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Abstract

The role of natural selection in speciation has received increasing attention and support

in recent years. Different types of approaches have been developed that can detect

genomic regions influenced by selection. Here, we address the question whether two

highly different methods—FST outlier analysis and admixture analysis—detect largely

the same set of non-neutral genomic elements or, instead, complementary sets. We study

genetic architecture in a natural secondary contact zone where extensive admixture

occurs. The marine bivalves Macoma balthica rubra and M. b. balthica descend from two

independent trans-Arctic invasions of the north Atlantic and hybridize extensively

where they meet, for example in the Kattegat–Danish Straits–Baltic Sea region. The

Kattegat–Danish Straits region forms a steep salinity cline and is the only entrance to the

recently (ca. 8000 years ago) established brackish water basin the Baltic Sea. Salinity

along the contact zone drops from 30& (Skagerrak, M.b.rubra) to 3& (Baltic, M.b.balth-
ica). Both outlier analysis and genomic clines analysis suggest that large parts of the

genome are influenced by non-neutral effects. Contrasting samples from well outside the

hybrid zone, outlier analysis detects 16 of 84 amplified fragment length polymorphism

markers as significant FST outliers. Genomic clines analysis detects 31 of 84 markers as

non-neutral inside the hybrid zone. Remarkably, only three markers are detected by both

methods. We conclude that the two methods together identify a suite of markers that are

under the influence of non-neutral effects.

Keywords: admixture mapping, ecological speciation, FST outliers, genomic clines, population

genomics
Received 18 March 2011; revision received 17 February 2012; accepted 1 March 2012
Introduction

Speciation with gene flow has in recent years rapidly

gained recognition as a result of theoretical as well as

empirical developments (Schluter 2009; Via 2009). This

has stimulated the study of the relative importance of

isolation and selection in the speciation process (Coyne

& Orr 2004). Much is now known about the facilitating
nce: Pieternella C. Luttikhuizen, Fax:

674; E-mail: luttik@nioz.nl
conditions for the origination and maintenance of new

species under the pressure of gene flow, and empirical

examples continue to accumulate (Van Doorn et al.

2001; Bolnick & Fitzpatrick 2007; Schluter 2009).

However, our understanding of the genetic architecture

of partial reproductive isolation is still limited (Schluter

& Conte 2009; Bernatchez et al. 2010; Wolf et al. 2010).

Zones of introgressive hybridization in particular are of

interest for studying aspects of reproductive isolation,

because there, the incipient taxa keep up their identity

while species differences are simultaneously maintained
� 2012 Blackwell Publishing Ltd
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and broken up (Harrison 1990; Payseur 2010). Marine

hybrid zones are especially elusive in this respect

because of the potential for large dispersal distances; if

hybridization, introgression and dispersal are so com-

mon, what is it that keeps the species apart? Answering

this question begins with finding regions in their ge-

nomes that are influenced by other processes than neu-

tral ones alone. Different types of approaches are now

available to detect such genomic regions. Here, we

address the question whether two highly different

methods (FST outlier analysis and admixture analysis)

detect largely the same set of non-neutral genomic ele-

ments or, instead, complementary sets.

The basic premise of population genomics is that

allele frequencies at neutral loci follow a consistent

distribution while at loci under selection, or linked to

selected loci, allele frequencies can be found to deviate

from that distribution (Butlin 2010). Outlier approaches

begin by producing a hypothetical distribution of differ-

entiation statistics (usually FST) using the same overall

levels of variability and differentiation as measured in

an empirical data set and continue by determining

which of the empirical loci are significantly more (or

less, though the feasibility of this is debated) differenti-

ated than the hypothetical loci (e.g. Beaumont & Nic-

hols 1996; Beaumont & Balding 2004; Foll & Gaggiotti

2008; Bonhomme et al. 2010). While these outlier loci

are generally interpreted to be under environmental

selection, they may also stem from endogenous effects

related to genetic incompatibilities (Bierne et al. 2011).

FST-based comparisons have proven very successful for

detecting genomic regions under selection in popula-

tions in divergence up until the early speciation stage

(e.g. Wilding et al. 2001; Egan et al. 2008; Bradbury

et al. 2010; Mehner et al. 2010). The approach has also

been used to study a secondary contact zone empiri-

cally and theoretically by Murray & Hare (2006). They

showed that the mean and variance of FST distributions

are elevated in secondary contact populations, and their

decay may take hundreds of generations. However, the

FST distribution among loci in secondary contact zones

is not distinguishable from that in intraspecific compari-

sons. This thus enables the detection of FST outlier loci

in secondary contact zones (Murray & Hare 2006;

Colbeck et al. 2011).

An alternative method for detecting genomic regions

affected by genetic incompatibilities or selection has

been developed more recently and is specifically tai-

lored for admixed populations such as exist in second-

ary contact zones: admixture mapping or genomic cline

analysis (Buerkle & Lexer 2008). In secondary contact

zones, genomes with different evolutionary histories

meet and interact. This interaction leaves signatures in

the genomic architecture that can be used to make
� 2012 Blackwell Publishing Ltd
inferences about the functionality of particular regions

of the genome. Admixture is a term used for the mixing

of genomes of divergent parental taxa; it is a broader

version of the term ‘hybrids’ that includes cases that

would not normally fall under hybridization such as

divergent populations that are fully interfertile. Admix-

ture mapping is being applied increasingly widely to

human populations (Hoggart et al. 2004; Seldin 2007;

Rosenberg et al. 2010). The method also seems highly

relevant for natural populations of other taxa (Rieseberg

& Buerkle 2002; Buerkle & Lexer 2008) and is now

gradually being explored (Lexer et al. 2007; Nolte et al.

2009; De Carvalho et al. 2010; Teeter et al. 2010;

Gagnaire et al. 2011). The method includes techniques

that are particularly interesting for taxa that are impos-

sible or difficult to culture, and thus are not suited for

the production of physical genetic linkage maps.

Genomic clines analysis is a form of admixture

mapping that examines the behaviour of individual loci

against genome-wide status of introgression (Buerkle &

Lexer 2008; Gompert & Buerkle 2009, 2010). Specifically,

it tests a null model of neutrality in which genotype

probabilities at focal loci do not deviate significantly

from what may be expected based on genome-wide

hybrid status. Loci that emerge as deviant are believed

to be linked to genomic regions involved in reproduc-

tive isolation (Buerkle & Lexer 2008; Teeter et al. 2010).

Alternatively, they might be loci that introgress more or

less readily than neutral loci due to selective effects

within the hybrid zone (Bierne et al. 2011). Genomic

clines analysis promises to be a strong improvement of

the hitherto frequently used approach of geographic

clines comparisons among loci.

The Kattegat–Danish Straits transition zone, linking

the northeast Atlantic with the Baltic Sea—is ideally sui-

ted for studying evolution in action (e.g. Bekkevold

et al. 2005; Gaggiotti et al. 2009). It represents a strong

environmental gradient associated with ample opportu-

nity for local adaptation, and the environment on the

Baltic side is of a very young age as a habitat for

marine taxa (8000 years) (Ignatius et al. 1981). The envi-

ronmental gradient consists primarily of a salinity

gradient running from fully saline in the Atlantic to

brackish in the Baltic proper and almost freshwater in

the northern Gulf of Bothnia (BG). Traditionally, flora

and fauna of the Baltic Sea were viewed as recent

extensions from the eastern Atlantic. However, that this

view is too simplistic is now abundantly evident. The

Baltic Sea not only houses, for the majority of taxa,

populations that have evolved differently as a result of

isolation and bottlenecks (Johannesson & André 2006),

but even produced the most recently evolved marine

species known to date (the brown macroalga Fucus radi-

cans, originated ca. 400 years ago, Pereyra et al. 2009).
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A special class of Baltic taxa is formed by the two bival-

ves, Macoma balthica balthica (M.b.b.) and Mytilus trossu-

lus (M.t.). Atlantic Mytilus edulis and Macoma balthica

rubra (M.b.r.) meet Baltic M.t. and M.b.b., respectively,

at the entrance to the Baltic Sea, where they each

hybridize and show introgressive hybridization (Väi-

nölä & Hvilsom 1991; Riginos et al. 2002; Nikula et al.

2008; Stuckas et al. 2009; Väinölä & Strelkov 2011). Both

taxa have dispersive, free-swimming larval stages,

implying high potential for gene flow. The similar nat-

ure of the two unrelated taxa gives added value to the

study system. Here, we present genome scan data for

Macoma spp. across this hybrid zone with the aim of

detecting genomic regions involved in maintaining spe-

cies identity in the face of gene flow and introgression.

The genus Macoma, comprised of infaunal (i.e. bur-

rowing in soft sediments) bivalves, originated in the

Pacific Ocean, and some of its species have spread to

the north Atlantic via the Arctic following the opening

of the Bering Strait around 3.5 Ma as part of what is

known as the trans-Arctic biotic interchange (Durham

& MacNeil 1967; Vermeij 1991). Macoma balthica invaded

the north Atlantic in this way at least three times

(Väinölä & Varvio 1989; Luttikhuizen et al. 2003a; Väi-

nölä 2003; Nikula et al. 2007). The Baltic Sea basin is

inhabited by descendants of the most recent, probably

Holocene, invasion and the northeast Atlantic coasts by

the descendants of an earlier invasion, some 2 Ma

(Luttikhuizen et al. 2003a; Väinölä 2003; Nikula et al.

2007). Where these two groups (now referred to as Maco-

ma balthica balthica and Macoma balthica rubra, respec-

tively) meet, they show evidence of past and ⁄ or ongoing

hybridization, such as at the entrance of the White Sea,

the Barents Sea (Strelkov et al. 2007) and in the Kattegat–

Baltic area (Nikula et al. 2008). Nikula et al. (2008) analy-

sed introgression by population-wise geographical cline

analyses of 10 allozyme loci in the Kattegat–Baltic area,

uncovering a complex pattern of introgression that dif-

fers between northern and southern coasts as well as

between deeper and shallower waters.

Here, we show the results of genome scans using

amplified fragment length polymorphisms (AFLPs) that

enable both FST outlier analysis and individual-based

genomic clines analysis. A denser mapping of the

genome (M. balthica has 18 chromosomes; Luttikhuizen

& Pijnacker 2002) will allow gaining insight into genetic

architecture of partial reproductive isolation and other

traits, and the possibility of screening many more loci

with AFLPs than with allozymes may provide a better

view of the behaviour of the genome as a whole. Allo-

zymes are not infrequently under the influence of natu-

ral selection (Place & Powers 1979; Hilbish & Koehn

1985; Johannesson et al. 1995; Riginos et al. 2002), and

the previous studies of the Baltic Macoma hybrid zone
specifically chose to examine allozyme loci that showed

the greatest differentiation between the main evolution-

ary lineages (Väinölä 2003; Nikula et al. 2008). By

comparing FST outlier detection and genomic clines

analysis on genomic scans of Macoma populations

inside and outside the Kattegat–Baltic Sea area, we

explore the possibilities of finding genomic regions that

are under the influence of selection and may be

involved in preserving species status in spite of homog-

enizing forces such as introgressive hybridization. Spe-

cifically, we test the hypothesis that these methods

detect complementary rather than the same sets of non-

neutral genomic elements.
Material and methods

Samples

A total of 644 Macoma spp. were collected at 21

locations between May and August 2007 (Table 1,

Fig. 1). Sampling was done by sieving sediment that

was brought up by a corer in shallow water, by a grab

operated from a vessel in deeper water or by sweeping

with a broom in the intertidal. Sampling was done with

high spatial density inside the hybrid zone, while base-

line samples were taken in the Wadden Sea (WS) and

the Gulf of Bothnia (BG). Entire individuals were stored

in pure ethanol until further processing. A piece of

siphon or gill tissue was used for DNA extraction.
AFLP genotyping

Tissue samples were digested, and DNA was extracted

using a CTAB-based protocol. In brief, tissue was

digested in 800 lL extraction buffer containing 2 lL b-

mercaptoethanol and 6 units proteinase K, and DNA

was extracted twice using chloroform isoamylalcohol,

followed by isopropanol precipitation. Finally, the DNA

pellet was washed twice with ethanol and resuspended

in 50 lL 10% TE. DNA yields typically ranged from

100 to 300 ng ⁄lL. DNA extracts were transferred to

96-well plates. AFLP procedures followed Vos et al.

(1995) using the Plant Mapping Kit (Applied Biosys-

tems) to produce DNA fingerprints for each of five

selective primer combinations: EcoRI-AGC ⁄MseI-CAC,

EcoRI-AAG ⁄MseI-CAC, EcoRI-AGC ⁄MseI-CAG, EcoRI-

AAG ⁄MseI-CAG and EcoRI-ACA ⁄MseI-CAG. Restriction

was carried out in a 10 lL total volume reaction con-

taining 1· enzyme buffer, 1 U MseI (Invitrogen), 5 U

EcoRI (Invitrogen) and 2 lL 1:10 dH2O-diluted DNA,

incubated for 2 h at 37 �C and terminated for 10 min at

65 �C. Ligation was done in a 20-lL volume containing

the entire restriction product plus 1 U T4 DNA ligase

(Invitrogen), 0.5· T4 enzyme buffer, 1 lL MseI adaptor
� 2012 Blackwell Publishing Ltd



Table 1 Sampling locations for Macoma balthica, sampling number (N), sampling depth, local salinity and geographical coordinates

Sample Location N Depth Salinity N E

WS Wadden Sea 50 Intertidal 28.5& 53�27.785¢ 06�47.938¢
GS Getterön 24 Shallow 18.1& 57�07.347¢ 12�14.136¢
BS Båstad 28 Shallow 14.3& 56�26.067¢ 12�52.207¢
RW Öresund 28 12 m 30& 56�02.153¢ 12�41.231¢
KH Öresund 32 11.5 m 23& 56�00.550¢ 12�42.027¢
BB Barsebäck 28 Shallow 9.4& 55�46.342¢ 12�55.528¢
LM Lommabukten 27 Shallow 3.2& 55�41.291¢ 13�03.077¢
FK Falsterbokanal 29 Shallow 8.5& 55�23.920¢ 12�56.877¢
WB Western Baltic 28 44 m 13.3& 54�53.333¢ 13�06.388¢
HH Hörte Hamn 30 Shallow 4.1& 55�23.185¢ 13�32.755¢
BO Bökenäs 30 Shallow 6.2& 56�09.421¢ 15�23.231¢
KS Kalmar 30 15 m 6.8& 56�37.832¢ 16�22.635¢
JO Jogersö 30 Shallow 6.3& 58�39.902¢ 17�03.189¢
UT Utterviken 30 23 m 6.2& 58�50.451¢ 17�33.168¢
GR Gråskar 26 40.5 m 6.3& 58�47.550¢ 17�39.551¢
KF Krabbfjärden 28 47.1 m 7.1& 58�45.938¢ 17�42.147¢
HV Hällsviken 28 22 m 6.3& 58�49.731¢ 17�31.620¢
VN Viksnäs 28 Shallow 6.0& 58�51.594¢ 17�30.803¢
AS Askö 30 Shallow 6.0& 58�48.998¢ 17�39.913¢
VA Väddö 30 Shallow 5.3& 59�55.210¢ 18�54.850¢
BG Gulf of Bothnia 50 24.0 m 4.4& 63�29.376¢ 19�48.224¢
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Fig. 1 Map of study area showing sampling locations for Ma-

coma balthica in Kattegat–Baltic hybrid zone. Black symbols:

western part of hybrid zone; grey symbols: eastern part of

hybrid zone; round symbols: intertidal or shallow water loca-

tions; square symbols: deep water locations; larger symbols at

WS and BG indicate reference samples located furthest outside

hybrid zone. Locations are numbered in geographical order

along the hybrid zone from Atlantic into Baltic.
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and 1 lL EcoRI adaptor. The ligation reaction was incu-

bated for 2 h at 37 �C, terminated at 65 �C for 10 min

and then diluted 10· in 10% TE. Preamplification was
� 2012 Blackwell Publishing Ltd
carried out in a total volume of 20 lL containing 1·
PCR buffer, 2.5 mM MgCl2, 0.25 mM of each dNTP,

0.5 lL EcoRI-A primer, 0.5 lL MseI-C primer, 0.4 U Taq

DNA polymerase (TaKaRa, Japan) and 4 lL 10· diluted

restriction-ligation product. Preamplification PCR con-

sisted of 72 �C for 2 min; 22 cycles of 94 �C for 20 s,

56 �C for 30 s and 72 �C for 2 min; followed by a final

60 �C for 30 min. Preamplification products were subse-

quently diluted 20· in dH2O. Selective amplification

reactions were carried out in a total volume of 10 lL

and contained 2.5 mM MgCl2, 1· PCR buffer, 0.25 mM

of each dNTP, 1 lM EcoRI selective primer, 5 lM MseI

selective primer, 0.04 U Taq DNA polymerase and

1.5 lL diluted preamplification template DNA. Selective

amplification PCR cycling consisted of an initial 94 �C
for 2 min, then 10 times a first round of cycles, 20 times

a second cycle, followed by a final 60 �C for 30 min.

The first selective PCR round of cycle was a step-down

procedure of 94 �C for 20 s, 30 s step-down from 66 to

56 �C and 72 �C for 2 min. The second round of cycles

consisted of 94 �C for 20 s, 56 �C for 30 s and 72 �C for

2 min. The EcoRI selective primers were fluorescently

labelled, and the amplicons were visualized on a Beck-

man Coulter CEQ8000 capillary electrophoresis system

alongside a 400 size standard (Beckman Coulter).

DNA extractions were organized on 96 well plates

grouped per sampling location, and the locations ran-

domly distributed over the plates. This layout was kept

during restriction, ligation, preamplification, selective

amplification and capillary electrophoresis. Reactions
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were carried out simultaneously per four plates, and all

genotyping was completed within 1 month. This proce-

dure was followed to minimize systematic genotyping

variation. For all peaks, fragment length and peak

height were estimated using the manufacturer’s soft-

ware and exported without calling threshold. Binning

and noise filtering were carried out subsequently. Peaks

were binned into fragment size classes on the basis of

estimated fragment size and proximity to other bins:

bins were retained when modes fell within 1 bp and if

neighbouring mode frequency distributions did not

overlap. Initially, across the five primer pairs, 317 bins

were scored in the 60–400 bp range. Peak heights were

normalized across runs within primer pairs. Subsequent

noise filtering and locus selection broadly followed

Whitlock et al. (2008). The AFLP genotyping procedure

was replicated partially for 39 DNA extracts (using a

subset of the five primer pairs), yielding a total of 2924

band presence ⁄band absence duplicate genotyping

assays. Genotyping error was minimized by varying the

phenotyping calling threshold and filtering loci accord-

ing to noise content. Optimal phenotype calling thresh-

old was 700 rfu (normalized relative fluorescence units;

note that this is the value after normalization) and

optimal locus selection threshold 20% (see Whitlock et al.

2008). The final data set thus obtained consisted of 90 loci

scored with an estimated replicability of 95.7%, an error

rate typical of the AFLP technique (Bonin et al. 2007).

The overall variation in the data was visualized per

primer pair in multidimensional scaling (MDS) plots

constructed using Euclidean distances (PRIMER version

5.2.9, Clarke & Gorley 2003) between fingerprints of

individuals consisting of the AFLP band pres-

ence ⁄ absence data.
Outlier test for selection

Loci were tested for natural selection based on the dis-

tribution of differentiation statistic FST, contrasting the

two extreme populations WS and BG. Under a neutral

model of evolution, FST is expected to relate in a

predictable way to locus-specific heterozygosity. The

coalescent approach of Beaumont & Nichols (1996) gen-

erates joint heterozygosity and FST distributions under

simple genetic null models, which are robust to a range

of population structures, demographic histories and

mutation rates (Beaumont & Nichols 1996; Murray &

Hare 2006). We obtained a null distribution using a

two-deme model of neutral differentiation with migra-

tion, generating 50 000 loci sampled for n = 50 individ-

uals per deme (identical to the sample size of the

samples WS and BG being compared). Global critical

frequency of the most common allele was set to 0.99,

which resulted in the exclusion of six of 90 loci in the
combined WS and BG subset of data. The population

mutation parameter Nel was assumed to be 0.088 as

estimated from a mean homozygosity among polymor-

phic AFLP loci of 0.740. Mean homozygosity was

obtained by taking the average of the homozygosities in

the reference samples (0.714 for BG and 0.765 for WS).

The mutation parameter was then estimated from the

relationship theta = 4 Nel = (1 ) H) ⁄H, where H equals

homozygosity, derived by Kimura (1968). The imple-

mentation of the approach used was the simulation pro-

gram Dfdist (Beaumont & Nichols 1996). This method

was chosen because, as one of the earliest ones devel-

oped, it is one of the most widely applied ones; for

alternative approaches, see, for example, Beaumont &

Balding (2004), Foll & Gaggiotti (2008) and Bonhomme

et al. (2010). Comparisons of the performances of these

methods can be found in, for example, Perez-

Figueroa et al. (2010), Nunes et al. (2011) and Buckley

et al. (2012).

False discovery rate correction (FDR) of P-values fol-

lowed Benjamini & Hochberg (1995), which was chosen

because it controls the expected proportion of falsely

rejected positives rather than the family-wise error rate.

This leads to increased power (Benjamini & Hochberg

1995) and therefore is a less conservative procedure

than other Bonferroni methods. One aim of this work

was to compare methods, and therefore, the same FDR

method was used for both the outlier and genomic

clines analyses.
Genomic clines analysis

Genome-wide admixture status of individual bivalves

in the Kattegat–Baltic admixture zone—was estimated

as a maximum likelihood estimate of hybrid index h

(Buerkle 2005). Excess admixture of individual loci was

evaluated following the genomic clines method of Gom-

pert & Buerkle (2009), implemented in the R-script ‘Int-

rogress’ (Gompert & Buerkle 2010). Excess admixture is

defined as the extent to which alleles or genotypes are

introgressed into a foreign genetic background or, alter-

natively, are found in their native genetic background

(Buerkle & Lexer 2008). A genomic cline is the regres-

sion of observed single-locus genotype frequencies

against those expected based on genome-wide hybrid

index data. The hybrid index used here is based on a

maximum likelihood approach and is applicable to

dominant markers that need not exhibit fixed differ-

ences between the parental taxa. The likelihood function

is determined based on an individual’s unknown geno-

type and the marker frequencies in both parental taxa

(for further details see Buerkle 2005). In ‘Introgress’,

multinomial regression is used to estimate the likeli-

hood of the model given the data—in this case, the
� 2012 Blackwell Publishing Ltd
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presence or absence data of dominant AFLP markers.

The null model was produced using a parametric pro-

cedure (applicable in case not all markers examined

exhibit fixed differences; Gompert & Buerkle 2009) and

consisted of neutral introgression; that is, all loci are int-

rogressed to the same extent as the genome as a whole.

Significance of deviations was evaluated by accounting

for multiple comparisons following FDR correction

(Benjamini & Hochberg 1995), similarly as with the out-

lier detection analysis.
Results

AFLP data

Details on the levels of polymorphism detected with the

five AFLP primer pairs used are given in Table 2.

Figure 2 shows a representative example of a multi-

dimensional scaling (MDS) plot as a visualization of the

structure of the AFLP data. Depicted are data for pri-

mer pair EcoRI-AAG ⁄MseI-CAC with all 74 bins

retained. MDS plots for the remaining four primer pairs

were highly comparable (not shown). Genome scans for

individuals collected at reference locations are clearly

separated with no appreciable overlap (top panel of

Fig. 2). Genome scans inside the hybrid zone are scat-

tered throughout the multidimensional space (other

panels of Fig. 2) and, while individuals of many loca-

tions occupy a particular region within that space (e.g.

sample Gråskar, GR), some are disseminated to smaller

or greater extent (e.g. sample Hörte Hamn, HH).
Outlier detection

Trimmed weighted mean FST for 84 loci (Weir & Cock-

erham 1984) was 0.10, and this mean was used to pro-

duce the null expectations for FST and heterozygosity.

Contrasting the WS and the BG samples, 16 of the 84

loci examined were deemed to be outliers compared

with the simulated null distributions (false discovery

rate correction of P-values followed Benjamini & Hoch-
Table 2 Levels of variation detected using five amplified fragment le

ple differentiation are given for the comparison of reference samples

Primer pair Nloci Mean FST

EcoRI-AGC ⁄MseI-CAC 21 0.125

EcoRI-AAG ⁄MseI-CAC 11 0.102

EcoRI-AGC ⁄MseI-CAG 23 0.142

EcoRI-AAG ⁄MseI-CAG 23 0.176

EcoRI-ACA ⁄MseI-CAG 6 0.118

FST = differentiation statistic as obtained during outlier detection anal

P1 = frequency of band presence. Ranges give minimum and maximu

� 2012 Blackwell Publishing Ltd
berg (1995)) (Fig. 3). The distribution of P-values among

loci was such that approximately half (59%) was larger

than 0.5 for the 69 neutral loci, and no trend could be

discerned between the proportion of loci with P-values

>0.5 and heterozygosity, indicating good model fit.
Genomic clines

Hybrid index was evenly distributed across individuals

in the hybrid zone (Table 3; Fig. 4; note that this graph

does not include reference samples WS and BG). The

even hybrid index distribution is necessary for carrying

out the genome clines analysis, because if all hybrid

genomic backgrounds are represented in the analysis,

excess admixture can be estimated most accurately

(Buerkle & Lexer 2008). An elevated portion of pure

genomes of both types was encountered inside the

hybrid zone, indicating influx from both sides: out of a

total of 544 individuals, 21 (3.9%) pure ‘Atlantic’ ge-

nomes were found, ten of which among the western

hybrids and a further eight at locations FK and HH,

that is, westernmost within the eastern part of the

hybrid zone, and 63 (11.6%) pure ‘Baltic’ genomes

were found, 61 of which among the eastern hybrids.

Most notable are the remaining five pure individuals,

two of which are pure ‘Baltic’ found at LM in the Öres-

und, and three pure ‘Atlantic’ found at KS, KF and VA

in the Baltic proper.

Genomic clines analysis shows that 53 of 84 polymor-

phic AFLP loci conform to a neutral model of introgres-

sion (Table 4), meaning that the probability to observe

band presence for a particular marker can be predicted

well from the hybrid status of an individual’s genome

as a whole. The remaining 31 loci significantly deviate

from this model and can be classified (see Gompert &

Buerkle 2009; Nolte et al. 2009) into three subgroups:

positively selected loci (N = 18), negatively selected loci

(N = 12) and one epistatic locus (C187). Positively

selected loci have higher band presence frequencies

than might be expected from their genomic background

(e.g. locus A244 in Fig. 5). Similarly, negatively selected
ngth polymorphism (AFLP) primer pairs. FST estimates of sam-

WS and BG, while P1 is estimated for all 21 samples

FST range Mean P1 P1 range

)0.037 to 0.56 0.57 0.031–0.98

0.0022 to 0.40 0.76 0.32–0.95

)0.017 to 0.52 0.49 0.083–0.98

)0.019 to 0.71 0.70 0.26–0.98

)0.012 to 0.55 0.54 0.15–0.96

ysis (see Materials and methods), Nloci = number of loci,

m values among samples.
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Fig. 2 Multidimensional scaling plots of variation among indi-

vidual genome scans of Macoma balthica in Kattegat–Baltic

hybrid zone. Data for one of the five primer pairs (EcoRI-

AAG ⁄MseI-CAC) shown, with all 74 bins retained. Top panel

shows reference samples (black symbols: Wadden Sea; grey

symbols: Gulf of Bothnia, Baltic Sea) among inner hybrid zone

samples (plusses: western locations; crosses: eastern locations;

corresponding to black and grey symbols in Fig. 1, respec-

tively). Remaining panels display genome variation along

hybrid zone structured according to sampling location; every

panel shows individuals for a particular sampling location

(large dots) among all other individuals (small dots). ‘W

hybrid zone’ = individuals in western part of hybrid zone

(locations numbered 2–8); ‘E hybrid zone’ = individuals in

eastern part of hybrid zone (locations numbered 9–20).

0
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Fig. 3 Results of outlier analyses for Macoma balthica across

Kattegat–Baltic hybrid zone. Reference samples WS and BG

were contrasted to find loci that are significant outliers on the

basis of simulated neutral expectations in relation to heterozy-

gosity. Lines delimit 95% quantile of neutral expectations (bro-

ken line: median); dots are empirical data for 84 polymorphic

AFLP markers. Symbols with white centres (N = 16 markers)

are significant FST outlier loci. Shaded symbols indicate loci

(N = 31 markers) that behave non-neutrally in a genomic sense

inside the hybrid zone as concluded from genomic clines anal-

yses (for further details, see text). Black symbols (N = 37) are

loci that are outliers in neither analysis, and shaded symbols

with white centres (N = 3) are outliers in both analyses.
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loci have lowered frequencies compared with genome-

wide status (e.g. locus C139 in Fig. 5), while, for epi-

static loci, marker frequency and genomic background

show evidence of an interaction (locus C187 in Fig. 5).
Three loci (A146, A244 and C139) emerged as signifi-

cant from both FST outlier and genomic clines analysis

(open red symbols in Fig. 3). In addition, there are 13

loci that are significantly more differentiated between

the reference samples than might be expected from a

neutral model of evolution while behaving neutrally

within hybrid genomic backgrounds (Table 4, open

black symbols in Fig. 3). Conversely, out of the 31 loci
� 2012 Blackwell Publishing Ltd



Table 3 Hybrid index (h) with standard deviation (SD) along

the hybrid zone between the Atlantic Ocean and the Baltic Sea

in Macoma balthica. Numbers and abbreviations of sampling

locations correspond to Table 1 and Fig. 2.

Location hmean SD

2 GS 0.35 0.23

3 BS 0.34 0.20

4 RW 0.38 0.22

5 KH 0.39 0.18

6 BB 0.33 0.24

7 LM 0.55 0.28

8 WB 0.18 0.15

9 FK 0.32 0.22

10 HH 0.35 0.32

11 BO 0.70 0.20

12 KS 0.79 0.24

13 JO 0.78 0.20

14 GR 0.68 0.25

15 KF 0.53 0.27

16 UT 0.74 0.20

17 HV 0.61 0.27

18 AS 0.83 0.26

19 VN 0.88 0.12

20 VA 0.57 0.29

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0

20

40

60

80

100

Hybrid index

Fr
eq

ue
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Fig. 4 Frequency distribution of hybrid index in Kattegat–Bal-

tic Macoma balthica hybrid zone. Hybrid index is maximum

likelihood estimate following Buerkle (2005) in relation to refer-

ence locations Wadden Sea (WS; h = 0) and Gulf of Bothnia

(BG; h = 1).

OUTLIER DETECTION VS. GE NOMIC C LI NES ANALYSIS 3055
that behave non-neutrally in hybrids with respect to

genomic composition, there are 28 that are not signifi-

cantly differentiated between reference populations WS

and BG (closed red symbols in Fig. 3).
� 2012 Blackwell Publishing Ltd
Discussion

This study set out to test the hypothesis that two meth-

ods for finding non-neutral genomic elements identify

complementary rather than similar sets of markers. The

data presented here corroborate the hypothesis. The set

of AFLP markers identified as non-neutral by FST out-

lier analysis is a largely different set than the set

detected by genomic clines analysis. Apparently, the

two methods detect non-neutral genomic elements in

different ways, which implies that they may be detect-

ing different classes of traits. Speciation studies could

thus benefit from using both approaches to identify

genome regions of interest, not only to increase the

number of target markers but also because the range of

trait types covered may be broadened.

The only other study available to date that has

applied both admixture analysis and FST outlier analy-

sis to genome scan data is on eels Anguilla marmorata

(Gagnaire et al. 2011). In one of their two population

comparisons, the study also finds several markers (four

of eight) that appear as deviant from genomic clines

analysis but not as outliers from FST outlier analysis.

However, in their other comparison, all three deviant

markers are also significant outlier loci. Although their

study was not set up to directly compare both meth-

ods, the difference between the methods may be less

extreme than in our study on the bivalve Macoma

balthica.

The genomic clines analysis presented here shows

that large portions of the genome behave non-neutrally

inside this marine bivalve hybrid zone. As much as

38% of the AFLP markers do not conform to a neutral

mixing model of hybrid genotypes (Table 4). Con-

versely, assuming the markers are randomly scattered

across the chromosomes, it also implies that large parts

of the genome are admixed. Furthermore, genomic dif-

ferentiation appears to be genetically organized in a

complex way, as evidenced from the diversity in mod-

els of selection indicated by the genomic clines analysis

(Fig. 5, Fig. S1, Table 4). FST outlier analysis on two ref-

erence samples collected outside the contact zone iden-

tifies 19% of AFLP markers as being significantly more

differentiated than expected on the basis of a neutral

FST distribution. The overlap between the sets detected

by both methods consists of <4% of all markers.

The fact that there is little overlap between the sets of

markers detected by the two methods suggests that dif-

ferent types of genomic elements are identified. Geno-

mic clines analysis uses samples consisting of hybrids

(both first and later generation hybrids as well as back-

crosses) and may thus be biased towards finding mark-

ers linked to loci involved in partial reproductive

isolation (i.e. endogenous effects). Outlier detection



Table 4 Non-neutrality in the Macoma balthica genome as evidenced from outlier and genomic clines analyses (significance of devi-

ance at study-wide P < 0.05 level with false discovery rate correction). Right column gives AFLP markers whose frequency is signifi-

cantly correlated with salinity. Markers printed in bold are significantly deviant in both outlier and genomic clines analysis. Positive

and negative selection indicate higher and lower prevalence, respectively, of band presence in the hybrid zone than expected on the

basis of genome-wide admixture status. Epistasis is used to signify an interaction between genome admixture status and band preva-

lence

Neutral

FST outlier analysis Genomic clines analysis Salinity

68 markers 53 markers 57 markers

Deviant Differential

selection 16

markers:

A140

A146

A176

A244

B60

C78

C119

C139

C217

C244

D86

D102

D116

D121

D151

E254

Positive

selection

18 markers:

A80

A87

A106

A244

B79

C128

C130

C231

C301

D68

D77

D80

D112

D143

D197

D255

E89

E219

Negative

selection

12 markers:

A83

A120

A146

A318

C136

C139

C158

C195

C204

D90

D140

D236

Epistasis

1 marker:

C187

Correlated

27 markers:

A117

A122

A140

A146

A176

B60

B122

B147

C67

C139

C158

C162

C187

C244

C301

D72

D102

D116

D121

D123

D129

D140

D151

D255

E76

E215

E219
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studies differentiated populations and may be more

prone to detect genomic elements involved in local

adaptation (due to exogenous effects). It is probably,

however, as pointed out recently by Bierne et al. (2011),

that in contact zones both reproductive isolation and

local adaptation play important roles. After all, the

environment is not constant throughout many hybrid

zones—it certainly is not for the particular zone studied

here with its strong salinity gradient. Moreover, it must

be taken into account that the local environment differs

between where the ‘pure’ populations reside and where

the hybrid zone is. That means that the genomic clines

analysis might be detecting local adaptation genes for

different selective effects. In summary, to conclude that

the markers detected by outlier analysis are linked to

adaptation genes and those detected by genomic clines

analysis are linked to reproductive isolation genes is
not possible. However, there might be a difference

between the methods in terms of a relative bias towards

the detection of markers under the influence of endoge-

nous vs. exogenous effects. More studies are needed to

test this.

Relatively strong and complex genomic differentia-

tion is a view that may seem at odds with the earlier

conclusion drawn from allozyme data of a hybrid

swarm with amalgamation of the previously isolated

genomes (Strelkov et al. 2007; Nikula et al. 2008). How-

ever, Nikula et al. (2008) also noted genotypic disequi-

libria in the steepest part of the cline and concluded

that larval mixing and limited interbreeding must play

a role in that area, in spite of the amalgamation they

observed in the inner hybrid swarm. The isolation is cor-

roborated by our genomic clines analysis, but we cannot

evaluate the amalgamation because the dominant nature
� 2012 Blackwell Publishing Ltd
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Fig. 5 Examples of fitted genomic cline curves for Macoma

balthica Kattegat–Baltic hybrid zone. Hybrid index is genome-

wide hybrid status of individuals and ranges from 0 on the

western side (defined as Wadden Sea) to 1 on the eastern side

(defined as Gulf of Bothnia). Y-axis indicates the probability of

observing one of the two possible genotypes (band pres-

ence ⁄ band absence) of the focal locus. To the right of each

graph is indicated the number of observations per genotype

class. Each circle represents an individual observation. Neutral

model means that an individual locus behaves in accordance

with genome-wide hybrid status across individuals. Grey areas

indicate neutral models, and black lines are lines fitted to the

data. D102: example of a locus adhering to neutral model;

A244: example of positively selected locus, that is, AFLP band

is more often present against genomic background than

expected from neutral mixing; C187: example of locus follow-

ing epistasis pattern, that is, elevated band presence at low

hybrid index, switching to decreased band frequency at high

hybrid index; C139: example of negatively selected locus.
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of the AFLP markers precludes the analyses of geno-

typic disequilibria. Recent whole genome sequences of

two incipient malaria mosquito species revealed similar

unexpectedly high levels of genetically complex differ-

entiation (Lawniczak et al. 2010), at odds with earlier

gene-based data suggesting extensive amalgamation

(Turner et al. 2005). The presently emerging view of the

porous nature of genomes (Feder & Nosil 2010) is

exemplified in M. balthica as in other taxa (e.g. Noor

et al. 2007): the not yet completely isolated genomes are

open to introgression in spite of considerable and

genomically widespread isolation.

Spatial studies on genetic architecture are needed

both from cases of direct ecological divergence and

from zones of secondary contact. The two M. balthica

lineages that hybridize in the Kattegat–Baltic zone–

probably split at least 2–3.5 Ma (Luttikhuizen et al.

2003a; Nikula et al. 2007). They are both of Pacific origin
� 2012 Blackwell Publishing Ltd
and are trans-Arctic invaders of the north Atlantic. The

first to colonize the Atlantic following the opening of

the Bering Strait was M.b.r., which now inhabits the

North Sea and European Atlantic coasts, and the sec-

ond, M.b.b., arrived very recently (post-Pleistocene) and

is now found in the Baltic and White Seas (Strelkov

et al. 2007; Nikula et al. 2008). The secondary contact of

these lineages is thus recent compared to their time of

isolation. This study shows that genomes in secondary

contact may be open to introgression but reproductive

isolation can nevertheless be genetically pervasive and

that more candidate markers can be identified when

combining outlier analysis with genomic clines analysis.

Whether this reproductive isolation stems from local

adaptation or from endogenous incompatibility or both

can only be unequivocally established using other

approaches such as experiments (Bierne et al. 2011).

Nevertheless, the suite of markers detected with both

methods probably encompasses a broader array of

types of effects than either method on its own.

The genomes of Baltic Macoma and North Sea Macoma

as a whole seem to be less differentiated than their

functional genes only; genomic differentiation between

the subspecies was here detected for 19% of AFLP

markers, with an average FST over all markers of 0.10,

and this degree of differentiation is lower than what

has been reported earlier for allozymes and mitochon-

drial DNA (Luttikhuizen et al. 2003a; Väinölä 2003;

Nikula et al. 2008). The discrepancy is particularly strik-

ing considering the fact that our Baltic Sea reference

sample was obtained from deep into the BG in a most

extreme environment (e.g. a salinity of 4&). This sug-

gests that non-neutral processes, either differential

selection or genetic incompatibilities, play an important

role in maintaining species identity across the hybrid

zone (Nosil et al. 2009; Butlin 2010). The observation

that expressed genes may show higher differentiation

than the bulk of the genome (though the initial choice

of allozymes to study was influenced by their level of

differentiation to begin with) is paralleled in the hybrid-

ization between the blue mussels Mytilus edulis and

Mytilus trossulus in the Kattegat–Baltic zone (Riginos

et al. 2002; Riginos & Cunningham 2005), and hence,

Macoma and Mytilus form valuable independent replica-

tions of secondary cline formation in this area. Note,

however, that in blue mussels this is not an all-or-noth-

ing situation, as noncoding DNA can also be differenti-

ated (Bierne et al. 2003). Including comparisons with

the Pacific region of origin of Baltic Macoma would

improve the capacity to disentangle the effects of selec-

tion from the effects of random drift that has taken

place because isolation of Pacific and Baltic Macoma.

As the contact zone is most marked in the area where

the salinity gradient shows its steepest cline, salinity
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has been invoked as a possible direct selective agent

involved in maintaining the hybrid zone. This should

then be reflected in the genomes studied here. Salinity

does indeed significantly correlate with many of the

AFLP markers analysed in this study (Table 4). When

applying the same procedure to account for multiple

comparisons as we did for outlier detection and geno-

mic clines analysis (FDR correction; Benjamini & Hoch-

berg 1995), 27 of the 84 markers display a significant

correlation between salinity and marker frequency. Of

these, 13 are positive and 14 negative correlations; nine

are also significant in the outlier analysis and eight in

the genomic clines analysis. It must of course be noted

that this is not a valid analysis per se, because even if

salinity were not a direct selective agent, significant cor-

relations would also be expected simply as a result of

colinearity of hybrid zone and habitat. In spite of this, it

is striking that marker D102, one of the FST outlier loci,

is most strongly correlated with salinity of all markers

(q = )0.799; P = 0.00001). Possibly, this marker resides

in a genome region containing a locus that is differen-

tially selected in the different salinity regimes on either

side of the transition zone.

To reduce the problem of colinearity between hybrid

zone and habitat, we may inspect the correlations

between markers and salinity in a subset of samples

spanning the geographical region where the salinity

cline is steepest, that is, samples three to nine (see

Fig. 1). Again, using FDR correction, we find that only

five of the 84 markers are significantly correlated with

salinity. Of these markers, three (A126, A244 and C217)

do not correlated with salinity when all samples are

considered. However, the two most strongly correlated

markers D102 (q = )0.869; P = 0.01106) and D255

(q = 0.912; P = 0.00424) were also the most strongly cor-

related in the all-sample comparison. This stresses the

likelihood of the genomic region where marker D102

(and possibly also marker D255, though it is not signifi-

cant in the outlier analysis) resides as containing genetic

elements involved in salinity adaptations.

The low-to-intermediate level of overall differentia-

tion observed is relevant for the active discussion on

genomic islands of speciation. Theory has shown that

differentiated ‘islands’ in the genome, embedded within

an otherwise-undifferentiated genome, may originate

by divergence hitchhiking during speciation when mul-

tiple loci are under divergent selection (Feder & Nosil

2010). Empirical evidence in this respect is mixed, with

some recently diverged species showing genomic

islands (or even ‘continents’) and others one or a few

localized divergent regions (e.g. Rogers & Bernatchez

2007; Mäkinen et al. 2008; Via & West 2008; Strasburg

et al. 2009; Lawniczak et al. 2010; Michel et al. 2010). Fur-

thermore, many loci under weak selection may together
contribute to differentiation, and therefore, outlier anal-

ysis may not be particularly relevant to indicate when

selection is involved or not—that is, loci under weaker

selection are not detected by outlier analyses.

The complexity of local population structure is evi-

denced by the high levels of differentiation among sites

within regions (W or E) and even between geographi-

cally close samples; see, for example sample 3 vs. 4, 4

vs. 5 and 13 vs. 14 in Fig. 2. This level of small-scale

differentiation is consistent with the growing insight

that marine species may experience low effective dis-

persal rates in spite of their large potential for gene

flow (e.g. Luttikhuizen et al. 2003a,b, 2008; Derycke

et al. 2005; Peijnenburg et al. 2006; Chen & Hare 2008;

Larsson et al. 2010; Yebra et al. 2011; for reviews, see

Hauser & Carvalho 2008; Hellberg 2009). Alternatively,

complex dispersal patterns combined with recruitment

heterogeneity may have produced temporal patterns of

so-called chaotic genetic patchiness (Johnson & Black

1982; Muths et al. 2009; Hogan et al. 2010). The observa-

tion of apparently pure genotypes on the ‘wrong’ side

of the hybrid zone, then, poses the question whether

these are direct dispersers or local hybrids with an acci-

dental extreme genotype. When examining the fre-

quency distributions of the hybrid indices per location

(data not shown), it can be seen that variance in hybrid

index within locations is very high, which is consistent

with both local extreme hybrids and complex dispersal

patterns. The latter could be tested using oceanographic

modelling.
Conclusion

Genomic clines analysis in this secondary contact zone

has proven a useful addition to finding FST outliers

because the two methods detected some matching but

mostly additional non-neutral genomic regions. It will

be of particular interest to combine the thus obtained

markers with whole genome sequences of the two

hybridizing taxa to map the genomic regions here sug-

gested to be involved in their partial reproductive isola-

tion. However, to disentangle the exogenous (selection)

and endogenous (genetic incompatibilities) causes of

partial reproductive isolation, controlled field and ⁄ or

laboratory experiments involving artificial crosses are

indispensable.
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