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ABSTRACT

The colonial urochordate Botryllus schlosseri is a ously covered by ice, showed a remarkably low
sedentary species of Mediterranean origin that be- value (He: 0.17; A: 1.75). Therefore, most Euro-
came cosmopolitan, probably because of postgla- pean populations of B. schlosseri mirrored the
cial-period  dispersal and human-mediated movement of the ice front in the last ice age. A
invasions of colonies attached to ship hulls. Here second population from the area that was covered
we studied microsatellite allele diversity of Atlantic by permanent ice (Lossiemouth, Scotland), how-
coast populations from an area ranging from ever, had a high He of 0.61 and an intermediate A
European regions south of the last glacial front to of 3.67. Results were compared with recent inva-
regions that had been permanently ice-covered. sions (populations less than 200 years old) in the
Gene diversity levels varied dramatically among United States and New Zealand that had a higher
populations residing in areas subject to different degree of genetic variation than the European na-
glacial conditions. Five populations from the Ibe- tive populations established thousands of years ago.
rian Peninsula, in an area south of the last glacial Given the overall dearth of studies on this subject,
front, as well as two populations from presumed we suggest that in contemporary established Bot-
refugia in Brittany, expressed high gene diversity ryllus populations, gene diversity is affected by
values (expected heterozygosity [He]: 0.76-0.80; ecological factors, some of which can be traced di-
average number of alleles per locus [A]: 7.25-8.75). rectly to the last ice age. Other parameters of gene
Two populations inhabiting areas that experienced diversity are influenced by selection pressure,
permafrost conditions (Helgoland Island, Germany, which might be more intense in northern regions.
and Plymouth, England) had intermediate values

(He: 0.40-0.42; A: 3.0-4.0), whereas the Auchen- Key words: Botryllus schlosseri; gene diversity;
malg, Scotland, population, from an area previ- invasion; postglacial-period colonization.
INTRODUCTION major ice age (Dawson 1992; Hewitt, 1996). These

climatic fluctuations have resulted in the latitudinal

shift of many organisms (Hidnfling and others

2002). In cold periods, most species shifted south-
- ) i ward, whereas rapid rises in temperature relocated
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17 November 2006. them northward. Sudden reversals in climate con-

*Corresponding author; e-mail: ekly@research.haifa.ac.il ditions most hkely eradicated the vast majority of

The global climate has fluctuated widely during the
past 3 million years, culminating in the most recent
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species over a significant part of their geographical
range, leaving small enclaves where populations
survived as refugia (Hewitt 1996). Such glacial
refuge areas, however, were large enough to har-
bor a notable fraction of the temperate biota’s
intraspecific biodiversity (Petit and others 2003).
After an expansion in the postglacial period,
intraspecific diversity declined outside the refugia
as a consequence of successive founder events
(Hewitt 1996, 2000). Species expansion from a
leading edge, especially for taxa that are not very
mobile, may involve bottleneck events that lead to
the loss of alleles and an increase in average pop-
ulation homozygosity (Hewitt 1996). Recent theo-
retical models have predicted that increased genetic
diversity would be achieved mostly through redis-
tribution of the genetic information already present
among populations in refugia (Petit and others
2003).

The spatial scale of dispersal and the population
structure in the marine environment, are often
greater than those documented for terrestrial
organisms (Avise 1998). Due to a lack of physical
barriers, large population sizes, and high larval
dispersal capacities, many marine invertebrate taxa
show weak genetic structuring (Palumbi 1996).
Nonetheless, several genetic studies on marine
organisms have revealed distinct genetic subdivi-
sions, suggesting that high dispersal potential does
not necessarily lead to extensive gene flow (see, for
example, Palumbi 1996; Avise 1998; Barber and
others 2002).

Several recent studies of patterns of postglacial-
period expansions, glacial refugia, and population
genetic structures have concentrated on marine
organisms (Coyer and others 2003; Gysels and
others 2004; Provan and others 2005). As these
studies have shown, it is often difficult to
unequivocally determine the temporal patterns of
range expansions or secondary contacts and inter-
actions among populations that have undergone
recent fluctuations in population size or distribu-
tion (Wares 2002). Therefore, the classical ap-
proach of deducing the effects of long-term history
on present-day biogeographical distributions is
limited, because the actual distribution patterns
may be the result of multiple impacts that do not
necessarily reflect the assumed history. This is true
of cosmopolitan invasive species in which the
source populations are diffused (Lambrinos 2004
and literature therein). One such invasive species is
the urochordate Botryllus schlosseri.

The cosmopolitan ascidian Botryllus schlosseri, a
hard-bottom sedentary marine urochordate spe-
cies, is globally distributed from subpolar regions to

the tropics (Berrill 1950). Colonies are found along
the coasts of the Mediterranean Sea and in all
European waters up to Norway in the north, in
Asia (Korea, Japan, Hong Kong, India), Australia,
Tasmania, New Zealand, South Africa, and on the
east and the west coasts of the United States (Ruiz
and others 2000; Ben-Shlomo and others 2001;
Stoner and others 2002; Paz and others 2003;
B. Rinkevich unpublished). B. schlosseri colonies are
found from intertidal areas to depths of almost
200 m; they are found above and under stones; on
algae and seaweed; on pilings, floats, and other
artificial substrata; within marinas; and in the wild.
This species, most likely of Mediterranean origin
(Berrill 1950), became a globally distributed tuni-
cate, probably through continuous introductions
and invasions of colonies attached to ship hulls
(Berrill 1950; Lambert and Lambert 1998). In
contrast to what would be expected given its wide
distribution, the microgeographic genetic structure
of B. schlosseri is generally consistent with localized
gene flow (Grosberg 1987; Yund and O’Neil 2000).

B. schlosseri is an excellent species for studying
the relationships among population genetic struc-
ture, life history and phylogeography, both for the
period extending back to the last glacial maximum
(about 20,000 years ago) and for the period of re-
cent invasions (less than 1000 years). Microsatellite
investigation of the variability of populations from
Israel and Croatia, representing the presumed
source of the Mediterranean populations (Rinke-
vich and others 2001; Paz and others 2003),
showed high polymorphism, with an average gene
diversity (He) of up to 0.84. Lower yet still sub-
stantial gene diversities (He: 0.60-0.69) were re-
corded in the introduced populations of New
Zealand (established less than 150 years ago) and
the west and east coasts of the United States
(established less than 65 and about 200 years ago,
respectively) (Ben-Shlomo and others 2001; Stoner
and others 2002).

We studied the genetic diversity of Botryllus sch-
losseri populations in European sites along the
Atlantic coasts, which are specifically relevant to
species distribution after the last ice age, from
southern Spain and Portugal in the south to Hel-
goland Island, Germany and Scotland in the north.
The analysis considered southern populations that
were not subject to frost during the last glacial
period, populations from permafrost regions in
putative glacial refugia, populations from former
permafrost areas, and populations from previously
ice-covered regions. A major question was whether
the distribution of the former glacial conditions is
still mirrored in the observed genetic structures of
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Table 1. Sampled Populations

Population Date of Collection Sampling Area Conditions in Last Ice Age
1. Spain—Gibraltar 9/98 Yacht marina South of glacial front
2. Spain—Barbeta 9/98 Yacht marina South of glacial front
3. Portugal—Faro 9/98 Yacht marina South of glacial front
4. Portugal—Setubal 9/98 Fishing boat harbor South of glacial front
5. Portugal—Sesimbra 9/98 Fishing boat harbor South of glacial front
6. France—Concarmeau 9/99 Marina Presumed refugium
7. France—Brest 9/99 Marina Presumed refugium
8. Germany—Helgoland 7199 Natural rock (next to harbor) Permafrost

9. England—Plymouth 8/00 Nature reserve Permafrost

10. Scotland—Auchenmalg 8/00 Natural (next to abandoned harbor)  Ice-covered

11. Scotland—Lossiemouth 8/00 Yacht marina Ice-covered

these populations, or whether recent expansions
and invasions of new colonies have blurred the
ancient population genetics.

MATERIALS AND METHODS
Sampling

A total of 360 colonies of B. schlosseri from 11
populations were collected from shallow waters
along the east coast of the Atlantic Ocean during
the summers of 1998-2000 (Table 1 and Figure 1).
B. schlosseri colonies are found in natural habitats,
as well as within marinas and harbors. Previous
work (Paz and others 2003) documented similar
levels of gene diversity in colonies collected from
manmade habitats, such as an active marina and an
old abandoned harbor, as compared to natural
rocky habitats. Thus, the type of collecting site is
not a limiting factor for comparative analysis. The
11 studied populations represent four different
levels for ice-age conditions: five southern popu-
lations from areas that were not subject to frost
(southern Spain and Portugal), two permafrost
populations from putative glacial refugia (Brittany,
France), two populations from areas previously
covered by permafrost (Plymouth, England, and
Helgoland, Germany), and two populations from
formerly ice-covered areas (east and west
Scotland).

Colonies growing at least 1 m apart from each
other were peeled off the substrate and placed in a
1-L container with fresh seawater. We sampled
colonies that did not show any morphological signs
of natural chimerism (that is, colonies with mixed
colors or those characterized by intracolony varia-
tions in color morphology) resulting from the fu-
sion of compatible genotypes. DNA extraction and
microsatellite typing of colonies followed Ben-
Shlomo and others (2001). Genetic variation was

assayed using four microsatellites (BS-811, PB-29,
PB-41, PB49) (Ben-Shlomo and others 2001).
Several samples from different gels and different
populations were re-run on the same gel to ensure
consistency of scoring between gels runs.

Data Analysis

Allele identification and genotyping were deter-
mined directly from the autoradiographs. Sample
size differed between populations (Table 2). Col-
lected colonies from each population were re-
moved from the container and numbered at
random; for calculation of the average number of
alleles/locus (A), we considered the first 20 indi-
viduals from each population (in the population
from Brest, only 13 colonies were sampled; the
population of Sesimbra, which contained only six
individuals, was excluded). In populations where
numbers of sampling colonies were small, the ob-
served heterozygosity yielded slightly lower values
than weighted values; hence, we used the weighted
heterozygosity parameter. Weighted observed
heterozygosity (Ho), gene diversity (expected het-
erozygosity, or He) inbreeding coefficient (Fis) and
unbiased estimates of Hardy-Weinberg exact P
values were computed by the Markov chain
method using GENEPOP (Raymond and Rousset
1995), version 3.4 (2003). Previous genetic tests
have shown that Botryllus schlosseri populations are
characterized by low observed heterozygosity
(Ben-Shlomo and others 2001; Stoner and others
2002); thus, for the exact test, H1 was heterozygote
deficiency. The significance level was determined
after 10,000 dememorizations and 100 batches of
5000 interactions each. The fixation index (Fst) was
estimated by a weighted analysis of variance (Weir
and Cockerham 1984) for all population pairs.
Genetic identity, genetic distance, and its graphical
representation (UPGMA) were calculated following
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Figure 1. Sampling populations,
genetic diversity, and hypothesized
conditions under the last ice age. Gene
diversity (He) is given in brackets.
Numbers of populations are as in Tables
1 and 2. Redrawn from Dawson (1992).

Nei (1978), using TFPGA software, version 1.3
(Miller 1997). The significance level for population
differentiation (pairwise analysis of all populations;
exact tests) (Raymond and Rousset 1995) was
determined after 1000 dememorization steps and
20 batches of 2000 permutations per batch, using
TFPGA software, version 1.3 (Miller 1997).

RESULTS

The four tested microsatellites were highly poly-
morphic, revealing 103 different alleles for the 11
sampled populations (11, 25, 22, and 45 for the loci
PB-29, PB-41, PB-49, and BS-811, respectively).
Allele distributions in every locus at each popula-
tion are summarized in Figure 2. Observed and
expected heterozygosity, the fixation index (Fis)
values, and the estimated average number of alleles
per locus (for n = 20) are presented in Table 2.
Observed heterozygosity was much lower than
expected, and Fis values were positive and high
(0.39-0.83) in all tested populations. A Hardy-
Weinberg exact test for all loci and for all popula-
tions revealed a highly significant heterozygote
deficiency (P value 0.0000; HO = HW equilibrium).

The levels of gene diversity (He) and average
number of alleles per locus (A, - ;o) varied dra-
matically among populations subject to different
conditions in the last ice age (Table 2 and Figure 1).
The five southern populations from the Iberian

Peninsula, which did not experience frost condi-
tions in the last ice age, expressed high values of He
(0.76-0.80) and A (7.25-8.75). Similar values also
characterized both Brittany (France) populations,
which inhabited a refugium area (Coyer and others
2003). The Helgoland Island (Germany) and Plym-
outh (England) populations, from areas that expe-
rienced permafrost conditions during the last glacial
period (Dawson 1992), had intermediate He and A
values (0.40-0.42 and 3.00-4.00 respectively),
whereas the Auchenmalg, Scotland, population,
from an area that was covered by ice, had low values
(He: 0.17; A: 1.75). The second Scottish population,
Lossiemouth, from an area that was also covered by
permanent ice, had—surprisingly—a high He value
of (0.61) and an intermediate A (3.67).

Allele frequencies and distribution differed in the
tested populations, enabling them to be differenti-
ated (Figure 2). Genic differentiation for each
population pair across all loci was highly significant
(P < 0.00006, Fisher’s method). The degree of sub-
population structure and differentiation among the
populations (Fst, estimated by a ““weighted”” ana-
lysis of variance) (Weir and Cockerham 1984) is
presented in Table 3. The differences between the
Spanish and the Portuguese populations, as well as
between the two French populations, were the
lowest (mostly less than 0.07), whereas the differ-
entiation between the Iberian and the French
populations was a little higher (0.1). The differen-
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Table 2. Gene Diversity (Heterozygosity), Inbreeding Coefficient (Fis), and Number of Alleles
Population n Ho He Fis A (n = 20)
1. Spain—Gibraltar 20 0.22 0.78 0.72 7.25
2. Spain—Barbeta 20 0.48 0.79 0.39 8.75
3. Portugal—Faro 30 0.39 0.76 0.49 8.50
4. Portugal—Setubal 20 0.29 0.80 0.64 8.25
5. Portugal—Sesimbra 6 0.33 0.77 0.57 —

6. France—Concarmeau 34 0.27 0.77 0.65 7.50
7. France—Brest 13 0.34 0.81 0.58 (5.75)
8. Germany—Helgoland 45 0.16 0.42 0.63 4.00
9. England—Plymouth 53 0.07 0.40 0.83 3.00
10. Scotland—Auchenmalg 67 0.03 0.17 0.80 1.75
11. Scotland—Lossiemouth 52 0.30 0.61 0.51 3.677

Ho, observed heterozygosity (weighted); He, expected heterozygosity; A, average number of alleles/locus (n = 20).

“Only three loci.

tiation between these groups of populations and
those of either Helgoland Island or England and
Scotland was much higher (more than 0.3). Genetic
differences among UK populations and between
them and the other populations were relatively
high, with the highest differentiation expressed by
Auchenmalg in west Scotland (more than 0.5).
The significance level for population differentia-
tion (exact tests) (Raymond and Rousset 1995) was
determined by pairwise analysis of all populations.
The combined probabilities for each pairwise com-
parison vyielded highly significant differentiation
(P = 0.000 for each pair). The differentiation be-
tween the populations is depicted by the genetic
identity and distance parameters (Nei 1978) and is
presented in Table 4 and the resulting tree in Fig-
ure 3. Three major nodes (distance, more than 1.5)
describe the European Atlantic Ocean populations.
One corresponds to the populations of Spain, Por-
tugal, and France; the second represents the pop-
ulation of Helgoland (Germany), which is shown
by a separate split, and the third corresponds to the
populations of the UK. Within the cluster of the
southern populations, the two populations of
Brittany (France) are grouped to a separate stem.
Interestingly, one Portuguese population (Setubal)
is separated from the rest of the Iberian cluster,
although it is geographically close to Sesimbra.

DiscussioN

Genetic Diversity, Glacial Gradient, and
Latitudinal Gradient

The latitudinal gradient of decreasing biological
richness from tropical toward polar regions is well
documented across a diverse array of taxa and
environments (Willig and others 2003 and litera-

ture therein). The same pattern is also reflected in
the decline of gene diversity within species (Nevo
and others 1984). In addition, populations of
plants and animals show lower levels of intra-
specific variation in areas severely affected by the
Pleistocene glaciations (Taberlet and others 1998;
Cronberg 2000). The last warming from full glacial
conditions started around 18,000 years bp, cul-
minating in the current warm interglacial climate
(Hewitt 1999). After warming, genetic variation in
contemporary populations is expected to be lost
because of bottleneck effects in geographically
restricted refugia and as a consequence of re-
peated founder episodes (Hewitt 1996). Martin
and McKay (2004) compared mtDNA variation
among 60 vertebrate species (collectively spanning
six continents, two oceans, and 119° latitude) and
concluded that seasonality, reduced energy, and
the effect of the glacial cycle all have a greater
impact on higher-latitude populations.

Therefore, it is expected that genetic diversity
across the European continent would be affected
by the consequences of the isolation of species in
southern refugia during the ice age and by their
postglacial colonization northward (Schmitt and
Hewitt 2004). Our sampled B. schlosseri popula-
tions covered more than 21.5° latitude, ranging
from the Iberian Peninsula in the south
(Gibraltar, 36.133°N) to Scotland in the north
(Lossiemouth, 57.716°N), and thus represent re-
gions that experienced different conditions in the
last ice age (Table 1 and Figure 1). During the
period of the last glacial maximum, the glacial
front was located near the present-day northern
coast of the Iberian Peninsula (Frenzel and others
1992; Coyer and others 2003). The Iberian Pen-
insula was free of ice and Brittany in (France)
was on the edge of the permafrost region, a
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Table 3. Fixation Index (Fst) for All Population Pairs Estimated for All Loci
Population 1 2 3 6 7 8 9 10
2. 0.024
3. 0.030 0.025
4. 0.042 0.026 0.066
5. 0.066 0.046 0.121 0.072
6. 0.119 0.100 0.099 0.116 0.110
7. 0.096 0.078 0.081 0.108 0.084 0.030
8. 0.344 0.379 0.350 0.346 0.526 0.359 0.375
9. 0.393 0.401 0.414 0.418 0.503 0.409 0.423 0.563
10. 0.630 0.631 0.607 0.655 0.780 0.590 0.653 0.716 0.496
11. 0.240 0.263 0.274 0.232 0.327 0.308 0.311 0.478 0.483 0.571

Population numbers are as listed in Table 1.

Table 4. Nei’s (1978) Unbiased Genetic Identity (Upper Triangle) and Genetic Distance (Lower Triangle)

Population 1 2 3 4 5 6 7 8 9 10 11
1. — 0.8290 0.8293 0.5858 0.7234 0.4804 0.4863 0.3531 0.1817 0.0764 0.3887
2. 0.1875 — 0.8579 0.6361 0.8232 0.5319 0.5657 0.2276 0.1529 0.0330 0.3056
3 0.1871 0.1532 — 0.4206 0.6711 0.5770 0.6051 0.2823 0.0754 0.0000 0.2670
4 0.5348 0.4524 0.8661 — 0.4805 0.4920 0.4537 0.0467 0.0672 0.0420 0.1029
5. 0.3239 0.1946 0.3988 0.7330 — 0.4660 0.4021 0.3224 0.1591 0.0037 0.3677
6. 0.7331 0.6313 0.5500 0.7094 0.7637 — 0.7843 0.2534 0.0452 0.0085 0.1582
7. 0.7210 0.5697 0.5024 0.7902 0.9112 0.2429 — 0.3011 0.0434 0.0000 0.0743
8. 1.0411 1.4800 1.2649 3.0646 1.1319 1.3726 1.2002 — 0.0945 0.0164 0.1608
9. 1.7054 1.8778 2.5854 2.7005 1.8382 3.0970 3.1384 2.3588 — 0.6298 0.3287
10. 2.5712  3.4111 1.0000 3.1694 5.5921 4.7699 1.0000 4.1106 0.4623 — 0.4990
11. 0.9450 1.1853 1.3204 2.2740 1.0005 1.8440 2.6003 1.8273 1.1127 0.6951 —

Population numbers are as listed in Table 1.

presumed refugium area for marine organisms
(Coyer and others 2003). Plymouth (England),
and Helgoland Island (Germany) were under
permafrost, and Scotland was covered by ice
(Dawson 1992). The level of gene diversity (He)
(Table 2 and Figure 1) and the average number of
alleles per locus (A) (Table 2) of these populations
mirrored these conditions, except for one popu-
lation. The highest He (0.78 +£0.02) and A
(8.2 £ 0.7) values were found in the populations
from the Iberian Peninsula and Brittany
(0.79 +£ 0.03 and 7.5, respectively). The two
populations that had been under permafrost
showed significantly lower genetic variability
values (He: 0.41 = 0.01 and A: 3.5+ 0.7); and
one of the Scottish populations, Auchenmalg,
from an area that was permanently covered by
ice, had very low genetic diversity (He: 0.17; A:
1.75). Indeed, the Auchenmalg values were sig-
nificantly lower than all the other groups. Only

one population, from Lossiemouth, Scotland, had
a surprisingly high He and an intermediate A.
Lossiemouth is the northernmost sampling point
in this study, and the population was collected
from a busy marina. The recent anthropogenic
introduction of B. schlosseri is a well-documented
phenomenon (Berill 1950; Lambert and Lambert
1998; Ben-Shlomo and others 2001; Stoner and
others 2002), so it is possible that the genetic
structure of the Lossiemouth population was
influenced by recent repeated invasions from dif-
ferent sources, leading to higher genetic variation.
Indeed, the genetic distance between this popula-
tion and other European populations was lower
relative to the other sampled UK populations (Ta-
ble 4). Alternatively, it is also possible that al-
though the region was covered by ice, this
population originated from an unknown refuge
colony. Marine species of northern regions found
in the Southern Bight area of the North Sea (Gysels
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and others 2004) and northeast Iceland (Provan
and others 2005) have recently been classified as
refuge populations.

Interestingly, although it has suggested that the
English Channel and western coast of Ireland pro-
vided marine glacial refugia (Provan and others
2005), neither the presence of refuge populations
nor the anthropogenic-related movement of indi-
viduals among coastline areas affected the vari-
ability parameters of the other three northern
populations (Plymouth and Auchenmalg in the UK
and Helgoland in Germany). The genetic diversity
parameters of these populations were low and re-
flected the conditions extant under the last ice age.

B 0.30-0.49

A W8 =B o= WM =

TN N e

W 0.50-1.00

The three populations each expressed a common
allele (frequency, more than 0.5) (Figure 2) in ev-
ery tested locus, suggesting predominant founder
genotypes. The common genotypes varied between
populations (Figure 2), suggesting different foun-
ders and limited gene flow between populations.
This result is puzzling, because boat movement
along the coasts is common. The establishment of
each population, and perhaps also its local adapta-
tions, may increase its advantage in terms of dis-
persing individuals. It is possible that the population
of Lossiemouth is not yet fully established and thus
has not reached equilibrium; hence, it may be more
affected by repeated colonization events.
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2474 1.855 1.237 0.618
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GENETIC VARIABILITY AND
ANTHROPOGENIC INVASION

B. schlosseri is one of the known marine invasive
species of the last millennium. Since the beginning
of the Age of Exploration, traveling between con-
tinents have bridged natural barriers (Mooney and
Cleland 2001). Even today, shipping remains the
most important vector for biological introductions
(Ruiz and others 2000). The spread of exotic species
and climatic change are among the most serious
threats to the global environment. Although each
independently causes considerable ecological
damage (Stachowicz and others 2002), the founder
effects of invasive populations should be stronger
because the time from the founding episode is
shorter. It is expected, therefore, that species sub-
ject to both processes—climatic changes and recent
introductions into new habitats—will express high
genetic diversity in well-established old popula-
tions, lower variability in populations affected by
Pleistocene glaciations, and very low variation in
establishing invasive populations.

This is not the case with B. schlosseri, in which
very young invading populations that are only
several decades old showed higher values of gene
diversity than populations established thousands of
years before. Relatively high genetic diversity was
found in populations of newly established B. sch-
losseri from New Zealand and the east and west
coasts of the United States. Colonization time in
New Zealand was estimated at less than 150 years
ago, but the gene diversity (He) of the population
was 0.55-0.69. In the United States, the east coast
population was established 200 years ago, and its
He was 0.48-0.66, whereas the west coast popula-
tion was established 65 years ago, and its He was
0.64-0.74 (Ben-Shlomo and others 2001; Stoner
and others 2002). Newly introduced populations
may be characterized by high gene diversity

4
6
7
8
9

Spain- Barbeta
Portugal- Faro
Spain- Gibraltar

Portugal- Sesimbra

Figure 3. Genetic distance between
European Atlantic Coast populations.
The unrooted phylogenetic tree was
based on Nei’s unbiased distance matrix
(Nei 1978) and on an UPGMA
algorithm.

Portugal- Setubal
France- Concarmeau
France-Brest
Germany- Helgoland

England-Plymouth

10 Scotland- Auchenmalg

11 Scotland- L ossiemouth

resulting from repeated colonizations that increase
the gene pool, interactions with the new environ-
mental conditions, and interactions of the newly
introduced genotypes with native competitors that
may diversify genetic background (Lambrinos
2004). Although sites in the United States may
have been repeatedly invaded by new genotypes
(Lambert and Lambert 1998), the New Zealand
sites were targeted by potentially fewer genotypes
and the founder genotypes are still evident (Ben-
Shlomo and others 2001). Yet these younger
populations, which were less than 150 years old,
expressed higher He than the northern European
populations that last experienced glacial conditions
some 18,000 years ago. These findings suggest that
in newly invading populations high genetic diver-
sity may also have resulted from competition with
unfamiliar local species, different types of selection,
and possibly higher mutation rates.

Differentiation within and between
Populations

The effects of the last ice age are also reflected in
the allele distribution within and between sampled
populations (Figure 2 and Table 2). Mutations at
microsatellite loci tend to result in alleles with
number of repeat units close to those of the alleles
from which they were derived (Goldstein and
others 1995). The difference in repeat score be-
tween alleles reflects the time that passed between
ancestral and the present portrait (Goldstein and
others 1995). Therefore, long-established popula-
tions are expected to express higher numbers of
alleles at low frequency and a wider distribution of
sizes. This pattern was found in the southern pop-
ulations resident in the Iberian Peninsula and
Brittany (Figure 2 and Table 2). The frequencies of
each allele in these populations were similar—that
is, there was no predominant allele. In the north-
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ern populations that were subject to permafrost or
were covered by ice (Helgoland and the UK sites),
however, founder alleles that showed higher
frequencies were evident.

Positive Fis values resulting from a high
inbreeding rate were found in all our European
populations, in accordance with previously studied
Botryllus schlosseri populations (Ben-Shlomo and
others 2001; Stoner and others 2002; Paz and others
2003). This population attribute, which character-
izes all Botryllus populations, probably results from
the combined effects of nonrandom larval recruit-
ment (Grosberg and Quinn 1986; R. Ben-Shlomo
and B. Rinkevich unpublished) and the subdivision
of local populations into spatially isolated popula-
tions. Population subdivision resulted from the ra-
pid settlement of the tadpole larvae after a short
planktonic phase, within minutes of hatching
(Boyd and others 1986). Thus, every local colony
harbors private alleles, differentiating it from
neighboring populations. This subpopulation
structure is best shown by the estimated Fst values,
where in most cases geographically close popula-
tions expressed lower values, especially those of the
Iberian Peninsula and France.

Genic differentiation among populations was
highly significant for all loci, in every pair of pop-
ulations analyzed. This phenomenon is best seen in
the comparatively low values of genetic identity
(Nei 1978) (Table 4), where the highest identity
value between populations was lower than 0.86.
Strikingly, identity values between UK populations
and Iberian and French populations were ex-
tremely low (less than 0.2). Several geographically
close populations expressed an unexpectedly low
genetic identity. For example, the identity values of
two adjacent Portuguese populations, Sesimbra and
Setubal, only 30 km apart, was 0.48; and the
identity values between Brittany and Plymouth
populations (less than 250 km apart) was only 0.04.
Because B. schlosseri is the only Botryllus species
residing in European waters (Berrill 1950), these
low identity values present differences between
populations of the same species.

Although the mobile larval stage of B. schlosseri
is short-lived, its gene flow is not restricted.
During the last millennium, this species became
invasive as it was widely dispersed from colonies
attached to the hulls of ships (Berrill 1950;
Lambert and Lambert 1998). Having spread to
both the northern and southern hemispheres, it
is now known as a cosmopolitan species. This
species, presumably of Mediterranean origin, is
found today along both the east and the west
coasts of the Atlantic and the Pacific oceans.

Populations are found on all continents, except
for the polar regions (Ruiz and others 2000; Ben-
Shlomo and others 2001; Stoner and others 2002;
Paz and others 2003; B. Rinkevich unpublished).
Still, the European populations studied here
showed remarkable differentiation between geo-
graphically adjacent populations and level of ge-
netic diversity that mirrored the relative climatic
conditions of the last ice age. These seemingly
contradictory findings for B. schlosseri—that an
invasive species shows such high genetic differ-
entiation between closely situated popula-
tions—suggests local adaptations to different
selection pressures. Growing space is a limiting
factor for sessile marine invertebrates (Hart and
Grosberg 1999). It is therefore possible that a
resident B. schlosseri population, once established,
either prevents the infiltration of individuals
originating from neighboring populations and/or
is more successful in the local competition for the
acquisition of substrate.
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