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Genetic Diversity of Invasive Species in the Great Lakes
Versus Their Eurasian Source Populations: Insights
for Risk Analysis

Carol A. Stepien,'™ Joshua E. Brown,! Matthew E. Neilson,! and Mark A. Tumeo?

Combining DNA variation data and risk assessment procedures offers important diagnos-
tic and monitoring tools for evaluating the relative success of exotic species invasions. Risk
assessment may allow us to understand how the numbers of founding individuals, genetic vari-
ants, population sources, and introduction events affect successful establishment and spread.
This is particularly important in habitats that are “hotbeds” for invasive species—such as the
North American Great Lakes. This study compares genetic variability and its application to
risk assessment within and among three Eurasian groups and five species that successfully in-
vaded the Great Lakes during the mid 1980s through early 1990s; including zebra and quagga
mussels, round and tubenose gobies, and the ruffe. DNA sequences are compared from exotic
and native populations in order to evaluate the role of genetic diversity in invasions. Close
relatives are also examined, since they often invade in concert and several are saline tolerant
and are likely to spread to North American estuaries. Results show that very high genetic
diversity characterizes the invasions of all five species, indicating that they were founded by
very large numbers of propagules and underwent no founder effects. Genetic evidence points
to multiple invasion sources for both dreissenid and goby species, which appears related to es-
pecially rapid spread and widespread colonization success in a variety of habitats. In contrast,
results show that the ruffe population in the Great Lakes originated from a single founding
population source from the Elbe River drainage. Both the Great Lakes and the Elbe River
populations of ruffe have similar genetic diversity levels—showing no founder effect, as in
the other invasive species. In conclusion, high genetic variability, large numbers of founders,
and multiple founding sources likely significantly contribute to the risk of an exotic species
introduction’s success and persistence.
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data that may assist in this estimation include the
level of genetic variability, the genotypic composition,
number of individuals and genotypes introduced, and
number and variety of founding sources. These fac-
tors are the focus of the present study. Once the prob-
abilities of the underlying “risk events” are identified,
to complete a risk assessment, it is necessary to: (1)
estimate the probability of those events; and (2) eval-
uate the impacts or consequences, in terms of losses
(to the native ecosystem, other species, and the envi-
ronment) given the likelihood of the event (i.e., the
establishment, spread, and persistence of the invasive
population). The combination of the probability of
the event and the consequential damage should the
event occur is a measure of the “risk” and, if done
quantitatively, can provide actual probabilities. The
results of such a risk assessment, even if only quali-
tative, are extremely valuable in risk management to
analyze protective actions that could be implemented,
in this case, to prevent the occurrence, establishment,
and/or spread of an invasion.

1.1. Genetic Analysis of Exotic Species
in the Great Lakes

The North American Great Lakes have been eco-
logically restructured by waves of invaders that were
accidentally introduced from ships’ ballast water, with
several high-impact introductions clustering during
the mid 1980s to early 1990s—including the dreissenid
mussel, neogobiin gobies, and ruffe invasions exam-
ined here. The Great Lakes have been a “hotbed”
for invasive species—presumably due to high ship-
ping traffic, a history of pollution and ecological
disturbance, the presence of open niches in an ecolog-
ically young system dating to the Pleistocene Ice Ages,
facilitative interactions by co-evolved invaders—such
as the predator-prey relationship between the dreis-
senids and the round goby—and a donor-recipient
pathway from the Ponto-Caspian region .(1:6-%)

In this study, we compare the population genetic
and systematic relationships of five exotic species
invasions in the Great Lakes, including: (1) dreis-
senid mussels—the zebra mussel Dreissena polymor-
pha and the quagga mussel D. bugensis, (2) neogobiin
fishes—the round goby Apollonia (formerly Neogob-
ius) melanostomus and the freshwater tubenose goby
Proterorhinus semilunaris (name changed with divi-
sion from the marine tubenose goby P. marmoratus
per Stepien and Tumeo® and Neilson and Stepien
(in progress)), and (3) the ruffe percid fish Gymno-
cephalus cernuus. All these invasions occurred during

Stepien et al.

the mid 1980s to early 1990s from Eurasian source
populations having phylogenetic species origins in the
Ponto-Caspian region.!>12) All have been success-
ful at establishment and spread, with D. polymorpha
and A. melanostomus being the most widespread and
numerous. Conventional genetic theory®!® predicts
that founding populations, such as these, would have
markedly lower genetic variability than contained in
the source populations, due to few genotypes being
introduced—comprising a central hypothesis surmis-
ing a “founder effect” that is critically examined here.
We analyze a common suite of genetic characters that
may characterize and/or differentiate these five inva-
sions and explore their application to risk assessment.

1.2. Genetic Characteristics of Exotic Invasions

Ecological analyses reveal that successful exotic
species often display a broad range of environmental
tolerance, such as to a variety of salinity and tem-
perate regimes, possess a history of invasiveness in
other areas, and grow and reproduce rapidly.(% A
large number of introduced individuals and high ge-
netic variability are predicted to increase the risk of
establishment, spread, and adaptation to new habi-
tats(21319__hypotheses that are critically examined
here. Similarly, temporal and spatial waves of intro-
ductions originating from multiple founding sources
may fuel the genetic diversity of an invasion, enhanc-
ing its ability to adapt to new and changing environ-
ments. Ballast water may be exchanged by ships in
a variety of ports, mixing the gene pools of different
founding sources, and introducing a unique combina-
tion of genotypes to new areas.

However, it is likely that most invasions are
founded by very small populations having limited
gene pools due to the difficulty of surviving transport,
encountering favorable environmental conditions, se-
curing habitat and resources, surviving the stress of
new competitors and predators, finding a mate, and
successfully reproducing. Typically, new populations
thus would be likely to show marked founder effects
(low genetic variability compared to source popu-
lation areas)—a central hypothesis examined in the
present study by comparing the genetic characters
and diversity of exotic versus native populations. Low
genetic variability in new populations from founder
effects would be especially apparent in the mitochon-
drial DNA genome due to its smaller effective popula-
tion size, more rapid extinction of lineages, and lack of
recombination.!!”) Here, we analyze results from both
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mtDNA and nuclear DNA analyses in a comparative
approach and discuss their relation to risk assessment.

2. MATERIALS AND METHODS

Species examined, samples, sampling site coordi-
nates, and types of genetic data analyzed are indicated
in Table I, with North American and Eurasian sam-
pling locations shown on the maps in Figs. 1 and 2. The
present study focuses on comparing levels of genetic
variation within and among five invasive species in the
Great Lakes versus their native and invasive popula-
tions in Eurasia, and is part of larger ongoing separate
analyses of the extent of variation within each species
by our Great Lakes Genetics Laboratory. Previous re-
sults for the five species (dreissenids;(":'112) neogobi-
ins;>1® and ruffe1*1)) here are compared with new
genetic databases for each, offering increased resolu-
tion power for understanding the role of genetic vari-
ation in invasions. Previously collected data are re-
analyzed here using a common format and computer
programs in order to facilitate the comparisons.

2.1. Samples and Genes Examined
for Dreissenid Mussels

The population genetic characters of the dreis-
senids zebra mussel Dreissena polymorpha and
quagga mussel D. bugensis are compared from North
American and Eurasian samples using mitochondrial
DNA (mtDNA) cytochrome b gene sequences, as well
as previously collected data for nuclear RAPDs (Ran-
domly Amplified Polymorphic DNA) variation (orig-
inally reported in Reference 1). In the earlier nuclear
DNA RAPDs study, genetic variation of 280 zebra
mussel samples were analyzed for 63 putative RAPDs
loci.™) Those results are compared with mtDNA cy-
tochrome b gene sequence data from 188 individuals,
including 111 samples from throughout their North
American invasive range and 77 from Eurasian loca-
tions (Table I; Figs. 1 and 2). New sampling locations
include those collected during a research expedition
by C. Stepien around the northern Black Sea.

Variation in quagga mussels D. bugensis origi-
nally were analyzed using 52 nuclear RAPDs loci
for 136 individuals, including 111 from locations in
the lower Great Lakes region and 25 individuals
from the central Dnieper River.(l) The earlier study
lacked the range of Eurasian samples available for the
more recent investigation. The present study also uti-
lizes new mtDNA cytochrome b sequence data from
78 individuals, including 49 from the lower Great
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Lakes and 29 representing their present Eurasian
range (encompassing recent invasion locations in the
Caspian Sea and Volga River).?? In addition, se-
quences from the closely related saline form D. ros-
triformis are compared with D. bugensis, since the
former are predicted to invade North American es-
tuarine systems.(!?) Samples of the remaining species
in the genus—D. stankovici—are included in order to
interpret patterns of intra- versus interspecific varia-
tion in dreissenids. Phylogenetic trees include the sis-
ter genera to Dreissena (Congeria and Mytilopsis) as
outgroups (for systematic details see References 11,
12, and 21).

2.2. Populations and Genes Analyzed
for Neogobiin Gobies

Genetic diversity in the round goby Apollonia
(formerly Neogobius—see Reference 9) melanosto-
mus originally was surveyed using sequences from
the left domain of the mtDNA control region for
75 individuals, including 35 samples from a native
Eurasian site (western Black Sea at Varna, Bulgaria)
and an invasive Eurasian location (Gulf of Gdansk,
Poland), as well as 40 samples from five sites in the
lower Great Lakes (reported in Reference 18). Those
findings are compared here with new results from
sequencing the mtDNA cytochrome b gene, supple-
mented with data reported by Dougherty, Moore, and
Ram.?? We survey variation among 110 individuals,
including 59 from Eurasian locations and 51 samples
from the lower Great Lakes (Table I).

The present study analyzes variation in mtDNA
cytochrome b gene sequences for 20 samples of the
freshwater tubenose goby Proterorhinus semilunaris
from the lower Great Lakes and rivers draining into
the Black Sea, in comparison with 22 representatives
of its sister species the marine tubenose goby P. mar-
moratus. Recent results®®) demonstrate that the fresh-
water and marine clades of this taxon are separate
species, and the historic name P. semilunaris thus has
been resurrected for the freshwater clade. In another
previous study,(!®) 12 samples of P. semilunaris were
sequenced from the Lake St. Clair region for the
mtDNA control region (when Eurasian samples were
unavailable). The present article compares results of
the previous work with newly collected data.

2.3. Samples and Genes Tested for Ruffe

Samples analyzed for the Eurasian ruffe Gym-
nocephalus cernuus encompass 120 individuals from
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Fig. 1. Map showing locations of
sampling sites from the invasive ranges of
dreissenid mussels, neogobiin gobies, and
the ruffe percid fish in the North
American Great Lakes region and
outgroup populations.
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D. polymorpha

D. bugensis

A. melanostomus
P. semilunaris

G. cernuus

L]
o
*
o
&

11 populationsites across its native (Eurasian) and an-
thropogenically introduced (North American Great
Lakes and northwestern Europe) ranges (Table I and
Figs. 1 and 2), using DNA sequences from the en-

Fig. 2. Map showing locations of
sampling sites from the current (invasive
and native) ranges of dreissenid mussels,
neogobiin gobies, and the ruffe percid
fish in Eurasia. The Ponto-Caspian region
includes the Black, Azov, and Caspian
Seas and their drainages.

tire mtDNA control region and the sixth intron of
the nuclear lactate dehydrogenase A gene (LdhA®6).
We include samples from the ruffe’s 2002 appear-
ance in Lake Michigan, as well as representatives

k]
* 4 %
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from its present range in Lakes Huron and Supe-
rior. In addition, results are compared with sequences
from its Eurasian congeners—Balon’s ruffe G. baloni
and the yellow pope G. schraester—as well as the
yellow perch Perca flavescens as an outgroup. Prior
work has indicated that Perca is the genus sister to
Gymnocephalus.(10%3)

2.4. Genetic Data Collection and Analysis

Samples were either frozen live in liquid nitrogen
or on dry ice and stored at —80° C, or were placed
directly in 95% ethanol while alive and then stored
at room temperature. Guts were removed and ge-
nomic DNA was extracted from muscle tissues and
purified using the DNeasy tissue kit and protocol
(Qiagen, Inc., Valencia, CA). We amplified the mi-
tochondrial DNA cytochrome b regions for dreis-
senid mussels (429 bp) and neogobiin gobies (451
bp), the mitochondrial DNA control region for the
round goby (750 bp) and the ruffe (1,024 bp), and
the nuclear LdhA6 intron for the ruffe (194 bp)
using conserved primers and PCR (the polymerase
chain reaction) as described in previous studies by
the Stepien laboratory.(>10:12.18.19) PCR products were
purified with a QIAquick kit (Qiagen, Inc., Valen-
cia, CA). DNA sequencing reactions were performed
separately in both directions (for independent verifi-
cation) using the PCR primers and cycle sequencing,
following manufacturer’s directions (CEQ DTCS kit,
Beckman-Coulter, Inc., Fullerton, CA). Sequences
were determined using a Beckman-Coulter CEQ 8000
capillary autosequencer. Sequences were aligned us-
ing Se-A1?* and manual adjustments were made em-
ploying amino acid alignments and parsimonious pro-
cedures (see Reference 9). Sequences were deposited
in Genbank (see Table II for accession numbers). Re-
sults here are discussed in comparison with our ear-
lier analyses for dreissenids,(":!1221) neogobiin gob-
ies,(>18) and ruffe.(19-19)

Phylogenetic relationships among the DNA hap-
lotypes were analyzed using the neighbor joining
algorithm®) with Kimura®® 2-parameter genetic
distances, the pairwise deletion option, and 1,000
bootstrap replications in MEGA 2.1.27) Population
genetic data analyses were run in Arlequin ver-
sion 2.001® in order to compute genetic diversity
indices, conformance to Hardy-Weinberg equilib-
rium expectations (in the case of the diploid RAPD
data), Fst analog estimates and corresponding prob-
ability values (from 1,000 permutations), migration

Stepien et al.

Nm estimates, and hierarchical partitioning of varia-
tion (presented here as % Variance) using AMOVA
(Analysis of Molecular Variance).*) Statistical mea-
sures of genetic variability used for comparisons of
invasive versus native populations in this study in-
cluded haplotypic diversity/ gene diversity/ heterozy-
gosity (k) and nucleotide diversity (i) (see Reference
30).

Haplotype diversity is equivalent to gene diver-
sity in analyses involving multiple loci. Haplotype/
gene diversity is based on the number and frequencies
of alleles at a locus, regardless of their sequence rela-
tionships and the number of sequence differences.?)
This measure is defined as the probability that two
randomly chosen haplotypes/genotypes in the sample
are different. Haplotype/ gene diversity (k) was cal-
culated from the sum of squares of allele frequencies,
and is close in value to heterozygosity in randomly
mating populations.®! Its sampling variance was cal-
culated according to Nei.3?)

Nucleotide diversity or average gene diversity
at the nucleotide level () is based on the mean
number of sequence differences between individu-
als in a population, regardless of the number of
different genotypes. Nucleotide diversity was calcu-
lated as the mean number of base differences be-
tween two genomes (haplotypes or alleles), divided
by the number of base pairs compared.®?) Its sam-
pling variance was calculated following Nei.*”) These
measures were determined in grouped analyses for
the North American and Eurasian populations, as
well as among separate population samples (see
Table I), in order to compare the mean amount of
genetic diversity per sampling location, as well as
among exotic versus native populations and between
the continents. In cases of lower sample size (see
Table I), some samples were pooled with nearby
locations.

2.5. Relating the Genetic Data to Risk Assessment

We relate our genetic data findings to risk
assessment using the elements developed by the
Aquatic Nuisance Species Task Force,*? summarized
in Reference 33. This comparative genetic approach
for analyzing population genetic relationships of taxa
introduced to the Great Lakes via ballast water dur-
ing the late 1980s through early 1990s may shed light
on the common genetic characteristics rendering the
invasions successful. Differences in the degree and
distribution of genetic variation among species may
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Table II. Genetic Diversity and Divergence Comparisons Between Samples from North America and Eurasia for Five Species that are
Invasive in the North American Great Lakes and Native to the Ponto-Caspian Region of Eurasia

Taxon
Freshwater
Zebra Mussel Quagga Mussel Round Goby Tubenose Goby Ruffe
D. polymorpha D. bugensis A. (N.) melanostomus P. semilunaris G. cernuus
DNA Regions Analyzed mtDNA cyt b mtDNA cyt b mtDNA cyt b mtDNA cyt b mtDNA Control
Nuclear RAPDs  Nuclear RAPDs mtDNA Control mtDNA Control Nuclear LdhA6
N individuals sampled 188 78 110 20 118
280 136 75 10 118
N total haplotypes/alleles 19 15 7 4 5
126 104 11 1 15
GenBank accession DQO072111726 DQ072130-7 AY884582-3 AY88572-5 AF25355-9
numbers U53673-7
NA (datain NA (data in AP082970-4 AP082969 AY34781-3
Reference 1) Reference 1)
Divergence between 0.002 0.039 0.163 0.078 0.319
continents Fst NS p <0.017 p < 0.0001 NS p < 0.0001
0.065 0.021 0.519 NA 0.188
NS NS p < 0.0001 p < 0.0001
Opverall migration between 253.65 12.79 2.55 Panmixie 1.73
continents Nm — — — — _
3.46 8.67 0.46 NA 1.12
% Variation between 0.11% 0.57% 15.25% 0.01% 90.68%
continents NS NS NS NS NS
6.50% NA 49.77% NA 11.58%
p < 0.0001 p < 0.0001 p <0.016
% Variation among sites 5.65% 10.52% 6.24% 34.18% 8.70%
within continents p <0.023 p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001
12.46% 6.8% 6.23% NA 6.84%
p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001
% Variation within sampling 93.28% 88.91% 82.11% 65.81% .60%
sites p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001
81.04% 93.2% 44% NA 81.58%
p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001

Note: NS = not significant, NA = not available, p = statistical probability.

also account for their differential spread and suc-
cess patterns. Coupling of risk assessment and genetic
analyses may ultimately help us to understand how
to circumvent further spread of these particular ex-
otic species and prevent their congeners and relatives

from also being introduced.

3. GENETIC RESULTS AND DISCUSSION
3.1. Genetic Variation Within and Among Zebra

Mussel Populations and Relatives

The present study identifies a total of 19 mtDNA
cytochrome b haplotypes among 188 individual
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zebra mussels (Table IT), of which 14 are found in in-
vasive North American habitats and 12 throughout
Eurasia (where fewer individuals have been analyzed
to date; Table III). Only 50% of the mtDNA haplo-
types found to date in North America are also iden-
tified at present in Eurasia, and only 58% of those
in Eurasia are discerned in North America. Thus, a
much greater sampling in both areas is needed, as this
is certainly due to the limited numbers sequenced in
the present study. Nevertheless, overall haplotype di-
versity levels in both continents are very high for both
types of data—mtDNA sequence and nuclear RAPDs
variation (Tables IT and III)—indicating that the inva-
sion of North America was extremely large, involving
a huge number of propagules and multiple founding
sources.

In addition, nucleotide diversity levels on both
continents are very similar and migration levels be-
tween them are very high—consistent with the hy-
potheses of a large invasion and no apparent founder
effects (Tables II and III). Overall divergence values
between the pooled data for the continents of North
America and Eurasia as measured by Fst are low and
not significant (Table II), supporting the hypothesis
of high gene flow “fueling” the invasion. Divergence

Fig. 3. Neighbor-joining tree depicting
the evolutionary relationships among
Dreissena mtDNA cytochrome b gene
sequence haplotypes; including the
primary types of zebra mussel D.
polymorpha and quagga mussel D.
bugensis (numbering three or more
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levels among individual locations on each continent
are greater (Table III) than those between the con-
tinents overall (Table II), showing that the distribu-
tion of genetic variation differs among sites and is not
homogeneous. Results for the mtDNA cytochrome b
and the nuclear RAPDs data sets (Tables IT and IIT)
reveal very similar trends.

Genetic divergences among Eurasian sites were
larger than those among North American sites for
both the mtDNA and the nuclear RAPDs data sets
(Table IIT), reflecting their longer phylogeographic
history and time for vicariant evolutionary differenti-
ation among locations. However, genetic differences
among North American sites also were appreciable—
consistent with the multiple independent invasion hy-
pothesis formulated by Stepien et al.('> AMOVA %
variation levels between the continents and among
sites within the continents showed significant differ-
entiation levels, supporting the hypothesis of popula-
tion genetic structure across their invasive as well as
their native ranges (Table II).

The neighbor-joining tree (Fig. 3) shows the most
common haplotypes that characterized three or more
individuals (lettered A-J), which were all closely re-
lated in sequence. Of these, seven of the ten most

D. polymorpha F EUW/GL
D. pol. B Eu/GL
D. pol. C Eu/GL
D. pol. D Ew/GL
59 D. pol. E Eu/GL
D. pol. G Eu/GL
99 I+-D. pol. I Eu
D. pol. J GL
99 D. pol. HEu

individuals; thus rare haplotypes are
excluded here). We compare these
species with variation among all four
species in the genus Dreissena—including
the saline variant D. rostriformis (which
appears little diverged from D. bugensis;

95

Dreissena

D. pol. A Ew/GL
99 [ D- stankovici C Eu
D. sta. A Eu
84%-p. sta. B Eu
99 ID. rostriformis B Eu-SW
D. ros. C Eu-SW

see Reference 12) and D. stankovici
(endemic to lakes in Macedonia and
Albania, Reference 12)—as well as its
sister genera Congeria and

Mytilopsis. 1112 The tree was
constructed using Kimura (20)
2-parameter genetic distances in MEGA
2.1,@7) with pairwise deletion and 1,000
bootstrap replications (bootstrap support
values greater or equal to 50% are
indicated at nodes).

D. ros. A Eu-SW
D. bugensis G EW/GL-FW
D. bug. F EW/GL-FW
D. bug. A Eu/GL-FW
D. bug. E GL-FW
D. bug. D Eu-FW
D. bug. B EwWGL-FW
D. bug. C EW/GL-FW
3L p. bug. H GL-FW

69

_| outgroups

Mytilopsis leucophaeta

0.05

Congeria kusceri
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common zebra mussel haplotypes (70%) were found
in both North American and Eurasian locations. Its
sister species Dreissena stankovici from lakes in Alba-
nia and Macedonia shows greater divergence among
haplotypes than does D. polymorpha (Fig. 3).

3.2. Genetic Diversity Within and Among Quagga
Mussel Populations and Relatives

Fifteen mtDNA cytochrome b haplotypes of
quagga mussels were found among 78 individuals
sampled (Table II), with 15 types in North Amer-
ica and 14 in Eurasia, and only 40% and 43% of
these respectively were shared with the other conti-
nent (Table IIT). Relationships among the most com-
mon haplotypes (A-H) are depicted in Fig. 3. As in
the case of the zebra mussel, additional individuals
need to be analyzed in order to gain a more com-
plete understanding of this wealth of genetic variation
among native and invasive dreissenid populations.
Haplotypic/gene diversity levels were very high in
the quagga mussel—even greater than those found in
the zebra mussel—according to both the mtDNA
and the nuclear DNA data (Table III). Similarly, nu-
cleotide diversity levels were higher in the quagga
mussel for both genomes (Table III). As in the
zebra mussel, the distribution of genetic variation
was not significant between the continents in an
AMOVA analysis (Table II) since so much variation
was introduced, but was significant among sites within
continents (Table IIT).

The saline taxon D. rostriformis is very closely
related to D. bugensis, and their taxonomic distinc-
tiveness is unclear—thus D. bugensis may be a vari-
ant of D. rostriformis (Fig. 3; see Reference 12). This
relationship is being further tested by our laboratory,
and we have recommended that they each continue
to be recognized as separate species pending those re-
sults.(!?) Close divergence between them is based on
single nucleotide synapomorphies in both mitochon-
drial cytochrome b gene and 16S rDNA sequences,(!?)
in addition to slight morphological distinctions de-
scribed by Rosenberg and Ludayskiy.? This close
relationship suggests that estuarine systems in North
America may be vulnerable to invasion by colonists
of D. rostriformis or possibly saline-tolerant strains of
D. bugensis (which have not been tested for). Our
study finds that D. bugensis now is quite common
in the Volga River system and the upper Caspian
Sea region, where it is hypothesized to have anthro-
pogenically spread from the Black Sea region.*?) His-
torically, the taxa may have been vicariantly isolated

Stepien et al.

in the Black Sea (D. bugensis) and the Caspian Sea
(D. rostriformis) drainages since the mid-Pleistocene
epoch.(1?)

3.3. Population Genetic Relationships
of the Round Goby

Both the mtDNA cytochrome b gene and the con-
trol region were sequenced for samples of round gob-
ies, with greater sample sizes and diversity of locations
in the cytochrome b analyses. As in other studies of
fishes (summarized by Reference 35), the noncoding
control region has greater levels of divergence and
haplotypic diversity than does the coding cytochrome
b gene. Both data sets reveal significant overall Fst di-
vergences between pooled data for the continents of
North America versus Europe (Table II). Fst values
are higher and migration values lower than those char-
acterizing dreissenid mussel populations (Table II).
AMOVA variation patterns show significant diver-
gence between the continents for the mtDNA control
region data (but not for the cytochrome b gene data,
which is likely related to the fact that the earlier con-
trol region data were based on only two widely sep-
arated geographic locations—one a native and one
an introduced population; Table II). Significant dif-
ferences are discerned among locations within both
continents, revealing appreciable geographic struc-
ture across their native and invasive ranges.

Both data sets showed that the North American
populations overall are as genetically diverse as those
in Eurasia—in terms of numbers of haplotypes per
location and haplotype/gene diversity. Unlike dreis-
senids, fewer overall numbers of round goby haplo-
types were introduced to the Great Lakes. However,
individual locations in the Great Lakes had as many
or more haplotypes as those found in individual native
Eurasian locations (Table IIT). As seen in Fig. 4, both
fresh and euryhaline tolerant genotypes have been in-
troduced to the Great Lakes, suggesting the potential
for the latter to spread to salt marsh habitats. This
needs to be further tested.

3.4. Population Variation in the Freshwater
Tubenose Goby Versus Its Marine Sister Group

Sample sizes for tubenose gobies are limited at
present, since prior analyses showed that they com-
prise separate marine and freshwater species.() The
freshwater tubenose goby data show no significant
Fst divergence and high migration values between
samples from the Great Lakes and rivers draining
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Fig. 4. Neighbor-joining tree depicting

the evolutionary relationships among

neogobiin mtDNA cytochrome b gene

sequence haplotypes, including round

goby Apollonia (Neogobius)

melanostomus, freshwater tubenose goby

Proterorhinus semilunaris (formerly part

of P. marmoratus), and the marine

tubenose goby P. marmoratus (including

samples from the type locality at 96
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80
85 P. marmoratus G Eu-SW

90 P. mar. H Eu-SW
100 P. mar. J Eu-SW
P. mar. D Eu-SW
P. mar. E Eu-SW

Sevastopol, Crimea, Ukraine). We
compare these species with variation
among other neogobiin species and the
remaining neogobiin genera, including
monkey goby Apollonia (Neogobius)
fluviatilis, syrman goby Neogobius
syrman, racer goby N.gymnotrachelus,
ratan goby N. ratan, ginger goby N.
cephalarges, bighead goby N. kessleri, and

93

Proterorhinus 98— P. mar. F Eu-SW
100 P. semilunaris B Eu/GL-FW

P. semi. C Eu/GL-FW
75"__LP. semi. A Eu-FW
88™ P. semi. | Eu-FW

Mesogobius batrachocephalus
[— Neogobius ratan

75 100 Y— N, kessleri
97 N. cephalarges
N. syrman
51 [~ N. gymnotrachelus A

100 "N, gymnotrachelus B

84

knout goby Mesogobius
batrachocephalus. Outgroups include two

Apollonia

A. (N.) fluviatilis
A. (N.) melanostomus E Eu-SW

100 |- A (N.) mel. D Eu-SW

members of the subfamily Gobiinae,
grass goby Zosterissessor ophiocephalus
and black goby Gobius niger. The tree
was constructed using Kimura(20)
2-parameter genetic distances in MEGA
2.1,27) with pairwise deletion and 1,000

A. (N.) mel. F GL-FW
59F A. (N.) mel. B Eu/GL-FW
A. (N.) mel. C GL-FW
A. (N.) mel. A Eu/GL-FW/SW
A. (N.) mel. G Eu-SW

bootstrap replications (bootstrap support —

outgroups

Zosterisessor ophiocephalus

values greater or equal to 50% are . "
indicated at nodes). 0.02

into the Black Sea (Table II). However, there is
considerable genetic divergence among individual na-
tive river locations in Eurasia (Tables II and III). The
samples from the Great Lakes contained as many
haplotypes or more than were found in the individ-
ual Eurasian river sites, indicating that a large num-
ber of propagules were introduced into the Great
Lakes. Overall, haplotype and nucleotide diversity
values were almost as large in the Great Lakes as
for pooled Eurasian data. Those values for individual
sites in the Great Lakes were equivalent and greater,
respectively, than the mean values for Eurasian river
sites. Results indicate that overall genetic diversity of
tubenose goby in the Great Lakes is as high or larger
than in a typical native Eurasian location, and the va-
riety of genotypes suggests multiple founding sources.
As in dreissenids and round gobies, a large number of
propagules founded the Great Lakes invasion by the
tubenose goby and there is no appreciable founder
effect.

The neighbor-joining tree (Fig. 4) shows marked
separation between the freshwater tubenose goby P.
semilunaris and the marine/estuarine P. marmoratus,
along with relatively high divergences among haplo-
types. Since congeners are often also successful in in-

Gobius niger

vasions, it appears likely that P. marmoratus may be
successfully introduced to North American coastal es-
tuaries.

3.5. Genetic Patterns Among Ruffe Populations
and Congeners

Most sampling locations (and all individuals from
the Great Lakes) are monotypic for a single mtDNA
control region haplotype, with Eurasian populations
showing marked allopatric structure and divergence
among locations (Fig. 5; Table III). Only five mtDNA
control region haplotypes are identified across Eura-
sia, and only one of these is found in North America
(Fig. 5; Tables II and III). All locations except for
one (the Ob’ River in Siberia) are monotypic, and
all Eurasian sites show marked genetic divergence
among locations (Fig. 5). The North American inva-
sive populations comprise only mtDNA haplotype A,
which also is monotypic in samples from the Elbe,
Morava, and Danube Rivers. This result indicates that
the North American population was founded from
this region, whose location is pinpointed further using
DNA sequencing of the nuclear LdhA6 intron. Simi-
larly, invasive populations sampled in Bassenthwaite
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98|l G. cernuus D Eu

G. cernuus A Eu/GL
G. cernuus B Eu
G. baioni A Eu

31 | G. schraester A Fu

98 L G. schraester B Eu

Stepien et al.

78 G. cernuus C Eu

Fig. 5. Neighbor-joining tree depicting
the evolutionary relationships among
Gymnocephalus mtDNA control region
sequence haplotypes; including the ruffe
G. cernuus, Balon’s ruffe G. baloni, and
yellow pope G. schraester. We compare
variation in Gymnocephalus with its
sister genus Perca. 102 The tree was
constructed using Kimura (20
2-parameter genetic distances in MEGA
2.1, with pairwise deletion and 1,000
bootstrap replications (bootstrap support

G. cernuus E Eu

Perca flavescens

100
Gymnocephaius
ym P 100 |
96
outgroup
—_dl
0.01

Lake, England and Loch Lomond, Scotland are both
monotypic for haplotype B. Phylogenetic relation-
ships among G. cernuus haplotypes are shown in the
tree in Fig. 5.

Analysis of the nuclear LdhA6 intron reveals
greater diversity than found in mtDNA sequences.
Four haplotypes are identified in North America,
which do not significantly differ in genetic compo-
sition among locations from their present-day range
in the upper Great Lakes. The invasive population in
the North American Great Lakes genetically matches
the Elbe River drainage region in northwestern Eu-
rope, sharing identical haplotypes at about the same
frequencies. This particular genetic composition ap-
pears unique to only the Elbe River and Great Lakes
samples, and they show no significant difference—
suggesting that the Elbe River drainage region was
the founding source for the single population of ruffe
in the Great Lakes.

There are 15 LdhA6 haplotypes identified from
Eurasia, with a mean of 4.4 haplotypes per sampling
location—ranging from one (the Morava River) to
seven haplotypes (St. Petersburg) per site (Table II).
The four sites sampled in North America each house
three to four LdhA6 haplotypes. Invasive populations
sampled in Europe (Bassenthwaite Lake, England
and Loch Lomond, Scotland) each contain five hap-
lotypes, of which three are in common. Thus, inva-
sive sites in both North America and Europe house
numbers of haplotypes equivalent to native popula-
tion sites (Table III).

Most population sites in Eurasia, in contrast to
those in North America, are significantly divergent
in genotypic composition, indicated by significant Fst
values. Only one region of Eurasia (the Elbe River
drainage) appears to have genetically contributed to
the North American invasion. This makes the inva-

values greater or equal to 50% are
indicated at nodes).

sion of the ruffe in the Great Lakes much different
from those by dreissenids or gobies, since only a single
source area founded the invasion. A large number of
propagules were introduced, as all genotypes native
to the Elbe River are represented in approximately
the same frequencies in North America. Unlike the
dreissenid and round goby invasions, there are no
significant differences in genetic composition among
sitesin the Great Lakes although there is considerable
divergence among Eurasian locations (Table IIT). In
the Great Lakes, all genotypes of ruffe have spread
fairly homogeneously and there is no differentiation
among areas. All later colonization areas for ruffe in
the Great Lakes appear to have spread from the orig-
inal introduction in the St. Louis Harbor region of
Lake Superior. As in the other Great Lakes invaders,
no founder effects are apparent.

3.6. Overall Genetic Trends in the Great
Lakes Invasions

Our results indicate that “founder effects” are not
apparent in the invasions of zebra mussels, quagga
mussels, round gobies, tubenose gobies, and ruffe—
that is, the introductions were so large and extensive
that the populations established in the Great Lakes
have as much or greater genetic variability as that
found in native Eurasian sites. These results indi-
cate that large numbers of propagules founded the
invasions and, except for the ruffe, multiple founding
site sources were involved. Multiple founding sources
likely significantly boost the probability of establish-
ment success, spread, and adaptability to new habitats
(also see Reference 15). The ruffe alone was founded
from a probable single location—the vicinity of the
Elbe River drainage. This may be related to the slower
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Table IV. Risk Assessment and Relation to Genetic Studies of Exotic Species (Adapted from Reference 9)

Element
(Per ANSTF Guidance)

Important Considerations
in Assessing Element

Application of Data
Collected in This Study

Section 1: Probability of organism establishment

Estimate probability of the
organism being on, with, or in
the pathway (ballast water in
this case).

Estimate probability of the
organism surviving in transit.

Organism’s temporal and spatial association
with the pathway.

Organism’s hitchhiking ability in commerce,
ability to survive during transit, stage of
lifecycle during transit, number of individuals
expected to be associated with the pathway;
or whether it is deliberately introduced (e.g.,
biocontrol agent or fish stocking).

Estimate probability of the
organism colonizing and
maintaining a population.

Organism’s ability to come into contact with an
adequate food resource, probability of
encountering appreciable abiotic and biotic
environmental resistance, and the ability to
reproduce in the new environment.
Introduction of co-evolved predator and prey
species such as the round goby and zebra
mussel may result in ecological facilitation
and enhanced invasive success.

Estimate probability of the
organism spreading beyond
the colonized area.

Ability for natural dispersal, ability to use
human activity for dispersal, ability to readily
develop races or strains, and the estimated
range of probable spread.

Section 2: Consequence of establishment

Estimate economic impact if Economic importance of hosts, damage to crop
established. or natural resources, effects to subsidiary
industries, exports, and control costs.

Ecosystem destabilization, reduction in
biodiversity, reduction or elimination of
keystone species, reduction or elimination of
endangered/threatened species, effects of
control measures, and impacts on the human
environment (e.g., human parasites or
pathogens would also be captured under this
element).

None provided.

Estimate environmental impact
if established.

Estimate impact from social
and/or political influences.

Genetic data show that highly successful
Ponto-Caspian invasions in the Great Lakes are
characterized by (1) a large number of
introduced genotypes, with genetic diversities of
invasive populations comparable to that of
native population sites, (2) equivalent effective
population sizes of native and introduced
populations, indicating that the introductions did
not undergo “genetic bottlenecks,” and (3)
considerable genetic differentiation and large
number of haplotypes. Results indicate that
multiple founding source populations were
involved for zebra and quagga mussels and the
round goby. Hence, related populations and
species in the areas of origin likely have a high
probability to be in ballast water and to survive
transport.

In addition, the invasive population areas for zebra
mussels, quagga mussels, and round gobies,
including those in different Great Lakes, show
genetic divergence and match different source
populations, suggesting that different founding
sources contributed differentially to the new
populations. It thus is likely that several nearly
simultaneous invasions occurred from several
different sources in these cases.

The ruffe, however, matched only the Elbe River
source population. All the genotypes in the Elbe
were present in the North American Great
Lakes. Thus, the ruffe had comparable genetic
diversity to a native site but evidence supported
that there was a single source population that
founded the invasion. This may account for the
ruffe’s restriction to the Upper Great Lakes in its
invasive habitat.

The risk consequence indicated by genetic
data—that is, a large number of genotypes, high
genetic diversity, and significant divergence
among colonizing population sites—appears to
be extremely high in terms of our unfortunate
inability to “control” an invasion once it has
become established, as is the case with dreissenid
mussels as well as the round goby.

Genetic data not applicable.
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spread of the ruffe and its confinement to the upper
Great Lakes. The invasion by the ruffe coincides with
the opening of ports on the Elbe River (which drains
north into the North and Baltic Seas) to trade with
North America, during the “reunification” of the for-
mer West and East Germany. All genotypes identified
from the Elbe River area were introduced, involving
a large number of propagules from a single source
location.

The “rain” of propagules shown by these com-
parative genetic investigations indicates that the
Great Lakes ballast water introductions have been
widespread, numerous, and commonplace. Due to the
large number of propagules and multiple founding
sources in most cases, these invasions have great ge-
netic diversity and hence are very adaptable to new
habitats. Additionally, the large size of the new popu-
lations would have circumvented Allee effects and
susceptibility to stochastic factors (see References
13 and 15), leading to successful population growth.
Moreover, invasive ranges for zebra mussels, quagga
mussels, and round gobies in the Great Lakes also
show significant genetic structuring among lakes and
locations. This appears to be due to differential pat-
terns of introduction from different Eurasian source
populations, and may also be influenced by spread
patterns from established sites.

4. APPLICATION OF THE GENETIC RESULTS
TO RISK ASSESSMENT

The U.S. National Oceanic and Atmospheric Ad-
ministration (NOAA) is responsible for managing
invasive species in the Great Lakes through the Non-
indigenous Aquatic Nuisance Prevention and Control
Act (NANPCA) summarized in Reference 33. The
U.S. Department of Commerce (through NOAA) and
the U.S. Department of the Interior (through the Fish
and Wildlife Serve) co-chair the Aquatic Nuisance
Species Task Force. This task force has developed a
generic nonindigenous aquatic organism risk analysis
review process that includes estimation of risks from
the introduction of nonindigenous aquatic organisms.
The objective of this generic process is to provide
standardization for evaluating the risk of introduc-
ing nonindigenous organisms into a new environment
and determining the correct risk management steps
needed to mitigate that risk. The process provides a
framework by which scientific, technical, and other
relevant information can be organized into a format
that is proposed to be understandable and useful to
managers and decisionmakers.

Stepien et al.

A significant advantage of the genetic data col-
lected in this study is their application in determining
the risk of multiple invasion events and invasions from
related taxa. Table IV lists the elements as detailed in
the guidance document®? and provides an example
of how the genetic data collected in this study could
be used to produce a qualitative estimate of risk for
each of the seven elements shown.

An important step in the risk analysis process in-
volves examining what kind of risk management could
be implemented to eliminate or reduce the impact of
the hazard (in this case, the establishment of an in-
vasive species). The best solution is to prevent the
introduction altogether. International cooperative ef-
forts for stemming ballast water introductions have
moved strongly in this direction. Genetic data can be
used in conjunction with mathematical models to pre-
dict likely source areas®® as well as areas with a high
probability of being invaded.®”) The type of genetic
data presented in the present study can greatly assist
in targeting efforts in this regard because it is likely
that related species have similar risk for entry and
establishment. For example, it appears highly likely
that the round goby will spread to salt marsh and es-
tuarine habitats in North America, where they will
encounter abundant native prey in Mytilus mussels.
Their genotypic diversity and divergence patterns in
the Great Lakes suggest that genotypes already here
will likely be successful in more saline habitats. It also
is likely that Dreissena rostriformis and the marine
tubenose goby Proterorhinus marmoratus will be in-
troduced and become established in North American
salt marsh and estuarine habitats.

In conclusion, qualitative risk assessment using
genetic characters of invasive populations indicates
that high genetic variability, large number of founders,
and introduction of several invasion founding source
populations lead to high probability of establishment
and persistence. The combination of DNA variation
data and risk assessment procedures offers an impor-
tant diagnostic and monitoring tool for evaluating the
relative success of exotic species invasions.
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