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ABSTRACT
The rise in coastal populations and marine activities has intensified challenges posed by hazardous Irukandji jellyfishes, whose 
stings can cause severe symptoms and sometimes death. Despite their significant impact on health services and marine-related 
industries, Irukandji jellyfishes remain poorly understood due to the challenges of studying them and the limitations of tradi-
tional sampling methods. Genetic methods and environmental DNA (eDNA) offer promising solutions. This study developed 
and validated a sensitive and specific quantitative PCR assay to detect and monitor Malo bella, an Irukandji jellyfish threatening 
tourism in Western Australia. M. bella-specific primers and a TaqMan Minor Groove Binding (MGB) probe were designed. The 
assay demonstrated high specificity, not amplifying non-target species, and sensitivity, with 95.6% efficiency, a slope of −3.43, 
and an R2 value of 0.98. The assay's 95% limit of detection (LoD) was 0.80 eDNA copies/reaction, and the modeled limit of quanti-
fication (LoQ) was 13 eDNA copies/reaction. Validation through in silico and in vitro tests confirmed successful detection of M. 
bella eDNA in all water samples from aquaria and around medusae in the ocean. Sanger sequencing verified the amplification of 
the target M. bella sequence. This assay improves the ability to study M. bella, addressing critical knowledge gaps on the species' 
ecology. These include assessing the spatial and temporal distributions of this species and potential detection of early benthic life 
stages to identify source populations. Such studies will improve management of envenomation risks in tourism hotspots. Future 
research should explore integrating passive or automated samplers and developing real-time detection assays to further enhance 
monitoring capabilities and mitigate risks posed by hazardous marine species.

1   |   Introduction

The surge in coastal population growth and marine activ-
ities in the tropics and subtropics has exacerbated chal-
lenges associated with hazardous jellyfishes (Kingsford 
et  al.  2017; Purcell  2012), with the ‘Irukandji jellyfishes’ 
emerging as a significant concern (Tibballs et  al.  2012). 

These jellyfishes constitute at least 13 carybdeid species that 
can cause Irukandji syndrome (Gershwin  2014; Gershwin 
et al. 2013), which is characterized by symptoms such as back 
pain, muscle cramps, laboured breathing, a sense of impend-
ing doom, and in rare cases, death (Fenner and Hadok 2002; 
Flecker  1952). Irukandji jellyfishes and other ‘marine sting-
ers’ strain emergency and health services (Crowley-Cyr 2020; 
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Macrokanis et  al.  2004), threaten fisheries and aquaculture 
(Gershwin et al. 2013; Purcell et al. 2007), and pose a signif-
icant risk to marine tourism (Crowley-Cyr  2020; Gershwin 
et  al.  2010). Although Irukandji jellyfishes are circumtropi-
cal (Gershwin et al. 2013), climate change may facilitate their 
poleward expansion, impacting previously unaffected com-
munities (Madin et al. 2012).

The Ningaloo Coast World Heritage Area, in Western Australia, 
attracts tens of thousands of tourists annually to swim with 
whale sharks, humpback whales, and manta rays (Department 
of Biodiversity Conservation and Attractions  2023). However, 
Irukandji jellyfish envenomations cause dozens of hospital-
isations in the region each year (Gershwin and Hannay  2014; 
Keesing et al. 2020; Perera 2017). Two main Irukandji species 
occur along the Ningaloo Coast; Malo bella (Gershwin  2014) 
and Keesingia gigas (Gershwin 2014). Anecdotally, the smaller 
M. bella (bell height ≈ 25 mm) generally appears between 
March and July in the open ocean, while the larger K. gigas 
(bell height > 40 cm) occurs sporadically, with individuals oc-
casionally becoming stranded ashore (Gershwin 2014; Keesing 
et al. 2020). A more comprehensive understanding of these jel-
lyfishes' spatial and temporal distributions, particularly M. bella 
which occurs semi-regularly for 4–6 months per year, is needed 
for government agencies and tourism operators to develop man-
agement strategies to minimize the risks they pose.

Determining the presence and distribution of Irukandji jel-
lyfishes is challenging due to the morphological similarity 
between many species, their patchy distributions, small size, 
transparency, frangibility, and dangerous stings (Bentlage 
et  al.  2010; Kingsford and Mooney  2014; Rowley  2021). 
Environmental DNA (eDNA) provides an approach to ac-
curately identify and study elusive and patchily distributed 
taxa. eDNA assays can complement traditional survey meth-
ods, like nets, lights, and cameras, and enable Irukandji to 
be identified over multiple spatial and temporal scales, often 
with less effort (Lewis Ames et  al.  2021; Rees et  al.  2014; 
Thomsen and Willerslev 2015). Several studies have developed 
species-specific eDNA assays to detect jellyfishes (e.g., Gaynor 
et  al.  2017; Minamoto et  al.  2017; Wang et  al.  2021), includ-
ing some cubozoans (e.g., Azama et al. 2023; Bolte et al. 2021; 
Morrissey et al. 2022). These assays have been used to inves-
tigate ecological hypotheses and to address jellyfish manage-
ment issues (e.g., Peng et al. 2023; Takasu et al. 2019).

TaqMan quantitative PCR (qPCR) assays, employing species-
specific primers and a fluorophore probe, constitute a highly 
sensitive tool for detecting and quantifying the eDNA of a spe-
cies (Klymus et  al.  2020; Kutyavin et  al.  2000). This method 
provides a powerful and precise genetic approach for detecting 
rare or sporadically distributed species (e.g., Gargan et al. 2022; 
Harper et al. 2018, but see McCarthy et al. 2023) and can detect 
just a single fragment of the target species' eDNA in a water sam-
ple (Wilcox et al. 2013). Accurate ecological analyses via eDNA 
sampling demand the careful development and validation of 
PCR assays and workflows (De Brauwer et al. 2022; Thalinger 
et al. 2021). qPCR assays must be specific to avoid amplifying 
non-target species' DNA, efficient, and sufficiently sensitive 
to detect very low eDNA copy numbers of a target species (De 
Brauwer et al. 2022; Klymus et al. 2019, 2020).

The objective of this study was to develop and validate a sen-
sitive species-specific eDNA assay and workflow to detect the 
Irukandji jellyfish, M. bella from filtered seawater samples. This 
was undertaken through (1) developing and optimizing a M. 
bella-specific probe-based qPCR assay and eDNA workflow and 
(2) testing and validating the assay and workflow in the labora-
tory and the field.

2   |   Materials and Methods

2.1   |   Assay Design

2.1.1   |   Generation of Sequence Database

The mitochondrial 16S ribosomal RNA gene (16S rRNA) was 
chosen for assay design because it is highly conserved within 
the species, varies among species, and reference sequences for 
closely related taxa are available. Sequences from sympatric and 
closely related allopatric species (non-target species) (Table S1) 
were downloaded from the National Centre for Biotechnology 
Information (NCBI) database (Sayers et al. 2022), and collated 
in Geneious Prime 2022.2 (www.​genei​ous.​com). No sequences 
were available for M. bella or closely related species in the 
Ningaloo region, so cubozoan jellyfish were collected from 
Ningaloo Marine Park and nearby waters, identified morpholog-
ically, and preserved in ethanol (M. bella, n = 9; K. gigas, n = 2; 
Carybdea cf. xaymacana, n = 2). Additional specimens were ob-
tained from scientific collections (Reef and Ocean Laboratory 
Collection, James Cook University, Townsville, Australia).

Genomic DNA (gDNA) was extracted from a small segment 
(~200 mg) of tentacle from each specimen using a Qiagen 
DNeasy Blood and Tissue kit (Qiagen Pty Ltd), following man-
ufacturer protocols, except with overnight tissue lysis. A 584 bp 
length of the 16S rRNA gene was amplified via end-point PCR 
using jellyfish primers 16SL (Ender and Schierwater 2003) and 
Aa_H16S_15141H (Bayha and Dawson 2010), as used by Bolte 
et  al.  (2021), with the SimpliAmp Thermal Cycler (Applied 
Biosystems) (initial denaturation step of 95°C for 3 min, fol-
lowed by 38 cycles of 94°C for 30 s, 59°C for 1 min, and 72°C for 
75 s, with a final extension at 72°C for 10 min). Each 25 μL reac-
tion contained 1 μL gDNA template (approximately 25–225 ng), 
2.5 μL 10× PCR buffer (−Mg), 0.5 μL [10 mM] dNTP mix, 1.5 μL 
[50 mM] MgCl2, 0.1 μL [5 U/μL] Taq DNA polymerase, 0.63 μL 
[10 μM] forward and reverse primers, and UltraPure DNase/
Rnase-free distilled water (all ThermoFisher Scientific Inc.).

After visualization by gel electrophoresis on an agarose gel, 
the PCR product was sent to the Australian Genome Research 
Facility (AGRF; Brisbane, Australia) for bidirectional Sanger se-
quencing. Forward and reverse sequences were imported into 
Geneious Prime 2022.2 (www.​genei​ous.​com), trimmed to re-
move low-quality bases, pairwise aligned (Geneious alignment), 
and searched using NCBI's Nucleotide Blast search (Altschul 
et al. 1990) to review taxonomical identification. New sequences 
were submitted to NCBI GenBank (Sayers et al. 2022) (Table S1).

All 16S rRNA sequences for target and non-target species were 
compiled in Geneious Prime 2022.2 (www.​genei​ous.​com). A 
M. bella consensus sequence was generated after aligning all 
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sequences (n = 9) with the multiple alignment tool (Geneious 
alignment) (Table S1). The 16S rRNA sequences for non-target 
species (n = 273) were reviewed, and identical or similar se-
quences were removed. The resulting non-target sequences 
(n = 58) (Table S1) were compiled for primer and probe design. 
Finally, the target and non-target sequences (using the con-
sensus sequences where applicable) were multiple-aligned 
(MUSCLE alignment with 10 iterations) to create an all-
sequence alignment. A phylogenetic tree was also generated 
based on 16S rRNA jellyfish sequences obtained from NCBI or 
generated as part of this study (Figure  S1). The ModelFinder 
analysis (Kalyaanamoorthy et al. 2017) and ultrafast bootstrap-
ping (1000 replicates) (Hoang et al. 2017) were used in IQ Tree 
1.6.12 (Minh et al. 2020) (1). The tree was maximum likelihood 
generated using the GTR+F substitution models with sequence 
regions of 255–710 bp.

2.1.2   |   Primer and Probe Design

Candidate M. bella primers and TaqMan Minor Groove Binding 
(MGB) probes were designed using Geneious Prime 2022.2 
(www.​genei​ous.​com) and AlleleID 7.0 (Premier Biosoft, USA). 
Inspection of the all-sequence alignment identified potential 
primer and probe regions, ensuring interspecific variation while 
avoiding intraspecific SNPs. Primers and probes were generated 
from the M. bella consensus sequence using the design new prim-
ers tool in Geneious Prime 2022.2 (www.​genei​ous.​com), with 
specificity enhanced by using the option to test against an off-
target database (i.e., the non-target sequences). Selected primers 
maximized 3′ base pair mismatches with non-target sequences. 
Additionally, potential MGB probes were generated from M. 
bella sequences using AlleleID 7.0 (Premier Biosoft, USA).

In silico specificity was tested using NCBI's Primer-Blast (Ye 
et al. 2012) and Nucleotide Blast (searched against the nr data-
base) tools (Altschul et al. 1990), per Klymus et al. (2020). The 

test with saved primers tool in Geneious Prime 2022.2 (www.​
genei​ous.​com) then tested the likelihood of the candidate prim-
ers and probe binding to non-target sequences. Evaluation 
of primer and probe combinations was based on parameters 
specified by Klymus et  al.  (2020), determined using Geneious 
Prime 2022.2 (www.​genei​ous.​com), IDT OligoAnalyzer 
(Owczarzy et  al.  2008), and the Sequence Manipulation Suite 
(Stothard 2000) (Table S2). The best combinations were selected 
for in vitro testing and subsequently, the primers and probe were 
synthesized (ThermoFisher Scientific Inc.).

2.1.3   |   Specificity

The selected candidate assays were tested for specificity against 
gDNA from M. bella and 10 exclusion species (Table 1). Initially, 
end-point PCR was used to confirm the assay would amplify 
M. bella but not the exclusion species. Each PCR reaction, 
conducted in triplicate, utilized ~80 ng of M. bella or exclu-
sion species gDNA template and occurred on the SimpliAmp 
Thermal Cycler (Applied Biosystems) as above (except using 
0.7 μL [10 μM] of the candidate primers). One reaction contain-
ing jellyfish primers 16SL (Ender and Schierwater  2003) and 
Aa_H16S_15141H (Bayha and Dawson 2010) in place of M. bella 
primers was used for each species as a control. Gel electrophore-
sis confirmed the correct amplicon size.

Subsequent specificity testing via qPCR incorporated the 
TaqMan MGB probe, using a QuantStudio 3 Real-Time PCR 
system (ThermoFisher Scientific Pty Ltd., Australia) (initial 
denaturation step of 95°C for 10 min, followed by 40 cycles of 
95°C for 15 s and 60°C for 1 min). Each 10 μL reaction, run in 
triplicate contained ~80 ng M. bella or exclusion species gDNA 
template, 5 μL TaqMan Environmental Master Mix 2.0, 0.7 μL 
[10 μM] forward and reverse primers, 0.25 μL [10 μM] TaqMan 
probe, and UltraPure DNase/RNase-free distilled water (all 
ThermoFisher Scientific Inc.). Threshold cycle (Ct) values were 

TABLE 1    |    Exclusion species sequences utilized for assay design, with NCBI accession numbers, collection locations and sources (ROEL—Reef 
and Ocean Ecology Laboratory, SLSQ—Surf Life Saving Queensland).

Accession number Species Collection location Source

OP877035 Alatina alata Waikiki, Hawaii Sample provided by Lisa 
Gershwin to ROEL

OP877033 Carukia barnesi Palm Cove, Queensland, Australia Sample provided by Jamie 
Seymour to ROEL

PP889593 Carybdea cf. xaymacana Bussleton, WA, Australia Collected by the authors

OP877034 Carybdea cf. xaymacana Townsville, Queensland, Australia ROEL

Cassiopea sp. Ningaloo Coast, WA, Australia Collected by the authors

OP877024 Chironex fleckeri Townsville, Queensland, Australia Sample provided by SLSQ to ROEL

OP877032 Copula sivickisi Townsville, Queensland, Australia ROEL

PP626683 Keesingia gigas Ningaloo Coast, WA, Australia Collected by the authors

Morbakka sp. Queensland, Australia ROEL

Pelagia noctiluca Ningaloo Coast, WA, Australia Collected by the authors

Tamoya sp. Queensland, Australia ROEL
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analyzed using QuantStudio Design and Analysis Software 
(v2.6.0, ThermoFisher Scientific Pty Ltd., Australia), and any 
amplicons were bidirectionally Sanger sequenced for taxonomic 
verification (AGRF, Brisbane, Australia).

2.1.4   |   Efficiency and Sensitivity

Assays were optimized via a series of end-point and quantita-
tive PCR reactions with varying annealing temperatures (Ta) 
and primer/probe concentrations. The optimized M. bella as-
say's efficiency and sensitivity were assessed using standard 
curves of known DNA copy numbers to calculate the 95% 
limit of detection (LoD) and limit of quantification (LoQ). For 
qPCR, the LoD is the lowest concentration of target DNA de-
tectable with a defined level of confidence, usually 95%, while 
the LoQ is the minimum concentration that can be quantified 
with specified precision under defined conditions (Klymus 
et al. 2019).

Double-stranded synthetic DNA fragments (sDNA; gBlocks; 
Integrated DNA Technologies Pty Ltd. (IDT), Australia), based 
on the M. bella 16S rRNA consensus sequence, were synthesized 
for the standard curve. These 198 bp sDNA fragments included 
primer and probe binding regions and a mid-sequence 7 bp mod-
ification to distinguish between sDNA and gDNA/eDNA am-
plicons via Sanger sequencing as a cross-contamination check 
(Budd et al. 2021; Klymus et al. 2020).

Ten-point standard curves were generated from a 10:1 serial di-
lution of M. bella sDNA (ranging from a theoretical 108 to 0.01 
copies/μL). These curves, run on a QuantStudio 3 Real-Time 
PCR system (ThermoFisher Scientific Pty Ltd., Australia) using 
the optimized assay, were analyzed using the QuantStudio 
Design and Analysis Software (v2.6.0, ThermoFisher Scientific 
Pty Ltd., Australia). Ct values from multiple standard curves 
(n = 10–24 qPCR replicates per standard) were collated and an-
alyzed in RStudio v2023.9.0.463 (RStudio Team 2023) running 
R v4.2.1 (R Core Team 2022) using the Generic qPCR LoD/LoQ 
Calculator R Script (Klymus et al. 2019; Merkes et al. 2019). This 
provided slope, R2, 95% LoD and LoQ values. qPCR efficiency 
(E) was calculated as E = 10−1∕slope.

2.1.5   |   Endogenous Control Assay

To incorporate an additional quality assessment into the eDNA 
workflow, the M. bella assay was multiplexed with the 16S rRNA 
generic fish assay developed by Furlan and Gleeson (2017) as an 
endogenous control. This fish assay used a different fluorophore 
(VIC) to the M. bella assay (FAM), allowing distinction during 
qPCR. In silico testing against 16S rRNA and complete genome 
sequences for fish species in the Ningaloo Marine Park con-
firmed the assay's suitability for this region (Table S3). The en-
dogenous control assay had no potential hetero-dimer formation 
with the M. bella assay. Additionally, the test with saved primers 
tool in Geneious Prime 2022.2 (www.​genei​ous.​com) verified its 
non-amplification of M. bella DNA.

The specificity of the multiplexed assays was verified through 
in vitro trials to ensure previously tested exclusion species were 

not amplified when run together. A QuantStudio 3 Real-Time 
PCR (ThermoFisher Scientific Pty Ltd., Australia) was used (ini-
tial denaturation step of 95°C for 10 min, followed by 40 cycles 
of 95°C for 15 s and 58°C for 1 min). Each 10 μL reaction, run in 
triplicate, contained ~80 ng M. bella or exclusion species gDNA 
template, 5 μL TaqMan Environmental Master Mix 2.0, 0.75 μL 
[10 μM] forward and reverse M. bella primers, 0.5 μL [10 μM] for-
ward and reverse fish primers, 0.25 μL [10 μM] M. bella TaqMan 
probe and fish probe, and UltraPure DNase/RNase-free distilled 
water (all ThermoFisher Scientific Inc.).

2.2   |   General eDNA Sampling and Quantification 
Methods

2.2.1   |   Collection and Preservation of eDNA Samples

To minimize eDNA contamination risk, different sterile gloves 
and equipment (e.g., jars, forceps) were used for each water 
sample. All equipment was sterilized with 10% bleach, rinsed 
thoroughly, and exposed to UV light. For field sampling, water 
samples were collected in 2.5 L plastic jars at least 1 m from the 
vessel. For aquaria sampling, hand-held 250 mL plastic jars were 
used. Water was either filtered immediately or kept on ice and 
filtered within 4 h.

Samples were filtered through 5 μm nylon net filters (47 mm; 
Merck Millipore Ltd., Cork, Ireland). Filters were cut in half 
and preserved in DNA-free Longmire's solution (Renshaw 
et al. 2015; Williams et al. 2016) for short-term storage at 4°C or 
long-term storage at −20°C. To control for potential eDNA con-
tamination, 250 mL reverse osmosis (RO) water samples were 
filtered and preserved as procedural controls. One procedural 
control was processed before processing each set of replicate 
eDNA samples.

2.2.2   |   Extraction of eDNA from Preserved Samples

eDNA was extracted from filters using the ‘preserve, precipi-
tate, lyse, precipitate, purify’ (PPLPP) workflow (Edmunds and 
Burrows 2020), as adapted by Cooper et al. (2021) for filter pa-
pers in 2 mL tubes. For the final purification stage, a OneStep 
PCR Inhibitor Removal Kit (Zymo Research Corp, California, 
USA) was used following manufacturer protocols. The PPLPP 
method yields significantly more DNA than other methods 
(Cooper et al. 2021; Misutka et al. 2023; Renshaw et al. 2015). 
Extracted eDNA samples were stored at −20°C.

2.2.3   |   Detection of M. bella eDNA by Quantitative PCR

The TaqMan qPCR assay detected M. bella eDNA from elu-
ate extracted from preserved eDNA samples. Six 10 μL tech-
nical replicate reactions were run per eDNA sample (using 
18% of the eluate). Each reaction contained 2 μL eluate (DNA 
template), 0.95 μL [10 μM] forward and reverse primers, 0.3 μL 
[10 μM] TaqMan probe, 5 μL of TaqMan Environmental Master 
Mix 2.0, and UltraPure DNase/RNase-free distilled water 
(all ThermoFisher Scientific Inc.). Reactions were run on the 
QuantStudio 5 Real-Time PCR system (ThermoFisher Scientific 
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Pty Ltd., Australia) with a protocol of 95°C for 10 min, followed 
by 40 cycles of 95°C for 15 s and 58°C for 1 min. ROX served as 
the passive reference.

Replicate reactions were placed in adjacent wells of 384-well 
plates, which were prepared in a laminar flow hood, typically 
with 24 spatially separated eDNA samples run per plate. The ex-
traction blanks (from eDNA extraction) and procedural controls 
(processed in parallel with eDNA samples) were also run in rep-
licates of six. Standards ranging from 105 to 1 copies/μL, were 
used in triplicate on each plate, to generate standard curves for 
consistency and eDNA quantification.

The multiplexed endogenous control assay served as a quality 
control for eDNA collection, extraction, storage, and amplifi-
cation, and as an inhibition indicator. Field samples failing to 
amplify fish DNA were tested for inhibition by running qPCR 
reactions on serial dilutions of the sample (Cao et  al.  2012). 
Samples failing the dilution qPCR were omitted to avoid false 
negatives for M. bella DNA.

All PCR plates were analyzed using QuantStudio Design and 
Analysis Software (v2.6.0, ThermoFisher Scientific Pty Ltd., 
Australia). All positive detections of M. bella were confirmed 
through clean-up and bidirectional Sanger sequencing of PCR 
products (AGRF, Brisbane, Australia). True positives required: 
amplification crossing the fluorescence threshold within 40 cy-
cles in at least one technical replicate; sequence matching the 
target species with ≥ 99% pairwise identity; positive amplifica-
tion of the endogenous control (for field samples); and absence 
of amplification in negative controls or procedural controls 
(adapted from Trujillo-González et  al.  2019). These standards 
were adapted from Trujillo-González et al. (2019) and are com-
parable to those used in similar studies on small, sporadically 
distributed, rare or elusive species in open marine systems 
(e.g., Cooper et  al.  2021; Morrissey et  al.  2024a, 2024b; Budd 
et al. 2021).

2.3   |   Aquaria and Field Validation

To validate the assay's efficacy in detecting M. bella eDNA, 
two live M. bella medusae (-¬x wet weight = 0.93 g) were 
placed in four aerated tanks, each containing 30 L of artificial 
seawater (salinity = 35 ppt; 30°C ± 0°C). A fifth tank without 
jellyfish served as a control. After 1 h, 500 mL of water was 
collected from each tank, filtered, and preserved. One proce-
dural control containing RO water was processed in parallel 
with the eDNA samples taken from the four tanks containing 
M. bella. For field validation, five 2.5 L seawater samples were 
collected equidistantly (approximately 3–5 m) around each of 
eight wild medusae located within 1.5 m of the surface. One 
procedural control containing RO water was processed for 
each medusa sampled. Negative controls of ocean water were 
not able to be collected as it was not possible to ensure the ab-
sence of M. bella eDNA, given the species is sporadically but 
widely distributed in the area, is small and difficult to detect 
visually, and has a microscopic benthic polyp stage that could 
be nearby.

3   |   Results

3.1   |   Assay Quality

The M. bella-specific assay was designed with forward and re-
verse primers and a 5’ FAM labeled TaqManTM probe with a 
3′ MGB nonfluorescent quencher (NFQ) between base pairs 
88 and 245 on the M. bella 16S rRNA consensus sequence 
(Table 2 and Figure 1). The primers and probe were selected 
based on their characteristics falling within acceptable ranges 
(Table S2), and their specificity to the target species. In silico 
testing showed that primer and probe binding regions con-
tained a minimum of 17 cumulative mismatches to sympat-
ric species tested (Figure 1). Two allopatric species, Gerongia 
rifkinae, which occurs along the north coast of Australia, and 
Morbakka virulenta from Japan, contained the fewest cumula-
tive mismatches (respectively 3 and 4; Figure 1). These species 
were not included in exclusion testing, as no tissue or genomic 
DNA was available; but they do not overlap geographically 
with M. bella. Another Morbakka species (M. fenneri) was in-
cluded in in vitro exclusion testing and did not amplify using 
the M. bella assay. The in vitro specificity qPCR did not am-
plify exclusion species gDNA and confirmed the assay was 
species-specific.

The M. bella qPCR assay was efficient and sensitive. Multiple 
10-point standard curves (n = 10–24 qPCR replicates per stan-
dard) using 10:1 serial dilutions of sDNA, from 108 to 1 copies/
μL, showed 95.6% efficiency (E), a slope of −3.43, and an R2 of 
0.98. The effective 95% LoD, using six technical replicates per 
sample, was 0.80 copies/reaction, and the modeled LoQ was 13 
copies/reaction (Figure 2).

3.2   |   In Situ Assay Validation

Malo bella eDNA was detected in all four water samples re-
trieved from aquaria hosting medusae for 1 h and in all samples 
surrounding all eight medusae in the ocean (Table 3). For five 
of the medusae in the field, eDNA was detected in all samples 
collected equidistantly around the animal. For two animals, 
four out of five samples showed positive detections, and for only 
one animal, three out of five samples returned positive results. 
Sanger sequencing of these samples confirmed the successful 
amplification of the target M. bella sequence.

4   |   Discussion

eDNA methods offer a promising approach for monitoring hazard-
ous jellyfish; however, developing and validating specific, sensi-
tive, and efficient assays is crucial (De Brauwer et al. 2022; Klymus 
et al. 2020; Thalinger et al. 2021; Wilcox et al. 2013). This study pres-
ents a novel qPCR assay for the Irukandji jellyfish, M. bella, which 
complements existing jellyfish sampling techniques (Beng and 
Corlett 2020; Kingsford et al. 2017; Kingsford and Mooney 2014; 
Rees et al.  2014). Testing and validating this assay have demon-
strated its effectiveness in detecting M. bella eDNA, including in an 
open ocean environment, when the species is present.
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The foundation of a quality qPCR assay lies in developing 
highly specific primers (Wilcox et  al.  2013). Here, M. bella-
specific primers and TaqManTM Minor Groove Binding (MGB) 
probe were developed through the systematic approach set out 
by Klymus et al.  (2020). Including an MGB probe in the assay 
increases specificity compared to using conventional probes or 
non-probe-based assays (Kutyavin et al. 2000). MGB probes cre-
ate stable duplexes with DNA targets, leading to higher melting 
temperatures and allowing for shorter probe lengths and re-
duced background fluorescence (Kumar et  al.  1998; Kutyavin 
et al. 2000). The probe was designed to maximize mismatches 
in the last 2–5 bases to further enhance specificity (Kumar 
et al. 1998), with at least two mismatches in these bases for most 
non-target species (Figure  1). Subsequent in silico and qPCR 
testing confirmed specificity to M. bella.

The optimized assay demonstrated high efficiency and sensi-
tivity, while the assay's low LoD and LoQ values demonstrated 
it can detect and quantify the target DNA when present at low 
levels. TaqMan Environmental Master Mix 2.0 was chosen 
for qPCR analysis because it is designed specifically for envi-
ronmental samples, overcomes inhibition issues, and provides 
improved detection rates in comparison to other master mixes 
(Cao et al. 2012; Doi et al. 2015). Additionally, multiplexing with 
an endogenous positive control assay enabled additional qual-
ity assessment and helped distinguish potential false negatives 
caused by workflow issues or environmental inhibitors such 
as humic and fulvic acids (Eichmiller et  al.  2016; Furlan and 
Gleeson 2017; Gibson et al. 2012; Jane et al. 2015).

Validating a qPCR assay and eDNA workflow is crucial to en-
sure its practical applicability and instil confidence in its effi-
cacy (De Brauwer et al. 2022; Klymus et al. 2020). The M. bella 
assay was validated initially using eDNA samples taken from 
aquaria housing live animals, then using samples from the open 
ocean taken around a M. bella medusa. Malo bella eDNA was 
detected in all four water samples collected from aquaria. For 
each water sample, 6/6 technical replicates amplified, except 
in one instance, where only 5/6 replicates amplified. Given the 
high concentration of eDNA in the aquaria, it is considered that 
this could have been a false negative result. This was the only 
false negative eDNA detection observed (1/24 technical repli-
cates, Table 3).

Malo bella eDNA was detected for all eight medusae in the 
ocean. However, detections were not consistent in all five rep-
licate water samples taken around each medusa, with 12.5% of 
replicates failing to detect M. bella eDNA. Malo bella are ac-
tive swimmers and were observed to travel at moderate speeds 
along the surface in a set direction. It was hypothesized that 
water samples with no or low amplification could have been 
collected ‘upstream’ from the jellyfish (i.e., ahead of its direc-
tion of travel), and therefore not within the plume of eDNA 
emanating from the medusa. The variability among these 
water samples may also be influenced by the clumping nature 
of eDNA (Furlan et al. 2016) and its sporadic distribution in 
marine systems (Barnes and Turner 2016). Additionally, vari-
ability in eDNA shedding rates among individuals, resulting 
from differences in biomass, metabolic activity, behavior, and 
environmental conditions, may explain the differences in de-
tections between individual medusae (Harrison et  al.  2019). T
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For studies of small, sporadically distributed species, where 
the target organism's eDNA may not be widespread, there 
is increased emphasis on replication in field sampling 
(Mauvisseau et al. 2019).

During field validation, while eDNA was detected around 
all eight medusae, some water samples had detections in just 
1–2 technical replicates out of 6. Variation in technical repli-
cates is not uncommon when eDNA concentrations are low 

FIGURE 1    |    Non-target species sequences where the assay binds in silico with fewer than seven base pair mismatches per oligo. Mismatches 
between the Malo bella assay and the non-target species sequences at the oligo binding sites are highlighted in bold. Sequences are ordered from 
fewest to most cumulative mismatches. Accession numbers: Malo bella (PP626684), Gerongia rifkinae (GQ849119), Morbakka virulenta (GQ849121), 
Morbakka fenneri, Carukia barnesi (GQ849097), Carybdea cf. rastonii (GQ849117), Carukiidae sp. Thailand (KT982721), Alatina grandis (KU707411), 
Crambione mastigophora (KY610602), Chrysaora colorata (MF141682), Alatina alata (KU707326), Carybdea cf. xaymacana Western Australia (WA) 
(PP889593), Carybdea cf. xaymacana Queensland (QLD) (OP877034), Cyanea annaskala (KY610738).
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(Ficetola et  al.  2008), which is often the case for small and 
sporadically distributed species in open aquatic environments 
(Jerde et al. 2011). In contrast to larger or more abundant spe-
cies, eDNA from species like M. bella likely does not saturate 
the water column when the species is present. Rather, trails of 
relatively low concentrations of eDNA may occur where me-
dusae have traveled through a body of water. The dispersal 
and rapid degradation of this eDNA (Ely et al. 2021; Minamoto 

et al. 2017; Murakami et al. 2019) likely result in variable and 
sometimes very low eDNA concentrations, even when an an-
imal is nearby, as observed in this study. When eDNA con-
centrations are low, stochastic effects can cause variability 
in amplification among technical replicates (Weusten and 
Herbergs  2012). In such studies, it is important to include 
measures to confirm the validity of detections, such as suffi-
cient controls, a reversed sequence region for the standards, 

FIGURE 2    |    Malo bella assay sensitivity: (a) An 8-point standard curve for a 10:1 serial dilution of sDNA, from a theoretical 1 to 107 copies/μL 
(n = 10–24 qPCR replicates per standard). Black dots represent modelled replicates while gray open circles indicate replicates falling outside the in-
terquartile range, which were excluded from linear regression calculations. (b) Effective limit of detection (LOD) for each quantity of technical repli-
cates, determined via a Weibull type II two-parameter function with an upper limit of one. Effective LODs (n = 10–24 qPCR replicates per standard) 
are plotted with 95% confidence intervals and open black circles represent the detection rates for each standard.

TABLE 3    |    qPCR detections for assay validation samples (number of positive detections out of 6 qPCR replicates per sample, followed by the 
average number of 16S eDNA copies/μL ± SE).

Controls
Replicate samples (positive qPCR detections out of 6 technical 

replicates) (mean 16S eDNA copies/μL ± SE)

Proc EB Endo (Ct) Sample A Sample B Sample C Sample D Sample E

LAB Aquaria 0/6 0/6 NA 5/6
(27,460 ± 4114)

6/6
(52,120 ± 3117)

6/6
(19,100 ± 766)

6/6
(27,340 ± 1508)

NA

FIELD Mb 1 0/6 0/6 35.3 (± 3.3) 1/6
(23.6)

4/6
(19.2 ± 3.4)

3/6
(22.3 + 2.1)

2/6
(13.2 ± 1.4)

0/6

Mb 2 0/6 0/6 35.6 (± 2.4) 0/6 3/6
(< 13)

2/6
(13.0 ± 0.7)

2/6
(27.8 + 1.2)

0/6

Mb 3 0/6 0/6 21.6 (± 1.1) 0/6 5/6
(20.9)

2/6
(16.5)

1/6
(< 13)

1/6 (20.3)

Mb 4 0/6 0/6 34.2 (± 0.6) 4/6
(22.4 ± 1.8)

2/6
(17.3 ± 1.9)

3/6
(17.7 ± 2.3)

0/6 1/6
(< 13)

Mb 5 0/6 0/6 32.1 (± 1.3) 5/6
(< 13)

3/6
(13.1)

5/6
(< 13)

3/6
(< 13)

5/6
(< 13)

Mb 6 0/6 0/6 28.2 (± 0.9) 5/6
(< 13)

4/6
(< 13)

3/6
(< 13)

4/6
(< 13)

3/6
(< 13)

Mb 7 0/6 0/6 30.1 (± 2.3) 1/6
(< 13)

6/6
(31.6 ± 1.4)

3/6
(18.8 ± 2.7)

5/6
(< 13)

6/6
(< 13)

Mb 8 0/6 0/6 29.7 (± 1.6) 3/6
(< 13)

6/6
(< 13)

4/6
(16.7 ± 2.3)

6/6
(18.2 ± 0.9)

4/6
(< 13)

Note: Results of the procedural and endogenous controls are also shown.
Abbreviations: Ct, Cycle threshold; EB, extraction blank; Endo, endogenous control; Mb, Malo bella; Proc, procedural.
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best practice laboratory protocols, and Sanger sequencing 
to confirm amplification of the target species (De Brauwer 
et al. 2022).

Interpretation of eDNA results requires care, and approaches 
vary substantially across studies (Mathieu et al. 2020). Factors 
such as the threshold for a positive detection often depend on 
the specific context of the study, including the target species and 
environmental conditions (De Brauwer et  al.  2022). Goldberg 
et  al.  (2016) suggest it is appropriate to weigh the strength of 
the evidence when it comes to setting detection thresholds and 
interpreting results, rather than using a universal approach. In 
this instance, sampling for a small, sporadically distributed, but 
highly venomous species that is difficult to detect visually, it is 
prudent to treat the lowest levels of detection (e.g., amplification 
in 1/6 technical replicates) as indicative of the possible presence 
of the species. However, such detections should be supported by 
sufficient biological replication, controls, and Sanger sequencing 
confirmation. This approach aligns with similar studies within 
the literature (e.g., Cooper et al. 2021; Morrissey et al. 2022).

Sampling eDNA in remote and hot environments poses chal-
lenges, particularly for rare or sporadically distributed species, 
where eDNA may be scarce. Selecting appropriate methods for 
collecting, preserving and extracting eDNA is vital to prevent 
degradation and maximize yield (Hinlo et al. 2017). The sam-
pling methods employed in this study facilitate rapid filtration 
and preservation, minimizing degradation risk, and are both 
accessible and adaptable. Longmire's solution, which does not 
use ethanol and effectively preserves eDNA at ambient tempera-
tures, including at over 40°C for up to 6 weeks, enables stable, 
long-term storage, and easy transportation of samples at room 
temperature (Edmunds and Burrows 2020; Renshaw et al. 2015; 
Spens et  al.  2016; Wegleitner et  al.  2015). This was ideal for 
studying M. bella, which inhabits the remote, hot central coast 
of Western Australia, where logistical challenges and high tem-
peratures make DNA preservation challenging. Additionally, 
using the PPLPP precipitation-based method to extract eDNA 
from samples ensures higher DNA yield compared to other meth-
ods, a critical consideration for rare species (Cooper et al. 2021; 
Misutka et al. 2023; Renshaw et al. 2015).

The qPCR assay developed here enhances our capacity to inves-
tigate the ecology of M. bella. By enabling detection over mul-
tiple spatial and temporal scales and eliminating the need to 
locate or capture individuals, this tool reduces researcher risk 
and can be a cost-effective and efficient alternative to some tradi-
tional approaches (Evans et al. 2017; Jerde et al. 2011; Minamoto 
et al. 2017; Sigsgaard et al. 2015; Smart et al. 2016). While the 
results presented here demonstrate the assay's effectiveness in 
detecting M. bella in the immediate vicinity, broader ecological 
studies or risk assessments must consider the potential source 
and range of eDNA detections from M. bella. eDNA interacts 
with marine environments in complex ways, with variable shed-
ding, degradation and dispersal rates (Barnes and Turner 2016), 
that are influenced by various environmental factors and hydro-
dynamic forces (Baetscher et al. 2024; Ely et al. 2021). This results 
in uneven eDNA distributions (Harrison et al. 2019), complicat-
ing the interpretation of eDNA results. However, eDNA degrades 
rapidly in the first 24 h (e.g., Ely et al. 2021; though see Collins 
et al. 2018), and is generally detected within 100 m of its source 

(O'Donnell et al. 2017; though see Baetscher et al. 2024). Based 
on these findings and on jellyfish-specific persistence rates (Bolte 
et al. 2021; Morrissey et al. 2022; Minamoto et al. 2017), it is con-
sidered that detections of M. bella utilizing this assay will likely 
reflect species presence nearby within the preceding 24 h.

This assay can be applied to address critical knowledge gaps, 
particularly the spatial and temporal distributions of this small, 
elusive, venomous species (Gershwin  2014). This information 
is critical for reducing envenomation risks in a prime tourism 
region of Australia, where encounters with dangerous jelly-
fish lead to frequent hospitalisations. This information would 
also enable the implementation of public safety measures, akin 
to those implemented during ‘stinger season’ in Queensland 
and the Northern Territory when encounters with dangerous 
stinging jellyfish peak (Fenner and Harrison  2000; Gershwin 
et al. 2010; Harrison et al. 2004; Kingsford et al. 2012).

This assay also holds promise for detecting the elusive benthic 
polyp stage of the jellyfish, a crucial step in understanding popu-
lation dynamics and mitigating jellyfish sting risks. Cubozoans 
have a polymorphic life history (Kingsford and Mooney 2014), 
and locating the tiny, benthic, polypoid stage in situ has been 
challenging (Bolte et al. 2021; Van Walraven et al. 2016); cubo-
zoan polyps have only been found twice (Cutress and Studebaker 
1973; Hartwick 1991). Locating the habitat of C. fleckeri polyps 
involved extensive laboratory experiments on polyps, followed 
by 9 years of manual in situ searches (Hartwick 1991). In con-
trast, Morrissey et al. (2024a, 2024b) demonstrated the efficacy 
of eDNA methods in identifying C. fleckeri polyp habitat with 
comparatively little effort by detecting its eDNA in samples 
taken when medusae were absent. Finding polyps of M. bella is 
essential for determining the source of medusae and for under-
standing the population dynamics of the species, and the poten-
tial environmental conditions that trigger the metamorphosis of 
polyps into stinging adult medusae.

Future research should explore integrating passive or automated 
samplers or field-friendly methods and developing real-time de-
tection assays to enhance monitoring capabilities for M. bella. 
Passive samplers offer continuous eDNA monitoring, providing 
a low-maintenance, high-frequency sampling approach (Bessey 
et al. 2021). Automated and robotic samplers are rapidly evolv-
ing technologies (Hendricks et al. 2022; Magalhães et al. 2020) 
that could be paired with this assay for efficient eDNA detection 
of M. bella. Adopting field-friendly eDNA methods (e.g., Lewis 
Ames et al. 2021) or developing real-time detection tools such as 
lateral flow tests (e.g., Doyle and Uthicke 2021) would enable in-
stantaneous testing for M. bella presence, benefiting on-ground 
managers and tourism operators who require swift information 
about potential jellyfish threats. Moreover, by swabbing the 
sting site on victims the qPCR assay could determine whether 
M. bella is the causative species in instances of Irukandji enven-
omations (e.g., Sathirapongsasuti et al. 2020).

In summary, the novel qPCR assay developed for M. bella rep-
resents a significant advancement in the monitoring capabilities 
for this Irukandji jellyfish. By enabling precise detection and 
monitoring of this elusive and dangerous species, the assay of-
fers a complementary alternative to traditional sampling meth-
ods and will aid in addressing critical knowledge gaps and may 
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help protect swimmers in an iconic Australian tourism desti-
nation. Additionally, this assay paves the way for broader ap-
plications, including real-time monitoring, which will further 
enhance our ability to manage and mitigate the risks posed by 
hazardous jellyfish.
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