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Abstract
Aurelia spp. ephyrae have been reported to form blooms in sea cucumber aquaculture ponds in
the Bohai and Yellow Seas. To identify the species, we carried out a genetic analysis of Aurelia spp. ephyrae
and medusae based on mitochondrial 16S rRNA gene. Samples of four Aurelia sp. ephyrae populations
were collected in sea cucumber aquaculture ponds and samples of four Aurelia sp. medusae populations
were collected in coastal waters. Using a BLASTn search, we found that both the ephyrae collected in the
aquaculture ponds and medusae collected in coastal waters belong to Aurelia coerulea. Seventeen haplotypes
were recovered from the 16S rRNA gene. The overall haplotype diversity and nucleotide diversity of the
166 A. coerulea individuals were 0.686% and 0.329%, respectively, indicating high haplotype diversity
and low nucleotide diversity. Moreover, the haplotype diversity of ephyrae populations were generally
lower than that of medusae populations with close sampling points. The genetic diﬀerentiation between
ephyrae populations collected in the sea cucumber aquaculture ponds and A. coerulea medusae collected
in coastal waters was not signiﬁcant, suggesting the ephyrae populations in the sea cucumber culture ponds
were part of the same genetic group as the medusae populations in the coastal waters. Phylogeographic
analysis of the 16S rRNA region revealed that there was no signiﬁcant correlation between the haplotypes
and the geographic distribution of populations. Pairwise ﬁxation index values showed signiﬁcant genetic
diﬀerentiation and limited gene ﬂow between A. coerulea population of Weifang and other locations.
Keyword: Aurelia coerulea; medusae; ephyrae; 16S rRNA gene analyzes; genetic diﬀerentiation; genetic
variability

1 INTRODUCTION
Jellyﬁsh blooms have become frequent in the last
few decades as a result of global climate change and
human activities that have led to local ecological
shifts and had harmful eﬀects on biodiversity and
commercial stocks (Arai, 2001; Mills, 2001; Purcell,
2005; Uye, 2008; Richardson et al., 2009; Falkenhaug,
2014). Representatives of genus Aurelia are among
the most common species that form jellyﬁsh blooms.
There have been many reports of Aurelia species
blooms across the world, including in China, Japan,

Korea, Spain, and Tunisia (Toyokawa et al., 2000;
Dong et al., 2010; Baxter et al., 2011; Uye, 2011;
Wang et al., 2012; Purcell et al., 2013; Bosch-Belmar,
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Fig.1 Sampling sites of Aurelia spp. in Chinese coastal waters
● represents A. coerulea medusae,▲ represents A. coerulea ephyrae.

et al., 2016). The genus Aurelia belongs to Cnidaria,
Scyphozoa, Semaeostomeae, Ulmaridae and is
considered the most common genus of scyphozoan
jellyﬁsh worldwide (Lucas, 2001; Chinese Zoology
Editorial Committee, Chinese Academy of Sciences,
2002; Schroth et al., 2005). Aurelia spp. have a
metagenetic life cycle with an asexual benthic
generation and sexual planktonic medusae
(meroplanktonic species) (Lucas, 2001).
Many researchers believed in the past that genus
Aurelia consisted of 3 valid species (Aurelia aurita,
Aurelia limbata, and Aurelia labiata) and 10 cryptic
species (Aurelia sp.1–Aurelia sp.10) globally
(Dawson and Jacobs, 2001; Schroth et al., 2002;
Dawson, 2003, 2005; Ki et al., 2008). However,
Scorrano et al. (2017) showed that Aurelia sp.1
(Aurelia coerulea) and Aurelia sp.8 (Aurelia solida)
can be considered valid species, while Aurelia sp.5
(Aurelia relicta sp. nov.) must be described as a new
species. There are geographical diﬀerences in
distribution between species. For example,
A. coerulea (Aurelia sp.1) occurs mainly in warmtemperate regions, including China, Australia,
California, France, Japan, and Korea, while Aurelia
sp.2 occurs mainly in Brazil; Aurelia sp.3 and sp.6 in
Palau; Aurelia sp.4 in Indonesia, Palau, and Hawaii;
A. relicta sp. nov. (Aurelia sp.5) in the Mljet Lake of
Croatia; Aurelia sp.7 in New Zealand and Tasmania;
A. solida (Aurelia sp.8) in the Northern Adriatic Sea
and the Gulf of Lyon; Aurelia sp.9 in the Gulf of
Mexico; and Aurelia sp.10 in Alaska and European
seas (Dawson and Jacobs, 2001; Schroth et al., 2002;
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Dawson, 2003, 2005; Ki et al., 2008; Ramšak et al.,
2012; Dong et al., 2015; Scorrano et al., 2017). From
2003 to 2014, Aurelia spp. medusae and ephyrae
blooms frequently occurred in the Yellow Sea and
Bohai Sea in China, including in aquaculture ponds,
water power plants, docks, and so on. In coastal sea
cucumber culture ponds, the typical blooms of Aurelia
spp. ephyrae have been observed. The local farmers
call them “red jellyﬁsh” because during blooms they
cause the surface of the aquaculture ponds to appear
red.
Mitochondrial DNA is widely used in the study of
species population genetic analysis due to its simple
structure, high base mutation rate, rapid evolution
rate, high sensitivity, maternal inheritance, and
general lack of recombination (Brown et al., 1979;
Whitmore et al., 1994; Hallerman, 2003).
Mitochondrial 16S ribosomal RNA (rRNA) is a very
commonly used molecular marker. Dong et al. (2017)
determined by phylogenetic analyses of 16S rRNA
that the “red jellyﬁsh” ephyrae, which appeared in the
culture ponds of the Rongcheng Shidao area in China
belonged to A. coerulea. The ephyrae in aquaculture
ponds is hypothesized to enter the ponds via water
ﬂow from the Yellow Sea and Bohai Sea. However,
genetic analysis of Aurelia spp. medusae and ephyrae
has not yet been carried out in other culture ponds.
This study analyzes the genetic structure and diversity
of the Aurelia spp. population in sea cucumber
aquaculture ponds along the coast of the Bohai and
Yellow Seas based on the 16S rRNA gene. In total, 81
Aurelia spp. ephyrae were collected from multiple sea
cucumber culture ponds in 4 regions and 85 Aurelia
spp. medusae were collected from 4 coastal locations.
The aim of our study was to identify species of Aurelia
spp. ephyrae in sea cucumber aquaculture ponds in
the Bohai and Yellow Seas. Finally, the genetic
diﬀerentiation between ephyrae populations collected
in the sea cucumber aquaculture ponds and A. coerulea
medusae collected in coastal waters were also
revealed using the 16S rRNA gene.

2 MATERIAL AND METHOD
2.1 Sample collection
From 2014 to 2016, a total of 166 Aurelia spp.
individuals were collected in the Bohai Sea and
Yellow Sea during the local jellyﬁsh blooming periods
(Supplementary Table S1; Fig.1). Of these, 85
medusae were collected across four geographic
locations: Caofeidian (M-CFD), Qingdao (M-QD),
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Rongcheng (M-RC), and Weifang (M-WF), while 81
ephyrae were obtained from Apostichopus japonicus
aquaculture ponds in Laoting (E-LT), Qingdao (EQD), Rongcheng (E-RC), and Dongying (E-DY). The
whole ephyrae and the medusae tissue extracted from
the bell margin were preserved in 99% ethanol and
then stored at -20 ℃ until DNA extraction.
2.2 DNA extraction, PCR
sequencing, and alignment

ampliﬁcation,

The genomic DNA of medusae tissue was extracted
using the TIANamp Marine Animals DNA Kit
(TIANGEN, Beijing, China), while the genomic
DNA of ephyrae was extracted using the CTAB
(Cetyltrimethyl Ammonium Bromide) method. DNA
from both life stages was stored at -20 °C. A region of
the 16S rRNA gene was ampliﬁed using the published
primers (16S-H 5′-CAT AAT TCA ACA TCG AGG-3′
and 16S-L 5′-GAC TGT TTA CCA AAA ACA TA-3′)
(Ender and Schierwater, 2003). Polymerase Chain
Reactions (PCR) were performed in a total volume of
50 μL containing 50–100-ng genomic DNA, 1×PCR
buﬀer, 2.5-U Taq DNA polymerase, 1.5-mmol/L
MgCl2, 0.2-mmol/L dNTPs, and 0.25-mmol/L
primers. The protocol for 16S rRNA ampliﬁcation
was as follows: 5 cycles of 4 °C for 1 min, 45 °C for
50 s and 72 °C for 1 min; 30 cycles of 94 °C for 50 s,
50 °C for 1 min and 72 °C for 1 min; and a ﬁnal
elongation at 72 °C for 5 min. The PCR products
were analyzed using electrophoresis on a 1% agarose
gel, stained with GenecolourTM (Biotium, USA).
PCR products were puriﬁed and sequenced directly
using ABI 3730 automated DNA sequencer at
Shanghai Sangon Biological Engineering Technology
& Service Co., Ltd., China. All PCR products were
sequenced in both directions to obtain accurate
sequences. 16S rRNA sequences were aligned using
CLUSTALX 1.83, and were veriﬁed, edited and
assembled with BioEdit 7.1. To ensure correct
alignment, the sequences were conducted with MEGA
7.0.
2.3 Data analyses
The nucleotide composition and variation between
sites were analyzed in MEGA 7.0 (Kumar et al.,
2016). The haplotype diversity (Hd) and nucleotide
diversity (π) were calculated using DnaSP 5.10
(Librado and Rozas, 2009). Levels of overall
interpopulation diﬀerentiation as well as diﬀerentiation
between diﬀerent region populations and population-
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pairwise diﬀerentiation were estimated using
Φ-statistics, which give an analogue of F-statistics
calculated within the analysis of molecular variance
(AMOVA) framework, calculated using the Arlequin
3.5 (Excoﬃer and Lischer, 2010). A median-joining
network showing the intuitive and accurate
relationships between the haplotypes was constructed
using the Network 4.6 (Bandelt et al., 1999). The
sequences of A. coerulea samples in this study can be
downloaded from Genbank (MF981165–MF981181,
Supplementary Table S2).

3 RESULT
3.1 Species identiﬁcation and genetic variability
16S rRNA sequences were obtained from 166
individuals. The aligned sequence length of the
16S rRNA sequences was 532 bp. BLASTn analysis
indicated that both the ephyrae collected in the
aquaculture ponds and medusae collected in coastal
waters belong to A. coerulea.
Nineteen polymorphic sites were detected in
532 sites, with a mutation rate of 3.57%, including
6 parsimony information sites, accounting for 1.13%,
and 13 singlet nucleotide mutation sites, accounting
for 2.44%. Seventeen haplotypes were deﬁned in 19
polymorphic sites, deﬁned as Hap 1–17. The genetic
distance between haplotypes ranged from 0.2% to
1.5%, and the average genetic distance was 0.7%. The
average contents of bases A, T, C, and G were 25.7%,
35.4%, 19.4%, and 19.5%, respectively. The A+T
content (61.1%) was signiﬁcantly greater than the
C+G content (38.9%). The Hd and π of each
geographic region are shown in Table 1. Across all
samples, the haplotype diversity ranged from
0.448±0.134 to 0.755±0.084, while the nucleotide
diversity ranged from 0.190%±0.059% to
0.421%±0.062%. Overall haplotype diversity in
samples was 0.686±0.032, and the corresponding
nucleotide diversity was 0.329%±0.019%, showing a
higher haplotype diversity and lower nucleotide
diversity. The highest haplotype diversity was found
in the M-CFD population and the lowest in the M-WF
population. The M-CFD population also had the
highest nucleotide diversity and the E-QD population
had the lowest. The haplotype diversity of ephyrae
populations were generally lower than that of medusae
populations with close sampling points. The Hd of
E-LT was lower than M-CFD, the same results still
existed in E-QD and M-QD, E-RC and M-RC.
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Table 1 Genetic diversity of mitochondrial 16S rRNA sequences in A. coerulea according to geographic region
Geographic region

NS

IS

VS

PIS

No. of sequence

No. of haplotype

Hd

π (%)

M-CFD

532

522

10

4

23

8

0.755±0.084

0.421±0.062

M-QD

532

527

5

3

22

5

0.563±0.103

0.273±0.051

M-RC

532

523

9

4

25

8

0.727±0.077

0.381±0.045

M-WF

532

528

4

3

15

3

0.448±0.134

0.218±0.072

E-DY

532

528

4

3

20

4

0.684±0.064

0.302±0.029

E-LT

532

527

5

4

23

6

0.621±0.108

0.264±0.051

E-QD

532

529

3

3

18

3

0.464±0.125

0.190±0.059

E-RC

532

527

5

3

20

4

0.705±0.061

0.285±0.048

Total

–

513

19

6

166

17

0.686±0.032

0.329±0.019

NS: number of sites; IS: invariable sites; VS: variable sites (no insertion/deletions); PIS: parsimony informative sites; Hd: haplotype diversity; π: nucleotide
diversity.
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Fig.2 Median-joining networks for all A. coerulea 16S rRNA haplotypes
The color of the circle indicates the geographic region, and the size of the circle indicates the haplotype frequency. Each branch between any two shapes
represents a single nucleotide substitution.

3.2 Population genetic diﬀerentiation
Based on the median-joining haplotype network
method, a network relationship diagram of A. coerulea
haplotypes was constructed (Fig.2). There were
5 haplotypes (Hap 1, Hap 2, Hap 3, Hap 4, and Hap
11) that were found in individuals from more than one
geographic region. Hap 2 was the most frequent
haplotype, occurring across all eight geographic
regions. Hap 1 was found in the M-CFD, M-QD,
E-QD, E-DY, M-RC, and E-LT populations. Hap 3
occurred in all populations except M-WF. Hap 4 was
found in the M-CFD, M-RC, M-WF, E-LT, and E-RC
populations and Hap 11 occurred in the M-QD,
M-RC, and E-LT populations. With the exception of
E-QD, other populations had their own speciﬁc
haplotypes. There was no signiﬁcant correlation

between the haplotypes and the geographic
distribution of populations.
The analysis of molecular variance (AMOVA)
revealed that 89.02% of the genetic variation occurred
within populations (P<0.01), whereas 13.13%
occurred among regions (P<0.05). Thus, the AMOVA
revealed signiﬁcant genetic diﬀerentiation between
the six regions (CFD, QD, RC, WF, DY, LT)
(φCT=0.131, P=0.025), and extremely signiﬁcant
genetic diﬀerentiation within populations in the total
samples (φST=0.110, P=0) (Table 2). However, there
was no signiﬁcant genetic diﬀerentiation among
populations within regions (P=0.735).
Population-pairwise Fst values ranged from
-0.033 5 (M-RC/M-CFD) to 0.542 3 (E-QD/M-WF).
These results indicated that the E-DY, E-LT, E-RC,
M-RC, E-QD, M-QD, and M-CFD populations were
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Table 2 Hierarchical analysis of molecular variance (AMOVA) of 16S rRNA haplotypes of A. coerulea
Source of variation

d.f.

Sum of squares

Variance component

Percentage of variation (%)

φ statistic

P value

Among regions

5

17.782

0.117 7 Va

13.13

φCT=0.131

0.025

Among populations within regions

2

0.786

-0.019 3 Vb

-2.15

φSC=-0.025

0.735

Within populations

158

126.029

0.797 7 Vc

89.02

φST=0.110

0

Total

165

144.596

0.896 1

100.00

Table 3 Pairwise Fst values (below diagonal) and Nm values (above diagonal) among populations of A. coerulea based on 16S
rRNA
Site

E-DY

E-LT

M-RC

E-RC

E-QD

M-QD

M-WF

M-CFD

E-DY

–

8.120 7

8.863 3

5.597 6

E-LT

0.058 0

–

155.75

-20.825 2

6.996 3

-5 000

0.779 4

14.790 5

-85.245 8

-93.092 6

0.780 7

53.263 4

M-RC

0.053 4

0.003 2

–

-26.541 7

5.207 8

8.951 8

2.153 9

-15.425 3

E-RC

0.082 0

-0.024 6

-0.019 2

–

7.590 6

10.322 5

1.089 4

5.590 1

E-QD

0.066 7

-0.005 9

0.087 6*

0.061 8

–

-17.001 7

0.422 0

5.590 1

M-QD

-0.000 1

-0.005 4

0.052 9

0.046 2

-0.030 3

–

0.610 1

10.736 0

M-WF

0.390 8

0.390 4

0.188 4

0.313 9

0.542 3

0.450 4

–

2.337 7

M-CFD

0.032 7

0.009 3

-0.033 5

0.082 1

0.044 5

0.176 2**

–

**

**

*

**

0.082 1

**

**

Fst values are calculated from genetic divergence data among haplotypes calculated with the method described by Tajima and Nei (1984). *: P<0.05; **:
P<0.01; P was calculated from 1 000 replications.

signiﬁcantly diﬀerentiated from the M-WF
population (Fst range: 0.176 2 to 0.542 3, P<0.05).
The genetic diﬀerentiation between A. coerulea
medusae collected in coastal waters and ephyrae
populations collected in the sea cucumber
aquaculture ponds was not signiﬁcant. Moderate
genetic diﬀerentiation existed between the M-WF
population and the M-RC and M-CFD populations
(0.15<Fst<0.25). Between the M-WF population and
the E-DY, E-LT, E-RC, E-QD, M-QD populations,
the Fst values were all greater than 0.25, and the
corresponding Nm was between 0 and 1, indicating a
large genetic diﬀerentiation between populations
(Table 3). Nm>4 indicates more frequent gene
exchange between groups.

4 DISCUSSION
Most researchers believed that the genus Aurelia,
which includes 5 valid species, consists of at least 13
species and 16 genetic branches (Dawson and Jacobs,
2001; Dawson, 2003; Ki et al., 2008; Scorrano et al.,
2017). A. aurita has the widest distribution, except
the polar regions; therefore, unidentiﬁed Aurelia spp.
have been named A. aurita in most previous reports.
Previous research based on 16S rDNA and COI
identiﬁed Aurelia spp. in Chinese seas as A. coerulea,
but there is no deﬁnitive research which determines to
which species or genetic branch the Aurelia spp.

ephyrae found in sea cucumber culture ponds belong.
BLASTn analysis indicated that the sequences
identiﬁed in this study were highly similar (99%) to
the sequences of A. coerulea reported by He et al.
(2015) (Genbank accession number: KF962395) and
Wang et al. (2013) (Genbank accession number:
JX845344), indicating that the Aurelia spp. in this
study were A. coerulea.
The genetic diﬀerentiation between A. coerulea
ephyrae populations collected in the sea cucumber
aquaculture ponds and medusae collected in coastal
waters was not signiﬁcant. Furthermore, among the
ephyrae populations in sea cucumber aquaculture
ponds and the medusae populations in the coastal
waters with close sampling points, the haplotype
diversity of ephyrae populations were generally lower
than that of medusae populations. The Hd of E-LT
was lower than M-CFD, the same results still existed
in E-QD and M-QD, E-RC and M-RC. These results
suggested that the ephyrae populations in the sea
cucumber culture ponds were part of the same genetic
group as the medusae populations in the coastal
waters. It is likely that A. coerulea planulae of some
haplotypes ﬂow in the sea cucumber aquaculture
ponds through tides or pumps and settle in the artiﬁcial
structures because adult medusae of Aurelia frequently
occur near the A. japonicus culture ponds during the
summer. The water inlets and outlets in the sea
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cucumber aquaculture ponds are covered with nylon
ﬁshing nets to prevent the entrance of potential
predators and the escape of farmed sea cucumbers;
however, they cannot prevent the exchange of
A. coerulea planulae between the A. japonicus culture
ponds and coastal waters.
Phylogeographic analysis based on a network
relationship diagram suggested that there was no
signiﬁcant correlation between the haplotypes and the
distribution of geographic populations. However,
pairwise ﬁxation index values showed signiﬁcant
genetic diﬀerentiation between A. coerulea medusa
population of WF and other populations, which means
that there was a certain degree of gene ﬂow among the
8 populations, but the dispersal of A. coerulea among
WF and other locations was relatively limited. We
speculate that this is related to biological characteristics
of A. coerulea and marine transportation. A. coerulea,
as a typical species of zooplankton, its ability to move
long distances is relatively weak, and has the
characteristics of alternated phenology and weak
diﬀusion ability of polyps in its life cycle. The weak
diﬀusion ability of benthic stages of seasonal
meroplanktonic species, such as Rhizostoma octopus
and A. coerulea, means they more likely to have
distinct genetic population structures than
holoplanktonic species, such as Pelagia noctiluca
(Stopar et al., 2010; Ramšak et al., 2012; Lee et al.,
2013). In addition, polyps, the key stage of the
expansion of the A. coerulea populations, are often
attached to artiﬁcial structures such as coastal docks
and ports. Thus, the areas where A. coerulea medusae
are gathered in large numbers are usually coastal
waters and shoals areas, which are rare in deep-sea
areas; this further limits the diﬀusion range of
A. coerulea populations. Similarly, Li et al. (2016)
found that there was signiﬁcant genetic diﬀerentiation
between Rhopilema esculentum sampled in the
Yellow Sea and Bohai Sea. The Caofeidian population
did not show signiﬁcant genetic diﬀerentiation from
the Yellow Sea populations, which may be due to the
developed coastal transportation industry. Bolton and
Graham (2006) proposed ballast water and hull
carrying in marine transportation play an important
role in importing new haplotypes or new species.
Compared with Qingdao, Rongcheng and Caofeidian,
the scale of coastal transportation in Weifang is still
relatively insuﬃcient, which allows Weifang
population to have a certain degree of gene exchange
with other groups, but also limits the frequency and
scope of gene ﬂow.
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5 CONCLUSION
Based on mitochondrial 16S rRNA region, the
ephyrae collected in the aquaculture ponds in the
Bohai and Yellow Seas were identiﬁed as A. coerulea.
The haplotype diversity and nucleotide diversity of
the total population of A. coerulea were showing a
higher haplotype diversity and lower nucleotide
diversity. The haplotype diversity of ephyrae
populations were generally lower than that of medusae
populations with close sampling points. The genetic
diﬀerentiation between ephyrae collected in the sea
cucumber aquaculture ponds and A. coerulea medusae
populations collected in coastal waters was not
signiﬁcant. Thus, the ephyrae populations in the sea
cucumber culture ponds were part of the same genetic
group as the medusae populations in the coastal
waters. Phylogeographic analysis of the 16S rRNA
region revealed that there was no signiﬁcant
correlation between the haplotypes and the geographic
distribution of populations. Pairwise ﬁxation index
values showed signiﬁcant genetic diﬀerentiation and
limited gene ﬂow between A. coerulea medusae
population of Weifang and other populations.

6 DATA AVAILABILITY STATEMENT
All data generated and/or analyzed during this
study are available from the corresponding author
upon request.
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