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Invasion rates have increased in the past 100 y irrespective of inter-
national conventions. What characterizes a successful invasion
event? And how does genetic diversity translate into invasion suc-
cess? Employing a whole-genome perspective using one of the
most successful marine invasive species world-wide as a model, we
resolve temporal invasion dynamics during independent invasion
events in Eurasia. We reveal complex regionally independent inva-
sion histories including cases of recurrent translocations, time-
limited translocations, and stepping-stone range expansions with
severe bottlenecks within the same species. Irrespective of these
different invasion dynamics, which lead to contrasting patterns of
genetic diversity, all nonindigenous populations are similarly suc-
cessful. This illustrates that genetic diversity, per se, is not necessar-
ily the driving force behind invasion success. Other factors such as
propagule pressure and repeated introductions are an important
contribution to facilitate successful invasions. This calls into ques-
tion the dominant paradigm of the genetic paradox of invasions,
i.e., the successful establishment of nonindigenous populations
with low levels of genetic diversity.

nonindigenous species | global change | invasion dynamics | gelatinous
zooplankton | Mnemiopsis leidyi

purred by anthropogenic interference, ecosystems around

the globe have become increasingly connected, allowing
species to establish nonindigenous populations far from their
native range (1, 2). While some of these nonindigenous species
(NIS) may provide benefits (3), others can cause severe ecolog-
ical or economic damage, with documented ecosystem impacts,
making them invasive (4). Negative impacts range from habitat
destruction and disease transmission to displacement or even
extinction of native species (5, 6). Though invasive species are
on the rise, increasing in both magnitude and extent (7), only a
small fraction of NIS appear to form invasive populations (8,
9). Therefore, a major focus in invasion ecology has been on
the identification and characterization of traits which contribute
to successful invasions (10). For example, recent experimental
and modeling results illustrate how selection for fecundity traits
can favor population growth in invasive populations (11). How-
ever, the mechanisms by which ecological, genetic, and demo-
graphic factors interact to confer invasion success of NIS have
yet to be fully understood, specifically patterns of genetic diver-
sity during colonization, establishment, and subsequent range
expansion.

Initially, populations of NIS are generally small and as a result
inbreeding, reduced genetic diversity and lack of adaptation
potential elevate NIS extinction risks (12-14). However, a variety
of apparently successful invasive species, have led to the formula-
tion of the genetic paradox of invasions (12, 15), which describes
the successful establishment of NIS populations with low levels
of genetic diversity (13). This hypothesis has recently been chal-
lenged (16, 17), with several studies of invasive populations that
do not show reduced genetic diversity compared to their source

PNAS 2021 Vol. 118 No. 51 e2116211118

populations (16, 18-20). In contrast, recent whole-genome data
analyses have documented a severe reduction of genetic diversity
during successful freshwater invasions of marbled crayfish in
Madagascar (21). Hence, it remains highly debated how ecologi-
cal, genetic, and demographic factors interact to confer invasion
success, and specifically in the marine realm, how patterns and
mechanisms affecting genetic diversity during NIS colonization,
establishment, and expansion interplay.

Here we have used the warty comb jelly Mnemiopsis leidyi
A. Agassiz, 1865 (Bolinopsidae, Lobata) as a marine invasion
genomic model species. Native to the western Atlantic Ocean, it is
considered one of the 100 most notorious invasive species (22),
which successfully invaded different environments world-wide (23,
24). M. leidyi possess some characteristics of successful invasive
species, including short generation times (11, 25), large reproduc-
tive capacity (26) and the ability to self-fertilize (27). Most impor-
tantly, M. leidyi is one of few invasive marine invertebrate species
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with a fully sequenced reference genome (28), making it an entic-
ing target to develop the field of invasion genomics.

We conducted whole-genome resequencing of 72 individuals
from five populations including two native and three invasive
sites to 1) evaluate genetic differentiation and genetic diversity at
the whole-genome level during different invasion scenarios and
2) use coalescent methods to reconstruct the invasion routes and
past demographic changes in the context of the recent invasion
events. We test the paradox of invasions hypothesis by comparing
native versus invasive populations that represent spatially and
temporally independent marine invasions. Our study closes an
important gap in understanding how invasion success relates
to genetic diversity and establishes M. leidyi as genomic model
organism for invasion ecology.

Results

Genetic Differentiation of M. leidyi Populations at the Whole-Genome
Level. Whole-genome sequencing of 72 M. leidyi individuals
from two native range sites in North America and three inva-
sive locations in Europe was conducted (Fig. 14 and S/
Appendix, Table S1). Mean sequencing depth per individual was
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26.3x with a mean mapping rate of 87.9% (mean mapping
quality of 42.8), leading to a set of 1,632,777 single nucleotide
polymorphisms (SNPs) after quality filtering. No closely related
individuals were sampled (pairwise kinship-coefficients <0.06).
We explored population structure using several independent
methods. First, a neighbor-joining dendrogram clearly sepa-
rated all southern from northern populations (Fig. 1B). Within
the southern group, individuals clustered by sampling location
and the native population (Florida, Miami) was more distant
compared to the two invasive populations (Black Sea, Varna
and Western Mediterranean, Villefranche). Within the north-
ern group, individuals displayed distinctively shorter branch
lengths and weaker separation by location compared to the
southern invasive range. While all individuals from the native
northern population (Woods Hole) clustered together, some
individuals from the invasive population (Sylt) were genetically
closer to the native population (Woods Hole) than to their
invasive counterparts. In a second step, genetic differentiation
was assessed by calculating the fixation index (Fst) between
population pairs (Table 1). Similarly, significant population dif-
ferentiation was found between the two native populations in
North America (Miami and Woods Hole; Fst = 0.122).
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Fig. 1. Sampling range (A) and population characteristics (B-H) of the comb jelly M. leidyi including native (USA: Miami, red; Woods Hole [WH], green)
and invasive (western Eurasia: North Sea, Sylt, purple; Black Sea, Varna, orange; Western Mediterranean, Villefranche, blue) populations with
(B) neighbor-joining dendrogram (yellow triangle nodes indicate >95% bootstrap support), principal coordinate analyses (C—F) for invasive and native
populations (C), split into northern native (blue) and invasive (purple) (D), southern native (red) and invasive (green and orange) (E) populations and
results of admixture analyses (F~H) with most likely scenario of two clusters (F) and alternative scenarios with k = 3 (G) and k = 4 (H).
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Table 1. Pairwise genetic differentiation (Fsy) between sampling
locations

Miami  Woods Hole Varna Villefranche Sylt
Miami — 0.122 0.041 0.062 0.118
Woods Hole 0.159 — 0.118 0.207 0.014
Varna 0.059 0.154 — 0.030 0.113
Villefranche  0.086 0.226 0.045 — 0.196
Sylt 0.151 0.016 0.146 0.210 —

All values tested significantly different from zero (P < 0.001).

Differentiation calculated using 1,632,777 SNPs after filtering for linkage
disequilibrium and a 80% call rate (upper diagonal) and using a reduced SNP
set of 832,323 SNPs with a minimum allele frequency MAF > 0.05 (lower
diagonal).

Comparing native versus invasive populations, high Fsr values
were found comparing all southern populations: 0.041 between
the native (Miami) and the invasive Black Sea (Varna) popula-
tion, 0.062 between the native population (Miami) and the
invasive Western Mediterranean (Villefranche) population and
0.03 between the two invasive southern populations. Low but
significant genetic differentiation was found between the north-
ern native and northern invasive populations (Woods Hole vs.
Sylt, Fst = 0.014). More restrictive filtering (minimum allele
frequency MAF < 0.05) resulted in similar population structure
(Table 1).

In accordance with the observed genetic structure, principal
component analysis supports the separation of the northern
and southern populations (Fig. 1C). The northern native popu-
lation and the northern invasive population clustered together
tightly along both PC1 and PC2. The two invasive southern
populations clustered closer to each other compared to the
southern native population along PC2, whereas both the native
and invasive southern population cluster closely along PC1
(Fig. 1C). Dedicated PCA analyses for northern (Fig. 1D) and
southern (Fig. 1E) populations only, show clear geographic
population separation. Interestingly, individuals from the
northern invasive population (Sylt) display larger intrapopula-
tion differences compared to individuals among the native
northern population (Fig. 1D).

We then used STRUCTURE analyses to investigate the mem-
bership of each individual among k ancestral populations (k = 2
to k = 4; Fig. 1 F -H). When exploring the overall number of
genetic groups present, STRUCTURE analyses suggested a sce-
nario with two clusters (K = 2) as the most likely (see Fig. 1F),
grouping both northern versus all southern populations. At k =
3, a further separation of the southern native versus the southern
invasive populations was recovered (Fig. 1G), while at k = 4,
additional population substructure components were observed
among the Black Sea and the Western Mediterranean popula-
tions (Fig. 1H) in accordance with the PCA results.

Genetic Diversity at the Whole-Genome Level. Genetic diversity
was further assessed by analyzing nucleotide diversity m (SI
Appendix, Table S2). In the native range, the southern popula-
tion was characterized by a two-fold higher nucleotide diversity
(Miami; = = 0.134) relative to the northern population (Woods
Hole; = = 0.06). When comparing native versus invasive popu-
lations, the northern invasive population showed a 30%
increase in nucleotide diversity (Sylt; = = 0.078) relative to
Woods Hole, which was statistically significant (P = 0.036). For
the southern populations, the invasive population in the Black
Sea showed a slight decrease of 2.24% (Varna; = = 0.131) rela-
tive to Miami, but differences were not statistically significant
(P = 0.718). Comparing the recent range expansion into the
Western Mediterranean with the native southern population,
an even more pronounced significant decrease of 23% was
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observed (Villefranche; = = 0.103, P < 0.001). All results were
independent of sample size (SI Appendix, Table S2).

Testing Contrasting Colonization Scenarios. Two different model-
testing approaches were then applied to test the likelihood of
different invasion routes for M. leidyi into the Western Mediterra-
nean Sea: 1) a stepping-stone model via the Black Sea vs. 2) a
direct invasion from the native southern range. First, using a
coalescent approach (Fastsimcoal2), a stepping-stone model was
preferred over a model with a direct secondary transatlantic inva-
sion into the Western Mediterranean (Fig. 2 and SI Appendix,
Table S3). The preferred model suggested current effective popu-
lation sizes (N.) of 11,271 (9,323 to 12,043) for the southern
native population, 11,606 (10,093 to 13,405) for invasive Black
Sea and 844 (773 to 943) for Western Mediterranean population
with an estimated mutation rate of 7.6 x 108 per nucleotide per
generation. When checking for consistency of the estimated
mutation rate, a similar mutation rate of 6.1 x 10~ was obtained
for the North Sea invasion (SI Appendix, Table S3). We are aware
that these mutation rates are high and further studies are needed
to substantiate if ctenophores are characterized by exceptionally
high mutation rates, as suggested for mtDNA in ctenophores
(29). Second, we compared the two invasion routes using an
Approximate Bayesian Computation (ABC) modeling approach.
Similarly, the ABC model favored the stepping-stone range
expansion model, with comparable effective population size esti-
mates (Fig. 3 and SI Appendix, Table S3).

Reconstruction of the Demographic History of M. leidyi. The demo-
graphic history of our genomic model species was inferred using
the Pairwise Sequentially Markovian Coalescent (PSMC)
method. The PSMC plots clearly show that all five populations
share ancestry and demographic history for most of the investi-
gated time period, as they converge into a single ancestral
population (Fig. 2). At around 200,000 generations ago, the
ancestral population showed a protracted period of demographic

80,000

—. 60,0004

40,000

Effective population size (Ne

20,000

T T T T T T T

1,000 10,000
Generations

100,000 500,000
Fig. 2. Demographic history of M. leidyi for invasive and native populations.
PSMC model with estimates of the demographic changes (N. = effective
population size) over time (generations, log scale) for all populations includ-
ing the native southern (Miami, red, n = 15) and northern (Woods Hole,
blue, n = 16) populations as well as the invasive southern (Black Sea, Varna,
green, n = 16; Western Mediterranean, Villefranche, orange, n = 9) and
northern (North Sea, Sylt, purple, n = 16) populations.
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Fig. 3. Invasion scenario testing of the recent southern expansion. Results
from ABC model analyses with (A) general scenario explanation of inva-
sion pathways of the Western Mediterranean Sea via 1) a stepping-stone
range expansion from the Black Sea (Scenario 1, green circle) or 2) a direct
reintroduction from its native range in the United States (Scenario 2,
red squares) and (B) ABC model results for both scenarios where direct
observation (yellow point) clearly indicates Scenario 1, with stepping-stone
invasion from the Black Sea as the most likely explanation.

expansion, likely reflecting an increase in its geographic distri-
bution in the native range. After this period of expansion, the
N, curves of the northern and southern native populations
diverged, into two genetically distinct populations in the native
range (Fig. 2).

In regard to the invasion events, the N, curve for the south-
ern invasive Black Sea (Varna) population converged with the
N, curve for the native Florida population (Miami), indicating
that the Black Sea population originated from Florida or a
closely related southern lineage population (Fig. 2). A large
increase in N, was observed when the curve for the Black Sea
splits from Miami, suggestive of a relatively large inoculum dur-
ing the invasion. The N, curve for the Western Mediterranean
population (Villefranche) was identical to the curve for the
Black Sea population up until very recent times, indicating their
origin from the Black Sea (Fig. 2). The drop in N, of Ville-
franche where the two curves diverge suggests the invasion of
the Western Mediterranean Sea by few founder individuals and
a large bottleneck. On the other hand, when looking at the N,
curve of the northern invasive population (Fig. 2), it shows a
similar pattern to the native northern population, indicating
that Sylt originated from Woods Hole or a closely related popu-
lation from the northern lineage. In recent times, a small popu-
lation size increase in the northern invasive population is
observed, likely indicating the invasions into the North Sea.
While timing of events and absolute N, values are dependent
on the mutation rate used (and hence these estimates should
be taken with caution) we can be certain of the origin of the
invasions and that the Black Sea invasion was proportionally
much larger compared the North Sea invasion.

Discussion

The genetic paradox of invasions (15) describes the successful
establishment of invasive populations with low levels of genetic
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diversity. However, the general applicability of the paradox
itself has also been challenged (16, 17), with several reports of
invasive populations that do not show reduced genetic diversity
as compared to their source populations (19) or even showing
increased diversity due to admixture from diverse source
regions (18). Importantly, the mechanisms by which low genetic
diversity due to founder effects in the invasive range can be
circumvented are highly controversial (16, 20). The lack of evi-
dence for strong founder events accompanying marine inva-
sions is possibly driven by high propagule loads (20), multiple
introductions (16), admixture from distant source populations
(18) or a combination thereof. Furthermore, recurrent intro-
ductions can introduce additional genetic diversity over time.
However, the diverse patterns of successful invasive popula-
tions may also stem from methodological shortcomings. We
highlight the value of whole-genome data to gain a full repre-
sentation of the genomic diversity that is not affected by ascer-
tainment bias via selection of a few representative marker loci.
By investigating genetic diversity patterns in contrasting inva-
sion scenarios across western Eurasia at the whole-genome
scale and using one of the 100 most successful invasive species
world-wide (22), we address the genetic paradox of invasions
and discuss our findings in the context of the specific invasion
scenarios.

First Invasion Wave: The Black Sea Invasion. M. leidyi was first rec-
ognized as an invasive species in the Black Sea during the
1980s, where it led to a significant ecosystem restructuring (30).
During the following four decades, M. leidyi spread through
vast areas of southwestern Eurasia (24). Our genome-wide
study confirms that the invasive Black Sea population origi-
nated from the southern Gulf of Mexico/Florida peninsula
(31-34). Given the time period of four decades since this initial
invasion event, the substantial genetic distance between native
and invasive southern populations observed here can be
explained by allopatric divergence in the absence of gene flow.
On the other hand, similar levels of genetic diversity were
found when comparing the southern native and invasive (Black
Sea) populations. These results are in stark contrast to previous
studies using a small number of genetic markers, which
reported a significant decrease in genetic diversity of M. leidyi
in the Black Sea (31-34). Considering the high genetic differen-
tiation observed between southern native and invasive popula-
tions and the high nucleotide diversity found, this suggests a
single or time-limited invasion event constituted by a significant
amount of individuals that transferred the bulk of the genetic
diversity of the native population to the Black Sea. This inter-
pretation is further supported by the PSMC plots, which show
a large increase in population size for the invasive Black Sea
population, coinciding with the time of the first M. leidyi sight-
ings. Such high propagule pressure could be the result of large
vessel ballast water discharge containing M. leidyi, especially
from oil tankers, which need substantial ballast water during
return journeys for stabilization (35). In accordance, the first
records of M. leidyi in the Black Sea date back to the early
1980s (23, 24, 36), a period characterized by high shipping traf-
fic between Cuba and the U.S.S.R.’s major Black Sea ports (23,
36), which are in close proximity to M. leidyis first sighting site
(36). However, shipping traffic came to an abrupt end in the
late 1990s, just before the collapse of the Soviet Union, which
could explain the current lack of gene flow and continued
divergence between the two populations. Our demographic
reconstruction using PSMC shows a rapid expansion of the
Black Sea population shortly after its establishment, which can
be attributed to the initial lack of predators (36) and in agree-
ment with large blooms observed before the arrival of the non-
indigenous predator Beroe ovata (36) followed by a drastic drop
in the effective population size.
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A large number of initial founders, such as inferred from our
PSMC analyses for the Black Sea, is expected to be important
for avoiding random drift, inbreeding and provides sufficient
standing genetic variation upon which selection can act (37).
Also, this increases the likelihood of introducing genotypes pre-
adapted to the new environment (20, 38). This seems particu-
larly relevant for the Black Sea invasion, as native and invasive
distribution ranges show contrasting environmental conditions.
In native southern areas around Florida, surface salinities over
339, are characteristic (39), compared to 189, in the western
Black Sea (40). While adults of M. leidyi are tolerant to a wide
range of salinity values, egg production rates are severely
affected by salinity due to reduced fertility (41). Thus, the pres-
ence of substantial standing genetic variation in introduced
populations can be critical to NIS adaptation to new conditions
present in the invasive habitat and determine secondary range
expansions into adjacent areas.

Secondary Range Expansion into the Western Mediterranean. After
the establishment of M. leidyi in the Black Sea, it was first
recorded in the Western Mediterranean in 2005, with blooms
observed along the coasts of Italy, France, and Spain during
2009 (24). The origin of the Western Mediterranean M. leidyi
population has remained controversial, either stemming from a
secondary introduction from the Black Sea (31, 32, 34) or rep-
resenting a new direct introduction from its native range (33).
By using full genome resequencing data, we recover the origin
of the Western Mediterranean invasion as secondary range
expansion from the Black Sea.

This secondary range expansion is characterized by a signifi-
cant reduction in genetic diversity and fits the classical view that
invasive populations are often associated with a genetic bottle-
neck. This result is also supported by the inferred demographic
history using coalescent methods, which suggest a small effec-
tive population size for the Western Mediterranean population,
much lower than the native Florida and the invasive Black Sea
populations. Both independent coalescence-based methods lead
to the same result of secondary range expansion into the West-
ern Mediterranean by the Black Sea population. Connectivity
via ocean currents could be a possible vector seeding animals
from the Black Sea via surface water outflow through the Sea of
Marmara and Aegean Sea (24). However, the current direction
is dominated by an eastward flow for the central Mediterranean
Sea (24), hampering direct drift dispersal from the Black Sea to
the Western Mediterranean. However, this eastward current is
characterized by very low current stability estimates along the
continental coast, which could explain the long lag-time (24) of
over three decades and the severe genetic bottleneck observed
in our study, possibly due to current mediated drift of animals.
Irrespective of the mechanisms, we conclude that M. leidyi has
successfully invaded the Western Mediterranean Sea, despite a
significantly decreased genetic diversity, which supports the
genetic paradox of invasions paradigm.

Repeated Invasions into Northern Europe. Our results confirm
that M. leidyi populations in northern Europe originated from
the northern native population in the NE coast of North Amer-
ica. We found low but significant levels of genetic differentia-
tion between the native and invasive populations. Notably,
within the invasive population, we observe a 30% increase in
genetic diversity. This allows us to resolve earlier analyses of
genetic diversity in northern European populations that have
used small numbers of molecular markers (34, 42). Increased
genomic diversity in the invasive range is often accounted for
by multiple introductions from distinct source regions leading
to admixture of naturally isolated populations (18, 19, 43).
However, low genetic differentiation based on pairwise fixation
indices, lack of structure and lack of introgression found here
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suggest source matching without admixture from other iso-
lated populations. Compared to the southern system, the
northern invasion appears to be younger but given M. leidyi’s
short generation time (11, 25), an initial small founding popu-
lation should have been expected to diverge from the native
population during the past 10 y/250 generations. Specifically,
low genetic differentiation coupled with an increase in nucle-
otide diversity suggests multiple transfers of a few individuals
over an extended period of time from slightly different areas
within the native range. In accordance, our PSMC results sug-
gest that the northern invasion was not an event of the same
magnitude as the invasion of the Black Sea from the Southern
native population. Due to the presence of some of the largest
ports of the world with vigorous trade activity connected to
the NE coast of the United States, Northern Europe is sus-
ceptible to repeated invasions of planktonic marine organ-
isms via ballast water discharge (35, 44). Importantly, those
Northern European ports are also characterized by very high
connectivity with large areas of NW Europe via ocean cur-
rents, making recurrent reseedlings of nonnative species very
likely (24).

We show that all scenarios with increase, decrease and main-
tenance of genetic diversity can occur within the same nonin-
digenous species, and that all three scenarios can lead to the
successful establishment forming invasive populations. This con-
tradicts the general applicability of the genetic paradox of inva-
sions. Specifically, we find 1) a single invasion by a large number
of propagules from the southern native population of M. leidyi so
that most of the genetic diversity was retained in the Black Sea,
2) repeated introductions from the northern native population of
M. leidyi by a small number of propagules leading to an increased
genetic diversity in the North Sea, and finally 3) a secondary
stepping-stone invasion by a small number of propagules from
the invasive Black Sea population that accounted for the signifi-
cant loss in genetic diversity in the Western Mediterranean.
Despite the different modes of invasion events that accounted for
the origins of these three independent invasion events in western
Eurasia, all populations appear to be equally successful and are
regarded as invasive with tangible impacts at the ecosystem level.
Thus our results suggest that genetic diversity per se is not the
major driving force behind invasions. Propagule pressure and
multiple introductions also play an important role in determining
invasion success.

As perspective of relevance for management actions, our
whole-genome data highlight that in the case of northern Europe,
despite international conventions in place such as UNEP’s Barce-
lona Convention, Convention on Biological Diversity or the IMO
Ballast Water Management convention to halt species introduc-
tions, continued seeding of M. leidyi from the native range has
persisted and is likely associated with repeated ballast water
introductions from large transatlantic shipping vessels. This
suggests that other marine invaders could experience similar tem-
poral invasion dynamics as outlined here, which is of importance
to understanding NIS establishment success, NIS range expan-
sion and the potential for new invasions of nonnative species in
Northern Europe. Future studies could consider impacts of selec-
tion along native environmental gradients (e.g., ref. 45) or use
molecular informed niche modeling (46) to understand fine scale
population differences, but our results demonstrate that whole-
genome sequencing methods (invasion genomics) are powerful to
describe the invasion dynamics and detect recurrent invasions.
This may allow for the relatively rapid assessment of NIS and the
development of management policies, for example, directed at
regulation of ballast water release in areas associated with
repeated NIS invasions. The North Sea is particularly vulnerable
to large input of species from other regions (44) and will benefit
from management actions aimed at restricting NIS introductions
and their potential subsequent successful establishment. Invasion
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genomic tools outlined here will allow for detecting risk areas
and are thereby important to halt species introductions in the
marine environment.

Materials and Methods

Study Organism and Invasion History. The warty comb jelly M. leidyi, native to
the Eastern Americas, was first sighted outside its native range in the Black
Sea during the early 1980s (23, 24, 36). From there it expanded into the Sea of
Azov, the Sea of Marmara, the Eastern Mediterranean and Caspian Sea and
most lately, the Western Mediterranean Sea (24). In a second invasion wave, it
was recorded in Northern Europe and expanded from the North Sea (2005)
into the central Baltic Sea and was recorded all along the western Norwegian
coast until 63.4°N (24). Previous genetic studies, using few markers (COI, CYT-
B, microsatellites), confirmed two source regions for the southern and north-
ern invasions, respectively (31-34, 47). The southern invasion had been shown
to originate from the Gulf of Mexico area, whereas the northern invasion was
sourced from the NE coast of the United States (31-34, 47). So far, the origin
of the Western Mediterranean invasion was less certain and direct coloniza-
tion from the native range (33) as well as a stepping-stone invasion from the
Black Sea were proposed (32). The species possesses some of the common
characteristics of successful invasive species, including short generation
times (11, 25), high growth rates (11), large reproductive capacity (26), high
predation rate (48) and wide environmental tolerance (23).

Sampling. Sampling sites were chosen based on major population structures
of M. leidyi (34). A total of 72 M. leidyi individuals were collected from five dis-
tinct geographic locations: two in the native range on the East coast of the
United States, Florida, Miami (n = 15) and Woods Hole (n = 16) in New England;
as well as three sites across the invasive range with Varna (n = 16) in the Western
Black Sea, Villefranche-sur-Mer (n = 9) in the Western Mediterranean Sea and
Sylt (n = 16) in the North Sea (Fig. 1 and S/ Appendix, Table S1, Figs. S1, S2). All
specimens were collected during June/July 2016 in surface waters, either from
shore, diving/snorkeling or from small vessels operated nearshore. Specimens
were preserved individually, frozen below —40°C or lyophilized until further
processing. For lyophilizations, live specimens were briefly rinsed in freshwater
to minimize salt carryover, transferred to an airtight container, prefrozen at
—80°C for at least 2 h and placed in the freeze dryer for 48 h.

DNA Extraction and Resequencing. High-molecular-weight genomic DNA was
extracted from ctenophore tissue using a modified CTAB/Chloroform protocol
(49), with subsequent quality control via electrophoresis on a 0.8% agarose
gel. Whole-genome resequencing was conducted at the Max-Planck Institute
for Evolutionary Biology in PIon (Germany). Individually indexed, paired-end
libraries with an insert size of 550 bp were constructed using the Illumina Tru-
Seq Nano DNA HT Library Preparation Kit (lllumina). An Agilent 2100 Bioana-
lyzer System (Agilent Technologies) was used to perform quality control of
the libraries. Libraries were sequenced in 2 x 150 bp paired-end configuration
on the Illumina NextSEq. 500 System (lllumina). The Bcl to FastQ conversion
was performed using BCL2FASTQ version 2.17.1.4 (lllumina).

Data Filtering and SNP Calling. Read quality was initially assessed using
FastQC (https://Awww.bioinformatics.babraham.ac.uk/projects/fastqc) and the
FASTX-Toolkit (http:/hannonlab.cshl.edu/fastx_toolkit/). Raw sequence data
were trimmed using Trimmomatic v0.36 (50), with a minimum Phred score of
15. After removing adapter sequences and low quality bases, paired and
unpaired reads were aligned to the M. leidyi reference genome (28) using the
mem algorithm in BWA v0.7.15 (51). A trimmed version of the genome was
used only containing scaffolds longer than 10 kb, which reduced the number
of scaffolds from 5,100 to 1,254 while retaining 94.9% of bases. Sequence
alignments were preprocessed using Picard v2.6.0 (Broad Institute 2018
https://broadinstitute.github.io/picard/) which included merging (MergeSam-
Files), coordinate sorting (SortSam) and identifying/removing duplicate reads
arising during library amplification (MarkDuplicates). Subsequently, variant
calling was performed with the mpileup and call commands in BCFtools v1.9
(52). We excluded sites for which read depth was less than 10 or more than
100, sites for which quality was below 20 and sites in proximity to indels.
Finally, variants were filtered using vcftools v0.1.14 (53) so that only biallelic
SNPs with a Phred quality score above 13 were retained. Furthermore, only
loci genotyped in more than 80% of individuals were retained. For some
of the analyses, an additional minor allele frequency (MAF) filter was
implemented, removing sites with MAF below 0.05.

Genetic Diversity and Population Structure. Genetic diversity and population
structure analyses were conducted using filtered SNP datasets following link-
age disequilibrium-based variant pruning implemented in PLINK version
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1.90b3.42 (54), which produces a pruned subset of markers in approximate
linkage equilibrium. The indep-pairwise option was used with a window size
in variant count of 100, a variant count of 5 to switch window at the end of
each step and a r? threshold of 0.5. Prior to the analysis, PCAngsd version 0.95
(55) was used to detect potentially related individuals based on the kinship
matrix. Levels of genetic diversity across populations were assessed using Nei
and Li (56) nucleotide diversity (x) calculated using vcftools v0.1.14 (53). = was
calculated for each population using the entire dataset with all samples and
additionally with a resized dataset in which all populations were randomly
subsampled to the largest common sample size of n = 9. SEs and confidence
intervals for = were obtained by performing a bootstrap function with 1,000
replicates using the boot package in R.

Standardized genetic differentiation statistics between population pairs
were calculated using vcftools version 0.1.14 (53), in accordance with Weir
and Cockerham (57). All genotype data were used to conduct a Principal Com-
ponent Analysis (PCA) in order to visualize population structure using
smartPCA from the Eigensoft package (58). Population structure was visual-
ized by means of a neighbor-joining dendrogram constructed using the BIONJ
algorithm (59). Bootstrap support was calculated with the aboot function in
the software package poppr v2.3.0 (60). In order to assess the significance of
pairwise Fst values, we carried out bootstrapping over loci to generate a Cl
around the observed Fsr. P values were calculated using a one-sample T-test
for each pairwise Fst. Population structure was further investigated using the
Bayesian assignment approach implemented in STRUCTURE (61), a model
based clustering algorithm that infers the most likely number of groups (K) in
the data. The analysis was performed with K = 1 to 5, assuming an admixture
model, correlated allele frequencies and without population priors. A burn-in
of 10,000 steps followed by 100,000 additional Markov Chain Monte Carlo
iterations were performed. For each K, 10 independent runs were conducted
to check the consistency of results. The most likely K was inferred using the
method of Evanno et al. (62), which measures the steepest increase of the ad
hoc statistic AK based on the rate of change in the log probability of data
between successive K values.

Testing Alternative Invasion Routes. We used two different model-testing
approaches to identify the most likely invasion routes of M. leidyi into western
Eurasia. In particular, we tested whether the invasion occurred following 1) a
stepping-stone scenario where M. leidyi was first introduced from the native
southern range to the Black Sea and subsequently expanded into the Western
Mediterranean versus 2) a scenario in which the Western Mediterranean pop-
ulation was directly seeded from the native southern population. First, the
two scenarios were simulated and compared using Fastsimcoal2 (63), which
infers demographic parameters from the site frequency spectrum of the popu-
lations using a coalescent simulation framework. The joint allele frequency
spectra (JAFS) for all populations were directly generated from the final vari-
ant calls using the scripts in https:/github.com/shenglin-liu/vcf2sfs. Wide priors
for population sizes were used while mutation rates were constrained to vary
between 1x 1077 -1 x 10~°. As calibration points, we used the time since the
first reported observations of substantial amounts of animals in the invasive
range (1985 for the Black Sea and 2009 for the Western Mediterranean) and a
generation time of two weeks (25), based on laboratory experiments. For
each demographic model, 100 independent estimations with different initial
parameter values were run. Results for the estimation with the highest likeli-
hood were reported. The best fitting demographic model was identified using
Akaike's Information Criterion (AIC) score (64). In order to check for consis-
tency of the mutation rate obtained, we also ran Fastsimcoal2 using the North
Sea invasion data (S/ Appendix, Table S3). Second, we applied an ABC approach
implemented in DIYABC version 2.1 (65) to evaluate the relative likelihood of
the two invasion scenarios described above. The analysis was conducted using
a subset of 960 informative SNPs after filtering for a 100% call rate and only
selecting one SNP per scaffold. Estimates of contemporary effective population
sizes, derived from PSMC (see below), and divergence times (same as historical
events in Fastsimcoal2) were used to parameterize the models. A total of 1 mil-
lion data sets were simulated for each invasion scenario. The similarity
between observed and simulated data sets was assessed using the following
statistics: mean genetic diversity, Fst and Nei's genetic distance between sam-
ple pairs. Model validity was checked by conducting a PCA of the summary sta-
tistics for all simulated data sets under the contrasting scenarios to confirm if
the observed data overlapped with the distribution of simulated data sets. The
10,000 (1%) simulated data sets with the best fit to the observed data were
used to obtain posterior distributions of the model parameters.

Demographic Analyses Using PSMC. Coalescent methods can be applied to

infer past population dynamics and demographic changes over large time-
scales with high resolution. The demographic history of M. leidyi was inferred
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using the PSMC method (66), which can extract demographic information
about a given population/species from the distribution of heterozygous sites
across the genome. For each individual, a consensus sequence was generated
using BCFtools v1.9 (52), following the approach of Nadachowska-Brzyska
et al. (67). First, variants were called with the mpileup and call commands in
BCFtools using the M. leidyi genome as reference. Same filtering criteria as
outlined above were applied. Additionally, mitochondrial regions were
excluded. Subsequently, the consensus command in BCFtools was used to
incorporate all variants to create a consensus sequence for each individual.
The resulting vcf file was converted to the psmc input format with vcfutils.pl
(distributed with BCFtools). Next, the consensus sequence was divided into
nonoverlapping 10 bp bins, with bins scored as either heterozygous if there
was at least one heterozygote nucleotide position in the bin or homozygous.
PSMC v0.6.5 (66) was run with the total number of iterations set to 25, T max
(-t) set to 15, initial mutation/recombination ratio (-r) set to 5 and time bin
parameter (-p) set to “4 + 25*2 + 4+6".

For parameter conversion we used a generation time of 2 wk (25) and an
average mutation rate of 6.85 x 102 per nucleotide per generation obtained
from analyses of the northern and southern invasion events, respectively (Fast-
simcoal2 results see S/ Appendix, Table S3). The rate was estimated using inva-
sion data as we were interested in examining relatively recent divergent times
(68). However, since we conducted the PSMC analyses using resequencing
data, which is not as informative as high-coverage sequencing methods (67),
we use the PSMC plots to infer the origin of the different invasions and the
relative size of the invasions but the timing of the population splits can only
be properly estimated with high-coverage sequencing data (i.e., de novo
genome sequencing). Besides knowledge of the mutation rate, the main
underlying assumptions of PSMC analyses are: 1) populations are panmictic
and there is no substructuring within populations and 2) sequences are
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evolving neutrally. PSMC can be sensitive to violations of the underlying
assumptions (69). High population structure could result in distorted effective
population size (Ne) changes over time, while natural selection could lead to
an observed drop in N, (69). As invasive populations are likely not in equilib-
rium during part of their invasion history and might be impacted by nonran-
dom mating, inbreeding due to founder effects and natural selection, this can
affect estimates of absolute coalescence times and N, estimates (69, 70). In
this study, no genetic differences were found within populations and all pop-
ulations were panmictic without signs of inbreeding. The potential impact of
selection should be considered as some of the observed drops in N, might be
partially due to selective effects. Combining different approaches and bearing
model assumptions and uncertainties about absolute face values in mind, coa-
lescent methods provide a powerful tool of inferring demographic histories
from genomic data (70), also for invasion biology.
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