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Abstract Studies of Marenzelleria species were often

hampered by identification uncertainties when using mor-

phological characters only. A newly developed PCR/RFLP

protocol allows a more efficient discrimination of the three

species Marenzelleria viridis, Marenzelleria neglecta and

Marenzelleria arctia currently known for the Baltic Sea.

The protocol is based on PCR amplification of two mito-

chondrial DNA gene segments (16S, COI) followed by

digestion with restriction enzymes. As it is faster and

cheaper than PCR/sequencing protocols used so far, the

protocol is recommended for large-scale analyses. The

markers allow an undoubted determination of species

irrespective of life stage or condition of the worms in the

samples. The protocol was validated on about 950 speci-

mens sampled at more than 30 sites of the Baltic and the

North Sea, and on specimens from populations of the North

American east coast. Besides this test we used mitochon-

drial DNA sequences (16S, COI, Cytb) and starch gel

electrophoresis to further investigate the distribution of the

three Marenzelleria species in the Baltic Sea. The results

show that M. viridis (formerly genetic type I or M. cf.

wireni) occurred in the Öresund area, in the south western

as well as in the eastern Baltic Sea, where it is found

sympatric with M. neglecta. Allozyme electrophoresis

indicated an introduction by range expansion from the

North Sea. The second species, M. arctia, was only found

in the northern Baltic Sea, where it sometimes occurred

sympatric with M. neglecta or M. viridis. For Baltic

M. arctia, the most probable way of introduction is by ship

ballast water from the European Arctic. There is an urgent

need for a new genetic analysis of all Marenzelleria pop-

ulations of the Baltic Sea to unravel the current distribution

of the three species.
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Introduction

The Baltic Sea, with a total area of *382,000 km2, is one

of the largest brackish water regions in the world and exists

in its present form for only a few thousand years. A hori-

zontal and vertical salinity gradient is the most important

factor characterizing this sea area. Salinity in surface water

varies from 20 to 24 ppt in the western Baltic Sea to

2–3 ppt in the innermost parts of the Gulfs of Finland and

Bothnia in north. In depth of 50–70 m a halocline exists,

which separates the surface layer from a deep water body

with higher salinity and irregular occurrence of hypoxia

and anoxia. Both the inflow of saline North Sea water via

the Kattegat and the Belt Sea and the fresh water input

affect the salinity regime (e.g. Kullenberg and Jacobsen

1981; Matthäus and Nausch 2003). For a long time

the Baltic Sea has been a recipient area for introduced
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non-indigenous estuarine and marine organisms, and over

100 non-native species have been recorded in the area

(Leppäkoski et al. 2002). Among them is the shipworm,

Teredo navalis (Bivalvia; Leppäkoski et al. 2002), which

has enormous economic impacts in the southern Baltic.

Many non-native species, for example Mya arenaria

(Bivalvia) and Balanus improvisus (Cirripedia; Leppäkoski

1984; Jansson 1994) originate from the Western Atlantic

and are common species along the coasts of the Baltic Sea

today. The Ponto-Caspian area as well is an important

donor region for invasive species. Twenty-two species (e.g.

the zebra mussel Dreissena polymorpha and the cladoceran

Cercopagis pengoi) have been recorded to derive from

there (Baltic Sea Alien Species Database 2001; Ojaveer

et al. 2002). The number of invasive species seems to

increase which is a direct result of intensified and accel-

erated human trade and travel. On the other hand this

reflects also the increasing interest and awareness to the

problem of biological invasions. Dominant vectors facili-

tating species invasions into new areas are man-made

waterways, shipping, including transport of ballast water

and hull fouling, and aquaculture. Among all, the transport

of ballast water by ocean-going ships is the most important

introduction vector. Up to 4,000 species are transported in

ship ballast water between continents every day (e.g.

Carlton and Geller 1993; Gollasch et al. 1998).

In the year 1985, a new polychaete species was found in

the Baltic Sea and first identified as Marenzelleria viridis

(Bick and Burckhardt 1989). It was assumed that the spe-

cies that had been found for the first time in the North Sea a

few years ago (1979, Forth estuary; Elliott and Kingston

1987), had now invaded the Baltic Sea. However, genetic

analyses revealed that the species found in the North Sea

and the species, which had invaded the Baltic Sea, were

sibling species of the same genus (Bastrop et al. 1995,

1997, 1998; Röhner et al. 1996a, b). The species found in

the North Sea was first named genetic type I and later

M. cf. wireni, that one in the Baltic Sea genetic type II and

later M. cf. viridis (Bastrop et al. 1997; Bick and Zettler

1997). After a morphological revision of the genus

Marenzelleria, Sikorski and Bick (2004) described

Marenzelleria neglecta Sikorski & Bick, 2004 (formerly

M. genetic type II, M. cf. viridis) as a new species, and

M. viridis (Verrill, 1873) (formerly M. genetic type I, M. cf.

wireni) is now the valid name for the species found in the

North Sea. Another three species of the genus are known:

M. wireni Augener, 1913 and Marenzelleria arctia

(Chamberlin, 1920) occur in the Arctic and have not been

recorded elsewhere till today. M. bastropi Bick, 2005

(formerly M. genetic type III) was found by genetic anal-

ysis of material from the Currituck Sound (NC, USA;

Röhner et al. 1996b; Bastrop et al. 1997, 1998) and

then taxonomically described by Bick (2005). The

denomination of species in the present study follows

strictly Sikorski and Bick (2004) and Bick (2005).

Genetic studies revealed high genetic similarity of

conspecific North American populations and populations in

the North Sea (M. viridis) and in the Baltic Sea (M. neg-

lecta; Röhner et al. 1996a, b; Bastrop et al. 1998),

respectively. Because the species develop via pelagic lar-

vae, the most probable way of introduction was by ship

ballast water (Essink and Kleef 1993) from North America

to the North Sea and, in a second separate introduction

event, into the Baltic Sea (Bastrop et al. 1997).

Since their introduction, the respective species have

been spreading rapidly along the coasts and estuaries of the

North and the Baltic Seas and have become major faunal

elements wherever they settled (Essink and Kleef 1993;

Zettler 1996). After the first appearance in the Baltic Sea in

the Darss-Zingst Bodden Chain (Germany; Bick and

Burckhardt 1989), Marenzelleria was observed in the fol-

lowing years in Swedish (Persson 1990), Polish (Gruszka

1991), Lithuanian, Latvian and Estonian waters (Olenin

and Chubarova 1992; Lagzdins and Pallo 1994; Zmud-

zinski et al. 1997; Kotta and Kotta 1998). It further spread

northwards to the Finnish coastal waters (Stigzelius et al.

1997) and far into the Bothnian Bay (Leonardsson 2001).

By now, Marenzelleria spp. have successfully invaded the

entire Baltic Sea.

There are often three phases, which are typical of the

population development in newly invaded areas: an initial,

strong increase in abundance, a stabilization period, and a

phase of decrease. This pattern has been observed also for

Marenzelleria in the Wadden Sea (Essink and Dekker

2002). A maximum abundance of up to 28,000 individuals

per m2 was found in German estuaries (Kube et al. 1996).

In the Baltic Sea Marenzelleria spp. have been reported to

occur mostly in shallow areas between 0.2 and 30 m, but

have also been found up to 90 m depth (Lagzdins and Pallo

1994; Kube et al. 1996). Recently, Marenzelleria has been

found in high densities in depths up to 286 m in the Åland

Sea (unpublished data of the Finnish Institute of Marine

Research).

It was assumed that M. viridis colonizes exclusively the

estuaries and coastal waters of the North Sea, whereas

M. neglecta is found, besides the oligohaline parts of the

Elbe river estuary, only in the Baltic Sea (Bastrop et al.

1995, 1997, 1998; Röhner et al. 1996a, b; Bick and Zettler

1997; Blank et al. 2004). However, in autumn 2004, first

evidence arose that M. viridis has invaded the Baltic Sea.

Subsequently, we started to re-analyse some Marenzelleria

populations of the western, central and northern parts of the

Baltic Sea. In a preliminary survey we analysed worms

from four sampling sites by sequencing of three mito-

chondrial gene segments (Bastrop and Blank 2006). We

could prove three species of the genus Marenzelleria in the
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Baltic Sea: M. neglecta, M. viridis and M. arctia. All

species could be discriminated beyond doubt using these

markers. M. viridis was found in the western Baltic Sea

(Isle of Langenwerder, Mecklenburg Bight, Germany) as

well as in the Gulf of Bothnia (Sweden), where it occurs

sympatric with M. arctia. Around the Isle of Askö

(Sweden) M. arctia could also be detected sympatric to

M. neglecta in *30 m water depth. For M. arctia these are

the first records outside the Arctic.

These new findings underline the urgency for an

undoubted species discrimination. As shown above, species

identification using morphological characters only, was

difficult from the beginning. Even a morphological revision

of the genus including all five known species could not

remove these problems (Sikorski and Bick 2004; Bick

2005). Sikorski and Bick (2004) stated that: (1) (p. 264)

M. viridis is particularly difficult to distinguish from

M. neglecta, and (2) (p. 271) Marenzelleria arctia strongly

resembles M. neglecta, especially in the case of juveniles.

‘‘...To avoid probable misidentification of the pair M. arc-

tia–M. neglecta …, the differentiation of these species in

samples containing only small…unpigmented…speci-

mens…is not recommended’’.

Identification still completely fails for larvae, juveniles

and incomplete specimens, which predominate in all

samples. High confusion also exists in the correct use of

species names. A database search in ASFA, SCOPUS, Web

of Science1 and Zoological Record covering the years

1999–2005 yielded altogether 41 citations, which are

concerned with the invasion of Marenzelleria spp. in

Europe. In 24 papers (*58%) incorrect species denomi-

nation [M. viridis instead of M. cf. viridis, M. neglecta or

M. (genetic) type II] for the Baltic Sea species was used.

In all these cases genetic analyses are suitable tools that

help to avoid misidentification and allow species identifi-

cation beyond doubt. Correct species assignment is a

fundamental requirement for all ecological and physio-

logical studies on Marenzelleria species. In the eastern

Baltic Sea, which is an area of intensive research on

Marenzelleria invasion biology, the detection of M. arctia

and M. viridis is an impressive example for the urgent need

of a correct species identification (Bastrop and Blank

2006).

The aim of the present study was (1) to develop and

validate a molecular species determination key which

might replace the uncertain species identification by mor-

phological characters, and (2) to analyse more specimens

and populations in the Baltic Sea to produce a better pic-

ture of the current distribution of the three species

occurring in the Baltic Sea. To realize these aims we used

three genetic methods: RFLP/PCR technique was used to

screen more than 30 sampling sites in the Baltic Sea and

North Sea and these results were randomly validated by

PCR/Sequencing. Sequencing and starch gel electropho-

resis of allozymes were used to obtain additional

information about the potential populations of origin of the

Baltic Sea M. arctia and M. viridis populations as well as to

detect hybridization between M. viridis and M. neglecta.

Materials and methods

In addition to the seven sampling sites studied by Bastrop

and Blank (2006) we investigated another 16 sites and

included five sites already studied by Röhner et al. (1996a,

b) and Blank et al. (2004). Compared to Bastrop and Blank

(2006) the number of specimens at most sampling sites was

increased and allozyme data of four sampling sites were

added.

Sampling

Samples were collected at the sites shown in Fig. 1. In

Table 1, the characteristics of the sampling sites and the

number of specimens analysed are listed. Specimens were

not determined taxonomically before DNA extraction. After

genetic analyses A. Bick verified species affiliation of some

individuals by taxonomy. Samples were either frozen in

liquid nitrogen or at –80�C (for starch gel electrophoresis)

or fixed in at least 80% ethanol (for DNA investigations)

until further investigations.

DNA extraction, PCR and sequencing

DNA was extracted using either the NucleoSpin1 Tissue

Kit (Macherey-Nagel, Easton, PA, USA) according to the

manufacturer’s instructions or Chelex1-100 (Bio-Rad,

Hercules, CA, USA; Walsh et al. 1991). For DNA extraction

using Chelex, tissue was placed in 500 ll of 5% Chelex1-

100 in sterile H2O and incubated at 56�C for 4–5 h. After

brief vortexing, extracts were incubated at 95�C for 15 min,

centrifugated, and then stored at –20�C. Before use, the

extracts were centrifugated at 13,000 rpm (10,000g) for

5 min and aliquots (3 ll) of the supernatants were directly

used in PCR. PCR amplifications were performed with an

amplification profile consisting of a denaturation for 60 s at

94�C, followed by 38 cycles of 30 s at 94�C, 30 s at 50�C

and 60 s at 72�C, followed by 5 min at 72�C for final

extension. Amplification was carried out using Taq PCR

Master Mix Kit (Qiagen, Valencia, CA, USA) in 30 ll

reactions containing 3 ll DNA isolate, 3.5 mM MgCl2 and

10 pmol of each primer. For amplification of a 545 bp long

fragment of the 16S rDNA gene the following primers were

used: 50-CGCCTGTTTATCAAAAACAT-30 (16Sar) and
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50-CCGGTCTGAACTCAGATCACGT-30 (16Sbr; Kessing

et al. 1989). The fragment of Cytb gene (450 bp) was

amplified using the primers 50-GG(AT)TA(CT)GT(AT)

(CT)T(AT)CC(AT)TG(AG)GG(AT)CA(AG)AT-30 (CytbF)

and 50-GC(AG)TA(AT)GC(AG)AA(AT)A(AG)(AG)AA

(AG)TA(CT)CA(CT)TC(AT)GG-30 (CytbR; Boore and

Brown 2000). The COI gene fragment (709 bp) was

amplified using the primers LCOI 1490 (50-GGTCAA-

CAAATCATAAAGATATTGT-30) and HCOI 2198 (50-
TAAACTTCAGGGTGACCAAAAAATCA-30) (Folmer

et al. 1994). Sometimes HCOI 2198 does not work so we

used the newly designed primer HCO709 50-AAT(AT)

AGAAT(AG)TA(GT)ACTTC(AT)GGGTG-30 instead

resulting in a fragment length of 719 bp.

RFLP analysis

For species identification using restriction fragment poly-

morphism (RFLP) protocols, the PCR products of 16S and

COI were cut using the restriction enzymes ApaI, SspI and

AseI (NEB). Within the amplified Cytb gene fragment no

species-specific restriction sites were found. The ApaI

recognition site (COI) is specific for M. viridis, the SspI

recognition site (16S rDNA) is specific for M. neglecta,

and the AseI recognition site (16S rDNA) is specific for

M. arctia (Tables 2, 3). A 4-ll aliquot of PCR product was

directly digested through incubation with 2–3 ll (2 units)

of the respective enzyme/NEBuffer mixture at 37�C for

2 h, followed by 30 min at 80�C for inactivation of the

restriction enzymes and visualized on a 1.5% agarose gel.

Sequencing

In order to determine restriction sites and to verify the

results of the RFLP analysis, PCR products were randomly

sequenced. PCR products were purified using the Nucleo-

Spin1 Extract Kit (Macherey-Nagel) according to the

manufacturer’s instructions and subsequently sequenced

directly on the sequencer CEQ 8000 (Beckman Coulter,

Fullerton, CA, USA) using the CEQ Dye Terminator cycle

sequencing quick start kit (Beckman Coulter) and

the primers used in initial PCR amplification. The

sequences were automatically analysed using the software

CEQ2000XL (Beckman Coulter), visually controlled and

finally aligned using the Bioedit software (Hall 1999). For

species identification and comparison, sequences from

M. neglecta from Darss-Zingst Bodden Chain, the Elbe

river estuary and the Isle of Rügen (Germany), from

M. viridis from the Elbe river estuary (Germany), the Ems

estuary (The Netherlands) and the Ringkøbing Fjord

(Denmark), and from M. arctia from the Tulom river

[Russia; samples provided by A. Sikorski and A. Bick

(2004)] were used as species references in the alignments.

Bastrop and Blank (2006) showed that each of the three

mitochondrial DNA segments allowed an undoubted dis-

crimination of the species.

Starch gel electrophoresis

Starch gel electrophoresis of allozymes was primarily used

to detect hybridization between M. neglecta and M. viridis

as shown in Blank et al. (2004). In general, the analysis and

identification of allozymes using starch gel electrophoresis

followed the protocols described in Bastrop et al. (1995)

and Röhner et al. (1996a, b). The purpose of this study was

to classify the individuals of the populations to either

M. viridis or M. neglecta. Therefore, no statistical analyses

were done. For [2,000 individuals of each species it was

proven that the loci MDH-II* and IDH-II* are to 100%

diagnostic between the species M. neglecta and M. viridis

(e.g. Röhner et al. 1996a, b). Therefore the populations

were screened using these species-specific markers. For

Fig. 1 Marenzelleria spp. Map of the Baltic Sea and the eastern

North Sea showing the sampling locations. Ems estuary (EM); Elbe

river estuary (E); Ringkøbing Fjord (RK); Barsebäck (BB); Öresund

(ÖS, includes four sampling sites); Isle of Langenwerder (LW);

Warnemünde (W); Warnow-Breitling (B); Darss-Zingst Bodden

Chain (D); Isle of Rügen (RG); Pomeranian Bight (OB, includes 19

sampling sites); Peene Estuary (PE); Isle of Askö, 30 m depth (AK);

Isle of Askö, 20 m depth (IA); Isle of Askö, shallow water (BA);

Sandviken (SV); Himmerfjärden (HJ); Åland Sea (AS); Åland Sea

(AE); Söderhamn (SÖ); Bothnian Sea (BS); Bothnian Sea (BE);

Tvärminne (TV); Gulf of Finland (GF); Puck Bay (PU); Vistula

Lagoon (FH); Pärnu (PÄ); Gulf of Riga (GR); Riga (RI); Klaipeda

(KL). Asterisks denote samples from earlier sampling dates (Table 1),

indicating M. neglecta populations. Dots denote the different species

M. viridis (white), M. neglecta (grey) and M. arctia (black).

Sympatric sampling sites are designated by dichromic dots. Bisect
dichromic dots show sites with well-balanced species proportions,

dots with small corner pieces represent sites which are dominated by

one species and where the sympatric species is found only in low

abundance
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ö
(b

ay
)

B
A

A
u

g
u

st
2

0
0

5
,

A
u

g
u

st
2

0
0

6
5

8
�4

9
0 N

,
1

7
�4

0
0 E

C
o

as
ta

l
1

1
–

1
1

–
C

o
ll

ec
te

d
b

y
th

e
au

th
o

rs

T
u

lo
m

R
iv

er
,

K
o

la
B

ay
T

Ju
ly

1
9

9
9

–
C

o
as

ta
l

5
–

–
5

S
ik

o
rs

k
i

an
d

B
ic

k
(2

0
0

4
)

Is
le

o
f

A
sk

ö
A

K
A

p
ri

l
an

d
A

u
g

u
st

2
0

0
5
,

A
u

g
u

st
2

0
0

6
5

8
�5

0
0 N

,
1

7
�3

2
0 E

3
0

1
4

0
–

1
1

3
9

C
o
ll

ec
te

d
b

y
th

e
au

th
o

rs

Is
le

o
f

A
sk

ö
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Ö
re

su
n

d
a

Ö
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discriminating M. arctia from other species, we only used

DNA sequencing/RFLP analysis, as there are no allozyme

data available, yet.

Results

The analysis of about 950 specimens of more than 30

sampling sites from around the Baltic Sea (Fig. 1, Table 1)

using mitochondrial DNA markers and/or starch gel elec-

trophoresis revealed that there are currently three species of

the genus Marenzelleria present in the Baltic Sea.

RFLP analysis

All recognition sites were monomorphic within a given

species, thus allowing for an undoubted identification of all

three species found in the Baltic Sea (Tables 2, 3). The

digestion of 16S rDNA gene fragment using SspI, resulted

in M. neglecta in two fragments of *227 and 318 bp,

while all PCR products from M. viridis and M. arctia

remained uncut (Fig. 2). The digestion of 16S rDNA gene

fragment using AseI, resulted in M. arctia in two fragments

of *237 and 308 bp, whereas all PCR products from

M. viridis and M. arctia remained uncut (Fig. 2). The

enzyme ApaI cuts in the COI gene fragment of M. viridis at

the expected site, resulting in two fragments of 309 and

400 bp. No cut was found in M. neglecta and M. arctia

(Fig. 2) with this enzyme. To test the reliability of this

method we investigated *950 specimens of all three

species with each restriction enzyme. All specimens of this

study as well as all individuals from Bastrop et al. (1998)

from European sampling sites and the Atlantic coast of

North America were included. In order to develop a fast

and cheap method for analysing large sample sizes, we

tested our protocol also with DNA isolated by

Chelex1-100 (Bio-Rad; Walsh et al. 1991; Bastrop et al.

1998). A single DNA isolation using Chelex1-100 is only

one-tenth the prize of an isolation using a commercial

isolation kit. Using DNA isolated by Chelex1 we obtained

the same results as described above and even the sub-

sequent sequencing did not cause any problems. The

restriction pattern shown in Fig. 2 did not vary in any of

the species that were analysed. The resulting dichotomous

molecular identification key is shown in Table 3.

PCR/sequencing

Sequence data were analysed for a 1,351 bp long dataset

combining three mitochondrial DNA sequence segments

for a total of 82 specimens. From 16S gene fragment 418

(M. arctia) and 419 (M. neglecta, M. viridis) out of 545

Table 2 Marenzelleria spp. Restriction sites of the restriction

enzymes used for species identification

COI bp 342–347

ApaI Marenzelleria viXridis 50 GGGCC;C…30

Marenzelleria neglecta 50 GGACCT…30

Marenzelleria arctia 50 GGACCT…30

16S bp 225–230

SspI Marenzelleria neglecta 50 AAT;ATT…30

Marenzelleria viridis 50 AATATA…30

Marenzelleria arctia 50 AGCATA…30

16S bp 236–241

AseI Marenzelleria arctia 50 AT;TAAT…30

Marenzelleria neglecta 50 ACTAAT…30

Marenzelleria viridis 50 ACTAAT…30

50 ACTAAC…30

The indicated position of the restriction sites refers to the positions in

the aligned sequences

Table 3 Dichotomous molecular identification key to species of the genus Marenzelleria in the Baltic Sea using RFLP method

1. PCR product size amplified by LCO 1490 and HCO 2198 primers is about 709 bp or using HCO 709 primer 719 bp 2

2a. PCR product digested with ApaI enzyme gives the following restriction pattern (in base pairs; Fig. 2): 309 and 400 M. viridis

2b. PCR product remains uncut 3

3. PCR product size amplified by 16Sar and 16Sbr primers is about 545 bp 4

4a. PCR product digested with SspI enzyme gives the following restriction pattern (in base pairs; Fig. 2): 227 and 318 M. neglecta

4b. PCR product remains uncut 5

5a. PCR product digested with AseI enzyme gives the following restriction pattern (in base pairs; Fig. 2): 237 and 308 M. arctia

5b. PCR product remains uncut 6

6. Repeating of the procedure or sequencing of PCR product of either 16S, COI or Cytb is required! There are several

possibilities why no cut is visible: either this individual has lost the restriction site by point mutation or it is another

species of Marenzelleria (M. wireni or M. bastropi)a

a Useful recommendations are: (1) sampling should include all size classes of individuals because different size classes may represent different

species. Small or juvenile specimens as well as larvae cannot be determined taxonomically (Sikorski and Bick 2004; Bick 2005), and (2) the

preservation of samples for DNA investigations should be done in at least 80% ethanol. Additionally, fresh or frozen samples allow the detection

of hybrids using starch gel electrophoresis and should be taken if possible
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amplified bp, from Cytb 300 out of 450 bp, and from COI

fragment 632 out of 709 amplified bp were used in align-

ment. In addition to the 15 haplotypes published by Bastrop

and Blank (2006; Genbank Accession-Nr. DQ309248–

DQ309274), 16 new haplotypes were found (Genbank

Accession-Nr. EF137718–EF137735; Table A, electronic

supplementary material).

For M. neglecta 19 different haplotypes were found at

11 sampling sites (Table 4) with an intraspecific sequence

divergence between 0.0 and 1.0%. At Darss-Zingst Bodden

Chain (D; Fig. 1), Isle of Rügen (RG), Sandviken (SV) and

a bay at the Isle of Askö (BA) only M. neglecta was

detected. Near the Isle of Askö (AK), in 30 m depth, one

M. neglecta specimen was found sympatric to M. arctia

(n = 139). The analysis of specimens of Tvärminne (TV),

Pärnu (PÄ), Riga (RI) and Klaipeda (KL) showed only

M. neglecta as well. The sampling site in the Gulf of Riga

(GR) exhibited a sympatric occurrence of M. neglecta (16

individuals) with M. viridis (five individuals). In the Elbe

river estuary (E) M. neglecta occurs partially sympatric to

M. viridis.

Seven different haplotypes of M. viridis could be found

in nine sampling sites (Table 4). The sequence divergence

ranged from 0.0 to 0.3%. Only M. viridis was found at

Ringkøbing Fjord (RK; Fig. 1), Ems estuary (EM),

Barsebäck (BB), Langenwerder (LW), Warnemünde (W)

and Warnow-Breitling (B). The hybrid found at Langen-

werder showed the most common M. viridis-specific

haplotype Mv1. At Söderhamn (SÖ) one specimen out of

five investigated belonged also to this species. The other

specimens belonged to M. arctia.

Five specific haplotypes for M. arctia were found at five

sampling sites (Table 4). The haplotypes differed by

0.0–0.1% from each other. At three sites [Bothnian Sea

(BS), the Åland Sea (AS) and Gulf of Finland (GF)] only

M. arctia was found. Sympatric occurrences were found for

the other two sampling sites at Söderhamn (SÖ) and Isle of

Askö (AK) with M. viridis (single specimen) and M. neg-

lecta (single specimen), respectively. At arctic Tulom

River only M. arctia is found. The most common M. arctia

haplotype Ma1 (n = 22) is shared by specimens from

Tulom River and Baltic Sea sampling sites (AK, SÖ, GF,

AS; Table 4).

An inferred phylogeny (Fig. 3) reconstructed from the

31 haplotypes shows the relationships within and between

the three Marenzelleria species. No phylogeographic sub-

structure could be identified within species.

Starch gel electrophoresis

Additionally to analyses by PCR-based methods five pop-

ulations were screened using allozyme electrophoresis

(Table 1). Table 5 shows the genotype frequencies at two

diagnostic loci for four of these. The population Warnow-

Breitling was not included because of the small sample size

(five individuals), but all individuals showed alleles spe-

cific for M. viridis. In the populations of Ringkøbing Fjord

(RK), Warnemünde (W) and the Isle of Langenwerder

(LW) only M. viridis specific alleles were found. At the Isle

of Langenwerder one individual showed to be a hybrid

between M. neglecta and M. viridis at both diagnostic loci

studied (MDH-II*: 2–5; IDH-II*: 2–4). Within the popu-

lation at Rügen (RG) only M. neglecta-specific alleles were

detected (Table 5). At the non-diagnostic locus MDH-I*,

all individuals showed the genotype 1–1.

Discussion

In a preliminary analysis we showed that with M. arctia

and M. viridis two new species of the genus Marenzelleria

have invaded the Baltic Sea (Bastrop and Blank 2006).

Here, we describe a fast and cheap PCR/RFLP protocol and

present a dichotomous molecular identification key for

the three Marenzelleria species inhabiting the Baltic Sea

(Table 3).

Fig. 2 Marenzelleria spp. Digest of PCR products using the restric-

tion enzymes AseI (16S rDNA; a), SspI (16S rDNA; b) and ApaI

(COI, c) run on 1.5% agarose gel. Lanes 1, 6 and 11 show undigested

PCR products of M. neglecta, M. viridis and M. arctia, respectively.

Lanes 2–5, 7–10 and 12–15 show fragment patterns after digest

(arrows) for M. neglecta, M. viridis and M. arctia, respectively. Lane
M denotes size standard (100 bp ladder) with base pair length

indicated on the right side
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Since 1985, the non-indigenous species M. neglecta has

been found in the Baltic Sea (Bick and Burckhardt 1989).

By 2001, it seemed that M. neglecta specimens were found

even in the northernmost parts of the Gulf of Bothnia

(Karlsson and Leonardsson 2003) and the eastern Gulf of

Finland (Maximov and Panov 2002). The determination of

these specimens was based on morphological identifica-

tion. Population genetic analyses using allozyme

electrophoresis assured the exclusive presence of M. neg-

lecta for seven populations in the Baltic Sea in the middle

of the 1990s (Bastrop et al. 1995; Röhner et al. 1996a, b).

The occurrence of this species in the upper parts of the Elbe

River estuary (North Sea) is the only record from outside

the Baltic Sea in European waters, yet (Blank et al. 2004).

As Röhner et al. (1996b) we proved M. neglecta at Darss-

Zingst Bodden chain in the present study. At more westerly

sampling sites only the sibling species M. viridis was

detected. At the Isle of Langenwerder a single hybrid was

found which may indicate an undetected sympatric occur-

rence of M. neglecta and M. viridis in the western Baltic

Sea. Sequencing of three mitochondrial DNA segments

(16S, COI, Cytb) revealed a M. viridis-specific haplotype

for this hybrid. The transition area between the North Sea

and the Baltic Sea has not yet been investigated as to the

Table 4 Marenzelleria spp. Distribution of 31 haplotypes (1,351 bp) among 22 sampling sites (see Fig. 1) obtained by PCR/sequencing

Haplotype Sampling stations Total

EM E RK BB LW W B D RG KL RI GR PÄ GF TV BS AS SÖ SV AK BA T

Mv1 – 2 3 4 5 1 2 – – – – 3 – – – – – – – – – – 20

Mv2 – – – – 1 – – – – – – – – – – – – – – – – – 1

Mv3 – – – – 1 1 – – – – – – – – – – – 1 – – – – 3

Mv4 1 – – – – – – – – – – – – – – – – – – – – – 1

Mv5 – 1 – 2 1 – – – – – – – – – – – – – – – – – 4

Mv6 – – – – 1 – – – – – – – – – – – – – – – – – 1

Mv7 – – – 1 – – – – – – – – – – – – – – – – – – 1

Mn1 – – – – – – – – 1 – – – – – – – – – – – – – 1

Mn2 – – – – – – – – 1 – – – – – – – – – – – – – 1

Mn3 – 1 – – – – – – – – – – – – – – – – – – – – 1

Mn4 – 1 – – – – – – – – – – – – – – – – – – – – 1

Mn5 – – – – – – – – – – – – – – – – – – – – 2 – 2

Mn6 – – – – – – – – – – – – – – – – – – – – 2 – 2

Mn7 – – – – – – – – – – – – – – – – – – – 1 – – 1

Mn8 – – – – – – – – – – – – – – 1 – – – – – 2 – 3

Mn9 – – – – – – – 1 – – – – – – – – – – – – – – 1

Mn10 – – – – – – – – – – – – – – – – – – 1 – – – 1

Mn11 – – – – – – – – – – – – – – – – – – 1 – – – 1

Mn12 – – – – – – – – – – – – – – – – – – 1 – – – 1

Mn13 – – – – – – – – – – – – – – – – – – 1 – – – 1

Mn14 – – – – – – – – – – – – – – – – – – 1 – – – 1

Mn15 – – – – – – – – – – – 1 – – – – – – – – – – 1

Mn16 – – – – – – – – – – – 1 – – – – – – – – – – 1

Mn17 – – – – – – – – – 1 – – – – – – – – – – – – 1

Mn18 – – – – – – – – – – – – 1 – – – – – – – – – 1

Mn19 – – – – – – – – – – 1 – – – – – – – – – – – 1

Ma1 – – – – – – – – – – – – – 1 – – 1 6 – 11 – 3 22

Ma2 – – – – – – – – – – – – – – – – – – – – – 1 1

Ma3 – – – – – – – – – – – – – – – – – – – – – 1 1

Ma4 – – – – – – – – – – – – – – – – – – – 2 – – 2

Ma5 – – – – – – – – – – – – – – – 1 – – – – – – 1

Total 1 5 3 7 9 2 2 1 2 1 1 5 1 1 1 1 1 7 5 14 6 5

Abbreviations of sampling sites follow nomenclature in Table 1. Detailed information on composite haplotypes (Genbank Accession-Nr.

DQ309248–DQ309274, EF137718–EF137735) is listed in Table A, electronic supplementary material
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current occurrence and distribution of the two species.

From the Baltic coastline of Sweden Marenzelleria has

been reported since 1990 (Persson 1990); however, the first

record from the Swedish west coast dates from 2002

(Göransson et al. 2004; ICES 2005). Species determination

again was done by morphological characters, so it is not

known which species were involved. Nearby, at Barsebäck,

Hittarp, Domsten, Sandön, and Skälderviken (Öresund), we

could only detect M. viridis (Fig. 1; sampling sites BB and

ÖS). Additionally, a single specimen of M. viridis could be

found in 2003 near Fiskebäckskil, Skagerrak area (A. Bick,

personal communication). Therefore, we state that in the

Skagerrak, Kattegat and in the Öresund M. viridis is the

predominant species.

Until 2004, M. viridis was found only in North Sea

estuaries and therefore was suggested to be restricted to

higher salinities. The surface salinity in the Baltic Sea

decreases from the western to the northeastern parts from

24 to 2 ppt. Therefore, the emergence of M. viridis in the

western parts of the Baltic Sea was anticipated (Bastrop

et al. 1997). For M. viridis, which it is known to have

pelagic larvae, there are two potential ways of introduction

into the Baltic Sea: by ship ballast water and/or by range

expansion from the North Sea through the Kiel Channel or

around the Danish peninsula and through the Kattegat and

the Danish Straits. The southern coast of the Baltic Sea

(Isle of Langenwerder; Warnemünde; Breitling-Warnow

estuary, Pomeranian Bight, Puck Bay) was most likely

colonized by range expansion. This may have been facili-

tated by influx of saline waters from the adjacent North

Sea. Especially the irregularly occurring major inflows, as

observed for example in the year 2003, transport high

volumes of water to the southern and central Baltic and

their effects on species distribution are clearly discernible

even in the Eastern Gotland basin (Segerstråle 1965;

Fig. 3 Marenzelleria spp. 50%-

Majority rule consensus tree

(midpoint rooting) from

1,463 MP trees (tree

length = 324) reconstructed

from composite haplotypes

(1,351 bp) of PCR/sequencing

data (Table 4; Table A,

electronic supplementary

material) using PAUP* Version

4.0 b10. Numbers above

branches denote bootstrap

values above 50%.

Abbreviations of sampling sites

follow nomenclature in Table 1

Table 5 Marenzelleria spp. Number of individuals sampled (n) and

genotype frequencies at two diagnostic loci in four populations

Locus Ringkøbing

Fjord (n = 11)

Rügen

(n = 42)

Langenwerder

(n = 261)

Warnemünde

(n = 94)

IDH-II*

1–2 – – – 1

2–2 9 – 173 57

2–3 1 – 78 32

2–4a – – 1a –

3–3 1 – 9 1

4–4 – 42 – –

(n) (11) (42) (261) (91)

MDH-II*

2–2 – 42 – –

2–5a – – 1a –

5–5 11 – 260 94

a F1-hybrid
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Leppäkoski 1971). The genotype frequencies of the

diagnostic loci studied (IDH-II* and MDH-II*) are com-

parable to those found in North Sea populations by Röhner

et al. (1996b). The frequencies of the genotypes 2–3 and

3–3 at locus IDH-II* are much higher in all North Sea

populations than in populations from North America

(Table 5), indicating that range expansion is more likely

than a new transatlantic invasion event.

The origin of the single specimen of M. viridis in

the Gulf of Bothnia (Söderhamn) was more speculative

(Bastrop and Blank 2006). During our present investiga-

tions we could find M. viridis at the Gulf of Riga in low

abundances (five specimens). Thus, the biannual appear-

ance of pelagic larvae in the northeastern Gulf of Riga

(Simm et al. 2003; Kotta et al. 2006) might be explained by

the presence of two species. Furthermore, Kotta et al.

(2006) documented an increase in the mean annual densi-

ties of adult Marenzelleria specimens in Pärnu Bay (Gulf

of Riga) in 1997 and another one in 2004. The first one

might have been caused by M. neglecta and the second one

by M. viridis. Discrepancies in morphological parameters

between Marenzelleria specimens from the Gulf of

Riga and other Baltic Sea populations (Jermakovs and

Cederwall 2003) support the assumption that there are two

species involved.

Several authors reported a recent increase in the abun-

dance of Marenzelleria in northern regions and in deeper

parts of the eastern Baltic Sea (e.g. Karlsson and

Leonardsson 2003). Since 1995, Marenzelleria has been

found in small abundances in the coastal waters at Norrbyn

(Sweden) in the Bothnian Bay. A steady increase in

abundance in the Gulf of Bothnia with highest abundances

in Holmöarna (1,778 individuals per m2) was documented

by Karlsson and Leonardsson (2003). From 1995 to 2003,

abundances increased in coastal waters (Karlsson and

Leonardsson 2003). Marenzelleria has been extending its

distribution in the open sea also and since 2004 increasing

densities up to 4,000 individuals per m2 have been found in

the Bothnian and Åland Seas (unpublished data of the

Finnish Institute of Marine Research). The results of the

present study indicate that this increase in the open sea is

obviously caused by the invasion of M. arctia. M. arctia

was recorded at five sites in the eastern and northern Baltic

Sea (Fig. 1) and therefore for the first time outside the

Arctic (Bastrop and Blank 2006). The sympatric occur-

rence of the species with M. neglecta at the Isle of Askö

and with M. viridis at Söderhamn was detected by PCR/

sequencing.

Marenzelleria has been reported from the northern

Baltic proper (Stockholm and Askö-Landsort area) in low

abundances since 1999. In the inner parts of the Stockholm

archipelago it occurs in 5–20 m and in the outer area down

to 50 m depth (ICES 2001). Slightly increasing abundances

were recorded in the last 4 years, but again the species

responsible for the increase is unknown. Besides the newly

introduced species M. arctia, we also detected M. neglecta

in the same area at two sampling sites. At Tvärminne (Gulf

of Finland) we found a shift in species occurrence. In

samples from 1995 only M. neglecta was proven at this site

(Röhner et al. 1996a, b), in 2005, however, M. arctia was

found exclusively. It can be anticipated that currently both

species are present in this area.

The introduction mechanism of M. arctia into the Baltic

Sea is speculative. Baltic M. arctia shared haplotypes with

specimens from the Tulom river (Kola Bay, Russia) indi-

cating an origin in the European Arctic (Bastrop and Blank

2006). The most probable way of introduction is by ship

ballast water to harbours in the central or northern parts of

the Baltic Sea. Nothing is known about the mode of

reproduction in M. arctia so far. Transportation by ship

ballast water presupposes a pelagic larval phase as in

M. viridis and M. neglecta. On condition that pelagic larvae

and/or juveniles occur in M. arctia, too, the species might

have been introduced by ship and might be responsible for

the increasing abundances of Marenzelleria in the Both-

nian Sea (Karlsson and Leonardsson 2003; ICES 2005). If

M. arctia, like M. neglecta and M. viridis, is not able to

reproduce under 5 ppt salinity, but would be able to survive

in lower salinities (Bochert et al. 1996), reproducing pop-

ulations may only be assumed for the southern part of the

Bothnian Bay, while the northernmost populations must be

recruited each year again from the southern populations of

the Swedish or Finnish coast.

The currently known distributions of the species in the

Baltic Sea, especially for M. viridis in the southern Both-

nian Bay at 4–5 ppt, seem to contradict a solely salinity-

dependent distribution. Like the other two species,

M. arctia inhabits brackish waters and tolerates salinities

from 0 to 32 ppt (Jørgensen et al. 1999). It can be antici-

pated that M. arctia will spread into further habitats. Due to

its arctic origin, however, a restriction to deeper, cooler

waters can be assumed. Differences in temperature pref-

erences may results in a vertical segregation: M. arctia

colonizes the deeper, cooler habitats (Isle of Askö, 30 m;

Himmerfjärden, 20–49 m) whereas M. neglecta is found in

shallower waters nearby (Isle of Askö Bay; Sandviken). If

this assumption was correct, the Arctic species probably

would remain restricted mostly to depths below the sum-

mer thermocline in the northern and eastern Baltic Sea. The

recent findings show that M. arctia may colonize even the

deepest open sea areas in the Baltic Sea, except the central

and southern basins, which suffer from semipermanent

oxygen depletion (e.g. Laine 2003).

The uncovering of the complex introduction and distri-

bution patterns observed in the Baltic Sea is made difficult

by false species determinations and the incorrect use of
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species names. The genus Marenzelleria consists of five

species, which are very difficult to discriminate by

morphological characters alone. Discrimination is even

impossible in the cases of larvae, juveniles and fragmented

specimens. Taxonomic species identification is only pos-

sible using a combination of characters or by the inclusion

of arithmetical differences between morphological char-

acters (Sikorski and Bick 2004; Bick 2005). However, only

molecular markers are able to discriminate the species of

the genus Marenzelleria beyond doubt (Bastrop and Blank

2006). Several authors dealing with M. viridis in the Baltic

Sea ignored the results of the genetic and taxonomic

analyses that clearly showed that the species present in the

Baltic Sea is not identical with the one in the North Sea

(Bastrop et al. 1995, 1997; Bick and Zettler 1997). A cor-

rect species identification and denomination is essential

also for interpreting results of ecological and physiological

studies. For example, it is likely that M. arctia instead of

M. neglecta is responsible for the suggested negative

impact on the native amphipod Monoporeia affinis

(Neideman et al. 2003). As shown above, the dominant

species, which occurs sympatric to M. affinis at 30 m depth

near the Isle of Askö is M. arctia. It is also obvious that the

reported increase in Marenzelleria abundance and the

consequent changes in macrobenthic community structure

(e.g. Zettler 1996; Cederwall et al. 1999; Perus and

Bonsdorff 2004) are caused by different species in different

parts of the Baltic Sea.

The use of molecular techniques in the discrimination

of closely related taxa (e.g. sibling species) is well

documented (Knowlton 1993) and can facilitate many

marine ecological investigations (Burton 1996). With the

PCR/RFLP protocol described here, the discrimination of

Marenzelleria species is often much easier and more

accurate than identification by morphological criteria.

Due to the invasion of two other species of the genus

into the Baltic Sea, investigations on Marenzelleria

require a thorough species determination. The spreading

of the three Baltic Marenzelleria species is probably not

finished, although the future development and distribution

of Marenzelleria spp. in the Baltic Sea is hardly to

predict. Whereas M. neglecta is present in most areas of

the Baltic Sea, the expansion of M. arctia as well as M.

viridis into further areas is a still ongoing process. We

anticipate that the distribution of M. arctia may remain

restricted to the eastern and northern Baltic Sea, limited

by species’ temperature requirements. From the detection

of M. viridis in the Bothnian Sea and in the Gulf of Riga

we conclude that a further spreading of this species will

not be restricted to habitats with higher salinities.

Depending on species-specific habitat requirements we

expect areas inhabited by only one, by two or even by

all three species. Furthermore, we anticipate interspecific

competition between Marenzelleria sibling species or

between Marenzelleria spp. and other benthic species.

The process of the recent colonization of the Baltic

Sea by three species of the genus Marenzelleria is a

natural experiment, which allows the investigation of

evolutionary and ecological aspects of invasion biology

(Segerstråle 1971). Successful colonization mainly

depends on the genotype of the immigrant as well as on

specific characteristics of the new habitat (abiotic and

biotic factors). In this context, future studies on the ‘‘niche

evolution’’ of the species were required. Besides, the

possible establishment of hybrid zones should be consid-

ered. Additionally, investigations at different molecular

levels, e.g. nucleic acids and proteins, might offer inter-

esting insights into the speciation process of marine

invertebrates.

The results presented here indicate the urgent need for a

comprehensive analysis of Marenzelleria populations of

the Baltic Sea, the North Sea as well as their transition area

to unravel the current distribution of the species and to

solve the existing confusion in species denomination.
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Olenin S, Leppäkoski E (eds) Coastal Research and Planning

Institute, Klaipeda University, Lithuania (http://www.ku.lt/

nemo/mainnemo.html)

Bastrop R, Blank M (2006) Multiple invasions—a polychaete genus

enters the Baltic Sea. Biol Inv 8:1195–1200

Bastrop R, Jürss K, Sturmbauer C (1998) Cryptic species in a marine

polychaete and their independent introduction from North

America to Europe. Mol Biol Evol 15:97–103
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Leppäkoski E, Gollasch S, Gruszka P, Ojaveer H, Olenin S, Panov V

(2002) The Baltic—a sea of invaders. Can J Fish Aquat Sci

59:1175–1188
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