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An invasion history for Cercopagis pengoi based on mitochondrial gene sequences
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Abstract
The predatory cladoceran Cercopagis pengoi has extended its range over the past decade from the Ponto-Caspian
basin into the Baltic Sea and the Laurentian Great Lakes. This study employs mitochondrial DNA (mtDNA) sequence analysis to elucidate the invasion corridors exploited during this range expansion. The Caspian and Black
Sea populations of C. pengoi exhibit marked genetic divergence, enabling their discrimination as potential sources
of the Baltic and Great Lakes populations. The limited mtDNA haplotype diversity detected in the Baltic populations
suggests they were founded by a small number of colonists from the Black Sea. The colonization of North America
was apparently a result of the transfer of animals from the Baltic Sea in ballast water.

Transoceanic shipping activities and canals linking naturally segregated watersheds on single continents are provoking a massive redistribution of freshwater life. Euryhaline
organisms are well positioned to exploit these dispersal corridors, because shipping often occurs via waters of varying
salinity. The Ponto-Caspian basin has had a turbulent history
of salinity fluctuation and, consequently, many elements of
its fauna have evolved broad salinity tolerances (Banarescu
1991; Dumont 1998). Hence, it is not surprising that many
prominent invaders such as the hydrozoan Cordylophora
caspia, the mollusks Dreissena polymorpha and Dreissena
bugensis, the amphipod Echinogammarus ischnus, and the
cladoceran Cercopagis pengoi were derived from this region
(MacIsaac et al. in press). Each of these species first extended its distribution into Eastern Europe (Olenin and Leppäkoski 1999) and subsequently colonized North America
(Ricciardi and MacIsaac 2000). Although the general elements of these range extensions are understood, a detailed
dispersal history is lacking. It is, for example, unclear whether the range extensions into Europe reflect dispersal from the
Black or Caspian Sea. In addition, it is uncertain if North
American populations were derived from these source localities or from populations in recently colonized areas such
as the lower Rhine River and Baltic Sea (MacIsaac et al. in
press).
Genetic studies are now enabling detailed insights concerning both the geographic routes and the demographics of
invasions. By analyzing the spectrum of genetic variants in
1

both source and newly established populations, it is possible
to clarify invasion corridors and gain a sense of the number
of individuals involved in the colonization event. Early genetic studies relied on allozyme variation to elucidate the
points of origin of invading taxa. For example, allozyme
studies determined that North American populations of the
cladoceran Bythotrephes longimanus, a species with an invasion history in both Europe and Asia (Ketelaars and Gille
1994), were derived from Finland (Berg and Garton 1994).
The origin of the North American populations of Dreissena
bugensis from the Dnieper River was similarly elucidated
using allozyme markers (Spidle et al. 1994; Marsden et al.
1996).
The advent of PCR-based DNA sequencing is now providing the opportunity for a more detailed characterization
of invasion events. The ability to survey variation in the
mitochondrial (mt) rather than the nuclear genome is a particularly important advance for two reasons. First, because
sequence divergence typically occurs at a higher rate in mt
than nuclear genes (Avise 1994), diagnostic differences are
often present between different source populations with relatively short histories of isolation. Second, mt genes are haploid with uniparental inheritance and thus have only ¼ the
effective population size of nuclear genes (Avise 1994). As
a result, mtDNA diversity is particularly prone to loss
through sampling error, a valuable attribute for studies that
seek to gauge the number of colonists involved in founding
a new population. By simply comparing the extent and patterning of mtDNA diversity in source and newly established
populations, one can gain an approximation of the number
of colonists.
Invading organisms with an origin in the Ponto-Caspian
region are promising as targets for genetic analysis because
the major bodies of water within these basins have had histories of isolation that are long enough to make it likely that
populations from them will be genetically divergent. For example, the Black and Caspian Seas have been isolated for
most of the time following the late Pontic Period 6 million
yr (my) ago (Zenkevich 1963). Admittedly there have been
transient connections between the basins since this time. The
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Fig. 1. Possible invasion corridors (dashed lines) and natural distribution (black areas) of C.
pengoi. Modified from MacIsaac et al. (1999).

most recent opportunity for natural lineage exchange between these habitats probably occurred 70,000 years before
present (B.P.), during the early Khvalyn transgression (Chepalyga 1985). The basins were subsequently connected in
the late 19th Century by the construction of a canal linking
the Don River (Azov–Black Seas) and the Volga River (Caspian Sea). However, the long periods of isolation between
such transitory opportunities for contact suggest that there
is a good prospect of genetic divergence between conspecific
lineages of species that occur in different bodies of water in
this region. As a consequence, it should be possible both to
identify the source of populations that have invaded European or North American waters from this area and to estimate the number of colonists involved in these invasion
events.
The present study examines the mtDNA diversity in populations of Cercopagis pengoi, an invading species of PontoCaspian origin. This predatory cladoceran, which is native
to the Black, Azov, and Caspian Seas and Aral Lake (Fig.
1) (Mordukhai-Boltovskoi 1968; Rivier 1998), extended its
range to the Baltic Sea in 1992 (Ojaveer and Lumberg 1995)
and to North America in 1998 (MacIsaac et al. 1999). The
present study focuses on the analysis of sequence diversity
in two mitochondrial genes—cytochrome c oxidase subunit
1 (COI) and NADH dehydrogenase subunit 5 (ND5)—in
populations of C. pengoi from both North America and Eur-

asia. COI is the most slowly evolving protein-coding gene
in the mitochondrial genome, whereas ND5 evolves approximately four times as fast (Lynch and Jarrell 1993). Because
of this difference in their rates of evolution, ND5 should
provide a superior resolution of dispersal events.

Materials and methods
Sample collection—C. pengoi was collected from six sites
within the natural distribution of the species, including the
northern Caspian Sea and five lakes adjoining the northwestern Black Sea coast. Efforts to collect specimens from
the Azov Sea failed because of the prevalence of the exotic
ctenophore Mnemiopsis leidyi in coastal waters during the
summer of 1999 (Grigorovich and MacIsaac unpubl. data).
Samples were also obtained from six newly established populations, including the Neva River Estuary in the Baltic Sea
and five lakes from the Great Lakes watershed (Table 1). All
individuals were identified as C. pengoi (Ostroumov) using
Rivier’s (1998) key. Samples were collected using a 100- or
200-mm mesh net and were subsequently preserved in 90%
ethanol or 30% trehalose.
Molecular techniques—Two mt genes, COI, and ND5
were sequenced to screen for genetic variability between and
within populations of C. pengoi. Total DNA was extracted
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COI diversity—The length of the COI sequence alignment
used in the analysis was 636 bp, of which 10 were variable
(Table 2). Only two haplotypes were identified, which showed
1.62% sequence divergence as a result of nine synonymous
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Phylogeographic analyses—Sequences of the CO1 and
ND5 genes were aligned using the SeqApp 1.9 sequence
editor. The phylogenetic tree was constructed by the Unweighted Pair Group Method with Arithmetic Means
(UPGMA) using MEGA 1.02 (Kumar et al. 1993). Bythotrephes, the sole other genus of the family Cercopagidae,
was used as an outgroup for the COI analyses.

COI
A1
A2

from three to eight individuals from each of 12 populations
using proteinase K methods. The primer pair LCO1490 and
HCO2198 (Folmer et al. 1994) was used to amplify a 658–
base pair (bp) fragment of the mtCOI gene. A 798-bp fragment of ND5 was amplified using the DpuND5 primers (59GGG GTG TAT CTA TTA ATT CG-39, 59-ATA AAA CTC
CAA TCA ACC TTG-39), which were originally designed
for the Daphnia pulex complex (Colbourne et al. 1998).
Each 50-ml polymerase chain reaction (PCR) contained 103
PCR buffer, 1.5 mM MgCl2, 200 mM of each dNTP, 1 unit
of Taq polymerase, 0.3 mm of each primer, and 2–4 ml of
DNA template. The PCR for both genes consisted of one
cycle of 1 min at 948C; five cycles of 1 min at 948C, 1.5
min at 458C, and 1.5 min at 728C; 37 cycles of 1 min at
948C, 1.5 min at 508C, and 1.5 min at 728C; followed by
one cycle of 5 min at 728C. The PCR product was gel-purified using Qiaex II (Qiagen) and sequenced in both directions on an ABI 377 automated sequencer (Applied Biosystems) using the Taq FS dye rhodamine sequencing kit.
All sequences obtained in this study have been submitted to
GenBank (accession numbers: AF 320013–AF 320021).
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Danube Delta, Romania
Danube Delta, Romania
Ukraine
Ukraine
Ukraine

5 Jul 97

318

Neva River Estuary, Russia

Black Sea
Golovita Lake
Razelm Lake
Bug Tidal Estuary
Dnieper Liman
Kakhovka Reservoir

Aug 99
Sep 99
Aug 99
Aug 99
Aug 99

282

Baltic Sea
Baltic Sea

22
24
18
25
24

207

Burlington, ON
Suttons Bay, MI
Finger Lakes, NY
Finger Lakes, NY
Finger Lakes, NY

178

North America
Lake Ontario
Lake Michigan
Seneca Lake
Cayuga Lake
Otisco Lake

132

Collection
date

105

Location

Nucleotide position

Site

Haplo- GenBank
type accession no.

Table 1. Sampling sites and dates for Cercopagis pengoi analyzed for sequence diversity at COI and ND5.
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Table 2. Variable sites from 636-bp sequences of the COI gene and 798-bp sequences of the ND5 gene from 12 populations of C. pengoi. Bold sites represent nonsynonymous
substitutions.
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Fig. 2. UPGMA tree of the COI gene for 12 populations of C. pengoi based on p-distance. The
tree was rooted using Bythotrephes, the only other genus in the family Cercopagidae. Bracketed
numerals indicate the number of sampling sites in each locality and the number of individuals
sequenced. Different shadings identify each distinct haplotype.

and one nonsynonymous substitutions. One of these genotypes was restricted to the Caspian Sea, whereas the other
was found in the Black Sea, Baltic Sea, and North America
(Fig. 2). Based upon a standard calibration for the COI gene
(2.0–2.2 substitutions site 21 my21; Knowlton et al. 1993),
these two haplotypes last shared a common ancestor approx-

imately 0.8 million years ago, whereas the two genera (Cercopagis, Bythotrephes) diverged some 12 million years B.P.
ND5 diversity—The length of the ND5 alignment used in
the analysis was 720 bp, of which 18 sites were variable,
involving 17 synonymous and one nonsynonymous substi-

Fig. 3. Unrooted UPGMA tree of the ND5 gene for 12 populations of C. pengoi based on pdistance. Bracketed numerals indicate the number of individuals from a particular population with
a specific haplotype. Different shadings identify each distinctive haplotype.
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Fig. 4.

Frequencies of the seven ND5 haplotypes in populations of C. pengoi across its current distribution.

tutions (Table 2). The seven haplotypes identified among the
44 individuals fell into two main groups, showing an average
of 1.78% sequence divergence (Fig. 3). One cluster, consisting of two genotypes, was restricted to the Caspian Sea,
whereas members of the other cluster occurred in the Black
and Baltic Seas, as well as in North America. Five different
haplotypes in this cluster were present in the Black Sea, but
only a single genotype was present in the Baltic Sea and
North America. The genotype present in these newly established populations was also detected in one lake adjoining
the Black Sea, the Bug Estuary, but at low frequency (Fig.
4).

Discussion
The present study has confirmed the expectation that populations of C. pengoi from the Black and Caspian Seas show
marked genetic divergence. The extent of sequence divergence at COI suggests that Black and Caspian Sea populations last exchanged genes 0.8 million years B.P., at the beginning of the Quaternary Period during a major
transgression when the Chaudin (Black Sea) and Aspheron
(Caspian Sea) basins were temporally connected (Zenkevich
1963). The transitory connections that followed this major
transgression were less significant in both intensity and duration. The COI genetic divergence of 26.57% found between the two genera of the family Cercopagidae, Cercopagis and Bythotrephes, suggests that the younger lineage,
Cercopagis, has a Sarmatian age, originating some 10 million years B.P. This finding is in concordance with the general opinion that most of the adaptive radiation in the Ponto-

Caspian basin occurred during the Sarmatian and the Pontian
Periods (Banarescu 1991; Dumont 1998).
Although rates of sequence divergence at ND5 have not
previously been calibrated in cladocerans, the present results
suggest that rates of divergence are similar to those at COI,
as indicated by the presence of approximately 1.6 and 1.8%
sequence divergence between Caspian and Black Sea lineages of C. pengoi at the COI and ND5 genes, respectively.
The lack of genetic diversity at COI in Cercopagis within
both the Black and Caspian Seas suggest that modern populations were exposed to a severe bottleneck in the recent
past, which depleted variation. Variation at ND5 was also
very limited, with just two variants in the Caspian Sea and
five in the Black Sea (Fig. 3). Moreover, the variants within
each basin were very closely related, differing only in single
nucleotide substitutions. These results jointly indicate that
populations in both habitats experienced a marked bottleneck
in the relatively recent past. Despite the impoverished level
of diversity, there was sufficient variation to clarify the dispersal corridors exploited by this species in its range extension.
MacIsaac et al. (in press) proposed four possible routes
connecting potential donor populations in the Ponto-Caspian
region with both the Baltic Sea and the Laurentian Great
Lakes (Fig. 1): (1) a direct route from the international ports
on the Black and Azov Seas via the Mediterranean Sea to
the Great Lakes; (2) from the Black Sea ports, through the
Danube River and the Rhine-Main-Danube canal, into the
North Sea; (3) from Ukrainian ports, through the Dnieper
River and the Pripet-Bug canal system, into the Vistula and
Neman Rivers and, thence, into the Baltic Sea; (4) from the
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Caspian Sea, through the Volga River and its reservoir systems, into the Neva River and Baltic Sea. They overlooked
another route involving (5) transfers from the Azov Sea via
the Don River, the Don-Volga canal, and the River Volga
into the Neva River and Baltic Sea. The marked divergence
between the Caspian and Baltic populations at both COI and
ND5 make it clear that Caspian lineages were not involved
in colonization of the Baltic Sea, ruling out dispersal corridor
4. The present results indicate instead that the Black Sea
served as the source of the Baltic populations of C. pengoi
and favor their origin through dispersal from the Ukrainian
ports because the sole haplotype found in the Baltic Sea was
detected in this area. The lack of genetic diversity in the
Baltic population further suggests that it was founded from
a very small number of individuals. Moreover, the genetic
similarity between populations in the Baltic Sea and those
in the Great Lakes suggest that the colonization of North
America was due to the subsequent transfer of animals from
the Baltic Sea. The alternative possibility of direct colonization (route 1) from the Black Sea to the Great Lakes is
less likely. The genetic results make it possible to distinguish
further among the alternative invasion corridors connecting
the Black and Baltic Seas and suggest that C. pengoi likely
employed either route 3 or 5.
The present study shows that genetic analyses of invading
species in both their native and introduced ranges can reveal
details of an invasion, which cannot be elucidated from distributional information. The case of C. pengoi is not singular; it was preceded by and will likely be followed by other
invaders of Ponto-Caspian origin. Identifying the donor populations and understanding the vectors used by these species
in their range expansion may aid in the development of measures to reduce the incidence of future invasions.
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