, respectively. The increase
in PPV was more pronounced for eRNA than for eDNA, indicating that eRNA does
not decrease PPV when multiple datasets are merged. The superior performance
of eRNA compared to eDNA suggests that eRNA metabarcoding analysis is
valuable for accurately conducting ecological surveys and biodiversity
assessments and may reduce the labor required for monitoring the entire river
by optimizing sampling points for metabarcoding analysis.

metabarcoding, environmental DNA, environmental RNA, sustainable development
goals, traditional field surveys
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1 Introduction

Metabarcoding analysis using environmental nucleic acids
(eNA), which analyzes environmental DNA (eDNA) or RNA
(eRNA) released from macro-organisms in aquatic environments,
is the most promising method used for ecological surveys and
biodiversity assessments (Bohmann et al., 2014; Deiner et al., 2017;
Ficetola et al,, 2008). The eNA metabarcoding analysis assesses non-
invasively and provides biodiversity information, such as species
richness and abundance (Dougherty et al., 2016; Foote et al., 2012;
Fukumoto et al., 2015; Port et al., 2016; Thomsen et al., 2012a,
2012b; Yamamoto et al.,, 2016; Yamanaka and Minamoto, 2016).
However, eNA can persist in the environment; therefore, it may
lead to false positives. In general, false positive is defined as the
species that do not inhabit near the sampling point. Mitigating false
positives in metabarcoding analyses is a major challenge in
interpreting molecular ecological surveys (Cristescu and Hebert,
2018; Ficetola et al., 2016).

False positives are generated due to two major causes: 1) the
movement of eNA from upstream or exogenous sources areas (e.g.,
contamination from fishery and wastewater treatment plants (Inoue
et al,, 2023), and 2) rolling up of eNA from old sediments (Kuwae
et al., 20205 Sakata et al., 2020). Thus, if more degradable molecules
are utilized, molecular ecological surveys using high spatiotemporal
resolution can mitigate false-positive effects. eRNA has attracted
attention from researchers because it is less stable than eDNA
(Cristescu, 2019; Veilleux et al., 2021; Yates et al.,, 2021). Miyata
et al. (2021) took advantage of the fact that marine fish can be
defined as false positive in rivers, and indicated that fish eRNA
metabarcoding analysis effectively mitigates false positives due to
contamination from exogenous sources. The performance was
evaluated in terms of both positive predictivity (positive
predictive value; PPV), the proportion of species identified by the
analysis that were present in traditional field survey (TFS), and
Sensitivity, the proportion of species that were found to be present
in TES by the analysis. In a study comparing the use of a TFS and
the metabarcoding analysis to identify organisms in the entire river
using representative sampling sites, the results revealed that the
PPV of eRNA metabarcoding (43.6%) was higher than that of
eDNA (26.5%), and eRNA had a few false positive species from
outside areas (seawater fishes). Although sensitivity was considered
high (90.0% and 100% in eDNA and eRNA, respectively) when
narrowing down to a sampling site, many unknown species were
detected using the metabarcoding analysis. Thus, their reported
sensitivity and PPV were insufficient for the analysis of the entire
river owing to a lack of sufficient TFS data to evaluate the
performance of eRNA. TFS data play a critical role in
determining true positive species for evaluating the likelihood of
false positives, or in determining the target population of species to
be evaluated for sensitivity.

In the present study, we analyzed additionally obtained TFS
data to validate and interpret the performance of fish eRNA
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metabarcoding analyses to detect organisms in the entire Naka
River in Japan from representative sampling sites.

2 Materials and methods

2.1 Species detected using the eDNA and
eRNA metabarcoding analysis

From the molecular ecological surveys that have previously
carried out at two representative sites in the Naka River, 83 and 55
species have been detected in the eDNA and eRNA, respectively, and
48 species have been identified as common species (Miyata et al,
2021). The principle of the protocol for preparing the species list is
briefly described below. Briefly, a 3 L of water samples (3.0 L, n = 22:1
sample/site/day x 2 sites x 11 days) were collected from October 2018
to February 2019 at Nakagawa-oohashi (N36°32°55”, E140°19'34”)
and Shin-nakabashi (N36°45°26”, E140°08'30”) on the Naka River in
Japan, giving a total of 22 samples. The samples were filtered using
Sterivex  filter units (nominal pore size, 0.45 pum; Millipore,
Billerica, MA, USA). Total eDNA was extracted using a DNeasy
Blood and Tissue Kit (Qiagen, Hilden, Germany). Total eRNA was
extracted using a ChargeSwitch total RNA cell kit (Thermo Fisher
Scientific, Waltham, MA, USA) with DNase treatment, and cDNA
was synthesized using a PrimeScript IT 1** strand cDNA synthesis kit
(TaKaRa Bio Inc., Shiga, Japan). Amplicon libraries were obtained via
polymerase chain reaction (PCR) amplification using MiFish
primers. The first PCR amplification was replicated four times. The
second PCR was conducted to add adaptor and index sequences. The
samples were subjected to MiSeq sequencing (Illumina, San Diego,
CA, USA). Multiple FASTQ files were extracted using the FASTX
Toolkit (ver. 0.0.14 [National Institute of Health, Bethesda, MD,
USA]J, and alternative sequence variants (ASV's) were produced using
DADA?2 (Callahan et al,, 2016). The primer sequence, 120 bp from
the 3" end, and the chimeras were removed using Qiime 2 (Bolyen
etal, 2019) (ver. 2020.8). All processed ASV's were analyzed using the
BLASTN program (ver. 2.9.0 [National Institute of Health]) using the
MitoFish database (version 3.53, http://mitofish.aori.u-tokyo.acjp/
[University of Tokyo, Tokyo, Japan]).

2.2 Traditional field survey and the
database

A previous study has analyzed the open data from TFS, and the
results have revealed that 42 species inhabit the entire Naka River
(Table 1) (Miyata et al., 2021). TFS data have been extracted from
the Ministry of Land Infrastructure and Transport — River
Environmental Database (MLIT-RE database). We compensated
for the variations in the TFS data by using the average values from
the available TFS data over the last 10 years during autumn and
winter. However, false negatives may have occurred because of the
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TABLE 1 List of fish species reported by Miyata et al. (2021).

Oncorhynchus keta

Tribolodon hakonensis

Carassius sp.

Pseudogobio esocinus esocinus

Opsariichthys platypus
Hemibarbus barbus
Rhinogobius sp.
Plecoglossus altivelis altivelis
Silurus asotus

Micropterus dolomieu dolomieu

Tribolodon brandtii maruta
Rhodeus ocellatus ocellatus
Elops hawaiensis
Sardinella zunasi
Salangichthys microdon

Gambusia affinis

Candidia temminckii

Platycephalus sp.2

Rhinogobius nagoyae
Gnathopogon elongatus elongatus
Tridentiger obscurus
Mugil cephalus cephalus
Pseudorasbora parva

Candidia sieboldii

Terapon jarbua
Acanthogobius lactipes
Favonigobius gymnauchen
Tridentiger bifasciatus
Platichthys stellatus

Kareius bicoloratus

Lepomis macrochirus macrochirus
Tridentiger brevispinis
Channa argus
Micropterus salmoides
Gymnogobius urotaenia

Acanthogobius flavimanus

Takifugu poecilonotus
Chaenogobius gulosus
Acanthopagrus schlegelii
Mugilogobius abei
Chelon affinis

Kuhlia marginata

limited number of inspections and survey areas. Ecological surveys
of fish are prohibited for companies in Japan; therefore, we sought
fish ecological survey data from permitted organizations like
government agencies and obtained TFS data from a fish survey
conducted at the Naka River system in the Tochigi Prefecture. The
metabarcoding analysis (Miyata et al., 2021) was conducted in the
Tochigi Prefecture, and the open data (MLIT-RE database) used
contained other prefectural data (15 TFSs in October 2010,
February 2011, and October 2016). A previous study
retrospectively re-evaluated the performance of eDNA/eRNA
metabarcoding analysis.

Seven TFSs, which is near the sampling points of the
metabarcoding (Nakagawa-oohashi [N36°32°55”, E140°19°34”]
and Shin-nakabashi [N36°45°26”, E140°08’30”]) on the Naka
River in Japan from September 2020 to January 2021, were
conducted by the Tochigi Nakagawa Aquatic Park. Surveys were
carried out at 20 points from the upper to the middle of the Naka
River, using traditional sampling methods, such as scoop nets of
approximately 5 mm mesh size, fishing floats, and electrofishing
(LR-24 Electrofisher; Smith-Root, Vancouver, WA, USA) with an
output voltage range of 200-400 V. The study was qualitative
because the abundance of species data was treated as reference
information. In the performance evaluation, we focused on species
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newly identified in the present survey and evaluated whether they
were detected using eDNA or eRNA metabarcoding, as conducted
by Miyata et al. (2021).

2.3 Performance evaluation of eDNA and
eRNA metabarcoding analyses in
ecological surveys

To evaluate the performance of eDNA/eRNA metabarcoding
analysis as an alternative method for TFS, sensitivity and PPV were
analyzed according to Miyata et al. (2021). PPV is the proportion of
species identified by the analysis that were present in the site (TES
data), and sensitivity is the proportion of species that were found to
be present in the site (TFS data) by the analysis. True positives were
treated as “identified species using metabarcoding analysis of the
observed species in TFS.” Specificity and negative predictivity were
not evaluated because negatives in the TFS do not indicate true
negatives due to their low sensitivity. These indices are widely used
in medical research and detection/diagnosis method development,
and recently, often used in performance evaluation of molecular
ecological surveys (An et al., 2023; Cristescu, 2019; Li et al., 2024;
Miyata et al.,, 2021; Veilleux et al., 2021; Yates et al., 2021). Even
highly sensitive methods, if they generate more false positives than
true positives, the method cannot be trusted (Jones et al., 2020).

Sensitivity and PPV were calculated using the following formulas:

(number of true positives)

Sensitivity =
ensiavity (number of positives in TFS)

PPV (positive predictive value) =

(number of true positives)

(number of positives in metabarcoding analysis)

In general, it is not possible to determine whether a species
detected only in the metabarcoding analyses is a true or false
positive. This is because the species may simply not be detected
in the TFS. Therefore, in this study, we followed the procedure of
Miyata et al. (2021) and defined false positives as saltwater or
brackish water fish that should not be detected at the sampling sites.

The average total read numbers at the Nakagawa-oohashi and
Shin-nakabashi sampling sites were used to compare the TFS data
for the entire Naka River. Venn diagrams were used to compare the
number of species determined using eDNA, eRNA, and TFS,
considering that used in a previous study (Miyata et al.,, 2021)
and TFS from an aquarium study (Seven TFSs conducted by the
Tochigi Nakagawa Aquatic Park in this study). Furthermore,
sensitivity and PPV were calculated, excluding species detected as
estuarine-specific in the TFS. In this study, Kaimonbashi was
defined as an estuary.

An F-test was used to determine the homogeneity of variance
across sensitivities and positive predictivities. To compare eDNA
and eRNA, a two-tailed paired t-test was performed when the
underlying distributions were parametric and the variance was
homogeneous, whereas the Wilcoxon signed-rank test was
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performed using Origin 2019b (OriginLab, Northampton, MA,
USA) when the variance was heterogeneous. Statistical
significance was set at p < 0.05.

3 Results

3.1 Newly identified species in additional
traditional field survey

Ten species (Cottus pollux, Cottus reinii, Lefua echigonia,
Misgurnus anguillicaudatus, Oncorhynchus mykiss, Salvelinus
leucomaenis pluvius, Tachysurus tokiensis, Cobitis biwae species
complex, Lethenteron sp.N./Lethenteron sp.S., and Oncorhynchus
masou masou) were newly identified in surveys that were conducted
at the Tochigi Nakagawa Aquatic Park (Table 2). Most species were
detected using the eDNA or eRNA metabarcoding analyses
(Figure 1). C. biwae species complex detected in the TFS
comprises Cobitis sp. BIWAE type A, B, C, or D.Lethenteron
sp.N./Lethenteron sp.S. detected in TFS comprises either
Lethenteron sp.N. or Lethenteron sp.S. Cobitis sp. BIWAE type C
and Lethenteron sp.S. were detected in eDNA and eRNA
metabarcoding analyses, respectively, and may be undetectable in
eDNA and eRNA metabarcoding analyses due to limitations of
classification in TFS.

The 10 identified species inhabit rivers in Japan, and 7 species
are demersal fish, and 9 species are rare based on the Ministry of the
Environment, Government of Japan Red List of 2020 (Ministry of
the Environment Government of Japan, 2020) (Table 2). Identifying
C. pollux, S. leucomaenis Pluvius, and Lethenteron sp. requires
caution considering accuracy in metabarcoding analysis based on
a survey manual for conducting eDNA analysis on freshwater fish
(3" edition) (Biodiversity Center of Japan, 2023).

10.3389/fevo.2025.1540001

3.2 Performance for the ecological survey
of eDNA/eRNA metabarcoding analysis

The newly identified species allowed us to estimate the realistic
performance of the eDNA and eRNA metabarcoding analyses,
improving the eDNA and eRNA sensitivity and PPV. Sensitivity
can be considerably improved by integrating the results of multiple
surveys and assuming that a species is present if detected in any of
the surveys (Figure 2). In this study, eDNA and eRNA sensitivity
increased from 52.4% to 59.6% (+7.2%) and 57.1% to 61.5%
(+4.4%), respectively, whereas PPV increased from 26.5% to
37.8% (+11.3%) and 43.6% to 59.3% (+15.7%), respectively. Thus,
the improvement in sensitivity was equal between eDNA and
eRNA, whereas PPV was improved for eRNA compared with that
of eDNA. Merging the metabarcoding analysis results increased the
sensitivity and PPV of eRNA compared with those of eDNA. ERNA
was less likely to decrease PPV and increase sensitivity compared
with those of eDNA. The unique characteristic of eRNAs is that
data integration does not reduce PPV. Furthermore, excluding the
estuarine-specific species detected in TFS, eDNA and eRNA,
sensitivity increased from 59.6% to 67.4% (+7.8%) and 61.5% to
69.8% (+8.3%), respectively, whereas PPV slightly decreased from
37.8% to 36.3% (—1.5%) and 59.3% to 57.7% (—1.6%) for eDNA and
eRNA, respectively.

4 Discussion

Miyata et al. (2021) suggested that fish eRNA metabarcoding
analysis is useful for specific ecological surveys with high PPV;
however, its performance was insufficient for an ecological survey
method that comprehensively captures the entire river at
representative sampling points. Therefore, we performed

TABLE 2 Ten species newly detected in traditional field survey and metabarcoding analysis.

Scientific name SDNA SRINA Demersal Rare species Difficult
metabarcoding metabarcoding to identify

Cottus pollux + + + + b
Cottus reinii + + + + a
Lefua echigonia + + + + a
Misgurnus anguillicaudatus + + + + a
Oncorhynchus mykiss + + - - a
Salvelinus leucomaenis pluvius + + - + b
Tachysurus tokiensis + + + + a
Cobitis biwae species complex +F +F + + a
Tehetam 555, : - . . b
Oncorhynchus masou masou - - - + a

+ Detected or applicable species in each category. — Refers to non-detected or applicable species in each category. *Species can be identified using metabarcoding analysis. *Species identification
should be performed with caution during metabarcoding analysis. "Contains multiple species that could not be identified at the species level through traditional field surveys. Rare species are
listed on the Ministry of the Environment, Government of Japan Red List of 2020. Difficulty in identifying species is listed in a survey manual for conducting environmental DNA analysis on
freshwater fish (3" edition). eDNA, environmental DNA; eRNA, environmental RNA.
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FIGURE 1

o)

Comparison of environmental DNA and RNA metabarcoding analyses and newly analyzed traditional field survey data obtained from an aquarium
survey. eDNA, species detected in eDNA metabarcoding analysis; eRNA, species detected in eRNA metabarcoding analysis; MLIT-RE, traditional field
survey data from the Ministry of Land Infrastructure and Transport — River Environmental Database. Aquarium: newly identified species in traditional

field surveys conducted by the Tochigi Nakagawa Aquatic Park.

additional analyses using the newly obtained TFS data to estimate
the realistic performance of the molecular ecological survey using
eDNA/eRNA. As a result, 10 fish species were newly identified
(Table 2), and nine of the ten species were allocated to species that
were detected during eDNA and eRNA metabarcoding
analysis (Figure 1).

Ten species have been newly reported to inhabit the Naka river
in Japan. Of the 10 fish species, 7 are demersal fish (Table 2).
Furthermore, 9 species are rare. Demersal and rare fish may not
have been found in previous ecological surveys because they hide in
the sand and are scarce, respectively. Moreover, rare species have
not been described from a conservation perspective. Furthermore,
three species (Cottus pollux, Salvelinus leucomaenis pluvius, and
Lethenteron sp.) required caution considering identification
accuracy in metabarcoding analysis and species-specific analysis
and technological development are needed for future analysis.

Regarding the performance of the ecological survey (Figure 2),
adding the data for the 10 species considerably increased sensitivity
and PPV, and subsequently, the performance of eRNA (sensitivity
and PPV were approximately 60%). Regardless of the database used,
eDNA showed a significant decrease in PPV when merged data was
used, while eRNA showed almost no decrease in PPV. This is
because, DNA detects more marine fish (false positives) due to
merging than RNA. eRNA showed higher sensitivity than eDNA
because eRNA would have a smaller amount of nucleic acids
derived from false positives, and therefore more nucleic acids
derived from living organisms would be available. Furthermore,
excluding the estuarine-specific species detected in TFS, eDNA and
eRNA sensitivities were improved by +7.8 and +8.3%, respectively.
Contrastingly, eDNA and eRNA positive predictivities were slightly
decreased by —1.5 and —1.6%, respectively, probably due to the
detection of Tridentiger obscurus and Tribolodon brandtii maruta

C.

MLIT-RE + Aquarium

MLIT-RE MLIT-RE + Aquarium R ™ .
(excluding estuary-specific species)
100 100 100 100 100 100
(O Merged O Merged O Merged O Merged O Merged O Merged
[ Averaged [ Averaged [J Averaged [ Averaged [ Averaged [ Averaged
80 80 80 80 80 80
g . g ° £ o ©
> 60+ . 9 60+ > 604 @ 9 60 . = 60+ 9 60+ .
: 1@ g 2 - z .
2 40 o 40- 2 404 a 401 |@ 2 404 o 40
o 53 @ (@)
(2] [ (2]
(&)
20 20 20 20 204 204
0 0
eDNA  eRNA eDNA  eRNA eDNA  eRNA eDNA  eRNA eDNA  eRNA eDNA  eRNA
FIGURE 2

Improved performance of environmental DNA/environmental RNA metabarcoding analysis using traditional field survey (TFS) data obtained from an
aquarium survey for ecological survey using additional TFS data. Sensitivity and positive predictive value (PPV) of metabarcoding analysis using TFS

data obtained from (A) Ministry of Land Infrastructure and Transport — River Environmental Database (MLIT-RE), (B) MLIT-RE and aquarium survey,

and (C) MLIT-RE and aquarium survey excluding the estuary. Bars and dots indicate performance when individual data were averaged and merged,

respectively. Merged data was treated as true if it was detected in any one of the surveys or analyses conducted. *p < 0.05.
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typically found downstream of rivers and estuaries, but can inhabit
freshwater, suggesting that fish migrating upstream from the sea
inhabit the middle stream of rivers and contaminate river water
with DNA and RNA. A previous study revealed the high sensitivity
of eRNA (100%) when the location of the species is narrowed down
(Miyata et al,, 2021). Additionally, the increase in PPV for eRNA
(+15.7%) was considerably higher than that for eDNA (+11.3%). A
high PPV indicates a low false-positive rate. Thus, if the eRNA
detects fish species, it indicates that the species detected is likely to
inhabit the vicinity of the sampling point. Previous studies and
systemic reviews have highlighted that eRNA metabarcoding
analysis is a positive assay for investigating whether fish species
inhabit the sampling points (An et al., 2023; Cristescu, 2019; Li
et al,, 2024; Miyata et al., 2021; Veilleux et al., 2021; Yates et al.,
2021), consistent with the findings of the present study. Although
eNAs can capture data for a large survey area, the eDNA ability to
detect a high number of false-positive species reduces the positive
sensitivity when the results of multiple surveys are integrated. eRNA
can maintain high PPV while retaining high sensitivity when data
are integrated, significantly improving the practical operational
challenges of routine molecular ecology surveys.

We have validated the previous results for eDNA/eRNA
metabarcoding, but there are still some limitations, including the
use of old TFS data (10 years old) and uncertainties due to the small
number of sampling sites. Therefore, further studies are needed to
evaluate its performance at larger spatial scales and taxonomic
groups. In particular, performance in open systems (e.g. bays) needs
to be evaluated. In addition, there is a need to better understand
which environmental factors alter RNA degradation and how
analysis affects performance, the type of primer used, the
identification of difficult-to-identify species, and the increased
cost and effort required for environmental RNA analysis.

In conclusion, we validated the performance of fish eRNA
metabarcoding analysis for ecological surveys in the Naka River.
We found that using additional ecological survey data improved
eRNA sensitivity and PPV by approximately 60%. Furthermore, the
increase in sensitivity and PPV of eRNA were higher than those of
eDNA. Merging several measures of metabarcoding results leads to
the high performance of eRNA considering the sensitivity and PPV
(low false negative rate). Although eRNA analysis is time-
consuming and resource-intensive compared to eDNA analysis,
optimizing the number of surveys and geographic sampling areas
could result in effective and robust evaluations. Multi-site and
-temporal data analyses are required to elucidate how eDNA and
eRNA can be used interchangeably.
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