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Biological monitoring using environmental DNA (eDNA) technology has
expanded from micro- to macro-organisms. In aquatic eDNA studies, large
volumes of water need to be filtered rapidly in the field, which requires
development of effective eDNA collection devices. In this study, we introduce
a novel portable eDNA collection system containing a GM dual-channel water
filter and a DNA extraction kit adapted to large filter membranes (ø 100 mm). The
water filter is powered by a high-capacity lithium battery (9,000 mA), which
operates two peristaltic pumps and maintains a continuous filtration rate of up to
1 L/min for 5 h in outdoor settings. For sample collection, the optimumconditions
are still water and turbidity below 8 nephelometric turbidity units. This allows for
the filtration of 10 L of water within 10 min by use of a 0.22-μm filter.
Metagenomic and 12S metabarcoding sequencing showed that the DNA
extraction quality and species annotation accuracy of our custom DNA
extraction kit, which was tailored for this system, rivaled the performance of
established kits. The GM water filter’s enrichment mode gave consistent results
with vacuum filtration, which greatly reduced the filtration time for large water
samples, while accurately reproducing species annotations. This innovation
streamlines the eDNA collection and annotation process and offers substantial
benefits for biodiversity monitoring and conservation efforts.
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1 Introduction

Environmental DNA (eDNA) is DNA released by an organism into its surroundings.
This DNA can be detected in various matrices, including air, water, and soil (Thomsen and
Willerslev, 2015). Initially used to investigate microbial communities in marine sediments
(Ogram et al., 1987), eDNA sampling has more recently revolutionized the study of
multicellular organisms (Pawlowski et al., 2020). This includes the detection of various
organisms such as diatoms, macrozoobenthos, fish, and earthworms (Nagler et al., 2022).
An outstanding advantage of eDNA sampling lies in its ability to detect organisms that are
rare or challenging to sample, including invasive non-native species (Dejean et al., 2011;
James et al., 2024) and native species of conservational concern (Wilcox et al., 2013;
Mauvisseau et al., 2020).

OPEN ACCESS

EDITED BY

Felipe Polivanov Ottoni,
Federal University of Maranhão, Brazil

REVIEWED BY

Beilun Zhao,
Uppsala University, Sweden
Sara Fernández Fernández,
University of Oviedo, Spain

*CORRESPONDENCE

Yongfeng Liu,
liuyongfeng@genemind.com

†These authors have contributed equally to this
work and share first authorship

RECEIVED 10 April 2024
ACCEPTED 31 July 2024
PUBLISHED 23 August 2024

CITATION

Wu P, Feng J, Ju M, Wu S, Han W, Wang M,
Liao J, Zhao L, Gao Y, Zheng J, Luo M, Gong H,
Zeng L, Lai J, Li M, Yan Q, Sun L and Liu Y (2024)
Water filter: a rapid water environmental DNA
collector in the field.
Front. Environ. Sci. 12:1415338.
doi: 10.3389/fenvs.2024.1415338

COPYRIGHT

© 2024 Wu, Feng, Ju, Wu, Han, Wang, Liao,
Zhao, Gao, Zheng, Luo, Gong, Zeng, Lai, Li, Yan,
Sun and Liu. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Environmental Science frontiersin.org01

TYPE Methods
PUBLISHED 23 August 2024
DOI 10.3389/fenvs.2024.1415338

https://www.frontiersin.org/articles/10.3389/fenvs.2024.1415338/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1415338/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1415338/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2024.1415338&domain=pdf&date_stamp=2024-08-23
mailto:liuyongfeng@genemind.com
mailto:liuyongfeng@genemind.com
https://doi.org/10.3389/fenvs.2024.1415338
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2024.1415338


To date, three principal detection strategies have been used in
eDNA research: single-species eDNA detection by quantitative PCR
(Ratsch et al., 2020) and digital PCR (Capo et al., 2020), multispecies
community composition analysis through metabarcoding (West
et al., 2020), and shotgun sequencing of the entire metagenome
(Pinfield et al., 2019; Roesma et al., 2021). The latter two approaches
necessitate high-throughput sequencing, which enables the
simultaneous annotation of numerous species within a single
experiment. The evolution of high-throughput sequencing
technology over the past decade has facilitated the application of
eDNA analyses across a diverse array of aquatic ecosystems (Beng
and Corlett, 2020; Takahashi et al., 2023), including subterranean
environments (Saccò et al., 2022), Antarctic geothermal sites (Fraser
et al., 2018), coral reefs (Madduppa et al., 2021), and deep oceans
(McClenaghan et al., 2020). Research on aquatic eDNA generally
requires enrichment procedures because of the low concentration of
DNA (organismal or extra-organismal) (Minamoto, 2022).
Advances in eDNA sampling methodologies, particularly for
large-volume sampling, are ongoing (Thomas et al., 2018).
Existing protocols often necessitate the transportation of water
samples back to the laboratory, which limits the sample volume
and introduces the possibility of DNA degradation before filtration
or preservation can be performed (Goldberg et al., 2016).
Development of portable eDNA filtration systems, particularly
for large-volume sampling, can improve the efficiency, sterility,
and replicability of aquatic eDNA sampling for field users.
Thomas et al. designed a novel backpack eDNA filtration system
with a flow rate threshold of 1.0 L/min. It greatly improved the
sampling speed and replicability and minimized the risk of
contamination. Nevertheless, this system was adapted to two
mixed cellulose ester filter pore sizes (1 and 5 μm) rather than
the small pore-sized filters (0.45–1.0 μm) used in a large number of
eDNA studies (Rees et al., 2014). Another portable aquatic eDNA
filtration system developed by DeHart et al. incorporated a field-
portable pump to filter large volumes of water conveniently with
0.22-µm or 0.45-µm Sterivex filters with an unobstructed filtration
rate of 150.05 ± 7.01 mL/min and 151.70 ± 6.72 mL/min,
respectively (DeHart et al., 2023). Undoubtedly, this rate is still
time-consuming for field filtration of large-volume water samples.
Therefore, the development of a portable eDNA sampling system
that supports a high flow rate (e.g. 1.0 L/min) and is compatible with
commonly used filter membrane pore sizes (e.g. 0.22 μm and
0.45 μm) could greatly streamline eDNA pre-processing by
enabling the filters to be easily carried and reducing DNA
degradation. In the laboratory setting, vacuum filtration remains
the predominant method for eDNA enrichment, with the standard
filter membrane diameter being 47 mm (Schweiss et al., 2020; Wong
et al., 2020). For eDNA extraction from these filters, the Qiagen
DNeasy PowerWater Kit and MP Biomedicals MagBeads FastDNA
Kit for Soil are frequently used (Lear et al., 2018; Schweiss et al.,
2020; WANG et al., 2022). However, these extraction kits are
specifically designed for 47-mm filter membranes and may not
be compatible with larger filters that could be used in portable
field systems.

In this study, we developed an innovative portable eDNA
collector system using a GM dual-channel water filter (developed
by GeneMind Biosciences Co., Ltd, Shenzhen, China) with a Water
Filter DNA Extraction Kit specifically tailored for large filter

membranes (ø 100 mm). This system was engineered to enhance
the efficiency, sterility, and replicability of aquatic eDNA sampling
in the field. We provide a comprehensive account of the system’s
design, including its stress testing, and comparative experiments
against conventional extraction kits and vacuum filtration methods.

2 Methods

2.1 System design

It is well-established that the flow rate is positively correlated
with pressure differences when the flow resistance remains constant.
In suction filtration, the maximum achievable pressure difference is
capped at 1.0 atm, whereas gravity filtration exhibits a minor
pressure difference, which is dictated by the water column’s
height. A positive pressure filtration system enhances the
pressure difference across the filter membrane surface beyond the
1.0 atm threshold, which surpasses the limitation of gravity
filtration. When considering the driving force, a peristaltic pump
outperforms centrifugal, diaphragm, and plunger pumps in terms of
self-priming capacity, flow capacity, and pump liquid efficiency.
Consequently, we opted for a positive pressure filtration system
paired with a peristaltic pump. To monitor clogging during the
filtration process, we incorporated a pressure monitoring device,
which allowed for the cessation of filtration by setting the upper and
lower pressure thresholds. Additionally, we implemented two timers
to assist the operator with tracking the filtration duration. The
system was designed with a lightweight structure and was powered
by a high-capacity lithium battery (9,000 mA), which makes it
suitable for the collection of water samples in the field. For more
turbid water bodies, we have designed a bucket-shaped filter
(120 mesh) and a butterfly filter (pore size of 100 μm), which
can be connected sequentially in front of the inlet pipe for pre-
filtration. The GM dual-channel water filter contains one battery
meter, two pressure gages, and two timers (Figure 1).

2.2 Water turbidity stress testing

We evaluated the system’s performance using 12 freshwater
samples sourced from groundwater, streams, lakes, and ponds in
Shenzhen, China (Table 1). Water turbidity was quantified by using
a suspended matter turbidity detector (LH-XZ03, Lohand
Biotechnology Co., Ltd., Hangzhou, China), with measurements
of four replicates. Four replicate filter samples were collected using
mixed cellulose ester membranes with a pore size of 0.22 μm
(XYMCE0065, Shanghai Hai Xin Ya Purification Equipment Co.,
Ltd). The filtration time required to process 10 L of water through
the dual channel system was recorded.

2.3 Pressure testing

To ascertain the maximum pressure tolerance during the
filtration process and validate the system’s capability to filter
10 L water within 10 min, we conducted an experiment using
water samples from Gankeng Reservoir with an original turbidity

Frontiers in Environmental Science frontiersin.org02

Wu et al. 10.3389/fenvs.2024.1415338

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1415338


of 8.81 ± 0.71 nephelometric turbidity units (NTU). We
supplemented the samples with pure water to facilitate pressure
testing and to prevent rapid clogging of the filter membrane. Finally,
a total volume of 200 L and a turbidity of 2.61 NTU water were used
to ascertain the pressure limit during the filtration process. The flow
rate was calculated from the volume of the water filtered per minute,
and dynamic pressure changes were monitored. Experiments were
conducted separately for each channel, with four trials for both
channels in total, and the filtration endpoint was set at 15 min.

2.4 Comparison with different DNA
extraction kits

Following the pressure testing, we performed three consecutive
filtration rounds with the above water (2.61 NTU), which resulted in
the collection of six filter membranes. The volume of water filtered
by each filter membrane was approximately 5.5–6.2 L. Two
membranes were divided into four and subjected to eDNA
extraction using a MagBeads FastDNA Kit for Soil (MP
Biomedicals, Santa Ana, CA) and a DNeasy PowerWater Kit
(Qiagen, Dusseldorf, Germany). The remaining four membranes
were processed using our in-house Water Filter DNA Extraction Kit
(A000026, GeneMind Co., Ltd, Shenzhen, China).

The process involved the addition of 7.5 mL of lysis solution and
grinding beads, followed by vigorous vortex mixing at 2,500 rpm for
10 min and centrifugation at 4,000 × g for 1 min. The supernatant
(6.5 mL) was then transferred to a clean collection tube, and 100 μL
of proteinase K solution was added. The mixture was vortex-mixed
briefly to ensure thorough mixing and then incubated at 65°C for
20 min. Subsequently, 3 mL of isopropyl alcohol and 80 μL of
magnetic beads (50 mg/mL) were added, the tube was vortexed or
inverted to mix, and then placed on a shaker for 9 min to facilitate
binding. The tube was then set on a magnetic rack for 5 min to allow
the magnetic beads to settle, after which the supernatant was
discarded. Add 1 mL of wash solution I to re-suspend the
magnetic beads by vortexing, and then deposit the tube on the
magnetic rack for 2 min to ensure that the beads aggregate along the
tube wall. Thereafter, the supernatant was carefully discarded
without disturbing the bead pellet. Following this, a second wash
was performed with 1.2 mL of wash solution II, followed by a third
wash with an additional 700 μL of wash solution II. After the final
wash, the remaining solution was carefully aspirated, and the tube
was returned to the magnetic rack for drying at room temperature.
The drying process was ceased when all of the visible moisture on the
magnetic nanoparticles had evaporated. Then, 100 μL of elution
buffer was added to the dried beads. The beads were re-suspended
and incubated at 55°C for 5 min. After that, the tube was placed on

FIGURE 1
GM dual-channel water filter. (A) Front view showing the window for the battery meter, two pressure gages, and one timer on the left side. (B) Rear
view showing two outlet and inlet pipe connections. (C) Rear view showing two filter plates, two top covers, and one timer on the left side.
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the magnetic rack for 5 min to allow the magnetic beads to settle.
Finally, 98 μL of the supernatant (eluted DNA) was transferred to a
clean 1.5-mL micro-centrifuge tube. The extracted DNA could be
stored at −20°C for extended periods. All devices and extraction kits
came with operation manuals.

The concentration and purity of the extracted eDNA were
quantified by using a fluorometer (Qubit 4, Thermo Fisher Scientific
Inc, Waltham, Mass) and a spectrophotometer (NanoDrop 2000,
Thermo Fisher Scientific Inc, Waltham, Mass), respectively. The
integrity of the eDNA was assessed by agarose gel electrophoresis
(gel concentration: 1%; voltage: 5 V/cm; electrophoresis time: 20 min)
and by using a NanaLyzer (GeneMind Co., Ltd, Shenzhen, China).
Subsequently, 12 metagenomic libraries were constructed from the
12 DNA samples. Sequencing was conducted via the FASTASeq
300 platform (GeneMind Co., Ltd, Shenzhen, China) using the
PE150 mode. Species annotation was performed using our
previously published method (Feng et al., 2023). Briefly, Kraken
2 was used for taxonomic assignment of metagenomics sequencing
reads through exact k-mer matches (https://ccb.jhu.edu/software/
kraken2/). The Kraken2_standard_16G_20230314 database was
chosen for aligning. Using the internal k-mer (default parameters) to
the LCA (lowest common ancestor) mapping algorithm, Kraken
2 assigns a taxonomic label (confidence: 0.9). The relative
abundance was calculated based on the proportion of fragments
assigned to the taxa by Kraken 2.

2.5 Comparison with vacuum filtration

Vacuum filtration is a prevalent technique in eDNA laboratory
research. The standard filtered water sample volume for this technique
is 500 mL. In this part, we compared the metagenomic and 12S
sequencing outcomes for filter membranes obtained after processing
2 L of stream water from the Gankeng base (turbidity: 25.98 ±
0.56 NTU). For vacuum filtration, a 47-mm filter membrane (pore
size: 0.22 μm)was used for every 500mL of water, and the four resulting

membranes were pooled for eDNA extraction. The GM water filter
system processed 2 L of water by using a single filter membrane (ø
100 mm, pore size: 0.22 μm). Four biological replicates were conducted
for each filtration method, and a Water Filter DNA Extraction Kit
(A000026, GeneMind Co., Ltd, Shenzhen, China) was used for eDNA
extraction. Each of the eight DNA samples was divided into two
aliquots. One aliquot was subjected to metagenomic sequencing by
the FASTASeq 300 platform using the PE150mode, while the other was
sent to Magigene Co., Ltd (Guangzhou, China) for 12S metabarcoding
sequencing using a NovaSeq 6000 in the PE150 mode. The subsequent
data analysis followed the methods outlined in a previous study (Zhang
et al., 2024). Briefly, Fastp (v0.12.4) was utilized to perform quality
control on the raw sequencing data. Subsequently, the cutadapt software
was employed to eliminate primer sequences, thereby generating clean
reads. These clean reads were then processed using usearch-fastq_
mergepairs version (v11.0.667), which required at least a 16-bp overlap
between reads derived from the opposite ends of the same DNA
fragment, with a maximum of 5-bp mismatches permitted within
the overlap region. The resulting sequences were clustered into
operational taxonomic units (OTUs) using the UPARSE software
with a 97% sequence similarity threshold. These OTUs with
reads <10 were removed. The remaining OTUs were compared
against the reference databases MitoFish and GenBank to facilitate
species annotation. For alpha diversity, Chao and Shannon indices were
computed, and beta diversity was assessed through non-metric
multidimensional scaling (NMDS) analysis based on the Bray–Curtis
dissimilarity matrices.

3 Results

3.1 System implementation

The GM Water Filter is versatile and can accommodate various
filter membrane pore sizes (0.22 and 0.45 μm) and materials, including
mixed cellulose ester, organic nylon, and polyether sulfone, all with a

TABLE 1 Filtration time of 10 L water with different turbidities via 0.22-μm filter membranes.

Sample ID Turbidity (NTU) Time for 10 L water Information about sampling point

G1-GK 1.70 ± 0.05 8′16″±42″ Groundwater 1—Gankeng base

G2-GK 1.23 ± 0.04 8′8″±37″ Groundwater 2—Gankeng base

S1-GK 27.9 ± 0.73 14′15″±1′25″ Stream—Gankeng base

IL-ELP 12.9 ± 0.39 95′±7′34″ Inner Lake—East Lake Park

S1-ELP 10.73 ± 0.73 83′±6′8″ Stream—East Lake Park

P1-SUST 18.6 ± 1.06 62′±3′52″ Pond 1—SUST

LS-SUST 9.85 ± 0.32 42′±4′43″ Lower stream—SUST

US-SUST 11.18 ± 0.15 45′±6′7″ Upper stream—SUST

P2-SUST 9.44 ± 0.29 65′±5′19″ Pond 2—SUST

P3A-SUST 7.91 ± 0.36 8′7″±25″ Pond 3—SUST

P3B-SUST 8.67 ± 0.56 13′5″±2′23″ Pond 3—SUST

P3C-SUST 6.91 ± 0.26 9′37″±56″ Pond 3—SUST

Note: SUST, Southern University of Science and Technology; the value in turbidity or time for 10 L of water is the average and standard deviation for fourth tests.
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standard diameter of 100mm. The setup of the GMwater filter and the
standard sampling procedure are depicted in Figure 2. Operators must
always wear sterile gloves to ensure aseptic conditions during the
experimental procedure. Before initiating the filtration process,
20 mL of 75% alcohol was aspirated into the water inlet pipe to
effectively sanitize the internal conduit. Subsequently, the water
sample designated for filtration was introduced into the apparatus to
ensure that any residual alcohol was thoroughly rinsed from the pipe by
the incoming water sample. After assessing the flow rate, we used a
mixed cellulose ester membrane. Post-filtration, the filter membrane
was carefully collected and stored in a sterile 50-mL centrifuge tube,
which was then transported to the laboratory at low-temperature
conditions (4°C). The pipeline system was thoroughly cleaned using
75% ethanol and pure water. Additionally, the panel components are
disinfected by applying 75% alcohol, followed by wiping with a clean
cloth to ensure the removal of any residual alcohol and contaminants.

3.2 Determination of the optimal turbidity

We assessed 12 freshwater sites to establish the recommended
turbidity for achieving filtration of 10 L of water within 10 min.

The turbidity distribution was 1.23–27.90 NTU (Table 1). A
filtration rate of 10 L in 10 min was feasible when the
turbidity was below 8 NTU. Even for relatively pristine
groundwater (1.23–1.70 NTU), filtration of 10 L of water took
approximately 8 min. Although there was a positive correlation
between the filtration time and turbidity, the relationship was not
strictly linear (Supplementary Figure S1).

3.3 Pressure threshold

During the filtration process, channel A exhibited two
distinct plateaus in the relationship between the flow rate and
pressure within 15 min, while channel B demonstrated a negative
correlation between these parameters (Figure 3). At the end of
filtration, the pressures of channels A and B stabilized at 174.75 ±
1.5 and 155.55 ± 3.70 kPa, respectively. The corresponding flow
rates were 0.110 ± 0.008 and 0.178 ± 0.005 L/min, respectively.
The volumes of water filtered through the channels were 3.81 ±
0.14 L (A) and 3.17 ± 0.03 L (B) at 5 min, 5.64 ± 0.41 L (A) and
5.06 ± 0.05 L (B) at 10 min, and 6.34 ± 0.44 L (A) and 6.09 ± 0.09 L
(B) at 15 min. The results for the four replicates confirmed that

FIGURE 2
Typical GM dual-channel water filter workflow for environmental DNA (eDNA) sampling: (1) the equipment, (2) connecting the inlet and outlet tubes,
(3) tightening the screws and closing the upper covers, (4) placing the inlet tubes into the alcohol and turning on the rinse, (5) loading the filter membrane
with the edge of the filter membrane aligned with the supporting filter, (6) loading the two filter membranes, (7) turning on the power and setting the
filtering time, (8) setting the pressure switch, and (9) pressing the on–off button and starting the filter.
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the dual-channel system was capable of filtering at least 10 L of
water within 10 min.

3.4 Performance of the GM extraction kit

Benchmarking results indicated that DNA integrity with the GM
extraction kit was comparable to that with the MP and Qiagen kits
(Table 2), while the DNA concentration and total yield were
evidently lower with the MP kit than with the other kits
(Supplementary Figure S2). Specifically, the total DNA yields
from a single filter using the GM, MP, and Qiagen kits were

9.56, 7.66, and 19.48 μg, respectively (Table 2). The efficiency of
the GM extraction kit was comparable to that the MP kit, but was
less efficient than the Qiagen kit when considering DNA quality
and quantity.

Metagenomic sequencing and species annotation were
performed on the 12 DNA samples. The clean data ranged from
22.6 to 26.9 million reads, with Q20 > 94% (Supplementary Table
S1). Figure 4 shows the relative abundances at the phylum and genus
levels. The three kits presented highly consistent species annotation
at the phylum level, with only minor variations observed at the genus
level. Generally, the inter-group differences were more pronounced
than the intra-group differences. The more distinct difference

FIGURE 3
Results of the pressure tests for the two channels in the water filter: (A) channel A and (B) channel B.

TABLE 2 Comparison of DNA quality obtained by the eDNA extraction reagent.

Sample A260/A280 A260/A230 Qubit (ng/μL) Volume (μL) DNA (μg)

GM-1 1.83 1.98 112.0 80 8.96

GM-2 1.84 1.55 114.0 100 11.40

GM-3 1.81 1.56 100.0 80 8.00

GM-4 1.87 1.64 116.0 85 9.86

MP-5-1 1.94 1.38 24.8 91 2.26

MP-5-2 1.89 1.48 20.2 85 1.72

MP-5-3 1.86 1.56 23.6 80 1.89

MP-5-4 1.82 1.54 23.4 77 1.80

Qiagen-6-1 1.90 0.36 50.2 100 5.02

Qiagen-6-2 1.91 0.28 42.0 100 4.20

Qiagen-6-3 1.92 0.65 64.0 100 6.40

Qiagen-6-4 1.90 0.90 38.6 100 3.86

Note: GM-1, GM-2, GM-3, and GM-4 mean membrane 1#, 2#, 3#, and 4#, respectively. MP-5-1 means quarter of membrane 5#. Qiagen-6-1 means quarter of membrane 6#.

GM means Water filter DNA Extraction Kit, MP means MagBeads FastDNA™ Kit, and Qiagen means DNeasy® PowerWater® Kit.
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observed within the GM group could be attributed to the separate
extraction of the four filter membranes. This was in contrast to the
MP and Qiagen kits, where four aliquots were extracted from the
same filter membrane. It seems like the water was not fully mixed
during the filtration, and although we agitated the water bucket to
ensure homogeneity and started the filtration, it remained
undisturbed. Nevertheless, these differences are considered
acceptable and are consistent with the variations observed in
biological replicates.

3.5 Impact of filtering methods in eDNA
sequencing

To filter 2 L of water, the vacuum filtration system took 644.02 ±
39.74 min and the GM water filter system took 27.61 ± 2.67 min.
Metagenomic sequencing was conducted on eight samples, which
were divided into two groups (labeled VF for vacuum filtration and
GM for the GM water filter system). The data volume ranged from
15.5 to 16.6 million reads (Supplementary Table S2). The heatmap

FIGURE 4
Relative abundances at the phylum (A) and genus (B) levels of the 12 DNA samples from three kits. The 30most abundant species are shown. “Other”
indicates species other than the top 30 across all samples. Abbreviations: MP, MagBeads FastDNA Kit for Soil; Qiagen, DNeasy PowerWater Kit; and GM,
water filter DNA extraction kit.
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representing the relative abundances of the top 20 genus and species
taxa demonstrated a high degree of concordance among the four
biological replicates within each group, with these replicates
clustering together in a single clade (Supplementary Figure S3).
Inter-group comparisons also revealed high consistency in the
relative abundance profiles. In both VF and GM groups, the
genera Cylindrospermopsis, Candidatus Fonsibacter,
Polynucleobacter, and Synechococcus were predominant at the
genus level. When examining the species level, the four most
abundant were Cylindrospermopsis raciborskii, Candidatus
Fonsibacter ubiquis, Polynucleobacter sp. MWH-UH24A, and
Cylindrospermopsis curvispora. The consistent distribution of
highly abundant genera and species between the two groups
indicated that both the filtering methods had a minimal influence
on species annotation via metagenomics sequencing.

The 12S metabarcoding sequencing data for the eight samples
ranged from 329,000 to 401,000 reads, with an average of
360,000 reads (Supplementary Table S3). The VF and GM
groups yielded 281,000–320,000 tags and 231,000–311,000 tags,
respectively, which culminated in the identification of a total of
271 OTUs. Thirty-seven OTUs were annotated in the genus or
species levels for the VF group, and 39 OTUs were annotated for the

GM group. The GM group included all 37 OTUs from the VF group
(Figure 5A). The alpha diversity indices, Shannon and Chao1,
indicated that there were no significant differences between the
two filter models (Figure 5B). Furthermore, the NMDS analysis from
Bray–Curtis dissimilarity matrixes showed a highly consistent
ordination pattern for both groups, with a stress value of <0.05
(Figure 5C). Supplementary beta diversity analysis (analysis of
similarity) showed that the inter-group differences were less
pronounced than the intra-group differences (R < 0); however, it
was not statistically significant (P > 0.05) (Figure 5D). Collectively,
the metabarcoding sequencing (12S) results suggested that there
were no significant differences between the species information
obtained by the two eDNA enrichment methods when both
alpha and beta diversity were considered.

4 Discussion

We engineered a portable water filtration device using a GM
dual-channel water filter for eDNA collection. This innovative
system markedly expedites the filtration process for large-volume
water samples (10 L) and reduces the time from several hours

FIGURE 5
12S metabarcoding sequencing of sample filters by vacuum filtration and the GM water filter system. (A) Venn diagram of the OTU annotations for
the GMwater filter system (GM) and vacuum filtration (VF). (B) Alpha diversity of the two groups. (C)Non-metric multidimensional scaling (NMDS) scatter
plot for the Bray–Curtis distance of the two groups. The shaded areas represent the confidence intervals (0.95). The stress value reflects the quality of the
NMDS analysis results. When stress <0.05, the analytical result has excellent representativeness. (D) Box plot of significant differences between two
groups obtained using analysis of similarity (AnoSim) for the Bray–Curtis dissimilarity. R < 0 indicates that the difference between the groups is smaller
than the difference within the group. P < 0.05 indicates statistical significance.
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required by traditional vacuum filtration methods to only 10 min.
When we evaluated commercially available eDNA extraction kits,
we observed that kits tailored for smaller filter membranes (ø
47 mm) dominated (Schweiss et al., 2020; Wang et al., 2022),
which also makes extraction of DNA from environmental water
samples tedious and expensive. Therefore, to complement the GM
water filter, we designed a compatible eDNA extraction kit, which
was optimized for the large filter membranes (ø 100 mm) used by
our system. Pilot studies with the GM dual-channel water filter and
the Water Filter DNA Extraction Kit showed high agreement in
terms of species annotation.

When sampling eDNA from aquatic environments, the choice of
the filter material, the pore size of the filter membrane, and the
volume of the water filtered are critical factors that significantly
affect the capture efficiency of eDNA (Majaneva et al., 2018). In this
study, the mixed cellulose ester filter membrane was selected for its
superior eDNA yield when compared with polyethene sulfone,
polyvinylidene fluoride, and polycarbonate filters (Liang and
Keeley, 2013; Majaneva et al., 2018). The pore size determines
the retention of eDNA-laden particles. Small pore-size filters
[0.20 µm (Liang and Keeley, 2013)] have been shown to enrich
the eDNA yield, while they may lead to faster clogging of the filter,
especially in algal blooming or turbid waters. In such conditions,
pre-filtration seems to be a good strategy to intercept larger particles,
such as sediment, organic debris, and other macroscopic materials.
Our developed GM dual-channel water filter integrated a bucket-
shaped filter (120 mesh) at the water inlet to perform a pre-filtration
step to enhance the efficiency of the subsequent finer filter
membrane designed for eDNA capture. Employing a larger pore-
size filter membrane can significantly reduce the filtration time
required for turbid water samples. However, this efficiency gain was
accompanied by a notable reduction in eDNA recovery, presumably
due to the increased pore size, allowing a portion of the eDNA-
containing particles to pass through the filter (Turner et al., 2014).
Alternatively, augmenting the volume of water may compensate for
the diminished capture rate; however, it necessitates an extension of
the filtration time. In summary, a subtle equilibrium must be struck,
given the interplay between the membrane pore size, the volume of
the water sample, the duration of filtration, and the efficiency of
eDNA capture. The GM dual-channel water filter employed a pre-
filtration (120 mesh) step followed by fine filtration (0.22 μm or
0.45 μm) to allow the filtering of 10 L of the water sample within
10 min, thereby ensuring a high efficiency of eDNA enrichment.

For still water samples with turbidity levels below 8 NTUs, the
filtration process takes approximately 10 min, and interestingly,
relatively pristine groundwater with turbidity ranging from 1.23 to
1.70 NTUs also requires a similar duration. This suggests that the
filtration time does not scale linearly with decreasing turbidity. The
association between turbidity and flow rate appears to be more
complex than a straightforward negative linear correlation
(Supplementary Figure S1). Moreover, turbidity is not the sole
factor governing the filtration rate. The free flowing rate (no-
loading filter membrane) of our peristaltic pump is 0.7 L/min,
and it rapidly increases until the sample turbidity is above 8, at
which point filtration slows down drastically. Consequently, for
optimal filtration efficiency, we recommend targeting still water
bodies with turbidity levels below 8 NTUs. If the water body has
relatively high turbidity (>8 NTU), pre-filtration should be applied.

We acknowledge the limitation inherent in the validation
experiment of this study. Our benchmarking comparison with
vacuum filtration was predominantly centered on the 12S rRNA
metabarcoding sequencing (Majaneva et al., 2018), a method
commonly applied for the identification of eukaryotic
phytoplankton and fish. Its focus did not extend to other
established sequencing methods, including 16S rRNA (Harrison
et al., 2021), 18S rRNA (Minerovic et al., 2020), ITS (Fahner et al.,
2016), and CO1 (Tagliabue et al., 2023) sequencing for bacteria,
fungi and protists, fungi, and metazoan species identification,
respectively. These methodologies were also extensively utilized
in the profiling of the eDNA metabarcoding study and should be
performed in subsequent studies to fully assess the strength and
weakness of our equipment in the application of metabarcoding.

Our eDNA collection system has been widely disseminated
among numerous collaborators conducting field studies in
diverse aquatic ecosystems, spanning from urban reservoirs to
lakes within national reserves. The invaluable feedbacks received
have driven the ongoing enhancement of our system, focusing on
simplifying its operation, reducing its weight, and creating
extraction kits that are compatible with larger filter
membranes, all while minimizing costs. By embracing an
open-hardware philosophy, forthcoming iterations of this
portable filtration system are poised to incorporate
advancements such as higher-flow pumps, integrated large-
capacity batteries, and materials that contribute to less overall
weight, thereby enhancing field usability. At present, our systems
are being utilized in the Shenzhen Academy of Environmental
Sciences, the Key Laboratory of Poyang Lake Hydrology and
Ecology Monitoring and Research, and the Eco-Environmental
Monitoring Center of Dongting Lake in Hunan Province research
programs. Collaborative input has been instrumental in guiding
the design evolution, allowing us to refine the system’s field
reliability and processing capacity.

5 Conclusion

We have successfully developed a portable water filtration
system, the GM dual-channel water filter, complemented by a
water filter DNA extraction kit that is specifically designed for the
collection of environmental DNA (eDNA) from large-volume
water samples quickly, such as 10 L volume in 10 min. This
innovative system is particularly user-friendly, even for
individuals with minimal prior experience in eDNA sampling,
thanks to the provided operation manual. It holds great promise
for field applications, as it could significantly simplify the process
of water eDNA collection. By streamlining the filtration process
and facilitating rapid species identification, this system is
instrumental in enhancing biodiversity monitoring and
conservation initiatives.
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