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Accurate species identification is critical for highly venomous jellyfish studies
particularly for evaluation of their distribution as it is important not only for
understanding population dynamics but also predicting risk to locals and
tourists. Hazardous jellyfish species have been determined using methods
such as comparative morphology and chemistry, which are less useful and
practical in some cases. A few molecular methods have been developed in
aiding hazardous jellyfish species identification. However, no studies have
focused on designing and developing high resolution melting (HRM) assays
to distinguish jellyfish species from each other. This is despite several studies
showing the potential of HRM in effectively distinguishing plants and animals. In
this study, we developed an HRM method to differentiate jellyfish species in five
box jellyfish families (Carukiidae, Chirodropidae, Chiropsalmidae,
Chiropsellidae, and Tripedaliidae) and Physaliidae found in Thai waters. All
jellyfish samples (10 species) were able to be distinguished by the HRM with 16S
rRNA primers. Even closely related species in the same genus could be clearly
discriminated by their melting profiles. The melting curves of the 10 species
were then used as references. By comparing the normalized melting curves of
twenty-two jellyfish specimens with the reference curves, the tested
specimens were assigned into species. In addition, HRM results of all jellyfish
specimens tested in this study were similar to those of morphological based
identification by experts. This is the first attempt of using HRM analysis to
determine species of jellyfish collected from Thai waters.
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1 Introduction

There are almost 200 known species of jellyfish worldwide.
Most Cnidarian envenomations result in mild signs and
symptoms but envenomation by some species can be life-
threatening. The possibility of encountering of the deadliest
jellyfish is sometime difficult to avoid as some of them are
translucent and very small. Some of the most dangerous are box
jellyfish, named for their cuboidal or box-like bell shape. Box
jellyfish are grouped into two orders, the Carybdeida and
Chirodropida, based largely on their morphology. As of 2022,
at least 61 species of box jellyfish were described (WoRMS;
Collins and Jarms, 2022). Depending on species, some are as
small as a thumbnail whilst some can reach 20 cm wide along
each box side and have tentacles up to 3 m in length. Most types
that are lethal to humans live in the Indo-Pacific region and
northern Australia. While most documented lethal stings occur
in these regions, abundances of medically relevant cubozoans
including chirodropids along the African and South American
coastlines are not well documented but appears to be very high
in certain locations. Jellyfish species are usually localized within a
restricted geographical area or habitat, although some of them
were found distribute worldwide (Kingsford and Mooney, 2014).
Nevertheless, taxonomic issues in some of carybdeids should not
be overlooked. For example, Carybdea marsupialis found in
tropical and subtropical regions and in the South African seas
were later confirmed by genetic and morphological studies as C.
xaymacana and C. branchi, respectively. Thus, this led to the
suggestion that the C. marsupialis could have a restricted
distribution only in the Mediterranean Sea as it is the only box
jellyfish that has been reported there (Boero and Minelli, 1986;
Bettoso, 2002; Acevedo et al., 2019). Several box jellyfish species
have been documented in Thailand. Both qualitative and
quantitative data on the spatial and temporal distribution of
box jellyfish in Thai oceans mainly from survey attempts of
Department of Marine and Coastal Resources (DMCR). There
are five families of box jellyfish and other two venomous jellyfish
found in Andaman Sea and Gulf of Thailand (Table 1).

Accurate species identification is critical for venomous
jellyfish studies particularly in the evaluation of their
distribution. Knowledge of their distribution or presence is
important not only for understanding population dynamics
but also for predicting risk to locals and tourists. Hazardous
jellyfish species have been determined using methods such as
comparative morphology and chemistry, which are not useful in
cases. Recently, species-specific polymerase chain reaction was
developed to aid species identification of a particular group of
box jellyfish (Chironex) in Thailand.

Recent literature reports applying high resolution melting
(HRM) in species identification or authentication. These studies
showed the potential of HRM effectively distinguish plants (e.g.,
Osathanunkul et al., 2015; Osathanunkul et al., 2016; Song et al.,
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2016) animals (e.g., Everman and Wang, 2019; Baudrin et al,
2020; Chen et al., 2021), and bacteria (e.g., Miller et al., 2015;
Pakbin et al, 2022). HRM analysis characterizes nucleic acid
samples based on their disassociation behavior and detects
sequence differences in PCR-amplified sequences. Samples are
discriminated based on their composition, length, and guanine-
cytosine (GC) content (Wittwer et al,, 2003). An obvious
advantage of HRM is that the analysis is performed
immediately after the amplification. Thus, post-PCR
procedures such as DNA sequencing (which it is not a cost-
effective method for developing countries) were not required.
However, no studies have focused on designing and developing
HRM assays to distinguish jellyfish species from each other. In
this study, we developed an HRM method to differentiate
jellyfish species in five box jellyfish families (Carukiidae,
Chirodropidae, Chiropsalmidae, Chiropsellidae, and
Tripedaliidae) and Physaliidae found in Thai waters.

2 Materials and methods
2.1 DNA sequences

Sequences of 16S rRNA gene used for further analyses
(nucleotide variation and content and simulation HRM) were
retrieved from a public database, GenBank (https://www.ncbi.
nlm.nih.gov/genbank/). Details of the sequences are shown
in Table 2.

2.2 DNA samples

DNA samples of jellyfish used for this study were taken from
Sathirapongsasuti et al. (2021), listed in Table 3.

2.3 High resolution melting (HRM)
analysis

2.3.1 Simulation HRM

All 16S rRNA sequences retrieved from GenBank were
trimmed to have the same length, 235 base pairs (bp). The
trimmed fragments were then uploaded into an uMELT Quartz
online tool version 3.6.2 (https://www.dna-utah.org/umelt/
quartz/um.php).

2.3.2 In vitro HRM

HRM analysis was carried out according to previous studies
(Osathanunkul et al., 2015). The DNA was amplified using the
Rotor-Gene Q 5plex HRM system (Qiagen, Hilden, Germany).
The reaction mixture consisted of a total volume of 20 pL,
containing 4 pL of Evagreen HRM Master Mix, 0.5 pL of 10 mM
forward primer, 0.5 puL of 10 mM reverse primer, 2 uL of 15 ng/
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TABLE 1 List of venomous jellyfish found in Andaman Sea and Gulf of Thailand (data from Department of Marine and Coastal Resources).

Class Order

Cubozoa Carybdeida

Chirodropida

Scyphozoa Rhizostomeae

Semaeostomeae

Coronatae

Hydrozoa Leptothecata

Siphonophorae
Anthoathecata

Family

Alatinidae
Carukiidae

Tripedaliidae

Chirodropidae

Chiropsalmidae
Chiropsellidae
Cassiopeidae

Catostylidae

Cepheidae

Lobonemidae
Lychnorhizidae
Mastigiidae

Rhizostomatidae
Leptobrachidae
Versurigidae
Cyaneidae
Pelagiidae

Ulmaridae
Nausithoidae

Aequoreidae

Physaliidae
Porpitidae

Species

Alatina madraspatana
Morbakka sp. A
Morbakka sp. B
Morbakka sp. C

Copula sivickisi
Tripedalia cystophora
Tripedalia binata
Chironex sp. A
Chironex sp. C
Chironex indrasaksajiae
Chiropsoides buitendijki
Meteorona sp.
Cassiopea cf. ornata
Acromitus flagellatus
Catostylus townsendi
Crambione sp.
Netrostoma setouchiamum
Lobonema smithii
Lobonemoides robustus
Anomalorhiza cf. shawl
Lychnorhiza malayensis
Phyllorhiza pacifica
Phyllorhiza punctata
Rhopilema hispidum
Thysanostoma loriferum
Versuriga anadyomene
Cyanea buitendijki
Chrysaora chinensis
Pelagia sp.

Aurelia sp.

Nausithoe punctata
Aequorea sp.
Zygocanna sp.

Physalia sp.

Porpita porpita

Velella velella

Andaman Sea

Gulf of Thailand

- - —

- - -

~

- - - - -

- - - - - - -

TABLE 2 Details of the 16S rRNA sequences used in this study.

Species

Accession number

Sequence length (bp)

Chiropsoides buitendijki
Chironex fleckeri
Chironex indrasaksajiae
Copula sivickisi
Morbakka virulenta
Physalia utriculus

Physalia physalis

Frontiers in Marine Science

KY980651
GQ849103
KX090147
GQ849113
GQ849121
AY512511
AY935284

03

434
608
418
583
606
539
596
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TABLE 3 Jellyfish samples included in the analyses.

10.3389/fmars.2022.1019473

Species Location Number of ID Used as reference in
samples HRM
Chironex Koh Phangun, Suratthani province 6 TBJ217, TBJ219, TBJ220, TBJ223, TBJ330
indrasaksajiae TBJ330
Koh Samui, Suratthani province 2 TBJ95, TBJ96
Chironex sp. A Sikao district, Trang province 2 TBJ196, TBJ314 TBJ314
Koh Lanta, Krabi province TBJ50
Chironex sp. C Koh Mak, Trat province 4 TBJ116, TBJ135, TBJ136, TBJ139 TBJ139
Chiropsoides Thepa district, Songkhla province TBJ462 TBJ462
buitendijki
Copula sivickisi Koh Mak, Trat province 2 TBJ256 TBJ258
Meteorona sp. Thamai district, Chanthaburi province 5 TBJ190, TBJ191, TBJ192, TBJ193, TBJ194
TBJ194
Morbakka sp.A Sathing Phra district, Songkhla province TBJ118 TBJ197
Mueang Chonburi district, Chonburi TBJ197
province
Morbakka sp.B Sathing Phra district, Songkhla province TBJ130 TBJ130
Muang district, Songkhla province 2 TBJ129, TBJ131
Morbakka sp.C Ranot district, Songkhla province TBJ183 TBJ53
Thungwa district, Satun province TBJ53
Physalia utriculus Koh Samui, Suratthani province TBJ471 TBJ471
Physalia sp. Mueang Phuket district, Phuket province PMBC30438

uL DNA, and 13 pL of ddH,O. Thermal cycling conditions were
as follows: an initial denaturing step at 95°C for 5 min, followed
by 40 cycles of 95°C for 30 s, 57°C for 30 s and 72°C for 20 s.
Sequences of 16S rRNA primer pair used in this experiment are
5’- CGA GAA GAC CCT ATG GAG CTT -3’for forward primer
and 5- AAT GGA TTG CGC TGT TAT CCC -3’ for reverse
primer. Melting curves were generated after the last extension
step at a temperature range of 65 to 95°C, rising by 0.1°C every
2s. The fluorescence acquisition setting was followed as
recommended by the manufacturer. The melting profiles were
normalized by adjusting before and after the major fluorescence
decrease, respectively. The melting data of the samples were
recorded and analyzed using Rotor-gene Q series software
v.2.3.1. To examine the reliability of the method (consistency
of melting curve of each sample), the HRM tests were conducted
three times with three replicates of each sample, using the same
conditions, reagent, and DNA templates. To identify species of
the 22 tested samples, normalized melting plot of reference
samples including Chironex sp. A (Chironex sp. C, Chironex
indrasaksajiae, Chiropsoides buitendijki, Copula sivickisi,
Meteorona sp., Morbakka sp. A, Morbakka sp. B, Morbakka
sp. C, and Physalia utriculus were generated and then used to
compare with the curves of tested samples. A percentage of
confidence interval (CI) of = 90% was used to determine whether
the melting plot of sample was showing similarity with the
reference’s curve. HRM analyses were carried out in triplicates.
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3 Results
3.1 Nucleotide analysis

DNA sequences of 16S rRNA gene obtained from GenBank
were aligned and calculated for nucleotide variations and
nucleotide content, results shown in Table 4. The final
alignment of jellyfish 16S sequences contained 235 sites; of the
175 variable characters, 112 were parsimony informative.
Nucleotide variation found among all seven tested jellyfish
species was as high as 74.5%. Whereas variation sites of
analyzed fragments of the two Chironex species was 47.2% and
of the two Physalia species was 6.8%. GC content of all analyzed
DNA sequences ranges from 30.1% - 41.3%.

3.2 Simulation HRM (UMELT Quartz)

Prior performing in vitro HRM, uMELT Quartz was used to
predict the normalized melting plot of each tested jellyfish
species. The 16S rRNA DNA fragments of all studied species
were uploaded into the program and a result showing in
Figure 1. Overall, melting curves can be used to distinguish
the seven tested species. Although, melting curves of the two
Physalia were found to be nearly identical (at temperature >83°
C), the melting curves of them were clearly separated at
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TABLE 4 showing nucleotide variations and content of seven venomous jellyfish species.

Variable site (%)

Species

All among Chironex species

Chiropsoides buitendijki 175/235 (74.5)

Chironex fleckeri 111/235 (47.2)
Chironex indrasaksajiae

Copula sivickisi

Morbakka virulenta

Physalia utriculus

Physalia physalis

Nucleotide composition (%)

among Physalia species A T C G
353 27.6 145 22.6
311 27.6 173 24.0
36.8 25.0 18.0 20.2
32.6 29.0 17.6 20.8
33.0 28.6 159 225
16/235 (6.8) 374 324 137 16.4
35.6 333 142 16.9

temperature around 75-83°C. Therefore, the 16S rRNA region
showed a great potential in differentiating the tested
jellyfish species.

3.3 In vitro HRM

In vitro HRM was then carried out, first to test a reliability of
the technique. Each sample was used in the analysis in triplicate
expecting that each replicate would generate the same melting
curve. The HRM profiles of each sample were shown in
Figures 2A-D. Whilst, all three replicates of each sample
produced similar melting curves, each species has distinctive
melting curve. Thus, the ten tested jellyfish species in six families
could be distinguished using the HRM. Melting curves of all
tested species in genus Chironex, Chiropsoides, Copula,
Meteorona, Morbakka, and Physalia were clearly separated.
Although melting curves’ shape of Chironex sp. A, Chironex
sp. C, and Chironex indrasaksajiae were found to be overlap at

Helicity (%)

85

60 65 70 75 80 95 100

Temperature (°C)

FIGURE 1
HRM profiles of seven jellyfish species analyzed with the uMELT
Quiartz. The curves showing in normalized melting plot.
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temperature around 83-85°C, the curves at 80-83°C were totally
different (Figure 3).

All available samples were then analyzed to determine their
species (Chironex samples; n=12, Copula sample; n=1,
Meteorona samples; n=4, Morbakka samples; n=4, and
Physalia sample; n=1), results shown in Figures 4A-E and
Table 5. Based on the generating melting curves, from 12
Chironex samples, two were found to be Chironex sp. A, three
were Chironex sp. C, and seven were Chironex indrasaksajiae
(Figure 4A). The melting curve of one Morbakka sample was
found to be similar to the Morbakka sp. A, two of them were
comparable to the Morbakka sp. B, and the remaining sharing a
same melting curve with the Morbakka sp. C (Figure 4B). The
Copula sample’s melting curve was identical to the curve of
Copula sivickisi (Figure 4C). All four Meteorona samples
produced the same melting curves as the Meteorona sp.
(Figure 4D). In addition, the only Physalia sample tested here
was confirmed to have a different melting curve from the
Physalia utriculus (Figure 4E).

4 Discussion

Any identification at the species level using morphological
characteristics for certain jellyfish species alone can be
challenging. Two Cyanea species (C. capillata and C.
lamarckii) can be differentiated mainly when they are in adult
stage by (1) counting their tentacles and muscle folds on the
umbrella underside or (2) comparing the structure of the
medusa bell surface (Russell, 1970). However, the number of
tentacles or muscle folds can be difficult to count and time
consuming, so it is a potentially inaccurate method of species
identification. In addition, muscle folds are only present in adult
medusae (Holst, 2012), particularly in individual with medusae
as large as ~30 mm in diameter for C. capillata (Russell, 1970).
Therefore, it is hard to identify these jellyfish when they are in
stages other than medusa phase. Also, Bentlage et al., 2010
claimed that Carybdea marsupialis could have been
misidentified. Specimens of C. marsupialis included in several
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Normalized Fluorescence

=]

Normalized Fluorescence

Chiropsoides buitendijki

Physalia utriculus

Meteorona sp. — Copula sivickisi

Normalized melting curves of tested jellyfish species. (A) all ten species, (B) Chironex species, (C) Morbakka species, and (D) Chiropsoides,

Copula, Meteorona, and Physalia species.

works (e.g., Collins, 2002; Stangl et al., 2002; Fischer and
Hofmann, 2004; Straehler-Pohl and Jarms, 2005; Collins et al.,
2006) are derived from a polyp culture originally collected from
Puerto Rico. Bentlage et al., 2010 stated that polyp stock of C.
marsupialis should be a close relative species, Alatina spp. which
is commonly found in Puerto Rico. Thus, identification of polyps

is also necessary. Moreover, taxonomic uncertainties and
misidentification may impede venom studies. Some box
jellyfish are extremely venomous, and envenoming can cause
death within minutes after severe exposure, so that rapid and
accurate species identification would allow a right choice of
treatments and precise risk management. Morphological species

100

920

80.
70
60
50

Chironex sp. A
40

Normalized Fluorescence

30

20

80 81

FIGURE 3

oC 82 83

Normalized melting curves of three chironex species showing at temperatures 80-83°C.
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Normalized Fluorescence
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FIGURE 4

HRM profiles of 22 analyzed jellyfish samples (gray color) with the 16S rRNA primers. HRM curves showing in normalized melting plot.
(A) Chironex samples (n=12), (B) Copula sample (n=1), (C) Meteorona samples (n=4), (D) Morbakka samples (n=4), (E) Physalia sample (n=1).

identification from adhered tentacle to the skin (wound) seems
to be impossible therefore alternative identification approach
such as a molecular-based method is needed.

There are 36 species in 22 families of jellyfish found in Thai
waters (Andaman Sea and Gulf of Thailand) as stated in Table 1
(with 12 venomous species). However, not all species have DNA
sequences deposited in the public database (GenBank).
Commonly used DNA region for species identification in
animals was cytochrome oxidase I gene (COI), however it is
not a prominent marker for jellyfish. Instead, 16S rRNA showed
a great potential for jellyfish identification so that previous
studies aimed to use the gene (Sathirapongsasuti et al., 2021).
Apart from COI and 16S rRNA, 18S and 28S rRNA are other
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DNA regions used for jellyfish studies (Bentlage et al., 2010).
Lack of available DNA sequences can hamper development of
molecular species identification method. However, the HRM
developed here is a sequencing free method so even when there
were no sequences the method works by predicting and
analyzing sequences of closely related species and project the
success of the method.

To evaluate success potential of HRM analysis in
discriminating the tested and closely related jellyfish species,
available DNA sequences in the GenBank were retrieved and
used in analyses. Amplified fragment length, nucleotide
variation and GC content are important and keys to success of
HRM analysis. Basically, the amplicons should be shorter than
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TABLE 5 Species determination via HRM.

10.3389/fmars.2022.1019473

HRM assignment

No. ID Experts %Confidence Interval
Species Reference sample

1 TBJ50 Chironex sp. A Chironex sp. A TBJ314 98.72
2 TBJ196 Chironex sp. A Chironex sp. A TBJ314 93.27
3 TBJ116 Chironex sp. C Chironex sp. C TBJ139 95.37
4 TBJ135 Chironex sp. C Chironex sp. C TBJ139 94.25
5 TBJ136 Chironex sp. C Chironex sp. C TBJ139 95.11
6 TBJ95 Chironex indrasaksajiae Chironex indrasaksajiae TBJ330 98.03
7 TBJ209 Chironex indrasaksajiae Chironex indrasaksajiae TBJ330 91.26
8 TBJ210 Chironex indrasaksajiae Chironex indrasaksajiae TBJ330 94.98
9 TBJ214 Chironex indrasaksajiae Chironex indrasaksajiae TBJ330 93.61
10 TBJ217 Chironex indrasaksajiae Chironex indrasaksajiae TBJ330 97.53
11 TBJ218 Chironex indrasaksajiae Chironex indrasaksajiae TBJ330 94.98
12 TBJ219 Chironex indrasaksajiae Chironex indrasaksajiae TBJ330 90.64
13 TBJ256 Copula sivickisi Copula sivickisi TBJ258 94.38
14 TBJ190 Meteorona sp. Meteorona sp. TBJ194 96.12
15 TBJ191 Meteorona sp. Meteorona sp. TBJ194 98.34
16 TBJ192 Meteorona sp. Meteorona sp. TBJ194 95.76
17 TBJ193 Meteorona sp. Meteorona sp. TBJ194 96.63
18 TBJ118 Morbakka sp.A Morbakka sp.A TBJ197 92.70
19 TBJ129 Morbakka sp.B Morbakka sp.B TBJ130 95.24
20 TBJ131 Morbakka sp.B Morbakka sp.B TBJ130 93.92
21 TBJ183 Morbakka sp.C Morbakka sp.C TBJ53 97.06
22 PMBC30438 Physalia sp. - - -

300 bp (235 bp in this study) as longer fragment tends to
produce less difference in melting curve between samples as a
result from small nucleotide variation (Rezaei et al., 2017).
Sequence variations among the tested and closely related
species was as high as 74.5% which was a good indicator for a
success in HRM analysis. Although, the nucleotide variations in
Physalia species were found to be as low as 6.8%, a simulation
HRM still could be used to differentiate between the two Physalia
species. As not only the variation of the sequences could
influence DNA duplex stability but also nucleotide
composition. The nearest-neighbor (NN) model showing that
the stability of DNA depends on type and orientation of
neighboring base pairs (Turner and Mathews, 2010). Thus, the
NN effect has been considered in DNA melting analysis works
and also simulation HRM tools used to predict melting curves
for DNA duplexes of interest including the uMELT Quartz
(Dwight et al., 2011).

Several HRM studies have shown that the prediction
program was good enough to indicate whether the in vitro
HRM of the interested samples will be successful
(Osathanunkul et al.,, 2015; Osathanunkul et al., 2016;
Osathanunkul and Madesis, 2021). This was also the same
here as the uMELT Quartz showed that melting curves of all
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tested and closely related jellyfish species were not identical and
clearly separated. The results of the in vitro HRM were
comparable to that from the prediction. The HRM was proved
to be a quick and reliable species identification/discrimination in
other animal groups such as vertebrate (Ouso et al., 2020),
invertebrate (Baudrin et al., 2020), and fish (Chen et al.,, 2021).
However, this is the first attempt of using HRM analysis to
determine the species jellyfish samples collected from Thai
waters. Samples used for HRM can be just a small tissue and
the method is sequencing free. Therefore, the HRM was found to
be useful when morphological based identification is difficult as
well as when there were no available sequences of the interested
species for DNA identification.

5 Conclusion

This study describes, for the first time, a rapid and accurate
method to differentiate jellyfish species in five box jellyfish
families (Carukiidae, Chirodropidae, Chiropsalmidae,
Chiropsellidae, and Tripedaliidae) and Physaliidae found in
Thai waters, by HRM. The developed method was useful to
identify jellyfish samples without sequencing.
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