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High throughput SNP chip as
cost effective new monitoring
tool for assessing invasion
dynamics in the comb jelly
Mnemiopsis leidyi

José Martin Pujolar™, Morten T. Limborg?, Moritz Ehrlich®
and Cornelia Jaspers™

*Centre for Gelatinous Plankton Ecology and Evolution, DTU Aqua - Technical University of
Denmark, Lyngby, Denmark, 2Center for Evolutionary Hologenomics, GLOBE Institute, University of
Copenhagen, Copenhagen, Denmark, *Rosenstiel School of Marine and Atmospheric Science,
University of Miami, Miami, FL, United States

High throughput low-density SNP arrays provide a cost-effective solution for
population genetic studies and monitoring of genetic diversity as well as
population structure commonly implemented in real time stock assessment
of commercially important fish species. However, the application of high
throughput SNP arrays for monitoring of invasive species has so far not been
implemented. We developed a species-specific SNP array for the invasive
comb jelly Mnemiopsis leidyi based on whole genome re-sequencing data.
Initially, a total of 1,395 high quality SNPs were identified using stringent filtering
criteria. From those, 192 assays were designed and validated, resulting in the
final panel of 116 SNPs. Markers were diagnostic between the northern and
southern M. leidyi lineages and highly polymorphic to distinguish populations.
Despite using a reduced representation of the genome, our SNP panel yielded
comparable results to using a whole genome re-sequencing approach
(832,323 SNPs), recovering similar values of genetic differentiation between
samples and detecting the same clustering groups when performing Structure
analyses. The resource presented here provides a cost-effective, high
throughput solution for population genetic studies, allowing to routinely
genotype large number of individuals. Monitoring of genetic diversity and
effective population size estimations in this highly invasive species will allow
for the early detection of new introductions from distant source regions or
hybridization events. Thereby, this SNP chip represents an important
management tool in order to understand invasion dynamics and opens the
door for implementing such methods for a wider range of non-indigenous
invasive species.
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Introduction

Ecosystems face a series of stressors related to anthropogenic
activities. Unintentional translocation of species outside their
natural dispersal ranges has attracted much attention in recent
years (Chown et al., 2015; Seebens et al., 2017; Seebens et al.,
2021) due to their profound impacts on ecosystem functioning
(Thomaz et al, 2015). Impacts of invasive non-indigenous
species include habitat destruction, introduction of diseases
and outcompeting native species for food and other resources,
which can lead to the decline and extinction of native species and
re-structuring of ecosystems (Bax et al, 2003; Molnar et al,
2008). Especially marine systems face increased invasion rates,
which is related to increased trade and aquaculture activities,
facilitating the transport and thereby arrival of non-indigenous
species into new environments (Hulme et al., 2008).

The comb jelly Mnemiopsis leidyi is a ctenophore native to
the East coast of Americas (Costello et al., 2012). It is non-
indigenous in large areas of western Eurasia (reviewed in Jaspers
et al., 2018) and considered to be one of the top successful
marine invasive species in the world (Lowe et al., 2000). Previous
genetic studies identified two distinct native lineages in North
America (Reusch et al., 2010; Bayha et al,, 2015), a northern
group occurring in New England and a southern group
occurring in the Gulf of Mexico and Florida, based on data
from mitochondrial and nuclear microsatellite markers. Using
whole-genome re-sequencing data, Jaspers et al. (2021)
reconstructed the demographic history of the recent invasions
in Eurasia, tracing back the invasion of the Black Sea to the Gulf
of Mexico population, the invasion of the North/Baltic Sea to the
New England population and the invasion of the western
Mediterranean to a secondary steppingstone invasion from the
Black Sea. The species possesses some of the common
characteristics of successful invaders: short generation time of
two weeks (Baker and Reeve, 1974), high growth and
reproduction rate with over 10,000 eggs per day (Jaspers et al.,
2015), few natural enemies (predators, competitors, parasites
and diseases), good dispersers, generalists with a broad diet
(Costello et al., 2012) and a wide environmental tolerance
(Purcell et al., 2001). Interestingly, low salinity (e.g. Baltic Sea)
represents an invasion barrier for the northern invasive
populations (Jaspers et al., 2011), while the southern
population thrives in low saline environments such as the
Caspian Sea and the Sea of Azov (Shiganova et al., 2001;
Jaspers et al., 2018). This indicates that information about
population origin is important for predicting range expansions
due to changes in environmental reaction norms.

Irrespectively of international conventions to halt unintentional
species translocations (e.g. IMO Ballast Water Management
Convention www.imo.org), non-indigenous species are on a rise
and projected to continue to increase in the future (Seebens et al,
2021). On a local scale, molecular tools have been implemented to
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detect non-indigenous species at an early stage (Dias et al,, 2017) in
order to allow for eradication actions to be effective (Hopkins et al,,
2011). However, advances and cost reduction in sequencing
technologies offer the opportunity to use genomic information to
address invasion dynamics and recurrent introductions of model
species (Jaspers et al., 2021), which can be used to approximate
overall translocation activities from different source areas.

Single nucleotide polymorphisms (SNPs) have become the
marker of choice in genetics research due to their high
abundance and wide distribution in the genome, codominant
inheritance, low mutation rate and relatively easy and cost-
effective discovery and genotyping. Next-generation sequencing
technologies enable the identification of hundreds of thousands
of SNPs using either whole genome sequencing or reduced
representation approaches (Baird et al, 2008; Davey et al,
2011). High throughput low-density SNP arrays provide a
cost-effective solution for long-term genetic monitoring and
have been established in commercially important species
through the application of SNP chips (reviewed in
LaFramboise, 2009). This approach not only allows for fast
genotyping of a large number of individuals, but also the
collection of genome-wide SNP data. Limitations include
ascertainment bias (genotyping arrays contain biased sets of
pre-ascertained SNPs), high dependence on DNA quality that
might yield fewer reliable SNPs in poor-DNA quality samples
and high development costs. However, although development is
costly and time consuming, sequencing costs continue to fall
rapidly and investment is long-term. SNP arrays have been
applied in areas as diverse as human forensics and diagnostics,
aquaculture, improvement of crops, selective breeding and
conservation and management of fisheries. Commercially-
available SNP arrays exist for a number of marine species
including Atlantic salmon Salmo salar (Houston et al., 2014),
rainbow trout Oncorhynchus mykiss (Palti et al., 2015), Atlantic
cod Gadus morhua (Pocwierz-Kotus et al., 2015; Hemmer-
Hansen et al., 2018), Pacific oyster Crassostrea gigas (synonym:
Magallana gigas) and European oyster Ostrea edulis (Gutierrez
et al., 2017), European sea bass Dicentrarchus labrax and
gilthead seabream Sparus aurata (Penaloza et al., 2021),
among others.

Here we present the first implementation of a high
throughput SNP array specifically-designed for monitoring an
invasive non-indigenous species of no commercial value. We
developed and validated a low-density SNP array for M. leidyi
that will allow routine collection of genome-wide SNP data on a
large number of individuals and populations, hence providing a
cost-effective and fast method for genetic monitoring of this
highly invasive species. The array will allow monitoring of
changes in genetic diversity and genetic structure in invasive
M. leidyi populations, the detection of admixed individuals and
the arrival of new genotypes. This knowledge is crucial in order
to better understand on-going population dynamics of invasive
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species and inform about current or re-current introduction
events in marine systems.

Materials and methods
SNP calling and filtering

SNP assay design was conducted using a total of 72 whole-
genome re-sequenced individuals from Jaspers et al. (2021).
Read quality was assessed using FastQC (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc) and the
FASTX-Toolkit (http://hannonlab.cshl.edu/fastx-toolkit).
Adapter sequences were soft-clipped (i.e., base quality set to 2)
and low-quality bases removed using Trimmomatic v0.36
(Bolger et al., 2014). Subsequently, paired and unpaired reads
were mapped to the M. leidyi reference genome using the mem
algorithm in BWA v0.7.15 (Li and Durbin, 2009). A trimmed
version of the genome was used containing only scaffolds >10 Kb
and excluding mitochondrial sequences, for a total of 1,254
scaffolds. Sequence alignments were pre-processed using Picard
v2.6.0 (Broad Institute 2018 https://broadinstitute.github.io/
picard/) which included removing duplicate reads arising
during library amplification.

Variant calling was performed using the Genome Analysis
Toolkit GATK v3.8 (McKenna et al, 2010) with the following
parameters: variant quality score > 30, variant quality by depth > 7,
Phred-scaled p-value using Fisher’s test to detect strand bias < 32,
SOR (symmetric odds ratio) > 2, RMS mapping quality > 58, z-
score from the Wilcoxon rank sum test of Alt vs. Ref read position
bias between -1.2 and 1.75, z-score from the Wilcoxon rank sum
test of Alt vs. Ref read mapping qualities > -0.05 and distance from
scaffold ends > 1Kb. Only biallelic SNPs genotyped in all individuals
(100% call rate) and with a minor allele frequency (MAF) > 0.05
were retained.

SNP low-density array design
and scoring

Final SNP selection to design a low-density array was based
on the following criteria: first, the array should include at least
33% diagnostic SNPs between the northern and the southern M.
leidyi groups inferred from genetic data (Jaspers et al., 2021). To
do so, we calculated allele frequencies between the pooled
northern populations (Woods Hole = native, Rhode Island,
NE USA and Sylt = invasive, Germany, North Sea, N Europe)
and the pooled southern populations (Miami = native, S USA,
Varna = invasive, Bulgaria, Black Sea and Villefranche-sur-
Mer = invasive, France, Mediterranean Sea) and noted those
SNPs with significant allelic differences in a contingency chi-
square test (p < 0.05). Ranking of SNPs did not differ if based
ranking on i) Fgr or ii) differences in allele frequencies. Second,
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select SNPs with the highest MAF, which are considered to be
the most informative for monitoring allele frequency changes
over time and for distinguishing among populations within
groups (e.g., Woods Hole vs. Sylt). Third, all selected SNPs
were distributed across different scaffolds in the M. leidyi
genome to guarantee a good representation of the genome, or
in the cases when they were in the same scaffold, they were at
least 10kb apart to ensure they were unlinked and segregating
randomly. Moreover, linkage disequilibrium was tested for all
SNP pairs using the web-based tool LDlink (Machiela and
Chanock, 2015). Finally, the last SNP selection criterion
required at least 500 bp flanking sequence both upstream and
downstream each target SNP in order to allow for optimal
primer design. SNPs meeting all criteria were considered as
diagnostic for the purpose of the study and submitted to the D3
Assay Design (https://d3.fluidigm.com) that creates primers for
SNP panels for use on the Fluidigm genomics system.

SNPs were genotyped on 96.96 Dynamic Arrays (Fluidigm
Corporation, San Francisco) using the Fluidigm EP1
instrumentation. The Fluidigm system uses nano-fluidic
circuitry to genotype simultaneously 96 individual samples
with up to 96 assays, for a total of 9,216 parallel reactions
(Seeb et al, 2009). The Fluidigm SNP Genotyping Analysis
software was used to call genotypes and compile data. Each
assay was assessed individually on the basis of plot quality
(samples were expected to group in non-dispersed compact
clusters according to genotype) and match between observed
and expected clustering patterns. Genotyped individuals
included a subset of 46 re-sequenced individuals from Jaspers
et al. (2021) from which genotypes were known: 6 individuals
from Miami (native, Florida, S USA), 11 from Sylt (invasive,
Germany, North Sea, N Europe), 12 from Varna (invasive,
Bulgaria, Black Sea), 5 from Villefranche-sur-Mer (invasive,
France, Mediterranean Sea, S Europe) and 12 from Woods
Hole (native, Rhode Island, NE USA). Each individual was
included in the array twice for validation.

Data analysis

Genetic diversity indices including observed and expected
heterozygosities for each sampling location and the fixation
index (Fsr) between population pairs in accordance with Weir
and Cockerham (1984) were calculated using vcftools v0.1.14
(Danecek et al,, 2011). Standardized pairwise Fgp values were
used to conduct a Principal Component Analysis (PCA) in order
to visualize population structure using smartPCA from the
Eigensoft package (Patterson et al., 2006). Dedicated PCAs for
the northern and southern population only were also
constructed. Population structure was also explored using the
Bayesian assignment approach implemented in STRUCTURE
(Pritchard et al,, 2000), a clustering algorithm which infers the
most likely number of groups (K) in the data. The analysis was
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performed with K=1-5, assuming an admixture model,
correlated allele frequencies and without population priors. A
burn-in of 100,000 steps followed by one million additional
Markov Chain Monte Carlo iterations were performed. For each
K, 10 independent runs were conducted to check for consistency.
The most likely K was inferred using the method of Evanno et al.
(2005), which measures the highest increase of the ad hoc
statistic AK based on the rate of change in the log probability
of data between successive K values. Finally, in order the assess
the power and accuracy of the SNP panel, reduced data from
Jaspers et al. (2021) using 832,323 SNPs was re-analyzed using
the same subset of 46 individuals genotyped with the SNP panel,
including new Fgr calculations as well as new PCA and
STRUCTURE analyses.

Before the analysis, the power of the selected SNP markers to
discriminate between the northern and southern lineages and
identify hybrids was assessed using recom-sim (https://github.
com/salanova-elliott/recom-sim), a program for generating
simulated hybrids from population samples. Based on the
observed allelic frequencies at the selected SNPs in the
northern and southern lineage baseline populations (Woods
Whole and Miami, respectively), the program generated 100
random genotypes of pure northern lineage, 100 of pure
southern lineage and 100 of F1 hybrid. All simulated
individuals were then blindly reassigned to their most
probable category using STRUCTURE (Pritchard et al., 2000)
and NEWHYBRIDS (Anderson and Thompson, 2002). The
software NEWHYBRIDS uses a Bayesian approach to identify
hybrids by computing the posterior probability of each
individual to belong to a pure parental class or be hybrid. Both
STRUCTURE and NEWHYBRIDS were run for 100,000
iterations in the burn-in followed by one million Markov
Chain Monte Carlo iterations.

Results
SNP design and validation

A total of 1,395 high quality SNPs were identified after an
initial dataset of 7.3 million SNPs based on whole genome re-
sequencing of Mnemiopsis leidyi from native and invasive
distribution ranges. The initial dataset was strictly filtered in
order to increase the success of assay design, so that all SNPs
presented 2 alleles, had a MAF > 0.05 and a 100% call rate. After
ranking diagnostic SNPs by MAF and removing those SNPs
without at least 500 bp flanking sequence, a total of 412
candidate SNP sequences were submitted to Fluidigm for assay
design. A final number of 192 assays passed the in silico
primer design.

Validation runs for all 192 assays run on a Fluidigm
machine, showed the following results: 149 successful assays
(77.6%) with a perfect match between observed and expected
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genotypes called in Jaspers et al. (2021) from whole genome re-
sequencing data, 40 failed assays (20.8%) with all individuals
grouped in a single cluster, and 3 mis-matched assays (1.6%) in
which quality was good but the number of observed clusters did
not match expectations. At all assays, duplicate samples of the
same individual showed a 100% match with each other.

Successful assays were ranked according to most informative
for the purpose of the study, including diagnostic SNPs between
the northern and southern lineages and SNPs with the highest
MATF. The best 116 assays were selected for the final SNP panel
(see Table S1).

Power of the SNP panel

In order to test the power of the SNP panel, parental and
hybrid simulated individuals were reassigned blindly. Using
STRUCTURE, admixture proportions ranged from 0.00-0.02
in the southern lineage to 0.93-1.00 in the northern lineage
(Figure S1). All hybrids showed intermediate admixture
proportions (0.37-0.63). Using NEWHYBRIDS, a 100% correct
assignment was made for all individuals, including all simulated
hybrids. This suggests that our SNP panel has enough
discriminatory power to identify northern and southern
lineage individuals and their respective hybrids.

Genetic diversity

Average observed heterozygosity was 0.23 + 0.10 with similar
values found for the northern (0.26 + 0.18) and southern (0.20 +
0.21) groups. The northern group included 26 SNPs with MAF >
0.25, 35 SNPs with MAF 0.16-0.25 and 28 SNPs with MAF 0.06-
0.15. The southern group included 41 SNPs with MAF > 0.25, 8
SNPs with MAF 0.16-0.25 and 11 SNPs with MAF 0.06-0.15.
SNPs with high MAF > 0.25 were present in all populations
(Miami: 27; Varna: 30; Villefranche-sur-Mer: 37; Woods Hole: 27;
Sylt: 25), as well as moderately high MAF 0.16-0.25 (Miami: 11;
Varna: 16; Villefranche-sur-Mer: 12; Woods Hole: 31; Sylt: 41).

Genetic differentiation

A total of 75 SNPs were diagnostic between the northern/
southern group and at 29 of those SNPs the most common allele
was different in the northern and southern groups. Subsequently,
genetic differentiation between pooled northern vs. pooled
southern populations was high (Fsr = 0.18) and pair-wise
comparison between northern and southern populations
ranged between Fgr = 0.15-0.23. Within groups, the lowest
genetic differentiation was found between the native and
invasive northern populations (Woods Hole vs. Sylt, Fsr =
0.03). A higher differentiation was found between the native
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and invasive southern populations (Miami vs. Varna, Fgp = 0.09;
Miami vs. Villefranche-sur-Mer, Fgr = 0.11), while a fixation
index of Fgr = 0.05 was found between the two southern invasive
populations, Varna and Villefranche-sur-Mer (Table 1).

Principal component analysis (PCA) including all
individuals supports the values of genetic differentiation found
among samples, with the first component explaining 16.2% of
the total variance and clearly separating the northern vs.
southern populations, while the second component (2.3%)
separated the southern native vs. southern invasive
populations (Figure 1). Dedicated PCAs for the northern and
southern populations could on the whole separate Woods Hole
vs. Sylt and Varna vs. Villefranche-sur-Mer except for a few
mixed individuals (Figure 1). A more robust separation of the
populations could be observed using Structure, which suggested
a scenario of two clusters (K = 2), grouping both northern vs. all
southern populations, as the most likely (Figure 2). A K = 3
scenario separated the native southern population (Miami) vs.
the invasive southern populations (Varna and Villefranche-sur-
Mer). A K = 4 scenario separated the native (Woods Hole) vs.
invasive (Sylt) northern populations, although with a large
number of mixed individuals. Finally, a K = 5 scenario
separated the two southern invasive populations (Varna vs.
Villefranche-sur-Mer).

Re-analysis of whole genome SNP data

Re-analysis of the same 46 individuals included in our study,
genotyped at 832,323 SNPs from Jaspers et al. (2021), showed high
genetic differentiation between the northern and southern
populations (Fgr = 0.18), ranging from 0.22 to 0.35. Genetic
differentiation was also high among southern populations (Fsp =
0.05-0.11), with the lowest Fg value found between Woods Hole
and Sylt (Fst = 0.02) (Table 1), with similar results obtained from
less stringent filtered dataset including 1.6 Mio. SNPs. Accordingly,
PCA analysis supported the separation of the northern and
southern populations, with the first component explaining 10.1%
of the variance (Figure 1). The northern native and invasive
population clustered together, as did the two southern invasive
populations, but were clearly separated when using dedicated PCAs
(Figure 1). Structure analysis suggested a scenario of K = 2 clusters

10.3389/fmars.2022.1019001

corresponding to all northern vs. all southern populations, as most
likely (Figure 2). A K = 3 scenario separated the southern native vs.
southern invasive populations, a K = 4 scenario separated the
northern native vs. northern invasive population, while a K = 5
scenario separated the two southern invasive populations.

Discussion

A SNP array for one of the world'’s top
invasive species

Single nucleotide polymorphism (SNP) arrays provide a
cost-effective solution for genetic studies and have been
extensively applied since the advent of the genomic era, first in
human studies and later in both model and non-model
organisms (LaFramboise, 2009). A plethora of SNP arrays
have been developed for commercially-important aquaculture
species, enabling the implementation of genomic selection to
improve profitability and sustainability programs including
Atlantic salmon, rainbow trout, Atlantic cod, European sea
bass and gilthead sea bream (Boudry et al, 2021). However,
the application of high throughput SNP arrays towards the
monitoring of invasive species has so far not been
implemented for non-commercial species yet.

We present the development and validation of the first high-
throughput low-density SNP array specifically-designed to
monitor one of the top invasive species in the world (Lowe
et al.,, 2000). The comb jelly Mnemiopsis leidyi, originating from
the West coast of North America, has invaded western Eurasia in
recent years, including the Black Sea, the Mediterranean Sea and
the North Sea. The SNP panel consists of a total of 116 fully-
informative SNPs, of which the top-ranked 96 SNPs can
potentially be implemented in a Fluidigm plate for routinely
scoring a large number of individuals and populations, hence
providing a cost-effective and fast method for genetic
monitoring of M. leidyi. Using a similar approach, Karlsson
et al. (2011) developed a SNP chip constituted by 60 diagnostic
SNPs (from a pool of 7K SNPs) capable of identifying Atlantic
salmon individuals as being wild or farmed. Ferchaud et al.
(2014) generated a low-density SNP array to distinguish between
freshwater and marine populations of threespine sticklebacks

TABLE 1 Pairwise genetic differentiation (Fst) between M. leidyi sampling locations at 116 SNPs (present study; lower diagonal) and at 832,323
SNPs (re-analysis of whole genome data using the same individuals; upper diagonal).

Fgr Miami Sylt
Miami - 0.26
Sylt 0.15

Varna 0.09 0.18
Villefranche 0.11 0.23
Woods Hole 0.18 0.03
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FIGURE 1

Principal Component Analysis (PCA) comparing results of Mnemiopsis leidyi SNP sets from whole genome re-sequencing at 832,323 SNPs (left)
and newly developed SNP Chip at 116 SNPs (right) for all native (Miami: red; Woods Hole: blue, USA) and invasive (Sylt: purple, GER; Varna:
green, BG; Villefranche-sur-Mer: orange, FR) populations (top panel A, B), northern populations only (mid panel, C, D) and southern populations

only (bottom panel E, F).

Gasterosteus aculeatus, encompassing markers located in regions

presumably under selection along with neutral markers.

Is our SNP panel as good as using

whole-genome data?

Comparison of genetic differentiation and population

structure analyses clearly indicates that the SNP chip
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presented in this study leads to similar results as utilizing
whole genome re-sequencing data. In detail, the presented
panel of 116 SNPs could clearly distinguish the two genetic
lineages of M. leidyi, the northern group corresponding to the
native population in New England and the invasive population
in northern Europe and the southern group corresponding to
the native population in Gulf of Mexico/Florida and the invasive
population in the Black Sea, Caspian Sea and Mediterranean Sea
(Jaspers et al., 2021). A total of 75 SNP markers were diagnostic
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FIGURE 2

Structure plots comparing results of Mnemiopsis leidyi SNP sets from re-analysed whole genome re-sequencing at 832,323 SNPs (left) and
newly developed SNP Chip at 116 SNPs (right) of the ctenophore for all native (Miami and Woods Hole — WH, USA) and invasive (Sylt, GER;
Villefranche-sur-Mer — Ville., FR; Varna, BG) populations for the most likely scenario at K = 2 and alternative scenarios at K = 3-5.

between the two groups. Accordingly, genetic differentiation
between the two lineages was high (Fsy = 0.18) and
explorative analyses (PCA, STRUCTURE) clearly separated the
two groups. Besides being able to distinguish between the
northern and southern groups, the SNPs included in our array
are characterized by presenting high genetic variability and
being highly informative, which is important for future
monitoring and traceability studies. In this sense, all
populations had at least 25 highly polymorphic SNPs and
between 38-66 SNPs with a MAF > 0.15.

Despite being a reduced representation of the genome, fixation
indices (Fst) calculated with the SNP panel at 116 SNPs were similar
to the ones obtained when re-analyzing data from Jaspers et al.
(2021) at 832,323 SNPs, with both datasets showing similar Fgr
values. Similar values were also obtained when comparing the two
northern populations, Woods Hole and Sylt (Fsy = 0.03 in our study
and Fgr = 0.02 in re-analysed data from Jaspers et al., 2021) and
when comparing the southern populations, with nearly identical
values found in both studies. Structure analysis also yielded similar
results and the groupings suggested at K=2,K=3,K=4and K=5
were the same either using our SNP panel or the 832,323 SNPs, re-
analysed from Jaspers et al. (2021), with first a partitioning of
northern vs. southern lineages, then a split of southern native vs.
southern invasive populations, then a split of northern native vs.
invasive populations and finally the split between the two southern
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invasive populations. While the proportion of admixed individuals
was higher using our SNP panel, the number and assignment of
groups was identical. Overall, the reduced SNP dataset was able
showcase the known relationship between the M. leidyi groups
(northern vs. southern) but also within groups (native vs. invasive).
Both when using the whole-genome dataset and when using our
SNP chip data the invasive (Sylt) and native (Woods Hole) northern
populations were difficult to distinguish since genetic differentiation
across samples is low. While the SNP panel is a reduced
representation of the genome, our analyses show that the SNP
panel is powerful enough to effectively conduct monitoring and
traceability studies in M. leidyi.

Genetic monitoring to tackle
biological invasions

Besides traceability, a highly polymorphic SNP panel is also
important for monitoring, which allows to follow the changes in
genetic diversity and genetic composition of the populations
over time. Spatiotemporal SNP analyses have been used to
monitor changes in genetic variability and effective population
sizes in many species, in particular commercial fish such as
Atlantic cod Gadus morhua (Therkildsen et al., 2013a;
Therkildsen et al., 2013b), Atlantic herring Clupea harengus
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(Martinez-Barrio et al., 2016) and brown trout Salmo trutta
(Saint-Pé et al., 2019; Bekkevold et al., 2020; Bekkevold et al.,
2021). The study of Jaspers et al. (2021) showed how M. leidyi
invasions in the North Sea area are ongoing, which is explained
by the high connectivity that characterizes northern European
ports (Jaspers et al, 2018) and the extensive trade activity
between the NE coast of the USA and northern Europe. Hence
it is crucial to monitor the development of M. leidyi populations
in the North Sea/Baltic sea region, which can be easily done with
the SNP array presented here. By analyzing new spatial samples
we could detect new invasions and trace the origin of the
invaders, while by analyzing temporal samples we can monitor
populations and changes in genetic composition, genetic
diversity and estimated effective population sizes to help
evaluate the invasive potential of newly emerging populations.
This includes potential exchange of individuals across regions,
such as introductions of individuals from the low saline Black
Sea into Northern Europe. As low salinity is currently setting an
invasion barrier to the range expansion of M. leidyi in Northern
Europe (Jaspers et al., 2011; Jaspers et al., 2018), the introduction
of low saline thriving individuals could lead to a further range
expansion of M. leidyi in Northern Europe.

The high throughput low-density SNP array presented here
represents a cost-effective solution for population genetic studies
and monitoring of genetic diversity and provides an important
toolbox of M. leidyi genetic resources. While alternative
resequencing methods have decreasing costs to date,
sequencing is still expensive, requires high quality DNA and
therefore hampers whole genome methods to be implemented in
monitoring programs scoring routinely large number of
individuals. It also opens the door for implementing such
methods for a wider range of problematic non-indigenous
species. Monitoring of genetic diversity in highly invasive
species allows for the early detection of new introductions
from distant source regions or hybridization events, which
represent an important management tool in order to
understand invasion dynamics. Detecting both the frequency
and the origin of invasion events is essential for developing
targeted management actions to improve the characterization of
risk areas prone to recurrent invasions as well as to detect and
potentially halt species introductions in general.

Conclusion

By using the comb jelly M. leidyi as a model organism, we
outline that genomic, high throughput methods can cost
effectively be integrated in monitoring activities to improve the
characterization of areas prone to re-current species
introductions. Thereby this method provides the opportunity
to generate the critical temporal context required to assess the
current invasion risk of areas for informing risk assessment and
decision making by policy makers and the scientific community.
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