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Abstract: Fishes are ecologically important organisms that have long lifespans, high mobilities, and
diverse trophic levels. Due to their importance, fishes are used as bioindicators for monitoring aquatic
environments. One method for monitoring fishes is based on environmental DNA (eDNA), which
are the deoxynucleic acids released by organisms into the environment. However, there has been a
problem with false positives because eDNA is relatively stable in the environment and could even
likely represent dead or non-inhabiting organisms. To address this weakness, environmental RNA
(eRNA), which degrades more rapidly than eDNA in the environment, can be utilized to complement
eDNA. But, to date, few studies have used eRNA for freshwater fish monitoring. In this study,
to determine the relative usefulness of eDNA and eRNA metabarcoding in freshwater fishes, we
performed eDNA and eRNA metabarcoding on 12S rRNA targeting fish using water samples that
were collected from three locations in the Han River. We then calculated the sensitivity and positive
predictivity of this approach by comparing our data to the previous specimen capture survey (PSCS)
data from the last six years. The results showed that 42 species were detected by eDNA and 19 by
eRNA at the three locations. At all locations, compared to the PSCS data, the average sensitivity was
higher for eDNA (46.1%) than for eRNA (34.6%), and the average positive predictivity was higher for
eRNA (31.7%) than for eDNA (20.7%). This confirmed that eDNA metabarcoding has the advantage
of broadly determining species presence or absence (including those that are no longer present or
dead), but it also generates false positives; meanwhile, eRNA metabarcoding reports living fish
species, but detects fewer species than eDNA. Combining eDNA and eRNA therefore emphasizes
their advantages and compensates for their disadvantages, and conducting this may therefore be
useful for identifying false positives and monitoring the fish species that are actually present in the
environment. This metabarcoding technique can be used in the future to provide insights into the
aquatic environment and the monitoring of fisheries.

Keywords: fish; metabarcoding; eDNA; eRNA; monitoring; Han River; Korea

Key Contribution: This study was performed metabarcoding by combining eDNA with eRNA to
monitor fish species in the Han River, Korea. The results indicated that combined eDNA and eRNA
data can be effective for identifying false positives and monitoring fish species that actually live in
the environment examined.

1. Introduction

Fishes are sensitive indicators of long-term environmental and habitat condition
changes due to their relatively long lifespan and high mobility [1]. In addition, their
communities span a range of trophic levels, from planktivores and herbivores to apex
predators. Fish are also susceptible to environmental or human-induced pressures such as
pollution, climate change, and habitat disturbance, and they have therefore been regarded
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as dependable indicators of the overall health and condition of aquatic ecosystems [2–4].
For these reasons, fish assessments and monitoring have been executed by governmental
institutions and scientific researchers based on standard sampling methods that rely on
direct capture [5,6]. However, traditional monitoring methods, such as electrofishing, fyke
nets, gill nets, bait traps, visual census, and acoustic surveys, are expensive and time-
consuming due to the lack of taxonomic expertise, the necessity of extensive fieldwork, low
detection probabilities, and the challenges associated with gear deployment [7–9]. Due
to these difficulties, as the ability to observe fish living in aquatic ecosystems is limited,
researchers have recently harnessed the potential of DNA for detection.

One of the main methods for monitoring fish in aquatic ecosystems when using DNA
is based on environmental DNA (eDNA) metabarcoding. Metabarcoding with eDNA,
which is the DNA released by organisms into the environment, is a molecular technique
that permits the simultaneous identification of multiple organisms via the eDNA extracted
from a single environmental sample [10–12]. eDNA metabarcoding for monitoring fish
species typically uses specific regions of marker genes, such as the mitochondrial 12S
ribosomal RNA (12S rRNA) gene [13]. The decreasing time of sample preparation, the
lower cost, and an increased speed of data generation by high-throughput sequencing
technologies have also contributed to the increased utilization of eDNA metabarcoding for
fish monitoring [14–16]. Moreover, while eDNA metabarcoding has the potential to be a
useful tool for ecologically monitoring fish, its weakness is that false positives can occur,
whereby it identifies species that are not actually present in the environment [17]. This
happens when eDNA samples include DNA from organisms that are not present in the
environment, such as through it being transported from upstream to downstream, being
transported by humans, or it being derived from dead organisms [17,18]. These can occur
because of the high stability of DNA, which can remain in the environment for a long
time [19]. These factors can lead to an inaccurate representation of the fish species present
at a sampling time and location [17].

To solve the false positive issue of eDNA metabarcoding, environmental RNA (eRNA)
has been suggested as a potential solution [12,17]. Similar to eDNA, eRNA refers to the
RNA that is detected in environmental samples of water, soil, sediment, and air [15,20].
eRNA is derived from both the coding and noncoding RNAs that are produced by living
organisms, and it tends to degrade rapidly [15]. eRNA is relatively less stable than eDNA
under most environmental conditions, and especially in water [15]. This is because of the
ribose molecular composition, which has hydroxyl groups that are more susceptible to
hydrolysis and degradation by the ribonucleases (RNase) present in the environment than
the deoxyribose of eDNA [15]. However, rapid degradation reduces the possibility that
organisms that are no longer present or have been transported from upstream, or are dead,
will be detected by eRNA [18,21]. For these reasons, eRNA has become known as a method
through which to complement the occurrence of false positives in eDNA [22].

eDNA metabarcoding, therefore, characterizes both the past and present organisms
present in the environment, while eRNA metabarcoding identifies only the recently present
living organisms. In previous studies, researchers using both eDNA and eRNA have
focused primarily on organisms in marine environments [15]. However, the knowledge
regarding the effectiveness of combining eDNA and eRNA metabarcoding for ecological
studies related to fish species monitoring is limited [15,23,24]. In particular, comparative
studies on the eDNA and eRNA metabarcoding of freshwater fishes remain lacking [17].
Thus, comparative analytical studies of eDNA and eRNA in fish are needed to iden-
tify the advantages and disadvantages of using eDNA and eRNA for fish monitoring
and assessment.

The Han River is the largest river system in Korea, and it has many tributaries. Im-
portantly, the downstream area of the Han River is the main water source for the half of
the Korean population who reside in the Seoul metropolitan area. Due to its value and
significance, the health of the Han River is very important, and it is crucial to implement
effective monitoring protocols for water quality management [25]. However, ecological
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surveys within the Han River basin have focused on the middle and upstream regions,
with limited attention given to the downstream region [25,26]. Furthermore, previous
studies conducted in this region have predominantly relied on observational methods, with
a notable lack of molecular investigations that used eDNA and/or eRNA metabarcoding
for studying fish species in this area.

In this study, we performed a metabarcoding analysis using eDNA and eRNA to
determine the presence or absence of fish in the aquatic environment of the Han River. In
addition, the sensitivity and positive predictivity were calculated by comparing eDNA
and eRNA metabarcoding to the data from previous specimen capture surveys; moreover,
based on this, the relative usefulness of eDNA and eRNA was examined.

2. Materials and Methods
2.1. Sample Processing

Water samples were collected in April to May 2022 at three locations along the Han
River in Korea: Paldang Lake (PL), Jamsil Bridge (JB), and Haengju Bridge (HB) (Figure 1,
Table S1). The water samples were collected simultaneously at three locations using
collection bottles: 10 L was collected for eDNA and 3 L for eRNA at each location. For the
eDNA and eRNA water samples, the same amount of water sample was replicated five
times at each location during collection, and the water samples from the replicates were
pooled to minimize bias. All samples were refrigerated at 4 ◦C immediately after collection
to minimize degradation, and they were then filtered within 24 h after collection [27]. Both
eDNA and eRNA water samples were filtered using membrane filter units with a nominal
pore size of 0.45 µm and a diameter of 47 mm (Whatman, Maidstone, UK). Before filtering,
the laboratory space and tools were cleaned using DNA AWAY (Molecular BioProducts,
San Diego, CA, USA) to prevent contamination by other DNA, and filtering was performed
in an isolated room to prevent cross-contamination between samples. Sterilized tubes and
forceps were replaced after each filtration to prevent cross-contamination. For the eRNA
filters, RNAprotect tissue reagent (Qiagen, Hilden, Germany) was added immediately after
filtration to prevent RNA denaturation. The eRNA filters were then kept at 4 ◦C overnight
to allow the RNAprotect tissue reagent to sufficiently penetrate the filters. All filters were
then stored at −80 ◦C until required for the next step.
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The filters were cut into smaller than 0.5 mm pieces using sterile scissors. The eDNA
filters were then each soaked in 0.9 mL of ATL buffer from a DNeasy blood and tissue kit
(Qiagen, Hilden, Germany). The filters were then incubated for one hour with shaking at
60 ◦C for lysis. After lysis, the filters were removed and the reagent was transferred to a
2 mL conical tube containing 1 g zirconium beads (BioFactories, Daejeon, Republic of Korea).
The reagent was then homogenized using a BeadBuddy (BioFactories, Daejeon, Republic
of Korea), which was achieved by bead homogenization at 4000 rpm for 45 s to improve
the yield [28]. This step was followed by cooling on ice for 1 min, and the homogenization
and cooling processes were repeated three times. The subsequent procedures for the
eDNA extraction from the filter homogenate were performed following the manufacturer’s
protocols with the DNeasy blood and tissue kit (Qiagen, Hilden, Germany). The total
eRNA was extracted using a RNeasy Mini Kit (Qiagen, Hilden, Germany), which was
conducted following a previously published protocol [16]. During eRNA extraction, 0.6 mL
of RLT buffer was preheated to 65 ◦C and was added for each filter. Then, the solution was
vortexed for three minutes at room temperature. Next, the filters were removed, and the
eRNA sample solution was transferred to a 2 mL collection tube. We then homogenized
the eRNA samples via bead beating as reported above for the eDNA extraction. After
homogenization, complementary DNA (cDNA) was synthesized from the eRNA using an
amfiRivert cDNA Synthesis Platinum Master Mix (GenDEPOT, Katy, TX, USA), whereby
all of the procedures were conducted following the manufacturer’s protocols.

2.2. PCR Amplification and Next Generation Sequencing

Next, polymerase chain reaction (PCR) was performed using the eDNA and cDNA
(from eRNA) samples as a template. The partial 12S rRNA genes were amplified using
MiFish-U primers, MiFish-U-F: 5′-GTC GGT AAA ACT CGT GCC AGC-3′, and MiFish-U-
R: 5′-CAT AGT GGG GTA TCT AAT CCC AGT TTG-3′ [13]. The PCR reactions consisted
of 1 µL DNA or cDNA (50 ng/µL), 0.2 µL HANLAB Taq (5 U/µL) (HANLAB, Cheongju,
Republic of Korea), 2 µL of 10×Reaction Buffer, 2 µL of 10 mM of dNTP mix, 1 µL each of
forward and reverse primers (10 pmol/µL), and 12.8 µL of distilled water. The reaction
cycling conditions were as follows: initial denaturation at 95 ◦C for 3 min, 35 cycles of 20 s at
94 ◦C, 15 s at 52 ◦C, 15 s at 72 ◦C, and a final extension of 5 min at 72 ◦C. The PCR negative
controls were included in each PCR to check for potential contamination. Amplified
PCR products were then visualized by gel electrophoresis to confirm the band size before
being purified with an AccuPrep® Gel Purification Kit (Bioneer, Daejeon, Republic of
Korea). Libraries were then constructed using a Nextera XT DNA index kit (Illumina,
San Diego, CA, USA), and the final library was measured for quality and quantity using
a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), which was sequenced
using an Illumina MiSeq sequencing platform (Illumina Inc., San Diego, CA, USA) with
300 base pair (bp) paired-end reads.

2.3. Bioinformatics Analysis

Bioinformatics analyses were performed using the QIIME2 version 2022.2.1 [29]
pipeline. The read quality score was confirmed with FastQC version 0.11.9 [30]. The
first 13 bp of the raw reads were trimmed based on the read quality score, and all reads
were truncated to 150 bp using DADA2 version 2022.2.0 [31], which were implemented
in QIIME2 to produce amplicon sequence variants (ASVs). Further analyses were based
on the ASVs because traditional operational taxonomic unit (OTU) calling is based on
similarity and can overlook small biological variations by grouping sequences together;
meanwhile, conducting analyses on ASVs can preserve biological sequence variation in out-
put reads [32]. Sequences with low-quality base calls or chimera sequences were removed
using DADA2. For the taxonomic assignment of the processed ASVs, the consensus-
BLAST [33] function of QIIME2 was used. For this step, Mitohelper (September 2022) [34]
was used as a reference since it was curated for the reference sequence analysis of previous
fish eDNA studies. This database consists of the QIIME2-compatible datasets of fish 12S
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rRNA reference sequences, as well as of the taxonomic classification information that was
formed based on the MitoFish database, version 3.75 [35]—which is a comprehensive
and standardized fish mitochondrial genome database. Non-freshwater fish sequences
were excluded from the downstream analyses, and unassigned ASVs were also removed.
QIIME2 was again used to calculate the rarefaction curves of the ASVs for eDNA and
eRNA metabarcoding when using 12S rRNA markers. Finally, the rarefaction curves were
calculated by QIIME2 to assess the sequencing depth required to represent the species in
the sample.

2.4. Comparison of eDNA and eRNA Metabarcoding Data with Previous Specimen Capture
Survey Data

The data of fishes that are based on specimen capture surveys are publicly available
from the Ministry of Environment of Korea—Water Environment Information System (WEI
System; https://water.nier.go.kr, 12 April 2023; Ministry of Environment, 2022). According
to the guidelines of the National Institute of Environmental Research by national laws and
regulations, the WEI System discloses comprehensive biomonitoring information that has
neem conducted twice a year since 2011 from a total of 3883 locations in rivers, estuaries,
and lakes across Korea to monitor river environments and aquatic organisms. Therefore,
we collected the previous specimen capture survey (PSCS) data for the six year period of
2016 to 2021 from the WEI System, and the eDNA and eRNA were also collected for the
same locations. Of the PSCS data collected, we used the data from the first survey, which
was conducted in April and May (i.e., the same time period that the eDNA and eRNA were
collected in this study). A comparison was then made between the list of the fish species
identified using eDNA and eRNA metabarcoding and the PSCS data extracted from the
WEI System. The species list from the PSCS data was used to evaluate the performance
of the eDNA and eRNA metabarcoding analyses. The analysis of the previous specimen
capture records followed the classification scheme used by the National List of Species of
Korea (National Institute of Biological Resources, 2021).

To evaluate the relative usefulness of detecting fish species by each method, the
number of species detected using eDNA, eRNA, and PSCS data from the WEI System were
compared using Venn diagrams. The sensitivity and positive predictivity of the eDNA and
eRNA metabarcoding analyses were calculated following the previous study [17]. Here,
positives in the PSCS data were defined as the actually observed species in PSCS data.
Similarly, positives in the metabarcoding analysis were defined as the actually detected
species when using metabarcoding analyses. Based on these, true positives were defined as
species that were detected positives by both the metabarcoding analysis and the PSCS data.
The sensitivity refers to the proportion of fish detected via eDNA or eRNA metabarcoding
(i.e., the number of true positives) that were also among the fish reported in the PSCS, and
the positive predictivity refers to the proportion of fish recorded in the PSCS among fish
detected by eDNA or eRNA metabarcoding. We considered species recorded in the WEI
System to be positive, while unrecorded species were not considered to be negative as the
PSCS data can omit the species existing in the sampling locations; therefore, for this reason,
the specificity and negative predictivity could not be assessed in this study.

Sensitivity =
(number of true positives)

(number of positives in previous specimen capture survey data)
(1)

Positive predictivity =
(number of true positives)

(number of positives in metabarcoding analysis)
(2)

3. Results
3.1. Sequencing Results

The eDNA and eRNA metabarcoding sequences were generated to determine the
presence of fish species and evaluate the relative utility of eDNA and eRNA in the aquatic

https://water.nier.go.kr
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environment. Sequences were successfully generated for the marker from all of the locations
where the eDNA and eRNA samples were collected. These sequencing efforts produced a
total of 2,082,493 raw unpaired sequence reads from all samples. After stringent quality
filtering, 1,078,696 eDNA and 883,674 eRNA pair-merge sequences were obtained for the
12S rRNA. Of these, 702,697 eDNA and 699,970 eRNA sequences (reflecting 65.14% and
79.21% of the filtered sequences, respectively) were subjected to denoising and merging in
the 12S rRNA samples. Sequence chimeras were successfully removed, and the ASVs were
successfully extracted from the remaining sequences. Summarized results of the sequence
processing are shown in Table S2. The rarefaction curves showed that all of the samples
reached near saturation in terms of species richness (Figure S1). The sample was therefore
considered to have sufficient sequencing depth for this study. The ASVs extracted through
this process were used for the purpose of further analyses with respect to comparing the
eDNA and eRNA.

3.2. Comparison of the eDNA and eRNA Metabarcoding Positives, as well as of the Previous
Specimen Capture Survey Data

Based on the ASVs obtained from the eDNA and eRNA samples, we computed the
presence, or absence, of the fish species reported using each method. Then, we evaluated
the relative effectiveness of the eDNA and eRNA for detecting fish species. A total of
44 freshwater fish species were identified by either eDNA or eRNA metabarcoding, of
which 25 were recognized using only eDNA metabarcoding, 2 when using only eRNA
metabarcoding, and 17 when using both eDNA and eRNA metabarcoding. The freshwater
fish species identified at each location using eDNA and eRNA metabarcoding are listed
in Table S3. Next, the eDNA and eRNA metabarcoding results were compared with
the PSCS data from the freshwater environment to understand their relative usefulness
(Table S3). We constructed a Venn diagram to visualize the differences between the fish
species detected when using eDNA and eRNA metabarcoding and the PSCS data from all
locations (Figure 2). This diagram shows that three, one, and seven species of the 24 species
observed in the PSCS data were identified by only eDNA, only eRNA, or by eDNA and
eRNA metabarcoding together, respectively.
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A comparison between the PSCS and metabarcoding data is shown in Figure 3. The
upper side of Figure 3 is a Venn diagram comparing the fish species identified when using
eDNA metabarcoding, eRNA metabarcoding, and PSCS data at each location. The lower
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side is a bar chart that compares the sensitivity and positive predictivity of eDNA, eRNA,
and PSCS data at each location. At all locations, the number of fish species observed using
eDNA was higher than both eRNA metabarcoding and the PSCS data. The sensitivity
and positive predictivity of the eDNA and eRNA were calculated to evaluate the level of
efficacy for detecting fish that was established in previous studies [17]. The sensitivity was
higher for eDNA than for eRNA in all of the locations excluding HB, while the positive
predictivity was higher for eRNA than for eDNA in all locations.
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4. Discussion

This was a preliminary study that was conducted to assess the presence of fish in the
Han River aquatic environment when using eDNA and eRNA metabarcoding analyses.
Moreover, we estimated the relative usefulness of eDNA and eRNA by comparing certain
detection methods when they were applied to six years of PSCS data, which were gathered
from the same locations in the Han River. This is the first study to compare the identification
of fish species by eRNA and eDNA metabarcoding when using 12S rRNA genes in the
Han River of Korea. Only a limited number of studies have utilized eRNA for monitoring
fish through metabarcoding, and these studies have revealed variations in their results
when compared to eDNA metabarcoding [17]. In this study, eDNA identified more species
at all three locations than eRNA (Figure 2, Table S3). Compared to the PSCS data, a
total of three species were exclusively identified at each location through only eDNA
metabarcoding: Hemibarbus labeo, Zacco platypus, and Tanachia lanceolata. Furthermore, a
minimum of one and a maximum of two species were found at each location (Figure 2 and
Table S3). In contrast, only one species, Tanakia limbata, was identified through only eRNA
metabarcoding when compared to the PSCS data, and it was detected in PL. DNA is more
stable than RNA, and it is likely to be present in higher amounts in the environment. This
fact may account for the detection of more species when using eDNA metabarcoding [36,37].
Similar findings have been reported in previous studies on freshwater fish, arthropods,
and foraminifera [17,24,37]. Therefore, eDNA may be applicable for a variety of practical
purposes, such as monitoring fisheries to detect various fish species.
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However, one of the disadvantages of eDNA is that it can generate false positives
for organisms that are dead or who, for other reasons, do not currently inhabit the testing
environment [17]. In fact, among the species that were only identified by eDNA in this
study, eight of the species were not found in the freshwater environment of the Han River,
nor were they present in any previous records (Table S4). These species included the
following: Clupea harengus, Scomberomorus nipponius, Paralichthys olivaceus, Lophius ritulon,
Engraulis japonicus, Gadus sp., Nuchequula sp., and Scomber sp. All of these species are
known to live in the ocean (Table S4). It was estimated that saltwater and brackish water
do not naturally rise up to the locations that were sampled in this study since the most
direct sources of saltwater and brackish water were at least 55 km away from the most
downstream sampling location of HB. Moreover, previous studies have shown annual
salinity measurements below 0.5 PSU at this location [38]. However, eDNA contamination
may occur from several sources. Among the fishes that should not be recognized at the
sampling locations included edible fishes such as cutlassfish and mackerel, as well as
those used as fishing bait such as Japanese anchovy. The eDNA of marine fish (which are
commonly used as food) can be extracted from wastewater that contains the remains of
consumed fish, and the eDNA of marine fish used bait is also a direct source of potential
DNA contamination [17]. Furthermore, in the current study, we found no eRNA from
the marine fish species in the eRNA metabarcoding results. Previous studies have shown
that RNA is less stable than DNA, and that degrades rapidly after cell death; as such, it is
present in the environment for a shorter time [36,39]. In addition, experiments that have
compared the decay rates of DNA and RNA for both nuclear and mitochondrial genes have
confirmed that RNA degradation is much faster than DNA degradation [19]. This suggests
that eRNA metabarcoding may be a helpful approach through which to compensate for
the false positive issues arising from eDNA metabarcoding, and that eRNA can potentially
increase the resolution regarding the presence or absence of fish species that are detected
by eDNA metabarcoding analysis.

Despite the fact that eRNA is more effective than eDNA in identifying false positives,
approaches using only eRNA and not eDNA could potentially lead to false negative issues
due to the rapid degradation of eRNA [36,39]. In this study, to minimize the experimental
differences between eDNA and eRNA, the eDNA and eRNA samples were collected from
the same location at the same time and filtered under controlled light and refrigeration
conditions in a laboratory. However, the eRNA still detected a relatively smaller number
of fish species than eDNA. This may be due to the smaller amount of RNA compared to
DNA or due to the lower stability of RNA compared to DNA [36]. In addition, the water
samples collected in this study were transported to the laboratory and filtered. It is possible
that the less stable eRNA degraded more rapidly than eDNA during transportation, thus
leading to the detection of fewer fish species. It may also have contributed to the detected
species due to the different volumes of collected water samples. Previous studies have
shown that factors such as UV light, temperature, and the presence of RNases can affect
eRNA degradation [36,39–41]. It has also been reported that the relationship between the
relative amounts of eRNA and eDNA can vary depending on environmental factors such
as temperature, water quality, and salt concentration [17,19]. To address these weaknesses,
future studies should reference the methods outlined in previous studies, as well as conduct
immediate field filtering and the fixation of eDNA and eRNA upon collection to minimize
degradation bias [17,42]. Additionally, performing negative controls in field filtering can
enhance the confirmation of contamination [17]. Furthermore, analyzing the number of
fish species detected in different volumes of water samples is essential to determine the
appropriate collection volume for fish monitoring, as well as to ensure reproducibility [43].
Future studies should incorporate comprehensive field sampling protocols that consider
variable environmental factors, including location, temperature, pH, and salt concentration
differences, as well as seek to verify reproducibility through long-term replicated moni-
toring. In addition, comparative analyses on the laboratory scale should be conducted to
understand the differences between eDNA and eRNA. Taken together, the use of eRNA
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for monitoring the presence of fish requires further standardization through a variety of
experiments. Based on this, when employed in conjunction with eDNA metabarcoding,
eRNA metabarcoding could offer a powerful tool for monitoring fish presence.

The average sensitivity was about 34.6% for eRNA and 46.1% for eDNA, with eDNA
showing a relatively higher sensitivity (Figure 3D). These results indicate a relatively higher
likelihood for detecting the fishes that are present when using eDNA. In contrast, the
average positive predictivity was about 31.7% for eRNA and 20.7% for eDNA, with eRNA
having a relatively higher positive predictivity (Figure 3E). This meant that the probability
for detecting the fish that actually inhabit the environment among all of the fish detected via
metabarcoding is relatively higher when using eRNA relative to eDNA. Previous studies
by Miyata et al. [17] and Littlefair et al. [44] also showed that the positive predictivity of
eRNA was significantly higher than eDNA when examining the presence of freshwater
fish. In addition, Miyata et al. [24] also showed that the positive predictivity of eRNA was
higher than eDNA for arthropods, and that the sensitivity of eDNA was higher than that
of eRNA. Taken together, these results suggest that the positive predictivity is likely to be
relatively higher for eRNA than for eDNA due to the presence of the DNA from dead or
dormant organisms. Conversely, it could also be due to the accumulated DNA remaining
in the environment or the DNA transported from upstream. Moreover, sensitivity is likely
to be relatively higher for eDNA than for eRNA because only living organisms with cellular
activity at the sampling locations contribute to eRNA [44]. Thus, eDNA is a sensitive tool
for understanding the environment as a whole over a long period, including the present
and past rather than the only current, while eRNA is appropriate for identifying living
organisms in a current collection location. Due to this complementation, combining eDNA
and eRNA for fish monitoring will enhance the advantages of each, compensate for their
disadvantages with respect to avoiding false positives, and enable effective detection, thus
resulting in achieving a more comprehensive understanding than when using a single
marker alone. Future studies are required for expanding the application of combined
eDNA and eRNA for monitoring field environments. Moreover, additional experiments are
required under more varied environmental conditions, including different temperatures,
pH values, as well as for other environmental factors, species, and locations.

5. Conclusions

The results of this study demonstrate the potential aspects of eDNA and eRNA
metabarcoding analyses, as well as their usefulness as a tool for fish monitoring when
trying to avoid false positives. While eDNA detects a wider range of species than eRNA, it
is prone to false positives. In contrast, eRNA provides in-depth information about living
organisms in the target environment, but it also offers narrower geographical and tem-
poral scales relative to eDNA. Therefore, using combined eDNA and eRNA data can be
effective for identifying false positives and monitoring fish species that actually live in the
environment examined. In the future, the combination of eDNA and eRNA metabarcoding
could be applied to gain valuable insight into the aquatic environment and to improve the
monitoring of fisheries.

Supplementary Materials: The following supporting information can be downloaded at the follow-
ing: https://www.mdpi.com/article/10.3390/fishes8110550/s1, Table S1: Environmental variables
for the three freshwater sampling locations in the Han River; Table S2: Read count information
of the eDNA and eRNA sequences; Table S3: Comparison of the species identified by eDNA and
eRNA metabarcoding, as well as the previous specimen capture survey (PSCS) data; Table S4: List
of the saltwater and brackish water fishes detected at each location by metabarcoding; Figure S1:
Rarefaction curves of the eDNA and eRNA metabarcoding when using 12S rRNA.
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