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Abstract

Aim: High-throughput pipelines supported by eDNA metabarcoding have been ap-
plied in various freshwater ecosystems. Both eDNA in ethanol (EtOH) samples (ES-
eDNA) and in water samples (WS-eDNA) can provide comprehensive classification
lists with good taxonomic resolution and coverage for determining freshwater bio-
diversity and biomonitoring. But, the advantages of ES-eDNA metabarcoding over
WS-eDNA metabarcoding remain unclear for routine assessments of diversity of
benthic macroinvertebrates in streams.

Location: Qiantang River Basin, China.

Methods: Here, we compared ES-eDNA and WS-eDNA metabarcoding to evaluate
the performance of two eDNA workflows in determining biodiversity and recovery
of damaged macroinvertebrate communities. All eDNA samples from the environ-
ment and bulk specimen of macroinvertebrates were processed into available mo-
lecular operational taxonomic units (MOTUs) and identified to the level of genus.
Results: WS-eDNA detected more exact sequence variants (ESVs) (formerly referred
to as operational taxonomic units; OTUs), than did ES-eDNA (2,866 vs. 2,406), but
fewer macroinvertebrate ESVs (381 vs. 481). Among sampling sites, the two eDNA
workflows exhibited relatively large dissimilarity on inferred community composition
(p < .001). Furthermore, ES-eDNA metabarcoding exhibited more consistent with
morphological identification approaches than did WS-eDNA metabarcoding (24.24%
vs. 17.63%, p = .002), especially for species identified by traditional morphology
(morphotaxa).

Main conclusions: Based on the attributes of ES-eDNA and WS-eDNA, it is sug-
gested that ES-eDNA metabarcoding performs better than does WS-eDNA metabar-
coding in detecting local biodiversity and was consistent with morphological results,
while WS-eDNA was more suitable for exploring biodiversity patterns on a broad
scale, as it is the easiest and most convenient way to collect samples. Results of

this study suggest ES-eDNA metabarcoding could be an option in building molecular
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1 | INTRODUCTION

Robust species data from field experiments and investigations are
essential for testing ecological theory, estimating the true biodi-
versity and assessing biological quality of ecosystems (Hooper
et al., 2005). Macroinvertebrates are widely used to monitor water
quality, assess river health and reflect the impact of human distur-
bances (Li et al., 2010; Resh & Unzicker, 1975). Accurate macroinver-
tebrate species data are essential to detect taxon-specific responses
to stressors and precisely assign water quality classes as a func-
tion of space and time, which is important to water environmental
management. However, because they are the most diverse group
in freshwater ecosystems and significant proportion of individuals
collected are immatures with vague morphological features for iden-
tification, it is difficult to accurately classify each macroinvertebrate
to the level of species, based on morphological approaches, which
could lead to omission of species and underestimating diversity
(Jackson et al., 2014; Sweeney et al., 2011). In addition, identifica-
tion is not only time-consuming, but also expensive, and results of a
survey might not be available for months or in some cases even years
(Jones, 2008). This means that the information was not timely and
thus less useful for managers to conduct quick response to emer-
gency environmental disasters.

Metabarcoding is able to rapidly and efficiently provide lists
of species from bulk or environmental samples and could become
a robust method for programmes that rely on the identification
of species in communities to provide data on status and trends
as a function of disturbances (Bush et al., 2019). Metabarcoding
can assign sequences to ESVs, providing consistent and good tax-
onomic resolution, relative to classifications based on morphol-
ogy (Porter & Hajibabaei, 2018). It allows exploring patterns of
diversity at broad spatial scales, detecting responses of specific
taxa to stressors and developing reliable metrics for routine envi-
ronmental monitoring (Beermann et al., 2018; Cilleros et al., 2019;
Elbrecht et al., 2017).

Recently, environmental DNA (eDNA, directly extracted from
environmental samples) and tissue DNA (extracted from bulk
samples) have been widely utilized for metabarcoding of macro-
invertebrates (Hajibabaei et al., 2019; Macher et al., 2018). eDNA,
which is intracellular and extracellular trace DNA of organisms re-
leased into surrounding environments, including air, soil and water,
offers a non-destructive scheme that can be replicated to describe
diversity of ecosystems (Cilleros et al., 2019; Frgslev et al., 2019;
Kraaijeveld et al., 2015). For example, by the application of me-
tabarcoding, eDNA collected from water (WS-eDNA) can be used

measurement biomonitoring programme based on EtOH sample used for preserving

benthic invertebrates, COl, eDNA metabarcoding, freshwater biomonitoring, preservative

to detect presence-absence of invasive or endangered species
(Bylemans et al., 2016; Keskin et al., 2016; Sigsgaard et al., 2015),
assess biodiversity (Stat et al., 2019), track temporal dynamics of
populations and biodiversity (Bista et al., 2017) and assess eco-
logical conditions (Yang & Zhang, 2020). However, WS-eDNA in
running waters has been reported to be a poor tool to quantify
local diversity of macroinvertebrate in comparison with the DNA
extracted from bulk samples due to eDNA diffusion and trans-
portation by high water flow and rapid degradation (Hajibabaei
etal., 2019).

Preserving specimens in ethanol (EtOH) can assemble abundant
DNA shed from stored individuals and have been shown to be an ade-
quate source of eDNA (Erdozain et al., 2019; Hajibabaei et al., 2012).
Compared to tissue DNA extracted from bulk samples, eDNA ex-
tracted with ethanol (ES-eDNA) allowed non-destructive sampling
to effectively obtain even small DNA fragments for evaluating
species present and monitoring biodiversity (Shokralla et al., 2010;
Zizka et al., 2019). Most ecological studies and some biomonitoring
programmes prefer to preserve unsorted macroinvertebrates along
with detritus such as organic debris, including branches, leaves and
gravel, with large volumes of EtOH in the field and then sort them
in the laboratory for more accurate data and reducing duration of
sampling time (Hering et al., 2018). ES-eDNA from unsorted sam-
ple provides an alternative source of eDNA for monitoring macro-
invertebrate diversity (Martins et al., 2019; Zizka et al., 2019) and is
comparable to morphological identification based on visual sorted
individuals. This unique method to collect DNA also makes preser-
vative EtOH different from water or soil and is not limited to a single
ecological environment (Linard et al., 2016) and would be a promis-
ing alternative method and provides a diversified parallel detection
approach for freshwater biodiversity and biomonitoring. However,
comprehensive validation of ES-eDNA is still rarely reported.

In this study, to validate the performance of ES-eDNA, appli-
cability of ES-eDNA metabarcoding for routine biomonitoring pro-
gramme and ecological research was assessed by comparing the
results to those obtained by the use of WS-eDNA metabarcoding, as
well as morphological data. Specifically, the completeness of identi-
fication of species was compared. Specific objectives were to exam-
ine (a) does the ES-eDNA method performed better than WS-eDNA
in detecting macroinvertebrate diversity and recovery of morpho-
logically identified taxa and (b) provide an overview on attributes
of ES-eDNA, WS-eDNA and tissue-DNA metabarcoding for under-
standing their advantages and limitations for describing aquatic bio-
diversity and for routine use in biomonitoring programmes based on

the results of this study and previous studies.
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2 | METHODS
2.1 | Collection and processing of samples

The study was conducted in the Qiantang River Basin, China.
Samples of water and benthic invertebrates were collected at 14 s-
order through third-order streams during March 2018 (Figure S1),
and EtOH samples were processed from unsorted bulk samples in
laboratory (Figure 1).

2.1.1 | Water samples and WS-eDNA

Before collecting macroinvertebrates, 500 ml water was collected
from the left, middle, and right portions of the longest transect
within a 100 m stream reach. Samples were collected in sterile
plastic bottles and then combined into a 1.5 L composite. To cap-

ture WS-eDNA, the composite was filtered in the field, through

glass microfiber filters (Whatman, 0.7 um pore size, GF/F), apply-
ing reusable filtration units connected to a hand-held vacuum pump.
Filters containing WS-eDNA were transferred to a sterile centrifuge
tube containing 99% ethanol. The reusable units were immersed in
200 ppm sodium hypochlorite for 30 min at least before next filtra-
tion, and then, units were rinsed with fresh water of sampling stream
to flush away the remaining sodium hypochlorite and minimize con-
tamination (Nakagawa et al., 2018).

2.1.2 | Macroinvertebrate samples

In the same reach as where eDNA samples were collected, following
a routine biomonitoring programme (Barbour et al., 1999), a total of
20 D-fame nets (0.5 mm mesh size, sampling area 0.09 m? for each
net) were collected to pool a composite macroinvertebrate sample
for each site. The 20 nets were assigned to multiple habitats propor-

tionally to frequencies of occurrence of various substrata including
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silts, sands, pebbles, cobbles and leaf litter packs in the reach, dif-
ferent depths and different current velocities, including runs, riffles
and pools as well as patches of aquatic plants. Composite samples
were rinsed to remove larger leaves, detritus and stones, and then,
remnants were placed into 500 ml of 99% molecular grade EtOH.
Half an hour later, the initial solution was replaced with the same
amount of new EtOH to preserve macroinvertebrates. Preservative
macroinvertebrate samples and WS-eDNA filters were stored inside
a portable refrigerator at 4°C before being transferred to a -20°C

freezer in the laboratory.

2.1.3 | EtOH samples and ES-eDNA

Prior to processing ES-eDNA, containers and instruments were ster-
ilized. We firstly collected EtOH samples by the use of 0.5 mm mesh
size, 5 x 5 cm screen on a clean workbench, to remove small plant
debris and sand. Then, EtOH samples were filtered through GF/F
filters to capture ES-eDNA. An electric vacuum pump was used to
accelerate filtration. These filters were kept in 99% EtOH and pre-
served at a —20°C freezer. eDNA extraction was conducted within

one month after filtration.

2.1.4 | Negative controls

Negative controls were separately set for ES-eDNA and WS-eDNA
metabarcoding, which were 500 ml EtOH and 1.5 L ultrapure water.
The two negative controls were filtered and preserved with process
same as the WS-eDNA and ES-eDNA.

2.1.5 | Morphological identification

Individual macroinvertebrates were visually sorted from raw materi-
als and under 10 times microscope soon after collection of EtOH
samples and identified to genus, based on morphological charac-
teristics, except for Turbellaria, Oligochaeta, the dipteran family
Canacidae and Pteroptera family Taeniopterygidae, which were enu-
merated without further classification (Morse et al., 1994). Those
taxa without confirmation of specific genera were not included in

the later analysis.

2.2 | eDNA extraction, PCR amplification and high-
throughput sequencing

Each filter was placed on a sterile filter paper for 15 min to volatil-
ize residual EtOH and then cut into 3 x 3 mm square pieces using
sterile scissors. DNA was extracted from the square pieces by the
use of Ezup Column Animal Genomic DNA Purification Kits (Sangon
Biotech). Due to the large volume of filter fragments, extraction

was modified so that a larger amount of Buffer ACL and Proteinase

K was used and duration of digestion was 6 hr, and 10 pl RNase A
(DNase and Protease free; Sangon Biotech) was added prior to puri-
fication of DNA. DNA was quantified by the use of Qubit™ dsDNA
HS (High Sensitivity) Assay Kits (Thermo Fisher Scientific) on Qubit
3.0 Fluorometer (Life Technologies/Thermo Fisher Scientific) and
adjusted to 5 ng/pl with the exception of negative controls.

A pair of universal primers (mICOlintF: GGWACWGGWTG
AACWGTWTAYCCYCC;jgHCO219: TANACYTCNGGRTGNCCRAA
RAAYCA, | in the original primer was replaced by N) was chosen to
amplify a 313 bp fragment of the cytochrome c¢ oxidase | (COI) re-
gion (Geller et al., 2013; Leray et al., 2013). To distinguish among
samples, eight nucleotides were added as tags to the 5'-end of
all forward and reverse primers. Three PCR replicates were con-
ducted for each sample of DNA in 50 pl reactions, including 44 pl
mix (Tsingke, GoldenStar Té Super PCR Mix), 2 ul of each primer
(10 pM) and 2 pl of template DNA. Amplicons were done by the
use of the following temperature programme: initial denaturation at
94°C for 5 min, 16 cycles of 95°C for 10 s, 62°C for 30 s (-1°C per
cycle) and 72°C for 60 s, 25 cycles of 95°C for 10 s, 46°C for 30 s
and 72°C for 30 s and extension at 65°C for 5 min. Agarose gel with
a concentration of 2% was used to examine each PCR amplicon.
Three PCR replicates were combined and fully oscillated, and then,
concentrations were measured by the use of a Qubit Fluorometer.
Mixed PCR products were purified by the use of a SanPrep Column
PCR Product Purification Kit (Sangon Biotech, Shanghai, China)
and then pooled with 300 ng DNA. Finally, two amplicon pool li-
braries were individually built with NEBNext® Ultra™ Il DNA
Library Prep Kit for lllumina® (New England Biolabs®) and se-
quenced on a HiSeq 2500 platform (2 x 250 bp reads) at Novogene
(Beijing, China).

2.3 | Bioinformatics and statistical analysis

Raw sequencing data were processed by the use of the UPARSE
pipeline in the USEARCH (Edgar, 2013). First, UsearcH v11.0.667 was
applied to join paired-end data with the following settings: -fastq_
mergepairs with -fastq_pctid 90, -fastq_maxdiffs 99 and -fastq_
trunctail 0. Second, all merged sequences were demultiplexed,
based on the tags, stripped of primers from their ends and trimmed
to 308-318 bp reads with cutapbapT version 1.13 (Martin, 2011).
Third, high-quality sequences were retained and distinguished based
on sample names (-fastq_filter with -fastq_maxee 1.0 and -sample
ES/WS_SAMPLE,). After filtering, sequences in two eDNA treat-
ments were combined, dereplicated and singletons discarded, using
fastx_uniques with minuniquesize = 2. Finally, cluster_otus was per-
formed to remove chimeras and generate ESVs at similarity of 97%
(Edgar, 2013), and a MOTU table was made by the use of the otutab
command.

ESVs with sequence abundances greater than 0.005% in each
sample (Elbrecht & Leese, 2015; Macher et al., 2018) were retained.
ESVs observed in negative controls were deleted. The number of

WS-eDNA samples in the following analysis was 12 because no valid
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reads were produced in samples of SO9 or S11. Taxonomic assign-
ments to available ESVs were performed in a local downloaded COI
database (NCBI, 12-06-2019) with sequence lengths ranging from
300 bp to 2,000 bp, by the use of the blastn program in SEED 2
(Seed2.1_64bit, Vétrovsky et al., 2018). The best hit with a sequence
identity of 280%, coverage of 250% and an E-value threshold of
<107® was retained to achieve representative species of Metazoan.
The NCBIl-assigned ESVs of Annelida, Arthropoda (Insecta and
Crustacea), Mollusca and Platyhelminthes were further identified
through the online database (Barcode of Life Data System, BOLD).
To facilitate the analysis, orders of some taxa in Mollusca were sup-
plemented according to Bouchet and Rocroi (2005) and Bouchet
et al. (2017). Non-target ESVs with blasting parameters of similar-
ity <85%, such as terrestrial animals, plankton, coarse or inaccu-
rate taxonomic resolution according to taxonomy annotation, were
discarded.

The Mann-Whitney U tests were performed to examine the dif-
ferences among richness, and PERMANOVA (permutational analysis
of variance) with the Bray-Curtis dissimilarity was used to compare
composition dissimilarity of macroinvertebrate between ES-eDNA
and WS-eDNA metabarcoding in R (v.3.5.3, R Development Core
Team, 2019) package vegan (Oksanen et al., 2019). These analyses
were applied for all comparisons of ESVs, after deleting low abun-
dance ESVs, Metazoa, macroinvertebrates and typical metrics be-
tween two eDNA treatments, which included sensitive indicators
of EPT (Ephemeroptera, Trichoptera and Plecoptera), pollution in-
dicators of Oligochaeta that were unable to be stored long-term in
EtOH and Chironomidae, a highly diversified insect family and very
difficult to morphologically identify each specimen to genus (Buss
et al., 2015; Resh & Unzicker, 1975).

For comparison with morphological datasets, only ESVs from
NCBI or BOLD databases with similarity greater than 97% and de-
tailed genus information were retained. When conflicting assign-
ments occurred, annotation results of ESVs were returned to the
same taxonomic level in both databases. Proportions of genera
shared by morphology and eDNA treatments in each site were calcu-
lated. Then, a rank abundance curve was drawn to define the rarity
in morphological dataset (Siqueira et al., 2012). The inflection point

of the rank abundance curve was used to separate common and rare
taxa. Detectability of rare (R) and common (C) morphotaxa was eval-
uated for WS-eDNA and ES-eDNA metabarcoding. Heat maps were
drawn with Heml (Heatmap lllustrator, v.1.0, Deng et al., 2014), and
a boxplot was generated with R to show proportions of abundances

of C and R taxa among all samples.

3 | RESULTS

3.1 | High-throughput sequencing statistics

A total of 2,962,734 (ES-eDNA) and 2,719,130 (WS-eDNA) read
pairs were obtained from ES-eDNA and WS-eDNA metabarcoding,
respectively. All raw data have been uploaded to the Sequence Read
Archive (SRA, accession number SRR12599027 and SRR12599028).
After filtering and clustering, 67.6% of total sequences in ES-eDNA
samples and 29.7% in WS-eDNA were retained for subsequent anal-
yses. In terms of the negative control of PCR, no obvious amplifica-
tion bands on agarose gels and few data sequences were returned.
Only 17 ESVs were detected in negative controls, including 2 ESVs
(2 reads) found in ES-eDNA samples and 15 ESVs (18 reads) found
in WS-eDNA. Unexpected sequences with abundances less than
0.005% were deleted, which eliminated a total of 3,997 available
taxonomic units, including 2,406 ESVs of EtOH samples and 2,866
ESVs of water samples (Table S1). Metazoan ESVs of EtOH sample

were 1866 similar to 1846 of water samples.

3.2 | Richness and inferred macroinvertebrate
community composition of eDNA metabarcoding

There assigned to macroinvertebrate ESVs were 481 (19.99%) for
ES-eDNA and 381 (13.29%) for WS-eDNA and the proportions
of sequences were 42.74% and 29.98%, respectively (Figure S2
and Table S2). Only Annelida richness detected in ES-eDNA was
significantly greater than that in WS-eDNA (p = .004, Table 1).
However, inferred compositions of macroinvertebrate between

TABLE 1 Sum and mean ESVs (standard deviation) of different taxonomic categories generated by ES-eDNA and WS-eDNA

metabarcoding

ES-eDNA
Category Sum Mean (SD)
Annelida 63 15.21 (6.15)
Arthropoda 403 85.14 (25.35)
Mollusca 14 7.57 (2.79)
Platyhelminthes 1 0.14 (0.36)
Macroinvertebrates 481 95.79 (23.79)

Species Community
WS-eDNA richness composition
Sum Mean (SD) p-Value p-Value (R?)
29 8.83(3.90) .004 <.001(.22)
340 76.50 (34.05) .347 <.001(.12)
12 6.58 (2.84) 118 <.001 (.11)
/ / / /
381 80.50 (36.25) .090 <.001 (.14)

Note: The difference in MOTU richness between two methods was tested by the Man-Whitney U test, while dissimilarity in community composition
was tested by PERMANOVAs, except Platyhelminthes because of too much absence in data matrix. Significant differences between two approaches

were marked with bold.
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ES-eDNA and WS-eDNA metabarcoding were remarkably different
(PERMANOVA, p < .001), as well as the Annelida, Arthropoda and
Mollusca (Table 1).

Four of 20 orders observed in ES-eDNA were not detected by
WS-eDNA, including Littorinimorpha, Allogastropoda, Isopoda
and Arhynchobdellida (Figure 2b). However, DNA of Unionida
was not captured by ES-eDNA metabarcoding. The proportion of
Diptera was greatest (ES-eDNA: 61.54%, WS-eDNA: 68.50%), fol-
lowed by Haplotaxida (ES-eDNA: 12.89%, WS-eDNA: 7.61%) and
Ephemeroptera (ES-eDNA: 6.03%, WS-eDNA: 6.04%; Figure 2b

and Table S3). Chironomidae accounted for the most richness of

(a)
ES-eDNA ESVs%

Relative richness

ESVs in both dipteran families and macroinvertebrate community
(ES-eDNA: 155 ESVs, WS-eDNA: 147 ESVs). In particular, over
80% of sequences in water samples were classified as Diptera,
while only 42.22% in EtOH samples (Table S3).

Both EPT and Chironomidae exhibited more shared ESVs of 41
(accounting for 55.41%) and 105 (53.30%), respectively, than exclu-
sive ESVs in either EtOH or water samples (Figure 3a,b). The num-
ber of exclusive ESVs from EPT and Chironomidae in ES-eDNA was
larger than thatin WS-eDNA. However, the 24 shared ESVs (35.82%)
of Oligochaeta were fewer than the exclusive ESVs in ES-eDNA (38
ESVs), but greater than that in WS-eDNA (5 ESVs, Figure 3c).

(b)
Relative abundance
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FIGURE 4 Proportions of genera detected by different methods to the total genera observed by all methods at each site. MOR:
proportion of morphologically identified genera, MOR_ES-eDNA/MOR_WS-eDNA: proportion of genera detected by both morphology and
eDNA metabarcoding, ES-eDNA/WS-eDNA: proportion of genera detected by ES-eDNA or WS-eDNA only

3.3 | Detectability of eDNA metabarcoding on
morphologically identified taxa

A total of 155 morphotaxa of macroinvertebrates were identified at
14 sites with a mean taxa richness of 51.57 (SD = 7.74, ranging from
36 to 64), which were far less than 202 macroinvertebrate ESVs de-
tected by eDNA metabarcoding (Figure S3), including 170 ESVs in
EtOH samples and 140 in water samples.

After assigning ESVs at the level of genus, morphological pro-
tocols obtained 129 genera (Table S4), followed by ES-eDNA (82)

and WS-eDNA (68). A total of 32 genera identified by morphological
identification approaches are detected by both two eDNA metabar-
coding. Apart from 32 shared genera, seven genera morphologically
identified were detected by ES-eDNA merely and two genera only
detected by WS-eDNA (Table S5).

ES-eDNA metabarcoding resulted in a greater rate of de-
tection for taxa identified by the use of morphology to genus,
with a mean rate of 24.24% than 17.63% of WS-eDNA (Figure 4).
However, a total of 50 assigned genera detected by eDNA me-
tabarcoding, which were mainly Chironomidae and Naididae,
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Phylum Order Family ES-eDNA
Annelida Haplotaxida Naididae 10
Coleoptera Psephenidae 1
Ptilodactylidae 0
Arthropoda Diptera Chironomidae 19
Culicidae 1
Psychodidae 1
Ephemeroptera Baetidae 2
Heptageniidae 1
Megaloptera Corydalidae 1
Odonata Gomphidae 2
Plecoptera Styloperlidae 1
Trichoptera Hydrobiosidae 1
Hydroptilidae 1
Leptoceridae 1
Mollusca Basommatophora Lymnaeidae 0
Littorinimorpha Assimineidae 1
Sorbeoconcha Pachychilidae 0
Unionida Unionidae 0
Sum 43
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not available in morphologically identified
data
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FIGURE 5 Proportions of rare (R) and common (C) morphotaxa detected by ES-eDNA and WS-eDNA metabarcoding. Cross represents
no detection. *p < .05, **p < .01, ***p < .001 and ns, p = .05 by the Mann-Whitney U tests

were not included in the lists identified based on morphology

(Table 2). In the list to genus level based on morphology, 12
rare genera and 117 common genera were defined based on
the inflection point of the rank abundance curve (Figure S4 and
Table S4). More than two-thirds (71.43%-90.70%) of morpho-
taxa were classified as rare taxa across morphological samples
(Table S4). Overall, common taxa were detected more frequently
than rare taxa by eDNA metabarcoding and the detection rate of
common morphotaxa was greater by ES-DNA than by WS-DNA
(p <.001, Figure 5b).

4 | DISCUSSION
4.1 | Application scenario based on comparison
between ES-eDNA and WS-eDNA

eDNA metabarcoding brought convenience and benefits in sample
collection and species detection to freshwater biodiversity and bio-
monitoring (Nakagawa et al., 2018; Stat et al., 2019). In particular,
WS-eDNA metabarcoding has been used previously as an auxiliary

tool for determining diversity used in developing strategies for the
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management of diverse, freshwater habitats (Apothéloz-Perret-
Gentil et al., 2017; Shaw et al., 2016; Yang & Zhang, 2020). Recently,
ES-eDNA metabarcoding of macroinvertebrates exhibited advan-
tages for non-destructive sampling and a useful alternative to bulk-
sample metabarcoding for routine biomonitoring programmes using
macroinvertebrates and biodiversity detection (Martins et al., 2019;
Zizka et al., 2019).

Samples of water were able to capture signals of cellular and ex-
tracellular DNA from various aquatic organisms (Rees et al., 2014)
and even terrestrial insects, parasitic animals, etc. However, with
the instability and mobility of aqueous aquatic environments (Leff
et al., 1992), eDNA released by organisms tended to disperse and
transfer rapidly, which decreased the possibility of observing diluted
biological signals. Particularly, lesser density of some benthic macro-
invertebrates or the lesser amounts of DNA released into surround-
ing environment water could result in lesser potentials to detect. For
example, when abundances of crayfish (Procambarus clarkii) were
small, due to free DNA in the environment through conventional
capture workflow, detection efficiency by the use of WS-eDNA
would be relatively poor (Tréguier et al., 2014). When salamanders
were introduced into previously unoccupied streams, their DNA
could be detected after 6 hr, but only for samples collected close
to salamanders (within 5 m) with a relatively high density (Pilliod
etal., 2014). Therefore, when individuals were remote from sampling
location, false-negative results were observed.

ES-eDNA metabarcoding detected more macroinvertebrate taxa
than did WS-eDNA (Table 1). Most benthic fauna prefer to live under
the solid substratum and even burrow into soft sediments. Thus,
the dual effect of special habitats and large eDNA particles sinking
might result in free DNA being more easily detected from sediment
than from surface water (Turner et al., 2014, 2015). Collecting sur-
face water samples might miss eDNA signals conveyed from bur-
rowing benthos. This conclusion was also supported by the typical
burrowing Oligochaeta taxa, which were of more unique ESVs from
ES-eDNA than WS-eDNA samples in our study (Table 1). In contrast,
EtOH when used as a preservative could directly capture DNA re-
leased from macroinvertebrates living in habitats collected by kick
net (Blocksom et al., 2008). The enrichment of target organisms
eventually resulted in greater concentrations of ES-eDNA, which
might greatly increase probabilities of observation, especially of
rater taxa. Alternatively, greater concentrations (e.g. 295%) of EtOH
denatured proteins that might degrade DNA and protected released
DNA from further damage (Nagy, 2010; Stein et al., 2013). Thus,
more taxa observed during visual inspections were also detected in
concentrated samples of EtOH (Figure 4), which also resulted in a
greater rate of detection and proportion of rare and common mor-
photaxa (Figure 5b).

Compared with WS-eDNA, ES-eDNA was more stable and pre-
served in EtOH without the influence of multiple environmental fac-
tors, such as current, temperature, UV, acidity, alkalinity, biological
enzymes and microorganisms. In contrast, WS-eDNA in natural wa-
ters might degrade into smaller fragments or even completely disap-
pear (Barnes et al., 2014; Seymour et al., 2018; Strickler et al., 2015).
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Humic substances and suspended particles could also affect the
efficiency of filtration and inhibit the detection of eDNA (Stoeckle
et al.,, 2017). The superposition effect of these adverse conditions
might impair efficiencies of eDNA to detect organisms living in
water, and even make some water samples unable to be amplified
successfully. In addition, the complexity of DNA templates in water
samples often brings more unpredictability to PCR amplification and
sequencing, including tag jumping and chimera formation. We found
that a large number of sequences with poor quality or too long or too
short were excluded from WS-eDNA files during quality filtering,
which might partly explain why fewer reads were observed in WS-
eDNA than ES-eDNA (Table S1).

Results of this study indicated that community composition
of macroinvertebrates was significantly dissimilar between ES-
eDNA metabarcoding and WS-eDNA metabarcoding (Table 1).
Preservation and extraction with EtOH resulted in lists of detected
benthic invertebrates that were similar to those based on morpho-
logical identification methods (Erdozain et al., 2019; Hajibabaei
et al,, 2012). However, WS-eDNA was likely biased towards the
detection of upstream assemblages (Nakagawa et al., 2018), and
inevitably, due to downstream transport of eDNA, result in differ-
ent assemblages than those derived from traditional investigation
tools at local scales (Deiner & Altermatt, 2014), especially in fast-
running rivers and streams. Upstream eDNA can affect consistency
and accuracy of downstream observations (Pilliod et al., 2014). For
example, ESVs of Unionida were not identified from EtOH samples
because no mussels were actually collected in the field, but they
were captured by WS-eDNA metabarcoding (Figure 2). Also, eDNA
from benthic invertebrates in a sampling site might be carried down-
stream and thus missed. Therefore, water samples covering part of
biological data in the upstream and the collection location should be
more strongly related to the whole catchments and more reliable in

reflecting biodiversity for the whole landscapes (Deiner et al., 2016).

4.2 | Comparison of macroinvertebrates
between eDNA metabarcoding and morphological
identification protocols

Comparability among methods is of concern for biodiversity and rou-
tine biomonitoring programmes. Specifically, can results based on
eDNA metabarcoding be compared to those based on conventional
morphological approaches (Linard et al., 2016; Shaw et al., 2016)?
Generally, molecular methods for rapid identification are expected
to generate more taxa in water or EtOH samples by obviating the
need to have detailed knowledge to allow for classification speci-
mens including immature or damaged individuals (Bush et al., 2019).

The results of this study yielded larger numbers of ESVs (>3,900)
by the use of a combination of ES-eDNA and WS-eDNA metabar-
coding, which was attributed, at least in part to the application of
degenerate, universal primers, thought to expand the scope for de-
tection of non-target taxa (Horton et al., 2017; Macher et al., 2018).

A total of 593 ESVs were assigned to macroinvertebrates, which was
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larger than the 155 morphologically identified taxa. Larger number
of ESVs indicated that the actual diversity of the macroinvertebrate
community might be richer than that determined by routine bio-
monitoring programme. In particular, environmental samples were
advantageous for Chironomidae and Naididae (Table 2), which were
difficult to accurately identify to lower taxonomic levels, by the
use of current morphological protocols, especially for larval stages
(Elbrecht et al., 2017; Jones, 2008).

Ecologists are hesitant to employ eDNA metabarcoding if it can-
not associate the molecular units with the binomial taxonomic names
(Bush et al., 2019). This is due to the fact that there is a large amount
of functional information embodied in natural history information
that has been catalogued over time based on traditional identifica-
tion and classification. Nevertheless, original ESVs list lacks this com-
plete species information, and not all ESVs will obtain accurate and
effective taxonomic annotation. Coarse taxonomic resolution is in-
sufficient to reveal specific responses of benthic macroinvertebrates
to stressors (Macher et al., 2016); thus, higher taxonomic resolution
is indispensable for the assessments of status and trends in assem-
blages of benthic invertebrates (Jones, 2008), such as life history
and functional diversity. In this study, after bioinformatic processing
and purposefully screening, assigned ESVs were less than expected.
Obviously, at genus level, almost 70% of ESVs were unable to be
assigned reliably to traditional named species-based morphological
taxonomy, resulting in 88 of 129 morphologically identified gen-
era not reliably detected by two eDNA treatments, especially rare
morphotaxa (Figure 5). Therefore, even though the high-throughput
molecular scheme provides a promising method to characterize bi-
ological communities, it is still unable to match all organic individu-
als perfectly (Erdozain et al., 2019). This was due to relatively strict
quality control (ESVs less than 0.005% read abundances were de-
leted), a lack of coverage in the COI database (Curry et al., 2018),
accuracy of reference sequence (Bridge et al., 2003), primer bias
(Deiner et al., 2017; Pifiol et al., 2015) and morphological misidentifi-
cation (Haase et al., 2006; Sweeney et al., 2011). Alternatively, with
increasing interest in taxonomy-free methods and more exploration,
researchers would find molecular data were getting better and bet-
ter in assessing ecological status (Yang & Zhang, 2020). Promoting
professional and automatic high-throughput genomic workflows are

conducive to scientific decision-making associated with biodiversity.

Characteristics WS-eDNA ES-eDNA
Universal applicability Widely Widely
Optimal spatial scale Catchment to Local

river network

Sample processing efforts (field Cost-effective

and laboratory)

DNA persistence Degraded easily  Retained for a

relatively long time

Consistency with morphological  Low Medium

data

Specimen integrity Not collected

Less cost-effective

Non-destructive

However, the supplement and improvement of aquatic biota data-
bases are still a major task to be completed for the use of DNA bar-
coding or eDNA metabarcoding.

4.3 | Pros and cons of three metabarcoding methods

Here, we summarized the pros and cons of three metabarcoding:
WS-eDNA, tissue DNA and ES-eDNA based on the universal appli-
cability, sample processing, persistence and coincidence with mor-
phological data and specimen integrity (Table 3).

Water samples have constantly been used for eDNA surveys in
freshwater ecosystems (Fernandez et al., 2018; Olds et al., 2016;
Walsh et al., 2019), and WS-eDNA has been proposed as a power-
ful observational tool to improve the monitoring of status in aquatic
communities and master the biodiversity at catchment level (Macher
et al., 2018). As a repeatable, non-destructive means of sampling, it
greatly expands efficiencies of monitoring areas for rare or elusive
species, such as some amphibians (Takahara et al., 2020), rare fishes
(Brys et al., 2020) and aquatic mammals (Ma et al., 2016). Moreover,
differing with in EtOH or bulk samples relying on classical kick-net
methods, water samples greatly simplify workflows for field surveys
and obviates the need for collections of organisms. But, sampling
of water alone might introduce biases due to upstream taxa to the
species pool of downstream, especially for energetic streams and
rivers that could also result in poor repeatability and consistency
with morphological data investigated at specific locations (Carraro
et al., 2018; Li et al., 2018). Also, there could be biases due to failure
to amplify eDNA for matrix effects in some waters or DNA degrada-
tion and even unequal DNA persistence of different taxa (Goldberg
etal., 2013; Nevers et al., 2018).

In general, survey results based on bulk sample metabarcoding
were similar to those based on traditional non-PCR-based surveys
for local biodiversity and, in some cases, were superior to morpho-
logical identification of macroinvertebrates (Elbrecht et al., 2017;
Rivera et al., 2018). Bulk samples can replace eDNA to become a
priority for traditional monitoring and assessment, particularly when
water in study areas is quite turbid. However, complicated prepro-
cess of bulk samples requires mixing and homogenizing all biological
specimens (Dowle et al., 2016; Elbrecht & Steinke, 2018), or sorting

TABLE 3 Overview of characteristics

Tissue DNA of three metabarcoding (WS-eDNA,
Widely ES-eDNA and tissue DNA) for

ezl macroinvertebrates

Medium

cost-effective

Retained for a
long time?

High

Dissected
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a piece of tissue or part from each specimen (e.g., leg, abdomen) for
DNA extraction (Braukmann et al., 2019). While this method can be
employed to construct a library that includes a range of key species
from various stages of development, it will involve irreversible de-
struction of specimens and inevitable sorting of samples, increasing
the time-cost invisibly.

The use of samples preserved with EtOH seems to be an ap-
propriate balance between screening of water and bulk samples in
improving consistency with morphological data, making effort in
sample process and keeping specimen integrity. This eDNA treat-
ment can keep specimens intact without dissecting or homogeniz-
ing individuals (Marquina et al., 2019; Zenker et al., 2020), which
allows subsequent morphological examination, while preventing
DNA from rapid degradation during management of the sample
(Moreau et al., 2013; Stein et al., 2013). Moreover, rapid molecular
identification schemes based on EtOH samples are not only appli-
cable to newly collected specimens (Barbato et al., 2019; Martins
et al., 2019), but also applicable to specimens retained for longer pe-
riods of time (Shokralla et al., 2010). Thus, preserved samples of mu-
seum historical specimens collected over the past few years can be
concentrated on the construction of library. In addition, preservative
EtOH is performed by direct contact with objects, regardless of the
type of ecosystem. Consequently, it can highly recover the diversity
of freshwater macroinvertebrates (Erdozain et al., 2019; Hajibabaei
et al., 2012), as well as intestinal microorganisms, mixed terres-
trial arthropods and variety of rare biological specimens (Barbato
et al,, 2019; Marquina et al., 2019).

5 | CONCLUSIONS

In summary, results reported that eDNA metabarcoding detected
more species of benthic invertebrates than morphological identifi-
cation approaches. Of which, ES-eDNA detected more macroinver-
tebrate ESVs than WS-eDNA and 3 typical taxa (EPT, Chironomidae
and Oligochaeta) showed better detectability in ES-eDNA. Due to
the difference in eDNA, sources and concentration, inferred com-
munity compositions determined by the use of the two methods
were significantly dissimilar. Moreover, ES-eDNA metabarcoding
recovered more morphotaxa in kick-net samples than did WS-eDNA
metabarcoding, especially for common taxa. The use of preserva-
tive EtOH from unsorted macroinvertebrate samples was found to
be rich sources of eDNA from bulk samples. On balance, the better
performance of ES-eDNA over WS-eDNA in local biodiversity de-
tection of macroinvertebrates implied ES-eDNA metabarcoding was
a prominent option for establishing DNA-based biomonitoring and

biodiversity programme.
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