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Abstract

How variation in the genome translates into biological diversity and new species origi-
nate has endured as the mystery of mysteries in evolutionary biology. African cichlid
fishes are prime model systems to address speciation-related questions for their
remarkable taxonomic and phenotypic diversity, and the possible role of gene flow in
this process. Here, we capitalize on genome sequencing and phylogenomic analyses to
address the relative impacts of incomplete lineage sorting, introgression and hybrid
speciation in the Neolamprologus savoryi-complex (the ‘Princess cichlids’) from Lake
Tanganyika. We present a time-calibrated species tree based on whole-genome
sequences and provide strong evidence for incomplete lineage sorting in the early
phases of diversification and multiple introgression events affecting different stages.
Importantly, we find that the Neolamprologus chromosomes show centre-to-periphery
biases in nucleotide diversity, sequence divergence, GC content, incomplete lineage
sorting and rates of introgression, which are likely modulated by recombination den-
sity and linked selection. The detection of heterogeneous genomic landscapes has
strong implications on the genomic mechanisms involved in speciation. Collinear chro-
mosomal regions can be protected from gene flow and harbour incompatibility genes
if they reside in lowly recombining regions, and coupling can evolve between non-
physically linked genomic regions (chromosome centres in particular). Simultaneously,
higher recombination towards chromosome peripheries makes these more dynamic,
evolvable regions where adaptation polymorphisms have a fertile ground. Hence, dif-
ferences in genome architecture could explain the levels of taxonomic and phenotypic
diversity seen in taxa with collinear genomes and might have contributed to the spec-
tacular cichlid diversity observed today.
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Introduction

The origin of new species — the process of speciation —
has traditionally been viewed as a strictly bifurcating
process, in which one biological species splits into two
distinct entities as a consequence of the evolution of
complete reproductive isolation between the newly
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emerged forms (sensu Mayr 1963; Coyne & Orr 2004).
Once a topic of disagreement with botanists, the perva-
siveness of introgressive hybridization, defined as the
effective flow of genes beyond species boundaries
(Anderson 1949; Barton & Bengtsson 1986), is no longer
disputed by zoologists. The detection of hybridization
and introgression between sister and nonsister species
became commonplace with the introduction of molecu-
lar markers in evolutionary studies (Dowling & Secor
1997; Arnold 2006). In particular, advances in
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genotyping methods and DNA sequencing have had a
major impact on our understanding of the nature of
species boundaries.

Earlier views of reproductive isolation as a property
of species and, hence, of whole genomes gradually
shifted towards a view where individual genes or speci-
fic regions of the genome are responsible for keeping
species’ distinctiveness (Wu 2001; Baack & Rieseberg
2007; Smadja & Butlin 2011; Feder et al. 2012). Further-
more, empirical studies are making it increasingly clear
that interspecific gene flow is an integral part of the
speciation process, with manifold potential evolutionary
impacts (Abbott et al. 2013). For instance, while
hybridization may lead to the fusion of species, it has
been suggested that interspecific gene flow may in fact
fuel rapid diversification by providing an abundant
source of potentially adaptive genetic variation (See-
hausen 2004; Berner & Salzburger 2015). In addition,
new alleles introduced by introgression may not only
be more abundant than alleles originating by mutation,
but could also be more beneficial. This is likely because
— in contrast to alleles arising de novo by mutation —
introgressed alleles have already been exposed to natu-
ral selection, albeit in the genomic background of the
introgression donor (Seetre 2013). Finally, introgression
can also lead to the establishment of stable hybrid lin-
eages that are reproductively isolated from parental
species, following distinct evolutionary and ecological
trajectories (Arnold 2006). Hybrid speciation through
polyploidization has been shown to be particularly
common in flowering plants and ferns, but a number of
cases of homoploid hybrid species have also been docu-
mented, both in animals and in plants (DeMarais et al.
1992; Rieseberg et al. 2003; Baack & Rieseberg 2007;
Mallet 2007; Mavarez & Linares 2008; Paun et al. 2009;
Nolte & Tautz 2010; Salazar et al. 2010; Hermansen et al.
2014; Sousa-Santos et al. 2014; Trier et al. 2014).

Cline theory and hybrid zone studies have been
extremely influential to our understanding of the
dynamics of introgression. Coupling operating between
isolation loci is maintained by linkage disequilibrium
and contributes to limit gene flow when related species
come into contact, whereas recombination acts in the
opposite direction, eroding the association between
physically linked loci (e.g. Haldane 1948; Barton 1983;
Barton & Bengtsson 1986; Baird 1995; Gavrilets 2004;
Bierne et al. 2011; Flaxman et al. 2014). Breaking down
linkage with genes under negative selection allows
introgression of neutral or positively selected loci that
would otherwise be prevented from crossing species
boundaries due to Hill-Robertson interference (Hill &
Robertson 1966; Barton & Bengtsson 1986; Charlesworth
2009). Because selection acts particularly strongly on
early-generation hybrids that carry maladaptive

combinations of parental genes, a mechanistic role of
hybrid ‘filters” shapes the properties of introgressed
chromosomal segments [or chromosomal blocks (Han-
son 1959; Martinsen et al. 2001)]. Therefore, the key fac-
tor to effective interspecific gene flow is the ratio
between selection and recombination in hybrids (Barton
& Bengtsson 1986; Baird 1995).

Detection of introgression vs. incomplete lineage sorting
and the characterization of hybridization remain major
challenges (Abbott ef al. 2013). Recent advances in
genome-wide typing and whole-genome sequencing have
provided unprecedented resolution to identify polymor-
phisms for adaptation to different niches or characterize
the patterns of interspecific gene flow, including the detec-
tion of hybrid speciation, adaptive introgression and
incomplete lineage sorting in a number of systems (Pollard
et al. 2006; Kulathinal et al. 2009; Pardo-Diaz et al. 2012;
Heliconius Genome Consortium 2012; Cui et al. 2013; Pease
& Hahn 2013; Keller et al. 2013; Nadeau et al. 2013; Martin
et al. 2013; Poelstra et al. 2014; Roesti et al. 2014, 2015; Gom-
pert et al. 2014; Huerta-Sanchez et al. 2014; Berg et al. 2015;
Eaton et al. 2015; Fontaine ef al. 2015; Lamichhaney et al.
2015; Liu et al. 2015; Malinsky et al. 2015; Norris et al. 2015;
but see Cruickshank & Hahn 2014). Rapidly diversifying
groups are particularly prone to incomplete lineage sort-
ing, and they are also the ones with the largest potential
for consequential introgression and hybrid speciation,
because of incipient isolation and exploitation of empty
ecological niches. Therefore, the application of genomic
data to study these groups will be of major importance for
understanding the mechanisms of speciation and factors
affecting interspecific gene flow.

Here, we employ whole-genome sequencing in combi-
nation with phylogenomic analyses to examine the inter-
play between genome architecture, speciation, and
interspecific gene flow (isolation vs. introgression vs.
incomplete lineage sorting) in a group of East African
cichlid fishes. African cichlids constitute the largest
extant vertebrate radiation, with several hundreds of spe-
cies inhabiting lakes and associated river drainages
(Turner et al. 2001; Salzburger 2009; Salzburger et al.
2014). Cichlids have thus become favourite model organ-
isms for studying speciation mechanisms and factors that
promote or retard diversification (Kocher 2004; See-
hausen 2006; Gante & Salzburger 2012; Santos & Salzbur-
ger 2012; Wagner et al. 2012). In addition, five species of
African cichlids from different lineages and geographical
origins have had their genomes recently sequenced (Bra-
wand et al. 2014). One of these lineages, the tribe Lam-
prologini, comprises almost half of the entire cichlid
diversity in Lake Tanganyika (Gante & Salzburger 2012;
Wagner et al. 2012). Lamprologines show complex eco-
logical, morphological, trophic and behavioural attri-
butes, representing a radiation within the cichlid
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radiation (Stiassny 1997). Unlike other highly diverse
cichlid lineages that display extreme levels of sexual
dichromatism thought to promote their diversification,
such as the radiations of haplochromine cichlids in lakes
Malawi and Victoria (Wagner ef al. 2012), most lampro-
logines are sexually monochromatic substrate spawners
in which sexes share territorial defence and broodcare
(Gante & Salzburger 2012). Furthermore, several exam-
ples of introgression have been reported in lamprologine
cichlids (e.g. Schelly et al. 2006; Day et al. 2007; Koblmiil-
ler et al. 2007; Nevado et al. 2009; Sturmbauer et al. 2010),
including a species of putative hybrid origin (Salzburger
et al. 2002). Therefore, these taxa provide an extraordi-
nary perspective on the reciprocal impacts of introgres-
sion and genome architecture on the evolution of an
exceptionally diverse group of cichlids.

Materials and methods

Study system and specimen origin

Species of the Neolamprologus savoryi-complex, the ‘Prin-
cess cichlids’, are small (up to around 10 ¢cm in standard
length) fish endemic to Lake Tanganyika, eastern Africa.
All species are cooperative breeders, in which the domi-
nant, breeding couple is aided by up to 25 subordinate
helpers in their tasks (territory maintenance, defence,
broodcare), and the social group is organized in a strict
linear hierarchy (Taborsky & Limberger 1981; Balshine
et al. 2001). As a consequence, two species in this group,
N. brichardi and N. pulcher, have emerged as important
model systems for studying the evolution of cooperative
breeding, so that substantial information on life history
and behavioural traits has been documented (Wong &
Balshine 2011). Social groups of Princess cichlids can be
found in coastal rocky substrates of Lake Tanganyika
between 3 and 50 m deep. The rocky substrate of Lake
Tanganyika provides a territory with shelters and breed-
ing grounds for adhesive eggs (Taborsky 1984; Heg et al.
2004). Each species is distributed around Lake Tan-
ganyika and inhabits its rocky shores in a deme-like fash-
ion, where allopatric populations of one species are often
interspersed by populations of other species and by unfa-
vourable (sandy) habitats (Konings 1998). In rare circum-
stances, up to five Neolamprologus species occur in
sympatry (Biischer 1997).

Here, we investigated Neolamprologus species previ-
ously hypothesized to be involved in hybrid speciation
(Salzburger et al. 2002) and for which nonmonophyletic
mtDNA phylogenies have been found (Duftner et al.
2007). Namely, we made use of the published genome
sequences of N. brichardi originating from the northeast-
ern shore of Lake Tanganyika, in the Burundian—
Kigoma area (Brawand et al. 2014), and sequenced
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whole genomes of inbred N. gracilis and N. olivaceous
(hypothetical parental species), N. marunguensis (hypo-
thetical hybrid species) all originating from the south-
western shore, in the Democratic Republic of Congo,
and N. pulcher (polyphyletic with N. brichardi) originat-
ing from the southern shore, in Zambia (Table S1, Sup-
porting information). Because samples originate from
areas of allopatry, in several cases separated by hun-
dreds of kilometres of shoreline, they represent the evo-
lutionary outcome of ancient gene flow (hybridization
and introgression) events, rather than present-day
hybrid zone dynamics.

Sample processing and whole-genome sequencing

High-quality genomic DNA was isolated from fresh fin
tissue of one female individual per species using Qia-
gen DNeasy® Blood and Tissue Kit, diluted to 11-14
ng/pL (100 pL) with Qiagen Elution Buffer (Qiagen)
and fragmented to ~300 bp by sonication on a Biorup-
tor® Next Gen. All libraries were constructed following
lumina TruSeq Sample Prep v2 Low-Throughput Pro-
tocol, including agarose gel size selection, and
sequenced on Ilumina HiSeq 2500. This yielded 157.1—
180.6 million PE reads of length 101 bases each, and an
average insert size of 269-311 bases. To assess the
sequence quality and gene space completeness of the
newly sequenced Neolamprologus genomes, we first
assembled each genome de 1novo using the CELERA ASSEM-
BLER package (Miller et al. 2008). We then used the soft-
ware CEGMA version 2.4.010312 (Parra et al. 2007, 2009)
to investigate the presence (‘partial’ or ‘complete’) of
248 conserved eukaryotic genes with few paralogs.
Assembly coverage (18.5-21.4x) and the numbers of
‘partial” and ‘complete’ genes recovered for each species
are given in Table S2 (Supporting information).

Whole-genome alignments

Taking advantage of high collinearity among cichlid
genomes (Brawand et al. 2014), we used the Illumina
raw reads to align sequences of all five Neolamprologus
species against the high-quality Oreochromis niloticus
linkage groups (i.e. chromosomes). The Lake Malawi
cichlid Metriaclima zebra was included to break the
longer branch to tilapia and improve phylogenetic
reconstruction accuracy. Comparable sequence data sets
for N. brichardi and M. zebra (Brawand et al. 2014) were
chosen based on similarity in sequencing technology,
read length, insert size, and the number of reads, and
fastq files for these data sets were downloaded from the
European Bioinformatics Institute (www.ebiac.uk/ena/
data/view/SRR077345 and www.ebi.ac.uk/ena/data/
view /SRR077295, respectively). Sequences for the 23
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O. niloticus (Orenill.1) linkage groups were downloaded
from NCBI (http://www.ncbi.nlm.nih.gov/assembly/
GCF_000188235.2/) and merged into a single file,
excluding any unplaced scaffolds and contigs. Given
the good and similar quality of the new genomes, the
raw, unfiltered reads for each species were then
mapped to the indexed O. niloticus reference genome
with Bwa version 0.7.9a (Li & Durbin 2009) and a sorted
BAM file was produced with samrooLs version 1.0 (Li
et al. 2009). The MARKDUPLICATES software from the pI-
cARD-TOOLS version 1.107 package (http://broadinsti-
tute.github.io/picard/) was used to identify and filter
out duplicate reads from PCR. The deduplicated BAM
files were then indexed, and a pileup file was created
for each species. Per-base alignment qualities were
recalculated and reads with mapping quality below 30
and base phred score below 30 were excluded while
allowing ‘orphan reads’ (no read pair) to be kept in the
file. The mean mapping coverage was 14.2x for
N. brichardi, 16.30x for M. zebra and 15.0x-17.2x for
the four newly sequenced Neolamprologus species (Fig-
ure S1, Supporting information). Importantly, only
between 2.9% and 6.6% of the sites had a low but non-
zero coverage between 1x and 4x, suggesting that few
heterozygous sites were misidentified as homozygous.
The pileup files were used to identify the variants and
generate one VCF file per species with BCFTOOLS version
1.1 (invoking the ‘call-¢’ option) (Li 2011). Special con-
sideration was taken to circumvent alignment issues
relating to indels. Species-specific insertions in the
mapped genomes would not be phylogenetically infor-
mative for this type of analysis and would also be dis-
regarded by the nature of the mapping approach. To
maintain a consistent alignment length across all spe-
cies, short deletions in the mapped species compared to
O. niloticus were replaced with missing data (‘n’) in the
VCEF files. The VCF files were then converted into fastq
file with vcrroors version 0.1.12b (Danecek et al. 2011)
and subsequently to fasta format using seQrk v.1.0-r75
(https:/ /github.com/1h3/seqtk), whereby heterozygous
sites were incorporated by using IUPAC ambiguity
codes. We generated alignment files for each linkage
group by combining the fasta entries of O. niloticus,
M. zebra and the five Neolamprologus species. All align-
ments were then manually inspected and alignment
ends were trimmed (on the order of a few hundred
bases due to repeats) to remove terminal regions in
which none of the six mapped species had coverage.

Identification of chromosomal segments supporting
different local topologies

Phylogenetic relationships of genomic regions may
differ from the species tree due to incomplete lineage

sorting and introgression. To test whether this is the
case for the five investigated genomes of Neolamprolo-
gus, and to detect breakpoints between genomic seg-
ments supporting different local topologies, we used
the machine-learning approach implemented in sAGUARO
version 0.1 (Zamani et al. 2013). Sacuaro does not
require any a priori phylogenetic hypotheses, but infers
similarity matrices and segment boundaries strictly
from the genomic data. The analysis was performed
jointly for alignments of all linkage groups, to improve
inference of similarity matrices, which can map to mul-
tiple regions on different linkage groups. We con-
strained SAGUARO to use only nucleotide positions with
less than 50% missing data and a minor allele frequency
of two; otherwise, default parameters were applied.

We produced local alignments for all segments iden-
tified by Sacuaro, and inferred maximum-likelihood
(ML) phylogenies for each alignment using RAXML ver-
sion 8.1.17 (Stamatakis 2014). Due to the small number
of taxa, we applied a GTR model (Tavaré 1986) of
sequence evolution with no rate heterogeneity among
sites (RAXML option-V) in each analysis. Outgroup posi-
tions were assumed for O. niloticus and M. zebra, rela-
tive to the five Neolamprologus species. Following ML
analyses, topological support was assessed using boot-
strapping (Felsenstein 1985) with the autoMRE boot-
stopping criterion. To identify a subset of segments
with the most reliably inferred topologies, we filtered
based on read coverage, alignment properties and tree
support. Specifically, we included only segments with a
minimum length of 500 000 bp, a maximum proportion
of 50% of missing data per species, a mean phyloge-
netic bootstrap support of 80 (averaged over nodes) and
a maximum proportion of 50% of alignment positions
with low read coverage (less than 3x in one or more of
the newly sequenced genomes). By filtering out low-
coverage regions, we likely also reduced the number of
heterozygous sites that falsely appeared as homozygous
due to null alleles. A total of 224 segments distributed
across all linkage groups fulfilled these criteria, to
which we will refer as ‘most reliable segments’. These
contained a minimum of 4311 parsimony-informative
sites per segment (median: 8258.5; mean: 11 477.4).

Inference of time-calibrated local phylogenies

To infer the root position and sequence of divergence
events under a molecular clock model, we performed
Bayesian phylogenetic analyses with the software BEAST
version 2.2.0 (Bouckaert et al. 2014) for alignment blocks
of 500 000 bp sampled from all ‘most reliable seg-
ments’, totalling 426 blocks (32.4% of all alignment
sites). Each alignment block was analysed with three
different models: (i) a strict molecular clock model

© 2016 John Wiley & Sons Ltd
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without rate variation across sites (GTR; 50 million Mar-
kov chain Monte Carlo (MCMC) generations); (ii) a
strict molecular clock model with gamma-distributed
rate variation across sites (GTR+Gamma; 100 million
MCMC generations); and (iii) a relaxed-clock model
with uncorrelated log-normal branch rate variation (100
million MCMC generations using the UCLN model of
Drummond et al. 2006). We assumed outgroup posi-
tions for O. niloticus and M. zebra and used age esti-
mates for the divergences of these two taxa according
to McMahan et al. (2013) to time-calibrate the phy-
logeny. Despite a comparatively low number of tempo-
ral constraints used by McMahan et al. (2013), their
estimated timeline of cichlid diversification is interme-
diate between those of other studies (Azuma et al. 2008;
Friedman et al. 2013) and consistent with an endemic
Lake Tanganyika radiation, which is supported by geo-
morphological evidence and by broader phylogenetic
hypotheses of Lake Tanganyika cichlids (Cohen et al.
1993; Salzburger et al. 2005, 2014; Meyer et al. 2016). The
divergence between Oreochromini (including O. niloti-
cus) and Austrotilapiini (including M. zebra and Neolam-
prologus) was estimated by McMahan et al. (2013) to
have occurred at 17.3-31.6 Ma, which we here modelled
with a log-normal divergence prior distribution with
offset 8.2 Ma, mean in real space 15.067 Ma and a stan-
dard deviation in log space of 0.24. In addition, the
divergence event separating the Haplochromini (includ-
ing M. zebra) and the Lamprologini (including Neolam-
prologus) was estimated at 12.7-24.7 Ma by McMahan
et al. (2013), which we approximated with a log-normal
prior distribution with offset 5.1 Ma, mean in real space
12.6 Ma and a standard deviation in log space of 0.24.
Stationarity of MCMC chains was assessed by inspect-
ing parameter traces and their effective sample sizes
with TRACER version 1.6 (Rambaut et al. 2014). To test
whether stationarity also indicated convergence, we
repeated all analyses with different starting positions of
the MCMC chain. The relative fit of the three models of
molecular evolution was assessed a posteriori based on
an Akaike information criterion through Markov chain
Monte Carlo (AICM; Baele et al. 2012) analysis as imple-
mented in TRACER version 1.6. After discarding the first
20% of posterior tree samples as burn-in, the remaining
samples were used to calculate segment-specific maxi-
mum clade credibility (MCC) trees, with node heights
set to mean posterior age estimates.

Three-taxon trees and genome-wide Patterson’s D
statistics

To disentangle the effects of incomplete lineage sorting
and introgression, which could both lead to incongru-
ence between local phylogenies, we used local and
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genome-wide approaches. For the former, we calculated
the numbers of phylogenies supporting distinct rooted
topologies among sets of three Neolamprologus species.
If the true species tree of three taxa A, B and C was
((A,B),C) and local phylogenies were affected by incom-
plete lineage sorting, we would expect to observe the
alternative topologies ((A,C),B) and ((B,C),A) in roughly
similar proportions. However, if local phylogenies differ
due to introgression between C and either A or B, we
would expect to see only one of the alternative topolo-
gies (unless introgression occurred in both A and B).
Thus, frequencies of the observed topologies among
three taxa can inform about the occurrence of incom-
plete lineage sorting and introgression.

In a genome-wide approach, we tested for excess of
shared allelic variants in four-taxon comparisons using
Patterson’s D statistic (Green et al. 2010). This is the
appropriate scale to use the D statistic, as the potential
for erratic behaviour has been reported when applied
to small genomic regions with low effective population
size (Martin et al. 2015b). Assuming a species tree (((P1,
P2),P3),0) of three species of Neolamprologus (P1-P3)
and Metriaclima zebra as the outgroup (O), we counted
the number of biallelic sites at which P1 and P3
(‘BABA’ sites) or P2 and P3 (‘ABBA’ sites) share the
derived state. Under a null hypothesis of strict bifurca-
tion without introgression, the frequencies of ABBA
and BABA sites across the genome should not be sig-
nificantly different. Thus, the reasoning behind this test
is similar to the comparison of frequencies of segment-
specific topologies described above. In contrast to the
segment-specific topology frequency comparison, how-
ever, this test does not depend on correct identification
of segment boundaries and can be applied to the full
genome alignment. Moreover, significance of the excess
of ABBA or BABA sites can be assessed by calculation
of the standard error and z-scores through a standard
block jackknife procedure (Durand et al. 2011). Based
on the results of our local phylogeny inference, we cal-
culated the D statistic for ten sets of three Neolamprolo-
gqus taxa (plus outgroup Metriaclima zebra) so that
N. marunguensis was considered sister to two other spe-
cies of Neolamprologus, whenever it was included. For
comparisons excluding N. marunguensis, N. gracilis was
assumed at the same position, and for one comparison
excluding both  N. marunguensis and  N. gracilis,
N. brichardi was used as the sister to N. olivaceous and
N. pulcher. The length of jackknife blocks was set to
100 000 bp to account for nonindependence of sites
due to linkage disequilibrium. Because we are interest-
ing in ancient introgression events, only fixed SNPs
were used in the calculations. These constitute the vast
majority of the available data (Table S3, Supporting
information).
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Maximum-likelihood tests of introgression

The observed frequencies of three-taxon gene trees and
genome-wide D statistics allowed us to formulate expli-
cit hypotheses of introgression and incomplete lineage
sorting, which we then tested in a maximum-likelihood
framework. These included three introgression events:
between  N. brichardi  and  N. pulcher, — between
N. marunguensis and the common ancestor of N. pulcher
and N. olivaceous and between N. marunguensis and
N. gracilis. We used the CalGTProb method (Yu et al.
2014) implemented in PuyLoNEer v.3.5.5 (Than et al.
2008) to first assess the likelihood of an introgression-
free species tree, given the set of 426 time-calibrated
MCC topologies produced with Beast. We then com-
pared this likelihood to likelihoods of species trees with
one to three reticulation edges, representing introgres-
sion events. Because the CalGTProb method assumes
reticulation edges to be directional, indicating the donor
and recipient of introgression, we tested both directions
for each added reticulation edge and retained the edge
direction that resulted in a better likelihood. As part of
the analysis, weights of reticulation edges are estimated,
which correspond to the proportion of the recipient’s
genome resulting from introgression (Yu et al. 2014).

Timing of species divergences and introgression events

We further used the set of 426 time-calibrated local
MCC phylogenies to infer divergence times and ages
of introgression events. To do so, we sorted phyloge-
nies into four partially overlapping subsets, for (i) phy-
logenies resulting from introgression from N. brichardi
to N. pulcher, (ii) phylogenies affected by introgression
from N. marunguensis to the common ancestor of N. oli-
vaceous and N. pulcher, (iii) phylogenies likely to reflect
introgression from N. marunguensis to N. gracilis and
(iv) presumably introgression-free phylogenies. Specifi-
cally, we included all phylogenies with rooted topol-
ogy IDs R6, R7, R10, R11, R13, R17 and R18 (see
Table S4, Supporting information), in  which
N. brichardi appeared as the sister to N. pulcher, in sub-
set (i), and phylogenies with topology IDs R4, R8, R9,
R10, R12, R15, R16, R17, R18 and R19, in which
N. marunguensis was the closest relative to N. olivaceous
except N. pulcher, in subset (ii). Local phylogenies of
the three taxa N. marunguensis, N. gracilis and
N. brichardi appear to have been influenced by both
incomplete lineage sorting and introgression. In the
three-taxon comparison, N. marunguensis and N. gracilis
were found as sister species in 149 local phylogenies,
whereas  N. marunguensis formed a clade with
N. brichardi in 92 phylogenies. It is likely that the for-
mer 149 phylogenies reflect a mix of incomplete

lineage sorting and introgression, while the latter 92
phylogenies result from incomplete lineage sorting
alone (Table S5 and Figure S2, Supporting informa-
tion). As incomplete lineage sorting should affect both
alternative topologies equally, we assume that the sis-
ter group relation between N. marunguensis and N. gra-
cilis is due to incomplete lineage sorting in 92 of 149
phylogenies (with topology IDs R2, R4, R9, R11, R15,
R16, R17 and R19) and due to introgression in the
remaining 57 phylogenies. Under the assumption that
the divergence of N. marunguensis and N. gracilis is
younger when the sister group relationship is due to
introgression rather than incomplete lineage sorting,
we considered the 57 phylogenies with the youngest
divergences between N. marunguensis and N. gracilis to
reflect introgression from N. marunguensis to N. gracilis.
To account for the potential bias due to rate variation
in different genomic regions, we also used the relative
node depth (RND; Rosenzweig ef al. 2016) as a second
criterion to identify phylogenies affected by introgres-
sion between N. marunguensis to N. gracilis. However,
the set of 57 phylogenies with the lowest RND
between N. marunguensis to N. gracilis was largely
overlapping with the set of 57 phylogenies with the
youngest divergences between these species (only four
phylogenies were not found in both sets). Thus, we
assumed that rate variation did not negatively influ-
ence our inference, and used the set based on absolute
age estimates as subset (iii). All phylogenies that were
not included in any of subsets (i)—(iii) were assumed to
be unaffected by introgression and included in subset
(iv). Subset (iv) was then used to calculate the ages of
most recent common ancestors for all clades of the spe-
cies tree, whereas divergence times in subsets (i)—(iii)
were used to calculate the ages of introgression events.
Note that the beginning of a reticulation edge may be
older than its end if introgression did not proceed
directly between the two species, but via unsampled
species. We assume a single time point for each intro-
gression event to be a reasonable assumption, given
allopatry in Princess cichlids and the close proximity
of bathymetric lines in the localities where the samples
used here originate from (except for N. pulcher, which
originates from the gentle Zambian coastal slopes)
(Scholz et al. 2007). Proximity of bathymetric lines indi-
cates that the coastline did not have dramatic changes
in geographical coordinates during water-level fluctua-
tions throughout the lake’s history, which would mini-
mize range changes and secondary contacts
(Sturmbauer et al. 2001). Nevertheless, the possibility of
multiple ancient introgression events involving the
same set of species cannot be completely eliminated, a
test of which would require the use of multiple popu-
lations per species.
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Genome-wide landscape of recombination and
introgression

Because the linkage map of Neolamprologus is not yet
known, we indirectly assessed its properties by looking
at other molecular parameters that are known to
directly correlate with recombination density. Assuming
that recombination landscapes are conserved across
Neolamprologus species and over the timescale of their
diversification, a joint local increase in nucleotide diver-
sity, GC content and sequence divergence across the
five genomes would likely reflect an increase in local
recombination rates (Kulathinal et al. 2008; Webster &
Hurst 2012; Cutter & Payseur 2013; Roesti ef al. 2013;
Kawakami et al. 2014). In addition, we can use SAGUARO
breakpoints between segments supporting alternative
local topologies to learn about the distribution of the
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effective breaks (sensu Hanson 1959) that occurred
between genomic regions with different evolutionary
histories. We used the sum of branch lengths as a proxy
for sequence divergence, unrooted topology U7 for
introgression between N. marunguensis and the ancestor
of N. pulcher and N. olivaceous, unrooted topology U12
for introgression between N. brichardi and N. pulcher,
unrooted topology U13 as the species tree and all other
unrooted topologies as trees affected by incomplete lin-
eage sorting (see Fig. 1 and Table S6, Supporting infor-
mation). Given that recombination breaks down linkage
disequilibrium between loci that prevent interspecific
gene flow, any departures from uniform introgression
of segments or the number of bases would be informa-
tive about the ratio between selection and recombina-

tion in hybrids and the progress towards speciation
(Barton & Bengtsson 1986; Baird 1995).

u13

u12

0 5 10 15 20

25 30 35 40 45 50

Chromosome position (Mb)

Fig. 1 Distribution of chromosomal segments supporting the three most frequent unrooted local topologies. See Table 1 for further
details. Numbers given next to phylogenies indicate topology IDs, as listed in Table S6. Unrooted topologies 7 and 12 support intro-
gression from N. marunguensis into the common ancestor of N. pulcher and N. olivaceous and from N. brichardi into N. pulcher, respec-
tively. Note that the unrooted topology 13 includes both the most likely species tree and rooted topology 2 (see Table S4). br,
N. brichardi; gr, N. gracilis; ma, N. marunguensis; ol, N. olivaceous; pu, N. pulcher.
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Results

Segments supporting local topologies along linkage
groups

SAGUARO identified a total of 37 unique similarity matri-
ces and 4781 genomic segments with a length between
21 and 10 613 497 bp (median 46 563 bp). For both the
full set of segments and the subset of 224 ‘most reliable
segments’, we mapped occurrences of the three most
frequently observed unrooted ML topologies of the five
Neolamprologus species inferred in RAXML along the 23
linkage groups (Fig. 1, Table S6 and Figure S3, Support-
ing information). A single unrooted topology, in which
N. gracilis appears as the sister to N. marunguensis, and
N. olivaceous forms a clade with N. pulcher, was sup-
ported by nearly half (42.9%) of all segments and by
the vast majority of the ‘most reliable segments’
(89.3%). Segments supporting this topology are signifi-
cantly longer (t-test, P < 10~ ') than all other segments
and include the longest overall segment with a length
of 10 613 497 bp on linkage group 7. Of all alignment
sites, 71.9% are found in segments supporting this
topology, and among the ‘most reliable segments’, this
topology is supported by 91.1% of included sites.

Time-calibrated local phylogenies

According to AICM, the strict molecular clock model
with rate variation across sites (GTR+Gamma) was the
best-fitting model for BEAST analyses of all 426 alignment
blocks of 500 000 bp sampled from the ‘most reliable
segments’, followed by the relaxed-clock model without
rate variation across sites. For this reason, we here
report the results for this model only while presenting
more information about results with the other two mod-
els in Table S4 (Supporting information). Stationarity of
MCMC was indicated by ESS values above 500 for all
model parameters, and for all but four of the 426 align-
ment blocks (less than 1%), the two replicate analyses
with different starting positions had converged on the
same posterior distribution. The 426 time-calibrated
MCC phylogenies represented 18 distinct rooted topolo-
gies, all of which are extremely well supported by mean
Bayesian posterior probabilities (BPP) (mean BPP across
all nodes in all phylogenies: 0.998; Table 54, Supporting
information). Per-phylogeny mean age estimates for the
first divergence among the five Neolamprologus species
ranged from 1.67 to 7.28 Ma (median: 3.32; 2.5% quan-
tile:  2.23; 97.5% quantile: 6.23). Neolamprologus
marunguensis appeared as the sister to the four other
Neolamprologus in 178 phylogenies, while N. gracilis and
N. brichardi were found in the same position in 92 and
32 phylogenies, respectively. Mean ages of the most

recent common ancestor of the five Neolamprologus
appeared older in phylogenies in which N. marunguen-
sis was the first taxon to branch off (3.85 Ma), compared
to phylogenies in which N. gracilis or N. brichardi were
the first to diverge (3.71 and 3.22 Ma, respectively).

In the most frequently observed rooted topology,
which is found in 129 phylogenies, N. olivaceous and
N. pulcher are sister lineages and form a clade with
N. brichardi, N. gracilis is the sister lineage to this clade,
and N. marunguensis is the sister species to all of them.
The same relationships among the first four species are
also supported by the second- and third-most frequent
topologies, found in 107 and 67 phylogenies, respec-
tively. Thus, the three most common topologies only
differ in the relationship of N. gracilis and
N. marunguensis, which are sisters in 107 phylogenies,
while N. gracilis is closer to the clade containing
N. olivaceous, N. pulcher and N. brichardi in 129
phylogenies, but more distant than N. marunguensis in
67 phylogenies.

Local and genome-wide measures of topological
incongruence

We used the frequencies of local topologies in three-
taxon comparisons to infer the relative contributions of
incomplete lineage sorting and introgression to the
observed incongruence (Table S5 and Figure S2, Sup-
porting information). Neolamprologus olivaceous and
N. pulcher form a clade in 385 of 426 MCC phylogenies
(90.4%) in the comparison of N. olivaceous, N. pulcher
and N. brichardi, suggesting that this topology reflects
the species tree. In addition, a sister relationship
between N. pulcher and N. brichardi is found in 41 MCC
phylogenies, but not a single phylogeny supports N. oli-
vaceous and N. brichardi to be sisters. This asymmetry
between the frequencies of the two alternative topolo-
gies is highly unlikely to result from incomplete lineage
sorting and thus suggests introgression between N. pul-
cher and N. brichardi. Similarly, a clade combining
N. brichardi and either N. olivaceous or N. pulcher, rela-
tive to N. marunguensis, is found in 374 (88%) and 379
three-taxon comparisons (89%), respectively, which thus
likely reflects the true species tree. The alternative
topologies, however, are found with very different fre-
quencies: N. marunguensis appear as sister to either
N. olivaceous or N. pulcher in 50 and 45 phylogenies,
respectively, but as the sister of N. brichardi in only two
phylogenies. As this asymmetry is almost identical
regardless of whether N. olivaceous or N. pulcher are
used in the comparison, it suggests ancient introgres-
sion between N. marunguensis and the common ancestor
of N. olivaceous and N. pulcher. Finally, in the compar-
ison of N. brichardi, N. gracilis and N. marunguensis, all
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three possible topologies are found with high fre-
quency, with 185 (43%) phylogenies supporting the
most frequent topology in which N. brichardi and
N. gracilis are sisters. The alternative sister group rela-
tionships of N. marunguensis with either N. brichardi or
N. gracilis are found in 92 (22%) and 149 (35%) phyloge-
nies, respectively. Assuming that the most frequent
topology represents the true species tree, differences
between these frequencies may be explained by (i)
incomplete lineage sorting stochastically leading to
minor asymmetry of alternative topologies, (ii) incom-
plete lineage sorting followed by introgression between
N. marunguensis and N. gracilis or (iii) independent
introgression between N. marunguensis and both
N. brichardi and N. gracilis.

Using genome-wide tests of excess of shared variants
(commonly known as ABBA-BABA tests), we find con-
siderable support for introgression as the most likely
explanation for the observed patterns of allele sharing.
Considering absolute z-scores greater than 3 to be signifi-
cant (Freedman et al. 2014), the null hypothesis of strict
bifurcation could be rejected for all but one of the four-
taxon comparisons (Table S7, Supporting information).
Three comparisons produce particularly strong support
for introgression, with D statistics < —0.15 and absolute
z-scores around 60: Neolamprologus brichardi shared sub-
stantially more variants with N. pulcher than with N. oli-
vaceous (241 165 vs. 152 641; D: —0.2248; z: —61.99) and
N. marunguensis shares a similar excess of variants
with both N. pulcher (279 544 vs. 204 089; D: —0.1560;
z: —59.63) and N. olivaceous (340 115 wvs. 246 644;
D: —0.1593; z: —59.62), compared to N. brichardi. These
test results are consistent with our interpretation of topol-
ogy frequencies in local phylogenies and further support
introgression between N. pulcher and N. brichardi and
between N. marunguensis and the common ancestor of
both  N. olivaceous and N. pulcher. In addition,
N. marunguensis shares substantially more variation with
N. gracilis than with N. brichardi (335 990 vs. 276 474;
D: 0.0972; z: 27.01). This excess mirrors the asymmetry
observed in frequencies of rooted topologies for these
three taxa and supports a third case of introgression
between N. marunguensis and N. gracilis.

Maximum-likelihood tests of introgression

Using PHYLONET, we found that the addition of a reticu-
lation edge allowing introgression from N. brichardi to
N. pulcher improves the likelihood by 26.83 log units
compared to the introgression-free species tree. About
9% of the genome of N. pulcher is estimated to have
originated from N. brichardi via introgression along this
reticulation edge. Adding a second reticulation edge
between N. marunguensis and the common ancestor of
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N. olivaceous and N. pulcher further improves the likeli-
hood by another 14.01 log units, and circa 15% of the
genome of this ancestor is estimated to have originated
from introgression. Finally, a third reticulation edge
allowing for introgression from N. marunguensis to
N. gracilis additionally improves the likelihood by 16.64
log units, and over 25% of the N. gracilis genome is esti-
mated to have derived from N. marunguensis (Table S8,
Supporting information). Taken together, at least three
cases of introgression are strongly supported between
the five Neolamprologus species or their ancestors.

Timing of species divergences and introgression events

Based on the above considerations about inferred intro-
gression events, we used different subsets of trees to cal-
culate the time-calibrated species tree and the timings of
introgression (Fig. 2). Diversification of the group is
recent and occurred most likely during the Pliocene and
Pleistocene, but not earlier than the Late Miocene. Specia-
tion at the base of the tree seems to have been particu-
larly fast, with N. marunguensis and N. gracilis diverging
from their common ancestors almost simultaneously.
Speciation of N. brichardi, N. olivaceous and N. pulcher
succeeded approximately 1 Ma apart. The three inferred

-
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Fig. 2 Time-calibrated species tree of the five Neolamprologus
and outgroup species inferred with BEAsT. Arrows indicate the
three most supported introgression events, their mean ages
and proportions of introgressed genome. Diversification in this
group of Neolamprologus took place in the Pliocene and Pleis-
tocene, during the fully lacustrine conditions of Lake Tan-
ganyika. Introgression occurred from ‘older’ into ‘younger’
species, possibly indicating a creative role for interspecific gene
flow.
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introgression events probably occurred at different times
(Table S9, Supporting information).

Genome-wide landscape of recombination and
introgression

We found small but significant effects of chromosomal
position on nucleotide diversity, sequence divergence and
GC content (Fig. 3). Nucleotide diversity (f = 11.34;
P <22 x 107 adjusted R = 0.161), sequence diver-
gence (t =7.68; P =19 x 10714 adjusted R = 0.110) and
GC content (t = 8.51; P < 2.2 x 10 '% adjusted R = 0.121)
all increase with distance from the chromosome centre.
Nucleotide diversity and sequence divergence are also
positively correlated (+ = 34.52; P < 2.2 x 10" '%; adjusted
R = 0.447, not shown). Increases in nucleotide diversity,
sequence divergence and GC content are known effects of
increased local recombination (Webster & Hurst 2012),
which indicates that the recombination landscape is not
uniform along the chromosomes of (Neolamprologus) cich-
lids and that its density increases towards chromosomal
ends. Using breakpoint information and segments that
support different local topologies from SaGuaro, we found
increasing number of segments away from the chromo-
some centre, indicating an increase in the number of
effective recombination events (Kolmogorov-Smirnov
two-sided test for uniform distribution of segments:
D =0.11574; P <22 x 10715 segment size: t = —7.11;
P < 1.4 x 10 "% adjusted R = 0.101). Finally, we found
that introgression is not uniform along the chromosomes
(Fig. 4). In particular, introgressed segments are more
abundant towards the periphery of linkage groups and

—_
)

) P<22e16

P < 2.2e-16; adjusted R=0.161

not uniformly scattered around the genome (introgression
from N. marunguensis: Kolmogorov—Smirnov two-sided
testt D =0.12; P=65x 10", introgression from
N. brichardi: D = 0.16; P = 4.7 x 10®). The proportion of
introgressed bases also increases away from the chromo-
some centre (introgression from N. marunguensis: t = 3.99;
P =129 x 10 % adjusted R = 0.362; introgression from
N. brichardi: t =1.69; P = 0.094; adjusted R = 0.136), as
does the proportion of bases supporting incomplete lin-
eage sorting and other phylogenetic noise (f = 3.20;
P=185x 103 adjusted R =0.292). In the opposite
direction, the proportion of bases supporting the correct
species tree decreases with distance from the chromosome
centre (t = —5.67;P =14 x 1077; adjusted R = 0.489).

Discussion

The Neolamprologus species tree, incomplete lineage
sorting and introgressive hybridization

Here, we illuminate the complex evolutionary history of
a highly diverse group of East African cichlid fishes
that were previously shown to be involved in introgres-
sive hybridisation (Salzburger ef al. 2002; Gante &
Salzburger 2012). By employing a combination of
whole-genome sequencing and phylogenomic analyses
of five closely related Neolamprologus species, we deter-
mined the most likely species tree, found concordant
evidence for incomplete lineage sorting or interspecific
gene flow affecting different branches of the phylogeny
and determined the direction and timing of introgres-
sion events involving these species.

Fig. 3 Bias in the genomic distribution of
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Fig. 4 Bias in the genomic distribution of introgression and incomplete lineage sorting. In (a), the number of segments with unrooted
topology 7 (introgression from N. marunguensis to the ancestor of N. pulcher and N. olivaceous) and (b) the number of segments with
unrooted topology 12 (introgression between N. brichardi and N. pulcher) are lowest closest to the chromosome centre and increase
towards the periphery. In (c), we show the linear relation between the proportion of bases supporting different topologies and chro-
mosome position. The proportion of bases supporting introgression (U7 and U12) also increases with distance from chromosome cen-
tre, as does the proportion of bases affected by incomplete lineage sorting and other phylogenetic noise (‘other’ in light grey). As a
consequence, the proportion of bases supporting the species tree (U13) decreases with increasing distance from chromosome centre.
In Figure S4 (Supporting information), we show the same data as in (c) fitted with polynomial functions. The results are qualitatively
the same, except that the more complex polynomial functions are better in describing the relationship between distance from chro-
mosome centre and the proportion of bases supporting alternative topologies.

While it has been shown that with high levels of
introgression, the most frequently observed topology
can differ from the actual species tree (e.g. Fontaine
et al. 2015), we here conclude that this is not the case
for the five Neolamprologus species, based on several
lines of evidence. First, the most common topology can
usually be considered the most probable species tree
topology unless additional evidence supports a different
scenario. Second, the unrooted topology (U13) corre-
sponding to the most frequent rooted topology (R1) is
predominantly found in low-recombination regions in
the centre of chromosomes (Figs 1 and 4), which are
known to support the true species tree topology more
reliably than regions with high recombination (Pease &
Hahn 2013). Third, the age estimate for the divergence
of Neolamprologus is older for trees with the most fre-
quent rooted topology (R1), compared to trees with
other frequently occurring topologies (R2, R3; Table 54,
Supporting information) in which divergence age esti-
mates may have been reduced due to introgression.
Thus, the most likely species tree is concordant with the
most frequently observed rooted tree topology (R1), in
which N. olivaceous and N. pulcher are sister lineages
and form a clade with N. brichardi, with N. gracilis
being their sister lineage and N. marunguensis being the
sister species to all of them. This species tree suggests
that the organized facial pigmentation, characteristic of
many of the Princess cichlids’ (Bachmann et al. 2016),
evolved within this group of pigmented species from
nonpigmented cooperatively breeding ancestors (Fig. 2).

As expected for rapidly diversifying taxa, we found
evidence for incomplete lineage sorting affecting short
internodes in the species tree (Pease & Hahn 2013), in
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particular at the base of Neolamprologus and involving
N. brichardi, N. gracilis and N. marunguensis. Patterns of
allele sharing and marker incongruence are known to
affect the phylogenies of diverse groups, cichlids in par-
ticular (Ruber et al. 2001; Koblmauller et al. 2007, 2010;
Joyce et al. 2011; Genner & Turner 2012; Schwarzer et al.
2012; Keller et al. 2013; Wagner et al. 2013; Brawand
et al. 2014; Ford et al. 2015; Martin et al. 2015a; Meyer
et al. 2015). Nevertheless, we were able to disentangle
the effects of incomplete lineage sorting from those of
introgression. This allowed us to test the hypothesis of
hybrid origin of N. marunguensis (Salzburger et al. 2002)
and to explore the causes for polyphyly in the relation-
ship between N. brichardi and N. pulcher (Duftner et al.
2007).

Incongruent  patterns  of = mitochondrial  and
microsatellite allele sharing among N. marunguensis,
N. gracilis and N. olivaceous suggested that the first
could be of hybrid origin (Salzburger et al. 2002),
although multilocus nuclear AFLP (amplified fragment
length polymorphism, a restriction enzyme-based
method) supported their reciprocal monophyly (Sturm-
bauer et al. 2010). While we confirm episodes of intro-
gressive hybridization involving these three species, in
proportions similar to those observed in Heliconius but-
terflies (Martin et al. 2013), our results indicate an alter-
native scenario of introgression: based on whole
genomes, we show that N. marunguensis was the donor
of substantial proportions of genetic material to N. gra-
cilis and to N. olivaceous (and N. pulcher), rather than
being a recipient, hybrid species. Thus, we find no sup-
port for the hybrid origin hypothesis of N. marunguensis
(Salzburger et al. 2002), which is not surprising given
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the extreme difficulty in robustly distinguishing hybrid
speciation from introgressive hybridization, particularly
when the original hypotheses are based on a few neu-
tral genetic markers without reference to adaptive
hybrid traits (Mallet 2007; Jiggins et al. 2008). Our
findings using whole genomes enlarge the pool of gen-
ome-wide studies that reject previous hybrid origin
hypotheses in animals (e.g. Meyer ef al. 2006; Schumer
et al. 2013), even in systems where hybrid trait specia-
tion has found strong support, like in Heliconius butter-
flies (Mavarez et al. 2006; Kronforst et al. 2007; Salazar
et al. 2010). This current tendency of rejecting possible
instances of hybrid speciation based on genome-wide
data raises the possibility that homoploid hybrid specia-
tion may in fact be exceptionally rare in animals.

In addition, we find strong evidence for nuclear intro-
gression from N. brichardi into N. pulcher. These species
were previously found to be polyphyletic based on
mitochondrial DNA sequences, but reciprocally mono-
phyletic based on AFLP data (Duftner et al. 2007;
Sturmbauer et al. 2010). In addition, while N. olivaceous
and N. pulcher were consistently placed into divergent
mitochondrial lineages within the lamprologines (Sal-
zburger et al. 2002; Day et al. 2007; Duftner et al. 2007;
Sturmbauer ef al. 2010), a sister species relationship is
strongly supported by our genome-wide analyses. In
the light of these results, we reinterpret the previously
reported mitochondrial polyphyly as resulting from
widespread mitochondrial introgression rather than a
lack of distinctiveness between N. brichardi and N. pul-
cher (Duftner et al. 2007). The distant relationship
between N. olivaceous and other Neolamprologus (namely
N. pulcher) inferred from mtDNA also likely reflects
ancient mitochondrial introgression. Altogether, these
results point towards a bias in nuclear vs. mitochondrial
introgression (Chan & Levin 2005; Carson & Dowling
2006; Good et al. 2015; Patten et al. 2015): N. marunguen-
sis acts as a major donor of nuclear genes, while it is
also a receiver of mitochondrial genomes, at least in
some populations. Whether alternative mitochondrial
lineages have become fixed in different allopatric popu-
lations, or have been entirely replaced in some species,
is presently unknown but is a plausible scenario, partic-
ularly in N. pulcher and N. olivaceous (see Nevado et al.
2009 for another Lamprologini example).

Speciation and introgression in Lamprologini and other
cichlids

The tribe Lamprologini, to which Neolamprologus
belongs, is the most species rich and also one of the
most phenotypically diverse (in morphology, behaviour,
life history) lineages of cichlids in Lake Tanganyika
(Stiassny 1997; Gante & Salzburger 2012). We are just

starting to acknowledge the various trophic adaptations
(Muschick et al. 2012) and behaviours (Heg & Bachar
2006) that likely contributed to the lineage’s evolution-
ary success. In addition, their genomes are very
dynamic compared to Nile tilapia and other teleost gen-
omes, with new gene duplications, accelerated coding
sequence evolution, an abundance of noncoding ele-
ment divergence, expression divergence linked to trans-
posable element insertions, regulation by novel
microRNAs (Brawand et al. 2014) and extensive intro-
gressive hybridization as shown here and elsewhere
(Salzburger et al. 2002; Schelly et al. 2006; Day et al.
2007; Koblmuller et al. 2007, 2010; Nevado et al. 2009;
Sturmbauer ef al. 2010). While the proximate conse-
quences of introgression remain unknown in lampro-
logines, it seems to have occurred throughout their
evolutionary history, in contrast with cichlids from
other African Great Lakes where introgression has been
hypothesized to fuel the onset of adaptive radiations
(Seehausen 2004).

Given that many lamprologine species have deme-
like allopatric distributions, frequently fragmented and
interspersed by other species, the alternation between
periods of sympatry and allopatry could be driving
introgression and the evolution of the lamprologines’
genomes as we know them. During periods in allopa-
try, differences should accumulate in chromosome cen-
tres, while gene flow should resume to a greater extent
in chromosome ends in periods of sympatry, recombi-
nation and selection permitting. Lake-level fluctuations,
which have happened multiple times during the com-
plex geological and palaeo-climatological history of
Lake Tanganyika (Cohen et al. 1997; Salzburger et al.
2014), are potential drivers of changes in species ranges
(Sturmbauer et al. 2001). Therefore, it is possible that
the patterns of gene flow observed in Neolamprologus
have involved species or populations in addition to the
ones studied here and that different demes of each spe-
cies tell a different story of gene flow and incomplete
lineage sorting. It is also very likely that introgressive
hybridization has also occurred at higher taxonomic
levels, such as between tribes, or at the genesis of
hybrid tribes, which would explain the difficulties in
generating well-supported nuclear phylogenies of the
cichlid assemblage from Lake Tanganyika (Meyer et al.
2015, 2016). Another fascinating aspect of the cichlid
model systems is the emergence of parallel phenotypes
in different cichlid lineages, as well as convergence at
the molecular level (Salzburger 2009). Whole-genome
data will allow testing whether these were generated de
novo or recycled from pre-existing variation through
introgression, transferring ‘recycled genetic pathways
and phenotypes’ across geographical scales, even
between lakes thought to be watertight (Jiggins 2014).

© 2016 John Wiley & Sons Ltd
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Recombination bias, linked selection and introgression

We found significant correlations between chromosomal
position and several molecular parameters, such as
nucleotide diversity, sequence divergence and GC con-
tent, all of which increase towards the chromosome
periphery, likely modulated by recombination rate as
seen in a number of other systems (Begun & Aquadro
1992; Hellmann et al. 2003; Begun et al. 2007; Kulathinal
et al. 2008; Sella et al. 2009; McGaugh et al. 2012; Roesti
et al. 2013; Campos et al. 2014; Good et al. 2014; Kawa-
kami et al. 2014; Tine et al. 2014; Burri et al. 2015). An
increase in recombination rate with increased distance
from chromosome centres is in line with observations
from pedigree studies (Jensen-Seaman et al. 2004; Back-
strom et al. 2010; Niehuis et al. 2010; Brunschwig et al.
2012; Tortereau et al. 2012; Roesti et al. 2013; Kawakami
et al. 2014; Burri et al. 2015; Phillips et al. 2015). Because
cichlids have mostly acrocentric, subtelocentric and telo-
centric chromosomes (Mazzuchelli et al. 2012), the
observed patterns of variation from centre to periphery
are likely not driven by centromere position.

In addition, sacuaro breakpoint density also
increases towards the end of chromosomes in Neolam-
prologus, indicating that effective recombination events
(between stretches of DNA with different evolutionary
histories, sensu Hanson 1959) are not uniformly dis-
tributed along the chromosomes. In fact, we observe
increased introgression towards the chromosome
periphery, which suggests that selection is shaping the
genomic architecture as a function of recombination
rate. Cline theory predicts that recombination rate
influences the magnitude of selection at linked loci:
barriers to gene flow are more effective in regions of
low recombination, while increased recombination
makes selection more efficient at individual lodi,
thereby reducing Hill-Robertson interference and
allowing the introgression of neutral or positively
selected loci (Haldane 1948; Hill & Robertson 1966;
Barton 1983; Barton & Hewitt 1985; Barton & Bengts-
son 1986, Baird 1995; Gavrilets 2004; Charlesworth
2009; Bierne et al. 2011, Flaxman et al. 2014; Roesti
et al. 2014). This is so because larger segments are
more likely to harbour alleles that are deleterious in a
hybrid background and are removed by selection
before recombination can occur, and thus, effective
introgression is more likely in regions where linkage
is more rapidly broken down by recombination (Bar-
ton 1983; Barton & Hewitt 1985; Barton & Bengtsson
1986; Baird 1995; Martinsen ef al. 2001). Still in the
absence of recombination biases, theory predicts that
the strength of a barrier to gene flow is stronger at
the chromosome centre than at its periphery (Barton
& Bengtsson 1986), even if we observe an increase in

© 2016 John Wiley & Sons Ltd

nucleotide diversity, sequence divergence and GC con-
tent suggestive of some degree of recombination bias.

Reduced introgression has been predicted and indeed
observed in regions of low recombination, such as
inversions and around centromeres, which have long
been thought to contribute to the accumulation of
genetic differences between species (e.g. Rieseberg et al.
1999; Butlin 2005; Turner et al. 2005; Kirkpatrick &
Barton 2006; Yatabe et al. 2007; Kulathinal ef al. 2009;
Carneiro et al. 2010; Geraldes et al. 2011; Ellegren et al.
2012; Nachman & Payseur 2012; Lohse et al. 2015; Roesti
et al. 2015), although high differentiation could also be
driven by linked selection alone (Burri et al. 2015). Here,
we show that collinear regions with low recombination
are also more resistant to introgression. Hence, isolation
(speciation) genes can accumulate in different lowly
recombining regions without the restrictive precondi-
tion of close physical proximity, generating unlinked
islands of differentiation. Therefore, these regions
simultaneously show reduced gene flow and reduced
diversity. Our results support a scenario in which
‘genomic islands of differentiation” behave simultane-
ously as regions of low recombination and low intro-
gression, resolving an artificial dichotomy between
potentially complementary processes (Cruickshank &
Hahn 2014). Effective introgression of small-sized seg-
ments broken down by repeated recombination is then
more likely with increasing distance from the chromo-
some centre. Peripheral regions experiencing higher
recombination and more effective selection regimes thus
show increased evolvability and are likely better at
responding to changes in spatially or temporally hetero-
geneous environments (Tigano & Friesen 2016). Con-
versely, chromosome centres with lower recombination
experience higher interference, increased coupling and
lower introgression. Linkage disequilibrium can thus be
created and maintained without the need for tight
physical linkage, perhaps in structured populations or
after a period of allopatry. Intrinsic Bateson-Dobzhan-
sky-Muller incompatibilities fit right in this scenario
(Coyne & Orr 2004; Gavrilets 2004).

Implications of heterogeneous recombination landscapes
for speciation in Neolamprologus and other systems

The recurrent emergence of genomic regions that simul-
taneously show high differentiation (reduced gene flow)
and low genetic diversity across taxa suggests that
shared genomic features contribute to the build-up of
genomic islands of differentiation and speciation
(Chowdhury et al. 2009; Kulathinal ef al. 2009; Rockman
& Kruglyak 2009; Backstrom et al. 2010; Bradley et al.
2011; Roesti et al. 2013; Kawakami et al. 2014; Burri et al.
2015). Indeed, heterogeneous yet collinear genomes are
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generated by biases in recombination rate across the
chromosome (chromosome centre-biased divergence,
sensu Roesti et al. 2012). These biases generate slower-
evolving, less-diverse and introgression-resistant
chromosome centres that can act as ‘centres of incom-
patibility’, while the faster-evolving, more-diverse and
more mutation- and gene flow-prone chromosome ends
are ‘peripheries of evolvability’, that is regions where
molecular adaptations can originate at a faster pace and
spread across the population. Based on these findings,
we anticipate that genomic landscapes modulated by
recombination and selection relate to observed levels of
taxonomic and phenotypic diversity in cichlids and
other taxa with collinear genomes, linking genomic
architecture to observed phenotypic diversity. While
more complex and realistic models and simulations are
already being developed (e.g. Flaxman et al. 2012, 2013,
2014; Roesti et al. 2014), promising approaches should
incorporate and explore the pervasive effects of hetero-
geneous genomic landscapes and selection at linked
sites on speciation, adaptation and gene flow.

The fact that we observe this dichotomy between
chromosome centres and periphery in Neolamprologus
could explain, from a genomic perspective, both the
high speciation rate and extreme adaptability observed
in African cichlid radiations. The cichlid system offers
an ideal opportunity to further test the intrinsic proper-
ties of genomes in driving speciation and adaptation, as
cichlids are composed of several lineages with various
levels of taxonomic and phenotypic diversity (Gante &
Salzburger 2012).
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