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Abstract
A non-destructive environmental DNA protocol for the genetic analysis of sea cucumber (Apostichopus japonicus) resources DNA
was established. Among the several commercial DNA extraction kits, the DNeasy® Plant Mini Kit was selected as the best choice
to obtain the high-quality genomic DNAs from the mucous sea cucumber. As the temperature and incubation time increased,
the amount of extracted environmental DNA was also large, but it was judged that the increased amount did not affect as much
as 2–3 times. Therefore, these conditions were not considered to be the main factors to consider in actual environmental DNA
extraction. However, the amount of seawater relative to the size of the sample was judged as a major consideration, and a sufficient amount of environmental DNA for analysis was secured when stored within 1 min while stirring the volume of seawater
corresponding to the total sea cucumber weight (g). In securing the environmental DNA of sea cucumbers, the mortality rate of
sea cucumbers in all experiments was 0, and it was judged that the effects of sea cucumbers were not significant through this
treatment. Through the results of this study, sea cucumber DNA research, which has been conducted in a destructive method,
can be conducted non-destructively through environmental DNA analysis. Through this study, we have secured a standard protocol that can successfully extract the sea cucumber DNA through environmental DNA. It is not only excellent in terms of time
and cost of traditional DNA analysis method currently used, but it is completely non-destructive in the ecosystem of the survey
area. It is believed that the system can be transformed in a way that does not affect it. However, it is thought that various standard protocols should be established considering the characteristics of each type.
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Introduction
The sea cucumber, Apostichopus japonicus is one of the most
important fishery resources in the northwest Pacific countries
(Liu, 2015). As its demand increased in Asian countries, the
natural stocks of A. japonicus have dramatically decreased for
a couple of decades mainly due to its overexploitation (Lin &
Zhang, 2015). Therefore, Korean central and local governments
have sponsored the release of the artificially produced seeds
since 2004 to restore its natural stocks along the coastal waters.
However, artificial restoration of the sea cucumber stock by the
hatchery production raises concerns regarding its sustainable
genetic diversity among the natural population. Since knowledge of genetic structure is essential for the scientific management of the fish resources maintaining an effective population
size and genetic diversity (Abdul-Muneer, 2014), it is necessary
to tracking the genetic diversity of both wild and released cultured sea cucumbers along the Korean coastal waters.
Most genetic analyses have been conducted by the comparison of genetic marker sequences, which was amplified by polymerase chain reaction (PCR) from the extracted genomic DNA
of individual specimen. However, those methods for analyzing
genetic resources through capture often destroy organisms and
habitats, which is not desirable for the purpose of sustainable
fishery resource management (Bonar et al., 2009; Murphy &
Willis, 1996). Molecular analysis using environmental DNA
(eDNA) samples is an emerging approach for the biomonitoring with little environmental impacts during sample collection.
eDNA generally refers the extracellular DNAs in environments
(sediment, water, or air), which have released from skin, mucous, saliva, sperm, secretions, eggs of organisms (Bohmann et
al., 2014; Goldberg et al., 2016). As a cost-effective and sensitive
tool, eDNA analysis has been employed in the various ecological research topics, including biodiversity (Evans et al., 2017),
pathogen detection (Bastos Gomes et al., 2017), endangered
or invasive species detection (Rees et al., 2014), or ecosystem
health and dynamics (Evrard et al., 2019). Besides the ecological survey based on the species identification, the population
genetic analyses have been employed using eDNA samples
(Azarian et al., 2021; Sigsgaard et al., 2016). Those results
strongly suggested that eDNA-based genetic analysis would be
one of the most promising tools to overcome the issues related
to the traditional biomonitoring methods, which is often expensive, invasive, destructive, or limited accessibility (Parsons et
al., 2003). Despite the wide range of applications of eDNA, the
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optimization condition for each analysis is different in each research group and there is a strong need to establish a systematic
standardized protocol for the feasibility.
For the genetic analysis directly from water sample, the
quality of quantity of the obtained eDNA should meet the
variety of genetic assay methods with different markers. Both
microsatellites and mitochondrial DNA (mtDNA) are among
the most widely used markers for various genetic diversity
analyses (Bos et al., 2008). The complete mitochondrial genome
has distinct advantages: a small sequence (~16 kb), a single and
no-recombination locus and the maternally inherited, making
it a better marker to reconstruct phylogenetic relationships than
a single gene or partial genome sequences (Jiang et al., 2016).
The rapid evolution of mtDNA plays a very important role in
population genetics (Brown et al., 1982). Some regions of the
mtDNA genome appear to evolve at a rate of 5–10 times higher
than that of single-copy nuclear DNA (Sultana & Sultan, 2018).
The haploid properties of mtDNA are positively correlated with
the size of the effective population of a species, which can be
used to follow the variance within a highly related classification
group (DeSalle et al., 2017). However, since it is maternally inherited, and mitochondrial DNA markers is not useful to detect
hybrids. Therefore, the nuclear DNA markers should be used
for the cases. In fact, both nuclear and mitochondrial DNA
markers are widely used (Harrison, 1989; Liu et al., 2018) and
the feasibility of eDNA should be examined using the both molecular markers.
Quantitative real-time PCR (qPCR) is currently used for
species-specific qualitative and quantitative analysis of environmental DNA. Compared with the end-point PCR, the accurate
quantitative measurement of copy numbers can be possible
using qPCR. Among the various factors in the qPCR assays, the
quality of primer is one of the most important factors for the
successful measurement. Besides its high specificity for target
taxa, sensitivity such as limit of detection (LOD) and limit of
quantification (LOQ) also should be considered to evaluate the
primer set. LOD refers to the lowest standard concentration
of template DNA that produces at least 95% positive replicates
using a 95% detection rate as a standard confidence level (Forootan et al., 2017). LOQ is the minimum concentration of an
analyte in a sample that can be quantitatively measured with a
specified precision to confirm the ability to accurately quantify
copy number (Armbruster & Pry, 2008). We here optimized the
pretreatment protocol for the genetic analysis A. japonicus of
directly from the water sample. This would promote sustainable
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and scientific fishery resource management plan of sea cucumber with little impact on the marine ecosystem.

Materials and Methods
Experimental animal and primer design
In order to eliminate the contaminant foreign DNAs originated
from the seawater, all the experiments were conducted using the
artificial seawater (28.3 psu) in this study, which was prepared
with a commercial salt (Red Sea, London, UK) and the deionized
water. The prepared artificial seawater was sterilized by filtering
through the membrane with 0.2 μm in pore size (47 mm, Pall
Corporation, New York, NY, USA) prior to the further experiments. Absence of foreign DNA in the prepared artificial seawater was confirmed by the negative result in the PCR amplification
without any template. Live sea cucumbers (Averaged wet body
weight was 29.61 ± 3.08 g) were bought from a local fish market
before the experiment. Species-specific primers for both nuclear
β-actin (Yu et al., 2016) and mitochondrial cytochrome c oxidase
I (COI) region (Shen et al., 2009) were selected for quantification
of eDNA for A. japonicus from seawater (Table 1).
Evaluation of commercial DNA extraction kits for the environmental DNA analysis
To compare the extracted eDNA yields by the different providers,
20-fold of sea water volume (mL) to its wet weight (g) were put
into a beaker containing individual sea cucumber specimen. After 1 hour of incubation, the seawater in each beaker was divided
into four fractions, each of which was filtered through GN-6
membrane with 0.45 μm in pore size (47 mm). Filtered membranes were further used for genomic DNA extraction with four
different commercial kits; DNeasy® Blood & Tissue Kit (Qiagen,
Hilden, Germany), DNeasy® Plant Mini Kit (Qiagen), mollusc
DNA Extraction Kit (Omega Bio-Tek, Norcross, GA, USA),
and DNeasy® PowerSoil Kit (Qiagen). Each genomic DNA was
extracted according to the manufacturer’s method and all the experiments were triplicated. The lysis buffer (630 µL) was added to
the membranes, followed by homogenization. After addition of

Table 1. Primers used in the experiments
Primer

Sequences (5’→3’)

Size (bp) Reference

AjaCOIF
AjaCOIR

GTCACAAACTGGGATGATATGGAG
TCCACTCAACCCTAAAGCCAA

161

AjaβActinF
AjaβActinR

AGGTGCTCCAGACATGGCTTTCCCA
119
AAGCAATATTGCCCACGCAGGAG
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RNaseA (6 µL), the homogenates were transferred to a FastPrep
Tubes (MP Biomedicals, Irvine, CA, USA). The filter was cut into
small pieces using sterilized scissors and homogenized through
FastPrep®-24 Classic Instrument (MP Biomedicals) as described
previously (Alam et al., 2020). The extracted DNA was quantified
and qualified using NanoDrop one spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) and stored at –70℃ until
used for further experiment.
Quantitative polymerase chain reaction analysis
Quantification of eDNA was accomplished by qPCR with both
AjaβActin and AjaCOI primers (Table 1). Standard curve for
each primer set was constructed by the serially diluted plasmid
harboring each target sequence. The amplified product was
stained with a Dyne Loading STAR (Dynebio, Seongnam, Korea) and confirmed by the electrophoresis through the agarose
gel. The amplicons with the expected sizes were purified using
the AccuPrep® PCR/Gel Purification Kit (Bioneer, Deajeon,
Korea). Purified DNA fragments were ligated to the pGEM®‐
T Easy vector (Promega, Madison, WI, USA) and transformed
into Escherichia coli DH5α competent cells. The plasmid was
extracted according to the manufacturer’s method using the AccuPrep® Plasmid Mini Extraction Kit (Bioneer). The standard
curves used 10-fold serial dilutions of each plasmid (10-1 ng/μL
to 10-9 ng/μL) and generated by plotting the quantification cycle
(Cq) values against log10 of the DNA copy numbers for the
quantitative PCR (qPCR) analysis. All the qPCR was conducted
using Mic qPCR Cycler (Bio Molecular Systems, Upper Coomera, Australia). The mixture for qPCR (20 µL) contained 4
µL DNA template, 10 µM primer set, 10 µL 2X Luna Universal
qPCR Master Mix (New England BioLabs, Ipswich, MA, USA),
0.6 µL dimethyl sulfoxide (DMSO), and nuclease-free water.
PCR conditions for COI began with initial denaturation at 94℃
for 5 min, followed by 40 cycles of 94℃ for 15 s, 65℃ for 10 s,
and 72℃ for 15 s, and final extension at 72℃ for 5 min. The
condition for β-actin PCR was same to those for COI region except for 60℃ as melting temperature. The copy numbers were
calculated by substituting Ct values into each standard curve
(Larionov et al., 2005).
The LOD and LOQ values were measured to evaluate the
sensitivity of the qPCR assays. A 95% detection probability and
a 35% coefficient of variation (Cv) threshold was designated for
the LOD and LOQ, respectively. For the LOD and LOQ analyses, the PCR mixture (20 µL) containing 4 µL DNA template, 5
µM primer set, 5 µM probe, 10 µL Luna Universal probe qPCR
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Master, 0.6 µL DMSO, were prepared. PCR conditions for COI
began with initial denaturation at 94℃ for 5 min, followed by
45 cycles of 94℃ for 15 s, 61.7℃ for 10 s, and 72℃ for 15 s. The
condition for β-actin PCR was same to those for COI region
except for 60℃ as melting temperature.
Statistical analyses were conducted using Descriptive statistics program XLSTAT (version 2020.1.3, Addinsoft, New York,
NY, USA). Kruskal-Wallis with post-hoc Dunn’s test for multiple comparisons between all groups analyses was performed to
confirm that the difference of copy number using Paleontological Statistics (PAST) software version 4.03.
Optimization of incubation times, seawater volumes and
temperatures for the environmental DNA analysis
To determine the optimal seawater volume to recover eDNA,
a sea cucumber was incubated for 1 min in different seawater
volumes ranging from l- to 20-fold volume (mL) of the wet
weight (g) of each individual. After eliminate the sea cucumber,
remained sea water was filtered through GN-6 membrane filter
with 0.45 μm in pore size (47 mm) and used for quantification
of recovered eDNAs. eDNA was extracted using DNeasy® Plant
Mini Kit. All the experiments were triplicated.
Optimal incubation time to harvest eDNA of A. japonicus
from seawater was also analyzed. Each sea cucumber in a beaker
containing the seawater with 5-fold volume (mL) of its wet weight
(g) was incubated for three different incubation times (10 min,
30 min, 60 min). After taking out A. japonicus from the beaker,
remained seawater sample was filtered with a GN-6 membrane.
The concentration of the extracted genomic DNA using DNeasy®
Plant Mini Kit and 1.0 µL of DNA was used for the qPCR analysis. All the experiments were triplicated. The concentration of
the harvested eDNA of A. japonicus from seawater at different

(A)

water temperature was measured. Each sea cucumber was put
in a beaker containing the seawater with 5-fold volume (mL) to
its wet weight (g) and incubated for 60 min with five different
water temperatures (18℃, 21℃, 24℃, 27℃, 30℃). After taking
out sea cucumber from the beaker and remained seawater was
filtered through the membrane for both DNA concentration and
qPCR analysis with three replicates.

Results
Quantification of recovered environmental DNAs by different conditions
Feasibility of two previously designed species-specific primer
sets, AjaCOI and AjaβActin, were examined. Both AjaCOI and
AjaβActin produced a single PCR amplicon with 80 ± 2℃, 81
± 1℃ in melting temperature, respectively (Fig. 1). LOD and
LOQ values of each primer were also measured. The LOD
and LOQ of AjaCOI was 108.78 and 814 copies, while those
of AjaβActin 86.16 and 3,174 copies, respectively (Fig. 2). The
efficiency of AjaCOI and AjaβActin was 98.92% and 73.56%,
respectively, indicating relatively lower efficiency of AjaCOI.
However, both primers were suitable for the quantitative analysis of sea cucumber eDNA with high specificity and sensitivity.
The recovered eDNA copies using different commercial
kits were quantified by qPCR using two sea cucumber-specific
primers. Since the eDNAs released from the individual sample
were highly variable, we calculated the relative amount of DNAs
in each individual experiment (Table 2). All the experiments,
the lowest amounts of eDNA were isolated from DNeasy®
PowerSoil Kit. Therefore, relative amounts of the isolated DNAs
were calculated by those from DNeasy® PowerSoil Kit (Fig. 3).
Among the compared four commercial kits, the highest amount

(B)

Fig. 1. Melting curve analysis of sea cucumber amplification by two sea cucumber-specific primers. (A) AjaCOI, (B) AjaβActin.
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(B)

(A)

Fig. 2. Serially diluted target samples with 10 replicates for the calibration curve (A) AjaCOI and (B) AjaβActin primer. The
vertical red line represents LOD and black dotted line represents LOQ. COI, cytochrome c oxidase I; LOD, limit of detection; LOQ, limit
of quantification.
Table 2. Average copy numbers of recovered environmental DNA by the different pretreatment conditions
Conditions

Variables

AjaCOI

AjaβActin

Ratio COI/β-Actin

Incubation time

10 min

68,994.22 ± 14,764.21

30,741.12 ± 15,065.30

3.26 ± 2.08

30 min

167,206.37 ± 36,622.03

55,266.81 ± 21,067.47

3.67 ± 0.88

60 min

302,848.32 ± 198,425.66

60,293.16 ± 35,517.03

4.61 ± 0.46

18 ± 1℃

90,009.01 ± 51,119.88

16,830.75 ± 7,291.28

4.96 ± 0.89

21 ± 1℃

183,524.44 ± 59,967.08

26,828.46 ± 6,845.50

6.43 ± 0.80

24 ± 1℃

119,977.67 ± 29,757.28

39,610.02 ± 9,723.73

3.02 ± 0.27

27 ± 1℃

231,244.25 ± 40,613.00

63,745.12 ± 19,075.34

3.89 ± 0.49

30 ± 1℃

62,754.76 ± 5,339.14

19,271.36 ± 3,477.84

3.31 ± 0.32

1-fold

5,543,172.26 ± 4,242,047.81

336,312.71 ± 172,710.84

13.59 ± 5.64

5-fold

918,628.01 ± 282,980.04

112,278.35 ± 46,356.80

9.16 ± 2.89

10-fold

242,669.63 ± 8,892.82

38,442.42 ± 11,520.72

7.42 ± 1.95

20-fold

44,760.37 ± 13,919.24

6,527.86 ± 3,284.15

8.23 ± 1.87

Water temperature

Volume of water

Values are presented as mean ± SD.
COI, cytochrome c oxidase I.
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Fig. 3. The boxplot of the copy numbers using (A) AjaCOI and (B) AjaβActin primer. Bar graph was constructed with excel with
standard error. + indicates mean value and the line in the box indicates medicate value. Significant differences are depicted with
letters (Kruskal-Wallis with Dunn’s post-hoc test, p < 0.05).
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of eDNA was recovered using DNeasy® Plant Mini Kit. The
relative amount of recovered AjaCOI and AjaβActin copies by
DNeasy® Plant Mini Kit were 12,677,454.00 ± 4,640,279.78 and
1,700,818.00 ± 352,004.62, respectively. DNeasy® Blood & Tissue Kit also showed similar yields rates in which 11,824,142.53
± 4,784,888.92 and 1,465,559.53 ± 577,000.14 was identified
(Table 2). The mollusc DNA Extraction Kit, a different product
from the other three providers, fell behind from the other two
kits showing similar yield rates to DNeasy® PowerSoil Kit. Regardless of the kits, averaged ratios of AjaCOI copy numbers
to AjaβActin ranged from 8.77 ± 4.95 to 14.23 ± 11.98, similar
in all examined extraction kits (Table 2). Collectively, both
DNeasy® Plant Mini Kit and DNeasy® Blood & Tissue Kit outperformed the other two kits recovering approximately 3.04-fold
higher DNAs (Fig. 3). However, DNeasy® Plant Mini Kit were
chosen for further experiment in this study simply due to the
slightly higher yields to DNeasy® Blood & Tissue Kit.

Determination of optimal condition for environmental DNA
analysis
The optimal incubation time for eDNA recovery of A. japonicus
were measured. During the observed incubation times from 10
to 60 min, the recovered eDNAs were not statistically different
with high degree of variation in each experiment (Figs. 4A and
5A). However, the median yields increased over time, in which
62,756 copies/mL of AjaCOI and 33,991 copy number/mL of
AjaβActin respectively increased in every 10 min (Table 2). The
median value in the ratio of COI to β-actin tended to increase
as incubation times increased, indicating increased eDNA by
the longer incubation times was mainly due to the increased
shedded mitochondrial DNAs rather than nulcear DNA (Fig.
6B). The mortality rate was zero in all the experiments.
Among the compared different water temperature from
18℃ to 30℃, the recovered copy numbers of both mitochondrial and nuclear DNAs tended to increase as the temperature
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using sea cucumber AJaCOI primer.
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increased (Figs. 4B and 5B). However, the recovered DNA copy
numbers dramatically decreased at 30℃. The ratio of COI to
β-actin significantly decreased from 24℃ in water temperature
indicating higher nuclear DNAs were shedded from the sea
cucumber than mitochondrial DNAs (Table 2 and Fig. 6C). The
mortality rate was zero in all the experiments.
As the amount of artificial seawater was reduced, more
environmental DNA could be obtained (Figs. 4C and 5C). The
copy numbers of both COI and β-actin incubated in the seawater equal volume (mL) to the weight of sea cucumber (g) were
approximately 68-fold higher than those in 20 times higher volume (Table 2). There was no significant difference in the ratio
of COI to β-actin by different water volumes indicating water
volume did not affect the any preferential shedding of eDNAs.

Discussion
Based on the results of this study, sea cucumber genetic research
can be conducted non-destructively through environmental
DNA analysis method. Genetic analysis through traditional
collection methods requires a relatively large amount of times
and efforts during sample collection and observation. However,
the newly established methods in this study using eDNA made
it possible to investigate them rapidly obtaining the eDNA approximately in 1 min for each sample. The price for each membrane filters to secure environmental DNA is about less than $1
per piece, which is more economically efficient than securing
sea cucumbers. Since the mortality rate in all the experiments
was 0, suggesting its little impact on the environment of the
survey area, which was similar to the previous studies (Yunwei
et al., 2005). After eDNA collection, individuals can be released
to the habitat indicating that this method is considered to be an

270 | https://www.e-fas.org

essential method to protect the ecosystem of the surveyed area.
We successfully quantify the copy numbers of sea cucumber species using qPCR with both nuclear and mitochondrial
species-specific primers (AjaβActin and AjaCOI). Among the
two primers used in this study, AjaCOI primers outperformed
AjaβActin. Both LOD (108.78 copies) and LOQ (814 copies)
values of the AjaCOI primers lied within the acceptable range
of LOD (2.19−26 copies/reaction) and LOQ (6−839 copies/
reaction) values as suggested in the previous study (Klymus et
al., 2020). However, AjaβActin primer showed a relatively high
degree of LOQ value (3,174 copies), suggesting its low sensitivity for the analysis of nuclear DNA. This result indicated that
AjaβActin primer may not be suitable for the measurement of
AjaβActin gene. In fact, there are multiple copies of cytosolic
actin genes in the sea cucumber (Ortiz-Pineda et al., 2009), it
is difficulty to design a gene-specific primer set for actin gene
of sea cucumber. However, low quality of the AjaβActin primer would not change our result for several reasons. The copy
numbers of all the examined samples in this study ranged from
15,676 to 11,344,190 copies, which was far higher than LOQ.
Therefore, the sensitivity of AjaβActin was not considered to
be problematic in this study. Besides, the object of AjaβActin
primer is to estimate the copy numbers of nuclear gene not actin gene and the estimated copy numbers of AjaβActin with the
template far higher concentration of LOQ successfully reflected
the copy numbers of nuclear genes. In this study, we simply
estimated the copy numbers of both nuclear and mitochondrial eDNAs by qPCR but the gene-specific primers for each
individual purpose should be evaluated using LOQ and LOD
values. Although there have many previous studies (Hoshino
& Inagaki, 2012; Jo et al., 2020; Kwong et al., 2021) to quantify
environmental DNAs, the evaluation of each primer set would
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be essential for the low copy numbers of eDNAs in the water
sample. Therefore, it is highly recommended to examine the reliability of primer set with proper LOD/LOQ values prior to the
quantitative analysis (Thalinger et al., 2021).
We identified that is DNeasy® Plant Mini Kit and DNeasy®
Blood & Tissue Kit were most efficient in recovering eDNA
from the seawater containing A. japonicus, among the compared
commercial DNA extraction kits obtaining approximately 3-fold
higher than the other two kits. As shown in this study, majority
of previous studies showed that Qiagen kits outperformed in
yields and quality from various samples among the compared
commercial kits from different suppliers (Claassen et al., 2013;
Dauphin et al., 2009; El Bali et al., 2014; Tomaso et al., 2010).
Therefore, we excluded most of the other commercial kits in this
study and it was not surprised to see Qiagen kits outperformed
in the yields of the recovered eDNA. We here specifically compared mollusc DNA Extraction Kit presumably due to the high
amount of mucus secretion from A. japonicus, but yields were
lower than DNeasy® Plant Mini Kit. Surprisingly, DNeasy® PowerSoil Kit, which is specifically formulated for the soil samples
containing high amounts of inhibitory components such as humic acids, underperformed in eDNA extraction from seawater
samples. Choice of DNA extraction kit was one of essential factors in eDNA genetic analysis considering the trace amount of
eDNA from the water sample. Although we used DNeasy® Plant
Mini kit for eDNA analysis of A. japonicus, evaluation of several
candidate kits should be made according to the target organism
with the different physiochemical characteristics to maximize
the yields and quality of eDNA.
In this study, the averaged recovered copy numbers of the
nuclear DNA, AjaβActin were approximately 7-fold less than
those of the mitochondrial COI marker (AjaCOI). In contrast
to the nuclear DNA, which contains only two copies per diploid
cell, the numbers of mitochondria vary in different cell types
from 100 to 10,000 (Wai et al., 2010). Besides, mtDNA exists
in multiple copies in each cell and degrade at a slower rate than
nuclear DNA (Allentoft et al., 2012; Bogenhagen & Clayton,
1974). Each cell contains around 1,000 mitochondria, and there
are 2–10 copies of the mtDNA per mitochondrion (Merheb et
al., 2019; Robin & Wong, 1988). However, it is known that mitochondrial numbers varies in tissues, developmental stages, or
physiological conditions (Das, 2006; D’Erchia et al., 2015). As a
diploid individual, sea cucumber carries only two copies of nuclear DNA per cell, which showed relatively low copy numbers
than mtDNA. Therefore, higher amount of water samples may
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be needed for the analysis of nuclear DNA using eDNA, compared with those for mtDNA. However, in this study, averaged
copy numbers for AjaβActin was high enough for the analysis
(109,394 copies/mL), which were sufficient for the analysis.
We here compared the recovered eDNA yields with different parameters, including incubation times, temperature,
and seawater volume. The recovered eDNA yields tended to
increase over the time but there was a high degree of individual variations (Figs. 4A and 5A). Based on the ratio between
mitochondrial and nuclear DNAs, increased incubation times
preferentially increased the mitochondrial DNA rather than nuclear one for unknown reason (Fig. 6B). However, the recovered
yields of both mitochondrial DNAs (5,543,172.26 ± 4,242,047.81
copies) and nuclear one (336,312.71 ± 172,710.84 copies) would
be sufficient for genetic analysis even in 1 min of incubation
times when equal volume of seawater was used for the individual wet weight. Therefore, 1 min of incubation times would be
sufficient for the genetic analysis of A. japonicus in the field and
longer incubation times would be inefficient in analytic times
and labors and may be stressful to examined specimen.
We also identified that higher water temperature increased
the recovered eDNA yields (Figs. 4B and 5B). Previous experiment using fish species also showed similar result in which increased water temperature induced the higher eDNA shedding
rate (Jo et al., 2019). The higher eDNA shedding rates by increased water temperature might be due to higher metabolism
and physiological activity of organisms (Jo et al., 2019; Morita
et al., 2010). However, we also identified that the copy numbers
of both nuclear and mtDNAs at 30℃ decreased dramatically.
Although it is known that increased water temperature may
their sharp decrease at 30℃ may represent the physiological
conditions of A. japonicus at the critical temperature such as
apoptosis (Yunwei et al., 2005). Sharp decrease in the ratio of
mitochondrial to nuclear DNA may support the hypothesis in
which thermal stress would have induced the mitochondrial
damage occurred by apoptosis (Dong & Dong, 2006; Liu, 1996;
Yang et al., 2005). It is well known that those thermal stress
influences the expression of proteins involved in various biological processes, such as cell apoptosis, and cell proliferation (Xu
et al., 2016). Therefore, it would not be recommended to change
the water temperature to obtain environmental DNA, which
may cause the significant changes in the ratio of mitochondrial and nuclear DNA yields. We also optimized the amount of
water volume. We identified that water volume equivalent to
the wet body weight was enough for eDNA analysis in which
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highest amount of eDNA was recovered. The amount of seawater volume in which individual sea cucumber was put would be
important. For instance, if the water volume was too high, DNA
is diluted and the proper amount of eDNA cannot be obtained.
If the amount of water is too small, all sea cucumbers would be
partially submerged and enough DNA will not be obtained. We
were able to obtain the highest amount of eDNA from the seawater equal to wet weight of individual specimen.
Considering all the examined pretreatment condition, we
here established a standard pretreatment protocol for eDNA
analysis of the sea cucumber (Fig. 7). However, we here only
tested the recovered DNA yields from the seawater sample

Step 1: Measure the weight of sea cucumber.

Step 2: Put sea cucumber in a 500 mL plastic measuring cylinder and
fill it with seawater (mL) equal to 1 time the weight of sea cucumber.

Step 3: Rotate a 500 mL plastic measuring cylinder containing sea
cucumber and seawater at 1 rotation/s for 1 minute.

Step 4: After filtering the seawater with a GN-6 membrane filter (0.45
µm, 47 mm), put the filter into each 2.0 mL tube containing plastic
beads and lysis buffer, and homogenize.

Step 5: Use the DNeasy® Plant Mini Kit (Qiagen) to extract genomic
DNA according to the manufacturer’s method.

Step 6: Store extracted DNA at –70℃ until used for analysis.

Fig. 7. Standard protocol for environmental DNA analysis of
the sea cucumber.
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and chances of deleterious to the quality of eDNA always exist
during collection, delivery or storage of seawater or eDNA samples (Takahara et al., 2015; Yamanaka et al., 2016). Although
we here used the artificial seawater, this may not be applicable
depending on the field condition. Use of seawater directly from
the sample site implicates a variety of external factors such as
temperature, inhibitors, or contaminant foreign gene, etc. Particularly, inflow of territorial waters brings various inhibitory
components to the sea water during the rainy season in Korea,
which would be one of main concerns of the water collection
from the sample sites (Zipper et al., 2003). Special care also
should be made during the delivery or storage of seawater
or eDNA samples. Previous experiments showed that water
should be filtered within 24 hours of sample collection (Hinlo
et al., 2017) and we also had similar result (data not shown).
Therefore, on-site filtration of water samples is highly recommended at each sample collection sites. Filtered membranes
can be stored in the falcon tubes (15 mL) containing the lysis
buffer preventing eDNA from further degradations. Storage
temperature and times also affects the quality and quantity of
the recovered eDNA and several chemicals such as benzalkonium chloride have shown to be effective to suppress degradation
associated with storage and delivery issues. Collectively, we
here established a standard protocol to obtain eDNA of the sea
cucumber from water samples, which would be helpful for the
scientific and efficient management of A. japonicus resource
with little impact on marine ecosystem in Korea.
Competing interests
No potential conflict of interest relevant to this article was reported.
Funding sources
This research was funded by the Korea Fisheries Resources
Agency, Korea (FIRA-RP-21-003), and partially supported
by the Basic Science Research Program of the National Research Foundation of Korea (NRF), the Ministry of Education
(2021R1A6A1A03039211).
Acknowledgements
Not applicable.
Availability of data and materials
Upon reasonable request, the datasets of this study can be available from the corresponding author.

https://doi.org/10.47853/FAS.2022.e24

Yu-An Kang, et al.

Fisheries and Aquatic Sciences

Ethics approval and consent to participate
This article does not require IRB/IACUC approval because
there are no human and animal participants.
ORCID
Yu-An Kang
Hyun-Woo Kim

https://orcid.org/0000-0002-2311-2297
https://orcid.org/0000-0003-1357-5893

References
Abdul-Muneer PM. Application of microsatellite markers in
conservation genetics and fisheries management: recent
advances in population structure analysis and conservation
strategies. Genet Res Int. 2014;2014:691759.
Alam MJ, Kim NK, Andriyono S, Choi HK, Lee JH, Kim HW.
Assessment of fish biodiversity in four Korean rivers using
environmental DNA metabarcoding. PeerJ. 2020;8:e9508.
Allentoft ME, Collins M, Harker D, Haile J, Oskam CL, Hale
ML, et al. The half-life of DNA in bone: measuring decay
kinetics in 158 dated fossils. Proc Biol Sci. 2012;279:472433.
Armbruster DA, Pry T. Limit of blank, limit of detection and
limit of quantitation. Clin Biochem Rev. 2008;29 Suppl
1:S49-52.
Azarian C, Foster S, Devloo-Delva F, Feutry P. Population differentiation from environmental DNA: investigating the
potential of haplotype presence/absence-based analysis of
molecular variance. Environ DNA. 2021;3:541-52.
Bastos Gomes G, Hutson KS, Domingos JA, Chung C, Hayward
S, Miller TL, et al. Use of environmental DNA (eDNA) and
water quality data to predict protozoan parasites outbreaks
in fish farms. Aquaculture. 2017;479:467-73.
Bogenhagen D, Clayton DA. The number of mitochondrial deoxyribonucleic acid genomes in mouse L and human HeLa
cells: quantitative isolation of mitochondrial deoxyribonucleic acid. J Biol Chem. 1974;249:7991-5.
Bohmann K, Evans A, Gilbert MTP, Carvalho GR, Creer S,
Knapp M, et al. Environmental DNA for wildlife biology and
biodiversity monitoring. Trends Ecol Evol. 2014;29:358-67.
Bonar SA, Hubert WA, Willis DW. Standard methods for sampling North American freshwater fishes. Bethesda, MD:
American Fisheries Society; 2009.
Bos DH, Gopurenko D, Williams RN, DeWoody JA. Inferring
population history and demography using microsatellites,
mitochondrial DNA, and major histocompatibility com-

https://doi.org/10.47853/FAS.2022.e24

plex (MHC) genes. Evol Int J Org Evol. 2008;62:1458-68.
Brown WM, Prager EM, Wang A, Wilson AC. Mitochondrial
DNA sequences of primates: tempo and mode of evolution.
J Mol Evol. 1982;18:225-39.
Claassen S, du Toit E, Kaba M, Moodley C, Zar HJ, Nicol MP.
A comparison of the efficiency of five different commercial
DNA extraction kits for extraction of DNA from faecal
samples. J Microbiol Methods. 2013;94:103-10.
Das J. The role of mitochondrial respiration in physiological
and evolutionary adaptation. BioEssays. 2006;28:890-901.
Dauphin LA, Stephens KW, Eufinger SC, Bowen MD. Comparison of five commercial DNA extraction kits for the
recovery of Yersinia pestis DNA from bacterial suspensions
and spiked environmental samples. J Appl Microbiol.
2009;108:163-72.
D’Erchia AM, Atlante A, Gadaleta G, Pavesi G, Chiara M, De
Virgilio C, et al. Tissue-specific mtDNA abundance from
exome data and its correlation with mitochondrial transcription, mass and respiratory activity. Mitochondrion.
2015;20:13-21.
DeSalle R, Schierwater B, Hadrys H. MtDNA: the small workhorse of evolutionary studies. Front Biosci. 2017;22:873-87.
Dong Y, Dong S. Growth and oxygen consumption of the juvenile sea cucumber Apostichopus japonicus (Selenka) at
constant and fluctuating water temperatures. Aquac Res.
2006;37:1327-33.
El Bali L, Diman A, Bernard A, Roosens NHC, De Keersmaecker SCJ. Comparative study of seven commercial kits for
human DNA extraction from urine samples suitable for
DNA biomarker-based public health studies. J Biomol
Tech. 2014;25:96-110.
Evans NT, Li Y, Renshaw MA, Olds BP, Deiner K, Turner CR, et
al. Fish community assessment with eDNA metabarcoding:
effects of sampling design and bioinformatic filtering. Can
J Fish Aquat Sci. 2017;74:1362-74.
Evrard O, Laceby JP, Ficetola GF, Gielly L, Huon S, Lefèvre I, et
al. Environmental DNA provides information on sediment
sources: a study in catchments affected by Fukushima radioactive fallout. Sci Total Environ. 2019;665:873-81.
Forootan A, Sjöback R, Björkman J, Sjögreen B, Linz L, Kubista
M. Methods to determine limit of detection and limit of
quantification in quantitative real-time PCR (qPCR). Biomol Detect Quantif. 2017;12:1-6.
Goldberg CS, Turner CR, Deiner K, Klymus KE, Thomsen PF,
Murphy MA, et al. Critical considerations for the appli-

https://www.e-fas.org | 273

Fisheries and Aquatic Sciences

cation of environmental DNA methods to detect aquatic
species. Methods Ecol Evol. 2016;7:1299-307.
Harrison RG. Animal mitochondrial DNA as a genetic marker
in population and evolutionary biology. Trends Ecol Evol.
1989;4:6-11.
Hinlo R, Gleeson D, Lintermans M, Furlan E. Methods to maximise recovery of environmental DNA from water samples.
PLOS ONE. 2017;12:e0179251.
Hoshino T, Inagaki F. Molecular quantification of environmental DNA using microfluidics and digital PCR. Syst Appl
Microbiol. 2012;35:390-5.
Jiang J, Yu J, Li J, Li P, Fan Z, Niu L, et al. Mitochondrial genome
and nuclear markers provide new insight into the evolutionary history of macaques. PLOS ONE. 2016;11:e0154665.
Jo T, Arimoto M, Murakami H, Masuda R, Minamoto T. Estimating shedding and decay rates of environmental nuclear
DNA with relation to water temperature and biomass. Environ DNA. 2020;2:140-51.
Jo T, Murakami H, Yamamoto S, Masuda R, Minamoto T. Effect
of water temperature and fish biomass on environmental
DNA shedding, degradation, and size distribution. Ecol
Evol. 2019;9:1135-46.
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. Environ
DNA. 2020;2:271-82.
Kwong SLT, Villacorta-Rath C, Doyle J, Uthicke S. Quantifying
shedding and degradation rates of environmental DNA
(eDNA) from Pacific crown-of-thorns seastar (Acanthaster
cf. solaris). Mar Biol. 2021;168:1-10.
Larionov A, Krause A, Miller W. A standard curve based method for relative real time PCR data processing. BMC Bioinf.
2005;6:1-16.
Lin C, Zhang L. Habitat enhancement and rehabilitation. Dev
Aquac Fish Sci. 2015;39:333-51.
Liu J. Spatial distribution, population structures, management,
and conservation. Dev Aquac Fish Sci. 2015;39:77-86.
Liu Y. Study on aestivating habit of sea cucumber Apostichopus
japonicus (Selenka). J Fish Sci China. 1996;3:17-57.
Liu Y, Liu S, Yeh CF, Zhang N, Chen G, Que P, et al. The first
set of universal nuclear protein-coding loci markers for
avian phylogenetic and population genetic studies. Sci Rep.
2018;8:1-12.
Merheb M, Matar R, Hodeify R, Siddiqui SS, Vazhappilly CG,
Marton J, et al. Mitochondrial DNA, a powerful tool to

274 | https://www.e-fas.org

Environmental DNA of sea cucumber

decipher ancient human civilization from domestication
to music, and to uncover historical murder cases. Cells.
2019;8:433.
Morita K, Fukuwaka M, Tanimata N, Yamamura O. Size-dependent
thermal preferences in a pelagic fish. Oikos. 2010;119:1265-72.
Murphy BR, Willis DW. Fisheries techniques. Citeseer; 1996.
Ortiz-Pineda PA, Ramírez-Gómez F, Pérez-Ortiz J, GonzálezDíaz S, Santiago-De Jesús F, Hernández-Pasos J, et al. Gene
expression profiling of intestinal regeneration in the sea
cucumber. BMC Genomics. 2009;10:262.
Parsons KM, Durban JW, Claridge DE. Comparing two alternative methods for sampling small cetaceans for molecular
analysis. Mar Mamm Sci. 2003;19:224-31.
Rees HC, Maddison BC, Middleditch DJ, Patmore JRM, Gough
KC. Review: the detection of aquatic animal species using
environmental DNA: a review of eDNA as a survey tool in
ecology. J Appl Ecol. 2014;51:1450-9.
Robin ED, Wong R. Mitochondrial DNA molecules and virtual
number of mitochondria per cell in mammalian cells. J Cell
Physiol. 1988;136:507-13.
Shen X, Tian M, Liu Z, Cheng H, Tan J, Meng X, et al. Complete
mitochondrial genome of the sea cucumber Apostichopus
japonicus (Echinodermata: Holothuroidea): the first representative from the subclass Aspidochirotacea with the
echinoderm ground pattern. Gene. 2009;439:79-86.
Sigsgaard EE, Nielsen IB, Bach SS, Lorenzen ED, Robinson DP,
Knudsen SW, et al. Population characteristics of a large
whale shark aggregation inferred from seawater environmental DNA. Nat Ecol Evol. 2016;1:0004.
Sultana GNN, Sultan MZ. Mitochondrial DNA and methods
for forensic identification. J Forensic Sci Criminal Invest.
2018;9.
Takahara T, Minamoto T, Doi H. Effects of sample processing
on the detection rate of environmental DNA from the common carp (Cyprinus carpio). Biol Conserv. 2015;183:64-9.
Thalinger B, Deiner K, Harper LR, Rees HC, Blackman RC, Sint
D, et al. A validation scale to determine the readiness of
environmental DNA assays for routine species monitoring.
Environ DNA. 2021;3:823-36.
Tomaso H, Kattar M, Eickhoff M, Wernery U, Al Dahouk S,
Straube E, et al. Comparison of commercial DNA preparation kits for the detection of Brucellae in tissue using quantitative real-time PCR. BMC Infect Dis. 2010;10:100.
Wai T, Ao A, Zhang X, Cyr D, Dufort D, Shoubridge EA. The
role of mitochondrial DNA copy number in mammalian

https://doi.org/10.47853/FAS.2022.e24

Yu-An Kang, et al.

Fisheries and Aquatic Sciences

fertility. Biol Reprod. 2010;83:52-62.
Xu D, Sun L, Liu S, Zhang L, Yang H. Understanding the heat
shock response in the sea cucumber Apostichopus japonicus,
using iTRAQ-based proteomics. Int J Mol Sci. 2016;17:150.
Yamanaka H, Motozawa H, Tsuji S, Miyazawa RC, Takahara T,
Minamoto T. On-site filtration of water samples for environmental DNA analysis to avoid DNA degradation during
transportation. Ecol Res. 2016;31:963-7.
Yang H, Yuan X, Zhou Y, Mao Y, Zhang T, Liu Y. Effects of
body size and water temperature on food consumption
and growth in the sea cucumber Apostichopus japonicus
(Selenka) with special reference to aestivation. Aquac Res.
2005;36:1085-92.
Yu H, Gao Q, Dong S, Lan Y, Ye Z, Wen B. Regulation of dietary
glutamine on the growth, intestinal function, immunity
and antioxidant capacity of sea cucumber Apostichopus japonicus (Selenka). Fish Shellfish Immunol. 2016;50:56-65.
Yunwei D, Shuanglin D, Xiangli T, Meizhao Z, Fang W. Effects
of water temperature on growth, respiration and body composition of young sea cucumber Apostichopus japonicus. J
Fish Sci China. 2005;12:33-7.
Zipper H, Buta C, Lämmle K, Brunner H, Bernhagen J, Vitzthum F. Mechanisms underlying the impact of humic acids
on DNA quantification by SYBR Green I and consequences
for the analysis of soils and aquatic sediments. Nucleic Acids Res. 2003;31:e39.

https://doi.org/10.47853/FAS.2022.e24

https://www.e-fas.org | 275

