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Kemppainen, Petri (2008) The evolution of flat periwinkles Litforina fabalis and L.
obtusata emphasizing mitochondrial introgression and restricted recombination.
Department of Marine Ecology, Gothenburg University, Sven Lovén Centre for Marine
Sciences - Tjarno. SE-45296, Stromstad, Sweden.

ABSTRACT: The evolution of species takes in general very long time and different
mechanisms are likely to operate during the various stages of this process. Accordingly
speciation should be studied at different levels of species divergence. In this thesis |
have studied ecological and genetical differentiation between two ecotypes of Litforina
fabalis as well as between L. fabalis and L. obtusata - two closely related, directly
developing, marine, intertidal gastropods. In L. fabalis size is about 25% larger in
moderately exposed habitats compared to sheltered habitats and in this thesis I present
data showing that this genetically inherited size different is maintained by an interaction
of several selective forces, including life history optimisation, size selective crab
predation, fucoid algae functioning as refuges from crab predation and wave-induced
dislodgement.

The two ecotypes of L. fabalis differ also in the protein arginine kinase (Ark)
and a Randomly Amplified Polymorphic DNA (RAPD) locus and this linkage
disequilibrium persists in locations where both ecotypes are present suggesting that
recombination is strongly suppressed between Ark, the RAPD locus and one or several
loci influencing size. Chromosomal rearrangement, in particular inversions are very
effective in restricting recombination and if locally adapted alleles in at least two loci on
the same chromosome occur in heterogeneous environments, an inversion may
immediately protect these from being mixed up with alleles (introduced by migration)
that are locally adapted for other microhabitats. This model predicts that differential
selection on these alleles exist before an inversion appears and I have tested this by
sequencing an intron of Ark. The SS-ecotype was nearly fixed for one haplotype while
the diversity among LM-ecotypes was much higher supporting a scenario where a
recently derived inversion (or other kind of chromosomal rearrangement) restricts
recombination between Ark and one or several loci that influence size. In this thesis a
novel method used for the sequencing of the Ark intron that does not require the cloning
of each sample individually (which is both time consuming and expensive) is also
presented.

Littorina fabalis and L. obtusata are considered as well defined species with
clear differences in ecology, morphology and nuclear DNA (allozymes) and with
microsatellites I could show that hybridisation between these species has not been
occurring at least during the last 10,000 years (they are easily identified in the field by
both size and coloration). Despite this they show no consistent differences in the
mitochondrial cyt-b gene, which could either be due to incomplete lineage sorting or
introgression. The idea that mitochondrial DNA can be used as a barcode in species
identification is attractive but has in recent years gained criticism because the nature of
the mitochondrial molecule makes it specifically prone for introgression between
species. Locally restricted mitochondrial introgressions are common among closely
related species but the flat periwinkle case study in this thesis clearly shows that a lack
of mitochondrial divergence can also exist throughout the whole distribution range for a
geographically wide spread species (L. fabalis and L. obtusata occur sympatrically from
Spain to Iceland and the White Sea, Russia).

Keywords: Local adaptations, chromosomal rearrangements, speciation, mitochondrial
introgression
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AIMS AND SCOPE OF THIS THESIS

The study of natural sciences is driven by an urge to explain everything in as simple
theories as possible. Since speciation is such a slow process, can take countless different
paths and involve so many different mechanisms, there are still numerous aspects of this
where scientists have not reached a consensus, despite over 150 years of work. In this
thesis I have studied speciation at two levels; between two ecotypes of Littorina fabalis
and between Littorina fabalis and Littorina obtusata (two closely related direct develop-
ing marine intertidal gastropods), using ecological experiments as well as phylogenetic
and population genetic approaches with several types of genetic markers. At the begin-
ning of my work two facts were clear: i) in L. fabalis size increases with about 25%

going from sheltered to moderately exposed habitats but it was uncertain in what way
this difference is maintained by natural selection and ii) the protein arginine kinase (Ark;
as revealed by allozyme electrophoresis) and a Randomly Amplified Polymorphic DNA
(RAPD) locus varies predictably between these ecotypes, despite no differentiation at
almost 50 other allozyme, RAPD and microsatellite loci. In fact, this association is so
strong that if you go to a moderately exposed shore anywhere from the Britannic penin-
sula (in France) to Norway (including UK), you will almost exclusively find large
snails, which will contain a specific set of exposed Ark alleles and an RAPD band that is
not present in small individuals from sheltered locations. Accordingly in paper II I
started out with investigating how natural selection shapes the size variation of L.
fabalis (which is genetically determined) through a series of manipulative field and
laboratory experiments. The linkage between micro-habitat and Ark was thereafter stud-
ied by sequencing an intron of Ark for both ecotypes in several locations throughout the
distribution range (paper IV). For this study I used a novel sequencing procedure (de-
scribed in paper III) that does not require individual cloning of PCR products (which is
time consuming and expensive). Our hypothesis was that if recombination is strongly
restricted in the region of the genome where Ark is located, possibly due to a chromo-
somal rearrangement, the individual genotypes would group according to ecotype and
not by geographic location. Since loci responsible for species-specific differences often
map to chromosomal rearrangements, especially in sympatric species-pairs, their poten-
tial roles in differentiation and speciation are particularly interesting. However most
others studies have been conducted in closely related species, which are fixed for differ-
ent rearrangements and the two ecotypes of L. fabalis gives therefore a rare opportunity
to study the segregation of a possible rearrangement and its early dynamics.

The idea that mitochondrial DNA can be used as a barcode in species identifica-
tion is attractive but has in recent years gained criticism because the nature of the
mitochondrial molecule makes it specifically prone for introgression between species.
These introgressions are however mostly confined to local populations or to species that
are otherwise geographically restricted (i.e endemic species). Littorina fabalis and L.
obtusata are considered as well defined species with clear differences in ecology, mor-
phology and nuclear DNA (allozymes). In a phylogeographic study, which was initially
planned with special reference to the ecotypes of L. fabalis, the mitochondrial cyto-
chrome b gene did not (highly unexpectedly) show any consistent differences between
L. fabalis and L. obtusata throughout their whole pan-European distribution range (pa-
per I). This prompted me to complement the study with additional data from morphol-
ogy and microsatellites to make sure that i) I indeed identified the species correctly and
ii) that they really are different species. This also changed the subject of the study to one
about reticulate evolution and mitochondrial introgression rather than phylogeography.



INTRODUCTION

Ever since the publication of “The Origin of Species” by Charles Darwin (1859), biolo-
gists have been challenged by two core questions: what are species? and how do they
form? Most of the ideas about speciation emerged already during the first half of the last
century, but not until the second half did it become possible to test and fine-tune many
of these theories with the advance of molecular genetic techniques and computer simu-
lations. Despite the existence of a wealth of different species concepts (de Queiros
1998), they virtually all conform to the general idea that species are segments of popula-
tion level evolutionary lineages that at some time during their divergence cross a
threshold beyond which their separation becomes irreversible (Templeton 1998, de
Queiros 1998). If geographic barriers to gene flow are lacking, isolating mechanisms do
not typically provide a complete barrier to gene flow between closely related species.
Instead, species boundaries are often semi-permeable, allowing neutral or advantageous
alleles to move between species unless they are tightly linked to loci that contribute in
some way to isolation (Rieseberg et al. 1999, Navarro and Barton 2003, Panithanarak et
al. 2004, Martinsen et al. 2001, Barton and Bengtsson 1986). This does not necessarily
counteract species divergence, because new mutations that are either contributing to
adaptive differences between species or tightly linked to isolating loci may continue to
accumulate (Morjan and Rieseberg 2004). Thus, for many taxa, the unit of isolation is
not the entire genome, but rather genomic regions that harbor isolation loci. This im-
plies a balance between gene flow and natural selection, where selection overrides the
effects of gene flow in the course of speciation (Templeton 1998).

The Evolution of Genic Incompatibilities

The most straightforward way by which evolutionary lineages may split up is when two
populations become isolated from each other by a geographic barrier (allopatric specia-
tion). Each population experiences random mutations that will become fixed (due to
chance or selection) over long periods of time until they become distinct genetically.
Since alleles in the populations have evolved independently during the separation time,
they have not been tested with each other and there is thus a substantial chance that a
diverged allele will not work well in the genetic background of the other species. This
forms the basis of the Dobzhansky-Muller incompatibility (which was originally pro-
posed by Bateson already at 1909, see Coyne and Orr 2004) and it appear to be the most
common way by which negative selected gene interactions in hybrids arise in natural
populations (Coyne and Orr 2004). Even if each individual incompatibility is likely to
have only small effects on hybrid fitness the cumulative effect of many may result in
complete reproductive isolation. However, until this has happened, species boundaries
are semi-permeable, allowing neutral or advantageous alleles to introgress unless they
are linked to loci that are involved in the hybrid incompatibilities. This can be illustrated
by a simple example (Box 1): consider two populations with the initial genotype aabbcc
(for simplicity all loci are on the same chromosome) that become isolated for a period
of time and allele A will be fixed in population 1 and allele B in population 2. These
substitutions cause an incompatibility in the hybrid, and we are interested in the possi-
bility of the neutral allele C (in population 2) to introgress into population 1. Through
recombination, the hybrid may form eight different gametes and when it is back-crossed
with an individual from population 1 (which only produces Abc gametes) there are sub-
sequently also eight possible zygotes of which two include the neutral allele C but not
the allele B that causes incompatibility together with A. The introgression of C into
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population 1 is therefore ultimately dependent of the magnitude of selection on the
combination of A and B and the likelihood that recombination will separate B and C
(Martinsen et al. 2001). From this example two additional conclusions may be drawn;
all chromosomes which do not include alleles that cause incompatibilities are free to

introgress (given that reproductive isolation is not already completed) and this is par-
ticularly true for the mitochondrial DNA molecule, as it’s exceptionally small genome
size (at lest compared to genomic chromosomes) greatly decreases the probability of
negative gene interactions with nuclear DNA (Martinsen et al. 2001). The second con-
clusion is that if recombination is somehow restricted between B and C, the allele C
cannot escape the incompatibility caused by the combination of A and B (Noor et al.
2001b). This thesis is strongly related to these conclusions as during the divergence of
L. fabalis and L. obtusata mitochondrial introgression appears to have been very com-
mon despite clear differences in the nuclear DNA (paper I) and in L. fabalis the genetic
differences between locally adapted ecotypes are restricted to a chromosomal region
where recombination is strongly suppressed (paper II and IV).

MITOCHONDRIAL INTROGRESSION

Mitochondrial DNA has been used extensively in the last three decades as a tool for

inferring the evolutionary and demographic past of both populations and species. The
foremost reason for this is that the mitochondrial DNA molecule has a potentially higher
probability of being congruent with the species tree in closely related species compared
to nuclear DNA. This is because it is maternally inherited and haploid, which reduces
the effective population size to a fourth that of a nuclear-autosomal gene (Moore 1995,
see also Bazin 2006a, 2006b and Berry 2006). One definition of the effective population
size is “the number of breeding individuals in an idealised population that would show
the same amount of genetic variation under random genetic drift as the population under
consideration” (Wright 1931, 1938). Random genetic drift is in turn the evolutionary
process of change in the allele frequencies of a population from one generation to the
next due chance and the larger the effective population size the smaller the effect of
random genetic drift will be and thus the more genetic variation (originally introduced
to the population by mutations) a population may hold (Hartl and Clark 1997).

All chromosomes in a species segregate independently and due to recombination
most genes within a specific chromosome will also represent independent samples of
the genome (unless recombination is somehow restricted; Box 1). If the gene copies
share a most common ancestor further back in history than the actual splitting of two
species, the gene tree does not accurately represent the species tree (Box 2). If no
introgression occurs between two species the gene copies will nevertheless accumulate
unique mutations (which cannot spread to the other species) and given enough time the
ancestral lineages will eventually be completely lost due to random genetic drift (this is
called lineages sorting). The larger the population size of the species, the more slowly
this process will be (e.g. Avise 2000, Hartl and Clark 1997) but if introgression does
occur it will reintroduce previously lost allelic lineages into one or both gene pools and
it is sometimes difficult to separate this phenomenon from incomplete lineage sorting.

Once a mitochondrial DNA molecule has spread from one species to the other, it
can only be lost by natural selection or random genetic drift and because of this a signal
of introgression can be present longer in mtDNA than in nDNA, where recombination
as well can obscure the genetic signal of past hybridisation (Funk and Omland 2003). In
addition, once mtDNA has leaked through a species boundary it may be driven to fixa-
tion by directional selection (i.e. selective sweeps; e.g. Bachtrog et al. 2006, Wilson and

3



Box 1. Introgression between two species with Dobzhansky-Muller incompatibilities

Schematic outline of the possibility of introgression between two populations after initial divergence and
secondary contact. (a) When populations are isolated for a period of time, different mutations (indicated
by asterisk) will be fixed in the different populations. (b) Dobzhansky-Muller (D-M) incompatibility
between A and B (Coyne and Orr 2004, see text for details) occur in the hybrid individual. Background
shade indicates impaired vigour or fertility, which can occur att all stages, b to d (and also in the adult
backcross individual) and is cumulative. “C” is a neutral or positively selected allele and we are
interested if it can introgress from population 2 to population 1 despite the D-M incompatibility. (c)
Gametes produced by the hybrid. (d) Arrows indicate backcross zygotes that have full vigour and
fertility and include the C allele from population B — introgression is possible. (e) If recombination does
not occur - introgression of C from population 2 to population 1 is impaired (Noor 2001b). Introgression
of loci in chromsomes that do not involve D-M incompatibilites (including mitochondrial DNA) are free
to introgress.

([~ [ B )
C_Jof EI EJ )

d) Recombined gametes e) Unrecombined gametes

Zygotes when backcrossed to individuals from population 1

Unrecombined  Single crossovers Double crossovers

Gametes after meiosis
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Bernatchez 1998). Accordingly, among closely related taxa some discordance between
nuclear DNA and mitochondrial DNA is almost the rule rather than the exception (see
Chan and Levin 2005 for a review). However so far extensive mitochondrial
introgression, to the point where mtDNA from one species completely replaces that of
another, have been observed in local populations (e.g. Melo-Ferreira et al. 2005, Ruber
et al. 2001, Wilson and Bernatchez 1998, Berthier et al. 2006, Roca et al. 2005) or in
species that are geographically restricted (Bachtrog et al. 2006, Carson and Dowling
2006).

The Flat Periwinkle Case Study

The genus Littorina comprises 19 living species of marine rocky-intertidal herbivorous
gastropods that are widely distributed throughout the northern hemisphere (Reid, 1996).
After the opening of the Bering Strait 3.5-7 million years ago, two independent lineages
of Littorina invaded the North Atlantic from the Pacific (Reid 1990, Zaslavskaya et al.
1992, Marincovich and Gladenkov 1999). One lineage gave rise to the flat periwinkles
(L. fabalis, L. obtusata), and the rough periwinkles (L. saxatilis, L. arcana and L. com-
pressa) and the other is still today represented by a single species, L. littorea (Reid,
1996). The major distinction between these two lineages is that L. /itforea has a pelagic
larval stage, whereas the other species have direct development (Reid, 1996). As a re-
sult, both flat and rough periwinkles have very restricted gene flow and show high de-
gree of ecotypic variation on scales down to just a few meters (Reid, 1996). This has
most likely also contributed to the higher number of species in the flat/rough periwinkle
lineage compared to the L. /ittorea lineage, which makes this group of species an excep-
tionally interesting model for the study of speciation.

When I started sequencing the mitochondrial cytochrome b gene (cyt-b; 350 base
pairs) for L. fabalis and L. obtusata it was obvious that there was no clear difference
between them (most haplotypes were shared) and the more populations I sequenced the
more it also became clear that it was not a local phenomenon (Fig. 1). In fact the only
deep divergence was found between a clade of Spanish L. fabalis and L. obtusata
haplotypes and the remaining haplotype network. This was surprising since L. fabalis
and L. obutsata differ in a number of ecological and morphological characters (Table 1)
and in addition eight out of 30 allozyme loci have been found to be fixed between these
species and the overall allozyme differences (Nei’s D = 2.25) translates to a divergence
of about 1.25 million years ago (Tatarenkov 1995). According to Coyne and Orr (2004),
the minimum time needed to acquire total isolation between species is 1.1 million years
for allopatric species pairs and only 0.1 million years for sympatric species pairs. Al-
though we at this point cannot say much about the mode of speciation between L.
fabalis and L. obtusata (if it involved an initial allopatric divergence or not), currently
they are completely sympatric over the whole distribution range (from Spain to the
White Sea and Iceland, except for a recent [~10,000 years] range expansion of L. obtu-
sata to the NW Atlantic; Wares and Cunningham 2001) and therefore a divergence of
1.25 million years seems quite sufficient for complete isolation.

However, reviewers immediately questioned two things i) can we be sure that L.
fabalis and L. obtusata are different species and ii) can we be sure that we have identi-
fied them correctly. This prompted me to complement the study with microsatellite data
(four loci) and morphology from three locations; two sites where previous data had
shown that many haplotypes were shared and introgression here could potentially be
common (Koster, Sweden and Bergen, Norway) and one additional location in Shetland
that had not been sampled before. Both L. fabalis and L. obtusata have direct develop-
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Box 2. Species trees vs. gene trees Species A Species B
V.

The figure shows all the possible gene genealogies E ’/ T>
\j

after species divergence. At To the population is
separated by a geographic barrier (the exra bold line).
At Ti, ancestral linecages (dashed lines tracks the
ancestry of all gene copies present in the population
at T1) have not been given enough time to dissapper
from the two species and some gene copies from
species A share a closer relative with species B than
species A (the species are polyphyletic). Given more
time (bold lines tracks the ancestry of all gene copies
present in the population at T>) the lineage sorting
proces has been completed and all gene copies share N
the most recent common ancestor within their own
species (the species are monophyletic). This process
is highly dependant on the effective population size
(Ne) which determines the rate of the random genetic
drift and the amont of variation in the ancestral
population. It takes on avarage 4N. generations to
reach monophyly and since mitochondrial DNA is
maternally inherited and essentially haploid (only
one gene copy exist in each individual) the effective
population size is up to four times smaller that of
nuclear-autosomal DNA (Avise 2000). It has also
been shown that one would need 16 unlinked nuclear
genes to gain as much confidence in the inference of
the species tree as that embodied in the single
mtiochondrial DNA-haplotype tree (Moore 1995).
Introgression yealds polyphyly by introducing
phylogenetically divergent lineages across species
boundaries (see Fig. 4).

T

To

" Prior Ihlstolr‘yl

ing larva with limited dispersal. After the retreat of the North European glaciation there
was likely a rather immediate colonisation of both sides of the North Sea from a com-
mon source area and it is therefore likely that the populations on each side have been
largely separated since then (i.e. about 10,000 years). If hybridisation between the two
species has been substantial after the separation of these populations (or is still occur-
ring), individuals should not group according to species but rather by geographic loca-
tion. Two analyses on the microsatellite data were performed to test this; principal com-
ponent analysis (PCA; using PCAGEN sofware; J. Gouldet, unpublished) and assign-
ment test (GENECLASS 2; Piry et al. 2004). PCA is a way to reduce multidimensional
data, (in this case genetic distances between populations), to lower dimensions for visu-
alisation (starting from the dimension that explains most of the data) and assignment
tests use multi-locus genotypes to assign individuals to different reference populations
(in this case species). In addition, the NEWHYBRIDS software (Anderson and Thompson
2002) was used to see if any individuals were of a hybrid origin. The results were clear:
all populations with individuals that were initially a priori characterised as either L.
fabalis or L. obtusata (based on morphology only) clearly clustered by species and not
by geographic location (PCA; Fig. 2), no hybrids could be detected and all individuals
were correctly assigned to the right species (Fig. 3) with only one exception (out of a
total of 320 individuals; even though we were unable to use landmark based mor-
phometrics to separate the species, colour [all L. obtusata were olive] and in Shetland
size [all L. obtusata were larger than L. fabalis], were diagnostic). Thus the most impor-
tant question still remained unanswered: why do we not see any divergence between L.
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fabalis and L. obtusata in the mitochondrial DNA despite clear differences in ecology,
morphology (coloration and size) and several types of nuclear genetic markers (mikro-
satellites and allozymes). The two most likely explanations are: incomplete lineage sort-
ing (Box 2) and introgressive hybridisation (Box 1). If introgression does occur it will
reintroduce previously lost allelic lineages into one or both gene pools and the question
is therefore whether the lack of a divergence between L. fabalis and L. obtusata solely
can be explained by incomplete lineage sorting or if it is necessary to involve
introgression in order to explain the excessive overlap of cyt-b haplotype distribution?
In paper I, I used a coalescent based approach (lineages are simulated back in time and
for each generation these lineages will merge e.g. coalesce until only the most recent
common ancestor is left in the population) to test weather introgression can be rejected,
using the software MDIV (Nielsen and Wakeley 2001), which simultaneously assigns
maximum likelihood estimates for population divergence time (PDT), migration (M;
which in our case directly translates to introgressive hybridisation) and effective popu-
lation size. If introgression can be rejected, we cannot exclude the possibility that the
lack of divergence and all the shared haplotypes in the cyt-b haplotype network (Fig. 1)
is simply due to a very large effective population size (this would however not make
this study less interesting as the lack of mitochondrial divergence has never before been
observed in so widely distributed species as L. fabalis and L. obtusata, between which
contemporary hybridisation has not been observed). Indeed, the estimate of the effective
population size (from MDIV) in the pooled L. fabalis and L. obtusata populations was
high (0.24-1.2 million). Nevertheless, two lines of evidence indicate that incomplete
lineage sorting is not the only explanation. Firstly, the existence of many geographically
restricted haplotypes in both L. obtusata and L. fabalis (most importantly the divergent
Spanish haplotypes, see Fig. 1) can hardly be explained exclusively by ancestral poly-
morphy (Funk and Omland 2003). Secondly, introgression could not be rejected by
MDI1V, and although this analysis makes many assumptions this, in conjunction with the
geographically shared haplotypes, makes a strong case for the occurrence of
introgression of mitochondrial DNA during the divergence of L. fabalis and L. obtusata.
A likely scenario is therefore that hybridisation between L. fabalis and L. obtusata has
been common enough to prevent differentiation in mtDNA but at the same time no more
frequent than to allow for nuclear genes to diverge (at least those that are linked to in-
compatibility genes; Box 1).

Because there are opportunities for hybridisation in sympatry but not in allopatry,
sympatric sharing of haplotypes is often taken as evidence for introgressive hybridisa-
tion (e.g. Donnelly et al. 2004, Morando et al. 2004, Peters 2007). Consequently, spe-
cies differences my continue to accumulate in allopatry where the divergence is much
less likely to be impeded by introgression. However L. fabalis and L. obtusata occur
sympatrically throughout their entire distribution range and therefore the possibility of
unconstrained divergence in allopatry is impossible and this may well be one of the
most important reasons why we cannot see any general divergence in the cyt-b haplo-
type network for these two species.

Reticulate Evolution and the Divergent Spanish Clade

At least two basic scenarios may explain the lack of a divergence between L. fabalis and
L. obtusata, given introgression of mtDNA: i) either gene flow has been re-occurring
between L. fabalis and L. obtusata throughout their history and species differences have
largely been driven by divergent natural selection in sympatry (Fig. 4a), or ii) there has
been an allopatric separation between them but also a period of extensive introgression
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FIGURE 1. Cytochrome b haplotype network. Each large circle represents an individual sequence that has
been identified (on the basis of morphology colour and size) as either L. fabalis (white) or L. obutsata
(grey). Text indicates sampling location according to abbreviations in Table 3. Each line represents a
mutation and small empty circles are missing, hypothetical haplotypes and dashed lines indicate re-
placement substitutions. Individuals from the second data set, which were only sequences with the for-
ward primer are denoted with an asterisk. One individual out of 320 was identified incorrectly (black
with white text) as L. fabalis when it in fact was L. obtusata (based on microsatellites).

where mtDNA haplotypes from one species have replaced those of the other after which
some differentiation in mtDNA again was possible (Fig. 4b). Both scenarios involve
reticulate evolution but differ in the extent and frequency of the introgressive events.
The population divergence time between L. fabalis and L. obtusata was esti-
mated (by MDIV) to 0.27-0.77 million years ago which is considerably more recent than
the estimate from allozymes (1.25 million years ago). However, the divergent Spanish
clade is separated from the main haplotype network by 9 mutations and the minimum
sequence divergence of 2.3% (K2P-distance) between them translates to a maximum
divergence time of 0.72-3.65 my (based on our estimate of the minimum sequence di-
vergence rates, see details in paper I), which indicates a divergence close to the base of
the L obtusatal/L fabalis separation. Normally a deep divergence within a single species
is explained by a vicariance event where a geographic barrier has separated populations
from each other (Avise 2000). The divergent Spanish clade could therefore be a result of
an initial allopatric separation between L. fabalis and L. obtusata, which might have
contributed to the large difference in allozymes as well. This supports the second sce-
nario outlined above of an early divergence between L. fabalis and L. obtusata, secon-
dary contact and replacement of haplotypes from one species to the other except for the
Spanish clade. The fact that the Spanish clade includes individuals from both species
does not necessarily contradict this hypothesis as this clade (like all common
haplotypes) has most likely been influenced by introgression in the recent past. A major
drawback of the MDIV model is however that it assumes that two populations split from
a panmictic ancestral population after which gene flow may or may not have occurred
whereas a more likely scenario for our cyt-b data is that there firstly have been a clear
separation and then a replacement of haplotypes from one species to the other. If this is
the case, all traces of prior history must have disappeared (except for the Spanish clade)
and therefore the population divergence time from MDIV essentially estimates the sec-
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TABLE 1. Summary of morphological and ecological character differences between L. fabalis and L.

obtusata.
Character Difference Species status
Pigmentation Soft parts differ Diagnostic at most localities
Penis Long/short tip Always diagnostic
Spermatozoa Size differ Slight overlap
Pallial oviduct Size differ Always diagnostic
Spawn Shape differ Local difference reported
Radula No of cusps differ Some overlap
Shell Overall size differ Almost diagnostic (<95% of cases)
Colour Variable Diagnostic in some localities
Zonation Different zones of Main distribution differ but some
abundance in tidal areas overlap
Exposure Different preferences Some overlap in preferred ranges of

cXposure

Modified from Reid (1996) (From paper I)

FIG. 2. Principal component analysis (PCA) based on mircosatellite allele frequencies in L. fabalis (F)
and L. obtusata (O) from three different locations (Koster [Swe], Bergen [Nor] and Shetland [She]) and
two different microhabitats (moderately exposed, E and sheltered, S). Percentage of explained variation
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FIG. 3. Assignment of population structure with GENECLASS 2 based on four microsatellite loci. Individu-
als were a priori grouped into L. fabalis and L. obtusata from three locations; Koster (Swe), Bergen
(Nor) and Shetland (She) sheltered (S) and moderately exposed (E) shores. Only one individual was
assigned with a significant probability as a first generation migrant i.e. this individual was incorrectly
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identified as L. fabalis. (From paper I)



Sympatric speciation and
an independent vicariance event

b)
FIG. 4. Three possible hypotheses that can explain the discrepancy between nuclear and mitochondrial DNA. Background
colour indicates overall genetic differences and the gene genealogy represents cytochrome b. The divergent Spanish clade
is indicated in bold. a) sympatric speciation i.e. gene flow between L. fabalis and L. obtusata during the whole speciation
process, b) initial allopatric speciation with secondary contact and replacement of haplotypes from one species to the
other (except for the Spanish clade), ¢) Sympatric speciation with an independent vicariance event in one of the species.
Secondary introgression in the Spanish clade is not included in this figure.

ondary divergence and not the first. From our data it is not however possible to defi-
nitely separate a scenario where the initial divergence has been between incipient L.
fabalis and L. obtusata (Fig 4a) from one where a vicariance event has affected one
species independently (Fig 4c). In fact, a highly diverged mitochondrial clade in L.
saxatilis has also been detected in Spanish populations (Mékinen et al., unpublished),
suggesting that a common historical geographic separation might have similarly af-
fected L. fabalis or L. obtusata and L. saxatilis.

THE ROLE OF CHROMOSOMAL REARRANGEMENTS IN SPECIATION

Major chromosomal rearrangements involving a change in the position of genes such as
inversions, reciprocal translocations, Robertsonian rearrangements (centric fusions and
fissions) and tandem fusions are potentially heterotic, that is unbalances gametes with
duplications and deficiencies may be formed as a result of meiotic malsegregation in the
heterokaryotype (King 1987). These rearrangements are common in most animal and
plant taxa, and may therefore contribute substantially to the genomic incompatibilities
arising during allopatric divergence (White 1978, King 1993). Since they potentially
reduce hybrid fitness, it has also been suggested that chromosomal rearrangements play
active roles in speciation, but in modern literature this is considered unlikely for several
reasons. There is for instance some controversy on how chromosomal rearrangements
initially become fixed in a population if they are strongly underdominant i.e. have het-
erozygote disadvantage since in the early establishment of any mutation the new allele
occurs almost exclusively in heterozygotes (King 1987, Hedrick 1981, Walsh 1982,
Spirito 1998). Accordingly, chromosomal mutants with very low level of selection
against the heterokaryotype can become established more easily, but are on the other
hand not likely to play an important role in restricting gene flow (Spirito 1998).

Some chromosomal rearrangements are effective in suppressing recombination
independent of any causal effect on hybrid fitness. This effect is strongly associated
with chromosomal inversions (Rieseberg 2001, Navarro and Barton 2003, Feder et al.
2003b) and to some extent the centromeres of Robertsonian heterozygotes (Panitha-
narak et al. 2004). Accordingly, if two populations are fixed for different chromosomal
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rearrangements that restrict recombination between alleles involved in hybrid incom-
patibilities, gene flow will be impaired in the whole rearranged segment (Noor et al.
2001b; Box 1). Consequently the suppression of recombination by chromosomal rear-
rangements is likely to be more important in restricting gene flow between populations
than their effects on hybrid fertility and fitness. For example, in three wild sunflower
(Helianthus) hybrid zones, rates of introgression were shown to be 50 % lower across
chromosomes carrying rearrangements than across collinear ones (Rieseberg et al.
1999). Furthermore, loci responsible for hybrid male sterility and female species prefer-
ence in Drosophila pseudoobscura and D. persimili, two occasionally hybridising spe-
cies, are located in rearranged chromosomes (Noor et al. 2001a) and a multi-locus
analysis of the same species pair also indicated reduced gene flow in rearranged chro-
mosomal regions (Machado et al. 2002).

In contrast to allopatric speciation, the splitting of evolutionary lineages may
also occur sympatrically, solely due to natural selection despite a potential for gene flow
during the whole speciation process (Johannesson 2001, Via 2001). However, a major
theoretical obstacle in sympatric speciation models has been that recombination during
gamete formation may mix up genes for mating preferences with genes for the selected
trait, whenever occasional mating between lineages occurs. This creates individuals
with preference for the opposite lineages, increasing gene flow between them and
thereby opposing speciation (Tregenza & Butlin 1999, Johannesson 2001, Via 2001). In
light of this, a linkage disequilibrium (a greater than chance for two alleles to be inher-
ited together) is essential for the formation of assortative mating and thus for sympatric
speciation in general. Introgression between two allopatrically diverged populations and
parapatric speciation (where introgression is initially allowed in hybridzones) are likely
to depend on similar circumstances - if hybrid viability/fertility is impaired by genomic
incompatibilities the species boundary may be reinforced by selection favouring assor-
tative mating (Servedio 2001). In fact, reinforcement is theoretically often treated as
equivalent to a latter stage of sympatric speciation where hybrids are likely to be inter-
mediate in phenotype compared to the parental populations and cannot therefore com-
pete with either of them (Servedio and Noor 2003). The bottom line is that many models
of speciation are dependent on a strong linkage between important speciation genes e.g.
those that are necessary for assortative mating, which can be created by chromosomal
rearrangements.

Inversion Polymorphism and Adaptive Divergence

Even if the new rearrangement is associated with a favourable gene complex (homozy-
gote advantage) the problem of underdominance is still argued to be present with re-
spect to initial establishment (Lande and Arnold 1985, Spirito 1993). Accordingly
mathematical models have shown that the establishment of underdominant chromoso-
mal rearrangements is possible only in small and inbred populations where genetic drift
is strong (Hedrick 1981, Walsh 1982, Lande and Arnold 1985, Spirito 1993). Neverthe-
less many rearrangements, especially pericentric inversions (inversions that include the
centromere) show very little or no effect on hybrid fertility (Sites and Moritz 1987,
Coyne et al. 1993, see also King 1992) and can therefore be fixed in a population en-
tirely due to random genetic drift. Furthermore, consider a heterogeneous environment
with locally adapted ecotypes and that disruption of favourable allele-combinations be-
tween ecotypes is constantly taking place due to gene flow. A chromosomal rearrange-
ment that locks closely located locally adapted alleles may be directly beneficial since it
rescues ecotype lineages from the flow of maladaptive alleles from other ecotypes
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(Kirkpatric and Barton 2005). This scenario applies equally to species that hybridise
since, from a population genetic perspective, hybridisation and immigration are equiva-
lent. Once inversion polymorphism has been established ecotype-specific differences
may continue to accumulate despite continuous gene flow across the rest of the genome
(Navarro and Barton 2003, Rieseberg and Livingstone 2003). If the rearrangement en-
closes both loci that are important for the adaptive differences between ecotypes and
mate preference traits it could easily restrict gene flow for the rest of the genome as this
generates assortative mating within each ecotype. In the course of time this may ulti-
mately trigger sympatric speciation and drive reproductive isolation to completion (al-
though this is depended of many other factors as well, see Coyne and Orr 2004).

If the inverted segments do not harbor isolating loci (e.g. loci for assortative mat-
ing) and do not comprise large portions of the genome (which increases the chances of
genomic incompatibilities), the inversion polymorphism linked to different ecotypes
does not by any means have to lead to speciation. However, the stronger the selective
pressure favouring each ecotype in their respective habitats the higher the chance will
be that new inversions will be fixed, as more loci are likely to have locally adapted al-
leles. In essence, ecological speciation is still ultimately dependent on natural selection
(Schluter 1998, 2001, Via 2002), whereas chromosomal changes such as inversions may
be powerful in facilitating this process rather than actively driving it (Navarron and Bar-
ton 2003, Riesenberg and Livingstone 2003). In light of this it is rather appealing to link
studies of adaptive polymorphism to studies of chromosomal evolution. One such ex-
ample comes from the apple maggot fly, Rhagoletis pomonella in North America (Feder
et al. 2003a, 2003b). Traditionally the fly infests fruits of hawthorns (Crataegus spp.)
but in the mid-1800s the fly formed a sympatric race on the introduced cultivated apple
(Malus pumila). The derived apple-infesting race shows consistent allele frequency dif-
ferences from the hawthorn host race for six allozyme loci mapping to three different
chromosomes which all contain inverted segments distinguishing the races. Indeed,
many of the loci coding for adaptive traits (typically the duration of overwintering pupal
diapause) that discriminate between the two races are located within the inverted seg-
ments. However, nucleotide sequence data suggest that inversion polymorphism for R.
pomonella has been segregating for ~ 1 million years, which greatly predates the ~ 150-
year-old origin of the apple race (Feder et al. 2003b). Thus it seems that the host race
shift in R. pomonella has been mediated by an already existing inversion polymorphism
within the original host race infesting hawthorns. It is not clear therefore whether the
initial establishments of inversions were purely neutral and later functioned only as
chromosomal niches where adaptive differences could accumulate or if the inversions
were adaptive from the beginning e.g. by protecting locally adapted genes from mal-
adaptive gene flow.

Ecology Matters

As a result of divergent natural selection, species living in heterogeneous environments
often show habitat-linked morphological variation in adaptive traits (Levins 1968, He-
drick et al. 1976, Endler 1977, Hedrick 1986) and this is particularly common in species
with a restricted gene flow among populations (Johannesson et al. 1993, Nevo 1998,
Filchak et al. 2000, Hendry et al. 2002). Shell size is most commonly negatively corre-
lated with wave-exposure in direct developing littorinid gastropods (see paper I for a
summary). This is generally explained as a result of more intense crab predation pro-
moting large and robust shells (Boulding et al. 1999) in shores protected from heavy
wave-action (Elner and Raffaelli 1980, Johannesson 1986, Boulding and Van Alstyne
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1993, Boulding et al. 1999). Exposed-shore snails, on the other hand, reduce their risk
of being dislodged and increase their hiding possibilities in crevices by adopting a
smaller size (Underwood and McFadyen 1983, Denny et al. 1985, Trussell et al. 1993).
However, as already mentioned, in Litforina fabalis shell size generally increases with
wave-exposure, such that a large ecotype is present in moderately exposed habitats and
a small ecotype in sheltered habitats. In paper II these have been dubbed the “Large-
moderate” (LM) ecotype and the “Small-Sheltered” (SS) ecotype in order not to confuse
the LM-ecotype with the exposed (E) ecotypes present in many other /ittorina species.
Littorina fabalis dwells mostly in the canopy of fucoid algae where it mainly grazes on
epiphytes (Norton et al. 1990) and the habitat is confined to the littoral algal belt of the
North-East Atlantic, from Spain to the White Sea, including Iceland and Greenland
(Reid 1996). Juveniles of L. fabalis hatch directly from egg-masses laid on plant fronds,
and dispersal of juveniles and adults is restricted to a few meters per generation (Wil-
liams 1990; Tatarenkov and Johannesson 1998). Subsequently gene flow among popula-
tions is low (Tatarenkov and Johannesson 1994) and accordingly an increased size in
moderately exposed habitats seems to be consistent for most of the species' geographic
distribution (Reid 1996) and has been described in detail from Wales (Goodwin and
Fish 1977, Reimchen 1981), British Isles, Ireland (Reimchen 1982), the west-coast of
Sweden (Tatarenkov and Johannesson 1999, paper II), Bergen (Norway) and Shetland
(papers L and IV).

The size difference between morphs is to a large extent inherited and the cessa-
tion of growth in SS-ecotype is coupled to early maturation (Tatarenkov and Johannes-
son 1998). Furthermore, upon reaching maturity, shell morphology changes slightly and
the shell grows thicker (Goodwin and Fish 1977, Reid 1996). As a consequence small
adults are more resistant to attacks from the green shore crab, Carcinus maenas (the
main predator of L. fabalis), than are immature snails of similar size (Reimchen 1982).
However, even small adults may be crushed by crabs of size 40-60 mm (carapace
width), while large adult snails are much more resistant to these attacks (Reimchen
1982). From these observations Reimchen (1982) proposed that early maturity and
therefore smaller size could be an adaptation to predation by small crabs. This hypothe-
sis predicts that the mean size of crabs would be smaller in sheltered shores than in ex-
posed shores. However, in paper II we have shown that in Swedish sites there is no
difference in neither crab size nor crab density between sheltered and moderately ex-
posed habitats and Reimchen's hypothesis is therefore not supported. We therefore pro-
posed an alternate explanation: if the canopy of fucoid alga constitutes a refuge from
predatory crabs and the risk of dislodgement from the canopy is greater in wave-
exposed than in sheltered habitats, larger and less susceptible snails should be favoured
by selection in exposed habitats. This model makes at least three explicit predictions: 7)
the risk of crab attacks should be lower when snails are dwelling on fucoid algae com-
pared to the substrate below the algae; i) large snails (LM-ecotypes) should be more
resistant to crab predation than small snails (SS-ecotypes) and iii) the risk of dislodge-
ment from fucoid algae should be higher at moderately exposed habitats than sheltered
habitats. In paper II, we found support for all three predictions. Fewer SS-morphs were
attacked when tethered to algal canopy than to stones in two independent experiments
(Fig. 5 a and b). In one experiment, tethered LM-ecotypes were more resistant against
crab attacks than SS-morphs (both were tethered in exposed habitats) and the probabil-
ity of crab attacks decreased with snail size (Fig. 6 a and b). Finally we demonstrated
that overall the risk of dislodgement increased with wave exposure and thus the refuge
function of algae becomes less effective in moderately exposed compared to sheltered
habitats (Fig. 7 a and b). This model is based on the assumption that a small size for L.
fabalis is favoured by selection in the absence of crab predation, which is supported by
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FIG. 5. (A) Attack rates when LM- and SS-ecotypes of L. fabalis were tethered to their own habitats. The
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Attack rates when LM- and SS-ecotypes of L. fabalis were tethered in moderately exposed habitats. LM-
morphs were less attacked after both two and five days of tethering. Numbers above bars indicate how many
days the snails were tethered. Bars indicate SE. (From paper II)
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FIG. 6. Proportion attacked snails as a function of snail size in the first (A) and second (B) tethering experi-
ment. Each point represents a size-group consisting of eight to sixteen individuals. (From paper II)
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vesiculosus at different water flows (see A). Bars indicate SE. (From paper II)
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the fact that in the White Sea (where crabs are absent) snails are small in both moder-
ately exposed and sheltered habitats. In addition, a short life-span is also in general con-
sidered to select for early maturation (and small size) as this reduces the costs of pro-
longed growth and delayed reproduction (Blanckenhorn 2000).

Ecotype Linked Inversion Polymorphism in Littorina fabalis

Despite lacking differentiation in 29 allozyme markers, Ark segregates in populations of
the two ecotypes of L. fabalis, and this difference is consistent over Welsh, French and
Swedish populations (Tatarenkov and Johannesson 1999). The Ark allozyme substruc-
turing was originally described from 21 locations in the Kosterfjord area in Sweden
(Tatarenkov and Johannesson 1994) in which two alleles (4rk 100 and Ark 80) domi-
nated the exposed habitats while Ark 120 was strictly confined to the sheltered habitats
(mean frequency in sheltered habitats was 0.740 but only 0.035 in exposed habitats).
Three additional alleles were also found but only in very low frequencies. In Spain and
in the White Sea (Russia), the size difference between L. fabalis living in exposed and
sheltered locations does not exist and the populations in Spain are monomorphic for the
Ark 90 allele (Tatarenkov and Johannesson 1999), while in the White Sea (Russia) the
sheltered locations are instead dominated by the Ark 130 allele (Fokin, pers. commun.).
Individuals that are Ark-heterozygotes are present in zones of intermediate exposure
where the two ecotypes overlap in distribution, but heterozygotes are fewer than ex-
pected by Hardy-Weinberg equilibrium (Tatarenkov and Johannesson 1999), which
could be either due to selection against heterozygotes or sampling of non randomly mix-
ing populations with different allele frequencies (i.e. Wahlund effect). In another study
(in the Kosterfjord area, Sweden) almost all individuals that were homozygous for ex-
posed Ark alleles (collected from habitats of intermediate exposure where both ecotypes
are present) amplified an extra band (that was not present in snails that were homozy-
gous for sheltered Ark alleles) for an RAPD locus, while 18 other RAPD loci showed no
systematic differences (Johannesson and Mikhailova 2004). There is thus ample evi-
dence of two molecular loci being linked to each other and to one or several loci influ-
encing growth and adult size and furthermore, the variation in all three characters corre-
lates with snail microhabitat (Tatarenkov & Johannesson 1999, Johannesson 2004, pa-
per IV). One explanation could be that that selection on all these markers strongly coin-
cide with wave exposure. However, this is very unlikely as the linkage between the
RAPD locus and A4rk in the Kosterfjord area (Sweden) persists over intermediate habi-
tats where independent segregation, or recombination (if the loci are on the same chro-
mosome), should break up the linkage. Although many chromosomal differences are
capable of restricting recombination, inversions, that do not necessarily impair fertility
in heterokaryotypes in any substantial way, are the most commonly occurring in natural
populations (White 1978, King 1993, Mir6 et al. 1992) and therefore an inversion that
protects alleles at the Ark, the RAPD an the size loci from recombining was suggested
as the most probable explanation (Tatarenkov and Johannesson 1999, Johannesson and
Mikhailova 2004).

While we know that size in L. fabalis is under differential selection in moder-
ately exposed and sheltered habitats (see above and paper II) it is likely that Ark also is
(Tatarenkov and Johannesson 1994). Arginine kinase plays a central role in both tempo-
ral and spatial ATP buffering in cells, which display high and variable rates of energy
turnover (Wyss et al. 1992). For marine intertidal gastropods attachment to the substrate
in order not to be dislodged by waves is crucial and for species that live in heterogene-
ous environments (with respect to wave exposure) Ark may potentially be under differ-
ential selection with different alleles favoured in different microhabitats. In addition,
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Box 3. Mark-recapture cloning

Sequencing of haploid DNA such as
mitochondrial or chloroplast DNA can easily
be done within a day using an automated se-
quencer that nowadays exist in every modern
DNA lab. The sequencing of diploid DNA
such as nuclear DNA is however more tedious
if two gene copies in an individual commonly
differ even by the smallest insertion or dele-
tion. Without going into the details, this cre-
ates double peaks in the chromatograms (the
output form the sequencer) which makes it
impossible to determine the sequence. In order
to sequence diploid DNA it is therefore often
necessary to clone the PCR product since each
bacteria only can incorporate one single DNA
molecule (in this case a PCR product) and
thereafter use the clones as templates for the
PCR’s (polymerase chain reactions). However
cloning is about 10 times more expensive and
takes at least one extra day of work compared
to the actual sequencing and therefore se-
quencing nuclear DNA for population genetic
studies, which requires many samples, is not
practical. To circumvent this problem I have
used a novel method dubbed “mark recaptured
cloning” or MR-cloning, originally thought of
by Nicolas Bierne (paper III) for the sequenc-
ing of the Ark intron in paper IV. The idea is
to use combinations of primers with unique
nucleotides at the 5” ends (this does not affect
the annealing performance of the primers) for
each individual from a population. Since se-
quencing is done with universal primers that
anneal to the vector sequence in the bacteria,
the primer combinations in each clone will be
apparent and thus also the identity of the indi-
vidual. This allowed me to pool PCR products
from up to 49 different individuals (using
seven differently tagged primer pairs) in one
single cloning reaction. The actual individuals
that will be “recaptured” after cloning is of
course random but for population genetic

studies this is sufficient (the sample need to be
random anyway). The total cost for this proce-
dure can easily be calculated by the following
formula:

2Pxp + (Sxa+C)

Where:

P=the cost of one primer

p=number of primer pairs used

S=cost sequencing one sample

a=number of sequenced clones

n=number of samples in the population that
need to be sequenced

This formula excludes any costs associated
with labour and it also assumes that the recap-
ture of individuals is completely random
(which is not the case, see paper III). The
procedure is as follows: p number of primer
pairs is used to amplify p? individuals and “a”
number of clones is sequenced from each
cloning reaction. This procedure is run as
many times as is necessary to get all the sam-
ples (n). Let’s use some actual numbers as an
example; the costs are: P=15€, C=20€, S=1.5€
(which were the approximate costs when I
sequenced Ark) and we are interested in se-
quencing 100 samples. If we plot the total cost
as a function of both a and p we get the graph
depicted in the figure below. It is easy to see
that when cloning only one individual at a
time (this is, when p=1) the total cost is 2180
€, which quite a lot compared to less than 500
€ using 6 primers pairs (which allows one to
clone 36 individuals at a time) and sequencing
32 clones each round. It can also be seen that
increasing the number of primer pairs does not
increase the total costs very much and since
this allows one to clone and sequence more
individuals at a time it reduces also the total
labour costs (more elaborate calculations have
been done in paper I1I).
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Box 3. Continued

However, during my work [ was able to use
the chemicals and competent cells from one
cloning kit (price about 20 €) to six different
cloning reactions and accordingly the price
per cloning was now only 3.3 €. Using similar
calculations as above (with C=3.3 instad of
20) the difference between cloning one indi-

vidual at a time becomes 510 € (for 100 indi-
viduals) and the money saved by using the
MR procedure is now only about 100 €. Con-
sidering that there were also some significant
downsides of using the MR-cloning procedure
(see text and paper IV) I would recommend
using the cloning kits for more than one indi-
vidual rather than using the MR-cloning pro-
cedure.

Ark allozyme studies in L. obtusata have suggested non-neutral variation along wave-
exposure gradients in three geographical regions in the Gulf of Maine, USA (no such
studies are available from the NE Atlantic; Schmidt et al. 2007). The difference between
wave exposed and sheltered sites was significant but very modest compared to the com-
pressed (<20m) gradients reported from L. fabalis in the Kosterfjord area (Tatarenkov
and Johannesson 1994). There is thus a substantial chance that if an inversion (or other
type of neutral chormosomal rearrangement that restricts recombination) has occurred in
a part of a chromosome where Ark, and gene(s) for size are located, it will be favoured
by selection. This is because a copy of a locally favoured allele at one locus never suf-
fers the disadvantage of being found on the same chromosome with maladaptive immi-
grant alleles at other loci. This gene has therefore higher fitness than competing copies
of the allele at the same locus on chromosomes that do recombine. Consequently, the
allele on the inversion spreads, and the inversion spreads with it. This forms the basis of
a model by Kirkpatric an Barton (2005) and it specifically predicts that selection on the
locally adapted alleles is present when the inversion appears and it is supported by data
from several studies including Drosophila and the Anopheles flies (the main malaria
carrying vector; Manoukis et al. 2007).

If an inversion that restricts recombination in heterokaryotypes segregates within
a population it essentially becomes divided into two groups, original and inverted, but
only with respect to sequences within or close to the inverted segment (Machado et al.
2007). When an inversion appears, it only affects one chromosome in a single individual
and initially its dynamics is largely determined by drift as for any other type of new
mutation. If it happens to be positively selected, for instance by involving locally
adapted alleles, it may rapidly drive to high frequency. Since the inverted chromosome
cannot recombine with the standard one, nucleotide variability inside the inversion is
expected to be highly reduced (Navarro et al. 2003) until new variation is produced by
mutations.

Because the key elements that are required by the model by Kirkpatric and Bar-
ton (2005) are likely to exist in L. fabalis namely a strong linkage between two locally
adapted loci (4rk and size) | was very keen on studying this. Litforina fabalis has 17
chromosome pairs (Janson 1983), but they are small and thus inversion loops (formed
during meiosis) or reversed banding patterns that are indicative of inversions (Ayala and
Kieger 1980), cannot be observed directly. Instead I sequenced ~300 bp’s of an intron of
Ark (using mark-recapture cloning see Box 3/paper III) for LM-and SS-ecotypes from
seven different locations throughout their distribution range (paper IV). The prediction
was clear; if Ark indeed is linked to a habitat/ecotype specific inversion polymorphism
(or other kind of segregating rearrangement that restricts recombination, but for conven-
ience I will from here on simply call this an inversion) we expect the variation in one of
the ecotypes (irrespective of geographic location) to be much lower (if the inversion is
new) and/or any new mutations in the inverted segment to be unique to the inverted
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FIG. 8. Haplotype network of an intron of the arginine kinase gene. Large boxes are haplotypes, small
circles represent individual sequences for which the sample location is given by the two or three letter
abbreviation (Swe=Koster, Sweden; Nor=Bergen, Norway; RHB=Robinhoods Bay, east UK;
Ang=Anglesey, Wales; Spa=Vigo, Spain, WS=White Sea, Russia). Lines are mutations, small empty
circles represent missing hypothetical haplotypes and boxes are indels with the number of mutation
involved indicated by a number. Numbers were given for all samples for which more than one haplotype
was found. (Modified from paper IV)

chromosome (if the inversion is old). And the results were as clear as the prediction
since 27 out of 28 SS-ecotypes from four different sheltered locations (from UK, Swe-
den and Norway) were monomorphic for one haplotype of the Ark intron while the LM-
ecotype from the same locations was segregating for ten different haplotypes (Fig. 8).
Indeed, the lack of variation in the SS-ecotype certainly shows the inversion is new (at
least relative to the time it takes for new mutation to build up new variation). However,
it is not useful to estimate the divergence rate for the Ark intron sequence as this gene
clearly is under selection (and possibly involved in a gene duplication, see below) and
we cannot therefore, at this time, approximate the minimum age of the inversion. Never-
theless, as the linkage between size and Ark exists on both sides of the North Sea we
can only assume two possible scenarios for the spread of the inverted chromosome: i)
either the inversion was already present in an ancestral population, possibly during the
last glacial (a minimum of 10,000 years ago) or ii) it was established after the separation
of the populations on both sides of the North Sea and then spread secondarily from one
geographic location to all other populations through positive selection. In light of the
restricted gene flow in L. fabalis (Tatarenkov and Johannesson 1994) and the large mi-
crosatellite and cyt-b differences between populations on both sides of the North Sea
(paper I) the first scenario seems more plausible.

According to both microsatellites and cyt-b, the Kosterfjord (Sweden) and the
Bergen (Norway) populations are very closely related (paper I) and overall the habitats
in these geographic locations are superficially very similar. Accordingly, in Bergen a
clear size difference between L. fabalis in moderately exposed and sheltered habitats
has also been described (paper I and IV). In many sheltered Kosterfjord locations the
Ark120 allele is completely dominating (Tatarenkov and Johannesson 1994). However
in Bergen the frequency of the Ark120 allele was only 40% and the exposed Ark100
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allele, which was fixed for the exposed Bergen location, dominated the sheltered loca-
tion as well. At first this did not seem odd as this could simply be due to differences in
local selection regimes between Kosterfjord and Bergen. When I compared the size of
the Ark120 homozygotes and the Ark100 homozygotes in the sheltered location in Ber-
gen I expected nevertheless that the size of the former would be considerably smaller
than the latter as the linkage between size and Ark genotype was very clear in the Tatar-
enkov and Johannesson (1998) study from Kosterfjorden. Very surprisingly this was not
the case but nevertheless I did find a significant size difference between Ark100 homo-
zygotes from the sheltered locations compared to the Ark100 homozygotes from the
exposed location. This shows that in Bergen there is no clear linkage between size and
Ark genotype and size is instead entirely determined by wave exposure, in contrast to
snails from Kosterfjord where the Ark genotype is a good predictor of snail size (Tatar-
enkov and Johannesson 1998). Still all six individuals that were homozygous for the
Ark120 allele from Bergen indeed amplified the same haplotype as all other SS-
ecotypes and this haplotype was completely absent among the five Ark100 homozy-
gotes. There are at least two alternative explanations for this, either there is no inversion
that locks Ark and the gene(s) for size in this location and selection operates independ-
ently on both characters, or (perhaps less likely) the gene(s) for size have mutated such
that we no longer can observe a linkage. This matter may only be resolved once unam-
biguous markers for the inversion that are independent of both size and Ark are avail-
able.

A Gene Duplication?

When sequencing with the MR-cloning procedure (Box 3) we only cloned one popula-
tion at a time since only a minute contamination of primer with the wrong 5'-tag may
yield incorrect identification of an individual. This is normally not a problem for
population-level analyses, as it does not matter from exact which individual a haplotype
comes from as long as we know that it is from the correct population. Nevertheless, in
some instances, we repeatedly recovered more than two haplotypes for some individu-
als. This was highly unexpected as L. fabalis and L. obtusata are diploid and the Ark
gene in invertebrates, specifically for arthropods and molluscs, is known to be coded by
a single gene (e.g. Suzuki at al. 2000, Munneke 1988). Some of the individuals from
which more than two haplotypes were found were sequenced a second time to ensure
that no contamination of the primers had occurred in the MR-cloning procedure and we
did not expect to recover the exact same haplotypes if contamination indeed had oc-
curred (Table II). Further, in order to exclude that the template itself would contain
DNA from more than one individual, I re-extracted DNA from the eight individuals
from which more than two haplotypes were obtained and these were in addition cloned
individually instead of using the MR-cloning protocol (to exclude the possibility of con-
tamination of tagged primers).

Indeed contamination or mix up of samples during the MR-cloning procedure
most likely has occurred as completely different haplotypes were obtained from two
independent cloning for individual nr 38 in Fig. 8 (Table 2). Nevertheless from five out
of eight samples that were cloned individually (i.e. not using the MR-cloning proce-
dure) more than two haplotypes were also found and here contamination of tagged
primers was impossible. In addition from four of these eight individuals, the exact same
haplotypes were obtained from at least two independent clonings, even after re-
extracting the DNA. This shows that the recovery of more than two haplotypes from
one individual is not entirely due to mistakes during the MR-cloning procedure, PCR-
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TABLE 2. Summary of sequencing of individuals with more than two haplotypes. Individual and haplo-
type numbers refer to the numbers given in Fig. 8. Individuals for which at least three haplotypes could
be recovered from a minimum of two independent clonings are indicated in bold. Fab=L. fabalis,
LM=Large-moderate ecotype, Obt=L. obtusata.

After re-extraction and indi-

First MR-cloning Second MR-cloning vidual cloning
Individual Nr. Nr. of Nr. of
in FIG. 8 Species  sequences Haplotypes sequences Haplotypes Nr. of sequences Haplotypes
4 Fab LM 5 2,3,11 14 2,3,11 6 2,3
8 FabLM 9 2,34 3 2,4 9 2,3,4
9 FabLM 4 2,4,11 0 na 4 2,11
25 Obt 4 6,8,9 0 na 9 6,8,9
26 Obt 4 5,6,7 0 na 5 1,5,6
28 FabLM 6 1,6,8 0 na 5 2,34
34 Obt 7 1,5,6,10 1 7 1 1,5,6,10
48 Obt 15 1,10,12 8 1,3,12 5 1,12

artefacts or contamination of the DNA, but indeed these are real haplotypes, perhaps
due to a gene duplication. Contamination of sperm in females is also very unlikely since
a small piece of foot tissue was consistently used for extraction of DNA. If two gene
copies evolve independently following a duplication, the longer time since the gene
duplication event the more diverged they are expected to be (due to accumulation of
mutations). Because of the relatively small nucleotide diversity in the total data set,
there is reason to believe that this putative gene duplication is relatively young perhaps
even unique to this taxon. Based on the variation in the LM-ecotype and L. obtusata in
contrast to the SS-ecotype, the gene duplication is nevertheless very likely to predate
the inversion and it would therefore be natural to assume that two gene copies are pre-
sent in the inverted chromosome as well. In light of this it is even more interesting why
the SS-ecotype was almost completely monomorphic for one haplotype. Perhaps the
linkage between Ark and size and the possible gene duplication are not independent of
each other but in what way they could be related will have to await further studies.

CONCLUSIONS AND FUTURE PROSPECTS

In paper I we have shown that despite L. fabalis and L. obtusta being different in mor-
phology, ecology, several different nuclear DNA markers and that no contemporary hy-
bridisation between them is likely to occur, they are not diverged in the mitochondrial
cyt-b gene. This could be either due to incomplete lineage sorting but a more likely sce-
nario is however that hybridisation between them has occurred which has allowed
mitochondrial DNA to introgress between the species boundary. One explanation could
therefore be that there has been a replacement of haplotypes from one species to the
other and the only evidence of an early divergence between L. fabalis and L. obtusata
(from the cyt-b haplotype network) is the split between the Spanish clade and the main
haplotype network, but several alternative explanations exist that cannot be ruled out.
Although this study cannot give any definitive answers to the lack of divergence in cyt-
b between L. fabalis and L. obtusata, it complements the already existing literature of
mtDNA introgressions such that we now know that this phenomenon is not only
restricted to local populations (or otherwise geographically restricted species) and to
species where there is evidence of contemporary hybridisation also from nuclear mark-
ers and/or morphology.

I only sequenced 350 base pairs of the cyt-b gene since the focus of paper I was
to first of all demonstrate that the lack of divergence in this gene is universal for the
whole pan-European distribution range. Of course, the more nucleotides that would be
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sequenced the fewer haplotypes would in general be shared between individuals includ-
ing between L. fabalis and L. obtusata. But the patterns of polyphyly would still be in-
dicative of hybridisation and a larger sequence would enable me to more accurately date
the suspected introgressions. In the future I would therefore like to focus on one or a
few locations where introgression is most likely to have occurred (e.g. Bergen, Norway)
and sequence fewer individuals but much larger blocks of the mitochondrial DNA
molecule.

The overall genetic variation in a gene is primarily related to the effective popu-
lation size (larger populations have more variation) but also the mutation rate (higher
mutation rate gives more variation). Given some assumptions, the effective population
size of nuclear genes is on average four times higher than in mitochondrial DNA and
since the nucleotide diversity in cyt-b is about two times higher than in the Ark intron
sequence it is clear that the mutation rate in the Ark intron is much lower than in the cyt-
b (if the mutation rates would be the same we would expect the Ark intron to show four
times more variation as the cyt-b gene). In addition, as already mentioned the higher
effective population size of nuclear genes will slow down the lineage sorting process
which makes monophyly of the nuclear genotypes less likely in comparison. A lack of
divergence in the Ark intron is therefore not at all as surprising as in the cyt-b gene. In
fact, L. saxatilis, which is the closest relative to the flat periwinkles is not noticeably
separated from L. fabalis and L. obutsata either (Fig. 8; in mitochondrial genes they are;
Reid 1996). When introgressive hybridisation occurs, only genes that are unlinked to
Dobzhansky-Muller incompatibilities are likely to introgress. If introgression has indeed
been as common as indicated by the cyt-b data I would therefore expect to find at least
some nuclear genes that also show the same characteristics as cyt-b. In light of the data
from Ark (and some preliminary data from an intron of calmodulin) I do not however
hold much promise to such an approach as it is difficult to find nuclear genes that
evolve fast enough such that a difference between L. fabalis and L. obtusata can be
found. Instead in future studies I would like to focus on AFLP’s (Amplified Fragment
Length Polymorphism) from which a high number of bi-allelic markers that represent
the whole genome will be available and from this it would be interesting to study how
much of the genome has been restricted from gene flow and how many regions show
signs of introgression.

In paper II we have shown that the size difference between the LM-ecotype and
the SS-ecotype of L. fabalis is maintained by an interaction of four factors: i) life his-
tory optimisation selecting for early maturation and small size, ii) crab predation, select-
ing for large size iii) fucoid algae functioning as refuges from crab predation and iv)
wave-induced dislodgement, reducing the effects of the refuge function in moderately
exposed habitats. Size in sheltered habitats are instead expected to be small due to life
history reasons, which is supported by the fact that that in the White Sea, where crabs
are absent, snails are small in both habitats. The two ecotypes of L. fabalis differ also in
Ark and the sequencing of an intron of Ark revealed that the SS-ecotype is nearly fixed
for one haplotype while the diversity among LM-ecotypes is much higher, which sup-
ports a scenario where a recently derived chromosomal rearrangement, possibly an in-
version, restricts recombination between 4Ark and one or several loci that influence size.
I would like to (once again) stress that we cannot be sure that linkage between Ark and
size indeed is due to an inversion or even a chromosomal rearrangement but the patterns
we see are difficult explain otherwise (but see Butlin 1995 for and additional view).
Numerous studies support the idea that chromosomal rearrangements play causal roles
in speciation but they are predominantly conducted in closely related species (e.g. Noor
2001a, Brown et al 2004) where it is difficult to know what role the rearrangements
played during the initial divergence. As pointed out by Coyne and Orr (2004, p.60), “the
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isolation barriers currently most important in restricting gene flow are not necessarily
those historically most important during speciation”. There is no doubt that the diver-
gence between populations may be facilitated by occurrence of already fixed chromo-
somal rearrangements (acting as partial gene flow barriers) but not until the model by
Kirkpatrick and Barton (2005) was the initial dynamics of chromosomal rearrangements
rigourously addressed and they suggested that an inversion may be positively selected if
it protects locally adapted alleles at two or more loci (as indeed could to be the case in
L. fabalis). What makes the ecotype linked inversion polymorphism in L. fabalis par-
ticularly appealing is that we have no reason to suspect that any genic or chromosomal
differences other than the putative inversion exist and we can specifically study the ef-
fects of this phenomenon without the confounding effects of other genomic differences.
So far the Ark substructuring has been shown to be most pronounced in areas where
there is also a clear differences in snail size between exposed and sheltered locations
(UK, Sweden, South Norway, North France) but some Ark substructuring occurs also in
the White Sea (although this is different from the other locations) where such a size
difference does not exist. In addition, there are some intriguing details around the LM-
and SS-ecotypes in Bergen (Norway) as both size and Ark strongly correlate with wave
exposure but still appear not to be genetically linked. The correlation with the inversion
and the specific selective regimes in respective geographic location will hopefully not
only allow us to test explicit predictions about the role of this particular inversion for
the evolution of local adaptation in L. fabalis, but also to draw conclusions about the
role of inversions at the initial stages of speciation in general. To study this further we
need however a definitive way to identify the linkage block where Ark and the gene(s)
for size are situated and since cytological staining of the chromosomes is very difficult,
a multi locus approach such as AFLPs’ would probably be the most efficient approach.

AFLP is based on a relatively simple methodology that can generate large
amounts of data. As AFLP’s would be the most straightforward way to study the diver-
gence between L. fabalis and L. obtusata as well as the inversion hypothesis I hope this
can be my primary focus in the near future.
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