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Allozyme variation and genetic divergence in the sand goby, Pomatoschistus minatus

(Teleostei: Gobiidae)

A modified version of this paper has been accepted for publication in the Journal of the Marine

Biological Association of the UK as a short paper with the following authors: Stefonni S' Gysels

ES, Volckaert F and Miller.

ABSTRACT

Samples of the widely distributed sand goby Pomatoschistus minulus have been investigated

genetically from seven localities in the North-eastem Atlantic Ocean, the Nodh Sea, the westem

Mediterranean Sea and the Adriatic Sea. Levels of genetic diversity and differentiation were

assessed with cellulose acetate (CAGE) gel electrophoresis for nine enzyme systems. Pair-wise Fsr

values betweOn samples point to a reduction or even absence of gene flow between the Adriatic and

the other samples, including the westem Mediterranean Sea (multi-locus Fsr:0.321; multi-locus

Gsr:0.287). The differentiation between the Adriatic sample and all the others was of the same

order of magrrifude as between P. minutus and its closest relative, P. lozanoi. The sample from the

Adriatic Sea was differentiated from the other samples mainly by allele frequency differences at the

lactate dehydrogenase loci LDH-A* and LDH-C* (CAGE). At the sampling sites outside the

Adriatic Sea the sand goby shows the typical features of a marine frsh with a high level of gene flow

and a low degree of genetic differentiation, which is roughly ten times lower than when the Adriatic

P. minutus are included (multi-locus Fsr : 0.019; multi-locus Gsr: 0.028).

PAPER II

Recurrent and historic gene flow of the sand goby Pomatoschistus minutus on the European

Continental Shelf and in the lVlediterranean Sea

Gysels ES, Hellemans B, Patamello T, Volckaert FAM



ABSTRACT

Phylogeographic pattems of the sand goby, Pomatoschistus minutw (Gobiidae, Teleostei) were

studied by means of sequence and Single Stranded Conformational Polymorphism analysis of a 283

bp fragment of the cytochrome b locus in the mtDNA. A total of 228 individuals sampled at thirteen

sites throughout the species'distributional range revealed a moderate level ofdiversity and a low,

but significant level ofoverall genetic differentiation. The highest amount ofpopulation subdivision

was detected between the samples from the northeastem Atlantic Ocean and the Mediterranean Se4

which was mainly due to differentiation between the P. minutus from the Adriatic Sea and all the

other sand gobies, including the samples from the western Mediterranean Sea. Limited genetic

differentiation with a weak pattem of isolation-by-distance was recorded in the western

Mediterranean Sea, the Atlantic Ocean and the Baltic Sea. Phylogeographic analysis suggested a

contiguous range expansion in the Atlantic and Baltic basins and evidence for a glacial refugium in

the southem North Sea. Baltic samples showed evidence for lineage sorting by the presence of the

most common Atlantic haplotype, with source genotypes from the North Sea. In the sand gobies

from the westem Mediterranean Sea a high number of endemic haplotypes as well as the most

common Atlantic haplotype were recorded in appreciable frequencies. We suggest that this might

be explained by a secondary contact between different mitochondrial lineages, which evolved in

allopatry.

PAPER III

Phylogeographic patterns of the common goby, Pomatoschistus microps, a small demersal fish

along the northeastern Atlantic coasts and in the Mediterranean Sea

Gysels ES, Hellemans B, Pampoulie C, Volckaert FAM

ABSTRACT

The phylogeographic paftems of a small marine fish, the common goby, Pomatoschistus microps

(Krryer 1838), were assessed along the northeastem Atlantic coasts. A combination oftwo genetic

markers was employed: cellulose acetate allozyme electrophoresis (CAGE) and sequence analysis

of a 289 bp fragment of the mitochondrial locus cytochrome b. Twelve coastal sites were sampled,
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ranging from central Norway and the British Isles to Portugal and the Western Mediterranean Sea.

Both markers were congruent in revealing significant differences between most populations and a

pattern of isolation-by-distance along the European coasts. Phylogeographic analyses yielded a

shallow branching structure with four groups; three were confined to the Atlantic basin and showed

a starlike pattem, which may be due to either a relatively recent (postglacial) population expansion

after a bottleneck or a founder event. The fourth group contained a central haplotype occurring at

the edges of the species' distribution (resp. the Norwegian and Mediterranean Sea) accompanied by

a few rarer variants, which were restricted to the Mediterranean Sea. A genetic break was observed

around the British Isles, with distinct haplotypes dominating at either side of the English Channel.

Gene flow analysis suggested that recolonisation of the North Sea and the coasts of westem

Scotland and Ireland may have taken place from a glacial refugium the Southern Bight of the North

Sea. Altematively, the present distribution of the haplotypes, which corresponds to a

Lusitanian/Boreal distribution, may be influenced by temperature-dependent selection. A

significantly negative correlation between the degree ofgenetic diversity and latitude was recorded

both for mtDNA and allozymes in the Atlantic basin. Historical factors such as founder effects

during recolonisation of formerly glaciated areas are probably responsible for the loss of genetic

variation at higher latitudes in the northeastem Atlantic Ocean.

PAPER TV

Small-scale genetic variation in relation to environmental heterogeneity in the marine gobies

Pomatoschhtus minutus and P. lozanoi (Teleostei)

Gysels ES, Leentjes V, Volckaert FAM

ABSTRACT

Genetic variation was assessed at 14 allozyme loci in esfuarine, coastal and offshore samples of

lozano's goby, Pomatoschistus lozanoi and the sand goby, P. minutus. Samples were taken in

habitats on the Belgian Continental Shelf and in the Schelde estuary subject to various degrees of

environmental heterogeneity in order to assess (1) whether any correlation could be found between

environmental heterogeneity and genetic divenity and (2) if so, if this could be linked to fltness

parameters. No signifrcant differences in levels of genetic diversity were recorded between



estuarine, coastal and offshore sarnples in either species. Homozygotes showed a slightly lower

condition factor than heterozygotes in both species but the differenc€ was not significant. A

temporally stable gradient in allele frequencies at the two-allele locus GPI-A* was observed in P.

lozanoi, differentiating the samples in an estuarine, coastal and offshore group. We suggest that

these differences might be maintained by balancing selection at locus GPI-A*.

PAPERV

Evidence for fine scale genetic structure and estuarine colonisation in a high gene flow marine

goby (Pomatoschistus minutus)

Pampoulie C, Gysels ES, Maes GE, Hellernans B, Leen$es V, Jones AG, Volckaert FAM

ABSTRACT

Marine fish seem to experience forces where homogenisation of populations should be the rule; yet

evidence for structure, even on a small scale, is growing. We assessed genetic diverslty and

differentiation in 15 samples of the sand goby Pomatoschistus minutus, @allas 1770) (Gobiidae,

Teleostei) from four major environments within the Southem Bight of the North Sea, using seven

microsatellite and thirteen allozyme loci. Despite the high dispersal potential of the sand goby,

microsatellite loci revealed a moderate level of differentiation (overall F51 = 0.026; overall Rsr:
0.058). Both an hierarchical analysis of molecular variance and multivariate analysis revealed a

significant differentiation (P < 0.01) between estuarine, coastal and marine samples with

microsatellites but not with allozymes. Comparison among the different estimators of differentiation

(Fsr and \1) pointed to possible historical events and contemporary habitat fragmentation. We

conclude that this genetic structure was mainly due to the colonisation of the estuary during its

establishment in the early Holoce,ne, and to restricted actual ge,ne flow. All samples can be assigned

to two breeding units localised in estuarine and coastal region. Despite the distinction, there were

indications of a complex and dynamic spatio-temporal structure, which is most likely, determined

by the local current regime and the behavioural ecology ofsand gobies.
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CHAPTER I

INTRODUCTION AI\D GENERAL SCOPE OF TIIE THESIS

In this chapter we present an overview of the principal mechanisms responsible for population

genetic structure in marine organisms and the methods used for studying population differentiation.

We discuss this in relation to the three species of marine fish under study: the sand goby,

Pomatoschistus minutus (Pallas, 1770), Lozano's goby, Pomatoschistus lozanoi (de Buen, 1923),

and the common goby, Pomatoschistus microps (Kroyer, 1838) (Teleostei, Gobiidae). We

summarise the available data on (l) the biology of these species and (2) past and present-day

oceanographic features throughout their distributional range in order to formulate hypotheses

conceming their genetic structure.

l. Genetic structure and gene flow of marine organisms

The genetic structure of marine organisms is determined by several factors: (l ) present-day physical

oceanographic features, enhancing either retention or dispersal of the pelagic eggs or larvae (Lundy

et al, 1999; Suneetha & Salvanes, 2001), (2\ historical (vicariance) events (Nesbo et al, 1999;

Planes & Fauvelot, 2002), (3) behaviour (Ruzzante et al, 1998; Beheregaray & Sunnucks, 2001)

and (4) selective pressure from the environment (DiMichele et al, 1997; Lemaire et a|,2000).

Genetic studies point indeed to high migration rates and low levels of intraspecific

differentiation in marine species, especially in comparison with terrestrial and freshwater organisms

(for a review, see Ward et a|,7994). The duration ofthe larval stage is negatively correlated to the

amount of population differentiation (Doherty et al, 7985; Waples, 1987). On the other hand,

estimates of passive dispersal by oceanic currents might be grossly overestimated (Cowen et al,

2000). Fronts, current pattems such as gyres and eddies, bottom topography and climatic barriers

may act as retention mechanisms for the migration of pelagic larvae and adults (Dickey-Collas et al,

1997; Lessios et ol, 1999). Sinclair (1988) argues in his 'member-vagrant' hypothesis for highly

vagrant fish species that local curents function as a mechanism for retention of the fittest

'members' of the local community. The less fit 'vagrants' show a higher rate of dispersal but risk

not to find a suitable habitat or partner, thus representing a loss to the gene pool. Hence, a certain

degree of philopatry is required and members should show homing behaviour towards the spawning
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area. Alternatively, McQuinn (1997) suggests that the metapopulation concept might be better

suited to explain intraspecific differences in marine populations. The metapopulation concept

assumes a large number of sites each supporting a single local population, which has a certain

probability of extinction. Vacant sites are recolonised by migrants from within the metapopulation.

Genetic surveys on highly vagrant marine species yield evidence for a subtle genetic structure using

high-resolution DNA markers (Stepien, 1999; Bahri-Sfar et a|,2000), which seems to confirm these

assumptions. On the other hand, both larvae and adult fish of several marine species axe known to

make use of selective tidal transport for migration (Metcalfe et al, 1990; Amold el al, 1994) and

thus may actually travel further than expected by purely passive dispersal.

Another major factor in shaping the structure of a species is its evolutionary history

(Bernatchez & Wilson, 1998; Hundertmark et a|,2002). Species boundaries have shifted back and

forth in function ofvicariance events and climatic change, including glaciation. These have had a

profound effect on the levels of genetic variation and population differentiation (Magoulas et al,

1996; Benzie & Williams, 1997). Phylogeographic analyses of several species have yielded

evidence for periodic population extinction and recolonisation, linked to Pleistocene glaciations

(Grant & Bowen, 1998). During the Pleistocene glaciations species have been pushed back

southward along the Atlantic coasts and subsequently recolonised the coastal areas of North-

westem Ewope following the glacier's retreat. In Europe, the coasts of the Iberian Peninsula, the

North Sea and certain ice lakes east of the Baltic Sea are considered glacial refugia for aquatic

species (Osinov & Bematchez, 1996; Koljonen et al,1999; Consuegra et aI,2002).

2. Genetic methods used for assessing population structure

Early pioneers such as Wahlund (1928) and Wright (1943) established the theoretical principles of

population genetics long before any practical attempt was made at disclosing genetic structure in

living organisms. The first population genetic surveys date back to the 1960's with the use of

haemoglobine for assessing population structure in marine fish such as gadoids (Sick, 1961; Msller,

I 966; Jamieson , 1967). The discovery of a large amount of allelic variation at protein loci prompted

the development of allozyme electrophoresis as a widely used tool in the study of genetic structure

within and between species (See Avise, 1975, for a review). Allozyme electrophoresis is a relatively

easy technique and large .rmounts of samples can be processed in a short period. However, the use

6
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of proteins had serious shortcomings. Only a small proportion of the genomic variation is revealed.

Not all mutations are translated into different alleles, and different alleles may show an identical

mobility on a gel (Jtter et al, 1987). Thus, a more subtle population structure is likely to go

unnoticed. Moreover, the debate between 'neutralists' and 'selectionists' questioned the usefulness

ofthese markers. The high level ofpolymorphism found at protein loci seemed to support the view

of Kimura (1979), who stated that most of the variation at a locus is selectively neutral. At the other

hand, many studies showed clear evidence for selective pressure in maintaining allele frequencies

(Christiansen & Frydenberg, 1974; Mork et al, 1983; Ben-Shlomo & Nevo, 1988; Lemaire et al,

2000). If alleles at certain loci perform better than others in a given environment (e.g. temperature,

pollution, salinity), then frequencies at these loci will be determined by natural selection rather than

genetic drift. A growing number of studies prove selective mortality of certain genotypes and local

adaptation to environmental variables such as temperature, salinity or pollution (see Mitton, 1997

and Eanes, 2002, for a review). Clinal variation in allele frequencies in function of environmental

variables has been reported on a scale of meters (Johannesson et al, 1995) to hundreds of kilometers

(Oakeshott et al, 1982; Maes & Volckaert, 2002).Yet, in spite of the large amount of circumstantial

evidence, it remains very difficult to actually prove selection acting on a locus, as this requires

detailed biochemical experiments (but see Watt, 1983; Watt et al, 1983; Zera, 1987; DiMichele er

al, 1991). Nevertheless, allozymes remain useful markers for detecting population structure and

resolving taxonomic relationships between species; they are still widely used as a genetic marker

(e.g. Mattiangeli et al,20O0; Suneetha & Salvanes, 2001; Pujolar et a|,2002).

The advent of modem DNA techniques with the invention of the Polymerase Chain

Reaction technique @CR) and the development of universal primers (e.g. Kocher et al, 1989;

Cronin et al, 1992) gave a new impetus to population genetics. For the first time a large amount of

DNA could be amplified from a minute tissue sample and a much higher resolution could be

achieved. Indeed, several DNA studies have yielded evidence for population structuring whereas

allozymes did not (Pogson et al, 1995; Piel & Nutt, 2000). Especially the mitochondrial DNA

became popular as a marker because of its smaller effective population size and faster rate of

evolution (Park & Moran, 1994). Mitochondrial DNA is transferred almost exclusively matemally

and no recombination takes place. Thus, this marker is well suited for genealogical studies, leading

to the development ofphylogeography. Phylogeography deals with the processes determining the

geographic distribution of genealogical lineages within and among species (Avise, 2000). As such,
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this discipline combines biogeography and phylogenetics and tries to explain the structwe and

evolution ofspecies and populations ofspecies in terms ofhistorical events.

Earlier mtDNA studies were mainly based on Restriction Fragment Polymorphism Analysis

(RFLP) (e.g. Avise et al, 1987; Arnason et al, 1992; Cronin et al, 1992), which is an indirect

method for assessing the genetic variation at a given locus. The development of automated

sequencers allowed a quick sequencing of the nucleotides, thereby obtaining the highest possible

resolution. Disadvantages of this method are associated with the high running costs and the

sophisticated infrastructure required. An altemative for sequencing all individuals in a given sample

is Single Stranded Conformational Polymorphism (SSCP), where mutational differences are

translated into different mobilities on a gel (orita et al, 1989). The various haplotypes distinguished

by SSCP can subsequently be sequanced. Mitochondrial DNA was initially promoted as being less

subjected to selective pressure than proteins, but this putative neutrality has been questioned as well

(Ballard & Kreitman, 1995). Most genes in the mitochondrial DNA are coding and thus their

evolution may also be subjected to selective pressure. Because mtDNA does not undergo

recombination, it is actually behaving as a single locus, and thus selection acting on a gene will

cause all others to be selected as well. For example, the low amount of mtDNA diversity in humans

was originally considered the effect of a founder event (see Avise, 2000, for a review), but this may

as well be the result of selection acting on certain loci (Mishmar et a1,2003\.

In more recent years, the use of microsatellites in population genetics has been growing fast

(reviewed in DeWoody & Avise, 2000). Microsatellites are non-coding parts in the nuclear DNA,

which consist ofrepeats ofseveral nucleotides. They evolve very quickly and are highly variable.

Thus, microsatellites are considered very useful for assessing more recent processes ofpopulation

divergence or disclosing the shallow but significant population structure, which is typical for many

marine species with a high potmtial for dispersal. Several studies provide indeed evidence for

genetic structure in migratory species where no differentiation was detected using mtDNA or

allozymes (Ruzzante et al, 1998; Nesbs et aL,2000; Wirth & Bernatchez, 2001). However, caution

is warranted when interpreting microsatellite data. The extremely high variability and the consistent

heterozygote deficit, which are often associated with microsatellites, make interpretation difficult.

Furthermore, recent studies suggest that these putative neutral (for non-coding) markers may not

always behave neutrally either (Dufresne et a|,2002). Thus, for making reliable inferences about

population structure and/or history, a combination of several markers, nuclear and mitochondrial

and including as many loci is possible, is recommended (Allendorf & Seeb, 2000).
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3. The genus Pomatoschistus

3.1. Distribution and ecology of Pomatoschistas minutus (Pallas, 1770), P. lozanoi (de Buen,

1923) and P. microps (Kroeyer, 1838)

Gobies (Teleostei, Gobiidae) are a speciose family of relatively small, demersal fish occurring

mainly in tropical and subtropical coastal areas, although a considerable number ofspecies occur in

freshwater and brackish water as well (Miller, 1986). Members of the genus Pomatoschistus, which

comprises eleven species, are very abundant along the Atlantic European coasts. Among these, the

sand goby, P. minutus @allas, 1770), Lozano's goby, P. lozanoi (de Buen, 1923) and, the common

goby, P. microps (Kroyer, 1838), are among the most common fish species in the coastal areas of

Atlantic Europe. They play an important role in marine coastal ecosystems as a predator of

meiobenthos and planklon (Hamerlynck & Cattrijsse, 1994), as prey for a number of commercially

important fish species such as cod and flatfish (Salvanes & Nordeide, 1993) and as a host for

marine parasiies (Zander et al, 2002). No commercial fisheries for these species exist, but they are

often present as by-catch in shrimp fisheries, and may occur among the small fish offered at

Mediterranean markets (Miller, I 986).

All species belonging to the genus Pomatoschistus display courtship behaviour whereby a

male establishes a territory, builds a nest under an empty bivalve shell and courts a female (Fonds,

1973). The female inspects the nest and decides whether to deposit her eggs. These are attached at

the ceiling of the nest and are subsequently ferfilised by the male, who protects and fans them

during several weeks until they hatch. Territorial males guard batches ofeggs from several females,

that deposit eggs in various nests. Sneaking behaviour, where a non-territorial male enters the nest

of another male and tries to fertilise the eggs has been observed both for the sand goby and the

conrmon goby (Magnhagen, 1994; Forsgren, 7997) and seems to be a strategy used by smaller

males (Magnhagen, 1998). Usually the nest holder expels the intruder but a fairly high rate of

successful sneaking fertilisation has been observed. Up to one third of sand goby nests contained

eggs fertilised by sneakers (Jones et al,200lb). Upon hatching the larvae leave the nest and dwell in

the plankton during one to two months (Healey, 1971). After metamorphosis they become demersal.

Of the three species being studied, the sand goby, P. minutus, has the largest area of

distribution. It occurs along the Atlantic coasts of Europe from the north of Norway (Tromso) and

the Faroe Islands (Miller, 1986 and references herein) to the northern African coasts, in the Baltic
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Sea, the Mediterranean Sea and the Black Sea. The common goby, P. microps (Kroyer, 1838)

occurs from central Norway (Trondheimsf orden) to the south of Portugal and Atlantic Morocco,

around the British Isles and in the Baltic Sea. ln the western Mediterranean Sea its distribution is

limited to the Gulf of Lions and Corsica (Bouchereau & Guelorget, 7997). Lozano's goby, P.

lozanoi, has the smallest range of distribution and can be found along the Atlantic coast of Denmark

down to the south ofPortugal. P. lozanoi has not been recorded from the Mediterranean Sea or the

Baltic Sea (Miller, 1986). A schematic view of the morphological differences between the species is

presented in Figure 1.1. Data on ecological and morphological differences between these three

species have been compiled from literature and are summarised in Table I . l.
P. minutus and P. Iozanoi are morphologically very similar and the latter was considered to

be a subspecies until recently (P. minutus minutus and, P. minutus lozanoi respectively). Based on

distinct ecological, morphological and biochemical differences they have been assigned the status of

distinct species (Fonds, 1973; Webb, 1980). The most reliable morphological criterion for

distinguishing between these two species is the papilla pattern on the head (Miller, 1986) (Fig. l.l),
but differences in colour pattern have also been described (Webb, 1980; Hamerlynck, 1990). P.

minutus grows larger than P. lozanoi (with a maximum size of 95 mm versus 80 mm respectively)

and has a more sandy-grey colow while P. Iozanoi is rather brownish. Juveniles are notoriously

diflicult to identiff morphologically. Unambiguous biochemical identification is possible through

diagnostic alleles at several allozyme loci (Webb, 1980; Wallis & Beardmore, 1984a), but this

requires freshly frozen tissues.

P. minutus and, P. lozanoi are grouped together in the 'P. minutus complex' together with the

closely related deep-water species P. nowegicus (Collett, 1902). Although P. minutus, P. microps

and P. lozanoi occur sympatrically throughout a large part oftheir distributional range, they show a

clear segregation in habitat, feeding and spawning niche. P. minutus is an estuarine-marine species

and rather a generalist in trophic niche, feeding mainly on epibenthic and hyperbenthic prey. P.

lozanoi is more of a specialist, preying on hyperbenthic animals in the water column (Hamerlynck

etal,1990).P. lozanoi hasamoreneriticdistributionthan P.minutus (Fonds, 1973),althoughlarge

numbers are often recorded in estuaries (Claridge et al, 1985; Maes et al, 1998a). At times a

considerable dietary overlap exists between the two species (Hamerlynck & Cattrijsse, 1994). P.

microps has an estuarine-coastal distribution, adult specimens being rarely encountered in the

offshore marine environment. The common goby spawns close to shore in water no deeper than 1

m and is capable ofreproducing both at sea and in estuaries (Healey, 1972). P. minutus spawns in
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deeper water (up to 25 m) and usually at sea (Fonds, 1973), although spawning in estuarine or

brackish-water areas has been reported as well (Vaas, 1970; Arruda et al, 1993). P. Iozanoi

apparently only reproduces in a marine environment at depths between l0 and 25 m (Fonds, 1973).

P. minutus and, P. microps often occur sympatrically in estuarine and shallow coastal areas.

Interspecific competition may be reduced by depth segregation (Doornbos & Twisk, 7987;Maes et

al, 1998a). P. minutus spawns in slightly deeper water than P. microps and chooses also larger

shells for its nests than P. microps (Nellbring, 1993). Magnhagen & Wiederholrn (1982) showed

that the choice of food and habitat depended on whether P. minutus and P. microps occurred

synpatrically or alone.

P. microps

P. minutus
Transversal rows not exceeding
lateral row
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2"d and 46 trmsversal row
exceeding lateral row

P. Iozmi

Fig,l,l: Pomatoschistus minutus, P. lozanoi and P. microps. Details of the papillae pattem distinguishing P. minuus

from P. lonnoi ue presented on the right (Millea I 986).

Considerable within-species ecological, morphological and behavioural differences have been

recorded for geographically distinct populations of the ssnd goby, P. minutus. For example, Miller

(1986) considers the population of P. minutus occurring in the Mediterranean Sea as a separate

subspecies, P. minutus elongatus, based on morphological characteristics. Mediterranean P. minutus

carry a dark chin spot in the females and breast pigmentation in both sexes. Wallis & Beardmore

(1983) found distinct allozymatic differences between P. minutus from the Bristol Channel (North

Sea) and the lagoon of Venice (Adriatic Sea) at several loci. However, they were not able to tell

whether these differences are due to reproductive isolation or if they are the consequence of

selective pressure in the specific environmental circumstances in the lagoon of Venice. Neither is it

known if P. minutus from other Mediterranean locations show a similar differentiation from

Atlantic sand gobies, which would render support to the hypothesis ofa separate subspecies in the

Mediterranean Sea. Mediterranean P. minutus are arurual and occur in lagoon-like environments

(Bouchereau et al, 1990), while Atlantic P. minutus are present both in estuarine and fully marine

environments, and can live up to two years (Healey, 1972). Atlantic P. minutus disappear from the

coast in the winter and it is assumed that they migrate into deeper (warmer) water, once the

temperanne decreases below 2-3o C @onds, 1973). Both Mediterranean and Atlantic P. minutus

perform a spawning migration towards the sea. P. minutus from the Baltic Sea differ also
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morphologically from the Atlantic populations (Aarnio & Bonsdorff, 1993), but no genetic

information is available to quantifr the extent of differentiation. Moreover, the Baltic coast

harbours two morphologically distinct ecotypes, being linked to sandy and rocky habitats

respectively. These seem to stay in their own habitat for breeding (Pampoulie, pers. comm.). It is

cunently unknown whether any gene flow exists between these two morphs.

Similar ecological, morphological and behavioural differences have been described among

geographic populations of the common goby, P. microps. Baltic P. microps differ morphologically

as well as ecologically from the Atlantic P. microps. Hence, a separate race for the Baltic P.

microps has been proposed (Lawacz, 1965). Al-Hassan et al (1987) observed allozymatic

differences between populations of P. microps along the coastlines of the British Isles, but the

authors were unable to discriminate between temperature-dependent selection and reproductive

isolation for explaining the observed population structure. In the Mediterranean Sea P. microps is

annual and sedentary (Boucherau & Guelorget, 1997) contrary to Atlantic P. microps.

Mediterranean P. minutus spawn between March and September (Pampoulie, 2001). In the

northeastern Atlantic Ocean the species disappears from the coast during the winter season where

the water temperature falls below 3-5' C (Jones & Miller, 1966). Reproduction starts only when the

water temperature exceeds l0oC and the breeding season lasts from April to September @ogers,

1988). The maximum lifespan is about 20 months. Apart from the study of Al-Hassan et al (1987),

few if any population genetic data on the common goby are available for assessing whether the

observed inter-population differences are due to either phenotypic plasticity or genuine reproductive

isolation.

Lozano's goby, P. lozanoi, has been less studied, which may be due to its preference for

off-shore habitats and smaller range of distribution. Fonds (1973) noticed a more limited

temperature and salinity tolerance tn P. Iozanoi and suggested a more neritic life-style than P.

minutus. Despite its occurrence in esfuaries they do not seem to spawn there (Amrda et al, 1993).

Few data on geographically distinctpopulations oflozano's goby are available and hence little is

known about morphological, ecological or genetic differences between allopatric populations ofthis

species.
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Table 1.1 (continued)

REPRODUCTION

Spawning period

Spawning site

Fecundity

Temperature for

breeding

Duration ofpelagic

lawal stage

KARYOLOGY

Number of

chronnsomes

P. frtinuru$

Atlantic: February-June

(depending on latitude)

Mediterranean: December-

April

Marine or estuarine

environment, from 0-25 m

2(M)-40fi) eggs per batch

8-14'C

At least I month

Marile environment, l0-

25m

2000-4000 eggs per batch

8-14"C

At least I month

Shallow marine or estuarine

environment, max lm depth

1000-3000 eggs per batch

l0.c

Six-nine weeks

P. lozaaoi P. microps

May-August(WaddenSea) Atlantic: April-September,

depending on latitude

Mediterranean: Februarv-June

3.2. Previous genetic studies onPomatoschistus cp.

Considering their abundance, ecological importance and peculiar reproductive behaviour, it is not

surprising thal Pomatoschistus sp. have been the subject of a large number of ecological and

behavioural studies. However, genetic data ofthese species are scarce and have mainly focused on

resolving the taxonomic status and the phylogenetic relationships within this genus. So far, most

allozyme-based studies have been conducted by Webb (1980), Wallis & Beardmore (1980, 1983,

1984a,b), Mlller et al (1993), Sorice & Caputo (1999) and Stefanni (1996, 2000a). The screening of

allele frequencies at 3l loci within seven species belonging to the genus Pomatoschistus (Wallis &

Beardmore, 1984a) confirmed most of the morphology-based systematic relationships. Phylogenetic

studies of the Atlanto-Meditenanean gobies based on sequencing of the mtDNA and nDNA have

been conducted by Perzo et al (1998) and Huyse (2002). Microsatellites have been employed as
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well, but mainly for studying sneaking behaviour and sexual selection in P. minutus (Jones et al,

2001 a,b; Malavasi et a|,2001).

Webb (1980) confirmed the species status of P. minutus and P. lozanoi as opposed to earlier

taxonomy, where P. lozanoi was considered a subspecies of P. minutus (respectively P. minutus

lozanoi and P. minutus minutus). This taxonomic revision was already proposed by Fonds (1973),

based on ecological differences between these putative subspecies in the Wadden Sea. The striking

differences between P. minutus and P. lozanoi at several allozyme loci (GPI-A*, GPI- B*, CK-A*)

and haemoglobins, as well as differences in number of chromosomes recorded by Webb (1980),

confirmed that they should be considered as genuine species instead. P. minutus is monomorphic

foraslowermovingallelethan P. lozanoi atlocus CK-A*.Both speciessegtegatealsoattheGPl

loci but alleles are not completely fixed. The surveys of Wallis & Beardmore (1980, l98aa)

revealed that both species possess also distinct alleles at the loci PEP- 1* and Al'1lT- I * 
.

P. minutus and P. lozanoi hybridise, though; Wallis & Beardmore (1980) claim even to

have found evidence for an F2 hybrid. However, this was based on the genotype frequencies ofonly

one individual out ofmore than 1700 fish screened at one locus (PEP-|*) and did not involve any

crossing experiments. Fl-hybrids are clearly distinguished from genuine P. minutus andP. lozanoi

by the possession of two bands at the monomeric locus CK-l* (Webb, 1980). This suggests that P.

minutus and P. lozanoi are very closely related and must have speciated only recently; Wallis &

Beardmore (l98aa) suggest a speciation event about 2.5 Ma BP, based on allozymes. Huyse (2002)

on the other hand, proposes a more recent speciation of about 1.73 to 1.13 Ma BP for speciation

within the P. minutus complex, based 12S and l65 mtDNA.

Based on the screening of 31 allozyme loci, Wallis & Beardmore (1984b) found a

correlation between the level of genetic variation within seven species of Porzatoschistus sp. and

the degree of habitat heterogeneity in which the distinct species preferentially occur. However,

Sorice & Caputo (1999) failed to find such correlation when assessing levels ofgenetic diversity at

20 allozyme loci in seven Mediten-anean goby species. Likewise, Miller e/ al (1993) could not find

any signifrcant correlation between genetic variation and environmental heterogeneity in a survey of

ten Mediterranean goby species, which were screened at 18 loci.

Few genetic studies deal with geographically distinct populations of Pomatoschistus sp.

Wallis & Beardmore (1983) recorded nearly frxed differences at several allozyme loci (LDH-A*,

LDH-C*) between P. minutus from Bristol Channel and the Lagoon of Venice (northern Adriatic

Sea), and even postulated the existence of a fourth locus for the LDH enryme in the Venetian
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population, LDH-0*, which would be completely unique in this species. Stefanni et al (1996)

confirmed the differentiation at locus LDH-A* but found no evidence for this putative fourth locus.

Sequence analysis of the complete D-loop showed also differences between Adriatic and other sand

gobies (Stefanni, 2000a). Huyse (2002) recorded significant differences at the 12S and 165 loci of

the mtDNA between sand gobies from the Lagoon of Venice and the North Sea, suggesting the

presence ofa distinct species ofthe sand goby in the northem Adriatic Sea.

Huyse (2002) reported no significant differences at the mitochondrial loci l2S and 165

between specimens of P. minutus from the North Sea and the western Mediterranean Sea, but in this

study only 3 (North Sea) and 2 (westem Mediterranean Sea) individuals were studied, prirnarily for

resolving phylogenetic relationships among species. Moreover, a slower evolving marker was used,

which may not be appropriate for resolving recent processes ofpopulation divergence. Al-Hassan e/

al (1987) found significant differences in allele frequencies at the GPI* loci for the common goby,

P. microps, collected at 20 sites around the British Isles. It was not clear, however, if this had to be

explained as some form of temperafure-dependent selection on the respective alleles, or else

allopatric divergence during postglacial recolonisation of the British Isles by the common goby.

Thus, in this study we aim to fill the gap in the current knowledge of the genetic structure in

geographically distinct populations of these widely spread species. More specifically, we will

address following issues:

(l) assessing the taxonomic status of the northern Adriatic P. minutus with a combination of
two independent markers (allozymes and mtDNA).

(2) Comparison of samples of P. minutus from the westem Mediterranean with those from the

Atlantic Ocean to check whether there exists a genetic basis for assigning subspecies status

to the westem Mediterranean sand gobies.

(3) Screening of the geographically distinct samples of P: minutus and, P. microps for estimating

their levels ofgenetic divergence throughout the distributional range.
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3.3. Dispersal of Pomatoschistus sp.

3.3.1. Historical events influencing dispercal in Pomatoschistus sp.

The contemporary distribution of Pomatoschistus sp. along the European Atlantic coasts is the

result of a postglacial northward range expansion of its distributional range after deglaciation at the

end of the Pleistocene. The Pleistocene epoch is characterised by a series of glacial events followed

by interglacials. During glaciation sea levels were much lower than today and an icecap covered

large parts ofnorthwestern Europe. A connection existed between Britain and the continent. Parts of

the Southem North Sea were dry land and the English Channel served as a drainage system for

rivers such as Schelde, Thames and Rhine (Gibbard, 1988). During the Last Glacial Maximum (22-

18 ka BP), the ice cap extended as far south as southem Britain (Lowe & Walker, 1997).

Pomatoschistus sp. require shallow water at a temperature ofabout 8-14 "C for breeding, and thus

the ice-covered areas in the north were unsuitable habitats. Hence, during glaciation,

Ponatoschistus sp. must have survived south of the ice-sheets, possibly along the Iberian or the

northem African coasts, and expanded its range northward after the retreat ofthe sea ice. One ofthe

possible consequences ofsuch a putative range expansion should be the loss ofgenetic diversity in

populations at higher latitudes (Hewitt, 1996) due to a rapid expansion into formerly glaciated

habitats from population surviving in areas to the south. Altematively, isolated populations of the

species may have survived in glacial refugia in more northern parts. For example, a glacial refugium

for trout has been proposed along the southwestern coast of Britain, near the outflow of the great

rivers through the then-dry Shait of Dover (Hamilton et al, 1989; Garcia-Main et al, 1999). A

glacial lake in the southern North Sea has also been proposed as a refugium for Atlantic salmon

(Verspoor et al, 1999). Populations of P. minutus and P. microps, being able to live in brackish-

water conditions, may have survived in such a glacial refugium along the margins of the ice sheets

or in this glacial lake, and carried out a northward and/or westward recolonisation from their

putative refugium. If so, the English Channel and the Southem North Sea could be a zone of

secondary contact between migrants from the south expanding their range northward and resident

populations.

Evidence for glacial refugia in lakes east of the Baltic Sea has been found as well. The

occurrence of phylogeographically distinct lineages of Baltic salmon and trout suggests that

recolonisation ofthe Baltic Sea has taken place both from refugia east ofthe Baltic Sea and from
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the adjacent North Sea (Osinov & Bernatchez, 1996; Koljonen et al, 1999). Whether this hypothesis

applies to Pomatoschisfin sp. as well, or alternatively, that the North Sea was the only source of

colonisation, may be hfened from a comparison of Atlantic and Baltic haplotypes.

The Mediterranean Sea served also as a refugium for many species. Although the impact of

the Pleistocene glaciations on the Meditenanean Sea was not as dramatic as in the northeastern

Atlantic ocean, the sea-level was lower during glacial periods. This resulted in the isolation of

various basins, which were also isolated from the main Atlantic basin. Thus, marine Meditenanean

populations might also have been isolated for a long time, from populations in adjacent bodies of

water and from their Atlantic conspecifics, which eventually leads to allopatric speciation. For

example, it has been suggested that Mediterranean blennies originated in isolation in Pleistocene

refugia within the Meditenanean Sea (Geertj es et al,2001).

3.3.2. Influence of cunent oceanographic patterns on large-scale dispersal of Pomatoschistas sp.

Pomatoschistus sp. are considered poor swimmers as the pelvic fins of adults are fused into some

kind of suction disc, allowing them to keep their position in the current (Miller, 1986). Thus, large-

scale dispersal and gene flow between populations occurs most likely at the pelagic larval stage.

This extended pelagic larval phase provides a high potential for dispersal by oceanic currents; a

substantial gene flow between geographic localities is not unlikely. However, as described above,

adult Pomatoschisftrs sp. carry out spawning and thermal migrations. Although it is not known how

far they migrate, selective use of tidal streams and oceanographic currents may anable them to

cover large distances as well.

The extended distributional range ofP. minutus and P. microps and the prolonged pelagic

larval stage of these species provide an excellent opporfunity to assess the importance of

hydrodynamic forces on their dispersal along the Northeastern Atlantic coasts. Moreover,

considering the similar mode of reproduction of these ecologically different species and hence a

similar potential of dispersal, a comparison of the genetic structure between these two species will

enable us to assess the importance of ecological and/or behavioural constraints on the actual

dispersal pattem.
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The northeastern Atlantic Ocean

Any passive large-scale larval dispersal of fishes including Pomatoschistus sp. gobies in the

Atlantic basin is influenced by oceanic currents, the most important of these being the North

Atlantic Current (NAC) and the Shelf Edge Current (SEC) (Fig.l.2). The North Atlantic Current is

the extension of the Gulf Stream, branching nodhward and southward upon arriving at the edge of

the European Continental Shelf and carrying warm water towmds the European coasts. The Shelf

Edge Current flows northward along the edges of the Continental Shelf from north-westem Africa

via Portugal, the Bay of Biscay and the west of the British Isles towards the Norwegian Sea. The

merger of SEC and NAC results in a net northbound current along the westem Irish and Scottish

coasts towards the Norwegian hench (Norwegian Trench Current) and northward along the

Norwegian coast (Norwegian Coastal Current), while an arm branches offboth east and west offthe

Shetland Islands to flow southward along the eastern English coast and eastward towards the

Skagerrak as the Fair Isles Current (FIC) and the East Shetland Atlantic Inflow (ESAI) (Turrell,

1992) (Fig.l.3). The FIC and EASI provide the principal input of Atlantic water and nutrients into

the northwestern North Sea. Atlantic water enters the North Sea via the English Channel, resulting

in a northward flow through the English Channel into the southem North Sea (Southern Bight). An

additional branch of Atlantic water flows northward through the deep, vertically stratifred Celtic

Sea and into the shallower, well-mixed Irish Sea. Between these adjacent seas a tidal mixing front,

the Celtic Sea Font is generated during summer. The eastem lrish Sea is dominated by strong tidal

currents and is consequently welknixed throughout the year. In the western kish Sea at the other

hand, tidal crurents are weak and an extensive gyre is forrned there during spring and surlmer

(Horsburgh et a1,2000), probably acting as a retention mechanism for pelagic larvae of fish and

invertebrates (Hill et al, 1996; Dickey-Collas et al, 1997).
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F'igure 1.2: Cunent patt€ms in th€ Northeastem Atlantic (Hansen & Osterhus, 2000).

The North Sea

The North Sea comprises the English Channel, the Central North Sea, the Skagenak and Kattegat

and extends as far north as 62o N (Norwegian Trench). It receives both saline Atlantic water and

brackish water from the Baltic Sea, as well as the outflow of major rivers such as the Rhine, the

Elbe and the Thames (Ducrotoy et al,2000). Most areas in the North Sea are vertically well mixed

during the winter months, but stratify thermally in summer, separating shallow zones with strong

tidal currents from deeper, stratified zones with weak tidal currents. Thermally stratified and mixed

areas are separated by fronts, which are characterised by sudden changes in temperature and/or
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salinity and an enhanced production of phytoplankton and fish (Young et a1,2002). They are

associated with eddies and gyres, acting as larval retention zones.

The southem part ofthe North Sea (Southem Bight) is a shallow sandy area, continuously

swept by strong tidal currents and consequently well-mixed all year round. The Belgian Continental

Shelf @CP), located in the Southern Bight, is characterised by the occurrence of sandbanks

altemating with gullies and strong tidal currents, resulting in habitat parchiness and a high degree of

heterogeneity. These sandbanks provide unstable anvironments, which are subject to constant

changes in topography due to the action of winds and currents (Vincent et al, 1998; van der Molen

& de Swart, 2001a) A gradient in abiotic factors, such as salinity, nutrient concentrations, sediment

composition and nrbidity, exists as a function of the distance to the coast and the Schelde estuary

(Swertz et al, 1999). The Schelde estuary comprises a very heterogeneous etrvironment that

influences the coastal area as far away as the Zeelandbanken @ubois, pers. cornm.). Consequently,

a number of biotic factors such as the species composition and diversity of the plankton,

hyperbenthos and benthos vary in function of the distance to the coast as well (Vanaverbeke et al,

20fi); Dewicke et al, 2003). Despite the variable conditions the area is a very important and

productive habitat for fish and invertebrates @eyst et a/, 2fi)l).

North of the Southern Bight (Oyster Ground) the North Sea becomes deeper and tidal

currents decrease, allowing sedimentation of fine-grained material, resulting in a silty bottom. The

bormdary ofthis area comprises a frontal zone, the Frisian Front, characterised by an enhanced level

of biodiversity @ewicke et al,2O02) and serving as a boundary between southern and northem

be,nthic communities.
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Figure 1.3: Predominant currents in the North Sea (After Tunell, 1992 and Ducrotoy et al,200,0).

If dispersal of P. minutus and P. microps along the coasts of the northeastern Atlantic and the North

Sea is primarily controlled by passive larval displacement along oceanic curretrts, then their genetic

structure should be concordant with a pattem of isolation-by-distance and both species should show

a similar degree of genetic differentiation on the same scale. If the pattern of genetic differentiation

shows no congruence with prevailing currents, then additional ecological, behavioural or historical

factors may be needed to explain population structure.
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The Baltic Sea

The Baltic Sea is a shallow, non-tidal enclosed environment with estuarine-brackish water. This is

due to a large input of freshwater from river runoff and a limited inflow of seawater from the

adjacent North Sea via the Kattegat, which is mainly driven by meteorological events (Hinrichsen &

Wulff, 1998). Brackish surface water flows out of the Baltic Sea into the North Sea and saline North

Sea water flows in at depth through the Danish Straits. Thus, a stratification with saline bottom

water and brackish surface water is achieved (Lass el al,2001). Residence time ofthe water is about

35- 40 yeam. The average salinity is a third ofthe salinity ofthe adjacent North Sea, decreasing

towards the northeast. A permanent halocline results in oxygen-poor deeper water masses, which

are ventilated only by the occasional influx of oxygen-rich water from the adjacent North Sea

(MacKenzie et a|,2000). Furthermore, northem parts of the Baltic Sea (Gulfs of Bothnia, Finland

and Riga) are covered with ice during several months of the year. This combination of a low

salinity and ice cover results in harsh conditions for the marine species, which are living at the edge

of their salinity and temperature tolerance. Janson (1978) points out several conditions to which

Baltic populations correspond: (l) they are able to withstand low salinities, (2) Baltic specimens are

smaller in size and less specialised than their marine conspecifics and (3) biodiversity in the Baltic

is lower than in marine systems.

The present Baltic Sea is very young, geologically speaking. During the last glaciation

(Weichselian) the Baltic basin was covered with ice and a large meltwater lake was formed upon

deglaciation, which constituted the first stage ofthe Baltic Sea (Andr6n et al,2002). This huge lake

(the Baltic Ice Lake) was formed about 12 ka BP. During the following Yoldia Sea stage a

temporary connection with the North Sea was established around l0 ka BP, when a large inflow of

seawater took place, allowing euryhaline marine species to invade the area from the west.

Subsequently, the sea connection was closed and a second lake period began (Ancylus Lake). The

present connection with the North Sea via the Kattegat dates from only 8 ka BP @jiirck, 1995).

The Meditetanean Sea

The Meditenanean Sea and the Atlantic Ocean are connected via the narrow entrance of the Strait

of Gibraltar. where a surface inflow of less saline Atlantic water into the Mediterranean is

complemented by an outflow of saline Mediterranean water at depth across the sill of Gibraltar
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(Krijgsman, 2002). The surface 'collision' between the colder Atlantic and the wanner

Mediterranean seawater is situated in the Alboran Sea, the most western part of the Mediterranean

Sea. This results in a frontal zone, the Almeria-Oran Front (Tintore et al, 1988\ associated with a

persistent gyre. Apparently, the Almeria-Oran Front acts as a barrier for dispersal in a number of

marine species (Zane et aI,2000; Jazii & Benazzon,2002; Rios et al, 2002) and may limit gene

flow in Pomatoschistus sp as well. However, in other species sufhcient gene flow occurs to

maintain genetic homogeneity between Atlantic and Mediterranean populations (Magoulas el a/,

1996; Pujolar et al,2O02).

The Mediterranean Sea consists of two main basins, the eastem and the westem

Mediterranean basins, which are connected by the Strait of Sicily. The eastem and western basin

comprise several sub-basins and regional seas, separated by snaits and channels. The Sicily Strait is

considered a biogeographical boundary between the eastern and westem basin, and restricted gene

flow between populations from the eastem and western basin has been reported for several species

(Borsa et al, 1997a; Bahri-Sfar el a|,2000). In general, within-species differentiation is higher in the

eastem than in the westem basin, which is attributed to the differences in hydrography @ahri-Sfar

et a|,2000). lncoming Atlantic water flows eastward along the coast of northem Africa (Algerian

current) and branches off along the coast of Tunisia (Shait of Sicily) towards the north along the

coasts of Sicily and Italy, resulting in a large cyclonic gyre across the western basin (Millot, 1999).

This gyre might act as a means for larval transport within the westem Mediterranean Sea and, on

the other hand, as a barrier for dispersal of marine organisms across the Sicily Strait. Circulation

within the eastern Mediterranean Sea is limited and the northern parts of sub-basins such as the

Aegean and the Adriatic Sea are isolated from the rest of the Mediterranean. This is reflected in the

genetic structure ofresident fishpopulations (Magoulas et al,1996;Borsaet al,1997b).
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Fig. 1.4: Present circulation patt€rns in the Mediterranean Sea. After Cacho er al (2002).

Geological data on the Mediterranean Sea reveal evidence for a period of desiccation benreen 5.96

and 5.33 Ma BP due to closing of the connection with the Atlantic Ocean, the so-called Messinian

salinity crisis (Hsii et al, 1977). The Mediterranean Sea was reduced to a series of hyper-and

hyposaline lakes in the various basins and most of the anceshal fauna got extinct. After reflooding

of the Mediterranean Sea through the newly formed Strait of Gibralar, Atlantic marine farma and

flora invaded the Mediteranean Sea- It has been postulated that the Messinian salinity crisis

induced the speciation of the freshwater gobies, which are endemic to the Mediterranean Sea

(Miller, 1990), but phylogenetic analysis of mtDNA failed to confinn this (Penzo et al, 1998) urd

speciation pattems within the Atlanto-Mediterranean gobies are complex (Huyse, 2tJ02). At

present, both the time frame and the events triggering the speciation of these gobies remain unclear.

3.3.3. SmaA-scale genaic struclurc and divenity of Pomatoschistus sp.: selective pressure along

an envbo nne Nal g adient ?

The influence ofenvironmental heterogeneity on intraspecific genetic variation has been the subject

of a longJasting debate with conflicting results. For example, a significant correlation has been
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established between the level ofwithin-species genetic variability and the degree of environmental

heterogeneity characterising the habitat. Species living in a heterogeneous environment tend to

display higher levels of genetic diversity (Powell, 1971; Levinton & Suchanek, 1978). This has

been explained as the effect of balancing selection, with diflerential fitness for the respective

genotypes in the various niches provided by a heterogeneous environment ('niche-width variation

hypothesis'). In contrast, Qian & Davies (1996) reported a low degree ofgenetic diversity among

organisms in habitats displaying a high degree of heterogeneity. They suggested that a higher level

of phenotypic plasticity might compensate for the lack of genetic variation and thus allow for

adaptation to changing environments.

Wallis & Beardmore (1984b) reported within the genus Pomatoschistus clear differences in

the degree of heterozygosity that were signifrcantly correlated with heterogeneity in the habitat in

which the respective species preferentially occur. Estuarine Pomatoschistus sp. displayed a

significantly higher level of variation than marine gobies, but it was unclear whether this was due to

either heterosis or else diversi$ing selection because ofhabitat patchiness and different fitness for

the various genotypes. In contrast, Sorice & Caputo (1999) did not observe any difference in habitat

preference between genetically highly or less variable Mediterranean goby species. The differences

in habitat heterogeneity in the Schelde estuary and on the sand banks ofthe Belgian Continental

Shelf make this area well-suited for assessing the influence of environmental heterogeneity on the

small-scale genetic structure and diversity of Pomatoschislzs sp. These species occur commonly in

the estuarine, coastal and off-shore habitats on the Belgian Continental Shelf (Hamerlynck &

Cattrijsse, 1994) and the Schelde estuary (Maes et al, 1998b).

Hence, the aim of this study is threefold:

(1) to interpret patterns of genetic structure in P. minutus and. P. microps throughout their

distributional range, using available data on historical and recurrent oceanographical

features (Chapter II and III).

(2) to assess the influence ofdispersal and environmental variables on a regional scale (i.e. the

Belgian Continental Shelf and the Schelde estuary) for the sand goby, Pomatoschistus

minutus, and Lozano's goby, P. lozanoi, (Chapter IV).

(3) to compare genetic patterns of a coastal-estuarine and a coastal-marine goby for assessing

the influence ofecological and behavioural factors on population sfucture (Chapter V).





CHAPTER TI

GENETIC STRUCTURE AND PHYLOGEOGRAPHY OF TIIE SAIID GOBY.

POMATOSCHISTAS MINUTAS (PALLAS, I77O), THROUGHOUT ITS

DISTRIBUTIONAL RANGE

PAPERI

Alloryme variation and genetic divergence in

(Teleostei: Gobiidae)

ABSTRACT

36056

the ssnd goby, Pomatoschistus minutas

Samples of the widely distributed sand goby Pomatoschistus minutus have been investigated

genetically from seven localities in the North-eastern Atlantic Ocean, the North Sea, the western

Mediterranean Sea and the Adriatic Sea. Levels of genetic diversity and differentiation were

assessed with cellulose acetate (CAGE) gel electrophoresis for nine enzyme systems. Pair-wise Fsr

values between samples point to a reduction or even absence of gme flow between the Adriatic and

the other samples, including the western Mediterranean Sea (multi-locus Fsr : 0.321; multiJocus

Gsr : 0.287). The differentiation between the Adriatic sample and all the others was of the same

order of magnitude as between P. minutus and its closest relative, P. lozanoi. The sample from the

Adriatic Sea was differentiated from the other samples mainly by allele frequency differences at the

lactate dehydrogenase loci LDH-A* and LDH-C* (CAGE). At the sampling sites outside the

Adriatic Sea the sand goby shows the typical features of a marine fish with a high level of gene flow

and a low degree of genetic differentiation, which is roughly ten times lower than when the Adriatic

P. minutus are included (multi-locus Fsr : 0.019; multi-locus Gsr: 0.028).

INTRODUCTION

The sand goby Pomatoschistus minutus (Pallas, 1770) is one ofthe most abundant and widespread

Pomatoschistus species in the northeastem Atlantic Ocean. Its distributional range extands from the
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north of Norway (Tromso) and the Faroe Islands (Miller, 1986 and references herein), to the coasts

of Western Europe andthe British Isles, the Baltic Sea, the Mediterranean Sea and the Black Sea.

Although small in size and not commercially exploited, their ecological importance can hardly be

overestimated considering the fact that Pomatosc&rslns species play a major role in coastal

ecosystems. Consequently, a large number of studies on various aspects of P. minutus population

dynamics, behaviour and ecology have been carried out (e.g. Aarnio & Bonsdorff, 1993;

Hamerlynck & Cattrijsse, 1994; Forsgren, 1997; Zander et al,20o2).

Miller (1986) reports a geographically distinct subspecies, P. minutus elongatus (Canestrini,

I 861 ) for the Mediterranean and Black Sea, differing from P. minutus minutus in the northeastern

Atlantic Ocean. P. m. elongatus is morphologically distinguished from P. m. minutus by a dark chin

spot in the females and breast pigmentation in both sexes. Ecological differences between Atlantic

and Mediterranean sand gobies have also been described (reviewed in Bouchereau & Guelorget,

1997). Atlantic and Mediterranean P. minutus perform a spawning migration towards the coast

during the breeding season, although sedentary P. minutus living in Mediterranean lagoons have

been documented. The reproductive season of P. minutus is in winter, lasting from December to

April, while they reproduce during spring in the Atlantic Ocean. Contrary to Mediterranean sand

gobies, Atlantic P. minutus carry also out a thermal migration in winter into deeper water, when

water temperature drops below 3-5'C (Fonds, 1973).

Whether this morphological and ecological differentiation is the result of phenotypic

plasticity in diverse habitats, or the result of a genuine reproductive isolation has not been

documented. Wallis & Beardmore (1984a, b) canied out an extensive allozyme survey of several

species belonging to the gobiid genera of Pomatoschistus, Knipowitischia and NeogoDias at 3 I loci,

but with the only aim to assess the robustness of morphology-based systematic relationships

between the species. No geogaphically distinct populations within species were screened. The only

allozyme survey of geographically distinct sand gobies so far has been carried out on samples from

Bristol Channel and the Lagoon of Venice (Wallis & Beardmore, 1983; Stefanni et al, 1996). ln

these studies, clear allozymatic differences between P. minutus from the lagoon of Venice and the

Atlantic Ocean were recorded at several allozyme loci. Wallis & Beardmore reported nearly fixed

allele frequency differences atloci LDH-A*, and LDH-C*. Moreover, they claimed to have found a

fotxth LDH locus in the Venetian sample, and called it 'LDH-|', which would be unique in this

species. They suggested that this extra locus would be an adaptation to the specific environment of

the highly variable and polluted lagoon of Venice. However, Stefanni et al (1996) found no
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indications of this putative fourth locus and no indications of differentiation at locus LDH-C*

either. Few genetic data of other Mediterranean samples of P. minutus are available. Thus, it is

unknown if the Venetian population is representative of the Meditenanean sand gobies or whether

they represent a distinct population, which has been isolated in the Adriatic Sea. Reduced gene flow

between Atlantic and Mediterranean populations of several fish species has been recorded (e.g.

Allegrucci et al,1997; Borsa el al,1997b; Roldiln et al,1998; Lundy el al,1999), but in others a

sufficient amount ofgene flow occurs to prevent differentiation (Magoulas et al,1996;Pnjolar et al,

2002).

ln the present work we have compared nine enzyme systems of P. minutus from the

northeastem Atlantic Ocean, the North Sea, the western Mediterranean Sea (Gulf of Lions) and the

Adriatic Sea employing cellulose acetate gel electrophoresis (CAGE), in order to answer following

questions: (l) to which extent are the observed differences between geographical populations the

result of restricted gene flow rather than phenotypic plasticity? (2) Is there any genetic basis for

assigning subspecies status to the Mediterranean P. minutus (elongatus)? (3) What is the taxonomic

status of the Venetian P. minutus?

MATERIALS AND METHODS

Samples

A total of 335 specimens of P. minutus from seven localities was subjected to allozyme

electrophoresis (Fig. 2.1.1, Table 2.1.1 ). Samples were collected by beam trawl or hand net, frozen

for transport and stored at - 80"C. lndividuals were identified morphologically by their suborbital

papillae pattems (Miller, 1986). Morphological identification was confirmed using the isozyme

pattern of creatine kinase (CiK-l*). P. minutus has a slower moving allele at locus Cr(-l*

compared to P. lozanoi (Wallis & Beardmore, 1984a).
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Tablc 2. I . l. Saqling localities fq P. mbwtus d Nmbet of individuals usod for allozynr elcotophorcsis (N).
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Cellulose acetrte gel electrophoresis

Liver, eye and muscle tissue were ground in 50-150 pl distilled water. The samples were

centrifuged for 3 min and the supernatants subjected to electrophoresis (Richardson et al, 1986),

using Titan III cellulose acetate gels (Helena Biosciences). Run time varied between 25 and 40 min

depending on mobility of the alleles at the reqpective loci, and was carried out a1220 Y and 400 mA

at room temperature. Two buffer systems, tris-maleate at pH 7.8 and tris-glycine at pH 8.8, were

used as described by Hebert & Beaton (1989). Staining was carried out according to Hebert &

Beaton (1989). A sample of P. lozanoi from the Belgian coast consisting of 42 fish was subjected to

cellulose acetate electrophoresis as well and used for comparison; the same loci were screened as

for P. minutus,

A total of nine enzyme systems, corresponding to 15 loci, was used as a basis for genetic

comparisons. The slowest migrating locus was termed 1.or A and nomenclature follows Shaklee el

al (1990'). For each locus allele mobility was calculated with reference to the most common allele,

which was assigned a mobility of 100. The values for allele frequencies, percentage polymorphism

and observed and expected heterozygosity are listed in Appendix 2.1.

Table 2.1.2. Enzymes and theh Enzyme Commission (8.C,) numbers and tissue employed. M : skeletal muscle; E :
eye; L: liver.

Enzyme locus (tissue)

Adenylate kinase (AK) IEC 2.7.4.3]

Aspartate aminotransferase (AAT) [EC 2.6.1. 1]

Creatine kinase (CK, FC 2.7 .3 .21

Fumarate hydratase (FII) [EC 4.2.1.2]

Glucose-6-phosphate isomerase (GPI) [EC 5.3. 1.9]

Isocitrate dehydrogenss€ (IDIIP) [EC l. 1.1.42]

L-t-actate dehydrogenase (LDH) IEC 1.1 .1.27)

Malate dehydrogenase (MDH) [EC 1.1.1.37]

Phosphoglucomutase (PGM) [EC 5.4.2.2]

AK* (M
AATIM
cK-,4+(M)

FH* (M)

GPI.A+ (M,E), GPI-BI M,E)
IDHP-|}M, IDHP-2}(L)

7p11-1t (M), LDH-B' (M), LDH-C| (E)

MDH_A+M, I,tDH_Br(W

PGM-1+M\ PGM-2+(M)

JJ
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Data analysis

Genetic divosity was measured as the level of polymorphism, observed and expected

heterozygosity and haplotype diversity. Allele frequencies and the observed and unbiased expected

heterozygosity were calculated in GENETD( version 4.02 (Belkhir et al, 2001). Linkage

disequilibrium and Hardy-Weinberg equilibrium were tested for significance in GENEPOP version

3.1 @aynond & Rousset, 1995). F-statistics were calculated accordirg to Weir & Cockerham

(1984) in GENETX. Standard deviations of single-locus Fs1 values were obtained by jacknifing

over all samples according to Weir (1990) and the significance of the multiJocus Fsr values was

assessed with permutation tests (1000 replicates). Multi-locus Gsr (Nei, 1973) across all samples

was also calculated in GENETX. A Multidimensional Scaling Analysis (MDS) was carried out on

pair-wise F51 values in the program STATISTICA version 6.0 (STATSOFT, 2001) for assessing

whether any grouping structure could be detected. For comparison pair-wise Nei's genetic distances

(Nei, 1978) and Cavalli-Sforza & Edwards' (1967) chord distances were computed and significance

was assessed with permutation tests in GENETIX (1000 replicates). Isolation by distance was

assessed with a Mantel test (Mantel, 1967) n GENETD( and by plotting Fsr(l-Fsr) against the

logarithm of the geographic distance according to Rousset (1997). Geographical distances were

measured as the shortest coastal distances between sites in software package ENCARTA

(Microsoft, 2001).

RESULTS

Allele frequencies, Hardy-Weinberg equilibrium and linkage disequilibrium

Ten loci out of 15 were polymorphic. Frequencies of the most common allele were generally around

0.99, with the exception of LDH-C*, PGM-I* and PGM-2*, which were polymorphic at the 0.95

level in most samples. Values for allele frequencies, proportion of polymorphic loci and

heterozygosity are presented in Appendix 2.1. The lowest level of observed heterozygosity was

recorded in the Oban sample QI" : 0.040). The samples from Bergen, Pdrols and Ostend showed

the highest values for heterozygosity GL:0.084,0.082 and 0.080 respectively). The highest mean

number of alleles was recorded in the sample from Pdrols (1.80) while the lowest value was
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recorded in the Oban sample (on average 1.53 alleles per locus). The lowest proportion of

polymorphic loci was observed in Oban (Po.qq = 0.20), Ostend and Bergen @6.ee: 0.27), whereas the

highest value occrured at Texel (Po.ss: 0.48). Fisher's test for linkage disequilibrium across all

samples was not signifrcant. In individual samples only two significant cases (P < 0.05) of linkage

disequilibrium were observed. At P6rols, LDH-C* was linked wfih PGM-2*. In the sample from

Texel linkage disequilibrium betweenLDH-C* and PGM-L* was recorded.

F-statistics calculated per locus across all samples revealed a significantly positive F1s value

at locus LDH-C* (Table 2.1.3), indicating departures from Hardy-Weinberg equilibrium due to a

heterozygote deficit. Single-locus Frs values at each of the localities (not listed) revealed a

heterozygote deficit in all samples with the exception of the Venetian sample. The Frs value for

IDHP-2* is also significant, but this is due to one homozygote individual (IDHP-2*86/86) in the

sample from the Frisian Front, where only 12 fish stained positive for this locus. Fsr values across

all samples were significantly positive for loci LDH-C*, LDH-A* and PGM-2* (Table 2. 1.3).

Table 2.1.3: SingleJocus and multi-locus F-statistics (Weir & Cockerhanq 1984) over all samples per locw for the

polymorphic loci. Values significant by permutation t€sts are indicated with an t.

FnFrs Fsr

AAT'

GPI-B'

IDHP-2*

LDH-AI

LDH.B'

LDH-C*

MDH.AI

MDH.BI

PGM-]7

PGM-2+

Multi-locus

-0.039

-0.028

0.656*

0.06s

-0.003

0.327*

-0.003

-0.005

0.039

0.146

0. I 85i

0.040

0.017

0.036

0.821r

-0.003

0.265*

0.001

0.004

-0.003

0.146+

0.321+

0.001

-0.010

0.668*

0.832+

-0.007

0.505*

-0.002

-0.001

0.037

0.2711

0.405+
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Allozyme patterns between samples

Allozyme patterns for most of the loci investigated are similar for all geographic samples with the

exception of LDH-A*, LDH-C* and PGM-2* in the Venetian sample compared to the others. Exact

tests for differentiation in allele frequencies at individual loci behveen samples confirmed that most

significant differentiation was due to differences at loci LDH-A*, LDH-C* and PGM-2* (Table

2.1.4). Whereas almost all samples of P. minutus are close to fixation for LDH-A*100, with a

frequency ranging from 0.972 (Frisian Front) to 1.000 (Bergen), this allele was rare in the Venetian

P. minutus, occurring in a frequency of only 0.092 (Appendix 2.1). At locvs LDH-C*, allele LDH-

C*100 is absent from the Venetian sample, whereas it is the most common allele in all other

samples, with frequancies ranging from 0.482 (Pdrols) to 0.773 @ergen). On the other hand, the

Venetian sample is almost fixed for allele LDH-C*i,15, with a frequency of 0.978. Thus, apparently

allele frequencies are inversed at the loci LDHA* and LDH-C* for the Venetian samples compared

to all the others. Referring to Wallis & Beardmore (1983), we found no indications of a fourth

locus, the so-called 'LDH-0*'in the Venetian sample. We did notice however, an extra zone of

activity in degraded samples near the cathode, which may suggest that this putative locus could be

an adefact due to tissue degradation. At locus PGM-2* the Venetian sample shows a higher

frequency in the occurrence of allele PGM-2*100 compared to the others (excluding the Oban

sample due to its low sample size); in Venice, allele PGM-2*100 occurs at a frequency of 0.852,

while frequencies in the other samples range from 0.292 to 0.561. Allele PGM-2*106, which is

conrmon in all other samples (except Oban) with frequencies from 0.268 to 0.625, is only rarely

found in the Venetian sand gobies (frequency of 0.034). The sample from Oban did not show any

polymorphism at this locus, resulting in a significant differentiation with the other samples (Table

2.1.4). However, only 10 fish of this sample stainedpositively atPGM-2*. Thus, this significant

effect may as well be caused by sampling bias.
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Table 2.1.4. Pomatoschistus nizztus: P-values for tho significant difrerences anrong the pair-wise comparison ofallele

@uencies at the various loci based on CAGE.

Samplel Semple2 P-vdue Locus Srnplel Sample2 P-vdue

LDH-A+ Ber

FrF

Tex

Oba

Per

Ost

LDH-Cr FrF

Tex

Obs

Per

Ost

Tex

Oba

Ber

Oba

Ven

Ven

Ven

Ven

Ven

Ven

Ven

Ven

Ven

Ven

Ven

Per

Per

Per

Ost

0.m0

0.m0

0.000

0.000

0.000

0.mo

0.m0

0.m0

0.000

0.000

0.m0

0.003

0.000

0.000

0.040

PGM.2'

GPI-A'

AAII

IDHP-27

FrF

Ber

Tex

Per

Ost

Ber

FrF

Oba

Oba

Oba

Oba

Ber

B€r

Oba

Ost

B€r

Vcn 0.000

Ven 0.0fl)

Vsn 0.m0

Ven 0.000

Ven 0.000

Per 0.000

P€r 0.014

0.(XX

0.000

0.m0

0.000

0.005

0.007

0.028

0.038

0.037

Per

G
FrF

Ber

Oba

Per

Ven

Ve,n

FrF

Most but not all rare alleles are shared arnong all samples (Appendix 2.1). Even in the distinct

Venetian sample no exclusive alleles were found. For example, allele AAT*150 is confined to the

sanples from Venice and Perols. Allele GPI-B*116 is formd in the samples from Vorice, Bergen

and Texel. Allele LDH-A*-60 is shared by the Ostend, Frisian Front and Venice samples. On the

contrdry, allele GPI-B*125 md PGM-I*73 are rmique to the Bergen sample, while IDHP-2*I15

ard LDH-C*- 120 were only recorded in Oban.

Genetic atructure

The highest degree of genetic diffoentiation was recorded between the Venetian sample and all the

others, including the western Mediterranean Sea (Table 2.1.5). A comparison with the closest

relative of Pomatoschistus minutus, Lozano's goby (Pomatoschistus lozanoi de Buen, 1923), shows

that the differentiation between the Adriatic and the other sand gobies is of the same order of
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magnitude as between P. minutrc and P. lozanoi (Table 2.1.5): pair-wise multi-locus Fsr between

the Venetian and other sand gobies calculated over all loci range from 0.582 to 0.697, while the

pair-wise Fsr values between the other sand goby samples are at least tenfold lower, ranging from -
0.004 (Texel - Bergen) to a maximum of 0.057 (Oban - Pdrols). The Fsr value between P. lozanoi

and the various samples of P. minutus amounts to 0.78 (Table 2.1.5). We notice that the sample

from P{rols is most closely related to the Venetians, as reflected in the slightly lower values for

pair-wise Fsr (Table 2.1.5) and genetic distances (Table 2.1.6).

Multi-locus Fsr is about tenfold lower when the Adriatic P. minutus are excluded from the

analysis (Fsr : 0.321 and Fsr : 0.019 respectively). Multi-locus Gsr values show a similar pattem,

amounting to 0.287 for all samples and to 0.028 without the Adriatic sample. Little differentiation is

recorded between samples from the westem Mediterranean Sea (Pdrols) and the southern North Sea

(Ostend). However, the samples from Bergen, Oban and Texel are differentiated from the westem

Mediterranean Sea. This is also shown on the MDS, where the sample from Pdrols is presented

separately from all the others (Fig.2.1.2). Within the Atlantic basin, genetic differentiation is also

low and always non-significant. Nevertheless, the MDS shows some differentiation within the

Atlantic basin (Fig. 2.1.2).The sample from Oban clusters together with the Bergen sample; these

are separated from the southern North Sea samples. The relatedness between these two samples is

duetosimilarfrequenciesof allele LDH-C*100 (Appendix2.l),whicharehigherthanintheother

samples (0.733 and 0.721 in Bergen and Oban respectively, compared to a range from 0.482 to

0.578 for the others).

Table 2.1.5. Pair-wise estimates ofmulti-locus Fs (Weir and Cockerhanr, l9E4), calculated over all loci except for

pGM-2x. Significance: (t) P<0.05, 1tr; t<0.01 and (rr*) P<0.001 (1000 permutations). For abbreviations see Table

2.1.1. P. loz refers to pair-wise multiJocus Fsr values betwe€n the P. mnutuJ samples and a snple of P. lomoi .

Ven P. loz

Ost 0.023

Ber
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0.037** 0.657+r* 0.7E4***
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Values of pair-wise genetic and chord distances (Nei, 1978 and Cavalli-Sforza & Edwards, 1967,

respectively) yielded comparable results with respect to degree of population differentiation, (l)
with the highest amount of differentiation between the Venetian sand gobies and all the others and

(2) comparable to the genetic distance between P. minutus and,P. lozanoi (Table 2.1.6). The only

other significant differences were recorded between the samples from Perols and Bergelr. A Mantel

test did not show any correlation between geographic and Nei's genetic distance (Pearson

coefficient : 0.61, n.s.). Nevertheless, the plot of geographic distance versus Fsr(l-Fs1) shows

some indications for an isolation-bydistance effect (Fig.2.1.3). kr the MDS we notice also that the

samples are separatd on a geographical gradiort, with the northernmost @ergen) and southernmost

@6rols) samples on the extremes of Dimension l, while the North Sea samples are situated in

between (Figure 2. 1.2).
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Table 2.1.6. Pomatoschistus ninzrzs: poir-wise gcnctic distances (Nei, 1978) (above diagonal) rnd Cavalli-Sforza &

Edwsds (l%7) (below draConsl) chord distsnc€s for dl loci cxcrry,t PGM-2'. Significancc: (r) P<0.05, (tt) P<).01

6{ (rrr) P<0.fl)l are bascd on 1000 pcrmUAions. For abbrcvistionE of the sa4ling sitcs soe Table 2.1.1. P. loz tcfen

to pair-wis€ mrlti-locus Fsr values between the P. zr'mrtus saqlec and ,rcr@e of P. loz@toi .
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DISCUSSION

Genetic diversity, Hardy-Weinberg equilibrium and linkage disequilibrium

Genetic variability, measured as the average number ofalleles, expected heterozygosity and degree

of polymorphism, varied among samples. In the case of LDH-C* in particular, little or no

polymorphism at this locus has been reported using SGE (Wallis & Beardmore, 1984a, Stefanni et

al, 1996), with the exception of the Venetian sand gobies, where Wallis & Bearmore (1983)

reported fixation for a faster moving allele than in the Atlantic P. minutus. Our CAGE results show

a distinct polymorphism in all samples with three commonly occurring alleles (LDH-C*100, LDH-

C*107, LDH-C*1,15) and two rare alleles (LDH-C*90 and LCH-C*I20). A possible explanation for

this discrepancy could be the weak response to staining of this locus on SGE.

Most samples are in Hardy-Weinberg equilibrium after sequential Bonferroni correction for

all polymorphic loci, with the exception of locus LDH-C*. Allele frequencies at locus LDH-C*

reveal a significant heterozygote defrcit, which may be due to various reasons. One possible

explanation could be the Wahlund effect, i.e. the mixing of different subpopulations, but then we

should notice the same effect at the other polymorphic loci, which is not the case. Another

possibility could be related to the occurrence ofnull alleles, which would cause a heterozygote to be

identified as a homozygote (Richardson et a|,1986\, but this remains unproven. The presence of

null alleles may be detected by comparing the intensity ofthe hybrid bands between the distinct loci

among individuals. A hybrid band with a lower intensity compared to other individuals may point to

a null allele at the locus under study. However, in the case of P. minutus hybrid bands between the

LDH loci were always quite weak. Hence, comparing hybrid bands between individuals did not

yield any consistent results. Another explanation might be found in selective mortality of

heterozygotes (Zouros & Foltz, 1984) but detailed biochemical studies would be required to support

this hypothesis (DiMichele et al, l99l). Lact^te dehydrogenase is one of the enzymes that is known

to be under selective pressure (Powers & Schulte, 1998). However, regardless ofthe mechanism

behind the LDH-C* heterozygote deficit, the distinction between Venetian and Atlantic samples

remains with or without including locus LDH-C*.
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Genetic structure and gene llow in Pomatoschislus minutus

Most striking in our results is the distinctness of the Venetian P. minutus as opposed to the lack of

differentiation within the Atlantic sand goby samples. In the review of Ward et al (1994) an average

multi-locus Gs1 value (Nei, 1973) of 0.062 was found for marine fish. This is about tenfold lower

than the value we obtain across all P. minutus samples. Excluding the Adriatic sample we found a

multi-locus G51 of only 0.028, which is comparable to the average for marine fish as repoded by

Ward et al (1994\.

The status ofthe Venetian P. minutus: allopatric speciation or natural selection?

The highest level of differentiation between Venetian and other sand gobies is found at the loci

LDH-A* and LDH-C* and, although to a lesser extent, at PGM-2*, as also reported by Wallis &

Beardmore (1983). Wallis & Beardmore (1983) noticed that the distinct allele for Pomatoschistus

minutus in the Venice lagoon at locus LDH-A* showed the same electrophoretic mobility as in the

related estuarine species Pomatoschistus microps (Kroyer, 1838) and suggested this distinct allele

being an adaptive response to environmental pressures in a variable, enclosed environment.

However, pair-wise genetic distances between the Venetian sample and all the others are of the

same order of magnitude as between P. minutus and its closest relative, P. lozanoi, suggesting

limited or probably absent gene flow with the westem Mediterranean (Table 2.1.4). The observed

differentiation has been found at three loci: LDH-C*, LDH-A* and PGM-2*. Moreover. results of

sequence analysis of mtDNA indicate a significant differentiation in the DJoop between Venetian

and other P. minutus, while little differentiation is observed between the other samples (Stefanni &

Thorley, 2003; Gysels, unpublished results). While we do not argue on the fact that natural selection

may be operating on locus LDH-A*, we are inclined to support the existence of reproductive

isolation between the Venetian sand gobies and the others. Hence, the large degree of

differentiation between the Venetian P. minutus and the others arises questions about the taxonomic

status of the Venetian (Adriatic) population. One could argue that the Venetian and other sand

gobies share almost all their alleles (with the exception of LDH-C*-100 which is absent in the

Venetian sand gobies), suggesting that this degree ofdifferentiation might be at the population level

rather than at the species level. No exclusive alleles were found in this sample either. However,
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examples of closely related species sharing all or almost all alleles are common in literature. For

example, an allozyme survey of the African catfish species Clarias gariepinus and C. anguillaris

revealed no diagnostic allozyme loci between these species among 25 loci screened; only highly

significant differences in allele frequencies were recorded (Agndse et a|,1997). Similarly, Cleary et

al (2002) did not frnd any diagnostic locus among 16 loci screened between two Colias species.

Feresu-Shonhiwa & Howard (1998) failed to find diagnostic loci between several species of
Oreochromis sp. Thus, apparently, genetic differences between closely related species are not

always reflected in the presence of diagnostic loci. Moreover, in our study we only screened 15 loci.

The genome contains many more loci and it is not unlikely that other loci may be diagnostic for the

Venetian P. minutus.

Whether the Venetian sand goby is reproductively isolated from the sand gobies inhabiting

other parts of the Adriatic Sea would require further sampling along the Adriatic coast. P. minutus

is not permanently present in the Venetian lagoon as it migrates towards the sea in winter (Gandolfi

et al, l99l) and probably carries out a spawning migration towards sea in the spring as well, as

described for all other P. minutus populations throughout the distributional range ofthe species. The

northern Adriatic Sea is partially isolated from the rest ofthe Mediterranean Sea due to the presence

ofa large cyclonic gyre in the Southem Adriatic Sea (Artegiani et al,1993). This has been proposed

as a mechanism responsible for the differentiation observed in the Adriatic populations ofother fish

species (Magoulas et al, 1996). The fact that the Adriatic sand gobies seem more related to the other

western Mediterranean Sea sand gobies than to the Atlantic P. minutus may point to a common

ancestry, but for resolving these phylogenetic relationships a more informative marker such as

mtDNA is required. Stefanni & Thorley (2003) suggest that a population of Mediterranean sand

gobies migrated northward and got trapped in the cul-de-sac of the Adriatic Sea upon rising

temperatures after the last glaciation event. They postulate that the sand gobies might be prevented

from migrating south due to higher temperatures. Indeed, P. minutus not only avoids cold water, but

thermal migrations into deeper water when temperature exceeds 19'C have been reported as well

(Hesthagen, 1979). However, considering the large degree of differentiation with the other P.

minutus, this split must predate the last deglaciation 10 ka BP.
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Genetlow in the sand goby throughout i8 dhtributional range

Adnlt Pomatoschistus minutus are adapted to a demersal life-style, with the pelvic fins fused into a

suction disc, and are considered poor swimmers (Miller, 1986). Hence, they have probably a small

range of movement, migrations being limited to spawning and (in northern areas) thermal

migrations. Eggs are demersal, and thus any large-scale gene depends mainly on the planktonic

larval stage, which lasts about one month (Fonds, 1973). The extended pelagic larval phase

provides them with a high potential for dispenal. The small pair-wise Fsr values between the

samples from the western Mediterranean Sea, the English Channel, and the Wadden Sea point

indeed to a high level ofgene flow throughout the distributional range ofthe species. Yet, allozyme

results showed indications for a possible population structuring within the Atlantic basin: (l) a

slight effect of isolation-by-distance, which is not unexpected for a species relying on larval

dispersal for covering large distances and (2) the separation of the southem North Sea samples

(Texel, Ostend, Frisian Front) as opposed to those from the Atlantic Ocean and the northern North

Sea @ergen, Oban). As the resolution of allozymes for disclosing the shallow population structure

in marine frsh is limite4 a more sensitive marker such as mtDNA or microsatellites may yield a

better picture of the structure of Atlantic sand gobies. Numerous studies exist where a significant

genetic differentiation among marine fish population was observed with DNA markers where

allozymes revealed no differences (e.g. Nesbo et al,1999; Shaw et al, 1999a, b).

Finally, our data do not support the differentiation of the sand goby in the Atlantic subspecies P.

minutus minutus and the Mediterranean subspecies P. m. elongatus as proposed by Miller (1986).

CONCLUSIONS

The sand goby has in general a low degree of population differentiation throughout the sites

sampled, especially in the northeastem Atlantic Ocean. This is not unexpected considering its

extended pelagic larval stage and thus high potential for dispersal. However, some indications for a

group structure within the Atlantic basin were found with the southem North Sea samples clustering

together and distinct from the Atlantic coast of Scotland and the northem North Sea. A slight

(although not significant) effect of isolation-by-distance was also recorded. A signifrcant
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differentiation exists between Atlantic and western Mediterranean samples, suggesting either a

barrier for dispersal across the Strait of Gibraltar or else the effect of isolation-by-distance.

However, the degree of differentiation is clearly not sufficient to waf,rant subspecies status to the

Mediterranean P. minutus. The Venetian sand gobies are very distinct from all the others and their

taxonomic status should be reconsidere4 but a more sensitive marker is wananted for defining the

taxonomic status of this population.
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ABSTRACT

Phylogeographic patterns of the sand goby, Pomatoschistus mimrtus (Gobiidae, Teleostei) were

studied by means ofsequance and Single Stranded Conformational Polymorphism analysis ofa 283

bp fragment of the cytochrome b locus in the mtDNA. Atatal of 228 individuals sampled at thirteen

sites throughout the species' distributional range rwealed a moderate level of diversity and a low,

but significant level of overall genetic differentiation. The highest amount of population suMivision

was detected between the samples from the northeastern Atlantic Ocean and the Mediterranean Sea"

which was mainly due to differentiation between the P. minutus from the Adriatic Sea and all the

other sand gobies, including the samples from the west€ur Mediterranean Sea. Limited genetic

differentiation with a weak pattern of isolation-by-distance was recorded in the western

Mediterranean Sea" the Atlantic Ocean and the Baltic Sea. Phylogeographic analysis suggested a

contiguous range expansion in the Atlantic and Baltic basins and evidence for a glacial refugium in

the southem North Sea. Baltic samples showed evidence for lineage sorting by the presence of the

most common Atlantic haplotlpe, with source genotypes from the North Sea. In the sand gobies
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from the western Mediterranean Sea a high number of endemic haplotypes as well as the most

common Atlantic haplotype were recorded in appreciable frequencies. We suggest that this might

be explained by a secondary contact between different mitochondrial lineages, which evolved in

allopatry.

Keywords: Pomatoschistus minutus, cytochrome b, phylogeography, genetic structure, gene flow

INTRODUCTION

The genetic structure of marine organisms has been shaped and remodeled by major forces such as

(1) oceanic currents as a means for either dispersal or retention (Lessios et al, 1999; Stepien, 1999)

and (2) past climatological and vicariance events (Bemardi et al, 1993; Bematchez & Wilson,

1998). Disentangling the relative importance of each of these factors for explaining population

structure in the marine environment remains a challenge, because it requires the integration of data

from different fields such as paleoclimatology, geology, (pale)oceanography and the biology of the

species. Most marine species have an extended pelagic larval phase, which enables them to cover

large distances via oceanic cru?ents. Consequently, marine organisms reveal in general a low degree

ofpopulation differentiation (for a review, see Ward et al,1994\ and phylogeographic patterns are

often less resolved, contrary to freshwater and terrestrial species. This is reflected by the paucity of

studies on the phylogeographic pattems of the ichtyfauna, and in particular from the northeastem

Atlantic Ocean (but see Wilke & Pfenniger, 2002). Although numerous studies have been dealing

with evolutionary pattems in the anadromous salmonids (Osinov & Bernatchez, 1996; Garcia-Marin

et al, 1999; Verspoor et al, 1999; Consuegra et a|,2002), data on the phylogeography of genuine

marine fish along the European Atlantic coasts are scarce.

The sand goby, Pomatoschistus minutus (Pallas, 1770) is one of the most abundant fish

species along the Atlantic coasts of westem Europe (Healey, 1971). It occurs in the Black Sea, the

Mediterranean Sea and the northeastern Atlantic Ocean from the south of Spain to northern Norway

(Tromso) (Miller, 1986). It is present in estuaries as well as in the open sea (Claridge et al, 1985;

Maes et al, 1998a) but spawns usually near the coast (Fonds, 1973). Male P. minutus display

courtship behaviow and establish a territory, build a nest under an empty bivalve shell and court a
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female (Fonds, 1973). A female deposits eggs, which are fertilised by the male, who protects and

fans them during several weeks until they hatch. Upon hatching the larvae dwell in the plankton for

at least one month before metamorphosing (Fonds, 1973). In northem regions P. minutus carries out

a thermal migration towards deeper water when water temperafure drops below 4-5 "C (Fonds,

1973). Adults are considered poor swimmers and are adapted to a demersal life, pelvic fins being

fused into a suction disc (Miller, 1986).

Any passive large-scale larval dispersal of marine organisms, including P. minutus in the

northeastern Atlantic Ocean is influenced by the oceanic currents. The most important ofthese are

the North Atlantic Current (NAC) and the Shelf Edge Current (SEC), flowing northward along the

western coasts of the British Isles towards the Norwegian trench. An arm branches off at the

Shetland Islands and flows southward along the eastern English coast and eastward towards the

Skagerrak (Turrell, 1992). Atlantic water enters the North Sea also via the English Channel,

resulting in a northward flow through the English Channel (Fig. 2.2.1). Thus, if present-day gene

flow between Atlantic P. minutus is maintained by passive larval drift via cunents, we expect little

heterogeneity throughout the northeastern Atlantic basin. The Meditenanean Sea is connected with

the Atlantic Ocean through the Strait of Gibraltar, but the real encounter between Atlantic and

Mediterranean water takes place in the Alboran Sea, at the Almeria-Oran Front (Tintore e/ a/,

1988). This front acts as a barrier for dispersal to several marine species (Zane et a1,2000; Rios e/

al, 2002) and may limit gene flow in P. minutus. Preliminary genetic studies based on allozymes

(Paper I) indeed point to a high amount of gene flow throughout the distributional range of the

species, with some differentiation between the Atlantic Ocean and the westem Mediterranean Sea.

However, the resolution of allozymes for detecting population structure is limited, especially in

highly vagile marine species. Thus, analysis of these samples with a more sensitive (DNA) marker,

in combination with a larger number of sampling sites, will shed more light on the population

genetic structure of this widely distributed goby.

A second major factor for explaining contemporary population structure are past geological

and climatological events. The present distribution of P. minutus in the nodheastern Atlantic Ocean

is the result of a northward population range expansion after the last glaciation (Weichselian),

which ended about l0 ka BP. During the Last Glacial Maximum (22 ka BP) an ice sheet covered

Scandinavia and most of the British Isles (Lowe & Walker, 1997); the Southem Bight of the North

Sea was dry (van der Molen & de Swart, 2001a), but a glacial lake has been proposed in the

southem North Sea (cited in Verspoor et al, 1999). The Iberian peninsula and the Mediterranean
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Sea have served as a southem refugium for many northem species (Bianchi & Morri, 2000;

Consuegra et al,2O02), but additional refugia at the margins of the ice sheets in the southem North

Sea and the Baltic region have been proposed (Garcia Main et al, 1999; Koljonen et al, 1999;

Verspoor et al, 1999). After deglaciation the sea level rose and the ocean invaded the Southem

Bight of the North Sea through the Strait of Dover (van der Molen & de Swart, 2001a). By 7 .5 ka

BP the present connection between the southem North Sea and the Atlantic Ocean was formed. The

re-establishment of the North Atlantic Current l0 ka BP (Harland & Howe, 1995) allowed marine

organisms to migrate northward from their southern refugia. Whether P. minutus' range expansion

occurred from a southern refugium only, or if isolated populations managed to survive in the north

along the ice sheets and recolonised formerly glaciated areas, may be inferred from the geographic

distribution ofthe genetic variation (Templeton et al,1995).

The only phylogeographic analysis of the sand goby so far has been carried out by Stefanni

& Thorley (2003), but they focused mainly on the distinctness of the Adriatic P. minutus. They

postulate the existence of a distinct Evolutionary Signifrcant Unit (ESU) in the northem Adriatic

Sea, while the Atlantic and western Mediterranean sand gobies would belong to a second ESU.

They proposed a postglacial isolation in the northern Adriatic as recent as 5-10 ka. However, this

conflicts with our allozymes results where we found a much larger degree of differentiation,

suggesting even a reconsideration of its taxonomic status (Paper I). Moreover, no phylogeographic

inferences about the Atlantic and Baltic P. minutus were made. Hence, we aim to (l) complement

the existing phylogeographic and population genetic information on the sand goby, including more

Atlantic and Baltic samples, and (2) assess the genetic differentiation between Venetian and other

sand gobies by means of a second (mitochondrial) genetic marker in order to reinforce our

conclusions regarding the hypothesis of allopatric speciation in the Adriatic Sea.
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Frgrc 2.2.1. Saryling sites of P. minuhrs with main current patterns, compiled after Turrell (1992), Millot (199) and

Ilanson & Osterhus (2000). Sampling sitcs are indicatcd with| .Abbrevistiotrs ofsatnpling sit€s are listcd in Table

2.1.1. NAC: North Atlantio Current, SEC: Shelf Edge Cuncnt.

MATDRIALS AI\D METHODS

Sequence and SSCP rnalysis of mtDNA

Samples were takeo either by hand net, beach seine or beam trawling. Sampling sites with

coordinates and number of fish screened are listed in Table 2.2.1. A total of 228 Pomatoschistus

mirrutus was subjected to sequence and SSCP analysis. Pomatoschistus sp. were identified
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morphologically on the basis of the dermal papillae of the head according to Miller (1986), and

biochemically according to Wallis and Beardmore (1984a, b). Of each specimen a fin clip was taken

for DNA extraction and stored in 100% non-denaturated ethanol. DNA extraction was carried out

with the DNeasy tissue kit (Qiagen Intemational) and with a standard phenol- choloroform protocol.

The universal cytochrome b primers (Kocher et al, 1989) did not work for P. minutus,but

yielded a PCR product in the related species Pomatoschistus lozanoi (de Buen, 1923) and

Pomatoschistus microps (Kroyer, 1838). Cytochrome b PCR products obtained for these two

species were cloned with the TA cloning kit (Invitrogen) and both strands were sequenced with

fluorescence labeled Ml3 primers on a LICOR 4200 automated sequencer (Westburg). A search in

BLAST confirmed that the correct fragment had been amplified. Sequences of P. microps and P.

lozanoi were aligned with cytochrome b sequences of other gobiid fishes retrieved from

GENBANK (resp. Tridentiger bifasciatus A8021254, Proterhorhinus marmoratus AF082969 and

Rhinogobius giurinus A8,018997). A new set of primers was designed for amplifuing a fragment of

the cytochrome b locus, based on conserved sequences across these goby species. These primers

amplified a 283 bp fragment in P. minutus, which was used in Single Stranded Conformational

Polymorphism Analysis (SSCP) (Oita et al, 1989). Primer sequences are Goby-cflbF: 5' - CCC

ATC AAA CAT TTC TGC -3'and Goby-cytbR: 5'- ACA TAG CCA ACG AAG GC - 3'. PCR

conditions for the SSCP reaction were as follows: denaturation at 97"C for 3 min; denaturation at

95'C for 45 s, annealing at 60'C during 45 s, elongation at 72"C for 45 s during 35 cycles. Final

elongation took 7 min at 72C. The MgCl2 concentration was 2 mM. A sample consisting of 5

individuals of P. lozanoi was employed as an outgroup; the same primers and conditions were used

for amplification and sequencing.

In the SSCP analysis each individual was run several times under identical conditions. A

few individuals from each mobility group (depending on the SSCP mobility class frequency) were

randomly chosen and their nucleotide sequence was determined on an automated DNA sequencer

(LICOR 4200, Westburg). The SSCP was carried out at a temperature of 4'C with a run time of 2 h

at 600 V. Bands were visualised by silver staining. PCR conditions for the sequencing reaction were

as follows: denaturation at 95'C for 3 min; denaturation at 95'C for 30 s; annealing at 60'C during

15 s; elongation at 70'C for I min during 35 cycles. Final elongation was at 70oC during 7 min.

Both strands were sequenced. Sequences were analysed with the GeneReadlR DNA system and the

AlignIR software (LICOR, Westburg).
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Table2.2.l. Pottutoschistus minuns: Geographic locatio of dre sarryling sites with abbreviations.

S|mp|lngElte Code Lrdtude Longltude

Trondheim (Norwegian Seo, Cenhal-Norway)

Betgen (Nor0r Se8, Vr'estem Norway)

Tvlrminne (Baltio Ses, Finland)

Oban (Atlantio Ocean, Scotland)

Galway (Atlantic Ocean, Ircland)

Frisian Front (North Seq The Netherlands)

Texel (Wadden Sea, The Nethedsnds)

Doel (Schelde estrary, Belgium)

Stoombank (southem North Sea, B€lgium)

Plymou6 @nglish Chrnncl, UK)

I-a Trcmblade (Gulf of Biscay, France)

Pdrols (Gulf of Lions, France)

Venice (Adriatic Sea, Itsly)

Sep2fi[ 63o24'N l0o24B

S€p 1997 60o 23'N 5'21'E

July 2001 59o 50'N 23o 15'E

Aug 199 56'24'N 5o 28'W

Aug 1999 53" 16'N 9" 03'W

Jan 1999 53" 30'N 4o E

Dec 1998 53'00'N 4" 46'E

Oct 1998 5l' l9'N 4o 16'E

Feb 1997 5l'l3N 2o 52'E

Nov 196 50o 22'N 4'09'W

Oct 2m0 . 45o 46' N lo 08' W

Jan 1998 43" 34'N 3" 57'E

Oct 1999 45o26'N 12"19'E

Tro

Ber

Tva

ob

Ga

FrF

Tex

Do

sb

Plv

LT

Per

Ven

Date endysis

Sequences were aligned in CLUSTALW version 1.7 (Thompson a al, 1994). Genetic diversity,

measured as haplotlpe (h) and nucleotide (zl) divenrty (Nei, 1987) was computed in DNASP

version 3.51 @ozas & Rozas, 1999). Because vizual inspection of the sequeoces r€vealed a strongly

unequal distribution of mutation sites throughout the cytochrome b fragment, the program PVZZLE

(Strimmer & von Haeseler, 1996) was used for calculating the parameter o of the gamma

distribution. A neighbour-joining haplotype de,ndrograrn (Saitou & Nei, 1987) based on the

Tamura-Nei genetic distances was computed in the program MEGA (Kumar et al,20OI) The model

ofTamura & Nei (1993) takes into account unequal nucleotide frequencies and unequal mutation

rates within the fragment. Support for the nodes was assessed with bootstrapping (Felsenstein,

1985) (1000 replicates).

Pair-wise genetic distances between samples were computd in ARLEQUIN version 2.0

(Schneider et al,2Dtoro.-) according to the model of Tarnura-Nei (1993). Significance was assessed

with permutation t€sts (1fi)0 replicates). A sequential Bonferroni test was applied to corect
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significance levels for multiple testing (Rice, 1989). For assessing patterns of isolation-by-distance

a Mantel test (Mantel, 1967) on the geographic versus genetic distance was carried out in

GENETIX. In addition, a plot of geographic versus genetic distances was constructed in

STATISTICA version 6.0 (STATSOFT, 2001). The pair-wise genetic distances were used as basis

for a Multidimensional Scaling Analysis in the program STATISTICA for detecting indications of

group structure. Subsequently, samples were grouped and subjected to a hierarchical analysis of
variance (AMOVA) (Excoffrer et al, 1992) in the program ARLEQUIN for assessing whether any

significant geographic group structure could be detected.

For studying phylogeographic relationships we constructed a minimum spanning tree, which

minimises the connections between the haplotypes, in the program ARLEQUIN. This minimum

spanning network was used as basis for a nested design for performing a Nested Clade Analysis

(NCA). Nested Clade Analysis (Templeton et al, 7995) tests for geographical associations between

haplotypes and groups of haplotypes on different hierarchical levels and allows for distinguishing

between historical events and contemporary gene flow to explain the observed genetic structure.

Significance of the clade distances and the nested clade distances was calculated with permutation

tests as implemented in the program GEODIS (Posada et al, 2000) (1000 replicates) and interpreted

with the inference key according to Templeton (1998). The distance matrix was constructed based

on the shortest coastal distance between sites with the electronic atlas ENCARTA (Microsoft,

2001). The parameters of the distribution of pair-wise differences between haplotypes (mismatch

distribution) (resp. 06, 01 and t) (Rogers & Harpending, 1992) were also calculated in the program

ARLEQUIN. The parameter 1 : pT with p the mutation rate and T the time since expansion in

generations was used for estimating the time of expansion of the P. minutus haplotypes.

RESULTS

Genetic diversity analysis

Twenty-eight haplotypes were recorded among the 228 individuals screened at thirteen sampling

sites (Appendix2.2.l). Global haplotype and nucleotide diversity amounts to 0.627 and 0.0113

respectively. When the Venetian sample is excluded haplotype and nucleotide diversity amount to

0.593 and 0.0037 respectively. The lowest levels of haplotype and nucleotide diversity were
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recorded Oban (h : 0.054, n : 0.0002) while the highest values were found in the western

Meditenanean Sea (h:0.811, r = 0.0100). These two samples differcd an order of magnitude in

both haplotype and nucleotide divenity (Table 2.2.2). No indels were r€corded. Forty-four

segregating sites were recorded (Appendix 2.2.2), corresponding to l5% polymorphic sites. Thirty-

two of the segregating sircs were phylogenetically informative, while 12 mutational sites

represented singletons. The transition/ transversion ratio was l.6l and the pararneter q of the

gamma distribution was 0.23. Base frequencies were T = 0.198, C : 0.186, A : 0.324 and G :
0.291.

Table 2.2.2: Number of fish screened per sampling site (N), number of mtDNA haplotypes (n), nunber of uaique

haplotypes (nj, haplotype diversity (h) md nucleotide diversity (r) with standard deviation between pareir0reses and %

of occunenoe of the rnost comon haplofpe (MCII). For saryle codes see Table 2.2.1.

Smpllng rlte N MCH

Tro 17 3 0.228 (0.129) 0.0080 (0.0005) A(E8.24oO

20

ll
37

4

l)

24

26

20

20

2

22

l0

J

2

f

6

J

J

J

I

l0
l

0

I

I

0

2

J

0

0

2

0

8

)

Ber

Tva

ob

Ga

FrF

Tex

Do

sb

Plv

LT

Per

Ven

0.4r 6 (0.1 16)

0.473 (0.026)

0.0s4 (0.050)

0

0.77r (0.072)

0.659 (0.08s)

0.628 (0.065)

0.s32 (0.loo)

0.19s (0.0131)

0

0.E 14 (0.062)

0.E22(O.@7)

0.0015 (0.m0t A(75.wo)

0.001E(0.0007) A(72.73vo)

0.0002 (0.0002) A (97 .2Evo)

0 A (100.00olo)

0.m43 (0.m0o F (40.00p/o)

0.0037 (0.m09) F (54.r6Uo1

0.0031 (0.fln4) F (53.8solo)

0.0024 (0.000s) F (65.00010)

o.oo24 (0.001s) A ($.00/o)

0 A(loo.007o)

o.ol00(0.0011) A(36.36%)

0.0096(0.0016) N(40.00/0)

Haplotype distribution

Haplotype A is the most widespread, being present in appreciable frequencies in all samples, with

the exception of the Venetian sample, where it is absent (Table 2.2.2). The sarnple from P6rols is

the most diverse, with t€n haplotypes r€corded amorg 22 individuals. Eight haplotypes ar€ lmique
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to this sample and only two are shared with the Atlantic samples (resp. A and K). A11 Venetian

haplotypes are exclusive: none occurred in other samples of Pomatoschistus minufus and vice versa.

Haplotypes F and G occur commonly in the four samples of P. minutus collected in the southem

North Sea (Doel, Stroombank, Texel, Frisian Front), but were not recorded in the samples north of

the Frisian Front or south of the Belgian coast (Appendix 2.2.1). Only one haplotype was found in

the samples from the Gulf of Biscay and Galway, but from these sites only 2 respectively 4

individuals were available. The least diverse samples containing a substantial number of individuals

were Oban and Plymouth, where haplotype A occurred in at least 90% of the fish screened (Table

2.2.2\.

The haplotype dendrogram clearly reveals (1) the complete isolation of the Venetian

haplotypes, (2) the westem Mediterranean as a separate cluster from the Atlantic P. minutus, (3) a

shallow phylogeographic structure within the Atlantic basin and (4) a higher level of divergence

between the westem Mediterranean haplotypes than between Atlantic haplotypes. Bootstrap values

between the Atlantic haplotypes were very low, and usually lower than 30%o (not shown).

Furthermore, the dendrogram suggests that the Venetian lineage is even older than the split between

P. minulus and P. lozanoi (Fig. 2.2.2). Pair-wise genetic distances (not shown) between sequences

varied between 0.007 to 0.018 for the Atlantic P. minutus haplotypes, while genetic distance

between P. lozanoi and, P. minutus ranged from 0.087 to 0.095. The genetic distance between the

Adriatic P. minutus and the others was slightly higher, ranging from 0. 104 to 0. 1 17.
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Mediterraneot &a
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Figure 2.2.2. Ponntoschist rs drrdrrs: Neighbour-joining helotyp€ d€n&ogram based on Tamura-Noi genetic

distancos. Only booctrap values higbet tlnn 75% are prosented.

Gcrufrc direnitl ond lotiladc

A linear regression ofboth haplotype and nucleotide diversity versus latitude yielded a significantly

negative correlation (resp. R2: 0.39, P:0.040 and R2 :0.69, P:0.001) @ig. 2.2.3). The samples

from Galway and La Tremblade were not taken into account for the regression analysis due to the

low number of individuals screened. Outlien in the regression are the British samples (Oban and
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Plymouth), showing a very low level of haplotype diversity. This is due to the atnost exclusive

occurence of haplotype A, occurring in more than 90% of the sarryles screened (Table2.2.2).

0,900

0,700

? 0.600
eo
€ o.5oo

i' 0,400

f o,soo

0.200

0.1 00

0,000 L
12 5a

Latitud6

Figure 2.2.3. Pomaloschistus nirfltrrs.' Regression of the haplotype diversity plotted against latitude. The dashed line

represents the 95% confidence interval. R2:0.39, P: 0.040.

Population dilferentiation of Pomatoschistus minatus throtghout its distributional range

The values of the pair-wise genetic distances are presented in Table 2.2.3 and a sample of
Pomatoschistus lozanoi is added for comparison. The samples from Galway and La Tremblade

were not included because of the low sarnple size (respectively only four and two fish screored). It

is clear that the largest values ofpair-wise distances are found between the Venetian sample and all

the others. Table 2.2.3 shows furthermore that this differentiation is comparable to the genetic

distance between Pomatoschistus minutus and the sample of P. lozanoi. The sample from P€rols

(Gulf of Lions, western Mediterranean Sea) is also significantly differentiated from the Atlantic P.

minutus. Pair-wise genetic distances within the northeastern Atlantic Ocean and the Baltic Sea were

generally not significant.
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Table 2.2.3: Pair-wise genaic distance Cfamra-llei, 1993) for all sanples of Pornatoschisrus nimrtus. Valucs indicatod

with an i or r. ar€ sigtific$t at the 0.05 and 0.01 level rcspectively affor soquential Bonfcrrsni oonectio. A

popnlationofP. loznoi(Pi)isffiforacoryarison.ForsarylesbbrcvistiooseecTable 2.2.1.

Tru Ecr ob TYr FrF nt
Tro

Bcr

ob

Ive
F}F

TGr

Do

sb

Plv

Per

Vcn

PL

0.000

0.021 0.000

0.027 0.161.. 0.fi)0

0.063 0.101 0.176

0.273 0.279 0.423

0.071 0.1(b 0.133

0.337 0.341.. 0.455

0.471 0.451.. 0.614

0.008 0.062 0.ff4

0.234.1 0252rr 0.342*.

0.965*. 0.964.. 0.982t.

0.984.. 0.979.. 0.993..

0.000

0.208 0.m0

0.039 0.(D8

0.301 -0.039

0.415 0.019

0.0(}2 0.189

0.185 0.267..

0.953rr 0.948t.

0.976.. 0.960fl

0.000

0.07E 0.m0

0.135 {.007

0.026 0.257

0.243.t 0.338..

0.95611 0.960r.

0.96311 0.969..

0.000

0.345 0.000

0353.1 0.229..

0.962.. 0.960r.

0.974r' 0.973rr

0.m0

0.920.. 0.m0

0.920.1 0.934rr 0.m0

Becanse of the large differe, rtiation between the P. mirnttus from the north€tn Adriatic Sea and the

other samples (Fig.2.2.l,Table2.2.3), the Venetian sand gobies were left out for further population

genetic and phylogeographic analysis for avoiding distortion ofthe results.

Isolalbrbyiistance

A Mantel test for all samples (except for Galway and La Tremblade) showed a sipificant

correlation between geographic and ge,netic distances (r:0.76, P = 0.0062), but when the Velretian

sample was excluded no significant effect was observed anymore (r : 0.02, P :0.249). Yet, a clear

patt€m of isolation-bydistance is observed when geographic distance is plotted against genetic

distance. (Fig.2.2.q.
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Figre 2.2.4 Pomatoschistus minutus: Plot of log-transformed geographical distances against genetic distances for all

samples. The Venetian sample is excluded.

Genetic structure of the sand goby within the Atlantic and western Mediterranean basins

A Multidimensional Scaling Analysis was performed on all samples except for Venice for assessing

whether any indication for grouping structure could be found. Figure 2.2.5 shows that the samples

from the southern Nodh Sea (dominated by haplotype F) are clustering together, while the samples

from Norway, Scotland and the English Channel (haplotype A-dominated) form also a distinct

group, indicating at least some degree ofgeographic structuring within the Atlantic sand gobies. In

order to ascertain if the structure was sigrificant, we carried out an AMOVA analysis on the

Atlantic samples. Samples were divided into two groups: l) the southem North Sea @oel,

Stroombank, Frisian Front and Texel) and 2) all the others (Baltic, Sea, Oban, Bergen and

Trondheim). The AMOVA showed that most variation was found within populations (68 %), while

27 Yo was due to variation between the two geographic groups (southern North Sea - others). Four

percent was explained by variation among samples. All values were highly signifrcant. (Table2.2.4)
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ancestral haplotypes and new variants (Posada & Crandall, 2001). The minimum spanning tree (Fig.

2.2.6) shows that the haplotypes of Pomatoschistus minutus are grouped in two geographically

distinct clusters: Clade III-I comprising the unique westem Mediterranean haplotypes and Clade

III-2, which contains the Atlantic haplotypes. Clade III-I and III-2 are connected through haplotype

K, which is present in both basins. The topology of the clusters is clearly different: the Atlantic

clade shows a star-like pattern with one central and common haplotype A and a number of rare

variants radiating, which are generally separated by only one mutational step from haplotype A. The

Mediterranean cluster reveals more differences between the various haplotypes and no clear star-

like pattern is observed. Permutation analysis of clade distances versus nested clade distances

revealed that the null hypothesis ofno geographical association ofhaplotypes could be rejected at

several levels in the nested clade analysis. In the lowest level (l-step) clade containing haplofype A

(clade l-11), restricted gene flow and isolation-by-distance was suggested. At the 2-step level a

contiguous range expansion was suggested for clade 2-5 (containing haplotype F), which is the

dominating haplotype in the Southem Bight. Restricted gene flow and isolation by distance was

suggested for Clade 24. Dte to the uncertain tip/interior status of clades III-I and III-2, no analysis

ofthe total cladogram could be performed.
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Figtre 2.2.6. Pomatoschistus minutus: nestad design following Tenpleton et al (1992). Black ovals represent missing

haplotyp€s. Each branch represents one mutational step and branch lenglh is not proportional to the distance b€tw€en

the haplotypes.

Table 2.2.5. Pomatoschistus mmutus: Phylogeographical inferences from the Nested Clade Analysis (Templeton, 1998).

Only clades where the null hypothesis could be rejected are represented. For the nested design, see Fig. 2.2.6.

Clade dominating haplotype /

geographical distribution

lnference

1-11

24

2-5

AJ all sites

I(/ western Mediteranean Sea, Atlantic Ocean

F/ Southem Bight

Restricted gane flow and isolation-by-distance

Restricted gene flow aad isolation-by-distance

Contiguous range expansion
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Mismatch distribation

As the star-like phylogany of the Atlantic clade pointed to a population expansion, the mismatch

distribution was calculated for assessing the time ofexpansion ofthe Atlantic haplotypes. Tests of

the goodness-of-fit revealed that the model ofa sudden population expansion could not be rejected

(P: 0.000). The values of the parameters r, @s and @r were 0.731, 0.088 and 1669 respectively.

Tajima's D-statistic amounted to - 1.83 and was significantly negative (P : 0.019), further

supporting the model of a sudden expansion. Assuming a mutation rate of 2%o pa Ma, this

corresponds to time ofexpansion of 130 ka BP.

DISCUSSION

The results point to (1) the complete isolation ofthe northern Adriatic sand gobies, (2) a significant

differentiation between sand gobies of the western Mediterranean and the Atlantic Ocean and (3)

limited genetic differentiation between sand gobies within the Atlantic and Baltic basins with a

weak pattern ofisolation-by-distance, but a distinction in two groups.

The Mediterranean Sea

Three striking patterns are recorded for Pomatoschistus minutus in the Mediterranean basin: (l) the

complete isolation of the northem Adriatic P. minutus, (2) the high level of endemism of the

Mediterranean haplotypes, and (3) the presence of the Atlantic haplotype A in an appreciable

frequency.

A cryptic species ofthe sand goby in the northern Adriatic Sea

Analysis based on the cytochrome b results strongly supports the findings in Paper I: the genetic

distance as observed with allozymes and sequences is similar to the distance between P. minutus

and Pomatoschistus lozanoi. When recalculating our distances using the K2P model we obtained

values ranging from 0.092 to 0.113 for the difference between P. minutus and, P. lozanoi, and a
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distance ftom0.122 to 0.147 between Adriatic and other P. minutus. This falls within the range

reported for interspecific differences by Johns & Avise (1998). Clearly, the Adriatic population

must have been subject to a long-lasting isolation. This contrasts with the suggestion ofStefanni &

Thorley (2003), who date the split between the Adriatic and other Mediterranean sand gobies

between 5 and l0 ka BP based on D-loop sequences. They suggest that sand gobies in the

Mediterranean Sea migrated northwards upon rising temperatures after the last glacial period and

became trapped in the cul-de-sac of the Adriatic Sea. The present isolation of the northem Adriatic

P. minutus would be maintained by a temperature barrier in the southem Adriatic, where summer

sea surface temperature may be as high as 2loC. However, an altemative hypothesis may be linked

to the hydrology of the Adriatic basin with a large gyre in the south, which partially isolates the

northern Adriatic Sea from the Mediterranean Sea (Artegiani et al,1993). This has been proposed

as an isolating mechanism for the European anchovy (Magoulas et aL,7996).

Sequence analysis of 12S and 165 (Huyse, 2000) confirms the genuine reproductive

isolation of the Venetian P. minutus. An extensive morphometric study did not reveal suffrcient

differentiation for discriminating between the Venetian and other P. minutus on morphological

grounds (Stefanni, 2000a). However, lack of congruence between results from morphological and

genetic markers is often observed (Chow & Kishino, 1995; Turan et al, 1998). Fish are subject to

phenotypic plasticity, suggesting that morphological criteria might not be appropriate for

delineating species' boundaries. Morphologically similar populations often turn out to be

genetically distinct, representing cryptic species (Gilles et a\,2000, Bucciarelli et al, 2002). Htyse

(2000) suggest a more ancient split of the Adriatic Pomatoschistus minutus population than the

speciation event within the P. minutus complex. This is also supported by our haplotype

dendrogram. Allozyme results show a different picture, and suggest that the split bet'ween P.

minutus and P. lozanoi is oldest. However, the resolution of allozymes for timing speciation events

is limited (Avise, 1994). Assuming a molecular clock between 1% (slow) and2%o (fast) per 106

years (Ma) for the cytochrome b, this would mean that the Venetian sand gobies, which differ

9.l9oh, from the other P. minutus, must have been isolated between 4.5 and 9 Ma BP. It has been

suggested that the Messinian salinity crisis (HslJr et al, 1977), which occurred between 5.96 and 5.33

Ma BP, played a major role in the speciation of Meditenanean gobies (Miller, 1990). During this

period, the Mediterranean basin was completely isolated from the Atlantic Ocean and desiccated,

resulting in the formation of a series of hypo- and hypersaline lakes, and the extinction of most of

the existing marine fauna. P. minutus is adapted to brackish-water conditions and hence might have
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been able to survive in river systems in the northern Adriatic basin. However, this time frame

conflicts with the view of Huyse (2000), who suggests a more recent origin of the Adriatic P.

minutus, of about 1.73 -1.13 Ma BP, based on the l2S and 165 mitochondrial sequences. In this

interpretation sea-level changes during glaciations might have caused isolation ofthe Adriatic basin

and induced allopatric speciation of a relict population of proto-P. minutus. The small fragment of

the cytochrome b (283 bp), which may have been hypervariable and has a limited resolution for

addressing phylogenetic issues, might have biased our estimation. Penzo et al (1998) found no

concordance between the timing of speciation of Mediterranean freshwater gobies and the

Messinian salinity crisis either. In order to correlate these events an (unlikely) almost fivefold faster

rate of evolution for the goby mtDNA compared to other hsh species had to be invoked.

Nevertheless, the estimates of allozymes, cytochrome b, l2S and 165 show that the split between

the Adriatic and the other sand gobies has probably a much older origin than the 5 to l0 ka

suggested by Stefanni & Thorley (2003). Screening of additional loci or a larger fragment would

probably shed more light on the evolutionary history and speciation processes within the

Mediterranean sand gobies

The westem Mediterranean Sea

The origin of the Atlanto-Mediterranean gobies lies within the Mediterranean basin, where the

oldest known fossil goby remains were found (Simonovic, 1999). It is thought that ancestors ofthe

present goby fauna migrated into the Atlantic Ocean and evolved in allopatry during the Messinian

salinity crisis. After reflooding of the Mediterranean basin at 5.3 Ma BP they re-invaded the

Mediterranean basin through the Strait of Gibraltar. Huyse (2000) suggests an Atlantic origin for

the three species of the P. minutus complex (Webb, 1980), which consists of Pomatoschistus

minutus, P. lozanoi (de Buen, 1923) and P. norvegicas (Collett, 1902) triggered by the Pleistocene

glacials and interglacials. However, this implies two independent and almost simultaneous

speciation events at two geographically separate areas from the same proto-P. minutus ancestor: one

in the Adriatic Sea and one in the northeastem Atlantic Ocean. An alternative, more parsimonious

hypothesis would be that speciation within the P. minutus complex took place in the Mediterranean

Sea. A population of proto-P. minutus might have become isolated in the Adriatic Sea while another

population of this ancestor might have given rise to the three species of the P. minutus complex

elsewhere in the Mediterranean Sea. This may have been during the Messinian or Pleistocene sea-
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level drops, when populations of various basins got isolated. When the connection with the Atlantic

Ocean was re-established, populations of the three P. minutus - complex species may have

dispened into the Atlantic Ocean. Although P. lozanoi has never been recorded from the

Mediterranean Sea, this species has long been considered a subspecies of P. minutus and thus its

presence may have been overlooked elsewhere (Hamerlynck, I 990). Alternatively, the stenotopic P.

lozanoi might have died out in the Mediteranean Sea because of unfavourable ecological

conditions. P. norvegicus on the contrary, has been recorded at several locations in the

Mediterranean Sea (Stefanni, 2000b and references herein).

Support for this hypothesis is provided by the haplotype distribution and diversity of the

sand goby. The Minimum Spanning Tree shows the endemic Mediterranean haplotypes as a

separate cluster. A genetic architecture characterised by a high nucleotide and haplotype diversity

may be attributed to secondary contact of different mitochondrial lineages, which evolved in

allopatry (Bowen & Grant, 1 998). Magoul as et al (1996) suggested such a scenario is for explaining

the haplotype distribution ofthe European anchovy.

Hence, we propose that the most common haplotype A and its descendants originated more

recently in the Atlantic from a Mediterranean ancestor, invaded the Mediterranean Sea and came

into secondary contact with the resident P. minutus. Alvarado-Bremer et al (1995) found a similar

pattem of differentiation between Atlantic and Mediterranean populations of the swordflsh Xipfrias

gladius, suggesting both historical separation and ongoing gene flow.

Contemporary geneflow between Atlantic and Mediterranean sand gobies

Because of the physical oceanography at the Atlanto-Mediterranean boundary $rijgsman, 2002),

any gene flow at present is likely to be unidirectional from the Atlantic into the Mediterranean. The

pattern of isolation-by-distance for haplotype A at the l-step level in the NCA suggests at least

some ongoing gene flow across the Almeria-Oran front. Yet, a sigrrificant degree of differentiation

between Atlantic and westem Mediterranean Pomatoschistus minutus is observed. These findings

contrast with other studies on the sand goby, where limited or no differentiation between western

Mediterranean and North Sea samples of P. minutus was found (Stefanni 2000a; Huyse 2000).

Stefanni (2000a) employed allozymes, as is the case in Paper I, which in general have a lower

resolution than the mtDNA for detecting population structure. Huyse (2000) did not record any

differentiation between gobies from the westem Mediterranean Sea and the Belgian coast.
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However, this study was based on the l2S and 165 loci, and thus might have failed to detect recent

population divergence because ofthe choice ofa rather conservative marker.

Phylogeographic patterns ofthe sand goby in the northeastern Atlantic Ocean

The mismatch analysis, the negative value of Tajima's D-statistic and the star-like pattem in the

minimum spanning tree point to a population expansion of Pomatoschistus minutus in the Atlantic

Ocean. The value for r suggests that this would have happened about 130 ka BP. This coincides

with the onset of the Eemian, the interglacial before the last glaciation event, which lasted about 20

ka (Lowe & Walker, 1997). P. minutus must have experienced a similar range expansion into

northem areas as well, before it was pushed back again by the last glacial event, the Weichselian

(l l0-10 ka BP).

Loss of genetic variation at higher latitudes is common in populations inhabiting formerly

glaciated areas, and is usually attributed to founder events during range expansion following

deglaciation (Hewitt, 2000). According to this hypothesis the low level of diversity in the British

samples (Plymouth, Galway and Oban) is probably best explained by a founder event during

postglacial range expansion by a small and/or genetically homogeneous population of P. minutus

dominated by haplotype A, as suggested by the 2-step level in the NCA. Alternatively, selection on

mtDNA haplotypes (Mishmar et al, 2003\ or lineage sorting (Gabrielsen et a|,2002) may yield a

similar pattern. A similar loss of variation in British compared to continental populations has been

reported for the related common goby, Pomatoschistus microps (Paper III).

While haplotype A is common in the Pomatoschistus minutus from the southern North Sea

as well, these samples are dominated by haplotype F. Considering that haplotype F seems to be

unique to this area, a glacial refugium for P. minutus north of the English Channel may explain this

distribution. This is supported by the NCA, suggesting a contiguous range expansion of this clade in

the southern North Sea. Verspoor et al (1999) proposed a refugium for salmon in the southern

North Sea. Garcia-Marin et al (1999) suggested a glacial refugium for brown trout in the drainage

systems of the major rivers which flowed through the English Channel during periods of lowered

sea level (Gibbard, 1988). P. minutus is adapted to the estuarine environment and thus isolated

populations may have survived in brackish water. In this view, the Southem Bight would constitute
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a zone of secondary contact between (l) haplotype A and its descendants, expanding northward

from a southern refugium, and (2) a reside,nt population dominated by haplotype F.

The Baltic Sea

Studies on salmon and trout revealed phylogenetically different lineages within the Baltic Sea,

suggesting distinct postglacial recolonisation events from the adjacent North Sea as well as from

refugia in glacial lakes east of the Baltic Sea (Osinov & Bematchez, 1996; Koljonen et al, 1999).

Although the sample of Pomatoschistus minutus was collected in the eastern Baltic Sea, the

dominating haplotype was the most common Atlantic haplotype (A), suggesting an invasion from

the North Sea by haploffi A via a contiguous range expansion. The low degree of haplotype

diversity compared with the North Sea samples might be attributed to founder events similar to the

samples from the British Isles. No significant differentiation from the Atlantic P. minutus is

recorded. A similar lack of differentiation between Baltic and Atlantic populations was recorded for

flounder @orsa et al, 1997a). However, water exchange with the North Sea is severely restricted.

As such, it is not unlikely to assume limited gene flow between Baltic and North Sea in species

depending on a planktonic larval stage for dispersal. Considering the fact that invasion ofthe Baltic

Sea by P. minutus is less than 8,000 years old, populations might still not be at equilibrium.

Alternatively, the resolution of mtDNA might not be sufficient for detecting processes of ongoing

and recent population divergence. For example, microsatellite analysis showed clear genetic

differences between Atlantic and Baltic cod (Nielsen et al,200l) and a hybrid zone in between

(Nielsen et a1,2003). Microsatellite screening of sand goby populations in the Southem Bight

yielded evidence for distinct breeding units on a small scale (Paper 5). Thus, for more final

conclusions regarding ongoing gene flow of P. minutus between the Atlantic Ocean and the Baltic

Sea, the use of more sensitive marker is warranted.

CONCLUSIONS

The genetic structure of the sand goby is best explained by a combination of recurrent and historic

factors. Due to its pelagic larval stage the species has a high potential for dispersal via oceanic

currents. This is reflected in the weak genetic differentiation and the pattern ofisolation-by-distance
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within the Atlantic and the Baltic basins. A glacial refugium for Pomatoschistus minutus it the

southem North Sea is proposed as the distribution of haplotypes in the area suggests a secondary

contact after a period of isolation. Alternatively, we cannot exclude the effect of lineage sorting.

The occurrence of the most common Atlantic haplotype in the western Mediterranean Sea in an

appreciable frequency indicates ongoing gene flow across the Almeria-Oran front. Yet, a high

proportion of unique haplotypes is found in the population from the western Mediterranean Sea.

This points to an historical isolation followed by secondary contact between sand gobies invading

the Mediterranean Sea from the Atlantic Ocean and resident P. minutus.

The large genetic distance between the Venetian P. minutus and all the others supports the

hypothesis ofallopatric speciation in the northem Adriatic Sea. This may be linked to isolation of

the Adriatic basin during the Pleistocene or the Pliocene. Regarding the timing of this speciation

event, results for the various genetic markers conflict. The screening ofadditional genes would be

warranted for more final conclusions regarding speciation processes ofMediterranean sand gobies.
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ABSTRACT

The phylogeographic patterns of a small marine fish, the common goby, Pomatoschistus microps

(Kmyer 1838), were assessed along the northeastern Atlantic coasts. A combination of two genetic

markers was employed: cellulose acetate allozyme electrophoresis (CACE) and sequence analysis

of a 289 bp fragment of the mitochondrial locus cytochrome b. Twelve coastal sites were sampled,

ranglng from central Norway and the British Isles to Portugal and the Westem Meditenanean Sea.
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Both markers were congruent in revealing sienificant differences between most populations and a

pattem of isolation-by-distance along the European coasts. Phylogeographic analyses yielded a

shallow branching structure with four groups; three were confined to the Atlantic basin and showed

a starlike pattern, which may be due to either a relatively recent (postglacial) population expansion

after a bottleneck or a founder event. The fourth group contained a central haplotype occurring at

the edges of the species' distribution (resp. the Norwegian and Mediterranean Sea) accompanied by

a few rarer variants, which were restricted to the Mediterranean Sea. A genetic break was observed

around the British Isles, with distinct haplotypes dominating at either side of the English Channel.

Gene flow analysis suggested that recolonisation of the North Sea and the coasts of western

Scotland and Ireland may have taken place from a glacial refugium the Southern Bight of the North

Sea. Alternatively, the present distribution of the haplotypes, which corresponds to a

Lusitanian/Boreal distribution, may be influenced by temperature-dependent selection. A

sigrrificantly negative correlation between the degree ofgenetic diversity and latitude was recorded

both for mtDNA and allozymes in the Atlantic basin. Historical factors such as founder effects

during recolonisation of formerly glaciated areas are probably responsible for the loss of genetic

variation at higher latitudes in the northeastern Atlantic Ocean

INTRODUCTION

While allozyme-based surveys allow for drawing conclusions about the degree of intra- and

interspecific genetic differentiation, the interpretation of how and when this differentiation arose is

necessarily limited due to the low historical resolution of these markers. This has changed with the

application of mitochondrial DNA analysis (Avise er al, 1987), which is particularly well suited for

addressing historical issues because of its maternal inheritance, lack of recombination and faster

rate of evolution :rs compared to the coding nuclear DNA. Thus, there has been an exponential

increase of phylogeographic studies based on mtDNA analysis recent years (Avise, 2000 and

references herein). However, most studies so far have focused on terrestrial and freshwater species.

(e.g. Merila et al, 1997; Clausing et al,2O00; Hewitt, 2000; Volckaert et aI,2002). This is not

surprising, as the generally high degree of genetic structuring in these groups makes it relatively

straightforward to correlate pattems of genetic divergence with past paleoclimatological and

vicariance events. For example, the Pleistocene glaciations have left a distinct genetic imprint on
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the structure of many freshwater and terrestrial species, which can be interpreted as a postglacial

range expansion from one or multiple ice-free refugia in the south (Bernatchez & Wilson, 1998;

Taberlet et al, 1998; Hewitt, 2000). A rich literature on phylogeographic patterns of anadromous

fish such as salmon and brown trout is also available (e.g. Garci6-Main et al, 1999; Verspoor et a/,

I 999; Consuegra et al, 2002).

However, phylogeographic patterns in genuine marine species have been studied to a much

lesser degree. Compared to the formidable barriers for dispersal posed to terrestrial and freshwater

species, the marine environment is much more homogeneous. Hence, in general marine fish show a

low degree of genetic differentiation (see Ward et al, 1994, for a review). This makes it more

difficult to detect historical and ongoing processes ofpopulation divergence. A number of studies

have been dealing with oceanic species for resolving biogeographical issues (Palumbi, 1996;

Bowen & Grant, 1997; Lessios et al, 1999). Other studies have targeted reef fishes (Muss el a/,

2001; Planes & Fauvelot,2002; Rocha et al,2O02). While some phylogeographical pattems offish

and invertebrates along the Pacific American coast have been elucidated (Bernardi et al, 1993;

Stepien et al, 2001), the evolutionary history of the northeastern Atlantic marine fauna remains

poorly documented (but see Wilke & Davis, 2000; Wilke & Pfenniger, 2002). Exceptions are

commercially exploited fish species such as mackerel (Nesbo et al, 1999), sea bass (Garcia de Leon

et al, 1997), flounder (Borsa e/ al, 1997a) and cod (Nielsen et a|,2003). Yet, phylogeographic

pattems are less easily resolved in these species due to high levels of gene flow. Highly vagile fish

species often show no mtDNA heterogeneity on a scale of hundreds of kilometers, which

necessitates the use of highly variable markers. Due to their extremely high variability and mutation

rate, these markers are often less appropriate for inferring historical processes. Thus, for elucidating

phylogeographic patterns ofthe marine fauna along the European coasts we need to employ a model

organism showing lower levels of gene flow.

The common goby, Pomatoschistus microps, is one of the most abundant estuarine and

coastal fish species along the European coasts (Healey,1972). Its range ofdistribution extends

along the Atlantic coast from central Norway (Trondheimsforden), around the British and Irish

coasts to Morocco and the Baltic Sea (Miller, 1986). In the Mediterranean Sea its occurrence is

limited to lagoons and estuaries in the Gulf of Lions and in Corsica (Bouchereau & Guelorget,

1997). Adults are considered poor swimmers because the pelvic fins are fused in a suction disc

(Miller, 1986), suggesting that any large-scale dispersal is likely to depend on the pelagic larval

stage, which lasts between six and nine weeks (Jones & Miller, 1966). Mediterranean P. microps
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complete their entire life cycle including reproduction in estuaries and lagoons (Bouchereau &

Guelorget, 1997), while Atlantic cornmon gobies perform spawning and thermal migrations (Jones

& Miller, 1966). Adult P. microps are rarely encountered offshore and their habitat is limited to

very shallow tidal pools and estuaries. Thus, despite its pelagic larval phase, P. microps is probably

limited in its dispersal due to ecological constraints, and might reveal a clear phylogeographic

structure. Hence, in this study we use the common goby as a model for gaining a better knowledge

of the evolutionary paftems of marine fish along the European coasts. More specifically we aim to

test the following hypotheses:

(l) The Pleistocene glaciations did not only influence freshwater and terrestrial organisms,

marine species have also been heavily affected. Ice-covered areas to the north were unsuitable

habitats, forcing a southward migration. Thus, in the northeastem Atlantic Ocean we expect the

genetic imprint of a postglacial northward range expansion from a southern source population,

probably along the Iberian peninsula. We predict a loss of genetic diversity in P. microps

populations at higher latitudes (Hewitt, 1996). However, the effect of natural selection might also be

responsible for the loss of genetic variation commonly observed at higher latitudes (Mishmar et a/,

2003). Hence, we employ a combination of two independent markers, allozyme electrophoresis and

sequence analysis of the mtDNA.

(2) Glacial refugia along the margins of the ice sheets in the English Channel or in the

southem North Sea have been proposed for anadromous salmonids (Garcia-Marin et al, 1999;

Verspoor et al, 1999). The euryhaline P. microps is capable of surviving in brackish water. Thus, if
a glacial refugium existed in the area" it is not unlikely that an isolated population of P. microps

managed to survive in the area as well. Analysis of (a) the geographic distribution of the various

haplotypes (Templeton et al, 1992) and (b) past gene flow events (Beerli & Felsenstein, 200 I ) may

shed more light on the existence and location of these putative refugia.

(3) During seaJevel drops the connection between the Atlantic Ocean and the

Mediterranean Sea was either severed or severely restricted, leading to the longJasting isolation of

populations, which evolved in allopatry. Moreover, considering the differences in migratory

behaviour between Atlantic and Mediterranean P. microps, we hypothesise that recurrent genetic

exchange between them must be limited. Thus, Mediterranean populations of the common goby

have probably been evolving in allopatry for a long time and will most likely show a significant

differentiation from their Atlantic conspecifics.
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MATERIALS AND METHODS

Samples were taken by fishing with a hand net in tidal pools at low tide with the exception of the

samples from the Schelde estuary (Doel), which were taken at the cooling water intake of the

nuclear power plant. Sampling sites with number of fish screened for allozyme electrophoresis and

mtDNA are listed in Table 3.1. Fish were frozen in dry ice or liquid nitrogen immediately after

capture and stored in a -80'C freezer until analysis.

Table 3.1. Sanpling sitos of Pomatoschistus. microps alongthe European coasts including the numbers offish screened

with allozyme elechophoresis (AE) and SSCP analysis of mtDNA respectively.

Sampling site Letitude Longitude Code Period AE mfl)NA

Trondheim (Norwegian Sea, Norway) 63'24' N 10'24E Tro Jrme 2000 50 26

Oban (Irish Sea, UK) 56'24'N

Galway (northeastern Atlantic Ocean, Ireland) 53' 16' N

Texel (Wadden Sea, The Netherlands) 53'00'N
Dale (Celtic Sea, UK) . 51" 42'N

Doel (southem North Seq Belgium) 5l'19'N
Bray-Dunes (southem North Sea, France) 51" 04'N

Plymouth (English Channel, UK) 50'22'N
LaTremblade(GulfofBiscay,France) 45'46'N
PCrols (Gulfoflions, France) 43" 34'N

Vacca€s Lagoon (Gulfoflions, France) 43'33'N
Faro (northeastem Adantic Ocean, Portugal) 37' 04' N

5'28'W Ob Aug. 1999 40 14

9'03'W Ga Aug. 1999 54 27

4" 46'E Tex Nov.200l 61 25

5" 10'W Da May 1997 - 22

4' 16'E Do March 1998 57 16

2" 3l'E Bdu Sept.2001 - 26

4'09'W Ply Nov. 1996 - 14

1'08'W LT Oct.2000 53 32

3" 57'E Per Jan. 1999 53 20

4" 31'E Vac Aug.2000 - 20

7'55'W Fa Dec. 1998 56 29

A llo4ne electrop hore s is

A total of 364 individuals of Pomatoschistus microps from eight sampling sites was genotyped with

cellulose acetate allozyme electrophoresis (Richardson et al, 1986) (CAGE) at thirteen putative

allozyme loci (Table 3.2). Tris-maleate (pH:7.8) and Tris -glycine (pH: 8.8) buffer systems were

used as described by Hebert & Beaton (1989). Loci were stained according to recipes described by

Hebert & Beaton (1989) and Richardson et al (1986). The slowest migrating locus was designated I

or A according to the nomenclature of Shaklee et al (1990\. The most common allele was called
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'100' and other alleles were classified according to their mobility relative to allele 100 for the locus

under study.

Table 3.2. Enz],mes and their Enzyme Commission (E.C.) numbers and tissue employed. M: skeletal muscle; E = eye.

Enzyme Locus (tissue)

Adenylate Kinase kinase (AK) lEC2.7.4.31

Aspartate arninotmsferase (sAAT) IEC 2.6' l. I ]

Creatine Kinase kinase (CK) IEC 2.7.3.2)

Fumarate hydratase (FH) [EC 4.2.1 .2]

Glucose-6-phosphate isomerase (GPI) [EC 5.3.1.9]

L-Lactate dehydrogenase (LDII) IEC 1.1.1.271

Malate dehydrogenase (MDH) IEC 1.1.1.37]

Phosphoglucomutas€ (PGM) [EC 5.4.2.2]

lK* (M)

AATI (M)

cK-4. (M)

FHr (M)

GPr_Al (M,E), GPI_Bi (M,E)

tr11-1t gay LDH-g| 11111, tDH-Ct (E)

*o-1tM, MDH-B'(W

PGM_tr (w, PGM_2i (w

Sequence and SSCP analysis of mtDNA

A total of 270 Pomatoschistus microps were screened from twelve sites for a 289 bp fragment from

the mtDNA (Table 3.1). A fin clip was taken from each fish specimen and stored in 100% ethanol.

DNA extraction was carried out with the DNEasy tissue kit (Qiagen Intemational). Specific primers

(Kocher et al, 1989) yielded a 300 bp fragment of the mitochondrial cytochrome b locus. PCR

conditions were as follows: denaturation at95"C for 3 min, annealing at 56oC for 45 s, elongation at

72oC for 45 s with a total of 35 cycli and a final elongation at 72" c for 7 min. The Mgcl2

concentration was 2 mM. Visible bands were cut out under UV, purified with the 'GFX PCR DNA

and Gel Band Purification' kit (Amersham Biosciances, Little Chalfont, UK), eluted in 25 pl mQ

distilled water and cloned into the PUC-57 vector. A second PCR was carried out on the PCR

products and both strands were sequenced with standard Ml3 primen using the 'SequiTherm

Excell II' kit (Epicentres Technologies, Madison, OH, USA). The reaction yielded a 289 bp

fragmant that was analysed on a LICOR 4200 automated sequencer (LI-COR GeneReadlR DNA

system) with the AlignIR software (LI-COR). A search in BLAST confirmed that the right fragment

had been amplified. Based on the sequences thus obtained from four different specimens of P.
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microps specific internal primers were designed for screening populations using Single Stranded

Conformational Polymorphism (SSCP) analysis (Oita et al, 1989). Primer sequences for the SSCP

are: Pmic-clbF 5'- ATT- TTG- GCT- CCT- TAC- TAG- cC- 3' and Pmic-cybR 5'- TCA- ccc-
AAG-AAC- GTA- GCC-3'. Conditions for the PCR were: denaturation at 97o C for 3 min,

denaturation at 95" C for 45 s, annealing at 54" C for 45 s, elongation at 72" C for 45 s and final

elongation at 72o C for 7 min with a total of 35 cycli at a concentration of 2 mM MgCl2. Pre-made

gels were employed (DNA analysis kit of Amersham Biosciences, cat. n' I 7- I 198-07). In the SSCP

analysis each individual was run several times under identical conditions. A few individuals from

each mobility group (depending on the SSCP mobility class frequency) were randomly chosen and

their nucleotide sequence was determined on an automated DNA sequencer (LICOR 4200,

Westburg). The SSCP was carried out at a temperature of 4o C with a run time of 2 h. at 600 V.

Bands were visualised employing the DNA silver staining kit of Amersham Biosciences (cat. no.

17-6000-30). The various haplotypes, which were visualised by the SSCP were subsequently

sequenced. PCR conditions for the sequencing reactions were denaturation at 95o C for 3 min,

denaturation at 95" C for 30 s, annealing at 54" C for 15 s, elongation at 70" C for I min with a total

of 35 cycli, final elongation at70" C for 7 min with a MgCl2 concentration of 2 mM.

Data analysis

Genetic diversity was measured as the level of polymorphism, observed and expected

heterozygosity and haplotype diversity. Allele frequencies and the observed and unbiased expected

heterozygosity were calculated in GENETIX version 4.02 (Belkhir et al, 2O0l). Linkage

disequilibrium and Hardy-Weinberg equilibrium were tested for significance in GENEPOP version

3.1 (Raynond & Rousset, 1995). Wright's single-locus F-statistics (Wright, 1951) were calculated

from allele frequencies of all loci examined for each population according to Weir and Cockerham

(1984) in GENETIX. Standard deviations of single-locus Fs1 values were obtained by jacknifrng

over all populations according to Weir (1990) and the significance of the multilocus F51 was

assessed with permutation tests (1000 replicates).

Sequences were aligned in CLUSTALW version 1.7 (Thompson et al, 1994'). Genetic

diversity, measured as haplotype diversity (h) and nucleotide diversity (n) (Nei, 1987) was

computed in DNASP version 3.51 (Rozas & Rozas, 1999). A linear regression between log (x+l)

transformed data on the heterozygosity, resp. haplotype diversity against latitude was computed in
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STATISTICA version 6.0 (Statsoft 2001). Because visual inspection ofthe sequences revealed a

strongly unequal distribution of mutation sites throughout the cytochrome b fragment, the program

PUZZLE (Strimmer & von Haeseler 1999) was used for calculating the parameter o of the gamma

distribution. Pair-wise genetic distances were computed in ARLEQUIN version 2.0 (Schneider el

al, 2000) according to the model of Tamura-Nei (1993), which takes into account unequal

nucleotide frequencies and unequal mutation rates within the fragment. Significance was assessed

with permutation tests (1000 replicates). A sequential Bonferroni test was applied to conect

significance levels for multiple testing (fuce, 1989). The distribution of pair-wise differences

between haplotypes (mismatch distribution) (Rogers & Harpending, 1992) with its parameters t, 06

and 0r and Tajima's D-statistic (Tajima, 1989a) were also computed in the program ARLEQLIIN

and tested for significance with permutation tests (1000 replicates). For assessing whether any

indications for group structure could be observed, we performed a Multidimenisonal Scaling

Analysis (MDS) on the pair-wise Tamura-Nei genetic distances in the progam STATISTICA.

Subsequently, samples were grouped and subjected to a hierarchical analysis of variance (AMOVA)

(Excoffier et al,1992) in the program ARLEQUIN in order to ascertain whether the group structure

as observed in the MDS was significant. A minimum spanning network was calculated in

ARLEQUIN and used as a nested design for constructing a Nested Clade Analysis (NCA) network.

Nested Clade Analysis (Templeton et al, 1995) tests for geographical associations between

haplotypes and groups of haplotypes on different hierarchical levels and allows distinguishing

between historical events such as range expansion and past fragmentation and contemporary gene

flow to explain the observed genetic structure. Significance of clade distances and nested clade

distances was calculated with permutation tests as implemented in the program GEODIS (Posada e/

al, 1999) and interpreted with the inference key according to Templeton (1998). However, as has

been pointed out by Knowles & Maddison (2002), Nested Clade Analysis does not provide a

statistic test of alternative interpretations. Thus, as a complementary approach to NCA, we

employed a coalescence-based method for assessing directions of past gene flow between

populations with the program MIGRATE version 1.5 (Beerli, 2002). This program calculates

maximum likelihood estimates for migration rates and effective population sizes based on

coalescence theory, allowing for asymmetric migration rates and different subpopulation sizes

(Beerli & Felsenstein, 2001). Parameter values were ten short chains with 500 steps and 10.000

sampled genealogies and three long chains with 5000 steps and 100.000 sampled genealogies.
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REST]LTS

Genetic diversity analysis

Allele frequancies at the various loci, observed and expected heterozygosity, mean number of

alleles per locus and the proportion of polynorphic loci are listed in Appendix 3.1. Loci AAT*,

GPI-A*, GPI-B*, PGM-I* and PGM-2* are polymorphic in all samples with the exception of
Pdrols and Trondheim, which are completely fxed for the same allele at loctts GPI-A*. Loci LDH-

A* and LDH-B* are monomorphic in all samples excqlt for Doel, where two alleles were recorded.

MDH-A* is fxed for the same allele in most samples, with the exception of Texel, Pdrols and La

Tremblade, where a rare second allele was recorded. MDH-B* is fxed for the same allele in all

samples with the exception of Galway, where three individuals were found which were

heterozygous for two other alleles than the common one (MDH-B*75/ll5 as opposed to MDH-

B*100/100). No differences at other loci were recorded in these fish. Loci AK*, CK*, LDH-C* and

FH* are monomoqphic for the same allele in all samples. The lowest and highest level of
heterozygosity and average number ofalleles per locus are found in the samples at the northern- and

southernmost sampling sites (respectively Trondheim and Faro). Observed heterozygosity in

Trondheim amounts to 0.066 and the mean number of alleles per locus is 1.23. In the sample from

Faro on the contrary, observed heterozygosity is an order of magnitude higher, amounting to 0.135,

while the mean number of alleles is 1.77. The samples from Doel, Texel, Galway and Oban show

similar values for the average number of alleles per locus. No signifrcant departures from Hardy-

Weinberg proportions were observed with the exception of locus PGM-2* in the sample from La

Tremblade (P < 0.001) and locus MDH-B* (P < 0.001) in the Galway. No significant linkage

disequilibrium was observed with the exception of loci GPI-A* and *AAT in the sample from Faro

(P:0.006).
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Table 3.3. Observed ([L) and unbiased (tl) expected heterozygosrty (Nei, 1978) with standard deviation, rnean number

ofalleles per locus (MNA), number ofrntDNA haplotypes (ND, number ofunique haplotypes (Nr unique) haplotype

(h) and nuceotide (r ) diversity with standard deviation and % of occurrence of the most common hrplotype (% MCH).

Slte IL Nr N1 unlque ./.lMClH

Trc 0.075 (0.152)

ob 0.106 (0.185)

Ga 0.108 (0.161)

Tex 0.121 (0.200)

Da

Do 0.124 (0.201)

Bdu

Plv

Lr 0.120 (0.19s)

Per 0.081 (0.157)

Vac

Fa 0.139 (0.203)

0.066 (0.138) 1.23r

0.097 (0.169) 1.385

o.l l7 (0.183) r.692

0.1 14 (0.186) 1.615

o.r25 (0.207) 1.539

0.098 (0.r56) 0.308

0.076 (0.1s5) 1.539

0.13s (0.r93) r.769

0

0.143 (0.119)

0.484 (0.061)

0.357 (0.115)

0.177 (0.106)

0.608 (0.130)

0.5s7 (0.109)

0.791 (0.089)

0.633 (0.090)

0.653 (0.076)

0.606 (0.062)

0.857 (0.062)

I

2

J

5

)
o

7

5

4

l6

0

I

2

2

2

I

2

J

2

0

13

0 H14-100%

0.0010 (0.000E) H4 -93o/o

0.0017(0.0004) H4-70%

0.0022 (0.0011) H4 - 80o/o

0.0012(0.0007) Hr-91vo

0.0060(0.oo1s) H4-63%

0.0059(0.0016) H4-65vo

0.0081 (0.0015) Hl-,r0olo

0.0or8 (0.0008) Hl- 58%

0.0032(0.0007) H14-50%

0.0028 (0.0007) Hl4 -5v/o

0.0081 (0.0013) H6-38%

Thirty-eight mtDNA haplotypes were detected arnong all samples (Appendix 3.2). Sequences of the

various haplotypes are deposited at the EMBL sequence database; accession numbers of the various

haplotypes and mutation sites are presented in Appendix 3.2. All differences between haplotypes

were due to substitutions (hansition: transversion ratio : 6.03) and no indels were recoded. The

distribution of the various haplotypes per sample is presented in Appendix 3.3. A similar

geographic difference in haplotype diversity is observe4 with ttre Faro sample showing the highest

level of haplotype diversity and number of haplotypes (h:0.857, N5: 16), while in the sample

from Trondheim a single haplotype was recorded (h:0, Nh: l). The sample from Faro is not only

the most diverse, it has also a very high number ofunique haplotypes (13 out of 16 among 29 fish)

(Table 3.3).

Genetic diversity and latitude

Allozyme data show a negative conelation between latitude and level ofheterozygosity, alttrough

not significant 1R2:0.23t, P:0.26). An outlier in the regression is the sample from Perols,

revealing a much lower degree of heterozygosrty than expected for its latitude. When only the
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Atlantic samples are taken into account, the regression between heterozygosity and latitude

approaches significance (R2 = 0.S0, P:0.052) @ig. 3.2a). No latitudinal trend in allele frequencies

was observed at any polymorphic locus (P > 0.05).

The mtDNA data reveal a similar negative correlation between haplotype diversity and

latitude, but in this case the regression is sigrificant (R2 : 0.69, P : 0.0008) with a haplotype

diversity ranging from 0 (only I haplotype in the sample from Trondheim) to 0.857 (16 haplotypes

in the Portuguese sample) (Fig. 3.2b).

!
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LaUUde

o)

Figwe 3.1. Pomatoschistus mrcrops: regression ofheterozygosity (a) and haplotype diverity O) against latitude for all

saryles.

Genetic structure

Allozyme data show that the multilocus Fsr value across all populations amounts to 0.247

(Appendix 3.1). Permutation tests on single-locus Fs1 values showed that samples are significantly

differentiated at four out of five polymorphic loci: PGM-2*, GPI-A*, GPI-B* md AAT* (Appendix

3.1). The highest degree of differentiation is found at locus AAT*. Calq;Jation of pair-wise Fs1

values revealed significant population differentiation between most sampling sites except between

Texel and Doel (Table 3.4). Within the northeastern Atlantic Ocean the largest values of pair-wise

distances are found between the sample from Oban and all the others. This difference is of the same

order as between the Mediterranean sample (P6rols) and the Atlantic sarnples (Table 3.4).

83



CHAPTER II]

Table 3.4. Pomotoschisnu nrcrops: pair-wise F51 values (Weir & Cockerhan! 1984) bas€d on allozlanes (above

diagonal) and genetic distance (Tanura-Nei, 1993) (below diagonal) for the mtDNA haplotypes among all samples.

Values significant at the 0.05 and 0.01 level after sequential Bonferroni correction are indicated with r and ir

respeotively. For sample abbreviations see Table 3 . L

LTPlvBduDo

Tto 0.000

ob 0.955rr

Gr 0.89r*
Ter 0.862**

Itr 0.961'r

Do O-A2t'

Bdu 0.622"

Ply 0.690rt

LT 0.755rr

Per 0.336rr

Vrc 0.360r*

Fr 0.566r'

0.000

0.15 1

0.009

0.935t.

0.158

0.122

0.553fi

0.748r*

0.771.t

0.787rr

0.496.r

0.291**

0.000

0.137*

0.910*.

o-239.'

0.200r.

0.610rr

0.768r.

0-7741.

0.785..

0.547.t

0.000

0.717"

0.671'r

0.285r'

0.1 13

0.848*r

0.859:*

0.428"

0.268r.

0.310..

0.2Q2'*

0.01t

0.000

4.032

0.229

0.518r.

0.5 18..

0.529"

0.242r.

0.312., 0.097.* 0.325*'

0.346rr

0.270..

0.000

0.888r*

0.128

0.101

0.544r.

0.733**

0.738**

o.749rl

0.496r.

0.308.* 0.333.r - 0.155.:

0.396r* 0.308*r _ 0.263*1

0.178i. 0.420.r - 0.039*r

0.06711 0.282** - 0.140r*

0.054.1 0.29tr.r' _

0.000

0.235 0.000

0.515** 0.112

0.546** 0.574.*

0.553r. 0.583rr

0.262'1 0.093

0.092rr

0.000 0,q2.. - 0.051t'

0.684.. 0.000 - 0.343..

0.690r. -0.050 0.000

0.224.. 0.513.' 0.5lEr. 0.000

Analysis of the mtDNA data for population differentiation showed that most pair-udse genetic

distances are highly significant (Table 3.4). No differentiation between the adjacent sampling sites

of Pdrols and VaccarCs was recorded. The samples from the North Sea and the English Channel

(resp. Doel, Bray-Dunes, Texel, Oban, Galway) are dominated by the same haplotype H4 and are

not significantly differentiated. The samples from the Gulf of Biscay and the southwestern British

coast (resp La Tremblade, Plymouth and Dale) are closely related as well, but differ from the North

Sea samples, Hl being the most common haplotype among these sarnples.

Although less sarnples were analysed for alloaymes than for mtDNA, the multidimensional

Scaling Analysis clearly revealed a similar group structure for both markers (Fig. 3.2a and b). The

samples from the southem North Sea (Texel, Doel, Bray-Dunes) grouped together with those from

western Scotland and heland (Oban and Galway). A second group comprised the English Channel,

the Celtic Sea" the Gulf of Biscay and southern Portugal @ale, Plymouth, La Trernblade, Faro). The

third group consisted of the western Mediterranean Sea (Gulf of Lions: Pdrols and Vaccards),

including also the sample from Trondheim @ig. 3.2a). This is due to the occurrence of the same

haplotype (Hl4) in Mediterranean and Norwegian common gobies at high frequencies (ranging

from 50% to 100%) (Appendix 3.3). The gouping of the western Mediterranean Sea and
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TrondhEim for the allozymes (Fig. 3.2b) results from similarities in freque,ncies atlocr GPI-A* and,

GPI-B'*tveeio, these samFles; both saryles are fixed for GPI-A*100 and have higha frequencies

of at allele *90 at locus GPI-Br rhan the other samples (Appendix 3.3).

N

'6
o
E
6

fl
co
a
E
@

.Eo

01-01-01-01

t.0

0,8

0.6

o'r 
I

0,, 
I

o,s I

"., 
I

.0.. I

-r,tl
-on 

Iarl

^,, I-t.1 r

Gutf ofLion lt8'l l'"J

-/
NmqiozSea

nUlwrNtth Sea,west
ftotlodandlrelod

\..\\-\
-\oa1__-_r_l

-00 -00 00

Dimension 1

(a)

Gulf of Btscay, snrt
PorfiEal

sutlcn North Su, wqt
kotlotdordlrelod

GttlfofLbw

NonegilnSel
B

ftt!-t
L:-J

.1,0 -{t.8 .0.6 .o,4 €.2 0,0 0,2 o.4

Dlmension 1

(b)

Figut€ 3.2" Pomd;atchislus nicrqp* Multidirenrional Scaling Analysis basod on (a) tho matrix of pair-wirc Tamura-

Nei gcnetic disbnces of cytochrom b saryles (Strcss valuc = 0.fln2); (b) pair-wise Fsr vslu€s of allozlac scr€Gm€d

sanples. Stess value = 0.ffifl).

o1

ol

01

tl
oo

m

oo

.oo

-00

.o1

.o1
1,2



CHAPTER III

Because of the larger amount of sampling sites available, the mtDNA samples were grouped

according to the structure observed in the Multidimensional Scaling Analysis for performing a

hierarchical analysis of variance (AMOVA). An AMOVA was performed between two groups of

samples: Atlantic versus Mediterranean. The largest amount of variation was due to differences

between populations within groups (40%) blt 2lo/o was explained by the differences between

Atlantic and Mediterranean populations (Table 3.5a). All values were highly significant. An

AMOVA was also performed on Atlantic samples only for assessing significance of the differences

between the groups observed in the MDS (Table 3.5b). The sample from Trondheim was excluded

from this hierarchical analysis due to its large differentiation from all other Atlantic samples. More

than half of the variation is due to the differences between the two geographic groups (Table 3.5b),

while only 8.38 % is explained by differences between populations within the groups.

Table 3.5a: Hierarchical analysis (AMOVA) based on mtDNA haplotypes scored in all populations of Pomatoschistus

microps. Grovp I = Atlantic samples. Group 2 : west€m Mediterranean samples. Values significant at the 0.05 level

are indicated with an r.

Source ofvariation o/oofvariation F-statistics

Between goups

Among populations within groups

Within populations

27.39

40.(D

32.52

Fcr:0.274r

Fsc:0'552r

Fsr : 0.675*

Table 3.5b: Hierarchical analysis (AMOVA) based on mtDNA haplotypes scored in the Atlantic populations of

Pomatoschistus mtcrops. Group l: southem North Seq westem Scotland and Ireland (Doel, Bray-Dunes, Texel, Oban,

Galway). Group 2: Celtic Sea, English Channel, GulfofBiscay and southem Portugal (Dale, La Tremblade, Plymouth,

Faro). Values sigrificant at the 0.05 level are indicated with an i. The sample from Trondheim is excluded.

Source ofvariation o/oofvariation F-statistics

Between gloups

Among populations within groups

Within populations

54.27

8.38

37.35

Fm:0.543*

Frc:0.183*

Fsr:0.626r
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Isolation-by-distance

A plot of (a) allozyme-based pair-wise Fs1 and (b) Tamura-Nei genetic distances (mtDNA) versus

the geographic distance shows a clear pattern of isolation-by-distance (Fig. 3.2a and b). However, a

Mantel test perfonned on pair-wise Fsr/ (l-Fsr) for all allozyme samples w.!s not significant (r:
0.32, P: 0.081). On the other hand, a Mantel test based on the pair-wise mtDNA distances was

significant (r:0.33, P: 0.037).
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Geographic dfutribution of the haplotypes

Pooling of all samples revealed three common haplofypes (H1,19.5 o/o;H4,29.9 o/o andHl4, 18.0 o/o

frequency occwlence in the total sample size), and accompanied by a fairly high number of rare to

very ftre variants (Appendix 3.3). Only one of the haplotypes @la) is shared between the

Mediterranean and Atlantic samples. Surprisingly, this is also the only haplotype occurring in the

Trondheim sample. Only two other individuals carrying Hl4 were found in the Atlantic basin

@oel). Haplotype H4 seems to be restricted to the samples from the English Channel and the

southem North Sea @lymouth, Bray-Dunes, Doel and Texel) and the northwestern British coasts
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(Galway and Oban); it was not recorded in Faro or La Trernblade. Haplotype Hl is the most

cornmon haplotype in La Tremblade and Dale. It occurs also in Texel, Doel and Plymouth, albeit at

a low frequency.

Phylogeographical analysis

Tests ofthe goodness offit revealed that the model ofa sudden population expansion for the pair-

wise distribution of the Pomatoschistus microps haplotypes could not be rejected. The value for t
amounted to 3.10, with 00 : 0.133 and er : 566.95. Assuming the generally accepted mtDNA

mutation rate of 2%o per Ma, this conesponds to a time of expansion of 536 ka BP, employing the

formula t : pT with p the mutation rate and T the number of generations since time of expansion.

Tajima's D statistic amounted to -1.40, approaching sigrificance (P : 0.054), further supporting the

model of a sudden population expansion after a bottleneck (Tajima, I 989b).

Because of the small distances between haplotypes relationships between haplotypes are

better visualised with a network than with a phylogenetic tree (Posada & Crandall, 2001). A

Minimum Spanning Tree, used as basis for a nested design between all haplotypes revealed four

clusters (Fig. 3.3), each with a common haplotype in the center and a number of rare variants

radiating. The Mediterranean cluster, containing only four haplotypes, is connected with the

Atlantic cluster through haplotype H14, the only haplotype which is shared between Mediterranean

and Atlantic samples.

Nested Clade Analysis

The null hypothesis ofno geographic association ofthe haplotypes was rejected at all clade levels

for several clades. The overall results of the Nested Clade Analysis suggest restricted gene flow

with isolation-by-distance. On a smaller time scale, the l-step clades containing the Atlantic

haplotypes Hl and H4 suggested a recent long distance dispersal or a contiguous range expansion.

In order to discriminate between these hypotheses, sampling design should be refined (Table 3.6).
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Table 3.6: Phylogeographical inferenc€s fiom the Nestod Clade Analysis (Tenrpleton, 1998) ofP. microps. Only clnfus

whene the null hypothesis could be rejected are represented. For the nested desig& see Fig. 3.3.

Clade cormon hqlotype / geogra.phioal distribution

l-3 Hl - south and west of English Charmel

H4 - North Sea and north westem British coasts

Hl - south and west ofEnglish Channel

Hl4 - Meditenanean Sea and Trondheim

H6 - Atlantic coas6 ofsouth Europe,

Gulf of Biscay, southwest Britain

Total oladogram

Contiguous range expansion or long

colonisation (Inadequah sarnpling design)

Contiguous range expansion or long

colonisation (Inadequate sampling design)

Contiguous range expansion

Restric.tod gene fl ow with isolation-by-distance

Restricted gene flow with isolation-bydistance

Restricted gene flow with isolation-bydistanoe

l-5

2-l

2-3

2-4

3-l

Gulf ofLions,
Norwegian Sea

Englbh Chamel, Celtic
Sea, Gulf of Biscay

"'\ | .)"
,Z I\-\/. | \ tr32

Ill9 H2 tt29

H2s I H37
Hl6 | H7

:,;):i'K:;

Figure 3.3. Nestcd desigt for P. microps lnplotypes with the geographic location of the various clusters.
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Gencfuw analysis

Ma"rimum likelihood gene flow analysis on the Atlantic samples (Trondheim excluded) showed (1)

a northward gene flow from the Faro population as far north as the Schelde estuary, (2) a northward

gene flow through the Southern Bight and (3) a northward gene flow from the Southern Bight

towards Scotland and Ireland (Fig. 3.4).

R$ge crlnBion
ofH4

Rrngc crprndon
of Hl

At)

n

Figne 3.4. Ponatoschistus microps : Psst migration ev€nts as inferred ftom the maximum likelihood gene flow

analysis.

Most striking is the nemarkable congruence in global results on gerretic structure for mitochondrial

and allozyme marters: (l) a sigrifi661 degree of population differentiation rn Pomatoschisns

microps throughout its distributional range, (2) a differentiation between northern and southern P.
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minutus populations in the northeastern Atlantic basirl (3) a strong correlation between the degree

of genetic variation and latitude, and (4) a pattem of isolation-by-distance. The mtDNA data yield a

finer resolution, showing (1) the different histories for Atlantic and Mediterranean P. rnicrops tn the

Minimum Spanning Tree and (2) the striking genetic discontinuities around the British Isles.

However, the phylogeographic pattems of P. microps seem to be very complex.

Loss of variation during postglacial range expansion or natural selection?

The marine common goby shows reduced diversity with latitude, a pattern typical for populations

inhabiting formerly glaciated areas in terrestrial and freshwater species (Meril6 et al, 1996;

Bernatchez & Wilson, 1998; Hewitt, 2000). Such a correlation is usually attributed to historical

factors due to the loss of alleles (founder events) during range expansion following deglaciation

(Hewitt, 2000). On the other hand, selection might play a role as well in maintaining latitudinal

differences in the levels of genetic diversity (Mishmar et al,20O3). A similar effect is found at two

independent markers in P. microps. Given the unambiguous congruence of two independent

markers in the common goby, we favour the hypothesis that neutral variation provides the main

explanation and we suggest that genetic variation was lost during the postglacial expansion ofP.

microps into formerly glaciated areas.

Phylogeographic patterns on the European Continental Shelf and in the Mediterranean Sea

The shallow phylogeographic structure of Pomatoschistus microps is best described by category V

ofAvise (2000), which refers to a shallow gene tree with varied lineage distributions: widespread

common lineages ('Atlantic') are combined with 'private' closely related lineages ('Mediterranean-

Trondheim'). The 'Atlantic' clusters each show a star like phylogeny with a central, common and

widespread (ancestral) haplotype and a large number of rare (local) variants, suggesting a

population expansion after contraction.
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The western Meditenanean Sea

It is assumed that the origin of the Atlanto-Meditenanean sand gobies, to which the common goby

belongs, lies within the Mediterranean Sea, where the oldest fossil remains have been found

(Simonovic, 1999). Huyse (2002) proposed a speciation event within the sand goby group triggered

by reflooding of the Mediterranean after the Messinian salinity crisis. Currently, the common goby

has a very restricted distribution in the Mediterranean Se4 occurring only in the Gulf of Lions,

where our samples were collecte4 and in Corsica (Bouchereau & Guelorget, 1997).

A possible scenario for explaining the phylogeographic pattems might be that a

Mediterranean population Hl4 P. microps dispersed into the Atlantic and gave rise to all the other

Atlantic haplotypes, while those that remained behind diverged into the other Mediterranean

haplotypes when colonising lagoons and estuaries. The fact that only the western part of the

Mediterranean Sea is inhabited by P. microps could be due to ecological constraints. P.

microps, being an estuarine-marine species, may not tolerate the higher temperature and salinity

which are typicatly found in the central and eastern Mediterranean basin.

An altemative hypothesis i3 that the various haplotypes of P. microps originated in the

Atlantic Ocean along the Iberian coast. Haplotype and nucleotide divenity in the sample from Faro

are highest, pointing to an older age of this population. Moreover, the MST suggests H6, the most

cornmon haplotype in Faro, as ancestral. According to this interpretation, an Atlantic population of

Hl4-P. microps colonised the western Mediterranean Sea, giving rise to the endemic haplotypes

H12, Hl3, Hl5 and H28. Considering the low amount of diversity and the low level of divergence

between the haplotypes, colonisation of the lagoons and estuaries in the Gulf of Lions is probably a

relatively recent event from a small and/or genetically homogeneous ancestral population.

The northeastent Atlantic Ocean: a poslglacial range upansion in two phases

Haplotype Hl4 occurs in high frequencies at the edges of P. microps' distributional range, while it

is almost absent in the other areas sampled. The grouping of the samples from Trondheim and the

Mediterranean Sea at the 2-step level in the NCA (Fig. 3.3) suggests that the range expansion of

Hl4 is an older event, which preceded dispersal of the haplotypes Hl and H4. A possible scenario

could be the displacement of Hl4 by a more recent range expansion of Hl and H4. Such a scenario
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was proposed for explaining phylogeographic patterns in Hydrobia sp. (Wilke & Pfenniger, 2002),

where two subspecies are geographically separated by another species, due to a range shift or

expansion of the latter. Alternatively, individuals with haplotype H14 may correspond to long-

distance dispersers as described by Ibrahim et al (1996). Long-distance migration of rare variants

leads to the formation ofpocket populations in advance ofthe arrival ofthe main population, which

may persist for hundreds of generations. Long-distance dispersers may have expanded rapidly and

filled up available niches before others, leading to edge populations with reduced variability

(Hewitt, 2000). The edge populations of P. microps in the Norwegian Sea and the Gulf of Lions

have indeed a lower variability compared to the others.

Evidence for rccolonsiation events from multiple refagia

That the highest level of diversity was found in the southemmost population from Faro with the two

markers, may reflect an older age of this population. This is concordant with the idea of a northward

range expansion of P. microps from a refugium along the Atlantic coast of the Iberian paninsula as

proposed for salmon (Consuegra et a|,2002) and brown trout (Garcia-Martn et al, 1999). Because

the common goby needs shallow areas for breeding, the ice-covered ofnorthwestem Europe were

unsuitable habitats. During glaciation the winter sea ice came down as far south as the coasts of

northem Spain while the Portuguese coast remained ice-free (Andersen & Borns, 1997). While the

present distribution of P. microps must be the result of its northward range expansion after the last

ice age, which ended about l0 ka BP, the mismatch analysis indicates that the origin of the Atlantic

haplotypes has to be of a considerably more ancient origin. With an estimate of 536 ka BP, this

could correspond with the onset of an earlier warm interglacial period during the Cromerian

complex (Prokopenko et al,2002). P. microps must have experienced similar range contractions

and expansions during earlier glaciations and interglacials.

Yet, as revealed by the nested clade and the gene flow analysis, the finer phylogeographic

patterns within the northeastern Atlantic Ocean seem to be rather complex, with the striking

differences in haplotype distribution between northwestem and southwestern British populations.
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A glacial refugium in the southern North Sea where a H4 - population survived?

The gene flow analysis indicates the Gulf of Biscay as the origin of the P. microps that have

migrated to southwestern Britain (Hl), while the Southem Bight is suggested to be the origin of the

P. microps which colonised Scotland and Ireland @a) @ig. 3.4). If this is correct, then a population

of H4 - P. microps must have survived in a glacial refugium in the area. Glacial refugia in the area

have been proposed for salmonids. For example, Garcia-Marin et al (1999) proposed the drainage

systems of the major rivers, which flowed through the English Channel during lowered sea-level

(Gibbard, 1988) as a glacial refugium for brown trout. Verspoor et al (1999) suggested a glacial

lake in the southern North Sea as a refugium for Atlantic salmon. The distribution of the P. microps

haplotypes points to a refugium in the Southern Bight of the North Sea, rather than in the English

Channel. P. microps is euryhaline and capable of surviving in brackish water areas, and occurs

commonly upstream in rivers (Claridge et al, 1985; Maes el al 1998a). Thus, physiologically the

species must have been able to survive in a glacial lake. Hence, the English Channel and the

southem North Sea may consist of a zone of secondary contact between Hl and H4-dominated P.

microps. The fact that a unique haplotype, Hl7, was found in the Irish sample in an appreciable

frequency (29 %) suggests that this population may also have been isolated from all the others for

some time. Hynes et al (1996) recorded distinct mtDNA haplotypes in Irish brown trout and

suggested a complex recolonisatioh process from multiple refugia in this area.

Alternatively, both Hl and H4 may have survived the Weichselian glaciation in the southem

refugium along the Portuguese coast. The break between the haplotypes Hl and H4 coincides with

the biogeographical boundary between the warmer Lusitanian province (southern British and lrish

coasts and south ofthe English Channel) and the colder Boreal province (North Sea and the coasts

of west Scotland and lreland) following Ekman (1953). Thus, the recurrent distribution of the

haplotypes around the British Isles could also be explained in terms of temperature-dependent

selection. According to this interpretation, the cold-adapted H4-P. microps may have been the first

to undertake a northward range expansion upon the re-establishment of the North Atlantic Drift,

around l0 ka BP. A second wave of common gobies, carrying Hl might have arrived at the

southwestern English coast at a later stage. If indeed Hl is performs better in warmer water, they

may have displaced the H4 P. microps in the English Channel and the Celtic Sea. Comparing with

the survey of Jones & Miller (1966) we notice that the areas where P. microps carries out a thermal

migration are dominated by H4, while Hl is most common in slightly warmer water. Al-Hassan el

94



GENETIC STRUCTURE IN THE COMMON GOBY

al (1987) screened allozyme frequencies at loci GPI-A* and GPI-B* for P. microps from 20 sites

across the British Isles and found a significant differentiation in allele frequencies between 1)

Atlantic coasts and 2) English Channel and southern North Sea at both loci. This was correlated

with the mean sea temperatures, suggesting the effect of temperature-dependent selection.

However, invoking natural selection for explaining the haplotype distribution in the

common goby leaves us with the question as to why haplotype H14 is common both in Trondheim

and in the Mediterranean Sea, two areas with a marked difference in temperature regime. A similar

grouping structure is indicated by the two markers, as revealed by the MDS, clearly dividing the

Atlantic samples in an northern and southern group. This suggests similar underlying mechanisms,

pointing to historical factors rather than recurrent environmental effects.

Genetic differentiation and implications for recurrent levels of gene flow

Any large-scale contemporary dispersal in the common goby is likely to depend mainly on its

pelagic larval stage. Consequently, this must be subject to the influence ofthe main current patterns

in its distributional area.

The differentiation between the P. microps from the Portuguese coast (Faro) and the westem

Mediterranean Sea is striking, considering that these geographically close populations did not share

one single haplofype among them on a total of 69 fish screened. Allele frequencies differ also

markedly between these two samples and they share few rare alleles. This suggests that current gene

flow between Atlantic and Mediterranean P. microps must be limited or even absent. Numerous

examples of significant differentiation between Atlantic and Mediterranean populations have been

described, and been attributed to the presence of the Almeria-Oran Oceanic Front (AOOF) in the

Alboran Sea, the most western part of the Mediterranean Sea (Quesada et al, 1995; Nacii et al,

1999; Zane et al,20O0). The AOOF represents the boundary between inflowing Atlantic water and

the warmer, saline Meditenanean water (Tintore et al, 1988). Altematively, lack of contemporary

gene flow between Atlantic and Mediterranean P. microps may also be explained by the fact that

Mediterranean P. microps complete their entire lifecycle in the estuarine environment, contrary to

Atlantic P. microps, which carry out spawning and thermal migrations (reviewed in Bouchereau &

Guelorget, 1997). Thus, even if Atlanti c P. microps manage to cross the AOOF, the probability of
genetic exchange with resident Mediterranean populations must be small.

95



CIUPTERIII

Along the northeastem Atlantic coasts a pattem emerges of restricted gene flow and

isolation-by-distance as shown with allozymes and mtDNA. Gene flow between the sand gobies

from Galway and Oban may be maintaind by the North Atlantic DriS which flows northwest

along the Irish and Scottish coasts. Gene flow between the North Sea sand gobies and those from

western Scotland and keland, may be enhanced by the branching of the North Atlantic Drift into the

North Sea (Turell, 1992). The lack of differentiafion betwee,n the Gulf of Biscay and the Celtic Sea

is congruent with the results for European hake from Lundy er al (1999) and Dover sole

(Exadacrylos et al, 1998). The Shelf Edge Cunent, flowing from northwestern Africa to Norway

along the edge of the Contine,ntal Shel{, provides a means for dispersal of planltonic fish lanrae

between the Bay of Biscay and the westem coasts of the British Isles (Bartsch & Coombs, 1997). A

northward residual curr€nt flows through the English Channel into the Southern Bight of the Nortlt

Seq which might explain the lack of differentiation between the samples from the English Channel

and the Southern Bight.

CONCLUSIONS

Pomatoschistus microps is sigrificantly differentiat€d throughout its distributional range with the

highest degree of differentiation found betrreen Atlantic and Mediterranean populations. This points

to either a barrier for dispersal across the Aknerta-Oran front. Alternatively, the differences in

migratory behaviour between Atlantic and Meditenanean P. microps might prevent genetic

exchange. The lack of genetic differentiation between samples from the North Seq the English

Channel and the northwestem coasts of Scotland and lreland is consistent with a larval dispersal via

oceanic currents along the coasts ofcontine,ntal Europe and southem England'

The congnrence of allozymes and mitochondrial DNA points to the importance of historical

factors for explaining reculent patt€ms of population structure. The negative correlation between

genetic diversity and latitude suggests a loss of diversity during postglacial range expansion due to

a fotmder even! while the star-like phylogeny of the Atlantic haplotype clusters suggest a

population expansion after a contraction. Phylogeographic patterns in this species are complex but

suggest that the source populatior\ from where the species expanded its range northward inhabited

the Atlantic coast of the lberian peninsula. The North Sea and the coasts of westem Scotland and
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Ireland have probably been recolonised by a population surviving in a glacial refugium in the

southern North Sea.
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APPENDICES

Appendix 3 . I . Number of individuals (N), allele fieque,ncics, observod and non-biased erpectcd hetcrozygostty QI" and

It) with sbndard deviation. MNA: rnean number of alleles; P: ptoportion of polymrphic loci (0.9 lwel). Fsl: single-

locus Fsr valucs across all saryles. Significant Fsr rralues arE indicated with an *.
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Appendix 3. 1 (continued)
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Appendix 3.2. Pomatoschistus microps: partial cytochrome b sequences ofthe various baplotypes with BMBL
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'H'rcfers to Haplotype.

ml I I I I I I I 2222222222222222
Accenlon H 1233344 5 8 E I347I8 99 00I I4 4 45 5667 7 7 7 7

numbcr 901 3958447 181739591669037287803456

N550471 Hl A
1.J5504.72 H2

N550473 H3

AJ550481 H4

AJ55O4E2 H5

AJ550507 H6

AJ550480 H7

lJ5s0479 HE

AJ550486 H9

AJ550504 Hlo .

AJ550495 Hll

TT GCCAAT ACCGT T CACGATGT A6GT GAGC GCC
. G. c.
. c. A. c.
. c. c. G. G'

c. G. c. G. G. G.
. c. G.
. G, A. G. G.
. c. c. G.
. GC c. c. G.

. c. G. G.
CG

N55M76 Ht2. G.
nJissa4Ts Hl3. GG.
AJ550477 Hl4. G.
AJ550478 Hl5 .

AJ5504E5 Hl8 .

AJ550505 H32 .

. A G A,
. A. G. A

c. A.
c. c cG. A

AJ550487 Hl6. c... G. C . C. G.
AJ550491 IIt7 G. c. c. c. G.

G. C. C . G. G

AJ550501 Hl9. G.
AJ550502 H20. G. C G.
AJ550493 rU . A

AJ550499 rt22 . G

AJ550489 H23. G. T c. G. G.
AJ5s0490 H24. G. c G. G. T

AJ550488 H25. T G. c c. G.
AJ550494 H26. A.
AJ550484 H27 T G. c. c. G.
N550474 H28. G. G. A. G. A.
AJ550506 w9. G. T G.
N550492 H30. cA
AJ550500 H31. G. A.

A. T G.
AJ550503 H33. G. T G.
AJ55O49E H34G. G.
AJ550508 H35. G. c. G.
AJ550/,97 H36G. A
AJ550483 H37 G . . C. GA G.
AJ550496 H38 . c

r00



GENENC SINACTTINE IN |UE COMIUON AOBY

Appcndix 3,3: Patuchtsfi.s mimopi dirtribuion of hrylot'"os Fr $ryling arca For sarylc abb,r,eviations

soc Trblc 3.1. Tl'rcftrs to thc hsplot'"c.

Tro Ob Ga Tcr It Do Bdu ny LT pcr Vrc Fr

n
I
I
I
I
2

246
I
tt
10172

HI
ta
t13

H4
H5
H6

H7
H8
ng
Hl0
Hll
Hl2
Hl3
Ht4 27
Hl5
Hl6

'Jt7HIE
Hl9
tw
H2l
HIL
H23
r'24
w25
tr2tt
IDl
IDE
rng
H:}0
II31
H32
II33
H34

II|s
It36
ll37
IBE

l9

4

a

13 19 20
I

Total 27 14 21 25 22 16 26 t4 32 m 2A 29





CIIAPTT,RIV

SMALL-SCALE GENETIC VARIATION TN POMATOSCHISTAS MINATUS ANDP.

LOZANOION THE BELGIAN CONTII\IENTAL SHELFAI\[D THE SCHELDE ESTUARY
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Small-scale genetic variation in relation to environmental heterogeneity in the marine gobies

Ponatoschistus rtndas and P, loztnoi (Ieleostei'1
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ABSTRACT

Genetic variation was assessed at 14 allozyne loci in estuarine, coastal and offshore samples of
lozano's goby, Pomatoschistus lozanoi and the sand goby, P. minutus, Samples were taken in

habitats on the Belgian Continental Shelfand in the Schelde estuary subject to various degrees of

environmental heterogeneity in order to assess (l) whether any correlation could be found between

environmental heterogeneity and genetic divenity and (2) if so, if this could be linked to fitness

parameters. No significant differences in levels of genetic diversity were recorded between

estuarine, coastal and offshore sanples in either species. Homozygotes showed a slightly lower

condition factor than heterozygotes in both species but the difference was not significant. A

temporally stable gradie, rt in allele frequencies at the two-allele locus GPI-A* was observed in P.

lozanoi, differentiating the samples in an estuarine, coastal and offshore group. We suggest that

these differences might be maintained by balancing selection at locus GPI-A*.

Keywords: allozymes, environmental heterogeneity, gobies, Belgian Continental Shelf
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INTRODUCTION

The adaptive significance of allozymatic polymorphisms has been the subject of a heated debate for

years, until it waned in the early nineties with the advance of DNA techniques (Hey, 1999).

Allozyme-based population surveys had revealed high levels of polymorphism with no visible

effects on the phenotype of the organisms, suggesting that the majority of the variation found at the

molecular level was selectively neutral (Kimura,1979). DNA data at first seemed to confirm this

hypothesis, with non-coding DNA evolving much faster and containing a higher amount of

variability than coding regions. But while this neutral theory ofevolution continues to provide a

useful null hypothesis against which to test population genetic differentiation, genetic studies of

natural populations have yielded convincing evidence that a number of polymorphisms is probably

maintained by natural selection at the level of allozymes (Eanes, 2002 and references herein), as

well as DNA markers (Ballard & Kreitman, 1995). Both large-scale and small-scale gradients in

allele frequencies at several allozyme loci have been reported for a wide range of organisms

(Oakeshott et al, 1982; Johannesson et al, 1995; Maes & Volckaert, 2002), suggesting

environmental selection pressure on the loci under study, with variability in temperature and (for

marine species) salinity being considered as main selective agents. ln some cases this was attributed

to differential performance of the enzyme products of distinct alleles under different environmental

conditions (Watt, 1983; Zera, 1981). A correlation between the level of genetic variation

(heterozygosity) and the degree of heterogeneity in the habitat of the species has also been

documented (Powell, l97l). lt has been argued that this may be maintained either by diversiffing

selection in a heterogeneous environment (Levinton, 1973) or else heterozygote advantage (Mitton,

t997).

Gobies belonging to the genns Pomatoschistus (Gill) have been widely used in ecological,

evolutionary and behavioural studies (Fonds, 1973; Jones et al,200lb). An electrophoretic survey

among Atlantic and Mediterranean members of the genus Pomatoschistus species occurring in

habitats with a different degree of heterogeneity showed a positive correlation between the level of

genetic variation among species and the degree ofheterogeneity ofthe habitat in which each species

preferentially occurs (Walllis & Beardmore, 1984a). For example, Pomatoschistus lozanoi (de

Buen, 1923), which has in general a rather neritic distribution (Fonds, 1973), showed significantly

lower levels of polymorphism and heterozygosity than its estuarine-marine relative P. minutus.

However, it was unclear whether this could be explained by either heterozygote advantage or else

104



SMALL-SCALE GENETIC VARIATION IN POMATISCHISTUS SP.

diversifuing selection. If heterozygosity is advantageolus per se, this implies that the level of within-

species heterozygosity should be positively correlated with some fitness parameter of the fish

(Thelen & Allendorf, 2001). Il on the contrary, habitat heterogeneity promotes overall levels of

polymorphism, then we expect populations of a species occurring in a heterogeneous environment

showing higher levels of genetic diversity than those inhabiting more stable environments (Powell,

1971). Alternatively, a single locus under selection might show differences in allele frequencies as

expected under the multiple niche model of balancing selection (Levene, 1953), when comparing

populations across a heterogeneous environment subject to differential selection pressure. Such a

heterogeneous environment exists on the Belgian Continental Shelf (BCS), situated in the Southem

Bight of the North Sea. The BCS is characterized by a system of several groups of sand banls

alternated with gullies, which are continuously being swept by strong tidal currents. A long-shore

and inshore/offshore gradient under the influence of the highly turbid and heteroganeous Schelde

estuary is reflected in a number of abiotic factors such as temperature, salinity, turbidity and

nutrient concentrations (Nihoul & Hecq, 1984). Consequently, biotic factors such as composition

and diversity of marine organisms vary across the BCS (Vanaverbeke et al,20O0).

In this study we present the results of an allozyme survey of two marine gobies,

Pomatoschistus lozanoi (de Buen, 1923) and Pomatoschistus minutus (Pallas, 1770), carried out on

the Belgian Continental Shelf (BCS) and in the Schelde estuary, for assessing possible effects of

natural selection on the maintenance of genetic diversity within two species occurring in a gradient

of environmental heterogeneity. We aim to address following questions: (1) does any difference in

the degree of genetic variation exist within P. minutus and P. lozanoi collected in various habitats

on the Belgian Continental Shelf.t (2) can any correlation be found between genetic variation and

fitness parameters? and (3) are there any differences in allele frequencies at individual loci in

relation to environmental variables?

MATERIALS AND METHODS

Sampling

Sampling on the Belgian Continental Shelf was carried out with R/V 'Belgica' along an

inshore/offshore gradient on the Coastal Banks (Stroombank), Flemish Banks (Kwintebank) as well
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as offshor€ lanks @ligh Banh Noordhinder and Oosthinder). In addition, a number of
govenunental monitoring stations (MUMM stations) on the Belgian Continental Shelf were trawled.

Fish were caught with a beam trawl (width: 3 m) and an outer net mesh size of 20 mm stretched and

a cod end mesh size of 12 mm. The sarnples from the Schelde estuary were taken in Doel near the

city of Antwerp at the cooling water intake of the nuclear power plant (Fig.a.l). Mesh size of the

nets used was 4 mm. Sampling stations are grouped by area: the estuary, the inshore sandbanks

along the Belgian coast and the offshore sandbanks (Table 4.1.1). For comparison a sarnple ofP.

lozanoi and, P. mirwtus caught at the Frisian Front (north of the Wadden Sea) was subjected to

allozyme electrophoresis as well.

Table 4.1.1. Saryling sites o the sand banks of the Belgirn Continental Shelf with coordinat€s and nurnbers of fish

examined (N).

Srmpltng Perlod Longltude Lrdtude

Do€l March 1998 5l' 19' 30 N 04" 16' 00 E

Do€l DlO

Kwintebank KD

Stoombank Sb

Kwint€b8nk KilO

MUMM780 Ra
(Rran)
MLJMM 702 ZE
(Zocbrugge)
MUMM 790 Os
(Ost€nd)
MT,JMM I2O Ht

GCI Gc

MLIMM250 Gc

Oosthinder Oh

Btigh Bank Bli

Noordhinder Nh

Frisian Front FF

Oct. 1998

Feb. 1997

Feb. 1997

Oct. 1997

Marph 1997

Oct. 1997

os,t. 1997

Oct. l99E

Feb.l999

Feb. 1999

&t.1997

Feb. 1998

Oct. 1998

Dec. 1998

5l' t9'30N

5l' l7'61 N

5l' 13' 80 N

5lo 15', 36 N

51" 28', 05 N

51" 22' 63 N

5l' l6' 87 N

51. ll'l0N

51" 34' /+0 N

51.31'00N

5l' 30' 30 N

51" 33' 37 N

sl" 39' 50 N

53" 30', 00 N

(xo 16' 00 E

020 38'928

02.52'42E,

02" 3E',t4E

03' 03' 69 E

03" 18'68 E

020 5l'13 E

02" 47'07 E

03" 24' 80 E

03' 19'00 E

020 38'32E

02" 44't6E

020 36't4E

04 000'00 E

7l

68

83

l6t

50

78

50

Ofthore

<)

35

5l

28

't'l

l3

3l

60

46

3lWadden
Sea
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Nh

Lf

Fi

Fignre 4.1.1. Sampling locations and codes of the sampling sites of Pomatoschistus minutus and, P. lozanoi on the

Belgian Continental Shelf and in the Schelde estuary. Triangles: offshore samples; Squares: coastal samples; Circle:

eshrarine sample. For the abbreviations, see Table 4.1. The Frisian Front is located north in the Wadden Sea and not

indicated on the rnap.
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Allorynu elcctroph ores is

The total number of P. lozanoi and P. minutus analysed amounts to 408 and 637 specime,ns

respoctively (table 4.1.1). The samples were frozen on dry ice or liquid nitrogen immediately after

capture and kept in a -80"C freezer until analysis. Gobies were identified morphologically on the

basis of the dermal papillae of the head according to Miller (1986) and biochernically according to

Wallis and Beardmore (l98aa,b). Fish were measured to the nearest I rnm and weighed to the

nearest I mg. Liver, eye and muscle tissues were dissected and ground in 50-150 pl of distilled

water. The sarryles were subjected to cellulose acetab alloryme electrophoresis (CAGE)

@ichardson et al, 1986). Two buffer systerns were used: Tris-maleate (IrH : 7.8) and Tris-glycine

GH:8.8) following Hebert & Beaton (1989). Loci were stained according to recipes described by

Hebert & Beaton (1989) and Richardson et al (1986). The slowest migrating locus was designated

I or A according to the nomenclature of Shaklee et al (1990). The most cornmon allele in P.

mimttus at each locus was called '100' and other alleles in either species were classified according to

their mobility relative to allele 100 of the locus under study.

Table 4.1.2: Sunmary of the 14 loci examined including the enzyme code @.C.) and the tissue eryloyed M = mscle,

E = eye.

Enzyrp Locus (tissue)

Adenylate Kinase kinase (AK) [EC 2.7.43]

Aspartate aminotransferss€ (sAAT) [EC 2.6. l. l]
Creatine Kinase kinas€ (CK) IEC 2.7.3.2]

Furmrate hydratase (FII) tEC 4.2.1.21

Glucose4phosphate isomerase (GPI) [EC 5.3. 1.9]

Isocitrate dehydrog€nas€ (IDHP) [EC 1.1.1.42]

L-Lactate dehydrogenase (LDI{) IEC 1.1.1.27]

Malale dehydrogenase (IIIDI{) IEC 1.1.1.37]

Phoophoglucomutase (PGM) tEC 5.4.2.21

,{.Kr (M)

AATTM

CK-A'M
FH' M
GPI.AI (M,E), GPI-Bi M,E)
IDHPIM
7pg-1t 11tf'1, LDH-B' M, LDH-C'] (E)

U*U_1tM,UOr_pto,o
PGM_lrc|,'l,,PGM_2'oo
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Data analysis

The condition factor (CF), expressed as Weight (in grams) x 100/ Length I 1in cm; is an indicator of

metabolic effrciency, as fish with a larger condition factor allocate more energy to growth than to

metabolic needs (Danzmann et al, 1988). It was computed for each individual fish and a one-way

analysis of variance (ANOVA) was performed with the software package STATISTICA version 6.0

(Statsoft 2001), in order to assess ifcondition differed between sampling sites.

Genetic diversity was estimated as observed and unbiased expected heterozygosity (Nei,

1978) and calculated in GENETIX version 4.0 @elkhir et al, 2001). A locus was considered

polymorphic when the frequency of its most common allele did not exceed 0.99 in at least one

population. Linkage disequilibrium and Hardy-Weinberg equilibrium were calculated and tested

for significance in GENEPOP version 3.1 (Raymond & Rousset, 1995). Signifrcance levels of

Hardy-Weinberg equilibrium and linkage disequilibrium were adjusted with a sequential Bonferroni

test in order to correct for multiple testing (Rice, 1989). Pairwise Fsr values (Weir & Cockerham,

1984) were calculated in GENETIX and significance was assessed with permutation tests (1000

replicates). Differences in allele frequencies between samples were tested in GENEPOP.

Multidimensional scaling was applied on a matrix of pair-wise Fs1 values in order to assess whether

any geographical clustering of the samples could be found in STATISTICA. Individual

heterozygosity was calculated as the number of polymorphic loci per individual (Thelen &

Allendorf, 2001), and a linear regression was computed between the log-transformed condition

factor and individual heterozygosity. Samples were grouped into 'coastal', 'estuarine 'and

'offshore' habitats in order to assess whether any significant differences in the level of

heterozygosity could be found between habitats. A Kruskall Wallis ANOVA was performed with

the number ofpolymorphic loci as dependent variable and the sampling group as grouping variable.

RESULTS

Nine enzyme systems, corresponding to fourteen enzyme loci, were found suitable for cellulose

acetate allozyme electrophoresis (Table 4.1.2). The allele frequencies with observed and expected

heterozygosity are listed in Appendix 4.1.1 (P. minutus) and Appendix 4.1.2 (P. lozanoi). An a

priori exact test for allelic homogeneity (Raymond and Rousset, 1995) revealed no differentiation
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between P. lozanoi caught at the adjacent sampling stations GC-l and 250 (Fig.a.l.l). They were

subsequently pooled to increase the sample size and recoded as Gc.

Genetic diversity

Pomatoschistus lozanoi

After sequential Bonferroni correction all samples of P. lozanoi were in Hardy-Weinberg

equilibrium and no linkage disequilibrium was observed. The values for the observed and the

expected heterozygosity, the mean number of alleles and the proportion of polymorphic loci differ

slightly across all samples from the Belgian coast, ranging from 0.038 to 0.056. Apparently, this is

not conelated with the habitat: observed heterozygosity is highest in the offshore site Bligh bank

(H" : 0.052) and similar to the values for the estuarine sample from Doel (FI. : 0.0a2) and

Oosthinder (H" : 0.046), while the lowest heterzogyosity is found in the coastal site of Zeebrugge

(H" : 0.034) (Table 4.1 .3a). When samples were pooled according to the various habitats (estuarine,

coastal and offshore), no significant differences in levels of heterozygosity were found either

(Kruskall Wallis ANOVA: P:0.457).

Table 4.1.3a. Ponatoschisw lozonoi: Genetic divenity expressed as unbiased expect€d heterozygosity (lL), observed

h€terozygosity ([I"), percentage ofpolymorphic loci, mean nurnber ofalleles per locus (MNA). Average standard lenglh

in m (SL) and condition factor (CF) per sampling site with the standard deviations between parentheses are included.

Hrbitrt Slte CFH"H.

Eshtary D3

Coastal Gc

Ze

Ki10

Os

ofrshore Bli

Nh

oh

Wadden FF

Sea

0.050 (0.085)

0.054 (0.140)

0.038 (o.oe3)

0.047 (0.099)

0.039 (0.105)

0.0s6 (0.136)

0.048 (0.r25)

0.043 (0.134)

0.M5 (0.121)

0.042 (0.084) 0.3s7

0.03s (0.099) 0.286

0.034 (0.081) 0.214

0.048 (0.099) 0.357

0.037 (0.099) 0.286

0.052 (0.129) 0.286

0.040 (0.096) 0.429

0.046 (0.143) 0.143

0.038 (0.09s) 0.214

1.50 40.78 (4.68)

1.50 45.7s (4.31)

1.43 3s.1s (6.63)

r.43 38.88 (6.69)

1.43 34.45 (6.15)

t.s7 44.0s (6.20)

l.s0 39.48 (4.91)

1.14 40.s7 (7.18)

r.29 40.54 (5.14)

1.189 (0.1 l6)

1.1 17 (0.075)

0.927 (0.092)

1 .049 (0. l 54)

0.957 (0.12s)

0.956 (0.197)

0.973 (0.133)

0.979 (0.188)

0.Ee0 (0.09s)
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P omat os chis tus minutus

Locls LDH-C* in P. minutus showed a significant heterozygote deficit across all samples, with the

exception of Stroombank and MUMM 120 (H0. All other loci were in HW equilibrium in all

samples. No linkage disequilibrium was observed after sequential Bonferroni correction. Values for

heterozygosity, proportion of polymorphic loci and mean number of alleles per locus in the P.

minutus samples collected along the Belgian coast differed, but no correlation between genetic

diversity with habitat was apparent. For example, observed heterozygosity ranges from 0.065

MIJMM 120) to 0.104 (Shoombank) (Table 4.1.3.b), while the estuarine sample from Doel showed

an intermediate value (Ho : 0.084). As in the case of P. lozanoi, P. minutus showed no significant

differences in heterozygosity benveen habitats along the Belgian coast (Kruskall Wallis ANOVA, P

:0.900, n.s.).

Table 4.1.3b. Pomatoschistus minutus: Genelic diversity expressed as rmbiased expected het€rozygosity (H€), observed

heterorygosity Q{.), percentage of polymorphic loci, mean number of alleles per locus (MNA). Average standard lenglh

in mm (SL) and condition factor (CF) per sample with the standard deviations between parentheses are included.

P MNAH"H.

Estuary D10

Coast Kn

Sb

Ra

Ki10

Ht

Os

Offshore Bli

oh

Wadden FF

Sea

0.099 (0.185)

0.099 (0.210)

0.r02 (0.2u)

0.1 l0 (0.208)

0.1 10 (0.210)

0.084 (0.167)

0.111 (0.219)

0.r02 (0.183)

0.1 l0 (0.208)

0.108 (0.212)

0.084 (0.160)

0.086 (0.179)

o.ru (0.220)

0.096 (0.rE9)

0.093 (0.168)

0.06s (0.120)

0.086 (0.170)

0.067 (0.1 10)

0.084 (0.168)

0.064 (0.1 13)

0.357 2.07

0.214 1.64

0.2E6 1.50

0.429 1.71

0.286 2.14

0.357 1.57

0.286 1.79

0.357 1.64

0.429 1.86

0.357 1.64

47.99 (8.0e)

s0.24 (e.06)

44.13 (7.88)

44.71 (6.04)

50.24 (9.06)

49.71 (8.7s)

4s.7r (8.s2)

4s.00 (5.47)

45.18 (8.47)

41.50 (7.86)

1.351 (0.087)

1.159 (0.166)

1.138 (0.200)

1.124 (0.108)

1.155 (0.12s)

1.269 (O.rr7)

1.098 (0.148)

1.006 (0.127)

1.102 (0.120)

0.915 (0.094)
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Genclic dlvenlty rnd condition frctor

In both species the condition factorwas slightly higher fu heterozygotes than forhomozygote$, but

thedifferencewasnotsignificant(P. lozanoi:1.02vs.0.99,AI{OVA,P:0.134;P.mirutus:l.l2l

vs I . I 34, ANOVA, P : 0.498). A linear regression betwe€n cmdition frctor md numb€r of

potymrphic loci was not significant eitho (P. nin: R2:0.(X2, P:0.310; P. Iu:Fr2:O.O72,P:

0.laa ) @ig. 4.1.2 a and b).

9.0 0,5 t.0 !,5 2.0 2.5 3,0 3.5 4.0 4.5

Numbar of pdForfic b

(a)

Figurc 4.1.2. Relationrhip betwedn condition frctorandnumbcrofpolymo,rphio loci.Et P. rr,fulotus,b) P. luotoi

Gcncfic dlfierenthdon

P. mirutus ditre!€ntieted betwee,n sarnpling sites at LDH-C* (Table a.l. ) but thi$ loqrs was

excluded Arorn the overall Fs1 analysis due to the large deviations fiom HW equilibrium. Without

loctts LDH-Ci only the pair-wise Fsr value betrreen Doel and the Frisian Front hrned out to be

signifioant (pair-wiee Fsr : 0.083, P: 0.001).
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r,* 

|
1.rm 

I
1,0m 
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Table 4, I .4. Allele frequency differenc€s b€tlveen samples sigrificant at the 0.0 I level.

P. Iozaioi

LDH-Cj Ost

Ost
oh
oh
Ra
Kl2
Sb

The multi-locus Fsr across all sarnples and loci (without LDH-C*) from the Belgian Continental

Shelf for P. minutus amolmted to 0.0058. In P. lozanoi, pair-wise comparisons were significant for

allele frequency differences at locus GPI-A* (Table 4.1.4). Multi-locus F31 value across all samples

with GPI-A* included amounted to 0.029, but was only -0.002 without locus GP1-l*.

The pair-wise differences in allele frequencies at locus GPI-A* for P. lozanoi clearly

differe,ntiated the sarnples in an estuarine, coastal and offshore group @ig. 4. 1.3). The Frisian Front

groups together with the offshore samples from the Belgian coast.

.05 00 05

Oi mendon 1

Figue 4.1.3. P. lozanoi: Multidimensionsl Scating based on pair-wise F51 values (Weir & Cockerharq 1984) at locus

GPI-I r. Shess value = 0.0085.

KiIO Nh

Kil0 0h
Kilo Bli
Ze Nh
Ze Oh
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Nh D3
oh D3
BIi D3
FF D3

Ht
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Ht

D2

00

q02
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Cllnrl verirtion rt locus GPI-A* of the rllelcc GPI-AiI00 rnil GPI-A*113 ln Pornatorchlilus

louttoi

ln P. Iozanoi losts GPI-A* pr€smts two alleles occurring in appreciable freque,trcies, GPI-A*I(N

,nd GPI-A*I 13 (Appendix 4.1.2). When plofting the frequency of allele GPI-A*100 in P. Iozanoi

against ttre distance from the coast the ocsuletrce increases on an inshore-offshore axis, with the

lowest ft,equencies in Doel md the highest at the Hinderbanken (Fig. a.l.a). A Spearman Rank

correlation showed a significant relationship between coastal distance and the A,equency of GPI-

A*100 (P < 0.05). In Doel no GPI-A*I(M/I@ homozygotes and only few GPI-A*100/113

het€rozygotes were recorded ln P. mirufrts this locus shows minimal polymorphism and no

gradient in allele @uencies is observed.

* 0,400{{
$ o,rso

IJ:o 0,300

c
$ o,uoouo
- o,2oo

tj) e$ucy

nrnn l-
-t an -, nn -1 ,00 -0,50 0,00 0,50 1,00 I ,50

Log coastal distance

Figrc 4.1.4. Ponaarchistus lozoroi:Ftqrroacy of GPI-A| IN) in functio of coastal distancc.

The differenc€s at the GPI-A* locus for P. lozoroi seemed stable over time: the offshore stations

Noordhinder (Nh) and Oosthinder (Oh) were sampled during auhrmn in conseqrtive years (1998

and 1997) while the Bligh Bank @li) was sarnpled in February 1998, but the allele frequencies

rernained similar (Fig. 4.1.4). The same is tnre for the coastal sanples: GCI-250 (Gc) was satryled

0,1 50
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in February 1999 while Kwintebank (Kil0) and MLJMM station 702 (Ze) were sampled during

autumn 1997. Assuming that the gndient in allele frequencies at GPI-A* may be maintained by

natural selection, this implies that the respective genot)?es must perform differently in their

respective habitat (estuarine, coastal and offshore). Thus, in order to assess whether any correlation

existed between fihress and the occurrence ofthe respective alleles, individuals were divided into

three groups according to their genotlpe at GPI-A*(Gpt-l* 100/rc0, GPI-A*100/I 13 and GPI-

A*1 I3/1 I3) by sampling site.

Table 4.1.5. Pomdoschistus lozaoi:Flaq1twy of alleles at GPl-l*per sarryling site and average valuc for the

Condition Factor (CF) per genogpe.

Slte GPI-A'IOO GPI-A*113 Genotype

Btuary 0.130

0.272

0.215

0.276

o2m

0.Ml

0.397

0.870

0.728

0.7E5

o.724

0.7E1

0.559

0.603

GPI-AIlM/IM

GPI-A'|(nn t3

GPr-A+|13n13

GPI-A'IN/IOO

GPI-4.100/1 I 3

GPI-4.1 I 3/1 13

GPI.AT]M/TM

GPI-A||00/1 13

GPI-AIII3N13

GPI-AI100/100

GPI.ATlM/113

GPI-Ar It3/113

GPI-A}IOONOO

GPI-4i100/1 I 3

GPI-AI|13/113

GPI-A|100/100

GPI-A*I00n13

GPI-A*(13/1 13

GPI.A'1(N/1M

GPI-A.100/t I3

GPI-A'L13/1 13

GPI-A*TMNM

GPI-A*](nnt3

GPI-4.113/113

Gc2

Kil0

Bti

oh

1.171

1.192

0.889

0.979

0.966

0.E81

0.%0

0929

1.086

l.l t9

1.140

0.92r

l.u5
1.033

0.9v1

0.943

0.949

0.986

o.977

0.9E5

0.969

1.02E

o.922



CHAPTER IY

Although all ANOVA test results for condition factor by genotype were non-significant, condition

factor was always slightly lower for individuals homozygote for GPI-A*100 in the coastal samples,

while fish homozygous for GPI-A*ll3 had the lowest condition factor in the offshore samples

(Table 4.1.5). The only exception is the Oh sample, with almost identical values for the three

genotypes.

LDH-C* in P. minulus

Pomaloschistus minutus was differentiated between sampling sites at loctts LDH-C*, but no

gradient in allele frequencies was observed. In order to assess whether selection against

heterozygotes might be invoked for explaining the observed heterozygote deficit at this locus,

condition factors were compared between (l) homozygotes and heterozygotes at locus trDII-C* and

(2) the various genotypes at LDH-C* (LDH-C*100/100, LDH-C*100/107, LDH-C*107/107, LDH-

C*100/115, LDH-C*107/115 and LDH-C*Il5/lI5 respectively), but no significant effects were

recorded (ANOVA, P > 0.05).

DISCUSSION

Small-scale genetic variation in relation to environmental heterogeneity

The allozyme data show a lower degree in heterozygosity in Pomatoschistus lozanoi (H., 0.042 -

0.052; IL: 0.038-0.054) than in P. minutus (H": 0.064 to 0.104; tL: 0.084-0.11l). This confrms the

results of Wallis & Beardmore (1984b), who reported comparable expected heterozygosities forP.

lozanoi (H.: 0.054) and P. minutus (H" : 0.078) in a study based on 3l loci. Thus, observed and

expected heterzoygosity for P. minutus is about twice as high as in P. Iozanoi. This interspecific

difference in genetic diversity has been linked to the degree of heterogeneity of the environment in

which both species are generally found (Wallis and Beardmore, 1984b). P. minutus is more coastal-

estuarine while P. lozanoi has a rather neritic distribution (Fonds, 1973). However, an argument

against this could be complete the overlap in the distributional range ofthese species on the Belgian

Continental Shelf (Table 4.1.1). Other studies point also at high numbers of the putatively more

neritic P. lozanoi in the estuarine environment (Claridge et al, 1985; Arnda et al, 1993;Maes et al,

il6



SMALL-SCALE GENETIC VARIATION IN POMATISCHISTAS SP,

1998a). In our study, no evidence at all was found for increased levels ofheterozygosity in either

species for individuals occurring in estuarine (heterogeneous) versus marine (more stable) habitats,

as we would expect if habitat heterogeneity promotes genetic diversity. Sorice & Caputo (1999)

could not find any evidence for the adaptation arguments either, as no particular ecological

differences were found between highly and less variable species in their survey of Mediterranean

goby species. They noticed that highly polymorphic Mediterranean goby species were also

karyologically highly variable and suggested genomic constraints in chromosome variation as an

altemative hypothesis for explaining different levels of polymorphism between goby species.

However, Webb (1980) reported no intra- or interindividual variation in chromosome morphology

within P. minutus or P. lozanoi, excluding this as a hypothesis for these species. An alternative

explanation for the observed differences in levels of genetic diversity between P. minutus and P.

lozanoi may simply be found in random drift and stochastic events such as bottlenecks or founder

effects since the divergence ofthe two species.

We did observe a slight increase in condition factor for heterozygotes as opposed to

homozygotes in both species across all sampling sites, which could point to heterozygote

advantage. However, considering that the difference was far from significant, no firm conclusions

can be drawn from our dataset. Heterozygosity-fitness correlations have been recorded for several

fish species (Thelen & Allendorf, 2001 and references herein), but numerous other studies did not

find any correlation at all (e.g. Houle, 1989; Savolainen & Hedrick, 1995). As pointed out by David

(1998), a correlation between heterozygosity and fitness seems to be by no means universal and a

publication bias towards signifrcant results probably exists. Altematively, other parameters than

condition factor might be better suited for estimating frtness in Pomatoschistus sp.

Small-scafe population differentiation in Pomatoschistas sp. or natural selection on specific

loci?

In each species we recorded a significant amount of population differentiation based on allele

frequency differences at a single locus: GP1-l* in P. lozonoi and LDH-C* in P. minutus. Loci

PGM-I* and PGM-2* are also highly polymorphic in either species but no differentiation was

recorded. The fact that genetic drift and gene flow should affect all polymorphic loci similarly

(Pogson et al, 1995) points to some other underlying mechanism than reproductive isolation for
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explaining the observed differentiation. Moreover, considering (l) the extended pelagic phase,

which lasts for at least one month (Fonds, 1973) and (2) the extansive currents in the area, a large

amount of gene flow between Pomatoschistus sp. from the Southern Bight is not unlikely.

GPI-A+ in Pomatoschistus lozanoi

The fact that the reference sample from the Frisian Front, an offshore location, groups together with

the offshore Belgian samples, based on its allele frequencies at locus GPI-A* (Fig. 4.1.2), supports

the hypothesis that some environmental factor might be responsible for the observed allele

frequencies. Christiansen & Frydenberg (1974) reported a similar geographic cline in allele

frequencies at two esterase loci in eelpout, while frequencies at other polymorphic loci remained

constant, and suggested that these clines were maintained by selective pressure.

Levene 's model (1953) of balancing selection at a two-allele locus states that both alleles

may be maintained in the population by natural selection when selection pressure varies between

niches, resulting in a higho fitness of the alternative homozygote genotlryes in the various habitats.

If we apply this to the Lozano's gobies investigated on the Belgian Continental Shelf and in the

Schelde estuary, this would mean that the fish carrying allele GPI-A*100 may perform less in

estuarine conditions whereas individuals possessing allele GPI-A*113 might be less adapted to the

marine environment. The slightly lower values of the condition factor for the respective genotypes

in the various habitats may lend some support to the hypothesis of balancing selection. However,

considering that these differences in condition factor were not significant, and that locrts GPI-A*

was in Hardy-Weinberg equilibrium, any selection pressure on this locus is not likely to be strong.

Moreover, Pomatoschistus sp. is heavily subjected to parasitisrn" which also influences the

condition ofthe fish (Claridge et al,1985).

Although a correlation between allele frequencies at locus GPI-A* and temperature in fish

(including gobies) and other organisms has been reported (Watt, 1983; Al-Hassan et al, 1987; Z,era

et al, 1987) there was no such evidence in this study. The sites were sampled in different seasons,

coastal sites showing higher variance in temperature than offshore sites, yet allele frequencies at

GPI-A* within groups remained similar. Oxygen concentration at the sampling sites did not show

any hend that might be linked to the differences at GPI-A*. Salinity, which increases with

increasing distance from the Schelde estuary, yielded a weak but significantly positive linear

correlation with the frequency of GPI-A*100 @ : O.SZ, P < 0.04). De Wolf et al (2001) reported
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allozymatic differences at the esterase locus between samples of Littorina littorea in the Schelde

estuary and adjacent areas and suggested either the influence ofsalinity or anthropogenic effects as

responsible agents for the differentiation. It is tempting to point to the salinity gradient for

explaining the observed differences at GPI-A*, but any other factor increasing with increasing

distance to the coast would show a similar correlation. For example, the Schelde estuary is a heavily

polluted area while the level of pollution decreases towards the offshore areas. The water flowing

through the English Channel towards the Southem Bight is relatively clean Atlantic water. A

number of studies have revealed differential mortality of distinct genotypes when exposed to heavy

metals, suggesting they could be useful markers for assessing levels of pollution (Ben-shlomo &

Nevo, 1988). For example, Nevo et al (1984) and Newman & Jagoe (1998) found evidence for an

allele shift at the GPI* loci in shrimps and fish respectively, when exposed to mercury. However, in

order to prove an association between the observed GPI-A* genotypes and the level ofpollution,

this would require detailed biochemical experiments

LDH-C* in Pomatoschistus minutus

The only significant differences in allele frequencies between the P. minutus samples were found

for LDH-C*, which showed a consistent heterozygote deficit across almost all Pomatoschistus

minutus samples. Such a deficit might be attributed to scoring enor, null alleles, selection against

heterozygotes or the Wahlund effect. Scoring error is ruled out because a very distinct three-allele-

polymorphism was recorded at this locus using CAGE, contrary to starch gel electrophoresis

(Wallis & Beardmore, l984a,b; Stefanni, 2000a). If the heterozygote deficit were due to a mixing of

subpopulations, we would have expected a similar effect at the other polymorphic loci, which is not

the case. Null alleles may be another explanation (Richardson et al, 1986). Selective mortality of

heterozygotes has often been invoked for the heterozygote deficit observed in marine organisms

(Zouros & Foltz, 1984; Kotoulas et al, 1995). However, assuming that the condition factor

represents some indication of the general fitness of the fish, we did not find any evidence for a

reduced fitness in heterozygotes at LDH-C*.
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CONCLUSIONS

Our study did not find any differences in level of genetic variation rn P. minutus and P. lozanoi,

which could be linked to the degree of heterogeneity of the habitats where the samples were

collected. We can confirm the lower degree of genetic variation in P. lozanoi compared to P.

minutus. However, we cannot support the hypothesis that this difference may be due to their

occrrrence in habitats subject to a different degree ofheterogeneity as P. minutus and P. lozanoi

occur sympatrically throughout the whole sampling range. Heterozygotes revealed a slightly higher

condition factor than homozygotes across all habitats, but the difference was not significant. Thus,

we cannot demonstrate any firm heterozygote-fitness correlations. In P. lozanoi no significant

population differentiation was recorded except for a clinal variation in allele frequencies at locus

GPI-A*. We suggest that this is due to the effect of natural selection rather than reproductive

isolation. P. minutus was significantly differentiated at locus LDH-C*, but also showed a

heterozygote deficit in most samples for this locus.
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Appendix 4.1.1. Pomatoschistus minutus: Allele frequencies per sanple with observed (tL) md mbiased expected

heterozygosity (H.), proportion of polymorhic loci (P), mean number of alleles per locus (MNA); N: number of fish

screened per sample. Est: estuarine sampl€, WS: Wadden Sea.
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Appendix 4.1.2. Pomatoschistus lozanoi: Allele frequencies per sample with obserued (II") and unbiased expected

heterozygosity (H.), proportion ofpolymorhic loci (P), mean number ofalleles per locus (MNA); N: number offish

screened per sample.
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Evidence for line scale genetic structure and estuarine colonisation in a high gene flow marine

goby (Po matosc histus minutus)
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ABSTRACT

Marine fish seem to experience forces where homogenisation of populations should be the rule; yet

evidence for structure, even on a small scale, is growing. We assessed genetic diversity and

differentiation in 15 samples of the sand goby Pomatoschistus minutus, @allas 1770) (Gobiidae,

Teleostei) from four major environments within the Southern Bight of the North Sea, using seven

microsatellite and thirteen allozyme loci. Despite the high dispersal potential of the sand goby,

microsatellite loci revealed a moderate level of differentiation (overall Fs1 : 0.026; overall fu1 :

0.058). Both an hierarchical analysis of molecular variance and multivariate analysis revealed a

significant differentiation (P < 0.01) between estuarine, coastal and marine samples with

microsatellites but not with allozymes. Comparison among the different estimators of differentiation

(Fsr and Rsr) pointed to possible historical events and contemporary habitat fragmentation. We

conclude that this genetic structue was mainly due to the colonisation of the estuary during its

establishment in the early Holocene, and to restricted actual gene flow. All samples can be assigrred

to two breeding units localised in estuarine and coastal region. Despite the distinction, there were

indications of a complex and dynamic spatio-temporal structure, which is most likely, determined

by the local current regime and the behavioural ecology ofsand gobies.

Keywords: Allele shift; allozymes; gene flow; microsatellites; North Atlantic Ocean; sand goby.
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INTRODUCTION

One of the most interesting challenges in marine evolutionary biology is to assess the processes

responsible for genetic differentiation of distantly or closely related populations. Consequantly,

genetic strucfure of numerous organisms has been assessed using several kinds of estimators,

resulting in unequal values for different markers (Pogson et al, 1995. Lemaire et al, 2000; but see

Allendorf & Seeb, 2000). Although allozymes are still widely used, microsatellites gained

importance due to their highly polymorphic state, facilitating the discovery of subtle differentiation

(Shaw et al,1999; Ruzzante et al, 1998). In addition, they are useful tools to infer more historical

determined dispersal and gene flow events, due to molecular insights in the nature of alleles and

their mutation models (Balloux & Lugon-Mou1in,2002).

Populations of marine fishes were thought to be genetically homogeneous, e.g. panmictic,

for mainly two reasons. First, they usually exhibit a high effective population size and produce a

large number of eggs and larvae that disperse through passive or active mechanisms over vast

distances, thus limiting population divergence (Wirth & Bematchez, 2001; Hoarau et at,2002).

Second, the marine environment tends to be physically less structured than the continental systems

and to exhibit less constraint for gene flow, rendering marine fishes poor candidates for genetic

studies on small geographical scale. Nevertheless, fronts, local and global oceanic current pattems,

bottom topography, estuarine influence and climatic barriers restrict the dispersal ofpelagic larvae

and adults, and promote genetic differentiation within populations (Sinclair, 1988; Bowen & Grant,

1997; Lessios et al, 1999).

Additionally, because ofdispersal, many marine species occupy a wide variety ofphysical

environments (Warner, 1997). Such species inhabiting as well marine, as coastal and estuarine

regions, are thought to develop a mechanism of "divergence-with-gene-flow" through local

adaptation (Beheregaray & Sunnucks, 2001). To test such hypotheses, a system including various

types of habitats was chosen to see whether an annual non-commercial small marine fish, with a

high reproductive effort and dispersal capability to reach all habitats, is able to develop any

reproductive barrier and maintain it.

The sand goby Pomatoschistus minutus (Pallas 1770) (Gobiidae, Teleostei), a small bottom-

dwelling fish, is well suited to test those hypotheses. It occurs in several European regions and

specially within the Southern Bight of the North Sea where it lives in estuarine (Oosterschelde and

Westerschelde), coastal and marine habitats where it reproduces from May to July (Fonds,1973).
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Males build a nest and attract females to obtain eggs (Lindstrdm, 1992); they defend the nest until

the hatching of the larvae. The larvae are pelagic for 4 to 6 weeks and adopt a demersal life-style

after metamorphosis. Adults are thought to have poor swimming abilities, yet they carry out a

spawning migration (Pampoulie et al, 1999). Given its high dispersal capabilities, we might expect

only slight or no genetic differentiation at all among populations living on a small scale. On the

other hand, the geomorphology ofthe Belgian Continental Shelf, characterised by a combination of

sand banks and gullies swept by strong tidal currents (De Moor & Lanckneus, 1990), and by an

inshore/offshore gradient under the influence of the Schelde estuary (Nihoul & Hecq, 1984;

Offringa et al, 1996; Dewicke, 2001), might limit dispersal and promote small-scale inter-

population differentiation.

The scope of this study is to assess: l) whether a small marine fish species, exhibiting a high

dispersal rate and living in diverse and dynamic environments, could have developed any

reproductive barriers in such a heterogeneous area, and 2) whether as suggested by Beheregaray &

Sunnucks (2001), those specific hydrodyramic systems lead to a "divergence-with-gene-flow"

system which might be favourable to incipient speciation.

MATERIALS AND METHODS

Sampling

Sampling on the Belgian Continental Shelf was carried out with the oceanographic research vessels

R/V 'Belgica' and R/V 'Zeeleeuw' along an inshore/offshore gradient in the Coastal area (coastal

and Flemish banks: Sb, Ht, and K), the Estuary (Westerschelde), and the marine area (Ofl, Of2)

over a distance of at most 120 km (Fig. a.2.1). In addition, four samples were taken in the Schelde

estuary (Oosterschelde, The Netherlands) for microsatellite analysis only. The latter area consists of

a unique marine environment and is used as a nursery for frsh from the adjacent North Sea.

Although partly separated from the sea by a dike system, about 80% ofthe inflow passes through,

thus conserving the exchanges between the ecosystems (Hamerlynck & Hostens, 1994). One distant

population has been sampled in Texel (Tx; The Netherlands) as outgroup.

Fishes were either frozen in dry ice or liquid nitrogen immediately after capture and kept in

l2'l
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a -80oC freezer rmtil analysis. Gobies were identified morphologically on the basis of the de,rmal

pryillae of the head according to Miller (1986), and biochemically according to Wallis md

Beardmore (1984a,b).

Tablc 4.2.1. Saqliry locati@s of Ponaoschbusnrzr.tus in the Southem Bigbt of the North Sea"

Hrbltrt Srmpllng rtte AIIoOns Mtcro&
Wcrtcncbclde

Ooltcnchcldc

Docl 10

Westersohclde

Oocerscheldc 7

Oost€rschelde 15

Oost€r8oh€lde 21

OosErschcld€ 37

Kwintebonk 2

Stroombmk

Kwint€bmk l0

RanI
OstE rd

Wegahoombok

Kwinbba*

Oogtduinkc,tkc

Zuid-St€€nba*

Rran 2

Niewpoort

Oo*duinkerke

Texsl

Oosthind€r

Bligh Bank

Wl October l99E

W2 August 2001

Oc7 Augnst2(X)l

Ocl5 August200l

&21 August20l

Oc37 August2O0l

K2 Febnury 1997

Sb February 1997

Kl tuob€r 1997

Rrl lvlarch 1997

Os Octob€r 1997

Ht fuober 199E

Kl2 August2000

Otl August2000

Ze Augurt2fl)0

R 2 August2000

Np August20fl)

Or2 August 2001

Tx Septcmber 1999

Ofl tuob€r 197

OP. February 198

54

52

(t

52

45

52

7l

58

6E

83

161

50

<7

35

5l

28

53

54

53

53

52

52

5t

36
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M

Figure 4.2.L Sampling locations and codes of the sampling sites of Pomatoschistus minutus within the Southem Bight

of the North Sea. Triangles: allozyme samples; Squares: microsatellite and allozyme loci; Circles: microsatellite

samples. For the code designation, see Table 4.2.1 .

Alloryme genotyping

Allelic variation was assayed for 9 populations at 8 enzymes coding for 13 loci, namely Creatine

kinase (CK-A*,EC 2.7.3.2), Lactate dehydrogenase (LDH-A*,EC 1.1.1.27; LDH-B*,EC 1.1.1.27;

r29
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LDH-C*, EC 1.1.1.27), Malate dehydrogenase (MDH-A*, EC 1.1.1.37; MDH-B*, EC 1.1.1.37),

Phosphoglucomutase (PGM-I*, EC 5.4.2.2; PGM-2*, EC 5.4.2.2), Glucose phosphate isomerase

(GPI-A*, EC 5.3.1.9; GPI-B*, EC 5.3.1.9), Aspartate amino transferase (AAT*, EC 2.6.1.1),

Adurylate kinase (lK*, EC 2.7.4.3) and Fumarate hydratase (FII*,EC 4.2.1.2).

Liver, eye and muscle tissues were dissected and ground in distilled water. The samples

were subjected to cellulose acetate allozyme electrophoresis @ichardson et al, 1986) using two

continuous buffer systems: Tris-maleate (pH 7.8) and Tris-glycine (pH 8.8) as described by Hebert

& Beaton (1989) with modification. Loci were stained according to recipes described by Hebert &

Beaton (1989) and Richardson et al (1986). The fastest migrating locus was designated I or A

according to the nomenclature ofShaklee et al (1990).

Microsatellite genotyping

Allelic variation was assayed at seven microsatellite loci, Pmin-0 I , Pmin-05 and Pmin- I 0 described

by Jones et al (2001a, b), and the newly developedloci Pmin-06, Pmin-07, Pmin-O8 and Pmin-lI

(Table 4.2.2). A total of 15 samples were assayed with a sampling size of 36-54 individuals per

population (Table 4.2.1). DNA samples were extracted from fin clips using a Chelex @iorad" l0%)

extraction protocol (Walsh et al l99l).

For all primer sets used, PCR was conducted in a 10 pl reaction volumes containing specific

amounts of primers and MgCl2 ranging respectively from I to 2 pM and 0.6 to 2 mM. All PCR

reactions were preceded by an initial denaturation step of 2 min at 95"C followed by 25 cycles

extension steps: I min at 95'C, I min at the annealing temperature (60'C for Pmin-0|; 62"C for

Pmin-}S and Pmin-|0,54"C for Pmin-06,57"C for Pmin-07,56"C for Pmin-08 and 60"C for Pmin-

11) and 1 min at 72"C. A final elongation step of 3 minat72"C was performed.

PCR products were diluted with 5 pl (1:3) of stopJoading solution (formamide 99o/o and

bromophenol blue) and were electrophoresed on 25 cm 6Yo polyacrylamide gels and detected on an

automatic sequencer (LI-COR, model 4200) using the software E-seq ver. 2.00 (LI-COR Inc.,

2001). Products were scored using the software Gene ImagIR ver. 4.03 (Scanalytics Inc., 2001)

several times to avoid scoring errors. Suspect individuals were deleted from the analysis.
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Table 4.2.2. Characteristics ofthe microsatellite DNA markers scored on l5 populations ofsand goby (768 individuals

were scored). AN: Accesion Number.

Prlmer sequence (5')3') Repert Sequence Size rrnge No allel€s

Pmin-0| R: CACAAAGTCAATCCTAAATA (GT)4 158-418

F: CCAAACTGTTTAGCACTG

Pmin-01 R: TTTCCCCCGAACAACACAAC (GT)3r 118-276

F: TTCCCATGCCTCCTTTTGTC

Pmin-06 R: CGCATTAGAATTATTACCCC (CA)r4(AAXCA)r9 91-199

F: TCANTNCTACTCACTAACCT

Pmin-07 R:TTTCAGCTGTATAGTCGCTGC (CA)ro 162-178

F: TCGACAJMCTCAJqACTCACC

Pmin-08 R: GTTCGCCACCATGCACC (CA)r(CG)(CAXC ls2-286

F:AGTCTTCCACCGCTCACG GXCA),

Pmin-|0 R: AACCGCCCAATCCACAAC (GT)x 142-202

F: GAATGTCCCGAGAAACTGGAG

Pmin-Il R:CCGACCCAGAAATGGACAA (TGGA)6 100-120

F: GATTCGCCAACACAGATTCAA

43

Genetic data analysis

Allele frequencies, observed (Ho) and unbiased expectd heterozygosity (H") were calculated in

GENETIX version 4.02 (Belkhir et al, 2001). Hardy-Weinberg equilibrium (HWE) was calculated

and tested for significance in GENEPOP version 3.1 (Raymond & Rousset, 1995). Significance

levels were adjusted with a sequential Bonferroni test @ice, 1989). Wright's singleJocus F-

statistics (Wright, 1969) were calculated from allele frequencies for all loci examined for each

population according to Weir & Cockerham (1984) in GENETIX (0). For the microsatellite loci,

differentiation between populations was also quantified using the analogue rho of the Rsr of Slatkin

(1995) following Goodman (1997) using the computer program RSTCALC (Goodman, 1997) and

assuming the Stepwise Mutation Model (SMM; Kimura & Otha, 1978). Standard deviations of

single-locus Fsr values were obtained by jack-knifing over all populations according to Weir (1990).

Significance of multilocus Fs1 and Rsr was assessed with permutation tests (1000 replicates).

Pairwise genetic distances corrected for bias in sampling (Nei, 1978) was calculated in GENETIX

AF5 16896

AF516897

Ar'516898

AF5 I 6899

AF516900

Ar5 I 690 I

Ar516902
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assuming genetic drift-mutation equilibrium and a constant population size over time for both

allozyme and microsatellite loci. For microsatellite loci, genetic distaoce between populations was

also assessed by the specific distance Dp2 of Goldsteir. et al (1995) obtained with RSTCALC.

Genetic linkage disequilibrium between locus pairs was estimated according to Weir and

Cockerham (1984) and tested on contingency tables under the null hypothesis ofindependence. A

microsatellite multilocus estimate of the effective number of migrants (Nm) according to Slattin's

private allele model (1985) was assessed wittr GENEPOP. We performed a Mantel test (Mantel,

1967) ta test for correlation between geographical and genetic distance between samples (isolation-

by-distance) as implemented in GENETD( (after 10fi) permutations). An Analysis of Molecular

Variance (AMOVA) was carried out in ARLEQUIN version 2.0 (Schneider et al,200) to assess

hierarchical partitioning of genetic variability within and among populations, and among post-hoc

defined regions (Oostenchelde, Westerschelde, coastal and marine). We carried out a

multidimensional scaling (MDS) approach on pairwise genetic distance (Nei, 1978; Goldsrcin et al,

1995) using Statistica 5.1 (Statsoft Inc, 1997).

RESIJLTS

Allozyme genetic diversity

Nine out of 13 scored allo4ane loci were polynorphic in the nine samples analysed (LDH-A*,

LDH-B*, LDH-C*, MDH-I*, PGM-I*, PGM-2*, GPI-A*, GPI-B* and AAT*; Table 4'2.3). The

observed heterorygosity averaged over all loci ranged from 0.09 to 0.11. No inter-population

differcirces in mean heterozygosity, number of alleles per locus or levels of pollmorphism wer€

observed (Table 4.2.3).
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Table 4.2.3. Number of individuals scored (n), number of alleles (A), mean number of alleles

MNA), expected heterozygosity (HB), observed heterozygosity (Ho) and F6 according to Weir &

Cocketham (198a) for the polymorphic allozyme loci of sand goby. Bold values: F1s values

deviating significantly from HWE after sequential Bonferroni corrections. For sampling codes, see

Table 4.2.1.

Semples

LDE-A*

n 155

A2
HB 0.013

Hs 0.013

Frs -0.003

LDH.B*

n 146

AI
Hs 0.m0

Hs 0.m0

Frs

LDH-CT

n 144

A4
Hs 0.549

He 0.403

Frs 0.130

MDH-I*

n 156

A2
Hs 0.013

Hs 0.013

Frs -0.003

60 51

22
0.017 0.019

0.017 0.020

00

56 5l

22
0.018 0.038

0.018 0.039

00

54 5l

JJ

0.561 0.573

0.500 0.373

0317 oJEE

57 s2

l2
0.m0 0.019

0.m0 0.019

-0

50 79 35

lll
0.000 0.000 0.000

0.000 0.000 0.000

49 77 35

211
0.020 0.000 0.000

0.020 0.000 0.000

0-

47 66 35

JJJ

0.517 0.481 0.23r

0.298 0.439 0.r7r

o.2u 0.29E 0311

49 56 35

t2l
0.000 0.018 0.000

0.m0 0.018 0.000

-0

44 2E 57

212
0.023 0.m0 0.017

0.023 0.000 0.017

0-0

362866
r2l

0.000 0.069 0.000

0.000 0.070 0.m0

- -0.019

19 2E 64

333
0.460 0.42E 0.424

0.105 0.214 0.281

05t2 0513 0239

43 28 7l

3ll
0.068 0.000 0.m0

0.070 0.m0 0.0m

-0.006
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Hs

Hs
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A

Hs

Ho

Frg
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n

A
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F13

GPI-D'

n

A

Hs

H6

Fls

GOF

a

A

Hs

Hs

F6
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3

0.2E4

03u
4.045

l05

5

0.595

0.176

0244
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3

0.013

0.013

0

157

2

0.056
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4.026

114
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0.0(x)

0.000
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0.1E0
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0.076

4)

3
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0.1E4
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3
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3t
4
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6l

2
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0.t47
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3

0.297

0.290

0.029

$
3

0.258

0.300

4.Vr7

24

3

02u
0.333

4.154

65

3

o2A2

02t5

0.071

47 29

34
0.567 0.6m

0.532 0.552

0.072 0.12E

61 5l

ll
0.000 0.m0

0.000 0.000

61 5l

22
0.016 0.019

0.016 0.(D0

00

45 47

ll
0.000 0.m
0.000 0.0(n

44 25 3E

334
0.600 0.547 0.630

0.72E 0.360 0.s79

4.201 0.360 0.(B5

951
36

0.512 0.571

tzn 0549

0.605 0.049

2/70
l2

0.000 0.u2
0.000 0.u3

- 4.015

2470
l2

0.000 0.056

0.000 0.(x3

-0

2ti 7l

t2
0.000 0.014

0.000 0.014

-0

506634
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0.0(n 0.000 0.057

0.000 0.0(x) 0.059
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6
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0.u22

o.u22

0
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3212
0.07E 0.027 0.000 0.922

0.080 0.(D8 0.000 0.u22
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28il3544
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All polymorphic loci were in HW equilibriurn after Bonfenoni correction with the exception of
LDH-C*, where a strong heterozygote deficit across all samples was observe4 independent of
sample size (rangng from 30 to 200 individuals). Neither a tre,nd nor gradient in allele frequencies

across sampling sites was observed at this locus. A Mantel test failed to show any co6elation

between Nei's (1978) genetic distances and geographic distances (P > 0.05 under null hypothesis

after I 000 permutations).

Allozyme population strusture

As no clear differentiation was observed between all samples separately, samples were grouped by
season (summer and winter) to assess temporal variation and variation of the F-estimates. The

multilocus Fs1 value (0.01) for 'summer-autumn' samples (ofl, os, Kl, wl and Ral) was

significant (P < 0.05), which was entirely due to a differentiation at locns LDH-C* (Fsr:0.02g, p <

0.05). Excluding LDH-C*, the multi-locus Fs was only 0.003 (not significant). Exact tests

confirmed the differentiation at LDH-c* (P:'0.0001). The 'winter' samples (Ra3, of2, Sb and r(2)

were less differentiated (Fsr : 0.005) than the 'summer' samples (Fsr not significant). No

differentiation at locns LDH-C* was observed in this group.

Pair-wise genetic distances (Nei, 1978) calculated over all loci between the samples of sand

goby were not sipificant, Temporal variation in allele frequencies was assessed by comparing

samples taken at approximately the same site in rwo different seasons, K2 was compared with Kl,
Sb with Ht and Oh with Of2 (Fig. 4.2.1). Exact tests for allelic homogeneity @aymond & Rousset,

1995) showed no differences. The AMOVA revealed that within-population effects explained all

the observed variation and did not show any consistent differentiation between the samples (Table

4'2.4). T\e MDS did reveal a slight differentiation between marine, estuarine (Westerschelde) and

coastal samples (Figure 4.2.2a).
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Table 4.2,4. Hierarchical analysis of moleoular varianoe (AMOVA) among 9 populations of PomarNchisfirs minutus

g,oup€d in three regional groups for tho allo4me drta (Marine, Coostat and Westcrschelde) and 15 populations

g1ouped in four regional goups for the microsarcllit€ dara (Marine Coastal, Westersohelde and Oostersohelde). df:

degree of freedoqp: signifcance lwel.

Source ofvrrlrdon df

Vrrhnce

oomPoncntr

U.

vrrhdon

fll.tlon
lndlccr

Allozymes Among groups

Among sarryles wiftin grouPo

Within sarples

Totsl

Microsalellites Amonggroups

Among samPles within grouPs

Within sarryles

Total

2

6

899

N7

3

ll

l5l9

1533

-0.003

0.035

0.356

0.387

0.017

0.066

2.79

2.88

0.60

2.28

97.r2

100

-0.83 CT:0.W8 0.536

8.93 SC{.089 4.m01

91.90 ST{.081 <0.(n0l

100

cr<).006 <0.01

sc:0.022 <0.0001

sr4.029 4.0001

Microcatellite genetic diversity

Although the seven mioosatellite loci studied exhibited a high level of polymorphism (Table 4.2.2;

&o.ssl: l), rwo of than might be consider€d as highly polymorphic (Pmin-|L and Pmrz-O5) while

three loci are moderately polymorphic (Pmin-06, Pmin-08 arrd Pmin-|0) and two slightly

polymorphic (Pnin-|7 and Pmin-ll) compared to values found in the literature. The number of

alleles per locus across all samples ranged from 8 (Pnin-l I) to 88 (Pzin-05). Observed

heterozygosity averagd over all loci ranged from 0.62 to 0.76 in the 15 samples and terded to be

lower than the expected heterozygosity. Genotypic proportions in 55 of 105 exact tests were out of

HWE (Table 4.2.5). ln particular, at Pmin-|| no IIWE was observd in any sarnple excePted for

Kl. The overall exce$s of homorygotes for all loci combined (F s), as quantified by the correlation

of alleles within individuals was 0.163 (Table 4.2.6). Based on permutation rcsts (1000 replicates),

the F15 values were significant for six out of seven loci (0.001 < P < 0.01).
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Table 4.2.5. Number of individuals scored (n), number of alleles (A), mean number of alleles (MNA), expected

heterozygosity (Hs), observed heterozygoslty (Ho) and Frs according to Weir & Cockerham (1984) for the microsatellite

loci. Bold values: F1s values deviating significmtly fiom HWE after sequential Bonferroni conections. For sampling

codes. see Table 4.2. l.

Srmples
Locus Kl Klz a n"Z Ott OtZ I\p ft On Wl WZ Oc
Pmin{l
n565349525348494936524750504152
A453334374939434618494646382546
HE 0.967 0.939 0.953 0.954 0.971 0.958 0.965 0.967 0.940 0.968 0.963 0.966 0.962 0.936 0.970
H6 0.696 0.623 0.674 0.750 0.868 0.834 0898 0.776 0.833 0.808 0.787 0.860 0.960 0.927 0.904
Fn 0.288 0.345 0.303 0.223 0.116 0.141. 0.08 0.20t 0.105 0.175 0.193 0.120 0.012 0.022 0.079
Pmin-05
n575052535451505136545149494352
As63732394433403922463831403926
HE 0.9'16 0.956 0.947 0.962 0.966 0.959 0.962 0.964 0.940 0.967 0.964 0.950 0.964 0.961 0.942
Ho 0.860 0.660 0.635 0.755 0.926 0.843 0.860 0.765 0.889 0.815 0.843 0.714 0.7s5 0.97'1 0.689
Fn 0.128 0.319 0.33t 0.224 0.051 0.131 0.116 0.216 0.069 0.166 0.135 O.2St 0.227 -0.004 0.279
Pmin{16
n575253535451514936535252484449
A 29 27 23 2s 22 26 20 24 19 27 24 13 13 24 30
H6 0.911 0.914 0.919 0.925 0.909 0.930 0.904 0.920 0.882 0.886 0.871 0.723 0.833 0.902 0.863
Ho 0.860 0.679 0.736 07'14 0.722 0.846 0.843 0.612 0.750 0.887 0.904 0.750 0.750 0.818 0.694
F5 0.065 0.266 0.208 0.173 0.214 0.100 0.077 03,14 0.164 0.009 -0.028 -0.028 0.109 0.104 0.205
Pmin{17
a575352535450474636535052514352
A666655573756666
HE 0.697 0.702 0.607 0.700 0.652 0.634 0.601 0.764 0.538 0.'tO4 0.60't 0.691 0.641 0.499 0.606
H6 0.386 0.660 0.442 0.697 0.611 0.680 0.500 0.71't 0.6'19 0.453 0.500 0.500 0.451 0.465 0.673
Frs 0.453 0.069 0.280 0.039 0.072 -0.069 0.207 0.072 0.239 0.365 0.186 0.2t6 0.305 0.079 -0.102
Pmin{8
n565253495251464736545048484552
A 29 28 25 25 22 26 26 25 20 23 24 21 30 27 29
HE 0.936 0.894 0.900 0.924 0.879 0.913 0.914 0.928 0.888 0.926 0.918 0.923 0.946 0.930 0.940
He 0.857 0.884 0.849 0.816 0.692 0.922 0.8U 0.872 0.889 0.833 0.900 O.77r 0.792 0.910 0.810
Frs 0.094 0.020 0.064 0127 0.221 0.001 0.131 0.070 0.013 0.110 0.030 0.175 0.174 0.031 0.149
Pmln-10
n 5E 53 53 53 s4 s2 50 51 36 53 50 52 50 45 s2
A 28 32 14 26 24 26 22 2t t9 28 28 18 22 30 24
HE 0.931 0.931 0.853 0.929 0.931 0.947 0.941 0.905 0.879 0.941 0.939 0.909 0.903 0.929 0.931
Ho 0.828 0.660 0.556 0.577 0.860 0.'706 0.726 0.580 0.667 0.648 0.686 0.689 0.680 0.591 0.583
Fs 0.120 0.36E 0.345 0.387 0.086 0.299 0.278 0368 0.255 0,319 0.278 0.100 0.2s7 0.374 03E2
Pmin-11
n585353535452505136535052504552
4756'767765655676
HE 0.596 0.543 0.518 0.552 0.598 0.587 0.598 0.585 0.157 0.513 0.439 0.623 0.550 0.533 0.470
He 0.552 0.566 0.547 0.54'1 0.&8 0.592 0.700 0.412 0.167 0.418 0.460 0.712 0.600 0.511 0.500
FE 0.083 0.305 -0047 -0.051 -0.074 -0.090 -0.160 0.305 -0.045 0.089 -0.039 -0.132 -0.081 0.052 -0.057

Total
MNA 28.57 24.00 20.00 23.57 24.5'7 23.00 24.29 24.00 15.14 26.57 24.29 20.00 22.14 22.57 22.43
HE 0.859 0.840 0.813 0.849 0.8,f4 0.846 0.834 0.862 0.743 0.843 0.814 0.827 0.828 0.813 0.817
Ho 0;720 0.676 0.636 0.705 0.761 0.764 0;126 0.676 0.659 0.702 0.726 0.615 0.713 0.743 0.693
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Exact tests for linkage-disequilibrium yielded several significant values (0.01 < P < 0.05) involving

several pairs of loci without any consistency, thus suggesting that the results were not due to

physical linkage of the marker loci. No linkage disequilibrium was observed between allozyme and

microsatellite loci in the three cornmon sarnpling sites (Ofl, Kl and Wl).

Table 4.2.6. F-statistics (GENETIX) and R-statistics (RSTCALC) over loci for seven microsat€llit€ loci in 15

populations of Pozato,rclristus minutus.

n{trtfudct

FsrFpFrs

Pmin-05

Pmin-06

Pmin-O7

Pmin-08

Pmin-|0

Pmin-l I
Total

CI956/o

0.165

0.179

0.134

0.170

0.096

0.330

{.007

0.163

0.151-0.172

0.174

0. l9l
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0.14E
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0.021

0.016

0.058

Microsatellite populrtion structure

The partitioning of genetic vaf,iance arnong and within the 15 populations as estimated by F-

statistics showed a mean Fs1 value of 0.026 and a Frs of 0.163 while R-statistics showed a mean Rsr

value of 0.058 and a &s of 0.197 (Table 4.2.6). Pair-wise differentiation btween populations

yielded significant Fs1 values for all comparisons after sequerxtial Bonferroni adjustne,nt while not

all values were sigrificant for the Rsr estimator (Table 4.2.6). The highest pair-wise Fsr and Rsr

values were observed betwee,n the marine populations and the other populations. The total

differe'ntiation for both estimators was mainly due to loci Pmin-06 and Pmin-07 (Table 4.2.6). Nei's

(1978) and 4r2 (CotOstein et al,1995) distances exhibited significant values between all pairs of

populations after Bonferroni correction (Table 4.2.7). The highest values were observed between

marine populations and the others, and to a lesser extent between the estuary (Oosterschelde) and

coastal populations.
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Based on Slatkin's private allele model (1985), the corrected number of migrants (l[z) was 7.07 . A

Mantel test failed to show any correlation between Nei's (1978) arld Att2 genetic distances and

geographic distances (P > 0.05). Based on Nei's (1978) genetic distances, MDS clearly clustered

the populations ofthe coastal area (except Ot2) and the sample from Texel (Tx), the populations of
the Oosterschelde, the populations of the Westerschelde and separated the marine populations from

these three groups (Figure 4.2.2b; conelation values on axis I and 2: 0.311). Based onthe 0p2

distance of Goldstein et al (1995), MDS clearly clustered the Oosterschelde populations (except

Oc2l), the populations of the coastal area and separated the marine population from these two

groups.

The AMOVA analysis revealed a weak but highly significant interregional pattern of genetic

stnrcture ofthe Belgian population ofsand gobies, which was composed offour different groups,

namely the marine, the Oosterschelde, the Westerschelde and the coastal populations (Table 4.2.4).
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DISCUSSION

An unusual genetic diversity and heterozygote deficiency

The degree of heterozygosity as assayed with allozymes was comparable to values compiled for

marine fish species (Ward et a|,7994) and other gobioid fishes (Geertjes et aI,2001). Wallis and

Beardmore (1984a) found slightly lower values in sand goby but studied more loci of which a fairly

large proportion was monomorphic, thus decreasing overall values of heterozygosity.

Polymorphism at most allozyme loci was comparable to the results of Wallis and Beardmore

(1984a), with the exception of the highly polymorphic LDH-C*, which was completely

monomorphic in the former study, probably due to the use of starch gel electrophoresis.

The genetic diversity ofthe microsatellite loci assessed as the expected level ofheterozygosity

HE exhibited a wide range (0.157-0.976) and was generally comparable to other marine fish species

(Garcia de Le6n et al,19971' Ruzzante et a|,1998; De Innocentiis et al,2OOl) except for loci Pmin-

07 and Pmin-l l. Striking is the polymorphism of the loci Pmin-|1 (86 alleles), Pmin-}S (88 alleles)

and Pmin-L0 (45 alleles) being much higher than in any other species studied (DeWoody & Avise,

2000). This generally high polymorphism might be linked to the different environmental conditions

along the Belgian Continental Shelf, thus maintaining high genetic polymorphism of its inhabitants.

In fact, genetic diversity is regarded as an important asset to cope with the variety ofenvironmental

states (Levene 1953).

Most microsatellite loci and the allozymatic LDH-C* locus clearly show a deficit in

heterozygotes. This pattern is not unusual in populations of marine organisms as shown in several

studies (Smith, 1987; Garcia de Le6n et ol, 1997; De Innocentiis et al,2OOl), and might find its

origin in scoring errors, the Wahlund effect (Wahlund, 1928), inbreeding, the occurrence of null

alleles, assortative mating or selection against heterozygotes.

The Wahlund effect, the most common explanation of heterozygote deficiency, should result

in significant F1s values at more than one allozyme locus, as drift causing population structuring

should affect all polymorphic loci equally (Pogson et al, 1995\. For the microsatellites this

hypothesis can be rejected as well, because the level of differentiation observed between samples

(Fsr:0.026; Rsr:0.058) was by far smaller than the mean F1s value (F1s:0.163; Rrs:0.197)

(Garcia de Le6n et al, 1997). Moreover, when populations were grouped following the AMovA
defined structure, the overall Fys value did not decrease, excluding the Wahlund effect as
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explanation.

lnbreeding rernains an unlikely explanation in fish with large populations such as gobies

which are not subject to drastic reduction in their effective population sizes like commercial fishes

(Ft et al,200l; Hoarau et a\,2002). Nevertheless, polygyny and polyandry, which are known to be

common features in gobies (Lindstrdm & SeppA 1996), could be responsible for inbreeding because

some of the parents might dominate the progeny (see Zeh & Zeh,2001). For microsatellite loci, we

do not favour the hypothesis ofnull alleles because all F15 estimates were positive, significant and

relatively consistent across loci (Fs: 0.165 to 0.330; &s: 0.072 to 0.0451). It seerns highly

improbable that all loci exhibit null alleles with such a constant frequency. On the other hand, we

cannot reject this hypothesis for the LDH-C* locus even if selective pressure could also be a

possible explanation (Jollivet et al, 1995; Allegrucci et al, 1997\. On the contrary, selection against

heterozygotes has never been proven using microsatellite loci which are considered representative

of the whole genome.

Assortative mating has been suggested in Pomatoschislar species closely related to the sand

goby but has never been empirically demonstrated (Lindstrtim, pers.com.). Nevertheless, we believe

that the complex mating system ofthis species involving sexual selection by both sexes is largely

responsible for the high Frs values we observed (see Zeh & Zeh,200l).

Population dilferentiotion over a small geographical scale

In general, our study suggests the existence of nro spatially separated breeding units, namely the

Oosterschelde estuary and coastal area, while other samples are related to one or the other unit.

Comparison of our data with the work of Beheregaray & Sunnucks (2001) and Hoarau et al. Q002)

leads us to conclude that the structure found in sand goby populations is more complex than the

suggested four sub-units detected in the AMOVA analysis. The fxation indices suggest that

diflerences in allele sizes between populations were far more pronounced than differences in allele

frequencies (Balloux & Lugon-Moulin, 2002), and especially between the two breeding units (Fsr :

0.008 and Rsr : 0.022). Nonetheless, gene flow appears to be suffrciently large to swamp any

potential for large genetic differences detectable with Fsr estimates even if a small differentiation

was put forward with our data. Moreover, estimates of gene flow and genetic distances based on Fsr

values assume that population structure has been stable for sufliciently long to allow an equilibrium
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between drift and migration. As a consequence, small Fs1 values can be observed due to high

migration rates in the past, despite little or no curent gene flow. Under a strict SMM, Rs1 will be

more sensitive to historical events and to restricted or pronounced gene flow (Balloux & Lugon-

Moulin, 2002).The observed fu1 value (6%) suggests that the allele shift between the two breeding

units is large anough to be explained by isolation ofthese two populations during the formation of

the Holocene coast. Thus, we assume that several processes such as historical events (colonisation

ofthe Oosterschelde by coastal populations) and to a lesser extent restricted actual gene flow due to

the geomorphology of the studied area, contributed to the observed differentiation.

Congruence between allozyme and microsatellite loci

The variation of fixation indices among types of markers is one of the most powedirl methods for

examining whether natural selection has played a role in the observed genetic divergence (see

Allendorf & Seeb, 2000). Consequently, discrepancy between allozyme and microsatellite markers

has been described in several marine species (Lemaire et al, 20001' De Innocentiis et al, 2001). It is

indicative of either differentiation in one or both markers (Lemaire et al, 2000; De Innocentiis e/ al
2001), to selection or to stochastic events (drift-gene flow) (De Innocentiis et al,200l; Mclean &

Taylor, 2001). In our data set, microsatellite loci exhibited highest Fsr values than allozyme loci,

suggesting that the highest mutation rate in microsatellites has increased allele frequency

divergence among populations (Allendorf & Seeb, 2000). In addition, none of the alleles scored

occurs at high frequency in one population and is absent in the others, as would be observed ifnew

mutations drift to high frequencies within their population of origin before being distributed to

others by migration (Allendorf & Seeb, 2000). Thus, our results suggest that the observed

differentiation was mainly due to drift and restricted gene flow between the distinct breeding

populations (coastal and Oosterschelde groups) and the other samples, but not to any type of

selection (see above).

A model for the spatial dynamics of sand goby

Historical and contemporary factors seem to be at play in the spatial dynamics ofsand goby in the

Southern Bight of the North Sea. Historically, the North Sea coast reached its current shoreline
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7,500 years BP as the sea level rose at the end ofthe last Ice Age (Beets & Van der Spek, 2000).

With the rising seawater, gobies must have invaded the area from the English Channel, which can

be deduced from the phylogeographical homogeneity of gobies (Paper II) and plaice (Hoarau et al,

2002) n the North Sea. As soon as the water was rising, a mesotidal system became firnctional (van

der Molen & de Swart, 2001a). During the Holocene the wind-wave regime changed due to

modifications in basin geometry with an increase in wave height (and mixing in the coastal zone)

for a constant wave period (van der Molen & de Swart, 2001b). If the West Coast and

Oosterschelde estuary represent historical evolutionary units for the sand goby, their separation

might be linked to the geography of the estuaries of the Great Rivers (Schelde, Maas and Rhine),

which enter the North Sea. For example, the Zeeland coast of the Netherlands only reached most of

its current form some 700 yean ago. Hence, the question arises whether the North Sea fauna and

flora is currently in gene flow - genetic drift - selection - mutation equilibrium.

In a contemporary perspective, sand gobies live in a very dynamic environment with strong

tidal currents and experience heavy wave action due to the shallow water depth (Otto et al,1990;

Ozer et al, 2000). However, their prefened mating habitat seems to focus on two regions in the

Southem Bight. Off the west coast of Belgium is a retention zone (Van den Eynde, 1994;

Lanckneus et al,200l) where the coastal flow from the English Channel "collides" with the coastal

flow from the Rhine/Schelde system. In spring planktonic larval stages ofnumerous species can be

found in this area (Dewicke, 2001). Later on, the postlarvae of many species, including gobies, drift

to the nearby inshore nurseries. Off the Voordelta a similar retention zone can be observed, this

time driven by a SW coastal current and the NE current originating from the Rhine mouth

(Hamerlynck & Mees, l99l). As the genetic structure of sand gobies and plaice (Hoaran et al,

2002) reflects historical and contemporaneous factors, it might be termed a divergence-with-gene-

flow-system (sensu Beheregaray & Sunnucks, 2001). Unfortunately we do not have any ecological

inforrnation about the two putative breeding units to assess whether ecological data would be

consistent with genetic data and ifincipient speciation is occurring. Juveniles ofthe sand goby are

known to undertake migrations from the coastal area and the Oosterschelde to the Westerschelde in

fall, presumably to avoid predation and to find food (Maes et al, 1998a). This might result in the

mixing of genotypes from both breeding units with reduced pair-wise differentiation. We are in the

process of clari$ing the regional dynamics of the seasonal migration, which are linked to feeding

and growth, predation and natural mortality, and habitat selection.

To conclude based on microsatellite loci, our sfudy revealed the existence of nvo breeding
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units presumably connected with a low amount of migrants, consistent with a divergence-with-

gene-flow model but not with incipient speciation. This differentiation is most likely attributable to

a combination ofolder historical events, restricted actual gene flow and the complex mating system

ofsand gobies.
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CHAPTERV

GENERAL DISCUSSION

In the previous chapters we described the genetic structure and phylogeographic pattems of two

sympatric goby species, Pomatoschistus minutus and P. microps throughout their distributional

range (Paper l, 2 and 3). We have made use of the available knowledge on oceanography and

paleoclimatology for interpreting the recurrent genetic structure of either species. We have studied

the small-scale genetic structure of P. minutus and P. lozanoi in the Southern Bight of the North Sea

for assessing the influence of environmental variables and local hydrodynamics on regional genetic

diversity and differentiation (Paper 4 and 5). In this last chapter we compare (l) the resolution of

the various genetic markers which have been employed during this study and (2) the genetic

pattems across species of the genus Pomatoschistus for assessing the influence of species-specific

factors on extant genetic structure.

We have shown a significant differentiation in P. minutus and P. microps throughout their

distributional range and have formulated hypotheses regarding their phylogeographical history. Our

data point to a complicated recolonisation history in the northeastem Atlantic Ocean, involving

distinct lineages and possibly several waves of colonists. We found evidence for a cryptic species of

Pomatoschistus sp. in the Northem Adriatic Sea, but results from various markers (Penzo et al,

1998; Huyse et al, 2002; Paper 2) conflict regarding the timeframe of this speciation event.

Speciation processes within the Atlanto-Mediterranean gobies are complex and it is yet unclear

which event may have triggered the radiation within the sand goby group (Huyse, 2002).

Hence, a lot of questions remain to be answered. For example, does the peculiar haplotype

distribution of P. microps around the British Isles result from a range expansion from a glacial

refugium in the Southern North Sea or temperature-dependent selection? A more detailed sampling

scheme along the eastem English coasts or in the Irish Sea would be required to address this

question. We do not know anything about the Baltic P. microps, because unfortunately, no samples

were available. Similarly, the fine-scale population structure of P. minutus and P. lozanoi in the

Southern Bight of the North Sea remains unclear. We found some evidence for selective pressure

acting on a specific locus in P. lozanoi in the various habitats which were sampled, but it was not

clear which factor might induce selective pressure. Microsatellite analysis of P. minutus shows

some indications for distinct breeding units but the fine-scale dynamics of Pomatoschisttts sp. are

not known. For example, the spawning and thermal migrations are well described in literature, but
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as shown in Paper 4 and 5, sampling on the Belgian Continental Shelfin subsequent years yields

completely different results with respect to catches of the various species during the s:!me season.

Moreoveq the breeding biology of the species, with a complex mating system and high rates of

successful sneaking behaviour may contribute to a complex pattem of genetic structure. The

unusually high level of variation found in the microsatellites makes interpretation even more

difficult.

I. THE CHOICE OF GENETIC MARI(ERS: Al\ ASSESSMENT OF THE PERFORMANCE

OF ALLOZYMES. MTDNA AI\D MICROSATELLITES FOR DETECTING GENETIC

STRUCTURE T1 POMATOSCHIS?US SP.

In general allozymes have a lower resolution than DNA for disclosing population genetic structure,

in particular when assaying historical processes (Avise, 2000) (but see Daniels et al, 2002).

Moreover, the problem of the selective neutrality of allorymes continues to influence the

interpretation ofgenetic data (Allegrucci et al, 1997; Paper 4). Thus, not unexpectedly, the advent

of DNA technology such as PCR and automated sequencers has led to a spectacular increase in

DNA-based population genetics studies while allozymes have lost much of their popularity. In this

paragraph we compare resolution of the various markers, which were employed throughout the

study.

Congruent patterns of large-scale genetic differentiation in Pomatoschistus minutus and P.

microps for allorymes and mtDNA

For sfudying large-scale genetic structure and historical patterns we have employed a combination

of a nuclear and a mitochondrial marker. In the case of P. minutus we noticed a similar result for

allozymes and mtDNA regarding the distinctness of the Adriatic population: both allozymes and

mtDNA show that the degree of differentiation between Adriatic and other P. minutus is of the same

order of magnitude as betweenP. minutus andP. lozanoi (Paper I and 2). Thus, in the case of the

sand goby, both markers have a similar resolution for discriminating cryptic species.

The case of the Adriatic sand goby is but one in a long series of cryptic species, which have

been discovered using molecular tools (e.g. Rcihner et al, 1996;' Trewick, 2000; Borsa, 2002; Harris
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et al,2002; Zuccarello et al,20O2). Although in many cases a good concordance between molecular

and genetic relations between taxa has been found (Wallis & Beardmore, 1984a; Elrod et al,2000;

Tinti & Piccinetti, 2000; Young et aL,2002), a growing number ofstudies yields conflicting results

between morphology- and genetically-based phylogeny and taxonomy. Fish and invertebrates, for

example, are known to exhibit a large degree ofphenotypic plasticity, which in the past has led to

the description ofdistinct species, where no genetic differentiation is to be found (e.g. Schwaninger,

1999; Tudela, 1999; Tsigenopoulos e/ a1,2002). Hence, some advocate the use ofDNA as a basis

for taxonomy instead ofthe classical morphological criteria (Tautz et al,2O03).

At the population level, allozymes don't discriminate as clearly as the mtDNA in this study.

Allozymes do not yield any evidence for differentiation between the Westem Mediterranean and

Atlantic samples (Paper l), while the mtDNA suggests an historical isolation of the Mediterranean

sand gobies followed by secondary contact (Paper 2). Within the Atlantic Ocean both markers show

a low degree for population divergence. On the other hand P. microps is much more differentiated

throughout its range of distribution and this is reflected in both allele frequencies and mtDNA

haplotype distribution (Paper 3). In the common goby, allozymes and mtDNA show a remarkable

congruence in (l) the structuring of the Atlantic common gobies and (2) the loss of genetic

diversity at higher latitudes-

In summary, the overall patterns of large-scale genetic differentiation are similar for both

markers in either species: (l) the evidence for allopatric speciation in the Adriatic P. minutus, (2)

the low degree of within-species differentiation in the Atlantic P. minutus and (3) the high degree of

population divergurce of P. microps throughout its whole area of distribution. However, the

mtDNA shows a more refined picture of population divergence in both species throughout their

distributional range and allows for an historical perspective and the reconstruction ofpast migration

events (paper 2 and 3).

This is congruent with the results of other studies, where similar pattems of population

differentiation were found with mtDNA and allozymes (Cook et al, 2002; Daniels et al, 2002;

Tsigenopoulos et al, 2002). However, discordance between allozymes and mtDNA has been

reported as well, suggesting caution when interpreting genetic data (Turan et al, 1998, Piel & Nutt,

2000). Allendorf & Seeb (2000) stressed the importance of examining many loci for assessing

patterns of gene flow, while the nature of these makers seemed less important. Especially if a

sigrrifrcant level of differentiation is due to the effects of one or few loci, the possibility of selection
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acting on a specific locus must always be taken into account, even ifso-called 'neutral markers' are

employed (Dufresne et al, 2002).

Patterns for microsatellites and allozymes in assessing small-scale genetic differentiation: the

sand gobies on the sand banks

Nevertheless, allozymes seem to be less suitable for disclosing subtle, small-scale population

structure. Allozymes did not show any significant population structuring on the BCS for P. minutus,

with the exception of differences at one locus, trDH-C*, which was severely out of Hardy-Weinberg

equilibrium. None of the other polymorphic loci showed any small-scale differentiation in allele

frequencies. On the other hand, microsatellite analysis yieled some evidence for small-scale

population structuring, although pattems remain difficult to interpret. However, cosidernig that no

allozyme samples were available from the Oosterschelde, we cannot make any inference about the

resolving power for discriminating between Oosterschelde and Belgian coasts.

Recent studies with microsatellites suggest that significant genetic differentiation between

geographic populations seems to be the rule rather than the exception in marine organisms, even in

species with long-lasting pelagic larval stages, capable ofextensive migrations (Nesbo et al,1999;

Shaw e/ al, 1999; Wirth & Bernatchez, 2001). However, Hansen et al (2001) warn against the

pitfalls of misscoring microsatellite alleles and underlines that any significant 'subtle' genetic

structure should be backed up by other relevant information. For example, genetic di{ferentiation in

highly vagile species such as Atlantic cod (Ruzzante et al, 1998) and sea bass (Bahri-Sfar el al
2000) is consistent with oceanographic features in the area of distribution. ln case of the sand goby,

the suggestion of separate breeding units in the Oosterschelde and the Belgian coast is supported by

sampling surveys showing aggregation of larvae in distinct areas off the Belgian coast @ewicke,

2001), while the Oosterschelde is considered a self-sustaining ecosystem (Scholten et al,1990).The

evidence for'Selective Tidal Sneam Transport' in Pomatoschistzs gobies (Bardin & Pont, 2002)

shows that gobies are capable of active migratory behaviour during the larval stage. Thus, both

behavioural and life history characteristics of the species and the hydrology of the area provide

support for more complex processes than simply larval drift via oceanic currents.

As a final remark, we conclude that any genetic marker is valuable, provided (l) the right

questions are addressed, and (2) results are interpreted with caution. In this study we have shown
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that allozymes have a similar resolution as mtDNA for detecting cryptic species (Paper I and 2) and

global population differentiation. In this case the use ofallozymes might be the preferred tool over

more sophisticated, expensive and time-consuming DNA methods. At the other hand, their

resolution for detecting small-scale or recent evolutionary processes is not suffrcient (Paper 5) and

the possibility of selection acting on certain loci should always be taken into account (Paper 4;

Lemaire et a\,2000). Microsatellites may be useful for studying small-scale evolutionary processes,

but their high variability and consistent heterozygote deficits may be a problem for interpretation.

II. COMPARING LARGE-SCALE PATTERNS OF GENETIC STRUCTURE AI\D

PHYLOGEOGRAPHY IIrJ POMATOSCHISTAS MINUTU.S AND P. MICROPS

We have shown that oceanographic and paleoclimatological features play a major role in shaping

population structure in Pomatoschistus minutus and P. microps (Paper 2 and 3). The overall genetic

differentiation within each species is consistent with larval dispersal via oceanic currents in the

northeastem Atlantic Ocean, while at least a partial barrier for dispersal exists between Atlantic and

Mediterranean waters.

However, other important agents, which may influence population structure, are species-

specific features such as behaviour, ecology and life history characteristics (Wilke & Davis, 2000;

Beheregaray & Sunnucks, 200 I ; Dawson et al, 2002). A stenotopic species may find itself 'trapped'

in its habitat due to ecological constraints despite a possibly high potential for dispersal. For

example, a lowered level of salinity at the mouth of a river may represent a barrier to dispersal for

marine organisms (Rocha et a|,2002). Reproductive isolation can be enhanced in populations

evolving under different ecological conditions (Rundle et a|,2000). As pointed out by Bematchez

& Wilson (1998), co-occurring species with distinct ecological characteristics may respond

differently to paleoclimatological events and thus show different phylogeographic pattems across

the same range. Consequently, sympatric sister species with a similar mode of reproduction but

different ecological requirements provide an excellent opportunity for assessing the influence of

ecological constraints on their extant genetic structure (Rochaet al,2OO2).

P. minutus and P. microps occur sympatrically over a large part of their distributional range

and show a similar mode of reproduction with a pelagic larval stage lasting from one to two months.

In the Northeastern Atlantic both species spawn between April and August (Jones & Miller, 1966;
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Fonds, 1973). Meditenanean P. microps show a protracted breeding season from March to

September, while P. minutus reproduces during winter from December to April (Bouchereau &

Guelorget, 1997). When considering the spawning site, Fonds (1973) and Claridge et al (1985)

suggested a spawning migration towards the sea of estuarine sand gobies. Very low numben of

both P. minutus and P. microps in estuaries during the breeding season, but high numbers in fall and

winter substantiate this (Maes et al, 1996; Laffaille et al,2000\. However, both P. minutus and, P.

microps are able to reproduce in the estuarine environment (Vaas, 1970; Arnda et a/, 1993). Thus,

although both species are able to spawn in a brackish-water environment, reproduction takes

essentially place at sea, at least in the Atlantic Ocean. P. microps breeds in very shallow areas up to

1 m depth while P. minulus reproduces in slightly deeper water between l0 and 25 m (Fonds,

1973). Conhary to Atlantic common gobies, Mediterranean P. microps spend their whole lifecycle

sedentary in estuarine and lagoonJike environments @ampoulie, 2001), while Mediterranean P.

minutus undertake seaward spawning migrations @ampoulie et al,1999).

A substantial number of studies have dealt with comparative analyses of phylogeography

and population genetic structure across (more or less related) marine species. However, most focus

on species with contrasting life histories and dispersal capacities (e.g. Bowen & Avise,

1990; Riginos & Victor, 2001). The general pattem which emerges is that organisms with direct

development or a short pelagic larval stage are more genetically differentiated than those with a

longer lasting pelagic larval stage (Doherty et al, 1995; Goldson et al,200l; Rocha et a\,2002).

Species requiring an estuarine environment for reproduction are usually also more differentiated

than those spawning at sea, due to the constraints imposed by their habitat requirements (Dawson et

al,2OO2).

We address here two phylogenetically and ecologically similar species for assessing the influence of

species-specific factors in shaping population structure. More specifically, we test the following

hypotheses:

(1) As described above, Atlantic populations of both species have a similarpotential for

dispersal with an extended pelagic larval stage, while adult fish are adapted to a demersal life-style.

Thus, if the population structure in P. minutus and P. microps is the result of an exclusively passive

larval dispersal controlled by oceanic currents, we might expect a similar degree of genetic

differentiation within both species. If this is not the case, then behavioural and/or ecological factors

may have to be invoked for explaining differences.
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(2) In the Meditenanean Sea, estuarine P. microps are living sedentarily in semi-enclosed

lagoons during their whole life cycle, while P. minutus reproduces at sea. Thus, we may expect a

higher level of differentiation for P. miuops than for P. minutus between the Atlantic Ocean and

the Mediterranean Sea.

Species-specific patterns of genetic differentiation and phylogeography in Pomatoschistus

minutus and P. microps

We have shown that the pattems of genetic differentiation as detected with mtDNA look similar for

Pomatoschistus microps and P. minutus (Papers 2 and3).In both species we have recorded (l) that

the highest amount of genetic differentiation is due to differences between the samples from the

Atlantic Ocean and the Mediterranean Sea and (2) a pattem of isolation-by-distance. Likewise,

overall phylogeographic patterns in P. microps and P. minutus seem similar. A shallow

phylogeographic structure with a high haplotype diversity and a low nucleotide diversity is not

uncommon among marine fish, and is considered as the signature of either a bottleneck or a founder

event and subsequent population expansion (Grant & Bowen, 1998). Both species show (1) a star-

like phylogeny with a few common (ancestral) haplotypes and a large number of rare radiating

variants and (2) a negative correlation between haplotype diversity and latitude, at least in the

Atlantic basin. However, a closer look at the data shows some striking differences in genetic

patterns between these sympatric goby species.

(i) Pomatoschistus sp. have dffirent patterns of genetic diferentiation across the Atlanto-

Mediterranean boundary

Although both Pomatoschistus. minutus and P. microps show a genetic break across the Strait of

Gibraltar, the magnitude of genetic differentiation between the Atlantic and the Mediterranean P.

microps is definitely higher than for P. minutus.' allozymes showed no divergence between P.

minutus from the southern North Sea and the westem Mediterranean (Paper 1), while significant

differences in allele frequencies are recorded between P. microps from the western Mediterranean

and the geographically much closer sites of Faro (southem Portugal) and La Tremblade (Gulf of
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Biscey) (Paper 3). Pair-wise valueg of Fsr md genetic distance betrreen Atlantic and Meditcrmean

saryles are higher fot P. microps rtrm P. mtuntats Clable 5.1 md 5.2). The same haplotype in P.

minufiu (A) is recorded in high fteque,ncies across the whole range of the species, including the

we$t€tn Mediterranean Sea. On the conEary, the only hrylotype tn P. microps shared between the

Atlantic Ocean and the Mediteranean Sea is the haplotype pr€sent in the Norwegian Sea" at the

northernmost edge of the spec,ies' dishibution.

Tablc 5,l: Allozyrcbarcd pair-wicc F31 vrlu6 (W€ir & Cock€rtEn, l9E4) of Ponatoschirno niaaac (r4por tsinglc)

aod P. nicrqpc (lorvcr trianglc) boscd o a[ozync cleclrqhoresis as compiled Aom Papcrs I md 3.

Docl Tcxcl Obm

Docl

Texel

Obm

Pdrolg

0.m0 0.035 0.12t -0.qx

0.(b5 0.m0 0.306 0.035

0310 0.36 0.000 0.14r

0.290 0.282 0.308 0.000

Teble 5.2: dDNA+ss€d pair-wise genaic disbces Cfaun-Nci, 1993) of Porndarchisfr.s mirufrts (rrypq timglc)

afr P. microps Qowa trirngle) as co'qilcd fiom Papon 2 ssd 3.

Trcndhcim Obm Tcxcl Do€l Plymuth Pdaols

Oban 0.955 0.m0 0.133 0.455 0.W 0.342

Texel 0.862 O.flX) 0.m0 0.078 0.026 0.243

Docl 0.U2 0.158 0.12E 0.fi10 0.257 0.338

Plynoufr 0.590 0.553 0.W 0.129 0.000 0.229

P&ols 0.336 0.771 0.73t 0.518 0.574 0.000
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(ii) The higher population diferentiation of P. minutus compared to P. microps within the Atlantic

Ocean

Within the Atlantic basin, P. mimttus is more differentiated that P. microps. ln P. mimttus, the

occunence of haplotype A at all sarnpling sites, ranging from the Norwegian Sea and the Baltic Sea

south to the westem Mediterranean in appreciable frequencies, points to an extensive amount of

gene flow tbroughout its distributional range. On the contrary the Atlantic haplotypes of P. nicrops

show a much more restricted range of distribution and no haplotypes conrmon to all po'pulations are

recorded. Haplotype H4 has a clear boreal distribution (north of the English Channel), while the Hl

mainly recorded distribution south of the English Channel. P. microps from the English Channel

and the Gulf of Biscay are clearly differentiated from the western Scottisch and lrish coast, while

the P. minutus from these sites are grouped together (Fig.5.l and 5.2).
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appreciable frequencies suggests lineage sorting ofthis haplotype followed by extensive gene flow

throughout the area of distribution. The distinct westem Mediterranan haplotypes which form a

separate cluster are presumable older ones, while the presence of haplotype A in this area is

explained as secondary contact after range expansion from the Atlantic into the Mediterranean Sea.

The haplotype distribution of the common goby, on the other hand, requires a more complicated

explanation. The occurrence ofHl4 at the edges ofthe species range suggests that this haplotype

might have a more ancient distribution and has been displaced by Hl and H4 in a later stage of the

recolonisation process. The peculiar distribution of Hl versus H4 around the British Isles might be

attributed to several reasons, such as a postglacial range expansion from a refugium in the Southem

Bight or temperature dependent selection. The distinct phylogeographical pattems within either

species are summarised in Fig. 5.3 and 5.4 and a hypothetical scenario for the migration routes of

the various haplotypes in either species is presented.

A scenario for the postglacial recolonisation ofthe Atlantic coasts by Pomatoschistus microps

We suggest that a population of Hl4 -P. microps invaded the Atlantic Ocean from an ancestral

Mediterranean population and gave rise to the Atlantic haplotypes of P. microps along the Iberian

coast. P. microps expanded its range northward along the European coasts. At the onset of the

Weichselian, P. microps' range was severely contracted and the species survived in a refugium

along the Portuguese coast. Nevertheless, a H4-population may have survived in the glacial lake in

the Southem Bight. Upon deglaciation, Hl4 P. microps migrated northward and recolonised the

coasts of westem Europe (Fig. 5.3a). ln the Southem Bight of the North Sea, H14 might have come

into contact with H4, which was also expanding its range northward into the North Sea. H4

displaced H14 in the North Sea. Hl4 became rare and only survived in large numbers in the

northem part ofthe distributional area.

Subsequently, haplotype Hl migrated northward from its southern refugium and displaced

Hl4 along the Atlantic coasts south of the English Channel. Areas more to the north were occupied

by H4 and Hl did not manage to intrude (Fig. 5.3b).
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holated lagoon
populatiow

Figurc 5.3b). Pornatmchisrus micmps: Hypothetical migruion routes. Displac€o€nt of H14 in fte Atlantio bssin by

Hl, H4 aod deccndmb. AOOF: Almcrh-Oran Occanic Frcnt

Pomatoschisttu mirilt ts: proposed recolonisation routes

A population of a proto- P. mirutus anc€stor gave rise to the three species in the P. mfuuttts

complex and the Adriatic sand gobies in the Mediterranean Sea. These colonised lagoons and

estuaries in the Mediterranean Sea. A population invaded the Atlantic Ocea!, giving rise to

haploytpe A and its descendants (Fig. 5.,[a).
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Differentirtion of P. minatas ,ail P. miuopts within the Mediterranean Sea

Because the Rh6ne Delt4 where both sampling sites are located, finds its origin in the late

Pleistocene and postglacial sea-level rise, dating back only 18 ka BP (Amaud-Fasset,2002),

colonisation of the various lagoons belonging to the system by P. minutus and P. microps cannot be

of an older date. At the mometrt, no direct connection exists between Vaccards and P6rols (60 l<rn

apart) except via the sea @ampoulie, pers. corun). No differentiation was found between the P.

microps from Vaccards and Perols, implying recent isolation, or else genetic drift would have

resulted in differences betrreen the sites. Historically, both sites were cormected and became

separated during the Holocene development of the Rh6ne Delta, which underwent several major
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changes during the Holocene, the last of which was during the Little Ice Age (17- l8th century).

Isolation ofthese populations might thus be as recent as a few hundred to a few thousand ofyears.

The limited amount of genetic differentiation between Atlantic and western Mediterranean

P. minutus does not warrant subspecies status as proposed by Miller (1986). In contrast, the

taxonomic status of the P. minutus from the northern Adriatic must be revised. Although no

morphometric differences with typical P. minutus were found (Stefanni, 2000a), the genetic

distance as observed with two independent genetic markers is sufficient to warrant species status, as

confirmed by Huyse (2002). lfone prefers not to designate species status, it should be pointed out

that P. lozanoi and P. minutus have a similar genetic distance. Whether only the P. minutus from the

Northern Adriatic consist of a separate breeding unit, or whether the complete Adriatic Sea is

isolated from the rest of the Mediterranean with respect to gene flow in the sand goby, remains to be

verified by further sampling along the Adriatic coast.

Are there species-specific behavioural mechanisms?

Pomatoschistus minutus realises a higher rate of dispersal at the same geographic scale than P.

microps despite a similar potential and a similar exposure to hydrographical paftems. Rocha et al

(2002) showed that adult habitat requirements play a major role in population divergence. However,

P. minutus and P. microps occur sympatrically over a large part of their distribution, and the fish

examined in this study were caught in the same sample. Similarly, although both species must have

been subjected to the same paleoclimatological and vicariance events, phylogeographic pattems are

different (Fig 5.3 and 5.4) as well. Secondary contact between Atlantic and Mediterranean sand

gobies is suggested while the Mediterranean common gobies seem to completely isolated in the

sites sampled. Thus, the question arises how these different pattems in sympatric species with a

smilar potential for dispersal might be reconciled.

Clearly, although topographical, oceanographical and paleoclimatological features represent

the framework for the interpretation of the genetic structure of marine species, this may not be

suffrcient. For example, Bahri-Sfar et al (2000) suggested that, besides purely hydrographical

factors, behavioural traits may be partly responsible for the observed genetic differentiation between

Atlantic, Western Mediterranean and Eastern Mediterranean sea bass. Among behavioural traits
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enhancing population differentiation described in literature are (l) active homing behaviour and

(2) selective tidal stream transport (Greer Walker et al,1978).

Homing behaviour implies hdelity to distinct, natal spawning sites, and is well-documented

in anadromous species such as salmonids (Laikre et aI,2002) and sturgeon (Waldman et a|,2002),

migrating upstream in their natal rivers for spawning. The behaviour has been reported in a number

of marine fish, such as cod (Green & Wroblewski, 2000), herring (Sinclair, 1988) and weakfish

(Thonold et al, 2001). However, as pointed out by McQuinn (1997), a prerequisite for genetic

isolation is not just homing behaviour, bt;/. natal homing. Herring, for example, shows a strong

homing behaviour, but not necessarily to natal spawning sites. Adults are fidel to spawning areas

but these are often not their natal spawning areas. In fact, this straying behaviour would lead to a

considerable amount of gene flow between populations (Smith & Jamieson, 1986).

Pampoulie et al (Paper 5) have shown that high resolution markers yield evidence for

distinct breeding units of the sand goby in the Southem Bight, with one putative spawning area off

the Belgian west coast, while another may be situated off the Voordelta along the southwestern

coast of The Netherlands. However, even if local populations of Pomatoschistus spp. breed at

distinct sites along the coast, the pelagic larvae have plenty of opportunities to disperse over large

distances on the currents in the area.

Selective tidal stream transport (SfSf has been reported in larvae and adults of a large

number of fish and invertebrates (e.g. McCleave & Kleckner, 1982; Metcalfe et al, l99O; Amold er

al,1994). Basically, a net horizontal transport is achieved by vertical movements ofthe organisms

in and out of the water column, which are synchronised with the direction of the tidal curents.

STST can be used for north-south migrations along the coast or movements into esfuaries, or else as

a retention mechanism in other species (Forward & Tankersley, 2001). Considering the large variety

of species in which the phenomenon has been described, STST seems to be the rule rather than the

exception in the movements of marine organisms (for a review, see Forward & Tankersley,2001)

and is especially important for demersal species with limited swimming abilities. Bardin & Pont

(2002) reported STST for both juvenile and adult Pomatoschistus spp. when entering a

Mediterranean lagoon.
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The Atlanto-Mediterranean boundary: to cross or not to cross

The Almeria-Oran Oceanographic Front (AOOF), situated east of Gibraltar in the Alboran Sea, is

the true boundary between Atlantic and Mediterranean water masses (Tintore et al, 1988). Oceanic

fronts are known to act as barriers for the dispersal of marine pelagic larvae (Goldson et al, 2001).

However, various marine species with a long-lived planktonic larval stage respond differently to the

presence of the Almeria-Oran front. For example, no genetic differentiation was found between

Atlantic and western Mediterranean samples of European anchovy (Magoulas et al, 1996; Borsa,

2002) and swordfish (Pujolar et al,20O2), reflecting a sigaificant amount of ongoing gene flow

between both basins. At the other hand, sigrificant genetic differences east and west of the Almeria-

Oran front were found for e.g. sea bass (Allegrucci et al,1997), flounder (Borsa et al,1997b),hake

(Roldrin et al, 1998), mussels (Quesada et al, 1995) and krill (Zane et al, 2000). Clearly, species-

specific factors other than purely passive larval dispersal must play a role in maintaining either

genetic homogeneity or reproductive isolation between Atlantic and Mediterranean populations of

marine organisms. If Pomatoschistus minutus and P. microps were retained passively in the gyres

east or west of the AOOF, then a similar degree of population differentiation should be reported in

both species, which is obviously not the case. Two non-mutually exclusive hypotheses are

suggested for explaining this discrepancy:

(1) That the level of genetic divergence is higher between Mediterranean and Atlantic P.

microps than in P. minutus, may be explained by their different life histories. P. microps inhabiting

the Mediterranean lagoons spend their whole life cycle, including reproduction, in semi-enclosed

lagoonal and esfuarine environments, while Mediterranean P. minutus spawn at sea. In the Alboran

Sea, a net inflow of less dense Atlantic water at the surface is complemented by an outflow of more

saline Mediterranean water at depth (Krijgsman, 2002). Thus, any passive gene flow of pelagic

Pomatoschistus sp. larvae befween the two basins is probably unidirectional from the Atlantic

Ocean into the Meditenanean Sea. Even if pelagic larvae manage to migrate into the westem

Mediierranean Sea, the probability of Atlantic P. microps mixing with Mediterranean conspecifics

must be small, considering the geographic isolation of the latter. In that respect, P. microps lamae

drifting across the AOOF may respond to what is described as 'vagrants' in the member-vagrcnt

hypothesis of Sinclair (1988). 'Vagrants' have a higher dispersal rate than 'members' but at the

same time risk not to find a suitable habitat or partner and thus may represent a loss to the gene

pool. Possibly, these ecological differences between Mediterranean P. microps and P. minutus
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GENERAL DISCUSSION

could also explain the strikingly low level of genetic variation in the Mediterranean lagoons for P.

microps compared to P. minutus'. if the ancestral population of common gobies invading the lagoon

was small or genetically homogeneous, the recurrent isolation of common goby populations in the

lagoons will prevent gene flow and increase of genetic variation. Because Atlantic and

Mediterranean P. minutus reproduce at sea and hence have marine larvae, Atlantic sand goby larvae

drifting into the Mediterranean could mix with these Mediterranean sand gobies and move with

them into the estuaries.

(2) P. minutus and P. microps may show species-specific behavioural differences with

respect to active migration. As P. minutus and P. microps are able to spawn both in the estuarine

and the marine environment, larvae must physiologically be able to support large fluctuations in

salinity as encountered across the AOOF. Adult Pomatoschistus spp. are considered poor swimmers

but, considering the spawning and thermal migrations, they are able to cover substantial distances.

Thus, there is no a priori reason to assume that P. minutus and P. microps would not be physically

able to cross the AOOF. Naciri el al (1999) stressed that a purely passive larval retention on either

side of the AOOF may not be sufficient for explaining the observed differentiation in euryhaline

species with a long-lived planktonic stage. It was proposed that non-passive mechanisms such as

homing behaviour of spawning fish or selection against larvae that cross the front may play a role in

maintaining genetic isolation. Adults of the common goby are clearly better adapted to a coastal-

estuarine habitat than a fully marine habitat, because they are rarely recorded off-shore (Miller,

1986; own obs.). Beyst et al (2001) reported that adult P. microps reside only temporally in the surf

zone along the Belgian coast, mainly during the reproductive season, and found no juvenile P.

nicrops in the area. Similarly, Dewicke (pers. com) recorded mainly juvenile P. minutus and P.

lozanoi along the Belgian coast. Thus, it seems that P. microps larvae migrate into estuaries, while

young P. minutus use both estuaries and surf zones for development. P. microps larvae which drift

into estuaries using STST may be selected for, which would enhance population differentiation.

Adult P. minutus at the other hand are well-adapted to both estuarine and fully marine conditions.

Hence, in the latter species there might be less selective pressure on larvae to migrate into the

estuarine environments, providing them with more opportunities for long-distance dispersal.
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SUMMARY

Large-scale and small-scale genetic patterns in three species of marine gobies, Pomatoschistus

minutus (Pallas, l77O),P. lozanoi (deBuen, 1923)andP.microps (Kroyer, 1838)werestudied.We

used the available knowledge of the biology of the species and past and present-day oceanographic

features throughout their distributional range for inferring population genetic structure and

phylogeographical history of small demersal fish species along the European coasts. These three

species occur sympatrically throughout a large part of their distributional range, which comprises

the European Atlantic coasts and the Mediterranean Sea. They have a similar potential for dispersal

with an extended pelagic larval stage, but differ ecologically.

Small-scale patterns along the Belgian coast were studied with allozyme electrophoresis at

fourteen putative loci. No evidence for population differentiation was found, except for a clinal

change in allele frequencies at one locus in P. lozanoi. We suggest that this is due to differential

selective pressure in distinct habitats (resp. estuarine, coastal and marine), rather than reproductive

isolation. Contrary to other sfudies, we did not find any correlation between environmental

heterogeneity and levels of genetic diversity.

For studying large-scale genetic structure we employed a combination of allozyme

electrophoresis, SSCP- and sequence analysis of fragment of the cytochrome b locus on the

mtDNA. Overall pattems of P. minutus and P. microps revealed (1) the highest amount of

divergence between Atlantic and Mediterranean species, (2) a pattem of isolation-by-distance,

consistent with a larval dispersal via oceanic currents and (3) a shallow phylogeographical structure

with a few common (ancestral) haplotypes and a large number of rare variants radiating. In the

Atlantic basin, phylogeographical analysis ofboth species points to a range expansion into northern

areas with a loss of variation at higher latitudes and a possible glacial refugium in the English

Channel or the Southern Bight. However, despite similar overall pattems, striking interspecific

differences were recorded. P. microps is much more differentiated than P. minutus on the same

scale, and has a different phylogeographical history in the Mediterranean Sea. We suggest that this

is due to ecological constraints on dispersal in the estuarine-marine P. microps. We postulate that

species-specific behavioural pattems play a more important role in shaping population structure

than usually accounted for.
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SAMENVATTING

ln deze studie hebben we de genetische structuur van drie soorten mariene grondels, het dikkopje,

Pomatoschistus minutus (Pallas, 1770),P.lozanoi (de Buen, 1923) en P. microps (Kroyer, 1838)

onderzocht. We hebben gebruik gemaakt van de beschikbare informatie over (l) de biologie van de

soorten en (2) oceanografische patronen en paleoclimatologie voor de interpretatie van de

populatiegenetische structuur en flogeografie van kleine demersale vissen langs de Europese

kusten. Deze drie soorten komen sympatrisch voor over een groot gedeelte van hun

verspreidhgsgebied, dat de Europese Atlantische kusten en de Middellandse Zee omvat. Ze hebben

een gelijkaardige dispersiecapaciteit met een pelagisch larvaal stadium gedurende een aantal wekur,

maar vertonen interspecifieke ecologische verschillen.

Kleinschalige genetische structuur werd onderzocht met allozyeme-electroforese voor P.

minutus en P. lozanoi op het Belgisch Continentaal Plat en het Schelde-estuarium. Allelefrequenties

van veertien loci werden bestudeerd. Er werden geen significante verschillen gevonden tussen

grondels afl<omstig van verschillende staalnamesites, met uitzondering van een clinale verandering

in de allelfrequenties op 6en locus tn P. lozanoi. We suggereren dat deze verschillen het gevolg zijn

van differenti€le selectiedruk in de verschillende habitats (estuarien, kust en marien) en neit van

reproductieve isolatie. In tegenstelling tot andere studies vonden we geen verband tussen niveau van

genetische diversiteit en graad van heterogeneiteit in de verschillende habitats.

Grootschalige genetische structuur werd onderzocht met behulp van allozymelekfroforese,

en SSCP-en sequentieanalyse van een fragment van het clochroom b locus op het mtDNA. Globale

analyse van de genetische structuur op de schaal van het verspreidingsgebied toonde in beide

soorten gelijkaardige patronen: (l) de grootste mate van differentiatie is te wijten aan de verschillen

tussen het Atlantische en Middellandse Zee bekken, (2) een patroon van isolatie-door-afstand,

consistent met een verspreiding van de larven via oceanische stromingen en (3) een ondiepe

fflogeographische structuur met enkele algemene haplotypes en een groot aantal zeldzame. In het

Atlantisch bekken werden aanwijzingen gevonden voor een noordelijke expansie met een verlies

aan diversiteit op hogere breedtegraad en een mogelijk glaciaal refugium in de Zuidelijke Noordzee

ofhet Engels Kanaal voor beide soorten.

Ondanks de globale gelijkenissen vertoont P. microps een hogere graad van differentiatie

op eenzelf<le schaal dan P. minutus en een verschillend fflogeografisch patroon in de Middellandse
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Zee. We suggereren dat dit gevolg is van ecologische beperkingen van dispersie in deze estuariene-

manene soort.

We stellen bijgevolg dat soortspecifieke gedragingen een belangrijker rol spelen bij het

ontstaan van populatiestructuur dan doorgaans wordt aangenomen.
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SAMMEI\DRAG

Denne avhandling omhandler undersskelser over genetiske struktur i tre arter av marine kutlinger,

sandkutlingen Pomatoschistus minutus (Pallas, 1770), lozano kutlinge'n P. lozanoi (de Buen, 1923)

og leirkutlingen, P. microps (Kroyer, 1838). Vi har brukt dataene om (l) artenes biologi og (2)

oseanografiske msnstrer og paleoklimatologi for a toke populasjonsgenetiske strukturen og

Slogeografien til smi bunnfisk langs europeiske kystene. Vi har bnrkt en kombinasjon av

allozymelektroforese, SSCP- og sekvensanalyse av mitochondrial DNA.

Disse tre artene forekommer sympatrisk i store deler av utbreddelsesomridet. Dette omfatter

de europeiske Atlanterhavskystene og Middelhavet. Artene har det samme potensiale for spredning

i og med at de har et pelagisk larvestadium som varer i flere uker, men viser artsspesifikke

okologiske forskjeller.

Smiskale genetisk differensiering er blitt undersskt langs kysten av Belgia basert pi
allozymelektroforese. Vi fant ingen tegn til signifikante forskjeller mellom prover fra ulike

innsamlingslokaliteter med unntak av en gradvis variasjon i allelfrekvenser pA et locus i P. lozanoi.

Vi antar at irsaken til dette heller er ulikt seleksjonspress i de forskjellige habitater, enn reproduktiv

isolasjon. I motsetning til andre studier fant vi fann ingen forbindelse mellom niviet av genetisk

variasjon og graden av heteroganitet for de ulike habitatene.

Storskale genetiske strukturmsnstre ble funnet stort sett A vare lik for sandkutlingen og

leirkutlingen, og det viser (1) storste grad av differensiering er mellom Atlantiske og

Middelhavspopulasjoner av begge artene, (2) isolasjon-over-avstand, som er konsistent med

van&ing til larvene pi grunn av oseaniske strsrnmer og (3) en enkel fflogeografisk struktur med fii

vanlige og mange sjeldne haplotyper. I Atlanterhavet, frlogeografiske analyser viser en nordlig

utbreddelse med tap av genetisk variasjon i de hoyere breddegrader, og muligens en glasial refuge i

Den engelske kanalen eller sorlige Nordsjoen.

Til tross for likheten fann vi isynefallende artsspesifikke forskjeller. Leirkutlingen har en mye

hoyere grad av populasjonsdifferensiering erur sandkutling over samme geografiske skala, og de

viser ulike $logeografiske monstre Middelhavet. Vi antar at artsspesifikk adferd er viktigere enn

det som vanligvis blir antatt ved dannelsen av populasjonsstruktur.
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