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Abstract The introduction and spread of non-indigenous
species (NIS) in marine ecosystems accelerated during
the twentieth century owing to human activities, nota-
bly international shipping. Genetic analysis has proven
useful in understanding the invasion history and
dynamics of colonizing NIS and identifying their
source population(s). Here we investigated sequence
variation in the nuclear ribosomal Internal Transcribed
Spacer region of the ctenophore Mnemiopsis leidyi, a
species considered one of the most invasive globally.
We surveyed four populations from the native distri-
bution range along the Atlantic coasts of the United
States and South America, as well as six populations in
the introduced range from the Black, Azov, Caspian
and Baltic seas. Allelic and nucleotide diversity of
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introduced populations were comparable to those of
native populations from which they were likely drawn.
Introduced populations typically exhibited lower
genetic differentiation (Fst = —0.014-0.421) than
native populations (Fst = 0.324-0.688). Population
genetic analyses supported the invasion of Eurasia
from at least two different pathways, the first from the
Gulf of Mexico (e.g., Tampa Bay) to the Black Sea and
thence to the Caspian Sea, the second from the northern
part of the native distribution range (e.g., Narragansett
Bay) to the Baltic Sea. The relatively high genetic
diversity observed in introduced populations is con-
sistent with large inocula and/or multiple invasions,
both of which are possible given ballast water transport
and the extensive native distribution of the ctenophore
in the Atlantic Ocean.

Keywords Non-indigenous species (NIS) - Genetic
diversity - Internal transcribed spacer (ITS) -
Mnemiopsis leidyi - Invasive species - Ctenophore

Introduction

The introduction and spread of non-indigenous
species (NIS) beyond their native range accelerated
during the latter half of the twentieth century owing
to a variety of human activities (e.g., Streftaris et al.
2005; Wonham and Carlton 2005; Ricciardi 2006;
Leuven et al. 2009). Governments have begun to
develop management programs to address adverse
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ecological, health and economic effects of NIS
(Vasarhelyi and Thomas 2003; Thomas et al. 2009;
Biosecurity New Zealand 2009). These efforts focus
predominately on controlling the vector(s) of inva-
sion in an attempt to reduce the rate at which new
NIS are introduced. However, effective management
strategies also require knowledge of the source(s) of
NIS and their pathway(s) of entry. This information
may be obtained using importation records of specific
commodities and the ‘fellow traveller’ NIS associated
with them, or by tracking the source of vessels or
aircrafts entering a country (see Ruiz and Carlton
2003). The use of genetic markers to compare
successfully established NIS provides a post hoc
alternative to these approaches. Genetic tools can
provide information on the source(s) of an invasion
and they can estimate inoculum size. These tools can
also determine whether an invasion consisted of one
or more introduction events, and whether admixtures
occur in the introduced range (e.g., Rius et al. 2008;
Gillis et al. 2009; Rollins et al. 2009).

The number of individuals and species introduced
depends heavily on the nature of the introduction
vector (Wilson et al. 2009). These two components
have been classified as propagule pressure and
colonization pressure, respectively (Lockwood et al.
2009). Colonization pressure is likely to be low with
the importation of commodities such as fruit, whereas
entire communities involving variable population
densities of different NIS may be introduced with a
major vector such as ballast water or hull fouling.
Indeed, shipping is recognized as the leading vector
of NIS introductions into marine ecosystems (Molnar
et al. 2008).

Introductions may involve a small to moderate
number of founder individuals drawn from a limited
part of the native and/or introduced ranges (Wilson
et al. 2009). These limitations can be and often are
reflected in reduced genetic diversity and divergence
of the founding population from the source popula-
tion owing to founder effects (e.g., see Dlugosch and
Parker 2008). If the founding population remains
small over several generations, genetic diversity may
be further eroded by genetic drift (Hauser et al. 2002;
Spielman et al. 2004; Frankham 2005). In extreme
cases, demographic bottlenecks associated with col-
onization may result in severely impoverished
genetic diversity in introduced populations (Dlugosch
and Parker 2008). For example, the spread of rapa
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whelk Rapana venosa from its native range in
southeast Asia to Europe, North America and South
America resulted in a drastic reduction in genetic
diversity from 11 to 23 mitochondrial haplotypes in
native populations to a single haplotype in the
invaded range (Chandler et al. 2008). Similarly, the
fishhook waterflea Cercopagis pengoi experienced a
significant reduction in genetic diversity during its
spread from the Black Sea to the Baltic Sea and
thence to the Great Lakes. While the former popu-
lations contained five mitochondrial haplotypes, all
introduced populations were fixed for the same
haplotype (Cristescu et al. 2001).

Not all introduced populations exhibit impover-
ished genetic diversity when compared with their
source populations. A number of recent studies have
documented introduced populations with unexpect-
edly high levels of genetic diversity, suggesting that
multiple introductions from different sources and/or
major introduction events involving high propagule
pressure can mitigate the effects of genetic bottle-
necks during colonization (Roman 2006; Roman and
Darling 2007; Taylor and Keller 2007; Dlugosch and
Parker 2008; Gillis et al. 2009). An introduced
population of the green crab Carcinus maenas in
Japan, for example, possessed higher mitochondrial
genetic diversity than its source population (Darling
et al. 2008).

The ctenophore Mnemiopsis leidyi is perceived to
be one of the most invasive species globally (Lowe
et al. 2000), owing to its broad ecological and
physiological tolerance. Its native distribution spans
the western Atlantic Ocean from Massachusetts to
southern Argentina (GESAMP 1997). The species is
a simultaneous hermaphrodite capable of self-fertil-
ization (Harbison and Miller 1986), and its life span
ranges from several months to 1 year (Shiganova and
Dumont 2011). M. leidyi was introduced into the
Black Sea in the early 1980s. From the Black Sea, it
spread north to the Sea of Azov, south to the Sea of
Marmara and then to the Aegean Sea (Shiganova
et al. 2001; Shiganova 1993; Kideys and Niermann
1994). Inter-basin spread to the Caspian Sea occurred
in the late 1990s, reportedly due to the release of
ballast water from the Black-Azov basin (Ivanov
et al. 2000). In 2006 it was found in the Baltic and
North seas (Faasse and Bayha 2006; Javidpour et al.
2006, 2009; Boersma et al. 2007). In 2009, M. leidyi
was reported along the French coast of the
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Mediterranean Sea, in the northern Adriatic Sea
(Shiganova and Malej 2009), in the southern Levan-
tine Sea (Galil et al. 2009), and in the western
Mediterranean (Boero et al. 2009; Fuentes et al.
2009). The source of each of these invasions has not
been ascertained. Given that key environmental
factors such as temperature, salinity and productivity
vary widely among these systems, it is not clear
whether these invasions occurred via a single inva-
sive genotype or whether multiple sources and/or
genotypes were involved.

There have been few studies of ctenophore pop-
ulation genetics and phylogenetics (e.g., Podar et al.
2001), mainly owing to a lack of well developed
molecular markers of high resolution. Our attempts to
verify M. leidyi invasion pathways using mitochon-
drial markers failed. In addition, mtDNA has a slow
rate of evolution in early metazoans such as Porifera
and Anthozoa (Huang et al. 2008). Therefore, our
focus in this study is on the nuclear ribosomal
Internal Transcribed Spacer (ITS), a region widely
used in phylogenetic analyses at the species and
population levels in vertebrates and invertebrates
(Coleman and Vacquier 2004; Kochzius et al. 2008).

In this study, we compare the genetic diversity of M.
leidyi in both native and introduced ranges, and infer
sources of the introduced populations using sequence
variation in the ITS. Additionally, we test the hypoth-
esis that Eurasian populations have been seeded by a
single invasion of the Black Sea, with secondary ‘hub
and spoke’ spread to other seas in Eurasia.

Materials and methods
Sample collection and DNA extraction

A total of 190 M. leidyi individuals were sampled
from four native (Narragansett Bay; York River,
Virginia; Tampa Bay, Florida; Peninsula Valdes
coast, Argentina) and six introduced populations
(north-eastern and central Black Sea; Sea of Azov;
southern and middle Caspian Sea; Baltic Sea, Kiel
Bay). Surface collection of M. leidyi individuals were
made from 2006 to 2009 using hand-held jars or
zooplankton nets (Raskoff et al. 2003). Individuals
were preserved separately to avoid cross contamina-
tion of the tissue in 95% ethanol and stored at 4°C
prior to genetic analysis.

Genomic DNA was isolated from gelatinous, lobe
tissue of the ctenophores using the automatic robot
DNA extraction protocol described by Elphinstone
et al. (2003). The universal primer pair (ITSSF and
ITS4R, White et al. 1990), which anneals at the 3’
end of 18S rDNA and the 5’ end of 28S rDNA, was
used to amplify ITS-1, 5.8S rDNA, and ITS-2. PCR
amplifications were carried out in a 40-pl reaction
volume, with about 50 ng of genomic DNA, 1 unit of
Tag DNA Polymerase (QIAGEN), 1x PCR buffer,
2.5 mM of MgCl,, 0.2 mM of dNTPs, and 0.4 uM of
each primer. PCR was performed with an initial
denaturing step at 95°C for 1 min, followed by 35
amplification cycles (95°C for 30 s, 50°C for 30 s,
72°C for 50 s), and a final elongation step at 72°C for
7 min.

Sequencing and cloning protocol

All PCR products were verified on 1% agarose gel and
purified using Agencourt® Clean SEQ from Beckman
Coulter®. Cleaned PCR products were directly sequenced
with the reverse primer (ITS4R) using BigDye termi-
nator sequencing chemistry with an ABI 3130XL
genetic analyzer (Applied Biosystems). Sequences
were inspected and aligned using CodonCode Aligner
2.0 (CodonCode Corporation, Dedham, MA). All
nuclear fragments that contained double nucleotide
calls (overlapping peaks) were cloned using Cloning
and Amplification Kit ()SMART® GC HK, Lucigen®)
to verify the sequence of both alleles in all heterozy-
gous individuals.

Population genetic and phylogenetic analyses

Standard diversity indices including allelic diversity
(h) and nucleotide diversity (m) (Nei 1987) were
assessed using Arlequin version 3.1 (Excoffier et al.
2005). Genetic diversity within populations was mea-
sured with three additional indices including the
number of alleles (N,), observed (H,) and expected
heterozygosity (H.) calculated using the GENEPOP
(online version http://genepop.curtin.edu.au) and
Arlequin (version 3.1). The Markov chain method was
used to estimate the probability of significant deviation
from Hardy—Weinberg equilibrium (HWE) using
GENEPOP. To test neutral evolution of the marker, we
calculated Tajima’s D (Tajima 1989), and Fu and Li’s
(1993) D*, using DnaSP version 5 (Librado and Rozas
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2009). The degree of population subdivision was
determined from pairwise Fgr using Arlequin. Hier-
archical structure of nucleotide variation was assessed
using an analysis of molecular variance (AMOVA)
based on 10,000 random permutations in Arlequin.
Populations were grouped with a priori expectations
based on their geographical origin. We grouped pop-
ulations from North America (Florida, Narragansett
Bay, and York River), South America (Peninsula
Valdes), Ponto-Caspian region (Sea of Azov, Black
Sea and Caspian Sea) and Europe (Baltic Sea). To
investigate population genetic similarity and cluster-
ing, a UPGMA tree was reconstructed based on Nei’s
(1972) genetic distance between populations exclud-
ing population PV, due to monomorphism. Nei’s
genetic distance was calculated using POPGENE
version 1.44 (Yeh et al. 2000), while the tree was
constructed using MEGA version 4 (Tamura et al.
2007).

Phylogenetic relationship among alleles was
reconstructed using the neighbor joining algorithm
in MEGA version 4 (Tamura et al. 2007). An ITS
sequence of the ctenophore Bolinopsis sp. (GenBank
accession no. U65480) was used as outgroup. A
network of allele sequences was generated using TCS
1.0 (Clement et al. 2000). The program estimates
genealogical relationships among sequences using the

95% statistical parsimony algorithm (Templeton et al.
1992).

Results

The DNA fragment comprising the complete ITS1,
5.8S rDNA and ITS2 regions was sequenced for 190
individuals of M. leidyi. The length of the sequenced
fragment was 619 base pairs (bp): 233 bp for ITS1,
158 bp for 5.8S, and 228 bp for ITS2. No insertion/
deletions (indels) were detected in any of the amplified
individuals.

Allelic diversity (k) of introduced (0.794) and
native (0.790) populations of M. leidyi was relatively
high, whereas nucleotide diversity (m) (0.002 and
0.002, respectively) was relatively low. We detected
a total of 13 alleles (Accession nos. GU062750—
GU062762), defined by four variable ITS1 sites and
three variable ITS2 sites (Table 1), with 1.7 and 1.3%
variation, respectively. No variable site was observed
for 5.8S. The 13 alleles resulted in 26 genotypes across
all populations (Supplementary Table 1). Nine alleles
were detected in native locations, whereas invaded
sites had seven of these alleles plus four unique alleles
not detected in native populations. All introduced
populations had allelic diversity equal to or higher

Table 1 Population code, sample size (N), number of alleles (V,), number of genotypes (N,), nucleotide () and allelic () diversity,
observed (H,) and expected (H,) heterozygosity, and P-value for Hardy—Weinberg equilibrium (HWE) analysis

Population N N, N, n + SD h + SD H, H, HWE Tajima’s D Fu and
code P-value Li’s D*
AZ 30 7 13 0.0021 £ 0.0002 0.711 £ 0.052 0.70 0.70 0.882 0.343 0.895
BL 20 6 9 0.0022 £+ 0.0002 0.789 £ 0.036 0.50 0.76 0.002 1.044 1.029
BLA 16 5 6 0.0019 £ 0.0002 0.760 £ 0.041 0.62 0.76 0.001 1.140 0.945
NC 40 8 11 0.0021 £ 0.0001 0.727 £+ 0.037 0.65 0.72 0.039 1.341 0.960
SC 20 6 8 0.0021 =+ 0.0002 0.677 £ 0.058 0.50 0.70 0.011 0.714 1.026
BA 20 5 6 0.0010 £ 0.0003 0.394 £ 0.094 0.30 0.39 0.092 —0.170 0.915
FL 11 5 8 0.0018 £ 0.0002 0.701 £ 0.066 0.63 0.76 0.559 0.943 —0.141
NB 14 5 8 0.0013 £ 0.0003 0.471 £ 0.103 0.50 0.47 0.568 0.120 —0.240
YR 14 4 4 0.0009 £ 0.0009 0.458 £ 0.096 0.57 0.45 0.725 —1.182 —1.933
PV 5 1 1 0.0000 £ 0.0000 0.000 £ 0.000 0.00 0.00 0.000 - -

Bold numbers correspond to populations deviating significantly from HWE. All measures of neutrality tests (i.e., Tajima’s D and Fu
and Li’s D*) were not significant (P > 0.10). Population sources: AZ Sea of Azov, Yasenskaya Bay; BL Black Sea, transect from
Blue Bay; BLA Black Sea, near Gelendzhik; NC North Caspian Sea, Makhachkala coast; SC South Caspian Sea, Sari and Noor coasts;
BA Baltic Sea, Kiel-Kiel Fiord; FL Tampa Bay, Florida; NB Narragansett Bay, Rhode Island; YR York River, Virginia; and PV

Peninsula Valdes coast, Argentina
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Fig. 1 Allele distribution 80°00° 40%00 000 4000
map of Mnemiopsis leidyi.
Each shade indicates a
different allele. Private
alleles (G, K, L and M)
have similar shade.
Population codes are
described in Table 1

4000
40°00°
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Table 2 Alleles (A-M) found in the 10 surveyed Mnemiopsis populations and their polymorphic sites at the corresponding
nucleotide position of the sequence

Allele ITS2 ITS1 Populations Total
64 193 212 416 507 574 583 AZ BL BLA NC SC BA FL NB YR PV
A cC A A A C A C 7.89 3.68 3.15 473 289 1.05 210 2.36 27.85
B cC A T G C A C 289 342 210 947 500 052 1.84 052 0.26 26.02
C C G A G C A C 7.89 526 1.57 14.72
D CcC A A G C A C 1.05 105 1.84 210 078 052 0.78 026 5.26 13.64
E T A A A C A C 1.05 0.78 0.78 2.63 0.26 5.50
F cC A T A C A C 078 1.05 052 052 0.52 0.78 4.17
G CcC A A G T A C 263  2.63
H CcC A T G C T C 1.31 0.52 1.83
I cC A T G C A A 0.26 1.05 0.52 1.83
J C G A A C A C 0.26 0.26 0.52
K CcC A T A C A A 0.26 0.26
L T A T G C A C 0.26 0.26
M T A A G C A C 0.26 0.26

Populations as in Table 1, and the relative frequency of alleles for each population and in total

than that of native populations (Fig. 1; Table 2). Populations from Black (BL, BLA) and Caspian
Results from neutrality tests were not significant (NC, SC) seas showed significant differences between
(P > 0.10) for Tajima’s D, and Fu and Li’s D%, observed and expected heterozygosity and departed
indicating neutral evolution for ITS (Table 1). significantly from Hardy—Weinberg equilibrium, while
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all other populations were in Hardy—Weinberg equilib-
rium (Table 1).

Genetic structure of M. leidyi populations in the
Baltic Sea (BA) and Narragansett Bay (NB) was very
similar, with shared alleles of similar frequencies
(Fig. 1; Table 2). By contrast, all populations from
the Black (BL), Azov (AZ) and Caspian (NC, SC)
seas shared similar alleles with the Florida (FL)
population and they shared one extra allele with the
York River (YR) population (Fig. 1). Ctenophore
populations in Florida and the Black and Azov seas
were dominated by allele A followed by allele B,
whereas allele B was dominant in the Caspian Sea
(Fig. 1; Table 2). All native populations along the US
coast shared alleles B and D, though different alleles
dominated at each site. Individuals from the native
South American population (PV) were homozygous
for the private allele G (Fig. 1).

Native populations had relatively high population
differentiation with Fgy values ranging from 0.324 (FL
and YR) to 0.688 (YR and PV). Based on allele
distribution and pairwise Fgr values, little gene flow
was inferred between South and North American
populations. Gene flow was also limited among
populations within North America. (Fig. 1; Table 3).
Introduced populations typically exhibited less popu-
lation differentiation than native populations. For

example, Fgr values ranged between —0.014 and
0.421 in introduced populations. Two populations of
SC and BA were the most distinct (Fgt = 0.421),
while there was little differentiation between those
in the north (NC) and south (SC) Caspian Sea (Fgt =
—0.014) (Table 3). Comparisons of Fgy values among
native and introduced populations revealed that those
in the Baltic Sea (BA) and Peninsula Valdes (PV) coast
(Fst = 0.711) were the most genetically divergent
(Table 3). Conversely, populations in Florida (FL) and
the Black Sea (BL) were very similar (Fst = —0.027),
as were those in the Baltic Sea (BA) and Narragansett
Bay (NB) (Fst = —0.018) (Table 3). The highest Fsr
value (0.481-0.711) for all populations was observed
when compared to PV (Table 3). Average Fgt values
for native and introduced populations were 0.498 and
0.151, respectively, indicating that the genetic differ-
entiation among introduced populations is lower than
that among native populations.

Hierarchical analysis of molecular variance (AM-
OVA) indicated that most of the genetic variation
was partitioned within populations (69.2%), followed
by variation among groups (21.5%) (Table 4).
Genetic distance in populations from the Black,
Azov and Caspian seas and Florida was relatively
minor, and these populations were separated from the
clade containing the Baltic Sea and Narragansett Bay

Table 3 Population

subdivision according to AZ BA BL BLA NC SC FL NB YR
pairwise Fgt values BA 0.399

BL 0.011 0.387

BLA  0.005 0.395 —0.012

NC 0.088 0.386 0.011 0.033

SC 0.076 0.421 0.002 0.030 —0.014

FL 0.010 0413  —=0.027 —0.020 0.019  0.004
Differences that are not NB 0.330 —0.018 0.321 0.324 0.338 0362 0.337
significant are highlighted YR 0349 0.469 0.322 0.264 0322 0365 0324 0434
in bold. Population codes PV 0503 0711 0487 0502 0481 0522 0528 0680 0.688
correspond to Table 1
Table 4 Analysis of molecular variance (AMOVA) for M. leidyi
Source of variation Sum of Variance Percentage P-value

squares components of variation

Among groups 23.71 0.099 21.5 0.002
Among populations within groups 12.50 0.043 9.3 <0.001
Within populations 118.02 0.319 69.2 <0.001

Populations are grouped based on their geographical distribution; [(BA), (PV), (AZ, BL,
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Fig. 2 Genetic distances of Mnemiopsis leidyi populations
from native and introduced habitats, as determined by a
UPGMA tree based on Nei’s genetic distance (Nei 1972).
Black, Azov and Caspian Seas populations cluster separately
from Baltic Sea population. The two recovered clusters suggest
two likely invasion pathways between native North American
(Atlantic Ocean) populations and introduced Eurasian ones.
The South American population (PV) was excluded from this
analysis because no polymorphism was detected in that
population

(UPGMA reconstruction; Fig. 2). These patterns
were in agreement with pairwise Fgr analysis
(Table 3).

The neighbor joining tree did not show any distinct
phylogenetic or phylogeographic structure, indicating

Bolinopsis sp.

0.0

Fig. 3 Phylogenetic and network relationship between the 13
alleles identified at the ITS region. a Neighbor joining
phylogenetic tree based on nucleotide divergence calculated
using Tamura—Nei model. The non-invasive alleles, G and K
are underlined. b Network relationships among alleles for
native and invasive populations, inferred by statistical

a close evolutionary history of all alleles. The allele
network exhibited limited mutational steps among
different alleles. Both results indicated recent geo-
graphical expansion of M. leidyi populations (Fig. 3).

Discussion

In this study we explored genetic diversity of the
ctenophore M. leidyi in its native and introduced
ranges to determine the invasion history, source(s)
of invasions, and number of invasion waves. Results
from allele distributions, pairwise Fgst values, and
cluster analysis reject the hypothesis that the
Eurasian invasion resulted from a single introduction
into the Black Sea followed by secondary, ‘hub and
spoke’ invasions throughout Eurasia. Rather, our
results support the alternative view that at least two
separate invasions following different pathways
were involved in the invasion of Eurasia. We
suggest that an initial invasion from the Gulf of
Mexico region (e.g., Florida) to the Black Sea was
followed by a second introduction from a more

@Az
@BL
Ocs
@EBA
@NA
@sA

parsimony. Circles in the network (A-M) correspond to
sampled alleles described in Table 2 and Fig. 1. The size of
the circles corresponds to the frequency of the allele among all
samples. Shades are showing different sampling locations: AZ
Sea of Azov, BL Black Sea, CS Caspian Sea, BA Baltic Sea, NA
North America, SA South America
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northerly Atlantic region (e.g., Narragansett Bay) to
the Baltic Sea. Subsequent to colonization of the
Black Sea, invasion of the Sea of Azov would be
relatively straightforward given the natural connec-
tion between these basins (Shiganova et al. 2001). In
addition, the Volga-Don Canal, which links the Don
River and the Sea of Azov to the Volga River and
the Caspian Sea, allows commercial vessels to move
between these basins. Discharge of contaminated
ballast water from the Black/Azov Sea likely
accounts for invasion of the Caspian Sea (Shiganova
et al. 2004, 2005).

Molecular marker and phylogenetic pattern

Although our analyses of genetic structure of native
and introduced ctenophore populations are based on a
single marker, the resolution of the nuclear ITS locus
was sufficient to reconstruct the invasion history. The
length of ITS and its underlined allelic and nucleotide
diversity varies greatly among different marine
invertebrates, even at the intraspecies level. In the
marine mollusk Tridacna crocea, 1TS1 showed
considerable (29%) variation including insertions/
deletions (indels) (Yu et al. 2000). Conversely, ITS1
and ITS2 showed no length variation and had only
0.9 and 2.2% variation, respectively, in the sponge
Crambe crambe (Duran et al. 2004). Previous genetic
study of M. leidyi along the Netherlands coast
indicated very low variation at ITS1, with only one
nucleotide difference among sequences (Faasse and
Bayha 2006). We found four polymorphic ITS1 sites
which resulted in 1.7% variation, mainly due to the
wider geographical coverage of our study. Although
the global nucleotide diversity was rather low
(mr = 0.002), we found relatively high allelic diver-
sity (h = 0.814), which enabled us to reconstruct the
invasion history of M. leidyi.

Neighbor joining phylogenetic reconstruction and
the network analysis demonstrate very close evolu-
tionary relationships among alleles and no evident
phylogeographic structure. A relatively recent geo-
graphic expansion along the Atlantic coast of North
America could explain the lack of phylogeographic
structure and the strong relatedness among alleles as
only a few mutation steps were observed among
them.

@ Springer

Genetic diversity and population differentiation

Most of the introduced populations, except those
from the Azov and Baltic seas, showed significant
deviation from Hardy—Weinberg equilibrium
(Table 1). We detected heterozygote deficiency in
these populations (Table 1), possibly as a result of
inbreeding and/or population admixture (i.e., Wahl-
und effect). M. leidyi is a simultaneous hermaphro-
dite capable of self-fertilization (Harbison and Miller
1986; Frankham et al. 2002). Self-fertilization is
likely to occur during the initial colonization phase,
when population size would be comparatively low
(Shiganova et al. 2007). Alternatively, population
admixture resulting from multiple introductions from
different source populations could temporally con-
tribute to the observed departure from Hardy—Wein-
berg equilibrium.

A number of studies have reported that introduced
populations have higher genetic diversity than the
native populations from which they were drawn (e.g.,
Brown and Stepien 2009; Gillis et al. 2009). These
patterns may result from populations being seeded by
multiple introduction events from genetically distinct
sources (Kelly et al. 2006; Roman and Darling 2007).
It is possible, therefore, that multiple introductions
can account for patterns observed with respect
to genetic diversity in introduced populations of
M. leidyi. Introduced populations had similar allelic
diversity to putative source populations, although
those in the Black and Caspian seas had higher
diversity, including the private alleles L and M, than
any surveyed source.

Populations of M. leidyi in the Black and
Caspian seas exhibited very similar allelic diversity,
and the low Fgt values suggest high genetic
affinity of these populations (Tables 1, 3). More-
over, populations of the ctenophore collected from
the northern and southern Caspian Sea—across
which profound thermal and salinity gradients
exist—also exhibited little population differentiation
(Table 4). Low frequency alleles were not detected
in the populations sampled from the Black Sea
(Fig. 1). Such a genetic pattern is likely due to the
recent demographic decline of the Black Sea
population after introduction of its predator Beroe
ovata. Since low frequency alleles tend to be lost
first when the population size is shrinking (Evans
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et al. 2004), we surmise that predation by B. ovata
may have caused a loss of rare alleles in the Black
Sea population.

Native populations exhibited high population dif-
ferentiation with Fgp values ranging from 0.324 to
0.688. Introduced populations showed the same or
less population differentiation with Fgr values rang-
ing from —0.014 to 0.421. The lowest Fgt values
between native and introduced populations were
found between Florida and Black Sea (Fgr =
—0.027) and the Baltic Sea and Narragansett Bay
(Fst = —0.018). The UPGMA tree based on Nei’s
genetic distance recovers two clades, supporting the
population differentiation based on Fgr values. These
results indicate that the invasion of M. leidyi into
Eurasian seas has likely occurred through more than a
single source. However, these patterns must be
interpreted with caution because undersampling in
the native range may result in inappropriate assign-
ment of source populations or misidentification of the
number of source populations contributing to intro-
duced populations (see Muirhead et al. 2008). We are
confident that our narrow coverage in South America
has not affected our interpretation of invasion path-
ways for M. leidyi. Individuals from PV in Argentina
were all homozygous for a single private allele,
indicating that although the sample size of this
population is low, it clearly was not the source of any
Eurasian populations. The global genetic differenti-
ation between Eurasian populations and PV was
0.534. According to Muirhead et al. (2008), with
Fst ~ 0.5 and with five individuals sampled from
the putative source, the probability that the Eurasian
populations were not derived from PV is 95%.

Invasion pathways

Ballast water is a potent vector for introducing NIS
globally (Carlton 1985). M. leidyi was first recorded in
the North and Baltic seas in 2006 (Faasse and Bayha
2006; Javidpour et al. 2006). Faasse and Bayha (2006)
suggested that due to higher than normal sea surface
temperatures in recent years, expanding populations
in Dutch ports of the southern North Sea could serve
as a source of M. leidyi in the northeastern North Sea
(Skagerrak and Kattegat) and possibly the western-
most part of the Baltic Sea. Alternatively, they
proposed that the Baltic Sea could be colonized by
individuals arriving via the Kiel Canal from the North

Sea. Genetic evidence from our study supports
invasion of Baltic Sea from northern part of native
range in North America (e.g., Narragansett Bay;
Fig. 2; Table 4), though three other possibilities exist.
First, it is possible that the species was transported
from the Black Sea in ballast water by ships traversing
internal waterways in Europe, as has apparently
occurred with other invaders (e.g., Cristescu et al.
2001). Secondly, the Volga River cascade provides a
direct link between the Caspian and Baltic seas, and
ships could carry the species from south to north.
These two scenarios seem very unlikely, however, as
genetic differentiation between populations in the
Black/Caspian seas and the Sea of Azov and that in
the Baltic Sea was much greater than that between
Narragansett Bay and the Baltic Sea (Table 3; Fig. 2).
A third possibility is that the species was originally
introduced into the North Sea from North America
and transshipped to the Baltic Sea shortly thereafter
(Faasse and Bayha 2006). If this hypothesis is correct,
we would expect that genetic differentiation between
the North and Baltic seas and Narragansett Bay would
be very low. Additional sampling is required to test
this possibility.

Further expansion of M. leidyi can be anticipated
(Richardson et al. 2009). Global warming may
facilitate natural dispersal of M. leidyi in the North
Atlantic Ocean (Oliveira 2007), while cultural eutro-
phication and fishing pressure appear to promote
gelatinous zooplankton blooms to the detriment of
other marine species (Purcell et al. 2007; Richardson
et al. 2009). Moreover, presence of M. leidyi in key
European ports predisposes the species to being
loaded with ballast water and transported elsewhere.
Given the adverse ecological and economic conse-
quences associated with M. leidyi invasions, care must
be taken by commercial vessels to reduce the likeli-
hood of further invasions. The International Maritime
Organization passed ballast water guidelines in 1993
that include not loading knowingly contaminated
ballast water, and exchange of ballast water on the
open ocean whenever possible IMO 1993). Both of
these prescriptions would seem to reduce the likeli-
hood of spreading M. leidyi to additional areas.

Acknowledgments We are grateful to J. Cope, A. Durbin,
E. Durbin, J. Javidpour, H. Mianzan, and C. Stepien for
providing samples. E. Briski and C. Lejeusne provided
valuable laboratory assistance. This study was supported
financially by NSERC Discovery Grants to MEC and HIM, a

@ Springer



688

S. Ghabooli et al.

University of Windsor Travel Award to TAS, an Early
Researcher Award to MEC, and by a DFO Invasive Species
Research Chair to HIM.

References

Biosecurity New Zealand (2009) Ministry of Agriculture and
Forestry. http://www.biosecurity.govt.nz/regs/ships. Acces-
sed 1 Oct 2009

Boero F, Putti M, Trainito E, Prontera E, Piraino S, Shiganova
TA (2009) First records of Mnemiopsis leidyi (Cte-
nophora) from the Ligurian, Thyrrhenian and Ionian Seas
(Western Mediterranean) and first record of Phyllorhiza
punctata (Cnidaria) from the Western Mediterranean.
Aquat Invas 4:675-680

Boersma M, Malzahn AM, Greve W, Javidpour J (2007) The
first occurrence of the Mnemiopsis leidyi in the North Sea.
Helgol Mar Res 61:153-155

Brown JE, Stepien CA (2009) Invasion genetics of the Eur-
asian round goby in North America: tracing sources and
spread patterns. Mol Ecol 18:64-79

Carlton JT (1985) Transoceanic and interoceanic dispersal of
coastal marine organisms: the biology of ballast water.
Oceanogr Mar Bio Ann Rev 23:313-371

Chandler EA, McDowell JR, Graves JE (2008) Genetically
monomorphic invasive populations of the rapa whelk
(Rapana venosa). Mol Ecol 17:4079-4091

Clement M, Posada D, Crandall KA (2000) TCS: a computer
program to estimate gene genealogies. Mol Ecol 9:
1657-1659

Coleman AW, Vacquier VD (2004) Exploring the phylogenetic
utility of ITS sequences for animals: a test case for aba-
lone (Haliotis). J] Mol Evol 54:246-257

Cristescu MEA, Hebert PDN, Witt JDS, Maclsaac HJ, Grig-
orvich IA (2001) An invasion history for Cercopagis
pengoi based on mitochondrial gene sequences. Limnol
Oceanogr 46:224-229

Darling JA, Bagley MJ, Roman J, Tepolt CK, Geller JB (2008)
Genetic patterns across multiple introductions of the
globally invasive crab genus Carcinus. Mol Ecol 17:
4992-5007

Dlugosch KM, Parker IM (2008) Founding events in species
invasions: genetic variation, adaptive evolution, and the
role of multiple introductions. Mol Ecol 17:431-449

Duran S, Gribet G, Turon X (2004) Phylogeographical history
of the sponge Crambe crambe (Porifera, Poecilosclerida):
range expansion and recent invasion of the Macaronesian
islands from the Mediterranean Sea. Mol Ecol 13:
109-122

Elphinstone MS, Hinten GN, Anderson MJ, Nock CJ (2003)
An inexpensive and high-throughput procedure to extract
and purify total genomic DNA for population studies. Mol
Ecol Notes 3:317-320

Evans B, Bartlett J, Sweijd N, Cook P, Elliott NG (2004) Loss
of genetic variation at microsatellite loci in hatchery
produced abalone in Australia (Haliotis rubra) and South
Africa (Haliotis midae). Aquaculture 233:109-127

@ Springer

Excoffier L, Guillaume L, Schneider S (2005) Arlequin (ver-
sion 3.0): an integrated software package for population
genetics data analysis. Evol Bioinform 1:47-50

Faasse MA, Bayha KM (2006) The ctenophore Mnemiopsis
leidyi A. Agassiz 1865 in coastal waters of the Nether-
lands: an unrecognized invasion? Aquat Invas 1:270-277

Frankham R (2005) Genetics and extinction. Biol Conserv
126:131-140

Frankham R, Ballou JD, Briscoe DA (2002) Introduction to
conservation genetics. Cambridge University press,
Cambridge

Fu YX, Li WH (1993) Statistical tests of neutrality of muta-
tions. Genetics 133:693-709

Fuentes VL, Atienza D, Gili JM, Purcell JE (2009) First record
of Mnemiopsis leidyi A. Agassiz 1865 off the NW Med-
iterranean coast of Spain. Aquat Invas 4:671-674

Galil B, Kress N, Shiganova TA (2009) First record of Mne-
miopsis leidyi A. Agassiz, 1865 (Ctenophora; Lobata;
Mnemiidae) off the Mediterranean coast of Israel. Aquat
Invas 4:356-362

GESAMP (Group of Experts on Scientific Aspects of Marine
Environmental Protection) (1997) Opportunistic settlers
and the problem of the ctenophore Mnemiopsis leidyi
invasion in the Black Sea. Rep Stud No. 58

Gillis NK, Walters LJ, Fernandes FC, Hoffman EA (2009)
Higher genetic diversity in introduced than in native
populations of the mussel Mytella charruana: evidence of
population admixture at introduction sites. Divers Distrib
15:784-795

Harbison GR, Miller RL (1986) Not all ctenophores are her-
maphrodites. Studies on the systematics, distribution,
sexuality and development of the two species of Ocyrosis.
Mar Biol 90:413-424

Hauser L, Adcock GJ, Smith PJ, Bernal Ramirez JH, Carvalho
GR (2002) Loss of microsatellite diversity and low
effective population size in an overexploited population of
New Zealand snapper Pagrus auratus. Proc Natl Acad Sci
USA 99:11742-11747

Huang D, Meier R, Todd PA, Chou LM (2008) Slow mito-
chondrial COI sequence evolution at the base of the
metazoan tree and its implications for DNA barcoding.
J Mol Evol 66:167-174

IMO (International Maritime Organization) (1993) Guidelines for
preventing the introduction of unwanted aquatic organisms
and pathogens from ships’ ballast water and sediment dis-
charges. Resolution A.774 (18). http://www.directemar.cl/
dai/dai-esp/r-omi/asamblea/las%20q%20faltan/A.774.pdf

Ivanov VP, Kamakin AM, Ushivtsev VB, Shiganova TA,
Zhukova OP, Aladin N, Wilson SI, Harbison GR, Dumont
HIJ (2000) Invasion of the Caspian Sea by the comb jellyfish
Mnemiopsis leidyi (Ctenophora). Biol Invas 2:255-258

Javidpour J, Sommer U, Shiganova TA (2006) First record of
Mnemiopsis leidyi A. Agassiz 1865 in the Baltic Sea.
Aquat Invas 1:299-302

Javidpour J, Molinero JC, Peschutter J, Sommer U (2009)
Seasonal changes and population dynamics of the cteno-
phore Mnemiopsis leidyi after its first year of invasion in
the Kiel Fjord, Western Baltic Sea. Biol Invas 11:873-882

Kelly DW, Muirhead JR, Heath DD, Maclsaac HJ (2006) Con-
trasting patterns in genetic diversity following multiple


http://www.biosecurity.govt.nz/regs/ships
http://www.directemar.cl/dai/dai-esp/r-omi/asamblea/las%20q%20faltan/A.774.pdf
http://www.directemar.cl/dai/dai-esp/r-omi/asamblea/las%20q%20faltan/A.774.pdf

Multiple introductions and invasion pathways

689

invasions of fresh and brackish waters. Mol Ecol 15:
3641-3653

Kideys AE, Niermann U (1994) Occurrence of Mnemiopsis
along the Turkish coast. ICES J Mar Sci 51:423-427

Kochzius M, Nolte M, Weber H, Silkenbeumer N, Hjorleifs-
dottir S, Hreggvidsson GO, Marteinsson V, Kappel K,
Planes S, Tinti F, Magoulas A, Garcia Vasquez E, Turan
C, Hervet C, Campo Falgueras D, Antoniou A, Landi M,
Blohm D (2008) DNA microarrays for identifying fishes.
Mar Biotechnol 10:207-217

Leuven RSEW, van der Velde G, Baijens I, Snijders J, van der
Zwart C, Lenders HIR, Bij de Vaate A (2009) The river
Rhine: a global highway for dispersal of aquatic invasive
species. Biol Invas 11:1989-2008

Librado P, Rozas J (2009) DnaSP v5: a software for compre-
hensive analysis of DNA polymorphism data. Bioinfor-
matics 25:14-1451

Lockwood JL, Cassey P, Blackburn TM (2009) The more you
introduce the more you get: the role of colonization
pressure and propagule pressure in invasion ecology.
Divers Distrib 15:904-910

Lowe S, Browne M, Boudjelas S, De Poorter M (2000) 100 of
the world’s worst invasive alien species. Aliens 12:S1—
S12

Molnar JL, Gamboa RL, Revenga C, Spalding MD (2008)
Assessing the global threat of invasive species to marine
biodiversity. Frontiers Ecol Environ 6:485-492

Muirhead JR, Gray DK, Kelly DW, Ellis SM, Heath DD,
Maclsaac HJ (2008) Identifying the source of species
invasions: sampling intensity versus genetic diversity.
Mol Ecol 17:431-449

Nei M (1972) Genetic distance between populations. Am Nat
106:283-292

Nei M (1987) Molecular evolutionary genetics. Columbia
University Press, New York

Oliveira OMP (2007) The presence of the ctenophore Mne-
miopsis leidyi in the Oslofjorden and considerations on the
initial invasion pathways to the North and Baltic Seas.
Aquat Invas 2:185-189

Podar M, Haddock SHD, Sogin ML, Harbison GR (2001) A
molecular phylogenetic framework for the phylum cte-
nophora using 18s rRNA genes. Mol Phylogenet Evol 21:
218-230

Purcell JE, Uye S, Lo WT (2007) Anthropogenic causes of
jellyfish blooms and their direct consequences for
humans: a review. Mar Ecol Prog Ser 350:153-174

Raskoff KA, Sommer FA, Hamner WM, Cross KM (2003)
Collection and culture techniques for gelatinous zoo-
plankton. Biol Bull 204:68-80

Ricciardi A (2006) Patterns of invasion in the Laurentian Great
Lakes in relation to changes in vector activity. Divers
Distrib 12:425-433

Richardson AJ, Bakun A, Hays GC, Gibbons MJ (2009) The
jellyfish joyride: causes, consequences and management
responses to a more gelatinous future. Trends Ecol Evol 24:
312-322

Rius M, Pascual M, Turon X (2008) Phylogeography of the
widespread marine invader Microcomus squamiger (Ascid-
iacea) reveals high genetic diversity of introduced popula-
tions and non-independent colonizations. Divers Distrib
14:818-828

Rollins LA, Woolnough AP, Wilton AN, Sinclaire R, Sherwin
WB (2009) Invasive species can’t cover their tracks: using
microsatellites to assist management of starling (Sturnus
vulgaris) populations in Western Australia. Mol Ecol
18:1560-1573

Roman J (2006) Diluting the founder effect: cryptic invasions
expand a marine invader’s range. Proc R Soc B 273:
2453-2459

Roman J, Darling JA (2007) Paradox lost: genetic diversity and
the success of aquatic invasions. Trends Ecol Evol 22:
454-464

Ruiz GM, Carlton JT (2003) Invasion vectors: a conceptual
framework for management. In: Ruiz GM, Carlton JT
(eds) Invasive species, vectors and management strate-
gies. Island Press, Washington, pp 459-498

Shiganova TA (1993) Ctenophore Mnemiopsis leidyi and ich-
thyoplankton in the Sea of Marmara in October of 1992.
Oceanology 33:900-903

Shiganova TA, Dumont H (2011) Non-native species in the
southern seas of Eurasia: distribution, impacts, pathways
and vectors. Springer Monograph Series, The Netherlands
(in press)

Shiganova TA, Malej A (2009) Native and non-native cteno-
phores in the Gulf of Trieste, Northern Adriatic Sea.
J Plank Res 31:61-71

Shiganova TA, Mirzoyan ZA, Studenikina EA, Volovik SP,
Siokou-Frangou I, Zervoudaki S, Christou ED, Skirta AY,
Dumont HJ (2001) Population development of the invader
ctenophore Mnemiopsis leidyi in the Black Sea and other
seas of the Mediterranean basin. Mar Biol 139:431-445

Shiganova TA, Dumont HJ D, Sokolsky AF, Kamakin AM,
Tinentova D, Kurasheva EK (2004) Population dynamics
of Mnemiopsis leidyi in the Caspian Sea, and effects on
the Caspian ecosystem. In: Dumont H, Shiganova TA,
Niermann U (eds) The Ctenophore Mnemiopsis leidyi in
the Black, Caspian and Mediterranean Seas and other
aquatic invasions. Kluwer, Dordrecht, pp 71-111

Shiganova TA, Musaeva EI, Pautova LA, Bulgakova YuV
(2005) The problem of invaders in the Caspian Sea in the
context of the findings of new zoo- and phytoplankton
species from the Black Sea. Biol Bull 1:78-87

Shiganova TA, Bulgakova YV, Siokou-Frangou I, Christou
ED, Maley A, Javanshir J (2007) Phenology and popula-
tion dynamics of the invasive ctenophore Mnemiopsis
leidyi in the recipient areas of the Eurasian Seas—changes
linked with environmental variability and climate forcing.
In: 15th International conference on aquatic invasive
species, 23-27 Sep 2007, Nijmegen, p 152

Spielman D, Brook BW, Frankham R (2004) Most species are
not driven to extinction before genetic factors impact
them. Proc Natl Acad Sci USA 10142:15261-15264

Streftaris N, Zenetos A, Papathanassiou E (2005) Globalisation in
marine ecosystems: the story of non-indigenous marine
species across European seas. Oceanogr Mar Biol 43:
419-453

Tajima F (1989) Statistical-method for testing the neutral
mutation hypothesis by DNA polymorphism. Genetics
123:585-595

Tamura K, Dudley J, Nei M, Kumar S (2007) MEGA4:
molecular evolutionary genetics analysis (MEGA) soft-
ware version 4.0. Mol Biol Evol 24:1596-1599

@ Springer



690

S. Ghabooli et al.

Taylor DR, Keller SR (2007) Historical range expansion
determines the phylogenetic diversity introduced during
contemporary species invasion. Evolution 61:334-345

Templeton AR, Crandall KA, Sing CF (1992) A cladistic-anal-
ysis of phenotypic associations with haplotypes inferred
from restriction endonuclease mapping and DNA sequence
data.3. Cladogram estimation. Genetics 132:619-633

Thomas VG, Vasarhelyi C, Niimi AJ (2009) Legislation and
capacity for rapid-response management of nonindige-
nous species of fish in contiguous waters of Canada and
the USA. Aquat Conserv Mar Freshw Ecosyst 19:354-364

Vasarhelyi C, Thomas VG (2003) Analysis of Canadian and
American legislation for controlling exotic species in the
Great Lakes. Aquat Conserv Mar Freshw Ecosyst 13:
417-427

White TJ, Burns T, Lee S, Taylor J (1990) Amplification and
direct sequencing of fungal ribosomal RNA genes for

@ Springer

phylogenetics. In: Innis MA, Gelfand DH, Shinsky JJ,
White TJ (eds) PCR protocols: a guide to methods and
applications. Academic Press, San Diego, pp 315-322

Wilson JRU, Dormontt EE, Prentis PJ, Lowe AJ, Richardson
DM (2009) Something in the way you move: dispersal
pathways affect invasion success. Trends Ecol Evol 24:
136-144

Wonham MJ, Carlton JT (2005) Trends in marine biological
invasions at local and regional scales: the Northeast
Pacific Ocean as a model system. Biol Invas 7:369-392

Yeh FC, Yang R, Boyle TJ, Ye Z, Xiyan JM (2000) POPGENE
32, Microsoft Windows-based freeware for population
genetic analysis. Molecular Biology and Biotechnology
Centre, University of Alberta, Edmonton

Yu ET, Juinio-Menez MA, Monje VD (2000) Sequence vari-
ation in the ribosomal DNA internal transcribed spacer of
Tridacna crocea. Mar Biotechnol 2:511-516



	Multiple introductions and invasion pathways for the invasive ctenophore Mnemiopsis leidyi in Eurasia
	Abstract
	Introduction
	Materials and methods
	Sample collection and DNA extraction
	Sequencing and cloning protocol
	Population genetic and phylogenetic analyses

	Results
	Discussion
	Molecular marker and phylogenetic pattern
	Genetic diversity and population differentiation
	Invasion pathways

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


