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Abstract 9 

The early detection of invasive species is essential to cease the spread of the species before it can cause 10 

irreversible damage to the environment. The analysis of environmental DNA (eDNA) has emerged as a 11 

non-harmful method to detect the presence of a species before visual detection and is a promising approach 12 

to monitor invasive species. Few studies have investigated the use of eDNA for arthropods, as their 13 

exoskeleton is expected to limit the release of eDNA into the environment. We tested published primers for 14 

the invasive European green crab, Carcinus maenas, in the Gulf of Maine and found them not species-15 

specific enough for reliable use outside of the area for which they were designed for. We then designed 16 

new primers, tested them against a broad range of local faunal species, and validated these primers in a field 17 

study. We demonstrate that eDNA analyses can be used for crustaceans with an exoskeleton and suggest 18 

that primers and probe sequences must be tested on local fauna at each location of use to ensure no positive 19 

amplification of these other species.  20 

 21 
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Introduction 43 

Invasive species, introduced intentionally or by accident, can cause irreversible damage to the environment, 44 

threaten marine and freshwater ecosystems by outcompeting native species, thus decreasing biodiversity, and even 45 

threatening and impacting human health (Darling and Mahon 2011). 20-30% of all introduced species have caused 46 

major damages to their new environments, leading to over $120 billion of damages each year, and potential solutions 47 

to identify the most cost-effective way to repair and prevent these damages are still being investigated (Pimentel et al. 48 

2001; Epanchin-Niell, 2017). Early detection of an invasive species is crucial to preserve biodiversity and prevent 49 

environmental damages as many eradication methods can be costly and cause harm to native wildlife. Therefore, a 50 

reliable method of identifying and tracking of an invasive species is necessary (Harvey, et al. 2009; Gherardi et al. 51 

2011; Jerde et al. 2011; Simberloff et al. 2012). 52 

Monitoring marine species, particularly in fisheries management, is often accomplished through catch and 53 

release techniques (Cooke et al. 2006; Pollock and Pine, 2007). However, these observations are sometimes inaccurate 54 

due to limited access to the respective areas (e.g., marine protected areas), required taxonomic expertise, limited time 55 

or funding for the respective detailed surveys, or morphological similarities between species, for example due to 56 

phenotypic plasticity (Cooke et al. 2006; Polonco Fernández et al. 2021; Thomsen and Willerslev, 2015). Capture 57 

detections often rely on bottom trawling, which can cause habitat destruction and possible bycatch of unrelated 58 

species. Underwater visual censuses and photography or video surveys can be problematic due to environmental 59 

conditions (e.g., light levels) and spatial coverage of these surveys, thus suffering from biases toward particular 60 

species. Furthermore, particular habitats (e.g., rocky areas with changing benthic characteristics) may be too costly to 61 

access with traditional visualization gear (Afzali et al. 2021; Danielsen et al. 2005; Danovaro et al. 2014). 62 

The detection of environmental DNA (eDNA) has reliably been applied in terrestrial and aquatic 63 

environments to detect native and invasive species (Pilloid et al. 2013; Rusche et al. 2007; Taberlet et al. 2012). DNA 64 

is continuously released by organisms into their respective environment (Lawson- Handley, 2015), and can be isolated 65 

from water, soil, or air, and then amplified by quantitative real-time polymerase chain reaction (qPCR) which allows 66 

for quantification of DNA through the use of a fluorescent probe. The DNA is shed by living or deceased organisms 67 

(e.g., from skin and bodily excretions), as well as extracellular DNA from cell death or destruction (Deiner and 68 

Altermatt, 2014; Thomsen and Willerslev, 2015; Strickler et al. 2015; Taberlet et al. 2012). Once exposed to the 69 

environment, eDNA begins to degrade due to chemical hydrolysis and microbial activity. Additional abiotic factors, 70 
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including temperature, pH, UV radiation, and salinity can adjust this degradation rate, specifically by altering 71 

enzymatic activity which degrades DNA (Strickler et al. 2015). eDNA can be preserved in water from hours to weeks, 72 

or even years in ice, depending on the abiotic factors and the aggregate eDNA released (Baker et al. 2018; Balasingham 73 

et al. 2017; Dejean et al. 2011; Willerslev et al. 2014). 74 

Species-specific detection by eDNA and qPCR has been attempted for multiple invasive species like 75 

Carcinus maenas, the European Green crab (Bott et al. 2010; Crane et al. 2021; Roux et al. 2020). This species is a 76 

prime example for an invader that has caused significant damage worldwide. Native to Europe and North Africa, it is 77 

now established throughout the coasts of North America, Australia, South Africa, and Asia (Ahyong 2005; Klassen 78 

and Locke 2007) and is predicted to even invade Antarctica (Aronson et al. 2015). C. maenas populations have been 79 

increasing along the coasts of the United States and other countries (Gharouni et al. 2017; Yamada et al. 2005) which 80 

has led to destruction of eelgrass beds and an increase in coastal erosion (Garbary et al. 2014; Infantes et al. 2016). 81 

Due to C. maenas’ high adaptability, this crab quickly becomes the dominant species, outcompeting native species in 82 

the intertidal once it is established, and thus impacting the distribution and abundance of a multitude of species, 83 

specifically bivalves and other crabs (Bott et al. 2010).  84 

Using eDNA analysis can aid in the early detection and tracking of C. maenas before it has become 85 

established in a new location. Methods of trapping the species are still possible, however this relies on the species 86 

being present in the exact location of the traps and actually being caught. eDNA analyses provide an additional method 87 

of tracking the species without relying on successful capture of the species itself. Furthermore, it could be easily 88 

implemented into other tracking methods, and can be used in conjunction with eDNA detections of other species 89 

without the need for additional equipment.  90 

C. maenas’ wide range and genetic variability between populations of C. maenas may require different 91 

primers for the detection of each C. maenas population (Darling et al. 2008; Darling, 2011; Jeffery et al. 2017; Roman 92 

and Palumbi 2004). Primers and probes for qPCR specific to C. maenas have previously been designed and 93 

implemented in detection methods in Australia and have proven to amplify only C. maenas DNA and not that of other 94 

local Australian species (Bott et al. 2010; Louise-Marie et al. 2020). However, it is still unknown whether these 95 

primers can be used in other locations for the detection of C. maenas due to the genetic variability and the presence 96 

of diverse local species. The recently published primers for C. maenas in the Gulf of Maine (Crane et al. 2021) have 97 

not been validated with local species and were only tested in silico. 98 
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The goal of this study was to develop and validate qPCR assays for use in detecting C. maenas in the Gulf 99 

of Maine, USA. Furthermore, we determined whether primers and probes for C. maenas in the Gulf of Maine can 100 

also be used in other, genetically different populations of this species. 101 

 102 

Materials and Methods 103 

2.1 Animal collection 104 

Multiple species were collected by hand in the intertidal zone in Biddeford Pool, Maine, USA 43.442292° 105 

N, 70.341244° W, Carcinus maenas (European green crab), Hemigrapsus sanguineus (Asian shore crab), Pagurus 106 

longicarpus (Longwrist hermit crab), Balanus improvisus (Bay barnacle), Asterias forbesi (Forbes sea star), Modiolus 107 

modiolus (Northern horse mussel), Mytilus edulis (Blue mussel), Littorina littorea (Common periwinkle), and Nucella 108 

lapillus (Atlantic dog whelk). Specimen of Homarus americanus (American lobster), Cancer irroratus (Rock crab), 109 

and Cancer borealis (Jonah crab) were obtained from local lobster fishermen in Biddeford, Maine. Male C. maenas 110 

were also collected by hand and by traps in Kejimkujik Seaside National Park, Nova Scotia, Canada (43°50'32.3"N 111 

64°50'04.1"W); Placentia Bay, Newfoundland, Canada (47°49'07.1"N 54°01'08.8"W); and Sandgerdi, Iceland 112 

(64°2'17.2284''N 22°43'16.8096''W) and transported in coolers by car (crabs from Maine and Canada) or air cargo 113 

(crabs from Iceland) to the Marine Science Center of the University of New England in Biddeford, Maine. Crabs from 114 

locations other than Maine were held in separate 300 l tanks in a flow through sea water system and fed an assortment 115 

of fish ad libitum once a week. Effluent from the system was filtered through 1 µm filters and sterilized by 2 UV 116 

filters (QL-40 Lifegard Ultraviolet Sterilizer) prior to discharge. The entire system was housed in a 4-meter diameter 117 

pool as a secondary containment. The system was permitted and inspected by the Maine Department of Marine 118 

Resources (permit numbers S2013-007, S2014-007, S2015-008, S2016-008, S2017-007). Hemolymph samples were 119 

taken from decapod crustaceans by inserting a needle into the arthropodial membrane of the 4th walking leg. In 120 

molluscs, echinoderms, and the barnacle a piece of tissue was excised with bleach - sterilized scissors. DNA was 121 

extracted from the hemolymph or tissue using the Qiagen DNeasy Blood and Tissue Kit following the manufacturer’s 122 

protocol.  123 

Carcinus maenas-specific primers and probe published by Bott et al. (2010) were tested with the extracted 124 

DNA from multiple crustacean species by qPCR on a Stratagene Mx3005x thermocycler following the parameters 125 

specified in Bott et al. (2010): 95ºC 15 min, 40 cycles of 95ºC 15 seconds, 60ºC 1 minute. 126 
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2.2 New Primer Design 127 

Sequences of the COI gene of Carcinus maenas (GenBank Accession number JQ306003.1), Hemigrapsus 128 

sanguineus (KT209545.1), Homarus americanus (KU564525.1), Cancer irroratus (MG320501.1), Cancer borealis 129 

(KY250734.1), Callinectes sapidus (MH235922.1), and Crangon crangon (KT209555.1) were aligned using the 130 

online Multalign tool (http://multalin.toulouse.inra.fr/multalin/) and regions of higher inter-specific nucleotide 131 

variability in the alignments were identified. Organisms for nucleotide alignment were chosen based on genetic 132 

relativity to C. maenas and population in the Gulf of Maine (i.e., organisms that are commonly found in the same 133 

location as C. maenas were chosen). GenBank sequences were compared to at least two other GenBank sequences to 134 

ensure no major nucleotide differences.  Multiple degenerate forward and reverse primers were designed manually, 135 

along with TaqMan MGB-FAM qPCR probes. Primers were added as 1 µl of 100 nM stock solution in 40 µl GoTaq 136 

qPCR Master Mixture (Promega, Madison, WI, USA), TaqMan MGB-FAM probe was added as 1 µl of 100 µM stock 137 

solution. qPCR conditions were 15 minutes at 95˚C; then 40 cycles of 15 seconds at 95˚C and 1 minute at 62˚C. The 138 

last segment was one cycle for 1 minute at 95˚C, 30 seconds at 62˚C, and 30 seconds at 95˚C. The primers and probe 139 

which yielded amplification for C. maenas were then tested for specificity on a broad range of other local species, as 140 

well as validity of these primers on C. maenas from other populations (Table 1.1). If DNA amplification occurred 141 

before 40 cycles within qPCR, the sample was deemed to have positive amplification of DNA, if amplification curves 142 

did not reach the threshold (CT) at cycle 40 this was considered negative amplification and interpreted as no DNA 143 

present in the sample. For every qPCR, negative (no DNA added) and positive controls (DNA isolated from green 144 

crab tissue) were run along with the isolated DNA from the collected samples.  145 

To quantify eDNA concentration, a standard curve with cycle thresholds (CT) from a dilution series (1x, 10x, 146 

100x, 1000x) of isolated DNA from the species was used. DNA for these methods was isolated from the liver of C. 147 

maenas using the Qiagen DNeasy Blood and Tissue Kit and the concentration was determined using a NanoDrop 2000 148 

spectrophotometer. 149 

2.3 Validation in the Field 150 

To test whether the designed primers can be used to detect eDNA of C. maenas in the field we collected sea 151 

water samples from the dock in the harbor of Wells, Maine, USA (43.320093° N, 70.563395° W). A remote operated 152 

vehicle (BlueROV2, BlueRobotics, Torrance, CA) with an attached GoPro camera was deployed to record bottom 153 

fauna and confirm that C. maenas was present at the sample site before beginning the study. Ninety minutes before 154 
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the high tide, 1000 mL water samples were collected using a Niskin bottle every 0.6 meters starting at the surface and 155 

moving towards the bottom at 5 meters.  Water samples were stored in sterile Nalgene bottles on ice and filtered in 156 

the lab within 2 hours (see methods 2.4). As a control, a cooler blank with 200 mL of deionized water was brough to 157 

the field to check for contamination. This, along with 200 mL of deionized water as a blank sample from the lab was 158 

filtered before the collected water samples to ensure there was no DNA contamination from the equipment used. The 159 

water collection with depth and negative control water samples were collected on 5 different days during a one-month 160 

period.  161 

2.4 Filtration Methods and DNA Extraction  162 

To extract eDNA from seawater a system of four 300 mL filter funnels with sterile 47 mm 0.45 cellulose 163 

nitrate filters connected to a vacuum pump (Gast DOA-P7004-AA) was constructed. This system was contained in a 164 

light proof box and sterilized by 7-Watt UV light for ten minutes before each water filtration (Ravanat et al. 2001). 165 

Sea water samples were filtered, and filters were stored in individual sterile 2 mL Eppendorf tubes at -80˚C until DNA 166 

isolation, if isolations could not be performed immediately. 167 

DNA from filters was isolated using the Qiagen DNeasy Blood and Tissue Kit following the manufacturer 168 

instructions, with minor modifications. 180 µL of buffer ATL and 20 µL Proteinase K were added to the filter and 169 

incubated at 56˚C for 10 minutes. 200 µL of buffer AL was added to the samples and they were incubated again at 170 

56˚C for 10 minutes. After incubation, 200 µL of ethanol was added and the tubes were centrifuged for 1 minute at 171 

8000 rpm to separate the liquid from the filter. The liquid was pipetted to a DNeasy Mini spin column and the column 172 

was washed with 500 µL buffer AW1 and 500 µL of buffer AW2. DNA was eluted with 200 µL buffer AE. The eluted 173 

DNA was then stored at -80˚C. 174 

2.5 Quality Assurance/ Quality Control (QA/ QC)  175 

The following quality control steps were performed to ensure no contamination of samples: Before sampling, 176 

all collection Nalgene bottles were sterilized with 10% bleach for 10 minutes and rinsed with deionized water. Once 177 

sterilized, Nalgene bottles were tightly closed and placed in a sealed, bleach-sterilized container for transport to the 178 

field. In the field, Nalgene bottles were removed from storage as needed using fresh gloves. After collection of 179 

samples, Nalgene bottles were immediately placed on ice to slow down the degradation rate of collected eDNA. All 180 

samples were filtered immediately after returning to the laboratory, within 2 hours of sample collection.  181 
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The filtration system set up within the laboratory was contained in a box to minimize contamination from other 182 

sources. The system was soaked with 10% bleach for 10 minutes and rinsed with DI water after filtering each sample. 183 

It was then further sterilized with a UV light for an additional 10 minutes. All filters and collection tubes used were 184 

individually packaged and sterile. After filtration, filters were either directly used for DNA isolation or stored at -80˚C 185 

until DNA isolation. Following DNA isolations, samples were stored at -80˚C until qPCR analysis. All samples were 186 

amplified in duplicates. Control samples of deionized water, as well as artificial sea water, were filtered before 187 

experimental samples and analyzed through qPCR to corroborate that the filtration system was not contaminated.  188 

2.6 Statistics 189 

Field test data was analyzed through Type III ANOVA and Kruskal Wallis tests to test for differences in 190 

eDNA by sample depth. All data are shown as mean +/- standard deviation. All analyses were performed using R 191 

Studio v. 1.3.1093 (R Core Development Team, 2020). 192 

Results 193 

3.1 New Primer design 194 

Primers and probes within the COI gene published by Bott et al. (2010) tested on C. maenas, and related 195 

species including H. sanguineus, C. irroratus, and H. americanus yielded positive amplification of all tested species, 196 

rather than solely C. maenas (Fig 1). Positive amplification of C. maenas occurred at a CT of 25, the other crustaceans 197 

tested did have positive amplification as well (CT 33). Dissociation curves showed clean peaks, indicating that the 198 

primers amplified only one DNA product, as intended.  199 

New primers had to be designed for the amplification of solely C. maenas through the alignment of the COI 200 

gene of four crustaceans. A total of 5 forward primers, 4 reverse primers, and 2 probes for qPCR were designed 201 

(Supplemental Material Table 2) and tested in varying combinations. The primers and probe that yielded robust 202 

amplification of C. maenas DNA were: 203 

forward primer 5’-AAT ATT GGG AGG GCC AGA TAT AG-3’ 204 

reverse primer 5’-AGG ATC GAA GAA TGA GGT GTT TAG-3’  205 

TaqMan probe 5’-6FAM-GGT TCT GAT TAC TTC CTCC GTC TTT AAC CT-MGB-3’.  206 

These sequences are not identical to their corresponding sections of the COI gene of C. maenas to account 207 

for differences in annealing temperature between the primer and probe (Fig 5 in supplemental material).  208 
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Amplification of DNA of only C. maenas occurred early in the qPCR, at a CT of 23.05 ± 0.5 (n=5; Fig 2; 209 

Table 1.1). No amplification occurred for non-target species. The final qPCR conditions were 15 minutes at 95˚C; 210 

then 40 cycles of 15 seconds at 95˚C and 1 minute at 62˚C. The last segment was one cycle for 1 minute at 95˚C, 30 211 

seconds at 62˚C, and 30 seconds at 95˚. CT values lower than 40 were considered positive amplification of C. maenas. 212 

For calculating average CT values, if no detection was found, this was considered a CT of 40. 213 

3.2 Carcinus maenas Populations 214 

The optimized primer and probe sequences were tested on C. maenas from the Gulf of Maine, Newfoundland, 215 

Nova Scotia, and Iceland. The COI gene was aligned between populations to note any nucleotide differences between 216 

them (Figure 1.3). DNA isolated from hemolymph of crabs from each of these populations yielded a positive signal 217 

in the qPCR and a clean single peak in the respective dissociation curve. C. maenas from the Gulf of Maine yielded a 218 

CT of 23.05 ±0.5 and Nova Scotia crabs yielded a CT of 23.34 ± 1.4, while samples of C. maenas from Newfoundland 219 

and Iceland had CT’s of 36.17 ± 3.7 and 38.8 ± 1.68 (Table 1.1). CT values from C. maenas of Newfoundland and 220 

Iceland were significantly different from Maine and Nova Scotia (ANOVA F3,10= 50.47, p= 2.41E-6). 221 

3.3 Validation in the Field 222 

The remote operated vehicle (BlueRov2) diving at the sampling site in the harbor of Wells, ME, showed a 223 

small number of C. maenas at our testing site. This site was chosen due to the easy access and anecdotal information 224 

on a large C. maenas population presence. Within a 15-minute dive covering about 100 m2 of benthos we spotted 5 225 

crabs and 2 lobsters walking on sandy ground. Despite this relatively low local abundance, their eDNA was detected 226 

in the water column through qPCR amplification (surface to 5 meters deep) of the water column. However, 227 

amplification throughout the depth of the water column was variable depending on day of sample collection (Fig 4). 228 

The only depth which had continuous amplification was the deepest depth of 5 meters. Despite this, no other clear 229 

trend of eDNA detection (measured in qPCR cycle threshold) through the water column could be detected as water 230 

conditions (temperature, salinity, currents) might have varied between sampling days in this highly dynamic harbor 231 

estuary system. Negative control samples of filtered DI water did not amplify, demonstrating no cross contamination 232 

of DNA samples due to the filtration equipment, and all positive control samples successfully amplified.   233 

Discussion 234 

The emerging prevalence of eDNA as a method of choice in conservation biology and other fields requires 235 

confidence in the species-specificity of the used primers and an understanding of the persistence of the eDNA in the 236 
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environment (Collins et al. 2018). Detecting eDNA is frequently used for the detection of rare and invasive species 237 

(Dejean et al. 2011; Hinlo et al. 2018; Jerde et al. 2011). For instance, eDNA analysis was used to determine the 238 

distribution of the endangered Chinook salmon (Oncorhynchus tshawtscha) (Laramie et al. 2015). This type of 239 

analysis was also used for the detection of bull trout (Salvelinus confluentus) and brook trout (Salvelinus fontinalis) 240 

to better understand their population dynamics and showed that especially when distinguishing between species of the 241 

same genus specificity of the primers is of most importance to avoid false positives (Wilcox et al. 2013). Similarly, to 242 

detecting rare species, invasive species can be easily detected by eDNA, as shown for the invasive oriental weather 243 

loach (Misgurnus anguillicaudus) in Australia (Hinlo et al. 2018), the invasive Burmese python (Python bivittatus) 244 

(Piaggio et al. 2013), the cane toad Rhinella marina (Tingley et al. 2019), the invasive Northern Pacific seastar, 245 

Asterias amurensis, and the invasive European green crab, Carcinus maenas, in Australia (Bott et al. 2010). 246 

In the Gulf of Maine, USA, C. maenas has become a destructive invasive species, leading to environmental 247 

and biodiversity damages. Eelgrass (Zostera marina L.) destruction in southern Maine has been linked to increased 248 

bioturbation by this species (reference). This destruction of local eelgrass is of utmost concern due to the importance 249 

of this community on the local habitat. Eelgrass is one of the most productive plant communities in the area and is a 250 

necessary habitat for fish and shellfish species, thus providing an abundant food source for local marine, including 251 

avian, species, and the economic food industry of southern Maine (Neckles, 2015; Orth et al. 2006). Eelgrass also 252 

provides oceanographic importance by stabilizing bottom sediment and regulating wave action, prolonging the process 253 

of coastal erosion (Orth et al. 2006a). With the increase in devastation of this plant community due to C. maenas 254 

activity has come the increase in costal erosion and loss of habitat for numerous species (Neckles, 2015). C. maenas 255 

has also impacted native species due to predation. Juvenile rock crabs (Caner irroratus) and soft-shell clam (Mya 256 

arenaria) are highly consumed by green crabs and have decreased in population due to this predation. This not only 257 

harms the biodiversity of local habitats, but also the economy (Tan and Beal, 2015; Griffen and Riley, 2015). Efforts 258 

to monitor the arrival of this destructive species in new areas is thus of utmost importance to aid early eradication of 259 

C. maenas before causing irreversible damage to coastal ecosystems. eDNA analyses can be a helpful tool for this if 260 

used with the appropriate methods and species-specific primers. 261 

Bott et al. (2010) developed a series of species-specific primers for eDNA detection of multiple species found 262 

in Australia, including Carcinus maenas. The C. maenas-specific primers were based on the COI gene, a standard 263 

target for DNA barcoding (for review see e.g., Krishnamurthy and Francis 2012; Kress et al. 2014). However, there 264 
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is considerable variability of the COI gene sequence among the C. maenas populations worldwide (Roman and 265 

Palumbi 2004; Brian et al. 2006). We tested the primers and probe published by Bott et al. (2011) on C. maenas caught 266 

in Maine, USA, as well as on multiple other species found in the Gulf of Maine. The described C. maenas-specific 267 

primers lead to gene amplification by qPCR not only in C. maenas, but also in the Asian shore crab, Hemigrapsus 268 

sanguineus, the Rock crab, Cancer borealis, and the Jonah crab, Cancer irroratus. H. sanguineus is also an invasive 269 

crab which competes with C. maenas in the rocky intertidal (Griffen, 2016). We did not test these primers on further 270 

local species as it was clear that these primers do not provide the species-specificity required in our test area.  271 

While the primers designed by Bott et al. (2010) show great species specificity in the Australian fauna, using 272 

the same primers the Gulf of Maine may cause false positives when testing for the presence of C. maenas in the 273 

presence of other crustaceans. Our results indicate that species-specific eDNA primers for species that are distributed 274 

world-wide, and coexists with different other species, need to be assessed carefully in the respective context. It is thus 275 

suggested that primer and probe sequences be tested on related local species when using them for eDNA analysis in 276 

different locations. C. maenas has successfully invaded South Africa, Japan, Pacific Coast of USA, Canada, Tasmania, 277 

Argentina, and is predicted to invade Antarctica (Aronson, 2015; Carlton and Cohen, 2003; Hidalgo et al. 2005; 278 

Roman 2006). With this vast range comes variability in genetics and haplotypes. For example, between Canada and 279 

New York, USA there are 6 haplotypes alone and the differences in genetic makeup are consistent with minimal gene 280 

flow between particular populations (Roman and Palumbi, 2004; Williams et al. 2015). Thus, it is necessary to test 281 

the primer and probe sequences on each population of C. maenas as well to ensure species specificity of primers.  282 

Our newly designed primer and probe sequences were additionally tested on C. maenas of three other 283 

populations found in Nova Scotia, Newfoundland, and Iceland. The population from Nova Scotia showed 284 

amplification of DNA at a CT of 23.34 ± 1.4, similar to that of C. maenas in the Gulf of Maine with a CT of 23.05 285 

±0.5. Green crabs from Newfoundland and Iceland, however, yielded amplifications at a CT of 36.17 ± 3.7 and 38.8 286 

± 1.68, respectively. This wide range of CT values is possibly due to DNA degradation attributed to age of the samples, 287 

and not the difference in genetic makeup due to a lack of nucleotide differences within the location of base pairs of 288 

primers and probes. These samples were stored in a -80ºC freezer for approximately three years prior to this test, while 289 

the samples of crabs from Nova Scotia and the Gulf of Maine were new (samples taken immediately before DNA 290 

isolations and qPCR). Comparing samples from crabs from Nova Scotia that were stored for 3 years with freshly 291 

sampled DNA from Nova Scotian crabs showed CTs of 32.27±1.25 vs 23.34 ± 1.4, respectively. Consequently, we 292 
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interpret the lower CT values in crabs from Iceland, Newfoundland and Nova Scotia not as a lower performance of 293 

the new primers, but as caused by deterioration of the DNA in the freezer.  294 

We conclude that we do get positive amplification of DNA from all four populations of C. maenas tested 295 

with our new primer and probe combination.  However, based on our findings the primer and probe sequences need 296 

to be tested against the local fauna in Iceland, Newfoundland and Nova Scotia, to make sure that the primers don’t 297 

detect a species that is not located and already tested in Maine.  298 

Exoskeletons of arthropods are expected to hinder the release of eDNA, thus making eDNA analyses in the 299 

filed challenging (Dougherty et al. 2016; Tréguier et al. 2014). Therefore, field tests were used to determine whether 300 

C. maenas eDNA could be detected in the water with a low abundance of the species present. Primer and probe 301 

sequences for eDNA detection of C. maenas in Southern Maine designed by Crane et al. (2021) easily detected even 302 

life stage differences in a laboratory study, but failed to detect eDNA in sediment samples in the field from below 303 

baited traps. In that study, no eDNA from the species was found in the sediment, despite the positive presence of C. 304 

maenas. While we did not test our primers and probe on sediment samples, in water samples C. maenas eDNA was 305 

easily detected along the depth profile.  306 

Depth profiles additionally showed variability of eDNA detection per day, with detection ranging from qPCR 307 

CT values of approximately 28 to 40, with 40 corresponding to no detection of the species. The most consistent eDNA 308 

amplification of C. maenas occurred closest to the benthos at 5 meters. However, positive amplification was not 309 

consistently shown at the depths preceding this at 4.4 meters and 3.8 meters. The sampling location in the Wells harbor 310 

is a highly dynamic estuarine system with 4 rivers (Webhannet River, Pope Creek, Depot Brook, and Blacksmith 311 

Brook) draining through a marsh area into a harbor. The estuary is protected by a peninsula and drains into the ocean 312 

through a narrow channel. The average tidal range at this harbor is about 2 m (Monserrat et al. 2014). This dynamic 313 

system leads to significant water mixing, potentially either leading to an omnipresence of C. maenas eDNA, or a 314 

dilution below detection level, or any scenario in between, dependent on currents, tides and other parameters. Whether 315 

a more pronounced stratification of the eDNA signal can be found in deeper more stratified water with less mixing 316 

remains to be shown and should be addressed in future studies. 317 

In conclusion, we have developed and validated qPCR primers for species-specific eDNA detection and shown 318 

that they need to be tested against the local fauna to prevent false positives. It was questioned earlier whether 319 

crustaceans leave a detectable eDNA signal in the water, due to their exoskeleton and subsequent potentially reduced 320 
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eDNA release (Dougherty et al. 2016; Tréguier et al. 2014). Our field data show that green crab eDNA can be detected 321 

in the field and this method therefore provides an additional tool to detect and monitor the spread of this highly 322 

invasive species. This is especially important in invasive species with a nearly world-wide distribution. Furthermore, 323 

for species with genetically distinct populations the species-specific primers need to be tested on all the respective 324 

populations. In our case, the developed primers could be used on green crabs from Maine, Nova Scotia, Newfoundland 325 

and Iceland. However, whether the same primers would work on green crabs from other locales requires further 326 

testing.  327 

 328 

Acknowledgments: The authors thank Drs. Doug Rasher and Zach Olson for their help with this 329 

manuscript. This study was funded by grants from the National Science Foundation, NSF, grant# IUSE 330 

1431955 and EPSCoR 1849227. 331 

 332 

References  333 

Afzali SF, Bourdages H, Laporte M, Mérot C, Normandeau E, Audet C, Bernatchez L (2021) Comparing 334 

environmental metabarcoding and trawling survey of demersal fish communities in the Gulf of St. Lawrence, 335 

Canada. Environ DNA 3(1): 22–42. https://doi.org/10.1002/edn3.111 336 

Ahyong ST (2005) Range Extension of Two Invasive Crab Species in Eastern Australia: Carcinus maenas 337 

(Linnaeus) and Pyromaia tuberculata (Lockington). Marine Pollut Bull 50 (4): 460-462.  338 

Aronson RB, Frederich M, Price R, Thatje S (2015) Prospects for the return of shell-crushing crabs to Antarctica. J 339 

Biogeogr 42(1): 1–7. https://doi.org/10.1111/jbi.12414 340 

Baker CS, Steel D, Nieukirk S, Klinck H (2018) Environmental DNA (eDNA) from the wake of the whales: droplet 341 

digital PCR for detection and species identification. Front Mar Sci 1: 133. 342 

https://doi.org/10.3389/fmars.2018.00133 343 

Balasingham K, Walter R, Mandrak N, Heath D (2017) Environmental DNA detection of rare and invasive fish 344 

species in two Great Lakes tributaries. Mol Ecol 27(1): 112-127 https://doi.org/10.1111/mec.14395 345 

Bott NJ, Giblot- Ducray D, Deveney MR (2010) Molecular tools for detection of marine pests: Development of 346 

putative diagnostic PCR assays for the detection of pests: Asterias amurensis, Carcinus maenas, Undaria 347 

pinnatifida, and Ciona intestinalis. Mar Environ and Ecol 509: 1-26. 348 



 14 

Brian JV, Fernandes T, Ladle RJ, Todd PA (2006) Patterns of morphological and genetic variability in UK 349 

populations of the shore crab, Carcinus maenas Linnaeus, 1758 (Crustacea: Decapoda: Brachyura). J Exp Mar 350 

Biol Ecol 329(1): 47-54. 351 

Carlton JT, Cohen AN (2003) Episodic global dispersal in shallow water marine organisms: the case history of the 352 

European shore crabs Carcinus maenas and C. aestuarii. J Biogeogr 30: 1809–1820. 353 

Clavero M, Garcıa-Berthou E (2005). Invasive species are a leading cause of animal extinctions. Trends Ecol Evol 354 

20 (3): 110. https://doi.org/ 10.1016/j.tree.2005.01.003 355 

Cohen, A.N., J.T. Carlton, and M.C. Fountain (1995). Introduction, dispersal, and potential impacts of the Green 356 

Crab Carcinus maenas in San Francisco Bay, California. Marine Biology, 122:225–237. 357 

Collins RA, Wangensteen OS, O’gorman EJ, Mariani S, Sims DW, Genner MJ (2018) Persistence of environmental 358 

DNA in marine systems. Commun Biol 1:185. https://doi.org/10.1038/s42003-018-0192-6 359 

Cooke SJ, Danylchuk AJ, Danylchuk SE, Suski CD, Goldberg TL (2006) Is catch-and-release recreational angling 360 

compatible with no-take marine protected areas? Ocean and Coastal Management 49(5–6): 342–354. 361 

https://doi.org/10.1016/j.ocecoaman.2006.03.003 362 

Crane LC, Goldstein JS, Thomas DW, Rexroth KS, Watts AW (2021). Effects of life stage on eDNA detection of 363 

the invasive European green crab (Carcinus maenas) in estuarine systems. Ecol Indic 124: 107412. 364 

https://doi.org/10.1016/j.ecolind.2021.107412 365 

Crothers, J.H. (1967) The biology of the shore crab Carcinus maenas (L.) 1. The background-anatomy, growth and 366 

life history. Field Study, 2:407–434 Crothers 367 

Danielsen F, Jensen AE, Alviola PA, Balete DS, Mendoza M, Tagtag A, Custodio C, Enghoff, M (2005) Does 368 

monitoring matter? A quantitative assessment of management decisions from locally based monitoring of 369 

protected areas. Biodivers Conserv 14: 2633–2652. https://doi.org/10.1007/s1053 1-005-8392-z 370 

Danovaro R, Snelgrove PV, Tyler P (2014). Challenging the paradigms of deep-sea ecology. Trends Ecol Evol 29: 371 

465– 475. https://doi.org/10.1016/j.tree.2014.06.002 372 

Darling JA, Bagley MJ, Roman J, Tepolt CK, Geller JB (2008) Genetic patterns across multiple introductions of the 373 

globally invasive crab genus Carcinus. Mol Ecol 17(23): 4992–5007. https://doi.org/10.1111/j.1365-374 

294X.2008.03978.x 375 



 15 

Darling JA, Mahon AR (2011). From molecules to management: Adopting DNA-based methods for monitoring 376 

biological invasions in aquatic environments. Environ Res 111(7): 978–988. 377 

https://doi.org/10.1016/j.envres.2011.02.001 378 

Darling, J. A., & Mahon, A. R. (2011). From molecules to management: Adopting DNA-based methods for 379 

monitoring biological invasions in aquatic environments. Environmental Research, 111(7), 978–988. 380 

https://doi.org/10.1016/j.envres.2011.02.001 381 

Darling, J. A., Bagley, M. J., Roman, J., Tepolt, C. K., & Geller, J. B. (2008). Genetic patterns across multiple 382 

introductions of the globally invasive crab genus Carcinus. Molecular Ecology, 17(23), 4992–5007. 383 

https://doi.org/10.1111/j.1365-294X.2008.03978.x 384 

Deiner, K., & Altermatt, F. (2014). Transport Distance of Invertebrate Environmental DNA in a Natural River. PLoS 385 

ONE, 9(2), e88786. https://doi.org/10.1371/journal.pone.0088786 386 

Dejean T, Valentini A, Duparc A, Pellier-Cuit S, Pompanon F, Taberlet P, Miaud C (2011). Persistence of 387 

environmental DNA in freshwater ecosystems. PLoS ONE 6(8):e23398. 388 

https://doi.org/10.1371/journal.pone.0023398 389 

Dougherty MM, Larson ER, Renshaw MA, Gantz CA, Egan SP, Erickson DM, Lodge DM (2016). Environmental 390 

DNA (eDNA) detects the invasive rusty crayfish Orconectes rusticus at low abundances. J Appl 391 

Ecol 53: 722– 732. 392 

Epanchin-Niell RS (2017) Economics of invasive species policy and management. Biol Invasions 19(11): 3333–393 

3354. https://doi.org/10.1007/s10530-017-1406-4 394 

Epifanio, C. E. (2013). Invasion biology of the Asian shore crab Hemigrapsus sanguineus: A review. J Exp Mar Biol 395 

Ecol, 441, 33–49. https://doi.org/10.1016/j.jembe.2013.01.010 396 

Garbary DJ, Miller AG, Williams J, Seymour NR, Norm R (2014). Drastic decline of an extensive eelgrass bed in 397 

Nova Scotia due to the activity of the invasive green crab (Carcinus maenas). Mar Biol 161 (1): 3-15. 398 

https://doi.org/10.1007/s00227-013-2323-4. 399 

Gharouni A, Barbeau MA, Chassé J, Wang L, Watmough J (2017) Stochastic dispersal increases the rate of 400 

upstream spread: A case study with green crabs on the northwest Atlantic coast. PLoS ONE 12(9): e0185671. 401 

https://doi.org/10.1371/journal.pone.0185671 402 



 16 

Gherardi F, Aquiloni L, Dieguez-Uribeondo J, Tricarico E (2011). Managing invasive crayfish: is there a hope? 403 

Aquat Sci 73: 185–20.  404 

Griffen BD (2016) Scaling the consequences of interactions between invaders from the individual to the population 405 

level. Ecol Evol 6(6): 1769–1777. https://doi.org/10.1002/ece3.2008 406 

Griffen BD, Riley ME (2015) Potential impacts of invasive crabs on one life history strategy of native rock crabs in 407 

the Gulf of Maine. Biol Invasions 17(9): 2533–2544. https://doi.org/10.1007/s10530-015-0890-7 408 

Harvey CT, Qureshi SA, MacIsaac HJ (2009) Detection of a colonizing, aquatic, non-indigenous species. Divers 409 

Distrib 15 (3): 429–437. 410 

Hidalgo FJ, Baron PJ, Orensanz JM (2005) A prediction come true: the green crab invades the Patagonian coast. 411 

Biol Invasions 7: 547–552. 412 

Hinlo R, Furlan E, Suitor L, Gleeson D (2017) Environmental DNA monitoring and management of invasive fish: 413 

Comparison of eDNA and fyke netting. Manag Biol Invasion 8(1): 89–100. 414 

https://doi.org/10.3391/mbi.2017.8.1.09 415 

Infantes E, Crouzy C, Mosknes PO (2016) Seed predation by the shore crab Carcinus maenas: A positive feedback 416 

preventing eelgrass recovery. PLoS ONE 11(12): e0168128. https://doi.org/10.1371/journal.pone.0168128 417 

Jeffery NW, DiBacco C, Wringe BF, Stanley RRE, Hamilton LC, Ravindran PN, Bradbury IR (2017) Genomic 418 

evidence of hybridization between two independent invasions of European green crab (Carcinus maenas) in 419 

the Northwest Atlantic. Heredity, 119(3): 154–165. https://doi.org/10.1038/hdy.2017.22 420 

Jensen, G. C., McDonald, P. S., & Armstrong, D. A. (2002). East meets west: Competitive interactions between 421 

green crab Carcinus maenas, and native and introduced shore crab Hemigrapsus spp. Mar Ecol Prog Ser, 225, 422 

251–262. https://doi.org/10.3354/meps225251 423 

Jerde CL, Mahon AR, Chadderton WL, Lodge DM (2011) “Sight- unseen” detection of rare aquatic species using 424 

environmental DNA. Conserv Lett 4: 150-157.  425 

Klassen G, Locke A (2007) A biological synthesis of the European green crab, Carcinus maenas. Can J Fish Aquat 426 

2818: 1-75. 427 

Kress WJ, Garcia- Robledo C, Uriarte M, Erickson DL (2014) DNA barcodes for ecology, evolution, and 428 

conservation. Trends Ecol Evol 30(1). https://doi.org/10.1016/j.tree.2014.10.008 429 



 17 

Krishnamurthy K, Francis RA (2012) A critical review on the utility of DNA barcoding in biodiversity conservation. 430 

Biodiversity and Conservation 21(8): 1901-1919. https://doi.org/10.1007/s10531-012-0306-2 431 

Lawson-Handley L (2015) How will the molecular revolution contribute to biological recording? Biol J Linn Soc 432 

115(3): 750-766. https://doi.org/10.1111/bij.12516  433 

Lee, S. H., & Ko, H. S. (2008). First zoeal stages of six species of Hemigrapsus (Decapoda: Brachyura: Grapsidae) 434 

from the Northern Pacific including identification key. J Crustacean Biol. 28(4): 675-435 

685.https://academic.oup.com/jcb/article/28/4/675/2548253 436 

Lodge DM, Turner CR, Jerde CL, Barnes MA, Chadderton L, Egan SP, Feder JL, Mahon AR, Pfender ME (2012) 437 

Conservation in a cup of water: Estimating biodiversity and population abundance from environmental DNA. 438 

Mol Ecol 21(11): 2555-2558. 439 

Neckles HA (2015) Loss of Eelgrass in Casco Bay, Maine, Linked to Green Crab Disturbance. Northeast Nat 22(3): 440 

478–500. https://doi.org/10.1656/045.022.0305 441 

Orth RJ, Carruthers TJB, Dennison WC, Duarte CM, Fourqurean, JW, Heck KL, Hughes HR, Kendrick GA, 442 

Kenworthy WJ, Olyarnik S, Short FT, Waycott M., Williams SL (2006) A global crisis for seagrass 443 

ecosystems. BioScience 56(12): 987–996. https://doi.org/10.1641/0006-3568(2006)56[987:AGCFSE]2.0.CO;2 444 

Orth RJ, Luckenbach ML, Marion SR, Moore KA, Wilcox DJ (2006) Seagrass recovery in the Delmarva Coastal 445 

Bays, USA. Aquat Bot 84(1): 26–36. https://doi.org/10.1016/j.aquabot.2005.07.007 446 

Pennoyer, K. E., Himes, A. R., & Frederich, M. (2016). Effects of sex and color phase on ion regulation in the 447 

invasive European green crab, Carcinus maenas. Mar Biol, 163(6), 1–15. https://doi.org/10.1007/s00227-016-448 

2910-2 449 

Pilloid DS, Goldberg CS, Arkle RS, Waits LP (2013) Estimating occupancy and abundance of stream amphibians 450 

using environmental DNA from filtered water samples. Can J Fish Aquat Sci 70: 1123-1130. 451 

Pimentel D, McNair S, Janecka J, Wightman J, Simmonds C, O’Connell C, Wong E, Russel L, Zern J, Aquino T, 452 

Tsomondo T (2001) Economic and environmental threats of alien plant, animal, and microbe invasions. Agric 453 

Ecossyst Environ 84: 1-20. https://doi.org/0.1016/S0167-8809(00)00178-X 454 

Pimentel, D., Zuniga, R., & Morrison, D. (2005). Update on the environmental and economic costs associated with 455 

alien-invasive species in the United States. Ecological Economics, 52(3 SPEC. ISS.), 273–288. 456 

https://doi.org/10.1016/j.ecolecon.2004.10.002 457 



 18 

Polanco Fernández A, Marques V, Fopp F, Juhel J, Borrero-Pérez GH, Cheutin M, Dejean T, Gonzalez – Corredor 458 

JD, Acosta – Chaparro A, Hocdé R, Eme D, Maire E, Spescha M, Valentini A, Manuel S, Mouillot D, Albouy 459 

C, Pellissier L (2021) Comparing environmental DNA metabarcoding and underwater visual census to monitor 460 

tropical reef fishes. Environ DNA 3(1):142–156. https://doi.org/10.1002/edn3.140 461 

Pollock KH, Pine WE (2007). The design and analysis of field studies to estimate catch-and-release mortality. Fish 462 

Mang Ecol, 14(2): 123–130. https://doi.org/10.1111/j.1365-2400.2007.00532.x 463 

Pont, D., Rocle, M., Valentini, A., Civade, R., Jean, P., Maire, A., Roset, N., Schabuss, M., Zornig, H., Dejean, T. 464 

(2018). Environmental DNA reveals quantitative patterns of fish biodiversity in large rivers despite its 465 

downstream transportation. Scientific Reports, 8(1). https://doi.org/10.1038/s41598-018-28424-8 466 

R Core Developmental Team (2020). R: A language and environment for statistical computing. R Foundation for 467 

Statistical Computing, Vienna, Austria. URL https://www.R-project.org/ 468 

Rice, A., & Tsukimura, B. (2007). A key to the identification of brachyuran zoeae of the San Francisco Bay estuary. 469 

J Crustacean Biol. 27 (1): 74-79. 470 

Roman J (2006) Diluting the founder effect: cryptic invasions expand a marine invader’s range. Proc R Soc Lond 471 

[Biol] 273: 2453–2459. 472 

Roman J, Palumbi SR (2004) A global invader at home: Population structure of the green crab, Carcinus maenas, in 473 

Europe. Mol Ecol 13(10): 2891–2898. https://doi.org/10.1111/j.1365-294X.2004.02255.x 474 

Roux LD, Giblot- Ducray D, Bott GNJ, Marty HW, Kristen RD, Cathryn MW (2020) Analytical validation and field 475 

testing of a specific qPCR assay for environmental DNA detection of invasive European green crab (Carcinus 476 

maenas). Environ DNA 00:1–12. https://doi.org/10.1002/edn3.65 477 

Rusch DB, Halpern AL, Sutton G, Heidelberg KB, Williamson S, Yooseph S, Wu D, Eisen JA, Hoffman JM, 478 

Remington K, Beeson K, Tran B, Smith H, Baden- Tillson H, Stewart C, Thorpe J, Freeman J, Andrews- 479 

Pfannkoch C, Venter JE, Li K, Kravitz S, Heidelberg JF, Utterback T, Rogers YH, Falco LI, Souza V, Bonilla- 480 

Rosso G, Eguiarte LE, Karl DM, Sathyendranath S, Platt T, Bermingham E, Gallardo V, Tamayo-Castillo G, 481 

Ferrari MR, Strausberg RL, Nealson K, Friedman R, Frazier M, Venter JC (2007) The sorcerer II global ocean 482 

sampling expedition: Northwest Atlantic through eastern tropical pacific. PLoS Biol 5(3): 398-431. 483 

https://doi.org/10.1371/journal.pbio.0050077 484 



 19 

Simberloff D., Martin JL, Genovesi P, Maris V, Wardle DA, Aronson J, Courchamp F, Galil B, Garcia- Berthou E, 485 

Pascal M, Pysek P, Sousa R, Tabacch E, Vila M (2012) Impacts of biological invasions: what’s what and the 486 

way forward. Trends Ecol Ecol 28 (1): 58–66. 487 

Strickler KM, Fremier AK, Goldberg CS (2014) Quantifying effects of UV-B, temperature, and pH on eDNA 488 

degradation in aquatic microcosms. Biol Conserv 183: 85-92. 489 

Taberlet P, Prud’Himme SM, Campione E, Roy J, Miquel C, Shehzad W, Gielly L, Rioux D, Choler P, Clement JC, 490 

Melodima C, Pampanon F, Coissac E (2012) Soil sampling and isolation of extracellular DNA from a large 491 

amount of start material suitable for metabarcoding studies. Mol Ecol 21 (8): 1816-1820. 492 

Tan EBP, Beal BF (2015) Interactions between the invasive European green crab, Carcinus maenas (L.), and 493 

juveniles of the soft-shell clam, Mya arenaria L., in eastern Maine, USA. J Exp Mar Biol Ecol 462: 62–73. 494 

https://doi.org/10.1016/j.jembe.2014.10.021 495 

Thomsen PF, Willerslev E (2015) Environmental DNA - An emerging tool in conservation for monitoring past and 496 

present biodiversity. Biol Conserv, 183: 4–18. https://doi.org/10.1016/j.biocon.2014.11.019 497 

Tilburg, C. E., Gill, S. M., Zeeman, S. I., Carlson, A. E., Arienti, T. W., Eickhorst, J. A., & Yund, P. O. (2011). 498 

Characteristics of a Shallow River Plume: Observations from the Saco River Coastal Observing System. 499 

Estuaries and Coasts, 34 (1): 785-799. https://doi.org/10.1007/s12237-011-9401-y 500 

Tréguier A, Paillisson JM, Dejean T, Valentini A, Schlaepfer MA, Roussel JM (2014) Environmental DNA 501 

surveillance for invertebrate species: Advantages and technical limitations to detect invasive 502 

crayfish Procambarus clarkii in freshwater ponds. J Appl Ecol 51: 871– 879. 503 

Wilcox TM, McKelvey KS, Young, MK, Sepulveda AJ, Shepard BB., Jane SF, Schwartz, MK (2016) 504 

Understanding environmental DNA detection probabilities: A case study using a stream-dwelling char 505 

Salvelinus fontinalis. Biol Conserv 194: 209–216. https://doi.org/10.1016/j.biocon.2015.12.023 506 

Willerslev E, Davison J, Moora M, Zobel M, Coissac E, Edwards ME, Lorenzen ED, Vestegard M, Gussarova G, 507 

Haile J, Craine,J, Gielly LBoessenkool S, Epp L, Pearman PB, Cheddadi R, Murray D, Bråthen KA, Yoccoz 508 

N, Binney H, Cruaud C, Wincker P, Goslar T, Alsos IG, Bellemain E, Brysting AK, Elven R, Sønstebø JH, 509 

Murton J, Sher A, Rasmussen M, Rønn R, Mourier T, Cooper A, Austin J. Möller P, Froese D, Zazula G, 510 

Pompanon F, Rioux D, Niderkorn V, Tikhonov A, Savvinov G, Roberts RG, Macphee RDE, Gilbert MTP, 511 



 20 

Kjær KH, Orlando L, Brochmann C, Taberlet P. 2014. Fifty Thousand Years of Arctic Vegetation and 512 

Megafaunal Diet. Nature 506 (7486): 47-51. 513 

Williams LM, Nivison CL, Ambrose WG, Dobbin R, Locke WL (2015) Lack of adult novel northern lineages of 514 

invasive green crab Carcinus maenas along much of the northern US Atlantic coast. Mar Ecol Prog Ser 532: 515 

153–159. https://doi.org/10.3354/meps11350 516 

Yamada SB, Dumbauld BR, Kalin A, Hunt CE, Figlar-Barnes R, Randall A (2005) Growth and persistence of a 517 

recent invader Carcinus maenas in estuaries of the northeastern Pacific. Biol Invasions 7(2): 309–321. 518 

https://doi.org/10.1007/s10530-004-0877-2 519 

  520 



 21 

Figure captions 521 

 Fig. 1 qPCR amplification curves using published primer and probe combination (Bott et al. 2010) for four 522 

crustacean species of the Gulf of Maine (Carcinus maenas, Hemigrapsus sanguineus, Homarus americanus, and 523 

Cancer irroratus). DNA amplified in all species, demonstrating that the primer/probe combination is not species-524 

specific. Insert: The melting curve shows two peaks, indicating some non-specific binding of the primers. 525 

 526 

Fig. 2 Example of a qPCR amplification curve using newly designed primer and probe combination for four 527 

crustacean species (Carcinus maenas, Hemigrapsus sanguineus, Homarus americanus, and Cancer irroratus) of the 528 

Gulf of Maine. DNA amplified only C. maenas DNA, demonstrating that the new primer/probe combination is 529 

species specific. Insert: The melting curve shows a single peak, indicating specific binding of the primers. 530 

 531 

Fig. 3 Alignment of partial DNA sequences of the COI gene in Carcinus maenas for crabs from Maine (ME), 532 

Newfoundland (NF), Iceland (Ice), and Nova Scotia (NS) with the newly designed forward and reverse primers and 533 

the TaqMan probe. COI sequences vary between populations at the positions highlighted with blue boxes. See text for 534 

details. 535 

 536 

Fig. 4 Amplification of C. maenas eDNA from water samples collected for a total of 5 meters. Each day is plotted 537 

separately, n=2 per depth for 10/16/2020, 10/19/2020, and 10/20/20. Temperatures were recorded at the surface and 538 

might differ at depth. X represent datapoints that include one or more replicates with no amplification.  539 

 540 

Fig. 5 Partial COI gene comparison of Carcinus maenas (GenBank Accession number JQ306003.1), Hemigrapsus 541 

sanguineus (KT209545.1), Cancer irroratus (MG320501.1), Homarus americanus (KU564525.1). The Carcinus-542 

specific primers and probe are highlighted in blue. 543 

 544 
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Figure 5 (supplemental figure) 
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Table 1 Amplification of DNA of local native and invasive species in the Gulf of Maine through qPCR assays using 

designed primer and probe sequences (Ct: cycle threshold; UD: undetected) 

Sub-Phylum Species name Common name Ct Value 

Bryozoa Bugula neritina Brown bryozoan UD 

 Membranipora membranacea Lacy crust bryozoan UD 

Crustacea Balanus improvisus Bay barnacle UD 

 Cancer borealis Rock crab UD 

 Cancer irroratus Jonah crab UD 

 Caprella mutica Japanese skeleton shrimp UD 

 Carcinus maenas 

European green crab, Gulf of 

Maine, USA 

23.05 ±0.5 

 Carcinus maenas European green crab, Iceland 38.8 ± 1.68 

 Carcinus maenas 

European green crab, 

Newfoundland  

36.17 ± 3.7 

 Carcinus maenas 

European green crab, Nova Scotia, 

Canada 
23.34 ± 1.4 

 Hemigrapsus sanguineus Asian shore crab UD 

 Homarus americanus American lobster UD 

 Pagurus longicarpus Long-clawed hermit crab UD 

 Palaemon elegans Rockpool shrimp UD 

Echinodermata Asterias forbesi Forbes’ seastar UD 
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Mollusca Littorina littorea Common periwinkle UD 

 Modiolus modiolus Northern horse mussel UD 

 Mytilus edulis Blue mussel UD 

 Nucella lapillus Dog whelk UD 

 Ostrea edulis European oyster UD 

Tunicata Ascidiella aspersa European sea squirt UD 

 
Botrylloides 

  violaceus  
Orange sheath tunicate UD 

 Botryllus schlosseri Star tunicate UD 

 Didemnum vexillium  Carpet sea squirt UD 

 Diplosoma listerianum Compound sea squirt UD 

 Styela clava Club tunicate UD 
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Table 2 (supplemental material) 

 

Table 2 All primers and probes designed for amplification of only C. maenas. Primers and probes used in future 

applications are bolded  

Forward Primers 5’-GCT GGT GCT TCA GTT GAT TTA G-3’ 

5’-AGA GGG ATG GTA GAA AGA GGA G-3’ 

5’-AAT ATT GGG AGG GCC AGA TAT AG-3’ 

5’-ATT GGA GGA TTT GGT AAT TGA CTT G-3’ 

5’-GGC ATA GTA GGG ACT TCT TTG AG-3’  

Reverse Primers 5’-TCA TTC TTC GAT CCT GCA GG-3’ 

5’-AGG ATC GAA GAA TGA GGT GTT TAG-3’ 

5’-CTG CTA AAG GAG GAT AGA CTG TTC-3’ 

5’-AAA GAG GAG TTG GAA CAG GAT G-3’ 

TaqMan Probes 6FAM-TGC GTT CTT TCG GCA TGA CAA TAG AC-MGB 

6FAM-GGT TCT GAT TAC TTC CTC CGT CTT TAA CCT -MGB 

 


