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Abstract

ABSTRACT

Lake Tanganyika’'s cichlid genugopheus with over 100 allo- or parapatrically distributed
color morphs, represents an outstanding examplehenotypic diversity and thus serves as a
promising system for studies of color pattern etiolu For Lake Malawi and Victoria
cichlids sexual selection has been shown to dheeetvolution of novel color patterns. This
has also been discussed fimopheus but without conclusive evidence. Here the role of
sexual selection is hard to assed egpheuslack some of the traits typically associated with
sexually selected species. Another force that lesed increasing attention in potentially
creating new phenotypes is hybridizationThopheusthe opportunity for it could have been
provided when due to recurrent lake level fluctoagi formally allopatric populations came
into secondary contact. However, the mechanismsbeihenotypic variability infropheus
remain largely unclear. In fact nothing is knowrnoabthe underlying genetics and only
assumptions can be made regarding the forces tinggié.

A genome scan, carried out on thileemoorii color morphs in the present study, as a
first step towards the characterization of the geneasis underlying coloration, revealed
signs of selection acting on a few genes or linkedthat likely triggered the rapid evolution
of different color patterns. An analysis of bodyarahrough photos and pigment extraction
revealed general differences between the threemorp

To assess the role of hybridization in promotintpcdiversification inTropheustwo
contact zones were investigated for signs of admextAlthough the two scenarios differed in
the circumstances and consequences of the hyldrahza&vent, in both cases genetic
admixture was confirmed. This led to the conclusibat Lake Tanganyika’'s water level
fluctuations likely promoted the phenotypic divécsition through hybridization between

formally separated morphs in the course of seconotamtact.



Zusammenfassung

ZUSAMMENFASSUNG

Die im Tanganjikasee vorkommende Cichlidengattlingpheusist, mit Gber 100 allo- oder
parapatrischen Farbmorphen, ein besonderes Beféipiphdnotypische Diversitat, und stellt
daher ein viel versprechendes System fur Studiem die Evolution von Farbmustern dar.
Fur Cichliden des Malawi- und Viktoriasees wurdezeggt, dass sexuelle Selektion die
Evolution neuer Farbmuster antreibt. Dies wurdehdiicTropheuddiskutiert, jedoch bis jetzt
ohne eindeutige Beweise. Die Bedeutung sexuellksk&en ist hier schwer zu erfassen, da
Tropheuseinige der fir sexuell selektierte Arten typischderkmale nicht besitzt. Eine
weitere Triebkraft, die immer mehr Aufmerksamkeégen ihres Potentials neue Phanotypen
zu kreieren erlangt hat, ist Hybridisierung.Tiropheuskénnte diese im Zuge von sekundarem
Kontakt, herbeigefiihrt durch Seespiegelschwankungattgefunden haben. Die genauen
Mechanismen, die hinter der phénotypischen Vaitdbiln Tropheusstehen sind dennoch
ungeklart. Es ist nichts Uber die zugrundeliege@inetik bekannt, und beziglich der
treibenden Krafte kann nur spekuliert werden.

Mit einem Genome Scan, hier ausgefihrt an d@remoorii Farbmorphen, als erster
Schritt zur Charakterisierung der genetischen Basid=arbung, konnten Loci unter Selektion
detektiert werden. Diese haben wahrscheinlich diénalle Evolution verschiedener
Farbmuster gesteuert. Eine Analyse der Farbe mifelos und Pigmentextraktion zeigte
generelle Unterschiede zwischen den drei Morphén au

Um die Rolle von Hybridisierung bei der DiversiBzung von Farbe zu erfassen,
wurden zwei Kontaktzonen auf Anzeichen von Intrggien untersucht. Die Szenarien
unterschieden sich zwar in den Umstande und Koreseagun der Hybridisierung, doch wurde
die genetische Vermischung in beiden Féllen begtédbaraus kann man folgern, dass
Seespiegelschwankungen phanotypische Diversifizgerdurch Hybridisierung zwischen

einst getrennten Morphen sehr wahrscheinlich foeder
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General Introduction
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Chapter 1

Cichlids - model organisms for evolutionary resdarc

With more than 3 000 species the Cichlid fish fgndrder: Perciformes) is the most species-
rich vertebrate family existent. Cichlids occurviarious regions ranging from Central and
South America across Africa to Madagascar and sontindia. Over their whole distribution
range they have been demonstrated to have a hightja for rapid radiation (e.g. McKaye
et al. 2002) and even sympatric speciation has bbeewn (e.g. Schliewen et al. 1994, 2006;
Barluenga et al. 2006) but it is the species floakthe East African Rift Valley Lakes that
outstand most. This can be attributed to the fhat in Lakes Tanganyika, Malawi and
Victoria, the three biggest of the Rift Valley Lakeabout 2 000 cichlid species have evolved
within a short period of time. Alone in the pastHlion years between 1 000 and 2 000
speciation events have occurred (Seehausen 2086k the cichlid fish radiations in the
Great Lakes of East Africa are the most diversarexdnimal radiations and this makes them
a very special model system to investigate themiespeciation and adaptive radiations (e.g.
Kocher 2004; Seehausen 2006).

Cichlids in general, but especially East Africarchtids are known for their
exceptional phenotypic diversity, including variolmdy shapes, color patterns, and
morphological characters, triggered by the spematibn to different trophic or ecological
niches (e.g. Fryer & lles 1972; Stiassny & MeyerR39 Schluter 2000; Kocher 2004;
Seehausen 2006). A lot of research focused onrégmopditions that allowed the explosive
adaptive radiation of the cichlid fishes and selv&etors, including intrinsic characters and
extrinsic factors, are believed to have triggereel outstanding diversity: Cichlids are e.g.
highly tolerant for diluted minerals, which are angponent of the lake water (Poll 1986).
However, the so called key innovation is a spexgalianatomy, i.e. the existence of a second
set of jaws: Apart from the oral jaws they possgsaryngeal jaws which derived from th® 5
gill arch and serve as a tool to crush, maceréites er pierce the food before the ingestion
(Salzburger & Meyer 2004). This anatomical chanmaatieich is shared by all cichlids (Liem
1973, 1980) and some other closely related fishili@enis very versatile and only slight
modifications in these jaws and their teeth prouige opportunity for the accession of new
food sources and thus for the rapid occupation edf ecological niches (e.g. Stiassny &
Jensen 1987; Stiassny 1991; Sturmbauer 2000).

The second key factor that is believed to haverdmrned to the evolutionary success
of the East African cichlids is the existence ofighly specialized breeding behavior

including various types of brood care ranging freaistrate brooding to highly specialized
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Chapter 1

mouthbrooding (e.g. Fryer & lles 1972; Goodwin kt1®98; Stiassny & Meyer 1999; Klett

& Meyer 2002). Moreover, for some cichlid speciéd.ake Malawi and Lake Victoria color

pattern diversification has been discussed or esh@wn to be triggered by inter- and/or
intrasexual selection (e.g. Seehausen & van Al@899; Seehausen et al. 1999; Knight &
Turner 2004, Pauers et al. 2004; Maan et al. 200kstra et al. 2007). However, in Lake
Tanganyika, the oldest of the lakes, this correfatihas not been unambiguously
demonstrated.

On the extrinsic level geologic and environmentadres, like lake level fluctuations,
need to be mentioned as they led to the creatioroeél niches and thus certainly triggered
the explosive speciation and adaptive radiatiofeast African cichlids (e.g. Fryer & lles
1972; Rossiter 1995; Sturmbauer 1998). After alisithe interplay between intrinsic and
extrinsic factors that promotes a radiation asimesitt factors provide the opportunity and
intrinsic factors the potential for it (Martensadt 1994; Sturmbauer 1998; KobImidiller et al.
2008).

Lake Tanganyika and its cichlids

Lake Tanganyika, one of the Great African Rift égllLakes, is listed among the deepest and
oldest inland waters existent (e.g. Sturmbauer RAD@spite of the fact that Lake Tanganyika
is much older (the estimated age is nine to 12ianiliyears; Cohen et al. 1993, 1997) than
Lakes Malawi and Victoria, it comprises the smallesmber of endemic cichlids, compared
to the other two Great Lakes, with the expected membeing ~ 250 species (Snoeks 2000;
Turner et al. 2001). However, in terms of morphataj ecological and behavioral diversity,
Lake Tanganyika’s cichlids easily surpass theiatreés within Lakes Malawi and Victoria
(Rossiter 1995; Salzburger et al. 2002a). Sturmb&udeyer (1992) e.g. stated that a single
Lake Tanganyika cichlid genus exhibits about twasemuch genetic variation as the total
cichlid flock of Lake Malawi.

In the last years several studies have been caste@dn Lake Tanganyika’'s cichlid
species assemblage in order to shed light on #iraa@dinary radiation and the taxonomic
status of its fishes. Poll (1986) and Takahash0®0evealed 12 and 16 tribes, respectively,
based on morphological data. With the use of mddeaenetic techniques the calculation of
fine-scale phylogenies became possible thus empbbig progress concerning the
characterization of the adaptive evolution and spen within these species flocks.

Although some disagreement existed, molecular stuldirgely supported the morphological
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classification (Koblmdller et al. 2008). Summarizélde use of molecular markers revealed
that Lake Tanganyika’'s species flock has a polygtgylorigin as it was colonized by several
lineages independently 5 - 6 million ya (e.g. NihiL991; Takahashi et al. 2001; Salzburger
et al. 2002a, b; KobImiller et al. 2008), at a tithat is characterized with the establishment
of a true lacustrine habitat with deep-water caodg (Cohen et al. 1993, 1997). Seven
seeding lineages which are thought to be the safrttee ‘primary lacustrine radiation’ were
identified. These were the ancestors Bbulengerochromis microlepisof the genus
Hemibates(KobIlmidiller et al. 2005), and of the TrematocarBathybatini, Eretmodini, and
Lamprologini. The seventh seeding lineage represetite ancestors of the so called C-
lineage (including Tropheini, Haplochromini, Ortlwemini, Cyprichromini, Ectodini,
Perissodini, Cyphotilapini, and Limnochromini; Céal et al. 2005). A ‘secondary radiation’
was dated to roughly 2.5 - 3 million ya (Kobimulletr al. 2004, 2005, 2008; Duftner et al.
2005; Seehausen 2006) and the diversification @fRtrissodini, one of the mouthbrooding
tribes, was dated slightly later (1.5 - 2 millioa; YKobImdiller et al. 2007). In a recent review
by Koblmduller et al. (2008) evidence from severdldsges was combined and the Lake

Tanganyika species assemblage was illustratedgamematic molecular phylogeny (Fig. 1).

Tropheus - One of Lake Tanganyika’s most populzrlicls

This thesis deals with a very special member of lth&e Tanganyika cichlid species
assemblage: The genugopheuswhich belongs to the tribe Tropheini that in tus
phylogenetically nested within the Haplochrominal@urger et al. 2005; Koblmdller et al.
2008; Koblmuller et al. 2010; Fig. 1Jropheusoccurs with high abundance in the rocky
habitats of the upper littoral zone. Rocks provigembers of this genus with food (they feed
on epilithic algae) and shelter from predators &mas sandy bottom habitat is strictly
avoided. Several genetic and ecological studiemgly suggested thdtropheuds not able to
disperse over large distances, unsuitable habatiad, open water due to strong habitat
specificity and site fidelity (e.g. Brichard 1978anagisawa & Nishida 1991; Sturmbauer &
Dallinger 1995; Baric et al. 2003; Sturmbauer eRaD5; Egger et al. 2007; Sefc et al. 2007,
KobImidiller et al. 2011) thus leading to a consibéralegree of genetic differentiation even

between adjacent populations.
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Figure 1 Schematic molecular phylogeny of Lake Tanganyikeishlids. Triangles indicate lineages that
underwent radiation. The size of the trianglesesponds to the number of species within the lindexgeept for

the species-rich non-Tanganyika haplochrominegcteg that do not occur in Lake Tanganyika areessted
through grey triangles. It is assumed that thevgriy lacustrine radiation’ took place 5 - 6 millipa coinciding
with the establishment of a true lacustrine habitéth deep-water conditions. Bars on the right dadé
taxonomic groups that have been proposed basedmhiged mitochondrial and nuclear DNA sequence data
(C-lineage; Clabaut et al. 2005), allozyme datdifidage; Nishida 1991) and SINEs (MVhL-lineage; ala&shi

et al. 2001). Modified from Koblmidiller et al. 2007.
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Sexually monomorphid@ropheusare maternal mouthbrooders and display a complex
social system with males and females defendingtdagas of their own (e.g. Schirch &
Taborsky 2005). For a period of stable pair-bondiefpre spawning, however, females are
allowed to feed in a male’s territory (YanagisawdN&hida 1991) and clutches are sired by a
single male each (Egger et al. 2006).

The most conspicuous character of this genus isutstanding wealth of phenotypic
diversity in terms of body coloration with over 10stly allo- and parapatrically distributed
color variants occurring all around Lake TanganyiKanings 1998; Schupke 2003; Fig. 2).
Even on small geographic scale®pheusdisplay a considerable high level of color divsrsi
(e.g. Koblmdller et al. 2011). The taxonomic stadfishe members of th€ropheusgenus is
still largely unclear and previous classificatiatempts do not reflect the existing variation
within the genus. Currently, based on morphologizh, six nhominal species are described
which are Tropheus mooriiBOULENGER 1898, T. annectens BOULENGER 1900,T.
duboisiMARLIER 1959, T. brichardi NELISSEN and THYS VAN DEN AUDENAERDE
1975, T. kasabaeNELISSEN 1977, andT. polli AXELROD 1977. However, this
classification was done using individuals from ofdw localities and without information on
the outstanding number of color variants existernt several populations from different lake
regions cannot be unambiguously assigned to thesespecies (Snoeks et al. 1994).
Furthermore,T. duboisiis the only one of these species that is a disphenotypic and
genetic entity (Snoeks et al. 1994; Sturmbauerl.eR@05). In an attempt to improve the
taxonomic resolution of the genus Konings (1998)gested five additional taxar.(sp.
‘black’, T. sp. ‘red’,T. sp. ‘lkola’, andT. sp. ‘Mpimbwe’). Schupke (2003) on the other hand
suggested 13ropheuscolor lineages comprising over 100 populationswehler, these
classifications have not yet been totally validateg scientific studies. To handle the
taxonomic uncertainties it is meanwhile well-essti#d that populations are identified by
their locality instead of their species (e.g. Bai@l. 2003; Sturmbauer et al. 2005; Sefc et al.
2007; Egger et al. 2007; Koblmduller et al. 2011). handful of studies exist on the
phylogenetic and phylogeographic statusTebpheus Most of them used mitochondrial
sequence data and revealed that the distributidmedges is very complex (Sturmbauer &
Meyer 1992; Baric et al. 2003, Sturmbauer et a05%20The existence of 12 mitochondrial
lineages was suggested by Sturmbauer et al. (2008 are thought to have evolved in the
course of three major radiation events triggereddoere lake level fluctuations (Baric et al.
2003; Sturmbauer et al. 2001; 2005). An additianale recent fluctuation, linked to a drop
of the water level in the late Pleistocene (~20 ¥@0e.g. Scholz et al. 2003; McGlue et al.
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A

Figure 4 Neighbor joining tree based on AFLP genotype distanBootstrap support > 50% is shown at the
respective nodes. On the right side the four wabperted AFLP clades are shown and the colored bars
represent the assignment of the samples to (A)rchdeages (Schupke 2003) and to (B) the species
classification suggested by Konings (1998). Sanlered bar sections comprising paraphyletic clades a
separated by black lines to highlight the incomsisy with tree topology. The geographic distribatiaf the
AFLP clades is shown in Fig. 2. The phylogeny walswated by and taken from Egger et al. (2007).
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2008), is said to have shaped the present diswibwif the different lineages (Sturmbauer et
al. 2001, 2005). A recent study ®dnopheusused mitochondrial as well as amplified fragment
length polymorphism (AFLP) data to shed light oa ghylogeographic status of individuals
from 51 localities covering almost the completershioe of Lake Tanganyika (Egger et al.
2007; Fig. 2). This study revealed large disarges between the mtDNA and the AFLP
phylogeny: The distribution of mitochondrial hapipés was highly complex and largely
disagreeing with suggested species classificati@g. Konings 1998; Fig. 3) and the
proposed classification based on color patternlariies (Schupke 2003; Fig. 3). AFLP data
in contrast yielded a phenogram which was largelgsistent with species classifications,
color pattern similarities and often also with therent geographic distribution of populations
(Fig. 2 and 4). Thus the authors stated that mtDiN#logeographic patterns possibly
reflected large-scale migration events triggerednigjor lake level fluctuations, whereas
cohesion among local groups reflected by AFLP daeda suggested to have resulted from
gene flow between neighboring populations, trigdefgy frequent minor lake level
fluctuations. Both types of molecular markers hogrexshowed evidence for hybridization
and introgression which led the authors to the kmian that lake level fluctuations drove the
exceptional diversification of ropheusmorphs through fragmentation of populations on the
one hand but also through hybridization betweerietftiated and formally separated

populations in periods of secondary contact.

Tropheus and its color diversity

To find the underlying mechanisms of diversificatiand subsequent speciation is a very
important and challenging issue in evolutionaryldgacal research. Especially variation on
the within-species level provides an opportunitystody the processes driving both, genetic
and phenotypic diversity (Koblmduller et al. 2014)trait which has been the focus of plenty
of studies on animals is body coloration (e.g. EndR83; Seehausen et al. 1999; Galeotti et
al. 2003; Salzburger 2009; Croucher et al. 201hes€ studies show that body coloration
may be influenced by natural as well as sexualctele Alternatively, color divergence
could merely be a side-product of reproductiveasoh between populations due to other
cues than color (e.g. Plenderleith et al. 2005h&esen et al. 2008) or it might be caused by
random genetic drift alone (e.g. Brakefield 199@négard et al. 1999; Hoffman et al. 2006).
The high level of diversity in terms of body colbom makesTropheusa promising

system for studies of color pattern evolution. Badioration plays a crucial role in this genus
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not only during courtship and mating but also famenunication during other social
interactions, and both genders exhibit the samertepes of color patterns signaling
motivation and social status (Sturmbauer & Dalln§@95). However, the origin of the high
amount of color polymorphism ifiropheusyet remains largely unknown. In fact nothing is
known about the genetic basis underlying it ang aslsumptions can be made regarding the
forces triggering it. Concerning the genetic bdbkes rapidity of the diversification suggests
the presence of only few genetic’switches’, sucht ttolor patterns can be altered by minor
changes in the genome. Ghapter 2 | present the results from a genome scan carueodm
populations of three closely related color morph3mpheus moori(the Blue, the Red and
the Yellow-Blotch morph) using a large set of AFldei. The aim of a genome scan is to
detect candidate loci that are potentially undéecs®n or linked to genome regions under
selection and these loci are considered responfsibliivergence between populations. As all
around Lake Tanganyik@ropheuspopulations are adapted to the same kind of halbitay
show only subtle morphological disparities, botlexternal (Snoeks et al. 1994; Maderbacher
et al. 2008; Herler et al. 2010) and in internalrpm@logy (Postl et al. 2008). Thus the only
obvious difference between. moorii populations is their body coloration making it ywer
plausible that ‘outlier’ loci detected to be undetection through the genome scan are indeed
associated with body coloration. This assumption fusthermore encouraged as we
investigated color morphs that are very closelgtesl to each othe€Chapter 2 presents the
so far first genome scan study that focuses oaig(ire. body coloration) that is possibly not
shaped by natural selection, as it doesn’'t obvioregpresent an adaptation to some ecological
and/or environmental conditions. This assumptiorbased on the fact that variability in
environmental conditions between habitats of déifefT. moorii morphs is similar to that
between habitats of populations within a morph.sThius possible that coloration and outlier
loci associated with it in this study are undensgselection.

In addition to the genome sc&mapter 2 deals with a general characterization of the
differences in coloration between the morphs amxkeseTherefore we first took digital
pictures of whole individuals (representative maled females of each morph) and compared
them between morphs. Secondly, pictures of bodionsgwere taken to make comparisons
between morphs on the one hand but also within hzogmd within individuals on the other
hand. Finally, concerning the yellow/red coloratianderlying pigments were extracted from
different body regions in order to test which pignsewere present and to characterize the

differences between the three morphs.
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In Chapters 3 and 4 the focus lies on the forces driving the evolutioh the
outstanding color pattern diversity ifrropheus mooriiLike for some Malawi and Victoria
cichlids sexual selection as a force driving theletiron of color diversity has been discussed
for Tropheus(Sturmbauer & Meyer 1992; Salzburger et al. 2008) without conclusive
evidence so far (Egger et al. 2008, 2010; Sefc 28@8nwender et al. 2011).

Chapters 3 and4 of this thesis deal with hybridization, a factoatthas also been
discussed to be triggering color pattern diveratfan in cichlids (Salzburger et al. 2002b;
Smith et al. 2003; Schelly et al. 2006; Stelkengalef009). Traditionally, hybridization in
animals was seen as a destructive force, dimirgséecies diversity (Mayr 1963). However,
it is now known that hybridization and introgressicould very well lead to an increase of
genetic diversity in the hybrid population and femtmore to the formation of a stable
population with a new, unique phenotype. This sqbeatly, could end up in the formation of
a new species (Smith et al. 2003). Phylogeograplata indicated that infropheus
opportunity for hybridization was provided severaies in history due to recurrent cycles of
lake level fluctuations (Sturmbauer & Meyer 1992yiB et al. 2003, Sturmbauer et al. 2005;
Egger et al. 2007; Sefc et al. 2007) which gengtadld severe impact on rocky habitats and
species communities within them in East AfricantRifalley Lakes (e.g. Sturmbauer &
Meyer 1992, Johnson et al. 1996; Sturmbauer €t98l7; Nagl et al. 2000). A major decline
of the water level would seriously affect shallowater inhabitants lik§ ropheus especially
in flat shores: Populations would be displaced fridrair former location and secondary
contact between previously allopatric populationd subsequent hybridization between them
could happen. If and to what extent hybridizatiorihe scenario of secondary contact would
happen is dependent on the degree of assortatitiegymeferences which have shown to be
variable for someTropheus moorii populations. Differing strength of positive color
assortative mating preferences has been shown artdicially admixed population in the
lake: Strong color assortative mating was demotestréor highly distinctTropheusmorphs
and isolation was weak between more similar moi@@zburger et al. 2006). Laboratory
mate-choice and consecutive breeding pond expetimeanducted on populations of color
morphs investigated in the two following studidspaevealed variable degrees of assortative
mating preferences (Egger et al. 2008, 2010; Henretnal. unpublished). Details on the
results are described in the separate introdufbioeach chapter.

Hybrid status has already been discussed for oeftapheuspopulations in southern
Lake Tanganyika, including populations analyzedCimapters 3 and 4. Here two contact

zones in southern Lake Tanganyika are investigiiedigns of hybridization using large
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scale data sets including many samples and mitaktlanas well as nuclear molecular
genetic markersChapter 3 deals with previously detected evidence for intesgion and
hybridization between two color morphs, the Blue @éme Yellow-Blotch lineage, west of a
large sandy bay that actually separates the tw@lnsorThe aim was to confirm signs of
introgression detected in previous studies (Barrial.e2003; Sturmbauer et al. 2005; Sefc et
al. 2007) with a large data set and to reconstiheetcircumstances of the hybridization. In
Chapter 4 | investigate a second contact zone where seweaalge to yellow populations
north of a river estuary were suggested to resoith fhybridization between the adjacent Red
and Blue morph (homoplasy excess test; Egger e20dl7). Here again the aims were to
confirm this signs of introgression using a larggadset and shed lights on the circumstances
that led to the observed introgression patternes@&hwo studies are the first that investigate

hybridization inTropheus moorion the population level using a large scale detta s
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Chapter 2

ABSTRACT

The search for the basis of phenotypic diversitynatural populations has become a
challenging task for evolutionary biologists withthe last decade. Multiple studies use
genome wide scans to detect so called outlierwdsch show levels of differentiation that
deviate from the rest of the genome. Thus theyeceft)enes being under selection or loci
linked to them. In this study we investigated lbsely related populations of the Lake
Tanganyika cichlidTropheus moorjiwhich belong to three color morphs. The aim was t
find color related outlier loci and thus show thatoration inT. mooriihas not evolved due to
neutral forces alone but instead underlies selectide examined a large set of genome wide
distributed AFLP markers for outlier detection beém morphs and also within morphs to
distinguish color related outliers from populatigpecific ones. Additionally, as a first step to
characterize the phenotypic differences betweenhte= morphs, we carried out body color
analyses, including whole individual and body paftotography and, concerning the
red/yellow coloration, skin-pigment extraction. \\é&ind a total of 11 between-morph outlier
loci that fulfilled our criteria for reliable oudrs. Of these, six were predominantly found in
Blue vs. Yellow-Blotch comparisons and five only Red vs. Blue, and Red vs. Yellow-
Blotch comparisons, respectively. Color analysehlighted body color differences between
morphs, and skin pigment analyses showed thatweiored coloration in this species is
merely due to different types of carotenoids, apteoidines were found in any sample. This
is the first study that uses the genome scan apprimadetect outlier loci associated with a
trait that doesn’t obviously represent adaptation some environmental or ecological
condition. Together with the body color analysesetves as a valuable method for a basic
characterization of coloration and the forces ulyttey the evolution of it inT. moorii The
results lay the foundation for further investigasoof the genetic basis of coloration in this

species.
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INTRODUCTION

A big challenge for evolutionary biologists is twmsaver the question what underlies
phenotypic diversity in natural populations. Ondhed promising approaches concentrates on
unraveling the genetic basis of certain traitshwiite focus lying on two main issues: (i) The
identification of the genes or genomic regions ulyiteg phenotypic traits and (ii) the
identification of the forces contributing to pheyyat diversity, i.e. the relative influence of
neutral versus selective processes. Discerning daegtvihese influences is a crucial step
towards understanding the evolution of species f@ag et al. 2009). Particularly in wild
populations information about the genes underlypigenotypic diversity is still largely
lacking. However, in the last years several methimisexamining the molecular basis of
certain traits have been developed to address ormth of the issues mentioned above,
including candidate gene analysis, quantitativé toagi (QTL) mapping, and genome scans.
There are several promising studies that focus hen analysis of candidate genes (e.g.
Rosenblum et al. 2004; Hoekstra et al. 2006; reetewn Noor & Feder 2006) but this
approach requires information on the presence aNA Bequence of the genes potentially
involved with the phenotypic trait in question. Fan association of phenotypes with
genotypes QTL mapping has been shown to be a Jel@dproach (e.g. Streelman et al.
2003; Stemshorn et al. 2005; McClelland & Naish @0&’ringe et al. 2010; Sahana et al.
2011). But once again the requirements for thishogktare not easily complied with: Relying
on crosses between phenotypes and the producti@n lafge number of F2 offspring, it
requires well-studied species that are easy tasaod manipulate (Stinchcombe & Hoekstra
2007). This is a problem in species with long gatien times and small offspring numbers.
However, in the recent past genome scans as papul@@nomic approaches to detect genes
influenced by selection or loci linked to them haexrome accessible even for non-model
species. In several studies genome scans havedpasva valuable method to detect genetic
loci being under selection and thus putatively ulyiieg a certain phenotypic adaptive trait
(e.g. Bonin et al. 2006; Jump et al. 2006, EgamaleR008; Nosil et al. 2008; Minder &
Widmer 2008; Parisod & Joost 2009; Paris et al020lidamegbe et al. 2011). Those studies
have shown that it is possible to detect signsetécsion without a phenotype, simply by
looking at genomic data. Moreover they unraveleat tiue to the effects of e.g., genetic
hitchhiking and/or linkage selection affects nomhog regions throughout the genome as
well as coding regions and thus contributes toagi@mm within and between species. This

stays in contrast to the neutral theory which stalb@t most of this variation is selectively
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neutral, i.e., it does not have effects on the misya’s fitness (Kimura 1983). Thus to detect
signals of selection in putatively neutral genomegions it is necessary to investigate a
sufficient number of molecular markers which areda@mly distributed across the whole
genome. This is provided by the amplified fragmiength polymorphism (AFLP) technique
(Vos et al. 1995). This approach has been used ofteyn to detect selection because it
represents a favorable way to easily scan hundoéd®arkers scattered throughout the
genome of non-model species (e.g. Wilding et ab12@ampbell & Bernatchez 2004; Bonin
et al. 2006; Chen et al. 2009; Paris et al. 201idtamegbe et al. 2011). The idea of genome
scans is that demography and neutral evolutionatgry of populations have the same effect
on neutral loci across the genome. In contrast,Under selection and loci closely linked to
them will possess an outlier pattern of differetiia (Luikart et al. 2003). One of the
approaches for outlier detection uses & a measure for variation between populations or
sub-populations. Thus genomic regions that are rudtgtectional or diversifying selection,
which drives differentiation between populationsfe apredicted to exhibit larger
differentiation, and hence a largegrfvalue than loci that are neutral. Vice versa regithat
are influenced by balancing selection, which tetedsomogenize allele frequencies between
populations and thus counteracts differentiatidmpuéd exhibit less differentiation, i.e. a
smaller kst than neutral loci. Therefore the aim of genomensda to detect those ‘outlier’
loci and discern them from background neutral-\mlitg caused by drift and mutations. This
is a very challenging task because it is ofteneasly to pick out ‘true outliers’ while avoiding
false positives (Paris et al. 2010).

A good example for studies on population differatdin is the Lake Tanganyika
cichlid genusTropheus It belongs to the tribe Tropheini, which is phydmetically nested
within the Haplochromini (Salzburger et al. 2005kmuller et al. 2008; Koblmdller et al.
2010). All around Lake Tanganyikeropheuspopulations occur in the same kind of habitat:
as specialized rock-dwellers and algae grazersdheyighly stenotopic to the shallow areas
of the shoreline with light conditions and habitdtucture being similar all over their
distribution range. Being strictly dependant onksoground, major habitat discontinuities
like long stretches of sand act as strong barteedispersal between populations and thus to a
severe reduction of gene flow (Sefc et al. 2000t Blso genetic differentiation between
populations along mostly continuous shoreline wasfl to be significant, due to strong
behavioral philopatry and/or minor habitat discouatiies in this species (Sefc et al. 2007;
KobImidiller et al. 2011). This is also shown in tmore recent studies on particularmoorii

populations in southern Lake Tanganyika using rhiboclrial DNA, AFLPs, and
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microsatellite data, where strong population strreebbetween populations even across short
geographic distances was revealed (Mattersdorfat. etnpublished; see Chapters 3 and 4).
However, genetically differentiatedlropheus moorii populations show only subtle
morphological disparities, both in external (Snoektsa. 1994; Maderbacher et al. 2008;
Herler et al. 2010) and in internal morphology Pesal. 2008). This is probably due to the
high degree of specialization to the same habnat the same trophic niche (Postl et al.
2008). The only obvious difference betweEnmoorii populations is their body coloration
which varies only slightly between geographicallpse populations along stretches of
continuous shoreline, but prominently between pajahs that are geographically further
apart or separated by a habitat barrier, like ,ea ¢png stretch of sand. Thus body coloration
differs from location to location, leading to a higlegree of phenotypic diversity in this
species.

Body coloration in vertebrates is caused by difier@igments that reside in
specialized organelles of pigment cells, the chtoptaores, which developed from the neural
crest. In teleost fish five types of chromatophohese been identified so far: (i) Dark
melanophores, containing the dark pigment eumelgn)nThe yellow to red xanthophores
and erythrophores, containing pteridine and/or tesx@id pigments. Generally it can be said
that xanthophores contain yellow, whereas erythooghcontain red pigment cells. However,
yellow as well as red coloration can be produceglbyty pteridine and carotenoid pigments
and these can be found in both chromatophore t{neegewed in Mills & Patterson 2009).
Thus, as we cannot distinguish between the twostygfechromatophores, we speak of
xanthophores/erythrophores in this study. (iii) Hieery-blue reflecting iridophores which
contain purines as reflecting platelets. (iv) Thaitish leucophores which also contain
purines but as whitish leucosomes, and (v) the aplores that contain a blue pigment
(reviewed in Bagnara & Matsumoto 2006). Cyanophdrage been found so far only in
callionymid fishes (Goda & Fuji 1995; Bagnara et 2D07). On the basis of these
chromatophore types the actual color pattern oisla s then determined by their spatial
arrangement, their combinatory effects and alsehlkydistribution of pigments within them
(Hirata et al. 2003; Grether et al. 2004; Hirataalet2005) thus leading to a high degree of
complexity. Although first studies on inheritandepaggmentation in teleost fish can be dated
far back in time (e.g. Winge 1927), only recentngs involved in pigmentation have been
identified owing to extensive research on the Zeirdbanio rerio (e.g. Kelsh et al. 1996;
Odenthal et al. 1996; Parichy et al. 1999, 200@72M®mutton et al. 2001, Elworthy et al.
2003; Mellgren et al. 2005) and on the medakgzias latipege.g. Koga & Hori 1997; Kelsh
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et al. 2004a; reviewed in Takeda & Shimada 2010 &xistence of a large collection of
natural and induced mutants of these easily bresghWater fish has made them valuable
model species for numerous studies on developnmehgenetics (Furutani-Seiki & Wittbrodt
2004). Based on these fish model studies a sefieandlidate genes for color determination
are thus existent and these have already beeredpplcichlids in several studies. Sugie et al.
(2004) e.g., cloned cichlid homologs tgfosinase endothelin receptor himitf and Aim1 to
elucidate mechanisms underlying pigment pattererdity in African cichlids. They showed
a fast evolution of themitf gene and suggested that this acceleration migh¢ bacurred
together with the Great Lake cichlids pigment pattdiversification. Two other studies
identified a single region of the cichlid genomealerying the orange blotch (OB) phenotype
in Lake Malawi cichlids via linkage mapping: Theyuhd that the OB pattern is based on a
mutation in the cis-regulatory region of tfax7 gene resulting in significant expression
increase (Streelman et al. 2003; Roberts et al9R0erai et al. (2002, 2003) suggested the
cichlid homolog of the zebrafishagoromo(hag) gene to be involved in determining cichlid
coloration: In addition to accelerated protein ewioin in a domain ohag in East African
cichlids they also found alternatively spliced mRNvariants in this gene in the
haplochromines. Both findings are concordant wite expectation that genes involved in
color pattern diversity must have either evolvepidly or undergone dynamic changes that
increased their functional potential. Salzburgealet(2007) found out that the transcription
factor colony-stimulating factor | receptor @sflra) is expressed in the xanthophores present
in egg spots of haplochromines and ectodines. Merethey revealed thaisflra bears the
signature of adaptive sequence evolution in thespgg exhibiting haplochromine lineage.
Another very recent study of Gunter et al (201Inpared transcription in the blue skin of
males to that in the yellow skin of females in &é&aalawi cichlid to get insights into the
molecular basis of cichlid coloration. They foundef genes to be definitely differentially
expressed. This list included tkmatomer protein complex, subunit zetécbpz-1 which is
known to be an important determinant of pigmentatrohumansnd zebrafish. Also studies
concerning the possible number of genes controllimigration in cichlid fish have already
been conducted: Barson et al. (2007) estimatedtfoseven loci to be responsible for body
color differences between males of two Lake Malawhlid species. A similar study by
Magalhaes & Seehausen (2010) on males of two Lag®Na sibling cichlid species showed
that red coloration is likely controlled by two fiaur genes whereas yellow coloration seems

to be determined by only one gene with complete idante. Finally, Gunter et al. (2011)
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suggested five genes to underlie color differenoesveen males and females of a Lake
Malawi cichlid (as mentioned above).

Thus several approaches have already been pursweards identifying genes
involved in cichlid coloration and estimating thpossible number. It is of special importance
to identify the molecular mechanisms that drivedkielution of cichlid color patterns because
this will be helpful in understanding their exphlasiradiation. An explanation for their species
richness on the genomic level could be the fisleifipegenome duplication (e.g. Taylor et al.
2001a, b; Braasch et al. 2006, 2007, 2008, 2009&a):kDue to this phenomenon, which
occurred 320-350 million years ago, teleost fisteedibit additional copies of many
pigmentation genes. Divergent evolution in suchlidaged genes, including lineage-specific
gene loss, sub-functionalization, and regulatorgl@ion (Gunter et al. 2011) could have
played a major role in pigmentation diversity idetst fishes and thus also in cichlids.
However, in our study specidsopheus moorjinothing is known yet about the identity or
number of genes underlying differences in body radion.

The genusTropheuscurrently comprises about 120 mostly allo-or patap color
morphs all around the lake (Konings 1998; Schupka3? which evolved rapidly within the
last several hundred thousand years in three magbation events triggered by severe lake
level fluctuations (Sturmbauer et al. 2005; Batiale 2003). Another more recent fluctuation
18 000 to 12 000 ya is said to have shaped thepresstribution of the lineages (Sturmbauer
et al. 2001). Body coloration plays a crucial rmlethis genus not only during courtship and
mating but also for communication during other abaiteractions, and both genders exhibit
congruent repertoires of color patterns signalirgivation and social status (Sturmbauer &
Dallinger 1995). However, the origin of the high@mt of color polymorphism iffropheus
yet remains largely unknown. In some cichlid spe@é Lakes Victoria and Malawi color
divergence has been suggested to be triggeredxopalsselection on male nuptial coloration
(e.g. Seehausen & van Alphen 1999; Seehausen®98; Knight & Turner 2004). This has
also been discussed fdropheus(Sturmbauer & Meyer 1992; Salzburger et al. 2006)
without conclusive evidence so far. The role ofusdxselection infropheusis hard to assess
as Tropheuslack some traits typically associated with sexuaklected species, like e.qg.
sexual dimorphism. Further investigations especialh mate choice are needed to get
insights into the potential of sexual selection at&l possible association with color
diversification in this genus (Sefc 2008). Also hglization has been discussed as a source of
new phenotypic variants in cichlids (Salzburgeale2002; Smith et al. 2003; Stelkens et al.
2009). Phylogeographic data indicate thatTiopheusopportunity for hybridization was
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provided due to recurrent cycles of lake level thations (Sturmbauer & Meyer 1992; Baric
et al. 2003; Sturmbauer et al. 2005; Egger et @72 Sefc et al. 2007). Several studies
showed that water fluctuations generally had seimpact on rocky habitats and the species
communities within them in East African rift lak€Sturmbauer & Meyer 1992; Johnson et al.
1996; Sturmbauer et al. 1997; Sturmbauer 1998; Reéita. 1998; Nagl et al. 2000). A severe
decline of the water level can lead to secondantamt between formally allopatric morphs
and thus to hybridization between themThopheus moorihybrid status has been discussed
and demonstrated for some populations in southeke LTanganyika (Egger et al. 2007;
Mattersdorfer et al. unpublished; see Chaptersd34drout the role of hybridization for the
evolution of new color variants is not clear yeltefnatively, color divergence may merely be
a side-product of reproductive isolation betweepytations due to other cues than color (e.g.
Plenderleith et al. 2005; Seehausen et al. 200®f oandom genetic drift (Arnegard et al.
1999). Thus the origin of color diversity h moorii remains largely unknown. Especially
when it comes to the genetic basis underlying istilelack knowledge.

In this study we hypothesize that differences idybooloration between populations
of T. moorii have not diverged by neutral forces as genetit aind mutations alone, but in
contrast may be traced back to some genes or genegions that are subject to selection.
Thus, to detect signals of putatively color-relasatection, we carried out a whole-genome
scan using amplified fragment length polymorphisd&LPs), on 11Tropheus moorii
populations belonging to the same AFLP clade (Eggex. 2007) but to three distinct color
morphs from southern Lake Tanganyika. Because @frépid evolution of different color
morphs in this species we would expect to find anfgw outlier loci pointing to a small set
of genes which could act as switches between diftecolor patterns. In addition to between-
color-morph comparisons we also did within-morpmmparisons to distinguish loci being
outliers due to different body color of the fishorin loci being outliers due to some
location/population-specific effect. Among the sevenethods available for outlier detection
we primarily chose the program BAYESCAN (Foll & Gpatti 2008). For some analyses, to
further ensure reliability, we additionally usec thelection detection workbench MCHEZA
(Antao & Beaumont 2011) which implies the popul&MST approach for outlier detection
(Beaumont & Nichols 1996; Beaumont & Balding 2004%k considered the results from both
analyses in our final set of outlier loci. As tar&mowledge this is the first genome scan study
that focuses on a trait (i.e. body coloration), efthis possibly not shaped by natural selection,
as it doesn’t obviously represent an adaptatiorsdme ecological and/or environmental

condition. This assumption is based on the facdt vaaability in environmental conditions
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between habitats of differenf. moorii morphs is similar to that between habitats of
populations within a morph. Thus it is possiblet tt@oration and outlier loci associated with
it in this study are under sexual selection.

In addition to the genome scan, a general charaatem of the differences in
coloration between the morphs and sexes was dong epresentative males and females of
each morph by taking digital pictures of whole induals on the one hand and of body
regions on the other hand. Furthermore, concerthiegyellow/red coloration, underlying
pigments were extracted from different body regiomsorder to test which pigments are

present and with which approximate amount.
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MATERIALS AND METHODS
Taxon sampling and DNA extraction

Genetic data was obtained from ZB@pheus mooriindividuals from 11 different locations
in southern Lake Tanganyika (Fig. 1; Tab.1). Thaseulations, belonging to three different
color morphs, are geographically and geneticalpasgted but still closely related as they are
resolved within the same AFLP clade in a phylogehyropheus(Egger et al. 2007, Fig.1).
The fish were either collected in the lake duriregdf trips between the years 2003 and 2009,
or purchased from ornamental fish traders. FindigpONA extraction were taken from each
individual and were preserved in 99% ethanol. DNAswisolated using proteinase K
digestion followed by a protein precipitation stesing ammonium acetate. DNA
concentration was measured with a NanoPhotoMe@MPLEN) and if required, extracts
were diluted with deionized water yielding concations of approximately 6 ng/ul for each

sample.

Table 1 Color classification and number of individuals todied populations

Number of
Population Code Location Body Color Classification individuals genotyped
Moli Moliro Red 26
Kate Katete Red 30
Chim Chimba Red 31
Ndol Ndole Red 5
Kach Kachese Red 17
Chai Chaitika Blue 24
Naka Nakaku Blue 30
Fund Funda Blue 28
TanL Tanganyika Lodge Yellow-Blotched 30
KasL Kasakalawe Lodge Yellow-Blotched 30
Mbit Mbita Island Yellow-Blotched 29

31



Chapter 2

(a) (b) )

Tanzania

DR Congo

Zambia

Katete

Chaitika
Nakaku ™
a
\ d I
Lufubu River Eunda Island
[ Kasakalawe
'l Lodge
Tanganyika
Lodge
10 km

Figure 1 (a) Map of southern Lake Tanganyika showing theafions of the investigated populations. (b)
Phylogenetic relationships between tested morpeedan amplified fragment length polymorphism (AFLP
Data from Egger et al. (2007). (c) Phenotypes efttinee study morphs.
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AFLP analysis

Amplified fragment length polymorphism analyseddwaled the original protocol of Vos et al.
(1995), modified as in Egger et al. (2007) uskbgpR and Msd as restriction enzymes.
Restriction digestion of 60 ng of DNA (10 ul) wasrfprmed using 0.5 p¥sd (10 units/ul,
New England Biolabs), 0.25 (HcoR (20 units/ul, New England Biolabs), 5 pul enzyme
buffer (10x), 0.5 pul BSA (100x) and high performaruid chromatography (HPLC) water
yielding a total volume of 50 pl per sample. Indidratook place for three hours at 37°C. For
the ligation reaction 1 pl dEcoRl adaptor (5 pmol/ul), 1 ul dfisd adaptor (50 pmol/ul), 1
pl of T4 ligase buffer, 0.2 pl of T4 DNA ligase @l@ohesive-end ligation units/pl, New
England Biolabs) and 6.8 pl of HPLC water were adtbethe restriction digestion product,
and incubation was performed at 22°C over nightagtdr sequences are shown in Table 2.
After dilution of the ligation product with 120 HPLC water, 3 ul of it were used in the
preselective amplification with 0.4 ul of each gedective primer (10 pM), 2 pl 10 x dNTP
mix (10 uM), 2 pul 10 x MgGlbuffer , 12.1 ul HPLC water and 0.1 Téhg DNA polymerase
(5 units/pl, BioTherm) yielding a total volume of 20 pl. Preselectiveingers were
composed of the adaptor primer sequence with argesselective nucleotide at the 3’ end
(for EcoR: pre A, forMsd: pre C). Sequences are shown in Table 2. The demtyre profile
for the preselective PCR was as follows: 2 min 2fC7followed by 20 cycles of 20 sec at
94°C, 30 sec at 56°C and 2 min at 72°C. Then aimglstep at 60°C followed for 30 min. For
subsequent selective amplification 1 pl of 1:1Wteitl preselective PCR product was mixed
with 6.6 pl HPLC water, 0.1 pilfaq DNA polymerase (5 units/pl, BioThefff), 0.8 pl 10 x
dNTP mix (10 puM), 1 pl 10 x Mg@lbuffer and 0.25 ul of each selective primgisd and
EcoR, both 10 uM). The total volume was 10 pl.

The 18 primer combinations used for selective aioption were: EcoRI-ACA/Msel-
CAA, EcoRI-ACA/Msel-CAG, EcoRI-ACA/Msel-CAC, EcoRACA/Msel-CAT, EcoRI-
ACT/Msel-CAT, EcoRI-ACT/Msel-CAA, EcoRI-ACT/Msel-C&, EcoRI-ACT/Msel-CAC,
EcoRI-ACC/Msel-CAA,  EcoRI-ACC/Msel-CAG, EcoRI-ACCA¢I-CAC, EcoRI-
ACC/Msel-CAT, EcoRI-ACC/Msel-CTG, EcoRI-ACA/Msel-@3, EcoRI-ACA/Msel-CTA,
EcoRI-ACA/Msel-CTC, EcoRI-ACT/Msel-CTA, and EcoRIEA/Msel-CTC.

Selective amplification took place with the followgi temperature profile: 2 min of
94°C followed by 10 cycles with 20 sec at 94°C s8@ at annealing temperature (touchdown
settings: decrease of 1°C per cycle starting aCpahd 2 min at 72°C. Then there followed
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25 cycles with 20 sec at 94°C, 30 sec at 56°C andrRat 72°C and finally followed by a
holding step at 60°C for 30 min.

Table 2 Sequences of adaptors and primers used for ligatid PCR

Name Sequence

Adaptors EcoRl ad A 5'-ctc gta gac tgc gta cc-3’
EcoRl ad B 5’-aat tgg tac gca gtc tac-3’
Msel ad A 5’-gac gat gag tcc tga g-3’
Msel ad B 5'-tac tca gga ctc at-3’

Pre-selective Primers EcoRI — pre A 5’-gac tgc gta cca att ca-3’
Msel — pre C 5’-gat gag tcc tga gta ac-3’

Selective Primers EcoRI-ACA 5’-gac tgc gta cca att cac a-3’
EcoRI-ACT 5’-gac tgc gta cca att cac t-3’
EcoRI-ACC 5’-gac tgc gta cca att cac c-3’
Msel-CAA 5’-gat gag tcc tga gta aca a-3’
Msel-CAG 5’-gat gag tcc tga gta aca g-3’
Msel-CAC 5’-gat gag tcc tga gta aca c-3’
Msel-CAT 5’-gat gag tcc tga gta aca t-3’
Msel-CTG 5’-gat gag tcc tga gta act g-3’
Msel-CTA 5’-gat gag tcc tga gta act a-3’
Msel-CTC 5’-gat gag tcc tga gta act c-3’

As there were too many samples to be processedsimgle restriction - ligation
procedure and PCR, respectively, the samples wexagsed in several batches. To detect
restriction - ligation specific or PCR specific ggdPCR noise) every batch contained at least
eight replicate samples that had already been gsedein the first set of reactions. Thus
artifact, batch-specific peaks could be later @ntdied and excluded. Furthermore to check
the potential of contamination of chemicals and gbssibility of instrument noise from the
sequencer entering the data set one negative tdotmosisting of reaction chemicals but
water instead of DNAper restriction - ligation and per PCR reaction waduded in the
analysis.

Fluorescently labeled products of selective angdtion were separated and
visualized using an ABI 3130x| automated sequerié@plied Biosystems) along with an
internal size standard (GeneScan-500 ROX, Appliedy&tems).

34



Chapter 2

AFLP fragment scoring

Fragment size and peak height detection was peedrasing Genemapper v.3.7 (Applied
Biosystems) with only fragments between 90 and 5&Xe pairs being considered. Every bin
in each fingerprint was checked by eye and prepsszkas follows: (i) Bin positions were set
manually in order to adjust misaligned bins. It wasspecial importance that fragments
within one bin had to be definitely distinguishablem fragments in adjacent bins in order to
avoid size homoplasy (Arrigo et al. 2009). (ii) Bioontaining obviously PCR-specific peaks,
which could be detected through the replicate sasyphere removed. (iii) Bins containing
exclusively ambiguous peaks with very low interesitwere considered as non-informative
loci and thus deleted. (iv) As peak quality tendsdéecrease in some samples towards the
higher fragment-length areas of the fingerprintd dhus presence or absence of peaks is
ambiguous, such bins were removed. (v) Partiallgdeor failed profiles, that is, for example,
profiles with repeadetly very low peak heights ead-length relative to the average, were
excluded. Such preprocessed but still unnormalpesk-height data was then exported from
Genemapper as a tab-delimited text file for autechatormalization and final scoring in the
R-script (R Development Core Team 2009) program RECORE 1.4a (Whitlock et al.
2008). This recently developed method provides lgaabive way for scoring AFLP profiles
by identifying the optimum parameter values, that the optimum thresholds, via the
calculation of two error rates: First the ‘mismator rate’ is calculated which represents
the percentage of differences in the AFLP profiéween the original and the replicate of a
duplicated sample. Therefore 56 samples were fprgged twice starting from independent
restriction digestion reactions. This resulted miaimum (depending on how many replicate
samples yielded good quality profiles) of 32 regiecpairs per selective primer combination.
Secondly the ‘Bayesian error rate’ is computed,civlidlescribes the error process at the allelic
level. Briefly, it is the probability of miss-scag a 1 allele as a O allele. Both error rates are
used to optimize the two parameters chosen forirggawhich are (i) the locus selection
threshold, that determines the minimum peak heaghbci, averaged over all samples, that
are retained in the analysis; and (ii) the phemotgalling threshold, which determines
whether an allele at a locus is scored presernbserd in a given sample. Optimum thresholds
are those that minimize the error rates while netg a reasonable number of loci. The
phenotype calling threshold can be given as anlatesor a relative value. Depending on the
number of retained loci and the achieved errorsrdie decision between absolute or relative

phenotype calling was done for each primer comlmnaindependently. The analysis with
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AFLPSCORE was performed for each primer combinaseparately resulting in one binary
(1/0) matrix per primer pair. The combination of maal preprocessing of the data and
automated scoring implemented in AFLPSCORE providesgood method for the

improvement of AFLP data quality although of couttse number of marker bands per primer
combination is reduced in relation to totally autted scoring. For further analyses the

matrices were assembled resulting in a final bimta matrix with 1160 characters.

AFLP diversity

We used AFLP-SURYV version 1.0 (Vekemans 2002; Vekesret al. 2002) to estimate allele
frequencies, calculate the total number of segmegébci (i.e. fragments that are not always
present nor always absent in all individuals), ghgportion of polymorphic loci in terms of at
least 5% presence or absence of the band in egehgbion, estimated heterozygosity values
for each population (i.e. Nei’'s gene diversityk thbserved value distover all populations,
and a distance matrix &stvalues between every pair of populations. Underassumption
of Hardy-Weinberg equilibrium (based on the analygimicrosatellite loci, e.g., see Chapter
3) the program estimates allele frequencies from Kfinary presence/absence matrix,
assuming that markers are dominant with two allgdes locus (presence of the band:
dominant; absence of the band: recessive). We tlsedlefault option, that is, Bayesian
method with non-uniform prior distribution of akelfrequencies (Zhivotovsky 1999) as
recommended by the authors. Such obtained allelguéncies were used for subsequent
calculations. AFLP-SURV computes all statisticsggehetic diversity and population genetic
structure following the method of Lynch and Milliga1994). The significance of the
observedFst values was tested with 5 000 random permutatioheraev individuals are
randomly permuted among the populations Bgglis recalculated for each permutation. The
observed value oFst is then compared to the distribution of randomigggd values. As
AFLP-SURYV only gives &-value for the overall observdesr but not for eaclirst between
single pairs of populations in the overall compotat calculations ofst were additionally
conducted population-pair-wise to get thd3e&alues.For all AFLP-SURV analyses the
geographically very close populations from Ndolé &achese were pooled because of low

sample size in both. This resulted in a total afgepulations.
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Outlier detection

To detect outlier loci with significantly higherftéirentiation than under neutral expectations
and thus representing candidate loci for selectiome, primarily used the program
BAYESCAN (freely available at http://www-leca.ujf@noble.fr/log-iciels.htm). This
hierarchical Bayesian model-based method wasdestribed in Beaumont & Balding (2004)
and has recently been improved by Foll & Gaggi@®i08) for use with dominant markers. It
directly estimates the posterior probability thadbeus is subject to selection. BAYESCAN
assumes that the investigated populations are gulbgmns that split from a hypothetical
ancestral population and evolved in isolation sithen. The subpopulations may have been
influenced by various degrees of genetic drift amehce they will show differences
concerning the amount of differentiation from tmeestral allele frequency. Thus the primary
advantage of this method over other methods comynased for outlier detection is that it
implies the estimation of population specifigr coefficients (represented Asand therefore
allows for different demographic scenarios and alda amounts of genetic drift in each
subpopulation. The method is based on a logisgoession model in which each logit value
of genetic differentiatiorFst (i,j) for locusi in populationj is decomposed as a linear
combination of the coefficients of the logistic regsion, o; and Bj, corresponding,
respectively, to a locus effect (i.e. selection)l @ population effect (i.e. genetic drift). The
posterior probability of a locusbeing under selection is estimated by using tverm@étive
models, one that includes(i.e. a; # zero, indicating selection) and one that exclutés. a;

= zero, indicating neutrality). For the estimatiohthe posterior probabilities of the two
models a combination of a MCMC and a reversibleguACMC algorithm is used (Foll &
Gaggiotti 2008). Counting the number of times that included in the model, the posterior
probability that a locus is under selection, cqraewling toP (o; # 0), is estimated. Since this
probability cannot directly be compared t®aalue as in the FDIST software by Beaumont
& Nichols (1996) and Beaumont & Balding (2004), tthecision which model is chosen is
performed by a ‘Bayes Factor’ which provides a eaafl evidence in favor of one model
versus the other (Foll & Gaggiotti 2008). We male final decision that a locus is under
selection by looking at the legof the Bayes Factor and considered a locus witigya(BF) >
0.5 (which would correspond 8 (0; # 0) > 0.76) as substantially under selection follayv
Jeffreys’ scale of evidence (Jeffreys 1961). Withirecreasing logy(BF) the reliability that a
locus is an outlier also increases. AlgBF) > 2, for example (correspondingRqa; # 0) >

0.99), would indicate a decisive signal of selet{Boll & Gaggiotti 2008).
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A recent study of Pérez-Figueroa et al. (2010), manng three different methods for
the detection of selective loci using dominant reesk showed that BAYESCAN appeared to
be the most efficient one under different scenandsoth, detecting a high percentage of true
outlier loci, and discovering a very low amountfase positives (less than 1%). The authors
stated another big advantage of BAYESCAN: through pirior distribution it takes all loci
into account in the analysis, and thus resolvespttoblem of multiple testing of a large
number of genomic locations, which is a problemhwither methods used for outlier
detection. Also another study was published regetimat used simulations to test a new
version of BAYESCAN which includes the distributiohband intensities at a given locus for
estimation of allele frequencies (Fischer et all20method described in Foll et al. 2010).
The main focus of the authors was to show thaptiveer of outlier detection increases when
implementing the new approach using band interdaty instead of mere presence/absence
information. But also they showed that the speitjficf BAYESCAN to detect outliers (i.e. 1
— false positive rate) lies at 99,9% even whengi®iRLP as binary data. This indicates that
the false positive rate should be indeed very lovour data set as well. Concerning other
markers BAYESCAN seems to perform well too as shawa comparative simulation study
by Narum et al. (2011) using SNP loci: BAYESCANIgied the overall lowest false positive
rate among the methods compared and also a highrgovdetect loci under selection (i.e. a
low false negative rate) depending on the scenario.

In our BAYESCAN analysis the estimation of modelgraeters was automatically
tuned on the basis of pilot runs which also playrble of a burn-in period. We conducted 10
pilot runs with a length of 2 000 iterations eaald an additional burn-in of 10 000 iterations,
as preceding tests indicated that this was enougichieve convergence in the MCMC (Foll
& Gaggiotti 2008). As suggested by the authors wedua sample size of 10 000 and a
thinning interval of 50 resulting in a total lengihthe chain of 500 000. We carried out pair-
wise BAYESCAN analysis between (i) the pooled setscolor morphs, i.e. all Blue
populations pooled together, all Red populationslgu together and all Yellow-Blotch
populations pooled together resulting in three fpogulations (Blue, Red, Yellow-Blotch),
and (ii) the single populations of different coloprphs. These two approaches were done in
order to detect loci that were outliers presumathlye to different body coloration. For
comparative reasons we additionally carried outyamabetween (iii) the single populations
within a color morph in order to detect loci tha¢ autliers due to some location/population-
specific effect. That resulted in a total of 42 sibke pair-wise comparisons (three pooled

comparisons and 39 single population comparisdfm)the within color morph comparisons
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the geographically close populations from Ndole Kaghese were pooled together because
of low sample size in each of them. From betweenpim@opulation comparisons they were
even excluded. To avoid a downward bias of thealvEgr, only loci that were polymorphic
(in terms of at least 5% presence or absence obdine) between the pooled sets of color
morphs for between-morph outlier detection, andhiwita color morph for within-morph
outlier detection, respectively, were retainedh@ &nalysis. This is important because a large
amount of monomorphic loci could lead to some fadesitives under directional selection
because loci with a highstappear more extreme as thg is biased downward (pers. comm.
with M. Foll).

To further ensure the reliability of between-morphtliers being detected by
BAYESCAN we used another outlier detection approadtich we applied only on the
pooled pair-wise between-color-morph comparisoine hethod uses the DFDIST approach
for outlier detection (Beaumont & Nichols 1996; Be@nt & Balding 2004) and implies it in
the selection detection workbench MCHEZA (Antao &aBmont 2011; freely usable at
http://popgen.eu/soft/mcheza/). MCHEZA is basedhl@workbench LOSITAN that is used
for outlier detection with co-dominant markers (Amtet al. 2008). In brief, the DFDIST
method works in several steps: First an empirigstridution of Fst values among loci for
pairs of populations is generated using a Bayesiathod developed by Zhivotovsky (1999)
for estimating allele frequencies from the propmrtof recessive phenotypes in the sample.
Furthermore the Weir & Cockerham (1984 between the subgroups defined in the sample
is estimated. Then, to generate a null distributtdnFst values, it performs coalescent
simulations. The suchlike simulated data provideaaelineFst distribution against which
potential outlier loci can be statistically evakght The decision if a locus is an outlier or not
is made by the probability that the simulatgg is smaller than the sampter (P (simulated
Fst< sample~sy)). An important feature in MCHEZA is that it impB a support for multitest
correction based on false discovery rates whicbrugial to avoid false positives. We ran
MCHEZA with the following settings: 10 000 simulatis were conducted with a confidence
interval of 95%. We left the false discovery ratehe default of 0.1. We also left the Theta
value (defined by two times the mutation rate (gieg per generation) times the number of
heritable units in the population), the Beta-a &imel Beta-b value (the priors of the beta
distribution; see Zhivotovsky 1999) at the defawts0.1, 0.25 and 0.25, respectively. We
chose the function ‘Neutral me&i7 to remove potential selected loci in a first slation
run for computing the initial mealRst uninfluenced by outliers. Also we used the funttio

‘Force mearfst which tries to simulate a precise meagy by running a bisection algorithm
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over repeated simulations. Both options are recomaiee by the authors. We conducted three
runs comparing only the pooled data sets, agaih wily polymorphic markers left in the
data set.

In an attempt to maximize the reliability of betwemorph outliers detected in our
study we only considered those loci as potentialthger selection that were detected as
outliers (i) in the pooled comparisons with bothtiheels as well as (ii) in at least five of the
nine cross-morph population pair-wise comparisonth ihe BAYESCAN method. The
thresholds we chose for loci being considered dkeosi were a log of the Bayes Factor
bigger than 0.5 (BAYESCAN) and a probability of thienulatedFst being smaller than the
sampleFstof at least 0.95 (MCHEZA), respectively.

Test for linkage disequilibrium

As a first approach to obtain information about trenomic distribution of the detected
outlier loci, we used the program DIS (developediny Mallet) to estimate pair-wise linkage
disequilibria between them. The program assumesiy-Mfeinberg equilibrium at each
dominant locus and, following the equation of Hil©974), calculates maximum-likelihood
estimates of the pair-wise gametic disequilibriuogflicient D between two loci within a
population. Also it computes estimates of the page gametic correlation coefficieR,
which corrects for variable allele frequencies,wesn pairs of loci following the method
described in Dasmahapatra et al. (2002). Thusantars of the likelihood of two loci being in
physical linkage can be drawn by looking FRat Analyses of linkage disequilibrium were
carried out first, on our final sets of six (Blus.Wellow-Blotch), five (Red vs. Blue), and
four (Red vs. Yellow-Blotch) outlier loci, respeatly, and additionally on 40 randomly
selected neutral loci (as the program is limited tnaximum of 40 loci). We expected that, if
physical linkage between outlier loci existed, thiegir level of linkage disequilibrium should
be increased compared to neutral loci. This cdoldexample, be caused by selective sweeps
(Kim & Nielsen 2004). To test for significant difences in linkage disequilibrium between
the outlier sets and putatively neutral markersommpared the mean gametic correlation
coefficient R measured for each population across outliers & distribution of 1 000
averaged values, which were calculated from randosmws of an equal number of neutral
markers. We did this using an ad hoc R-script (Rdlipment Core Team 2009).

As the gametic correlation coefficieRtcannot be computed when at least one of the

two loci is fixed for either allele, we manipulatedr input files, such that we changed the
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genotype of one randomly chosen individual in aydaion at a fixed locus. This way,
unobserved alleles were represented as rare adletese don’t expect those slight alterations

to change the results and conclusions of this test.

Color analyses

Characterization of differences in coloration bedwethe morphs was done using three
approaches: (i) Digital pictures of whole indivitkiawere either taken from former
publications (Photos of the Yellow-Blotch and thedRnorph were used in Egger et al. 2007,
provided by Peter Berger) or taken with an Olymgigtal camera (Blue Morph). Overall
amounts of yellow/red, dark, and blue coloratiomeniaferred visually. (ii) Digital pictures of
body regions were taken from one representativevichehl of each color morph with an
Olympus digital camera (Olympus E-1 — Zuiko Digifad-54mm f 2.8-3.5) mounted on an
Olympus SZX-ILLB2-200 binocular eyepiece using siidtware Olympus Viewer and Studio
(Copyright 2003 Olympus Corporation). (iii) Concexp the yellow/red coloration,
underlying pigments were extracted from differenty regions of representatives of each
color morph in order to test which pigments werespnt and with which amount. Yellow to
red coloration in fish is known to be based on onéoth of the following color pigments:
Carotenoids and pteridines. These reside in pigangrdrganelles within special pigment
cells: The xanthophores and the erythrophores. Mwosinals have lost the ability to
synthetisize carotenoidde novo(Goodwin 1984; Schiedt 1989) and thus they haveedo
obtained through food. In contrast to that, pteedi are derived from purines, which are
synthetisizedle novowithin the pterinosomes of the pigment cells (H1330; Braasch et al.
2008). To find out if one or both of these pigmemsre present in oufropheus moorii
morphs, and if so, to what approximate extend incvimegion of the body, we carried out
skin-pigment analysis.

Skin-pigment analysis was conducted on a variousheu of representatives of each
color morph, depending on availability of fish: Ohemoorii Chipimbi female and three. T
moorii Moliro males, representing the Red morph, @dnemoorii Chaitika male and on€.
moorii Nakaku female, representing the Blue morph, amal Twmoorii Mbita individuals,
one male and one female, representing the YellosteBImorph. We did not use individuals
from Chipimbi for our DNA analyses as there wereswaa sufficient number of samples
available. However, they represent members of th@ Rorph (Chipimbi is geographically

located between Katete and Moliro) thus we utilioed sample of this population for the
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color analyses. Individuals used for the extractimere fishes that had died due to natural
causes some time in the past and had been stor2@°&t since then. The body was divided
into 11 compartments excluding the head. Tissum fiios was also included in the analysis.
Therefore the dorsal fin was divided into four frags, and the anal fin into two fractions.
The pectoral fin was taken on the whole. This tesuin 18 tissue samples for pigment
extraction (Fig. 2). Additionally one pure musakstie sample was taken to make sure that no

pigments were present in the muscle.
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Figure 2 The 18 compartments from which pigments were etédhin each fish. The picture was modified from
Poll (1986).

For the 11 ‘body-samples’ the skin, partially irdilg scales, was stripped from the body
with surgical instruments. Special care was takemeimoving as much as possible of the
muscle tissue beyond the skin. For ‘fin-samplesisfiwere cut into compartments
approximately the same size, including spines. $esnpere dried for a few minutes,

weighted and put in 1.5 ml Eppendorf tubes eachrot€moid and pteridine extraction

followed the protocol of Grether et al. (2001). @anoids were extracted in acetone with

99.8% purity. Therefore 100 pl of acetone were dddeeach tissue sample and extraction
took place over night in a thermomixer at 650 rpnd aoom temperature. After that the
acetone, now containing extracted carotenoids,tk@asferred into a new vial. To concentrate
the carotenoids and to remove the acetone, samplesevaporated under a flow of nitrogen
for approximately 20 minutes. Carotenoids were sgolved in 10 to 300 pl hexane

(depending on color intensity) for absorption measents.
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Pteridines were extracted from the carotenoid{sétpskin using 30% acidified (with HCL to
pH 2) ethanol. Therefore 20-50 pl (depending osutissize) of acidified ethanol were added
to each sample and again extraction took place wiggrt in a thermomixer at 650 rpm and
room temperature. As a positive control the sanoeguure was applied to five heads of
Drosophila sp flies as the pteridine drosopterin is known tofdsesent in their eyes (e.g.
Forrest & Mitchell 1955). Absorption measuremengsewirectly conducted from the extract.
Both extractions were also conducted with a nutgla, including everything but tissue, as a
negative control. Absorption measurements wereiechrout with a NanoPhotomet&r
(IMPLEN) using a volume of 3 pl pigment solutionr feach measure. Absorption spectra
were recorded between 300 and 600 nm. It was notirdantion to measure absolute
concentrations but instead to (i) merely test ifhbcdasses of pigments were present or only
one of them, and (ii) to infer the approximate tiglaamount of pigments compared between
different body regions and between different catmrphs. Thus absorbance (A) of extracts
was noted at the peak of absorption in each skid-fan-sample and compared with other
samples and other morphs taking into account thghwef the tissue and the volume of the

solvent (i.e. hexane for carotenoids and 30% aediéthanol for pteridines, respectively).
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RESULTS

DNA analysis

Genetic diversity

The 18 primer combinations yielded a total of 126€LP loci of which 1068 (92.1%) were
segregating within the overall data set. The maanber of AFLP bands per individual was
279 and per primer combination it was 64 loci, raggrom 22 to 116. The mean proportion
of polymorphic markers per population was 39.6%hgmag from 36.5% to 43.4%, and the
average expected heterozygosity (i.e. Nei's gewersity) was 0.124 ranging from 0.107 to
0.137 (Tab. 3). The observéd value over all populations was 0.1944 (p < 0.00@B)r-
wise Fst values were overall high between populations kggtanto different color morphs
and lower between populations of the same colorpmdiTab. 4). Highest mean genetic
distances were found between Red and Yellow-Blptgbulations with 0.309 (range: 0.266 —
0.350) followed by Red — Blue with 0.238 (range2(2 - 0.277) and then Blue — Yellow-
Blotch with 0.101 (range: 0.076 — 0.12P)values between every single population-pair were

highly significant (< 0.0001, Tab.4) even in casd®reFstvalues were low.

Table 3 Genetic diversity measures of the ten sampled |ptipos calculated with AFLP-SURV v1.0

Population n individuals PLP [%]* A Hj" S.E.

Moli 26 40.8 0.13 0.0048

Kate 30 43.4 0.133 0.0047
Chim 31 41.6 0.132 0.0049
Nd-Ka 22 40.9 0.137 0.0049
Chai 24 37.2 0.125 0.0048
Naka 30 40.3 0.124 0.0048
Fund 28 38.5 0.123 0.0048
TanL 30 37.7 0.109 0.0045
KasL 30 38.9 0.118 0.0046
Mbit 29 36.5 0.107 0.0046

* Proportion Loci Polymorphic, that is, percentarigoolymorphic loci at the 5% level.
* Expected heterozygosity under Hardy-Weinberg ggriotproportions, that is, Nei's gene diversity.
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Table 4 Matrix of genetic distances between all ten potpates calculated with AFLP-SURV version 1.05tF
values are in bottom left corneP;values in upper right corner. Calculation Bivalues was based on 5000
permutations

Moli Kate Chim Nd-Ka Chai Naka Fund TanL KasL Mbit

Moli <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Kate 0.030 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Chim 0.098 0.056 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Nd-Ka 0.132 0.090 0.038 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Chai 0.262 0.241 0.216 0.202 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Naka 0.274 0.247 0.225 0.214 0.008 <0.0001 <0.0001 <0.0001 <0.0001
Fund 0.277 0.255 0.228 0.216 0.032 0.032 <0.0001 <0.0001 <0.0001
TanL 0.337 0.324 0.298 0.278 0.101 0.109 0.076 <0.0001 <0.0001
KasL 0.323 0.311 0.289 0.266 0.105 0.108 0.078 0.012 <0.0001

Mbit 0.350 0337 0.311 0.291 0.114 0.122 0.095 0.025 0.037

Outlier detection

Between color morph outliersAfter removing monomorphic loci at the 5% levelweén
pooled sets of color morphs 419 (Blue vs. YellowtBh), 513 (Blue vs. Red) and 526 loci
(Red vs. Yellow-Blotch), respectively, remainedtime analysis. We detected a total of 11
outliers that fulfilled all criteria, that is, det®n in the pooled comparison by BAYESCAN
and MCHEZA and detection in at least five of thepplation-pair-wise analyses by
BAYESCAN with a logo(BF) > 0.5 (Tab. 5). Those markers were distribubedr seven
primer combinations. Outlier loci were named by ldwst two selective bases of the primers
with which they were obtainedE¢dRI in capital lettersMsd in lower-case letters) plus the
length of the fragment. According to the color mbetween which they were found, the
outlier loci could be divided in two sets: (1) Sikthe 11 outliers were found in comparisons
between Blue and Yellow-Blotch populations (CAagl@Aag295, CAac334, CCatl03,
CCat322, CAtg200). Two of these were found excklsivin Blue vs. Yellow-Blotch
comparisons (CAagl04 and CCatl03) and four were fdand between other morphs:
CAag295 was also detected in the pooled MCHEZAyamalbetween Blue and Red as well
as between Katete and Nakaku. CAac334 and CAtg206 detected in both pooled analyses
between Red and Yellow-Blotch and additionally ourf and three population pair-wise
comparisons, respectively. CCat322 was found atsthé pooled MCHEZA comparison
between Blue and Red. (2) Five outliers were detetietween Blue and Red populations
(CTaa236, CTag236, CCat240, CAtg317, CAtc464) annl 6f them also between Red and
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Yellow-Blotch populations (CTaa236, CTag236, CCat2a2Atg317). None of these five loci

were detected between the Blue — Yellow-Blotch ysed.

Table 5 Log;(BF values (BAYESCAN) and probability values (MCHEZiA italic letters) of the final set of 11
AFLP markers detected to be under selection in @ispns between the three color morphs. Resuts the

pooled comparisons are in bold letters

Blue — Yellow-Blotch  (total number of loci: 419)

CAag CAag CAac CCat CCat CAtg CTaa CTag CCat CAtg CAic

104 295 334 103 322 200 236 236 240 317 464
Pooled BS 148 223 148 0.80 1.66 1.50
Pooled 100 100 100 099 099 100
Mcheza
Chai-TanL 093 0.76 0.58 201 0.85
Chai-KasL 0.52 0.60 143 171
Chai-Mbit 1.07  0.57 136 157 202
Naka-TanL 101 322 091 1.42
Naka-KasL 0.68 3.22 0.57 1.35
Naka-Mbit 114 252 0.70 111 1.27
Fund-TanL 0.86 1.69 1.23
Fund-KasL 0.93 0.69 0.66
Fund-Mbit 1.09 159 0.66 2.55
Red - Blue (total number of loci: 513)

CAag CAag CAac CCat CCat CAtg CTaa CTag CCat CAtg CAic

104 295 334 103 322 200 236 236 240 317 464
Pooled BS 133 322 242 204 143
Pooled

0.95 0.97 098 100 100 099 097

Mcheza
Moli-Chai 055 139 132
Moli-Naka 1.23 1.30 1.30
Moli-Fund 118 058 1.14 1.16
Kate-Chai 093 1.83 169 0.72
Kate-Naka 0.71 0.67 182 0.61 1.79 1.02
Kate-Fund 170 088 160 159 0.85
Chim-Chai 119 215 209 0.98
Chim-Naka 091 208 084 209 1.35
Chim-Fund 193 125 2.07 1.97 1.14
Red - Yellow-Blotch  (total number of loci: 526)

CAag CAag CAac CCat CCat CAtg CTaa CTag CCat CAtg CAic

104 295 334 103 322 200 236 236 240 317 464
Pooled BS 1.00 0.75 1.43 216 1.40 1.08
Pooled

0.96 096 097 099 098 096

Mcheza
Kate-TanL 1.03 1.03 09 092 0.98
Kate-KasL 1.08 1.03 1.08
Kate-Mbit 0.73 0v9 092 077 081
Moli-TanL
Moli-KasL 0.80 0.73 0.77
Moli-Mbit 0.52 056 057 057 0.61
Chim-TanL 0.54 113 107 111 1.16
Chim-KasL 115 1.21 1.11
Chim-Mbit 0.97 1.07 0.89 1.02
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An example for an output plot created by BAYESCANWwSs the results of the pooled
Blue vs. Yellow-Blotch comparison (Fig. 3). Withetlthreshold set to a lggBF) of 0.5, 11
outliers were detected in this analysis. Six obthevere within our final set of outlier loci and

were labeled in the graph.
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Figure 3 BAYESCAN plot of 419 polymorphic AFLP loci from ¢hpooled Blue vs. Yellow-Blotch comparison.
Fsrvalues are plotted against the log10 of the B&gesor. The vertical line at 0.5 indicates the shdd above
which loci were identified as outliers. Labeledilate those that were within our final set of aaitlioci.

Population-specific marker allele frequency estesatalculated with AFLP-SURV
v1.0 for the final set of 11 outlier loci showedtHor all outliers allele frequency estimates
displayed an association with body coloration irstraf the populations (Tab. 6): Differences
between populations within a color morph were nyostéry low. In contrast to that,
differences between populations belonging to distcolor morphs were either low, if the
locus was not under selection between the two nspmhvery high if it was so. However, it
has to be pointed out here that a locus was sorestitot detected as being under selection
between two morphs even when allele frequency réiffees were considerably high. In three
cases we found a departure from the pattern ofistensy of frequencies within a color
morph: (i) At locus CAag295 the Nakaku populatidrowed a rather high allele frequency
(0.736) compared to the other two blue populatigmsThe Katete population displayed a
considerably lower allele frequency (0.053) thae tither three red populations at locus
CCat103. (iii) Finally, at locus CCat322 the allélequency in the Funda population (0.095)
was much lower than in the other two blue populetioThis was probably due to some

population specific feature not associated withyboalor (see discussion).
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Within-morph outliers After removing monomorphic loci at the 5%-level 486i remained

in the Red-morph analyses, 394 in the Blue-morpdlyaes and 132 in the Yellow-Blotch-
morph analyses. With 49 outliers (10.1% of theedoci), the highest number of outliers
with a Logo(BF) > 0.5 was detected between populations withénRed morph, 26 of them
in more than one comparison. Analyses between ptipns within the Blue morph revealed
20 outliers (5.1%), eight of which in more than @oenparison. Only five outlier loci (3.8%)
were detected in analyses within the Yellow-Blotobrph, three of these in more than one
comparison (Tab. 7). With the exception of thre@ (€Aag295, CCat103, CCat322) none of

these outliers occurred as such in the between{mmymparisons.
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Table 6 Allele frequencies of the AFLP loci detected undelection, estimated with AFLP-SURV v1.0 and congmans between which they were detected. Valuesesling
0.2 are underlined to represent allele frequenffgréinces between color morphs more clearly

Color Morph Population CAagl04 CAag295 CAac334 CCat103 CCat322 CAtg200 af3m CTag236 CCat240 CAtg317 CAtc464

Red Moli 0.002 0.002 0.916  0.231 0.002 0.916 0.002 0.916 0.916 0.916 0.916
Kate 0.019 0.002 0.914  0.053 0.002 0.914  0.002 0.914 0.914 0.914 0.804
Chim 0.002 0.018 0.809  0.595 0.018 0.920 0.002 0.920 0.920 0.920 0.809
Nd-Kach  0.003 0.023 0.905  0.540 0.003 0.905 0.045 0.903 0.905 0.781 0.905
Blue Chai 0.023 0.387  0.354 0.541 0.589 0.642 0.786 0.002 0.002 0.044 0.066
Naka 0.019 0.736 0.422 0.367 0.515 0.551 0.736 0.002 0.053 0.002 0.002
Fund 0.057 0.268 0.464 0.319 0.095 0.619 0.919 0.020 0.002 0.002 0.002
Yellow-Blotch  TanL 0.559 0.001 0.001 0.051 0.001 0.051 0.932 0.001 0.001 0.001 0.018
KasL 0.516 0.002 0.018 0.002 0.002 0.088 0.924  0.002 0.035 0.002 0.035
Mbit 0.677 0.001 0.001 0.001 0.001 0.001 0.933 0.001 0.001 0.019 0.091
Detected B-Y B—Y B—Y B-Y B-Y B—Y B-R B-R B-R B-R B-R
between (B-R* (R-Y)* B-R* (R-Y)* R-Y R-Y R-Y R-Y

R .... Red morph

B .... Blue morph

Y .... Yellow-Blotch morph

* Parentheses indicate that particular loci wess aletected in one or more comparisons betweee thas color morphs but not often enough to be dsrsid reliable (see
Table 5).
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Table 7 AFLP markers detected under selection in pair-vidgeY ESCAN comparisons within color morphs.
Underlined markers were detected in more than ongarison within the same color morph. Markerstemitin
italic letters were repeatedly detected in popatatiomparisons within more than one color morphtkdis that
are written in bold letters were also detectedeétwieen morph comparisons. For each comparisoremitire

ordered according to their IggBF) values

Color morph  Populations logq(BF) ID of outliers detected
Red Moli-Kate > 2 CCac93
15-2
1-15 CTaa216, CCat237, CAtc240
05-1 CAaalll, CTac388 CCag94 CCag406, CCat226, CAtg208
CAta274
Moli-Chim >2 CTac293 CCac93 CAtc186.1
15-2 CCac223.1
1-15 CAtc240
05-1 CAacl73, CAatl128 CAat298, CTatl138, CTac239CCaa232
CCacl43, CCacl45CAtg20§ CAtg415, CTtal96CTtc361
Moli- >2 CTac239CCac223.1
Nd/Kach 15-2 CAat128 CCac93 CAtc352
1-15 CAacl156 CTat215 CAtc186.1 CAtc240
05-1 CAaa226 CTaa345, CTaa345.LTagl94 CCaa232 CCagllb
CCtg286 CAtg155 CAtg40] CAtal49, CTtal96CTtc361
Chim-Kate >2 CTac293 CTac388CCat103 CAtc186.1
15-2
1-15 CCac223.1CAtg205
05-1 CCag94 CCacl45CCac223, CCtg272, CAtgl/CGAtg312
Chim- >2 CAac156 CTac293
Nd/Kach 15-2 CTat215
1-15
05-1 CAac317 CCagl16CCtg271, CCtg286
Nd/Kach- >2 CAacl156 CTat215 CCac223.1
Kate 15-2 CAat128§ CCtg286 CAtc352
1-15 CAaa226CTagl194 CTac239CTac388 CAtgl7Q CAtc186.1
05-1 CAat438, CTaa345,1CCac342, CCat96CCatl03 CCat356,
CAtg155 CAtg401 CTtc361
Blue Chai-Naka >2
15-2
1-15 CCaa218
05-1 CAaal89, CAat195, CTagl93, CCagl22, CCag205, CRtc40
Chai-Fund >2 CTag194
15-2 CAac333 CCat322
1-15 CAac317
05-1 CAac238 CAac356, CTac414-Catl66 CAta216, CTta247
Naka-Fund > 2 CAac333
15-2
1-15 CCat322 CAtc402
05-1 CAag295 CAag296, CAac238CTagl94 CTac41l4 CCatl66
CTta247 CTta344
Yellow- TanL-KasL >2
Blotch 15-2
1-15 CAta442
05-1 CAat158
TanL-Mbit >2
15-2
1-15 CAac244
05-1 CAat158 CAat215
Mbit-KasL >2 ---
15-2
1-15 CAagl129.1, CAac244CAat215
05-1
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Linkage disequilibrium

Generally, no signs for linkage disequilibrium beem pairs of loci were found in any set of
outlier loci with R-values being overall low. Only in two single caseshe first set of six
outlier loci between Blue and Yellow-Blotch popudais we found deviations from the null
hypothesis of linkage equilibrium with rather highd significant values d&®. This concerned
loci CAag104/CAag295K = 0.398;G = 5.0145; df = 1P = 0.025) in the Funda population
and loci CAag295/CAac334R(= 0.504; G = 4.6825; df = 1P = 0.031) in the Nakaku
population (Tab. 8). However, after correction foultiple testing (Benjamini & Hochberg
1995) the significance in both cases vanished. tAjpam that we wouldn’'t have considered
these deviations from linkage equilibrium indicatiof physical linkage as in both cases it
only occurred in one population. No signs for liggadisequilibrium were found in the other
two outlier sets (data not shown). Moreover congmans focusing on the level of linkage
disequilibrium (represented through the md&rvalues) between any of the three sets of
outliers and that of putatively neutral markersideel no significant differences within each
population.P-values ranged from 0.149 to 0.9 in the Blue vdlo¥eBlotch outlier set, from
0.323 to 0.953 in the Red vs. Blue outlier set, frach 0.339 to 0.843 in the Red vs. Yellow-
Blotch outlier set (Tab. 9).

Table 8 R-values computed with the program DIS for everyukpair-wise calculation within each population
for the first set of six outlier loci detected beem Blue and Yellow-Blotch color morphs. None af fwalues
was significant after correction for multiple tesi

Population

Locus-pair Chai Naka Fund TanL KasL Mbit
CAag104/CAag295 -0.116 0.077 0.398 0.108 0.126 93.1
CAagl104/CAac334 0.197 0.152 0.258 -0.157 0.126 10.09
CAag104/CCat103 0.134 0.171 -0.165 0.193 0.126 10.09
CAag104/CCat322 0.121 0.126 -0.077 0.108 0.126 10.09
CAag104/CAtg200 0.108 0.117 0.188 0.193 0.044 0.091
CAag295/CAac334 0.056 0.504 -0.06 -0.017 -0.017 01-D.
CAag295/CCat103 -0.311 -0.773 -0.174 -0.03 -0.017 0.017
CAag295/CCat322 0.162 -0.57 -0.194 -0.017 -0.017 .01D
CAag295/CAtg200 0.31 0.308 0.236 -0.03 -0.04 -0.017
CAac334/CCat103 -0.025 -0.449 0.251 -0.03 -0.017 .01D
CAac334/CCat322 0.383 -0.084 0.107 -0.017 -0.017 .01-0
CAac334/CAtg200 -0.997 0.236 -0.835 -0.03 -0.04 010.
CCat103/CCat322 -0.761 -0.51 -0.147 -0.03 -0.017 .01D
CCat103/CAtg200 0.18 -0.103 -0.303 -0.054 -0.04 010.
CCat322/CAtg200 -0.614 0.17 0.25 -0.03 0.423 -0.017
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Table 9 MeanR-values across pair-wise outlier comparisons amdsacpair-wise neutral comparisons for each
population for the three sets of outlier ld@ivalues yielded from comparing the level of linkatisequilibrium
(represented through the meaivalues) between outlier loci and putatively neluwai for each population for
the three sets of outlier loci. Differences wera-+s@nificant in any comparison

Blue vs. Yellow-Blotch

Population Chai Naka Fund TanL KasL Mbit

MeanR outlier loci -0.078 -0.042 -0.018 0.011 0.050 @00

MeanR neutral loci 0.007 -0 013 -0.031 -0.021 -0.008 016.

P-value 0.9 0.786 0.419 0.349 0.149 0.365

Red vs. Blue

Population Moli Kate Chim Ndol/Kach Chai Naka Fund
MeanR outlier loci -0.118 -0.109 -0.107 -0.116 0.018 430 0.015
MeanR neutral loci 0.006 -0.003 -0.003 -0.010 0.007 130 -0.031

P - value 0.953 0.923 0.898 0.882 0.466 0.446 0.323
Red vs. Yellow-Blotch

Population Moli Kate Chim Ndol/Kach TanL KasL Mbit
MeanR outlier loci -0.087 -0.081 -0.079 -0.078 0.022 20 0.023
MeanR neutral loci 0.006 -0.003 -0.003 -0.010 -0.021 008. -0.016

P - value 0.843 0.814 0.771 0.722 0.339 0.38 0.379

Color analysis

As no differences in coloration between males @amdales of the same color morph could be
detected, neither through photography nor pigmealyais, we only speak of color morphs in
the following results, neglecting the gender of itheestigated fish.

Photography of whole individuals and body parts

Whole individual photos showed obvious differensesoloration between morphs and also
between body regions within an individual. Yellousih individuals displayed a dark basic
body color with a yellowish background overlainroglanin in most body regions except the
flanks where a conspicuous yellow blotch was predéns were rather dark (Fig. 4a). The
second morph was the ‘Blue’ morph, which actualhesh’t display a blue body but due to
the presence of some bluish areas especially iddhsal fin this appellation has established
itself. In fact Blue morph fish displayed a simikdthough a bit darker basic body color than
the Yellow-Blotch morph. However, here the yellowisackground was overlain by dark
melanin all over the body. There were also sevagrats of red especially at the bases of the
scales and a few bluish ones. The ventral fin wasatl dark with blue spots but also reddish

elements (Fig. 4b). The Red morph was genemddisker than the two other morphs and no
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(b)

Figure 4 Whole-individual photos from representatives af three morphs investigated. (a) a Mbita individual
representing the Yellow-Blotch morph, (b) a fisbrfr Chaitika representing the Blue morph and (c) dirdl
individual representing the Red morph.
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bright yellow or blue color was present. Instead celoration was predominant in variable
amounts depending on the body region. The ventralds strikingly red (Fig. 4c).

Pictures from body regions of all three morphs stwwhat the distribution of
chromatophores over the body was variable. Yellowetl xanthophores/erythrophores could
be seen in almost all body regions except the akparts sometimes. They were overlain by
varying numbers of melanophores. In all three coharphs we found variable amounts of
dark melanophores all over the body, with highesicentrations at the bases of scales and in
regions that were overall darker. In Yellow-Bloficth a high frequency of melanophores was
present together with xanthophores/erythrophoredanker regions of the body like in the
area right below the dorsal fin behind the head.(ba). In contrast, only few melanophores
were present within the vyellow blotch on the flankinging out the yellow
xanthophores/erythrophores beneath (Fig. 5b). The Bnorph also displayed a variable
distribution of melanophores all over the body wailain a high concentration for example
right below the dorsal fin behind the head (Fig). 3&/e found several spots with fewer
melanophores but high frequencies of reddish xaotitbiees/erythrophores at the basis of
scales at the flanks (Fig. 5d). Red morph fish aadverall high amount of melanophores
and also red xanthophores/erythrophores. The frexyuef both types of chromatophores was
especially high at the bases of the scales thinougtowards the middle part but again
concentrating at the edge of the scales (Fig. Be. amount of xanthophores/erythrophores
reached an extreme extent for example in the regitimthe broad red bar right before the

caudal fin (Fig. 5f) or even extremer in the dofgal

Pigment extraction

No pteridines were found in any parts of the bodyany of the three investigated color
morphs. In contrast to that carotenoids were foumdll three morphs in almost all body
regions with variable amounts. The absorption specéried in their pattern: Either they
showed three clearly distinct peaks with the fiost intensity peak at ca. 415 nm, followed
by two higher intensity peaks at ca. 440 and 47Q(fign 6a), or they displayed two distinct
peaks at 440 and 470 nm plus a shoulder at candlf-ig. 6b). Also some spectra showed
two not so clearly distinct peaks at ca. 440 and A (Fig. 6¢) or even only one broader
peak, approximately between 440 and 490 nm (Fig.Bus can be attributed to the presence

of different kinds of carotenoids within artaén sample. For example, spectra with only a
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Figure 5 Detailed pictures of body regions from represéveat of the three color morphs taken through a
binocular. Dark spots represent melanophores antloweto red spots or regions represent
xanthophores/erythrophores. (a) and (b) show detam an Mbita individual representing the Yell®&hstch
morph. Picture (a) was taken in the darker dorsalytregion (region 4) and picture (b) in the latergion
where the yellow blotch is located (region 7).dod (d) show details from a Chaitika fish represgnthe Blue
morph. Picture (c) was taken in the dark dorsaioregirectly behind the head (region 1) and pict{ateat the
flank (region 7). (e) and (f) show photographs frarivloliro individual representing the Red morplctiie (e)
was taken in the dorsal region (region 6) and péctf) in the backmost region right before the addih (region
11). Pictures (a — d) were taken with a 650-foldynification, picture (e) with a 400-fold and pictuff) with a

500-fold magnification.
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single peak are typical for keto-carotenoids (Vesmtm1970; Foppen 1971; Rempeters 1981;
cf. Fig. 6d), whereas spectra with three cledi$yinct peaks are typical for carotenoids with
ana- and ap- ionone ring (Hager & Meyer-Bertenrath 1966; Retape 1981, cf. Fig. 6a).
Spectra with two peaks and a shoulder before thentypical for carotenoids with twg-
ionone rings (Hager & Meyer-Bertenrath 1966; Rerapel981; cf. Fig. 6b) However, as it
was not our aim to characterize the types of caoitis we only focused on the overall
patterns of the spectra and compared them betweephshand between the different body
regions of one fish. Interestingly we detected thealtow-Blotch and Blue morph fish showed
pattern a or b in most of the 18 regions (Fig. 7%0%f all spectra in the Yellow-Blotch morph
and 74% in the Blue morph; averaged over two imlligls). Spectra ¢ and d were found in
Blue morph samples only in fins (Fig. 7; 26 % dfsgectra averaged over two individuals)
which is concordant with the presence of orangeetbspots in fins. In contrast to that Red
morph fish mostly displayed pattern ¢ or d in bashy fin samples, which is typical for red
keto-carotenoids (Fig. 7; 84% of all spectra, agedaover four individuals). Congruently, the
color of the extract of all Yellow-Blotch samplesasvyellow, which was also the case for
most of the Blue morph samples although some finpta extracts tended to be rather
orange. The Red fish samples in contrast showedsdlaiways an orange to red or deeply red
coloration and only very few extracts were yelldwisThus it seems that carotenoids
producing a yellow coloration tend to show an apson spectrum that reflects that of Fig. 6
a or b whereas carotenoids that produce red caardike keto-carotenoids, tend to display
the pattern shown in Fig. 6 c or d.

The approximate amount of carotenoids, represetiexigh the absorbance at the
peak of absorption, differed highly between bodgioes of one fish, between morphs and
also to some degree between individuals of the saorph. However, we are aware, that we
cannot directly compare the amount or concentratibrcarotenoids based on absorbance
values, between morphs with different carotenojoks$ypresent. That is because extinction
coefficients differ between carotenoids. This csuesspecially for Red morph fish as
obviously different carotenoids are present inrtekin compared to Blue and Yellow-Blotch
fish. For all comparisons we used the absorbanteevat the 470 nm peak as this peak
always had a clear shape. Maximum absorbance vpkresig tissue within a morph ranged
from 0.442 in the Red morph, to 0.092 in the YeHBlotch morph to 0.065 in the Blue
morph. The highest absorbance value in Red fishfetasd in a dorsal fin sample. In contrast
to that the highest absorbance values in YellowdBland Blue fish were found in a body

sample. Absorbance values were averaged (i) owefaiwr dorsal fin samples and the two
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anal fin samples for fin-sample values and (ii) ro¥& body regions for the body sample
values. Additionally the values from the individsialepresenting the same morph were
averaged resulting in only one value for the find ane value for the body per morph. Mean
absorbance values per mg tissue for the fin samydeied extremely from 0.003 in the
Yellow-Blotch morph to 0.098 in the red morph. Ceming the body, mean values ranged
from 0.013 in the Blue morph to 0.028 in the redphg so here differences between morphs
were not as pronounced as in the fin samples (IT@b.

Table 10 Absorbance measured from extracts diluted in 4Bgxhne and calculated per mg tissue. Values are
averaged over 11 body samples and six fin sampidsoser the representatives of each morph in theeth
investigated color morphs

Region Yellow-Blotch Blue Red
Body 0.019 0.013 0.028
Fins 0.003 0.020 0.098

However, also a large amount of variation in abaonde within the body of one fish and
partly also between representatives of the samepmmawas present. Overall, both
representatives of the Yellow-Blotch morph for exden showed highest absorbance values
in the anterior part of the body, especially in twesal to lateral region directly behind the
head, an area which actually looks very dark. Bst absorbance directly below the dorsal
fin and in the central part of the body, where yelow blotch is located, was quite high, at
least in the first Mbita sample. Absorbance wasimmadat ventral body parts and very low in
the backmost body region (Tab. 11). In both repredeves of the Blue morph absorbance
was highest in the dorsal body region directly tnetbe dorsal fin and medium to low in the
rest of the body (Tab. 11). Also in the Red morpkagbance values were overall high in the
dorsal region below the dorsal fin but also in thieldle and backmost body parts. However,
this pattern was rather variable between the foffierdnt individuals representing the Red
morph (Tab. 11).
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Table 11 Carotenoid absorbance values measured in the dyl gaots from all representatives of the threercolo
morphs. The four highest values in each individaral written in bold letters. Mean values are avedagyver the
representatives of a color morph for each body aadtare written in italic letters

Yellow-Blotch Blue Red
%(;crity Mblita Mb2ita Mean Ctihka Niﬁa= Mean ;rrrl]l;l Molliro Mogro Mo:lairo Mean
1 0.092 0.013 0.053 0.046 0.016 0.031 0.060 0.009 0.011 0.029 0.027
2 0.047 0.023 0.035 0.019 0.003 0.011 0.043 0.002 0.003 0.045 0.023
3 0.027 N/A 0.027 0.014 0.005 0.010 0.060 0 0.009 0.039 0.027
4 0.039 0.012 0.026 0.018 0.016 0.017 0.113 0.007 0.007 0.008 0.034
5 0.014 0.005 0.010 0.008 0.002 0.005 0.047 0.008 0.002 0.022 0.020
6 0.011 0.009 0.010 0.065 0.013 0.039 0.099 0.071 0.009 0.041 0.055
7 0.046 0.004 0.025 0.014 0.003 0.009 0.018 0.004 0.014 0.010 0.012
8 0.009 N/A 0.009 0.008 0.001 0.005 0.002 0.002 N/A 0.015 0.006
9 0.004 0.011 0.008 0.010 0.003 0.007 0.078 0.026 0.007 0.029 0.035
10 0.008 0.004 0.006 0.007 0.003 0.005 0.069 0.020 0.002 0.033 0.031
11 0.002 0 0.001 0.013 0.003 0.008 0.029 0.048 0.018 0.051 0.037
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Figure 6 The four different carotenoid absorption spectrat tivere found in our analyzed individuals.
Wavelength [nm] is plotted against Absorbance [fhe red line indicates a wavelength of 450 rfa). A
spectrum with three peakb) Absorption spectrum with a shoulder followed bytpeakdc) A spectrum with
two not so well separated peald Absorption spectrum with only one broad peak. Nbi y-axes are not
equally scaled.
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Figure 7 Absorbance spectra yielded from the 18 samples fmgepigment extraction. Results are shown for
one representative of each color morph. (a) ThetaMbisample. (b) The Nakaku sample. (c) The Mdsro

sample.
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DISCUSSION

Outlier loci

We found a total of 11 outlier loci between coloonphs. Thus we confirm our hypothesis
that body coloration is influenced by selectioncontrast to the theory that different color
patterns have evolved by genetic drift alone. Theudtliers could be split up into two sets: (i)
Six outlier loci that were detected mainly betwées Blue and the Yellow-Blotch morph and
(ii) five outliers that were found between the Rew the Blue morph, four of those being
also detected between the Red and the Yellow-Blotomph (thus we refer to three sets in
some of the analyses and also in the discussidm) pfesence of only a small number of loci
under selection between color morphs is congruétht tive rapid evolution of different color
patterns inTropheus moorii the few genes associated with our outlier loauldoact as
switches between color patterns and thus facilitage rapid evolution of different color
morphs. Moreover the detection of a low numberearias associated with body color in our
study morphs is consistent with other studies edting similarly low numbers of genes
controlling for coloration differences in cichligBarson et al. 2007; Magalhaes & Seehausen
2010; Gunter et al. 2011; see introduction). Nosigf linkage disequilibrium were found
between pairs of loci within any set of outliensdicated through the overall low and non-
significant values oR and also through the lack of significant differesdn the level of
linkage disequilibrium between the outlier sets ahd putatively neutral set. Thus we
conclude that the six outliers detected in BlueXallow-Blotch comparisons as well as the
five and four outliers detected in Red vs. Blue &l vs. Yellow-Blotch comparisons,
respectively, were independently distributed actbesgenome. An extreme case could have
been that all loci represent selection acting oly one genomic region because they are all
within one linkage group. This could be e.g., doem inversion (Noor et al. 2001; Feder et
al. 2003). As nothing of that kind could be detdate our analyses we draw the conclusion
that our final set of 11 outliers is indeed indicgt selection acting on 11 different,

independent regions in the genome.

Limitations of the outlier detection method

In their study comparing three different methods datlier detection Pérez-Figueroa et al.
(2010) showed that the power to detect loci underctional selection decreases with higher

differentiation resulting from neutral processde ldrift, because in that case selected loci
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would not exceed the background. They stated ti@tmost favorable situation for outlier
detection is that of a lowst and showed that the efficiency to detect outliarsler
directional selection is already much lower witheatralFstof 0.1 compared to a neutfddr

of 0.025. However, BAYESCAN still worked well in éhFst = 0.1 scenario showing a
positive relationship between the percentage ofiesstdetected and the true number of
selected loci. Moreover within all outliers detettbe percentage of selected loci was high in
the BAYESCAN analysis, compared to the other twahoés. Only the total number of
selected loci detected was quite low compared eécstienario with the lowd¥st. For anFst

of 0.3 the investigated genome scan methods, imdusBlAYESCAN, did not work at all.

In our study we have four different levels of diffatiation: (i) High differentiation between
the Red and the Yellow-Blotch morph (me&ar = 0.309), (i) medium differentiation
between the Blue and the Red morph (miegi= 0.238), (iii) medium to low differentiation
between the Blue and the Yellow-Blotch morph (méan = 0.101), and (iv) very low
differentiation within morphs (mealfst = 0.041). We would thus expect to find the highest
number of outliers in comparisons with low diffetiation, which was in fact the case. The
highest number of outliers was found within morph#though these outliers were not
reassured through replicates. Disregarding withomgh outliers we found the highest
number of reliable outliers (n = 6) in Blue vs. M&-Blotch comparisons, fewer in Red vs.
Blue comparisons (n = 5) and again fewer in RedY\&low-Blotch comparisons (n = 4).
Thus in our study the number of outliers detectedrelased marginally with an increasing
level of differentiation, as expected. But in castrto the study of Pérez-Figueroa et al.
(2010), in our case outlier detection did not faien in a high differentiation scenario.
However, we are aware that the true number ofersthetween morphs is probably higher, as
with the lowestFst being 0.101 we are not in the most favorable sdnaor detecting loci
under directional selection. Moreover some potdytieue outliers may have been lost due to
our stringent criteria for an outlier being consetkas a true outlier. But ultimately all of this
gives us the assurance that the outliers that wsidered as true outliers in our analyses are

in fact true outliers and not false positives whiglkrucial for the whole study.

Within morph vs. between morph outliers

With the exception of three loci (CAag295, CCatlQ&at322) none of the within morph
outliers occurred as such in the between-morph eoisyns suggesting that the latter are not
location/population specific but indeed likely colepecific. The fact that the three loci in

guestion appeared also as outliers within a colorpim is congruent with the deviation from
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the normal pattern of allele frequencies of cergapulations within a morph at those loci
(Tab. 5). CAag295 was detected as an outlier betwéakaku and Funda which is not
surprising given the high allele frequency diffezrerbetween the two populations. Similarly
CAat103 was detected between Chimba and Kateteatsuodbetween Ndole/Kachese and
Katete, associated with the extremely low alleleqérency at that locus in the Katete
population. Finally, CCat322 was detected betweemd& and Chaitika and also Funda and
Nakaku. Again this is coherent with the outstandiog allele frequency of the Funda
population at this locus (Tab. 5). The fact that ighest number of within-morph outlier loci
was found in comparisons between Red morph popukatis not surprising as these are
geographically most distant from each other. Timesgrobability that habitats differ in some
way between the investigated Red populations igeratigh and that is reflected through the

numerous population/location specific outliers.

Two sets of outlier loci

The presence of two mainly non-overlapping seteutfier loci suggests that the changes in
color pattern between the Yellow-Blotch and theeBimorph are caused by different genetic
mechanisms than the changes between the Red maodptha Blue morph, and the Red
morph and the Yellow-Blotch morph, respectivelypé&dally the second set of loci was
strictly limited to comparisons between the Red tiredBlue morph and between the Red and
the Yellow-Blotch morph, respectively, thus indiogtthat these loci are strongly associated
with the red coloration. Our pigment analyses r&agahat all three morphs possess
carotenoids in their skin. Yellow-Blotch and Blueomph fish carotenoids show similar
absorption spectra suggesting that they featuresdh®e or similar kinds of carotenoids. Red
morph fish carotenoids instead show different gitsmm spectra indicating the presence of
different carotenoid types than the other two mergdee further discussion below). Thus,
assuming that Blue and Yellow-Blotch fish have prathantly similar carotenoids, the six
outliers most reliably detected between Blue andlovieBlotch maybe point to genomic
regions that somehow control the distribution ofnXephores/Erythrophores (e.g., in the
Yellow-Blotch morph high concentrations of caroteisoare present in the flanks where the
yellow blotch is located), or the distribution oefanophores (these are distributed more area-
wide with high concentrations all over the bodBine morph fish). Kelsh (2004b) reviewed
three models that describe how the distribution chfomatophores and thus pigment

patterning might be influenced: The first modelgwees that pigment cell distribution might
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be determined by long-range signaling influences, eeaction-diffusion mechanisms. In this
model the generation of diffusible activator andilmtor molecules from a localized source
could lead to the formation of a certain pattern amftivator concentration. The final
pigmentation pattern could then be determined bysibe of the developmental field and the
diffusion coefficients of the activator and inhdoitmolecules, as pigment cells are suggested
to react to the local levels of activation. Thes®t model suggests that pigment patterning is
determined by interactions with the environmenat i, local tissue. The skin, e.g., could be
lined with sites that are adhesive or repulsivecéstain chromatophore types beforehand
resulting in a certain pattern of pigment cell disition. The third model focuses on the
interactions between different chromatophore typégch have been shown to play an
important role in zebrafish pigment patterning:tims fish model adult stripe formation is
suggested to be critically-dependent upon melan@pkanthophore interactions. Thus there
exist several potential explanations for the obsgnobviously carotenoid-type-independent
differences between the Yellow-Blotch and the Bluaph fish in our study.

The second set of five outliers is apparently assed with the Red morph. The facts
that outliers between Red and Blue and outliersvéet Red and Yellow-Blotch greatly
overlap, and that the Blue morph and the Yellowt&iamorph are not differentiated at these
loci (see allele frequencies in Tab. 6) suggestlaingenetic mechanisms in color change
from both morphs to red. This might be attributedhe presence of different carotenoids in
the Red morph than in the two other morphs, as ioveed above and switches from both
morphs to red are obviously controlled by the sgemomic regions. One consideration could
be that either Blue/Yellow-Blotch fish or Red fishetabolize dietary carotenoids to other
carotenoids before transporting them into the skishown in other fishes (e.g. Chatzifotis et
al. 2005; reviewed for marine animals in Maoka 20&lso it could be the case that all three

morphs do that but with a different product in Bed morph than in the other two morphs.
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Color analysis

Lack of pteridines

Ouir first finding was that no pteridines were prasa any investigated individual. This is not
surprising as pteridines generally play a smalde in coloration compared to carotenoids
(Anderson 2000). For example, the red colorationtted male three-spined stickleback
Gasterosteus aculeatuwas shown to be produced by at least two differigpies of
carotenoids but no pteridines were found in the $Wedekind et al. 1998). Furthermore, a
study of Grether et al. (2001), showed, that indbppyPoecilia reticulatapteridines exist
together with carotenoids in males but females radack pteridines and possess only
carotenoids. Such gender specificity could not eeated in our study as both sexes lacked
pteridines. As pteridines can be synthesized deo reonwd carotenoids have to be gained
through food, Grether et al. (2001) hypothesizedat tin low-carotenoid-availability
environments the presence of pteridines shoulceas®. However, the study results did not
confirm this hypothesis as males in low-carotermdiability environments possessed,
together with less carotenoids, also less ptergdifibis was possibly due to the fact that these
guppy males try to maintain a particular hue inirtlspot which is only given by a certain
ratio of the two pigments (Grether et al. 2001;tGee et al. 2005). Also, the authors brought
up another issue for discussion: they stated tletretabolic costs for pteridine production
could be sufficiently high that it also decreasethwecreasing algae availability (although
they had no relevant data on the costs for ptezigmoduction). Even though this hypothesis
could not be confirmed (Grether at al. 2005) itstdl interesting concerning our study:
Assuming first, that the costs for pteridine pratut are in fact high and secondly, that
carotenoid rich food is not scarce throughout thsridution range offropheus (which is
indeed the case as algae grow everywhere in ttugalitzone) then ouffropheus moorii
individuals should rather use carotenoids from fdbdn synthesize pteridines de novo.

Moreover, carotenoids are obviously sufficient ield/ the particular hue in our study fish.

Variation in carotenoid types, distribution and aumd

One interesting finding of our color analysis iatthrariability in red pigmentation among the
three color morphs is purely carotenoid-based aptandines were found in any part of the

body in any of the investigated fishes. Thus déferes in red coloration obviously rely on the
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presence of different types and variable amountsaobtenoids and also on differences in
their distribution over the body. We found variation the overall carotenoid absorption
spectra between the morphs: Yellow-Blotch and Bhmph fish displayed overall similar
absorption spectra whereas absorption spectraeoR#d morph were generally different.
That is in agreement with the closer genetic refatnip between the Yellow-Blotch and the
Blue morph than between each of them with the Redom This was shown in this study
through the Ey values but also in phylogenies including thesephsy based on AFLP and
also mitochondrial DNA data (Egger et al. 2007; tdiadorfer et al. unpublished; see
Chapters 3 & 4). Thus, obviously the Yellow-Bloteimd the Blue morph are not only
genetically more closely related but are also nsam@lar concerning their carotenoid types.
This is congruent with the observation that YellBleich fish look overall similar to Blue
morph fish as they display the same basic coloe. dibvious exception is that the latter do not
display the yellow blotch which is due to higher amts of melanin in this region and
probably also to a bit lower amounts of carotenaédsthe yellow coloration is never as bright
as that of the Yellow-Blotch fish even when meldmmes are contracted.

Carotenoid metabolism

Talking about carotenoids, it is important to knbaw these pigments get into the skin of a
fish. Carotenoids are synthesized in nature bytplaome bacteria, algae and fungi. Fish, as
most animals are not able to synthesize caroterd®daovo,thus they have to be gained
through food and are then directly accumulated artlyp modified through metabolic
reactions like e.g., oxidation or reduction (reveelnfor marine animals in Maoka 2011). It is
important to note that the metabolism of carotemagdnot following the same pathway in
different fish species, thus the modification ofatanoids is not universal in fish tissues
(Chatzifotis et al. 2005). For example, the yellwanthophyl zeaxanthin can be converted to
red astaxanthin in goldfish, whereas rainbow tr@mncorhynchus mykisgransforms
astaxanthin to zeaxanthin, which is just the ottey round. Other fish species do not convert
xanthophylls at all (reviewed in Chatzifotis et 2005). Nothing is known about the pathway
of carotenoids from food to skin pigments in oundst speciesTropheus moorii Yet, a
general pathway of carotenoid transportation ih s summarized in Baron et al. (2008):
After absorbance of fat-soluble dietary carotendlid®ugh the intestinal mucosa they are
transported together with serum lipoproteins withiie bloodstream, metabolized to other

carotenoid types and finally deposited in skin omatophores. Studies on rainbow trout
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Oncorhynchus mykigéiardy et al. 1990) and on atlantic saln®aimo salar(Torrissen et al.
1992) showed that the main organ where metabolmineacretion of carotenoids happens is
the liver. Unfortunately we know nothing about types of carotenoids present in our study
fish but given the fact that we have a morph widleml red skin coloration and two morphs
with yellow or at least partly yellowish coloratidoagether with the fact that diet is the same
for all morphs particularly in captivity and mayhkso in the lake, it is obvious that different
metabolic transformations of same dietary carothaake place in the different morphs,
especially in Red fish vs. Yellow-Blotch and Blught

CONCLUSION

In summary this study shows first, that genome sqaovide a valuable approach for the
detection of selected loci even when they are @ssucwith a trait that is not adaptive and
secondly, that coloration ifiropheus mooribbviously did not evolve by neutral forces alone
but also through selection. We found signs of seleacting on a few genes or loci linked to
genes that likely triggered the rapid evolutiondifferent color patterns in this species. In
addition to the genome scan the analyses on bodgraton allowed us a first
characterization of the nature of the body coldfedences between morphs, with a special
focus on the yellow/red coloration. However, these only first steps as, for example,
identification of carotenoid types or accurate tamoid concentration measures were not
done. Yet the results give us a valuable overvidigo, the genome scan for outlier loci
between color morphs is merely a first, but impartstep towards the characterization and
identification of genes being subject to selectiveces and contributing to color pattern
differences inT. moorii Future work could focus on the sequencing ofieutbci and the
mapping of them within the genome, given that taeagnic resources for cichlids should be

available soon.
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ABSTRACT

To get a better understanding of the mechanisnmatigerlie phenotypic diversification, it is
of special interest to identify the forces conttibg to phenotypic variation. A stunning
example for the rapid evolution of phenotypic dsrgr are the cichlid species flocks of the
east African Rift Valley Lakes. In Lake Tanganyikappheus moorirepresents a striking
example of intraspecific geographic color pattemnation with numerous allo- and parapatric
color morphsTropheususe coloration for communication during courtsiyating, and other
social interactions. Sexual selection has beeniderexi as a driving force in the rapid
evolution of color variants ifropheus but so far without conclusive evidence. Here, we
investigate hybridization as a further potentialiree of new variants: Admixture between
existing morphs could have given rise to novel ggag when, in the wake of Lake
Tanganyika’s water level fluctuations, allopatrmlar morphs came into secondary contact.
We study ninél. moorii populations around a large sandy bay in southeke [Tanganyika,
the Mbete Bay, which separates two ancient mitodhahlineages, the Yellow-Blotch morph
and the Blue morph. Using a large scale mtDNA datawe test previously found sings of
mtDNA introgression between the two lineages agpddrconfirm the reported asymmetry of
admixture as it was only found west of the bay, Hesh even display an intermediate color
phenotype. Then we test the hypothesis that theiquely detected asymmetry in female
mate choice behavior between the two morphs coale lshaped the observed asymmetric
mtDNA introgression pattern. Thus we use a largelear data set including amplified
fragment length polymorphism (AFLP) and micros#l(SSR) markers to detect possible
signs of hybridization on both sides of the baycahkhivould support the mate-choice-shapes-
mtDNA-introgression-pattern-hypothesis. Furthermose carry out coalescence based
estimates of splitting times to infer the chronglag the colonization of the contact zone. We
confirmed asymmetric mtDNA hybridization and showédt nuclear admixture was also
restricted to populations west of the bay. Thigsubut asymmetric mate choice as the reason
for the observed uni-directional hybridization amevides space for alternative scenarios.
Coalescence based analyses suggested that thevNBdtdch morph colonized the area west
of Mbete Bay during a high lake level scenario anty after that the Blue morph expanding
from the north introgressed into the Yellow-Blotpbpulation. Our study highlights that
interpreting hybridization scenarios is a challeggitask. However, it also shows that
hybridization withinT. moorii may very likely serve as a considerable contrdyutio the

outstanding phenotypic diversity present withirs ttaixon.
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INTRODUCTION

In this study we investigated nin€ropheus mooriipopulations from southern Lake
Tanganyika (Fig. 1) which belong to two phenotypicdistinct and ancient mitochondrial
lineages that are separated by a 7 km stretchraf, $he Mbete Bay, and whose split dates
back to ~ 370 000 - 650 000 ya (Koblmduller et @12, calculated from net divergence
between lineages). Populations with a yellowishidoasloration overlain by dark melanin
and with bluish elements (thus referred to as Bie€’ morph) west of the bay represent the
‘8-G’ lineage (Baric et al. 2003; Sturmbauer et2405; Egger et al. 2007). Populations with
a conspicuous yellow blotch on the flanks (thuemefd to as the ‘Yellow-Blotch’ morph)
east of the bay are resolved within the ‘1-A’ ligeawhich is further divided into four sub-
lineages (1-Al — 1-A4; Baric et al. 2003; Sturmbaeteal. 2005; Egger et al. 2007) with the
study populations belonging to sub-clades 1-A2 &a##. In a phylogenetic reconstruction
based on AFLP markers the Blue and the Yellow-Blotorph were resolved in sister clades
within one major AFLP clade (AFLP 4 sub-clade 1d &b, respectively; Egger et al. 2007).
The aim of the present study was to confirm andeaetrespectively, signs of
hybridization between the lineages. As already andi®pheusnormally do not cross large
sandy areas and thus Mbete Bay acts as a barrigerte flow between the two morphs.
However, previous studies showed that the populatronediately west of the bay in Katoto
not only exhibited an intermediate color pattertui@h but with a not as bright but still
clearly visible yellow blotch; Kohda et al. 1996ef§ et al. 2007) and displayed higher
morphological similarity to the Yellow-Blotch Mbitanorph than to the Blue Nakaku morph
(Maderbacher et al. 2008), but, as already mentioalso featured a considerable amount of
individuals that carried haplotypes belonging te #astern mitochondrial lineage (Yellow-
Blotch; 1-A2 and 1-A4; Baric et al. 2003; Sturmbawt al. 2005; Sefc et al. 2007; all
analyses were conducted on the first part of thisahondrial control region). Populations
further north already possessed fewer introgrebaptbtypes and displayed the typical bluish
phenotype. This remarkable level of mtDNA introgies across Mbete Bay is particularly
interesting because of two reasons: (i) The bawrlgleseparates mtDNA lineages in the
cichlid specied/ariabilichromis moorii(Duftner et al. 2006 retmodus cyanostictSefc et
al. 2007) andNeolamprologus caudopunctaty&oblmdller et al. 2007) with no signs of
introgression and moreover represents a generatopypgc break in intraspecific color
variation in other cichlids (Kohda et al. 1996)i) (ntDNA introgression was highly

asymmetric as no western haplotypes (Blue; 8-Gatieg were found east of the bay, and all
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investigated populations there displayed the typiallow-Blotch body coloration. As
already mentioned in the general introductidmppheusmorphs were shown to display
differing strengths of positive color assortativeiting preferences, with generally strong
assortative preferences between highly distinctpimgr and weak isolation between more
similar morphs (Salzburger et al. 2006). Howevethblaboratory and consecutive breeding
pond experiments showed high asymmetry of matirgfepences in thd. moorii color
morphs that were investigated in the present stithte choice experiments in lab aquaria
revealed highly assortative preferences of BluepinoNakaku females with significant
deviations from random mating but lack of discriation in Yellow-Blotch-morph Mbita
females (Egger et al. 2010). To find out if the eved mate preferences in the lab could be
translated into actual reproductive success, Hennetnal. (unpublished) set up breeding
populations consisting of males and females of bwibrphs, thus mimicking natural
conditions in a hypothetical scenario of secondemyntact. After one year reproductive
success and mating preferences were inferred fhmmassignment of offspring to parents.
Interestingly similar results as in the lab expenms were observed: Blue-morph females
mated highly color assortatively with again sigraint deviations from random mating,
whereas Yellow-Blotch-morph females even seemeudter heteromorphic males over their
own, displaying also significant deviations froomdam mating. Male-male competitions
between males of the two morphs, however, yieldedignificant advantage of one male
over the other (Hermann et al. unpublished) thasirdshing the possibility that Blue males
generally dominate Yellow-Blotch males. The presstidy thus addresses two main
guestions: First, we ask how asymmetric mtDNA igtession across Mbete Bay came about.
Therefore we set up two hypotheses: The first Hygms is that the observed asymmetry is
merely due to unidirectional migration across tag from east to west but not vice versa. In
other words fish disperse or dispersed from easietst, where they introgress or introgressed
into the resident population but not in the otheeation. The second hypothesis is that
migration happens or happened both ways but irgssgon patterns were shaped by the
asymmetric mate preferences mentioned before: ®omles (with highly assortative mate
preferences) migrating from west to east, wouldmate with resident Yellow-Blotch males.
In contrast Yellow-Blotch females (which showedmate discrimination or even preference
for the heteromorphic male) migrating from easwist would very well mate with resident
Blue males and bring their mtDNA into the populatiofThe best way to address these
hypotheses and to unravel the background of therebd asymmetry is the use of nuclear

markers. If migration was indeed unidirectionalstlisymmetry would also be reflected in

81



Chapter 3

nuclear DNA and we would expect to find nuclearagtession west of the bay but not vice
versa, congruent with the mtDNA introgression pattéHowever, if migration happens or
happened both ways but mtDNA introgression wasethéyy asymmetric mate preferences of
the females, we would still expect to detect bodywuclear introgression. The reason for
this is that immigrant non-choosy Yellow-Blotch fales from the east would together with
MtDNA pass their nuclear DNA into the resident Bjugpulations west of the bay. In the
other direction Blue males from the west would obtaatings with resident Yellow-Blotch
females in the east which would lead to nuclearogression into the Yellow-Blotch
populations east of the bay. Thus to address ttss dquestion we applied the following
approaches on nine populations around Mbete Bpgnélyses on the whole mtDNA D-loop
control region and on more populations adjacenth® bay were conducted to confirm
previous results concerning asymmetric mtDNA intesgion which were carried out only on
the first part of the control region, and on feyepulations. (ii) Amplified Fragment Length
Polymorphism (AFLP) and microsatellite markers wased to investigate patterns of nuclear
introgression in the populations around Mbete Bag thus unravel the background of the
observed mtDNA introgression asymmetry. Secondi/ask for the time of the introgression
event and furthermore, if it was indeed only obsdrwest of Mbete Bay (mitochondrial and
nuclear), we want to know which lineage was the whe was resident and which was the
one who introgressed. Because although we alwagekspf introgression of eastern Yellow-
Blotch haplotypes into western Blue haplotypesoitld under certain circumstances also be
the case that it happened the other way around Bam into Yellow-Blotch. Therefore
coalescent based analyses on the mtDNA data setawaducted to estimate splitting times
between populations and parts of populations, ctsty.
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MATERIALS AND METHODS

Taxon sampling and DNA extraction

Genetic data was obtained from 295 (mtDNA), 261 I(RF and 301 (SSR) samples,
respectively, from nine different locations in doern Lake Tanganyika (Fig. 1). Fish were
collected in the lake during field trips betweee §ears 2003 and 2009. Finclips for DNA
extraction were taken from each individual and waeserved in 99% ethanol. From most of
the samples DNA was isolated using proteinase Kegfign followed by a protein
precipitation step using ammonium acetate. DNA freamples with low quality tissue was
extracted using a WizafdSV Genome DNA Purification System (Promega) follogvithe
manufacturer’s instructions. For mtDNA and SSR wsial DNA extracts were diluted 1:10
with deionized water before PCR reaction. For AF&falysis DNA concentration was
measured with a NanoPhotométe(IMPLEN) and if required, extracts were dilutedthwi

deionized water yielding concentrations of appragety 6 ng/pl for each sample.

mtDNA analysis

Amplification and sequencing

798 bp of mitochondrial control region were amplifi from 295 individuals. MtDNA
analyses were carried out following the protocoEgiger et al. (2007). DNA amplification
via polymerase chain reaction (PCR) was performigld avtotal volume of 10 pl per sample,
each consisting of 1 pl of diluted DNA extract, lLgii 10 x MgC} buffer, 0.25 pl of 10 x
dNTP mix (10 puM), 0.25 ul of each primer (10 uM)1 Qul of Tag DNA polymerase (5
units/pl, BioTherm™) and 7.15 pl of deionized water. The temperaturilp for the
amplification was as follows: After an initial deneation at 94°C for 3 minutes, 45 cycles of
30 sec at 94°C, 30 sec at 53°C and 1 min 20 séz°& were conducted followed by a final
elongation step at 72°C for 7 min and a final hati@°C. The primers used for amplification
were L15926-T (forward; modified from Kocher et 4889) and TDK-D (reverse; Lee et al.
1995) for the first part of the control region a&8@-DL (forward; Lee et al. 1995) and TDK-
DHA4-T (reverse; Nevado et al. 2009) for the secpad, which included the poly T region.
Sequences of primers are shown in Table 1. AfteR RGninigel electrophoresis was carried

out in order to check whether amplification wascassful and to approximately quantify the
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Figure 1 Lake Tanganyika with the nine sampling locatioltsng the southwestern shoreline. Photographs show
the three investigatet. mooriicolor morphs. Pictures were either taken from Eggeal. (2007) or by ourselves
(Blue morph).
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amplified DNA. Therefore 2 ul of PCR product weppked on a SYBR Safe stained gel of
2% D-1 low EEO agarose (Pronadisa) in 1 x TA bufR€R products were purified using
ExoSAP-IT" (USB corporation). Chain termination sequencing warried out with a total
volume of 8 pl per sample, each containing 1 ppwified PCR product, 0.2 ul of Big Dye
Termination Reaction Mix (Applied Biosystems), Ju6of 5 x sequencing buffer (Applied
Biosystems), 0.125 ul of the primer (10 uM) and75.Qul of deionized water with the
following temperature profile: 3 min at 94°C asiaitial denaturation followed by 35 cycles
of 30 sec at 94°C, 20 sec at 50°C and 4 min at 60R€ sequencing reaction was carried out
with three of the four primers used in the ampdifion reaction: L15926-T for the first part of
the control region (406 bp), SC-DL for the secoad including the poly T region (244 bp of
which 114 bp overlapped with the first part), andKFDH4-T for the second part after the
poly T region (284 bp).Only if sequencing partlytotally failed with L15926-T, TDK-D was

additionally used.

Table 1 Sequences of primers used for the amplificatiothefcontrol region and chain termination sequemncin

Primer name Sequence Reference

L15926-T 5’-cag cgc cag agc gcc ggt ctt g- 3’ miadifrom Kocher et al. 1989
TDK-D 5'-cct gaa gta gga acc aga tg- 3’ Lee ell8B5

SC-DL 5’'taa gag ccc acc atc agt tga- 3’ Lee et 295

TDK-DH4-T 5'-tcc gtc tta aca tct tca gtg tta tge- 3 Nevado et al. 2009

After sequencing DNA fragments were purified witrepBadeX” G-50 (Amersham
Biosciences) following the manufacturer’s instrans and visualized on a 3130 x1 capillary
sequencer (Applied Biosystems). Sequences wereealiy eye using MEGA software v.5
(Tamura et al. 2011). 22 bps were removed includimg poly T region and adjacent
nucleotides due to insufficient sequence qualityhiis region resulting in a total sequence
length of 798 bp.

Data analysis

Indices for DNA sequence variation within each gapan were calculated using DnaSP
v.5.0 (Librado & Rozas 2009). Pair-wise populatidifferentiation based on haplotype
frequencies Ksy, calculated after the method of Weir & Cockerha®84) and uncorrected
genetic distances between haplotyp@ssy( Excoffier et al. 2005) were calculated in

ARLEQUIN v.3.1 (Excoffier et al. 2005P-values were corrected for multiple testing using
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the method of Benjamini and Hochberg (1995). ME®GAwgare v.5 (Tamura et al. 2011) was
used to construct a p-distance (proportion of ratade differences) based neighbor joining
(NJ) tree to illustrate phylogenetic relationshgpsong the sample individuals. Assessment of
support for the tree topology was done by calcagpbiootstrap values from 1 000 replicates.

We used ARLEQUIN v.3.1 (Excoffier et al. 2005) @mlaulate mismatch distributions
and estimate the expansion time parameter for afspbpulations. Concerning mismatch
distributions the assumption is that an observesfridution that does not deviate from a
unimodal distribution of pair-wise differences argormaplotypes and has a smooth
distribution (Harpending 1994) indicates recentyafon expansion whereas populations at
demographic equilibrium usually show a multimodatrdbution (Slatkin & Hudson 1991,
Rogers & Harpending 1992). The expansion time patam = 2ut, where p stands for the
mutation rate per haplotype per generation (Ro§erarpending 1992), was computed for
each population by a generalized non-linear leqsés® approach as proposed by Schneider
& Excoffier (1999). The 95% Confidence Interval YCbr mismatch distributions and
parameters of demographic expansion was obtaine@ Iparametric bootstrap approach
(Schneider & Excoffier 1999) based on 10 000 regpdis. Admixture of lineages and gene
flow between neighboring populations, which arehbptesent in several populations of our
data set, can lead to inconsistencies in the Teéstse may represent the varying sensitivity of
populations to divergent immigrant haplotypes thmisiicking long-term constant population
size (Sefc et al. 2007). Therefore mismatch distriims were only calculated for the ‘pure’
Blue populations, with the term ‘pure’ referring pmpulations or individual members of
populations not suspected to be introgressedall.éndividuals of Chaitika and Nakaku and
only individuals with western haplotypes of Fund@atoto North, Katoto South and
Chiseketi. This approach should give us insightis ihe chronology of population expansion
of the Blue morph and can be interesting as additi@r comparable information to the
coalescent analyses described below.

To estimate the time of population splitting=<tu, where p is the mutation rate per
locus per generation) between pairs of populatiams] thus to get information about the
direction of introgression, we used the software a?M (freely available at
http://genfaculty.rutgers.edu/hey/software#IMa2)Jogly Hey. The model assumes a split of
an ancestral population into two daughter poputatiazvithout any influence of selection,
recombination, within-population structure, and gdlow from unsampled populations. Ima2
utilizes a method originally described in Hey & Nin (2004, 2007) which is based on

Markov Chain Monte Carlo (MCMC) simulations of gemgenealogies. First, for each
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population pair we conducted initial runs with aripin of 100 000 steps and 30 MCMC
chains with geometric heating under the HKY moddhgegawa et al. 1985), given a
mutation rate of 0.0000255331 per year. This rate wvalculated based on estimates for the
molecular clock of the complete mitochondrial cohtregion for East African cichlids of
1.78% (slow rate) to 3.11% (fast rate) per millggars, described in Nevado et al. (2009).
We used the fast rate for the calculation of theathon rate and as the IMa2 analyses were
only carried out on certain pairs of populationgleding populations from Chaitika and
Nakaku, the length of the mtDNA sequence usedHat was 821 bp. The initial runs were
utilized for an effective exploration of the parderespace and to assure that parameters
converged. Based on the results the boundarigsegbdrameters were adjusted according to
the probability distribution’s location and the lLirg parameters were changed if the
exploration of the parameter space wasn't sufficiéidter that final runs with the same
number of burn-in steps, MCMC chains, and heatiragleh were performed. Durations of
runs were arranged such that ESS (Effective SaBipks) of every parameter were >50 (Hey
& Nielsen 2004), and until the number of saved gérges following the burn-in reached >
20 000, respectively, as recommended by the auilNer.scored values with the highest
posterior probability as best estimates and asdefgeeach parameter the 90% highest
posterior density (HPD) interval, for credibilitytervals. This is represented by the shortest
span that includes 90% of a parameter’s probabilgpsity. Divergence parameters were
finally translated into years using the mutatioterementioned above. Ima2 analyses were
conducted in order to get an idea which lineagei€Rir Yellow-Blotch) was resident in the
area immediately west of the bay first and whiaedige was the one that introgressed.
Therefore we estimated splitting times betweeith@) pooled Yellow-Blotch populations east
of Mbete Bay and the individuals west of the baggessing eastern haplotypes to get an idea
of the time when the latter separated from the eéstheir morph and (ii) between the ‘pure’
Blue members of the populations immediately nordstwof the bay to estimate the time
when the Blue morph expanded to the south and iz@drthe area adjacent to Mbete Bay.
We explored models with different parameter setti@ we did not allow for migration in
the model (-mO option). (i) We allowed for migm@t and tested both uniform and
exponential priors (-j7 option) on migration rateawever, we only present the results from
the analysis without migration in the model (i.argisolation model) because runs allowing
for migration with uniform priors did not yield reanable results and runs using exponential
priors did not even work properly. Ruling out migpa is justifiable because we know from

previous studies that gene flow is very low betw&emoorii populations, even along short
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distances, due to strong site philopatry and/oromdiscontinuities in the habitat (Sefc et al.
2007; KobIimitiller et al. 2011) and major habitatdigtinuities like Mbete Bay totally restrict
gene flow (Sefc et al. 2007). Moreover we were pritg interested in the relations of
splitting times between the different sets of pagiohs, i.e. the chronology of the splitting
events, and only secondarily in the absolute valliesachieve that, the highest priority was
to use the same model settings in all analysestlaadvas complied with in our analyses.
Every pair-wise analysis was conducted three tim#s a different random number of seeds
to assure for reproducibility of the results. Ietheplicate runs produced similar parameter

estimates, which would be expected, estimateseoliiigest run were presented in the results.

AFLP analysis

Most of the AFLP genotypes were obtained from tlene individuals as used for
mitochondrial analysis. However, some samples baodetrejected from the AFLP analysis
because of insufficient DNA quality. Depending owaiability of samples those were
replaced by other samples from the same locati®ultreg in a total number of 261

individuals.

AFLP analysis and fragment scoring

The protocol for AFLP analysis is described in Gkaf2 and restriction/ligation and PCR
reactions were conducted with the same adaptorgamnckrs, respectively (Tab. 2) using a
total of 18 selective primer combinations. Also fregment scoring approach was the same

as described in Chapter 2 resulting in a data mafith 1160 loci.

Table 2 Sequences of adaptors and primers used for ligatid PCR

Name Sequence

Adaptors EcoRl ad A 5'-ctc gta gac tgc gta cc- 3’
EcoRl ad B 5’-aat tgg tac gca gtc tac- 3’
Msel ad A 5’-gac gat gag tcc tga g- 3’
Msel ad B 5'-tac tca gga ctc at- 3’

Pre-selective Primers EcoRI — pre A 5’-gac tgc gta cca att ca- 3’
Msel — pre C 5’-gat gag tcc tga gta ac- 3’

Selective Primers EcoRI-ACA 5’-gac tgc gta cca att cac a- 3’
EcoRI-ACT 5’-gac tgc gta cca att cac t- 3’
EcoRI-ACC 5’-gac tgc gta cca att cac c- 3’
Msel-CAA 5’-gat gag tcc tga gta aca a- 3’
Msel-CAG 5’-gat gag tcc tga gta aca g- 3’
Msel-CAC 5'-gat gag tcc tga gta aca c- 3
Msel-CAT 5’-gat gag tcc tga gta aca t- 3’
Msel-CTG 5’-gat gag tcc tga gta act g- 3’
Msel-CTA 5’-gat gag tcc tga gta act a- 3’
Msel-CTC 5’-gat gag tcc tga gta act c- 3’
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AFLP diversity and population structure analyses

AFLP-SURV v.1.0 (Vekemans 2002; Vekemans et al.2)0fas used to estimate allele
frequencies, calculate the total number of segmegddci (i.e. fragments that are not always
present nor always absent in all individuals), ghgportion of polymorphic loci in terms of at
least 5% presence or absence of the band in egehabion, estimated heterozygosity values
for each population (i.e. Nei's gene diversity)dam distance matrix dfst values between
every pair of populations. Details on methods aetlireys are described in Chapter 2. A
neighbor joining tree was constructed in MEGA saitevv.5 (Tamura et al. 2011) based on
restriction site distances (Nei & Li 1979) calceldtin PAUP* v.4.0 (Swofford 2003). To test
for hybridization and to determine the number ohej& clusters that best describes our
AFLP data set we used a Bayesian assignment prnazéaplemented in the widely used
program STRUCTURE v.2.3.3 (Pritchard et al. 200®)e original version has been modified
for the use of dominant markers by Falush et &072. STRUCTURE assigns individuals
according to their genotypes at multiple loci irffoclusters without using any a priori
population information. Simplified, the model assathat population structure introduces
Hardy-Weinberg or linkage disequilibrium and trtesfind groupings of populations that are
not in disequilibrium, as far as this is possiliitchard et al. 2000). For each valuekoit
estimates a log Probability (Pr@), thus allowing the estimation of the more likelymber

of clusters. Also for each individual the likelibto belong either to one or the other cluster
is estimated (represented through Q, the estim@t@emnbership). We ran STRUCTURE
using the admixture-model with correlated allelegfrencies (Falush et al. 2003) anddet
(the Dirichlet parameter for the degree of admifuye inferred from the data. Furthermore
we set), the parameter of the distribution of allelic fuegcies, to 1, according to the
manuals advice. We conducted a burn-in of 50 0@0sallCMC of 250 000 iterations for the
estimation of posterior probabilities. As differenns can produce different likelihood values
we carried out 5 replicate runs for each estimatibd. The range of possiblkes was tested
from 1 to 10 populations. It should be noted th&K[K) is, according to the authors, only an
indication of the number of clusters and an ad dnade (Pritchard et al. 2000; Pritchard &
Wen 2003). Thus we complementary applied anothénodeto detect the number of clusters
with the highest probability, which is describedBxanno et al. (2005). Implemented in the
program STRUCTURE HARVESTER v.0.6.6 (Earl 2009)s thpproach calculatesK (the

rate of change of the likelihood between succeskivealues)from the structure output
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LnP(D) to detect the uppermost hierarchical leveyenetic structure, and is freely usable at

http://taylorO.biology.ucla.edu/struct_harvest/.

Microsatellite analysis

Analyses on 16 microsatellite loci and 301 samplese conducted by Caroline Hermann.
Primer information and details on methods are dasdrin her PhD thesis. Indices of
microsatellite diversity were calculated with ARLBQN v.3.1 (Excoffier et al. 2005) and
FSTAT v.2.9.3 (Goudet 1995), respectively. Tests fdardy-Weinberg and linkage
disequilibrium, and pair-wise population differeion Fs7) were also calculated in
ARLEQUIN v.3.1. To determine the most likely numhzdrgenetic clusters and thus detect
signs of hybridization STRUCTURE v.2.3.3 (Pritchatdal. 2000) was used and results were
subsequently analyzed with STRUCTURE HARVESTERGi®.(Earl 2009; Evanno et al.

2005) to detect the uppermost hierarchical levejaesfetic structure.
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RESULTS

MtDNA analysis

DNA sequence diversity

A total number of 160 mitochondrial haplotypes wasnd in 295 individuals. Genetic
variation was high in all investigateld moorii populations with an average number of 21.4
haplotypes per population (range: 17 — 24; Talki§; 2a), a mean haplotype diversity of
0.957 (range: 0.935 - 0.974; Tab. 3; Fig. 2b), ameucleotide diversity of 0.014 (range:
0.00761 — 0.02629; Tab. 3; Fig. 2c), and a meamageenumber of pair-wise nucleotide
differences of 10.96 (Tab. 3). Haplotype diversityas very similar in all populations
(coefficient of variation [CV] = 1.64%) and alsombers of haplotypes did not differ greatly
(CV = 10.96%). In contrast to that populations eliéd highly in nucleotide diversity (CV =
50.07%). This was primarily due to the rather higliues in the Katoto Southr € 0.02471)
and the Chiseketiz(= 0.02629) population (Tab. 3; Fig. 2c). High degg of genetic diversity
in these two populations are concordant with thes@nce of introgressed haplotypes, i.e. the

introduction of genetic variability from other pdptions.

Table 3 Population information and mtDNA sequence divgrsitthe nine investigated. moorii populations.
All indices were calculated with DnaSP v.5.0. Shaare sample sizen), number of haplotypes), haplotype
diversity Hg), nucleotide diversityA), and average number of pair-wise nucleotide dfiees K)

Population  Phenotype n h He n Kk

West of Mbete Bay

Chaitika Blue 32 24 0.970 0.00761 6.012
Nakaku Blue 32 20 0.962 0.00960 7.597
Funda Blue 34 23 0.970 0.00767 6.066
Katoto N Blue 36 23 0.935 0.01354 10.708
Katoto S Intermediate 32 19 0.960 0.02471 19.544
Chiseketi Intermediate 40 17 0.935 0.02629 20.795
East of Mbete Bay

TanL Yellow-Blotch 28 21 0.942 0.01048 8.291
KasL Yellow-Blotch 30 23 0.968 0.01159 9.177
Mbita Island  Yellow-Blotch 31 23 0.974 0.01319 1304
Total 295 160 0.987 0.0269 21.2565
Mean (s.d.) 32.8(3.53) 21.4(2.35) 0.957 (0.016).014 (0.007) 10.96 (5.49)

Katoto N = Katoto North; Katoto S = Katoto SouttgriL = Tanganyika Lodge; KasL = Kasakalawe Lodge
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Figure 2 Mitochondrial sequence diversity represented leyrthmber of haplotypes (a), haplotype diversity (b)

and nucleotide diversity (c) in each of the invgstéd T. moorii populations. Error bars represent standard

deviations.
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Mitochondrial phylogenetic relationships

The p-distance based NJ tree constructed with MEG#ware v.5 (Tamura et al. 2011)
revealed clustering of samples into two major mtD#eages with high bootstrap support
for the main nodes: Overall, populations from walsMbete Bay formed one major cluster
and populations east of the bay formed the othestet (Fig. 3). However, there was a
considerable number of samples that were colleatest of the bay between Chiseketi and
Funda but revealed clearly eastern haplotypesltamddlustered within the eastern lineage in
our NJ tree (highlighted with arrows in Fig. 3).i3kwas the case for one Funda individual (=
2.9% of all Funda samples), four Katoto North (=124 of all Katoto North samples), 11
Katoto South (= 34.4% of all Katoto South samplasy 16 Chiseketi (= 40% of all Chiseketi
samples) samples (Fig. 3, Tab. 4). Thus we fourmhgtsigns of mtDNA introgression in the
population immediately west of Mbete Bay which deatl with further distance from the
bay. Vice versa no signs for hybridization werenfdueast of the bay as all individuals
sampled there were resolved within the eastern mitlikage. Therefore our data strongly
confirm the hypothesis of uni-directional mtDNA rogression into the populations
immediately west of Mbete Bay, as already suggeisigaevious studies conducted only on
the first part of the mtDNA control region and fewpopulations (Baric et al. 2003;
Sturmbauer et al. 2005; Sefc et al. 2007).

Population structure

Analyses of pair-wise population differentiatiomdaoicted with ARLEQUIN v.3.1 (Excoffier
et al. 2005) revealed strong population structetev/ben most of the investigated populations.
Fst values, which represent differentiation based apldtype frequencies, ranged from -
0.003 to 0.060 (meaRst= 0.033; Tab. 5). Almost all pair-wise analyseseaded highly
significant population structure (p < 0.001) withetfollowing exceptions: Differentiation
between Chaitika and Nakaku was low but still digant (p < 0.05). The same could be
observed between Katoto North and Katoto Southwden Katoto South and Chiseketi, and
between Kasakalawe Lodge and Mbita Island (p < thGdl pair-wise comparisons). There
was no significant differentiation between Katotorth and Chiseketi, Katoto South and
Tanganyika Lodge, Katoto South and Kasakalawe Lodgd between Tanganyika Lodge
and Kasakalawe Lodge (p > 0.05 in all comparisorey. 5). @st values representing

differentiation based on uncorrected genetic dearetween haplotypes ranged from -0.012

93



Chapter 3

Ne } ///

2
e P Nes Tes®
' 27,
A% ‘%(
" o
o 8= i
%' 'g:
® 0
< ) Y .

West of Mbete Bay
@ Chaitika
®Nakaku
OFunda

® Katoto North ® l \
@ Katoto South ® o | (] ‘ \\\\

® Chiseketi
East of Mbete Bay
Tanganyika Lodge

@ Kasakalawe Lodge
Mbita Island

Figure 3 NJ tree of the 295 investigatdd moorii samples. The tree was calculated with p-distabessd on
798 bp of mitochondrial control region with MEGADbvto illustrate phylogenetic relationships among th
sample individuals. Cold colors represent individuhat were collected west of Mbete Bay and waolors
represent individuals collected east of the bayows point to individuals with introgressed hapfug.
Bootstrap values > 50 are shown at the respectamches.

to 0.786 (meawsr= 0.406; Fig. 5). In most cases population structuaie highly significant

(p < 0.001 and p < 0.01, respectively) except lierfollowing: Differentiation was again low
but still significant between Chaitika and Nakakudabetween Katoto North and Katoto
South (p < 0.05). There was no significant diffélaion between Funda and Katoto North (p
> 0.05), contrasting to the result from ther analysis. But also differentiation between
Katoto South and Chiseketi, between Tanganyika eagl Kasakalawe Lodge, and between
Kasakalawd.odge and Mbita Island were not significant (p 8®in all comparisons), which
is congruent with the low or non-significance imgmarisons between these populations in the
Fst analysis. The low and non-significant differentat between Katoto South and
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Tanganyika Lodge and Katoto South and Kasakalavagéorespectively, in thesr analysis
was opposed by a high and significab¢r value (Tab. 5). Thus, mitochondrial genetic
differentiation between the investigat€dmoorii populations was found to be generally very
high, with a few exceptions which were either disived by one or the other method of
estimation, respectively, or concerned geograplyiaditectly adjacent populations. These
results are concordant with previous studies oruladjon structure . moorii (Sefc et al.
2007; Koblmuller et al. 2011).

Table 4 The investigatedl. moorii populations with their respective sample size gn§l the number of
individuals possessing western and eastern hagstypspectively. Pie charts illustrate the pesggmiof each
of the two haplotype lineages in each populatiolueBrepresents western haplotypes and yellow reptes
eastern haplotypes according to the body coloraifathe two lineages. Populations are ordered spoeding
to their geographical distribution from north-wdst south-east and bold letters indicate populatioith
MtDNA introgression

Population n n Western haplotypes n Eastern haplofyes %

West of Mbete Bay

Chaitika 32 32 0 ‘
Nakaku 32 32 0 ‘
Funda 34 33 1 “
Katoto North 36 32 4 “
Katoto South 32 21 11 )
Chiseketi 40 24 16 ,

East of Mbete Bay

Tanganyika Lodge 28 0 28
Kasakalawe Lodge 30 0 30
Mbita Island 31 0 31
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Table 5 Pair-wise mitochondrial population differentiatidretween the investigate@. moorii populations
calculated with ARLEQUIN v.3.1Fgt values are below diagonafst values above. Benjamini-Hochberg
corrected significance levels: *** p < 0.001; **$0.01; * p < 0.05

Chaitika Nakaku Funda KatN KatS Chiseketi  TanL Kas Mbita
Chai 0.047* 0.389***  0.288***  (0.291*** 0.282***  0781*** 0.776***  0.758***
Naka 0.018* 0.293**  0.212**  0.244*** 0.242%*  0762*** 0.758***  0.740***
Fund 0.026***  0.033*** 0.031 0.160*** 0.200***  0.86*** 0.780***  0.761***
KatN 0.040***  0.050***  0.044*** 0.081* 0.122** 0.705*** 0.702***  0.687***
KatS 0.031***  0.038***  0.034***  0.016* -0.012 0.4g%** 0.476***  0.466***
Chis 0.044*>*  0.051***  0.045***  0.009 0.019* 0.407* 0.406***  0.400***
TanL 0.040***  0.048**  0.044**  0.060***  0.016 0.02*** 0.001 0.077**
KasL 0.027*+*  0.035***  0.031***  0.047*** 0.014 0.08***  -0.003 0.022
Mbit 0.024***  0.032***  0.028***  0.045***  0.033*** 0.042***  0.037*** 0.015*

Chai = Chaitika; Naka = Nakaku; Fund = Funda; KatKatoto North; KatS = Katoto South; Chis = Chistgke
TanL = Tanganyika Lodge; KasL = Kasakalawe LodgejtM Mbita Island

Demographic history

Mismatch distributions calculated with ARLEQUIN Vi13(Excoffier et al. 2005) showed
clear unimodality in the ‘pure’ Blue population®iin Funda and Katoto South indicating
population expansion (Fig. 4). Unimodality was @lerlso present in the Chaitika and
Nakaku population, and within the individuals witlestern haplotypes in the Katoto North
population, but with slight deviations, which mag Que to gene flow between populations
(Fig. 4). The mismatch distribution for the westbaplotypes of the Chiseketi population was
very flat and did not show unimodality, possiblyaagdue to gene flow (Fig. 4). The time
estimates of population growth revealed generalygimally older estimated expansion times
for the northern populations (Chaitika: 95% Ckaf 1.0 — 12.3; Nakaku: 95% Cl of= 4.9 —
13.4; Funda: 95% Cl of = 2.6 — 6.9; Fig. 4 and 5) than for the southerpytations (Katoto
North: 95% CI oft = 1.9 — 10.6; Katoto South: 95% Clof 1.6 — 6.6; Chiseketi: 95% CI of
1t = 0.03 — 14.6; Fig. 4 and 5) although confidemtervals were mostly wide, especially for
Chaitika and Chiseketi, and thus overlapped betwmmpulations. However, these results
reflect the expansion of the Blue morph from nadetisouth.
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Figure 4 Results from tests for population expansion orrépBlue T. moorii populations conducted with
ARLEQUIN v.3.1. Observed mismatch distributions axgdaplotypes are represented by bar charts. Eegbect
distributions, based on parameter estimates wéh 5% confidence limits, are represented by lilResameter
estimates of the time of population growtt) @re given for each population with their respect@&6
confidence intervals.

Chaitika-

Nakaku- e

Funda- O

Katoto North- ®

Katoto South- ®

Chiseketi

T
Figure 5 Parameter estimates of the time of population dnowith their respective 95% confidence intervals
given for all ‘pure’ BlueT. mooriipopulations. Calculations were conducted with ARILHEN v.3.1.
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Coalescence-based analysis of splitting times

Ima2 analyses were used to get information abdiitisg times and thus to find out whether
introgression happened from the Yellow-Blotch (east lineage into the Blue (western)
lineage or vice versa. For reasons already merdi¢geee materials and methods) we present
the results of all pair-wise analysis without aliog/ for migration. The split between the
pooled Yellow-Blotch populations east of Mbete Bayd the individuals west of the bay
possessing eastern (Yellow-Blotch) haplotypes vwaedd~ 21 000 ya (Fig. 6a). Concerning
the ‘pure’ Blue individuals from the populations nmadiately west of Mbete Bay the
following splitting times were estimated: ~ 30 0@ between Funda Blue and Katoto North
Blue (Fig. 6b), ~ 30 000 ya between Katoto NortbeBand Katoto South Blue (Fig. 6¢), and
~ 17 000 ya between Katoto South Blue and Chisé&htat (Fig. 6d).

(a) Yellow-Blotch west vs. Yellow-Blotch east (b) Funda Blue vs. Katoto North Blue
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Figure 6 Posterior distributions of the estimated splittiimges, i.e. the scaled times since divergenceary)

for four pairs ofT. moorii populations calculated with IMa2. Distributiong ahown for the estimated splitting
time between the pooled Yellow-Blotch populatiorasteof Mbete Bay and the individuals west of thg ba
possessing eastern (Yellow-Blotch) haplotypes &afl between the ‘pure’ Blue individuals from Furatad
Katoto North (b), Katoto North and Katoto South, @)d Katoto South and Chiseketi (d).
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AFLP analysis

Genetic diversity

The 18 primer combinations yielded a total of 1dLP loci of which 887 (76.5%) were
segregating within the overall data set. The maanber of AFLP bands per individual was
273.3. The mean proportion of polymorphic markees population was 38.03%, ranging
from 36.5% to 40.3%. The average expected heteostyg(i.e. Nei's gene diversity) was
0.118 ranging from 0.107 to 0.125 (Tab. 6).

Table 6 Genetic diversity measures of the nine investjatemoorii populations calculated with AFLP-SURV
v.1.0. Shown are sample siza),( percentage of polymorphic loci at the 5% levELP), and expected

heterozygosity under Hardy-Weinberg genotypic propos (i.e. Nei's gene diversity;) with its standard

error H; S.E). Values are given for each population and fenifole data set

Population n individuals PLP [%] H; H; S.E.
West of Mbete Bay

Chaitika 24 37.2 0.125 0.0049
Nakaku 30 40.3 0.124 0.0048
Funda 28 38.5 0.123 0.0048
Katoto North 29 38.8 0.121 0.0048
Katoto South 28 38.9 0.122 0.0048
Chiseketi 32 355 0.112 0.0046
East of Mbete Bay

Tanganyika Lodge 31 37.7 0.109 0.0046
Kasakalawe Lodge 30 38.9 0.118 0.0047
Mbita Island 29 36.5 0.107 0.0046
Total 261 76.5 0.125

Mean 29 38.0 0.118 0.00225

Phylogenetic relationships

Phylogenetic relationships, inferred from restantisite distances (Nei & Li 1979) and
subsequent computation of a NJ tree, again revealel@éar separation between the ‘pure’
eastern populations (Yellow-Blotch morph; Tangaaylilodge to Mbita Island) and the ‘pure’
western populations (Blue morph; Chaitika, Nakakug most of the Funda individuals; Fig.
7). Populations that had already shown signs oftedne in the mtDNA analysis occupied an
intermediate position between the two ‘pure’ linemgas expected. This was the case for

some Funda individuals, all Katoto North, all Katdbouth and all Chiseketi individuals
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except three which even clustered within the YelB®Mtch morph (Fig. 7). Thus, like
MtDNA data also nuclear data revealed the separatiacwo color morphs and lineages,
respectively, across Mbete Bay with the populationsediately west of the bay showing
signs of admixture. There was no evidence for gregesion from west to east, except perhaps
in one Kasakalawe Lodge sample. Bootstrap values wery low (beyond 50%) for most of
the nodes (Fig. 7). This is not surprising with hglb being present in the data set, because
they contain AFLP fragments of both parental claddsese appear as homoplasies and
reduce bootstrap support for the parental cladeshH&isen 2004; Egger et al. 2007).

Population structure

The observedrst value over all populations was 0.0591 (p < 0.00@Bir-wiseFst values
were moderate but, in contrast to the mtDNA data beghly significant between all
populations. Highedtstvalues were detected between the putatively ‘pBl@é populations
west of Mbete Bay (i.e. Chaitika and Nakaku) and fhutatively ‘pure’ Yellow-Blotch
populations east of the bay (i.e. Tanganyika Lod¢gsakalawe Lodge and Mbita Island)
with an average value of 0.11 (range: 0.101 — Q.I2b. 7).Fst values were lower in
comparisons between adjacent populations and alsmoinparisons between the putative
hybrid populations and populations of either ‘punedrph (Tab. 7). However, the highly
significant population differentiation in all paivise comparisons revealed a considerable
level of population structure between our invesgdal. moorii populations on the nuclear

DNA level using AFLP as genetic markers.
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West of Mbete Bay
@ Chaitika
®Nakaku
OFunda
® Katoto North
@ Katoto South

® Chiseketi .
Branches with bootstrap values > 90
East of Mbete Bay ————— Branches with bootstrap values between 50 and 75
® Tanganyika Lodge : Branches with bootstrap values < 50
® Kasakalawe Lodge
Mbita Island

Figure 7 NJ tree of the 261 investigatdd moorii samples. The tree was calculated based on AFLtRcteEm

site distances (Nei & Li 1978) with MEGA v.5 toufitrate phylogenetic relationships among the sample
individuals. Cold colors represent individuals thagre collected west of Mbete Bay and warm colemasent
individuals collected east of the bay. Branche$ witotstrap values > 50 are bold.
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Table 7 Matrix of pair-wise genetic distances betweenriime investigated populations calculated with AFLP-
SURV v.1.0. k7 values are in the bottom left corner, correspogdirvalues in upper right corner. Calculation
of P-values was based on 5000 permutations

Chai Naka Fund KatN KatS Chis TanL KasL Mbit
Chai <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <@00<0.0001 <0.0001
Naka 0.0079 <0.0001 <0.0001 <0.0001 <0.0001 <Q@.00&0.0001 <0.0001
Fund 0.0321 0.0318 <0.0001 <0.0001 <0.0001 <0.008D.0001 <0.0001
KatN 0.0545 0.0577 0.0215 <0.0001 <0.0001 <0.00G0.0001 <0.0001
KatS 0.0536 0.0563 0.0209 0.0055 <0.0001 <0.000D.00601 <0.0001
Chis 0.0730 0.0798 0.0409 0.0491 0.0284 <0.0001.0060 <0.0001
TanL 0.1009 0.1082 0.0762 0.0753 0.0465 0.0224 06l <0.0001
KasL 0.1048 0.1078 0.0781 0.0616 0.0422 0.0321 1801 <0.0001

Mbit 0.1138 0.1215 0.0951 0.0998 0.0676 0.0461 4502 0.0371

Chai = Chaitika; Naka = Nakaku; Fund = Funda; KatKatoto North; KatS = Katoto South; Chis = Chistgke
TanL = Tanganyika Lodge; KasL = Kasakalawe LodgejtM Mbita Island

Test for hybridization

AFLP based Bayesian inference of population strectonducted with STRUCTURE v.2.3.3
(Pritchard et al. 2000) and subsequent analysisthef results with STRUCTURE
HARVESTER v.0.6.6 (Earl 2009) revealed the highgesik inAK for K = 2 (Evanno et al.
2005; Fig. 8a). Thus the most likely number of denelusters for the whole data set was
two, corresponding, overall, to a division betwedgne-morph populations north-west of
Mbete Bay and Yellow-Blotch-morph populations eafsthe bay (Fig. 8b). Interestingly we
found the same pattern as already revealed by mtaN&ysis: There were no signs of
hybridization between the two clusters in the papahs east of the bay (Tanganyika Lodge
to Mbita Island). However, populations immediatedest of the bay showed strong
admixture, with Chiseketi individuals possessingrevnore ‘eastern’ DNA than ‘western’
DNA. The proportion of eastern DNA in western patigins decreased with further distance
from Mbete Bay with Nakaku and Chaitika being altipare’ western (i.e. Blue; Fig. 8b and

C).
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Figure 8 Results of the Bayesian clustering analysis ofrtime investigated. moorii populations using 1160
AFLP loci. Analyses were conducted with STRUCTURE.$.3 and STRUCTURE HARVESTER v.0.6.6. (a)
Left: the mean likelihood [L(K) + S.D.] over fiveeplicate runs assumirlg clusters. RightAK; the number of
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Microsatellite analysis
Genetic diversity and population structure

Microsatellite loci were moderately to highly polgnphic with heterozygositigser locus and
population ranging from 25% to 100%, with means8d4f6 expected and 84% observed
heterozygosity across all sampled populations (T#b. None of the 16 loci deviated
significantly from Hardy-Weinberg equilibrium aftecorrection for multiple testing
(Benjamini & Hochberg 1995). Significant deviatitlom linkage equilibrium was observed
three times, each concerning a different populatiot locus pair (Funda: UMEOO3 & Pzeb2;
Katoto North: Hchi36 & Ppun9; Tanganyika Lodge: BZ& Pmv3). However, since all three
deviations only occurred in one single populatioa didn't consider them indicative of
physical linkage and used all data for subsequealyses. Almost all pair-wise analyses of
population structure revealed highly significantngic differentiation, with the only
exception being differentiation between the geogicgly very close populations of
Tanganyika Lodge and Kasakalawe Lodgegr values ranged from 0.001 to 0.064 with an
average value of 0.029 (Tab. 8).

Table 8 Pair-wise population differentiation between thaeninvestitedT. moorii populations based on 16
microsatellite loci. Benjamini-Hochberg correctéghsficance levels: *** p < 0.001; ** p < 0.01; * p 0.05

Chaitika Nakaku Funda KatN KatS Chiseketi TanL KasL Mbita
Chaitika
Nakaku 0.007**
Funda 0.016**  0.023***

Katoto N 0.024***  0.030*** 0.013**
Katoto S 0.022***  0.030*** 0.008*** 0.007***
Chiseketi  0.025***  0.035*** 0.018*** 0.014**  0.012**

TanL 0.048**  0.064** 0.047** 0.051%*  0.037***  0.017***
KasL 0.039***  0.049*** 0.042+** 0.043**  0.032***  0.014*** 0.001
Mbita 0.039**  0.055** 0.046*** 0.048**  0.038***  0.025*** 0.017**  0.008***

Katoto N = Katoto North; Katoto S = Katoto SouthariL = Tanganyika Lodge; KasL = Kasakalawe Lodge;
Mbita = Mbita Island

Test for hybridization

Microsatellite based Bayesian inference of popartasitructure conducted with STRUCTURE
v.2.3.3 (Pritchard et al. 2000) and subsequentyaisabf the results with STRUCTURE

HARVESTER v.0.6.6 (Earl 2009) revealed the highgestk inAK for K = 3 (Evanno et al.
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2005; Fig. 9a). Thus the most likely number of dgenelusters for the whole data set was
three, corresponding, overall, to a division betwé®e populations east of Mbete Bay (the
Yellow-Blotch morph) forming the first cluster, th#ur putative hybrid populations
immediately west of the bay forming the second telysand the two ‘pure’ Blue morph
populations north-west of the bay forming the thatdster (Fig. 9b). We also present the
results fork = 2 for reasons of comparability with the AFLP lgses. This is justifiable
because first, the mean likelihood value over e feplicates foK = 2 was only marginally
smaller than forK = 3 (L(K2) = -24585.3 vs. L(K3) = -24310.8) , asdcondly,K = 2
revealed the second highest peak in Mk analysis (Fig. 9a). Moreover, concerning our
question, if introgression was observed on botkssif the bay or only west of the bay, both
scenarios revealed the same answer: IrKtke3 scenario Yellow-Blotch populations east of
Mbete Bay formed one genetic cluster with negligiblestern influence, whereas populations
immediately west of the bay from Chiseketi to Fumdpresented a distinct cluster with a
considerable degree of influence from the ease@alby in Chiseketi. These populations also
showed influence from the north-western Nakaku @hditika populations which represented
the third cluster (Fig. 9b). In thi€ = 2 scenario again Yellow-Blotch populations eafst
Mbete Bay formed one cluster with no substantiibence from the west, whereas western
populations, forming the second cluster, showeth kiggrees of admixture between the two
clusters (Fig. 9c). After some additional STRUCTURIBS excluding certain loci we ascribe
signs of western introgression in single individuabst of the bay (especially in the Mbita
Island population) in both scenarios to locus-dpeceffects (homoplasy). As already
observed in the AFLP data set the population ins€ieti again showed an even higher
assignment to the eastern, than to the westertecl(fSig. 9c and d). Overall, the degree of
admixture decreased with further distance from liag with Nakaku and Chaitika being
already ‘pure’ Blue (Fig. 9c and d). Thus both sc@s revealed one way nuclear
introgression in the populations immediately wefsthe Mbete Bay but no substantial signs
of introgression east of the bay. These findingsewsngruent with the results from the
mtDNA and AFLP analysis.
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Figure 9 Results of the Bayesian clustering analysis ofrilme investigated’. moorii populations using 16
microsatellite loci. Analyses were conducted wWithREICTURE v.2.3.3 and STRUCTURE HARVESTER
v.0.6.6. (a) Left: the mean likelihood [L(K) £ S]aver five replicate runs assumikgclusters. RightAK; the
number of clusters with the highesK peak is interpreted as the highest level of stimiing. (b) Assignment of
each individual to one of the three most probahleters (as inferred from th&K statistic). (c) Assignment of
individuals to two clusters, representing the sedomost probable scenario (as inferred fromAKestatistic).

(d) Pie charts show the percentage of assignmaegittter of the two clusters in thé= 2 scenario averaged over
all individuals within each population.
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Table 9 Microsatellite diversity in the nine investigat@&d moorii populations calculated with ARLEQUIN v.3.1 and FSTv.2.9.3, respectively. For each population the
sample size is given (n) and for each populatiaheath locus the number of alleles,\Nthe observed heterozygositydfiand the expected heterozygosity)ldre shown

Locus

Population n UMEOO2 UMEO0O3 TmoM11l TmoM27 UNH130 UNH154 Pzeb3 UNH908 UNH2016 Pzeb2 Hchi36 Pmv3 Ppun9 Hchi6 Pmv17 Hchil Average
West of Mbete Bay
Chaitika 36 Ny 10 26 18 12 21 7 13 7 16 20 21 32 26 21 31 11 18.25
Ho 0.67 0.94 0.89 0.85 1.00 0.58 0.75 0.67 0.86 097890 097 094 089 100 0.84 0.86
He 0.68 0.93 0.93 0.79 0.93 0.66 0.69 0.54 0.85 0.93920 0.97 096 094 0.97 0.84 0.85
Nakaku 32 N, 10 23 17 11 19 6 10 6 18 20 19 24 27 18 25 10 16.44
Ho 0.59 0.91 0.94 0.80 0.94 0.69 0.72 0.69 0.91 0.94970 094 097 097 084 0.78 0.85
He 0.58 0.89 0.92 0.75 0.94 0.76 0.67 0.63 0.83 093940 095 096 090 094 081 0.84
Funda 30N, 11 18 15 10 20 5 9 4 21 17 18 21 22 18 24 12 15.31
Ho 0.73 1.00 0.90 0.77 0.90 0.43 0.87 0.53 0.83 097880 0.83 097 093 0.93 0.88 0.84
He 0.76 0.92 0.92 0.71 0.92 0.50 0.85 0.50 0.89 093940 094 095 0.88 0.96 091 0.84
Katoto North 44 Np 13 23 15 11 20 6 14 4 18 19 18 24 26 18 27 12 16.75
Ho 0.80 0.98 0.93 0.93 0.82 0.64 0.86 0.43 0.76 0.98980 091 095 098 0.93 0.68 0.85
He 0.81 0.94 0.90 0.80 0.90 0.56 0.86 0.54 0.81 0.91930 095 095 092 0.96 0.73 0.84
Katoto South 36N, 9 22 17 12 23 7 13 5 23 21 15 16 19 17 27 11 16.06
Ho 0.78 0.97 0.92 0.78 0.97 0.50 094 0.25 0.83 1.00940 0.92 092 097 100 0.69 0.84
He 0.77 0.95 0.91 0.78 0.91 0.65 0.88 0.28 0.91 094920 091 094 092 095 082 0.84
Chiseketi 32Ny 12 20 17 10 22 6 12 4 21 19 16 18 20 17 23 9 15.38
Ho 0.88 1.00 1.00 0.63 0.94 0.66 0.91 0.50 0.97 097970 0.88 091 094 100 0.77 0.87
He 0.83 0.94 0.91 0.69 0.89 0.67 0.88 0.57 0.92 093910 092 095 092 0.96 0.73 0.85
East of Mbete Bay
Tanganyika Lodge 30N, 12 19 17 10 14 5 11 4 18 18 20 19 18 21 19 10 14.69
Ho 0.87 0.93 0.80 0.67 0.87 0.47 0.83 0.27 0.87 0.93880 093 093 093 100 081 0.81
He 0.87 0.94 0.91 0.61 0.83 0.42 0.85 0.27 0.90 094940 091 093 094 094 085 0.82
Kasakalawe Lodge 30N, 14 18 17 9 19 5 13 4 15 21 20 17 18 18 22 10 15.00
Ho 0.93 1.00 0.93 0.83 0.83 0.47 0.90 047 0.87 0.97970 090 093 097 0.97 0.87 0.86
He 0.83 0.93 0.92 0.81 0.88 0.44 0.86 041 0.90 0.94940 091 094 093 095 0.77 0.84
Mbita 31 Na 9 19 17 12 18 7 9 3 14 21 17 18 19 20 22 11 14.75
Ho 0.84 0.90 0.94 0.77 0.81 0.32 094 0.32 0.74 0.90940 090 094 1.00 0.87 0.84 0.81
He 0.83 0.91 0.92 0.84 0.88 0.32 0.79 0.30 0.83 0.94930 093 094 094 095 084 0.82
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DISCUSSION

Hybridization and introgression west of Mbete Bay

Our results indicate strong evidence for hybridarat between two genetically and
phenotypically divergentropheus moorilineages, the Blue ‘8-G’ lineage (Baric et al. 200
Sturmbauer et al. 2005; Egger et al. 2007) andr#dow-Blotch ‘1-A’ lineage (Baric et al.
2003; Sturmbauer et al. 2005; Egger et al. 200hichvare separated by a large habitat
barrier, the Mbete Bay. Our mtDNA data set confidnpeeviously reported uni-directionality
of introgression in the populations immediately ixefsthe bay (Baric et al. 2003; Sturmbauer
et al. 2005; Sefc et al. 2007) as again no mtDNBriayzation could be observed within the
Yellow-Blotch lineage east of the bay. Moreover tlve populations with the highest amount
of introgressed haplotypes, Chiseketi and Katotatlgoshowed elevated degrees of
mitochondrial genetic diversity, in terms of nudide diversity, which is due to the
introduction of genetic variability from other pdptions. Therefore the next step was to find
out how this one-way mtDNA introgression came aland thus to confirm or reject either of
the two hypotheses: (i) The observed asymmetrydselyp due to unidirectional migration
that happens or happened from east to west buvioetversa. (ii) Migration happens or
happened both ways but female mate preferencegdhhp observed mtDNA introgression
pattern. The analyzed AFLPs and microsatellitegresenting nuclear DNA markers, both
confirmed uni-directionality of introgression, i.mtrogression in the populations west of
Mbete Bay but only weak signs for hybridization teafsthe bay. These results rule out the
hypothesis of asymmetric female mate preferenceth@sause of unidirectional mtDNA
introgression west of Mbete Bay and thus providacepfor alternative explanations. There
are two more possible reasons for the observedlivedtionality of mtDNA introgression.
Both are again diminished by the fact that nucledrogression was also found to be
asymmetric in the same direction but for the sdk@mpleteness | still want to mention them
here: (i) It could be that mating between color pisrmight have happened east and west of
the bay at similar amounts but a selective sweepstmng stochastic drift led to the
asymmetric distribution of introgressed mitochoatilineages: Western haplotypes could
have been eliminated in populations east of the Wayle eastern haplotypes were driven to
high frequencies in populations west of the bayweler, this is also not very likely because
of two reasons: First, as noted, in this case weldavstill find nuclear introgression on both

sides of the bay, which we didn’t. Secondly, a dele sweep as well as strong stochastic
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drift following the introgression event would haled to a reduction of genetic diversity
within the eastern haplotypes in the populationstwe the bay compared to the source
population (e.g. Kasakalawe Lodge). This was netdhse as haplotype diversity was only
marginally reduced among eastern haplotypes ofwepopulations comprising the highest
number of introgressed haplotypes (Chiseketr 16;h = 9; He = 0.917; Katoto Soutm =

11; h = 7; He = 0.873) relative to the Kasakalawe Lodge popoitath = 30;h = 23; Hg =
0.968) and nucleotide diversity was even slighighkr than within the Kasakalawe Lodge
population (Chiseketiz = 0.015; Katoto Southt = 0.014; Kasakalawe Lodge:= 0.012).
Thus no evidence exists for a selective sweep rongtstochastic drift. (i) The observed
asymmetric mitochondrial introgression pattern dolbdve been caused by the fact that the
fithess of reciprocal F1 hybrids is also asymmeirncother words hybrids of Yellow-Blotch
female/Blue male pairings could have a higher fiméhan those of Blue female/Yellow-
Blotch male pairings. Thus, although the lattep atgate and reproduce, the offspring are just
not viable for some reason. Again, two findingsdtagainst this possibility: First, if Yellow-
Blotch female/Blue male pairs had indeed highereft, nuclear introgression should be
found on both sides of the bay, because immigréun Bhales from the west would produce
offspring with high fitness with resident Yellow-@&th females. Secondly, in two reciprocal
T. moorii breeding populations of individuals of the Bluekidlau and the Yellow-Blotch
Mbita Island population (25 males of one morph @&demales of the other morph in the first
pond and vice versa in the second pond; Sturmbatiaal. unpublished) both pairings
produced similar F1 numbers within a certain tililso F2 have been produced from each of
the reciprocal F1 but without statistical compamisd fitness so far. One possibility that could
explain asymmetry in both, mitochondrial and nucle&rogression would be that single fish
indeed only cross the bay from east to west andimdbe other direction. However, we
consider this very unlikely as there is no plawsiekplanation for that and data that would
indicate some environmental influence that coulddldo such unidirectional dispersal

behavior, like e.g., water currents occurring egislely from east to west, does not exist.

Demographic history

Initially we thought of gene flow happening fromse#o west, caused by migrating Yellow-
Blotch individuals that brought their genes acrddbete Bay into the resident Blue
populations. However, due to the fact that it isymenlikely that dispersal indeed happened

only one-way, we have to think about other scesavihere this asymmetric pattern could

109



Chapter 3

have arisen. One interesting option is that ineegion did not happen from Yellow-Blotch
into Blue as previously thought but from Blue intellow-Blotch. This could have happened
at some time in the past in a scenario where thHeowalotch morph was able to cross
Mbete Bay in the course of a lake level that waghér than at present. Indeed there is
evidence for such a high lake-level scenario inlaite Pleistocene/early Holocene: There was
a severe low-stand in Lake Tanganyika's water leling the last glacial maximum, which
was dated between ~15 000 and ~35 000 ya (e.g.nCsihed. 1997, 2007; Scholz et al. 2003,
2007; Felton et al. 2007; McGlue et al. 2008; Btiree al. 2010). The LGM-induced aridity
led to a drop of the water level by ~250 — 300 ng.(8cGlue et al. 2008; Burnett et al.
2011), and after that arid period a long-term miséake level started (Burnett et al. 2011).
Felton et al. (2007) dated an overflow of Lake Kitwough the Ruzizi River into Lake
Tanganyika ~ 10 000 ya, or maybe prior to thisvieres geochemical data also suggested an
overflow of Lake Tanganyika between 13 000 and Q@ ¥a (pers. comm. with M. Talbot in
Barker & Gasse 2003). In such a high lake-levelgoethe surrounding escarpment at Mbete
Bay would have been suitableopheushabitat with rocky underground. The Mbete Bay
shoreline could have been colonized by expandinigpweBlotch populations from the east
whereas populations of the Blue lineage might resthave colonized the area at that time.
Thus, a possible scenario could have been theafiip IMa2 analyses yielded an estimated
splitting time between the individuals with easthaplotypes west of Mbete Bay and the pure
Yellow-Blotch populations east of the bay of ~ ZW00ra. This time estimate coincides with
recently calculated splitting times between othiemoorii populations of the Yellow-Blotch
morph: Koblmiller et al. (2011) dated the splits tbfee geographically relatively close
populations occurring east of Mbete Bay at ~ 15 6080 000 years ago and associated an
additional boost of population growth in theB®pheuspopulations with the time of rising
lake level after the LGM. Thus our analysis suggdhkat the split of the Yellow-Blotch
lineage across Mbete Bay occurred at the samedsrtbe splits between the Yellow-Blotch
populations east of the bay, which was presumabggdred by colonization of novel
shoreline in the course of the water level riseratie LGM. With again dropping water level
after the high-stand the sandy stretch of Mbete IBsyame once again a dispersal barrier for
Tropheusindividuals but some individuals of the westerni¥llow-Blotch population
stayed in the rocky area immediately west of the bathe meantime the Blue morph could
have started to expand further to the south. Ttas shown through an estimated splitting
time between the pure blue individuals from Fundd Katoto North of ~ 30 000 ya and a

similar dating for the split between Blue individsidrom Katoto North and Katoto South.
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The split between Chiseketi Blue and Katoto SoutkeBvas dated at ~ 17 000 ya, i.e. after
the estimated colonization by the yellow-blotch ptoat 21 000 ya. Felton et al. (2007) dated
the overflow of Lake Kivu into Lake Tanganyika &t0-000 ya but as already mentioned the
authors did not rule out the possibility that teient could have happened earlier. Adding the
uncertainty around the molecular dates, it coulpdsible that the Yellow-Blotch population
was already present west of the bay when the Blompimexpanded from the north and this
could have led to the introgression from the Bluerph into the Yellow-Blotch morph in
Katoto and Chiseketi at a time when Mbete Bay Heehdy become an insuperable barrier

once again.

Implications for color diversity and conclusion

Hybridization has been suggested as a force dritheggeneration of new taxa in cichlids
(Salzburger et al. 2002; Seehausen 2004; Schelgt. 2006; Stelkens et al. 2009) and is
usually detected through the intermediate colotepatand/or body shape of the hybrids
(Egger et al. 2007). In a previous molecular genstidy onTropheuspopulations all over
Lake Tanganyika several potential cases of adnexdnd introgression between morphs have
been revealed and in some instances these eveunld kave given rise to novel color
phenotypes (Egger et al. 2007). Our study confirnmécbgressive hybridization in one of
these cases, between the Blue and the Yellow-Bl®tchmoorii morph, which led to the
generation of an intermediate color pattern andefoee demonstrates the potential of
hybridization to create new phenotypes. Thus, damsig the wholeTropheusgenus,
hybridization may very likely serve as a consid&abontribution to the outstanding
phenotypic diversity present within this taxon dntlire investigations may very likely reveal
more cases of hybridization. Finally, this studgwh that interpreting hybridization scenarios
can be a very challenging task and highlights tgortance of applying multiple approaches
like the use of different genetic markers, the stigation of behavioral patterns, and the
consideration of paleolimnological data. The combon of these data is particularly
important when special introgression patterns oesuit is the case between the two morphs

around Mbete Bay investigated in this study.

111



Chapter 3

REFERENCES

Baric S, Salzburger W, Sturmbauer C (2003) Phadggaphy and evolution of the
Tanganyikan cichlid genu3ropheusbased upon mitochondrial DNA sequences.
Journal of Molecular Evolution 56:54-68

Barker P, Gasse F (2003) New evidence for a estlwater balance in East Africa during
the Last Glacial Maximum: implication for model-datomparison. Quaternary
Science Reviews 22:823-837

Benjamini Y, Hochberg Y (1995) Controlling thelsa discovery rate: a practical and
powerful approach to multiple testing. Journal bé tRoyal Statistical Society B
57:289-300

Burnett AP, Soreghan MJ, Scholz CA, Brown ET (201Tropical East African climate
change and its relation to global climate: A recbin Lake Tanganyika, Tropical
East Africa, over the past 90+ kyr. Palaeogeogrddigeoclimatology Palaeoecology
303:155-167

Cohen AS, Lezzar K-E, Tiercelin J-J, Soreghan M9{) New palaeogeographic and lake-
level reconstructions of Lake Tanganyika: implioas for tectonic, climatic and
biological evolution in a rift lake. Basin Resea&ih07-132

Cohen AS, Stone JR, Beuning KRM, Park LE, ReinBfd) Dettman D, Scholz CA, Johnson
TC, King JW, Talbot MR, Brown ET, Ivory SJ (200Bcological consequences of
early Late Pleisotcene megadroughts in tropicalcAfrProceedings of the National
Academy of Sciences of the USA 104:16422-16427

Duftner N, Sefc KM, Koblmueller S, Nevado B, VerleayE, Phiri H, Sturmbauer C (2006)
Distinct population structure in a phenotypicallgniogeneous rock-dwelling cichlid
fish from Lake Tanganyika. Molecular Ecology 15:238395

Earl D (2009) Structure Harvester v.0.6.6, Aahié at http://taylor0.biology.ucla.edu/struct
_harvest (accessed July 2011)

Egger B, Kobimueller S, Sturmbauer C, Sefc KM (200Nuclear and mitochondrial data
reveal different evolutionary processes in the Lakanganyika cichlid genus
Tropheus Bmc Evolutionary Biology 7:-

Egger B, Mattersdorfer K, Sefc KM (2010) Variahiigscrimination and asymmetric
preferences in laboratory tests of reproductiveatgin between cichlid colour
morphs. J Evol Biol 23:433-9

112



Chapter 3

Evanno G, Regnaut S, Goudet J (2005) Detectimgntimber of clusters of individuals using
the software STRUCTURE: a simulation study. Molecicology 14:2611-2620
Excoffier L, Laval G, Schneider S (2005) Arlequyiersion 3.0): an integrated software
package for population genetics data analysis. Uwwplary Bioinformatics Online
1:47-50

Falush D, Stephens M, Pritchard JK (2003) Infeeelof Population Structure Using
Multilocus Genotype Data: Linked Loci and Correthtgllele Frequencies. Genetics
164:1567-1587

Falush D, Stephens M, Pritchard JK (2007) Infeeeof population structure using
multilocus genotype data: dominant markers and ali#les. Molecular Ecology
Notes 7:574-578

Felton AA, Russell JM, Cohen AS, Baker ME, ChesléylLezzar KE, McGlue MM, Pigati
JS, Quade J, Stager JC, Tiercelin JJ (2007) kaledogical evidence for the onset
and termination of glacial aridity from Lake Tangéa, Tropical East Africa.
Palaeogeography Palaeoclimatology Palaeoecology@5223

Goudet J (1995) FSTAT (Version 1.2): A computergpam to calculate F-statistics. Journal
of Heredity 86:485-486

Harpending HC (1994) Signature of ancient popatatgrowth in a low-resolution
mitochondrial DNA mismatch distribution. Human Bigly 66:591-600

Hasegawa M, Kishino H, Yano TA (1985) Dating loé thuman ape splitting by a molecular
clock of mitochondrial DNA. Journal of Molecular &ution 22:160-174

Hey J, Nielsen R (2004) Multilocus methods fdimeating population sizes, migration rates
and divergence time, with applications to the dyesice oDrosophila pseudoobscura
andD. persimilis Genetics 167:747-760

Hey J, Nielsen R (2007) Integration within thdsEastein equation for improved Markov
chain Monte Carlo methods in population geneticoc&edings of the National
Academy of Science USA 104:2785-2790

KobIimiiller S, Sefc KM, Duftner N, Warum M, SturmleauC (2007) Genetic population
structure as indirect measure of dispersal abilitya Lake Tanganyika cichlid.
Genetica 130:121-131

Kobimiiller S, Salzburger W, Obermuller B, Eigner &urmbauer C, Sefc KM (2011)
Separated by sand, fused by dropping water: habégaiers and fluctuating water
levels steer the evolution of rock-dwelling cichjidpulations in Lake Tanganyika.
Molecular Ecology 20:2272-2290

113



Chapter 3

Kocher TD, Thomas WK, Meyer A, Edwards SV, Paabovlablanca FX, Wilson AC
(1989) Dynamics of mitochondrial DNA evolution amimals: amplification and
sequencing with conserved primers. ProceedingseoNational Academy of Sciences
of the USA 86:6196-6200

Kohda M, Yanagisawa Y, Sato T, Nakaya K, NiimuraMatsumoto K, Ochi H (1996)
Geographical colour variation in cichlid fishes #te southern end of Lake
Tanganyika. Environmental Biology of Fishes 45:23[B

Lee W-J, Conroy J, Huntting Howell W, D KT (199%tructure and evolution of teleost
mitochondrial control regions. Journal of Molecutarlution 41:54-66

Librado P, Rozas J (2009) DnaSP v5: a softwarecfmmprehensive analysis of DNA
polymorphism data. Bioinformatics 25:1451-1452

Maderbacher M, Bauer C, Herler J, Postl L, Makas8turmbauer C (2008) Assessment of
traditional versus geometric morphometrics for dimmating populations of the
Tropheus moorispecies complex (Teleostei : Cichlidae), a Lakagiayika model
for allopatric speciation. Journal of ZoologicalsBymatics and Evolutionary Research
46:153-161

McGlue MM, Lezzar KE, Cohen AS, Russell JM, Tiencel-J, Felton AA, Mbede E,
Nkotagu HH (2008) Seismic records of late Pl@st® aridity in Lake Tanganyika,
tropical East Africa. Journal of Paleolimnology @85-653

Nei M, Li WH (1979) Mathematical model for studgi genetic variation in terms of
restriction endonucleases. Proceedings of the Natidicademy of Sciences 76:5269-
5273

Nevado B, Kobimiller S, Sturmbauer C, Snoeks Jnosgdemany J, Verheyen E (2009)
Complete mitochondrial DNA replacement in a Laken@anyika cichlid fish.
Molecular Ecology 18:4240-4255

Pritchard JK, Stephens M, Donnelly P (2000) Ilafee of population structure using
multilocus genotype data. Genetics 155:945-959

Pritchard JK, Wen W (2003) Documentation for STRWRE software Version 2.
Available from http://pritch.bsd.uchicago.edu.

Rogers AR, Harpending H (1992) Population growthkes waves in the distribution of
pairwise genetic differences. Molecular Biology d&hblution 9:552-569

Salzburger W, Baric S, Sturmbauer C (2002) Spedavia introgressive hybridization in
East African cichlids? Molecular Ecology 11:619-625

114



Chapter 3

Salzburger W, Niederstatter H, Brandstatter A, Bel§, Parson W, Snoeks J, Sturmbauer C
(2006) Colour-assortative mating among populatioh3ropheus moorjia cichlid
fish from Lake Tanganyika, East Africa. Proceedingsthe Royal Society B-
Biological Sciences 273:257-266

Schelly R, Salzburger W, Koblmueller S, Duftner $turmbauer C (2006) Phylogenetic
relationships of the lamprologine cichlid genuspidiolamprologus(Teleostei :
Perciformes) based on mitochondrial and nucleanesszps, suggesting introgressive
hybridization. Molecular Phylogenetics and Evolati8:426-438

Schneider S, Excoffier L (1999) Estimation of fpdemographic parameters from the
distribution of pairwise differences when the migtat rates vary among sites:
application to human mitochondrial DNA. Genetic21979-1089

Scholz CA, King JW, Ellis GS, Swart PK, Stager @@Jman SM (2003) Paleolimnology of
Lake Tanganyika, East Africa, over the past 100rkJpurnal of Paleolimnology
30:139-150

Scholz CA, Johnson TC, Cohen AC, al. e (2007)t B&scan megadroughts between 135
and 75 thousand years ago and bearing on earlysmduagnan origins. Proceedings
of the National Academy of Sciences of the USA

Seehausen O (2004) Hybridization and adaptivatiad. Trends in Ecology and Evolution
19:198-207

Sefc KM, Baric S, Salzburger W, Sturmbauer C (308pecies-specific population structure
in rock-specialized sympatric cichlid species irké&d anganyika, East Africa. Journal
of Molecular Evolution 64:33-49

Slatkin M, Hudson RR (1991) Pairwise comparisohsnitochondrial-DNA sequences in
stable and exponentially growing populations. Gegett29:555-562

Stelkens RB, Schmid C, Selz O, Seehausen O (2@G08)notypic novelty in experimental
hybrids is predicted by the genetic distance betwsgecies of cichlid fish. Bmc
Evolutionary Biology 9:Article No.: 283

Sturmbauer C, Koblmiuller S, Sefc KM, Duftner N @8) Phylogeographic history of the
genus Tropheus a lineage of rock-dwelling cichlid fishes endemic Lake
Tanganyika. Hydrobiologia 542:335-366

Swofford DL (2003) PAUP* - Phylogenetic Analysisidg Parsimony and other methods,
version 4.0 Sunderland: Sinauer.

115



Chapter 3

Tamura K, Peterson D, Peterson N, Stecher G, NediMhar S (2011) MEGADS: Molecular
Evolutionary Genetics Analysis using Maximum Likelod, Evolutionary Distance,
and Maximum Parsimony Methods. Molecular Biology &volution

Vekemans X (2002). AFLP-SURV. Version 1.0. Distitiikd by the author, Laboratoire
Ge'ne’tique et Ecologie Ve ge'tale, Universitereide Bruxelles, Belgium.

Vekemans X, Beauwens T, Lemaire M, Roldan-Rui200@) Data from amplified fragment
length polymorphism (AFLP) markers show indicatioinsize homoplasy and of a
relationship between degree of homoplasy and fragmsee. Molecular Ecology
11:139-151

Weir BS, Cockerham CC (1984) Estimating F-stiagsfor the analysis of population
structure. Evolution 38:1358-1370

116



CHAPTER 4

Hybridization as potential origin of novel color

patterns in Tropheus




Chapter 4

ABSTRACT

Phenotypic diversity is a very challenging topicr fevolutionary biologists as the
identification and characterization of the forcegdering it are not an easy task. The cichlid
species of the East African Rift Valley Lakes resar@ a striking example for rapidly evolved
phenotypic diversity. Among them Lake TanganyikK&fepheus mooriespecially stands out
as this species complex comprises numerous altbparapatrically distributed color morphs.
Coloration plays a crucial role in communicationridg mating and also other social
interactions and the underlying mechanisms thggéried color diversification in this species
have been discussed. Sexual selection, e.g., leassoggested to drive the rapid evolution of
color variants inTropheusbut without conclusive evidence so far. Anothestda generally
often discussed to trigger phenotypic diversifizatis hybridization. Infropheusopportunity
for hybridization could have been provided througtke Tanganyika’s recurrent water level
fluctuations which might have led to secondary aohbetween formally allopatric morphs.
In the present study we test for signs of introgi@s from the two adjacent color morphs
(Red morph and Blue morph) into a set of populatidisplaying an orange to yellow body
coloration (Yellow morph). Therefore 1Bropheus mooriipopulations in southern Lake
Tanganyika belonging to the three color morphs wekestigated using a large set of
mitochondrial (control region) and nuclear (AFLRJ&®NP) data. MtDNA data revealed no
signs of admixture as the Yellow morph populatidotally clustered within the Red
populations in a phylogenetic reconstruction. NacleNA in contrast showed strong impact
of the Blue morph into the putative hybrid’s ger@lpand phylogenetic reconstruction and
analyses of population structure suggested anneiate status of the Yellow morph
populations between the Red and the Blue morph.s Tha found clear evidence for
introgression from both adjacent morphs into thélovie populations. The absence of Blue
mMtDNA in the hybrid populations can most plausilblg explained by genetic drift and
subsequent total replacement of Blue mtDNA by Ra®MA. This study confirms yet
another incidence of hybridization ih. moorii and shows that genetic admixture in this
species complex may very likely contribute to thistanding phenotypic diversity. Moreover
it once again highlights the importance of usingtiple genetic markers to shed light on a

complex topic such as hybridization.
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INTRODUCTION

The second hybridization study concerns anothetacbrzone on the western shore of Lake
Tanganyika. Here, immediately north of the Lufubuver estuary between Linangu and
Chisanze, some populations exist which display #Howeto orange body coloration
(populations in closer proximity to the estuary amere yellow and body color gets more
orange with further distance from it) and therefare referred to as the ‘Yellow’ morph.
Further north of them we find red-colored populasiavhich we thus classify as the ‘Red’
morph. South of the river estuary populations @ig@ yellowish basic color that is overlain
by dark melanin with bluish elements, thus refemeeds the ‘Blue’ morph. The Red and the
Blue morph belong to two highly divergent mitochdal lineages: The Red morph
populations belong to the so called ‘7-F’ lineagé &he Blue morph populations to the ‘8-G’
lineage (Baric et al. 2003; Sturmbauer et al. 2@jger et al. 2007). Furthermore they are
resolved in two different clades by AFLP analysis, sub-clade 1la for the Blue morph and
sub-clade 4b for the Red morph (both placed withajor clade AFLP 4; Egger et al. 2007).
Concerning the phylogenetic status of the Yellowrphopopulations within the whole
Tropheusgenus, previous studies revealed inconsistencleEnwising mtDNA or nuclear
DNA data. Regarding mtDNA analyses, representatiweése Yellow morph clustered within
the 7-F lineage together with Red morph sample® fkéoliro, Chimba, and Kachese (Baric
et al. 2003; Sturmbauer et al. 2005; Egger et @)7®, thus Lufubu River estuary seems to
serve as a barrier to the distribution of mitoch@adineages. In contrast to that Yellow-
morph samples, were placed within the clade thatames the Blue morph (clade 3) when
using AFLP data (Egger et al. 2007). The only ekoepwvere samples from Chisanze which
were still grouped within the cluster containing tRed morph samples (clade 4b), which is
not surprising as the Chisanze population is geageally and phenotypically closest to the
Red morph. A homoplasy excess test (Seehausen,Z#ided out in the same AFLP study
revealed some evidence that the Yellow morph pdjouls are influenced by introgression
from both, the Red and the Blue morph (Egger €2@0.7). With the aim to test if and to what
extend hybridization between the Red and the Blweph in the scenario of secondary
contact could happen, mate choice and breeding papdriments with representatives of
these two morphs have already been carried oute klatice aquaria experiments conducted
on individuals from Nakaku, representing the Bluerpm and individuals from Moliro,
representing the Red morph revealed highly asseetémale preferences with significant

deviations from random mating in the Red morph.oAls the Blue morph assortative
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preferences were observed, although no signifidamtation from random mating could be
detected. However, this was attributed to the |l@mg@ortion of negative trials, due to the use
of females that were not receptive yet (Egger .€2@08). These findings are concordant with
another study on four artificially admixet@ropheusmorphs, which has revealed strong
assortative preferences between highly distinctpimgr and weak isolation between more
similar morphs (Salzburger et al. 2006). Thoselteslon’t seem to conform to the suspected
introgression. However, to find out if the observadte preferences in the lab could be
translated into actual reproductive success, Hennetnal. (unpublished) set up breeding
populations consisting of males and females of bothphs (this time using Blue Chaitika
and Red Chimba individuals), thus mimicking natw@hditions in a hypothetical scenario of
secondary contact. After one year reproductive esg@and mating preferences were inferred
from the assignment of offspring to parents. Ttelts deviated slightly from those observed
in the lab experiments: Red females mated in fagtly color assortatively with significant
deviation from random mating in all five ponds. 8ldemales in contrast mated color
assortatively with significant deviation from ramdonating in only two ponds, whilst in the
other three ponds both, assortative and dissasertatting occurred. These results implicate
at least the possibility of hybridization in a sago of secondary contact and thus support the
hypothesis of introgression between the two morphs.

In the present study we investigatedT¥8pheus mooripopulations in southern Lake
Tanganyika belonging to the Red, the Blue and tekko¥ morph. The aim was to detect and
confirm signs of hybridization of the Yellow morpising a large-scale data set with different
genetic marker types. First, we used whole mitodnahcontrol region data to either support
or complement results of previous studies whichevearried out only on a small sample size.
Secondly, we used nuclear markers in terms of dieglfragment length polymorphisms
(AFLPs) and single nucleotide polymorphisms (SNRs)confirm previous evidence of

hybridization even if that evidence was absenhenhtDNA data set.
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MATERIALS AND METHODS
Taxon sampling and DNA extraction

Genetic data was obtained from 304 (mtDNA), 269 (R} and 277 (SNP) samples,
respectively, from 13 (mtDNA), 12 (AFLP) and 11 (B¢, respectively, different locations in
southern Lake Tanganyika (Fig. 1). The three sasnfpten the Lufubu population were only
used for mtDNA analysis because of low DNA qualttiys resulting in only 12 populations
for the AFLP data set. SNP sequencing, in turm &ded for samples from Ndole, thus
resulting in only 11 populations for the SNP daga &ish were either collected in the lake
during field trips between the years 2003 and 2Qafi9purchased from ornamental fish
traders. Finclips for DNA extraction were takennfr@ach individual and were preserved in
99% ethanol. From most of the samples DNA was tedlaising proteinase K digestion
followed by a protein precipitation step using anmm acetate. DNA from samples with
low quality tissue was extracted using a WiZaBY Genome DNA Purification System
(Promega) following the manufacturer’s instructiof®r mtDNA and SNP analysis DNA
extracts were diluted 1:10 with deionized waterobefPCR reaction. For AFLP analysis
DNA concentration was measured with a NanoPhotafetdMPLEN) and if required,

extracts were diluted with deionized water yieldoancentrations of approximately 6 ng/ul

for each sample.

MtDNA analysis

Amplification and sequencing

802 bp of mitochondrial control region were amplififrom 304 individuals. Sequences for
the Chilanga, Linangu, and some Kachese individuase provided by Peter Zoppoth.
MtDNA analyses were carried out following the prabof Egger et al. (2007) as described
in Chapter 3. The primers used for amplificationrevagain L15926-T (forward; modified
from Kocher et al. 1989) and TDK-D (reverse; Lealetl995) for the first part of the control
region and SC-DL (forward; Lee et al. 1995) and FTDKA4-T (reverse; Necado et al. 2009)
for the second part, which included the poly T oegiSequences of primers are shown in
Table 1. Purification of PCR product, subsequeguseacing, purification of the sequencing

product, visualization, and alignment were condiiete described in Chapter 3.
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Figure 1 Lake Tanganyika with the 13 sampling locationsngldhe southwestern shoreline. Representative
photographs were either taken from Egger et al072®r taken by ourselves (Blue morph) and show the
investigatedl. mooriicolor morphs.
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The sequencing reaction was carried out with thoéethe four primers used in the
amplification reaction: L15926-T for the first part the control region (409 bp), SC-DL for
the second part including the poly T region (2440bphich 114 bp overlapped with the first
part), and TDK-DH4-T for the second part after thely T region (285 bp). Only if
sequencing partly or totally failed with L15926-TDK-D was additionally used. 22 bps were
removed including the poly T region and adjacertlentides due to insufficient sequence
quality in this region resulting in a total sequetength of 802 bp.

Table 1 Sequences of primers used for the amplificatiothefcontrol region and chain termination sequencin

Primer name Sequence Reference

L15926-T 5’-cag cgc cag agc gcc ggt ctt g- 3’ miadiffrom Kocher et al. 1989
TDK-D 5’-cct gaa gta gga acc aga tg- 3’ Lee ell8B5

SC-DL 5’'taa gag ccc acc atc agt tga- 3’ Lee et 295

TDK-DH4-T 5'-tcc gtc tta aca tct tca gtg tta tgeé- 3 Nevado et al. 2009

Data analysis

As in Chapter 3 indices for DNA sequence variatithin each population were calculated
using DnaSP v.5.0 (Librado & Rozas 2009). Pair-vps@ulation differentiation based on
haplotype frequencies=§y, calculated after the method of Weir & Cockerha@84) and
uncorrected genetic distances between haplotypes Excoffier et al. 2005) were calculated
in ARLEQUIN v.3.1 (Excoffier et al. 2005)2-values were corrected for multiple testing
using the method of Benjamini and Hochberg (1998EGA software v.5 (Tamura et al.
2011) was used to construct a p-distance (proportbd nucleotide differences) based
neighbor joining tree (NJ) to illustrate phylogdnetelationships among the sample
individuals. Assessment of support for the treeokogy was done by calculating bootstrap

values from 1 000 replicates.

AFLP analysis

Most of the AFLP genotypes were obtained from tlene individuals as used for
mitochondrial analysis. However, several samplektbae rejected from the AFLP analysis
because of insufficient DNA quality. Depending owaiability of samples some were

replaced by other samples from the same locatiting to a total of 269 individuals.
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AFLP analysis and fragment scoring

The protocol for AFLP analysis is described in Gkaf2 and restriction/ligation and PCR
reactions were conducted with the same adaptorgamngkrs, respectively (Tab. 2) using a
total of 18 selective primer combinations. Also fregment scoring approach was the same

as described in Chapter 2 resulting in a data mafith 1160 loci.

AFLP diversity and population structure analyses

AFLP-SURV v.1.0 (Vekemans 2002; Vekemans et al.2)0fas used to estimate allele
frequencies, calculate the total number of segmegébci (i.e. fragments that are not always
present nor always absent in all individuals), ghgportion of polymorphic loci in terms of at
least 5% presence or absence of the band in egehgbion, estimated heterozygosity values
for each population (i.e. Nei's gene diversity)dam distance matrix dfst values between
every pair of populations. Details are describecChapter 2. As in Chapter 3 a neighbor
joining tree (NJ) was constructed in MEGA softwar® (Tamura et al. 2011) based on
restriction site distances (Nei & Li 1979) calceldtin PAUP* v.4.0 (Swofford 2003). To test
for hybridization and to determine the number ohej& clusters that best describes our
AFLP data set we used a Bayesian assignment pracéaplemented in the widely used
program STRUCTURE v.2.3.3 (Pritchard et al. 200®)e original version has been modified
for the use of dominant markers by Falush et @072. STRUCTURE assigns individuals
according to their genotypes at multiple loci irffoclusters without using any a priori
population information. For details on the methed €hapter 3. We ran STRUCTURE using
the same settings as in Chapter 3 (admixture maitlelcorrelated allele frequencies; infer
from the data} = 1; burn-in = 50 000; MCMC iterations = 250 00®je conducted again 5
replicate runs and tested the range of posdftdefrom 1 to 13 populations. For a final
calculation ofK, results were analyzed in STRUCTURE HARVESTER v®(&vanno et al.
2005; Earl 2009; freely usable at http://taylorblbgy.ucla.edu/struct_harvest/) as described
in Chapter 3.
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Table 2 Sequences of AFLP adaptors and primers usedgatidn and PCR

Name Sequence

Adaptors EcoRl ad A 5'-ctc gta gac tgc gta cc- 3’
EcoRl ad B 5’-aat tgg tac gca gtc tac- 3’
Msel ad A 5’-gac gat gag tcc tga g- 3’
Msel ad B 5’-tac tca gga ctc at- 3’

Pre-selective Primers EcoRI — pre A 5’-gac tgc gta cca att ca- 3’
Msel — pre C 5’-gat gag tcc tga gta ac- 3’

Selective Primers EcoRI-ACA 5’-gac tgc gta cca att cac a- 3’
EcoRI-ACT 5’-gac tgc gta cca att cac t- 3’
EcoRI-ACC 5’-gac tgc gta cca att cac ¢c- 3’
Msel-CAA 5’-gat gag tcc tga gta aca a- 3’
Msel-CAG 5’-gat gag tcc tga gta aca g- 3’
Msel-CAC 5’-gat gag tcc tga gta aca c- 3’
Msel-CAT 5’-gat gag tcc tga gta aca t- 3’
Msel-CTG 5’-gat gag tcc tga gta act g- 3’
Msel-CTA 5’-gat gag tcc tga gta act a- 3’
Msel-CTC 5’-gat gag tcc tga gta act c- 3’

Table 3 Sequences of primers used for amplification of $d¢P

Primer Sequence Locus Reference

Cich2 (C2) F: 5'-tta tgc tga ggt gtt tgg cct ac- 3 TMO-4C4 Muenzel & Salzburger unpublished
R: 5’-cca cag cac cct cct cat aaa t- 3’

Cich5 (C5) F: 5’-aca cta tca ctc ggg gct ttc- 3’ gRexon3 Muenzel & Salzburger unpublished
R: 5'-tcc tgg aag atc ttg tag aat tca- 3’

Cich6 (C6) F: 5" -aag ggt tta tgt tca atc aa- 3’ gRatron2  Muenzel & Salzburger unpublished
R: 5 -agg gct gga ata tct ggc gg- 3’

Cich38a (38a) F:5'-agc agg gtt gac cttctcaa-3' Phptl Muenzel & Salzburger unpublished
R: 5’ -tgg cta aaa tcc ccg atg ta- 3’

Ednrb1 F: 5 -aar gay tga tgr ctk ttic ag- 3’ Edhrb Lang et al. 2006
R: 5’ -gak gcc atg ttg ats cca at- 3’

F = Forward; R = Reverse

SNP analysis

Five loci were analyzed for SNPs (Single Nucleofftgymorphisms) in addition to mtDNA
sequence and AFLP analysis (Tab. 3). We only ptabenresults from the analyses of loci
TMO-4C4, Raglexon3, and Raglintron2 because wedfaanpolymorphism in the Phptl
locus and sequences of the Ednrbl locus were moftyw quality and thus unambiguous
identification of polymorphisms was not possiblee \istify the usage of only three SNPs
because the purpose of this approach was prim@&rikgassure the results from the AFLP
analysis concerning hybrid status of the Yellow ydapons with another nuclear marker.
Therefore three SNPs were sufficient. As far asibis the same samples were used as for
mtDNA and AFLP analysis. However, sequencing ditdweork in equal measure for all loci
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in all individuals and so some samples totallyefdiin the SNP analysis, including all samples
from Ndole. This yielded two total data sets catrsgsof 277 (including missing data) and
265 individuals (excluding samples with missingajatespectively, from 11 populations.
The use of two data sets was necessary as sorhe ahalysis programs we used allowed for
missing data (ARLEQUIN and INTROGRESS) and oneraitl(LEADMIX).

Amplification and sequencing

The protocol for sequencing of loci comprising aPFSiNas the same as described for the
mMtDNA control region (for details see Chapter 3gq&ences of the primers used for
amplification and sequencing are shown in Tabl&&juencing was conducted only in one
direction, that is, forward for locus TMO-4C4 andverse for loci Raglexon3 and

Raglintron2.

Population genetic analyses

For each population and each locus allele freqesnwiere calculated manually. The average
gene diversity over all loci for each populatiordaxpected and observed heterozygosities
for each locus and each population were computéld ARLEQUIN v.3.1 (Excoffier et al.
2005). The same program was used to test for Hafeiyrberg Equilibrium and deviations
from Linkage EquilibriumP-values were corrected for multiple testing using method of
Benjamini and Hochberg (1995). Tests for hybridustaof the Yellow populations north of
Lufubu river estuary were carried out using thee¢hSENP loci with two programs. First we
used the R-script INTROGRESS v. 1.22 (R Developnt@ote Team 2009; Gompert &
Buerkle 2009, 2010). This individual based methaostineates marker locus-specific
ancestries, genome-wide admixture and, as a funofia, predicts the probability of a given
genotype at a given locus using multinomial regogssThus deviations at specific loci from
neutral expectations (based on the genome-widexali®) and with it signs of selection can
be detected. As detection of selection was nofdbes of our analysis and we were also not
primarily interested in marker ancestries, we gmigsent the results from the genome-wide
admixture function of the program, which calculatgbrid indices for each individual of the
putative hybrid populations. The hybrid index desfs the proportion of alleles inherited from
each of the parental populations (Buerkle 2005kinta into account uncertainty in

inheritance, when marker differences are not fizetiveen parental populations (Gompert &
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Buerkle 2009). It approximately corresponds to Bsyesian admixture proportion ‘Q’ in
STRUCTURE (Pritchard et al. 2000) with the differenthat for the calculation of hybrid
indices the two parental populations must be ddfiaepriori. Thus parental and putative
hybrid populations should be identified before gsiNTROGRESS, with population genetic
analyses like Bayesian assignment in STRUCTUREtdfRaid et al. 2000) and/or with
phenotypic and distributional data (Gompert & BuerR009). As parental populations we
used a pool of the Red populations from Moliro tacKese as parental population one, and a
pool of the Blue populations from Chaitika to Funda parental population two. The
populations between Chisanze and Linangu were derexd the hybrid population. These
decisions were based on the result from the STRURH dnalysis carried out with the AFLP
markers. Overall admixture was assessed in the &@renmaximum likelihood (ML) hybrid
index. Secondly we used the program LEADMIX v.120,Fortran program, written by
Jinliang Wang. It implements the maximum-likelihowethod described in Wang (2003) to
estimate admixture proportions of the hybrid popaia represented througlp;, the
proportion of all genes in the hybrid gene poolt tdarived from parental population.P
Accordingly, the proportion derived from parentapplation B can be calculated dsp;.
The maximum-likelihood (ML) method was developedtba basis of the admixture model
proposed by Bertorelle & Excoffier (1998). This mbdissumes that generations ago an
ancestral population (Psplit into the two parental populations; (&nd B) , which evolved in
isolation from each other for some time. Eventu#tly two populations got into secondary
contact and created a hybrid populatioR) (Exhibiting a combination of genes at random
proportions from both of the parental populatioitsthe time where the sample is taken from
the parental populations and the hybrid populatibie, three populations are assumed to
already have evolved independently from each dtiresome generations. We used the same
a priori defined parental and hybrid populationsrathe INTROGRESS analysis to calculate
the admixture proportiop; of the hybrid population with the following setgst We assumed
that all contributing parental populations were pbad and conducted the full admixture
model, with all ancestral populations and theirfaddntiation considered. We set the
minimum drift to 0.00001, the number of initial pts in the maximum-likelihood search to
10, and the number of points in integration forgoé@al and hybrid populations to 1000, all as
suggested by the author. LEADMIX also calculatdtedent drift parameters, but as we were
only interested in the admixture proportions, thasee not further considered.
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RESULTS
MtDNA analysis

DNA sequence diversity

A total number of 191 mitochondrial haplotypes waand in 304 individuals. Genetic
variation was generally high in all investigatedmoorii populations. However, the average
number of haplotypes was rather low due to the Isgaahple sizes in the populations from
Ndole, Chilanga, llangi, and Lufubu, thus leadingatmean value of only 16.5 haplotypes per
population (range: 3 — 24). Haplotype diversity wggh in all populations with a mean value
of 0.937 (range: 0.945 - 1; Tab. 4; Fig. 2), a meacleotide diversity of 0.011 (range:

0.00767 — 0.01869; Tab. 4; Fig. 2), and a meanagenumber of pair-wise nucleotide
differences of 8.68 (Tab. 4).

Table 4 Population information and mtDNA sequence divgrsitthe 13 investigated. moorii populations. All
indices were calculated with DnaSP v.5.0. Shownsamaple sizen), number of haplotypesh), haplotype
diversity Hg), nucleotide diversityA), and average number of pair-wise nucleotide wfiees K)

. Phenotype

Population classification 3 h He i k

Moliro Red 30 18 0.945 0.01469 11.607
Katete Red 32 24 0.978 0.01869 14.762
Chimba Red 33 20 0.958 0.00919 7.248
Ndole Red 6 6 1 0.00828 6.533
Kachese Red 24 21 0.989 0.00920 7.580
Chisanze Orange/Yellow 34 20 0.955 0.00892 6.554
Chilanga Orange/Yellow 12 10 0.970 0.01175 9.273
llangi Yellow 9 8 0.972 0.01406 11.111
Linangu Yellow 23 18 0.980 0.01250 9.850
Lufubu Blue 3 3 1 0.01094 8.667
Chaitika Blue 32 24 0.970 0.00761 6.012
Nakaku Blue 32 20 0.962 0.00960 7.597
Funda Blue 34 23 0.970 0.00767 6.066
Total 304 191 0.995 0.02814 22.0374
Mean (s.d.) 234(11.7) 16.5(7.21) 0.973(0.017.011(0.003) 8.68 (2.59)

Haplotype diversity was very similar in all popudats (coefficient of variation [CV] = 1.7%).

Numbers of haplotypes differed substantially betwpgepulations (CV = 43.6%) but this was
again due to the four populations with small samgilee. Populations also differed in
nucleotide diversity (CV = 29.6%). This can prithabe attributed to the high values in the
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Moliro (= = 0.01469) and the Katete € 0.01869) population, but also to the relativieigh
nucleotide diversity in populations from Chilangalinangu ¢ = 0.01175 — 0.01406; Tab. 3;
Fig.2). High degrees of genetic diversity in the likto and Katete populations can be
attributed to the high stability of the populatiofi$e habitat of these two populations is
characterized by a very steep shore where laké flectuations had likely little impact on the
communities. This is because populations were ah$placed vertically and remained
isolated in the same habitat as before without regey contact to other populations. Thus
they were able to evolve independently for a lomgetand accumulate mutations which

results in a high level of nucleotide diversity.

Mitochondrial phylogenetic relationships

The p-distance based neighbor joining tree contsduaith MEGA software v.5 (Tamura et
al. 2011) revealed clustering of samples into twagammtDNA lineages with high bootstrap
support for the main nodes (Fig. 3): Blue populaicouth of Lufubu River estuary formed
one major cluster. One single individual from then&a population was separated from the
main cluster because this individual possessedogressed haplotype from the Yellow-
Blotch lineage inhabiting the south-east of Laken@anyika. This color morph is actually
separated from the Blue lineage by a large sanglybbtievidence for introgression has been
found in the Blue populations immediately westled bay (see Chapter 3). The second major
cluster, which was further divided into several-slddes, was formed by populations north of
Lufubu River Estuary, comprising not only the Rexpplations from Moliro to Kachese but
also the yellow to orange colored putative hybrmpylations (the Yellow-morph) from
Chisanze to Linangu (Fig. 3). Thus mtDNA revealedavidence for hybrid status of the
Yellow morph between the Red and the Blue morphtheamore, with the placement of
samples into a Blue and a Red/Yellow main cladenttiNA tree only roughly reflected the
geographical distribution of the populations, asuging of individuals within the main two
clades was mostly not consistent with geographstridution. In other words individuals
belonging to the same population were not necdggasaced next to each other, neither were

geographically adjacent populations.
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Population structure

Analyses of pair-wise population differentiatiomdaoicted with ARLEQUIN v.3.1 (Excoffier
et al. 2005) revealed significant population stnoet between most of the investigated
populations.Fst values, representing differentiation based ondtgpé frequencies, ranged
from -0.024 to 0.049 (medfst= 0.023; Tab. 6). Most pair-wise analyses revealgdificant
population structure except comparisons includimg Ndole and Lufubu population where
none of the pair-wise analyses yielded significatitferentiation (p > 0.05 in all
comparisons). This was attributed to the very loampgle size of only six and three
individuals, respectively, in these two populationthe same could be observed for
comparisons including the other two low sample giapulations from Chilanga and llangi
although in this case at least some comparisoreales significant population structure (p <
0.05). Differentiation was also only slightly sifjopant between Chimba and Kachese,
Kachese and Linangu, Chisanze and Linangu, andeeetWhaitika and Nakaku (p < 0.05;
Tab. 6). However, concerning the first three congoas, this was opposed by highly
significant @st values (p < 0.01 or p < 0.001). Between Nakaku @hditika @stwas still
only slightly significant (p < 0.05), which can katributed to the fact that these two
populations occur geographically adjacent along a@nticuous shoreline and thus
differentiation between them is not as pronounc@dverall, @sr values, representing
differentiation based on uncorrected genetic ditarbetween haplotypes ranged from -0.029
to 0.812 (meandst = 0.466; Tab. 6). Almost all pair-wise analyses rés@asignificant
differentiation again with the exception of somengarisons including the low sample size
populations from Ndole and Lufubu, although severghificant values were found even in
these comparisons. Apart from that only populasitvacture between llangi and Chilanga and
between Linangu and llangi was found non-signifiaanonly slightly significant (p < 0.05).
This can again be attributed to the low sample sizthe Chilanga and llangi population
and/or to the geographical proximity of these papahs. All other pair-wise analyses
yielded highly significant population structure €@.01 or p < 0.001; Tab. 6). Thus, overall,
mitochondrial genetic structure was very high ie gampled populations concordant with
previous studies investigating population struciar&. moorii (Sefc et al. 2007; KobIimdiller
et al. 2011).
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Figure 3 NJ tree of the 304 investigatdd moorii samples. The tree was calculated with p-distabassd on
802 bp of mitochondrial control region with MEGAbvto illustrate phylogenetic relationships among th
sample individuals. Cold colors represent individunat were collected south of Lufubu River esjuand
warm colors represent individuals collected norfhthe estuary. Individuals with putative hybrid ts are
represented through yellow to orange colors. Boayistalues > 50 are shown at the respective branche
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AFLP analysis

Genetic diversity

For AFLP analysis only 12 populations were usedtduasufficient DNA quality of the three
Lufubu samples. The 18 primer combinations yieldetbtal of 1160 AFLP loci of which
1045 (90.1%) were segregating within the overaladzt. The mean number of AFLP bands
per individual was 283.1. The mean proportion diypmrphic markers per population was
40.19%, ranging from 36.8% to 43.4%. The averageeted heterozygosity (i.e. Nei's gene
diversity) was 0.134 ranging from 0.123 to 0.164{T5).

Table 5 Genetic diversity measures of the twelve investidd. moorii populations calculated with AFLP-
SURYV v.1.0. Shown are sample siz8, (percentage of polymorphic loci at the 5% level ), and expected
heterozygosity under Hardy-Weinberg genotypic propos (i.e. Nei's gene diversity;) with its standard
error H; S.E). Values are given for each population and fenifole data set

Population n PLP [%] H; H; S.E.
Moliro 27 40.8 0.130 0.0048
Katete 30 43.4 0.134 0.0047
Chimba 31 41.6 0.132 0.0049
Ndole 5 40.6 0.164 0.0055
Kachese 19 42,5 0.134 0.0049
Chisanze 31 40.3 0.127 0.0050
Chilanga 12 36.8 0.138 0.0052
llangi 8 42.2 0.147 0.0053
Linangu 24 38.1 0.136 0.0051
Chaitika 24 37.2 0.125 0.0049
Nakaku 30 40.3 0.123 0.0048
Funda 28 38.5 0.123 0.0048
Total 269 90.1 0.156

Mean (s.d.) 22.4 (9.3) 40.2 (2.1) 0.134 (0.01) B0

Phylogenetic relationships

The AFLP neighbor joining tree, calculated in MEGAftware v.5 (Tamura et al. 2011),
based on restriction site distances (Nei & Li 197R¥gely reflected the geographic
distribution of the populations as individuals fraitme same population overall clustered
together and geographically adjacent populationse vpéaced next to each other in the tree
(Fig. 4). It revealed two main clades: A Red cladgting all samples from Moliro to

Kachese, and a Blue/Yellow clade uniting all popates from Chisanze to Funda. The Red
clade was further divided into two sub-clades oficlvhone included all individuals from

Moliro and Katete, and the other all Chimba, Ndatel Kachese samples. The Blue/Yellow
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clade comprised a separate cluster for the Chigamgelation, placed next to the Red morph,
and a Blue/Yellow cluster with a bootstrap suppoft 78%. Within this cluster Blue
populations were again revealed in a separate chatihe 59% bootstrap support (Fig. 4).
Thus, in contrast to the results obtained from mADdkita, the Yellow populations north of
Lufubu River estuary were not resolved within thedRineage in the AFLP neighbor joining
tree, but rather took an intermediate position ketwthe Blue and the Red morph. The
placement of the Yellow morph populations in treetdisplayed a genetic gradient from Red

to Blue that was highly congruent with the geograplstribution of the populations.

Population structure

The observed-st value over all populations was 0.1394 (p < 0.0®Bir-wiseFst values

were generally high and significant between allyapons (Tab. 7). Highest differentiation
levels were detected between the Blue populatianghsof Lufubu River estuary (i.e.
Chaitika, Nakaku, Funda) and the Red populationthnaf the estuary (i.e. Moliro, Katete,
Chimba, Ndole, Kachese) with an average value #20.(range: 0.169 — 0.277; Tab. 7).
Values for comparisons including Ndole were someawdwser, most likely due to low sample
size of the Ndole population. However, geneticeatightiation was highly significant (p <
0.001) in all comparisons indicating a high levdl mopulation structure between our

investigatedl. mooriipopulations on the nuclear DNA level using AFLRyasetic markers.

Test for hybridization

AFLP based Bayesian inference of population strectonducted with STRUCTURE v.2.3.3
(Pritchard et al. 2000; Falush et al. 2007) andsegbent analysis of the results with
STRUCTURE HARVESTER v.0.6.6 (Earl 2009) revealed Highest peak iAK for K = 2
(Evanno et al. 2005; Fig. 5 a). Thus the most yikeimber of genetic clusters for the whole
data set was two, corresponding, overall, to astivi between the Red and the Blue morph.
Populations north of Lufubu River Estuary from Molito Kachese were purely assigned to
the Red cluster and populations south of the Egtiram Chaitika to Funda were purely
assigned to the Blue cluster. The orange to yefiopulations from Chisanze to Linangu (the

Yellow morph), which are geographically located between, represented a genetic cline
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Figure 5 Results of the Bayesian clustering analysis of #Rdnvestigated’. moorii populations using 1160
AFLP loci. Analyses were conducted with STRUCTURE.8.3 and STRUCTURE HARVESTER v.0.6.6. (a)
Left: the mean likelihood [L(K) + S.D.] over fiveeplicate runs assumirlg clusters. RightAK; the number of
clusters with the highestK peak is interpreted as the highest level of stimimg. (b) Assignment of each
individual to one of the two most probable clust@s inferred from théK statistic). Populations are ordered
according to their geographical appearance fronthntr south. The color bar represents the bodyratitn
classification of the individuals of each populatiRed — Orange — Yellow — Blue). (c) Pie chartsvslithe
percentage of assignment to either of the two iatkrclusters averaged over all individuals withiche
population.
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Table 6 Pair-wise mitochondrial population differentiatibetween the 13 investigat&d moorii populations calculated with ARLEQUIN v.3.Egr values are below diagonal,
dgrvalues above. Benjamini-Hochberg corrected sigaifee levels: *** p < 0.001; ** p < 0.01; * p < 0.05

Moliro Katete Chimba Ndole Kachese Chisanze  Chitan llangi Linangu Lufubu Chaitika Nakaku Funda
Moliro 0.055** 0.417**  0.317**  0.409***  0.439**  (0.335** (0.307** (0.343*** (0.519** 0.651***  0.633***  (0.663***
Katete 0.025** 0.373***  0.326** 0.386***  0.416** 0.334**  0.310** 0.312**  (0.645** 0.721**  0.699**  (.731***
Chimba 0.041***  0.022*** -0.029 0.041** 0.235**  (@57**  0.211%*  0.219**  0.775** 0.789***  0.764***  0.796***
Ndole 0.031 0.010 -0.024 -0.028 0.213** 0.176* ek} 0.144* 0.769* 0.803***  0.765**  0.810***
Kachese  0.032** 0.015* 0.018* -0.001 0.188** @&+  0.134**  0.183*** 0.768**  0.790***  0.762*** 0.797***
Chisanze  0.049**  0.031** 0.037*** 0.026 0.028** 0.227**  0.204***  0.185**  0.797**  0.805** 0.782***  (.812***
Chilanga  0.035* 0.017 0.023* 0.008 0.013 0.031* 110* 0.219**  0.707** 0.772**  0.740**  0.782***
llangi 0.042 0.023 0.029 0.015 0.019 0.037* 0.021 0.036 0.701** 0.782**  0.749**  (.792***
Linangu  0.033** 0.015** 0.021** 0.007 0.011* 0.021* 0.013 0.014 0.711**  0.764**  0.738**  0.778**
Lufubu 0.035 0.012 0.020 0 0.007 0.030 0.01 0.017 .00® 0.066 0.067 0.269
Chaitika  0.037***  0.020***  0.026*** 0.013 0.017** 033***  0.019 0.025 0.017** 0.004 0.047* 0.389%**
Nakaku 0.046***  0.028**  0.034**  0.022 0.025**  @41**  0.027* 0.034 0.025** 0.025 0.018* 0.293***
Funda 0.042**  0.024***  0.030*** 0.017 0.021** 0.08**  0.023* 0.029* 0.021** 0.02 0.026***  0.033***

Table 7 Pair-wise population differentiatior§{;) between the 12 investigatdd moorii populations based of AFLP data calculated with RFRURYV v.1.0. Calculation d®-
values was based on 5000 permutations. Significkaveds: *** p < 0.001

Moliro Katete Chimba  Ndole Kachese Chisanze Chian llangi Linangu Chaitika Nakaku Funda

Moliro

Katete 0.030%***

Chimba  0.098** 0.056%***

Ndole 0.118** 0.083** (0.044***

Kachese 0.141** 0.098** 0.044** (.032***

Chisanze 0.181** 0.145** 0.102** 0.076*** 0.063*

Chilanga 0.176** 0.144** (0.105** 0.079** 0.095** 0.074**

llangi 0.188** 0.161** 0.126*** 0.083** 0.118** 0.103** 0.032***

Linangu 0.212** 0.187** 0.164** (0.125** 0.160** 0.144*** 0.063*** 0.033***

Chaitika 0.262*** 0.241** 0.216** 0.169** 0.211** 0.186** 0.127** 0.101** 0.074***

Nakaku  0.274** 0.247** (0.225*** (0.180*** 0.223** 0.198** 0.128** 0.109*** 0.086*** 0.008***
Funda 0.277** (0.255** (0.228** (0.176** 0.227** 0.196*** 0.129*** (0.110*** 0.089*** 0.032*** 0.032***
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between the Red and the Blue morph which was cemgnvith the populations’ geographic
location, i.e. samples that are located nearehéoRed morph showed a higher degree of
genetic assignment to these populations and viceavaamples that are located nearer to the
Blue morph exhibited more genetic similarities @de (Fig 5 b and c). These results are
congruent with the resolution of the populationshe AFLP neighbor joining tree and reveal

the hybrid status of the Yellow morph based on A&BB nuclear markers.

SNP analysis

Genetic diversity

The two total data sets consisted of 11 populatwitis 265 individuals without missing data
and 277 individuals including missing data, respett. In each of the three loci (TMO-4C4,
Raglexon3, Raglintron2) one SNP was found. In tNEOHC4 locus two alleles were
existent exhibiting either G or T, with the Red plgpions from Moliro to Chimba being
fixed for the G allele. The Kachese and Chisanzpufation already possessed a small
frequency of the T allele (0.03; Tab. 8) and in ywlapons from Chilanga to Funda the
frequency of the T allele was variable ranging froral to 0.5. There was a general decrease
of the G allele frequency from Red to Blue popwias observable, although it was again
relatively high in the Funda population (0.74; T8h. However this SNP segregated the Red
populations and the Chisanze population from thmeaieing data set. Moreover it clearly
showed the influence of the Blue gene pool intohigbrid gene pool. The second SNP at
Raglexon3 was characterized by exhibiting an A/Grporphism. Here, the Moliro and
Katete population exhibited a very high frequentthe A allele (0.95 and 0.98, respectively;
Tab. 8). It was still relatively high in the Chimlaad Kachese population (0.81 and 0.68
respectively; Tab. 8) and variable in the hybridl &lue populations (range: 0.32 to 0.88;
Tab. 8). There was again a slight pattern of grbdeerease of the frequency of the A allele
from Red to Blue populations observable althoughespopulations presented outliers. In the
llangi population e.g., the frequency of the A lallevas again very high (0.88; Tab.8), which
could be due to the small sample size in this pgmn. Overall, however, the Raglexon3
SNP separated the Red Moliro and Katete populdtmn the remaining data set and again
showed the influence of the Blue populations irtte thybrid gene pool. Finally, the two
alleles present at the Raglintron2 locus exhib@eodr T, respectively. This SNP locus was

polymorphic in every population and was not segiagabetween sets of populations.
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Frequencies of the C allele ranged from 0.44 t@ QTab. 8) but without any gradual pattern.
Genetic diversity averaged over the three locgudated with ARLEQUIN v.3.1 (Excoffier et
al. 2005) ranged from 0.16 to 0.49 (Tab. 9) and e all lower in the Red populations than
in the hybrid and Blue populations. A significaneviation from Hardy-Weinberg
Equilibrium was only found in one case, i.e. focds Raglexon3 in the Linangu population
(Tab. 9). However, significance vanished after ection for multiple testing, thus all loci in
all populations were in Hardy-Weinberg Equilibriufrests for Linkage Disequilibrium (LD)
revealed significant deviations from Linkage Edurilim in ten out of eleven populations for
loci Raglexon3 and Raglintron2, even after cowactor multiple testing. Thus these two
loci can be considered physically linked which a4 a surprise as they are located adjacent to
each other on the chromosome. Significant LD was detected between loci TMO-4C4 and
Raglintron2 in the Funda population. However, ds tleviation occurred only in one
population we don’t consider it as indicative ofypital linkage. There were no signs of LD
between loci TMO-4C4 and Raglexon3. We used adetl8NP loci in subsequent admixture
analyses although we are aware that informatioldgtefrom the two linked markers is not

independent from one another.

Test for hybridization

Assingment analyses using three SNP loci conduatéd LEADMIX (Wang 2003) and
INTROGRESS (Gompert & Buerkle 2009, 2010) to irddmixture proportions of the hybrid
populations, revealed influence of both parentalegeools into the hybrid gene pool but with
a higher contribution of the Blue parental popwiatiConsidering LEADMIX this was given
by ap; value of 11,9%P; corresponds to the proportion of all genes in tyierid gene pool
that derived from parental population one (the Reatph). Thus the proportion of genes
derived from parental population two, the Blue nimprpvas 88.1% I — p). Similarly
INTROGRESS showed a high influence of the Blue palepopulation into the hybrid gene
pool: Over all three loci (overall admixture) thegram yielded individual hybrid indices for
population two ancestry (i.e. fraction of the gemonmherited from the Blue parental
population) that ranged from 0 to 1, with 0 meamiegassignment to parental population two
(thus total assignment to population one, the Rexph), and 1 corresponding to total
assignment to parental population two. Overall ighsltrend towards a genetic cline that
corresponds to the geographic distribution of tbpytations was observable: Hybrid indices
were generally somewhat higher in the populatiogsggaphically nearer to the Blue morph

than in the population nearest to the Red morpk {send line in Fig. 6a) although each
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population comprised individuals with total Bluecastry as well as individuals with total
Red ancestry. Moreover mean hybrid indices werg amrginally different, ranging from
0.612 to 0.721 (Fig. 6b). However, hybrid indicesrevhigh in every population, suggesting a
strong impact of the Blue morph into the Yellow ptgtions. Thus SNP analysis largely
confirmed the results obtained from AFLP data dndtalso stay in contrast to the mtDNA
pattern.

Table 8 Allele frequencies for the three SNP loci in the ihvestigatedT. moorii populations. Pie charts
illustrate the percentage of each of the two adla@leesach population

Locus (Allele 1/ Allele 2)

TMO-4C4 (GIT) Raglexon3 (A/G) Raglintron2 (C/T)
Population G T % A G % C T %
Moliro 1.000 0.000 ‘ 0.952 0.048 ‘ 0.621 0.379 ‘
Katete 1.000 0.000 ‘ 0.983 0.017 ‘ 0.633 0.367 ‘
Chimba 1.000 0.000 ‘ 0.806 0.194 ‘ 0.452 0.548 ‘
Kachese 0.975 0.025‘ 0.676 0.324 ‘ 0.441 0.559 ‘
Chisanze 0.969 0.031‘ 0.323 0.677 ‘ 0.677 0.323 ‘
Chilanga 0.792 0.208 ‘ 0.500 0.500 ‘ 0.667 0.333 ‘
llangi 0.500 0.500 ‘ 0.875 0.125 ‘ 0.500 0.500 ‘
Linangu 0.620 0.380 ‘ 0.640 0.360 ‘ 0.600 0.400 ‘
Chaitika 0.583 0.417 ‘ 0.521 0.479 ' 0.625 0.375 ‘
Nakaku 0.667 0.333 ‘ 0.550 0.450 ‘ 0.638 0.362 ‘
Funda 0.742  0.258 ‘ 0.581 0.419 ‘ 0.724 0.276 ‘
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Table 9 Genetic diversity of three SNP loci in the 11 istigatedT. moorii populations calculated with ARLEQUIN v.3.1. Forchgopulation the number of sample$ énd

the average gene diversity over all loklj) are given. For each locus and each populationntieber of allelesNy), the observed heterozygositild), the expected
heterozygosityHg), andP-values for tests of Hardy-Weinberg EquilibriuMWE P-valuesare shown

Population

Locus (Allele 1/Allele 2)

TMO-4C4 (GIT)

Raglexon3 (A/G)

Raglintron2 (C/T)

n H Na Ho He HWE P-values Na Ho He HWE P-values Na Ho He HWE P-values

Moliro 31 017 1 N/A N/A N/A 2 0.097 0.094 1.000 2 0.483 0.479 1.000
Katete 31 016 1 N/A N/A N/A 0.033 0.033 1.000 2 0.467 0.472 1.000
Chimba 31 027 1 N/A N/A N/A 2 0.258 0.317 0.29 2 0.516 0.503 1.000
Kachese 20 025 2 0.050 0.050 1.000 2 0.529 0.452 0.45 2 0.529 0.508 1.000
Chisanze 32 030 2 0.063 0.062 1.000 2 0.516 0.444 0.44 2 0.387 0.444 0.44
Chilanga 12 044 2 0.417 0.344 1.000 2 0.667 0.522 0.563 2 0.333 0.464 0.518
llangi 9 038 2 0.556 0.529 1.000 2 0.250 0.233 00aQ. 2 0.500 0.533 1.000
Linangu 25 048 2 0.520 0.481 1.000 2 0.240 0.470 0.025 2 0.480  0.4900 1.000
Chaitika 24 049 2 0.500 0.497 1.000 2 0.375 0.510 0.238 2 0.417 0.479 0.667
Nakaku 30 046 2 0.400 0.452 0.682 2 0.567 0.503 7110 2 0.448 0.470 1.000
Funda 32 039 2 0.387 0.389 1.000 2 0.387 0.495 0001. 2 0.414 0.407 1.000
Mean 25.2 0.361 0.350 0.356  0.370 0.452  0.477

(s.d.) (8.26) (0.20) (0.19) (0.20) (0.18) (0.06) (0.03)
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DISCUSSION

Evidence for hybridization in the Yellow morph plapons

The present large-scale analysis on a s@rgbheus mooripopulations from southern Lake
Tanganyika, revealed evidence for hybridizatiora ioontact zone of two phenotypically and
genetically highly divergent lineages; on the oide shere are the Blue populations which are
resolved within the mitochondrial 8-G lineage (Baet al. 2003; Sturmbauer et al. 2005;
Egger et al. 2007) and within sub-clade la in a&meAFLP study (Egger et al. 2007),
respectively. On the other side we find the Redupattpns, belonging to the mitochondrial 7-
F lineage (Baric et al. 2003; Sturmbauer et al52@Eyger et al. 2007) and to AFLP sub-clade
4b (Egger et al. 2007), respectively. Phylogenstatus of the orange to yellow colored
populations (the Yellow morph) in the region betwethe two color morphs was
inconsistently resolved in previous studies wheimgisntDNA or AFLP data (Baric et al.
2003, Sturmbauer et al. 2005; Egger et al. 200, lybrid status of these populations has
already been suggested based on a homoplasy dgsesarried out on AFLP data (Egger et
al. 2007). The aim of the present study was thishéal light on the ambiguous Yellow morph
status. With a large data set including many pdpuia, high sample sizes, and multiple
genetic markers we were able to infer strong ewddor introgression from both, the Blue
and the Red morph, into the Yellow populations. sThiybridization event must have
happened in the course of secondary contact bettfeertwo morphs due to one of the
recurrent cycles of lake level fluctuations thafieefed Lake Tanganyika in the past (e.g.
Scholz et al. 2003; Cohen et al. 2007), and migiveHed to the generation of the Yellow
morph populations north of Lufubu river estuary.wéwver, we are aware that we cannot be
sure if the Yellow populations are actually a ‘puotd of the Red and the Blue morph.
Alternatively it might also be possible that thellg® populations had already existed in the
respective area and were introgressed by the Rddthan Blue morph from both sides.
Currently ongoing admixture pond experiments betwd® two morphs will help to shed

light on that issue as we will be able to see thenptype of the hybrids.

Inconsistencies between the mtDNA and the nuclatar skt

In our study inconsistencies between the mtDNA dataand the nuclear data set were still

present, concordant with previous studies. A pésskplanation for the exclusive resolution

143



Chapter 4

of the Yellow morph populations within the Red @ad previous mtDNA phylogenies could
have been the low sample size used in these stuties low levels of mitochondrial
introgression between lineages could have beeredhis$owever, also with the use of many
populations with high sample sizes on the one hand,of the whole mtDNA control region
on the other hand we were not able to detect dgnmtrogression on the mtDNA level, as
again all Yellow populations clustered exclusiveiyhin the Red morph clade. Thus we infer
our evidence for genetic admixture merely from thelear data, where we found clear
signals of hybridization: AFLP data revealed stramgpact of the Blue gene pool into the
Yellow gene pool with the Yellow populations repesng a genetic cline between the Red
and the Blue cluster, which is concordant with ge®graphic distribution of populations.
These results are visualized through the positidchesamples in the AFLP neighbor joining
tree and through the STRUCTURE results. To findibthtis hybridization signal was only an
artifact of the AFLP data we additionally used SiBrkers to infer hybridization. Again we
found strong impact of the Blue gene pool into thiellow morph populations, thus
confirming our AFLP results.

Inconsistencies between the results from mitochah@nd nuclear data have been
reported in several studies on cichlids (e.g. Sgletlal. 2006; Egger et al. 2007; Koblmdller
et al. 2007; KobImdiller et al. 2010) and also inestorganisms (e.g. Rush et al. 2009; Mila et
al. 2010; Yannic et al. 2010; Turmelle et al. 2010On the interspecific level such
incongruities have mostly been attributed to recgpéciation and resulting incomplete
lineage sorting and/or hybridization (e.g. Mach&dey 2003; Seehausen 2004; Egger et al.
2007; Nevado et al. 2009). On the intraspecifielexplanations mostly involve asymmetric
hybridization due to asymmetries in mate choice;sgeecific differences in dispersal or the
variable influence of genetic drift. Asymmetric highzation can explain the existence of
mtDNA of only one of the parental species in therty population (Wirtz 1999) and can be
based on asymmetries in mate choice. This coul@ lead to inconsistencies between the
mitochondrial and nuclear introgression patterthim following way: If Blue females mated
exclusively color assortatively they wouldn't brimgy mitochondrial DNA into the hybrid
population, whereas nuclear Blue DNA would be bhdugto the hybrid populations by Blue
males. On the other side, Red females that wouldlifferentiate between males of their own
color morph or Blue males (or consequently Yelloyeind males) would bring mitochondrial
and nuclear DNA into the hybrid populations. Thaild explain the observed inconsistent
pattern. However, results of mate choice (Eggeal.eR008) and subsequent breeding pond

(Hermann et al. unpublished) experiments betwepresentatives of the Blue and the Red
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morph contradict this hypothesis: Overall both msdrevealed highly color assortative
preferences of the Red females whereas Blue fenstiesved in fact a trend toward
assortative mating but disassortative matings @eduats well. Thus the Blue females seem to
be the ones that don’t discriminate 100% betweemdioand heteromorphic males, with
regards to mating. Given this assumption Blue mtDsthauld actually be found in the hybrid
gene pool, instead of Red mtDNA. As the opposite wee case we need to search for
alternative explanations for the observed introgjes pattern that are not based on mate
choice behavior. In a very recent study on thelsayvn batEpesicus fuscusurmelle et al.
(2011) showed that strikingly contradicting resuttierred by mtDNA data on the one hand
and by nuclear DNA data on the other hand coulcthéuted to limited female dispersal
combined with male-mediated gene flow. Sex-biasedegflow has been reported in
numerous other studies including studies on cish(e@lg. Knight et al. 1999; Taylor et al.
2003; Anseeuw et al. 2008; Carvajal-Vallejos et28110) and male dispersal has generally
been suggested to result in unidirectional hybation (Wirtz 1999) and contrasting nuclear
and mtDNA genetic patterns (Palumbi & Baker 19@Hncerning our study this would mean
that from the Blue parental population only maléspdrse or dispersed northwards across
Lufubu River estuary and hybridized there with Red morph. On the north side of the
estuary in contrast hybridization happened inv@vioth sexes of the Red morph. Thus the
hybrid pool contains both parental species’ nucl®dA but only Red mtDNA. However, our
results on genetic structure contradict this hypsith If the scenario of male-biased dispersal
was indeed true then we would overall find lowepylation structure in nuclear DNA than in
mtDNA between populations. This was not the caswitts both markers genetic structure
was found to be congruently high, which indicatesicordant dispersal behavior in both
sexes. The third explanation could be that onehef two parental haplotype lineages
disappeared due to genetic drift. A possible s¢enawuld have been the following: The
Yellow populations could have originally belongedthe Blue lineage, with high similarities
to the Blue morph, in terms of both mitochondrialanuclear DNA and probably also in
terms of phenotype. This former close connectiothéoBlue morph is reflected through the
results from the tests for hybridization using ®acl AFLP and SNP markers, where the
Yellow morph populations largely showed a highesigtament to the Blue than to the Red
parental species. Moreover in the AFLP phylogeny Yellow populations even cluster
together with the Blue morph. Then at some poirttigtory the present Yellow populations
became separated from their Blue relatives at a twhen Lufubu River estuary became an

un-crossable barrier, possibly due to a changeake llevel. At this point in time the
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populations still possessed Blue nuclear AND mtDNAen the Red morph populations from
the north started to hybridize with the former Blpepulation, brought their nuclear and
MtDNA into their gene pool, and after some timehwiicreasing input from the Red gene
pool the phenotype of the hybrid populations chdngeyellow, as a result of the genetic
admixture. Meanwhile, since there was no more inppain the Blue populations that
remained south of the estuary, the Blue mtDNA Igeeaanished from the hybrid populations
due to random genetic drift and was totally repdblog Red mtDNA in the course of a process
called ‘mitochondrial replacement’ (e.g. Nevadoakt2009). However, nuclear Blue DNA
was largely retained. Random genetic drift has ltkstussed as the cause of the extinction of
mitochondrial lineages in previous studies (e.gulifh& Tegelstrom 2002; Rush et al. 2009)
and serves as a possible explanation for contopasfienetic patterns of nuclear and
mitochondrial markers (Palumbi & Baker 1994). Tisisttributed to the fact that mtDNA is
more sensible to genetic drift due to the redudéetive population size of mtDNA when
compared with nuclear DNA. In our present studyydaan genetic drift leading to the
observed incongruence between genetic patterngedefiom nuclear and mitochondrial data
and the resulting asymmetric introgression seente tthe most likely explanation. Although
we are aware that this must not necessarily haga the true scenario as it is still merely an
assumption. However, this study once more highdighe importance of using different types
of genetic markers for phylogenetic reconstructicass one marker type alone would have

provided us with incomplete information only.

Implications for color diversity in Tropheus andnctusion

The results of the present study again show thengpiat of hybridization to create novel
phenotypes. Here, in the second contact zonegt@gan more pronounced, as hybrids do not
display an intermediate phenotype between the tarerpial morphs (as in the first contact
zone; see Chapter 3) but instead a totally newr s@lnant which is not expressed by either of
the parental morphs. Hybridization as a promotertfi@ evolution of new taxa has been
discussed in cichlids (Salzburger et al. 2002; Sesén 2004; Schelly et al. 2006; Stelkens et
al. 2009). InTropheusseveral potential cases of admixture and hybrisinebetween morphs
have been reported and in some instances thesésesmrid have given rise to novel color
phenotypes (Egger et al. 2007). This could havelyilbeen the case in the contact zone
examined in the present study, where the admixitiegeBlue and a Red morph possibly led to
the evolution of a Yellow morph. Thus, considerthg wholeTropheusgenus, hybridization

may very likely serve as a considerable contribbutio the outstanding phenotypic diversity
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present within this taxon. Finally, as already dgsed in Chapter 3, this study again
demonstrates the difficulties of interpreting hgation scenarios. Moreover it once more
highlights the importance of combining multiple apgches like the use of different genetic
markers and the investigation of behavioral pagiéonshed light on the highly complex topic
of hybridization.
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SUMMARY

This thesis comprises three studies carried outake Tanganyika's'ropheus mooriwith
the aim to shed light on the mechanisms that uredére outstanding level of phenotypic
diversity in terms of body color polymorphism inighspecies. The focus lied (i) on the
genetic basis underlying this divergent trait amyl gn the identification of the forces
contributing to phenotypic divergence.

Chapter 2 dealt with the genetic basis of the color divgrgit T. mooriias no work
had been done in this study area so far. The tgpafi the diversification suggests the
presence of only few genetic ‘switches’, such tbalbr patterns can be altered by minor
changes in the genome. We used AFLP data for angerscan on populations of three
closely related color morphs dfropheus mooriiand found a total of 11 between-morph
outlier loci that fulfilled our criteria for relidb outliers. This part of the study showed first,
that genome scans indeed provide a valuable apgpfoathe detection of selected loci even
when they are associated with a trait that is miatpve and secondly, that coloration in
Tropheus mooribbviously did not evolve by neutral forces along &lso through selection.
As expected we found signs of selection acting oy a few genes or loci linked to genes
that likely triggered the rapid evolution of difésrt color patterns in this species. These results
present an important first step towards the idmatiion of genes being subject to selective
forces and contributing to color pattern differena®T. moorii. Moreover the study presented
in Chapter 2 dealt with a general characterization of the natirthe body color differences
between morphs, with a special focus on the yeheavtoloration. Although these were only
first steps towards an accurate characterizatidsodf/ coloration infl. mooriithe results give
us a valuable overview.

Chapters 3 and 4 focused on the forces contributing to phenotypiecity in T.
moorii. As for several cichlids of Lakes Malawi and Vigto(e.g. Seehausen & van Alphen
1999; Seehausen et al. 1999; Knight & Turner 20@dan et al. 2004; Pauers et al. 2004)
sexual selection as a force driving color divecsifion has also been discussedToypheus
but without conclusive evidence so far (Sturmbatidvieyer 1992; Salzburger et al. 2006;
Egger et al. 2008, 2010; Sefc 2008; Steinwendat. 011).Chapters 3and4 of this thesis
dealt with hybridization as yet another force thas been suggested to serve as a potential
source of new variants in cichlids (Salzburgerle2802; Smith et al. 2003; Schelly et al.
2006; Stelkens et al. 2009). Hybridization betwegisting morphs could have given rise to

novel patterns when, in the wake of Lake Tanganyikeater level fluctuations, allopatric
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color morphs were brought into secondary contacthé studies presented in the last two
chapters of this thesis | investigated certain petpans in southern Lake Tanganyika which
were identified as potential hybrids by previousdsts (Baric et al. 2003; Sturmbauer et al.
2005; Sefc et al. 2007; Egger et al. 2007). Botldiss confirmed hybridization and thus
allow for the possibility that admixture betweennfally separated populations could very
well lead to the generation of novel color pheneym the whol&ropheusgenus. However,
the two studies are not totally congruent as threuoistances and consequences of the
hybridization slightly differ: The study describ@d Chapter 3 dealt with the hybridization
between two ancient mitochondrial lineages whioh actually separated by a large sandy
bay. However, signs of mtDNA introgression werernfdun previous studies west of the bay
but not east of it, thus indicating asymmetric agtiession (Baric et al. 2003; Sturmbauer et
al. 2005; Sefc et al. 2007). Moreover introgrespegulations west of the bay display an
intermediate phenotype between the two parentallptpns. Asymmetric introgression was
confirmed by the present study using mtDNA as aslhuclear DNA and the conclusion was
drawn that the observed asymmetry was most likelysed by changes in lake level
combined with the non-simultaneous occupation dbitats by the two lineages. Thus,
concerning color variation ifropheus this study revealed a very typical consequence of
hybridization which is the generation of an intediae color pattern (Egger et al. 2007). The
second hybridization study presentedCinapter 4, revealed slightly different circumstances.
First, the putative hybrids (previously identifié&y a homoplasy excess test; Egger et al.
2007) displayed none of the parental phenotypednstead a new color variant. However,
we don’'t know if the evolution of the observed nplenotype was indeed the result of the
genetic admixture of the two adjacent morphs ahé& respective populations had already
existed as a separate entity (with a different cpleenotype) when they were introgressed
from both sides. Secondly, in this study mtDNA amaclear DNA data revealed totally
different results. No signs for hybridization wéoeind using mtDNA data, but admixture was
strongly confirmed by nuclear data. The observedngruence between the two marker sets
was assigned to the loss of one of the mtDNA liesatue to genetic drift.

Both hybridization studies presented in this thesigealed first, that interpreting of
admixture scenarios is a very challenging task sexbndly, that it is crucial to combine
multiple approaches, like the use different kindsnwlecular genetic markers. Also the
consideration of behavioral studies and paleolimgichl data is of great importance when

investigating contact zones.
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Summarized the combined work in this thesis pravidevaluable step towards the
characterization of the genetics underlying, amdftiices driving the stunning color diversity
in Lake Tanganyika’dropheus mooriand may serve as the foundation for future work on

this extraordinary cichlid.
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