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Abstract The worldwide proliferation of marine jellyﬁsh has become a crucial ecological and social issue,
and as a cosmopolitan species, Aurelia spp. have received increasing scientiﬁc attentions. In the present
study, the responses of strobilation in Aurelia sp.1 to decreasing temperature were illuminated through the
expression levels of the retinoid x receptor (RxR) gene and the gene encoding a secreted protein, CL390.
We observed that a higher ﬁnal temperature decreased the strobilation prophase and strobilation interphase
periods, and the growth rate of the strobilae ratio increased with increasing CL390 gene expression. The
ratio of strobilae at 12°C was highest, and the strobilae showed the higher releasing ratios at both 12°C
and 16°C compared with those at 4°C and 8°C. Furthermore, more ephyrae were released at the higher
ﬁnal temperature. Additionally, up-regulation and down-regulation of the CL390 gene were observed in
response to the four decreasing temperatures. Although the four CL390 gene transcript levels increased
more signiﬁcantly than the transcript levels of the RxR gene, similar trends were observed in both genes.
Keyword: moon jellyﬁsh; strobila; retinoid x receptor (RxR); CL390

1 INTRODUCTION
Jellyﬁsh outbreaks have become a global problem,
and they frequently occur near the coasts of East Asia,
Europe and North America as well as other locations
(Arai, 2001). Jellyﬁsh blooms negatively aﬀect
human society and the economy by impacting ﬁshery
resources and marine ecosystems (Purcell et al.,
2007), so it is important to study the inﬂuence of
environmental factors on jellyﬁsh blooms.
Among jellyﬁsh, Aurelia species are cosmopolitan.
Power plant shut-downs as a result of the clogging of
seawater intake screens by Aurelia medusae have
been reported in many areas of the world, including
Japan, Korea, India, the Philippines, Australia, and
the Baltic region, and have recently caused signiﬁcant
economic losses (Mills, 2001). Aurelia sp.1
(Scyphozoa, Semaeostomeae, Ulmaridae, Aurelia) is
a common jellyﬁsh species in Jiaozhou Bay, Qingdao,

China (Ki et al., 2008; Jiang et al., 2010; Cheng et al.,
2012) with a life history that includes both sessile
asexual polyps and pelagic medusa. Asexual
reproduction in the benthic phase can produce new
polyps via budding or the release of ephyrae through
strobilation, which, importantly, determines the
number of medusae in the following year.
There have been many previous studies of
strobilation in Aurelia spp. Researchers have studied
the eﬀects of environmental factors (temperature,
food, salinity, light, iodine in seawater, etc.) on the
benthic phase of A. aurita in the laboratory (Custance,
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Fig.1 The geographic coordinates of Jiaozhou Bay

1964; Ishii and Watanabe, 2003; Berking et al., 2005;
Purcell et al., 2012; Wang et al., 2015a), and the
results suggested that temperature inﬂuences polyp
strobilation. Field investigations have also shown that
seawater temperature is the main factor aﬀecting
strobilation (Hernroth and Gröndahl, 1985; Lucas,
1996; Watanabe and Ishii, 2001; Willcox et al., 2008;
Ishii and Katsukoshi, 2010). All of these results
indicate that temperature is the most important factor
aﬀecting A. aurita strobilation, but information about
Aurelia population dynamics remains too limited to
explain the underlying mechanism. Additionally, the
diﬀerent polyp reproductive strategies in response to
similar conditions are confusing. For example, Han
and Uye (2010) reported that increasing temperature
signiﬁcantly increases the production of new A. aurita
polyps, while Liu et al.(2009) showed that increasing
temperature accelerates polyp strobilation. In
addition, many studies have shown that decreasing
temperature induces A. aurita polyp strobilation (Ishii
and Watanabe, 2003; Purcell et al., 2012; Wang et al.,
2015a). The mechanisms underlying these phenomena
are not understood, but Fuchs et al. (2014) identiﬁed
part of the mechanism regulating A. aurita strobilation
through tissue transplantation, transcriptome
sequencing and chemical interference. These authors
suggested that the retinoic acid signal transduction
pathway is involved in polyp strobilation and that the
retinoid x receptor (RxR) plays an important role. The
protein CL390 has been identiﬁed as the precursor of
the strobilation inducer, and it becomes biologically
active after being processed into smaller fragments.
In the present study, we selected the RxR and CL390
genes as indicators of polyp strobilation in Aurelia
sp.1 and quantiﬁed their expression in response to
decreasing temperature. Therefore, the goal of this

The Aurelia sp.1 polyps used in this experiment
were grown from sexually produced planulae released
from mature medusae collected in Jiaozhou Bay
(Fig.1), Qingdao, China. The polyps were used after
cultivation for 7 days in the dark on corrugated plates
and 12-well culture plates at 20°C and during this
week they were fed newly hatched Artemia nauplius
every three days.
2.2 Sample culture
In Jiaozhou Bay, the water temperature ranges
from 0°C to 25°C (Sun et al., 2011; Wang et al.,
2015b), and the polyp strobilation will stop at 17°C
(Wang et al., 2015a). Hence, in this experiment we
choose 4°C, 8°C, 12°C, and 16°C to study strobilation.
During the experiments, the polyps were separated
into four groups that were cultured at 4°C, 8°C, 12°C
and 16°C, respectively, and all of the incubators were
maintained in the dark. The polyps were fed newly
hatched A. nauplius every three days. The seawater in
the incubators was replaced with new, ﬁltered
seawater 1 hour after every feeding.
Each group contained polyps that were either
cultivated on 12-well culture plates (observation
polyps) or corrugated plates (sampling polyps).
Thirty-six healthy polyps were used for observation,
and approximately 3 000 polyps were sampled in
each group. The observation polyps were examined
every three days by the stereomicroscopy. The
experiments were initiated on October 3, 2015 and
continued for 60 days until December 2, 2015.
2.3 RNA Extraction and cDNA synthesis
Total RNA was extracted from random 10 animals
on corrugated plates with an established protocol
(Schroth et al., 2005). About 1μg RNA was then
reverse-transcribed into complementary DNA
(cDNA) using the PrimeScriptTM RT reagent Kit
(TaKaRa, Kusatsu, Japan) with a gDNA Eraser
according to the manufacturer’s instructions.
2.4 Quantiﬁcation of gene expression
To normalize the expression levels of the target
genes (RxR and CL390), the elongation factor 1 gene
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Fig.3 The strobilae ratio of Aurelia sp.1 polyps at diﬀerent
temperatures
Standard deviation is indicated by the error bar.

(EF1 gene) was used as a reference; the primers for the
RxR, CL390, and EF1 genes were previously described
(Fuchs et al., 2014). Quantitative real-time PCR
(qPCR) was subsequently applied to determine the
expression of the transcription of the target genes. The
20-μL qPCR mixture contained the following reagents:
10 μL of FastStart Universal SYBR Green Master
(Rox) (Roche Diagnostics, Mannheim, Germany),
0.6 μL of each primer (10 μmol/L each), 2 μL of bovine
serum albumin (BSA, 0.2 μg/μL), and 1.5 μL of
cDNA. After initial denaturation at 95°C for 5 min, the
cycling protocol included denaturation at 95°C for
15 s followed by annealing and extension at 58°C for
1 min. Forty PCR cycles were determined to be
suﬃcient to ensure quantiﬁcation within the
exponential phase of ampliﬁcation.

of the ﬁrst ephyra to the end of strobilation (strobilation
phase) (Berking et al., 2005; Wang et al., 2015a).
Among the four temperature groups, the ﬁrst
strobila were observed in the 20–16°C group on the
9th day, and the ﬁrst ephyrae were observed on the 15th
day. The ﬁrst strobila and ephyrae in the 20–12°C
group were observed on the 13th the 30th days,
respectively, and the ﬁrst strobila and ephyrae in the
20–8°C group were observed on the 22th and 50th
days. Finally, the ﬁrst strobila in the 20–4°C group
were observed on the 47th day and no ephyrae were
released during the experimental period (Fig.2). The
strobilation prophase and interphase periods were
signiﬁcantly shortened as the ﬁnal temperature
increased (P<0.01).

2.5 Statistical analysis

3.2 Strobilae ratio

One-way ANOVA was used to examine the eﬀects
of temperature on the strobilation period, the strobilae
ratio, the strobilae release ratio, the number of released
ephyra. Diﬀerences between each of the groups were
examined by pair-wise LSD (Least Signiﬁcant
Diﬀerence) multiple comparisons.

The strobilae ratio is based on the percentage of
strobilae among all polyps and is calculated as the
number of strobilae divided by the total number of
polyps in each group (Miyake et al., 2002; Ishii and
Katsukoshi, 2010).
The strobilae ratios in the 20–16°C, 20–12°C, 20–
8°C and 20–4°C groups were 69.44%, 100%, 67.99%
and 7.17% respectively. Overall, the strobilae ratio
increased with increasing ﬁnal temperature, but the
20–12°C group showed the highest ﬁnal strobilae ratio
(Fig.3). One-way ANOVA revealed that the ﬁnal
temperature signiﬁcantly inﬂuenced the strobilae ratio
(P<0.01), but the ratios in the 20–16°C and 20–8°C
groups were not signiﬁcantly diﬀerent (P>0.05, LSD
multiple comparison).
The increase in the strobilae ratio diﬀered
signiﬁcantly among the diﬀerent temperatures. In the

3 RESULT
3.1 Strobilation period
The entire strobilation period was divided into three
parts. The ﬁrst lasted from the start of the experiment
to the appearance of the ﬁrst strobila which was the
polyp with the ﬁrst constriction (strobilation prophase);
the second lasted from the appearance of the ﬁrst
strobila to the release of the ﬁrst ephyra (strobilation
interphase); and the third part lasted from the release
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Fig.4 The release ratio of Aurelia sp.1 strobilae at diﬀerent
temperatures
Standard deviation is indicated by the error bar.

20–16°C group, the strobilae ratio increased at a rate
of 0.039/d from the 9th day until the 15th day, while a
rate of 0.019/d was observed between the 15th and 33rd
days and 0.006/d after the 33rd day. For the 20–12°C
group, the strobilae ratio increased at a rate of 0.046/d
from the 12th day to the 18th day and 0.030/d between
the 18th and 36th days. A 0.008/d rate of increase was
observed after the 36th day. For the 20–8°C group, the
strobilae ratio increased at a rate of 0.023/d from the
21st to the 48th day, and at a rate of 0.006/d after the 48th
day. For the 20–4°C group, the strobilae ratio increased
by 0.005/d after the 47th day.
The times needed to reach the 25% strobilae ratio
and the 50% strobilae ratio were used to describe the
strobilation time at the population, but not the
individual level. The ﬁnal strobilae ratio of the 20–4°C
group was less than 25%, and the time to reach the
25% strobilae ratio was 36 days in 20–8°C group. In
the 20–12°C and 20–16°C groups, the time to reach
the 25% strobilae ratio was 18 and 15 days, respectively.
The time to 25% strobilae ratio decreased with an
increase in ﬁnal temperature. The time to reach the
50% strobilae ratio in the 20–8°C, 20–12°C and 20–
16°C groups was 43, 25, and 30 days, respectively,
suggesting that the least time was required to obtain a
50% strobilae ratio in the 20–12°C group.
3.3 Strobilae release ratio
Polyps with constrictions are called strobilae, and
they release ephyrae. The total number of strobilae
includes both the strobilae that release ephyrae and
the strobilae with constrictions that have not released
ephyrae. We deﬁned the strobilae release ratio as the
number of strobilae that release ephyrae divided by
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the total number of strobilae in the group.
The ﬁnal release ratios in the 20–16°C, 20–12°C,
and 20–8°C groups were 86.15%, 88.69%, 22.12%,
respectively (Fig.4); the ephyrae had not yet been
released from the 20–4°C group. The ﬁnal release
ratios in the 20–12°C and 20–16°C groups were not
signiﬁcantly diﬀerent (P>0.05, LSD multiple
comparison) nor were those between the 20–8°C and
20–4°C groups (P>0.05, LSD multiple comparison).
As the ﬁnal temperature increased, the ephyrae were
released earlier, and the ﬁnal release ratios in 20–12°C
and 20–16°C groups were similar and higher
compared with the other two groups.
For the 20–12°C group, the release ratio increased
at a rate of 0.042/d from the 27th to the 45th day, and
the release ratio in the 20–16°C group increased at a
rate of 0.036/d from the 12th day to the 33rd day. These
two groups exhibited similar release ratios at the end
of the study, but the increase in the release ratio of the
20–8°C group was slower than the rates in the above
two groups. No ephyrae were released from the 20–
4°C group.
3.4 Number of ephyrae
To compare the number of ephyrae released under
diﬀerent conditions, we deﬁned two parameters. First,
the number of ephyrae released per polyp (EPP) was
calculated using the following formula:
EPP=Number of ephyrae released/Total number of
polyps,
where the total number of polyps included those both
with and without constrictions.
Second, the number of ephyrae released per strobila
(EPS) was calculated using the following formula:
EPS=Number of ephyrae released/Total number of
strobilae,
where the number of all strobilae only included the
polyps that became strobilae.
No ephyrae were released from the 20–4°C group
in this study. The EPP was 1.08 in the 20–8°C group,
and the results of the multiple comparisons indicated
no signiﬁcant diﬀerence between the two EPPs
(P>0.05, LSD multiple comparison). In addition, the
EPPs in the 20–12°C and 20–16°C groups were 13.04
and 11.26, respectively (Fig.5), and the multiple
comparisons also showed no signiﬁcance diﬀerence
between the two EPPs (P>0.05, LSD multiple
comparison). The results showed that more ephyrae
(EPP) were released at relatively higher temperatures.
We found that the EPS was a more accurate
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(P>0.05, LSD multiple comparison). The EPS values
in the 20–12°C and 20–16°C groups were 12.78 and
16.37, respectively, and were not signiﬁcantly
diﬀerent according to the multiple comparisons
analysis (P>0.05, LSD multiple comparison). The
results showed that more ephyrae were released at
relatively higher ﬁnal temperatures.
3.5 CL390 gene expression

Number of ephyrae released per strobila (ind.)

Number of ephyrae released per polyp (ind.)

indicator of the eﬀects of temperature than the EPP,
because the number of ephyrae was only related to the
strobilae. The EPS values in the 20–4°C and 20–8°C
groups were 0 and 1.35, respectively (Fig.5) , and the
results of the multiple comparisons analyses showed
no signiﬁcant diﬀerences between the two EPSs
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The levels of CL390 gene expression varied with
temperature (Fig.6). The ﬁrst peaks of gene expression
appeared before 6 days, but the peaks appeared earlier
with an increase in ﬁnal temperature. The expression
of the CL390 gene was the lowest in the 20–4°C
group. With the exception of the 20–4°C group, the
highest up-regulation of the CL390 gene occurred
earlier with an increase in ﬁnal temperature.
3.6 RxR gene expression
The RxR gene expression levels were low (Fig.6),
and the variations among the four temperatures were
not signiﬁcant. However, similar polyp strobilation
trends were observed for the RxR and CL390 genes.

Group

Fig.5 The number of ephyrae released per polyp (EPP) and
the number of ephyrae released per strobila (EPS) at
diﬀerent temperatures
Standard deviation is indicated by the error bar.
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An increase and subsequent decrease in CL390
gene expression was observed in each treatment
group. Similar trends in polyp strobilation were
observed for the RxR gene, but the RxR gene
expression levels were low (Fig.6). Furthermore, the
level of CL390 gene expression changed more
signiﬁcantly than that of the RxR gene. The changes
in RxR gene expression and CL390 gene expression
almost happened at the same time.
3.7 The mean CL390 gene expression and the
strobilae ratio
There was a relationship between the strobilae
ratio and CL390 gene expression (Fig.6) as indicated
by the mean expression levels of the CL390 gene
calculated for the four phases (I: from day 0 to the
initiation of the strobilation interphase; II: the
strobilae ratio from 0 to 25%; III: the strobilae ratio
from 25% to 50%; IV: the strobilae ratio from 50% to
the ﬁnal strobilae ratio).
No signiﬁcant diﬀerence was found between the
mean expression levels of the CL390 gene in phase I
(P>0.05), but signiﬁcant diﬀerences were observed in
the mean expression levels of the CL390 gene in
phases II, III and IV (P<0.05).
The results for three groups (20–8°C, 20–12°C,
20–16°C) demonstrated that the mean CL390 gene
expression levels were gradually up-regulated in I, II,
and III phases but down-regulated in phase IV (Fig.6),
and the strobilae ratios gradually increased at diﬀerent
rates in the three groups. Comparing the mean CL390
gene expression levels with the rate of increase for the
strobilae ratios in the same phase revealed that
strobilation interphase was initiated earlier in phase I,
and the mean CL390 gene expression level increased
with increasing ﬁnal temperature. In phase II, the
mean level of CL390 gene expression in the 20–12°C
group was highest; the mean CL390 gene expression
level in the 20–16°C group was lower; and the mean
expression level in the 20–8°C group was the lowest.
In this phase, the rate of increase for the strobilation
ratios in the 20–12°C group were highest; the rates in
the 20–16°C group were lower; and the rates in the
20–8°C group were the lowest. In phase III, the mean
CL390 gene expression level was highest in the 20–
12°C group; the mean expression level in the 20–8°C
group was lower; and the mean expression level was
lowest in the 20–16°C group. In this phase, the rate of
increase for the strobilation ratio were highest in the
20–12°C group, lower in the 20–8°C group, and
lowest in the 20–16°C group. In phase IV, the mean
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expression of the CL390 gene was highest in the 20–
12°C, lower in the 20–8°C group, and lowest in the
20–16°C group. In this phase, the rate of increase for
the strobilation ratios were highest in the 20–12°C
group, lower in the 20–8°C group, and lowest in the
20–16°C group (Fig.6). Thus, in the polyp community,
the rate of increase for the strobilation ratio increases
with an increase in the mean CL390 gene expression
level, resulting in a higher strobilation ratio for the
entire community.
There was a correlation between the expression
levels of the CL390 gene and the rate of increase for
the strobilation ratio (R2>0.8, P>0.05), but there was
no signiﬁcant correlation between CL390 gene
expression and the release ratios. The results of the
present study revealed that the release ratio might
have a positive relationship with temperature.

4 DISCUSSION
Several studies have reported that temperature
signiﬁcantly aﬀects polyp strobilation, and in the
present study, the strobilation prophase and interphase
periods were shortened when the ﬁnal temperature
was increased, which is consistent with the results of
previous studies (Wang et al., 2015a; Shi et al., 2016).
Fuchs et al. (2014) conﬁrmed that the CL390 gene is
the “Timer” that determines polyp strobilation, so it is
a potentially powerful tool for the regulation of polyp
strobilation. The results of this study also indicated a
relationship between the CL390 gene and polyp
strobilation.
We focused on the time to the ﬁrst CL390 gene upregulation peak, the time to reach the strobilation
interphase, the time to reach the highest CL390 gene
up-regulation peak, and the time to reach the
strobilation phase.
The four time parameters were reached earlier with
increasing temperature (Fig.7); the ﬁrst CL390 gene
up-regulation peak reached the strobilation interphase
earlier and the strobilation interphase reached the
strobilation phase earlier with increasing temperature.
Generally, CL390 gene up-regulation initially peaked
before 6 days, and the strobilation interphase was
subsequently initiated. Next, the highest CL390 gene
up-regulation peak was observed upon the initiation
of the strobilation phase, but the temperature in the
20–16°C group was so high that the polyps progressed
to the strobilation phase prior to the highest level of
CL390 gene up-regulation. In contrast, the temperature
in the 20–4°C group was so cold that the polyps
exhibited the highest CL390 gene up-regulation

Time (d)

No.2
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Time to the first CL390 gene up-regulation peak
Time to reach the strobilation interphase
Time to the highest CL390 gene up-regulation peak
Time to reach the strobilation phase

60
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39
36
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0

Table 1 The number of ephyrae in previous studies
calculated using the method in the present study
Species
Aurelia
labiata

Aurelia sp.1

Aurelia sp.1
20–4°C

20–8°C
20–12°C
Temperature group

20–16°C

Fig.7 The relationships between diﬀerent time parameters
and temperature

before the initiation of the strobilation interphase.
In the present study, approximately 12°C was
shown to be the optimum temperature for strobilation,
which is consistent with the results of previous studies
(Kroiher et al., 2000; Purcell, 2007; Purcell et al.,
2012; Wang et al., 2012; Shi et al., 2016). The results
indicated that the strobilae ratio increased with
increasing ﬁnal temperature, and the ﬁnal strobilae
ratio was highest in the 20–12°C group.
There have been several studies concerning the
number of ephyra at diﬀerent temperatures (Purcell,
2007; Purcell et al., 2012; Wang et al., 2012, 2015a),
but the diﬀerent methods used to calculate the number
of ephyrae have generated diﬀerent results. In the
present study, the EPPs increased with an increase in
temperature from 8°C to 12°C, and subsequently
decreased with a further increase in temperature to
16°C. However, the EPSs increased when the ﬁnal
temperature increased from 8°C to 16°C. The EPP
results were diﬀerent from those obtained for EPS.
The EPP and EPS values in previous studies were
calculated using the method shown in Table 1 for
comparison purposes.
A comparison of the EPPs and EPSs calculated by
Purcell (2007) and those in the present study showed
that the highest number of ephyrae occurred within the
same temperature range (10–16°C). The number of
ephyrae detected in the Purcell study was higher than
that in the present study, and this diﬀerence might
reﬂect species-speciﬁc diﬀerences. Higher EPP values
were observed in this study compared to those in Wang
et al. (2015a), and this diﬀerence may reﬂect diﬀerences
in the prey concentrations in the two studies.
Both EPP and EPS represent the number of ephyrae
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Temperature (°C)

EPP

EPS

7

0.00

0.00

10

27.75

31.71

15

23.17

27.8

10

5.22

-

13

4.78

-

15

2.74

-

8

1.08

1.35

12

13.04

12.78

16

11.25

16.37

Source

Purcell, 2007

Wang et al., 2015a

This study

released, and more ephyrae are released at higher
ﬁnal temperatures.
In 2014, Fuchs observed that the Aurelia
transcriptome encoded a bona ﬁde homolog of the
bilaterian RxR, which is a member of the retinoic acid
signaling cascade involved in strobilation. Furthermore,
RxR controls the expression of the CL390 gene, a
strobilation inducer (Fuchs et al., 2014). Thus, we
speculated that changes in RxR gene expression might
have a more rapid eﬀect than changes in CL390 gene
expression. But in our experiment, the changes in RxR
gene expression and CL390 gene expression almost
happened at the same time. The relationship of the two
genes still needs a further study.

5 CONCLUSION
Decreasing the temperature from 20°C to 16°C,
12°C, 8°C, and 4°C was found to induce polyp
strobilation, and the strobilation prophase and
interphase periods were shortened as the ﬁnal
temperature increased. The rate of increase for the
strobilae ratio increased with increasing CL390 gene
transcription levels. The optimal temperature for
polyp strobilation was 12°C, and the optimal
temperatures for the release of Aurelia sp.1 ephyrae
were 12°C and 16°C.
The CL390 gene plays an important role in polyp
strobilation. Similar trends in polyp strobilation were
observed for the CL390 and RxR genes, but the
CL390 gene expression levels changed stronger
compared with those of the RxR gene.
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