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Abstract 

Divergent selection is the main driving force in sympatric ecological speciation and 
may also playa strong role in divergence between allopatric populations. Characteriz
ing the genome-wide impact of divergent selection often constitutes a first step in 
unravelling the genetic bases underlying adaptation and ecological speciation. The 
Midas cichlid fish (Amphilophus citrinellus) species complex in Nicaragua is a power
ful system for studying evolutionary processes. Independent colonizations of isolated 
young crater lakes by Midas cichlid populations from the older and great lakes of 
Nicaragua resulted in the repeated evolution of adaptive radiations by intralacustrine 
sympatric speciation. In this study we performed genome scans on two repeated radia
tions of crater lake species and their great lake source populations (1030 polymorphic 
AFLPs, n ~ 30 individuals per species). We detected regions under divergent selection 
(0.3% in the crater lake Xiloa flock and 1.7% in the older crater lake Apoyo radiation) 
that might be responsible for the sympatric diversifications. We find no evidence that 
the same genomic regions have been involved in the repeated evolution of parallel 
adaptations across crater lake flocks. However, there is some genetic parallelism appar
ent (seven out of 51 crater lake to great lake outlier loci are shared; 13.7%) that is asso
ciated with the allopatric divergence of both crater lake flocks. Interestingly, our 
results suggest that the number of outlier loci involved in sympatric and allopatric 
divergence increases over time. A phylogeny based on the AFLP data clearly supports 
the monophyly of both crater lake species flocks and indicates a parallel branching 
order with a primary split along the limnetic-benthic axis in both radiations. 
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Introduction 

The role of divergent selection in driving population 
divergence and speciation has recently received wide 
attention, as evidenced by the increasing number of 
studies investigating ecological speciation (reviewed 
in Nosi! 2012) . In ecological speciation populations 
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might become reproductively isolated because of 
ecologically based divergent natural selection (Schlut
er 2000) and this can occur in any geographical con
text (Rundle & Nosi! 2005) . Still, whereas phenotypic 
divergence and speciation in allopatry is not contro
versial, sympatric speciation has long been a matter 
of debate (reviewed in Coyne & Orr 2004) . Although 
theoretical models have shown that the evolution 
of reproductive barriers in an initially panmictic 
population is possible (Dieckmann & Doebeli 1999; 
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Kondrashov & Kondrashov 1999; Bolnick 2006; 
Gavri!ets & Vose 2007; Gavri!ets et al. 2007), so far 
few empirical case studies for sympatric divergence 
are widely accepted (reviewed in Via 2001; Bolnick & 

Fitzpatrick 2007). Yet, the investigation of divergence
with-gene-flow, including sympatric speciation, is cur
rently an active topic of research (Nosi! 2008; Pinho & 
Hey 2010; Smadja & Butlin 2011; Feder et al. 2012) 

and the empirical evidence for sympatric speciation 
may thus grow within the next few years. Theoretical 
models assign an essential role to disruptive (diver
gent) selection in most cases of sympatric speciation 
(Gavri!ets 2003; GavriIets et al. 2007), but still, many 
questions remain unCjnswered about the qualitative 
and quantitative nature of this type of selection on 
the genome. It remains unclear, for example, if multi
farious selection on many loci, or stronger selection 
on only a few loci, is more likely to facilitate diver
gence and speciation (Nosi! & Feder 2012) . Moreover, 
more empirical data are needed to investigate 
whether one should typically expect a positive corre
lation between the number and/or size of diverging 
regions and the degree of phenotypic and overall neu
tral genetic population differentiation (e.g. Nadeau 
et al. 2012; Renaut et al. 2012; Roesti et al. 2012). It also 
remains to be discovered how frequently the same or 
different loci are responsible for parallel phenotypic 
evolution in closely related species (Elmer & Meyer 
2011) and whether the genetic changes underlying 
adaptations mainly stem from standing variation or 
are acquired de-novo (Barrett & Schluter 2008; Stapley 
et al. 2010). 

Population genomics approaches aim to detect geno
mic regions under divergent selection and can thereby 
be applied to investigate adaptation and speciation 
(reviewed in Butlin 2008; Nosi! et al. 2009) . These 
approaches rely on the expectation that divergent selec
tion will result in differentially altered allele frequencies 
of adaptive loci, and regions linked to them (via genetic 
hitchhiking), between diverging populations. At the 
same time, differentiation at neutral loci will be 
impeded by the homogenizing effect of gene flow or 
insufficient time for the random effects of genetic drift 
(Lewontin & Krakauer 1973; Barton 2001; Wu 2001; 
Gavri!ets & Vose 2005; reviewed in Storz 2005) . This 
process has been termed 'heterogeneous genomic diver
gence' (Nosi! et al. 2008, 2009) or the 'genetic mosaic of 
speciation' (Via & West 2008) . 

The role of natural selection in driving phenotypic 
divergence and speciation seems to be clearer in sym
patric than in allopatric scenarios. This is because, with
out gene flow, random effects might contribute to 
divergence between allopatric populations (Butlin et al. 
2012) . In particular founder effects, triggered by the 
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colonization of a new environment by a small number 
of individuals, have been proposed to be an important 
factor causing phenotypic divergence and even specia
tion (Mayr 1954; Carson 1975; Templeton 1980) . Alter
natively, a newly colonized environment may differ 
from the source environment, resulting in population 
divergence mainly because of divergent selection 
(Schluter 2000) . The relative importance of founder 
effects in speciation is controversial (see Barton & 

Charlesworth 1984; Carson & Templeton 1984 for 
opposing views). However, random and selective fac
tors are not necessarily mutually exclusive and both 
may contribute to evolutionary divergence (e.g. Kolbe 
et al. 2012) . Whereas genomic regions of extraordinarily 
high differentiation between species that originated in 
sympatry are assumed to be attributable to divergent 
selection, such signatures identified between allopatric 
species could also arise because of strong demographic 
effects such as founder effects (FoIl & Gaggiotti 2008). 
In this context, parallel phenotypic and genetic changes 
across biological replicates provide a strong argument 
for selection rather than random effects (Bonin et al. 
2006; Nosil ' et al. 2008). The investigation of a system 
that exhibits such natural replicates therefore provides 
a 'natural experiment' that will allow us to at least 
partly disentangle the effects of divergent selection and 
founder effects. Although the role of divergent selection 
in allopatric speciation is theoretically uncontroversial, 
more studies are needed to infer its prevalence (Nosi! 
2012). 

Being one of the most species-rich vertebrate groups, 
the cichlid fish (family Cichlidae) have emerged as a 
model system for speciation research (Salzburger & 

Meyer 2004). Cichlids inhabiting the East African Great 
Lakes are, moreover, famous for their independent evo
lution of parallel phenotypes (Meyer 1993;· Stiassny & 

Meyer 1999); a feature providing a framework for test
ing the role of natural selection in evolution (Elmer & 
Meyer 2011). Yet, the complexity of these radiations of 
cichlids and huge spatial dimension of these lakes ren
ders the identification of the mechanisms driving their 
diversification difficult. Smaller-scale radiations of cich
lids in Nicaragua may represent a more promising sys
tem in this regard. The independent colonization of 
several isolated Nicaraguan crater lakes by Midas cich
lid fishes (Amphilophus citrinellus species complex, 
Gunther (1864)) from the two great lakes Nicaragua 
and Managua provides an exciting situation of a natural 
experiment that resulted in repeated evolution of simi
lar phenotypes (reviewed in Elmer et al. 2010). At least 
six crater lake populations exhibit a distinct genetic sig
nature (Barluenga & Meyer 2010) and are also pheno
typically differentiated from each other and the source 
population (Elmer et al. 2010). Crater lake Midas cichlid 
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fishes are, however, most famous for their incipient and 
putatively parallel intralacustrine radiations. In the cra
ter lakes Apoyo and Xiloa (Fig. 1), at least, the flocks 
have speciated in sympatry (Barluenga & Meyer 2004; 
Barluenga et al. 2006; Elmer et al. 2009; Barluenga & 
Meyer 2010). 

Apoyo is the oldest (max. 24 000 years, Kutterolf et al. 
2007) and largest of the Nicaraguan crater lakes and has 
the highest species-richness of Midas cichIid fishes, with 
six endemic species described to date: A. zaliosus (Barlow 
& Munsey 1976), A. astorquii, A. chan clIO, A. flaveolus 
(Stauffer et al. 2008), A. globosus and A. supercilius (Geiger 
et al. 2010). The different Midas cichIid species inhabiting 
Apoyo and Xiloa all differ in meristic characters and 
exhibit significant differences in body shapes (Stauffer & 

McKaye 2002; Stauffer et al. 2008; Elmer et al. 2010; 

Geiger et al. 2010) and those studied to date have been 
found to be genetically significantly differentiated based 
on neutral genetic markers (Barluenga & Meyer 2010). 
These Midas cichlids form stable breeding pairs and 
mate assortatively by species in the field (Stauffer et al. 
2008; Elmer et al . 2009). The taxonomic description of 
several of the new species, however, remains in flux and 
genetically fixed or apomorphic markers have not yet 
been identified for all newly described species. 

Crater lake Xiloa (max. 6100 years, Kutterolf et al. 
2007) contains to date three described endemic species: 
A. sagittae, A. amarillo and A. xiloaensis (Stauffer & 

McKaye 2002). Surprisingly, the two oldest and pheno
typically most distinct Midas cichlid species, A. citril1-
ellus and A. labiatus (Gunther 1864) from the two large 
and old (>500 000 years) great lakes Nicaragua and 
Managua can hardly be genetically distinguished 
based on neutral markers, either within or among 
lakes (Barluenga & Meyer 2010). Supported by evi 
dence from geology, biogeography and population 
genetics, these two species are presumed to be the 

Fig. 1 Map showing the study area in Nicaragua. The two 
great lakes Managua and Nicaragua harbouring the source 
populations and the two crater lakes Apoyo and Xilmi are 
indicated . 

ancestral population from which all the crater lake 
populations originated (Barlow 1976b; Barluenga & 
Meyer 2010). Midas cichlids in captivity become sexu
ally mature within about 9- 12 months of age (AM, 
personal observation). Assuming that growth rates are 
likely lower in the wild, the maximum age of a lake 
in years directly relates to an upper bound for the 
number of generations after colonization. 

Being shallow and turbid, the great lakes represent a 
rather homogeneous habitat, which differs markedly 
from the deep clear waters of the crater lakes (Barlow 
et al. 1976; Elmer et al . unpublished data). In the crater 
lakes, the · water body is divided into a substrate
associated (benthic) and open-water Oimnetic) zone 
(Vivas & McKaye 2001; Barluenga et al . 2006). Stem
ming from a more generalist great lake ancestor of ben
thic morphology, as no Iimnetic eco-types of species 
exist in the source lakes, the limnetic niche must have 
been filled within the last few thousand years in Apoyo 
by A. zaliosus and in Xiloa by A. sagittae. These two lim
netic species differ in several ecologically important 
attributes from the other benthic species in their respec
tive endemic radiations (Barlow & Munsey 1976; Meyer 
1990a,b; Vivas & McKaye 2001; Barluenga et al . 2006) 

and demonstrate a parallel pattern of body shape differ
ences (Elmer et al . 2010). The ecological differences 
between intralacustrine benthic species are less well 
studied thus far. However, a parallel difference in 
depth distribution, with A. astorquii and A. amarillo 
using the shallow and A. chancho and A. xiloaensis using 
the deep areas of respective crater lakes has been pro
posed, (Barluenga & Meyer 2010; Dittmann et al. 2012) 

though not tested. 
Although those species groups across crater lakes are 

diverging along parallel axes, interspecific phenotypic 
(Elmer et al. 2010) and genetic (Barluenga & Meyer 
2010) differentiation is more pronounced in the older 
crater lake Apoyo than in the younger crater lake Xiloa . 
While every speciation event is unique, investigating 
two replicated radiations at different ages, and therefore 
probably different stages of diversification, provides a 
rare circumstance that may inform on the increase of 
divergence during the speciation process (Nosil 2012). 

Although the monophyly of species flocks within 
lakes has been well supported (Barluenga et al. 2006;. 

Elmer et al. 2009; Barluenga & Meyer 2010), studies 
making inferences about the evolutionary relationships 
of species within crater lakes have so far been few and 
were solely based on microsatellite markers (Elmer et at. 
2009; Barluenga & Meyer 2010) and mtDNA (Barluenga 
& Meyer 2010). Furthermore, these studies provided 
discordant species relationships within the Xiloa flock 
(Apoyo was not assessed in the study by Elmer et at. 
(2009)). Thus, the branching order of different sympatric 



species in these radiations could, so far, not be deter
mined conclusively, although such knowledge would 
allow a much deeper understanding of the evolutionary 
history of the radiations and, hence, permit to uncover 
possibly common mechanisms of the formation of these 
adaptive radiations. 

Even though considerable progress is currently being 
made in understanding the genetics of adaptation and 
speciation, many more studies are needed from diverse 
taxonomic groups, with different life histories and from 
a range of ecological settings, to develop a more com
plete understanding of these fundamental evolutionary 
processes (Stinchcombe & Hoekstra 2008; Nadeau & 

Jiggins 20io; Nosil 2012). This kind of knowledge is 
essential also for the understanding of the limits of phe
notypic evolution (Wake et al. 2011), how fast adapta
tion to new environments can progress (Barrett & 

Schluter 2008; Elmer & Meyer 2011), why speciation 
rates are so variable among different taxa (Gavrilets & 
Losos 2009; Losos 2010, 2011; Butlin et al. 2012) and to 
understand how evolutionary diversification progresses 
more broadly (McNiven et al. 2011). 

We performed AFLP-based genome scans in an effort 
to detect signatures of divergent natural selection in 
populations of Midas cichlid fishes at two hierarchical 
levels: among sympatric species flocks and between the 
crater lake flocks and their ancestral populations. At 
both levels, we compare the number and occurrence of 
outlier loci. The goals of this work were: (i) to detect 
genomic regions that have been involved in the sympat
ric divergence of both crater lake radiations and the 
two ancestral species, (ii) to investigate whether there 
are homologous parallel outlier genomic regions across 
flocks, (iii) to detect loci that have been involved in the 
evolutionary divergence of both crater lake populations 
and their source populations, and (iv) to investigate 
whether there are shared outlier loci, which provide 
indirect support for a role of selection rather than foun
der effects, (v) to examine whether there is a quantita
tive difference in outlier loci among differently aged 
radiations. Lastly, this comprehensive set of molecular 
markers was collected (vi) to make inferences about the 
evolutionary relationships of sympatric species in this 
complex. This phylogeny is crucial for the interpretation 
of all data as it also informs on the ecological and evo
lutionary processes that lead to the formation of 
repeated adaptive radiations (Harmon et al. 2003). 

Materials and methods 

Sampling 

Fish were collected using gill nets in November -
December 2005 and 2007 from great lakes Nicaragua 
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and Managua and crater lakes Apoyo and Xiloa . Speci
mens were photographed in a standardized procedure 
and fin clips or samples of muscle tissue were taken 
and stored in pure ethanol. All together, 285 samples 
were used for AFLP genotyping. Individuals were 
assigned to species based on body shape, and all have 
been included in previous morphological analyses 
(Elmer et al. 2010). After data generation and data 
refinement procedures (see below), 245 samples were 
retained for further analyses. Species-specific samples 
sizes were: 29 specimens of A. eitrinellus and 25 speci
mens of A. labiatus from great lake Nicaragua as well as 
eight specimens of A. labiatus from great lake Managua. 
As populations of A. labiatus from the two great lakes 
can be hardly distinguished genetically (Barluenga & 
Meyer 2010), they were pooled for all subsequent analy
ses. Specimens from crater lake Apoyo included 35 
individuals of A. zaliosus, 28 of A. astorquii and 32 of 
A. ehaneho (samples of A. ehaneho were augmented with 
eight individuals from a stock at the University of 
Konstanz). Samples from crater lake Xiloa included 33 
specimen of A. sagittae, 23 of A. amarillo and 32 of 
A. xiloaensis. Three Apoyo species were not included: 
A. [laveolus because of insufficient number of high qual
ity DNA samples, and A. globosus and A. supereilius 
because they were described after (Geiger et al. 2010) 

the data for this project were already collected. More
over, no genetic analyses have so far been conducted to 
ascertain the status of these latter two species. 

AFLP procedure 

DNA was extracted from fin clips or muscle tissue 
using a standard high-sa~t or a phenol-chloroform pro
tocol. DNA concentration and quality were determined 
on 1 % agarose gels and by measuring absorbance in a 
spectrophotometer. 

Technical aspects of AFLPs (Vos et al. 1995; 

Mueller & Wolfenbarger 1999; Bensch & Akesson 
2005; Meudt & Clarke 2007) and studies conforming 
their usefulness in identifying regions that are associ
ated with phenotypic traits (Rogers & Bernatchez 
2005; Via & West 2008) have been reported elsewhere. 
We applied a derived version of the original AFLP 
procedure (Vos et al. 1995) using modified protocols 
from commercial kits (AFLP Core Reagent Kit, Invi
trogen). For each sample, 1 ~L of DNA (concentration 
100 ng/ ~lL) was digested with 0.5 U each of EeoRI 
and MseI restriction enzymes in a final volume of 
5 ~L of 1 x reaction buffer for 2 h at 37°C, followed 
by heat-induced enzyme inactivation for 15 min at 70° 
C. Adaptors were ligated overnight at 16°C by adding 
4.8 ~lL of adaptor ligation solution and 0.2 U of T4 
DNA ligase. Subsequently, samples were diluted 1:10 
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with Ix TE buffer (10 mM Tris-HCI, 0.1 mM EDTA). 
Pre-selective amplifications were carried out using 
1 j.lL of diluted adaptor-bound DNA in final volumes 
of 10 ~lL 1 x PCR buffer (Gennaxon) containing 
1.5 mM MgCI2, 250 ~lM of each dNTP, 1.2 ~lM MseI and 
0.2 j.lM EeaRI pre-selective primers complementary to 
the restriction sites and adaptors containing one addi
tional base, and 0.2 U of Red-Taq polymerase (Genna
xon). Cycling conditions for pre-selective PCRs were: 
denaturation for 2 min at 94°C, 20 cycles of 94°C for 
30 s, 56°C for 30 s, 72°C for 90 s, followed by a 
15 min final elongation at 72°e. For selective PCRs, 
2.5 ~lL of pre-amplified DNA (diluted 1:50 with 1 x TE 
buffer) was amplified in 10 j.lL volumes of 1 x PCR 
buffer (Gennaxon) containing 1.5 mM MgCI2, 250 ~lM 
of each dNTP, 600 nM MseI and 100 nM EeaRI selective 
primers and 0.2 U of Red-Taq polymerase (Gennaxon) . 
Selective primers contained two additional nucleo
tides. EeaRI primers were labelled with either a JOE 
or a FAM fluorescent dye (Applied Biosystems). For 
selective amplifications, we used touchdown PCR con
ditions: denaturation for 2 min at 94°C, 13 cycles of 
94°C for 45 s, 65°C for 45 s (decreasing 0.7°C per 
cycle), 72°C for 2 min, followed by 25 cycles of 94°C 
for 45 s, 56°C for 45 s, 72°C for 2 min and ending 
with elongation for 20 min at 72°e. 

Genotyping and data refinement 

After testing several primer combinations for quality 
and reliability, all samples were genotyped for 13 
different selective primer combinations (Table Sl, Sup
porting information). Fragments were analysed in an 
ABI 3130xl automatic capillary sequencer (Applied 
Biosystems) and sized according to an internal Gene
Scan 500 ROX size standard. To assess the reliability 
of our procedure, 95 randomly chosen specimens cov
ering all populations were amplified and genotyped 
twice. To avoid observer-induced biases, fragments 
were scored automatically using the GeneMapper 
4.0 software (Applied Biosystems). Bin sets were 
adjusted manually and individual electropherograms 
were corrected for erroneous peaks. 

AFLP quality was rigorously assessed . Fragments 
outside the range of 55- 500 bp were excluded. Samples 
exhibiting <75% of the median fingerprint intensity 
(sum of all peak heights) for any single selective primer 
combination were removed and coded as missing data . 
The overall proportion of missing data was 2.5%. Indi
vidual loci that were <90% reliable were omitted from 
further analysis. Subsequently, we applied data refine
ment pipeline implemented in AFLPScore (Whitlock 
et al. 2008) to create individual genotype data in the 
form of a binary matrix from peak intensities. The 

pipeline included data normalization step and ensured 
an objective way of scoring the AFLP data. Locus- and 
phenotype-specific thresholds (see Whitlock et al. 2008 

for explanation) were adjusted for each primer combi
nation, resulting in a tradeoff between reducing geno
typing error while retaining a reasonable number of 
loci. Final overall genotyping error was 2.9% (±0.5 SO), 
a typical level for AFLP studies (Bonin et al. 2004). 

Genetic differentiation and phylogenetic trees 

Genetic differentiation between species by means of the 
FST fixation index (Wright 1965) and Nei's gene diver
sity within species (Nei 1973) were estimated using 
AFLP-SURV version 1.0 (Vekemans et al. 2002) . Allele 
frequencies were computed using an implemented 
Bayesian approach (Zhivotovsky 1999) assuming HWE 
and non-uniform prior distributions among popula
tions. Statistical support for genetic differentiation was 
determined based on 5000 permutations. Genetic differ
entiation was also estimated after outlier detection 
using the presumably neutral dataset (951 AFLPs) as 
well as the outlier loci alone (79 AFLPs). 

Phylogenetic trees at the population level were recon
structed with FAMD vers.1.2.5 (Schli.iter & Harris 2006) 
with the following settings: population genetic distances 
were calculated with the Takezaki formula adjusted 
from the Cavalli-Sforza & Edwards method (Cavalli
Sforza & Edwards 1967; Takezaki & Nei 1996) and 
employed to build Neighbour-Joining (NIl trees (Saitou 
& Nei 1987). Allele frequencies were estimated based 
on a Bayesian approach (Zhivotovsky 1999) assuming 
HWE and non-uniform 'prior distributions among popu
lations. Support for the tree topology was estimated by 
means of 1000 bootstrap replications. Missing data were 
randomly replaced by 50% presences and 50% absences. 
Majority rule consensus trees were then calculated in 
MEGA version 4 (Tamura et ai. 2007). Trees were built 
using the complete dataset (1030 AFLPs) and, after out
lier detection, using the presumably neutral markers 
(951 AFLPs) and the outlier loci (79 AFLPs) separately. 

Outlier loci detection 

Detection of outlier loci by means of FST genome 
scans was conducted in BayeScan version 2.01 (FoIl & 
Gaggiotti 2008; Fischer et al. 2011) using the previ
ously obtained dominant binary AFLP matrix as input 
data . BayeScan implements a Bayesian approach to 
estimate the posterior probability that a locus is under 
selection. Briefly, the program defines two models, 
one including only population-specific effects and one 
taking additionally locus-specific effects into account. 
It then returns a posterior odds (PO) ratio of these 



alternate models for each locus. A positive value of 
the posterior distribution of the locus-specific parame
ter CJ. suggests that a locus is under divergent selec
tion whereas a negative value indicates balancing 
selection. A recent comparative study (Perez-Figueroa 
et al. 2010) found BayeScan to be superior to other 
commonly used approaches for detection of outlier 
loci using dominant markers and it has become the 
tool of choice for this purpose (Manel et at. 2009; 
Freedman et al. 2010; Paris et at. 2010; Parisod & Joost 
2010; Paun et at. 2010; Colbeck et al. 2011; Hoffman 
et at. 2011). 

We performed a global analysis, lake-specific analyses 
and analyses between both the ancestral species and 
each crater lake's species flock. Following a similar 
approach as Deagle et at. (201 n we used different prior 
odds values for the neutral model to determine outlier 
loci. As analyses based on a greater number of popula
tions have higher power (Fischer et al. 2011), we used a 
prior odds value of 10 for the global analysis and a 
more relaxed value of 1 for the comparisons with 
fewer populations. However, outliers detected in these 
comparisons were not taken into account for further 
analyses unless they also appeared as outliers in the 
global scan. We think of this procedure as a reasonable 
tradeoff because it is not only conservative but also 
allows us to evaluate the detected outlier loci in a more 
meaningful way. 

Monomorphic loci were always excluded from 
analyses, so the number of loci screened varies across 
comparisons. Obviously, including more popula
tions in an analysis increases the chance of obtaining 
alternate alleles at a locus, i.e. a higher number of 
polymorphic markers. Model parameters were auto
matically tuned from the default settings with 10 pilot 
runs, each consisting of 10 000 MCMC steps. For the 
actual analyses 500 000 iterations with an additional 
burn-in phase of 50 000 steps were applied . Outlier 
loci were defined by keeping the expected false dis
covery rate (FDR) constant «0.05), resulting in vary
ing levels of the PO threshold (Deagle et at. 2011; 
Fischer et at. 2011) . Outlier loci were further exam
ined by means of species-specific allele frequencies 
as estimated from the dominant AFLP matrix by 
BayeScan. 

Statistical difference of the number of outlier loci in 
different contexts was evaluated by means of Fisher's 
exact tests (R Development Core Team 2010); outlier 
loci counted as successes, and failures were defined as 
the total number of screened (polymorphic) loci minus 
the outliers. To compare the number of outlier loci 
between the source lakes and both the crater lakes 
populations, loci that also occurred as outliers in 
intra lacustrine analyses were not taken into account. 
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Results 

AFLP generation and genotyping 

Specimens from all eight Midas cichlid species (mean 
n = 30.6 ± 3.B SD) were successfully genotyped for 13 
different primer combinations (Table 51, Supporting 
information). After refinement procedures, the final 
dataset consisted of 245 samples genotyped at 1179 loci. 
Of these, 1030 loci were polymorphic across all eight 
species. The number of markers was more than suffi
cient to obtain a unique genetic fingerprint for every 
individual. 

Genetic differentiation and gene diversity 

As the evaluation of the evolutionary relationships 
among species is fundamental to the interpretation of 
the genome scans results, we will present these results 
first. Global genetic differentiation between species 
based on all 1030 AFLP markers is highly significant 
(FST = 0.154, P < 0.0001) and all pairwise comparisons 
based on the full dataset showed significant genetic dif
ferentiations (Table 1). Species occ;urring in sympatry 
were less genetically differentiated than any two allo
patric species, the only exception being comparisons 
within Apoyo of A. zaliosus and A. chancho with A. as
torquii (Table 1). All comparisons with A. astorquii 
showed generally high Fsrvalues, whether in sympatry 
or allopatry. Species from Xiloa were generally less 
genetically differentiated from the ancestral species 
than was the Apoyo flock. The smallest degree of inter
specific genetic differentiation was found between the 
two ancestral species from the great lakes (Table 1). 

Within Apoyo, the least genetic differentiation is 
found between the limnetic species A. zaliosus and the 
benthic species A. chancho. The other benthic species 
A. astorquii is more differentiated from A. zaliosus than 
it is from A. chancho. 

Pairwise comparisons within Xiloa indicate that the 
limnetic species A. sagittae is more differentiated from 
the two benthic species, and more differentiated from 
A. amarillo than from A. xiloaensis, than the benthic spe
cies are to each other. 

Pairwise comparisons based on the presumably neu
tral and outlier datasets show an almost identical pat
tern, although the absolute values differ as expected. 
Global genetic differentiation (FST = 0.10B, P < 0.0001) 
and all values are decreased based on the presumably 
neutral dataset alone (Table 52, Supporting informa
tion), whereas the global genetic differentiation 
(FST = 0.333, P < 0.0001) and all pairwise FsT-values 
are increased when using the outlier data (Table 53, 
Supporting information) . Estimates for Nei's gene 
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Table 1 List of localities, studied species, samples sizes (N), Nei's gene diversity (Hj) and pairwise Fsrvalues based on the complete 
dataset (1030 AFLP loci). Brackets after species names indicate limnetic (I) and benthic (b) ecotypes. Species names are abbreviated 
with their first three letters at the top. Statistical significance was assessed based on 5000 bootstrap replicates 

Pairwise FST 
Locality Species N Hj cit 

Great lakes Ampllilophus citril'lellus 29 0.119 

AmphiloplHlS labiatus 33 0.134 0.021* 

Apoyo Amphilophus zaliosus (I) 35 0.137 0.134** 

Amphilophus astorquii (b) 28 0.223 0.229** 

AmphiiophliS chal'lcho (b) 32 0.109 0.150** 

Xiloa Amphilophus sagittae (I) 33 0.123 0.089** 
Amphilophus amarillo (b) 23 0.093 0.067** 
Amphilophus xiloaensis (b) 32 0.097 0.078** 

Probability values: .p < 0.05, "P < 0.001. 

diversity (analogous to expected heterozygosity) 
within populations based on the complete dataset 
(1030 loci) range from 0.093 to 0.223 (Table 1), with a 
mean of 0.129 (±0.041 SD). 

Phylogenetic reconstruction 

Using the complete dataset (1030 AFLP markers), the 
population-level NJ trees correctly assign species to 
their respective lakes (100% of the bootstrap replicates) 
(Fig. 2). Within the clade of Apoyo species, the benthic 
species A. astorquii and A. chancho form a cluster with 
high support (90% bootstrap replicates). Within the 
clade of Xiloa species, the two benthic species A. ama
rillo and A. xiloaensis also resolve together (91 % boot
strap replicates). 

Based only on the outlier loci (79 AFLPs), we find a 
similar pattern as for the complete dataset (Fig. Sla, Sup
porting information). The tree topology is identical with 
high support (96% bootstrap replicates) for sorting spe
cies by lake of origin. The sister relationship of the benthic 
species within Apoyo is again highly supported (100% 
bootstrap replicates) and the benthic species within Xiloa 
resolve together with moderate support (66% bootstrap 
replicates) (Fig. Sla, Supporting information). 

The NJ trees based on the presumably neutral dataset 
(951 AFLPs) again successfully assigns species to lake 
of origin (100% bootstrap replicates), though based on a 
slightly different topology (Fig. Slb, Supporting infor
mation) . Whereas the relationships in the Xiloa clade 
remain the same as was identified with the complete 
dataset (benthic species resolve as sister taxa with 88% 
bootstrap replicates), within the Apoyo flock there is 
moderate support for a sister relationship between the 
limnetic A. zaliosus and the benthic A. astorquii (76% of 
bootstrap replicates) (Fig. Slb, Supporting information). 

As expected, absolute branch lengths vary consider
ably between the trees based on different components 

lab za l ast cha sag ama 

0.122** 

0.206** 0.164** 

0.147** 0.066** 0.145** 

0.075** 0.135** 0.227** 0.151 ** 

0.079** 0.157** 0.254** 0.175** 0.066** 

0.089** 0.152** 0.259** 0.178** 0.050** 0.035** 

100 

100 .---___________ ;;.: 

90 

100,-__ 

9 1 

A. astorquii (benthic) 

A. sagiltae (Iimnetic) 

----. 
0.0 1 

Fig. 2 Population-level neighbour-joining trees based on the 
complete dataset (1030 loci) . Nodes show per cent bootstrap 
support (1000 replicates) . Pictures show representative speci
mens. Ecotypes are given in brackets. Arrows mark lakes of 
origin for respective species flocks. 

of the dataset. The tree based on outlier loci had the 
longest branches and the 'neutral' tree indicated the 
least evolutionary change. In all datasets, and in accor-



dance with its greater age, species from the Apoyo 
clade are more genetically differentiated from the 
source populations than are species from the Xiloa 
clade. The extraordinary long branch length of the 
lineage of A. astorquii is obvious in all trees. 

Genome scans 

We performed outlier analyses including all eight spe
cies (global analysis) and at two different hierarchical 
levels: between sympatric species of lakes (each three 
species for the crater lakes and two species for the great 
lakes) and between the great lake species and each of 
the crater lake flocks (five species each comparison). In 
the global analysis, 79 of 1030 polymorphic loci (7.7%) 
are found to be outliers (Fig. 3). All outlier loci exhibit 
a positive value for the locus-specific parameter IX, indi
cating positive selection. Not a single case of suppos
edly balancing selection (outlier with a negative value 
of IX) was identified. The fact that no such signs were 
detected is most likely because of methodological limi
tations rather than biological reality, as ' genome scans 
are known to have limited power in identifying signs of 
balancing selection (Beaumont & Balding 2004). Outlier 
loci are distributed among all 13 primer combinations 
(Table SI, Supporting information). 

In the lake-specific analysis of Apoyo we find 15 of 
907 polymorphic loci 0.7%) to be outliers. With two 
outliers out of 721 polymorphic loci (0.3%), significantly 
fewer outliers were determined in the analysis of spe
cies from Xiloa (Fisher's exact test, P-value = 0.006). 
The two loci determined as outliers in the Xiloa flock 
are not among the 15 outlier loci identified in the Apo
yo flock. When crosschecked, loci that have been found 
to be outliers in one radiation show no signs for an ele
vated differentiation in the other radiation (data not 
shown). Between A. citrinellus and A. labiatus from the 
great lakes, only one of 627 polymorphic loci (0.2%) 
was found to exhibit outlier status, which in turn was 
not among the outliers identified in the intralacustrine 
analyses of the crater lake flocks. 

For all 15 outliers in Apoyo, the species-specific 
allele frequencies are drastically different between 
A. zaliosus and A. astorquii with a high range for the 
'1' allele from 0.776 to 0.982 as compared with a low 
range from 0.019 to 0.155, respectively (Table S4, 
Supporting information) . Allele frequencies for 
A. chancho are in five cases close to A. zaliosus (0 .824-
0.984) and in the other 10 instances intermediate (0.328 
- 0.675). In the species from the great lakes and Xiloa, 
allele frequencies at these loci are generally high and 
close to A. zaliosus, except for one case where allele 
frequencies are close to A. chancho and intermediate 
between A. zaliosus and A. astorquii. In Xiloa, allele 
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1/ poly loci 1030 907 721 627 976 848 

# outlier 79 15 52 18 

Outlier[%] 7.67 1.65 0.28 0.16 5.33 2.12 

P threshold 0.754 0.826 0.937 0.999 0.810 0.839 

FOR 0.050 0.049 0.034 0.000 0.050 0.048 

Fig. 3 Appearance of outlier loci. Rows represent loci detected 
as outliers in a global scan with more stringent criteria (prior 
odds of 10). Columns show lake-specific analyses and such 
comparing crater lake flocks with their ancestral species. These 
analyses were carried out with less-stringent criteria (prior 
odds of 1). Filled cells indicate outlier status in respective anal
yses. Differential shading designates outlier role, with light 
grey indicating lake-specific outliers, intermed iate grey indicat
ing outlier potentially related to adaptation to crater lake envi
ronment and dark grey indicating the latter which occurred in 
parallel among both crater lakes. Given at the bottom are the 
number of screened polymorphic loci, the number and propor
tion of detected outliers, the applied posterior probability (P) 

threshold to define outliers and the false discovery rate for 
respective analyses. See also text for details. 

frequencies at the two outlier loci are varying among 
all three species and no pattern is apparent (Table S4, 
Supporting information) . 

The comparison between the ancestral species and 
the Apoyo flock shows a higher proportion of outlier 
loci (52 out of 976, 5.3%) than the equivalent compari
son of the ancestral species with the Xiloa flock 
08 out of 848, 2.1 %). All loci that were identified as 
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outliers in one of the three intralacustrine analyses 
were also identified as outlier in the analyses between 
lakes. Excluding those intralacustrine outlier loci, sig
nificantly more loci were found to be outliers in the 
comparison between the ancestral species vs. the Apo
yo flock (36 out of 976, 3.7%) than for the ancestral 
species vs. the Xiloa flock (15 out of 848, 1.8%) (Fish
er's exact test, P-value = 0.015). Out of these 51 great 
lake to crater lake outlier loci, seven (13.7%) are 
shared among both comparisons (Fig. 3) . Allele fre
quencies at these outlier loci showed no consistent 
pattern between different populations within lakes. 

Discussion 

We applied an AFLP-based population genomics 
approach to investigate genome-wide signatures of 
divergence in two young and repeated radiations of 
Midas cichlid fishes inhabiting Nicaraguan crater lakes 
and their source populations from the two great lakes 
of Nicaragua. This represents one of the first efforts to 
characterize the genetic bases underlying the rapid and 
often parallel phenotypic diversifications (Elmer et a/. 
2010) in this natural system. Specifically, we (i) detected 
loci associated with the divergence of sympatric species 
and (ii) investigated whether the same regions have 
been involved in this process within the two repeated 
radiations. At the inter-lacustrine level, i.e. by compar
ing crater lake flocks with the ancestral species, we (iii) 
found outlier loci potentially associated with allopatric 
ecological divergence and (iv) examined whether there 
are shared outlier loci indicating adaptation to the cra
ter lake environment in general. By comparing the two 
differently progressed radiations, our (v) results pro
vide evidence that the number of outlier is increasing 
with time. Finally, we (vi) reconstructed the phyloge
netic relationships among sympatric species. As this 
last analysis serves as baseline information for the inter
pretation of the genome scan results, we will begin by 
discussing this result first. 

Parallel sequence of sympatric speciation events 

Stemming from source populations inhabiting the 
great lakes in Nicaragua, our phylogeny based on the 
complete dataset (1030 loci) demonstrates that Midas 
cichlid fishes colonized crater lakes Apoyo and Xiloa 
independently and speciated subsequently in situ . The 
ancestral individuals from those lakes will likely have 
been benthic in their morphology as there are no lim
netic species ' or morphs in the shallow and murky 
waters of the great lakes. Interestingly, the tree topology 
suggests that the sequence of diversification followed a 
parallel pattern, with a primary divergence among 

the lim netic-benthic axis in both crater lake radiations 
(Fig. 2). Hence, the most parsimonious scenario is the 
following; the first of the extant species to diverge from, 
and coexist with, the benthic founder popUlation in 
each of the two crater lakes was the limnetic species. In 
a second set of speciation events, the benthic species 
subsequently split into two benthic species and there
fore, in both lakes the two new endemic benthic species 
tend to be younger and more closely related to each 
other. Levels of genetic differentiation including all 
markers (1030 loci) reflect the same pattern, with com
parisons of sympatric species showing generally less 
genetic differentiation than pairwise comparisons of 
allopatric species, and the two benthic species being 
less differentiated from each other than to the limnetic 
species. Yet, this pattern is blurred by comparisons with 
A. astorquii, which showed generally high Fsrvalues in 
sympatry and in allopatry. Nonetheless, A. astorquii is, 
as expected, more differentiated from any allopatric 
population than to its two sympatric species and in 
turn more differentiated to the sympatric limnetic spe
cies A. zaliosus than to the other sympatric benthic 
species A. chancho (Table 1). The patterns of the forma
tion of the parallel adaptive radiations in each of the 
crater lakes is therefore repeated across lakes, suggest
ing that the processes were the same in both crater 
lakes following their initial colonization. 

These AFLP results agree with our previous results 
on the Midas cichlid species compl~x that demonstrated 
the monophyly of crater lake flocks (Barluenga et a/. 
2006; Barluenga & Meyer 2010). In addition, the 
lower genetic differentiation of Xiloa species might be 
expected given the lake's younger age [max. 6100 years 
(Kutterolf et al . 2007)] as compared to Apoyo [max. 
24 000 years (Kutterolf et a/. 2007)] and therefore more 
recent colonization by Midas cichlids (Barluenga et a/. 
2006; Elmer et a/. 2012). Moreover, a sister relationship 
between the two benthic species in both crater lakes 
had already been suggested by means of genetic differ
entiation based on microsatellite markers and mtDNA 
in a recent study (Barluenga & Meyer 2010). Yet, 
another study based on different samples and a slightly 
reduced set of the same microsatellite markers found 
A. amarillo to be the most differentiated species within 
Xiloa (Elmer et al. 2009) . Based on different genetic 
markers and using different metrics of population dis
tance as well as assessing statistical support, our results 
support a scenario of a parallel primary diversification 
of limnetic and benthic species in both crater lakes. 
Therefore, the radiations of Midas cichlids agree with 
numerous other examples of freshwater fish taxa for 
which sympatric divergence into a new open-water 
niche has happened (Schluter & McPhail 1993; Robin
son & Wilson 1994) and within a relatively short 



amount of time (Schluter 1996; McKinnon & Rundle 
2002; Rogers & Bernatchez 2007). Furthermore, infer
ences from mathematical models (Gavrilets & Losos 
2009) as well as empirical data from vertebrates (Streel
man & Danley 2003) suggest that the primary diver
gence in adaptive radiations often occurs in this 
manner among macrohabitats. 

We note, however, that the use of genetic distances 
and levels of genetic differentiation between populations 
as a proxy for time since divergence is not without poten
tial problems in scenarios of sympatric speciation. This is 
because adaptive divergence may decrease gene flow (i.e. 
isolation by adaptation) and the higher levels of genetic 
differentiation between the limnetic and benthic species 
as compared to the two benthic species might reflect a 
stronger (historical) reduction in gene flow rather than 
time since divergence (Nasi! et al. 2008; Nosil 2012). Try
ing to disentangling these not always mutually exclusive 
hypotheses, for example by coalescent-based approaches, 
is an ongoing effort, but estimating the timing of gene 
flow remains difficult (Niemiller et al. 2010; Strasburg & 
Rieseberg 2010, 2011). 

We find a discrepancy between tree topologies based 
on the complete and outlier datasets vs. the presumably 
neutral dataset. Whereas using 79 outlier loci (Fig. S1 a, 
Supporting information) provides a congruent tree 
topology as the complete dataset, applying the 951 pre
sumably neutral loci yields a slightly different topology, 
with the benthic species A. chancho diverging first in 
Apoyo (Fig. SIb, Supporting information). This incon
sistency might be attributable to the fact that during 
the early stages of adaptive divergence, loci und er 
divergent selection may actually constitute the branch 
defining loci. Neutrally evolving loci may not informa
tively reflect the species tree, as they may have been 
homogenized by recent or ongoing gene flow or reflect 
stochastic events of lineage sorting (Via 2001, ~009) . 

Especially during the process of ecological speciation 
and in the face of gene flow, this phylogenetic discor
dance of different genomic regions may persist through 
the speciation process and possibly well beyond (Via 
2009). Taking into account the young age and sympat
ric origin of crater lake species in this system, we there
fore think that the use of all available markers (neutral 
and outlier loci) is the most appropriate reflection of 
species' histories. 

Conspicuous in all trees is the extraordinary long 
branch of A. astorquii in Apoyo. This is also reflected in 
the high gene diversi ty and levels of genetic differentia
tion of A. astorquii and hints at an elevated evolutionary 
rate. Yet, if this were true we would expect to see the 
same pattern in other neutral markers such as microsat
ellites; but this is not the case (Barluenga & Meyer 
2010). Furthermore, because of the recent demographic 
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bottleneck of the crater lake populations we would 
expect reduced levels of gene diversity within the cra ter 
lake flocks as compared to within the great lake popula
tions. Interestingly, whereas previous analyses based on 
microsa tellite markers found such a pattern (Barluenga 
& Meyer 2010), estimates of gene diversity based on 
AFLPs in this study are generally in a similar range for 
all populations, with the exception of th~ high gene 
diversity of A. astorqllii. Although the absolute values of 
gene diversity based on microsa tellite and AFLP mark
ers are expected to differ based on differences in the 
number of alleles per locus (multi-allelic vs. bi-allelic) 
and marker type (co-dominant vs. dominant), we are 
unaware of an explanation for why our results show a 
pattern of relative gene diversity between populations 
that differs from to estimates based on microsatellites. 
Nevertheless, because of our automated and objective 
data generation procedure and the biologically mean
ingful phylogenetic results, we think that this difference 
and the distinctiveness of A. astorquii are biologically 
real rather than because of a methodological bias. It 
should be noted that our general conclusions would 
still hold even if the elevated rate of evolution in A. as
torquii were an artifact. 

Signatures of divergent selection between sympatric 
species 

We identified genomic regions under divergent selec
tion within both radiations, which fits with expecta
tions given that the crater lake species originated in 
sympatry and occupy different ecological niches (Vivas 
& McKaye 2001; Barluenga et at. 2006). We found 15 
0 .7%} and two (0.3%) outlier loci in the intra lacustrine 
analyses of each three species inhabiting crater lakes 
Apoyo and XiIocl, respectively. We interpret the 
detected outlier markers as being located in regions 
that have been, or still are, resisting gene flow. The 
species-specific allele frequencies for the 15 outlier loci 
in Apoyo revealed an intriguing pattern: A. astorquii 
consistently has lower allele frequencies for the '1' 
allele than all other species at these loci (Table S4, Sup
porting information). This suggests that the signatures 
of divergent selection in Apoyo are strongly driven by 
the divergence of A. astorquii. As a result of the 
anonymity of the AFLP markers, we are unable to 
infer whether or not the identified outlier loci reside 
on different genomic regions or if they are physically 
linked and occur only on one or a few regions under 
selection . The pattern of consistently deviant allele fre
quencies might, for example, result from several of the 
outliers being captured in a chromosomal inversion 
that occurs in high frequency in A. astorquii. In this 
case, genetic differentiation of loci within the inver-
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sion, because of a reduction in recombination, would 
be expected to be much higher than in co-linear geno
mic regions (e.g. Cheng et al. 2012) and the spread of 
one adaptive allele located on the inversion could 
bring about a signature of selection on multiple loci 
simultaneously. Alternatively, several adaptive alleles 
could reside on the inversion, thereby being protected 
from recombination and facilitating the speciation 
process (Kirkpatrick & Barton 2006). A role f()r chro
mosomal inversions involved in the divergence-with
gene-flow of Midas cichlid would not be surprising, 
given the theoretical and empirical support for inver
sions in this process in general (reviewed in Hoffmann 
& Rieseberg 2008). Alternatively, several outliers could 
be located on distinct regions that nonetheless harbour 
genes involved in a co-adapted gene complex. Testing 
these architectural alternatives with markers of known 
position is important for understanding the speciation 
process and currently in progress in this laboratory. 

In a biologically similar scenario, on average 3.2% of 
screened AFLP loci have been found to be outliers in 
the replicated evolution of dwarf and normal ecotypes 
of postglacial lake whitefish (Coregonus clupeaformis) 
(Campbell & Bernatchez 2004). This might suggest that 
fewer loci are responsible for species differences in 
Midas cichlids compared to lake whitefish. However, 
the number of outlier loci is not easily comparable 
across studies as lower samples sizes and a lower rela
tive marker density decrease the chances of detecting 
outliers (FoIl & Gaggiotti 2008) and different outlier 
detection methods vary in their power (Perez-Figueroa 
et al. 2010). In any case, the low number of outlier loci 
detected in our study suggests that our approach to 
determine outlier loci is rather conservative. For exam
ple, the only two outlier loci detected in Xiloa are unli
kely to represent the only genomic regions diverged 
under selection among the three species. 

The pairwise comparisons between the two ances
tral species, A. citrinellus and A. labiatus from the 
great lakes, revealed the least genetic differentiation 
(Table 1) and it is not significant after removal of the 
79 outlier loci (Table 52, Supporting information). 
Further, only a ' single outlier locus (0.2%) was 
detected between A. citrinellus and A. labiatus. The 
low level of genetic differentiation found in this 
study is consistent with previous results (Barluenga & 

Meyer 2010) and suggests that there is substantial 
ongoing gene flow. Hence, the species status of these 
two forms may be questionable. However, the two 
species are phenotypically quite different: in body 
shape (Barlow 1976b; Klingenberg et al. 2003; Elmer 
et al. 2010), lip size (Barlow & Munsey 1976; Klingen
berg et al. 2003) as well as diet and gene expression 
profiles (Manousaki et aI., accepted). This may suggest 

that a single genomic region harbouring several 
strongly linked genes (or few genes with pleiotropic 
effects) is responsible for their phenotypic differences, 
and that selection acting on this one region is not suf
ficient to facilitate further divergence (Nos il 2012). 
Alternatively, more genomic regions might be under 
selection, but remain undetected by our population 
genomics approach (Butlin 2008; Michel et al. 2010). 
Divergence of A. citrinellus and A. labiatus in compari
son to the younger, but more differentiated, s ympatric 
species in the crater lakes could make an interesting 
case about whether strong selection on a few loci or 
multifarious selection on many loci is more inductive 
to further divergence and speciation (Nosi! & Feder 
2012). Efforts to further characterize the genomic 
regions of divergence in this system are currently 
underway in our laboratory. 

Genetic non-parallelism between replicated radiations? 

The pattern of parallel phenotypic evolution, as exhib
ited by initial speciation of the two limnetic species, leq 
us to expect that at least some of the outlier loci in our 
genome scans might be shared between the two intrala
custrine analyses (Campbell & Bernatchez 2004; Bonin 
et al. 2006; Nosil et al . 2008; Hohenlohe et al. 2010a; Dea
gle et al . 2011) . However, we found no evidence for par
allel genetic divergence between both radiations so far. 
The most conspicuous divergent trait in Midas cichlid 
fishes is body shape, which is significantly different 
among all species (Elmer et al. 2010). Body shape is 
likely to be under polygenic control, with a few loci of 
major and multiple loci of minor effect, as has been 
found in threes pine stickleback (Albert et al. 2007). It is 
hence possible that the parallel phenotypic evolution 
across both radiations (Elmer et al. 2010) can be 
explained (at least partly) by a lake-specific genetic 
basis in the gene regions linked to the two and 15 dif
ferent outlier loci that we detected. Indeed, this conclu
sion is not unreasonable, as a role for different loci 
involved in parallel phenotypic evolution has been indi
cated in several of the few studies that exist to date 
where the genetic basis for (parallel) adaptation has 
been discovered (Colosimo et al. 2005; Borowsky 2008; 
Steiner et al. 2009; Chan et al. 2010) . 

Alternatively, there could be several reasons why we 
did not find the same outlier loci in the repeatedly 
evolved eco-types across adaptive radiations. Firstly, 
population genomic approaches tend only to detect loci 
with a high effect size and most likely not all the genes 
that contribute to a trait will be tracked (Rogers & Ber
natchez 2005). Hence, it is likely there are alleles with 
minor contribution to adaptive divergence that have 
indeed been selected in parallel in both cra ter lakes, but 



remained undetected with this approach. The fact that 
we only detected two outlier loci in the Xiloa flock 
exemplifies this. Secondly, the ability of genome scans 
to identify regions under selection depends strongly on 
the history of a selected allele, since with time the 
reduction of variability around a selected locus will 
decay because of new mutations and recombination 
(Nadeau & Jiggins 2010). Under a soft-sweep-scenario, 
where selection operates on standing genetic variation 
or on different mutations at the same locus, footprints 
of selection will be much weaker than under a hard 
sweep, where advantageous alleles arise de novo and 
spread in a population rapidly (Barrett & Schluter 
2008). Thus, detecting the genetic bases of quantitative 
traits selected from standing genetic variation is espe
cially difficult via a popula tion genomics approach 
(Hohenlohe et al . 2010b). The young age and parallel 
diversification of our studied repeated radiations sug
gests selection on standing genetic variation is likely. 
Thirdly, the 1030 polymorphic markers screened in this 
study are estimated to yield an average coverage of 
approximately one marker per Mb (Megabase), assum
ing that Midas cichlids have a 1 Gb (Gigabase) genome 
size (Henning et al. unpublished data) similar to African 
cichlids (Majumdar & McAndrew 1986; Kocher et al. 
1998; Lang et al. 2006). As the AFLP population genom
ics approach relies heavily on the effects of genetic 
hitchhiking, this coverage might be too low to detect 
signatures of selection resulting from standing genetic 
variation, where blocks of linkage disequilibrium (LD) 
are short. Moreover, the variance of allelic associations 
is large when selection is acting on standing genetic 
variation (Przeworski el al. 2005). Taking this into 
account, it is possible that the same loci of large effect 
have been selected in both crater lakes, but association 
between these loci and our AFLP markers has decayed 
differently in both radiations, leading to a pattern of 
non-overlapping outlier loci. 

Hence, although the complex genetic architecture of 
the trait of interest and limitations of our methodol
ogy might simply preclude us from detecting an exist
ing underlying genetic parallelism, it is possible that 
different outlier loci are indeed mainly responsible for 
the parallel phenotypic evolution in both radiations. 
Further studies investigating the hypothesis of genetic 
non-parallelism in Midas cichlids are needed and cur
rently underway in our laboratory using other popula
tion genomics approaches that promise to yield more 
complete genome coverage. 

Signatures of divergence between allopatric Lake flocks 

After excluding outlier loci involved in the intralacus
trine differences, we found 36 (3.7%) and 16 0.8%) 
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outlier loci in the comparisons of the ancestral species 
vs. the Apoyo and Xiloa flock, respectively. These loci 
might be linked to regions that are involved in the sig
nificant phenotypic divergence of crater lakes popula
tions as compared to the ancestral species (Elmer et al. 
2010). Although these loci might very well be under 
divergent selection and involved in adaptation to 
the crater lake environment, we cannot rule out that at 
least some of them reflect stochastic differences of 
allele frequencies driven by strong founder effects 
(Foil & Gaggiotti 2008). 

Genetic paralleLisms involved in al/opatric divergence 
of crater lake popuLations 

Seven loci appear as outliers in both comparisons of a 
crater lake flock with the source population; a pattern 
that is unlikely to result from random effects (Nosil 
et al. 2008). The substantial number of shared outlier 
loci furthermore suggests at least some role for standing 
genetic variation, since the occurrence of seven de novo 
mutations in the same regions in both crater lake popu
lations in such a short time (ca . 5400 ± 750 years for 
Xiloa, Elmer et al . 2012) seems unlikely. An alternative 
explanation that an independent de novo mutation 
occurring in the same region would affect seven outlier 
loci simultaneously (a region probably spanning several 
mega bases) seems equally unlikely, as islands of diver
gence in an allopatric model are predicted to be small 
and distributed among the genome (Nosil 2012). 

Although it would be more parsimonious to interpret 
the replicated outliers to indicate selective sweeps that 
occurred in the ancestral populations, rather than hav
ing occurred independently in both the crater lake 
flocks, we think the demographic history of Midas cich
lids renders that unlikely. The great lakes are relatively 
old and provide a presumably fairly stable environ
ment. Hence, there is no indication that strong selective 
pressures have been working in the populations of the 
great lakes after the split of the founder population of 
Xiloa. In contrast, the crater lake populations have expe
rienced a presumably strong ecological change with 
their recent founding of a new environment very differ
ent from the grei'\t lakes in water clarity, depth, water 
chemistry and ecological community (Barlow et al. 1976; 
Elmer et al ., 2010; Elmer et aI. , unpublished data). Thus, 
we think it is more likely that the outliers identified in 
the ancestral species to crater lake flock comparisons 
represent signatures of selection that acted on the crater 
lake populations. Consequently, we believe that the out
liers suggest a role for ecological divergence in allopa
try, and the fact that some of them are shared indicates 
that at least some of the same genomic regions are 
involved in the adaptation to the crater lake environ-
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ment. This does not seem unlikely, given that they may 
have started with a similar repertoire of standing 
genetic variation because of their recent common ances
try (Barlow 1976a; Barluenga & Meyer 2010). Nonethe
less, we are currently generating data to test the origin 
of loci under selection using linkage information (e.g. 
the integrated haplotype score (iHS), Voight et al. 2006) 
from high-resolution genomic data with positional 
information. 

Number of outlier loci increases with time 

Levels of genetic differentiation between the ancestral 
species and Apoyo species (Fsrvalues: 0.134-0.229) are 
generally higher than the equivalent comparisons with 
species from Xiloa (Fsrvalues: 0.067- 0.089) (Table 1). 
The same pattern is also reflected in the branch lengths 
of our phylogeny (Fig. 2). This is in keeping with 
expectations from geological ages of these lakes: 
24 000 years ago for Apoyo and 6100 years ago for 
Xiloa (Kutterolf et al. 2007), and in congruence with 
previous demographic analyses (Barluenga & Meyer 
2010). In addition, phenotypic differences are higher 
among species of Apoyo than among species in Xiloa 
(Elmer et al. 2010). These results indicate that the radi
ations in the two crater lakes represent two different 
stages of divergence, but might be along a similar tra
jectory of phenotypic diversification. 

Our AFLP genome scans reveal that there are signifi
cantly more outlier loci between sympatric species in 
Apoyo (15 out of 907 polymorphic loci, 1.7%) than in 
Xiloa (two out of 721 polymorphic loci, 0.3%) (Fisher's 
exact test, P-value = 0.006), and that the number of out
liers is also higher in comparison between the ancestral 
species and the Apoyo flock (36 out of 976 polymorphic 
loci, 3.7%) than in the equivalent comparison with spe
cies from Xiloa (15 out of 848 polymorphic loci, 1.8%) 
(Fisher's exact test, P-value = 0.015). This result implies 
that more loci are affected by selection over time, 
whereas species continue to diverge and adapt to their 
environments. 

Yet, as discussed above, a linkage of outlier mark
ers in Apoyo might bias the comparison of the num
ber of outliers between sympatric species within the 
two crater lake flocks towards an overestimation in 
Apoyo. However, note that this would not hold true 
for the comparison in allopatry. Moreover, our results 
could be influenced by the demographic history of 
crater lake populations, which might increase the 
chance of obtaining false positives in the allopatric 
analyses (Foil & Gaggiotti 2008); albeit all results are 
presented at a fixed FDR of 5%. However, such an 
influence would most likely be present in both 
respective analyses. Also, the higher levels of neutra l 

genetic differentiation between Apoyo and the ances
tral species, as compared to Xiloa, are expected to 
rather decrease the power of detecting directional 
selection, hence resulting in a relative underestima
tion of the number of outliers in this analysis (Foil & 
Gaggiotti 2008) . Hence, we think our data provides 
evidence that more loci are affected by selection over 
time in Midas cichlids. 

Research on the lake whitefish system also .supports 
the hypothesis that large genomic islands are affected 
in the early stages of divergence, and that their number 
and size tend to increase in more differentiated species 
pairs (Renaut et al. 2012) and a similar pattern has also 
been found in other taxa, like threespine stickleback 
(Roesti et a/. 2012) and Heliconius butterflies (Nadeau 
et al. 2012). Owing to the anonymity of AFLP markers, 
we are not able to infer whether indeed more genomic 
regions are selected or if the regions of differentiation 
simply grow in size through divergence hitchhiking 
(Via & West 2008), thereby spanning multiple AFLP 
markers. 

Conclusion and outlook 

The replicated and extremely young radiations of 
Midas cichlid fishes provide a framework that allows 
us to investigate the footprints of divergent selection in 
a meaningful comparative approach. We found an 
increased number of outlier loci in the older, phenotypi
cally more differentiated radiation and provided evi
dence for a role of divergent selection, acting partly on 
the same genomic regions, in the allopatric divergence 
of crater lake populations. We found no evidence for a 
parallel genetic basis across both crater lake radiations, 
albeit this could be because of limitations of the AFLP
methodology and needs further testing with other 
approaches. This comprehensive dataset strongly sup
ports the independent colonization of both crater lakes 
from the great lakes. In addition, we provide evidence 
for a parallel primary divergence in both crater lakes 
between the limnetic and benthic habitats. This suggests 
that the same ecological forces drove the initial diver
gence and that the adaptive radiations of Midas cichlids 
evolve by the same rules, as has been suggested before 
for the repeated radiations of Anoles lizards (Losos 
et al. 1998; Losos 2009, 2010). Although the conclusions 
we derive are somewhat limited by the anonymity and 
coverage of our markers, our AFLP genome scans pro
vided valuable results towards a general understanding 
of ecological speciation and parallel genetic evolution of 
phenotypes during repeated radiations (Elmer & Meyer 
2011). Furthermore, ongoing studies will make use of 
reference genomes for cichlids and dense, mapped 
markers to further examine genome-wide patterns of 



divergence-with-gene-flow m the Midas cichlid species 
complex. 
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