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Abstract

Capture-based aquaculture is now gaining much attention in Southeast Asia. This system
was used to produce several fish species with social and economic implications, including
the giant snakehead (Channa micropeltes). As wild harvesting of organisms for seed stock
is one of main practices in capture-based aquaculture, abundance and distribution of the
wild stock are essential for both environmental impact evaluation and stock management.
Mark and recapture, visual observation and physical capture of target species are costly,
ineffective, and labour intensive for fish surveys in several cases. Detection of target organ-
isms using eDNA (environmental DNA) could be a good alternative as it has proved to be a
non-invasive, rapid, and sensitive method for aquatic species monitoring and surveying.
Here, we developed a TagMan assay that targets the 16S region of giant snakehead DNA
to amplify eDNA captured in water samples. 300 ul of water samples were collected from 15
sites located in the Chao Phraya River Basin (Ping, Wang, Yom, Nan, and Chao Phraya
River) and filtered with 0.7 pm glass fibre membrane filter. Giant snakehead eDNA was
detected in most tributaries (60%) with concentrations ranging from 74.0 copies/ml in Wang
River sites to 7.4 copies/ml in Nan River sites. As intensification of capture-based aquacul-
ture could lead to depleting of wild fish stocks, urgent management is needed. However, the
existing conventional approaches for assessment of fish overexploitation, survey and moni-
toring have several limitations.

Introduction

Freshwater aquaculture has been long practiced. Aquaculture offers many advantages for peo-
ple providing nutritious, protein-rich food, and income. In 2018, aquaculture production was
reported to be 82.1 million tonnes (250 billion USD) which 51.3 million tonnes are from
inland aquaculture (FAO, 2020). Consumption of food fish is increasing with average annual
rate of 3.1 percent from 1961 to 2017. Fish is a primary source of high-quality protein which
accounted for 17% of the animal protein consumed worldwide [1].
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Capture-based aquaculture is one of many common practices in the river basin throughout
the world. In capture-based aquaculture, fish are caught from rivers, streams, lakes, reservoirs,
ponds, channels, paddy-fields, etc. Species are captured from the wild (usually very early stages
in the life cycle) stocked into confined and controlled conditions where they are raised to a
marketable size. Some capture-based aquaculture industries employ a mix of hatchery-pro-
duced and wild-caught aquatic animals for subsequent use in aquaculture [2]. However, hatch-
eries and nurseries are costly and require infrastructure to manage. Therefore, use of wild-
caught seedstock is popular in many remote areas. While aquaculture production has grown
rapidly, wild fish stocks have become significantly depleted. Intensification of aquaculture
could lead to negative impacts on environments. The Chao Phraya River is among the most
productive inland fisheries in the world [3]. One group of interesting fish taxa is the snake-
heads (Channidae) with two of these currently used in significant numbers for aquaculture:
the giant snakehead (Channa micropeltes) and the Chevron snakehead (Channa striata). In
Thailand, the giant snakehead is one of the top 20 species with economic importance which is
caught from inland waters [4]. Both adult and juvenile fisheries of the giant snakehead are
common in the Songkhram River (Thailand) and the Mekong River (Cambodia, Lao People’s
Democratic Republic, and Viet Nam). The giant snakehead is native to Southeast Asia, where
it occurs in Indonesia, Laos, Malaysia, Thailand, and Vietnam [5]. However, quantitative data
about wild giant snakehead seed capture is currently limited. There is no report of such infor-
mation in Thailand and Lao People’s Democratic Republic, and only a few reports in Cambo-
dia and Viet Nam [6].

In Thailand, the Chao Phraya River is formed by four major tributaries: The Ping, Wang,
Yom, and Nan Rivers, which flow from the northern watershed of Thailand to merge in the
middle of country. The Chao Phraya Basin, the largest river basin in Thailand, covers around
one third of Thailand’s territory which includes the great majority of irrigated areas and the
Bangkok Metropolitan Area [7]. It is suspected that the giant snakehead inhabits all the rivers
in the basin. Recently, there was only a fish survey in the Nan River basin (The Nan River and
its eight tributaries) in which giant snakehead were caught in the Nan River and one of the
tributaries (Ha River) [8]. Thus, an increased understanding regarding the abundance and dis-
tribution of the giant snakehead in Thailand, particular the Chao Phraya Basin, would be
useful.

As mentioned earlier, giant snakehead caught from the wild and then are raised in water
cages as food is popular in many areas of Asia including Thailand. In addition, the giant snake-
head was introduced into several countries such as China, the Philippines, Singapore, and the
United States. The fish is one of the major threats to the native fish fauna there as it is a large
predatory fish [5, 9, 10]. Also, the giant snakehead and other snakehead species are common
aquarium trade species and could be found in pet shops in most EU countries [11]. Spreading
of snakehead into EU waters is now a matter of concern [5]. Therefore, eDNA monitoring or
detecting the giant snakehead in the wild could be useful not only for Thailand but other sev-
eral countries as well.

Fish surveys in such a large river basin are difficult and require much logistical effort (e.g.,
time, money, and labour). There are several conventional fish survey methods that include the
use of fishing gears, electrofishing, and visual surveys. The main limitations of these traditional
survey are their varying efficiency, incomplete sampling, and labour-intensiveness [12, 13].
The eDNA-based method has been pointed out as more sensitive [14-22] and cost less [23-25]
than physical capture or visual observation. Recently, the use of environmental DNA (eDNA),
defined as short DNA fragments that an organism sheds into their native environment, was
demonstrated to be a powerful tool for monitoring biodiversity in near real-time [e.g., 26-28].
Detection of the giant snakehead in the Chao Phraya River Basin via eDNA, instead of the
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traditional direct observation method, could be more sensitive and less time-consuming. In
addition, eDNA monitoring of the giant snakehead could benefit capture-based aquaculture in
countries where it is a common practice such as Cambodia, Malaysia, Thailand, and Vietnam.

Materials and methods
Ethics statement

This study was approved by the Animal Care and Use Committee review (The Laboratory Ani-
mal Center, Chiang Mai University) under protocol number: 2561/FA-0001.

Sampling sites

Water samples were collected from sites within the Chao Phraya River Basin. Three sites were
sampled in the Chao Phraya, Ping, Wang, Yom, and Nan Rivers (n = 15 sites total) in January-
February 2018 during the middle of the dry season (Fig 1). Of note is that the Ping, Wang,
Yom, and Nan Rivers are the main tributaries of the larger Chao Phraya River. To avoid con-
tamination, all field equipment was sterilized using 10% bleach, UV-Crosslinker or autoclaved
and sealed prior to transport to the study site, and a separate pair of nitrile disposable gloves
were used to collect each sample. At each site, three replicate water samples were collected
from a bucket that had been previously decontaminated with a 10% bleach rinse followed by
two distilled water rinses. Each site was sampled in triplicate by collecting 300 ml water sam-
ples and immediately filtered on 0.7 um pore size filter (Whatman International Ltd., Maid-
stone, UK) in the field using a handheld vacuum pump (Thermo Fisher Scientific Inc., MA,
USA). For every sampling day, deionised water (300 ml) was filtered in the field as a negative
control.

qPCR assay

All the DNA analysed originated from the mucus of five individuals of giant snakehead. Total
DNA was extracted from the mucus sample using the Qiagen Dneasy Blood and Tissue Kit
(Qiagen, Valencia, CA). Extracted DNA was used as a template for gPCR assay together with
127 bp long synthetic fragment which is a replica of giant snakehead 16S rRNA sequence (Inte-
grated DNA Technologies Pte. Ltd., Singapore). DNA samples were quantified using a Qubit
fluorometer (Life Technologies) calibrated with the Quant-iT dsDNA HS Assay following the
manufacturer’s instructions. For each replicate, 3 pl volumes were measured. The mitochon-
drial 16s rRNA fragments (127 bp) were amplified and quantified using the following primers
and TagMan probe from Osathanunkul and Minamoto, 2021 [29]: Cmi-F -Forward: 5'-
CTCGCACCAACTAGGCTTTTCC -3/, Cmi-R -Reverse: 5'- GGTTAATGTTCGGTGGATT
GTCCGT -3, and Cmi-PR -Probe: 5'-FAM- TGCTAACATGGAAGCACTTA -MGB-3'. Spe-
cies specificity of the primers and probe was confirmed by Osathanunkul and Minamoto, 2021
[29] through in silico and in vitro checking with closely related species (species in the same
genus: Channa marulius and Channa striata) and non-target species (Barbonymus altus, Chit-
ala ornate, Probarbus jullieni, and Puntioplites proctozysron) that potentially inhabiting the
sampling area. In addition, five species co-occur in this river system including Barbonymus
gonionotus, Cyprinus carpio, Pangasianodon hypophthalmus, Pangasius bocourti, and Panga-
sius larnaudii were tested.

A positive-control water sample was collected from Kwan Phayao Lake wherein giant sna-
kehead is known to inhabit [30]. All eDNA qPCR amplifications were performed in three rep-
licates in a final volume of 20 pl, using 10.0 pl of 2x TaqMan Environmental Master Mix 2.0
(Thermo Fisher Scientific), 2.0 ul of DNA template, 900 nM each of the F/R primers, and 125
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Fig 1. Map showing sampling sites in the Chao Phraya River Basin. Sites on the Ping River (P1-P3), sites on the Wang River (W1-W3), sites on the Yom
River (Y1-Y3), sites on the Nan River (N1-N3) and sites on the Chao Phraya River (C1-C3). Giant snakehead eDNA concentration (copies per ml) detected at

each site is shown.

https://doi.org/10.1371/journal.pone.0267667.9001
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nM of the probe. Samples were run under the following conditions: an initial 10 min incuba-
tion at 95°C followed by 50 cycles of denaturation at 95°C for 15 s and annealing/extension at
60°C for 1 min. Both lab and field negative controls with all PCR reagents but no template
(three replicates) were run in parallel to assess potential contamination. The quantification
cycle (Cq) was converted to quantities per unit volume using the linear regression obtained
from the synthesized target 16S rRNA gene standard curve. The giant snakehead eDNA con-
centrations were then reported as copies/ml. The limit of detection (LOD) and the limit of
quantification (LOQ) were also measured using the standard dilution series of synthesised tar-
get gene fragments with known copy numbers. A dilution series containing 1.5 x 10" to

1.5 x 10* copies per reaction were prepared and used as quantification standards. The calcula-
tion of LOD and LOQ was done using R script published by Klymus et al. 2020 [31].

DNA extraction from the filters

Filters were placed in individual 1.5 ml tubes and kept in a polystyrene box containing dry ice
before transferring to a — 20°C freezer until extraction. The filters were extracted within 48 hr
of sampling using Qiagen Dneasy Blood and Tissue Kit (Qiagen, Hilden, Germany) using a
protocol modified from the manufacturer’s protocol with the following changes: the DNA
from all samples was eluted twice with 25 ul AE buffer, in a total volume of 50 pl to obtain a
more concentrated eDNA solution. The doubled volume of ATL buffer (360 ul), Proteinase K
(40 pl), AL buffer (400 pl) and Ethanol (400 ul) were used. Each eDNA samples was then
treated with the OneStep PCR Inhibitor Removal Kit (Zymo Research) to remove potential
PCR inhibitors bound to eDNA molecules that may be present in water samples before using
in qPCR assay.

Results

The species-specific TagMan qPCR assay showed that only DNA from the giant snakehead
mucus amplified, not in the negative controls. The TaqgMan assay standard curve exhibited the
following characteristics: slope = —3.404, Y inter = 38.007, R* = 0.991, Eff% = 96.703. The LOD
was 8.90 copies per reaction and the LOQ was 9.10 copies per reaction. Giant snakehead
eDNA was detected at one site each on the Ping and Nan Rivers (Fig 1; sites P3 and N3). Giant
snakehead eDNA was found at all sites on the Wang and Chao Phraya rivers. On the other
hand, no giant snakehead eDNA was detected at any sites on the Yom River. Where detected,
concentration of giant snakehead eDNA varied from 7.4-98.2 copies per ml (Fig 1). The high-
est concentration of giant snakehead eDNA was found at site W3 (98.2 copies/ml) and the low-
est was at site N3 (7.4 copies/ml). The average concentration of giant snakehead eDNA per
sampled river was as follows: 7.6 copies/ml (Ping River), 74.0 copies/ml (Wang River), 0 cop-
ies/ml (Yom River), 7.4 copies/ml (Nan River) and 32.0 copies/ml (Chao Phraya River).

Discussions

The Food and Agriculture Organization of the United Nations estimates that capture-based
aquaculture contributes about 20 percent of all the aquaculture production [1]. It is not a small
number and thus should receive more attention in several aspects such as environmental
impact, production economics, and resource management. Because of capture-based aquacul-
ture’s linkage to capture fisheries, stock overexploitation is one of the major concerns. Over-
fishing of some seed species in the wild has already been reported, e.g., grouper, milkfish, and
mud crab [32]. Movement, migration, and natural mortality data are normally required for
stock assessment with the mark and recapture method used to gain such data.
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The Chao Phraya River Basin is one of the most important basins not only in Thailand but
Southeast Asia. The abundance of the giant snakehead has not been recorded in the studied
river basin despite the social and economic value of the species in the region. Giant snakehead
eDNA was detected in the lake where they are reported to be found and in the downstream
Chao Phraya, Ping, Wang, and Nan Rivers with varying concentrations (Fig 1). No eDNA was
amplified from water collected at the sampling sites on the Yom River (Y1-Y3). Although,
there was no reliable statistics of the distribution of giant snakehead in the Chao Phraya River
Basin. The giant snakehead catches were reported by local fishermen in the Chao Phraya River
and all four tributaries. Therefore, eDNA of giant snakehead were expected to be found even
in the Yom River. The species-specific TagMan assay presented here only amplify DNA from
the giant snakehead and did not amplify DNA from any of the non-target species tested. The
amplified fragments from positive QPCR assay were also randomly chose and sent out for
sequencing to confirm that positive detections were true positives (data not shown). However,
two main things to be considered why eDNA have not been detected in the Yom River are that
filter pore size and sampled volume. Recommended pore sizes in the literature range from 0.2
pm to 1.2 pm [33-36]. Several studies indicated that small pore size filters (<0.45 um) could
yield the most eDNA but limit water volume and speed of filtration [37, 38]. However, they
clog easily in turbid waters so that there could be a trade-off between the amount of water that
can be filtered and the filter pore size [20, 35, 37, 39]. In eDNA detecting fish species studies, 1
or 2 L water collection and eDNA capture on 0.7 pm filters were most used [40]. However, it
was hard to filter such volume of water in this study because of filter clogging. The eDNA cap-
ture was found to be very sensitive to the volume of water filtered, as previously reported [41].
Use of too small water volumes (15-75 ml) could lead to failure in quantifying fish populations
[42]. If possible, larger water volumes should be collected to ensure reliable detection rate of
studied species [43-44]. Nevertheless, selection of the appropriate filter is dependent on the
water sample. Here, 300 ml water samples were the maximum volume which could be filtered
on 0.7 um pore size filter.

Conclusions

The continued growth of aquaculture production is crucial as the world heads towards an
increasing world’s population. Intensification of capture-based aquaculture could lead to
depleting of wild fish stocks. Thus, urgent management is needed because the existing conven-
tional approaches for assessment of fish overexploitation, survey and monitoring have several
limitations. The eDNA-based method has been shown to be an effective alternative method for
fish detection or monitoring, which could greatly advance assessment and enable understand-
ing of the threats to the ecosystems. The method will be useful in planning sustainable resource
management. In addition, it would be useful not only for evaluation of native distribution
throughout major river systems but also for monitoring rivers for aquaculture farm escapees.

Supporting information

S1 Graphical abstract.
(DOCX)

Acknowledgments

I would like to thank Dr Santhiti Vadthanara for his involvement in samples collection and
Assistant Professor Amornchai Lothongkham for his valuable advice. I am thankful to my

PLOS ONE | https://doi.org/10.1371/journal.pone.0267667 May 10, 2022 6/9


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0267667.s001
https://doi.org/10.1371/journal.pone.0267667

PLOS ONE

eDNA detection of giant snakehead

colleagues and students, for every little help from them and Dr. Lauran R Clark for English
editing.

Author Contributions

Conceptualization: Maslin Osathanunkul, Panagiotis Madesis.
Data curation: Maslin Osathanunkul.

Formal analysis: Maslin Osathanunkul.

Funding acquisition: Maslin Osathanunkul, Panagiotis Madesis.
Investigation: Maslin Osathanunkul, Panagiotis Madesis.
Methodology: Maslin Osathanunkul.

Resources: Maslin Osathanunkul.

Supervision: Panagiotis Madesis.

Validation: Maslin Osathanunkul.

Writing - original draft: Maslin Osathanunkul.

Writing - review & editing: Maslin Osathanunkul, Panagiotis Madesis.

References

1.  FAO. The State of World Fisheries and Aquaculture 2020. Sustainability in action. Rome. 2020. Avail-
able from: https://doi.org/10.4060/ca9229en

2. Fachry ME, Sugama K, Rimmer MA. The role of small-holder seed supply in commercial mariculture in
South-east Asia. Aquaculture. 2018; 495: 912-918.

3. Welcomme RL, Baird IG, Dudgeon D, Halls A, Lamberts D, Mustafa MG. Fisheries of the rivers of
Southeast Asia, in Freshwater Fisheries Ecology, Craig J.F. (Ed.). 2015; https://doi.org/10.1002/
9781118394380.ch29

4. Sugunan V. Fisheries management of small water bodies in seven countries in Africa, Asia and Latin
America. 1997. Available from: http://www.fao.org/inland-fisheries/tools/detail/fr/c/1147801

5. Courtenay WR, Williams JD. Snakeheads (Pisces, Channidae)—A biological synopsis and risk assess-
ment. U.S. Geological Survey, Circular No. 1251; 2004.

6. Poulsen A, Griffiths D, Nam S, Tung NT. Capture-based aquaculture of Pangasiid catfishes and snake-
heads in the Mekong River Basin, in Lovatelli, A., Holthus, P.F. (Eds.), Capture-based aquaculture—
Global overview. FAO Fisheries Technical Paper No. 508, FAO, Rome; 2008. p. 69-91.

7. BondH, Cross K, Glotzbach R, Richaud B. Smart Water Management Case Study Report: Flood and
Drought Management Tools Case Study. 2018. Available from: https://www.iwra.org/swmreport

8. Lothongkham A, Jaisuk C. Thai Alien Fish Species in the Nan River Basin in Nan Province, Northern
Thailand. Rajamangala University of Technology Tawan-ok Research Journal. 2020; 13: 9-19.

9. Joshi RC. Invasive alien species (IAS): concerns and status in the Philippines, in Chiang M.Y., Ku T.Y.
(Eds.) Proceedings of International Workshop on Development of Database (APASD) for Biological
Invasion. 18—22 September 2006, Taichung, Taiwan; Taiwan Agricultural Chemicals and Toxic Sub-
stance Research Institute; 2006. p. 11-1-11-23.

10. Pegg MA, Chick JH, Pracheil BM. Potential effects of invasive species on paddlefish, in: Paukert C.,
Scholten G. (Eds.) Paddlefish management, propagation, and conservation in the 21st century: Building
from 20 years of research and management. American Fisheries Society Symposium 66, Bethesda,
MD, USA; 2009. p. 185-201.

11.  Zogaris S. Information on measures and related costs in relation to species considered for inclusion on
the Union list: Channa spp. Technical note prepared by IUCN for the European Commission; 2017.

12. Goldberg CS, Turner CR, Deiner K, Klymus KE, Thomsen PF, Murphy MA, et al. Critical considerations
for the application of environmental DNA methods to detect aquatic species. Methods in Ecology and
Evolution. 2016; 7: 1299—-1307.

PLOS ONE | https://doi.org/10.1371/journal.pone.0267667 May 10, 2022 7/9


https://doi.org/10.4060/ca9229en
https://doi.org/10.1002/9781118394380.ch29
https://doi.org/10.1002/9781118394380.ch29
http://www.fao.org/inland-fisheries/tools/detail/fr/c/1147801
https://www.iwra.org/swmreport
https://doi.org/10.1371/journal.pone.0267667

PLOS ONE

eDNA detection of giant snakehead

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Huerlimann R, Cooper MK, Edmunds RC, Villacorta-Rath C, Le Port A, Robson HLA, et al. Enhancing
tropical conservation and ecology research with aquatic environmental DNA methods: an introduction
for non-environmental DNA specialists. Animal Conservation. 2020; 23(6): 632—-645.

Jerde C, Mahon A, Chadderton W, Lodge D. Sight-unseen” detection of rare aquatic species using envi-
ronmental DNA. Conserv Lett. 2011; 4: 150-157.

Dejean T, Valentini A, Miquel C, Taberlet P, Bellemain E, Miaud C. Improved detection of an alien inva-
sive species through environmental DNA barcoding: the example of the American bullfrog Lithobates
catesbeianus. J. Appl Ecol. 2012; 49: 953-959.

Rees HC, Maddison BC, Middleditch DJ, Patmore JRM, Gough KC. The detection of aquatic animal
species using environmental DNA—a review of eDNA as a survey tool in ecology. J Appl Ecol. 2014; 51
(5): 1450-1459.

Biggs J, Ewald N, Valentini A, Gaboriaud C, Dejean T, Griffiths RA, et al. Using eDNA to develop a
national citizen science-based monitoring programme for the great crested newt (Triturus cristatus).
Biological Conservation. 2015; 183: 19-28.

McKee AM, Calhoun DL, Barichivich WJ, Spear SF, Goldberg CS, Glenn TC. Assessment of Environ-
mental DNA for Detecting Presence of Imperiled Aquatic Amphibian Species in Isolated Wetlands. J.
Fish Wildl Manag. 2015; 6(2): 498-510.

Schneider J, Valentini A, Dejean T, Montarsi F, Taberlet P, Glaizot O, et al. Detection of invasive mos-
quito vectors using environmental DNA (eDNA) from water samples. PLoS ONE. 2016; 11: e0162493.
https://doi.org/10.1371/journal.pone.0162493 PMID: 27626642

Hinlo R, Gleeson D, Lintermans M, Furlan E. Methods to maximise recovery of environmental DNA
from water samples. PLOS ONE 2017; 12(6): e0179251. https://doi.org/10.1371/journal.pone.0179251
PMID: 28604830

Katano I, Harada K, Doi H, Souma R, Minamoto T. Environmental DNA method for estimating salaman-
der distribution in headwater streams, and a comparison of water sampling methods. PLOS ONE.
2017; 12(5): e0176541. https://doi.org/10.1371/journal.pone.0176541 PMID: 28520733

Fernandez S, Arboleya E, Dopico E, Ardura A, Garcia-Vazquez E. Non-indigenous fish in protected
spaces: Trends in species distribution mediated by illegal stocking. Aquatic Conservation. 2019; 29
(12): 2240-2252.

Miya M, Sato Y, Fukunaga T, Sado T, Poulsen JY, Sato K, et al. MiFish, a set of universal PCR primers
for metabarcoding environmental DNA from fishes: Detection of more than 230 subtropical marine spe-
cies. Royal Society Open Science. 2015; 2(7): 150088. https://doi.org/10.1098/rsos.150088 PMID:
26587265

Stoeckle BC, Kuehn R, Geist J. Environmental DNA as a monitoring tool for the endangered freshwater
pearl mussel (Margaritifera margaritifera L.): A substitute for classical monitoring approaches? Aquatic
Conservation: Marine and Freshwater Ecosystems. 2016; 26(6): 1120—1129.

Akre TS, Parker LD, Ruther E, Maldonado JE, Lemmon L, Mclnerney NR. Concurrent visual encounter
sampling validates eDNA selectivity and sensitivity for the endangered wood turtle (Glyptemys
insculpta). PLoS One. 2019; 14(4): 1-22. https://doi.org/10.1371/journal.pone.0215586 PMID:
31017960

Itakura H, Wakiya R, Yamamoto S, Kaifu K, Sato T, Minamoto T. Environmental DNA analysis reveals
the spatial distribution, abundance, and biomass of Japanese eels at the river-basin scale. Aquat Con-
serv. 2019; 29: 361-373.

Minamoto T, Hayami K, Sakata MK, Imamura A. Real-time polymerase chain reaction assays for envi-
ronmental DNA detection of three salmonid fish in Hokkaido, Japan: Application to winter surveys. Ecol
Res. 2019; 34: 237-242.

Doi H, Inui R, Akamatsu Y, Kanno K, Yamanaka H, Takahara T, et al. Environmental DNA analysis for
estimating the abundance and biomass of stream fish. Freshw Biol. 2017; 62: 30—39.

Osathanunkul M, Minamoto T. Molecular detection of giant snakeheads, Channa micropeltes (Cuvier,
1831), one of the most troublesome fish species. Sci Rep. 2021; 11:9943. https://doi.org/10.1038/
s41598-021-89320-2 PMID: 33976284

Soontornprasit K. (2011). Population dynamics aspects of giant snake-head fish, Channa micropeltes
in Kwan Phayao. In the Proceeding of 49th Kasetsart Annual Conference, Thailand, 1-3 February
2011, Subject: Fisheries. 100—106.

Klymus KE, Merkes CM, Allison MJ, Goldberg CS, Helbing CC, Hunter ME, et al. Reporting the limits of
detection and quantification for environmental DNA assays. Environmental DNA. 2020; 2: 271-282.

Lovatelli A, Holthus PF. Capture-based aquaculture. Global overview. FAO Fisheries Technical Paper.
No. 508. Rome; 2008.

PLOS ONE | https://doi.org/10.1371/journal.pone.0267667 May 10, 2022 8/9


https://doi.org/10.1371/journal.pone.0162493
http://www.ncbi.nlm.nih.gov/pubmed/27626642
https://doi.org/10.1371/journal.pone.0179251
http://www.ncbi.nlm.nih.gov/pubmed/28604830
https://doi.org/10.1371/journal.pone.0176541
http://www.ncbi.nlm.nih.gov/pubmed/28520733
https://doi.org/10.1098/rsos.150088
http://www.ncbi.nlm.nih.gov/pubmed/26587265
https://doi.org/10.1371/journal.pone.0215586
http://www.ncbi.nlm.nih.gov/pubmed/31017960
https://doi.org/10.1038/s41598-021-89320-2
https://doi.org/10.1038/s41598-021-89320-2
http://www.ncbi.nlm.nih.gov/pubmed/33976284
https://doi.org/10.1371/journal.pone.0267667

PLOS ONE

eDNA detection of giant snakehead

33.

34.

35.

36.

37.

38.

39.

40.

M.

42,

43.

44.

Takahara T, Minamoto T, Yamanaka H, Doi H, Kawabata Z, Begon M, et al. Estimation of fish biomass
using environmental DNA. PLoS ONE. 2012; 7: e35868. https://doi.org/10.1371/journal.pone.0035868
PMID: 22563411

Eichmiller JJ, Miller LM, Sorensen PW. Optimizing techniques to capture and extract environmental
DNA for detection and quantification of fish. Molecular Ecology Resources. 2016; 16: 56—68. https:/
doi.org/10.1111/1755-0998.12421 PMID: 25919417

Li J, Lawson Handley LJ, Read DS, Hanfling B. The effect of filtration method on the efficiency of envi-
ronmental DNA capture and quantification via metabarcoding. Molecular Ecology Resources. 2018;
18: 1102—1114. https://doi.org/10.1111/1755-0998.12899 PMID: 29766663

Fuijii K, Doi H, Matsuoka S, Nagano M, Sato H, Yamanaka H. Environmental DNA metabarcoding for
fish community analysis in backwater lakes: A comparison of capture methods. PLoS ONE. 2019; 14:
1-17. https://doi.org/10.1371/journal.pone.0210357 PMID: 30703107

Turner CR, Barnes MA, Xu CCY, Jones SE, Christopher L, Lodge DM. Particle size distribution and
optimal capture of aqueous macrobial eDNA. Methods in Ecology and Evolution. 2014; 5: 676—684.

Barnes MA, Turner CR. The ecology of environmental DNA and implications for conservation genetics.
Conservation Genetics. 2016; 17(1):1-17.

Minamoto T, Fukuda M, Katsuhara KR, Fujiwara A, Hidaka S, Yamamoto S, et al. Environmental DNA
reflects spatial and temporal jellyfish distribution. PLoS One. 2016; 12: e0173073.

Shu L, Ludwig A, Peng Z. Standards for methods utilizing environmental DNA for detection of fish spe-
cies. Genes. 2020; 11(3): 296. https://doi.org/10.3390/genes11030296 PMID: 32168762

Deiner K, Walser JC, Machler E, Altermatt F. Choice of capture and extraction methods affect detection
of freshwater biodiversity from environmental DNA. Biological Conservation. 2015; 183: 53—-63.

Valentini A, Taberlet P, Miaud C, Civade R, Herder J, Thomsen PF, et al. (2016). Next-generation moni-
toring of aquatic biodiversity using environmental DNA metabarcoding. Molecular Ecology. 2016; 25:
929-942. https://doi.org/10.1111/mec.13428 PMID: 26479867

Civade R, Dejean T, Valentini A, Roset N. Spatial representativeness of environmental DNA metabar-
coding signal for fish biodiversity assessment in a natural freshwater system. PLoS ONE. 2016: 11(6):
1-19.

Pont D, Rocle M, Valentini A, Civade R, Jean P, Maire A, et al. Environmental DNA reveals quantitative
patterns of fish biodiversity in large rivers despite its downstream transportation. Scientific Reports.
2018; 8: 1—13. https://doi.org/10.1038/s41598-017-17765-5 PMID: 29311619

PLOS ONE | https://doi.org/10.1371/journal.pone.0267667 May 10, 2022 9/9


https://doi.org/10.1371/journal.pone.0035868
http://www.ncbi.nlm.nih.gov/pubmed/22563411
https://doi.org/10.1111/1755-0998.12421
https://doi.org/10.1111/1755-0998.12421
http://www.ncbi.nlm.nih.gov/pubmed/25919417
https://doi.org/10.1111/1755-0998.12899
http://www.ncbi.nlm.nih.gov/pubmed/29766663
https://doi.org/10.1371/journal.pone.0210357
http://www.ncbi.nlm.nih.gov/pubmed/30703107
https://doi.org/10.3390/genes11030296
http://www.ncbi.nlm.nih.gov/pubmed/32168762
https://doi.org/10.1111/mec.13428
http://www.ncbi.nlm.nih.gov/pubmed/26479867
https://doi.org/10.1038/s41598-017-17765-5
http://www.ncbi.nlm.nih.gov/pubmed/29311619
https://doi.org/10.1371/journal.pone.0267667

