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Environmental DNA (eDNA) is becoming a potentially valuable survey
technique to monitor marine organisms, especially when the research spans
wide-ranging temporal or spatial dimensions. Pampus echinogaster plays an
important role in China’'s marine fisheries. However, the stock of P.
echinogaster is gradually declining, so the fishery protection and
management of P. echinogaster are becoming crucial. To achieve the non-
invasive and large-scale monitoring of P. echinogaster, we developed a specific
quantitative real-time PCR (qPCR) method based on eDNA technology. Results
showed that positive signals of P. echinogaster eDNA were successfully
detected at 36 sites (82% of the total) in the East China Sea. Significant
differences in eDNA concentrations between the southern and northern
stations in the East China Sea suggested differences between the life
histories of P. echinogaster in these two sea areas. The hotspot was found
around the central areas of the East China Sea, especially around the Taizhou
seawater (Jiaojiang Estuary). Vertical distribution showed that the eDNA
hotspots were primarily concentrated in the middle and upper layers (0-40
m). The distribution results of eDNA hotspots were similar to those of previous
findings through motor—trawl capture, indicating the validity of the eDNA
results. The relationship between environmental factors and the eDNA
concentration showed that PO}~ was significantly correlated with the P.
echinogaster eDNA concentration. Overall, our study indicated that the
eDNA approach was an effective survey method and can be used as a
monitoring tool. We advocate this monitoring approach as supplementary
means to guide the management and conservation of large-scale sea areas and
thus enable the initially surveying to provide the best information about
species-specific distribution.
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Introduction

Fishery resources are closely linked to human well-being
(Rudolph et al., 2020), so implementing the sustainable
development of marine fisheries resources is urgent (Worm
et al., 2009; Hoegh-Guldberg and Bruno, 2010; McClanahan
et al., 2015). Biomonitoring is an essential tool for fishery-
resource management. Accordingly, rapid and accurate
understanding of the distribution of fishery resources is
essential for aquatic biological protection and fishery-
management strategies. Traditional fisheries surveys often rely
on physical methods, such as trapping, netting, and trawling.
However, traditional methods are time consuming and have
other drawbacks, including high cost, low catch rates of target
organisms, and severe environmental damage (Smart et al., 2016;
Maruyama et al., 2018). Moreover, identifying species is difficult,
especially in the case of cryptic, new, and closely related species
(Thomsen et al., 2012). These limitations greatly hinder the
implementation of fishery management strategies.

Environmental DNA (eDNA) techniques are extensively used
in distribution and biomass studies (Lacoursiere-Roussel et al.,
20165 Itakura et al., 2019; Salter et al.,, 2019). eDNA is the DNA
fragments released by organisms from tissues, cells, or metabolites
into the environment (Thomsen and Willerslev, 2015). Species
presence/absence or biodiversity could be detected through specific
techniques (e.g., quantitative real-time PCR (qPCR) and high-
throughput sequencing) (Deiner et al., 2017; Coble et al., 2019).
eDNA technology has overcome many disadvantages over
traditional methods and has brought unprecedented innovation
to aquatic distribution surveys (Jerde et al, 2011; Dejean et al,
2012; Smart et al, 2016). This technology is widely used in
conservation biology and ecology (Rees et al,, 2014; Barnes and
Turner, 2015). Numerous studies have shown a positive correlation
between DNA concentration and estimated population density
based on conventional monitoring (Thomsen et al, 2012; Miya
et al, 2015; Thomsen and Willerslev, 2015; Spear et al., 2020).
eDNA has found great application in the monitoring of species,
such as those that are invasive (Ficetola et al., 2008; Jerde et al.,
2011; Smart et al., 2016; Wang et al., 2022), endangered (Sigsgaard
et al., 2015; de Souza et al., 2016; McKelvey et al., 2016), and rare
and closely related (Thomsen et al., 2012; Thomsen and Willerslev,
2015; Boussarie et al, 2018). Non-invasive species monitoring
survey at extensive geographic scales is another major advantage
of eDNA. In previous studies, eDNA for species monitoring has
been successfully applied in the East China Sea, the Great Lakes,
and the wide western coastal areas from the United States to
Canada (Tucker et al., 2016; Doi et al., 2021; Wang et al., 2022).
The eDNA approach has great potential for application in
fishery management.

Pelagic fish are an important trophic link in the marine
ecosystem, serving as an important forage base for many
ecologically and commercially important species, as well as a
target fishery species (Pikitch et al., 2012). As an essential marine
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pelagic economic fish in the Pacific Ocean, researches have been
conducted many studies on the distribution of Pampus
echinogaster. Yamada et al. (1995; 2009) and Nakabo (2002)
suggest that only four species of pomfret exist in the Yellow Sea
and East China Sea, namely the Pampus echinogaster, the
Pampus punctatissimus, the Pampus chinensis and the Pampus
cinereus. Based on morphological characteristics and DNA
barcoding, Li et al. (2019) concluded that the P. echinogaster is
distributed in the waters of the Nel’ma Bight and the
northwestern coast of Sakhalin, Japan, the Korean Peninsula,
the Bohai Sea, the Yellow Sea, the East China Sea, and the
northern South China Sea. A recent study has also confirmed
the above view by combining the mitochondrial whole-
genome sequences of five pomfret species (Yan and Cheng,
2020). P. echinogaster usually spawn in the summer and the
young are subsequently fattened on coastal bait. In autumn and
winter when water temperatures drop, they migrate to deeper
waters to overwinter. The following spring, with the
strengthening of warm currents in Taiwan, the fish migrate
again to spawn in the waters near the estuaries offshore
(Zhou and Li, 2018).

Since 1999, the yield of pomfret in the East China Sea has
remained above 20 x 10* t, basically dominated by P.
echinogaster (The Fishery Bureau of the Ministry of
Agriculture, 1999-2012; Zhou and Li, 2018). However, with
the development of fishing technology and the exploitation of
marine biological resources, the fishing of P. echinogaster has
intensified. Furthermore, marine pollution is becoming severe,
leading to a continuous decrease in P. echinogaster resources.
Fishing and catch rates of P. echinogaster decline yearly, with the
total catch of Pampus falling to 19 x 10* t in 2020 (Fishery and
Fishery Administration of the Ministry of Agriculture and Rural
Areas et al.,, 2020). P. echinogaster populations show accelerated
growth and reproduction, gradual miniaturization of the
population and decreased individual length and body weight
(Yang et al., 2006; Zhang, 2007). P. echinogaster faces a dilemma
of rapid depletion of its resources. Therefore, understanding the
distribution and biomass in the East China Sea is urgent to
protect it better.

This study aimed to develop an eDNA-based assay for P.
echinogaster in water samples to assess its distribution
throughout the East China Sea. The relationship between P.
echinogaster eDNA distribution and environmental factors was
analyzed to understand its habitat preferences. Our research
results can guide aquatic conservation and fishery management.

Methods and materials
Sample collection

The sample collection area is located at 120.93°E-125.90°E,
26.07°N-32.34°N in the East China Sea. The collection period
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was 14-24 May 2019. According to the measured depths of the
sampling sites, a total of 178 samples were collected from 44 sites
(Figure 1 and Table S1). The maximum depth sampled was 100.8
m. Niskin bottles (24x20 L) with SBE 911 Plus Conductivity-
temperature-depth (CTD) system (Sea-Bird Scientific, USA)
were used to collect seawater samples, which were
subsequently stored in sterile disposable plastic bags (3.5 L).
Each one-liter seawater was vacuum filtered through 0.45 um-
pore-size glass fiber filters (Xingya Purification Materials
Company, Shanghai, China) and a negative control was set up.
Filters were wrapped in aluminum foil and stored in 2 mL
cryogenic tubes (Sangon Biotech, Shanghai, China) in liquid
nitrogen at -196°C. Then, the filtered samples were collected,
transported to the laboratory, and stored at -80°C until further
eDNA extraction. All filtering equipment was immersed in 10%
bleach solution for 10 min and then rinsed thoroughly with tap

10.3389/fmars.2022.992377

water, with a final rinse using commercially purified water
(Wahaha, China). A separate pair of disposable gloves was
used for each sample.

Species-specific primer design

In this study, we used the Cyt-b sequences of Pampus
argenteus, Pampus cinereus, Pampus chinensis, Pampus
punctatissimus, and Pampus minor, which were closely related
to the taxonomy of P. echinogaster, for the comparison and
design of specific primers and TagMan probe for P. echinogaster.
The sequences were downloaded from the NCBI. The design
method was as described in our previous study (Wang et al,
2020). The specificity of primers and TaqgMan probe were
verified in silico and in vitro.
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FIGURE 1

Map of the study area and sampling locations. The star point represents the station. The station name is marked in the top right corner of each station.

Pentagrams indicate stations.
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eDNA extraction and determination

eDNA extraction was performed according to a previously
developed eDNA method (Wang et al., 2022). Specifically, the
eDNA trapped on the filters obtained from the East China Sea
was extracted using a DNeasy Blood & Tissue kit (Qiagen,
Hilden, Germany). The inhibitors were removed using a
OneStep PCR Inhibitor Removal Kit (Zymo Research, Orange
County, California, USA). Then, real-time PCR was conducted
through two-step cycling protocols. The reagents used were 10
uL of Tagman™ Fast Advanced Master Mix (Thermo Fisher
Scientific), 0.4 UL of each primer (10 uM), 0.2 uL of TagMan
probe (10 uM), 4 UL of eDNA template, and 5 uL of PCR-grade
water (Sangon, Shanghai, China). All samples were taken in
triplicate. To monitor contamination, negative controls (pure

water as template) were also analyzed with the same protocol.

Determination of environmental factors

Environmental variables such as total depth, water-sampling
depth, temperature, salinity (Practical salinity units, PSU),
oxygen, turbidity, chlorophyll, PO?{, NHj, Sio%, NO;3, and
NO; were determined and supplied by the First Institute of
Oceanography Ministry of Natural Resources.

Data analysis

All statistical analyses were performed using R software
version 4.1.2. “pheatmap” is a heatmap package that is rigorous
in graphics drawing and parameter modification. “ggbiplot” is an
R package tool for visualization of perform principal component
analysis (PCA) results. The Kruskal-Wallis test was used to assess
statistical differences in eDNA concentrations between water
layers and between stations. Environmental factors in relation to
logarithm-transformed eDNA concentrations (i.e., In([eDNA]J+1))
were calculated using the “pheatmap” package. The “ggbiplot”
package was used for PCA.

10.3389/fmars.2022.992377

The sampling stations and spatial distribution were
visualized using ArcMapl0.8, Sufer 15 and Ocean Data view
4 software.

Results
Specific primers and TagMan probe

A set of P. echinogaster-specific primers and probe were
developed to amplify a 125 bp sequence based on Cyt-b. P.
echinogaster primers and probe were designed. The primers were
as F: 5"-AGATGTCGTTCTGAGGAGCTACC-3’, R: 5'-
GAATCGGGTTAGGGTGGCAT-3". The TagMan probe was
5'-FAM-TCATTACCAATCTTCTATCCGC-MGB-3".
Figure 2 shows the full sequence amplified and the sequence of

as:

the closely related species with P. echinogaster.

The primers and TagMan probe were tested in silico (primer
blast tool in NCBI) and in vitro (DNA extracted from P.
echinogaster and its taxonomy relative species tissue). Results
showed that the primers and probe were highly specific and
amplified only the target species.

qPCR analysis

Ten-fold serial dilutions of the plasmid standard, ranging
from 8.0 x 107 copies/UL to 8.0 x 10" copies/uL, were analyzed in
triplicate to produce a linear calibration curve for this range
when the cycle threshold (Ct) was plotted against the logarithm
of the target concentration. The qPCR assay had an average
amplification efficiency of 95.90% (range 94.16%-97.63%) and
an average R® value of 0.996 (range: 0.994-0.998) for the
standard curve. Positive signals were detected in 68 out of 178
samples, accounting for 38.20% of the total. All extraction
negative controls showed no positive amplification, indicating
the absence of contamination during DNA extraction. The limit
of detection was 3.2 copies/4 UL sample, and the limit of
quantification was 32 copies/4 UL sample for P. echinogaster.

B
Pampus argenteus A TAT TGAATGAATT GCTACCTTAACCCGGTTC
Pampus cinereus TGAATGAATT GCTACCTTAACCCGGTTC
P A T GCTACTTTAACCCGATTC
Pe AGATATCTT AT! L GCTACTTTAACCCGATTC
Pampus minor AAATATCTT TTCCGCTAT TTTCAGTT GAT AAT GCCACCTTAACCCGATTC
Pampus echinogaster TACCAATCTTCTATCCGCTET TAGT T TC
Forward primer AGATGTCOTTCTGAGBAGCTACE. . . . . ..ottt eut ettt et s ettt ettt e s et et e et b et e e e s st e et b e et e et ettt e ene e )

TaqMan probe
Reverse primer

FIGURE 2

TCATTACCAATCTTCTATCCGC. . .

Phylogenetic tree of P. echinogaster based on Cyt-b sequences (A) and aligned with its closely related species (B)
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Distribution of P. echinogaster in the East
China Sea

Amongst the 178 water samples collected at 44 stations, 68 water
samples (or 38.20% of all) showed positive signals. No significant
difference existed in eDNA concentration between stations and
layers. A series of stations labeled S02 was used as a line to divide
the stations into a northern half and a southern half. Statistical
analysis revealed significant differences in eDNA concentrations
between the northern and southern halves of the stations (chi-
squared = 10.119, df = 1, p-value = 0.001467< 0.01). The eDNA
hotspots of P. echinogaster were primarily concentrated around the
southern half of the S03-1 (Taizhou), S03-2, S02-6, and S02-7 (g-h in
Figure 3). The eDNA in the northern half was primarily
concentrated at the offshore side at 123° E-125° E, in 0-40 m
water depth (a-c and i-k in Figure 3). The southern half of the eDNA
hotspot was mostly found in the 0-20 m shallow nearshore areas
from 122° E-123°E (Figures 3D-F). Considering the vertical
influence of the sampled water column on eDNA, the water layers
were divided into five according to the station depth, with higher
eDNA concentrations detected in layers 1 and Layer 3 (Figure 4).
However, the differences between the different layers were not
significant. Except for layer 2, most eDNA hotspots were
concentrated in the southern half. The distribution characteristics
of P. echinogaster may be related to the habitat preferences and
life history.

Environmental factors and
P. echinogaster eDNA

PCA is a technique to reduce the dimensionality of large
datasets’ increasing interpretability whilst simultaneously
minimizing information loss (Jolliffe and Cadima, 2016). Samples’
environmental variables were reduced into two principal
components and represented as a two-dimensional plot
(Figure 5A). PCI explained 29.9% and PC2 explained 28.2%. PC1
was primarily explained by NO3, SiO3~, PO; ", and temperature,
which represented nutrition. PC2 was primarily explained by
salinity, oxygen, depth, total depth, and chlorophyll, which
represented locations and layers. The groupings of P. echinogaster
presence and absence detected with eDNA largely overlapped.

Amongst all environmental factors, most environmental
factors were significantly correlated with one another, but only
PO3-
concentration (Figure 5B). Figure 6 shows the corresponding

showed a significant positive correlation with eDNA

relationship between P. echinogaster eDNA concentration of the
positive samples and environmental variables. Except for Si03",
the values of other environmental variables were more
concentrated, with the variation intervals of chlorophyll, NHj,
NO3, and PO3;~ concentrated in 0-1.25 umol/L, oxygen (3.75-
5.0 mg/L), NO3 (0-10 umol/L), salinity (30-35%o), temperature
(15-25°C), and turbidity (0-5 NTU). The highest number of
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positive eDNA samples, 16 samples, was found in the 0-10 water
depth range.

Discussion

We used an eDNA approach to demonstrate P. echinogaster
distribution in the East China Sea. The biomass and
distributions reflected by the eDNA were consistent with
previous P. echinogaster surveys conducted using traditional
methods in the East China Sea (Yamada et al., 2007). This
finding indicated the validity of the eDNA approach and its great
application. The East China Sea has two major P. echinogaster
populations, namely, a northern population along the Jiangsu
coast and a southern population along the Zhejiang coast, with
the Yangtze River estuary as the boundary (Yamada et al., 2007).
The northern population spawns primarily from Haizhou Bay to
the Yangtze River estuary. The spawning period is from July to
August. The southern population spawns earlier than the
northern one, usually between April and June, with a peak in
May (Zhou and Li, 2018). Spawning grounds are primarily
concentrated in the coastal area of Zhejiang and Fujian (Zhou
and Li, 2018). Our survey coincided with the peak spawning
period of the southern population. eDNA showed eDNA
hotspots near the coast of Taizhou and Wenzhou (S03-1 and
S03-2). Additionally, significant differences existed in eDNA
concentrations between the south and north. All these results
were supported by the findings of previous trawl surveys
(Yamada et al., 2007). However, compared with trawling
methods, the eDNA method used in the current work enabled
the investigation of species distribution over large areas of
flowing water through only a few sampling points, with
significant savings in time and cost (Jerde et al., 2011; Smart
et al, 2016). The eDNA method can also monitor species
distributions in the ocean at large scales in the absence of
invasion (Tucker et al., 2016; Doi et al.,, 2021; Wang et al.,
2022). These features confer eDNA with more potential for
development in large lotic water scenarios. Continuous
improvement in current eDNA monitoring methods is needed
(Goldberg et al., 2013; Jane et al., 2015; Hansen et al., 2018; Hinlo
etal., 2018; Tillotson et al., 2018; Shogren et al., 2019; Duda et al.,
20205 Spence et al., 2020; Antognazza et al., 2021). Nevertheless,
given the disadvantages of traditional survey methods, eDNA
remains a new and improved survey tool that can be used for
large-scale surveys at an early stage of research.

The paucity of spawning ground data hinders the effective
development and implementation of fish-stock assessment and
management strategies (Erisman et al, 2015). Thus, the
identification of P. echinogaster spawning grounds can guide the
development of resource-recovery strategies. In the natural
environment, P. echinogaster spawning sites are often near the
estuary of rivers and in areas where salt and fresh water alternate
(Zhou and Li, 2018). With the long flooding period in the Jiaojiang
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e met are

FIGURE 3
Vertical distributions of P. echinogaster eDNA along different longitude and latitude sections in the East China Sea. Figures (A—F) and (3-G)

show the eDNA distribution for different latitudinal and longitudinal sections, respectively. Log-transformed eDNA concentration values are
indicated by color gradients. The dark gray areas indicate the sea bottom.
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Layer 3
(30~50

FIGURE 4
Horizontal distribution of P. echinogaster eDNA in the East China Sea. Layers 1-5 show the distribution of eDNA in different water layers, and
the total is the sum of the eDNA concentrations of the five water layers. Cool to warm colors represent low to high concentrations of eDNA.
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estuary, nutrients are abundant in the waters of this area, resulting
in more plankton and other organisms at the bottom of the food
chain (Guo et al., 2004; Chen, 2014). This sea area provides rich
bait resources for P. echinogaster growth. Research on the biology
of P. echinogaster has also shown that juveniles are more abundant
in the south-central Zhejiang waters (Wenzhou and Taizhou)
(Wang, 2020). Accordingly, we speculated that the nearshore of
south-central Zhejiang was the main spawning grounds for the
southern population of P. echinogaster. In the future, a reserve
could be established for this area to better restore its resources.
Developments in molecular analysis techniques can greatly
improve the measurement of spawning events and help us
understand the dynamics of spawning and fertilization in nature.
However, there are still many uncertainties in predicting fish
spawning grounds through eDNA. For example, the buoyancy of
cells can cause gametes to sink to greater depths or float to the
surface, which may affect the eDNA signal (Falkenberg et al., 2016;
Hayer et al., 2020). High-flow environments reduce the
concentration of eggs, which also challenges the accuracy of
eDNA (Jerde et al,, 2016; Shogren et al., 2017). In addition, other
factors such as temperature, photoperiod, egg activity and growth
levels can also affect spawning and related spawning activity
(Erickson et al., 2016; Bayer et al., 2019). These complex factors
should therefore be carefully considered when using eDNA to
assess spawning events in fish.

eDNA reportedly has a residence time of several hours in the
marine environment (Murakami et al., 2019). The eDNA
approach has also been suggested for shorter period surveys
(Doi et al., 2017). Notably, the behavior of the animals
themselves alters the occurrence/presence of eDNA. For
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example, seasonal and vertical migrations may be affected by
hydrodynamic movements that affect animal behavior. These
behavior changes may in turn affect the eDNA signal (Croll et
al., 2005; Schadewell and Adams, 2021). P. echinogaster is a
migratory fish in the middle and upper layers (Oh et al., 2010).
In summer, after spawning, they disperse in the coastal bait
fattening. At the end of autumn, the water temperature drops
and the population migrates offshore to deeper water for
overwintering. In winter, they primarily reside in deeper waters
offshore. In spring, the strengthening of the warm current in
Taiwan causes the fish to migrate offshore into reef waters for
spawning (Zhou and Li, 2018). Our results reflect the migratory
route and life history of P. echinogaster (e.g., the positive eDNA
signals in deep waters off the northern distal coast may reflect the
spawning migratory Jiangsu population, and the southern inshore
eDNA hotspot may be provided by juveniles). However, more
research is needed to corroborate the results of eDNA analysis
because studies on the complex ocean environment that do not
consider life history or migration route cannot lead to conclusions
about precise distribution and abundance.

Many environmental variables can influence the distribution
of marine species (Schlaff et al., 2014; Tommasi et al., 2017).
Understanding the interaction of environmental factors with the
species is essential to study their potential distribution and
resource conservation. In the present study, PCA analysis was
performed by conducting 12 environmental variables per
sampling site in relation to the presence/absence of P.
echinogaster eDNA. Results showed that the group of presence
and absence detected with eDNA largely overlapped. It may be
related to the strong environmental adaptability of P.
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echinogaster and indicates that other factors may affect the
distribution and aggregation behavior of P. echinogaster and
its wide distribution in the East China Sea. Amongst the
measured environmental factors, only PO}~ was significantly
positively correlated with eDNA concentration. This finding
indicated that P. echinogaster had high adaptability to the
environment and can survive its various types (Yamada et al,
2007). In addition to the proven influence of abiotic factors,
other organisms in the ocean also affect the distribution and
amount of eDNA (Salter, 2018). eDNA can be spread as well as
to areas through the diet of predators (Guilfoyle and Schultz,
2017). Therefore, further characterizing the role that biotic
factors play on eDNA and how they interact with
environmental variables is an important link to using eDNA
method for the implementation of marine fish resource
management and conservation.

In this study, despite the relatively high detection rate of
eDNA at many sampling sites, the information on the spatial
resolution of these assays is uncertain. The eDNA method does
not provide details of individuals of the target species such as
length, weight and growth stage (Deutschmann et al., 2019;
Kasai et al., 2021; Wang et al., 2022). We are therefore unable to
determine whether these positive signals are from larvae or adult
fish. Uncertainties still remain, such as how the various currents
affect the transport, degradation and dilution of eDNA in lotic
systems, and how the probability of detection varies with
distance from the eDNA source (Jane et al,, 2015; Hansen
et al., 2018; Duda et al., 2020; Spence et al., 2020). It is for
these reasons that careful consideration of the ecological details
of eDNA is essential in the specific application (Bohmann et al.,
2014; Rees et al,, 2014; Thomsen and Willerslev, 2015; Goldberg
et al., 2016; Fukaya et al., 2021).
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