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Abstract 
The American charru mussel Mytella strigata (Hanley, 1843) is an invasive species 
of great concern along the shores of North America and Asia. As with most invasive 
mussels, it is very difficult to eradicate once established. Surveillance therefore plays 
a vital role in controlling its spread. Molecular tools like environmental DNA 
(eDNA) have proved to be useful in recent years to assist in the early detection and 
management of invasive species, with considerable advantages over conventional 
methods like substrate monitoring and sampling, which can be relatively laborious 
and time-intensive. This technique can be particularly useful in the initial stages of 
invasion when the population density is often too low to be detected by visual 
surveys alone. In the present study, we developed a species-specific quantitative 
polymerase chain reaction (qPCR) approach targeting a cytochrome c oxidase 
subunit I (COI) DNA fragment aimed at detecting the presence of M. strigata from 
water samples. We also investigated the relationship between mussel cover and 
eDNA concentration. Our approach was tested on coastal seawater samples from 14 
sites in Singapore, supported by conventional visual quadrat surveys. The results 
showed clear, positive M. strigata eDNA detection for all sites where this species 
was observed visually during field surveys. However, there was a weakly negative 
correlation between percent mussel cover and eDNA concentration, indicating that 
mussel abundance could not be estimated reliably using seawater eDNA alone. 
Nevertheless, this study underscores the effectiveness of eDNA in informing the 
presence and distribution of M. strigata along extensive coastlines comprising 
different habitats. This approach contributes to a robust toolkit for routine 
surveillance at sites where invasion may be impending to control the spread of the 
invasive mussel. 

Key words: biomonitoring, eDNA, introduced species, Mollusca, quantitative PCR, 
Southeast Asia 
   
Introduction 

The charru mussel, Mytella strigata (Hanley, 1843), is native to Central and 
South America (Fofonoff et al. 2018) but has spread beyond its native 
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range to many parts of the world such as India, Philippines and southeastern 
USA (Spinuzzi et al. 2013; Vallejo et al. 2017; Biju Kumar et al. 2019; Sanpanich 
and Wells 2019). It has been referred to by its synonym M. charruana in 
recent literature (Huber 2010; Coan and Valentich-Scott 2012; Calazans et 
al. 2017) due to the confusion over the origin of Hanley’s strigata, until 
Lim et al. (2018) resolved its taxonomy. Recently, this invasive mussel has 
been reported to establish and spread quickly along the coasts of Southeast 
Asia, in the Philippines (Rice et al. 2016; Mediodia et al. 2017; Vallejo et al. 
2017), Singapore (Lim et al. 2018) and Thailand (Sanpanich and Wells 
2019). It has been postulated that the introduction of M. strigata onto the 
shores of Southeast Asia was due to shipping, with the most probable source 
population from the Caribbean coast of South America (Lim et al. 2018). 

The successful colonisation of charru mussels globally has been attributed 
to its life history and hardiness (Yuan et al. 2010; Rice et al. 2016), which 
may allow it to withstand long-distance travel in ballast waters (Briski et al. 
2012; Lim et al. 2018, 2020a; Jayanchandran et al. 2019; Sanpanich and 
Wells 2019), similar to other invasive bivalves like Dreissena polymorpha 
and Limnoperna fortunei which have established beyond its native range 
through ballast transfer (Johnson and Padilla 1996; Ricciardi 1998). Mytella 
strigata larvae are capable of settlement within 14 days post-fertilisation, 
and with sufficient feed, most juveniles reach 1 mm within 30 days (Tay et 
al. 2018). They are also tolerant of a wide range of salinities (marine and 
brackish waters) and temperatures (Yuan et al. 2010; Brodsky 2011), and 
can form dense mats on undisturbed and unexploited habitats (Santos et 
al. 2010). Mytella strigata is considered invasive outside its native range 
due to the numerous negative impacts reported at introduced areas 
(Grosholz 2002). For example, it competes with native oyster populations 
in Florida, USA, for food resources due to its significantly higher rates of 
filtration, affecting the dynamics of the established food web in the ecosystem 
(Galimany et al. 2017). In Asia, M. strigata poses a threat to coastal communities 
depending on local resources as it can displace key aquaculture taxa such 
as Perna viridis and P. perna (Vallejo et al. 2017; Biju Kumar et al. 2019; 
Sanpanich and Wells 2019). As a biofouling species, M. strigata also covers 
infrastructure used in aquaculture like nets and ropes by attaching 
themselves and forming an impenetrable barrier for water and oxygen flow 
to the farmed organisms (Lim et al. 2018). 

Singapore, a maritime port with high vessel traffic, is highly vulnerable 
to bioinvasions via ballast water or hull fouling and can act as a stepping 
stone to bioinvasions worldwide (Seebens et al. 2013). Mytella strigata can 
be extremely abundant along the Johor Straits, but it has not established 
along much of the southern coast and islands except previously at Jurong 
River and on subtidal fouling panels at the Republic of Singapore Yacht 
Club (Figure 1) (Lim et al. 2018). Mytella strigata was first observed along a 
stretch of mudflats on the northern coastlines at Mandai during routine 
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Figure 1. Map of survey sites for both eDNA sampling and transect surveys. Red circles represent positive detection of Mytella 
strigata by both eDNA-qPCR analysis and field surveys, blue circles represent no detection by both methods, and black circles 
indicate M. strigata presence recorded previously (Lim et al. 2018). The inset map shows the location of Singapore within Southeast 
Asia, with red boxes indicating M. strigata invasions in the region. Photos show substrate types with dense mats of M. strigata. 

volunteer surveys in Singapore in 2015, and the impact was documented 
following field surveys and observations at a study site at Changi along the 
Johor Straits (Lim et al. 2018). Intervention through early detection in the 
invasion process, followed by rapid response and eradication, was indicated 
as a much needed action to prevent further establishment of M. strigata 
populations around Singapore (Hulme 2006; Lodge et al. 2006). In practice, 
conventional routine monitoring methods such as visual surveys or settlement 
arrays require extensive and laborious field work, as well as expertise on a 
wide variety of taxa (Hayes et al. 2005; Darling and Mahon 2011; Smart et 
al. 2015; Lim et al. 2018). 

Environmental DNA (eDNA) can be described as DNA shed by organisms 
in various forms (e.g. cells, mucous) into their surrounding environment, 
such as sediment and water (Ficetola et al. 2008; Taberlet et al. 2012; Jerde 
and Mahon 2015; Thomsen and Willerslev 2015). Methods involving DNA 
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detection from environmental samples such as seawater are paving the way 
for rapid, sensitive and efficient monitoring of invasive species (Dejean et al. 
2011; Fukumoto et al. 2015; Muñoz-Colmenero et al. 2018). Environmental 
DNA monitoring has been applied in a wide array of bioinvasion studies 
successfully, from assessing community diversity with the use of universal 
primers and metabarcoding of ballast water (Egan et al. 2015; Rey et al. 2019), 
to targeted detection of species using specific primers and quantitative 
PCR (qPCR) (Kim et al. 2018, 2020; Knudsen et al. 2019). The latter allows 
for a “one-step” real-time monitoring of amplification and relative 
quantification of the target DNA. High detection rates of primarily benthic 
marine organisms like bryozoans and hydroids in surface seawater have 
been achieved in recent studies utilising eDNA sampling (Kim et al. 2018, 
2020). In the context of surveillance of non-indigenous species, specific 
primers have been used to detect invasive crayfish (Cai et al. 2017) and 
clams (Ardura et al. 2015), while invasive molluscs in the Great Lakes have 
been monitored using universal primers (Klymus et al. 2017). Although 
metabarcoding can be more informative than qPCR as it is conducted with 
universal primers on eDNA or pools of settlement array scrapes for 
community analysis (von Ammon et al. 2018), qPCR remains advantageous 
for single-species detection, as the process is sensitive, simpler, cheaper and 
faster (Harper et al. 2018; Bylemans et al. 2019). Indeed, metabarcoding 
analyses are more bioinformatically challenging and computationally 
intensive (Coissac et al. 2012), while qPCR-based approaches are more 
convenient and yield results faster. 

The abundance of target species has been shown to be associated with 
eDNA concentrations in some recent studies (Lacoursière‐Roussel et al. 
2016; Doi et al. 2017). However, this correlation remains equivocal across 
various studies (Currier et al. 2018; Knudsen et al. 2019). Environmental 
DNA quantification can be challenging and less predictable in an open and 
dynamic habitat, owing to a myriad of factors like hydrodynamics that 
influence eDNA residence time and transport (Harrison et al. 2019). In situ 
experiments in marine environments found weak correlation of biomass 
with DNA copy number (Knudsen et al. 2019), while in vitro experiments 
showed strong correlation between biomass and cell copy number using 
qPCR (Takahara et al. 2012). However, it is possible to accurately predict 
the species’ abundance from eDNA concentrations if the system is well-
characterised. For example, Tillotson et al. (2018) estimated that 75% of 
the salmon eDNA variance observed in a freshwater stream were accounted 
for by biotic (live/dead fish ratio) and abiotic (sampling locality along the 
stream, hydrodynamics and water temperature) variables. 

The aim of our study is to develop an effective surveillance strategy to: 
1) detect M. strigata from water samples, 2) estimate the likelihood of its 
presence at various sites in Singapore, especially at sites with high risk of 
population establishment, and 3) estimate mussel cover from eDNA 
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quantification. If both the presence and abundance of the target species are 
predictable with eDNA, then this labour- and cost-efficient approach can 
potentially replace visual surveys, especially for sites where water sampling 
is more convenient, including the turbid and intertidal environment 
preferred by M. strigata (Nishida and Leonel 1995; Beasley et al. 2005). The 
development of an optimised eDNA protocol will help shape surveillance 
strategies for rapid identification and early detection of M. strigata, 
improve management of the invasive mussel, and consequently decrease 
the risk of spread beyond its established boundaries. 

Materials and methods 

Conventional field surveys and eDNA sampling 

Field surveys were conducted from August 2018 to June 2019 at 14 intertidal 
sites along the Singapore coast (Figure 1). Each survey was performed on 
foot for approximately 2–2.5 h during low tides based on tidal predictions 
(Hydrographic Department, Maritime and Port Authority of Singapore 
2018). The survey area was maximised by considering the overall size, profile 
and habitat type of each site, available survey hours, ease of manoeuvrability 
on substrate type and available personnel. A tape measure (3–22 per site 
depending on site expanse) was placed perpendicular to the shoreline, and 
an average of eight 0.09 m2 quadrats (30 cm width by 30 cm length) were 
laid at sampling points approximately 10–20 m apart. Each quadrat was 
imaged, and the GPS coordinates, substratum type and percent cover of 
M. strigata were recorded (Supplementary material Table S1). Percent 
cover was estimated from each quadrat photo using the Coral Point Count 
with Excel extensions (CPCe) software (Kohler and Gill 2006). 

In preparation for water collection, we sterilised all equipment items by 
autoclaving and exposing them to ultraviolet light for 30 min in the biosafety 
cabinet hood. The water sampler was sterilised using anti-bacterial soap 
and double-rinsed in autoclaved reverse osmosis (RO) water before use 
and between sites. The cooler box used for transport of collection bottles 
and all work bench surfaces were decontaminated using 10% bleach 
solution and 70% ethanol wipes. Sterile gloves were worn when handling 
samples in the field and in the laboratory. 

Seawater samples, each 2L, were collected from 14 sites along both northern 
and southern shores of Singapore (Table S2), on independent occasions 
from the visual surveys (Table S1) for some sites (Figure 1). Samples were 
obtained using a 5L Van Dorn water sampler at various depths depending 
on bottom depth and transferred to Nalgene HDPE plastic bottles. For 
intertidal sites, surface samples were collected directly into the plastic 
bottles (Table S2). Field negative controls (1L Milli-Q water) were included 
for each sampling set. Water samples were stored on ice in the cooler box 
(4 °C) and filtered at the laboratory < 2 h from time of collection. Each 
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sample was mixed thoroughly by shaking before being filtered through 0.2 μm 
pore size nylon membrane. A change of filter (maximum of four) was 
made when the flow rate slowed down. Filters were immediately placed in 
50 ml falcon tubes and stored at −80 °C until DNA extraction. 

Primer design and validation 

Mytella strigata (n = 12) and two other common bivalves, Perna viridis 
(n = 3) and Anadara gubernaculum (n = 1), were collected from the intertidal 
environment of Pasir Ris Park (GPS: 1°3846′N; 103°9464′E, Figure 1) in 
November 2018. The whole animal tissue was removed from the shell with 
forceps and preserved in 100% molecular grade ethanol at −80 ℃ until 
extraction. 

Tissue samples of 0.5 cm × 0.5 cm were dried and placed in a solution 
consisting of 900 µL of cetyltrimethylammonium bromide (CTAB) and 20 µl 
of proteinase K (Doyle and Doyle 1987), and incubated at 55 °C overnight. 
Total genomic DNA was isolated from each digested tissue sample by 
phase separation using phenol:chloroform:isoamyl alcohol (25:24:1). The 
extracted DNA was stored at −20 ℃. Primers were designed to target the 
female mitochondrial DNA as it is present in abundance in both male and 
female somatic cells (Breton et al. 2007) due to the doubly uniparental 
mode of mitochondrial inheritance in Mytilidae (Hoeh et al. 1996, 2002). 
Cytochrome c oxidase subunit I (COI) sequences published by Lim et al 
(2018) for M. strigata and P. viridis, as well as from other publicly available 
sequences of Mytilidae species found on local shores (Arcuatula arcuatula, 
Arcuatula senhousia, Modiolus elongatus, Modiolus modulaides, Modiolus 
rumphii, Septifer excisus, Trichomya hirsuta and Xenostrobus atratus; Tan 
and Woo 2010), were downloaded from Genbank and aligned in Geneious 
v9.1.6 (Kearse et al. 2012). Potential primer regions targeting a short 
fragment of COI (~ 200 bp) were screened by maximising interspecific 
nucleotide differences at the primer annealing region between M. strigata and 
non-target mytilids, while minimising polymorphic sites within M. strigata. 
Primers designed were tested in silico by searching against the NCBI GenBank 
database using BLASTn to ensure that they matched only M. strigata COI 
sequences. In silico PCR with a maximum of two mismatched bases 
allowed in the primer annealing region was performed on locally recorded 
mytilids using the M. strigata-specific primers. 

To validate primer specificity in vitro, we used the extracted genomic 
DNA of M. strigata, P. viridis and A. gubernaculum to test the primers for 
possible cross-species amplification. A M. strigata-positive eDNA sample 
from Sembawang (GPS: 1°4706′N; 103°8200′E; Figure 1, see details below) 
was also included. PCR was conducted under the following cycling 
parameters: 95 °C for 1 min followed by 35 cycles of denaturing at 95 °C 
for 30 s, annealing at 50 °C for 30 s, extension at 72 °C for 30 s, and a final 
extension at 72 °C for 2 min. The amplification reaction was performed in 
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a total volume of 25 μl consisting of 12.5 μl of GoTaq (Promega, 
Massachusetts, USA), 9.5 μl of water, 1 μl of each forward and reverse 
primers (5 μM) and 1 μl of template DNA. PCR products were visualised 
with 2% agarose gel electrophoresis. The identity of amplicons was verified 
using Sanger sequencing. Sequences were searched against GenBank with 
BLASTn to check if they matched M. strigata COI only. 

To evaluate primer sensitivity, we performed PCR on serial dilutions of 
extracted M. strigata DNA from a known concentration (125 ng/μl): 1 (no 
dilution), 1:5, 1:10, 1:25, 1:50, 1:100, 1:500, 1:1000, 1:5000, 1:1×104, 1:5×104, 
1:1×105, 1:5×105, 1:1×106, 1:5×106, 1:1×107, 1:5×107, 1:1×108. Primer 
sensitivity is defined as the detection limit where the PCR amplicon can be 
visibly observed through gel visualisation. DNA concentration was 
quantified using a Qubit 3.0 Fluorometer (Life Technologies, USA). PCR 
and gel visualisation was carried out as described above. 

eDNA amplification and analysis 

DNA was isolated from sample filtrates in a separate sterile environment 
(biosafety cabinet) where tissue samples were not handled. Using sterile 
forceps and scissors, filter membranes were cut and pooled in a 50 ml 
falcon tube with 3600 μl CTAB and 120 μl proteinase K per filter, and 
vortexed at maximum speed for 2 min before incubation for 3 h at 55 °C at 
120 rpm (Innova 42 Incubator Shaker). The digested extracts and cut filter 
membranes were distributed equally into four 1.5 ml tubes with 
phenol:chloroform:isoamyl alcohol (25:24:1), mixed well and centrifuged 
at 12000 rcf for 10 min. The supernatant was transferred to a fresh set of 
phenol:chloroform:isoamyl alcohol (Renshaw et al. 2015). A second wash 
was performed before transferring the supernatant into isopropanol for 
DNA precipitation at −30 °C for 15 h, followed by centrifugation at 12000 
rcf to obtain a pellet. The eDNA pellet obtained was eluted in varying 
volumes of molecular grade water (Table S2) and pooled into a single tube 
before storing in −20 °C. Phenol:chloroform:isoamyl alcohol (25:24:1) was 
the chosen extraction method as it returned higher eDNA yield and 
detection probability compared to commercial kits and other precipitation 
methods (Piggott 2016). The optimised protocol was adapted from Deiner 
and Altermatt (2014). 

Relative M. strigata eDNA concentrations were determined by qPCR 
using the species-specific COI primer designed above. Each qPCR reaction 
consisted of 10 μl including 5 μl of SsoAdvanced Universal SYBR Green 
Supermix (Bio-Rad Laboratories, California, USA), 0.4 μl of each forward 
and reverse primers (5 μM), 2.2 μl of molecular grade water, 1 μl of Bovine 
Serum Albumin (BSA) and 1 μl of template DNA. Triplicate qPCR reactions 
were performed in a CFX96 Touch Real-Time PCR Detection System (Bio-
Rad, USA) under the following parameters: 95 °C for 3 min, followed by 40 
cycles of denaturation at 95 °C for 10 s and extension at 50 °C for 30 s. 
A melting curve analysis was conducted from 65 °C to 95 °C. 
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Concentration standards consisted of 10-fold serial dilutions of extracted 
tissue samples from 1 ng/μl to 10-7 ng/μl and were run alongside each 
qPCR run. Field and PCR negative controls were included in every qPCR 
run to further control for contamination. All seawater samples were tested 
for inhibition (which could lead to false negatives or delayed amplification) 
by spiking eDNA field subsamples from all 14 sites with an additional 1 μl 
of M. strigata DNA extract per qPCR reaction and comparing the cycle 
threshold (Ct) values of the spiked eDNA subsamples with qPCR standards 
of the same concentration. Dilution of environmental samples was conducted 
(10- and 30-fold dilutions) and samples reanalysed. A Ct shift of more than 
3 cycles beyond the qPCR standard was regarded as inhibitory (Hartman et 
al. 2005). 

The amount of M. strigata DNA per litre of seawater filtered was 
determined using a formula obtained from the y-intercept and slope. PCR 
efficiency was calculated by substituting the slope value into the formula: 
PCR efficiency = (10(-1/slope)) – 1 (Zhang et al. 2016), with the x-axis log10 
transformed. The melt peaks generated by the melting curve analysis were 
checked for species-specific amplification. All statistical analyses were 
performed using R version 3.6.2 (R Core Team 2019). We fitted a logistic 
regression model to test the relationship between the observed presence of 
M. strigata at each site and eDNA concentration of COI. The concentration 
threshold for positive detection of M. strigata was based on the logistic 
regression. For sites where M. strigata was visually determined to be 
present, we fitted a linear model to test the relationship between average 
percent cover of M. strigata and eDNA concentration. Specifically, percent 
quadrat cover was averaged for each site and compared with eDNA 
concentration calculated from each qPCR triplicate. 

Results 

Conventional field surveys 

Living M. strigata were visually recorded at five sites and absent at the 
remaining nine sites (Figure 1). Populations of M. strigata were found in 
increasing average percent cover at Mandai mudflats (4.44% ± SD 13.7%), 
Lim Chu Kang mangroves (5.44% ± SD 20.1%), Kranji Reservoir Park 
mudflat (11.4% ± SD 20.0%), Sungei Buloh Wetland Reserve (22.2% ± SD 
34.3%) and Sembawang Park (23.5% ± SD 34.1%). Dead Mytella shells 
were found along the rocky shores of Punggol Point, presumably washed 
ashore by the receding tides. 

Mytella strigata populations were found at the fringes of the mangroves 
at Lim Chu Kang and Kranji Reservoir Park but have yet to settle on the 
main mudflat areas. Similarly, at Sembawang Park, dense numbers of live 
mussels were found on hard structures and along the mouth of the 
canalized monsoon drain, but not on the mudflats. 
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Figure 2. Agarose gels showing PCR products obtained with M. strigata-specific primers for: a) PCR amplification of target 
species M. strigata and other non-target bivalves; b) PCR products from Sembawang water sample; c) Determination of primer 
sensitivity; starting DNA extract concentration of 125 ng/μl was diluted for each PCR reaction: 1) no dilution, 2) 1:5, 3) 1:10, 4) 1:25, 
5) 1:50, 6) 1:100, 7) 1:500, 8) 1:1000, 9) 1:5000, 10) 1:1×104, 11) 1:5×104, 12) 1:1×105, 13) 1:5×105, 14) 1:1×106, 15) 1:5×106, 
16) 1:1×107, 17) 1:5×107, 18) 1:1×108. 

Primer design and validation 

The specific primer pair designed in this study comprised CO1mytellaFf 
(forward; 5’-GGG TTA ATA GGA AGA AGG TTG AGA-3’) and 
CO1mytellaFr (reverse; 5’-ACA ACC ACC GAT ACA TAA AGG-3’), 
which targeted a short barcode region of mitochondrial COI with a length 
of 196 bp, The primers matched with all available COI M. strigata 
sequences in GenBank with 100% identity and 100% coverage. 

No cross-amplification occurred during the PCR specificity test in silico and 
in vitro for the other bivalves tested, including P. viridis and A. gubernaculum 
(Figure 2a). Sanger sequences were deposited in the NCBI database 
(MW579566–MW579581). PCR amplification of M. strigata DNA from 
the positive Sembawang seawater sample was also successful, with the 
species identity verified by Sanger sequencing (Figure 2b). The sensitivity 
of the primers, evaluated by PCR-visualisation on a 2% agarose gel, showed 
that 0.00125 ng/μl (1:1×105 from 125 ng/μl) was the lowest DNA 
concentration to visibly amplify (Figure 2c, lane 12). However, it should be 
noted that the 1:5×104 standard did not appear to amplify (Figure 2c, lane 11). 

eDNA amplification and analysis 

A total of 14 sites were sampled for eDNA (see Table S2 for relative eDNA 
concentrations). The PCR efficiency was calculated to be 82% from the 
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Figure 3. a) Logistic regression of presence/absence of M. strigata against eDNA concentration 
in ng/L; red and blue circles represent presence and absence of shells observed in the field 
respectively; the dashed vertical line indicates the eDNA concentration at which Ct = 35. b) Plot 
of average percent cover of M. strigata against eDNA concentration in ng/L. 

standard curve (Figure S1). Among the 14 sites surveyed, all five sites 
where M. strigata populations were visually observed showed qPCR 
amplification from 25 to 30 Ct. For sites where M. strigata was not visually 
observed, amplification was late (Ct > 35) or not successful. Negative controls 
failed to amplify (Table S3) and all eDNA samples showed no PCR inhibition 
(Table S4). The melting curve analysis confirmed the specificity of the eDNA 
amplification as melt peaks for eDNA samples and tissue extracts were 
identical at 78 °C (Figure S2). 

The eDNA detections were positively associated with the visually confirmed 
presence of M. strigata (p = 0.00114), with the lowest M. strigata eDNA 
concentration where it was visually observed being 0.000335 ng/L (Figure 3a, 
Table S5). There was however a significant negative linear relationship 
between percent cover of mussels and eDNA concentration (p = 0.0368), 
explaining 24% of the variation (Figure 3b, Table S6). 
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Discussion 

In the present study, we developed an eDNA approach for detecting the 
invasive M. strigata from water samples in Singapore that can be applied 
worldwide. This method is less field intensive than conventional visual survey 
techniques and is more cost effective by around threefold (Tables S7, S8). 
We observed high detection rate of M. strigata eDNA where the mussels 
were present, thus demonstrating high accuracy for presence prediction 
(Figure 3a). While this study found a perfect correlation between sites with 
visible shells and eDNA detection, other mussel studies have recovered 
eDNA at sites where the target species has not been detected visually (e.g. 
Currier et al. 2018). For example, Sepulveda et al. (2019) detected invasive 
dreissenid mussel eDNA even though no adults and veligers were observed 
using non-molecular tools during the non-spawning season, thus extending 
the seasonal window for dreissenid mussel surveillance. The higher 
sensitivity of detection using eDNA as compared with non-molecular 
methods have been recorded in many aquatic mussel invasion studies 
(Darling and Mahon 2011; Hosler 2017; Currier et al. 2018; Sepulveda et al. 
2019). This has been justified in part because mussel larvae and gametes 
that are present in the water column can be captured by eDNA surveys 
even before populations are established (Trebitz et al. 2019). This provides 
an avenue for early detection and eradication where invasive mussel 
populations have yet to be established (Gingera et al. 2017) or are 
established but remain in low abundance to be detected by visual surveys 
or planktonic tows (Trebitz et al. 2019). Regular water sampling at sites 
where M. strigata has been detected sporadically by conventional survey is 
crucial in improving the accuracy of the eDNA concentration threshold for 
positive detection. In the present study we consider eDNA negative detections 
and late amplifications (Ct > 35), backed by negative detection from visual 
surveys to correspond to a lack of mussel establishment at nine sites. 
However, a temporal study should be conducted at these sites to document 
the changes in eDNA concentration over time and that could account for 
spawning times and larval presence to explain the late Ct values. Such a 
more comprehensive study would also be useful to guide future surveys 
and include further areas that could have been missed during the short 
window of low tide for visual surveys in this study. 

Primer design for targeted detection of species is a critical step in eDNA 
studies, with several related considerations including amplicon length, 
primer specificity and sensitivity. Targeting short DNA fragments (100–
200 bp) that are easily amplifiable by PCR is beneficial for recovering 
eDNA as environmental samples can contain a fair amount of degraded 
DNA (Barnes et al. 2014; Strickler et al. 2015). Validating the specificity and 
sensitivity of the primers is also crucial for determining the effectiveness of 
the eDNA method in detecting invasive species with low false error rates. 
Although we did not design qPCR probes which may increase the specificity 
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of detection (Kutyavin et al. 2000; Yao et al. 2006), our tests for cross-
species amplification on tissue and eDNA samples showed that the primers 
amplified only M. strigata and not the other species present in the 
environments sampled (Figure 2a, b). Sensitivity tests also revealed that the 
primer pair could detect low starting DNA material using conventional 
PCR (Figure 2c) and even lower concentrations with qPCR (Table S3). 
Although both conventional PCR and qPCR can be used to infer species 
presence and absence, the latter offers higher sensitivity and semi-
quantitative data on the abundance of target DNA (Wilcox et al. 2013). 
While for some labs the PCR test can lower the cost of surveillance by 
relying on more commonly available PCR machines and gel visualisation 
for a presence-absence outcome, reproducibility of consistent positive 
detection is also a challenge for conventional PCR at low concentrations. 

Amplification efficiency is an essential criterion assessed in qPCR 
experiments. An optimal efficiency of 100% indicates that the PCR copy 
number doubles with every cycle (Svec et al. 2015) and an efficiency of 90–
110% is recommended (Klymus et al. 2020). Although our newly designed 
primers have an efficiency of 82%, this is comparable to other published 
eDNA primer sets (Klymus et al. 2020), and we found the triplicates 
performed remarkably consistently across all qPCR reactions (R2 > 0.99) 
(Figure S1). It is also important to consider the possibility of false negatives 
in eDNA analyses which can arise from PCR inhibition in environmental 
samples due to compounds like humic acid restricting DNA amplification, 
or from low starting eDNA concentrations. The latter may be common 
among organisms with low population sizes (Ficetola et al. 2008) or low 
shedding rates (Mauvisseau et al. 2019). It is therefore generally essential to 
validate primer sensitivity and test for inhibition in eDNA studies 
(Raymaekers et al. 2009; Klymus et al. 2020). 

While our detection of M. strigata was effective, the data also showed a 
very weak negative correlation between eDNA concentration and percent 
mussel cover. That only 24% of the variation could be attributed to the 
relationship between percent cover of mussels and eDNA concentration 
suggests many other confounding environmental factors, including 
hydrodynamics in an open system, bacterial and fungal activity, UV radiation, 
salinity and pH, could be affecting the retention and degradation rates of 
eDNA (Stoeckle et al. 2017; Collins et al. 2018; Harrison et al. 2019). 
Similarly, Shogren et al. (2019) found weak but positive relationships 
between eDNA concentration, zebra mussel abundance, and biophysical 
parameters. Mussel densities were only moderately predicted by eDNA 
concentrations, but the latter was most strongly influenced by nutrient 
concentrations and water velocity in the river (Shogren et al. 2019). 
Another plausible reason for the weak correlation is the average difference 
of two months between the visual survey and water sampling times. There 
could have been changes to mussel population sizes leading to variation in 
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the amount of shed DNA in the water samples. Furthermore, the life 
history and reproduction of the species should be considered. Gametes or 
veligers released into the water column from a reproducing population 
could potentially account for the discrepancy between our eDNA 
quantification and mussel coverage. Water samples should thus, in the 
future, be examined for gametes and veligers. Finally, the variability in 
mussel cover was clearly larger for sites with high average percent cover, 
which could also have contributed to the discrepancy. 

The relationship between biomass and eDNA copy number has been 
explored with great success largely in aquaria and in situ closed systems 
such as lotic environments (Takahara et al. 2012; Thomsen et al. 2012; 
Biggs et al. 2015; Buxton et al. 2017). It is, however, met with more 
challenges in lentic environments and open systems (i.e. coastal and 
marine environments) as the correlation is frequently moderate at best 
with high levels of unexplained variation due to the above confounding 
environmental factors (Currier et al. 2018; Knudsen et al. 2019). Nevertheless, 
studies have shown relatively strong correlation between cod biomass as well 
as catch per unit effort (CPUE) with eDNA concentration in oceanic 
waters (Salter et al. 2019), and precisely quantified the infestation level of 
invasive dreissenids with nuclear markers, as opposed to mitochondrial 
markers since the amount of mtDNA may vary across cells (Peñarrubia et 
al. 2016). Marshall and Stepien (2019) have also demonstrated that sampling 
eDNA near the benthos where adult colonies are found may provide a more 
accurate estimation of mussel biomass. Recent studies on the prospect of 
strengthening this relationship have led to the use of allometrically scaled 
mass (ASM) in models of eDNA concentration and abundance that better 
fit the data (Yates et al. 2020), particularly where there is substantial 
intraspecific size variation (Yates et al. 2020). 

Our analysis clearly produced true positive detection when the M. strigata 
eDNA concentration in a water sample exceeds 0.000335 ng/L. Studies on 
other invasive bivalves have found similar sensitivity levels of their primers 
at 10-4 ng of target DNA (e.g. Pie et al. 2017). This ability to distinguish 
presence and absence of the invasive mussel based on an eDNA concentration 
threshold raises the capacity to monitor the distribution and spread of 
M. strigata and other invasive mussels (Amberg et al. 2019). Indeed, 
seawater can be sampled from areas under high invasion risk but where 
populations have yet to be established, including the southern coast and 
islands of Singapore like Jurong River and West Coast where M. strigata 
populations were found during a previous study conducted by Lim et al. 
(2018). These are areas with a high density of port terminals but adjacent 
to natural habitats like Labrador Nature Reserve and Cyrene Reefs that 
have rich marine biodiversity and distinct intertidal assemblages from the 
northern shores (Lim et al. 2020b). Routine surveillance to prevent the 
establishment of viable populations at these sites is crucial as they may act 
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as a steppingstone for the colonisation of M. strigata in the southern 
islands of Singapore. 

The observations at Lim Chu Kang, Kranji and Sembawang Park suggest 
that M. strigata colonies initially dominate man-made hard substrata and 
extend to the mudflat after they have attained high densities (see Table S1 
for percent cover of M. strigata). Studies on M. strigata substrate preference 
have revealed similar colonising behaviour, with mussels found more 
commonly on man-made structures than natural substrates like mangrove 
roots or oyster shells, possibly due to the higher habitat suitability for 
longer-term survival (Gilg et al. 2010). Therefore, future surveys at sites 
where it has not been visually observed should prioritise artificial 
structures over natural substrates. Enhanced monitoring efforts should also 
couple water eDNA testing with examination of settlement plates and 
planktonic tows (e.g. Koziol et al. 2019) in order to obtain a more 
comprehensive picture of colonisation and establishment potential. More 
generally, this approach would greatly reduce the manpower and effort 
needed for early detection of invasive species, allow surveillance in areas 
where field surveys cannot be easily conducted (e.g. restricted military 
sites, unsafe environments, or logistically-challenging areas that are 
extremely muddy and/or turbid), and enable a rapid response toward its 
control when needed. We also note that the M. strigata invasion in 
Singapore is occurring along the Johor Strait coastline in close proximity to 
Malaysia, posing an enhanced risk of M. strigata being transported across 
the Strait. Extensive shipping activities between Singapore and Indonesia 
could also result in the mussel spreading to the latter’s vast coastlines (Lim 
et al. 2017). Therefore, surveillance at sites near Singapore’s borders would 
help in detecting and mitigating its spread into neighbouring countries. 

Studies have shown that an ecosystem can be more prone to invasion if 
the area has an invasion history, prompting an “invasional meltdown” 
(Simberloff and Von Holle 1999). This phenomenon has been observed in 
marine ecosystems, where the introduction of a non-indigenous organism 
induced the colonisation of more non-indigenous species (Grosholz 2005; 
Gavira-O’Neill et al. 2018). Such incidents are potentially driven by facilitative 
interactions like mutualism and commensalism between introduced 
species, or the change in dynamics of prey-predator relationships caused 
by an invader that favours the survivorship of another invader, thus 
compounding the effects of the initial invasion (Ricciardi 2001). Future 
monitoring efforts to detect early invasions should thus target areas with 
higher risk due to past invasions. 

To help achieve higher sensitivity and more reliable eDNA detection of 
invasive species, new technologies such as the digital droplet PCR (ddPCR) 
could be adopted, albeit at a higher cost (Nathan et al. 2014; Simmons et al. 
2016). ddPCR is especially useful for monitoring and managing elusive 
invasive species, as the amount of DNA material from the target species 
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captured in environmental samples is typically extremely low (Doi et al. 
2015a; Simmons et al. 2016). The quantification accuracy of ddPCR is higher 
than qPCR at low eDNA concentrations (~ 10 DNA copies), with lower 
variation in measurements (Doi et al. 2015b). It also provides stronger 
correlation between species abundance and eDNA concentration (Doi et 
al. 2015b). Nevertheless, even as new technologies are emerging that would 
be suitable for eDNA surveillance of invasive species, there needs to be 
continuing development of more streamlined and effective protocols for 
qPCR-based approaches which remain relatively cost-effective. 

In conclusion, this study has validated the efficacy of routine qPCR 
testing of eDNA water samples for monitoring the colonisation and spread 
of the invasive species, M. strigata. While percent mussel cover was not 
reliably predicted by water eDNA concentrations here, the data indicate 
that our detection procedure, along with the primers designed, are highly 
sensitive and suitable for eDNA-based detection of M. strigata. Currently, 
Singapore uses a multi-pronged approach that encompasses precautionary 
measures taken at each step of the invasion pathway to deal with marine 
bioinvasions effectively. Strict regulations are enforced on ballast water 
management along with antifouling systems to prevent the introduction of 
NIMS through shipping. The food and pet trades are also monitored 
regularly for NIMS (Wells et al. 2019), and the public are educated on the 
harmful effects of the release of NIMS into the wild. There is, however, no 
regular seawater monitoring programme established for early detection of 
invasive species. Molecular approaches like eDNA may therefore be useful 
for monitoring their potential incursion into Singapore’s southern islands 
where the richest biodiversity lies (Lim et al. 2020b). Neither visual surveys 
nor eDNA detection are absolutely accurate although the former is a more 
time- and labour-intensive monitoring method. Environmental DNA 
techniques with an optimised sampling strategy to reduce the chance of 
false negatives can potentially replace conventional surveys up until the 
point where eDNA concentration approaches the threshold for detection 
(Xia et al. 2018). In general, the two methods should be used concurrently 
for higher detection accuracy. For M. strigata which has already established 
along the northern Singapore coast, surveillance efforts must continue in 
order to curb its spread to other coastlines in Southeast Asia. 
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Table S2. Relative M. strigata eDNA concentration for each qPCR triplicate per site. 
Table S3. Quantification of cycle thresholds (Ct) for the qPCR analysis of water eDNA samples. 
Table S4. Comparison of average cycle thresholds (Ct) between spiked eDNA reactions and standards. 
Table S5. Logistic regression analysis of the model presence ~ M. strigata eDNA concentration. 
Table S6. Linear regression analysis of the model percent cover ~ M. strigata eDNA concentration. 
Table S7. Estimated researcher-hours for conventional visual and eDNA-qPCR survey methods. 
Table S8. Costs (SGD$) for conventional visual and eDNA-qPCR survey methods. 
This material is available as part of online article from: 
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