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Abstract

Introductions of invasive non-native species often have severe effects on environments
and can lead to the collapse of local populations. Freshwater systems are highly
biodiverse habitats that are particularly sensitive to the introduction of non-native
species, which is recognized as one of the leading causes of animal extinctions
worldwide. Effective management firstly depends on the early detection of incipient
invasions and subsequent rapid response. Here, we focus on the cryptic and difficult-
to-detect amphipod, Crangonyx pseudogracilis, which is already established in
several countries in Europe, and C. floridanus, which was recently found in the UK
and Ireland. Their exact distribution is relatively unknown, and their morphological
similarities to each other makes them taxonomically difficult to distinguish. To
obtain better insights on the actual distribution of both species, we developed and
validated species-specific assays for the detection of environmental DNA traces
from both C. floridanus and C. pseudogracilis. Next, we analysed a large number
of eDNA samples collected from several freshwater systems in Ireland where the
presence of both alien species is known, and from unknown sites in Belgium,
Netherlands, France, and Norway (countries where only C. pseudogracilis has
previously been recorded). Using qPCR analyses, we successfully detected eDNA
from both C. pseudogracilis and C. floridanus in the known locations in Ireland.
Sites investigated in Belgium, Netherlands, France, and Norway were negative for
the presence of both species. The qPCR based detection of freshwater amphipods
from aquatic eDNA is a cost-effective and sensitive method to monitor establishment
and spread of invasive species as well as species of conservation priority. Based on
our results, we recommend that eDNA surveys can be used as a powerful tool for
stakeholders, including ecologists, especially in at-risk areas to detect potential
early invasion of these species.

Key words: invasive species, environmental DNA, qPCR, Crangonyx, freshwater
habitats

Introduction

The introduction of invasive non-native species has significant negative
impacts on indigenous communities and ecosystems worldwide (Johnson
et al. 2009; Gallardo et al. 2016; Baudry et al. 2021). In freshwater ecosystems,
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which generally harbour large numbers of distinct animal and plant species,
these effects are often exacerbated and have been shown to threaten
ecosystem services (Moorhouse and Macdonald 2015; Kiruba-Sankar et al.
2018). Newly invasive crustaceans, for example, have previously shown to
decrease local biodiversity due to predation, competition or spread of
disease (Bailey et al. 2006; Williams et al. 2006; MacDonald et al. 2007;
Strecker and Arnott 2008; Pintor and Sih 2009; Bacela-Spychalska et al.
2012, 2012; Tacarella et al. 2015; Kiruba-Sankar et al. 2018). These species
often show the capacity to disperse over long distances through ballast
water, aquaculture, pet trade, or recreational boats (Panov et al. 2004;
Holdich and Pockl 2007; Kelly et al. 2013; Bailey 2015). Crustaceans have
been shown to be the main stowaways in cargo ballast water through larval
transport (Panov et al. 2004; DiBacco et al. 2012), enhancing the introduction
of many species into non-native areas (Holdich and Pockl 2007; Gollasch
et al. 2015). Consequently, alien crustacean species are now being recorded
in all European countries, with new species being regularly discovered
(Martinez and Adarraga 2008; Bddis et al. 2012; Liptak 2013; Novitsky and
Son 2016). Knowledge of these species’ presence is critical to ensure
appropriate management decisions and efficient conservation of native
ecosystems and environments (Hulme 2009; Rodriguez-Rey et al. 2019;
Sepulveda et al. 2020). Compared to other taxa, relatively little attention
has been paid to the introduction of amphipods into inland waters and
many invasive amphipods remain undetected in European freshwater
systems (Holdich and Pockl 2007; Cuthbert et al. 2020). This can be attributed
to their cryptic behaviour and difficulties for appropriate identification and
monitoring. As a result, the invasive amphipod Crangonyx floridanus
(Bousfield, 1963) was recorded for the first time in the United Kingdom in
2017 and in Ireland in 2021 (Mauvisseau et al. 2019b; Baars et al. 2021).
Although the invasive C. floridanus was only detected in the last five years,
it likely remained unnoticed for a long period due to having a morphology
similar to the previously established invasive C. pseudogracilis (Bousfield,
1958). The first was likely never detected due to misidentification, and
silently spread in these two countries before being detected. Indeed,
morphological identification can be challenging in cases of highly similar
species, and this is especially the case for C. floridanus and C. pseudogracilis
(Mauvisseau et al. 2019b). The distinction is challenging as only mature
C. pseudogracilis males can be distinguished from C. floridanus specimens
through the presence of ventral spines on the outer ramus of the second
uropod (Mauvisseau et al. 2019b). Hence, accurate identification of any of
these two species in the field is extremely challenging, if not impossible, and
requires a high level of taxonomic expertise (Nagakubo et al. 2011; Cannizzaro
et al. 2020).

Crangonyx floridanus has not only spread to the United Kingdom and
Ireland but across the world. The first time it was recorded outside of its
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native range in North America was in 1989, when the species was detected
in Japan (Morino et al. 2004). Since then, this invasive amphipod has
undergone rapid expansion in Japan and has, over a period of 30 years,
been recorded in nearly the entire archipelago, although it is suggested that
the species spread faster than first anticipated (Kanada et al. 2007; Nagakubo
et al. 2011). Its high population growth rate is attributed to its efficient
breeding and ability to survive in a wide range of water temperatures and
water flow rates (Tojo et al. 2010; Nagakubo et al. 2011). Reports of cases
where eggs of the next-cycle offspring were oviposited within one day of
previous-cycle offspring hatching and separating from the female parent
suggest a very high reproductive fecundity (Tojo et al. 2010). This is further
coupled with its ability to survive in temperatures as low as 4 °C and up to
30 °C (Tojo et al. 2010). A high grazing rate and varied diet, combined with
its rapid population growth and dispersal, makes C. floridanus a significant
threat to native species occupying similar niches (Nagakubo et al. 2011;
Baars et al. 2021). Due to its high potential to disrupt indigenous ecosystems,
an accurate distribution of C. floridanus in new ecosystems is imperative to
mitigate negative impacts on biodiversity (Baars et al. 2021).

However, providing such information comes with challenges. Amphipods
can show patchy distributions, and high variations in abundance can lead
to difficulties in detection. Although C. pseudogracilis was detected in the
United Kingdom as early as 1936 (Crawford 1937; Zhang 1997) similar
morphology of C. floridanus and C. pseudogracilis makes it hard to rule out
that C. floridanus had not been introduced to the British Isles prior to
2017. Additionally, visual identification relies on the physical capture of
specimens through kick sampling, netting, or trapping (Méchler et al. 2014).
This results in targeted and non-targeted co-occurring species likely to be
injured by such ecologically invasive survey methods (Deiner et al. 2013;
Michler et al. 2014). To bypass this, molecular based identification tools
such as the use of environmental DNA (eDNA) monitoring, can be used to
both detect and reliably identify these amphipod species.

Environmental DNA (eDNA) monitoring relies on the detection of DNA
traces left by organisms in their environment (Lodge et al. 2012; Taberlet et
al. 2012; Thomsen and Willerslev 2015). DNA can be sampled and extracted
from various media such as water (freshwater or marine; Machler et al. 2014),
ice (Willerslev et al. 2007), sediments (Turner et al. 2015), air (Lynggaard
et al. 2022), spider-webs (Xu et al. 2015) or even sponges (Cai et al. 2022).
Detection, and in some cases quantification of DNA, from targeted species
can be obtained through PCR (Méchler et al. 2014), qPCR (Minamoto et al.
2019) or ddPCR (Doi et al. 2015) analysis, while community composition is
obtained through high-throughput sequencing (Sogin et al. 2006). Species-
specific approaches using qPCR and ddPCR have been more commonly
applied due to its accuracy, efficiency and cost benefits compared to traditional
monitoring, especially in freshwater systems (Taberlet et al. 2012; Machler
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et al. 2014; Rees et al. 2014; Handley 2015; Thomsen and Willerslev 2015;
Harper et al. 2019; Mauvisseau et al. 2019a; Brys et al. 2021; Nordstrom et al.
2022; Rourke et al. 2022). Here, the aims of our study were to (i) develop and
validate species-specific assays of two freshwater crangonyctid, C. floridanus
and C. pseudogracilis, that are difficult to identify based on morphological
features alone, (ii) to test whether these species can appropriately be
detected via eDNA traces in water samples, and (iii) use both primer/probe
assays for the detection of both species in a large number of eDNA samples
collected in several locations spanning four European countries with
known and unknown presence of the two species.

Materials and methods

Primers and probe design

Species-specific primers and probes targeting the COI marker from
C. floridanus and C. pseudogracilis were designed following the methods
outlined in Brys et al. (2021) and Mauvisseau et al. (2020) using the
Geneious Pro R10 software (https://www.geneious.com; Kearse et al. 2012).
Primers and probes targeting C. floridanus (Forward: 5 - CCTCGTTAT
GTCTTCTGCTT - 3’, Reverse: 5 - AGCACCTCTATGAGCAGCTGT - 3,
FAM labelled Probe: 5 - ACTGTCTACCCGCCTTTAGCA - 3°) and
C. pseudogracilis (Forward: 5" - GAGCTATCAATTTTCTATCCAC - 3,
Reverse: 5° - AGAGACAGAAGGAGAAGAATTG - 3’, HEX labelled
Probe: 5 - ACCTTCTTATAGACCAAGTTC - 3°) were designed using COI
sequences deposited in GenBank (Supplementary material Table S1), and
visual alignment of the primers/probes and COI sequences can be found in
Figures S1, S2. As in Mauvisseau et al. (2020) and Brys et al. (2021), consensus
sequences from targeted and co-occurring species were used to increase
the primers and probe specificity. In brief, these consensus sequences were
aligned using the Geneious software mentioned above with the “multiple
alignment” function, and primers/probes were designed on COI fragments
variable across species (highlighted in Table S1). This was done using the
“primers” design function of the software. Additionally, specificity was
further assessed by visual alignment with sequences used while designing
primers (Table S1), and through in-silico testing using the NCBI primer-
blast function (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Finally,
in-vitro assessment was conducted using DNA extracted from C. floridanus,
C. pseudogracilis and the co-occurring species, Gammarus tigrinus, G. duebeni,
G. lacustris, and G. pulex, to confirm that the designed primers and probes
were species-specificc. DNA was extracted from C. floridanus (n = 1),
C. pseudogracilis (n = 5), Gammarus tigrinus (n = 3), G. duebeni (n = 3),
G. lacustris (n = 6), and G. pulex (n = 3) specimens collected in Ireland,
using the Qiagen DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany)
following manufacturer’s instructions (it should be noted that COI sequences
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Figure 1. Map showing the locations sampled across Ireland. Diamonds in red show where both
C. floridanus and C. pseudogracilis were detected, triangles in green show where only C. pseudogracilis
was detected, and circles in blue show where none of Crangonyx species investigated in our study
were detected. For details see Table S2.

of all C. floridanus collected in Europe (Table S1) show no sequence
divergence on the targeted COI region). DNA extracts were used for
generation of DNA reference barcodes to confirm species identification
(see Appendix 1). Finally, we tested the possibility of our designed assays to
cross-amplify potentially co-occurring or closely related species listed above
using a machine learning tool developed in Kronenberger et al. (2022).

eDNA samples

A total of 84 eDNA samples from 49 sites distributed across freshwater
systems such as rivers, lakes, and canals in Belgium, Netherlands, France,
Ireland, and Norway were sampled (Appendix 1, Table S2). All sampling
locations are shown in Figure S3, and a focus of the locations sampled in
Ireland in Figure 1. We collected 20 samples ranging from 300 mL to 2000 mL
spread across 18 locations in Belgium and 2 locations in the Netherlands
between Spring 2018 and Summer 2021. A total of 10 samples ranging
from 20 mL to 300 mL were sampled across 5 locations in France between
December 2020 and January 2021. 33 samples ranging from 180 mL to 250 mL
were sampled across 17 locations in Ireland in June 2021. Finally, a total of
21 samples ranging from 105 mL to 200 mL spread across 7 locations in
Norway were collected in June 2021. All samples were collected from
surface water to avoid disturbing sediments and potential turbidity of deeper
layers in the water column. This was done to decrease potential inhibition
effects. Further details regarding the sampling protocol, locations, replication,
time of sampling and extraction protocols are outlined in the Appendix 1
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section “Extraction protocols and other information related to the eDNA
samples from each country”, and Table S2 in Supplementary material.

PCR and qPCR amplification

To assess the specificity of primers and probes, qPCR amplification of
DNA extracted from targeted and non-targeted species (n = 13) was
performed. Additionally, qPCR amplification of eDNA samples (n = 84)
was performed for each filter, running the single extracts from each filter in
a quadruplicate for the qQPCR step. To identify potential inhibition effects,
eDNA samples from Ireland (where recent sightings of C. floridanus and
C. pseudogracilis have been recorded) were additionally analysed with a 1:2
dilution of DNA template. Each plate also included two positive controls for
C. floridanus, two positive controls for C. pseudogracilis, and four negative
controls to monitor potential contamination and assess the efficiency of the
amplifications (Dubreuil et al. 2022). Following primers/probes validation,
the set of primers/probe was tested at different concentrations (0.27 and
0.3 uM final concentration for each primer and probe) and different annealing
temperatures (from 55 to 60 °C) as in Baudry et al. (2021). The qPCR analyses
were multiplexed, i.e., DNA from C. floridanus and C. pseudogracilis were
amplified in a single reaction using species-specific primers, and species-
specific probes with different fluorescence allowed the detection of each
single species. All multiplex qPCR amplifications were completed on a Bio-
Rad CFX96 Real-Time System (Bio-Rad Laboratories, California, United
States). The qPCRs were conducted in a 12.0 pL final volume containing
2.0 uL ddH,0, 6.0 puL Bio-Rad SsoAdvanced Universal Probes Supermix,
0.3 uL of each forward and reverse primer (10 pM) and probes (10 uM), and
2.0 uL template DNA, using the following program: Initial denaturation at
98 °C for 2.5 min, followed by 45 cycles of denaturation at 98 °C for 10 sec,
annealing at 55 °C for 30 sec and extension at 65 °C for 5 sec. All positive
eDNA replicates were sent to Macrogen Europe B.V. for sequencing to further
validate the primers/probe specificity and detection results.

qPCR sensitivity and analysis

To determine the limits of detection (LOD) and limits of quantification
(LOQ), we conducted a serial dilution of DNA extracted from tissue samples
of C. floridanus (starting concentration of 9.24 ng pl”', Qubit 2.0 Fluorometer,
Invitrogen, Carlsbad, California, United State) and C. pseudogracilis (starting
concentration of 11.0 ng ul", Qubit 2.0 Fluorometer, Invitrogen, Carlsbad,
California, United State) as in Baudry et al. (2021). This was the starting
point for a twelve-step series of 5-fold dilutions (e.g., 1, 1/5, 1/25, etc.) using
10 qPCR replicates for each dilution step. Then, to assess the sensitivity of
both assays designed in our study, LOD and LOQ were established following
a modified approach of the method outlined in Klymus et al. (2020) (Table S3).
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Table 1. Summary of the gPCR results from the positive sites invaded by C. floridanus and
C. pseudogracilis in Ireland. Two eDNA samples (Filter) were collected at each location in
Ireland, and all eDNA samples were run in four qPCR replicates.

. o ook C. floridanus C. pseudogracilis
Name of site sampled Filter Dilution QPCR? o GPCR? o
River Liffey 2 1 1:1 1/4 39.40 1/4 35.14
Grand Canal 1 1 1:2 3/4 40.10%* 1/4 4324
Lough Ree 2 1:1 0/4 - 4/8 39.85*
Lough Ree 1 1:2 0/4 - 1/4 43.46
Slaney River 1 1:1 0/4 — 1/4 38.77

SFilter means how many independent filters were tested positive for each targeted species at a
given site.

"Dilution “1:1” means undiluted eDNA template, and “1:2” means eDNA template 50%
diluted.

#qPCR means the number of qPCR replicate positive for the detection of the targeted species.
£Cq indicates the Cq values.

*Means that the mean Cq value is indicated.

The following changes were made: the a priori function was changed to the
log-logistic 2 parameter function, the LOQ CV-threshold was changed to
0.7 for the C. floridanus assay and to 10.0 for the C. pseudogracilis assay,
and the prediction data generation was modified to simulate data on a
range better suited for the data. For the latter, the R-package bigsnpr was
used to enable a logarithmic sequence generating code (Privé et al. 2018).
LOD and LOQ were established using R version 4.2.0 (R Core Team 2018)
(see Appendix 2 for full R script). A map of the results from qPCR
amplifications (see results section) was created using QGIS Desktop 3.16.2
with the GRASS Geographic Information System.

Results

The two sets of primers and probes designed in this study were found to be
species specific when tested in silico using the NCBI primer blast option
(https://www.ncbinlm.nih.gov/tools/primer-blast/index.cgi). Following the
machine learning tool developed by Kronenberger et al. (2022) to predict
qPCR cross-amplification, our assays were found unlikely to amplify any of
the COI fragments from the non-targeted species used in the in-silico
development (see species list and accession number in Table S1). Specificity
tests of the primer/probe assays on DNA extracted from C. floridanus,
C. pseudogracilis, Gammarus tigrinus, G. duebeni, G. lacustris, and G. pulex,
further revealed no non-specific amplification of these species. Also, the
positive and negative controls performed as expected in this study. Following
the modified method and protocol outlined in Klymus et al. (2020) (Table S3),
the LOQ was established at approximately 2.80 * 10* ng.uL" for C. floridanus
and 1.01 * 10" ng.uL" for C. pseudogracilis; and the LOD was established at
9.56 *10° ng.uL" for C. floridanus and 3.94 . 10° ng.uL" for C. pseudogracilis.
Using four qPCR replicates per eDNA sample, analysis of the samples
detected C. floridanus and C. pseudogracilis in eDNA samples collected in
Ireland (Figure 1, Table 1). However, all QPCR replicates of the samples from
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Belgium, Netherlands, France, and Norway were negative for both species,
i.e., neither species were detected in these countries. The positive eDNA
detections from Ireland were further confirmed through Sanger sequencing
of the qPCR products. Crangonyx floridanus was detected in Kilbride in the
River Liffey (see River Liffey 2, Table S2) and in Monasterevin in the Grand
Canal (see Grand Canal 1, Table S2), while C. pseudogracilis was detected
in Kilbride in the River Liffey (see River Liffey 2, Table S2), in Monasterevin
in the Grand Canal (see Grand Canal 1, Table S2), in Lough Ree (Table S2),
and in the River Slaney (Table S2). Crangonyx pseudogracilis was detected
in four freshwater systems in Ireland, and C. floridanus was also found in
two of them. However, it should be noted that C. pseudogracilis was detected
in only one qPCR replicate with a relatively high Cq value in the Grand Canal.
Its presence status at this site could be deemed inconclusive. Furthermore,
both species could only be detected at this site in the Grand Canal after
diluting the eDNA template, suggesting the presence of PCR inhibitors at
this site.

Discussion

In this study we set out to develop and validate two species-specific assays
to detect and monitor the two invasive freshwater crangonyctid species,
C. floridanus and C. pseudogracilis. Our aim was first to validate these
assays in laboratory conditions and then to monitor these two species in
freshwater systems in Ireland where their presence was already known, and
to investigate unknown at-risk areas in Belgium, Netherlands, France and
Norway. Indeed, both species are known to be present in Irish freshwaters,
with recent records and molecular identification (Holmes 1975; Baars et al.
2021). This allowed us to further validate our designed assays with eDNA
samples from locations with known presence of these species. Finally,
freshwater systems were sampled in France, Belgium, Netherlands and
Norway, as C. pseudogracilis has previously been found in these countries
(Pinkster et al. 1980; Wouters 2002; Galbreath et al. 2010; Spikkeland et al.
2016). However, we had no recent record of this species at the locations
sampled in our study (see Appendix 1). We found that both assays designed
in our study were species specific and showed relatively similar LOD and
LOQ levels. The LOD and LOQ found in our study were consistent with
the values observed in similar studies on other freshwater invertebrates
(Mauvisseau et al. 2019¢, d; Baudry et al. 2021).

The locations sampled in Ireland were chosen following recent sightings
of C. pseudogracilis, and first records of C. floridanus by Baars et al. (2021).
Indeed, locations were chosen based on the possibility to detect the newly
invasive C. floridanus found in the River Liffey and River Barrow and
C. pseudogracilis (Baars et al. 2021), and to potentially assess their presence
in other systems. Here, we detected eDNA traces from C. floridanus in the
River Liffey and Grand Canal, but not in the River Barrow. The invasive
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C. pseudogracilis was detected in the River Liffey, in the Grand Canal, in
the Lough Ree, and in the River Slaney. It should be noted that the River
Slaney was not investigated in the study from Baars et al. (2021), and this
makes it impossible to determine whether the species has been invading
the area recently, although our study is the first to record it in this system.

None of the Crangonyx species investigated were detected in Belgium,
Netherlands, France or Norway. One of the reasons could be that these two
species are not yet present in these countries. However, C. pseudogracilis
has previously been found in Belgium (Wouters 2002), Netherlands (Pinkster
et al. 1980), France (Galbreath et al. 2010), and Norway (Spikkeland et al.
2016), so it is most likely that we only sampled systems or sites where the
species was not present. Additionally, relatively low volumes of water were
filtered in our study due to the high turbidity of the systems at the time of
sampling. As a higher volume of water increases the probability of
detection (Méchler et al. 2016), we cannot rule out false negative results of
C. pseudogracilis absence in our study at the sampled sites in Belgium,
Netherlands, France, and Norway. Moreover, we discovered an impact of
PCR inhibition in the Grand Canal in Ireland, as both species could only
be detected after diluting the eDNA templates. Nevertheless, we only
observed such effect at this location. It should still be noted that potential
inhibition (due to co-extracted compounds or humic acids (Burian et al.
2021), could decrease the probability of detection of both species in
Belgium, Netherlands, France, and Norway, but such effects were not
tested in our study in the samples collected in these countries. This should
however be investigated in future studies, and adequate procedures, such
as the use of specific DNA extraction Kkit, inhibitor removal kits following
DNA extraction, or internal positive control should be followed to ensure
that inhibition does not lead to false negative records of these species
(Mauvisseau et al. 2022). Future work should also investigate the impacts
of sampling replication to increase the reliability of eDNA-based detection
and consider occupancy modelling to assess the detection probabilities of
the species regarding various environmental parameters (Burian et al. 2021;
Thalinger et al. 2021). This would allow to increase the “readiness” of our
designed eDNA assays from scale 4 to scale 5 as in Thalinger et al. (2021).
In contrast to C. pseudogracilis, C. floridanus has never been detected in
Belgium, Netherlands, France, or Norway, and our results are therefore
consistent with these findings. Future research could expand eDNA surveys
to an increased number of locations to confirm the absence of C. floridanus,
as the species has been found outside its natural range only in Japan,
England and Ireland. Finally, our designed assays can be used for baseline
monitoring and as an early diagnostic tool for the detection of C. floridanus
in freshwater systems, as well as assess the presence of the previously
established C. pseudogracilis. This would mitigate the impacts of the invasive
Crangonyx and avoid potential biodiversity loss in introduced areas
(Nagakubo et al. 2011).
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Appendix 1. Extraction protocols and other information related to the eDNA samples from each country.

Appendix 2. R script to calculate Limit of Detection for eDNA assay.

Table S1. Overview of targeted, potentially co-occurring or closely related species and their associated GenBank accession numbers
used during the development and validation of both assays in this study.

Table S2. Summary information of the eDNA samples from France, Ireland, Norway, Belgium and in The Netherlands.

Table S3. Raw data generated to establish the LOD and LOQ.

Figure S1. Figure showing mismatches between the species-specific primers and probe and the targeted COI sequences of Crangonyx
pseudogracilis and other closely related or potentially co-occurring species.

Figure S2. Figure showing mismatches between the species-specific primers and probe and the targeted COI sequences of Crangonyx
floridanus and other closely related or potentially co-occurring species.

Figure S3. Map showing the locations of the sampling sites in Europe. For additional details see Table S2.
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