
 

Exploring the origin and maintenance of biodiversity: 

insights from the bilaterally asymmetrical cichlid fish 

Perissodus microlepis 
 

 

Doctoral dissertation for obtaining the academic degree of  

Doctor of Natural Sciences 

 

 

Submitted by 

Francesca Raffini 
 

 

at the  

 

 
 

 

Faculty of Sciences 

Department of Biology 

 

 

Konstanz, 2017 

Konstanzer Online-Publikations-System (KOPS) 
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-2-1tziw5ffmpfuq0



Date of the oral examination: 23rd February 2018 

1. Reviewer: Herrn Professor Dr. Axel Meyer 

2. Reviewer: Herrn Professor Dr. Tom Van Dooren 

3. Reviewer: Frau Privatdozentin Dr. Elizabeth Yohannes 



Non so dove i gabbiani abbiano il nido,  
ove trovino pace.  
Io son come loro  
in perpetuo volo.  

La vita la sfioro  
com'essi l'acqua ad acciuffare il cibo.  

E come forse anch'essi amo la quiete,  
la gran quiete marina,  

ma il mio destino è vivere  
balenando in burrasca. 

 

I know not where seagulls make their nest 
where find they peace. 

I am like them 
in perpetual flight. 

I skim life 
as they do with water to chase food. 

And perhaps like them too, I cherish quietness, 
the great quietness of the sea, 

but my fate is to live 
trembling in the gale. 

 

(V. Cardarelli) 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“If everyone were cast in the same mold, there would be no such thing as beauty” 

(C. Darwin) 
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Summary 

 

How the striking diversity of life forms and their adaptations to the environment they inhabit 

emerge and are maintained in natural populations are largely unaddressed questions. An 

outstanding natural system to uncover the processes underlying biodiversity and adaptation 

are cichlid fishes, famously known for their spectacular rapid adaptive radiation. In a 

relatively short timeframe, they have evolved an extraordinary phenotypic diversity 

reflecting adaptations to often very narrow niches. Cichlids also comprise notable cases of 

stable polymorphisms, such as mouth asymmetry in the scale-eating cichlid fish Perissodus 

microlepis from Lake Tanganyika (Chapter I). Here, individuals with left- and right-bending 

mouth are found in sympatry in approximately equal frequencies. This morphological 

asymmetry is accompanied by lateralized foraging behavior: left individuals preferentially 

feed on the scales of the right side of its prey fish, and the opposite is true for the right 

morph. P. microlepis became a textbook model of extreme adaptation by ecological 

specialization and negative frequency-dependent selection via prey-predator interactions, 

that is thought to maintain this polymorphism over time. However, several contradicting 

findings and unaddressed questions emerged in the last years, challenging our understanding 

of this model. Knowledge on the morphological and developmental basis of this stable 

polymorphism, as well as the mechanisms that determine and drive intra-specific variation in 

this fish remain largely incomplete.  

 In Chapter II, I present an overview of the current knowledge on P. microlepis’ 

polymorphism, which has repeatedly attracted and puzzled biologists. I introduce the most 

recent findings towards understanding the basis of such a remarkable adaptation. This 

review shows existing evidence and gaps in uncovering the genetic and non-genetic factors 

influencing mouth asymmetry, and the association between morphological, behavioral and 

cerebral asymmetry. I highlight the most important unanswered questions, which represent 

the core of this Ph.D. research. 

The first unsolved issue that is addressed in this thesis is the genetic basis underlying 

laterality in P. microlepis. A previously suggested simple genetic model of maintenance of a 

stable polymorphism has been criticized on multiple grounds recently. Chapter III elucidates 

whether mouth asymmetry has a significant genetic basis, and if its genomic architecture 

consists of a single/few or multiple loci. Using wild-caught fish and high-throughput DNA 

sequencing data, a novel array of single nucleotide polymorphism (SNP) markers is
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 developed by ddRAD sequencing (ddRADseq) and the use of pooled DNA samples (PoolSeq), 

obtaining more than 155,000 (ddRADseq) and 3,900,000 (PoolSeq) SNPs. Among these, one 

(ddRAD) SNP, and 38 or 378 (PoolSeq) windows show differentiated allele frequencies 

between the left and right mouth morph, after accounting for spurious associations due to 

geographic structuring. These SNPs identify candidate genomic regions that potentially 

contain genes affecting or regulating this trait. Interestingly, these loci include genes related 

to immunity, ion transporters and cell adhesion proteins. Immunity genes are renowned to 

be potent drivers of divergence in fish even in sympatry. The other genes are known to be 

part of the mechanism regulating the early establishment of the left-right pattern during 

embryogenesis. Particularly, protocadherins are involved in neuronal network formation; 

they may play a central role in P. microlepis’ asymmetry, especially in behavioral 

lateralization. These findings clarify that this interesting trait has a genetic basis that is likely 

to be influenced by multiple loci, contributing to a greater understanding of the genetic 

determinants of left-right asymmetries. 

Mouth asymmetry in P. microlepis has been recently observed to have a unimodal 

rather than a bimodal distribution, potentially indicating an effect of non-genetic factors on 

this trait, in line with previous evidence of phenotypic plasticity. Chapter IV explores the 

influence of environmental cues on asymmetry, another unclear issue. Particularly, it 

proposes that this unimodal distribution could result from the concerted effects of a sgenetic 

basis and a phenotypically plastic response due to feeding experience. This hypothesis is 

approached by validating the candidate SNP associated to mouth asymmetry identified by 

ddRADseq (Chapter III), analyzing inter-individual variation in feeding behavior using stable 

isotope analyses, and testing their association with mouth asymmetry. These results suggest 

that this polymorphism is shaped by both genes, including the candidate ddRAD locus, and 

non-genetic triggers, possibly due to inter-individual random and non-random variation in 

feeding behavior. This chapter introduces a first hypothesis linking genetic and 

environmental determination, and potentially explaining the simultaneous maintenance of 

left, right, asymmetric and symmetric mouth phenotypes in this outstanding cichlid fish. 

Chapter V provides a more comprehensive analysis of aspects of the biology of this 

fish, focusing on cues that can be critical to understand its polymorphism but have been 

largely overlooked. Here, patterns of body shape and neutral genome-wide genetic diversity 

across geographic space, and the presence of asymmetry in eye size in relation to mouth are 

investigated using advanced genomic and geometric morphometrics approaches. This part of 

my thesis shows the presence of restrictions to gene flow across the distribution range of this 
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species, which might have important implications on the determination and maintenance of 

asymmetry, such as the possibility that its genetic basis could vary among locations. 

Additionally, asymmetry in mouth and eye are significantly associated, potentially suggesting 

a mechanism linking morphological, behavioral and cerebral laterality. Results from this 

chapter highlight the importance of interactions among traits - including at the genetic level - 

and variation in geographic space to understand the evolution and maintenance of this and 

other stable polymorphisms. 

An overview of tools that can be beneficial for studies that aim to bridge the gap 

between genotype or environmental cues and phenotype of potentially adaptive traits, such 

as mouth asymmetry, is presented in Chapter VI. A special focus is placed on the 

identification of signatures of balancing selection, a mode of selection that has been scarcely 

studied but can play a central role in evolutionary processes, particularly adaptation. I outline 

some pitfalls that limit their application to the study of P. microlepis and other non-model 

systems. I emphasize the importance of using integrative approaches that analyze polygenic, 

environmental and epigenetic variation in real populations to aid a comprehensive 

understanding of evolutionarily important phenotypes.  

In conclusion, my Ph.D. research combines genetic, genomic, morphological and 

ecological analyses to enlighten how stable polymorphisms are produced and maintained in 

natural populations, i.e., what are the processes underlying biological diversity and 

adaptation. It clarifies the relative importance of genetic and environmental factors affecting 

mouth asymmetry in P. microlepis, and identifies structures and interactions possibly 

contributing to this polymorphism. These findings add to the growing support for a 

quantitative nature of this trait, propose candidate genes responsible for laterality, and 

emphasize the importance of jointly considering genetic, internal and external non-genetic 

triggers and interactions. This study contributes towards illuminating long-standing questions 

on asymmetry determination, and ultimately to our understanding of the processes leading 

to the incomparable biological diversity. 
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Zusammenfassung 

 

Wie die faszinierende Vielfalt von Lebewesen und deren Anpassungen an die Umwelt 

entstehen und bestehen bleiben sind größtenteils unbeantwortete Fragen. Buntbarsche sind 

ein herausragendes System, um die Prozesse, die zur Artenvielfalt und Anpassung an neue 

Lebensräume führen, besser zu verstehen. Buntbarsche sind bekannt für extrem schnelle 

adaptive Radiation. In vergleichsweise kurzen Zeiträumen enstand hierbei eine 

ausserordentliche phänotypische Vielfalt, welche häufig Anpassungen an unterschiedliche 

ökologische Nischen widerspiegelt. 

Die adaptive Radiation der Buntbarsche umschließt zudem die Entstehung 

bemerkenswert stabiler Polymorphismen, zum Beispiel der Maulasymmetrie der 

schuppenfressenden Buntbarsche der Art Perissodus microlepis aus dem Tanganjikasee 

(Kapitel I). Dort kommen Individuen mit links und rechts gekrümmtem Maul in Sympatrie 

und in ungefähr gleicher Häufigkeit vor. Diese morphologische Maulasymmetrie wird von 

einem seitlich ausgerichteten Fressverhalten begleitet: links gekrümmte Individuen greifen 

bevorzugt die rechte Körperseite ihrer Beutefische an und das Gegenteil trifft auf die rechts 

gekrümmten Individuen zu. 

P. microlepis ist somit zu einem Lehrbuchbeispiel für extreme Anpassungen via 

ökologischer Spezialisierung sowieso für negativ frequenzabhängige Selektion via Räuber-

Beute Interaktion geworden. Es wird vermutet, dass beide Mechanismen zusammen diesen 

Polymorphismus in der Population aufrechterhalten. Allerdings stellen widersprüchliche 

Erkenntnisse der letzten Jahre sowie offen gebliebene Fragen unser Verständnis dieses 

Modellsystems in Frage. Kenntnisse über die morphologische und entwicklungsbiologische 

Basis dieses stabilen Polymorphismus sowie der Mechanismen, welche die intraspezifische 

Variation in dieser Art bestimmen und fördern, bleiben unvollständig. 

In Kapitel II stelle ich eine Übersicht über den aktuellen Forschungsstand zum 

Polymorphismus bei P. microlepis, der wiederholt die Aufmerksamkeit vieler Biologen auf 

sich zog, dar. Ich stelle die neuesten Forschungsergebnisse zum Verständnis der 

grundlegenden Mechanismen dieser bemerkenswerten Anpassung vor. Dieser Überblick 

umfasst die bestehenden Nachweise sowie Wissenslücken hin zu einem besseren 

Verständnis der genetischen und nicht genetischen Faktoren, welche die Maulasymmetrie 

beeinflussen. Zudem beschreibe ich die Zusammenhänge zwischen morphologischer, 

verhaltensbiologischer und zerebraler Asymmetrie. Ich hebe die wichtigsten Wissenslücken, 
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die geschlossen werden müssen, hervor, welche wiederum den Kern der hier vorgestellten 

Doktorarbeit darstellen. 

Das erste ungelöste Problem, das ich in meiner Doktorarbeit untersuche, ist die 

genetische Basis der Lateralität bei P. microlepis. Ein zuvor vorgestelltes simples genetisches 

Modell der Aufrechterhaltung stabiler Polymorphismen wurde zuletzt vielfach kritisiert. 

Kapitel III untersucht, ob die Maulasymmetrie eine signifikante genetische Basis hat und ob 

die genomische Architektur dieses Merkmals auf einem/wenigen oder mehreren Loci 

beruht. Wir untersuchten wild gefangene Individuen mittels Hochdurchsatz-DNS-

Sequenzierung, um ein neues Spektrum von Einzelnukleotid-Polymorphismen (SNP, engl. 

Single Nucleotide Polymorphism) als genetische Marker zu entwickeln. Mit Hilfe von ddRAD 

Sequenzierung (ddRADseq) und zusammengefassten DNA Proben (PoolSeq) konnten wir 

mehr als 155000 (ddRADseq) und 3900000 (PoolSeq) SNPs finden. Nachdem wir für 

zweifelhafte Assoziationen aufgrund geografischer Strukturen kontrollierten, konnten wir 

darunter einen SNP (ddRAD) und 38 bzw. 378 (PoolSeq) genetische Fenster finden, welche 

unterschiedliche Allelfrequenzen zwischen der links- und rechts gekrümmten 

Maulmorphologie zeigten. Diese SNPs identifizieren genomische Regionen, welche potentiell 

Gene, die für die Maulasymmetrie verantwortlich sein können, beinhalten. 

Interessanterweise liegen auch Gene in diesen Loci, die mit der Immunabwehr, dem 

Ionentransport und Zelladhäsionsproteinen in Zusammenhang gebracht werden. Gene, die 

die Immunität eines Organismus beeinflussen, sind bekannte Treiber von Artaufspaltungen 

bei Fischen, auch wenn diese Arten in Sympatrie leben. Die anderen Gene sind Teil eines 

Mechanismus, der die frühe Festlegung der Rechts-links-Asymmetrie während der 

Embryonalentwicklung steuert. Insbesondere Protocadherine sind in der Ausbildung 

neuronaler Netzwerke involviert und sie könnten eine zentrale Rolle in der Ausbildung der 

Asymmetrie bei P. microlepis spielen, im Besonderen bei der Ausbildung der 

verhaltensbiologischen Lateralität. Diese Erkenntnisse zeigen, dass dieses bemerkenswerte 

Merkmal eine genetische Basis hat, die vermutlich durch mehrere Loci beeinflusst wird, was 

wiederum zu einem besseren Verständnis der genetischen Basis von Rechts-links-

Asymmetrien beiträgt. 

Kürzlich wurde herausgefunden, dass die Maulasymmetrie bei P. microlepis eine 

unimodale anstelle einer bimodalen Verteilung hat. Dies deutet auf potentielle nicht 

genetische Faktoren, die dieses Merkmal beeinflussen hin, was wiederum mit früheren 

Ergebnissen zu phänotypischer Plastizität in Einklang steht. Kapitel IV untersucht daher die 

Einflüsse von Umweltreizen auf Asymmetrie, was eine weitere ungelöste Frage darstellt. 
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Genauer stellt es ein System vor, wonach die unimodale Verteilung der Asymmetrie durch 

die abgestimmte Handlung der genetischen Basis und einer phänotypisch plastischen 

Antwort durch Frasserfahrung beeinflusst wird. Diese Hypothese wird durch die Validierung 

der durch ddRADseq gewonnenen Kandidaten-SNPs, welche mit der Maulasymmetrie 

assoziiert sind (Kapitel III), angegangen. Wir analysierten zudem individuelle Variationen im 

Fressverhalten mit Hilfe von stabilen Isotopen und suchten nach Assoziationen mit der 

Maulasymmetrie. Die Ergebnisse weisen darauf hin, dass dieser Polymorphismus sowohl 

durch Gene, inklusive der Kandidaten Loci (ddRAD), als auch durch nicht genetische Faktoren 

gesteuert wird. Das geschieht vermutlich durch individuelle zufällige sowie nicht zufällige 

Variation im Fressverhalten. Dieses Kapitel stellt eine erste Hypothese vor um genetische 

Faktoren und Umwelteinflüsse miteinander zu verknüpfen und die Erhaltung linker, rechter, 

asymmetrischer und symmetrischer Maulformen in diesem Buntbarsch zu erklären. 

Kapitel V liefert eine umfassendere Analyse vieler Aspekte der Biologie dieses 

Fisches, wobei es sich auf Reize fokussiert, die für das Verständnis dieses Polymorphismus 

wichtig sind. Hier werden die Körperform und neutrale genomweite genetische Diversität in 

verschiedenen geographischen Regionen untersucht. Mit Hilfe genomischer Methoden 

sowie geometrischer Morphometrie wird außerdem die Asymmetrie in der Augengröße in 

Relation zum Maul untersucht. 

Dieser Teil meiner Doktorarbeit zeigt das Vorhandsein von Barrieren des Genflusses 

im Verbreitungsgebiet dieser Art, was wichtige Implikationen auf die Ausbildung und 

Aufrechterhaltung der Asymmetrie haben kann, wie zum Beispiel, dass die genetische Basis 

zwischen Standorten variieren kann. Darüber hinaus assoziiert die Asymmetrie des Mauls 

mit der der Augen. Das suggeriert, dass es einen Mechanismus gibt, welcher 

morphologische, verhaltensbiologische und zerebrale Lateralität miteinander verknüpft. 

Die Resultate dieses Kapitels heben hervor, dass die Asymmetrie in P. microlepis 

einen vielfältigen Polymorphismus darstellt, der möglicherweise aus der Interaktion der 

genomischen Architektur der Lateralität mit der Umwelt resultiert. Einen Überblick über die 

verwendeten Werkzeuge, welche für Studien, die eine Brücke zwischen Genotypen oder 

Umwelteinflüssen und potentiell adaptiver Phänotypen – wie zum Beispiel der 

Maulasymmetrie - schlagen wollen, stelle ich in Kapitel VI vor. Dabei liegt der Fokus auf der 

Identifizierung von stabilisierender Selektion. Dieser Selektionstyp wurde bisher nur wenig 

studiert, aber er kann eine zentrale Rolle in evolutionären Prozessen, insbesondere der 

Adaption, spielen. 
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Dabei zeige ich einige Tücken auf, die die Anwendung dieser Werkzeuge beim 

Studium von P. microlepis und anderen Nicht-Modellorganismen beeinträchtigen. Ich 

unterstreiche die Wichtigkeit integrative Herangehensweisen zu verwenden, um polygene, 

epigenetische und ökologische Variationen in echten Populationen zu verstehen. 

 

Zusammenfassend vereint meine Doktorarbeit genetische, genomische, 

morphologische und ökologische Analysen, um die Aufrechterhaltung stabiler 

Polymorphismen in natürlichen Populationen zu verstehen. In anderen Worten versuche ich 

hier zu verstehen, welche Prozesse zu biologischer Vielfalt und der Anpassung an neue 

Lebensräume führen. Meine Arbeit zeigt die Wichtigkeit sowohl von genetischen als auch 

von Umweltfaktoren, welche die Maulasymmetrie bei P. microlepis beeinflussen. Darüber 

hinaus konnte ich weitere Strukturen und Interaktionen ausmachen, welche möglicherweise 

zu diesem Polymorphismus beitragen. Diese Ergebnisse tragen zu dem wachsenden 

Zuspruch zur quantitativen Natur dieses Merkmals bei und präsentieren Kandidatengene, 

welche für die Lateralität verantwortlich sein könnten. Zudem heben sie die Wichtigkeit 

hervor, genetische, sowie interne und externe nicht genetische Auslöser gemeinsam zu 

betrachten. Diese Doktorarbeit trägt zum Verständnis altbekannter Fragen zur 

Determinierung von Asymmetrie bei und letztendlich auch zum näheren Verständnis von 

Mechanismen, die zu der unvergleichlichen Vielfältigkeit von Biodiversität führen. 
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Chapter I 

 

General Introduction 

“Biology is the science. Evolution is the concept that makes biology unique.” 

 (J. Diamond) 

 

Towards understanding biodiversity and adaptation 

The astonishing and so well-fitted diversity of biological diversity on our planet has always 

fascinated scientists, as famously expressed in: “If one way be better than another, that you 

may be sure is nature’s way” (Aristotle, 382-322 BC), “Endless forms most beautiful and most 

wonderful” (Darwin 1859) and “Wonderful life” (Gould 1989). Evolutionary biologists aim to 

uncover the processes underlying this striking diversity of life forms and their adaptations to 

the environment or community they inhabit. A large body of literature has been published 

exploring mechanisms driving phenotypic divergence and adaptation between species or 

populations (e.g., Fraser et al. 2014; Morgans et al. 2014; Sandkam et al. 2015; Seehausen et 

al. 1999) as well as within populations such as sex-related differences (e.g., Meyer 1990; 

Reimchen & Nosil 2001; van der Sluijs et al. 2013). However, relatively few studies have 

addressed the mechanisms that lead to stable divergent phenotypes within populations 

(polymorphisms) apparently independent of sex, life stage or other factors (as seen in some 

occurrence of bilateral asymmetries; e.g., Palmer 2009; Schilthuizen 2013). Thus, 

evolutionary processes underlying such polymorphisms and adaptations often remain 

explored only theoretically. 

Ideal empirical models to investigate the fundaments of biodiversity and adaptation 

are organisms systems that experienced adaptive radiations (Simpson 1953). A particularly 

exceptional framework to study these processes is exemplified by the family Cichlidae, a 

group of tropical freshwater fish that has attracted the attention of biologists since the 

nineteenth century (Salzburger & Meyer 2004). Cichlids are famously known for their 

spectacular rapid adaptive radiation, especially those inhabiting the East African Great Lakes 

(Victoria, Tanganyika, and Malawi; Kocher 2004; Meyer 1993; Seehausen 2006). This type of 

diversity burst involves the expansion of an ancestral lineage into a variety of related forms 

specialized to fit different environments or ways of life (Schluter 2000). Within a relatively 

short timeframe, cichlids have evolved an extraordinary number of species (~2,000) and 

diversity in morphology, coloration and behavior that is not seen in any other group of
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 vertebrate animals (reviewed in Henning & Meyer 2014; Kratochwil & Meyer 2015; Meyer 

2015; Salzburger 2009; Salzburger & Meyer 2004). Adaptive radiation includes speciation and 

phenotypic adaptation to divergent ecological niches, leading to an array of diverse 

phenotypes reflecting these different environments (Larsen 2011). The great diversity seen in 

cichlids’ traits such as trophic morphology, body shape, body size, sensorial and nervous 

system in cichlids in both at the inter- and intra-specific level appears as one of the most 

remarkable results of adaptive evolution. Thus, this group of fish provides an excellent model 

to investigate the evolution of adaptations and to understand the underlying mechanisms of 

divergence both between and within species (reviewed in Henning & Meyer 2014; Kratochwil 

& Meyer 2015; Meyer 2015; Salzburger 2009; Salzburger & Meyer 2004; Takahashi & 

Koblmüller 2011).  

 

Cichlid and asymmetry: Perissodus microlepis 

The extraordinary rapid success of cichlids has been facilitated by specialized features that 

have enabled them to adapt to often very narrow niches. Some of these traits have 

originated from disruptions of developmental pathways leading to novel phenotypes, such as 

the fleshy snout in Labeotropheus fuelleborni that allows this fish cropping algae more 

efficiently (Albertson & Kocher 2006; Albertson & Kocher 2001; Albertson et al. 2005), or the 

asymmetric head in Perissodus microlepis which increases the feeding success of this 

lepidophagous predator (Fig. I.1, reviewed in Chapter II). This scale-eating fish, endemic to 

Lake Tanganyika characterizes one of the few natural models presenting sympatric intra-

Figure I.1 Intra-specific polymorphism in the scale-eating cichlid fish Perissodus microlepis. 
Direction of mouth asymmetry: the fish on the left exhibits a left-bending mouth (L morph); the 
fish on the right presents a mouth bending towards right (R morph).  



Chapter I 

 

- 3 - 

specific stable polymorphisms apparently not associated with cues such as sex. Both left-

bending (“left” morph) and right-bending (“right” morph) mouth are commonly observed 

within natural populations, making it an outstanding example of bilateral asymmetry, where 

left or right individuals differ from typically bilateral symmetrical specimens having two 

mirror image halves. Bilateral asymmetry in internal or external bauplan has repeatedly 

evolved not only in cichlids but also in Metazoa, where it independently emerged in different 

lineages, contrarily to symmetry that appears to have originated only once (Palmer 1996; 

Ruppert et al. 1994). Thus, bilaterally asymmetric organisms represent another fascinating 

model to investigate the origin and maintenance of phenotypic variation. They have provided 

important insight into the relative contribution of genetic, environmental or stochastic 

factors, the molecular basis of morphogenesis and the evolution of developmental 

mechanisms in general (Levin 2005; Levin et al. 2016; Mercola & Levin 2001; Palmer 1996; 

Palmer 2005; Palmer 2016). Additionally, they have significantly contributed on shedding 

light on how selective pressures can shape phenotypic traits, as several occurrences of 

asymmetries likely are adaptive (Compagnucci et al. 2014), as in P. microlepis. 

This scale-eating fish is particularly attractive since it presents multiple levels of 

asymmetry that are tightly linked: morphological, behavioral, and cerebral. The left mouth 

morph preferentially removes scales from the prey’s right side, while the opposite applies to 

the right morph. This lateralization appears to be associated with brain neuroanatomical and 

transcriptional asymmetry (reviewed in Chapter II and IV). Interestingly, polymorphism in 

mouth asymmetry has been shown to be maintained over time (Chapter II); such a long-term 

persistence of within-populations phenotypic diversity is puzzling due to the absence of 

evident isolation or barriers to gene flow in space or time that could facilitate the 

establishment and maintenance of diversity. It has been proposed that its polymorphism is 

adaptive for its specialized feeding mode, and might be sustained by negative frequency-

dependent selection due to prey-predator interactions, making this fish a textbook example 

of extreme ecological specialization and adaptive evolution via balancing selection (reviewed 

in Chapter II), a mode of selection that has been often overlooked in evolutionary studies 

(Box 1). Thus, P. microlepis epitomizes an appealing study system to unravel the basis and 

long-term maintenance of phenotypic variation at the intra-species level in nature. However, 

several contradicting findings and unaddressed questions emerged in the last years, 

challenging our understanding of this model.  
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Box 1. Balancing selection and its importance in evolution 

Adaptations are the outcome of natural selection, i.e., the differential survival and 

reproduction (fitness) of individuals due to differences in phenotype (Darwin 1859; 

Futuyma 2013). Theory predicts that, if the trait that affects individuals’ fitness is (at 

least partly) hereditable, its underlying genomic architecture can be modified by 

selection. A selection mark defines any non-random, differential propagation of an 

allele/genotype as a consequence of its phenotypic effect (Vitti et al. 2013). Depending 

on the effect that selection has on allele/genotype frequencies, it can be classified as 

positive, negative, or balancing selection. The first occurs when advantageous 

mutations increase in frequency (Kaplan et al. 1989). In addition, disadvantageous 

mutations are removed by negative (or purifying) selection, e.g., the so-called 

background selection, in which deleterious variants are continuously removed from 

the gene pool (Fournier-Level et al. 2013; Vitti et al. 2013). Differently from the first 

two mechanisms, balancing selection is a collection of processes that maintain 

polymorphism and where fitness is conditional or context-dependent. These include 

overdominance (heterozygote advantage), temporally and/or spatially heterogeneous 

selection, and frequency-dependent selection. Overdominance occurs when the fitness 

of the heterozygote is higher than the two homozygous (Ewens & Thomson 1970). In 

spatially/temporally heterogeneous selection, fitness is driven by small-scale temporal 

or spatial perturbations; the resulting fluctuation in selection pressures and 

population-specific genotype by environment interactions might favor different 

variants in different time/space, preventing fixation (Barluenga et al. 2006; Gillespie 

1973; Hedrick et al. 1976; Levene 1953; Via & Lande 1985). Finally, if fitness is a 

function of the relative frequency of variants in the population, it is a case of 

frequency-dependent balancing selection. Depending on whether fitness increases as 

the variant becomes more common or rare, we can observe positive or negative 

(apostatic) frequency dependent selection respectively. While the former process can 

lead to convergent or parallel evolution and decrease diversity, selection that favors 

unusual variants is one of the most powerful forces maintaining polymorphism (Ayala 

& Campbell 1974; Charlesworth 2006; Gromko 1977; Wright 1969).  

In the last decades, evolutionary biologists have mainly focused on positive and 

negative selection due to their intuitive importance in adaptation (Nielsen 2005; e.g., 

Brawand et al. 2014; Diepeveen et al. 2013; Diepeveen & Salzburger 2011; Fan et al. 

2011; Gerrard & Meyer 2007; Henning & Meyer 2014; Keller et al. 2013; Pavlova et al. 
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Aims of the PhD research 

The overall goal of this PhD research is to contribute towards increasing our understanding of 

how stable polymorphisms originate and are maintained in natural populations in absence of 

evident isolation. Due to the central role that phenotypic variation plays in evolution and 

adaptation, addressing this long-standing question could be key to the incomparable 

diversity of biological diversity. This research can benefit from a deeper investigation of 

natural models such as Perissodus microlepis, famously known for its asymmetry, a striking 

occurrence of stable intra-specific polymorphism. More specific questions and aims focusing 

on this study system are presented and motivated in Chapter II. Briefly, crucial steps in 

unraveling the underpinnings of asymmetry in P. microlepis include clarifying the genomic 

architecture of this trait, comprehensively elucidating patterns of intra-specific 

morphological variation, investigating the influence of environmental cues on phenotypic 

diversity, and analyzing how genetic and non-genetic factors could jointly influence this 

polymorphism. 

 

Rationale and structure of the dissertation 

The broader theoretical framework motivating the choice of cichlid fishes, asymmetry and P. 

microlepis as model systems for this thesis is concisely introduced in Chapter I. The value of 

this fish, which has repeatedly attracted and puzzled biologists, is expanded in Chapter II, 

which reviews the current state of knowledge on its polymorphism. I present existing 

evidence for trait distribution of mouth asymmetry, its inheritance, influence of non-genetic 

cues, association between morphological, behavioral and neuronal laterality, and highlight 

the most important questions that were unaddressed, which represent the core of my PhD 

2017; Salzburger 2009; Salzburger et al. 2007; Xia et al. 2015).  Contrarily, balancing 

selection has not been widely considered, especially in fish (reviewed in Bernatchez 

2016; Kumar & Kocour 2017; López et al. 2015; Yue & Wang 2017). Nonetheless, 

balancing selection can have major influences on evolutionary processes, particularly in 

adaptation. In fact, it can provide an exceptional source of functional variants that can 

mediate later adaptations (the so-called “standing variation”; Andrés et al. 2009; 

Barrett & Schluter 2008; de Filippo et al. 2016; Messer & Petrov 2013; Whitlock 2015), 

actively “protects” polymorphisms from forces such as gene flow or drift (Bernatchez 

2016; Yeaman & Otto 2011), and helps explaining its long-term maintenance, as 

proposed in Perissodus microlepis (Hori 1993). 
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research. 

The central chapters (Chapter III, IV and V) of this dissertation include empirical 

studies that merge morphological, genomic, genetic and ecological approaches to elucidate 

how this intra-specific polymorphism is produced and preserved in spite of evolutionary 

forces such as genetic drift, directional or purifying selection that could reduce genetic 

and/or phenotypic diversity (Dobzhansky 1951; Fisher 1930). Phenotypic variation between 

individuals arises as a consequence of deviations in the organismal developmental 

trajectories typically due to multiple underlying cues; phenotypes are the complex product of 

their genomes, environments and stochastic phenomena. Several processes have been 

proposed to maintain or originate/increase genetic and/or phenotypic variation, including 

mutation-selection balance (Lande 2007), migration-selection balance (Culumber & Tobler 

2016; Spichtig & Kawecki 2004; Tufto 2000), effective population size (Roulin 2004; Young et 

al. 1996), ecological opportunities and individual specialization (Bolnick et al. 2002; Nosil 

2012; Robinson & Schluter 2000; Rueffler et al. 2006a; Schluter 2000; Skulason & Smith 1995; 

Smith & Skúlason 1996; Wellborn & Langerhans 2015), storage effects due to phenotypic 

plasticity, transgenerational effects, overlapping generations, recombination, epistasis, 

complete dominance, genetic redundancy, or sex-limited traits (Agrawal et al. 1999; Chesson 

& Warner 1981; Draghi & Whitlock 2012; Ellner & Hairston Jr 1994; Goldberg et al. 2007; 

Goldstein & Holsinger 1992; Grenier et al. 2016; Gulisija et al. 2016; Haldane & Jayakar 1963; 

Hedrick 1995; Kelly 2006; Pfennig et al. 2010; Räsänen & Kruuk 2007; Reinhold 2000; 

Schlichting & Wund 2014; Schneider & Meyer 2017; Turelli et al. 2001; Wade 1998; 

Yamamichi & Hoso 2017), disassortative non-random mating (Partridge 1983; Pusey & Wolf 

1996; Waser 1993), disruptive selection (Rueffler et al. 2006a; Smith & Skúlason 1996; 

Svanbäck & Bolnick 2007), density-dependent selection (Clarke 1972; MacArthur & Wilson 

1967; MacArthur 1962; Mappes et al. 2008; Roulin 2004) and some occurrences of balancing 

selection (Box 1). These findings underlie the importance of genotype-phenotype as well as 

genotype by environment networks to explain the maintenance of polymorphism (Culumber 

& Tobler 2016; Haldane & Jayakar 1963; Maan & Sefc 2013; Messer et al. 2016; Mitchell-Olds 

et al. 2007; Roulin 2004; Yamamichi & Hoso 2017). Accordingly, a multi-scale integrative 

approach has been privileged in this PhD research, and it has proved to be effective in 

yielding comprehensive insights into processes underlying mouth asymmetry and lateralized 

foraging behavior in P. microlepis (see Chapter VII).  

Genetic variation constitutes the foundation of phenotypic evolution: hereditary 

processes establish the “long-term memory” of phenotypic diversity at the evolutionary 
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timescale. The basic mechanisms that affect genetic diversity include mutation, gene flow, 

genetic drift and natural selection. Understanding the causal molecular variant(s) underlying 

phenotypes and their physical and functional arrangement (“architecture”) in the genome is 

thus crucial to illuminate the origin and maintenance of genetic variation and ultimately 

polymorphic traits. A significant genetic basis could relatively straightforwardly explain the 

origin and long-term conservation of polymorphism, as originally proposed in P. microlepis. 

The genomic architecture of mouth asymmetry is investigated and clarified in Chapter III. For 

the first time, genome-wide differentiation associated with mouth polymorphism is analyzed 

using high-throughput sequencing technologies (ddRAD and PoolSeq). Candidate genomic 

region(s) underlying this trait are identified by ascertaining single nucleotide polymorphisms 

(SNPs) that are significantly differentiated between the left and right morph while controlling 

for false positive due to geographic structuring, one of the best known sources of spurious 

associations between trait and loci.  

One of these candidate genomic regions is further analyzed in Chapter IV, where the 

association between this candidate SNP and mouth bending angle is validated using Sanger 

sequencing and a larger sample size. This part of my research also explores the influence of 

additional non-genetic (environmental, external) mechanisms potentially shaping mouth 

polymorphism. The effect of external determinants is particularly evident in phenotypically 

plastic traits, in which a single genotype is able to produce diverse phenotypes according to 

environmental cues (phenotypic plasticity, Bradshaw 1965; Schneider & Meyer 2017). 

Previous studies highlighted the effect a large environmental component on mouth 

asymmetry in P. microlepis, and showed that this trait is at least in some extent plastic, and 

can be influenced by feeding experience (reviewed in Chapter II). Chapter IV further 

examines the impact of environmental cues on mouth polymorphism, by investigating the 

presence and influence of variation in feeding behavior at the same developmental stage 

(ecological specialization) due to stochastic and non-stochastic factors. Importantly, this 

chapter outlines a hypothesis linking genetic and external determination of mouth 

polymorphism and potentially explaining the simultaneous presence of left, right, 

asymmetric and symmetric phenotypes. 

P. microlepis became popular among biologists due to its morphological 

polymorphism. However, patterns of morphological variation in this fish are still largely 

understudied; analyses of shape variation were mostly centered on the distribution of the 

mouth values and ignored other patterns or structures. Chapter V aims to fill in this gap by 

providing a more comprehensive analysis of morphological variation in body and eyes, an 
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integrated part of brain. Patterns of morphological and neutral genomic diversity are 

explored across geographic space in an integrated fashion to investigate the presence of 

restrictions to gene flow across the distribution range of this species, which might have 

important implications on determination and maintenance of asymmetry. Additionally, the 

presence of divergence in eye size and its association with mouth asymmetry is analyzed in 

the light of the significant relationship between transcriptional and neuroanatomical 

asymmetry in the tectum opticum and handed attacking predilection in this fish, as well as 

between eye preference and the volume of the corresponding tectum opticum’s hemisphere 

shown in other organisms. Then, eyes might represent another important trait contributing 

to P. microlepis’ polymorphism. 

Recent technological and theoretical developments have opened new exciting 

research avenues that can help identifying the underpinnings of adaptive traits; promising 

directions to be explored are discussed in Chapter VI. This section provides an outlook on 

approaches and tools that appear to be promising in addressing the architecture of mouth 

asymmetry, outlining some pitfalls that limit their application to the study of P. microlepis 

and other non-model study systems. The state-of-the-art of these methods and approaches 

have already been extensively described elsewhere (e.g., Ashton et al. 2017; Bernatchez 

2016; Henning & Meyer 2014; Kratochwil & Meyer 2015; Kumar & Kocour 2017; Lehner 

2013; Pardo-Diaz et al. 2015; Pasaniuc & Price 2017). Here, I aim to survey and compare 

research strategies that are potentially useful to illuminate open issues regarding the basis of 

the adaptive polymorphism in P. microlepis, focusing particularly on those that investigate 

signatures of balancing selection, the mode of selection that putatively characterize this 

model system.  

The major findings of this research are briefly summarized in Chapter VII, which 

highlights the importance of using integrative theoretical and empirical approaches that 

analyze multiple levels of variation in real populations to aid a comprehensive understanding 

of polymorphic and adaptive traits.  

 

Chapters II – VI are intended for publication and have been formatted according to 

the scientific journal of choice. Chapter III has undergone full peer-review and has been 

published. Chapter IV is currently under review while Chapter V has been submitted. Another 

manuscript in preparation for submission (finalized draft) encloses both Chapters II and VI; 

for sake of clarity and fluency, it has been reported in two separate sections in this thesis. In 

addition to these first-authored manuscripts designed for a scientific audience, this research 
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has attracted the attention of the popular newspaper Südkurier, which has published my 

interview about cichlid fishes, asymmetry, and invalidity (see the Scientific Outreach 

chapter), contributing to increase public awareness on the “real world” impact of these key 

topics.  

 

Additional research contributions 

In addition to the main project focusing on P. microlepis, during the course of my PhD I have 

also explored processes enabling divergence in sympatry at the inter-specific level. This part 

of my research aims to unravel mechanisms leading to speciation in the face of gene flow in 

Midas cichlid fishes inhabiting the Nicaraguan crater lakes (Central America, Fig. I.2). For sake 

of consistency, findings from these studies have not been included in the main text of this 

dissertation, but can be found in Chapter VIII (published) and IX (in preparation for 

submission, preliminary draft). 

 

The Neotropical Midas species complex (Amphilophus spp.) epitomizes one of the 

few established natural occurrences of speciation in the face of gene flow, possibly as by 

product of ecological adaptation (Barlow & Munsey 1976b; Barluenga et al. 2006; Baylis 

1976; Bird et al. 2012; Coyne 2007; Elmer et al. 2014; Franchini et al. 2014b; Fruciano et al. 

2016a; Gavrilets et al. 2007; Kautt et al. 2012; Recknagel et al. 2014; Stauffer et al. 2008). The 

Figure I.2 Midas cichlid fishes in the Nicaraguan lakes. Two sympatric species pairs have rapidly 
evolved within two crater lakes: A. astorquii and A. zaliosus in Lake Apoyo, and A. amarillo and 
A. sagittae in Lake Xiloà (Franchini et al. 2014a).  
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species pairs A. astorquii and A. zaliosus, as well as A. amarillo and A. sagittae, inhabiting the 

two volcanic crater lakes Apoyo and Xiloà respectively, rapidly evolved presumably in 

sympatry from the same ancestor, A. citrinellus from the sources lakes Nicaragua and 

Managua (Barluenga et al. 2006; Kautt et al. 2016a). They represent well-characterized 

examples of divergence in the water column along the benthic-limnetic axis. Particularly, 

body shapes of both species pairs have repeatedly but independently differentiated in a 

similar direction (i.e., in parallel), generating elongated limnetic species (A. zaliosus and A. 

sagittae) and high-bodied benthic species (A. astorquii and A. amarillo; Fig. I.2; Barluenga & 

Meyer 2010; Barluenga et al. 2006; Elmer et al. 2014; Elmer et al. 2010a; Meyer 1990; 

Recknagel et al. 2014; Stauffer et al. 2008; Vivas & McKaye 2001). These species also differ in 

trophic ecology and morphology (pharyngeal jaw), gut bacterial community and reproduce 

assortatively (Barluenga et al. 2006; Baylis 1976; Elmer et al. 2014; Franchini et al. 2014a; 

Stauffer et al. 2008; Kautt et al. unpublished data). Thus, they constitute an ideal system to 

uncover repeated parallel sympatric evolution.  

In the effort of illuminating the enigma of sympatric divergence, Midas cichlids have 

been intensively analyzed since they have attracted the attention of speciation biologists. 

Thus, the higher number of described species and polymorphisms in this group compared to 

other fishes might result from ascertainment bias. Chapter VIII investigates whether Midas 

cichlids are really “special”, i.e., if they have some distinctive characteristics that allow them 

to rapidly speciate even in absence of geographical isolation. This seems to be the case, 

according to comparative analysis of morphological and genetic variation in Archocentrus 

centrarchus, a cichlid species living in the same crater lakes inhabited by the sympatrically 

speciating Midas. This species is the phylogenetically closer and is ecologically relatively 

similar fish to the Midas group, but does not present differentiation neither in sympatry nor 

allopatry nor covariation between body and pharyngeal jaw, contrarily to what observed in 

the concurrent sympatrically speciating Midas cichlids (Barlow & Munsey 1976b; Barluenga 

et al. 2006; Franchini et al. 2014b; Fruciano et al. 2016a; Kautt et al. 2016a). Absence of 

divergence in A. centrarchus cannot be explained by a different timing of colonization of the 

crater lake environment. Thus, differences in levels of differentiation between Midas and 

other fishes are underlined by other group-specific factors. Cues possibly facilitating rapid 

divergence in sympatry are explored in the following chapters of my research, which focus on 

the Midas cichlids’ genomic architecture and physiological trade-offs. 

In lake Apoyo, body and pharyngeal jaw shape differences between A. astorquii and 

A. zaliosus have been shown to be strongly genetically determined. Traits covariation, 
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pleiotropy and tight genomic linkage appear to contribute to early stage divergence in Midas 

cichlids (Franchini et al. 2014b; Fruciano et al. 2016a). A study currently in progress (thus not 

included in a dedicated chapter of this thesis) addresses whether a significant genetic basis 

underlie also differences in body and pharyngeal jaw shape between the benthic (A. amarillo) 

and limnetic (A. sagittae) species pair in lake Xiloà. To this aim, I have established inter-

specific crosses of fishes reared under laboratory conditions. The parental and F2 generation 

are currently analyzed through geometric morphometrics and quantitative trail locus (QTL) 

analyses. Of particular interest is to examine if it is possible to recognize the same phenotypic 

(variation in body and pharyngeal jaw shape) and genetic (genomic architecture and 

underlying loci) patterns in the two crater lakes Apoyo and Xiloà. If it is the case, this would 

support the hypothesis of parallel evolution along the benthic-limnetic axis of the Midas 

Neotropical species flock. 

Additionally, divergence in external body shape in these two sympatric species pairs 

have been suggested to be adaptive in the context of their divergent ecological niches. In 

fact, their morphological differences are expected to differentially affect two types of 

swimming abilities: a) cruising performance, which is putatively facilitated by arrow-shaped 

bodies and is more beneficial for limnetic fish feeding in open waters, and b) 

maneuverability, which is possibly enhanced in a high-bodied design and better aids hunting 

in structurally complex benthic habitats (Franchini et al. 2014b; Fruciano et al. 2016a). 

Locomotory performance is tightly linked to the evolutionary fitness of aquatic organisms 

and a primary target for natural selection (Fulton 2010; Oufiero et al. 2011; Oufiero & 

Whitlow 2016); therefore, it might be involved in the processes leading to sympatric 

divergence in Midas fishes. In Chapter IX, experiments using laboratory-reared fishes from 

Lake Apoyo and a swimming tunnel system show differences in cruising performance 

between A. astorquii and A. zaliosus associated to external body morphology and habitat 

use. Furthermore, comparisons in oxygen consumption during activity seem to indicate a 

physiological (metabolic) adaptation to oxygen concentration in the habitat used for feeding, 

similarly to the trade-offs between locomotory performances and tolerance to low resource 

availability seen across teleost fishes (“cost reduction strategy”, Killen et al. 2016; Pettersson 

& Hedenström 2000; Rouleau et al. 2010). These findings suggest a functional relationship of 

ecological significance between external body shape, metabolic rate and swimming 

performance in Midas cichlids. Ecological (divergent selection pressures in distinct habitats), 

physiological (trade-offs between different performances), and genetic (physical and/or 

functional linkage) constraints could have jointly facilitated the rapid accumulation of 
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divergence in the face of gene flow, leading to speciation in sympatry as by-product of 

ecological adaptation and habitat specialization (ecological speciation) in Midas cichlids. 

 

In summary, my research explores one of the most persistent and exciting debates in 

the field of evolutionary biology, i.e., how organisms diverge in absence of evident isolation, 

and what are the mechanisms enabling differentiation, adaptation and evolution within 

(Perissodus microlepis) and between (Amphilophus spp.) species in the light of cichlid fishes. 
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Chapter II 

 

Perissodus microlepis:  

open questions in a textbook model for evolutionary biology 

 

FRANCESCA RAFFINI 

In preparation for submission 

 

Perissodus microlepis (Fig. II.1a; Boulenger & Moore 1898) is a cichlid fish endemic to Lake 

Tanganyika (Africa). It is a relatively recent species (approximately 3,600,000 years before 

present; Koblmüller et al. 2007) of the tribe Perissodini, one of the last emerged in the course 

of the primary Tanganyika radiation (Koblmüller et al. 2007). This group of fish went through 

an ecological expansion from deep-water generalist carnivorous predators to shallow-water 

highly specialized lepidophagous hunters (Takahashi et al. 2007b). Eating scales removed 

from the flanks of other living fishes without killing the prey is a relatively widespread 

feeding behavior among fish. In fact, scales are highly nutritious and one of the most 

abundant and renewable, thus stable, food sources (Nshombo et al. 1985; Sazima 1983). The 

transition between generalist to scale-eating behavior is reflected in morphological 

differences among the Perissodini’s species, particularly in discrete shifts in craniofacial 

skeletal anatomy mirroring differences in habitat preference and predation strategies 

(Stewart & Albertson 2010). 

Among cichlids, P. microlepis is famously known for its peculiar intra-specific 

phenotypic diversity. Both left-bending (“left” morph, L hereafter) and right-bending (“right” 

morph, R) mouth are commonly observed within natural populations (Fig. II.2; Hori 1993). 

This kind of polymorphism makes this fish a striking example of bilateral asymmetry, where 

left or right individuals differ from typically bilaterally symmetrical specimens having two 

mirror image halves (Futuyma 2009; Hori 1993; Koblmüller et al. 2007; Palmer 2004; 

Takahashi et al. 2007a; Takahashi et al. 2007b). This fish is mainly a shallow waters scale-

eater (Nshombo et al. 1985; Takahashi et al. 2007b; Takeuchi et al. 2016). However, preys 

are vigilant against predators and readily escape in open waters where attacks are more 

difficult; consequently P. microlepis predation success is quite low (about 20%; Hori 1987). To 

increase the number of fruitful hunting attempts, it typically approaches its victim from 

behind, taking advantage of the fish’s blind angle, and finally tears off scales from flank with 
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quick body rotations and twists (Nshombo et al. 1985; Takahashi et al. 2007a; Takeuchi et al. 

2012). Most individuals even exhibit preference for one of the two sides of prey fishes (Hori 

1993; Lee et al. 2012; Lee et al. 2010; Takeuchi et al. 2012; Takeuchi et al. 2016; Van Dooren 

et al. 2010). For most other fish species, sneaking-up to a prey from behind and attacking it in 

a pointed angle would not work well as their mouths would only have a minimal contact area 

with the prey’s flank. In contrast, P. microlepis is supported by its bending mouth, that 

maximizes the contact area between mouth and prey’s flank even in sharp assault angle, 

enabling it to attack from a more posterior, thus less visible, orientation. Studies showed that 

morphological asymmetry in the mouth and handed hunting behavior are linked: right 

morphs preferentially remove scales from the prey left side, and vice versa for the left morph 

individuals (Fig. II.1b; Hori 1993; Lee et al. 2012; Palmer 2010; Takeuchi et al. 2012; Takeuchi 

et al. 2016; Van Dooren et al. 2010). Functional morphology and kinematics analyses 

indicated a lateralization in the speed and force between the opposite sides of the lower jaw 

while rotating to remove scales, and kinetic differences in body flexion during attacks made 

from the preferred or non-preferred direction, further suggesting an effect of selection to 

increase feeding success (Stewart & Albertson 2010; Takeuchi et al. 2012; Takeuchi & Oda 

2017). Other features such as aggressive mimicry (Hori & Watanabe 2000; Koblmüller et al. 

2007; Nshombo 1994), teeth and body morphology (Takahashi et al. 2007a) may contribute 

to increase the success rate of this specialized feeding even more. 

 

A textbook model of balanced polymorphism 

In a key study, Hori (1993) investigated the frequency of L and R morph individuals in P. 

microlepis across a period of eleven years. It found that morph frequencies were not stable, 

but fluctuated cyclically every four-five years around a 50:50 ratio, that was stable over time 

within a given population (Fig. II.1b; Hori 1993). The morphs relative abundance has been 

proposed to be regulated by the selective advantage of the rare phenotype over the 

abundant one (negative frequency-dependent selection) since preys survive the attacks and 

might tend to protect the flank that is more often attacked from the more abundant mouth 

form. Apostatic balancing selection is thus likely maintaining the presence of polymorphism 

in mouth shapes through time (Hori 1993; Nakajima et al. 2004). Disassortative mating (i.e., 

preference for a mating partner having a dissimilar phenotype) has been suggested to also 

contribute in stabilizing this mouth polymorphism (Takahashi & Hori 2008), but recent 

studies did not find support for this hypothesis (Kusche et al. 2012; Lee et al. 2010, but see 

Chapter III). 
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P. microlepis soon became a spectacular textbook example of balancing selection 

through prey-predator interaction, a fascinating case of extreme adaptive ecological 

specialization, an iconic occurrence of antisymmetry (i.e., bilateral asymmetry in which the 

abundance of left and right morph individuals is equal; Palmer 2004), and a promising model 

to investigate neuronal circuits (Alcock 1998; Futuyma 2009; Hori 1993; Ichijo et al. 2017; Lee 

et al. in press; Palmer 1996; Stewart & Albertson 2010; Takeuchi et al. 2012). Together with 

the close association between morphological asymmetry and behavioral laterality, this fish 

represents an attractive study system to explore the evolution and relative contribution of 

genes and non-genetic factors to phenotypes, as it lies at the intersection between cichlid 

fish and bilateral asymmetries, two of the natural models that are most promising to unravel 

Figure II.1 Mouth asymmetry in P. microlepis. a) The scale-eating cichlid fish Perissodus 
microlepis endemic to Lake Tanganyika. b) P. microlepis lateralized foraging behavior and 
abundance of the left (L) morph over eleven years (black circles indicate the measurement 
points from Hori 1993. The frequency of each morph oscillates around 0.5. In 1984, the left 
morph was the less common (below 50% of the population). Left fish had an advantage as 
was more successful in attacking the prey exposed right flank, hence more resources. Thus, it 
produced more offspring, and increased in frequency. In 1986, the right (R) morph became 
rare and gained the advantage (modified from Alcock 1998).  
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the drivers of adaptive traits (see Chapter I). However, several incongruous findings and 

unaddressed issues emerged in the last years, particularly regarding the trait distribution of 

mouth asymmetry, its genetic basis, the influence of non-genetic cues, and the causal 

association between morphological and behavioral laterality (Table II.1). These topics are 

strictly interconnected; however, for sake of clarity, each of them has been reviewed 

individually in the following paragraphs. 

 

The distribution of mouth asymmetry 

Despite its mouth asymmetry being one of the main features of P. microlepis, the distribution 

of this phenotypic trait is still questioned, particularly whether it represents a continuous or a 

discrete trait and how to best measure it. Yet, determining the type of phenotype is crucial 

for understanding its bases. 

Initially, two clear mouth phenotypes were described in natural populations: left and 

right, without an intermediate morph (i.e., a bimodal distribution; Hori 1991, 1993; Hori et al. 

2007; Nakajima et al. 2004; Takahashi & Hori 2008). The right morph is easily recognized by 

the right orientation of the premaxilla ascending process, the left side of its head exposed to 

the front, and a right lower jaw that is longer than the left one; the opposite features 

characterize the left morph (Fig. II.2ac; Kusche et al. 2012; Nakajima et al. 2004; Takeuchi et 

al. 2012). A comparative morphometric analysis of craniofacial morphology and asymmetry 

in dissected skulls of seven species of the Perissodini tribe showed sided differences in the 

length of retroarticular processes, mouth orientation, maxilla and premaxilla thickness, nasal 

bone curvature, and in the functional mechanics of the jaw opening and closing lever systems 

(Stewart & Albertson 2010). Particularly, prominent asymmetries were evident in stained 

heads of P. microlepis larvae still having yolk, specifically in the jaw direction, hyoid length, 

curvature and pharyngeal jaw dentition (Stewart & Albertson 2010). A clear bimodal 

distribution of mouth shapes was denoted in adults by eye examinations of external heads 

shape and by image analysis software measurements of the mandible posterior end height 

(Fig. II.3b; Takeuchi et al. 2012). Recently, this method was adjusted to include the length of 

the entire posterior process (Fig. II.3b) to make it easily applicable also to small fish, and a 

sharp dimorphism was described throughout all the developmental stages, as expected 

according to the antisymmetry model (Takeuchi et al. 2016). 
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However, other reports revealed that this morphological asymmetry might be less 

clear than previously described. Adults with less pronounced laterality were repeatedly 

found since the first investigations focusing on Perissodus (Hori 1991; Kusche et al. 2012; Lee 

et al. 2010; Stewart & Albertson 2010; Van Dooren et al. 2010; Fig. II.2b). A quantitative 

assessment of P. microlepis mouth asymmetry using the difference in the angle from the pre-

orbital processes to the premaxillary joint derived from a dorsal view pictures of stained 

larvae (Fig. II.3a; Chapter III, Hori et al. 2007; Kusche et al. 2012) indicated that mouth shapes 

are continuously and unimodally (and not bimodally as previously described) distributed 

early in development, presenting also near-symmetric samples (Stewart & Albertson 2010). 

Difficulties in determining mouth asymmetry by visual scrutiny alone, a weak asymmetry 

(i.e., a trait distribution that is not bimodal but presents more data in the tails and less 

Figure II.2 The three main directions of mouth opening: left (a), nearly-symmetric (b) and right 
(c). From left to right: top view of external head morphology, dorsal and frontal view of skull 
(CT scans with blue dashed guidelines).  
 



Chapter II 

 

- 18 - 

around the peak, “platykurtic”, compared to a normal distribution) with peaks at low values 

of mouth bending angles, and no significant deviations from unimodality were observed 

examining alive wild-caught adult fish using Procrustes shape analysis of head landmarks 

from repeated dorsal photos (Van Dooren et al. 2010). Analysis of the mouth bending angle 

in both laboratory-bred and wild-caught juveniles at two, three and seven months of age 

showed unimodal distributions of mouth shapes, and, interestingly, a markedly lower 

amount of asymmetry in fish raised in laboratory compared to those captured in Lake 

Tanganyika (Lee et al. 2012). These findings were confirmed in a detailed analysis of wild-

caught adult and lab-reared juveniles fish, where mouth asymmetry was quantified from 

pictures using the mouth bending angle and landmark-based geometric morphometric 

analysis (Kusche et al. 2012). A continuous distribution centered to zero was also retrieved 

measuring the mouth bending angle in adults collected in the wild and their broods, and by 

comparing the P. microlepis juveniles to a brood of the symmetric fish Astatotilapia burtoni 

having the same size (Lee et al. 2015).  

The reason for the different distributions of mouth shapes in previous studies might 

have arisen by differences in measuring methodology or the use of different populations. 

Then, the same sample of 50 wild-caught adults from a single sampling site was used to 

compare three approaches (Hata et al. 2013): (i) the mouth bending angle from dorsal view 

photos (Fig. II.3a; Hori et al. 2007; Kusche et al. 2012), (ii) the difference in the mandible 

posterior end height between the left and right lower jaw (Fig. II.3b; Albertson et al. 2005; 

Stewart & Albertson 2010) and (iii) the angle from the vertebrae to the neurocranium tip (Fig. 

II.3c; Hata et al. 2013). In the first case, the trait better fit a unimodal distribution, but it 

showed a more pronounced dimorphism using the last two procedures involving 

measurements of skeletal morphology. Since the measurement error was lower using the 

length of the retroarticular processes, it has been suggested that this method is more 

reliable; it would also avoid preservation artifacts in soft tissues that might affect the 

measurement of mouth external shape (Hata et al. 2013). While the use of skeletal elements 

could be more precise, the biological significance of mouth asymmetry and its function may 

be better captured using external head morphology, as the prey-predator interaction is 

mainly located at the mouth level, where P. microlepis contacts the prey’s flank to remove 

scales, and might results from the interactions of different tissues and not bones alone. From 

a methodological point of view, analysis of skeletal material implies the dissection of bone(s) 

from surrounding tissues, thus destroying the integrity of specimens and potentially 

introducing alterations, with important drawbacks that should be considered when planning 
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a morphometric analysis. Additionally, traditional linear morphometric measurements, 

widely used to estimate mouth asymmetry in P. microlepis with few exceptions up to date 

(Chapter III, Kusche et al. 2012; Stewart & Albertson 2010; Van Dooren et al. 2010), are 

known to be less effective in detecting differences in shape compared to geometric 

morphometrics approaches (Kassam et al. 2003; Rohlf & Marcus 1993). We advocate future 

studies to consider landmarks-based methodologies together with a rigorous application of 

procedures to minimize measurement bias and error, a source of inaccuracy that has been 

too often overlooked (reviewed in Fruciano 2016). 

 

a

b
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Figure II.3 Methods to quantify mouth asymmetry in P. microlepis. a) Based on external head 
morphology: the degree of mouth bending angle. Top view of the head. Three points 
corresponding to the most anterior part of the eye sockets and the tip of the snout were 
recorded. From these, the angles at each of the eye sockets were drawn. The degree of 
asymmetry was measured as the difference between the angle at the left (αL) and right (βR) 
eye. Positive values indicate left-bending individuals, whereas negative results are indicative of 
right-bending fish. b-c) Based on skeletal measurements: b) the difference in the height of the 
mandible posterior end (blue continuous line) or the entire process (red dashed line) between 
the left and right lower jaws. c) The neurocranium-vertebrae angle. Ventral view of the head. 
The degree of asymmetry is calculated as the angle θ between the line passing from the 
vertebrae (indicated with numbers; blue continuous line) and the line connecting the 1st 
vertebra to the neurocranium (N; red dashed line). Right-bending individuals are defined by 
positive values of θ, while left-bending individuals show negative θ values. T=tooth, B=brain.    
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The genomic architecture of mouth asymmetry 

Mouth asymmetry in P. microlepis is thought to have a genetic component. The heritability of 

this trait was initially deduced from the presence of juveniles with skewed jaws before the 

ontogenetic dietary shift towards eating scales (Hori 1993; Stewart & Albertson 2010). It has 

also been hypothesized that the direction of asymmetry is purely stochastic and not 

inherited, as observed in most occurrences of antisymmetry (Palmer 2004; model IV in 

Palmer 2010). Additionally, mouth asymmetry could be in part genetically determined and in 

part random, as seen in mice visceral asymmetry (model III in Palmer 2010). However, these 

two random determinations of asymmetry did not reconcile with several findings that 

emerged in the last decade. These include parents-offspring frequencies (Hori 1993; Hori et 

al. 2007; Lee et al. 2015; Palmer 2010; Stewart & Albertson 2010), a significant hereditable 

component of this phenotype estimated using quantitative measurements of the mouth 

bending angle and midparent-offspring regressions (Lee et al. 2015), or the presence of  

several single nucleotide polymorphisms (SNPs) associated with mouth morph (see Chapter 

III). Thus, evidence suggests that a sizable genetic basis underlies mouth asymmetry in P. 

microlepis. 

 While there currently is a general agreement on the hereditability of mouth 

asymmetry, the inheritance mode and genomic architecture of this trait is still unclear. Based 

on field observations and visual assessments of mouth phenotypes, it was first proposed to 

be a simple Mendelian trait, a locus with two alleles, “dextral” (“R”) and “sinistral” (“L”), with 

R dominant over L (Hori 1993). Conversely, a precise measurement of offspring morph 

frequencies is difficult in the field due the presence of brood farming out behavior (i.e., care 

for unrelated brood; Hori 1993; Lee et al. 2016; Sefc 2011; Yanagisawa 1985). To potentially 

avoid the effects of brood mixing, fry from wild-caught pairs were carefully selected for 

stage, size and vicinity to the conspecific brood and then raised in laboratory. Following this 

setting, the previous genetic model was modified to include dominance but homozygous 

lethality of the allele R (Hori et al. 2007). This same genetic determination was also suggested 

by a study that identified a conserved locus for jaw asymmetry in East African cichlids, which 

showed a size polymorphism at a microsatellite locus (UNH2101) segregating with mouth 

morphs in P. microlepis (two alleles: A linked to the R morph, and B associated to the L 

morph, with AA homozygous lethal; Stewart & Albertson 2010). However, this marker was 

later shown to be unlinked to mouth asymmetry in studies employing multiple populations 

and families (Lee et al. 2015; Lee et al. 2010). More importantly, the single locus model is not 

congruous with the presence of nearly-symmetric mouth morphs (Kusche et al. 2012; 
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Stewart & Albertson 2010; Van Dooren et al. 2010), and does not fit the reported parents-

offspring frequencies (Palmer 2010). In fact, these are not consistent with RR lethality (10% 

of individuals homozygous for the allele A with no correlation with the mouth morph), R 

dominant (near 50% L morph individuals presented the allele A), and L homozygous recessive 

(12% R morph individuals homozygous for the allele B). Additionally, they do not reconcile 

with expected proportions of the left and right morph in offspring relative to parents 

phenotypes (Palmer 2010). These contradictory findings were related to the low reliability of 

the previous brood estimates due to the method used to score mouth phenotypes (visual 

inspection alone; Lee et al. 2015; Palmer 2010), and the absence of genetic methods to 

effectively control for brood mixing such as parent and offspring microsatellite genotyping 

(Lee et al. 2015, 2016). Thus, a successive study explicitly quantified the mouth-bending 

angle, performed unambiguous parentage analyses, and measured narrow-sense 

hereditability of mouth asymmetry (Lee et al. 2015). It showed that this phenotype is unlikely 

to have a simple Mendelian genetic basis, but it is a complex, multi-layer trait with a weak 

additive genetic component (18-22%; Lee et al. 2015; Stewart & Albertson 2010). The recent 

identification of numerous SNPs linked to mouth asymmetry further support the idea that 

this polymorphism is underpinned by a polygenic basis (see Chapter III and IV), which appears 

to be the architecture characterizing most evolutionary processes (Bernatchez 2016; Orr 

1998; Pritchard & Di Rienzo 2010; Rockman 2012). 

 

Environmental influences on asymmetry 

The role of non-genetic (external, environmental) factors in shaping P. microlepis 

polymorphism was first suggested by the occurrence of unimodal distribution of mouth 

shapes in wild-caught fish (Kusche et al. 2012; Lee et al. 2015; Stewart & Albertson 2010). 

The first study to explicitly test whether mouth asymmetry is influenced by environmental 

factors controlled the feeding environment (Van Dooren et al. 2010). Ten adult fish captured 

in the wild and subsequently kept in laboratory showed preference in attacking the prey’s 

left flank. They were randomly subdivided in two groups experiencing a different feeding 

treatment for six months: one was allowed to only attack the side of its preference (left 

flank), while the other was forced to attack the right side. At the end of the experiment, the 

preferred-side group exhibited an increased value of the mouth-bending angle towards right, 

while the change in asymmetry was not significant in samples forced to feed on the non-

preferred flank. These results suggested that mouth asymmetry is at least to some extent a 

phenotypically plastic trait that can be modified also in adult fish (Van Dooren et al. 2010). 
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Additionally, the observed lower degree of mouth asymmetry in laboratory-reared samples 

predominantly fed with flake food compared to those collected in the wild (Kusche et al. 

2012; Lee et al. 2012), and the positive correlation between the number of ingested scales 

and the amount of asymmetry in the mouth (Takeuchi et al. 2016) provided indirect 

evidences of contributions of external factors such as predation mode and feeding 

experience on the mouth bending angle. Narrow-sense hereditability estimates of mouth 

asymmetry via parent-offspring regression further indicated that this trait is strongly 

influenced by non-genetic cues (Lee et al. 2015). A recent investigation of these non-genetic 

cues suggested that the degree of mouth bending angle is influenced by inter-individual 

variation in feeding experience, foraging behavior (individual specialization) and intra-specific 

competition (see Chapter IV). Thus, mouth asymmetry is likely the results of processes acting 

at multiple levels, from genes to environment, particularly the feeding environment. 

 

Mouth asymmetry and handed behavior: which is the “driver” and which is the “follower”? 

Morphological asymmetry in P. microlepis has been linked to behavioral laterality since the 

publication of a field experiment and stomach content analysis showing that the right morph 

attack the prey on its left flank, while the opposite applies to the left morph (Hori 1993). 

Later, a laboratory experiment based on a larger number of wild-caught fish indicated that 

attack preference is not rigorously bimodal but multimodal, with the presence of few 

discrete behaviorally different groups (Van Dooren et al. 2010). Additionally, observed 

behavioral responses in fish forced to remove scales from their non-preferred side suggested 

that handedness is not plastic, i.e., cannot be strongly influenced by external factors. Then, 

behavioral laterality might be a more pronounced trait and more in line with the 

antisymmetry model than morphological asymmetry (Van Dooren et al. 2010). These findings 

were supported by further analysis of wild-caught adults and laboratory-bred juveniles (Lee 

et al. 2012; Lee et al. 2010; Takeuchi et al. 2012; Takeuchi et al. 2016). While in adults the 

preferred prey’s flank can be predicted from mouth morph (Lee et al. 2012; Lee et al. 2010; 

Takeuchi et al. 2012; Takeuchi et al. 2016), juveniles exhibited a clearly lateralized attacking 

behavior also when the degree of mouth asymmetry was still slight (Lee et al. 2012). 

Handedness mainly followed a bimodal distribution with considerable variation between 

individuals in regards of the preference strength (Lee et al. 2012; Lee et al. 2010; Takeuchi et 

al. 2012; Takeuchi et al. 2016). In laboratory conditions, younger fish (two and three months 

of age) showed a more marked handedness compared to seven months old individuals (Lee 

et al. 2012). Contrarily, a recent study on stomach content analyses of wild-caught samples 
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and a predation experiment suggested that lateralized behavior emerges gradually during 

development, with early juveniles attacking both prey’s flanks, and then becoming 

increasingly biased towards one side (Takeuchi et al. 2016; Takeuchi & Oda 2017). Finally, 

analyses of transcriptional and neuroanatomical left-right asymmetries in the brain of fish 

exhibiting different preferred attack side showed that differences in gene expression as well 

as in volume in the two hemispheres of several brain regions is linked to behavioral laterality 

(Lee et al. in press). They proposed that handed behavior in predation is a consequence of 

asymmetric size of brain hemispheres and of lateralized gene expression in the habenula, a 

region of the diencephalon highly conserved in vertebrates, which acts as an integration 

center that regulates motor behavior and motivation after sensory and internal state 

information (reviewed in Bianco & Wilson 2009; Chen et al. 2009; Gutiérrez-Ibáñez et al. 

2011; Ichijo et al. 2017; Matsumoto & Hikosaka 2007; Mizumori & Baker In press). Then, 

natural selection due to social interactions might act on these neuronal circuits that process 

information from the outer world and are responsible for laterality and possibly mouth 

asymmetry (Ichijo et al. 2017; Lee et al. in press). 

The central issue thus remaining is whether morphological asymmetry or behavioral 

laterality comes first? Up to date, it is still unclear which one of the two main established 

models, morphological asymmetry as the “driver” or the “follower”, best applies to P. 

microlepis. On one hand, it has been initially proposed that mouth polymorphism has a strict 

genetic basis and its peculiar shape is useful only if fish attack the prey at the side correlated 

with the mouth-opening direction, suggesting that handedness is the follower directed 

through natural selection (Hori 1993). This hypothesis is supported by the presence of 

juveniles still feeding on yolk (i.e., not eating scales) already exhibiting skewed mouths (Hori 

1993; Stewart & Albertson 2010), as well as the gradual establishment of lateralized behavior 

during development, that is increasingly positively correlated with mouth asymmetry, likely 

through learning (Takeuchi et al. 2016; Takeuchi & Oda 2017; Van Dooren et al. 2010). 

Additionally, individuals that are less successful in removing scales, possibly due to their 

nearly-symmetric mouths, appeared to compensate this nutrients source through alternative 

foods (Chapter IV). Inter- (prey-predator) and intra- (competition between L, R, symmetric 

morph) specific antagonistic interactions (Chapters IV-V, Hori 1993; Ichijo et al. 2017) and 

trade-offs between disruptive selection via scale-eating efficiency favoring more asymmetric 

mouth and its negative effect on other kind of performances (such as swimming ability; 

Takeuchi et al. 2016) were proposed to jointly play a central role in P. microlepis 

polymorphism. This fish may represent a special case of individualized niche construction, 
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where individuals would adapt their predation behavior to their morphology (Chapter IV). 

This learning-based process might be guided by habenula, known to dynamically switch 

behavioral responses according to inputs from several parts of the brain including sensory 

systems, existing memories on trial-by-trial outcomes and learned associations between 

context/cues and behavior (Mizumori & Baker In press). On the other hand, a substantial 

contribution of external factors on mouth polymorphism, feeding experiments and the 

observation that laterality might be expressed earlier and is more conspicuous than 

morphology (Lee et al. 2012; Van Dooren et al. 2010) support the idea that handedness 

amplifies or even induces morphological asymmetry, i.e., behavioral laterality is the driver 

(Kusche et al. 2012; Lee et al. 2012; Palmer 2010; Stewart & Albertson 2010; Van Dooren et 

al. 2010). It has been recently speculated that asymmetry in brain stimulates lateralized 

behavior, which in turn lead to plastic changes in the mouth (Lee et al. in press). Additionally, 

a simple genetic basis might underlie handedness (Lee et al. 2012; Lee et al. in press; Van 

Dooren et al. 2010) or brain asymmetry (Ichijo et al. 2017; Lee et al. in press), and thus have 

an indirect rather than direct effect on mouth asymmetry. The unimodal distribution of 

mouth shapes might, then, result from correlated effects (Van Dooren et al. 2010) or reflect 

among-individual variation in the degree of handed behavior (Lee et al. 2012). Finally, a third 

view that is currently emerging suggests that behavioral and morphological laterality are not 

necessarily linked to each other by a direct causative relationship, but they may develop 

independently or be both induced by a common upstream mechanism, such as asymmetry in 

the habenular complex (Ichijo et al. 2017; Lee et al. in press). 
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Table II.1. Summary of the hypothesis suggested to explain mouth asymmetry and/or handed 
behavior in P. microlepis. 
 

Focus Proposed 
hypothesis Supporting evidences References 

Di
st

rib
ut

io
n 

of
  

m
ou

th
 sh

ap
es

 

Bi
m

od
al

 Presence of conspicuous morphs 
by visual inspection; 

bimodal distribution in the height 
of the mandible posterior end, and 

height of the mandible posterior 
process 

Hata et al. 2013; Hori 1993;  
Hori et al. 2007; Nakajima et al. 

2004; Stewart & Albertson 2010; 
Takahashi & Hori 2008;  

Takeuchi et al. 2012; Takeuchi et 
al. 2016 

U
ni

m
od

al
 Presence of nearly-symmetric 

samples;  
continuous distribution in the 

degree of mouth bending angle 
cantered to zero 

Hata et al. 2013; Hori 1991;  
Kusche et al. 2012;  

Lee et al. 2015; Lee et al. 2010; 
Van Dooren et al. 2010 

G
en

et
ic

 b
as

is 

St
oc

ha
st

ic
, 

no
t i

nh
er

ite
d 

tr
ai

t Stochastic or partially random 
direction of asymmetry in most 
occurrences of antisymmetry 

Palmer 2004;  
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Non-actively-feeding juveniles 
with skewed jaws;  

field observations of parent-
offspring frequencies; 

 identification of UNH2101, a 
conserved locus for jaw 

asymmetry in East African cichlids 

Hori 1993; Hori et al. 2007;  
Stewart & Albertson 2010 
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Unimodal distribution of mouth 
shapes;  

additive genetic component; 
 UNH2101 unlinked to mouth 
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estimates of narrow-sense 

hereditability;  
identification of numerous SNPs 
associated to mouth asymmetry 

Kusche et al. 2012;  
Lee et al. 2015; Stewart & 

Albertson 2010;  
Van Dooren et al. 2010;  

Chapters III-V 
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Non-actively-feeding juveniles 
with skewed jaws; field 

observations of parent-offspring 
frequencies 

Hori 1993;  
Hori et al. 2007 
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Unimodal distribution of mouth 
shapes;  

effect of phenotypic plasticity and 
feeding experience;  

parent-offspring frequencies; 
 narrow-sense hereditability 

estimates; 
 influence of both additive genetic 

and environmental component 

Kusche et al. 2012;  
Lee et al. 2015; Lee et al. 2012; 

Stewart & Albertson 2010;  
Takeuchi et al. 2016; Van Dooren 

et al. 2010;  
Chapters III-V 
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Non-actively-feeding juveniles 
with skewed jaws;  

gradual establishment of 
lateralized behavior during 

development positively correlated 
with mouth asymmetry;  

feeding behavior linked to mouth 
asymmetry 

Hori 1993;  
Takeuchi et al. 2016;  

Chapters III-V 
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 Influence of environmental 
factors;  

laterality possibly expressed 
earlier and more conspicuous than 

morphology;  
potential involvement of habenula 

Kusche et al. 2012;  
Lee et al. 2012; Lee et al. in press; 

Palmer 2010;  
Stewart & Albertson 2010;  

Van Dooren et al. 2010;  
Chapters III-V 
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Weak correlation between 
morphological and behavioral 
asymmetry in lab-reared fish; 

 potential involvement of brain 
asymmetry 

Ichijo et al. 2017;  
Lee et al. in press 
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Open questions 

Conclusively, significant advancements towards understanding the basis of P. microlepis 

mouth polymorphism were achieved in the last years. Yet, several fundamental and specific 

issues remained unaddressed or unsolved, such as:  

• What are the mechanisms underlying biodiversity and adaptation? How are stable 

polymorphisms originated and maintained in natural populations? 

• How did P. microlepis’ phenotypic diversity arise? What is the basis of mouth 

asymmetry and/or lateralized behavior in this cichlid fish? 

• Is mouth asymmetry solely randomly determined or does it have a relevant genetic 

basis? Does its genomic architecture consist in a single/few gene(s) or multiple loci? 

Are there false positive loci among the identified candidate genomic regions? 

• What are the environmental factors influencing this polymorphism? 

• Are adult fish differentiated in their medium and long-term feeding behavior? Is this 

variation correlated to the degree of mouth asymmetry? 

• Are other processes and structures contributing to divergence in this fish? 

• Is there variation in geographic space and restrictions to gene flow that could 

undermine the identification of loci differentiated between mouth morphs, impact 

intra-specific diversity, and influence the determination or maintenance of this 

polymorphism? 

• How gene(s) and environmental cues jointly contribute to mouth polymorphism? 

• What is the relationship between morphological, behavioral and cerebral 

asymmetry? 

 In the following chapters, I present contributions from this thesis towards deconstructing 

asymmetry in this fish (Chapters III, IV, V), together with outlines on how the current 

biological research can help addressing these long-standing questions, and the issues that 

limit the application of the available methods to non-model organisms such as P. microlepis 

(Chapter VI). 
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Abstract 

How polymorphisms consisting in left-right asymmetries are produced and maintained in 

natural populations is a tantalizing question, that remains largely unanswered. The scale-

eating cichlid fish Perissodus microlepis is a remarkable example of extreme ecological 

specialization achieved by morphological and behavioral laterality. Its asymmetric mouth is 

accompanied by a pronounced lateralized foraging behavior, where a left-bending morph 

preferentially feeds on the scales of the right side of its prey, while the opposite is true for 

the right morph. This striking asymmetry made this fish a textbook example of the 

astounding degree of ecological specialization and negative frequency-dependent selection. 

Yet, the genetic basis underlying this spectacular laterality remains unknown. We addressed 

this question through analyses of wild-caught fish using high-throughput DNA sequencing 

data. A novel array of SNP markers was developed by ddRAD sequencing (ddRADseq) and the 

use of pooled DNA samples (PoolSeq). We obtained more than 155,000 SNPs using 

ddRADseq, and 3,900,000 SNPs with PoolSeq. Among these, we identified one (ddRAD) SNP, 

and 38 or 378 (PoolSeq) windows that are differentiated between the left and right morphs 

accounting for spurious associations due to geographic structuring. This allowed us to 

uncover candidate genomic regions that potentially contain genes for this trait. Then, this 

interesting trait has a genetic basis that is likely to be influenced by multiple loci. This result 

contributes to a greater understanding of the genetic bases of left-right asymmetry and, 

ultimately, the evolutionary processes governing the maintenance of this striking case of 

laterality. 

 

Introduction 

Natural selection is a process that results from the differential survival and reproduction of 

those individuals that are better than others adapted to the prevailing environmental 

conditions. The survivors tend to produce more offspring than those less well adapted, so 

that the characteristics of the population change over time, promoting the evolution of 

adaptive traits (Darwin 1859). Crucial in this process is phenotypic variation, which plays a 

significant role in the ecology and evolution of natural populations. The distribution of 

phenotypic values itself can be shaped by natural selection, as clearly shown in the industrial 

melanism of the peppered moth (reviewed in Cook & Saccheri 2013). Discontinuous 

phenotypes (such as the melanic and typical moth forms) are known as polymorphism 

(Robinson & Schluter 2000). Another notable example of such a polymorphism is left-right 

asymmetry or bilateral asymmetry, where left and right individuals differ from a typically 
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bilateral symmetrical individual (Palmer 2004). This kind of asymmetry has been found in 

several groups of animals, for example, in eye side in flatfish (Pleuronectiformes; Hubbs & 

Hubbs 1945), shell coiling direction of tree snails (Amphidromus spp.; Sutcharit et al. 2007), 

and direction of the mouth-opening in the cichlid fish Perissodus microlepis (Hori 1993; 

Kusche et al. 2012; Lee et al. 2015; Lee et al. 2010). 

Perissodus microlepis is one of the seven species of scale-eating cichlids of the tribe 

Perissodini endemic to Lake Tanganyika, Africa (Koblmüller et al. 2007; Takahashi et al. 

2007a). This fish has received special attention from evolutionary biologists during the last 20 

years, and it has become a striking example of the extreme degree of morphological and 

ecological specialization produced by the adaptive radiation of African cichlids (reviewed in 

Henning & Meyer 2014; Meyer 2015). Two morphs have been initially described within this 

species with respect to mouth-opening direction: one morph has the mouth turned to the 

right (“right” morph) and the other morph’s mouth opens towards the left (“left” morph; 

Hori 1993). This remarkable polymorphism is seen as an extreme case of adaptive evolution 

(Lee et al. 2015), as it is associated with lateralized foraging behavior. P. microlepis is mainly a 

lepidophagous predator (Nshombo et al. 1985; Takeuchi et al. 2016), and left morphs 

preferentially attack the prey’s right side, while the opposite applies to the right morph, 

increasing the hunting success (Hori 1993; Lee et al. 2012; Takeuchi et al. 2012; Van Dooren 

et al. 2010). However, fitness is a relative measure, and the adaptive value of a 

morphological trait is not always fixed either, but in some circumstances can vary depending 

on the abundance of alternative phenotypes – i.e. frequency dependent selection. This 

appears to be the case of P. microlepis, whose equal abundance of both morphs observed 

within populations (Hori 1993; Kusche et al. 2012) is considered maintained by the advantage 

of the less frequent morph (known as negative frequency-dependent selection; Hori 1993; 

Nakajima et al. 2004). A single Mendelian locus with two alleles (L and R, R dominant and 

homozygous lethal; Hori 1993; Hori et al. 2007) linked to a microsatellite locus (UNH2101; 

Stewart & Albertson 2010) has been proposed to control mouth asymmetry. A similar 

relationship between morphology and behavior, and the same genetic determination mode 

was observed also in other fishes exhibiting mouth asymmetry (e.g. Hata & Hori 2012; Hata 

et al. 2012; Hori 2000; Hori et al. 2007; Mboko et al. 1998; Nakajima et al. 2007; Seki et al. 

2000; Stewart & Albertson 2010; Takeuchi & Hori 2008; Yasugi & Hori 2011). However, 

mouth asymmetry has been recently found to have a continuous unimodal distribution in P. 

microlepis (Kusche et al. 2012; Van Dooren et al. 2010), rather than the two clear discrete 

states originally described (Hori 1993). These findings challenged also the single gene 
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determination model (Hori 1993; Hori et al. 2007; Stewart & Albertson 2010), since this 

mode implies the absence of near-symmetric samples. Additionally, it has been shown that 

this genetic model is not consistent with published offspring phenotype frequencies (Lee et 

al. 2015; Palmer 2010), and mouth asymmetry is not associated with the proposed 

microsatellite locus (Lee et al. 2015; Lee et al. 2010). These studies contribute to the 

mounting evidence that this fascinating textbook model (Futuyma 2009) might not be so 

simple and clear as initially proposed (Hori 1993; Palmer 2010), and understanding the 

mechanisms driving the evolution of P. microlepis intra-specific diversity is now more 

intriguing than ever.  

Here, we aim to shed light on the genetic basis of this remarkable polymorphism. 

Clarifying its genetic determination is a crucial step towards understanding the driver(s) of 

this iconic trait. Several studies have directly or indirectly focused on the genetic basis of 

mouth asymmetry, but this continues to be elusive. In most occurrences of bilateral 

asymmetries exhibiting equal abundance of the left and right morphs, the direction of 

asymmetry is not inherited (27 out of 28; Palmer 2004). Consequently, it has been 

hypothesized that it is purely random and not genetically determined also in P. microlepis  

(random antisymmetry model; Palmer 2005). An experiment in which P. microlepis was 

forced to feed only on one side (Van Dooren et al. 2010), observations in both lab-reared 

(Lee et al. 2012) and wild-caught (Kusche et al. 2012) fish, and analysis of stomach contents 

(Takeuchi et al. 2016) all suggest that this trait can be influenced by external factors such as 

predation mode and feeding experience. These are all elements possibly contributing to the 

elusiveness of the genetic basis of this trait. On the other hand, observed offspring 

frequencies did not fit the random model (Palmer 2010). Additionally, reasonable levels of 

heritability for mouth asymmetry have been described recently (Lee et al. 2015), and several 

lines of evidence – including the continuous distribution of the phenotype (Kusche et al. 

2012) – suggest that mouth asymmetry should be a quantitative trait (Kusche et al. 2012; Lee 

et al. 2015). Furthermore, gene(s) underlying this trait might not influence mouth asymmetry 

directly, as previously speculated, but indirectly through their impact on behavioral laterality 

(Lee et al. 2012; Van Dooren et al. 2010). Is mouth asymmetry solely environmentally 

determined (i.e. random), or does it have a sizable genetic basis? If variation in this trait is (at 

least partially) genetically determined, is it controlled by a single locus or multiple genomic 

regions? Is mouth asymmetry driven by behavioral lateralization (Lee et al. 2012; Van Dooren 

et al. 2010), or is handed behavior a consequence of morphological asymmetry (Hori 1993; 

Takeuchi et al. 2016)? To address the genetic basis and to identify candidate region(s) 
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involved in P. microlepis mouth asymmetry, we analyzed wild-caught specimens using high-

throughput DNA sequencing data.  

Quantitative trait locus (QTL) mapping analysis represents the approach that has 

been traditionally used for bridging the gap between phenotypic traits (e.g., mouth 

asymmetry) and their underlying genes. However, P. microlepis fish husbandry is particularly 

difficult (Lee et al. 2010), and, due to the relatively small brood sizes of this species, it proved 

difficult to obtain enough individuals for QTL mapping. Consequently, we used an alternative 

approach to identify the genetic bases of mouth asymmetry, based on the comparison of 

wild-caught samples grouped according to their mouth phenotype. To maximize the power of 

detecting genomic regions underlying the trait of interest, we analyzed only the individuals 

with the most extreme phenotype (a method commonly used in bulked segregant analysis; 

Michelmore et al. 1991). Additionally, we used two different next-generation sequencing 

methods. This approach allowed us to obtain a higher number of markers spanning a higher 

number of different regions than each technique alone would allow, thus increasing our 

chances of sequencing genomic regions containing genes underlying mouth asymmetry. 

Specifically, we developed a novel array of SNP markers via (i) individual sequencing through 

double-digest Restriction Associated DNA (RAD) tags (ddRADseq; Baird et al. 2008; Miller et 

al. 2007; Peterson et al. 2012) and (ii) the sequencing of pooled DNA samples (PoolSeq; 

Futschik & Schlotterer 2010). These methods allow generating a large amount of SNPs in a 

quick, efficient, and cost-effective manner, and these markers can then be used to uncover 

the genetic bases of phenotypic traits (Ehrenreich et al. 2009; Kofler et al. 2011a; Magwene 

et al. 2011). Using these approaches, we aimed to obtain the first empirical information on 

the genomic architecture of mouth asymmetry in P. microlepis, a non-model species lacking 

any previous genomic information.   

The genotype-phenotype correlations found to be non-causal due to the presence of 

population structure have been a great concern in uncovering nucleotide variants for 

complex traits. In fact, differences in allele frequencies between populations due to 

systematic differences in ancestry (population structuring) rather than association of genes 

with trait of interest can invalidate the identification of candidate genomic regions, leading to 

apparent associations at markers that are unlinked to the trait loci (false positives; Balding 

2006; Ehrenreich et al. 2009; Freedman et al. 2004; Price et al. 2006; Pritchard & Donnelly 

2001; Shin & Lee 2015; Wellenreuther & Hansson 2016 and references therein). Population 

structure is influenced both by biological features such as ecological specialization and 

dispersal potential, as well as external environmental factors such as geography and habitat 
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structure. It is, then, of utmost importance to take into account the patterns of geographic 

structuring when the analyzed samples are differentiated between sampling locations. The 

phylogeographic structure of P. microlepis along the Southern Lake Tanganyika coast 

(Zambia) has been described in Koblmüller et al. (2009) and Lee et al. (2010). Their results 

indicated the presence of significant differentiation also at small spatial scales. Therefore, to 

limit the occurrence of false-positive candidate SNPs linked to mouth asymmetry, we 

integrated in our analyses information on geographical provenance by: (i) testing for 

geographic differentiation in our dataset and (ii) treating geographical provenance as a 

confounding factor.  

This study represents the first investigation of the genetic basis of mouth asymmetry 

in P. microlepis based on a genome-wide set of a very large number of DNA markers. Our 

approach allowed to identify SNPs differentiated between P. microlepis individuals that are 

the extreme ends of the distribution of left and right morphs, and hence are candidate 

genomic regions for bilateral asymmetry. 

 

Materials and Methods 

Sampling and phenotype scoring 

266 Perissodus microlepis adult individuals were collected at seven sites across Lake 

Tanganyika, three in Congo and four in Zambia (Fig. III.1a; Table SIII.1). The samples from 

Zambia were collected in April 2010 (Kusche et al. 2012), while the specimens from Congo 

were collected in September 2013. Due to the small geographical distance between the three 

Congo sites (Table SIII.1), and to their small sample sizes, they were considered as a single 

population. We chose this sampling design to be able to study the genetic basis of mouth 

asymmetry while controlling for the potentially confounding factor of geographic structure. 

As not much is known on the genetic basis of mouth asymmetry and this might be different 

in different populations, we preferred this sampling/analytical design to the alternative 

sampling of a single population and assuming that the results would generalize to all the 

populations of the species. Specimens were preserved in ethanol at 4°C, and finclips were 

dissected for DNA extraction.  

Fishes were photographed using procedures aimed to minimize bias and error during 

data collection (Fruciano 2016; Fruciano et al. 2011a, b). For each individual, we recorded, 

using the software tpsDig2 v. 2.18 (Rohlf 2006), the x,y coordinates of three points 

corresponding to the most anterior part of the eye sockets and the tip of the snout, as 

observed on the upper lip (Fig. III.1b). From the coordinates of these points, we computed 
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the angles at each of the eye sockets and used these to determine the mouth-bending angle 

(a measure of the amount of asymmetry for each individual; Kusche et al. 2012). Briefly, the 

angle αL is the angle formed connecting these three points and having the vertex at the left 

eye, while the one with the vertex at the right eye is labelled βR (Fig. III.1b). The mouth-

bending angle was defined as the difference in degrees between the angles at the left and 

right eye (αL – βR). Positive values indicate left-bending individuals, whereas negative results 

are right-bending fish (Kusche et al. 2012). To ensure accurate measurements, we performed 

a preliminary analysis of measurement error by taking – for a pilot set of 20 specimens – 

repeated measurements (two pictures and two digitization per picture, for a total of four 

measurements; Fruciano et al. 2011a, b, 2012) and measuring the consistency of the mouth 

bending angle across repeated measurements (repeatability) with the intra-class correlation 

coefficient (Fisher 1958a; Fleiss & Shrout 1977). The value of the repeatability of mouth 

bending angle was high (0.89) and for the rest of the dataset a single measurement was 

deemed sufficiently accurate (Fruciano 2016). 

 

αL βR

Congo

Burundi

D. R. 
Congo

Zambia

Tanzania

Toby
MbitaKasakalawe

Katoto

280 km

a b

Figure III.1 (a) Lake Tanganyika sampling locations in Zambia and Congo (Africa). Countries are 
reported in boldface, sampling sites with regular front. (b) Phenotype scoring: the difference 
between angles at the left (αL) and right (βR) eye measures the degree of laterality of each 
individual.  
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Sample selection 

Individuals were ranked based on the measured angles, and 50 samples from both tails of the 

phenotypic distribution were selected, creating two groups of the 25 most extreme right and 

25 most extreme left fishes, equally distributed between the five sampling location (Table 

SIII.1). This sample size has been proven to be large enough to screen candidate markers 

(Wang et al. 2014 and references therein). For the PoolSeq dataset, the number of 

individuals for each morph was increased to 50 (Schlötterer et al. 2014). These were evenly 

distributed between the four Zambian sampling sites obtaining four pools for each morph 

(Table SIII.1). The samples from Congo, while used for the ddRADseq analyses, were excluded 

from the PoolSeq analyses due to the low sample size of this population. We focused on two 

sets of analyses: differentiation between left and right morphs (genetic bases of mouth 

asymmetry; henceforth “morph dataset”), and among the five sampling sites (geographic 

structuring; “geographic dataset”). The latter has been used to test for the need of 

controlling for geographic structuring when analyzing the morph dataset. 

 

Molecular methods 

Genomic DNA was extracted from fin tissue using the ZR Genomic DNATM-Tissue MiniPrep 

kit (Zymo Research, Irvine, USA) following the manufacturer’s protocol including the RNAse 

treatment to remove residual RNA. The DNA integrity of each sample was assessed by 

agarose gel electrophoresis and quantified using a Qubit v2.0 fluorometer (Life Technologies, 

Darmstadt, Germany). Approximately 700 ng of DNA template of each sample was double-

digested using the restriction enzymes PstI-HF and MspI (New England BioLabs, Beverly, USA) 

in one combined reaction as described in Franchini et al. (2014). The library was size-selected 

for a range of 350–490 bp using a Pippin Prep electrophoresis system (Sage Science, Beverly, 

USA).  

2.5 μg of pooled DNA was used to prepare the PoolSeq library following the Illumina 

TruSeq DNA Sample Preparation Kit protocol (Illumina Inc., San Diego, USA). The size was 

selected to 400-600 bp using the Pippin Prep system.  

The ddRAD and PoolSeq libraries were individually run on an Illumina HiSeq2500 

(two lanes in total) at the Tufts University Genomics Center (TUCF Genomics, Boston, USA) 

using the single-end (ddRAD, 151 cycles) and paired-end (PoolSeq, 302 cycles) strategies. 
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ddRAD bioinformatics pipelines 

Raw ddRAD Illumina reads were processed into candidate RAD loci using the process_radtags 

script implemented in the Stacks pipeline v. 1.28 (Catchen et al. 2013). Sequences of each 

individual were grouped by barcode and quality controlled (final length 146 bp). The filtered 

reads were de novo assembled through the Stacks denovo_map.pl script, using the following 

parameters: minimum stack depth (-m) 3, distance allowed between catalog loci (-n) 3, and 

removal of highly repetitive RAD-tags (-t). This dataset was corrected using the Stacks 

rxstacks script and the following settings: prune out haplotypes unlikely to occur in the 

population (--prune_haplo), SNP bounded model (--model_type bounded), epsilon upper 

bound (--bound_high) 0.1, filter catalog loci having a log likelihood lower than (--lnl_filter --

lnl_limx) -10, filter confounding loci (--conf_filter), proportion of confounding loci (--conf_lim) 

0.25. For the analysis of geographic structuring, we tested each locus for deviations from 

Hardy-Weinberg Equilibrium (HWE) in each population separately using PLINK v. 1.9 (Purcell 

et al. 2007), and excluding (“blacklisted” in Stacks) from subsequent analyses those loci 

showing significant departures from HWE. This procedure allowed us to filter out those loci 

potentially linked to other evolutionary processes that might confound the signature of 

geographic differentiation (Wigginton et al. 2005). Since marker-trait association 

accompanied by selection can lead to deviations of the HWE (Wigginton et al. 2005), the 

HWE filtering was not applied in the comparison between morphs.  

The left and right groups, as well as the five geographic sites, were compared at each 

locus through pairwise FST (Nielsen & Beaumont 2009; Weir & Cockerham 1984) and the 

Fisher exact test (Fisher 1958a) as implemented in the Stacks populations module. The 

minimum percentage of individuals in a population required to process a locus for that 

population (-r) was set at 0.4, together with 5 individual minimum stack depth required for 

individuals at a locus (-m). The p-values were corrected for multiple tests in SGOF+ v. 3.8 

(Carvajal-Rodriguez & de Uña-Alvarez 2011). This software implements multiple correction 

methods, and we used both the Benjaminiand Hochberg (1995); BH hereafter) and the 

sequential Bonferroni (Holm 1979; SB hereafter) procedure to include approaches based on 

different philosophies and having different levels of power. SNPs significantly differentiated 

in both the comparison between morphs and between sites were excluded from the morph 

dataset to reduce the chance of false positive due to population structuration.  A Manhattan 

plot of the FST values between the left and right fish was obtained using the R package qqman 

(Turner 2014). The position of each SNP was inferred by blasting on the Oreochromis niloticus 

genome, the only anchored reference genome available for cichlids (Brawand et al. 2014). 
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When SNPs did not blast on this genome, the Maylandia zebra (Brawand et al. 2014) one was 

used as reference genome. To ensure the robustness of the SNPs detected as differentiated 

between the left and right group, the de novo assembly procedure was repeated for the 

morph comparison excluding samples from Congo, or using default settings, and multiple 

values and combinations of the following parameters: minimum depth of coverage required 

to create a stack (ustacks –m: 2, 3, 5, 10), maximum distance allowed between stacks 

(ustacks -M: 3, 5), maximum number of stacks at a single de novo locus (ustacks --

max_locus_stacks: 2, 6), number of mismatches allowed between sample tags when 

generating the catalog (cstacks -n: 2, 3, 5, 10), and upper bound for the error rate (rxstacks --

bound_high: 0.05, 0.1).  

Genetic relationship between the geographic sites has been further analyzed through 

the principal component analysis (PCA) using the R v. 3.2.0 (R 2016) library adegenet v. 1.4-2 

(Jombart & Ahmed 2011). 

  To control for the influence of geographic structuring on the analysis of 

differentiation between morphs, allele frequencies of two types of datasets were subjected 

to hierarchical analyses of molecular variance (AMOVA; Excoffier et al. 1992( in Arlequin v. 

3.5 (Excoffier & Lischer 2010). We modelled genetic variation as a function of a morph (main 

term) and geographical provenance (term of the model nested within morph). One dataset 

incorporated only the SNPs with significantly different allele frequencies between morphs, 

while the other included subsets of randomly selected SNPs not significantly differentiated 

between morphs. For the latter dataset, three random subsets of 10,000 SNPs were 

generated through the procedure reported in the Stacks documentation after removing 

those SNPs whose allele frequencies significantly differentiated between morphs. We did not 

exclude the SNPs significantly differentiated in both the comparison between morphs and 

between sites from these two types of AMOVA datasets. In these AMOVA analyses, we 

applied a hierarchical study design in which locations were nested within morphs. Following 

this scheme, genetic variation is partitioned in three components: among morphs, among 

locations within morphs, and among individuals within locations. 

 

PoolSeq bioinformatics pipelines 

SeqPrep v. 1.1 (https://github.com/jstjohn/SeqPrep) and CLC Genomics Workbench v. 8.0.2 

(CLC bio, Aarhus, Denmark) were used to remove adapters and trim raw PoolSeq Illumina 

reads at 151 bp. These were mapped individually for each pool to the existing cichlid fish 

(Oreochromis niloticus, Maylandia zebra, Pundamilia nyererei, Neolamprologus brichardi, and 
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Astatotilapia burtoni) reference genomes (Brawand et al. 2014) using bwa v. 0.7.12 (Li & 

Durbin 2009) and bowtie2 v. 2.2.5  (Langmead & Salzberg 2012) using both default and 

optimized settings. These include: maximum edited distance (-n) 0.01, seed (-l) 100, 

maximum number of gap opens (-l) 2, disallow long deletion within 12 bp towards 3’ end (-d), 

and maximum number of gap extensions (-e) 12. Mapped pools belonging to the same 

morph or site were merged through CLC Genomics Workbench, obtaining two (left and right; 

morph dataset) or four (Katoto, Kasakalawe, Mbita and Toby; geographic dataset) pools for 

subsequent analyses. SAMtools v. 1.2 (Li et al. 2009) and Picard v. 1.119 

(http://picard.sourceforge.net.) were used to remove duplicates and low quality alignments 

(mapping quality lower than 20; unmapped reads or without both mates aligned to the 

reference genome). The resulting files were exported to a single mpileup file containing the 

pools to be compared without quality score adjustment. Indels and repetitive regions were 

masked considering a window of five nucleotides through PoPoolation v. 1.2.2 (Kofler et al. 

2011a). A sync-file was built using PoPoolation2 v. 1.2.01 (Kofler et al. 2011b), with a 

minimum base quality of 20, followed by subsampling without replacement to a target 

coverage of 10, minor allele count of 2, and maximum coverage of 200. Popoolation2 was 

also used to calculate the fixation index FST (Hartl & Clark 2007) and to test for differences in 

allele frequencies using the Fisher’s exact test (Fisher 1922). Together with single-SNP 

analyses, we also performed analyses using non-overlapping sliding windows of 100 bp, a 

minimum count of 3 and a minimum covered fraction of 1 (i.e., the entire 100bp sequence of 

a given window had to be present) to minimize stochastic errors (Kofler et al. 2011a). 

Corrections for multiple tests and exclusion of SNPs differentiated in both the morph and the 

geographic dataset were performed as described in the ddRAD dataset. PCA was performed 

in R using the overall FST values between locations. 

 

Gene prediction and functional annotation 

To annotate the regions significantly associated to mouth asymmetry, the following 

procedure was applied: 1) for the ddRAD dataset, the consensus sequence of the locus 

containing the significant SNP was aligned to the M. zebra genome using Blastn v. 2.2.30 

(Altschul et al. 1997) with an e-value threshold of 1e-35. Given the relative short size of the 

scaffold to which the RAD tag aligned to (scaffold 554; 50,966 bp), all the genes included here 

were retrieved from the available annotation.  2) For the PoolSeq dataset, as the M. zebra 

genome was used as reference in the PoPoolation analysis, this mapping information was 

implemented to retrieve the genes (again using the M. zebra annotation) included upstream  



Chapter III 

 

- 39 - 

 

and downstream (± 10,000 bp) the location of the significant SNPs (sliding windows). For 

both datasets, the genes were further functionally annotated using Blastx and Blast2GO v. 

2.8 (Conesa et al. 2005) using default settings and the lowest gene ontology level. The 

presence of significant GO term frequency differences in the genes occurring in the identified 

regions was tested comparing the PoolSeq gene sets with a baseline including all the O. 

niloticus genes. For this purpose, the Blast2GO enrichment analysis was implemented using 

the Fisher exact test and setting the false discovery rate to 0.05 (Benjamini & Yekutieli 2001).  

 

Results 

ddRAD 

Illumina sequencing generated 128,820,739 raw reads. After filtering, we retained 

109,387,016 reads. The de novo pipeline identified 155,798 SNPs, reduced to 76,836 after the 

rxstacks correction and filtering for coverage.  

After correcting for multiple tests, only a single SNP was significantly differentiated 

between the left and right morph fish (FST=0.8134; BH and SB corrected p=0.000154; Fig. 

III.2). This SNP was excluded from the geographic comparison as it deviated from HWE. The 

same SNP was retrieved in the de novo assemblies performed excluding Congo specimens or 

Figure III.2 Manhattan plot of FST between morphs in the ddRAD dataset. The SNP significant 
after correcting for multiple tests is highlighted in red (star). Numbers 1-23 refer to the 
corresponding linkage groups in the O. niloticus genome; U1 refers to unplaced scaffolds; U2 to 
SNPs in sequences that did not blast neither on the O. niloticus nor on the M. zebra genomes. 
These were, then, randomly ordered.  
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using different parameters (data not shown), except the datasets having -n (cstacks) set to 0, 

-m and -M (ustacks) higher than five and three, that did not produce significant SNPs after 

multiple test correction. This SNP presented two alternative nucleotides: G, predominant in 

the right group, and A mostly related to the left morph (Table SIII.2). The ddRAD locus 

containing this SNP aligned to the M. zebra (unplaced genomic scaffold 554; 50,966 bp; score 

262; similarity percentage 96%; E-value 2e-58) and on the P. nyererei (unplaced genomic 

scaffold 3817; 2,740 bp; score 252; similarity percentage 95%; E-value 1e-55) genomes. The 

P. nyererei scaffold falls within the M. zebra one, coinciding with the same genomic region 

(score 5100; similarity percentage 97%; E-value 0.0), that includes three genes and one 

pseudogene related to immunity response, specifically the Immunoglobulin light chain (Table 

SIII.2).  

A mean of 40,245 (standard deviation 5,670) SNPs after removal of loci significantly 

deviating from HWE were analyzed to assess genetic variation in geographic space. Pairwise 

comparisons between the geographic sites resulted to be all significant after multiple test 

correction (Table III.1). The overall FST value increased with increasing geographic distance 

(Table III.1). The PCA result (Fig. III.3a) suggested that most of genetic variation is found 

between the sampling sites in Congo and the rest. There is also a certain level of variation 

among the four Zambia sites but with a considerable overlap between Kasakalawe and 

Mbita.  

The AMOVA analysis using only the SNP with significant difference in allele 
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Figure III.3 Plot of the scores along the first two principal components of the ddRAD (a) and 
PoolSeq (b) datasets. Congo was excluded from the PoolSeq dataset.  
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frequencies between morphs indicated that the among-morphs term was significant and 

accounted for 16.29% of variation. On the other hand, differentiation between locations 

within morphs was lower and not significant (Table SIII.4). On the contrary, the random 

subsets did not show significant structuring between morphs but among locations within 

morphs (Table SIII.4). The among-individuals within-locations source of variation was 

significant in all datasets. 

 

PoolSeq 

We obtained between 18,613,620 and 26,095,562 (mean 22,371,737; standard deviation 

3,431,353) raw reads per pool from Illumina sequencing. Remarkably, we obtained a similar 

number of raw reads between the eight pools, essential to analyze them effectively 

Schlötterer et al. 2014. Trimming and cleaning resulted in between 18,500,590 and 

26,066,400 (mean 22,323,225; standard deviation 3,447,229) reads per pool. No appreciable 

improvement was observed between mapping using the default and optimized parameters 

(data not shown); subsequently, the default settings were used for the following steps. Mean 

alignment rates across pools were 80.36% (M. zebra; standard deviation 0.65), 68.20% (O. 

niloticus; standard deviation 0.57), 78.94% (P. nyererei; standard deviation 0.65), 75.63% (N. 

brichardi; standard deviation 0.62) and 79.68% (A. burtoni; standard deviation 0.62). 

Consequently, the M. zebra assembly was used for subsequent analyses.  
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Figure III.4 Summary of the GO terms for the PoolSeq sequences containing the significant 
SNPs after correcting for multiple tests with the Benjamini-Hochberg procedure and 
removing the SNPs significantly differentiated when comparing sampling sites. 
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We identified 3,970,889 SNPs. These were reduced to 755,810 (single-SNP analysis) 

and 61,270 (100 bp sliding window approach) after filtering for quality and coverage. After 

correcting for multiple tests, the single-SNP analysis did not produce any significant SNP in 

the comparison between morphs, as well as in the pairwise comparison between geographic 

locations. Interestingly, the 100 bp dataset resulted in 395 (after the BH multiple test 

correction procedure) and 38 (applying the SB method) windows containing SNPs 

significantly differentiated between the left and right samples. Seventeen out of 395 

windows of the BH dataset included SNPs whose frequencies were significantly different 

among locations. For this reason, these windows were excluded from subsequent analyses. 

The functional annotation of the resulting 378 loci identified 108 (BH) and 22 (SB) genes with 

known function (Fig. III.4; Fig. III.5; Table SIII.5; Table SIII.6). These genes were significantly 

enriched for several functions when the Nile tilapia (Oreochromis niloticus) genome was used 

as background (Fig. SIII.1; Fig. SIII.2), particularly representatives related to response to 

stimuli, immunity (BH), cell adhesion and trans-membrane signaling pathway (BH and SB).  

 

The geographic comparison showed, as expected, higher differentiation at larger 

geographic distance (Table III.1; Fig. III.3b). 

 

Discussion 

Perissodus microlepis is an outstanding example of morphological and behavioral laterality, 

and a textbook model of negative frequency-dependent selection. However, the processes 

�� �� �� �� �� ��  �

�	
�	��
������	��

�	���
	���

��������������
���

�
���
������������������	���

�	
�	��
�����
����

��

�

�	��
������	����������

���������

��

�
����������

����
��������	���

�	��	���

�����
	���������

�������	�����������

�
�
��
�
��



��
�

ŵŽůĞĐƵůĂƌ�ƚƌĂŶƐĚƵĐĞƌ�ĂĐƟǀŝƚǇ

Number of sequences

G
O

 c
at

eg
or

y

ŵĞƚĂďŽůŝĐ�ƉƌŽĐĞƐƐ

ďŝŶĚŝŶŐ

ĐĂƚĂůǇƟĐ�ĂĐƟǀŝƚǇ

ĐĞůůƵůĂƌ�ƉƌŽĐĞƐƐ
membrane

ƐŝŶŐůĞͲŽƌŐĂŶŝƐŵ�ƉƌŽĐĞƐƐ
cell

ďŝŽůŽŐŝĐĂů�ƌĞŐƵůĂƟŽŶ

ƌĞƐƉŽŶƐĞ�ƚŽ�ƐƟŵƵůƵƐ

ƐŝŐŶĂůůŝŶŐ

ďŝŽůŽŐŝĐĂů�ĂĚŚĞƐŝŽŶ

0 1 2 3 4 5 6

ŵŽůĞĐƵůĂƌ�ƚƌĂŶƐĚƵĐĞƌ�ĂĐƟǀŝƚǇ

Number of sequences

G
O

 c
at

eg
or

y

ŵĞƚĂďŽůŝĐ�ƉƌŽĐĞƐƐ

ďŝŶĚŝŶŐ

ĐĂƚĂůǇƟĐ�ĂĐƟǀŝƚǇ

ĐĞůůƵůĂƌ�ƉƌŽĐĞƐƐ
membrane

ƐŝŶŐůĞͲŽƌŐĂŶŝƐŵ�ƉƌŽĐĞƐƐ
cell

ďŝŽůŽŐŝĐĂů�ƌĞŐƵůĂƟŽŶ

ƌĞƐƉŽŶƐĞ�ƚŽ�ƐƟŵƵůƵƐ

ƐŝŐŶĂůůŝŶŐ

ďŝŽůŽŐŝĐĂů�ĂĚŚĞƐŝŽŶ

0 1 2 3 4 5 6

Figure III.5 Summary of the GO terms for the PoolSeq sequences containing the significant 
SNPs after correcting for multiple tests with the Sequential Bonferroni procedure and 
removing the SNPs significantly differentiated when comparing sampling sites. 
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producing and maintaining this left-right asymmetry remain unclear. Our results suggest that 

the notable polymorphism in P. microlepis has a significant genetic basis, in particular a 

polygenic contribution, and that geographic structure needs to be taken into consideration in 

the attempt to identify genetic loci differentiated between morphs. 

 

Table III.1 Pairwise FST between sampling locations. In the upper triangle are reported the values 
obtained with the PoolSeq dataset while the FST obtained with the ddRAD dataset are in the lower 
triangle. Congo was excluded from the PoolSeq dataset. All the comparisons were significant after 
correcting for multiple tests. 
 

PoolSeq 
- 

ddRAD 
Katoto Kasakalawe Mbita Toby Congo 

Katoto - 0.0206 0.0223 0.0267 - 

Kasakalawe 0.0312 - 0.0184 0.0219 - 

Mbita 0.0289 0.0106 - 0.0223 - 

Toby 0.0723 0.0472 0.0437 - - 

Congo 0.2314 0.2280 0.2147 0.2819 - 

 

 

Molecular markers and mapping 

This study represents the first genome-wide analysis of P. microlepis intra-specific genetic 

diversity. Previous studies of the genetic variation in this cichlid had used the mitochondrial 

control region (Koblmüller et al. 2009; Lee et al. 2010), or relatively few (13 in Lee et al. 2010; 

five in Stewart & Albertson 2010) microsatellite loci. These previous analyses, involving few 

genomic regions, were, therefore, limited in power by the number and type of the chosen 

markers, and asked different questions. Thanks to the rapid development and decreasing 

costs of high throughput DNA sequencing technologies in the last years, we were able to 

obtain more than 150,000 (ddRADseq) and 3,900,000 (PoolSeq) SNPs. Additionally, the 

combination of individual and pooled sequencing enabled us to obtain a larger number of 

markers throughout the genome than any single technique would have.  

The accuracy of mapping of the PoolSeq dataset on different genomes reflects the 

time of divergence between P. microlepis and each of the five African cichlid species with 

published reference genomes (Brawand et al. 2014). N. brichardi is the only cichlid endemic 

to Lake Tanganyika among the five with reference genomes; however, it is not the most 

closely related species to the Perissodini lineage. Rather, among the African cichlids lineages 

with published genomes, haplochromine cichlids (such as M. zebra or A. burtoni) are more 
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closely related to P. microlepis than some of the other tribes of cichlids that are endemic to 

Lake Tanganyika (Brawand et al. 2014; Salzburger et al. 2005). Perhaps not surprisingly, O. 

niloticus, a cichlid that has the best genome sequence published so far, but is 

phylogenetically distant to P. microlepis, had the worst mapping accuracy. 

 

Genetic bases of mouth asymmetry 

The de novo ddRAD assemblies using several parameters were all concordant in the 

identification of one SNP significantly differentiated between the left and right groups. Three 

assembly parameter settings – distance allowed between catalog loci (cstacks -n) 0, 

minimum stack depth (ustacks -m) greater than 5 and distance allowed between stacks 

(ustacks -M) higher than 3 – did not identify any significant SNP. However, assemblies using 

these three settings are likely not appropriate, as reported in the Stacks manual. Considering 

that the results of the analyses using the remaining wide range of parameters and 

combinations are concordant with each other, we were confident that the SNP we found 

significantly differentiated between morphs did not result from inappropriate assembly 

settings but represents a true polymorphism. Unfortunately, it was not possible to evaluate 

this SNP through PoolSeq as this locus was discarded during the filtering procedure due to 

low coverage. 

We did not detect any SNP that was significantly differentiated between morphs in 

the single-SNP analysis of the PoolSeq dataset. However, significant SNPs were also absent in 

the PoolSeq analysis of geographic variation. This clearly contrasts with the results from this 

(ddRAD and 100 bp PoolSeq datasets) and previous (Koblmüller et al. 2009; Lee et al. 2010) 

studies, that agree in reporting significant genetic divergence across geographic locations. 

Additionally, the 100 bp dataset, implementing more restrictive filtering parameters and thus 

resulting in a lower number of higher-quality SNPs, produced 378 (BH) and 38 (SB) windows 

containing SNPs that were significantly differentiated between morphs. These findings 

suggest that absence of significant SNPs in the single-SNP analysis is more likely to be a 

consequence of the applied procedures and does not reflect the real pattern of 

differentiation between morphs.  In the ddRAD dataset, we found only one significant SNP. 

Probably this is related to the notable restrictiveness of the multiple test correction, and it is 

likely that there are more SNPs underlying the left/right polymorphism. In fact, while it is 

recommended to control for the Type I error rate, many of these methods are rather 

conservative (Benjamini 2010; Camargo et al. 2008; Carvajal-Rodríguez et al. 2009; Ge et al. 

2003; Moran 2003; Shaffer 1995).  Alternatively, the discrepancy between the number of 
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significant SNPs obtained with the 1 bp or 100 bp windows approaches might suggest that 

multiple SNPs affect the gene(s) underlying the trait, but each SNP alone does not contribute 

enough to be detected. Finally, the different numbers of significant SNPs in the PoolSeq 100 

bp BH and SB analyses is due to the different level of conservativeness of the BH and SB 

method. BH seemed to be better suited to our study having a high number of tests, but SB 

provides more stringent results, although it is prone to strongly underestimate the number of 

SNPs truly differentiated between the left and right morph.  

Interestingly, both ddRAD and PoolSeq marker datasets analyzed here indicated the 

presence of genes related to immunity in the genomic regions differentiated between 

morphs. Immunoglobulin (ddRAD) and major histocompatibility complex (MHC; PoolSeq) 

have already been proposed as a potent factor contributing to the divergence of cichlids 

lineages, and promising candidates for the analysis of functional relevance with regard to 

phenotype and divergence (Machado et al. 2014 and references therein). MHC is known to 

contribute to both assortative and disassortative mating in closely related cichlids and other 

fishes (e.g. Landry et al. 2001; Reusch et al. 2001), and consequently, these genes have been 

suggested as one of the mechanisms of adaptive ecological speciation (Blais et al. 2007; 

Eizaguirre & Lenz 2010; Eizaguirre et al. 2011; Evans et al. 2012; Piertney & Oliver 2006; 

Salzburger 2009 and reference therein). Our result suggests that these might contribute also 

to non-random mating between the left and right morph of P. microlepis.  To date, 

contradictory findings exist on the presence of assortative, disassortative or random mating 

in P. microlepis (Kusche et al. 2012; Lee et al. 2010; Takahashi & Hori 2008). On one hand, 

disassortative mating has been advocated to have a role in stabilizing the mouth 

polymorphism (Takahashi & Hori 2008), while other studies did not detect any signature of 

selective mating and concluded that random mating occurs in natural populations of P. 

microlepis (Kusche et al. 2012; Lee et al. 2010). However, non-random mating is not expected 

to have a genome-wide effect, but should only affect loci involved in selective mating choice, 

and regions closely linked to them (Templeton 2006). This might explain the absence of any 

obvious genetic signature of non-random mating in a dataset based on a small number of 

markers (mitochondrial control region and 13 microsatellites; Lee et al. 2010) compared to 

our work. It is possible that among the genes that were identified as potential candidate 

genes underlying mouth laterality (Table SIII.5 and SIII.6) there are genes involved in non-

random mating.  

Perhaps more interestingly, the analyses of the PoolSeq dataset were concordant in 

finding genes involved in cell adhesion, particularly the protocadherins, in the regions with 
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different allele frequencies between morphs. Protocadherins are a subgroup of the cadherin 

superfamily of homophilic cell-adhesion proteins (Hulpiau & Van Roy 2009 and references 

therein). Adhesion molecules regulate cellular migration, and allow the direct transfer of 

small molecule signals. Cellular movement and communication is at the basis of the 

mechanisms determining the early establishment of the left-right patterning during 

embryogenesis (Burdine & Schier 2000; Levin 2005; Mercola & Levin 2001 and references 

therein). Additionally, PoolSeq BH results indicated the presence of several genes related to 

ion transporter activity. The chief role of both transporter and adhesion molecules in the left-

right development have been demonstrated in gain and loss of function experiments, in 

which expression alterations of these proteins randomize the left-right axis (Levin 2005 and 

references therein). In fact, the initial break of symmetry is caused by an asymmetrical 

transmission of the positional information (in form of signaling molecules or ion flux; Levin 

2005). This results in the accumulation of a determinant on one side of the developing 

embryo (e.g. Shh on the chicken left side; Burdine & Schier 2000), that, in turn, determines 

the cascade of asymmetric gene expression leading to the differentiation of the left and right 

margins (Levin 2005 and references therein). Cadherins are one of the earliest proteins to be 

asymmetrically expressed in the chick embryo, and have been suggested to specify cell 

polarity (Garcia-Castro et al. 2000; Levin 2005 and references therein). Protocadherins are 

predominantly expressed in the brain and are involved in neural network formation (Sano et 

al. 1993). In humans, the origin of cerebral asymmetry and language has been related to 

these genes, and their mutations have been associated to schizophrenia and 

neurodegenerative illness (Anderton et al. 1998; Kalmady & Venkatasubramanian 2009) and 

references therein). In fish, cerebral asymmetry is linked to handed behavior (e.g. Concha et 

al. 2012; Reddon et al. 2009; Takeuchi et al. 2010 and references therein). Lateralized 

feeding behavior is probably expressed earlier in development than mouth asymmetry in P. 

microlepis, as two months old fishes already exhibit handed behavior and attack-side 

preference (Lee et al. 2012). It has been proposed that lateralized behavior precedes and 

facilitates mouth asymmetry (Lee et al. 2012; Van Dooren et al. 2010), and that the genetic 

basis of this trait would primarily affects behavioral laterality rather than morphology (Lee et 

al. 2012; Van Dooren et al. 2010). Our results might support this hypothesis, suggesting that 

protocadherins may play a central role in the establishment of P. microlepis asymmetry via 

behavioral lateralization due to their key function in cerebral asymmetry. Alternatively, the 

regions containing the significant SNPs might not harbor the causal genes of mouth 

asymmetry, but only be genetically linked to them.  
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Taken together, our results suggest a sizable and polygenic basis of mouth 

asymmetry. This is in agreement with previous studies proposing that this trait is unlikely to 

be determined by a single genetic locus with two alleles and does not follow simple 

Mendelian inheritance (Kusche et al. 2012; Lee et al. 2015).  

 

Geographic structuring 

A significant genetic variation was observed among all the sampling sites, even at small 

spatial scale. This is in agreement with previous phylogeographic studies (Koblmüller et al. 

2009; Lee et al. 2010).  

The presence of population stratification is one of the well-known sources of false 

positives in studies associating phenotypic and genotypic information. Several methods have 

been proposed to deal with this problem in association mapping: genomic control, principal 

component analysis, structured association analysis and mixed models. Each of them has 

critical limitations, such as the high rate of false negatives (Ehrenreich et al. 2009; Shin & Lee 

2015; Wellenreuther & Hansson 2016 and references therein). Here we used a simple but 

effective procedure to control for geographic structuring: we controlled for geographic 

provenance in a statistical model, and let the results of the analysis of variation in geographic 

space inform the analysis of variation between morphs. AMOVA (where genetic variation is 

decomposed in terms, in this case corresponding to variation between morphs and variation 

between sampling sites) confirmed that the SNP significantly different between morphs in 

the ddRAD dataset is not a false positive due to geographic structuring. Similarly, the PoolSeq 

SB resulted to be free of spurious genetic association due to geographic stratification. On the 

other hand, the PoolSeq BH candidate SNPs included 17 windows holding SNPs significant 

also in the comparisons between sampling sites. Analyzing differentiation between morphs 

disregarding genetic variation across the geographic space would have probably resulted in 

the inclusion of false positives. On the contrary, we discarded the SNPs whose frequencies 

were significantly different both between morphs and between sampling sites, thus reducing 

the chance of false positives. These findings also highlight the importance of considering the 

influence of geographic stratification – together with other sources of spurious associations if 

known – in studies with designs and goals similar to ours as such analyses are increasingly 

feasible due to the reduction in costs of genome-wide sequencing technologies.  

 An alternative approach to prevent the influence of geographic structuring involves 

comparing the left and right morph within each sampling location. This would also allow 

testing the fascinating hypothesis of differences in genetic determination between sites due 
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to developmental system drift (i.e. development of homologous traits via divergent 

mechanisms; True & Haag 2001), a scenario which has not been previously considered. 

Indeed, to date all the studies on P. microlepis, including this one, assumed a common 

genetic basis for mouth asymmetry across populations. This assumption constitutes, then, a 

null hypothesis that should be properly tested in future studies based on larger intra-

population samples. 

 

Conclusions 

This study provides the first insight into the genomic architecture of Perissodus microlepis 

mouth asymmetry. Importantly, it clarified that this interesting trait has a genetic basis, 

which is likely to be influenced by multiple loci. The presence of many differentiated loci 

between the most right and most left individuals in natural populations contradicts both the 

hypothesis of no genetic determination and the single locus genetic model, but confirms 

recent findings suggesting a quantitative architecture of mouth asymmetry. Further, we 

describe a set of candidate genomic regions while controlling for false positives due to 

geographic stratification. While we are far from a complete understanding of the genotype-

phenotype map of this iconic trait, our data provides an important contribution to a deeper 

understanding of left-right asymmetry, and the processes driving the evolution and 

maintenance of intra-specific polymorphisms in animals. 
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Chapter IV 

 

Exploring the role of a candidate locus and individual feeding behavior  

in left-right asymmetry of a scale eating cichlid fish (Perissodus microlepis) 

 

FRANCESCA RAFFINI, CARMELO FRUCIANO and AXEL MEYER 

Ecology and Evolution (under review) 

 

Abstract 

The scale-eating cichlid fish Perissodus microlepis is a textbook example for bilateral 

asymmetry due to its left or right-bending heads and of negative frequency-dependent 

selection that is proposed to maintain this stable polymorphism. The mechanisms that 

underlie this asymmetry remain elusive. Several studies had initially postulated a simple 

genetic basis for this trait, but this explanation has been questioned, particularly by reports 

observing a unimodal distribution of mouth shapes. We hypothesize that this unimodal 

distribution might be due to a combination of genetic and phenotypically plastic 

components. Here we expanded on previous work by investigating a formerly identified 

candidate SNP associated to mouth laterality, documenting inter-individual variation in 

feeding preference using stable isotope analyses, and testing their association with mouth 

asymmetry. Our results suggest that this polymorphism is influenced by both a polygenic 

basis and inter-individual non-genetic variation, possibly due to feeding experience, 

individual specialization and intra-specific competition. We introduce a hypothesis 

potentially explaining the simultaneous maintenance of left, right, asymmetric and 

symmetric mouth phenotypes. Future studies will have to further tease apart the relative 

contribution of genetic and environmental factors and their interactions in an integrated 

fashion. 

Introduction 

The external morphology of animals is typically symmetric; the occurrence of conspicuous 

and stable asymmetry (departure from symmetry in morphology) or handedness (lateralized 

behavior) is rare in both vertebrates and invertebrates. The evolutionary forces and the 

underlying genetic and developmental mechanisms underlying most asymmetries remain 

unclear (Palmer 2016; Uzoigwe 2013). Bilateral asymmetries, where left or right individuals 
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differ from typically bilateral symmetrical specimens, therefore provide fascinating models to 

study the evolution and the relative contribution of genes and non-genetic factors to 

phenotypes (Palmer 2016). An outstanding model for this research is the scale-eating cichlid 

fish Perissodus microlepis from Lake Tanganyika (Africa), where individuals with left (“L”) and 

right (“R”) bending mouths are found in sympatry in approximately equal frequencies (Hori 

1993; Kusche et al. 2012). Its asymmetric mouth is associated with its lateralized foraging 

behavior: L fish preferentially feed on the scales of the right side of their victim fish, while R 

individuals bite the scales off from the left side (Hori 1993; Lee et al. 2012; Takeuchi et al. 

2012; Takeuchi et al. 2016; Van Dooren et al. 2010). This polymorphism is thought to be 

maintained through apostatic (negative frequency-dependent) selection, where the rare 

morph gains a selective advantage over the abundant one due to the potential prey’s 

guarding behavior (Hori 1993; Nakajima et al. 2004). The suggested role of balancing 

selection made P. microlepis also a textbook example of extreme adaptation (Futuyma 2009; 

Hori 1993; Lee et al. 2015). However, the developmental and genetic mechanisms that 

determine this polymorphism remain poorly understood. Three main explanations have been 

proposed to date: strictly genetic (due to a single Mendelian locus, Hori 1993; Hori et al. 

2007; Stewart & Albertson 2010), totally or partially random (Palmer 2004; Palmer 2010), 

and multifactorial (Chapter III, Lee et al. 2015; Palmer 2010; Stewart & Albertson 2010; Van 

Dooren et al. 2010) determination of mouth asymmetry. The first two models are hard to 

reconcile with multiple findings that emerged in the last decade: a) unimodal distribution of 

mouth shape in both adults and larvae (Kusche et al. 2012; Lee et al. 2015; Stewart & 

Albertson 2010; Van Dooren et al. 2010) which is not consistent with a single Mendelian 

locus; b) parents-offspring frequencies that do not match expectations for a trait controlled 

by a single simple locus (Lee et al. 2015; Palmer 2010); c) a significant heritability or single 

nucleotide polymorphisms (SNPs) significantly associated with laterality (Chapter III, Lee et al. 

2015) which are incompatible with a purely random determination of mouth asymmetry; d) 

evidence for trait plasticity (Kusche et al. 2012; Lee et al. 2012; Takeuchi et al. 2016; Van 

Dooren et al. 2010) which is inconsistent with a strictly genetic basis. Mouth asymmetry in P. 

microlepis is then is a complex trait (third model, Chapter III, Lee et al. 2015; Palmer 2010; 

Stewart & Albertson 2010; Van Dooren et al. 2010), whose variation is most likely due to a 

polygenetic basis and non-genetic factors (Kusche et al. 2012; Lee et al. 2012; Stewart & 

Albertson 2010; Takeuchi et al. 2016; Takeuchi & Oda 2017; Van Dooren et al. 2010). The 

purpose of this study is to integrate across genetic and non-genetic factors to further clarify 

their relative importance. 



Chapter IV 

 

- 51 - 

Several studies suggested that mouth asymmetry in P. microlepis has a sizable 

genetic component (Chapter III, Hori 1993; Hori et al. 2007; Lee et al. 2015; Palmer 2010; 

Stewart & Albertson 2010). This leads to the question: which regions of the genome contain 

the gene(s) responsible for asymmetry? A microsatellite locus was suggested to be linked to a 

putative laterality gene (Stewart & Albertson 2010), but subsequent studies failed to confirm 

this association (Lee et al. 2015; Lee et al. 2010). More recently, we conducted a genome-

wide study that identified several SNPs potentially related to mouth asymmetry (Chapter III). 

However, the association between these SNPs and the trait could be false positive resulting 

from factors such as a moderate sample sizes, necessitated by the costs of next-generation 

sequencing. Thus, new investigations were needed to validate these candidate loci. In 

particular, our recent study identified a single SNP by ddRAD sequencing of individuals 

presenting the most extreme L and R mouth morph (as opposed to multiple loci identified 

using pools of individuals). In the same study, the position and the gene context of this SNP 

was ascertained using the genomes of two other African cichlids fish: Pundamilia nyererei 

and Maylandia zebra. Our candidate SNP is located near the 5’ end (nucleotide 113) of a 146 

bp RAD locus (ID: 56537) containing three genes and one pseudogene for immunoglobulins. 

More specifically, this SNP is located in the non-coding region between two of these genes 

(LOC101464138 and LOC101465275 respectively, Chapter III). The first aim of this study was 

to validate this SNP by testing its association of this SNP with asymmetry using a larger 

sample size and Sanger sequencing, which has a lower sequencing error. Additionally, while 

previous studies investigated genomic loci underlying the difference between L and R morphs 

(i.e., the direction of mouth asymmetry, Chapter III, Hori 1993; Hori et al. 2007; Lee et al. 

2015; Palmer 2010; Stewart & Albertson 2010), here, for the first time we extent this work by 

analyzing the association between the candidate locus and mouth bending angle, i.e., a more 

precise and continuous quantification of asymmetry. 

 Clearly, adaptive phenotypes do not necessarily have a strictly genetic basis, but they 

can also vary due to phenotypic plasticity (Bradshaw 1965; reviewed in Pfennig et al. 2010; 

Pigliucci & Rausher 2007; Schlichting 2004; Schneider & Meyer 2017; West-Eberhard 2003; 

Whitman & Agrawal 2009). This might be the case for P. microlepis’ mouth asymmetry, 

whose heritability estimates indicated also a relatively large environmental component 

(around 80%, Lee et al. 2015). Several studies analyzed the non-genetic basis of this trait, 

suggesting that feeding experience plays an important role (Kusche et al. 2012; Lee et al. 

2012; Nshombo et al. 1985; Takahashi et al. 2007b; Takeuchi et al. 2016; Takeuchi & Oda 

2017; Van Dooren et al. 2010). They also showed that juveniles and adults primarily feed on 
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scales, but also on plankton and benthic animals (Nshombo et al. 1985; Takeuchi et al. 2016). 

Interestingly, more scales have been found in the stomachs of individuals with more 

pronounced mouth asymmetry – suggesting that laterality might be beneficial for scale 

eating (Takeuchi et al. 2016). Ecological theory predicts that, especially within species, a 

generalist (in our case, less asymmetric fish feeding on fewer scales and more other items) 

would be outperformed by a specialist (more asymmetric fish relying more on scales) in 

presence of ecological conditions favorable to the specialist (e.g., the specialist’s resources 

are not limited), possibly resulting in a selection for more extreme phenotypes (MacArthur & 

Levins 1964; Morris 1996). However, two specialists and a generalist can also stably co-exist 

(e.g., Abrams 2006; Bono et al. 2015; Büchi & Vuilleumier 2014; Egas et al. 2004; Eloranta et 

al. 2013; Rueffler et al. 2006b). Earlier analyses of feeding behavior in P. microlepis mainly 

concentrated on differences between age classes (Nshombo et al. 1985; Takeuchi et al. 

2016), but overlooked potential partitioning into generalists and specialists at the same 

developmental stage. Such ecological differentiation could emerge due to factors such as diet 

preference, or stochastic inter-individual variation in prey items encountered and their 

proportions. These, in turn, might be one of the causes for variation in the level of 

asymmetry between individuals. The jaw apparatus of cichlids is famously plastic and 

adaptable (e.g., Galis & Metz 1998; Greenwood 1965; Huysseune et al. 1994; Meyer 1987; 

Muschick et al. 2011) and, specifically, in P. microlepis is influenced by feeding experience 

(Lee et al. 2012; Takeuchi et al. 2016; Van Dooren et al. 2010). Thus, the observed unimodal 

distribution of mouth shapes could be the result of a combination of polygenetic basis and 

inter-individual non-genetic variation due to random (e.g., stochastic variation in feeding 

behavior) and non-random (e.g., prey preference) factors. The second goal of this study is, 

then, to explore individual-level variation in feeding behavior (niche partitioning) and test its 

association with mouth asymmetry. 

Previous studies on P. microlepis’ feeding behavior have used stomach content 

analyses (Nshombo et al. 1985; Takeuchi et al. 2016). This approach has the advantage of 

directly measuring what has been ingested. However, this technique has also various 

limitations, the most critical of which are, in our case, that it reflects only feeding during 

short periods immediately before capture (Menzel 1959; Michener & Schell 1994; Vander 

Zanden & Rasmussen 1999). Morphological changes associated with feeding plasticity involve 

bone and soft-tissues remodeling, which require some months to show plastic divergence in 

fish (e.g., Gunter et al. 2013; Schneider et al. 2014; Wimberger 1991; Witten & Huysseune 

2009). Hence, differences in diet (such as feeding on more scales or alternative prey) should 
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not be sporadic to induce a plastic change and produce different phenotypes (such as more 

or less asymmetrical mouths) through plasticity. We therefore focused on the investigation 

of long-term feeding habits through the analysis of stable isotope markers, which provide 

time-integrated information of the individual diet through its life span. Stable isotope 

analysis is the identification of the distribution of chemical isotopes within organisms’ 

tissues. It has been successfully used to address many issues in ecology, supplementing 

measures from stomach contents (reviewed in Araújo et al. 2011; Bearhop et al. 2004, 

examples from cichlid fish: Ford et al. 2016; Hata et al. 2015; Kavembe et al. 2016; Malinsky 

et al. 2015), and it is particularly useful to analyze diet differences among individuals, since 

variation in feeding behavior is reflected in their isotopic differences (Araújo et al. 2007; Fry 

et al. 1999). Trophic studies typically use the naturally occurring carbon (d13C) and nitrogen 

(d15N) stable isotope. The first provides information on the original source of carbon to the 

food web. In lacustrine animals, planktonic primary producers are depleted in d13C compared 

to benthic primary producers and their respective predators (DeNiro & Epstein 1978; Hecky 

& Hesslein 1995). The second isotope, d15N, gives insight into an organism's trophic position, 

as it consistently increases with rising trophic level since the lighter nitrogen isotope is 

preferentially excreted (Cabana & Rasmussen 1994).  

In this study, we analyzed inter-individual variation both at the genetic level at a 

candidate locus and in stable isotope composition, pursuing a much-needed integrative 

perspective unifying aspects of genetic and environmental determination.  

 

Methods 

242 adult fish were collected in April 2010 from five locations on the Zambian coast of Lake 

Tanganyika (Fig. IV.1), and preserved in ethanol (Chapter III), accordingly to the study permit 

(G.R. no: 2077761) issued from the Department of Immigration of the Republic of Zambia. All 

methods were carried out in accordance with relevant guidelines and regulations. Three 

individuals sampled near Crocodile Island (Fig. IV.1) were excluded prior any analysis due to 

the reduced sample size.  

The degree of mouth asymmetry was measured as reported in Chapter III. Briefly, 

using photographs of the top of the head, we measured the mouth-bending angle of each 

individual. Three points corresponding to the most anterior part of the eye sockets and the 

tip of the snout were digitized on photographs. From the coordinates of these points, the 

angles at each of the eye sockets were computed. The degree of asymmetry was measured 

as the difference between angles at the left and right eye. Positive values indicate left- 
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bending (“left”) individuals, whereas negative results are indicative of right-bending (“right”) 

fish.  

Fish age has been frequently estimated analyzing calcified structures such as scales 

or otoliths, but it has often proven difficult in tropical fishes, as they do not experience 

marked seasonal variations in environmental conditions or reproductive activity (Longhurst & 

Pauly 1987). A preliminary survey of scale rings in P. microlepis suggested that this species is 

not an exception. Therefore, we used body size as a proxy for age (Petersen 1894), as 

previously done also in this species (Takeuchi et al. 2016). Individual body sizes were 

retrieved from standardized photographs of the body in lateral view as body centroid size 

(see Chapter V), taking averages of repeated measurements to reduce the measurement 

error (Fruciano 2016, see online Supplementary information SIV.13 for details).  

 

 

Figure IV.1 Lake Tanganyika sampling locations in Zambia (Africa). Countries are reported in 
capital letters, sampling sites with regular front. National borders are indicated with dashed 
lines.  
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SNP verification 

A previous study identified one SNP probably related to the differentiation between the L 

and R morph through ddRAD sequencing. This locus is located in a non-coding region 

containing immunoglobulin genes, and has two alternative alleles: G, associated to the right 

morph, and A, related to the left morph (Chapter III).  

Here, this candidate SNP 56537-113 was amplified and sequenced. Genomic DNA 

was extracted from finclips and amplified using specific PCR primers we designed for this 

study (SIV.13). 168 successfully amplified PCR products were post-processed and sequenced 

on a 3130xl ABI sequencer and then aligned using the ClustalW algorithm with default 

settings in MEGA v. 7.0 (Kumar et al. 2016, SIV.13). The consensus sequence of the locus 

56537 was incorporated in the alignment to localize the candidate SNP (56537-113), and 

each individual was genotyped at this position. 

To test for the association between the SNP genotype and mouth bending angle, we 

conducted statistical analyses in R v. 3.3.1 (2016). A model selection approach was used to 

select the quantitative genetic model that best characterize this SNP (SIV.13). The best fitting 

model was then used as independent variable in univariate ANOVA and PERMANOVA 

analyses (Anderson 2001; Excoffier et al. 1992; Fisher 1919; Legendre & Anderson 1999; 

Warton et al. 2012, adonis function; R package vegan, Oksanen et al. 2016; using Euclidean 

distances and 999 permutations).  

The fish were sampled at four different locations (Fig. IV.1; SIV.1), and geographic 

structure could be a confounding factor (Chapter III). Therefore, ANOVA and PERMANOVA 

analyses were repeated including also sampling location.  

 

Stable isotope analysis 

We selected the 34 adult individuals with the most extreme mouth bending angle 

(“asymmetric” phenotype, 17 L and 17 R), and the 34 most symmetric (“symmetric” 

phenotype) samples (SIV.2). Similar or lower sample sizes had previously been successful in 

detecting feeding differences in other fish species (e.g., Ford et al. 2016; Kavembe et al. 

2016; Manousaki et al. 2013). The diet during the period over which a tissue was synthesized 

determines the stable isotope signatures of the tissue. Diverse tissues have different isotope 

turnover rates, and thus integrate dietary information over different time windows (Pinnegar 

& Polunin 1999; Tieszen et al. 1983). Therefore, we processed and analyzed both white 

muscle and bone tissues extracted from dorsal musculature and abdominal vertebrae of each 

fish using standard procedures (SIV.13), to gain a more ambiguity-robust and complete data 
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on both individual intermediate (months, muscle) and long term (years, bone) feeding habit 

respectively (Gaston & Suthers 2004; MacNeil et al. 2006; Tieszen et al. 1983).  

The relationship between stable isotope values and mouth phenotype 

(asymmetric/symmetric) was statistically analyzed in R. Prior to these analyses, we 

performed the Shapiro–Wilk test (Shapiro & Wilk 1965) for normal distribution. One dataset, 

muscle d13C, did not follow a normal distribution, similarly to what observed in other cichlids 

(e.g., Elmer et al. 2010b); thus, we used both parametric and non-parametric statistics. Two 

multivariate analyses of covariance (MANCOVA, one for each tissue) were performed using 

d13C and d15N (response variables) and the mouth phenotype (asymmetric/symmetric, 

predictor variable). To allow for heteroscedasticity, we also used generalized least squares 

models (Aitken 1935; R function gls and varIdent, library nlme v. 3.1-128 Pinheiro et al. 

2016). In particular, we fit models with both constant (equivalent to the general linear 

models described above) and different (structured, one for each phenotype, 

asymmetric/symmetric) variance. Since sampling location and body size (SIV.2) can 

contribute to variation in stable isotope values, we also included them in our models, both 

with and without interaction between variables. These different models were compared 

using a model selection approach (AICc, AICctab and likelihood ratio test, SIV.13, Neyman & 

Pearson 1933; R function anova, Chambers et al. 1992).  

Variance in stable isotopes was used as a measure of niche width (Bearhop et al. 

2004). Specifically, we tested for homogeneity of variance between the two mouth 

phenotypes (asymmetric/symmetric) for each isotope dataset using the variance ratio test (F-

test, Bearhop et al. 2004), and Levene’s test (more robust to departures from normality, 

Levene 1960; R package car, Fox & Weisberg 2011). To take into account the effect of 

sampling location and size, we first fit linear models using location and size as predictors, and 

then tested for the equality of variance of residuals (all normally distributed; Shapiro–Wilk 

test p > 0.05). This analysis was performed to test if the asymmetric (pooling individuals with 

extreme L and R morph) fish have a more specialized diet when compared to the symmetric 

individuals. If this were true, it would lend support to the idea of a significant relationship 

between individual specialization and the level of asymmetry.  

 

Results 

SNP validation  

To verify a previously identified SNP and its relationship with the degree of mouth 

asymmetry, we explored the association between the candidate SNP 56537-113 and mouth  
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bending angle. 168 samples were successfully genotyped at this locus (SIV.1). These included 

22 individuals that were already sequenced with ddRAD in a previous study (Chapter III); 21 

out of 22 samples matched between the ddRAD and PCR genotyping. The following variants 

were observed: homozygous for A (AA), homozygous for G (GG), or heterozygous (AG/GA), 

without the presence of other nucleotides. 

The three quantitative genetic models (A dominant, G dominant, totally additive) 

were all statistically significant for our genetic data; the G dominant model was the one that 

best characterize this SNP (Table SIV.3). The results were all concordant in indicating a 

statistically significant association between the mouth bending angle and the candidate SNP, 

and that variation at this locus accounts for about 6% of the trait variation (Fig. IV.2; ANOVA 

F1,166=10.66, p=0.001329, R-squared=0.06035; PERMANOVA F1,166=10.662, p=0.002, R-

squared=0.006035). This relationship remained significant when sampling sites (a potential 

confounding factor) were included in the model (ANOVA mouth angle: F1,160=10.458, 

p=0.00148; locations: F3,160=0.753, p=0.52219; multiple R-squared=0.07672; PERMANOVA 

mouth angle: F1,160=10.4584, p=0.001, R-squared=0.06035; locations: F3,160=0.7529, p=0.539, 

R-squared=0.01303; multiple R-squared=0.07338; interactions between mouth angle and 

locations always p > 0.05), that, together with our SNP, explains 7% of the phenotypic 

variation.  
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Figure IV.2 Violin plots of mouth bending angle by genotype at the SNP 56537-113 locus. The 
boxplots show the group median (black horizontal lines), first and third quartiles (the 25th and 
75th percentiles; hinges), and 95% confidence interval of median (notches). Three individuals 
from the Crocodile sampling site were excluded from analysis (see main text). Abbreviations: 
H=heterozygous (genotype AG or GA).  
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Medium and long-term diet analysis 

 

Table IV.1 Univariate ANCOVA results of the stable isotope dataset. Three outliers were excluded from 
both the muscle and bone datasets (see main text). Abbreviations: df=degree of freedom. Significant p 
(< 0.05) is reported in boldface. 
 

 
 

Variation in individual feeding behavior and its association with mouth phenotypes 

(asymmetric/symmetric, two groups created by selecting the specimens with the highest and 

lowest mouth bending angle respectively) was investigated through stable isotope analysis of 

muscle (medium term) ad bone (long term) tissue. Three additional outliers presenting 

clearly distinct stable isotopes values from the rest of specimens were identified in both the 

muscle (Fig. SIV.10, sample ID: 10781, 10862, 10879) and bone (Fig. SIV.11, sample ID: 10862, 

10877, 10879) datasets. Since this deviation was not linked to any known biological 

differences, they were removed before any subsequent analyses of stable isotope variation 

to avoid the inclusion of potential artifacts not linked to natural variation. Model selection 

indicated that including mouth phenotype (asymmetric/symmetric), sampling location and 

body size (as proxy for age) best explain our data (Table SIV.4), while incorporating a variance 

heterogeneity (i.e., a specific variance for the symmetric and asymmetric group respectively)  

Tissue Stable 
isotope Variable Df num, df den F-value p-value 

Muscle 

d13C 

Mouth phenotype 1, 59 10.855 0.00167 

Location 3, 59 16.651 5.934e-08 

Size 1, 59 40.245 3.451e-08 

d15N 

Mouth phenotype 1, 59 3.9582 0.05128 

Location 3, 59 3.9393 0.01250 

Size 1, 59 33.7171 2.701e-7 

Bone 

d13C 

Mouth phenotype 1, 59 8.5919 0.004798 

Location 3, 59 15.6956 1.283e-07 

Size 1, 59 39.1736 4.790e-08 

d15N 

Mouth phenotype 1, 59 1.6414 0.2051525 

Location 3, 59 7.4128 0.0002701 

Size 1, 59 8.2716 0.0055952 
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was not always the best-supported option (Table SIV.8). Interaction terms between mouth 

phenotype (asymmetric/symmetric) and location and size in both ANOVA and MANCOVA 

were always not significant. We, therefore, fit the various models using only the main terms 

and discarded interaction terms.  

We observed a significant relationship between the carbon stable isotope values and 

the mouth phenotype (asymmetric/symmetric) in both medium (muscle) and long (bone) 

term diet (mean stable isotope values). This association was not significant for the nitrogen 

marker (Fig. IV.3; Table IV.1; Table SIV.5; Table SIV.6; Table SIV.7; Table SIV.9; Table SIV.10; 

Table SIV.11; Fig. SIV.12).  

The asymmetric and symmetric phenotype showed a different niche width (variance 

in stable isotope values) in the medium term (muscle). It is larger in the symmetric group, 

indicative of a broader diet including more various kinds of food, compared to the 

asymmetric group, which appeared to be more specialized. This difference was not observed 

for the longer-term niche width (bone, Table IV.2; Fig. IV.3; Fig. SIV.10; Fig. SIV.11; Fig. 

SIV.12). 

 

Figure IV.3 Muscle (white) and bone (grey) carbon and nitrogen isotopic values as a function of 
the mouth phenotype (asymmetric/symmetric). The boxplots show the group median (black 
horizontal lines), first and third quartiles (the 25th and 75th percentiles; hinges), and 95% 
confidence interval of median (notches). Three outliers were excluded from both the muscle 
and bone datasets (see main text). Abbreviations: A=asymmetric phenotype, S=symmetric 
phenotype.  
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Table IV.2 Tests of homogeneity of variance for the stable isotope datasets.  Abbreviations: df=degree 
of freedom. Significant p (< 0.05) is reported in boldface.  
 

Dataset Tissue Stable 
isotope 

 F-test  Levene’s test 

df F-value p-value df F-value p-value 

Without 
correction 

for location 
and size 

Muscle 
d13C 30, 33 0.58406 0.1403 1, 63 4.4467 0.03895 

d15N 30, 33 0.43603 0.0240 1, 63 2.111 0.1512 

Bone 
d13C 31, 32 0.6391 0.2158 1, 63 3.6558 0.06558 

d15N 31, 32 1.3412 0.4132 1.63 0.5859 0.4469 

Residuals 
corrected 

for location 
and size 

Muscle 
d13C 30, 33 0.4217 0.02085 1, 63 4.4476 0.03893 

d15N 30, 33 0.26272 0.003816 1, 63 6.4373 0.01366 

Bone 
d13C 31, 32 0.52489 0.076 1, 63 1.6592 0.2024 

d15N 31, 32 1.4341 0.3154 1, 63 2.262 0.1376 

 
 
Size and location had a significant effect on the stable isotope values (Table IV.1; 

Table SIV.4; Table SIV.5; Table SIV.6; Table SIV.7; Table SIV.9), but not on mouth phenotype 

(asymmetric/symmetric, interactions never significant).  

 
Discussion 

We analyzed the influence of both genetic and environmental (individual feeding behavior) 

factors on morphological asymmetry in the scale-eating fish Perissodus microlepis. The 

results confirm that a candidate SNP, that we previously identified using a genome-wide 

analysis (Chapter III), is associated with mouth asymmetry and provide further support for 

the hypothesis that head asymmetry in P. microlepis has a complex genetic basis. They also 

suggest that individual specialization and variation in feeding behavior could, in addition to or 

alternatively to such a complex genetic architecture, contribute to the unimodal distribution 

of this trait. We introduce a hypothesis potentially explaining how these genetic and non-

genetic cues jointly influence the direction and the degree of mouth asymmetry as well as 

the maintenance of intra-specific variation. 
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A role of the immune system in mouth asymmetry 

Several immunity genes were proposed to potentially underlie P. microlepis’ mouth 

asymmetry (Chapter III). Here, we confirmed the association between the locus containing 

immunoglobulin genes and mouth polymorphism. Specifically, the SNP 56537-113 is related 

to mouth asymmetry whether this is expressed as a continuous trait (mouth bending angle, 

this study) or as a categorical variable (L and R morphs, Chapter III).  

 Our results (Chapter III, this study) seem to indicate a role of the immune system in 

mouth asymmetry. The immune system is known to contribute to animal diversification also 

in absence of geographical boundaries (e.g., Eizaguirre et al. 2009; Landry et al. 2001; 

Malmstrøm et al. 2016, discussed in Chapter III). However, the immunoglobulin locus 

associated with the identified SNP might also have indirect effects on mouth shapes due to 

functional or physical association to the genomic locus(i) for asymmetry (e.g., Lehnert et al. 

2016; Sacchi et al. 2007). Linkage rather than a direct causal relationship and a, most likely, 

polygenetic basis for mouth asymmetry (Chapter III), could explain the relatively small 

proportion of mouth phenotypic variation accounted for by this SNP, also when the 

geographic variation is considered. Additionally, the location of this SNP in a non-coding 

region flanking two genes might suggest that variation in regulatory and not in coding 

elements may be responsible for phenotypic variation (as seen in e.g., Belting et al. 1998; 

Chan et al. 2010; Cretekos et al. 2008; Guenther et al. 2014; Guerreiro et al. 2013; Schneider 

et al. 2014; Shapiro et al. 2004). Future investigations focusing on immunity-related 

processes or loci underlying this polymorphism might further advance our understanding of 

the genetic architecture of the P. microlepis head asymmetry. 

 

Individual feeding specialization is related to the degree of asymmetry 

This is the first study to investigate the medium and long-term dietary differences in P. 

microlepis from the southern coasts of Tanganyika, and their relationship to mouth 

asymmetry. The stable isotope signature means of the most asymmetric fish were 

significantly different from those of the most symmetric individuals. This is in agreement with 

previous findings based on stomach content analysis, where more scales were ingested by 

more asymmetric specimens (Takeuchi et al. 2016). In this study we found niche 

differentiation in adults according to their mouth bending angle: the symmetric group 

consumed on average a higher proportion of carbon of benthic origin (less depleted in d13C, 

compatible with a diet including copepods and benthic animals) compared to more 

asymmetric samples (higher negative values of d13C, congruous with more scales in the diet, 
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Takeuchi et al. 2016). Only the d13C, but not the d15N signatures were significantly associated 

with differentiation between two phenotypes (asymmetric/symmetric). Both groups mainly 

feed on primary consumers (algae-eater fishes’ scales or zooplankton, copepods and fish 

larvae, Nshombo et al. 1985; Takeuchi et al. 2016), resulting in related trophic levels, that are 

reflected in analogous d15N values, similarly to what was reported for some recently diverged 

species (e.g., Ford et al. 2016; Malinsky et al. 2015).  

 The two mouth phenotypes (asymmetric/symmetric) showed a different niche width 

in the medium term, and it was smaller in asymmetric individuals compared to symmetric 

ones. This could be interpreted as a hallmark of a more specialized, narrow ecological niche 

in the more asymmetric fish compared to a more generalist diet in the more symmetrical 

individuals. On a longer timescale, these two phenotypes did not exhibit significant 

differences in their variance of isotopic composition. This is likely because bones provide an 

averaged information about assimilated nutrients over years (Gaston & Suthers 2004; 

Tieszen et al. 1983). Thus, if differences in niche width are relatively small (such as in 

sympatric morphs of the same species), these could be masked when integrated over an 

extended period of time, for instance because of the likely presence of multiple age classes in 

our sample.  

Stable isotope signatures were also influenced by sample location and size. The 

isotopic baseline is typically affected by several environmental factors (e.g., depth, amount of 

anthropogenic disturbance) that can also vary within lakes at small spatial scales (Casey & 

Post 2011; Post 2002), and this can explain the significant relationship between sampling 

sites and stable isotope values. Alternatively, the local abundance of prey species may vary, 

and this is reflected in our results. In fact, if fish eat different prey items in different locations, 

their isotopic signature could be different due to this variation in hunted species and not 

(only) due to abiotic factors. Another known phenomenon in fish is ontogenetic dietary 

change, reflected in a change in the isotopic signatures with increasing body size (Jardine et 

al. 2003; Mittelbach & Persson 1998). In P. microlepis, a dietary switch occurs from 

omnivores to predominantly feeding on scales in juveniles (Nshombo et al. 1985; Takeuchi et 

al. 2016). Our results showed a strong effect of body size on stable isotope values, which 

might reflect such a feeding change as well. Although location and size had higher impact on 

the stable isotope values, neither of them were significantly associated with the mouth 

phenotype (asymmetric/symmetric), hence these influences did not affect our analyses of 

association between mouth asymmetry and stable isotope signatures.  
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It has been suggested (Takeuchi et al. 2016) that scale-eating efficiency influences 

mouth asymmetry in P. microlepis through disruptive selection. Fish having more asymmetric 

mouths would be more successful in scale-predation and reproduction, while more 

symmetric individuals would tend to obtain less food, affecting their growth, survival and 

reproductive rate (Takeuchi et al. 2016). Although a conclusive investigation of this 

hypothesis would require a detailed analysis of mortality rate, hunting and reproductive 

success, our data does not seem to support this scenario. In fact, adult symmetric fish are 

commonly observed in nature (Kusche et al. 2012; Takeuchi et al. 2016; Van Dooren et al. 

2010) as reported also in studies with larger sample sizes from a single location (Takeuchi et 

al. 2016; Van Dooren et al. 2010), and in our analysis they did not present lower body size 

compared to asymmetric specimens; instead, they showed higher inter-individual variation in 

stable isotope values. It seems likely that this broader variation in isotope signatures is 

caused by feeding on a larger variety of food items in an effort to compensating for lower 

amount of scale with alternative food. Estimates of feeding efficiency showed that the two 

feeding strategies, scales and copepods, are comparable in terms of caloric value obtained in 

each attack (Nshombo et al. 1985). Therefore, there is currently no clear evidence of lower 

fitness of less asymmetric fish, at least in terms of growth and survival. A mechanism other 

than disruptive selection via feeding efficiency might be responsible for the maintenance of 

this trait.  And, since even extremely specialized cichlids tend to feed opportunistically, only 

during the most challenging of ecological times might the selective advantage of specialized 

morphology become important (e.g., Grant & Grant 1993). We advocate future studies to 

explore this hypothesis. 

Overall, our results showed that differences in feeding behavior and diet breadth 

exist between P. microlepis individuals at the same developmental stage that have the most 

and the least asymmetric heads. Considering the direct (Van Dooren et al. 2010) and indirect 

(Kusche et al. 2012; Lee et al. 2012; Takeuchi et al. 2016) evidence of an impact of 

phenotypic plasticity through diet on mouth polymorphism, our outcomes suggest that 

individual feeding specialization influences the degree of mouth asymmetry. Future studies 

will need to further analyze the influence of non-genetic factors, particularly feeding 

behavior and individual specialization, specifically in the context of genetic studies (e.g., gene 

X environment interactions). 
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Gene(s) & environment: a concerted effect?  

According to these and previous (Chapter III, Hori 1993; Kusche et al. 2012; Lee et al. 2015; 

Lee et al. 2012; Nshombo et al. 1985; Takeuchi et al. 2016; Van Dooren et al. 2010) results, 

the direction of mouth asymmetry (right or left) could be under genetic control, while 

bending-angle is influenced by gene(s) possibly together with environmental factors. A 

similar complex architecture has been reported in human and other fish handedness and 

brain lateralization (reviewed in Ocklenburg & Gunturkun 2012).  

The suggestion that both genes and environment contribute to variation in P. 

microlepis head asymmetry has been made before (Kusche et al. 2012; Lee et al. 2015; 

Stewart & Albertson 2010; Van Dooren et al. 2010). However, a hypothesis on how they 

jointly influence this polymorphism was lacking so far. Here, we propose that mouth 

morphology – whose polymorphism could still possibly be maintained through apostatic 

selection on the gene(s) responsible for asymmetry – would be modulated into a unimodal 

distribution by inter-individual variation (a plastic response). The overall mouth direction 

would be genetically affected, while the amount of asymmetry would also be modulated by 

foraging behavior. Individuals feeding on a higher number of scales have more asymmetrical 

heads (Takeuchi et al. 2016). It is interesting to note that nearly symmetrical fish feed, more 

than asymmetric ones, on alternative prey (this study), behaving more like generalists. These 

findings potentially suggest that asymmetry begets specialization, and agree with the 

previously proposed idea of reinforcement of asymmetry via handed behavior and learning 

(Lee et al. 2012; Stewart & Albertson 2010; Takeuchi et al. 2016; Takeuchi & Oda 2017; Van 

Dooren et al. 2010). Juveniles, that initially attack both flanks of their prey, may learn during 

their ontogeny at which side they are more efficient in removing scales depending on their 

mouth-bending direction (Takeuchi et al. 2016; Takeuchi & Oda 2017), which is genetically 

determined (Hori 1993, Chapter III, this study), and thereby become increasingly specialized 

(handed) in preying on their victim fish preferentially from their “adapted” side (Lee et al. 

2012; Takeuchi et al. 2012; Takeuchi et al. 2016; Takeuchi & Oda 2017). Handedness 

facilitates and expedites the “fight-and-flight” reflex and makes handed fish more efficient in 

scale foraging (Takeuchi et al. 2012; Uzoigwe 2013). In response to this established 

behavioral lateralization, morphological asymmetry is amplified through plasticity in those 

individuals eating more scales, resulting in a positive feedback loop between mouth 

asymmetry and lateralized behavior (Lee et al. 2012; Palmer 2010; Stewart & Albertson 2010; 

Takeuchi et al. 2016; Van Dooren et al. 2010). Conversely, individuals that are potentially less 

successful in grazing scales (corresponding to the symmetric ones, as stomach content 
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analysis seems to indirectly suggest, Takeuchi et al. 2016) may learn to compensate this 

source of nutrients through alternative foods (as possibly indicated by this study) that do not 

stimulate plastic responses in asymmetry.  This hypothesis is particularly supported by the 

absence of early-juveniles with strong asymmetry, the gradual establishment of lateralized 

behavior during development that is increasingly positively correlated with mouth 

asymmetry, the presence of higher number of scales in the stomachs of more asymmetric 

specimens, and the significant increase of variance in the degree of mouth asymmetry with 

growth (Takeuchi et al. 2016; Takeuchi & Oda 2017).  P. microlepis might be a special case of 

individualized niche construction, since the fish would fit the particular task of prey 

acquisition to its morphology. 

The existence of differences in diet and/or scales-hunting success within this species 

can arise from external factors, such as variability in the types of food found, as well as inter- 

or intra-specific competition (Bono et al. 2015; Mateus et al. 2016; Robinson & Schluter 

2000; Schluter 1994, 2001). Alternatively, feeding preference might be innate (e.g., under 

strong genetic or epigenetic control; e.g., Serobyan et al. 2016), or hunting success may 

strictly depend on the extent of mouth asymmetry (Takeuchi et al. 2012), that in this study 

appeared to also have an, at least partial, genetic basis. Following this interpretation, both 

the direction and the amount of asymmetry are genetically based, generating a unimodal 

distribution of mouth shapes due to the combined effects of their polygenic nature (Chapter 

III) and plasticity via feeding experience as described above. Another factor internal to the 

organism that could explain the observed differences in scale-eating success is the among-

individual variance in learning ability, a well-documented phenomenon in fish (Fawcett et al. 

2013; Kieffer & Colgan 1991; Versace 2015). “Fast learners” could start to successfully attack 

preys earlier, resulting in a higher success and amount of eaten scales during their life, and 

thus a more accentuated effect of plasticity on the degree of mouth asymmetry compared to 

“slow apprentices”.  

While the precise mechanisms remain to be clarified, a central role for inter-

individual variation emerges as the key to understand the bases of P. microlepis mouth 

polymorphism, reconciling and unifying the largely genetic and environmental determination 

models. Inter-individual differences have important evolutionary and ecological effects, and 

provide a source of variation upon which natural selection can act (Araújo et al. 2011; Dall et 

al. 2012; Nosil 2012; Schluter 2000, 2001). It might also suggest a mechanism of sympatric 

co-existence and maintenance of different mouth phenotypes in P. microlepis: more 

asymmetric fish are specialized predators and provisionally more successful scale predators 
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depending on the morphs (left/right) relative abundance (apostatic selection, Hori 1993), 

while symmetric specimens are more generalist hunters. Mathematical models suggest that 

evolutionarily stable coexistence of two specialists and a generalist can arise through 

immigration or mutation, especially in presence of strong resources temporal variability or 

consumer-resources cycles and adaptive foraging behavior (Abrams 2006; Egas et al. 2004; 

Rueffler et al. 2006b). Then, these factors might contribute to the long-term maintenance of 

the trophic polymorphism observed in P. microlepis. To our knowledge, this is the first 

hypothesis introducing a process that can simultaneously explain the presence of left, right, 

symmetric and asymmetric fish due to the interaction between different evolutionary and 

ecological pressures and response strategies.  

 

 This study clarified the relative importance of genetic and environmental factors 

affecting mouth asymmetry in P. microlepis. Our results add to the growing support for a 

quantitative nature of this trait, confirm a previously identified genomic region as harboring 

at least one of the genes responsible for it, and emphasize the importance of considering 

both genetic and external triggers. We propose that individuals are partitioning resources 

according to their mouth phenotype, which is partly genetically determined, allowing the 

coexistence and maintenance of different morphs. Importantly, our study highlights the 

promise of considering inter-individual variation when aiming to understand how this 

polymorphism is produced and sustained, and how an integrative view can help reconcile 

previously distinct observations. 
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Parsing patterns of intra-specific diversity and asymmetry in Perissodus 

microlepis (Perciformes, Cichlidae): a comprehensive study of morphological 

variation and its genome-wide neutral genetic correlates 

 in a classic model of stable polymorphism 
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Abstract  

The stable polymorphism in mouth asymmetry in the cichlid fish Perissodus microlepis is a 

textbook example of adaptive evolution accomplished by functionally-relevant morphological 

changes, ecological specialization and negative frequency-dependent selection. Knowledge 

about the morphological and developmental basis of this stable polymorphism, as well as the 

mechanisms driving intra-specific variation in this fish remain largely incomplete. Here, we 

focus on often neglected – but potentially important – aspects of the biology of this fish. In 

particular, we explored patterns of body shape variation, neutral genome-wide genetic 

diversity across its geographic distribution, and the presence of asymmetry in eye size in 

relation to mouth bending angle. Geographic space (or a common factor) has a significant 

effect on both morphological and genetic diversity suggesting restricted gene flow across the 

range of this species.  We discuss potential implications of this, such as the possibility that 

the genetic basis of asymmetry could vary among locations. A significant association 

between eye and mouth laterality suggests that the entire head might be involved in the 

asymmetry. These findings highlight that asymmetry in P. microlepis is a complex 

polymorphism involving the interaction of the genetic basis of multiple potentially 

independent traits and the environment. 

 

Introduction 

 Cichlid fish adaptive radiations in East Africa provide extraordinary model systems for the 

study of many fundamental questions in evolutionary biology. They are astonishingly rich in 

species and surprising adaptations and ecological specializations, many of which repeatedly 

evolved in each of the three large species flocks of East Africa (reviewed in Henning & Meyer

*equal contribution 
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 2014; Kocher 2004; Meyer 1993; Salzburger 2009; Salzburger & Meyer 2004; Seehausen 

2006; Takahashi & Koblmüller 2011). Cichlids radiations are characterized by the rapid 

evolution of adaptive feeding modes through morphological changes that permitted 

ecological specializations (Fryer & Iles 1972; Kerschbaumer & Sturmbauer 2011; Takahashi & 

Koblmüller 2011). This led to an expansion and successful exploitation of many trophic 

niches (some of which are only occupied by cichlid fishes) and to effective resource 

partitioning, facilitating coexistence (reviewed in Gross et al. 2014; Sturmbauer 1998). One 

of the most notable examples of extreme ecological specialization coupled with functionally-

relevant morphological adaptation is Perissodus microlepis, a scale-eating cichlid fish 

endemic to Lake Tanganyika (Hori 1993). Its frequency-balanced polymorphism in the 

morphology of the mouth, which is not symmetrically placed at the center of the snout as in 

most fish but is asymmetrically bending either to the left or to the right, is a particularly 

astonishing adaptation to its feeding behavior (Hori 1993). In this scale-eating species, 

individuals with right-bending mouth (R morph) preferentially feed on scales from the left 

side of the prey, while fish possessing a mouth bend to the left (L morph) mainly attack the 

prey’s right flank. Mouth asymmetry, when attacking the appropriate side, increases the 

area of contact between the predator’s oral cavity and prey’s flank, allowing for more scales 

to be removed (Hori 1993; Lee et al. 2012; Nshombo et al. 1985; Palmer 2010; Takahashi et 

al. 2007a; Takeuchi et al. 2012; Takeuchi et al. 2016; Van Dooren et al. 2010). This 

morphological and behavioral laterality contributes to increase the hunting success, which is 

generally very low in scale eaters (approximately 20%; Hori 1987; Takeuchi et al. 2012). The 

stable presence over time of both L and R mouth phenotypes within natural populations is 

thought to be maintained by negative frequency dependence – through the advantage of 

the less frequent morph, which better eludes prey’s surveillance since victims tend to guard 

more carefully the side that is more frequently attacked by the more abundant morph. This 

type of selection is expected to lead to the observed stable polymorphism (Hori 1993; 

Nakajima et al. 2004). Due to the ecological and evolutionary effects of its lateralized 

morphology and behavior, P. microlepis became one of the best known textbook examples 

for ecological specialization and balanced polymorphism via negative frequency-depended 

selection due to prey-predator interactions (Futuyma 2009).  

Recently, however, this famous model has been challenged by several lines of 

evidence. These include the presence of nearly symmetric individuals and a likely polygenic 

nature of mouth asymmetry and possibly handed behavior (Chapters III and IV, Hori 1991; 

Kusche et al. 2012; Lee et al. 2015; Lee et al. 2010; Palmer 2010; Stewart & Albertson 2010; 
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Van Dooren et al. 2010), in contrast to the previously reported bimodal distribution and a 

simple Mendelian inheritance system that was initially hypothesized and which more easily 

explain how apostatic selection acts on this polymorphism (Hori 1993; Hori et al. 2007; 

Stewart & Albertson 2010). To accommodate these findings, a more complex picture is 

emerging, suggesting that the genetic basis of asymmetry also interact with other processes 

potentially including intra-specific competition, physiological trade-offs, random and non-

random environmental effects (Chapter IV, Palmer 2010; Stewart & Albertson 2010; 

Takeuchi et al. 2016; Van Dooren et al. 2010). Despite the substantial advancements 

achieved in the last years, our understanding of the morphological and developmental basis 

of asymmetry, as well as the mechanisms that determine and drive intra-specific variation in 

this fish remain largely incomplete. The overall goal of this study is to contribute to bridge 

this gap, by providing a multi-level analysis of patterns and factors potentially influencing 

divergence in P. microlepis. To this aim, we did not consider only variation in mouth 

asymmetry but also other processes and structures that might contribute to intra-specific 

polymorphism in this fish, a focus that has been overlooked in previous studies. To date, 

investigations of P. microlepis have focused mainly on mouth polymorphism and its 

quantitative genetic, environmental and behavioral covariates. This means that potentially 

important factors such as restrictions to gene flow across geographic space and variation in 

other morphological structures have been largely ignored. For instance, especially for 

complex traits, restrictions in gene flow can be extremely important because neither the 

genetic basis of a trait nor the mechanisms which allow the maintenance of its variation 

have to be exactly the same across all its range. In other words, variation in the same trait 

can be obtained through non-parallel genetic bases (e.g., Borowsky 2008; Elmer & Meyer 

2011; Gross 2016; Soria-Carrasco et al. 2014). Phylogeographical studies in P. microlepis 

conducted so far based only on a small number of markers (mitochondrial DNA and 

microsatellites, Koblmüller et al. 2009; Lee et al. 2010) and, importantly, on a limited portion 

of this species’ range, in the South of Lake Tanganyika.  

Similarly, variation in other potentially relevant phenotypic traits has been largely 

ignored in this species. Detailed and inclusive analyses of variation in morphology can reveal 

cryptic differences in selection pressures or other underlying processes in natural 

environments. For example, divergence in external body shape is known to be a key 

component of intra-and inter-specific variation and has important fitness consequences (e.g. 

in fish: Blake et al. 2005; Boily & Magnan 2002; Fisher & Hogan 2007; Franchini et al. 2014b; 

Fruciano et al. 2016a; Langerhans 2009a; McGuigan et al. 2003; Pakkasmaa & Piironen 2000; 
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Pettersson & Hedenström 2000; Rouleau et al. 2010; Senay et al. 2017; Tytell et al. 2010; 

Webb 1978, 1984; Webb & Weihs 1986). Another trait of potential extreme interest in P. 

microlepis is asymmetry in eye size. In fact, in this fish, the degree of handed feeding 

behavior has been linked to differences in anatomical size and gene expression between the 

two hemispheres of several brain’s regions (Lee et al. in press). Interestingly, the highest 

neuroanatomical and transcriptional divergence was observed in the tectum opticum, the 

visual center of the brain that processes optical information and interacts with moto-

neurons. More specifically, in this region the hemisphere processing data from the eye that 

is facing towards the prey during the attack (i.e., the right hemisphere for the left eye and 

viceversa) was bigger compared to the other half. The degree of handedness exhibited by 

individuals was correlated to the level of divergence between the two hemispheres in size 

and expression of several candidate genes, among which synuclein gamma (snga) is the 

most significant (Lee et al. in press). This gene is mainly expressed in peripheral neurons and 

eyes, and remarkably, in zebrafish is asymmetrically expressed in the habenular complex 

(Chen et al. 2009). Lateralization in the habenula is considered the hub for asymmetry in the 

vertebrate brain (reviewed in Bianco & Wilson 2009; Chen et al. 2009; Gutiérrez-Ibáñez et al. 

2011; Ichijo et al. 2017; Matsumoto & Hikosaka 2007; Mizumori & Baker In press). It is also 

known that asymmetry in eye use is linked to lateralized behavior in fish, and preference for 

a specific eye was shown to be mirrored in an increase of the volume of the corresponding 

hemisphere in the tectum opticum (Bisazza et al. 1998a; Bisazza et al. 1997; Bisazza et al. 

1998b; De Santi et al. 2001; Facchin et al. 1999; Güntürkün 1997; Matsui et al. 2013; Rogers 

1989; Rogers 2017; Vallortigara & Rogers 2005). All these lines of evidence suggest that 

asymmetry in the mouth of P. microlepis could be functionally associated with asymmetry in 

eye size. 

Here, we analyze neutral genetic and morphological variation in eye size and body 

shape in an integrative framework. The aims are to identify genetic and shape variation in 

geographic space and to put mouth asymmetry in the context of variation of these 

potentially important morphological traits. In particular, our approach draws power from 

the analysis of genome-wide SNP data and advanced morphometric techniques on largely 

overlapping sets of individuals spanning the distribution range of the species. 

 



Chapter V 

 

- 71 - 

 

Materials and Methods 

268 wild-caught adult Perissodus microlepis specimens were collected from five locations in 

Zambia (April 2010) and three sites in Congo (September 2013, Fig. V.1, Table SV.1), and 

preserved in ethanol at 4°C (Chapter II). To avoid potential artifacts, 36 fish were excluded 

from analysis (Table SV.1) because pictures were not deemed appropriate to recover 

morphology (e.g., open mouth).  

 

Acquisition of morphometric data and analysis of measurement error 

Photographs of the top of the head, and both the left and right side of each specimen were 

collected with a copy stand and using needles to keep fish straight and reduce arching 

artifacts (Fruciano 2016; Fruciano et al. 2011b, 2012). The degree of mouth asymmetry of 

Figure V.1 Sampling sites along the northern (Congo) and southern (Zambia) coast of Lake 
Tanganyika (Africa).  
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each individual was retrieved from two previous studies (Chapters III and IV). Briefly, three 

landmarks on the most anterior part of the eye sockets and the tip of the snout were 

digitized as x,y coordinates on the top view pictures using tpsDig v. 2.57 (Rohlf 2015). These 

points were used to compute the angle at the left (αL) and right (βR) eye. The mouth-bending 

angle was defined as the difference between these two angles (αL – βR in degrees) and used 

as a measure of asymmetry. Positive values identify those specimens whose mouth bends 

towards left, while negative ones characterize specimens having mouth opened towards 

right (Chapter III).  

To quantify the body shape of our sample of P. microlepis, we digitized a set of 33 

points, including landmarks, semilandmarks and “helper points” (Fig. V.2). Helper points are 

points that are treated as sliding semilandmarks to aid the alignment of other points, then 

removed as they do not provide additional information (Fruciano et al. 2016b; Zelditch et al. 

2004). The configurations of points thus obtained were subjected to a generalized Procrustes 

analysis with sliding of semi-landmarks (Bookstein 1997) in tpsRelW 1.54 (Rohlf 2015). As 

substantial non-biological variation can be introduced in geometric morphometric data due 

to variation in presentation and digitization (Arnqvist & Martensson 1998; Fruciano 2016), 

and this might be aggravated in P. microlepis by artefactual variation due to mouth laterality, 

we carried out – on a subset of specimens – a preliminary analysis of measurement error 

(Fruciano 2016). This allowed us to choose as experimental design two presentations 

(pictures) per side and two digitizations per presentation, for a total of eight configurations 

of points per specimen (two sides x two presentations x two digitizations = eight). We also 

determined that the procedure to remove body arching proposed by Valentin et al. (2008)– 

otherwise useful and successfully employed in other studies of fish body shape (Franchini et 

al. 2014b; Fruciano et al. 2016a; Fruciano et al. 2014; Fruciano et al. 2011a, 2012; Ingram 

2015) – was not appropriate in our case as it was interacting non-linearly with the variation 

due to mouth bending (data not shown). After their alignment with sliding of semilandmarks, 

the configurations of points (eight repetitions per specimen) were averaged across 

repetitions/sides by specimen, thus reducing measurement error due to presentation, 

digitization and asymmetry (Arnqvist & Martensson 1998; Fruciano 2016). Body centroid size 

was also computed in tpsRelW for each repetition and averaged by specimen. 

To ensure that the experimental design we had chosen was appropriate, we also 

estimated measurement error on our final dataset of eight configurations of points per 

specimen, which we report on here. To this aim, we performed in MorphoJ (Klingenberg 

2011) a Procrustes ANOVA (Klingenberg et al. 2002; Klingenberg & McIntyre 1998) on the 
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eight repetitions of both sides combined. Procrustes ANOVA allowed to quantify the relative 

contribution of variation among individuals, variation between sides of the same individual, 

and variation due to presentation and digitization error. We also performed a Procrustes 

ANOVA using individual as the only factor so we could compute an analogue of the intraclass 

correlation coefficient (repeatability), as suggested in Fruciano (2016).  

To account for allometric variation in shape, we performed a multivariate regression 

of body shape on body centroid size in MorphoJ and used regression residuals in subsequent 

analyses. 

 

 

Morphological variation in geographic space 

To study body shape variation in geographic space, we used a set of complementary 

approaches. To explore variation among sampling sites and groups of sampling sites, we used 

between-group principal component analysis (Boulesteix 2005), as implemented in the R 

package Morpho v. 2.5.1 (Schlager 2016; Schlager 2017). Scatterplots of between-group 

principal component scores are increasingly used in geometric morphometrics (Firmat et al. 

2012; Franchini et al. 2016; Fruciano et al. 2017; Fruciano et al. 2016b; Fruciano et al. 2014; 

Schmieder et al. 2015; Seetah et al. 2012) as an alternative to scatterplots of canonical 

variate scores because scatterplots of between-group principal component scores do not 

exaggerate the extent of separation between groups (Mitteroecker & Bookstein 2011). Here, 

as our samples come from distinct regions – Congo and Zambia – we performed between-

Figure V.2 Landmarks (red dots), semilandmarks (blue triangles) and helper points (white 
triangles) used to analyze body shape variation across P. microlepis populations and eyes 
asymmetry. Here, helper points aid in the alignment of the eyes’ semilandmarks, thus 
preventing that a variation in the digitization of these semilandmarks relative to the antero-
posterior axis of the body is included in the analysis as true shape variation. 



Chapter V 

 

- 74 - 

group principal component analysis using both sampling site and country as groups and we 

repeated the analysis only within regions (Congo or Zambia). 

Using Morpho, we also performed pairwise permutation tests (10 000 permutations) 

for the difference in mean shape between sampling sites. As described above, our sampling 

scheme comprises sampling locations in two regions. For this reason, we also performed a 

permutational MANOVA (Anderson 2001), as implemented in the R package geomorph 

(Adams & Otárola-Castillo 2013) with a residual randomization procedure for hypothesis 

testing (Collyer et al. 2015), using region as main factor and location nested within region. 

In addition to these “spatially-naïve” analyses, we also performed spatially-explicit 

analyses (i.e., statistical analyses that explicitly incorporate spatial information). Spatially-

explicit approaches are rare in geometric morphometrics (but see Cardini et al. 2007; 

Fruciano et al. 2011a) but have the advantage of better and more directly describing spatial 

patterns. Here, we use bearing analysis (Falsetti & Sokal 1993), as implemented in PASSaGE 2 

(Rosenberg & Anderson 2011) to test for the presence of a phenotypic cline in geographic 

space using morphometric data (Fruciano et al. 2011a). Briefly, this analysis tests the 

correlation between geographic and phenotypic distances using a Mantel test (Mantel 1967). 

However, pairwise geographic distances in bearing analysis are weighted relative to an a 

priori defined direction in geographic space prior to the Mantel test. A high and significant 

correlation, then, suggests a cline in geographic space. Here, we tested pairwise distances 

among individuals for all directions in five degrees increments and using Euclidean distances 

obtained from the morphometric data. 

 

Analysis of asymmetry in eye size 

To investigate variation in size between the two eyes of each individual, we retrieved the size 

of each eye of each specimen as the centroid size of the eye’s semi-landmarks and helper 

points (Fig. V.2). Centroid size was computed for both right and left eye of each fish and for 

each of the four repetitions (two pictures and two digitizations per picture).  An exploratory 

analysis indicated that the most appropriate index to measure the degree of difference in 

size between the two eyes is the scaled index FA8 (Palmer 1994) as suggested in Palmer and 

Strobeck (2003). This index was obtained by calculating the logarithm of the ratio between 

the left and right eye centroid size for each individual, without the use of variance since our 

focus was at the individual-level and not at the population-level. The repeatability of FA8 and 

centroid size was computed as intraclass correlation coefficient (Fisher 1958b). Additionally, 

we estimated the repeatability of FA8 obtained by averaging repeated measurements 
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(Arnqvist & Martensson 1998; Fleiss & Shrout 1977). The Shapiro-Wilk normality test 

(Shapiro & Wilk 1965) computed in R, rejected a departure from normality (p=0.208). The 

relationship between FA8 and the mouth bending angle was assessed using the Pearson 

correlation coefficient and tested performing multiple linear regression in R. In particular, our 

linear model had FA8 as dependent variable and mouth bending angle, body size and their 

interaction as predictors. The interaction was visualized by plotting the effect of one 

predictor variable on the coefficients of the other using the R package interplot (Solt & Hu 

2015). 

 

Genetic differentiation 

A genome-wide array of SNPs developed in a previous study (Chapter III) was used to explore 

geographic genetic variation. Differently from the former study, we analyze the three 

sampling locations in the northern part of Lake Tanganyika (Congo) as distinct sampling sites, 

notwithstanding their small sample size. Forty-four individuals (Table SV.1) were individually 

sequenced using the double digested restriction associated DNA tags (ddRAD) sequencing 

approach (Baird et al. 2008; Miller et al. 2007; Peterson et al. 2012), obtaining 94 717 SNPs 

after removal of loci significantly deviating from the Hardy-Weinberg equilibrium and of the 

locus containing the SNP we previously identified as differentiated between the left and right 

morph (56537-113, molecular and bioinformatics pipelines described in Chapter III). The 

removal of these loci allows our patterns to be dominated by neutral genetic variation. 

  The Stacks v. 1.35 populations module (Catchen et al. 2013) was used to analyze 

genetic differentiation between locations. The minimum percentage of individuals in a 

population required to process a locus for that population (-r) was set at 0.4, together with 

five individual minimum stack depth required for individuals at a locus (-m). Pairwise FST 
(Nielsen & Beaumont 2009; Weir & Cockerham 1984) and corresponding p-values according 

to the Fisher’s exact test (Fisher 1958a) were computed for each locus. These p-values were 

corrected for multiple tests in SGOF+ v. 3.8 (Carvajal-Rodriguez & de Uña-Alvarez 2011) using 

the Benjaminiand Hochberg (1995) correction method. The genome-wide bootstrapped FST 

(Weir & Cockerham 1984; Wright 1949) for each pairwise comparison was computed using 

1000 bootstrap with the R library StAMPP (Pembleton et al. 2013). The correlation between 

individual genetic (Prevosti distance calculated in R v. 3.3.3 using the package poppr v. 2.2.1, 

Kamvar et al. 2014; Prevosti et al. 1975; R 2016) and spatial (coastal distances in km) 

distances was tested performing a Mantel test (R package vegan v. 2.4-1, Oksanen et al. 

2016) using 999 permutations and the Spearman correlation. Maximum likelihood estimation 
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of individual ancestries was run in Admixture v. 1.23 (Alexander et al. 2009). This analysis was 

performed for K (number of clusters) ranging from 1 to 10, and implementing the cross-

validation (CV) procedure to identify the most likely subdivision in clusters; the outputs of 

these tests were plotted using R. A principal component analysis (PCA) was computed using 

the R library adegenet v. 1.4-2 (Jombart & Ahmed 2011).  As a further tool to visualize the 

genetic relationship between the geographic sites, we computed a Neighbor-joining (NJ) tree 

(Saitou & Nei 1987) based on the Prevosti distance using the R library ape (Paradis et al. 

2004). The same matrix of distances was used to perform a bearing analysis. Demographic 

parameters such as the number of segregating sites and neutrality indices (Tajima’s D, Fu & 

Li’s F, Fu & Li’s D; Fu & Li 1993; Tajima 1989) were computed both individually for each 

population and pooling individuals by country (Congo or Zambia) using the R package 

PopGenome (Pfeifer et al. 2014). The populations Bemba and Bangue were excluded from 

neutrality tests due to their small sample sizes. 

 

Combined analysis of genetic and morphometric data 

For the fish with both genetic and morphometric data (n=44, Table SV.1), we computed the 

correlation between Euclidean distances of the morphometric dataset and Prevosti distances 

of the genetic dataset. We then tested this correlation with a Mantel test. Further, we tested 

for the correlation of genetic and morphometric distances while controlling for geographical 

(as the crow flies) distances using a partial Mantel test (Smouse et al. 1986). As Mantel and 

partial Mantel have encountered much criticism (e.g., Guillot & Rousset 2013; Legendre & 

Fortin 2010), we used a complementary and conceptually similar approach to ensure the 

robustness of our results. Here, we performed a principal coordinate analysis on the matrix 

of Prevosti distances, retaining the first 27 axes (i.e., all the dimensions accounting for at 

least 1% of variance). Then we fitted two separate linear models using as a predictor the 

matrix of latitude and longitude coordinates and as response the shape data and the 

principal coordinates of the genetic data, respectively. We then used a two-block partial least 

squares analysis (Rohlf & Corti 2000), as implemented in geomorph, to assess and test for the 

association of the two sets of residuals (shape and genetic) obtained from the linear models. 

 

Results  

The Procrustes ANOVA we performed to quantify measurement error and variation between 

sides revealed a substantial and significant proportion of variation attributable to side and 

presentation (picture), with around 10% of variance explained by each of the terms side,  



Chapter V 

 

- 77 - 

 

Figure V.3 Morphological variation in the geographic space. Plot of the scores along the first 
two between-groups principal components (sampling site used as group) color-coding sampling 
sites (A) or countries (B). C) Density plot of the scores along the between group principal 
components using country as group.  D) Variation in body shape between the two countries. 
Plot of the scores along the first two between-groups principal components (sampling sites 
used as group) analyzing each country separately: Congo (E) and Zambia (F). Abbreviation: 
bwgPC= between group principal component. 
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individual x side and presentation (Table SV.2). Repeatability across the eight configurations 

per individual (two sides x two pictures x two digitizations) was moderate (0.75). Overall, 

these results on the full dataset reinforce our choice based on a preliminary analysis of taking 

repeated measurements and averaging them to sensibly reduce measurement error. 

 

Variation in geographic space 

Performing exploratory between-group principal component analysis of morphological 

differentiation using all sampling sites and country as group revealed a very high degree of 

overlap among sampling sites (Fig. V.3A), but some level of separation of specimens from 

Zambia and specimens from Congo (Fig. V.3B). This pattern becomes clearer when 

performing a between-group PCA using country as a group, with scores along the first 

between-group principal component showing distinct (but overlapping) distributions for 

Zambia and Congo (Fig. V.3BC). The direction of variation between country means show that, 

after controlling for allometry, P. microlepis from Congo are more elongated compared to 

fish from Zambia (Fig. V.3D). Performing a between-group PCA within countries reveals a 

good separation only between Congo sampling sites (Fig. V.3EF).  

 

 
Table V.1 Morphological differentiation between P. microlepis sampling sites. Procrustes distances and 
associated p-values are reported in the upper and lower triangle respectively. The locations in Congo 
and Zambia are separated by the dashed line. Statistically significant (p < 0.05) comparisons are 
highlighted in boldface. Abbreviations: Kasa=Kasakalawe, Croco= Crocodile. 
 

Procrustes 
- 
p 

Bemba Bangue Lahanga Katoto Kasa Mbita Croco Toby 

Bemba - 0.29475 0.03350 0.04533 0.04431 0.04201 0.04857 0.04081 

Bangue 0.0224 - 0.01756 0.03117 0.03181 0.02581 0.02672 0.03328 

Lahanga 0.0100 0.1360 - 0.01890 0.19203 0.01408 0.03350 0.01865 

Katoto <0.0001 <0.0001 0.0212 - 0.01903 0.00910 0.01903 0.01648 

Kasa <0.0001 <0.0001 0.0227 0.0111 - 0.01148 0.01964 0.01152 

Mbita <0.0001 0.0002 0.1357 0.0357 0.0121 - 0.01638 0.01593 

Croco 0.0024 0.0812 0.3121 0.2360 0.2155 0.4035 - 0.02651 

Toby 0.0002 <0.0001 0.0223 <0.0001 0.0050 <0.0001 0.0468 - 
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 Tests of difference in mean shape between sampling sites (Table V.1) reveal overall 

significant differences among sampling sites, with non-significant differences restricted to 

sites with small sample sizes, where the absence of a significant difference in means can be 

attributed to lack of statistical power. Significant differences in mean shape between 

countries (p<0.0001) mirror the exploratory results obtained with between-group PCA. The 

permutational MANOVA with residual randomization procedure with location as nested 

factor within country confirms that, while there are significant differences between countries 

and between sampling sites within countries, most of the variation among individuals is not 

accounted for by these two terms, with the residuals explaining about 84.5% of total variance 

(country: MS=0.0128802, F1,266=15.3996, p=0.001; location nested in country: MS=0.0044763, 

F6,266=5.3519, p=0.001; residuals: df=259,266, MS=0.0008364). Bearing analysis failed to 

detect a clear cline in geographic space (Fig. SV.1A). In fact, except for a small range of 

directions (15 to 25 degrees) where correlation is even lower, for all the other angles tested, 

correlation was significant but always low and with a restricted range of values (0.16-0.19).  

This suggests that there is a relationship between geographic and morphological 

distances, but not along a precise cline. 

 

Table V.2 Genetic differentiation between P. microlepis sampling sites. Pairwise FST are reported in the 
upper triangle; all the comparisons were statistically highly significant (p < 0.01). The lower triangle 
indicates the number of loci significantly differentiated between locations after the correction for 
multiple tests. The locations in Congo and Zambia are separated by the dashed line.  
 

FST 

- 

# loci 
Bemba Bangue Lahanga Katoto Kasa Mbita Toby 

Bemba - 0.024186 0.026729 0.529734 0.53837345 0.499941 0.603260 

Bangue  
0 - 0.022697 0.550101 0.55483388 0.525309 0.615364 

Lahanga 0 0 - 0.547565 0.5572633 0.520149 0.611599 

Katoto 7948 5801 8630 - 0.1177001 0.104154 0.225244 

Kasa 4333 4736 6762 528 - 0.031630 0.158859 

Mbita 6505 5503 8022 921 2 - 0.139065 

Toby 8511 6161 9000 1301 766 1301 - 

 
 

 

The analyses of genome-wide differentiation between sampling sites were all highly 

significant (Table V.2). The FST values increased with growing coastal distance, excepted the  
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Congo locations showing lower differentiation to Mbita than the other Zambian populations. 

This overall trend was in agreement with the results of the Mantel test, exhibiting a 

significant correlation between genetic and spatial distances (Mantel’s r=0.6255; p=0.001). 

PCA and NJ tree (Fig. SV.2; Fig. SV.3) were concordant in suggesting that most of genetic 

variation is found between Congo and Zambia, followed by the four Zambian populations 

with a considerable overlap between Kasakalawe and Mbita. This was confirmed by the 

estimation of individual ancestries (Fig. V.4), which identified two clusters of individuals 

corresponding to Congo and Zambia, and three (best supported by the CV procedure; Fig. 

SV.4) or four clusters corresponding to the four Zambia populations with weak distinction 

between Kasakalawe and Mbita. The three populations in Congo were not genetically 

differentiated in any analysis. Negative values of the neutrality tests suggested that Congo 
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Figure V.4 Genetic relationship between geographic sites: Admixture barplots for the genetic 
dataset using K from 2 (upper plot) to 4 (lower plot). Each vertical line represents an individual, 
and the colors within each line correspond to the inferred proportion of ancestry. Populations 
are separated by black dashed vertical lines. Abbreviations: C=Congo, Z=Zambia, Be=Bemba, 
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and Zambia (populations pooled by country) had an excess of rare alleles associated with 

recent population expansion or the occurrence of positive selection (Table SV.3). At the 

individual populations level, positive neutrality statistics in Lahanga, Katoto and Toby might 

indicate potential population bottleneck or balancing selection events. Bearing analysis on 

Prevosti distances revealed a pattern qualitatively similar to the one shown by morphometric 

distances, with most directions having very similar and significant levels of correlation 

between genetic and geographic distances (Fig. SV.1B). The main difference between the 

results of the bearing analysis based on morphometric and genetic data is that genetic data 

show higher correlations (0.59-0.65). 

 

Combined analysis of genetic and morphometric data 

Individuals having both genetic and morphometric data were tested for correlations between 

morphometric and genetic distances, that were low but significant (Mantel test, r=0.17, 

p=0.003). However, when controlling for geographic distances using a partial Mantel test, the 

correlation is nullified and not significant (r=-0.01, p=0.56). Our complementary analysis 

based on a PCA of genetic distances, linear models accounting for geographic location and 

partial least squares analysis to test for association of the residuals mirrored our results 

based on the partial Mantel test. Indeed, the correlation between the singular scores of the 

genetic and morphometric blocks is low and not significant (r=0.38, p=0.39). These results 

together suggest that, while both genetic and morphometric data show significant and 

diffused variation in geographic space and while genetic and morphometric variation are 

correlated, these patterns are due to geographic distances.  

 

Variation in eye asymmetry 

Next, we analyzed the relationship between eye size and mouth asymmetry. The 

repeatability of the centroid size measurement was 0.94 and 0.92 for the left and right eye 

respectively, while it was 0.54 for FA8. Therefore, we used the mean of repeated centroid 

size measurements to compute FA8, which improved the repeatability of this index to 0.82. 

Asymmetry in the eye size was significantly associated with mouth laterality (Pearson’s 

product-moment correlation: r=0.22, t=3.596, df=264, p=0.0004; linear regression: R-

squared=0.047, F1,264=12.93, p=0.0004). The difference in size between the two eyes 

increased with growing mouth bending angle, and the direction of asymmetry in the eye 

mirrored the one in the mouth. That is, individuals with a mouth bending toward right 

(negative mouth angle values) showed bigger right eye (negative FA8 values), and vice versa.  
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Body size had a significant effect on eye asymmetry as well as on the coefficients of mouth 

bending angle in the interaction term (Table V.3; Fig. V.5). 

 
 
Table V.3 The relationship between eye asymmetry, mouth bending angle and body length as 
modelled in a general linear regression model. Statistically significant (p < 0.05) results are highlighted 
in boldface. 
 

 

 

Discussion 

P. microlepis is famously known for its intra-specific polymorphism in mouth shape, which is 

thought to represent an adaptation to its specialized feeding mode (Hori 1993). However, 

patterns of external morphological variation and neutral genomic diversity in this cichlid fish 

remain largely unstudied, yet they could contribute to gain a more comprehensive 

Explanatory variable Df num, den t p 

Mouth angle 1, 262 -3.602 0.0004 

Body length 1, 262 2.010 0.0454 

Mouth angle: body length 1, 262 4.339 2.05e-05 

Figure V.5 Interaction between body size and mouth bending angle: interplot showing how a 
change in body shape affects the coefficient of mouth asymmetry in the model. Shaded 
area=96% confidence interval. Abbreviation: Coeff=coefficients. 
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understanding of this striking study system. We combined genomic and geometric 

morphometric approaches to explore body shape variation and genetic neutral diversity in 

geographic space. Additionally, we investigated the presence of divergence in eye size and 

its association with mouth asymmetry. Our results suggest that body morphology and 

neutral genetic variation are explained by geography (or a common factor), and that the 

mouth bending angle is correlated to the amount and direction of asymmetry in eye size. 

These findings add to the growing evidence that multiple factors and structures underlie 

intra-specific polymorphism in P. microlepis. 

 

Geography underlies body morphological and genome-wide variation 

Geography was a major predictor of genetic and morphological variation between sampling 

sites in P. microlepis, although a precise cline was not detected. As expected, the two 

countries Congo and Zambia, which represent the northern and southern end of the Lake 

Tanganyika respectively and are separated by approximatively 660 km, account for most 

variation. This geographical effect could be linked to multi-directional (diffuse) patterns of 

isolation-by-distance, as seen at a much smaller spatial scale along Zambian rocky shorelines 

(where the sampling localities are only separated by few dozens km) using mitochondrial 

DNA (Koblmüller et al. 2009). It could also reflect changes in populations network dynamics, 

for example due to lake level fluctuations originating and reshuffling barriers to gene flow. 

Intermittent connectivity, oscillations in population size and colonization events are known 

to affect diversity distribution (examples in Lake Tanganyika cichlids: Koblmüller et al. 2011; 

Nevado et al. 2013; Sefc et al. 2017). Our genetic data showed signatures of population 

expansion in Congo and Zambia (locations pooled by country), while it revealed bottlenecks 

in three local populations (Lahanga, Katoto and Toby). This partial discrepancy between 

large and small spatial scale could emerge from reduced sample sizes of non-pooled 

populations, or might reflect differences in micro-evolutionary histories (e.g., between 

eastern and western Zambia populations; Koblmüller et al. 2009). Larger sample sizes might 

allow to discriminate between these two scenarios and provide divergence time estimates 

to be compared with geological events in the area (see for example Sefc et al. 2017). 

Another factor potentially affecting geographic diversity is the presence of spatial 

variation in ecological cues (e.g., environmental abiotic and biotic factors) and/or selective 

regimes, as repeatedly shown in the Tanganyikan cichlid fish radiations (e.g., Clabaut et al. 

2007; Day et al. 2008; Janzen et al. 2017; Muschick et al. 2012). These between-species 

comparative studies revealed that environmental and ecological differences play a key role 
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in generating morphological diversity and barriers to gene flow potentially due to divergent 

selection, and it might be also the case for P. microlepis within-species populations. 

Northern and southern lake shores present different abiotic features such as water depth, 

type of bottom, etc. (steeper, deeper and considerably more sandy in Congo; Coenen et al. 

1993; International Lake Environment Commitee 1999-2017). In line with this habitat 

variation, we found that fish from Congo are on average more streamlined compared to fish 

from Zambia, similarly to the more elongated bodies observed in cichlids inhabiting deeper 

waters (Clabaut et al. 2007). Additionally, the scale hunting technique of this scale-eater 

includes quick body flexions and aggressive mimicry (hiding itself between schools of prey or 

other fish thanks to its close resemblance to these species in body shape and color, Fig. 

SV.5), which allow it to better elude preys’ surveillance (Hori & Watanabe 2000; Koblmüller 

et al. 2009; Koblmüller et al. 2007; Takeuchi et al. 2012). Then, variation in body shape could 

be influenced by local community structure, and mirror natural preys’ phenotypic diversity 

across Lake Tanganyika. A slender body in Congo might be beneficial for improving 

swimming ability (as shown in other fishes; e.g., Blake et al. 2005; Langerhans 2009a; 

Rouleau et al. 2010; Senay et al. 2017; Webb 1978, 1984; Webb et al. 1984; Webb 1982; 

Webb & Weihs 1986) and remove scales from preys’ assemblages that might naturally 

include faster swimmer or more limnetic species compared to the southern coast. 

Alternatively, the northern schooling fishes could be more arrow-shaped than the Zambian 

populations, and consequently also P. microlepis evolved a more streamlined body outline 

for a better camouflage. In this cichlid, mimicry and predator-preys associations have been 

proposed to underlie anal fin color polymorphism (Hori & Watanabe 2000) and to generate 

a barrier to gene flow in the Mbete Bay (Zambia; Koblmüller et al. 2009), and they might also 

be involved at a larger morphological, genomic and spatial scale in body shape and neutral 

genome-wide divergence across Lake Tanganyika, possibly as by-product of adaptation to 

local environments including ecological interactions. However, our results do not show 

patterns of local adaptation as phenotypic variation in geographic space is largely explained 

by geographic distances. 

A more nuanced investigation including populations sampled between Congo and 

Zambia, information about local community structure and deeper demographic analyses 

may help clarifying the relative contribution of biological and abiotic cues, natural selection 

and neutral processes in shaping intra-specific polymorphism in P. microlepis. In this fish, 

geography does not seem to influence asymmetry in mouth, at least within Zambia (Kusche 
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et al. 2012; Lee et al. 2010); however, a more detailed and spatially-explicit framework could 

reveal unprecedented patterns and relationships. 

 

Asymmetry in the visual system is linked to mouth polymorphism 

Asymmetry in neuronal circuits in sensory and/or motor systems (tectum opticum, habenula, 

M-cells) has recently been linked to P. microlepis’ lateralized behaviour or mouth asymmetry 

(Ichijo et al. 2017; Lee et al. in press; Takeuchi et al. 2012; Takeuchi et al. 2016; Takeuchi & 

Oda 2017). Here, we showed that also eyes, an integrated part of the brain, are asymmetric 

in size, and this polymorphism is associated to the asymmetry in the mouth. In the light of 

the significant relationship between transcriptional and neuroanatomical asymmetry in the 

tectum opticum and handed attacking predilection (Lee et al. in press), as well as between 

eye preference and the volume of the corresponding tectum opticum’s hemisphere shown in 

other organisms (Bisazza et al. 1998a; Bisazza et al. 1997; Bisazza et al. 1998b; De Santi et al. 

2001; Facchin et al. 1999; Güntürkün 1997; Matsui et al. 2013; Rogers 1989; Rogers 2017; 

Vallortigara & Rogers 2005), eye asymmetry in P. microlepis could be correlated to both 

mouth asymmetry (as shown in this study) and lateralized behaviour. Then, polymorphism in 

eyes might be adaptive, since improved vision (bigger eye) and visual processing (larger 

tectum opticum) at the side at which scale-eater approach preys is likely to be beneficial for 

hunting success.  

We observed a significant association between body size and asymmetry in both eye 

and mouth, as well as a significant interaction between body size and mouth asymmetry: the 

positive relationship between eye asymmetry and mouth asymmetry becomes stronger in 

larger fish. Direct and indirect evidences indicated that the amount of mouth asymmetry is 

influenced by feeding experience (Chapter IV, Kusche et al. 2012; Lee et al. 2015; Stewart & 

Albertson 2010; Takeuchi et al. 2016; Van Dooren et al. 2010), and that handed behaviour is 

established during development through practice: fish initially attack preys at both flanks, 

and learn at which side they are more efficient in removing scales depending on their 

asymmetric mouth and lateralized kinetics (Takeuchi et al. 2016; Takeuchi & Oda 2017). Our 

findings might suggest that also other morphological structures such as eyes contribute to 

this dynamic, as asymmetry in eye size mirrored mouth and possibly behaviour laterality. 

Vision could be plastically adjusted during growth to match asymmetry in mouth and thus 

improving hunting success, or a larger eye at the side towards which mouth opens may 

increase the amount of fruitful attempts during correctly directed lateralized attacks, leading 

to a more asymmetric mouth due to the plastic effects of the higher number of ingested 
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scales (through the mechanism described in Chapter IV) . Due to the presence of left-right 

differences in eye size, the two tectum opticum hemispheres most probably receive and/or 

process an asymmetrical visual information that is then output to downstream cerebral 

structures. This asymmetrical flow may possibly contribute to the establishment of 

lateralized neuronal circuits, for example in habenula or hindbrain (M-cells) which are 

known to be involved in motor responses to visual stimuli and have been proposed to play a 

key role in P. microlepis asymmetry (Ichijo et al. 2017; Lee et al. in press; Takeuchi et al. 

2016; Takeuchi & Oda 2017).  

Taken together, these findings on eyes provide the first indication of lateralization in 

eye size (and indirectly, eye function) related to asymmetry in mouth and possibly in brain 

and behaviour, a relationship that has been overlooked in this and other organisms.  

 

In summary, in this study on P. microlepis we have focused on a suite of traits and 

features largely overshadowed by the striking mouth polymorphism of this species. In 

particular, we document a reduction in gene flow across Lake Tanganyika, which opens to 

the possibility that the genetic basis of mouth asymmetry could vary among locations. 

Perhaps most importantly, we show that functionally-relevant traits (body shape) vary over 

large scale geographic distances in the vast lake that is Lake Tanganyika, and that there is an 

association between eye and mouth asymmetry, thus opening to the possibility that 

variation in these traits interacts with the genetic basis of mouth asymmetry and the 

environment to produce – and possibly maintain over time – the striking variation in mouth 

asymmetry of P. microlepis. 

. 

 



 

- 87 - 

Chapter VI 

 

Unraveling complex traits: are we getting closer? 

FRANCESCA RAFFINI 

In preparation for submission 

 

“I would rather have questions that can’t be answered  

than answers that can’t be questioned” 

(R. Feynman) 

 

The previous chapters presented the advancements towards deconstructing the basis of P. 

microlepis intra-specific polymorphism achieved in the last years, including contributions 

from this thesis. This significant knowledge paves the way for further expanding our 

understanding of asymmetry and other complex phenotypes. In this chapter, I outline how 

the current biological research can help to this aim, and the issues that limit the application 

of the available methods to non-model organisms. 

 

Towards joining genotypic and phenotypic variation 

Understanding the relationship between phenotypes, genotypes, and environments as well 

as all of their fitness consequences represents one of the major challenges in evolutionary 

biology, and the complexity of such research can be exemplified by P. microlepis. Due to the 

multifaceted interactions within and between these factors, uncovering the drivers of 

phenotypic traits is complex. This is particularly true for those phenotypes having a polygenic 

or quantitative nature, which seems to be the case of most traits (Bernatchez 2016; 

Kratochwil & Meyer 2015; Le Corre & Kremer 2012; Pritchard & Di Rienzo 2010; 

Wellenreuther & Hansson 2016). Ongoing technological developments have provided 

efficient tools and function assays to study genome sequences, gene expression and 

regulation as well as epigenetic profiles. These, coupled with bioinformatics and machine 

learning resources, as well as comparative genomics, association studies and mapping 

approaches, have substantially enhanced our ability to unravel the molecular basis of 

phenotypic variation and adaptation (reviewed in Ashton et al. 2017; Bernatchez 2016; 

Casillas & Barbadilla 2017; Hoban et al. 2016; Kratochwil & Meyer 2015; Kumar & Kocour 

2017; Lehner 2013; Mank 2017; Pardo-Diaz et al. 2015; Tiffin & Ross-Ibarra 2014). As 

discussed in Chapter I, identifying the number and location of their underlying loci is a crucial
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 starting point towards a comprehensive understanding of these processes, including P. 

microlepis mouth asymmetry. 

The gap between genotype and adaptive phenotypes has classically been bridged 

using “forward genetics” (e.g., QTL or association mapping) and “candidate genes/pathway” 

approaches. Here, formerly known phenotypes (or genes/pathways), typically identified from 

mutagenesis screens, positional cloning, comparative or experimental methods, are surveyed 

using genetic variants or gene sequences (“mapped”), and then tested for selection using 

specific statistics. In this case, existing knowledge about traits (or genes/pathways) sustain 

the analysis (“top-down”, “hypothesis-driven” or “hypothesis-testing” approach; e.g., 

Edmunds et al. 2015; Haag et al. 2005; Kratochwil & Meyer 2015; Luikart et al. 2003; Mundy 

2009; Nadeau & Jiggins 2010; Pardo-Diaz et al. 2015; Stapley et al. 2010; Stinchcombe & 

Hoekstra 2008; Storz 2005; Storz & Wheat 2010; Suh & Vijg 2005; Vitti et al. 2013; e.g., in 

cichlids: Navon et al. 2017; Salzburger et al. 2007). Unfortunately, husbandry difficulties and 

the paucity of a priori knowledge have hampered the application of this framework in P. 

microlepis (Chapter II; Lee et al. 2010). This fish and other non-model organisms can better 

benefit from population genomics approaches, particularly the identification of signatures of 

selection in the genome (Butlin 2008; Nielsen 2005; Nosil et al. 2009). Here, candidate 

genomic regions are uncovered through genome scans, specifically not relying on any prior 

information about genes potentially underlying the associated phenotypes. The rationale 

behind this toolkit is to sample a high number of independent loci throughout the genome 

or, when a reference genome is available, the entire genome (“genome scan”), and through 

specific statistical tests (e.g., those described in Table VI.1), discover regions exhibiting 

selection marks that explain the observed phenotypic diversity and indicate potentially 

adaptive loci (“bottom-up”, “reverse genetics”, “hypothesis-generating” or “discovery-

driven” approach Bonin 2008; Ellegren & Sheldon 2008; Kratochwil & Meyer 2015; Pardo-

Diaz et al. 2015; Siol et al. 2010; Stapley et al. 2010; Stinchcombe & Hoekstra 2008; Storz & 

Wheat 2010; Vitti et al. 2013). This approach is particularly useful when it is not possible to 

map organisms (as in P. microlepis), is less biased towards loci of large effect compared to 

forward genetics approaches (Martin & Jiggins 2001; Wellenreuther & Hansson 2016), and 

have repeatedly contributed to clarify the genetic bases of adaptive traits in non-model 

systems (e.g., in cichlids: Kautt et al. 2012; Keller et al. 2013). Similarly, genome scans could 

help to elucidate the genetic basis of asymmetry in P. microlepis. In this fish, a comparative 

population genomics approach, where SNPs widely distributed across the genome were for 

the first time scanned for significant differentiation between the L and R mouth morph, has 
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been successful in providing a set of candidate loci for mouth asymmetry (see Chapters III 

and IV). Additionally, comparison of the brain transcriptome among groups exhibiting 

difference in attacking preference has identified candidate genes for behavioral laterality, 

whose functional categories partly overlap with the ones described in the previous 

population genomic study (Lee et al. in press). These arrays of candidate loci for asymmetry 

can be further tested, improved and amplified through the identification of signatures of 

selection. 

 

Detecting signatures of balanced polymorphism in P. microlepis: methods and challenges 

Mouth asymmetry in P. microlepis has been proposed to represent an adaptive 

polymorphism maintained by apostatic selection (Hori 1993). Thus, the regions of the 

genome underlying this trait could be expected to exhibit signatures of balancing selection, 

facilitating the identification of such loci. 

The presence of balanced polymorphisms has been historically mainly determined 

through the occurrence of heterozygote overrepresentation or by genotype-environment 

association (see Table VI.1 and Box 2 for details and references). Thanks to the ongoing 

methodological and theoretical advances in population genetics and genomics, molecular 

evolutionary approaches are currently implemented to detect signatures of balancing 

selection in genome scans (Table VI.1, Box 2). Each of these tests has its advantages, 

drawbacks, and advised practice (Table VI.1, Box 2) that needs to be acknowledged when 

planning a genome scan study.  A locus putatively subjected to selection is best supported 

when combined approaches and experimental evidences agree in identifying the influence of 

selective processes. Importantly, specific footprints and related statistical tests are sensitive 

to the age of the event. Some analyses are indicated when looking for ancient episodes, 

while others are powerful in the context of recent signatures (Table VI.1, Box 2); this might 

originate discordance between their results (Fijarczyk & Babik 2015; Oleksyk et al. 2010; see 

for example Campos et al. 2006).  

Independently of the used test, a substantial amount of time is needed for balancing 

selection footprints to become conspicuous. This has been estimated to be 2-4Ne (with Ne 

the effective population size) generations, and mainly depends on selection coefficients, trait 

architecture (few versus multi-locus), population size, meta-population structure, organism’s 

life-history features and number of generations experiencing selection (Charlesworth 2006; 

Connallon & Clark 2013; Fijarczyk & Babik 2015; Garrigan et al. 2003; Hartl & Clark 1997; 

Hudson & Turelli 2003; Taub & Page 2016; e.g., 500 000 years in humans, Taub & Page 2016). 
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Balancing selection events initially resemble positive selection signatures, and episodes 

occurred in the most recent past are easily confounded (Andrés et al. 2009; Bamshad & 

Wooding 2003; Fijarczyk & Babik 2015; Hedrick 2012). Additionally, the signal decays as 

recombination breaks down the linkage disequilibrium between target site and linked loci, 

confining selection signatures to a very narrow region, making them hardly noticeable from 

background variation. This is especially true in case of high recombination or mutation rates, 

natural populations with high admixture, and further limits the power of the available 

statistics (Table VI.1, Charlesworth 2006; De Kovel 2006; Fijarczyk & Babik 2015; Storz 2005). 

These issues related to the amount of time necessary to gain and lose the selection signature 

are known as “the inference problem” (Garrigan et al. 2003). In P. microlepis, information 

about the age of the selection event or recombination rate is still scarce, thus it is currently 

hard to predict if these processes can have a significant impact on our ability to detect 

balanced genetic polymorphism in this fish.   

In addition to the renowned general methodological difficulties (reviewed in Table 

VI.1, Box 2), genomic scan studies can be further limited in their efficiency and application 

due to species-specific traits (Table VI.1). These can be related to the available data. For 

example, most of the approaches used to identify footprints of balanced polymorphisms 

require a reference genome of the analyzed organism or closely related species, and 

candidate genes or coding regions (Table VI.1). A reference genome is not available for P. 

microlepis or closely related species (only five African cichlid fish references genomes are 

currently published; Brawand et al. 2014; Yue & Wang 2017). Additionally, tests based on 

candidate genes necessitate the entire gene sequences, while only datasets consisting of 

SNPs arrays, microsatellite loci and the mitochondrial control region have been obtained in 

this cichlid fish so far (Chapter II; Lee et al. 2015, 2016; Lee et al. 2010; Stewart & Albertson 

2010). Using this kind of data, the detection of FST outliers and the distribution of allele 

frequencies are the only methods currently applicable to the P. microlepis study case. 

However, the choice of specific genomic regions (Lee et al. 2015, 2016; Lee et al. 2010; 

Stewart & Albertson 2010) or samples (Chapter III) and the use of reduced-representation or 

pooled data (Chapter III), motivated by the aims and costs of these studies, might affect the 

results of tests for selection signatures due to ascertainment bias (see Catchen et al. 2017; 

Kreitman & Di Rienzo 2004; Lowry et al. 2017a; Tiffin & Ross-Ibarra 2014). Moreover, 

approaches based on population differentiation were shown not to be solid for balanced 

polymorphisms (Bamshad & Wooding 2003; Charlesworth et al. 2003; de Villemereuil et al. 

2016; Excoffier et al. 2009; Fijarczyk & Babik 2015; Garrigan et al. 2003; Harris & Meyer 2006; 
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Hohenlohe et al. 2012; Kim & Stephan 2000; Kreitman 2000; Luikart & Cornuet 1999; 

Muirhead 2001; Oleksyk et al. 2010; Villemereuil et al. 2014) and available software for FST 

scans do not work properly with massive amount of data (more than 100 000 SNPs, personal 

observation discussed with other users). Lastly, P. microlepis biological features and the 

polygenetic nature of its trait limit the use of the frequency spectrum. This fish epitomizes an 

example of negative frequency-dependent selection mediated by prey-predator dynamics, 

that involves the maintenance of polymorphism over time via cyclic (fluctuating) selective 

events (each mouth phenotype is advantageous only when it is rare due to preys guarding 

behavior). Thus, this balancing selection mode does not maintain continuously stable allele 

frequencies, and this is reflected in its expected frequency spectrum, that closely resembles 

the neutral distribution or is more skewed (Connallon & Clark 2013; Ejsmond et al. 2010). 

Similarly, selection in a quantitative trait can maintain multi-locus genotypic values without 

preserving specific alleles due to genetic redundancy, i.e., allele frequency changes might be 

multiple but not substantial, and indeed involve increased covariance of allelic effects (Kelly 

2006; Kemper et al. 2014; Le Corre & Kremer 2003; Le Corre & Kremer 2012; McKay & Latta 

2002; Robert G. Latta 1998; Wellenreuther & Hansson 2016; Whitlock 2015; Yeaman 2015). 

Tests for selection signatures looking at coordinated shifts (positive covariance) in allele 

frequencies have been recently developed to uncover local polygenic adaptation (Berg & 

Coop 2014; Fraser 2013; Pasaniuc & Price 2017; Stephan 2016; Turchin et al. 2012; 

Wellenreuther & Hansson 2016); however, these statistics focus on positive selection 

signatures and have not been studied in the context of balancing selection. Therefore, these 

methods might not be helpful for P. microlepis, as they fail in detecting the presence of the 

type of selection event or genomic architecture observed in this fish. 

P. microlepis provides an example of how detecting footprints of selection using 

genome scans are attractive yet could be challenging (Charlesworth 2006; Kreitman & Di 

Rienzo 2004; Tiffin & Ross-Ibarra 2014). This approach is currently based on statistics that 

perform poorly in natural populations, and require an extensive and detailed knowledge of 

the species and population history as well as genomic architecture of the analyzed organism, 

and the availability of a precise type of data (Table VI.1, Box 2; Hoban et al. 2016; Kelly 2006; 

Le Corre & Kremer 2012; Lowry et al. 2017b; Tiffin & Ross-Ibarra 2014; Wellenreuther & 

Hansson 2016). The challenge now lies with future developments in theoretical background 

and tools to improve our understanding of both neutral and selective processes in real 

populations and polygenetic traits. Another important step is to obtain a more 

comprehensive and unbiased polymorphisms information of P. microlepis and closely related 
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species (e.g., through time-series analysis, reference genomes assembly, or whole genome 

sequencing), complemented by experimental and functional approaches that are crucial to 

inform and support the discovery and understanding of adaptive polymorphism. 

 
Table VI.1 How to detect signatures of balancing selection in the genome, limitations and species-
specific challenges in P. microlepis. A detailed description of these statistics is reported in Box 2. 
Abbreviations: HWE=Hardy-Weinberg equilibrium; HKA=Hudson-Kreitman-Aguade; BALLET=Balancing 
Selection Likelihood Test; MK=McDonald-Kreitman; LK=Lewontin-Krakauer; LRH=Long Range 
Haplotype.  
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The influence of selectively neutral processes 

Neutral population processes such as mutation, gene flow and genetic drift can actively 

contribute to phenotypic or genetic diversity, and hence to adaptation (Bernatchez 2016; 

Casillas & Barbadilla 2017; Hedrick 2009), as previously shown in several occurrences of 

polymorphisms in cichlids (e.g., Husemann 2013; Koblmüller et al. 2011; Sefc et al. 2017). For 

example, on one hand genetic drift (fluctuations over time of genetic variants in a population 

due to random sampling effects in the formation of successive generations; Masel 2011) can 

promote the emergence of polymorphism due to stochastic lost and fixation of genetic 

variants (Lande 1976; Whitlock 2000). This phenomenon can be contrasted by gene flow, 

even at very low rates (Slatkin 1985, 1987). On the other hand, genetic drift randomly erodes 

standing genetic variation, reducing the diversity upon which selection can act, decreasing 

genetic redundancy or even removing potentially adaptive variants, and can have an 

important effect especially for polygenic traits (Yeaman 2015). Some studies observed the 

presence of phylogeographic structure in P. microlepis (Chapter III-V; Koblmüller et al. 2009; 

Lee et al. 2010); however, the effect of this geographic differentiation and demographic 

history on mouth asymmetry has not been investigated. Thus, it is of upmost importance to 

explore neutral dynamics, not only to limit the incidence of false discoveries (as discussed 

above and in Chapter III) but also to understand how these neutral forces have initiated or 

maintained genetic diversity, and eventually adaptation by providing substrate to natural 
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selection, as proposed to explain organismal complexity (Lynch 2006; reviewed in Casillas & 

Barbadilla 2017).  

 

A roadmap to link non-genetic variation to phenotype 

A step closer to phenotypic diversity: the role of environmental effects 

Non-genetic factors strongly influence variation in P. microlepis asymmetry (Chapters III-V), 

and more generally, all phenotypes (Kelly et al. 2011; Laland et al. 2014; Pfennig et al. 2010). 

Hence, a broad understanding of this and other phenotypic traits needs to consider also 

those sources of variations that do not strictly rely on DNA sequence, i.e., environmental or 

external (sensu lato) cues. These terms indicate non-genetic factors that can be both internal 

(e.g., within cells and tissues conditions or interactions between them) and external (e.g., 

food availability, environmental sensu stricto elements such as temperature) to the 

organism. The effect of non-genetic factors is clearly evident in phenotypically plastic traits, 

in which a single genotype is able to produce diverse phenotypes according to external cues 

through a mechanism known as phenotypic plasticity (Bradshaw 1965). This environmentally 

induced variation can influence the rate and direction of selection, adaptation, phenotypic 

diversification, and eventually facilitate the accumulation of genetic diversity and evolution 

(Bonduriansky et al. 2012; Grenier et al. 2016; Schneider & Meyer 2017; West-Eberhard 

2003). Through this mechanism, for example, different genotypes can plastically produce the 

same phenotype that is better fitted to the local environment. Thus, plastic populations can 

escape selection since it acts on phenotypic traits, preserving their genetic diversity and 

newly arisen variants (“storage effect”; Draghi & Whitlock 2012; Grenier et al. 2016; Pfennig 

et al. 2010; Schlichting & Wund 2014; Schneider & Meyer 2017). This kind of environmental 

responsiveness can promote the emergence and maintenance of polymorphism, as well as 

the accumulation and release of cryptic genetic variation (Draghi & Whitlock 2012; Grenier et 

al. 2016; Pfennig et al. 2010; Schneider & Meyer 2017). 

One of the most famous plastic traits is the cichlid pharyngeal jaw apparatus, which 

is flexible and adaptable (Galis & Metz 1998) and, specifically, in P. microlepis is influenced by 

feeding experience (see Chapters II and IV). Also learning and memory, that seem to play a 

key role in mouth asymmetry (Chapters II and IV; Lee et al. 2012; Stewart & Albertson 2010; 

Takeuchi et al. 2016; Van Dooren et al. 2010), involve plasticity in brain and synapses 

(neuronal plasticity, i.e., modifications within the nervous system associated to 

environmental stimuli; Bilbo & Schwarz 2012; Derecki et al. 2010; Ebbesson & Braithwaite 

2012; Filiano et al. 2016; Monzón-Sandoval et al. 2015; Yirmiya & Goshen 2011). 



Chapter VI 

 

- 96 - 

Comparative experimental approaches, reciprocal transplant, common garden or split-

broods design experiments are powerful tools to establish how much plastic a trait is, what is 

the underling molecular basis, and, potentially, what is the environmental factor in action 

(Aubin-Horth & Renn 2009; Bonduriansky et al. 2012; de Villemereuil et al. 2016). For 

example, a comparative split-brood experimental design together with morphological and 

candidate gene expression analyses was applied to test adaptive plasticity in the pharyngeal 

jaw in East African cichlid fish species that have or have not undergone adaptive radiation. 

More derived (radiating) species exhibited higher level of plasticity compared to early-

branching (non-radiating) lineages, suggesting that genetic assimilation might have driven 

adaptation to more specialized phenotypes, and that selection on loci regulating the plastic 

response may contribute to adaptive diversification (Gunter et al. in press). A similar process 

might also have driven the Perissodini tribe radiation from deep-water generalist to shallow-

water lepidophagous specialists, whose one of the most specialized lineages is represented 

by P. microlepis (Stewart & Albertson 2010; Takahashi et al. 2007b). In this species, more 

experimental studies are needed to unravel the role of plasticity in shaping its adaptive 

polymorphism. The presence of environmental responsiveness in P. microlepis has already 

been described in Van Dooren et al. (2010). A potential limit of this study is that it did not 

consider the presence of different mouth morphs, as only individuals with right-bending 

mouth were tested. Considering that this phenomenon typically occurs during development, 

and that levels of plastic response might be different in different morphs, investigating 

plasticity in juveniles of both morphs (or taking into account the unimodal distribution of this 

trait) possibly using larger sample sizes could shed light on the plasticity of asymmetry. If this 

is coupled with time-series transcriptome analyses, in which the temporal expression 

dynamics of genes that respond to external stimuli (diet in this case) that mediate the plastic 

response is analyzed before and after the inductive cue (e.g., Schneider et al. 2014), the 

onset and regulatory network shaping plasticity in P. microlepis could be understood. 

Furthermore, it has been noticed that behavioral handedness might be less plastic than 

morphological asymmetry (Lee et al. 2012; Takeuchi et al. 2012; Takeuchi et al. 2016; Van 

Dooren et al. 2010). An appropriate study design comparing the plasticity of these two traits, 

laterality and asymmetry, can help clarifying their relationship and addressing who come 

first. 

The degree of plasticity of a trait depends on its hereditable component (e.g., 

Parsons et al. 2016), and particularly on how gene(s) and environment(s) interact (gene by 

environment relationship). The simplistic view that opposes hereditary versus environmental 
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cues of phenotypes can lead to the wrong perception of them as distinct phenomena. 

Indeed, they represent interconnected parts of the multi-layers processes that generate and 

drive phenotypic variation. Beyond the relative contribution of each component, crucial for 

phenotype determination are interactions between gene(s) effect and genetic background, 

types of environments, as well as between gene(s) and environment(s) (Fig. VI.1; see Félix 

2016; Fusco & Minelli 2010). The need for an inclusive perspective has become particularly 

evident in addressing the drivers of P. microlepis polymorphism, where the “all or none” 

approach has proved to be clearly limited (Chapters IV-V; Lee et al. 2015). The 

comprehensive study in Chapter IV analyzes inter-individual variation both at a candidate 

gene and diet, and suggests that the direction of asymmetry (left or right) is genetically 

determined, while the bending angle is influenced by both its polygenic basis and inter-

individual non-genetic variation, a plastic response possibly due to random and non-random 

factors related to feeding experience and intra-specific competition. Future research should 

attempt to further unify aspects of genetic and environmental determination in a 

comprehensive framework, such as investigating the level of plasticity between different 

morphs in split-broods design experiments while considering their genetic background.  

 

Smearing the line between genotype, environment and phenotype: epigenetic variation 

Epigenetics (“non-genetic inheritance” or “trans-generational plasticity”; reviewed in 

Bonduriansky et al. 2012; Kilvitis et al. 2014), lies at the interface between genotype and 

environment. Epigenetic modifications of proteins, DNA, nucleosomes or chromosomes 

through various pre- and post-transcriptional mechanisms mainly affect gene expression and 

can be stably transmitted over generations, providing an alternative inheritance system that 

can still be modified by external cues (“soft inheritance”; Bonduriansky et al. 2012; Esteller 

2011; Johannes et al. 2009; Kratochwil & Meyer 2015; Richards 2006; Triantaphyllopoulos et 

al. 2016). Another source of variability in epigenetic patterns is introduced by stochastic 

instability (i.e., the non-deterministic and noisy nature of all processes at the molecular level, 

another cue that plays a role on phenotype construction as reviewed elsewhere, e.g., Félix 

2016; Palmer 2016), mainly due to errors of the epigenetic replication machinery (Richards 

2006; Triantaphyllopoulos et al. 2016; Wong et al. 2005). Epigenetic variation is known to 

considerably contribute to complex phenotypes including behavior, adaptation, or 

susceptibility and long-term maintenance of plastic responses in natural populations (e.g., 

Ashton et al. 2017; Aubin-Horth & Renn 2009; Bernatchez 2016; Bonduriansky et al. 2012; 

Chen et al. 2016; Johannes et al. 2009; Kilvitis et al. 2014; Miska & Ferguson-Smith 2016; 
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Ocklenburg et al. 2017; Triantaphyllopoulos et al. 2016; Wong et al. 2005, e.g. in cichlids: 

Chen et al. 2017; Lenkov et al. 2016).  

Similarly to what observed in P. microlepis, handedness in humans has a strong non-

genetic component (75%, Medland et al. 2009). Part (31%) of this phenotypic variance has 

been shown to be influenced by epigenetic processes. In fact, asymmetrical epigenetic 

regulation of expression in genes related to neurodevelopment in fetal spinal cord seems to 

constitute the starting point of handedness, and help explaining some of the “missing 

hereditability” of this trait (Ocklenburg et al. 2017; Yang et al. 2010), although it is still 

unclear how these epigenetic differences emerged. Examining epigenetic variation in P. 

microlepis may offer interesting clues on the key players shaping this polymorphism, 

particularly the link between genetic and environmental determination. The analysis of 

epigenetic differences between the left and right side of asymmetric individuals at different 

developmental stages can shed light on the ontogenetic and molecular background of 

asymmetry (e.g., Ocklenburg et al. 2017), while epigenetic patterns in parents and offspring 

might disentangle the relative contribution of this mechanism to phenotypic variance (e.g., 

Johannes et al. 2009). Additionally, diet is one of the external factors that mostly impacts 

phenotypes, and variations in nutrition can be translated into epigenetic modifications with 

trans-generational effects (reviewed in Triantaphyllopoulos et al. 2016). Due to the central 

role that diet has on P. microlepis phenotypic variation (Chapter IV; Kusche et al. 2012; Lee et 

al. 2012; Takeuchi et al. 2016; Van Dooren et al. 2010), investigating whether epigenetic 

markers are modified by feeding experience can provide further insights into the drivers of 

this adaptive trait. Particularly useful could be to analyze how epigenetic processes influence 

mouth asymmetry at the intra-individual level (e.g., changes associated to learning and 

plasticity) as well as between generations (e.g., effect of parental feeding behavior on brood 

laterality). 

 
Conclusions 

Our understanding of the basis of mouth asymmetry in P. microlepis, and of polymorphism 

and adaptation in general, has considerably advanced in the past decades. Nevertheless, we 

are far from resolving this evolutionary conundrum. Former studies have mainly focused on 

the occurrence of disruptive or directional selection to explain observed phenotypes, and 

relied on frameworks that are effective only for loci of large effect and used biased data or 

unrealistic population scenario. Additionally, the role of non-genetic factors and particularly 

of gene by environment interactions have been too often overlooked. I emphasized the 

importance of considering integrative and multivariate approaches that can detect co-varying 



Chapter VI 

 

- 99 - 

signals across multiple loci, epigenetic or environmental variation, and the occurrence of 

balancing selection, which is particularly significant in presence of widespread random 

mating and gene flow or polygenetic traits. These processes have been largely unheeded in 

the quest of adaptation and biodiversity, yet they might markedly contribute in fueling the 

vibrant fine-tuned diversity exhibited by P. microlepis and other cichlid fish.  

 

 

  

Figure VI.1 Phenotypes such as asymmetry in P. microlepis are the result of the concerted 
action of genetic, environmental, epigenetic and stochastic cues, and their interactions. 
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Box 2. Unraveling footprints of balancing selection in the genome: methods, 

challenges and examples in aquatic organisms 

 

How to detect genomic signatures of balanced polymorphism  

Genomic footprints of natural selection are mainly influenced by time since the 

event, the relative age of the neutral linked alleles, the strength and direction 

(coefficients) of selection, the mutation and recombination rate (Braverman et al. 

1995; Charlesworth 2007; Charlesworth 2006; Fijarczyk & Babik 2015; Gouveia et 

al. 2014; Kaplan et al. 1989; McVean 2007). Additionally, each modes of selection 

leaves a specific signature in the genome. Based on these marks, several tests have 

been developed to identify the presence and location of target loci (extensively 

reviewed elsewhere, e.g., Bernatchez 2016; Fijarczyk & Babik 2015; Gouveia et al. 

2014; López et al. 2015; Nielsen 2005; Oleksyk et al. 2010). Here, we focused on 

approaches aimed to uncover signatures of balancing selection. 

Balancing selection is predicted to retain multiple genetic variants for longer 

time than neutral processes. These balanced polymorphisms have been initially 

identified through the occurrence of heterozygote overrepresentation (a signature 

of present-day over-dominance; Andrés et al. 2009), leading to deviations from the 

Hardy-Weinberg equilibrium (HWE) in natural populations or departures from 

Mendelian segregation in progenies with known pedigree, or by genotype-

environment association (Doherty & Zinkernagel 1975; Endler 1986; Ewens 1972; 

Garrigan et al. 2003; Hedrick 2006, 2007; Hedrick & Black 1997; Mita et al. 2013; 

Watterson 1978). For example, broods of the endangered Chinook salmon 

Oncorhynchus tshawytscha from established crosses exhibit higher mortality in 

(selection against) homozygotes for a gene in the major histocompatibility complex 

(MHC) locus when exposed to pathogens; this mechanism helps explaining the 

great allele diversity seen in this genomic region (Arkush et al. 2002). Similarly, the 

effect of MHC loci genotypes on juveniles’ survival has been recently tested in the 

Atlantic salmon Salmo salar, revealing the presence of within-family temporally 

heterogeneous overdominant selection (Tentelier et al. 2017). Currently, these 

approaches are complemented by molecular evolutionary methods, which typically 

use summary statistics to compare observed data with expectations under the null 

hypothesis of neutrality (i.e., no influence of selective forces, where the fate of 
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new mutations is determined by the mutation rate and effective population size; 

Charlesworth 2006; Kimura 1968, 1985). The basal principle is that loci under 

selection exhibit characteristics patterns that are different from those of neutral 

sites; contrarily, regions not subjected to selection pressures are all similarly 

affected by the evolutionary history of the analyzed system (López et al. 2015; 

Luikart et al. 2003). These tests have been classified accordingly to the timeframe 

they cover, the signature and method that constitute their foundation (Table VI.1, 

reviewed in Bamshad & Wooding 2003; Casillas & Barbadilla 2017; Charlesworth & 

Charlesworth 2010; Charlesworth 2006; Fijarczyk & Babik 2015; Garrigan et al. 

2003; Gouveia et al. 2014; Hedrick 2007; López et al. 2015; Nielsen 2005; Oleksyk 

et al. 2010; Taub & Page 2016). 

The presence of long-standing polymorphic sites or allelic lineages shared 

between species predating their speciation (trans-species polymorphisms) 

constitutes the most ancestral signature of balancing selection. Alleles in these loci 

are more similar in related species than within individual species. It results from 

incomplete lineage sorting, creating gene genealogies that are different from 

species phylogenies. Trans-species polymorphisms maintained by balancing 

selection are typically preserved in specific target loci for extended time (even 

million years), differently from those that can arise due to neutral processes in 

closely related species that have recently diverged, characterized by short 

persistence and widespread location in the genome (Figueroa et al. 1988; Garrigan 

et al. 2003; Klein 1987; Klein et al. 1998; Klein et al. 2007; Nagl et al. 1998; Těšický 

& Vinkler 2015). A trans-order functional polymorphism has been recently 

identified in fish at the gene PSMB8F, involved in the immune response mediated 

by the MHC and shared between Cypriniformes and Salmoniformes, that has 

extraordinarily been maintained for at least 500 million years (Tsukamoto et al. 

2012). 

The coalescence theory and phylogenetic approaches allow inferring patterns 

and processes that have shaped traits/loci evolution, whose lineages trajectories 

can be visualized using networks. Both natural mechanisms and selective forces 

can impact the shape of genealogies, thus analysis of loci/traits networks can be 

informative of their underlying processes. Genealogies having clusters separated 

by exceptionally long internal branch length can indicate the influence of 
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intermediate-ancient balancing selection forces (Hein et al. 2004). It results from a 

reduction of the stochastic loss by genetic drift, that decelerates the process of 

coalescence and lineage sorting, and preserves lineages over an extended period, 

generating characteristic shapes. Furthermore, polymorphisms maintained by 

balancing selection exhibit an enrichment of alleles at intermediate frequencies 

compared to neutral expectations (Charlesworth 2006). Due to genetic hitchhiking 

(i.e., the influence of selection on sites that have no effect on fitness but are linked 

to the target region, Barton 2000; Maynard-Smith & Haigh 1974), this variation can 

be accumulated also at neutral loci that are tightly connected to the target site, 

resulting in regions displaying higher than expected level of diversity. Thus, similar 

deep genealogies are shown also in associated neutral sites, increasing the 

probability of observing mutations in these regions. When a set of candidate loci is 

available, the level of diversity around the putatively target regions and neutral loci 

are compared using the Hudson-Kreitman-Aguade (HKA) like tests (Esteve-Codina 

et al. 2013; Hey 2001; Hudson et al. 1987; Wright & Charlesworth 2004). The level 

of polymorphism is expected to be higher compared to divergence and significantly 

different from other genomic regions in case of balancing selection, while no 

relevant differences are predicted under neutrality. To avoid bias due to variation 

in mutation rates, the frequencies of polymorphisms within a species is compared 

to the level of divergence between species. If the inter-specific level of divergence 

is similar (i.e., comparable mutation rates), the levels of intra-specific 

polymorphisms are similar when affected by solely neutral processes. Alternatively, 

bottom-up approaches can identify “outlier” regions under balancing selection in 

which diversity within species to divergence from closely related species depart 

from the genome-wide distribution or a null model (π/d ratio; Innan 2006; Ochola 

et al. 2010; Tetteh et al. 2009; Thomas et al. 2012). Another approach is based on 

explicitly modeling the effect of balancing selection on the linked neutral 

genealogy. It estimates the conditional probability that a locus is under balancing 

selection combining intra-species polymorphism and inter-species divergence with 

the spatial distribution of diversity and substitution around target site through 

composite likelihood, as done in the Balancing Selection Likelihood Test (BALLET) T1 

(DeGiorgio et al. 2014). In the Atlantic cod Gadus morhua, the HKA test in 

agreement with other statistics indicated that the highly divergent alleles of the 
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polymorphic Pan I locus, related to behavioral differences in habitat selection, are 

maintained by balancing selection and represent the focal target of selection 

within the genomic island of differentiation in which it is located (Hernandez & 

Árnason 2015). 

 The deep coalescence time typical of balancing selection can also produce 

allele frequencies that are more evenly distributed (i.e., overrepresentation of 

common polymorphism) than expected under neutrality, except in the case of 

negative frequency-dependent selection (discussed in the main text). Thus, the 

frequency spectrum (i.e., the allele frequency distribution of a large number of 

independent loci in a given sample; Nielsen 2005) can be examined with those 

statistics commonly known in population genetics as “neutrality tests”, such as 

Tajima’s D or Fu & Li’s D and F (Achaz 2009; Andrés et al. 2009; Fu & Li 1993; 

Garrigan et al. 2003; Tajima 1989; Watterson 1978). These tests are centered on 

the comparison of different measures of genetic diversity (“θ”) based on the 

number of segregating sites, the average number of pairwise differences, or the 

presence of common and rare alleles. For example, Tajima’s D relates the mean 

pairwise nucleotide differences to the total number of segregating sites. Long term 

balancing selection increase diversity around the selected locus, leading to positive 

values of D. Recently, also a likelihood model-based approach centered on these 

patterns of allele frequencies around target sites has been developed (BALLET 

T2;DeGiorgio et al. 2014). A substantial advantage of these tests based on the 

excess of common polymorphism and increased diversity in tightly linked loci is 

that other types of selection do not confound these two signatures (Charlesworth 

et al. 1993; Croze et al. 2016). Neutrality tests were used to analyze whether the 

direction of selection in the rhodopsin gene RH1 is consistent with local light 

conditions in the sand goby Pomatoschistus minutus. Populations in the North Sea, 

characterized by spatial and temporal heterogeneity, showed signatures of 

balancing selection, supporting this prediction (Larmuseau et al. 2010). 

The McDonald-Kreitman (MK) test and its extensions (Bustamante et al. 2002; 

Eilertson et al. 2012; Howe et al. 2013; McDonald & Kreitman 1991; Stoletzki & 

Eyre-Walker 2011; Wilson et al. 2011; Wilson & McVean 2006) analyze the 

variation in the numbers of synonymous and non-synonymous polymorphic sites in 

coding sequences between (“fixed differences”) and within (“polymorphism”) 
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species. If there are no selective effects, the ratio of the number of fixed 

differences to polymorphism is similar for both synonymous and non-synonymous 

mutations. Contrarily, a stable excess of non-synonymous polymorphisms 

segregating at high frequencies identifies balancing selection episodes occurred at 

the intermediated-ancient timescale. Using this approach, parasite-mediated 

selection has been identified as the mechanisms maintaining high levels of MHC 

polymorphisms in spite of conspicuous genetic drift in small isolated wild 

populations of the Trinidadian guppy Poecilia reticulata (van Oosterhout et al. 

2006). 

 More recent occurrences of balancing selection can be identified through the 

analysis of population differentiation. Due to the presence of polymorphisms that 

are actively maintained at more even frequencies by selective forces, the level of 

diversity increases within population, while it decreases between populations due 

to an attenuated action of genetic drift and amplification of effective migration 

rate (Muirhead 2001; Schierup et al. 2000). Accordingly, unusually reduced 

inbreeding coefficient values (FST, a measure of genetic variation due to variance of 

allele frequencies between and within populations; Holsinger & Weir 2009; Weir & 

Cockerham 1984) are observed among populations at target loci compared to 

neutral expectations. The first test implementing this concept was the Lewontin-

Krakauer (LK) test (Lewontin & Krakauer 1973), in which the variance of FST values 

across loci is used to detect those sites that deviates more than expected (“FST 

outliers”). Modern developments have created outliers detection methods that are 

more robust to false positives, various demographic scenario and are 

computationally applicable to the massive amount of data generated by the next-

generation sequencing technologies (e.g., Beaumont & Balding 2004; Beaumont & 

Nichols 1996; Bonhomme et al. 2010; Bowcock et al. 1991; Duforet-Frebourg et al. 

2014). An outlier SNP associated with an influenza virus binding protein has 

pinpointed to a locus under balancing selection in wild populations of the zebrafish 

Danio rerio, a polymorphism likely maintained by host-parasite dynamics (Whiteley 

et al. 2011). 

The most recent balancing selection events can be identified thanks to the 

presence of extended linkage disequilibrium (i.e., non random association between 

loci; Slatkin 2008) around the target of selection. A new mutation typically occurs 
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in low frequency in an already existing genomic region characterized by complete 

linkage disequilibrium between the new mutation and the linked sites. The size of 

this genomic block is reduced over time as genetic drift increase the frequency of 

the new allele, while local recombination and new mutations break down the 

association between the mutation and linked loci. Therefore, older and more 

common mutations are most likely found in smaller segments characterized by 

short-range linkage disequilibrium. Contrarily, regions under recent selective 

pressures increase in frequency more rapidly than local recombination can erode 

the block size. Accordingly, mutations target by selection are located in regions 

presenting linkage disequilibrium that is more protracted compared to neutral 

variants (Kimura 1983; Nielsen et al. 2005; Sabeti et al. 2002; Slatkin 2008). The 

Long-Range Haplotype (LRH) and related tests (Gouveia et al. 2014; Hussin et al. 

2010; Mueller 2004; Sabeti et al. 2002; Tang et al. 2007; Voight et al. 2006) are 

based on this difference, and investigate the relationship between the target site 

allele frequency and linkage disequilibrium level around it. The analysis of patterns 

of local and long-distance linkage disequilibrium has identified candidate loci under 

balancing selection and provided important insight into the genomic architecture 

of marine and freshwater populations of the threespine stickleback Gasterosteus 

aculeatus (Guo et al. 2015; Hohenlohe et al. 2012). 

 

Pitfalls challenging the identification of balanced polymorphisms 

Studies aimed to identify loci under selection are typically affected by a high false 

positive (i.e., spurious associations) rate due to several sources of bias, such as the 

interaction between different types of selection as well between selection and 

demographic factors (Table VI.1, reviewed in Bamshad & Wooding 2003; Casillas & 

Barbadilla 2017; Charlesworth & Charlesworth 2010; Charlesworth 2006; Fijarczyk 

& Babik 2015; Garrigan et al. 2003; Gouveia et al. 2014; Hedrick 2007; López et al. 

2015; Nielsen 2005; Oleksyk et al. 2010; Taub & Page 2016). Population 

demography and meta-population dynamics are critical confounding factors, 

particularly when natural populations that do not meet all the neutral model 

assumptions (e.g., constant population size, absence of population subdivision) are 

analyzed. Inflated variances of coalescence time among loci and frequency 

spectrum presenting polymorphism patterns similar to those produced under 
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balancing selection might arise from population bottleneck or hidden meta-

population structure. These processes originate departures from neutral models 

that mimic those initiated by selective pressures. Particularly, heterozygous 

excess, genotype-environment association and FST outliers approaches have been 

shown to perform poorly in detecting balanced polymorphisms due to 

pronounced proneness to genotyping errors, population stratification, spurious 

associations, trait genomic architecture, high neutral differentiation, variations in 

mutation rate and low sensitivity (Beaumont & Balding 2004; Beaumont & Nichols 

1996; Garrigan et al. 2003; Kelly 2006; Le Corre & Kremer 2012; Mita et al. 2013; 

Narum & Hess 2011; Salanti et al. 2005; Teshima et al. 2006; Wolf & Ellegren 

2017). Hence, results from statistics based on the frequency spectrum, lineage 

divergence, linkage disequilibrium, deviations form HWE or population 

differentiation should be considered with cautions, possibly jointly implemented 

with appropriate demographic models that realistically describe the observed 

data, and verified using other statistics, gene ontologies and pathway analyses, or 

experimental evidences (Bamshad & Wooding 2003; Charlesworth et al. 2003; de 

Villemereuil et al. 2016; Excoffier et al. 2009; Fijarczyk & Babik 2015; Garrigan et 

al. 2003; Harris & Meyer 2006; Hohenlohe et al. 2012; Kim & Stephan 2000; 

Kreitman 2000; Luikart & Cornuet 1999; Muirhead 2001; Oleksyk et al. 2010; 

Villemereuil et al. 2014). Additionally, mechanisms like recurrent mutation rate, 

saturation of synonymous sites, paralog loci, inter-locus recombination, gene 

conversion, convergence and introgression can lead to candidates that are false 

positive even when robust approaches such as trans-species polymorphism are 

applied. Particularly widespread is introgression, which generates shared 

polymorphisms due to hybridization and gene flow. However, this process also 

produces long identical haplotype sharing, a signature that is unlikely to arise 

under balancing selection, and constitute the base of tests aimed to distinguish 

between the two mechanisms (Bakker et al. 2006; Castric & Vekemans 2007; 

Fijarczyk & Babik 2015; Hasselmann et al. 2008; Liang & Nielsen 2014; Martin et 

al. 2015; Smith & Kronforst 2013; Těšický & Vinkler 2015).  

Genomic scan studies can be limited also by a high incidence of false 

negative (i.e., low power in detecting signatures). This arises mainly due to limited 

sampling of genome or specimens, necessary multiple comparisons corrections, 
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or a strong impact of migration in comparison to selection. These issues are often 

inherent to the analyzed system or a consequence of trade-offs between costs and 

goals of studies (Bernatchez 2016; Charlesworth & Eyre-Walker 2008; Le Corre & 

Kremer 2012; Whitlock 2015; Yeaman 2015).  

Finally, the current statistics are mainly based on the rejection of the neutral 

model; then, a specific selection scenario is called depending on the observed 

footprints (acceptance of the alternative hypothesis, e.g., balancing selection). 

However, only a very scarce number of studies appropriately tested whether the 

chosen alternative hypothesis really better explains the observed data (Kreitman & 

Di Rienzo 2004). Due to the larger number of parameters typical of selection models 

compared to the neutral hypothesis, it can produce a larger range of outcomes with 

respect to patterns of variation; thus, it is crucial to evaluate data also under the 

selected alternative (Kreitman & Di Rienzo 2004). The goodness of fit of a set of 

candidate models (such as the neutral and selection models) can be statistically 

compared given data using the information theory (Akaike or Bayesian information 

criterion and their extensions; Akaike 1973; Anderson 2001; Hurvich & Tsai 1989; 

Sakamoto et al. 1986; Schwarz 1978; Sugiura 1978) or, in case of nested models in 

which one is a special case of the other, the likelihood ratio (maximum likelihood 

ratio test; Neyman & Pearson 1933). The last approach has been recently applied to 

understand color polymorphism in isolated populations of the marine snail Littorina 

saxatilis. A maximum likelihood framework has been used to compare temporal 

changes in phenotypic frequency from time-series experimentally manipulated data 

with predictions from models of genetic drift, migration, constant selection, 

heterozygote advantage or negative frequency-dependent selection. The latter, 

together with interactions with demographic stochastic processes, has been 

identified as the force that significantly better explain the observed data, putatively 

due to apostatic selection by predators (Johannesson & Butlin 2017). 
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Chapter VII 

 

General Discussion 

“Biodiversity starts in the distant past and it points towards the future” 

 (F. Lanting) 

 

Synopsis and main contributions 

The chapters of my dissertation merge genetic, genomic, morphological and ecological 

analyses to elucidate one of the hottest evolutionary question: how stable polymorphisms 

are produced and maintained in natural populations, i.e., what are the processes underlying 

biological diversity and adaptation. The focus of analysis is a famous example of intra-specific 

polymorphism, the scale-eating cichlid fish Perissodus microlepis from Lake Tanganyika. Two 

study systems have been proposed to be most valuable to deconstruct polymorphic and 

adaptive traits: cichlid fishes and bilateral asymmetries (Henning & Meyer 2014; Kratochwil & 

Meyer 2015; Meyer 2015; Palmer 2016; Salzburger 2009; Salzburger & Meyer 2004; 

Takahashi & Koblmüller 2011); both are embodied in P. microlepis, which became a standard 

model of evolutionary textbooks (Chapter I). Chapter II provides a comprehensive synthesis 

on this attractive yet challenging model. Its distinctive asymmetry in mouth, feeding behavior 

and brain is reviewed, studies that described and analyzed the basis of this outstanding 

multilayer polymorphism are briefly recapitulated, and the emerged unaddressed issues are 

highlighted, providing a baseline for this and future research. The empirical studies outlined 

in the following chapters contribute to advance our understanding of the basis of phenotypic 

diversity in in this iconic fish. Using efficient, resourceful and cost-effective approaches such 

as selection of samples at the extremes of the phenotypic distribution, genome-wide 

sequencing, stable isotope and geometric morphometrics analyses, this research provides 

the first insights into the genomic, morphological and longer-term diet diversity in P. 

microlepis.  

 Genomes are considered the hereditary unit of biological information, and can help 

explaining the long-term maintenance of polymorphisms. The genetic determination of 

mouth asymmetry, particularly its inheritance mode, has been extensively debated (Chapter 

II). Chapter III presents the first depth examination of patterns of sequence variation 

throughout the genome of this fish, i.e., not limited to a reduced number of genes or 

markers. This genome-wide information clarifies that this polymorphism has a significant



Chapter VII 

 

- 109 - 

 genetic basis and is likely to be influenced by multiple genomic regions. This is in agreement 

with recent evidences suggesting a quantitative nature of this trait, in contrast to the simple 

Mendelian basis originally speculated. Depending on the applied methodology, one 

(ddRADseq) or several (PoolSeq) SNPs underlying differentiation between the left and right 

morph are identified while controlling for false positive due to geographic stratification. 

Though several methods have been developed to cope with confounders in genotype-

phenotype mapping, these are limited by availability of samples or information, and 

impacted by high rate of false negatives. Here, a simple but effective approach is used: 

results of the analysis of variation in geographic space inform the analysis of variation 

between morphs, leading to the identification of spurious candidates, which have been 

removed from the list of potential asymmetry loci. The remaining candidate regions include 

genes related to immunity (immunoglobulin and major histocompatibility complex), ion 

transporters or cell adhesion proteins. Interestingly, immunity genes are renowned drivers of 

sympatric divergence in fish and influence non-random mating, while the other genes are 

known to regulate the establishment of the left-right axis during embryogenesis. Particularly, 

protocadherins are involved in neuronal network formation. They may play a central role in 

the formation of P. microlepis’ asymmetry, especially in behavioral lateralization due to their 

key function in cerebral asymmetry. 

 The relative importance of genetic and environmental factors affecting mouth 

asymmetry in P. microlepis is enlightened in Chapter IV. The candidate SNP from ddRADseq 

identified in Chapter III is confirmed as harboring at least one of the loci responsible for the 

mouth bending angle. This genetic polymorphism is located in a non-coding region of a locus 

containing four immunoglobulin genes, and clarifies a limited portion (~6%) of phenotypic 

variation. This moderate effect might be linked to a polygenetic basis of this trait, in which 

each locus has a small but additive effect on phenotype; or, this locus might not be related to 

mouth asymmetry by a direct causal relationship but it is physically or functionally linked 

with the causal gene(s). Alternatively, phenotypic diversity could result from variation in 

regulatory and not coding elements of the genome. These findings further support a complex 

genetic determination of mouth asymmetry in P. microlepis. Additionally, the non-genetic 

part of this chapter provides the first medium and long-term information on diet variation in 

adult samples through stable isotope analyses. This is the earliest study to document that the 

most symmetric and most asymmetric adult fish use different food resources over time. 

Excitingly, asymmetric fish seems to be more specialized limnetic predators compared to 

symmetric individuals, which behave more like generalists possibly compensating for a lower 



Chapter VII 

 

- 110 - 

amount of scales with alternative food also of benthic origin. It appears that individuals are 

partitioning resources (ecological specialization) according to their mouth phenotype, 

possibly allowing the coexistence and maintenance of different morphs. It might represent a 

case of niche construction based on asymmetry, underpinning how evolution is a dynamic 

process in which organisms are not simply passively subjected to selective environments but 

can be active players that modify their own niches. Overall, these results suggest that the 

direction of asymmetry is genetically determined, while the mouth bending angle is 

influenced by both a polygenic basis and inter-individual non-genetic variation possibly due 

to feeding experience, individual specialization and intra-specific competition. For the first 

time, the interaction between different ecological (such as stochastic and non-stochastic 

variation in diet preference) and evolutionary (apostatic selection on asymmetry loci, 

neuronal and morphological plasticity) processes and response strategies is proposed to be 

the mechanism underlying the simultaneous presence of left, right, symmetric and 

asymmetric mouth phenotypes within populations of P. microlepis.  

 Genomic and morphometrics analysis are jointly used in Chapter V to explore 

additional factors and structures possibly contributing to polymorphism in this multifaceted 

model system. This is the first study of morphological variation in P. microlepis not focusing 

exclusively on mouth polymorphism but investigating also diversity in body shape and 

lateralization in eyes in relation to mouth (and indirectly, neuronal and behavioral) 

asymmetry. Geographic space (or a common factor) has a significant effect on both 

morphological (body shape) and genetic diversity suggesting the presence of restrictions to 

gene flow across the distribution range of this species; I discuss potential implications, such 

as the possibility that the genetic basis of asymmetry could vary among locations. 

Remarkably, also eyes are bilaterally asymmetric in size, and this lateralization is correlated 

to both direction and degree of the mouth bending angle, and most likely, brain 

neuroanatomical and transcriptional asymmetry and handed feeding behavior. As result of 

asymmetry in eye, visual information might be differentially received/processed by the two 

hemispheres in the tectum opticum, possibly initiating an asymmetrical cascade of 

information in downstream cerebral structures, which might lead to lateralized neuronal 

circuits in focal encephalon regions influencing behavior. Thus, asymmetry in P. microlepis is 

a multi-layer polymorphism possibly resulting from the interaction of variation in different 

traits with the genomic architecture of laterality and the environment. 

These chapters have not only clarified the basis of asymmetry but have identified 

new mechanisms potentially underlying the origin and maintenance of this peculiar intra-
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specific diversity. They also illustrate how highly integrated and tightly linked behavior, 

neuroanatomy and external morphology are in P. microlepis, providing a useful study system 

also to illuminate how the behavior (sensu lato) of organisms or systems as a whole emerge 

from the coordination and interaction of different parts. In this cichlid fish, asymmetry in all 

of these characteristics can vary considerably across individuals within a population, ranging 

from highly lateralized to symmetrical. While this wide diversity spectrum has forced us to 

rethink of its underlying dynamics in a far less simplistic fashion, it also provides this species 

its own “control group”, which facilitates effective comparative analyses, as shown in this 

thesis (see for example Chapter VI). Thanks to this multifaceted and thus powerful model, 

this research has contributed towards a larger picture of the multiple ecological and 

evolutionary processes leading to the astonishing morphological, behavioral and ecological 

diversity observed in cichlid fishes. These findings also add to the broader understanding of 

biodiversity and its origin in general, particularly in the framework of adaptive 

polymorphisms. 

 

Towards a more inclusive view of polymorphisms and evolution 

The central contribution of this dissertation is to emphasize the variety of ecological and 

evolutionary dynamics underpinning (adaptive) phenotypes, and to increase our knowledge 

on the processes leading to divergence and adaptation within populations in absence of 

evident temporal or spatial isolation. It highlights the effectiveness and importance of 

embracing a multi-scale (from genes to ecological niches) and multi-disciplinary (genomics, 

ecology, morphometrics) approach to analyze natural systems such P. microlepis. This 

framework has allowed to reach a deeper understanding of this textbook model, evidenced 

the excessively simplifying assumptions made on the basis of its polymorphism and disclosed 

unforeseen relationships. It has outlined that the exceptional phenotypic diversity observed 

in this cichlid fish is complex and likely results from the interplay of diverse mechanisms that 

interact in a structured way. By revealing the dynamic nature of Perissodus’ asymmetry, this 

research is forcing a rethink of the basis of its phenotypic diversity.  

The chapters of this thesis strengthen the view that there are several factors at play 

in evolution, which may act partially independently and partially in reciprocal feedback loops. 

These cues need to be jointly considered, as natural selection and the other evolutionary 

forces operate simultaneously at multiple levels, and continuously change also due to the 

activities and choices of organisms. A complete picture of such processes and webs of 

interactions is thus crucial to deconstruct asymmetry and other adaptive and polymorphic 
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traits, and requires a more comprehensive and multivariate direction of research (Chapter 

VI). To this aim, the hypotheses, tools and approaches provided and discussed in this thesis 

(Chapters III - VI) pave the way to a more inclusive, useful and interesting view of this study 

system and evolutionary processes in general. Complementing genomics, epigenetic, and 

ecological approaches and key experiments can offer valuable insights to bridge the gap 

between phenotype, genotype, environment and fitness, and ultimately to unmask how 

evolution has produced and continue generating such a spectacular and often complex 

organismal diversity. 
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Abstract 

Background: Established cases of sympatric speciation are still scarce but there is an 

increasing consensus that sympatric speciation might actually be more common than 

previously thought. Midas cichlid fish are one of the few substantiated cases of sympatric 

speciation and they have speciated in crater lakes where fish from other lineages of the same 

family live. Here, we analyze morphological and genetic variation in Archocentrus 

centrarchus, the species living in crater lakes which is phylogenetically closer to the Midas 

species group. In particular, we analyze variation in body and pharyngeal jaw shape – the two 

divergent traits in sympatrically-speciated Midas cichlids – mitochondrial control region and 

microsatellites. Using these four datasets, we analyze variation between and within two 

Nicaraguan lakes, a crater lake where multiple Midas cichlids have been described and a 

tectonic lake where the source population lives. 

Results: We do not observe any within-lake clustering consistent across morphological traits 

and genetic markers, suggesting the absence of sympatric divergence in A. centrarchus. 

Surprisingly, when studying variation between lakes, we only find mild genetic differentiation 

and an absence of morphological divergence. Such morphological similarity between lakes is 

found not only in average morphology but also when analyzing covariation between traits 

and levels of morphospace occupation. A combined analysis of the mitochondrial control 

region in A. centrarchus and Midas cichlids suggests that a difference between lineages in the 

timing of crater lake colonization cannot be invoked as an explanation for the difference in 

their levels of diversification. 

Conclusions: We find an absence of differentiation both in sympatry and allopatry in A. 

centrarchus and the absence of such a differentiation cannot be explained by a different 

timing of colonization of the crater lake environment. Being A. centrarchus the species most 

closely-related to the sympatrically-speciating Midas cichlid lineage, it represents the ideal 

candidate to study the conditions that make certain species (i.e. Midas cichlids) more likely to 

speciate and diverge in sympatry than others. 

 

Introduction 

Sympatric speciation – i.e. divergence in the face of gene flow – has been controversial for a 

long time (Via 2001). While even the existence of this phenomenon has been subject of 

intense debate, today the focus of research has moved away from the mere existence of 

sympatric speciation – now generally accepted – to the conditions that make it possible. The 

general acceptance that sympatric speciation is, indeed, possible is due to the fact that a few 
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substantiated cases of sympatric speciation – which include host races in phytophagous 

insects (Bush 1969; Michel et al. 2010), palms in oceanic islands (Savolainen et al. 2006), and 

cichlids in crater lakes (Barluenga & Meyer 2004; Barluenga et al. 2006; Schliewen et al. 

2001; Schliewen et al. 1994) – have now been recognized. Theoretical and empirical studies 

are currently exploring the conditions at the genomic level that allow such phenomenon to 

occur (Flaxman et al. 2014; Gavrilets et al. 2007; Michel et al. 2010; Via 2001, 2012; Via et al. 

2012), including how the genetic bases of ecologically divergent adaptive traits can favor 

divergence in the face of gene flow (Franchini et al. 2014b; Via 2012; Via et al. 2012). Further, 

recent empirical studies show that sympatric speciation might be much more common than 

initially thought (Papadopulos et al. 2011) and that the limited number of accepted cases of 

sympatric speciation might just be the consequence of the scarcity of studies on the subject. 

Midas cichlids (Amphilophus spp.) in Nicaraguan crater lakes represent one of such 

recognized cases of sympatric speciation. These fish inhabit the two largest Nicaraguan lakes 

(Lake Nicaragua and Lake Managua), which are old, relatively shallow and turbid and have a 

tectonic origin. From these two lakes, founding populations colonized repeatedly a number 

of geographically close crater lakes – deeper, with clear waters and much smaller (as they are 

the result of a volcanic crater being filled with water) – where divergence in sympatry 

occurred. These crater lakes are also geologically young (maximal age around 22,000 years; 

Kutterolf et al. 2007). Here, as a consequence of the ecological opportunity that these crater 

lakes provided (i.e. the existence of open-water and benthic habitats), Midas cichlids 

diverged rapidly and in sympatry into open-water (limnetic) and bottom-dwelling (benthic) 

forms (Barluenga & Meyer 2010; Barluenga et al. 2006; Elmer et al. 2010a). So far, one 

limnetic and five benthic species – distinct from the generalist A. citrinellus of the large 

tectonic lakes – have been formally described in Lake Apoyo (Geiger et al. 2010; Stauffer et 

al. 2008), while one limnetic and three benthic species have been recognized in Lake Xiloà 

(Recknagel et al. 2013). A new species of Midas cichlid has also been recently described in 

Lake Asososca Managua (Recknagel et al. 2013). Lakes Apoyo and Asososca Managua harbor 

a relatively small number of fish species (Waid et al. 1999) and, in particular, only one other 

cichlid species (Parachromis managuensis; a piscivorous fish which feeds on Midas cichlids). 

On the other hand, Lake Xiloà hosts a rich community of cichlid fish. In fact, apart from 

cichlids belonging to the Midas cichlid complex, eight other species have been reported in 

this lake (Waid et al. 1999). It is remarkable that, while multiple species of Midas cichlids 

have been described in this and other lakes, sympatric or allopatric differentiation in species 

belonging to other cichlid lineages has never been reported. The other cichlid fish inhabiting 



Chapter VIII 

 

- 116 - 

Lake Xiloà, therefore, belong to the same nominal species present both in the main tectonic 

lakes Managua and Nicaragua and in other central-American environments. However, it 

should be noticed that, to the best of our knowledge, no study on the intra-specific variation 

in these other cichlid fish from Nicaraguan lakes has been carried out to date. Such studies 

would reveal cryptic variation within or between lakes, if this ever existed. Considering that 

sympatric speciation is probably more common than initially thought (Papadopulos et al. 

2011), it is possible that the lack of such studies is the reason why only Midas cichlids have 

been recognized as a case of sympatric speciation in Nicaraguan crater lakes. In other words, 

is there something special about Midas cichlids or have they been just studied more? And 

then, if cichlids belonging to other lineages really did not diversify, why the Midas cichlid was 

able to speciate in sympatry while the other lineages did not? 

Here, we set out to improve our understanding of these questions using another 

cichlid species living both in the large tectonic lakes and in Lake Xiloà: Archocentrus 

centrarchus. This is choice is motivated by the fact that, according to the latest molecular 

phylogenies of Neotropical cichlids, A. centrarchus is the cichlid of Nicaraguan crater lakes 

most closely related to the Midas cichlid complex (López-Fernández et al. 2010). In addition 

to this, while the exact trophic habits of non-Midas cichlid fish in Nicaraguan crater lakes are 

not known, knowledge on the typical feeding habits of this species show that A. centrarchus 

has the closest feeding niche to the one of Midas cichlids. In fact, while other species have 

been described as more herbivorous, piscivorous or substrate diggers, both A. centrarchus 

and A. citrinellus are considered “deep-bodied vegetation-dwelling invertebrate feeders” 

(Winemiller et al. 1995). Here, we use a combination of different morphological and 

molecular markers to explore the possibility that A. centrarchus exhibit, indeed, cryptic 

variation in the Nicaraguan lakes, consistent across different markers, that might point out to 

previously unrecognized diversification of its lineage. In particular, we studied as 

morphological traits body and pharyngeal jaw shape, as these are two very important traits 

which, in the case of Midas cichlids, have been shown to diverge in sympatry (Barluenga et 

al. 2006; Elmer et al. 2014; Elmer et al. 2010b) in response to specialization to benthic and 

limnetic habitats. Similarly, we chose to use the variation in mitochondrial control region and 

at 12 microsatellite as these have previously been shown to diverge between lakes in Midas 

cichlids and suggest a monophyly of each derived crater lake Midas cichlid population 

(Barluenga & Meyer 2010; Barluenga et al. 2006). Further, we test the null hypothesis that A. 

centrarchus and Midas cichlids have colonized Lake Xiloà simultaneously as timing of 

colonization might explain difference in diversification between Midas and non-Midas 
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cichlids. That is, if A. centrarchus does not exhibit intra-specific cryptic divergence, one 

possible explanation is that Midas cichlids have colonized crater lake Xiloà earlier than A. 

centrarchus, occupying multiple niches by diverging in benthic and limnetic forms and thus 

filling these niches before A. centrarchus could occupy them and diverge. 

 

Methods 

A total of 71 A. centrarchus specimens has been used in the present study (Table VIII.1; 

Additional File VIII.1). Fish were collected in Nicaraguan lakes Managua and Xiloà in 2012 and 

photographed after collection. Shortly after, a fin clip was taken for downstream molecular 

analyses and the specimen was stored in ethanol. The lower pharyngeal jaw was then 

dissected from ethanol-preserved specimens and photographed using a copy stand. 

 

Table VIII.1 Sample sizes of the different morphological and molecular datasets used in this study. 
 

 
 

Morphometric analyses 

Configuration of points used in morphometric analyses of body and pharyngeal jaw shape 

(Fig. VIII.1) comprised landmarks, semilandmarks and “helper points”  (these are 

semilandmarks used to help alignment of the other points but then removed from the 

analysis as they do not provide additional information; Zelditch et al. 2004). Points were 

digitized on body and pharyngeal jaw pictures  using tpsDig 2.57 (Rohlf 2013). For a subset of 

specimens (about 1/4 of the total) presenting damage in one of the two pharyngeal jaw 

horns, we obtained estimates of the missing points by reflecting the corresponding points 

across the symmetry axis (Couette & White 2010; Martínez-Abadías et al. 2009). The 

configurations of points were subjected to a generalized Procrustes analysis with sliding of 

semilandmarks (Bookstein 1997) in tpsRelW 1.54 (Rohlf 2007). Not being asymmetry of 

interest in the present study, all the subsequent analyses on pharyngeal jaws was performed 

on the symmetric component of shape variation (Fruciano et al. 2011b; Klingenberg et al. 

2002). Allometry was controlled for, both in the case of body and pharyngeal jaw shape, by 

Lake Body shape Pharyngeal jaw 
shape 

mtDNA control 
region Microsatellites 

Managua 17 22 22 25 

Xiloà 44 30 40 32 

Total 61 52 62 57 
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regressing shape variables on body centroid size and using regression residuals in 

downstream analyses. 

 

 

Differences between lakes in body and lower pharyngeal jaw shape were tested in 

MorphoJ 1.06b (Klingenberg 2011) using the permutational procedure based on Procrustes 

distances. Correct classification rates for discriminant analysis were also obtained through 

the leave-one-out cross-validation procedure implemented in the software. To visualize 

variation and level of overlap between lakes in body and pharyngeal jaw morphology, we 

used between-group principal component analysis (Boulesteix 2005). This ordination 

technique is increasingly used in geometric morphometrics (Firmat et al. 2012; Franchini et 

al. 2014b; Fruciano et al. 2014; Seetah et al. 2012) as the ordinations do not exaggerate the 

extent of separation between groups, one of the typical drawbacks of the commonly-used 

scatterplots of canonical variate scores (Mitteroecker & Bookstein 2011). 

Levels of morphological integration for body and pharyngeal jaw for each of the two 

lakes were quantified obtaining bootstrap estimates (1000 bootstrap replicates) of the scaled 

variance of the eigenvalues (Young 2006), computed as the variance of eigenvalues divided 

by the squared total variance. 

For each of the two morphological traits, we also performed an analysis of 

morphospace occupation (i.e. an analysis of the intraspecific variability in each of the two 

populations of A. centrarchus) using allometry-corrected data. This analysis, in the spirit of 

other similar analysis of intraspecific variation at different sampling sites (Fruciano et al. 

2014), uses three different multivariate estimators of variability (multivariate variance, mean 

Figure VIII.1 Configurations of points used in the morphometric analyses of body (a) and 
pharyngeal jaw (b) shape. Red circles=landmarks; filled blue triangles=semilandmarks; empty 
blue triangles=”helper” semilandmarks. 

 

a b
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pairwise Euclidean distance, mean Euclidean distance from lake centroid). For these, using 

MDA (Navarro 2003) we obtained estimates – through bootstrap resampling rarefied at the 

smallest sample size – and tested for differences between the two lakes (using the BTailTest 

procedure implemented in the program). The rationale for performing such analyses of 

morphospace occupation is that, even in the absence of divergence in distinct open water 

and bottom-dwelling forms, A. centrarchus could adapt to the new crater lake environment 

by individually specializing along the benthic-limnetic continuum. If this was the case, we 

would then expect A. centrarchus from Lake Xiloà to occupy a larger morphospace than A. 

centrarchus from Lake Managua. 

The significance of the covariation between body and pharyngeal jaw shape for the 

full dataset was tested in MorphoJ using the permutational procedure which employs 

Escoufier RV coefficient (Escoufier 1973) as a test statistic for the null hypothesis of complete 

independence between blocks of variables. The strength of the covariation between body 

and pharyngeal jaw was compared between lakes by computing rarified estimates of the RV 

coefficient (Fruciano et al. 2013) and by performing the permutation test (1000 

permutations) for the difference in RV between two groups (Fruciano et al. 2013). 

To assess the possible presence of cryptic clusters of individuals based on 

morphometric data without assuming a priori defined groups, a modified version of the 

algorithm proposed by Ezard and colleagues (Ezard et al. 2010) was used for both body shape 

and pharyngeal jaws and both pooling observations and analyzing lakes separately. Briefly, 

the algorithm consists in a dimensionality reduction step obtained by performing a principal 

component analysis and retaining only the subset of the principal components with highest 

explanatory power followed by a model-selection based approach to identify the most 

supported partitioning in clusters. As in the Ezard and colleagues’ formulation and code, we 

used the broken stick as stopping rule (Jackson 1993) to identify the subset of principal 

components to retain and we employed the method based on Gaussian mixture models 

implemented in the R package mclust (Fritsch 2012) to identify the best partitioning in 

cluster. Differently from Ezard and colleagues who used robust principal component analysis 

in the dimensionality reduction step, here we use a standard principal component analysis on 

the covariance matrix, which was deemed more appropriate in our case based on preliminary 

tests on fish body and pharyngeal jaw shape interspecific variation on other cichlid fish 

(Fruciano, unpublished data). 
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Molecular analyses 

Genomic DNA was extracted using standard salt extraction protocols. 

A fragment of the mitochondrial control region was amplified using primers LProF 

(Meyer et al. 1994) CIC3 (Elmer et al. 2013) and sequenced obtaining, after trimming flanking 

regions, a 974bp sequence. Sequences were aligned using ClustalW (Larkin et al. 2007) and 

the alignment was refined by hand. The observed variation in mitochondrial control region 

sequences was tested against the expected variation under the null hypothesis of neutral 

evolution using as test statistics Fu’s Fs (Fu 1997) and Ramos-Onsins and Rozas R2 (Ramos-

Onsins & Rozas 2002), assessing their significance using the coalescent simulations (1,000 

simulated samples) implemented in Arlequin 3.11 (Excoffier et al. 2005) and DNAsp 5.0 

(Librado & Rozas 2009), respectively. We chose these two tests because they are more 

powerful than a number of alternatives, albeit which one of them is more powerful depends 

on factors such as sample size (Ramos-Onsins & Rozas 2002). The genetic differentiation 

between lakes was tested using the permutational procedure (1000 permutations) based on 

FST estimates implemented in Arlequin. To explore the relationships among haplotypes and 

how they were distributed among the two lakes, we constructed – using the software 

Network 4.2 (Fluxus Technology, Ltd.) – a  median joining network (Bandelt et al. 1999) using 

the “star contraction” option to reduce its complexity and weighing transversions three times 

more than transitions, as suggested for mitochondrial data. For the sake of consistency with 

morphometric analyses, we also used the clustering detection algorithm (see above) on the 

mitochondrial control region dataset. Therefore, we obtained Tamura and Nei genetic 

distances (Tamura & Nei 1993) among individuals, we then performed principal coordinate 

analyses on genetic distance matrices, finally subjecting the principal coordinate scores to 

the clustering algorithm described above. 

Further, individuals were genotyped at 12 microsatellite loci: UnH011 and Unh013 

(McKaye et al. 2002), TmoM7 (Zardoya et al. 1996), Abur28, Abur82, Abur151 and Abur162 

(Sanetra et al. 2009), Burtkit (Salzburger et al. 2007), M1M (=Acit1), M2 (=Acit2), M7 (=Acit3) 

and M12 (=Acit4) (Elmer et al. 2014; Noack et al. 2000). Microsatellites were amplified with 

fluorescent reverse primers (HEX, FAM and NED dyes) and fragment length was analyzed 

with the internal size marker Genescan-500 ROX (Applied Biosystems) on an ABI 3100XL 

Automated Sequencer (Applied Biosystems), and with GeneScan  v.3.7 and Genotyper  v.3.7 

(Applied Biosystems) software packages. Micro-checker 2.2.3 (Van Oosterhout et al. 2004) 

was used to detect null alleles and scoring errors. The Bayesian approach implemented in 

Bayescan v2.0 (Foll & Gaggiotti 2008) was used in order to test each for neutrality. Global 
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statistics of differentiation between lakes (FST) were computed and tested for significance 

using Genetix 4.05 (Belkhir 2004). A principal coordinate analysis was also performed in 

GenAlex 6.5 (Peakall & Smouse 2012) on the matrix of codominant genetic distances. To 

obtain a further representation of the relationships among individuals, we also used the 

method based on graph theory implemented in the software EDENetworks 2.18 (Kivelä et al. 

2015) to construct a network starting from pairwise genetic distances between individuals 

and using the software’s automatic thresholding algorithm. Finally, to investigate the 

presence of genetic clusters either in the pooled sample or in the samples from each lake, we 

applied two widely used methods: the Bayesian clustering method implemented in the 

software STRUCTURE 2.3.4 (Pritchard et al. 2000) choosing the appropriate number of 

clusters with the Evanno approach (Evanno et al. 2005) and the method implemented in the 

software GENECLASS 2.0 (Piry et al. 2004), which computes the probability that each 

individual belongs to each reference lake. Structure was run with a burn-in period of 100,000 

steps followed by 1,000,000 Markov Chain Monte Carlo (MCMC) iterations. Ten independent 

runs were performed using an admixture model and allele frequencies correlated as these 

parameters are recommended for detecting genetic structure when closely related 

populations are involved (Falush et al. 2003). GENECLASS was run on 10,000 simulated 

individuals with an assignment threshold set at 0.05. 

 

Combined analyses of morphometric and genetic data 

If adaptive divergence was occurring in A. centrarchus, this would produce concordant signals 

in genetic and morphometric data (i.e. in morphometric data as a consequence of 

specialization, in genetic data because of a reduction in gene flow; this is the situation 

encountered in Midas cichlid fish). To quantitatively test this hypothesis, we measured the 

concordance among clustering approaches applied on different datasets. This was obtained 

computing – on the observations overlapping between datasets in each pairwise comparison 

– the adjusted Rand index (Hubert & Arabie 1985) and testing its significance using a recently 

suggested permutational procedure (Qannari et al. 2014). Briefly, the Rand index (Rand 

1971) – of which the adjusted Rand index is an improved version – is an index that is 

expected to take the value of zero in the case when two partitions of the same observations 

are random and one when the two partitions agree completely. Therefore, in the case of 

adaptive divergence revealed by both genetic and morphological data, we would expect the 

value of this index to be close to one and statistically significant. 
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Timing of colonization 

We tested the null hypothesis that the colonization of crater Lake Xiloà happened 

contemporaneously for both Midas cichlid and A. centrarchus using a comparative 

phylogeographic approach. In particular, we used the msBayes 20081106 pipeline (Hickerson 

et al. 2007) – in the same spirit as previously done (Elmer et al. 2013) for Midas cichlids and 

Hypsophrys nematopus – on a mitochondrial control region dataset to test for simultaneous 

divergence between source (Managua) and derived (Xiloà) lake in the two species. Briefly, we 

obtained from Genbank 370 published sequences of the mitochondrial control region for 

Midas cichlid from lakes Managua and Xiloà (Additional File VIII.2). For A. centrarchus we 

used the mitochondrial control region dataset described above. For this analysis, sequences 

from both species and both lakes were pooled, aligned in ClustalW (Larkin et al. 2007) and 

trimmed to a common length of 711bp. Prior to being subjected to the msBayes pipeline, 

sequences were then realigned by species. To test different migration scenarios, we 

performed the analysis using the upper bound for migration rate at zero and at 0.5. 

 

Results 

Morphometric analyses 

Average body shape of A. centrarchus is not significantly different between lakes Managua 

and Xiloà (Procrustes distance 0.009, p=0.49, 27.87% cross-validated correct classification). 

After correcting for allometric variation, pharyngeal jaw shape is not significantly different 

between lakes (Procrustes distance 0.01, p=0.1, 33.33% cross-validated correct 

classification). Scores of individuals along the first between-group principal component in 

both dataset confirm an extremely high degree of overlap in morphology between the two 

lakes (Fig. VIII.2). 

 

Figure VIII.2 Scores along the between-group principal component of body (a) and pharyngeal 
jaw (b) shape.  
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The strength of morphological integration is very similar in the two lakes for both 

body (scaled variance of eigenvalues, Managua=0.004 Xiloà=0.0035) and pharyngeal jaws 

(Managua=0.0112 Xiloà=0.0115). For both body and pharyngeal jaw shape, the distributions 

of the bootstrap estimates are largely overlapping between lakes, thus suggesting no 

difference between lakes in the levels of morphological integration. 

In a similar fashion, levels of morphospace occupation in A. centrarchus were very 

similar – and never significantly different (BTailTest; p>0.05 in all cases) – between lakes for 

all three multivariate descriptors of disparity (Table VIII.2). 

The covariation between body and pharyngeal jaw shape in the full sample is not 

significant (RV=0.14, p=0.2). The strength of covariation between body and pharyngeal jaw 

shape is not different in the two lakes (rarified at the same sample size of 15 RV=0.395±0.1 

for the Managua sample and RV=0.393±0.1 for the Xiloà sample; p=0.94). 

In the analysis of both body and pharyngeal jaw shape pooling all observations, the 

algorithm for cluster detection identified one single cluster. The same result was obtained 

analyzing the body shape for only the fish from Lake Managua, while analyzing the body 

shape of fish from Lake Xiloà, four clusters were identified. However, three of them 

comprised only one observation each. In the analysis of pharyngeal jaw shape, the analysis of 

the pooled sample identified two multivariate clusters, not corresponding to lakes. The same 

analysis performed on fish from each lake identified seven clusters for Lake Managua and 

two clusters for Lake Xiloà. 

 

Table VIII.2 Levels of morphospace occupation in each lake and for each trait. For each estimator, the 
mean and standard deviation obtained through rarefaction at the smallest sample size are provided. 

Sample Multivariate variance Mean pairwise 
Euclidean distance 

Mean Euclidean 
distance from lake 

centroid 

Body shape- 
Xiloà 

0.001067 ± 0.000067 0.044773 ± 0.001382 0.031647 ± 0.001000 

Body shape - Managua 0.001077 ± 0.000116 0.044204 ± 0.002452 0.031200 ± 0.001730 

Pharyngeal jaw shape - 
Xiloà 

0.000476 ± 0.000101 0.027567 ± 0.002871 0.019055 ± 0.001987 

Pharyngeal jaw shape - 
Managua 

0.000428 ± 0.000086 0.026487 ± 0.002661 0.018490 ± 0.001945 
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Molecular analyses 

The Ramos-Onsins and Rozas R2 was not significant in both cases (Xiloà, R2=0.1323, p=0.78; 

Managua, R2=0.1429, p=0.74). On the other hand, Fu’s Fs was significant only in the sample 

from Lake Managua (Fs= -10.08, p<0.001), but not in the one from Lake Xiloà (Fs=-1.37, 

p=0.33). The permutational procedure based on FST estimates suggested low but significant 

differentiation (FST =0.063, p=0.007) in mitochondrial control region sequences between the 

two lakes. The median joining network (Fig. VIII.3) shows that haplotypes do not tend to 

cluster in groups according to lake but, rather, there are two main haplogroups containing 

haplotypes from both lakes. Further, there is no sign of “star-like” genealogies, expected in 

the case of recent demographic expansion. The clustering algorithm identified seven clusters 

when applied to the full mitochondrial control region dataset, four clusters in each case 

when analyzing data by lake. 

No sign of null alleles and directional selection were detected in the panel of 12 

microsatellites employed in this study. The analysis of the microsatellite dataset revealed a 

low but highly significant genetic differentiation between lakes (global FST=0.07, p<0.001). 

The network representation of the relationship among individuals based on microsatellite 

frequencies (Additional File VIII.3) shows, similarly to the network produced for the 

mitochondrial control region, a lower degree of overlap between individuals from the two 

lakes. This is confirmed by an inspection of the plot of the scores along the first two principal 

coordinates (Fig. VIII.4), which show two relatively clear clusters of individuals belonging to 

each lake with a few admixed individuals. The results of the two clustering approaches we 

Xiloa
Managua

Figure VIII.3 Mitochondrial control region median joining network. The size of the circles is 
proportional to the number of individuals represented 
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used on the microsatellite dataset further confirm this pattern. In fact, the appropriate 

number of clusters chosen with the Evanno method is two and the STRUCTURE analysis (Fig. 

VIII.4) reveals the existence of a few admixed individuals between lakes. In the GENECLASS 

analysis, for all individuals the highest assignment probability is always obtained for the lake 

were they were sampled (Additional File VIII.4). When performing the STRUCTURE analysis 

within each lake, no genetic clustering was observed (data not shown). 

 

Combined analyses of morphometric and molecular data 

Our quantitative approach based on the adjusted Rand index revealed very poor overlap in 

the clustering of observations using different morphometric and genetic markers (Additional 

File VIII.5) with values of the adjusted Rand index always low and – except in the case of the 

comparison of clustering of mtDNA and pharyngeal jaw shape – always non-significant. It is 

striking that even applying clustering methods to datasets of the same kind (i.e. both genetic 

or both morphometric) we find different partitions. 

 

Timing of colonization 

The analyses performed with the msBayes pipeline produced globally concordant results, 

irrespective of the migration rates. In fact, in both cases, the posterior probability of a 

simultaneous divergence between lakes in the two species (i.e. a single divergence time for 

both species) was sensibly higher than the posterior probability of the alternative scenario 

(i.e. two different divergence times for the two species; Fig. VIII.5). This was particularly 

ManaguaXiloa

PCoA 1
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0.0
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Figure VIII.4 Analysis of microsatellite data. (a) Structure plot. (b) Scores along the first two 
principal coordinates (explaining, respectively, 11.63% and 8.82% of total variance) based on 
codominant genetic distances 
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evident in the analysis with no migration. This is expected as migration can, obviously, 

obscure the signal of genetic isolation. However, when migration is a confounding factor in 

the analysis, this is reflected in the incorrectly support of the temporal discordance in 

divergence between species. 

 

Discussion 

Here, we have shown that A. centrarchus does not exhibit any intra-specific divergence 

consistent across different markers. In fact, not only we found no evidence for multiple 

clusters (either genetic or morphological) within crater lake Xiloà (which might have 

suggested sympatric divergence in A. centrarchus as the one recognized in Midas cichlids), 

we also find very mild genetic differentiation between the source population from Lake 

Managua and the derived crater lake Xiloà population. In the case of mitochondrial control 

region, while there are significant differences between the two lakes, the value of FST (0.063) 

is much lower than the ones previously reported for Midas cichlids (i.e. between A. citrinellus 

from Lake Managua and the three described Midas cichlids from Lake Xiloà the F FST values 

range between 0.154-0.223; Barluenga & Meyer 2010). On the other hand, using 

microsatellites we find in A. centrarchus similar – and significant levels – of divergence 

between lakes Managua and Xiloà than those reported for Midas cichlids (FST values range 

0.059-0.078; Barluenga & Meyer 2010). Interestingly, both the neutrality tests we used do 

not reject the null hypothesis of sequence variation conforming to a neutral model in Lake 

Xiloà. This clearly contrasts with what has been reported in Midas cichlids, where departures 

from neutrality – including in crater lake Xiloà – have been related to population expansion 

or selective sweeps. Morphometric analyses for both body and pharyngeal jaw shape reveal 
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Figure VIII.5 Results of the msBayes pipeline. The pipeline was run assuming equal prior 
probabilities for a single or two different divergence times between species. (a) No migration, 
(b) presence of migration. 
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no significant differences between lakes, with very low correct classification rates for 

discriminant analyses and extensive overlap in between-group principal component scores.  

Overall, our results on variation between lakes can be interpreted considering the 

observed mild genetic differentiation between lakes as a mere effect of neutral drift, not 

accompanied by a differentiation in morphology that would otherwise be suggestive of local 

adaptation. In fact, we fail to find any significant difference between lakes in the two 

morphological traits we studied. This whether we analyze trait mean (tests for difference in 

means are not significant and there is an extensive overlap in between-group principal 

component scores), trait disparity (which is very similar between lakes), trait integration 

(levels of integration are very similar), levels of covariation between traits (which is not 

significantly different between lakes and, in general, not significant). Not only, then, we do 

not find morphological differentiation between lakes but we do not observe patterns 

indicative of individual-level adaptation fueled by the availability of new ecological niches 

(i.e. increase of morphospace occupation in the crater lake population), either. The 

uniformity in morphology between the two populations of A. centrarchus studied here is 

surprising and unusual. In fact, morphological divergence between allopatric populations – 

not necessarily implying speciation – is commonly reported as a consequence of local 

adaptation and/or phenotypic plasticity, even in the presence of gene flow and among 

geographically close locations (Elmer et al. 2010a; Fruciano et al. 2011a, b; Klingenberg et al. 

2003; Maderbacher et al. 2008; Walker 1997). 

We also tested for patterns of differentiation within lakes shared across different 

morphological markers. Here, using different approaches, we fail to identify any partition of 

the observed individuals consistent across different markers. Our results, therefore, suggest 

a lack of sympatric differentiation in A. centrarchus. 

 

Conclusions 

The current taxonomic status of A. centrarchus in Nicaraguan lakes (a single described 

species) is not due to lack of studies on intra-lineage variation (i.e. it is not due to 

ascertainment bias). The fact that A. centrarchus did not diverge either in sympatry or 

allopatry in the same lakes where the well-known sympatric Midas cichlid have been 

described is an important finding. A. centrarchus and Midas cichlids represent closely-related 

lineages with relatively similar ecological niches so, if one of the lineages underwent rapid 

differentiation, while the other did not, understanding the causes of this difference in levels 

of differentiation can inform us on what are the factors that facilitate sympatric speciation. 
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Here, by performing a comparative phylogeographic analysis, we also show that A. 

centrarchus and Midas cichlids have probably colonized crater lake Xiloà at the same time. 

Therefore, although the resolution of a single marker in correctly resolving the time of 

colonization is somewhat limited, a different timing of colonization between Midas cichlids 

and A. centrarchus cannot be invoked as a parsimonious explanation for the difference in 

diversification rates between the two lineages. These results resemble the ones obtained in a 

previous comparison of Midas cichlids with Hypsophrys nematopus, another cichlid which 

inhabits Lake Xiloà (Elmer et al. 2013). However, while Lake Managua is considered the 

source lake for Lake Xiloà, Elmer et al. (2013) did not study any sample from Lake Managua 

as H. nematopus is probably extinct in this lake. 

Collectively, our results open up new avenues of research investigating which factors 

can explain why Midas cichlids speciated copiously in the same lakes where other lineages, 

and in particular A. centrarchus, did not. Any possible explanation of the different patterns of 

diversification between Midas and non-Midas cichlids in the Nicaraguan lakes is at this stage 

entirely speculative. However, our analyses of covariation between body and pharyngeal jaw 

show a lack of significant covariation (i.e. body shape and pharyngeal jaw are relatively 

independent in A. centrarchus). On the other hand, these two adaptive traits – the very traits 

that have diverged in sympatry in Midas cichlids  – show significant covariation in Midas 

cichlids (Fruciano et al. 2016a). Perhaps most importantly, it has been shown that body and 

pharyngeal jaw shape do not segregate independently and they have at least one 

overlapping QTL region (Fruciano et al. 2016a). Recent theoretical models emphasize the 

importance of pleiotropy and linkage in facilitating speciation (Flaxman et al. 2014) and could 

provide an useful framework that should be investigated in further research. Are the genetic 

bases of body and pharyngeal jaw shape independent in A. centrarchus and other non-Midas 

cichlids from Nicaraguan crater lakes? We believe that this issue should be investigated using 

comparative studies, possibly in a phylogenetic context.  
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Swimming performances in a sympatric species pair:  

is body shape an adaptive trait driving sympatric speciation 

 in Neotropical Midas cichlid fishes? 
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Summary 

If and how lineages diverge in absence of vicariance remains one of the most controversial 

debated topics in evolutionary biology. A natural model of sympatric speciation are the 

Nicaraguan crater lakes’ Midas cichlid fishes. Morphological differences are thought to be 

adaptations accompanying habitat divergence along a benthic – limnetic axis that was 

suggested to drive the speciation of Lake Apoyo’s species pair Amphilophus astorquii and A. 

zaliosus. Particularly, it has been proposed that morphology would affect swimming 

performance. Here, we test whether these two species from Lake Apoyo do indeed perform 

differently in cruising performance and maneuverability, and if any observed variation in 

swimming ability can be linked to the species’ differences in morphology. Our study confirms 

that these fishes have different cruising swimming abilities, with A. zaliosus being superior 

to A. astorquii, and that main morphological differences do associate with these differences 

in performance. However, we find that increased cruising ability comes at the cost of higher 

oxygen demand for A. zaliosus, suggesting different metabolic rates during exercise. 

Surprisingly, these species did not perform differently in maneuverability (estimated by 

burst swimming), although A. zaliosus again consumed more oxygen. Maneuverability 

performance was associated with buccal cavity size and thus oxygen may be the limiting 

factor in natural habitats. We conclude that morphological and metabolic differences might 

both represent adaptations to the different habitats used by these fishes for feeding. 

Ecological, physiological, and genetic constraints may jointly have facilitated the rapid 

accumulation of divergence despite gene flow, leading to speciation in sympatry as by-

product of ecological adaptation and habitat specialization in Midas cichlids. 
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Introduction 

The evolution of two species from an ancestral one, speciation or cladogenesis, has 

traditionally been divided in four main categories accordingly to its geographic setting: 

allopatric, peripatric, parapatric and sympatric speciation. The first three modes involve 

complete or partial geographic isolation between two newly emerging lineages whereas 

sympatric speciation assumes the absence of geographic barriers limiting interbreeding 

(Coyne & Orr 2004; Gavrilets 2004; Maynard-Smith 1966; Poulton 1903). Sympatric 

speciation still constitutes one of most persistent debates in evolutionary biology and 

continues to be highly controversial as models and examples for speciation without 

geographic barriers to gene flow remained scarce (reviewed in Bird et al. 2012; Coyne 2007; 

Fitzpatrick et al. 2008; Futuyma 2013; Li et al. 2015; Meyer & Kautt 2014; Rocha & Bowen 

2008). Ecological sympatric speciation is currently one of the few and best supported models 

(Bolnick & Fitzpatrick 2007). Studies have shown that ecologically-based divergent selection 

can overcome the homogenizing effects of gene flow resulting in reproductive isolation and 

possibly speciation - even in sympatry (Funk 2009; McKinnon et al. 2004; Nosil et al. 2005; 

Rundle & Nosil 2005; Schluter 2001). The basic assumption of this model is that intra-specific 

competition for resources can lead to ecological specialization to different niches (Bolnick 

2011; Bolnick & Fitzpatrick 2007; Dieckmann & Doebeli 1999; Nosil 2012; Schluter 2000), as 

exemplified in a number of freshwater fishes that diverged along the benthic-limnetic axis 

(i.e. shore associated versus open water habitats), also in absence of geographical isolation. 

Divergence in these fish is often most notable (but not exclusive to) in different 

morphologies that are thought to reflect the dissimilar environmental conditions and hence 

different selective pressures experienced (e.g., Elmer et al. 2014; Hulsey et al. 2013; Jonsson 

& Jonsson 2001; Kusche et al. 2014; McPhail 1994; Østbye et al. 2006; Recknagel et al. 2014; 

Robinson & Wilson 1994; Schluter & McPhail 1992; Siwertsson et al. 2013; Svanbäck & Eklöv 

2003). When such disruptive selection affects traits that directly or indirectly influence mate 

choice (“magic traits”) or favor spatial segregation of mating pools (habitat specialization), 

barriers to gene flow can emerge and speciation can proceed as a by-product of the process 

of adaptation (Gavrilets 2004; Hendry et al. 2007; Ogden & Thorpe 2002; Schluter 2001; 

Servedio et al. 2011; Smadja & Butlin 2011). This mechanism is  predicted to be particularly 

rapid, even in the presence of relatively weak selection and considerable gene flow, when it 

involves divergent selection on habitat preference (Hendry et al. 2007) and on tightly linked 

alleles of small effect (Flaxman et al. 2014). 
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Several of the few established examples of sympatric speciation can be observed 

within the family Cichlidae, a group of tropical and subtropical freshwater fish renowned for 

their remarkable diversity, rapid adaptive radiations and accelerated speciation rates 

(reviewed in Henning & Meyer 2014; Kratochwil & Meyer 2015; Lee et al. 2015; Salzburger 

2009; Salzburger & Meyer 2004; Turner 2007). Among cichlid fishes, the Midas species 

complex (Amphilophus spp.), inhabiting the Nicaraguan great lakes and associated smaller 

crater lakes, represents an exceptionally attractive model to explore lineage divergence in 

absence of vicariance (Barluenga et al. 2006; Bird et al. 2012; Coyne 2007; Elmer et al. 2014). 

In this system, some thousand years ago Midas cichlids from the two Great Lakes (Lake 

Nicaragua and Lake Managua) have colonized the geologically much younger crater lakes. In 

these lakes, the colonizers adapted to the new environments and adaptively diversified in 

sympatry, potentially under the influence of secondary gene flow from the source 

population (Barluenga et al. 2006; Kautt et al. 2016a) .  

The Midas species pairs A. astorquii and A. zaliosus, as well as A. amarillo and A. 

sagittae, inhabiting the crater lakes Apoyo and Xiloá, respectively, have particularly 

attracted the attention of speciation researchers. Both pairs represent well-characterized 

examples of divergence along the benthic-limnetic axis (Barluenga & Meyer 2010; Barluenga 

et al. 2006; Elmer et al. 2014; Elmer et al. 2010a; Stauffer et al. 2008). Reflecting this 

divergence in their adaptive trajectories, fishes’ body shapes have recurrently but 

independently differentiated resulting in species pairs within each Crater Lake consisting of 

high-bodied benthic (A. astorquii and A. amarillo) and elongated limnetic species (A. zaliosus 

and A. sagittae; Elmer et al. 2014; Elmer et al. 2010a; Meyer 1990; Recknagel et al. 2014; 

Vivas & McKaye 2001). In Lake Apoyo, the oldest of the Nicaraguan crater lakes 

(approximately 23,000 years, Kutterolf et al. 2007), the endemic species pair A. astorquii 

(one of the five benthic species in this lake) and A. zaliosus (the single limnetic species, 

Barlow & Munsey 1976b; Geiger et al. 2010; Stauffer et al. 2008) emerged within the last 

10,000 years (Barluenga et al. 2006). Their morphological differences (Fig. SIX.1A) were 

shown to be strongly genetically determined: body shape, pectoral fin base width, caudal 

peduncle height and pharyngeal jaw morphology are underpinned by several genomic loci of 

moderate effect, whose rapid divergence appeared to be facilitated by tight genetic 

correlations (Franchini et al. 2014b; Fruciano et al. 2016a). Furthermore, A. astorquii and A. 

zaliosus also differ in trophic ecology (Barluenga et al. 2006; Elmer et al. 2014; Stauffer et al. 

2008), gut bacterial community (Franchini et al. 2014a), and they reproduce assortatively 

(Barlow & Munsey 1976a; Baylis 1976; Kautt et al. unpublished data). Therefore, Neotropical 
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Midas fishes in Lake Apoyo constitute an ideal study system to uncover the processes 

leading to evolution in sympatry. 

 
Table IX.1 Summary of the main swimming performances, body features associated with increased 
performance, habitat-linked effects on fish fitness, the protocol and experiment used to measure 
performance in this study. References are available in Supplementary references IX.1. 
 

Swimming 
performance Body feature Fitness effect 

(habitat) 
Protocol 

(experiment) 

Cruising 

 
Fusiform shallower body 

High body rigidity 
High aspect ratios fins 

Lunate caudal fin 
Narrow caudal peduncle 

Low head hump 
 

Facilitate foraging on 
patchy distributed food 

items in open waters 
(limnetic habitat) 

Critical 
swimming 

speed 
(E1) 

Maneuverability 

Compressed deep body 
High body flexibility 

Low aspect ratios fins 
Broad pectoral fin base 

Truncated caudal fin 
Deep caudal peduncle 

Beneficial for 
escaping and 

hunting in 
structured habitats 
such as the ground-
associated (benthic) 

zone 

Burst 
swimming 

speed 
(E2) 

 
 

Divergence in the face of gene flow in Lake Apoyo has been proposed to be driven 

by ecological adaptation, thus representing an occurrence of ecological sympatric speciation 

(Barlow & Munsey 1976b; Barluenga et al. 2006; Baylis 1976; Franchini et al. 2014b; 

Fruciano et al. 2016a; Gavrilets et al. 2007; Kautt et al. 2012; Recknagel et al. 2014; Stauffer 

et al. 2008). Previously identified differences in their external body features are likely 

adaptations to their divergent ecological niches. As hitherto shown in other fishes, these 

morphological structures are expected to differentially affect swimming performances such 

as cruising swimming and maneuverability, that have been proposed to be particularly 

advantageous in the limnetic and benthic habitat, respectively (Table IX.1; Franchini et al. 

2014b; Fruciano et al. 2016a, Supplementary references IX.1). Importantly, these 

morphological characters and their relative performances exhibit functional trade-offs 

between speed versus stamina or stability versus maneuverability due to biomechanical, 

kinematical, biochemical and physiological interrelationships (Blake 2004; Oufiero et al. 

2011; Webb 1984, e.g., Domenici & Blake 1991; Ellerby & Gerry 2011; Ingley et al. 2016; 

Kasapi et al. 1993; Langerhans 2009b; Oufiero et al. 2011; Reidy et al. 2000, but see Hendry 

et al. 2011; Walker 2010). The evolution of fish design (e.g., morphological phenotypes) is 
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thus constrained by a limited range of adaptive axes (e.g., either maximizing cruising 

performance or maneuverability, or a compromise between these two). As ecologically-

based divergent selection is expected to favor different aspects of performance in different 

environments (Table IX.1), other traits influencing performance would also diverge as a by-

product (Ellerby & Gerry 2011; Hendry et al. 2011; Ingley et al. 2016; Langerhans 2009b). 

Due to its importance for survival and its significant impact on the daily energy 

budget, swimming performance is tightly linked to fitness in most fishes. Thus, it is expected 

to be strongly targeted by natural selection (Fulton 2010; Oufiero et al. 2011; Oufiero & 

Whitlow 2016), such as divergent selection in different trophic niches along the benthic-

limnetic axis (Franchini et al. 2014b). Locomotory capacity and its trade-offs are known to 

play a crucial role in divergence and adaptive radiations, particularly when it is coupled with 

availability of multiple resources or habitats (e.g., Ellerby & Gerry 2011; Harmon et al. 2005; 

Higham et al. 2007; Hulsey et al. 2013; Langerhans 2009b; Schluter 1993; Svanbäck & Eklöv 

2004). Recent studies suggested that differences in swimming performances might also be 

involved in the process leading to sympatric speciation in the afore mentioned Midas species 

pair from Lake Apoyo (Franchini et al. 2014b; Fruciano et al. 2016a). However, the functional 

relationship between body shape and swimming ability has not been explored so far in 

Nicaraguan cichlids. Former studies did not test whether morphological divergence between 

A. astorquii and A. zaliosus is translated into different swimming performances, i.e., whether 

body shape is an ecologically relevant trait influencing fitness. According to their body 

features and habitat use, the benthic high-bodied A. astorquii would be expected to show 

enhanced maneuverability, while increased cruising performance is predicted for the 

limnetic elongated A. zaliosus (Table IX.1, Franchini et al. 2014b; Fruciano et al. 2016a). 

Therefore, studies are needed to understand the functional relationship between specific 

morphological features and swimming performance and their effect on fitness. To date, our 

understanding of how morphology affects swimming performance is often limited to 

biomechanical models while only few studies have addressed this issue empirically (Villéger 

et al. 2017, Supplementary references IX.1). Here, we aim to test whether the two Midas 

species A. astorquii and A. zaliosus from Lake Apoyo perform differently in terms of cruising 

performance and maneuverability, and if any observed variation in swimming ability is 

correlated to morphological variation across specimens. This study sheds light on the 

importance of body shape as an ecologically selected and evolutionarily relevant trait in 

Midas cichlids, thus contributing to our understanding of the processes potentially 

promoting speciation in sympatry.  
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Figure IX.1 Study model and design. (A) The species of the sympatric species pair in Lake Apoyo 
are morphologically and ecologically distinct, presenting the benthic high-bodied A. astorquii 
(red) and the limnetic streamlined A. zaliosus (blue). (B) Morphological features of 34 
specimens were analyzed using repeated standardized photographs and a set of 17 landmarks 
(black dots) and 11 semi-landmarks (white dots). Four additional points (white starts) were 
used to retrieve linear measurements of standard body length (SL), body height (BH), caudal fin 
length (CL) and pectoral fin length (PL), as well as coordinates of the eye center (EC). 
Additionally, we manually measured body mass (BM) and body width (BW) of each fish (see 
main text). (C) The two species were compared in cruising performance and maneuverability 
using two different experiments: critical swimming (E1) and burst swimming (E2). During these 
experiments, two measures were collected: critical/burst swimming speed and oxygen 
consumption (O2). Abbreviations: Aa=A. astorquii; Az=A. zaliosus. 
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Results 

Cruising swimming performance (“critical swimming speed” protocol) and maneuverability 

(“burst swimming” protocol) was successfully measured in 16 A. astorquii and 17 A. zaliosus 

individuals in two separate experiments (E1 and E2, respectively; Fig. IX.1, Table IX.1). In 

both experiments, we also estimated oxygen consumption and collected morphometric data 

for each individual. 

 

Axes of morphological variation discriminate species 

We analyzed morphological differentiation between our two focal species using both 

geometric and linear morphometrics approaches (Fig. IX.1 and Fig. SIX.1B). PCA analyses on 

geometric morphometric measurements in E1 and E2 generally led to very similar score 

patterns and PC loadings (in major PCs) and only results of E1 are presented here in detail 

(Fig. IX.2, but see Fig. SIX.1C, SIX.2, SIX.3). Only PCs explaining cumulatively ~95% of variation 

for each PCA were considered for downstream analyses. In the geometric morphometric 

data-set, only PC1, covering ~67% of total variation, significantly differentiated average A. 

astorquii and A. zaliosus individuals (E1: t = -10.112, df = 28,48, p = <0.001; Supplementary 

data IX.1). Almost all A. astorquii individuals have lower PC1 scores compared to A. zaliosus 

individuals, indicating that their body is relatively higher but shorter and their nuchal hump is 

larger. The difference in body height is mainly due to a deeper caudal peduncle and a 

generally higher dorsum. SL did not show any obvious patterns along PC1 or PC2 (Fig. IX.2 

and SIX.1C). Similar results were observed in the linear morphometric datasets, in which only 

PC1 (55% of total variation; Fig. SIX.3) distinguished between the two species (E1: t = 8.327, 

df = 30.99, p = <0.001; Supplementary data IX.1). Here, A. astorquii showed larger values, 

which are associated with increased body height, larger centroid size, increased caudal 

peduncle width, larger pectoral peduncle size, longer pectoral fins, deeper bodies and 

shorter caudal peduncle length. 

 

Species divergence in swimming performances 

Differences in swimming performances (E1-cruising, E2-manuverability) were explored 

between the benthic A. astorquii and limnetic A. zaliosus (see Supplementary data IX.2 for 

model selection steps and full statistics). The two species exhibited significant differences in 

their critical swimming speed (E1: F1,30=8.418, p=0.006, estimate=15.49) with A. astorquii 

showing lower values, hence inferior performance, compared to A. zaliosus (Fig. IX.3A). In 

contrast, burst swimming speed (E2) was not significantly different between the two   
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species (Species: F1,31=1.12, p=0.297. estimate=3.42; SL: F1,30=-5.378, p=0.027, estimate=-

2.20; Fig. IX.3B). 

 

Axes of morphological variation are associated with swimming performance 

We investigated the association between variation in morphology and swimming 

performances. Model selection steps and full statistical output are shown in Supplementary 

data IX.3. Model selection analysis indicated that our critical swimming speed (E1) data is 

best explained by the respective PC1 and SL for both geometric and linear morphometric 

measurements. For geometric morphometric data, PC1 had a significant positive effect 

(p=0.017) while we found a trend for a negative effect of SL (p=0.081). Linear morphometric 

measurements’ PC1 showed a significant negative effect on critical swimming speed 
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Figure IX.2 Link between morphological and swimming performance differentiation between 
species. Scores of PC1 and PC2 of the PCA on geometric morphometric measurements of E1. 
PC1 (x-axis), explaining ~67% of total variation in this data-set accounts most notably for 
variation in overall body height and hump size. A. zaliosus individuals (blue) showed 
significantly higher values compared to A. astorquii (red), i.e. they have shallower bodies, 
smaller humps and longer caudal peduncles. PC2 (y-axis), explaining ~9% of total variation, 
accounts most notably for variation in mouth position and also caudal peduncle length. No 
apparent effect of SL (reflected in circle diameter) was observed at this point. Differences in 
shapes along the axes illustrate the shape of the most positive (or negative) value on the 
respective PC. A similar trend was observed in E2, and thus omitted here (see Supplementary 
figure SIX.2). Abbreviations: Aa=A. astorquii; Az=A. zaliosus. 
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(p=0.028) while the model also suggests a trend towards a negative effect of SL (p=0.091). 

As A. astorquii showed higher values than A. zaliosus on PC1 of geometric measurements, 

but lower values on PC1 of linear measurements, both models (linear and geometric 

morphometric) suggest that cruising performance in A. astorquii is inferior to A. zaliosus due 

to their divergent morphology. 

 In the geometric morphometric dataset, model selection suggested that the best 

model for burst swimming speed (E2) includes PC6, PC8, SL and an interaction between PC6 

and PC8 (PC6:PC8; for model selection steps and full statistics see Supplementary data IX.3). 

Significant negative effects on burst swimming performance were found for PC6 and SL 

(p=0.021 and 0.003, respectively) together with a trend for a positive effect of PC8 

(p=0.064). Additionally, a pronounced interaction between PC6 and PC8 significantly and 

negatively affected burst swimming performance (p=0.016). PC6 reflects variation of the 

mouth position, with low values indicating low mouth position and dorso-posteriorly shifted 

LM13, while large PC8 values suggest a ventral-anteriorly shifted LM13 position. As the 

effect direction of PC6 is negative (the smaller the head/operculum, the lower performance) 

and the effect direction of PC8 is positive (the larger the operculum, the higher the 

performance), both variables indicate a positive relationship between (head and) operculum 

size and burst swimming performance. The interaction PC6:PC8 thus reflects the inversed 

phenotype assignment on the PCs by the PCA and in fact is the central geometric 

morphometric component in the model. For linear measurements, our final model contains 

PC3 and SL, where SL was found to have a significant negative effect on burst swimming 

performance, while a trend for a negative effect of PC3 was identified. PC3 almost 

exclusively reflects body width (BW), i.e., the larger the standard length of the fish and the 

deeper the fish’s body, the worse its burst swimming performance. 

 

Differentiation in oxygen consumptions between species 

Oxygen consumption during the two experiments E1 and E2 was tested for differences 

between the two species, using velocity and body length as covariates. Interaction terms 

between these predictor variables were not significant in E2; thus, interactions were 

discarded from this model. Individuals were included as random effects (for model selection 

steps and full statistics see Supplementary data IX.2).  

Oxygen consumption was significantly higher in A. zaliosus compared to the benthic 

A. astorquii in both E1 and E2 (p=0.001 and p=0.014, respectively, Fig. IX.3CD, Table IX.2). 

Velocity was also found to positively affect oxygen consumption. Interestingly, a significant  
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interaction term between velocity and species was found in E1, suggesting that species 

differences are more pronounced at higher velocities. An effect of SL on oxygen 

consumption was only identified in E2; however, interactions between species and length 

were never significant, suggesting that length did not affect our comparison between 

species. 
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Figure IX.3 Differences between the two lake Apoyo Midas species in cruising performance (E1, 
A), burst swimming ability (E2, B) and oxygen consumption in E1 (C) and E2 (D) respectively. A. 
zaliosus exhibited a higher cruising swimming speed while no differences between species were 
observed for burst swimming speed. Oxygen consumption was significantly higher in A. zaliosus 
in both E1 and E2. Abbreviations: Aa=A. astorquii; Az=A. zaliosus. 
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Table IX.2 The relationship between oxygen consumption, velocity and standard body length in 
critical (E1) and burst (E2) swimming protocols as shown by linear mixed-effects models. 
Abbreviations: Df = degree of freedom; Length=standard body length; E1=critical swimming speed 
experiment; E2=burst swimming speed experiment. Statistically significant p-values (< 0.05) are 
highlighted in boldface. 
 

 

 

Major axes of morphological variation are associated with oxygen consumption  

To examine the link between external morphology and active metabolic rate, we modeled 

oxygen consumption using the PCs of geometric and linear morphometric datasets, as well 

as SL and velocity as independent variables. Individuals were included as random effects (for 

model selection steps and full statistics see Supplementary data IX.3). 

In cruising swimming performance (E1), our final model based on the PCs from the 

geometric morphometric dataset included velocity, SL and PC1, as well as interactions 

between velocity and PC1 (velocity:PC1), and between velocity and SL (velocity:SL). The 

model suggested that oxygen consumption was significantly negatively affected by velocity 

and PC1 (p<0.001 and p=0.012, respectively). Interactions between velocity and PC1 were 

significantly negative while they were positive between velocity and SL (p<0.001 and 

p=0.063 for velocity:PC1 and velocity:SL, respectively). The combined effects for these terms 

suggested that oxygen consumption becomes higher with increasing velocity and more 

shallow body shape in the tested velocity ranges. Our final model of oxygen consumption 

using linear measurements contained SL, velocity, PC1, PC3 and PC4, albeit significance was 

only found for PC1, PC4 and velocity (p=0.006, p=0.020 and p<0.001, respectively) but not 

for SL and PC3 (p=0.09 and p=0.09, respectively). The effect of velocity on oxygen 

Experiment Explanatory variable Df num, den Estimates Chi squared p-value 

E1 

Species 1, 29 0.644 10.790 0.001 

Velocity 1, 247 0.187 128.904 <2.2e-16 

Species: Velocity 1, 29 0.117 7.524 0.006 

E2 

Species 1, 29 0.222 6.070 0.014 

Velocity 1, 247 0.008 100.65 <2.2e-16 

Length 1, 29 -0.048 6.525 0.011 
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consumption was found to be positive while PC1 (lower values reflect a shallower body 

shape) and PC4 had negative effects. 

 The final model best explaining burst swimming oxygen consumption using the 

geometric morphometric dataset included velocity, SL and PC2 as well as interactions 

between velocity and SL (velocity:SL), and velocity and PC2 (velocity:PC2). The effects of 

velocity and SL were both significantly positive (p<0.001 and p=0.002, respectively). A trend 

for a negative effect on oxygen consumption was observed for PC2 (p=0.058, high PC2 

values indicate a lower position of the mouth LMs, more posterior position of operculum 

(s)LMs, overall a shallower body and increased caudal peduncle length). However, the 

interactions between velocity and SL, and between velocity and PC2 were significantly 

negative and positive respectively (p=0.001 and p=0.020). Thus, combined terms from this 

model suggest that oxygen consumption increased with higher velocity and, for velocities 

above ~40 cm/s, the effect of SL on oxygen consumption became increasingly negative while 

the effect of PC2 became increasingly positive. The final model using PCs derived from linear 

morphometric measurements included SL, velocity, PC1 and PC3; all variables exhibited 

significant effects (p=0.001, p<0.001, p=0.041 and p=0.044, respectively). SL showed a 

negative effect and velocity a positive one. We also found a negative effect for PC1 (lower 

values indicating shallower bodied fish) but a positive effect for PC3 (higher values indicating 

increased body width). 

 

Discussion 

The Midas species pair inhabiting the Nicaraguan crater lake Apoyo is a striking example of 

sympatric speciation along the benthic-limnetic axis (Barluenga & Meyer 2010; Barluenga et 

al. 2006; Elmer et al. 2014; Elmer et al. 2010a; Kautt et al. 2016a; Stauffer et al. 2008). For 

the first time, these two species were tested for differences in swimming performances that 

are though to reflect the divergent ecological niches (benthic vs. limnetic) of these species 

and thus present a useful indicator of fitness (Gotanda et al. 2012; Graham et al. 1990; Plaut 

2001). Our results indicate that A. astorquii and A. zaliosus differ in cruising swimming 

performance and metabolic rate during activity. We thus empirically confirm that external 

body morphology, possibly together with physiological mechanisms, constitute ecologically 

and thus evolutionarily relevant traits. They likely contribute to the establishment of barriers 

to gene flow, further supporting the hypothesis of speciation by ecological adaptation. 
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Divergent swimming performance linked to morphological diversity 

Body shape variation between A. astorquii and A. zaliosus has been proposed to mirror 

ecological specialization in habitat use (Barluenga et al. 2006; Elmer et al. 2014; Elmer et al. 

2010a; Franchini et al. 2014a; Franchini et al. 2014b; Fruciano et al. 2016a; Recknagel et al. 

2014). In line with these previous studies, we showed that our species pair can be 

discriminated using linear and geometric morphometrics. More specifically, according to PC 

loadings, the two species were most strikingly distinct in body depth (deep vs. shallow 

body), the presence and size of the nuchal hump, caudal peduncle width and length as well 

as pectoral peduncle size, body centroid size and body mass. The only measurements that 

did not (strongly) associate with species divergence were body width and caudal and 

pectoral fin lengths. 

 Consistent with previous theoretical and empirical studies (Table 1, Supplementary 

references 1), the shallower body shape, typical of A. zaliosus, was associated with higher 

cruising swimming performance (E1). More specifically, the more pronounced the body 

height and/or head hump (aka, the more A. astorquii like), the lower the cruising 

performance. As nuchal hump size and body height were highly correlated in the two 

species used in this study, we were unable to disentangle the relative contribution of the 

individual traits to swimming performance. Head hump is a male secondary sexual trait that 

is strongly preferred by females in Midas (Rometsch et al. in preparation), but it could be 

costly and present trade-offs with other traits, such as swimming performance (the handicap 

principle; Zahavi 1975). For both analyses of the two morphological data sets, only the PC1 

was differentiated between A. astorquii and A. zaliosus and, interestingly, these were also 

the only PCs maintained in the model explaining cruising performance (PC1 reflects deep-

bodied & pronounced hump vs. shallow-bodied & no hump variation). As no other 

morphological variation was maintained in the cruising swimming models, our findings 

suggest that swimming performance was likely the central driver of morphological 

divergence for all aspects of morphology considered in this study. Thus, A. zaliosus likely 

evolved specifically for increasing cruising performance and thus become likely the superior 

food gatherer in the open water on patchily-distributed food sources compared to A. 

astorquii. Body morphology thus indeed reflects the differential use of the limnetic and 

benthic habitat by these two species (habitat specialization).  

The ground-associated fish A. astorquii was expected to outperform A. zaliosus in 

burst swimming speed, a performance generally considered a valid approximation for 

maneuverability (Nelson et al. 2002; Tierney 2011; Underwood et al. 2014). Contrarily, we 
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did not observe differences in burst swimming performance (E2) between these two species. 

Although these cichlids exhibit conspicuous differences in their external morphologies, 

swimming performances are the result of the combination of numerous elements. These are 

not limited to exterior body shape but also include muscle fibers (number, type, position, 

power), overall conditioning (e.g., stress, training, feeding), swimming behavior (e.g., the 

predominant use of pectoral fins or tail beats, reduction of energetic costs remaining in 

contact with the substratum), and a range of physiological factors such as metabolism, 

respiratory and cardiac function, blood oxygen carrying capacity, glycogen content, and 

several enzymatic and channels activity (e.g., Blake 2004; Cannas et al. 2006; Crespel et al. 

2017; Dalziel & Schulte 2012; Ellerby & Gerry 2011; Johansen & Esbaugh 2017; Killen et al. 

2016; Oufiero & Whitlow 2016; Samways et al. 2015). This complex physiological integration 

could have masked subtler differences, decoupled physiological systems or the use of 

different underlying strategies (as seen in Crespel et al. 2017; Hendry et al. 2011; Law & 

Blake 1996). Likewise, burst ability in A. zaliosus was similar to A. astorquii, but at the cost of 

consuming a higher amount of oxygen that is indicative of higher energetic costs. This might 

suggest that greater metabolic effort and oxygen demand associated to this swimming mode 

in A. zaliosus may limit its performance and make it a less efficient benthic competitor than 

A. astorquii in their natural environment. The effect of physiological processes on burst 

swimming ability is also supported by our morphological results, which indicated that this 

performance is positively affected by buccal cavity size (geometric morphometric PC6 and 

PC8), a trait linked to size of gill apparatus in cichlids (Chapman et al. 2000). It likely reflects 

the ability to extract oxygen from the surrounding water (respiratory performance), and 

thus larger buccal cavities result in higher burst swimming performance. An exterior 

morphological trait that was negatively correlated with burst swimming performance was 

body width (reflected in linear morphometric PC3), which likely results from a drastic 

increase of drag force associated to this dimension (Van Wassenbergh et al. 2015). However, 

as body width appears to be the same between species, selective forces are likely to be 

similar in both niches. Alternatively, mechanistic trade-offs may not allow any of these 

species to evolve a reduced body width as it may compromise the functionality of other 

traits (e.g. pharyngeal crushing or gill oxygen uptake). 

 

Metabolic differences associated to habitat use 

We documented increased oxygen consumption in A. zaliosus compared to A. astorquii in 

both cruising and maneuverability experiments. In cruising swimming, morphological 
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variation in deep vs. shallow body, the presence and size of the nuchal hump, and caudal 

and pectoral peduncle size (geometric morphometrics PC1s) was linked to oxygen 

consumption. As these traits reflect species divergence (see previous paragraph), our data 

does not allow us to determine whether oxygen consumption is indeed directly related to 

morphological variation in these body features or if it is an indirect effect of species 

differentiation in them. Linear morphometric data indicated a positive effect of body width 

(PC3 and PC4), as expected due to the increase in buccal cavity size and the increased 

metabolic demand due to the increased drag force (Van Wassenbergh et al. 2015). In burst 

swimming, higher oxygen consumption was correlated with large heads compared to the 

rest of the body and longer caudal peduncles (PC2). This is in line with our conclusion that 

individuals with larger buccal cavities might be more efficient in extracting oxygen from the 

surrounding water, explaining its positive effect on burst performance. In concordance, a 

larger head or buccal volume is also most likely translated into increased body width (PC3 

and PC4 as outlined before), which also positively affected oxygen consumption but 

negatively burst swimming ability possibly due to increased drag (as seen in Van 

Wassenbergh et al. 2015). Thus, increasing the buccal cavity volume (putatively to harbor a 

larger gill apparatus) also increases the drag - a trade-off that has not been described before 

in this system. An alternative strategy to enlarge the buccal cavity volume without drastically 

increasing drag (due to body width) may consist in longer and/or higher heads. In fact, we 

did find that higher and longer head-size is correlated to increased oxygen consumption in 

our models.  

Interestingly, A. zaliosus showed increased oxygen demand during exercise in both 

experiments, although this species exhibited higher swimming performances and a more 

elongated body shape. Due to its hydrodynamic streamlined body design, we expected 

lower drag and thus reduced energetic costs in the limnetic fish, at least for the critical 

swimming speed tests where it outperformed A. astorquii (e.g., Ellerby & Gerry 2011). 

Therefore, our results might rather suggest a physiological adaptation to different oxygen 

concentrations in the waters where fish show active behaviors, such as feeding. In Lake Xiloà 

(ecologically and geologically quite similar to Lake Apoyo; mean depth: 60 m, Barluenga & 

Meyer 2010), oxygen content decrease with depth (Barlow et al. 1976) and a similar or even 

more pronounced oxygen stratification is expected also in Lake Apoyo, which is deeper 

(average depth: 142 m, Barluenga & Meyer 2010) and has steep walls that could limit water 

mixing by wind (pers. obs.). The limnetic habitat closer to the water surface (used by A. 

zaliosus for feeding) is likely enriched in oxygen compared to the benthic environment 
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(employed by A. astorquii). Accordingly, the selective pressure to reduce oxygen demand 

(i.e., lower metabolic rate) might have been more pronounced in A. astorquii in response to 

oxygen-depleted waters, while such an adaptation might have not been necessary in A. 

zaliosus. Although we did not test oxygen consumption in the putative ancestral species (A. 

citrinellus from Lake Nicaragua), we reckon that its oxygen demand and thus metabolic rates 

approximate those of A. zaliosus as Lake Nicaragua is very shallow (average depth: 15 m, 

Barluenga & Meyer 2010) and water mixing by wind is expected to be very efficient (Scheffer 

2004).  

Trade-offs between swimming performance and tolerance to low resource 

availability, particularly oxygen, have recently been observed across teleost fishes (Killen et 

al. 2016; Rouleau et al. 2010). Differing ecological demands were suggested to result in 

divergent selection pressures that strongly favor ecological segregation: high metabolic rates 

and increased swimming performances are favored in pelagic species, for which prey is 

patchily distributed and water is enriched in oxygen, while decreased metabolic costs is 

preferred for benthic species, for which oxygen and food supply can be limited (“cost 

reduction strategy” or “eco-physiological hypothesis”, Killen et al. 2016; Pettersson & 

Hedenström 2000; Rouleau et al. 2010). Our findings suggest that this phenomenon can also 

be observed in the investigated Midas species pair, which, together with the other outcomes 

of this study, would support the hypothesis of sympatric speciation in Lake Apoyo as by-

product of divergent ecological selection. Ecological opportunity and strong biotic 

interactions are known to promote greater diversification of fish in tropical lakes compared 

to temperate freshwaters (Hanly et al. 2017), and they appear to also initiate or facilitate 

divergence in the face of gene flow.  

Overall, our results confirm the adaptive and ecological significance of body shape 

differences in Lake Apoyo Midas cichlids, as the morphological variability observed in this 

study system most likely influences fitness and the potential for divergent selection linked to 

habitat use. Our findings also highlight for the first time that, although external morphology 

has a significant functional, ecological and ultimately evolutionary effect, it might be coupled 

with additional mechanisms at the physiological level, which presumably further contribute 

to sympatric divergence.   

 

Mechanisms underlying sympatric speciation in Midas cichlids 

Sympatric speciation remains an controversial topic in evolutionary biology, mostly for the 

limited empirical support of the mechanisms putatively underlying it and that combine 
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strong effects of disruptive selection and assortative mating (Bolnick 2011; Gavrilets et al. 

2007). It is currently not feasible to empirically and directly measure the strength of 

selective forces affecting the benthic-limnetic divergence in Lake Apoyo (Kautt et al. 2016b). 

However, this study, in line with earlier findings (Barluenga & Meyer 2010; Barluenga et al. 

2006; Elmer et al. 2014; Elmer et al. 2010a; Franchini et al. 2014a; Franchini et al. 2014b; 

Fruciano et al. 2016a; Stauffer et al. 2008), provides indirect empirical support for a 

substantial potential for strong disruptive selection due to intra-specific competition and 

performance trade-offs leading to habitat specialization in Lake Apoyo. Additionally, habitat 

preference (Barluenga & Meyer 2010; Barluenga et al. 2006; Elmer et al. 2014; Elmer et al. 

2010a; Stauffer et al. 2008) as well as assortative mating is known to occur in these Midas 

cichlids (Baylis 1976; Kautt et al. 2016b) and divergence in external morphology between A. 

zaliosus and A. astorquii – a trait most likely subjected to selection due to its effect on 

swimming performances as shown in this study – is underlined by multiple tightly linked 

alleles (Franchini et al. 2014b; Fruciano et al. 2016a). These processes have been repeatedly 

suggested to rapidly generate differentiation between emerging populations or species, 

even in the presence of weak selection and considerable gene flow (Flaxman et al. 2014; 

Gavrilets et al. 2007; Hendry et al. 2007; Servedio et al. 2011). We thus conclude that 

divergent selection due to divergent ecological specialization (and resulting trade-offs in key 

ecological traits), together with assortative mating is indeed likely underlying the 

establishment and maintenance of barriers to gene flow in the sympatric Midas species pair 

in Lake Apoyo. 

 

This study explored a mechanism potentially underpinning sympatric speciation in a 

Midas cichlid species pair inhabiting Lake Apoyo by addressing the adaptive and functional 

significance of their divergent body shapes. Our findings showed a functional relationship of 

ecological significance between external morphology, active metabolic rate (oxygen 

consumption during exercise) and swimming performance in Midas cichlids. These results 

suggest that divergent body shapes are the result of pronounced divergent selection due to 

intra-specific competition and performance trade-offs according to different distinct niches, 

such as the benthic and limnetic habitat in Lake Apoyo. These selective pressures 

(“ecological constrains”) and physiological constrains, together with pleiotropy and tight 

linkage (“genetic constrains”, Fruciano et al. 2016a), could have jointly facilitated the rapid 

accumulation of genetic, morphological, ecological and physiological divergence in spite of 

initial gene flow, likely leading to speciation in sympatry as a by-product of ecological 
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adaptation and habitat specialization. This study contributes towards providing empirical 

support to the hypothesis of (ecological) sympatric speciation and shedding light on one of 

the most persistent debates in the field of evolutionary biology, i.e., how species diverge in 

absence of evident spatial or temporal isolation, and which are the mechanisms enabling 

adaptation and evolution. 

 

Materials and Methods  

One brood from each species Amphilophus astorquii and A. zaliosus were obtained from 

laboratory breeding of stocks derived from wild-caught specimens collected in Lake Apoyo 

(Nicaragua) in 2007 with permission of MARENA (Nicaragua; Fig. SIX.1A). The two broods 

were raised separately in two tanks under the same laboratory conditions. If not mentioned 

otherwise, all calculations and statistical analyses were conducted in R v. 3.3.1 (R 2016). 

 

Swimming performance protocols 

Swimming trials were conducted in a Loligo 185 L complete swim tunnel system, designed to 

provide a non-turbulent water flow that can be modulated by the user 

(http://www.loligosystems.com/). Before starting trials, flow velocity was calibrated by 

measuring the water speed (with a digital flow meter; 

http://www.loligosystems.com/?action=shop_show&varenr=AC10000) as a function of 

motor controller and computer output, obtaining a calibration curve that allowed 

repeatable velocity settings. The oxygen system was regulated through the two points 

calibration method (AutoResp user manual; http://www.loligosystems.com/). 

For each trial, a fish (total n=34). was randomly selected from its species’ community 

tank. Body width (BW, in cm using a mechanical caliper of 0.1 mm accuracy), wet body mass 

(BM, body weight in kg determined with an accuracy of 0.1 g) and initial measurement of 

body standard length (iSL) and body height (iBH) were recorded (Fig. IX.1). The fish was then 

kept individually in another tank for ~48 hours and feeding was suspended for 24 hours prior 

testing to ensure a post-absorptive state (Clark et al. 2013). On the day of the trial, the focal 

individual was moved to the swim tunnel, and allowed to acclimate for 30 min with a water 

flow rate of 10 cm/s (approximately 0.5 SL/s, Plaut 2001). At the end of the acclimation 

period, we applied a critical swimming speed or a bust swimming speed protocol.  

Critical swimming speed (first experiment, E1 hereafter), defined as the maximum 

velocity a fish can maintain for a specific period of time prior to exhaustion (Beamish 1978; 

Brett 1964), is the most widely used method to measure the aerobic locomotor capabilities 
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of aquatic organisms. It has been frequently used to evaluate the effect of a factor, such as 

body shape, on swimming performance (reviewed in Kolok 1999; Plaut 2001; Reidy et al. 

2000). After the acclimation phase, water speed was incrementally increased for 10 cm/s 

every 20 min until exhaustion. Exhaustion was determined as the time when the fish was 

pushed by the water flow against the grid at the end of the experimental tank with no 

further attempt to swim against the flow for more than 15 s. The water flow was then 

immediately lowered to the acclimation flow rate, the fish was removed from the tunnel, 

photographed and allowed to recover in its individual tank for a minimum of 24 hours. 

Critical swimming velocity (Ucrit) was calculated according to Brett (1964): 

Ucrit = U1 + [U2 * (T1/T2)] 

In cm/s, where U1 is the highest velocity maintained for a full 20 min interval (in cm/s), U2 are 

the velocity increments between steps (10 cm/s), T1 is the time spent at the fatigue velocity 

(in s), and T2 is the time between increments (1200 s).  

We applied the constant acceleration test to measure the burst swimming speed 

(second experiment, E2 hereafter), which captures the fish’s burst or sprint ability (Nelson et 

al. 2002; Tierney 2011; Underwood et al. 2014), a significant component of maneuverability. 

After the acclimation period, each fish was first subjected to an immediate velocity increase 

from 10 to 40 cm/s to stimulate the burst swimming mode. Then, the speed was 

incrementally increased by 5 cm/s every 30 s until exhaustion and trials were concluded as 

described above. The velocity at which exhaustion occurred was used as the measure of 

burst swimming performance (Uburst). 

Both Ucrit (E1) and Uburst (E2) were corrected for the solid blocking effect (Bell & 

Terhune 1970): 

Corrected U = U + (1 + Fe) 

where U is the raw Ucrit or Uburst, and Fe the fractional error: 

Fe = 0.8 * 0.5 * (iSL/iBH) * (Csaf / Csat)-1.5 

Where iSL is the fish standard body length, Csaf is the maximum fish cross sectional area 

(cm2, calculated as an ellipse of area π * iBH/2 * BW/2, with iBH the (initial) body height and 

BW the body width) and Csat is the tunnel cross sectional area (cm2; Cannas et al. 2006). 

Each fish was tested once for each of the two described experiments (E1 and E2), fed 

immediately after the end of the trial, and always allowed to recover for at least 24 hours 

(considering feeding) between trials. As soon as the focal fish was subjected to both E1 and 

E2, it was returned to its species’ tank.  
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Oxygen consumption 

Metabolic rates and energetic expenditures during exercise can be estimated using oxygen 

consumption (Jobling et al. 1994; Killen et al. 2007; Makiguchi et al. 2016; McDonnell & 

Chapman 2016; Oufiero & Whitlow 2016; Peake & Farrell 2006; Reidy et al. 1995; Roche et 

al. 2013; Van Den Thillart et al. 2004). Oxygen (O2) concentration (% air saturation) was 

measured every second using the Witrox 1 oxygen meter for mini sensors, dipping probe 

oxygen mini sensor, and AutoResp v. 2.2.0 software (http://www.loligosystems.com/) at 

constant temperature (26 ± 0.5°C), atmospheric pressure (962.5 hPa) and salinity (0%) in all 

trials. Oxygen consumption (MO2) was calculated for each experiment and fish and velocity 

phase as the decrease of O2 concentration during the measure phase. As during E1 the 

“Intermittent” mode (540 s “flush”, 60 s “wait”, 600 s “measure”) was used, O2 

determination periods (the measure phases) corresponded to the first 10 min of each 

velocity phase. These settings optimized measure periods while keeping the percentage of 

air saturation above 85% (Svendsen et al. 2016). Since E2 trials were limited in time 

(approximately 10 min excluding acclimation), the “Close” AutoResp mode was applied, i.e., 

O2 concentration was measured continuously. The percentage of air saturation was always 

higher than 98% at the beginning of each trial, and did not drop below 85% in any trial. At 

the end of each trial, the background respiration (i.e., without fish) was measured for 10 min 

at the acclimation rate using the “Close” AutoResp mode. Subsequently, approximately 2/3 

of the total swim tunnel water volume was exchanged with tap water, the temperature was 

adjusted and air bubbles were removed from the measurement chamber. This ensured 

minimized background respiration due to microorganisms and incomplete water mixing 

which may have otherwise affected the following trial results as a consequence of oxygen 

depletion and metabolite/waste production by the previous fish (Svendsen et al. 2016). 

Oxygen consumption (MO2) was calculated for each experiment and fish and 

velocity phase as the decrease of O2 concentration during the measure phase using the 

formula:  

MO2 = VRE * BM-1 * -(ΔO2/Δt) 

Where BM is body mass (in kg), VRE is the effective respirometer volume (total respirometer 

volume minus the weight of the fish, in L), and ΔO2/Δt is the slope of the linear decrease in 

oxygen content (O2 concentration in % air saturation) during the measure time (in s; formula 

2 in Svendsen et al. 2016). Since E2 data was particularly noisy due to fish spontaneous 

activity and shortness of velocity phases, MO2-burst was calculated considering a window of 

three velocity phases: the one of interest, plus the previous and the following ones. In both 
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protocols, we excluded the acclimation and the first velocity phases, stages having a sample 

size lower than four individuals per species and velocity and where the linear decrease in 

oxygen content was not highly significant (p > 0.01). MO2 were corrected for background 

respiration with the following formula: 

Corrected MO2 = βO2 * (SaVRE – SbVRT) * BM-1 

Unit is mg O2  s-1 kg-1, where βO2 is the oxygen solubility at the given temperature, salinity 

and atmospheric pressure (water.usgs.gov/software/DOTABLES/),VRT is the respirometer 

volume without fish, Sa and Sb are the declines in O2 concentration (in % air saturation) 

during the measure time (in s, measured as described above) with and without fish, 

respectively (equation 8 in Svendsen et al. 2016).  

One A. astorquii specimen was excluded from following analysis due to atypical 

swimming behavior, reducing the total sample-size to n=33 (16 A. astorquii and 17 A. 

zaliosus). Additionally, O2 concentration measurements from one A. zaliosus in E1 and one 

A. astorquii in E2 showed several anomalous peaks during the experiment, indicative of 

potential technical errors, and were excluded from subsequent O2 analyses. 

 

Morphological data collection, pre-processing and repeatability 

Standardized digital photographs of the left side of each tested fish were collected at the 

end of each of the two experiments E1 and E2. Per fish and experiment, three photos were 

taken while the focal fish was gently moved and repositioned between photos to make each 

photo an independent representation of the fish’s current state. Thus, six pictures for each 

individual were obtained (Fruciano 2016). As body shape may have subtly changed between 

experiments, morphological measurements and analyses were conducted for each 

experiment (E1 and E2) on their respective photos separately. Each photo was analyzed by 

manually determining the x and y coordinates of 32 points (Fig. IX.1) across the body of the 

fish using custom made scripts in R (using the packages geomorph v. 3.0.1, spdep v. 0.6-5, 

car v. 2.1-5, shapes v. 1.2.0, nlme v. 3.1-128 and MASS v. 7.3-34; Adams et al. 2017; Bivand 

et al. 2013; Bivand & Piras 2015; Dryden 2017; Fox 2008; Fox & Weisberg 2011; Pinheiro et 

al. 2017; Venables & Ripley 2002). Of these points, 17 were treated as landmarks (LM), 11 as 

semi (sliding) landmarks (sLM), two were used to infer the coordinates of a fish’s eye center 

and two were solely used to infer pectoral and caudal fin length (Fig. IX.1). Additionally, a 

scale (pixels/cm) for each photo was determined by digitalizing the length of a ruler placed 

next to each fish. The digitalization was done by a single researcher in a blind-random 

fashion across all photos to avoid any observer bias.  
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For each of the 594 digitalizations (33 x 2 x 3 x 3) a number of linear morphometric 

measurements and the eye center were computed per fish after each coordinate set was 

converted into centimeters using the respective scale measurement. The standard length 

was computed as the distance between LM1 and LM6, the eye center (EC) was computed as 

the mean coordinates of the points on both side of the eye and the pectoral fin length (PL) 

was computed as the distance from the mean coordinates of LM15 and LM17 to the point at 

the tip of the pectoral fin. The caudal fin length (CL) was calculated as the distance from LM6 

to the point at the posterior tip of the caudal fin, the body height (BH) as the distance from 

LM3 to LM10 and the pectoral peduncle size as the distance from LM14 to LM17. 

Furthermore, the caudal peduncle width and length (CPW and CPL, respectively) were 

calculated as the distance between the mean coordinates of LM4 and LM5 to the mean 

coordinates of LM7 and LM8, and the distance between the mean coordinates of LM4 and 

LM8 to LM6, respectively (Fig. IX.1). The centroid sizes were calculated using the 

centroid.size() function (R package shapes, Dryden 2017). For few individuals (n=5) not all 

(semi-)landmarks were determined on all photos and while for four of the five fish this 

concerned only one to two LMs per 522 LM-set per individual, for one individual in E1 many 

opercula and pectoral fin LMs remained missing (31 of 522 LMs). In these cases missing 

landmarks were estimated using the estimate.missing() function (R package geomorph, 

Adams et al. 2017) from the landmark-sets of the individuals other photos. 

To estimate the repeatability of the geometric morphometric data collection (all 

LMs and sLMs), the method described by Emma Sherratt on the geomorph github website 

was used (https://github.com/geomorphR/geomorph/wiki/Examining-replicate-error). 

Briefly, the procD.lm() function (3,000 permutations; R package geomorph) was used to 

perform a Procrustes ANOVA with permutation procedure on the aligned coordinates from 

an overall generalized Procrustes analysis (allowing sLMs to slide among neighboring (s)LMs; 

using the function gpagen() from the R package geomorph) on all 594 geometric 

morphometric data-sets as the response. As independent variables the individual (per 

experiment; Ind_exp), a term of photo being nested in individual (Ind_exp:photo), and a 

term of digitalization round being nested in photo being nested in individual were used 

(Ind_exp:photo:dig_round;fullmodel:Landmarks~Ind_exp+Ind_exp:photo+Ind_exp:photo:dig

_round). The repeatability was estimated for the digitalization per photo (Ind_exp:photo 

term), and for photos per individual (Ind_exp:photo:dig_round) separately. From the 

generalized Procrustes analysis the mean squares (MS) of the respective term 

(Ind_exp:photo or Ind_exp:photo:dig_round) was subtracted from the MS explained by the 
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Ind_exp term (MSInd_exp-MSInd_exp:photo or Ind_exp:photo:dig_round) and divided by the number of 

replicates (three in both cases) to obtain the variation explained solely by the individual. This 

number was then divided by the sum of the individuals MS and those of the focal term to 

obtain the repeatability. 

To obtain a single data-set of linear and geometric morphometric measurements per 

individual and experiment for downstream analyses, first, generalized Procrustes analyses 

were performed using the gpagen() function on the three geometric morphometric data-

sets per photo, also allowing sLMs to slide. Second, the median of each x and y coordinate 

per fitted landmark was calculated, constituting the “average” coordinate-set for the 

respective photo. Similarly, the median of the linear morphometric variables per photo was 

calculated. After this “photo-wise” procedure, the same procedure was applied on an 

individual level (per experiment) to obtain an “average” data-set for each individual and 

experiment (for illustration, resulting LMs were plotted in Fig. SIX.1B). This “average” data-

set was then split according to experiment into experiment-wise data-sets. Body shape 

changes across age (and thus size) in Midas cichlids (Kautt et al., in preparation). To remove 

this confounding effect the procD.lm() function (3,000 permutations; R package geomorph) 

was used to perform Procrustes ANOVAs with permutation procedure, each using one 

experiment-wise coordinates data-set as a response and the individuals’ standard lengths as 

the predictor variable. As significant effects of standard lengths were found for both 

experiment-wise data-sets (both p=0.0003), the residuals of these models were used for 

downstream analyses. To correct linear morphometric measurements for fish standard 

lengths (SL), linear regression models were fit for each measurement and experiment 

separately using SL as independent variable and always one linear measurement (BD, BW, 

BH, PP, PL, CPW, CPL, CL and Centroid size) as dependent variable. Transformation of data 

(log, square-root) did not considerably increase the model fit for any variable and thus was 

not performed.  

 

Model selection approach 

The relationships between swimming performances or oxygen consumptions and species or 

morphological traits and other potential explanatory variables were explored using 

statistical models in R. A model selection approach was used to choose the model that best 

explained the respective data. For each experiment and data-set, an initial full model 

including all the meaningful explanatory variables without interactions terms was used as 

input for the function stepAIC() (R package MASS, Venables & Ripley 2002), which identified 
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the best preliminary model including only independent variables that considerably 

contributed to the respective model (“model 1” without considering interactions) using the 

lowest Akaike information criterion (AIC, Akaike 1973; Anderson 2001; Hurvich & Tsai 1989; 

Sakamoto et al. 1986; Sugiura 1978). All independent variables of model 1 were then used to 

create a new model allowing all possible combinations of interactions among these 

independent variables. This large model was again run through model selection using the 

stepAIC() function, resulting in the best model with interactions among preselected 

independent variables (“model 2”). Finally, AIC and BIC criteria (Sakamoto et al. 1986; 

Schwarz 1978, AIC and BIC function in R) were computed from model 1 and 2 and used to 

select the final best (see Supplementary data IX.2 and IX.3 for all intermediate and final 

models). 

 

Analyses of species differences in swimming performances and oxygen consumption 

To take into account also potential factors not directly linked to external morphology, we 

performed separate analyses of differences in swimming performances and oxygen 

consumption between species and morphological traits respectively. 

Swimming performance data was normally distributed in both experiment E1 (Ucrit) 

and E2 (Uburst) as suggested by the Shapiro–Wilk test (Shapiro & Wilk 1965) and the Levene 

test (Levene 1960, R package car). The relationship between Ucrit or Uburst (response variable) 

and species (independent factor) was analyzed separately for the two experiments using 

univariate linear models in R. Standard body length, a potential covariate, was excluded 

from the E1 model as suggested by the model selection approach (described in the previous 

paragraph, Supplementary data IX.2).  

Oxygen consumption data did not meet normality and model assumptions in E1 

(MO2-crit) nor E2 (MO2-burst) initially. To obtain a data suitable for applied models, we removed 

two outliers in the first experiment (MO2-crit) identified using the function qqp() with a 

normal distribution (R package car), while MO2-burst data (E2) was transformed using the 

fourth root (x0.25). We tested the relationship between oxygen consumption (MO2-crit or MO2-

burst) as dependent variable and species as independent variable. As oxygen consumption 

was measured during different velocity phases, velocity was included as a second factor. SL 

was incorporated in the model as covariate. To consider the non-independence between the 

velocities phases, we included individuals as a random effect. We used linear mixed-effects 

model fitted by maximum likelihood (R package nlme) and included a variance structure to 

allow for heteroscedasticity in E2, while this was not necessary in E1 (Carroll & Ruppert 
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1988; Davidian & Giltinan 1995; Pinheiro & Bates 2000). The same model selection approach 

(Supplementary data IX.2) was used to choose the model that best explained oxygen 

consumption. Final models included velocity in both experiments (E1 and E2), while SL had a 

significant effect only in E2; interactions between variables (species:velocity) were 

incorporated only in E1. To account for the slightly unequal experimental design, type II 

ANOVA tables of the final models were produced using the function Anova() (package car ).  

 

Linking morphological variation to swimming performance and oxygen consumption 

As the geometric morphometric and the linear morphometric data-sets inherently show very 

high levels of intercorrelation, Principle Component Analyses (PCA) were used to explore 

each of the experiments’ data-sets individually. Principle Component (PC)-wise Welch-

ANOVAs were used to test for differences in PCA scores according to species, dataset and 

experiment (Supplementary data IX.1). Subsequently, for each experiment and dataset, the 

corresponding PCA’s Principle Components (PCs) explaining cumulatively ~95% of total 

variation were selected, which corresponded to PC1-8 in both geometric morphometric 

PCAs, and PC1-5 for both linear morphometric PCAs.  

The relationship between morphology (selected PCs, velocity and SL as independent 

variables) and swimming performance (Ucrit or Uburst, dependent variable) was investigated 

using linear models of E1 and E2, respectively. The same model selection approach 

described above was applied to choose the models best describing our data (Supplementary 

data IX.3). To link morphology to oxygen consumption, linear mixed models similar to those 

described in the paragraph on species differences in oxygen consumption were used. MO2-crit 

(E1) or MO2-burst (E2) was included as dependent variable, while fish ID was treated as 

random effect. The same model selection approach was used to select the most appropriate 

explanatory variables between SL, velocity and the respective set of PCs (Supplementary 

data IX.3). For all final models the Anova() function was used to compute type II ANOVA 

tables. 

 

Ethic statement 

This study was carried out in strict accordance with the protocols approved by the German 

Federal Animal Welfare Board (permission number G-16/42 and G-17/54). All efforts were 

made to minimize animal suffering through careful collection, handling, and swimming trials 

based upon the natural rheotaxic behavior and self-motivation of individuals. 
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Appendix 

 

Supplementary information to Chapters III – IX 

 

Chapter III 
 
Figure SIII.1 Enrichment bar chart. The GO terms of the sequences containing significant 
SNPs in the PoolSeq dataset (after correcting for multiple tests with the Benjamini-Hochberg 
procedure) are in blue. The bars corresponding to the annotation of the complete annotated 
gene set of O. niloticus (reference set) are in red (Available online and in the enclosed CD). 

Figure SIII.2 Enrichment bar chart. The GO terms of the sequences containing significant 
SNPs in the PoolSeq dataset (after correcting for multiple tests with the Sequential 
Bonferroni procedure) are in blue. The bars corresponding to the annotation of the complete 
annotated gene set of O. niloticus (reference set) are in red. 
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Table SIII.1 Sampling locations and sizes. The specimens from Congo were considered as one 
location (see main text). R=right bending specimens; L=left bending. 
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Table SIII.2 Individual genotypes at the ddRAD locus significantly differentiated between the 
left and right samples after correcting for multiple tests.  
 

Morph L R 

Number of genotyped individuals 12 14 

Genotype 

AA 9 - 

GG 1 10 

AG/GA 2 4 

 

Table SIII.3 Functional annotation of the ddRAD locus with significant difference in allele 
frequencies between the left and right morph after correcting for multiple tests. 

Gene Description Function 

LOC101464414 Ig kappa-b4 chain C region-like 
Immune response 

B cell 
differentiation 

LOC101464706 Uncharacterized - pseudogene - 

LOC101464138 Ig kappa chain V-III region MOPC 63-like Immune response 
Antigen binding 

LOC101465275 Ig kappa chain V region K16-167-like Immune response 
Antigen binding 
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Table SIII.4 AMOVA on the ddRAD data. The three random subsets and the significant SNP 
are reported.  ** < 0.05; ***< 0.01. 

Source of variation 

Dataset 

Significant 
SNP 

Random 
subset 1 

Random 
subset 2 

Random 
 subset 3 

Among 
morphs 

Sum of 
Squares 3.730 5621.930 5612.800 5460.890 

Variance 
components 0.5760 -111.80070 -107.98747 -114.18360 

Percentage 
of variation 16.29** -3.40 -3.30 -3.51 

Among 
locations 

within morphs 

Sum of 
Squares 6.800 89695.720 87608.568 89360.560 

Variance 
components 0.03850 638.30750 611.02568 642.15250 

Percentage 
of variation 10.89 19.43** 18.67** 19.76** 

Among 
individuals 

within 
locations 

Sum of 
Squares 18.600 193155.600 194121.392 189941.800 

Variance 
components 0.20750 2069.3900 2082.95740 2026.33750 

Percentage 
of variation 58.68** 62.98** 63.64** 62.35** 

Within 
individuals 

Sum of 
Squares 2.500 34505.500 34356.000 34793.500 

Variance 
components 0.05000 690.11000 687.12000 695.87000 

Percentage 
of variation 14.14** 21.00** 20.99** 21.41** 

Total 

Sum of 
Squares 31.630 322928.75 321698.76 319556.750 

Variance 
components 0.35360 3286.01 3273.11561 3250.17640 

 

Table SIII.5 Functional annotation of the PoolSeq loci with significant difference in allele 

frequencies between the left and right morph after Benjamini-Hochberg (BH) multiple tests 

correction (Available online and in the enclosed CD). 

Table SIII.6 Functional annotation of the PoolSeq loci with significant difference in allele 

frequencies between the left and right morph after Sequential Bonferroni (SB) multiple tests 

correction (Available online and in the enclosed CD). 
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Chapter IV 

Supplementary Table SIV.1 Specimens (individual IDs), mouth-bending angle, sampling 

location and SNP genotype data used for the SNP 56537-113 analysis (available in the 

enclosed CD).  

Supplementary Table SIV.2 Specimens (individual IDs), mouth-bending angle, sampling 

location, body size, and stable isotope information included in the stable isotope study 

(available in the enclosed CD).  

Supplementary Table SIV.3 The best quantitative genetic model describing the relationship 

between the mouth bending angle and SNP 56537-113 according to the AICc and BIC results. 

Abbreviations: AICc=Akaike information criterion corrected for finite sample size; 

BIC=Bayesian information criterion; df=degree of freedom. 

  

Model df AICc BIC 

G dominant 3 1180.4 1189.590 

Additive 3 1182.3 1191.505 

A dominant 3 1186.6 1195.804 
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Supplementary Table SIV.4 Model selection for the stable isotope analyses. Three outliers 
were excluded from both the muscle and bone datasets (see main text). Abbreviations: 
LRT=Likelihood ratio test; AICc=Akaike information criterion corrected for finite sample size; 
df=degree of freedom. Significant P-value (< 0.05) is reported in boldface. 
 

Tissue Stable 
isotope 

Variable(s) 
included 

in the model 

LRT AICc 

Res.Df RSS Df Sum of 
Sq. Pr (>Chi) AICc df 

M
us

cl
e  

d13C 

Mouth phenotype 63 420 - - - 312.1 3 

Mouth phenotype + 
location 60 279.4 3 140.63 8.179e-11 292.7 6 

Mouth phenotype + 
location + size 59 166.1 1 113.30 2.240e-10 261.4 7 

d15N 

Mouth phenotype 63 21 - - - 117.4 3 

Mouth phenotype + 
location 60 18.63 3 2.3745 0.008 116.7 6 

Mouth phenotype + 
location + size 59 11.85 1 6.7746 6.374e-9 89.8 7 

Bo
ne

 

d13C 

Mouth phenotype 63 425 - - - 312.9 3 

Mouth phenotype + 
location 60 287.2 3 137.77 3.331e-10 294.5 6 

Mouth phenotype + 
location + size 59 172.6 1 114.62 3.877e-10 263.9 7 

d15N 

Mouth phenotype 63 14.92 - - - 95.2 3 

Mouth phenotype + 
location 60 11.21 3 3.7062 5.819e-05 83.7 6 

Mouth phenotype + 
location + size 59 9.833 1 1.3786 0.004 95.2 7 
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Supplementary Table SIV.5 MANCOVA results of the stable isotope dataset. Three outliers 
were excluded from both the muscle and bone datasets (see main text).  Abbreviations: 
df=degree of freedom. Significant P-value (< 0.05) is reported in boldface. 
 

Tissue Variable Pillai Df num, df den Approximate F-value P-value 

Muscle 

Mouth phenotype 0.15809 2,58 5.4455 0.006803 

Location 0.59733 6,118 8.3752 1.433e-07 

Size 0.45986 2,58 24.6902 1.748e-08 

Bone 

Mouth phenotype 0.13278 2,58 4.4402 0.01606 

Location 0.63470 6,118 9.1426 3.268e-08 

Size 0.41361 2,58 20.4552 1.894e-07 

 
 
Supplementary Table SIV.6 Univariate PERMANOVA results of the stable isotope dataset. 
Three outliers were excluded from both the muscle and bone datasets (see main text). 
Abbreviations: df=degree of freedom. Significant P-value (< 0.05) is reported in boldface. 
 

Tissue Stable 
isotope Variable Df num, df den F model R-squared P-value 

M
us

cl
e 

d13C 

Mouth 
phenotype 1, 59 10.855 0.06782 0.003 

Location 3, 59 16.651 0.31210 0.001 

Size 1, 59 40.245 0.25145 0.001 

d15N 

Mouth 
phenotype 1, 59 3.958 0.03648 0.064 

Location 3, 59 3.939 0.10893 0.024 

Size 1, 59 33.717 0.31078 0.001 

Bo
ne

 

d13C 

Mouth 
phenotype 1, 59 8.592 0.05585 0.007 

Location 3, 59 15.696 0.30605 0.001 

Size 1, 59 39.174 0.25462 0.001 

d15N 

Mouth 
phenotype 1, 59 1.6414 0.01801 0.224 

Location 3, 59 7.4128 0.24397 0.001 

Size 1, 59 8.2716 0.09075 0.008 
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Supplementary Table SIV.7 Multivariate PERMANOVA results of the stable isotope dataset. 
Three outliers were excluded from both the muscle and bone datasets (see main text). 
Abbreviations: df=degree of freedom. Significant P-value (< 0.05) is reported in boldface. 
 

Tissue Variable Df num, Df den F model R-squared P-value 

Muscle 

Mouth phenotype 1, 59 10.395 0.06637 0.002 

Location 3, 59 15.804 0.30272 0.001 

Size 1, 59 39.811 0.25419 0.001 

Bone 

Mouth phenotype 1, 59 8.217 0.05461 0.005 

Location 3, 59 15.249 0.30403 0.001 

Size 1, 59 37.508 0.24927 0.001 

 
 
Supplementary Table SIV.8 Model selection for the stable isotope analyses using the 
constant or structured variance (gls function). Three outliers were excluded from both the 
muscle and bone datasets (see main text). Abbreviations: AIC=Akaike information criterion; 
BIC=Bayesian information criterion; logLik=log lkelihood; L.Ratio=likelihood ratio; 
AICc=Akaike information criterion corrected for finite sample size; df=degree of freedom; 
NVS=no variance structure, constant variance model; VP=variance depend on phenotypes, 
structured variance model. Significant P-value (< 0.05) is reported in boldface.*values in this 
column are all negative; only the absolute values have been reported. 
 
 

Tissue Stable 
isotope Model 

ANOVA AICc 

AIC BIC logLik* L.Ratio P-value AICc df 

M
us

cl
e 

d13C 
NVS 261.11 275.65 123.55 - - 263.1 7 

VP 257.89 274.51 120.95 5.2175 0.0224 260.5 8 

d15N 
NVS 105.36 119.90 45.678 - - 107.3 7 

VP 95.639 112.26 39.819 11.718 6e-04 98.2 8 

Bo
ne

 

d13C 
NVS 263.37 277.91 124.68 - - 265.3 7 

VP 262.02 278.64 123.01 3.3502 0.0672 264.6 8 

d15N 
NVS 94.312 108.85 40.156 - - 98.0 7 

VP 95.418 112.04 39.709 0.8942 0.3444 96.3 8 
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Supplementary Table SIV.9 Results of the stable isotope analyses using the structured 
variance (variance depending on phenotypes, VP models). Three outliers were excluded from 
both the muscle and bone datasets (see main text). Abbreviations: df=degree of freedom. 
Significant P-value (< 0.05) is reported in boldface. 
 

Tissue Stable 
isotope Variable Df num, df den F-value P-value 

M
us

cl
e 

d13C 

Mouth phenotype 1, 59 11.344 0.0013 

Location 3, 59 18.603 >0.0001 

Size 1, 59 45.427 >0.0001 

d15N 

Mouth phenotype 1, 59 4.24 0.0440 

Location 3, 59 5.45 0.0022 

Size 1, 59 47.07 >0.0001 

Bo
ne

 

d13C 

Mouth phenotype 1, 59 8.687 0.0046 

Location 3, 59 15.978 >0.0001 

Size 1, 59 44.811 >0.0001 

d15N 

Mouth phenotype 1, 59 1.635 0.2060 

Location 3, 59 7.448 0.0003 

Size 1, 59 8.683 0.0046 

 
 
Supplementary Figure SIV.10 Scatter plot of muscle carbon and nitrogen isotopic values. 
Ellipses represent the groups (phenotypes) confidence intervals (95%). Colors and shapes 
correspond to mouth phenotypes (blue triangles identify symmetric samples; orange circles 
denote asymmetric individuals).  
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Supplementary Figure SIV.11 Scatter plot of bone carbon and nitrogen isotopic values. 
Ellipses represent the groups (phenotypes) confidence intervals (95%). Colors and shapes 
correspond to mouth phenotypes (blue triangles identify symmetric samples; orange circles 
denote asymmetric individuals).  
 

 
 
Supplementary Figure SIV.12 Muscle (white) and bone (grey) carbon and nitrogen isotopic 
values as a function of mouth phenotype (asymmetric/symmetric) for each sampling 
location. The boxplots show the group median (black horizontal lines), first and third 
quartiles (the 25th and 75th percentiles; hinges), and 95% confidence interval(notches). Three 
outliers were excluded from both the muscle and bone datasets (see main text). 
Abbreviations: A=asymmetric phenotype, S=symmetric phenotype.  
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Supplementary Methods SIV.13 

Measurement of individual body size. We used body size as a proxy for age (Petersen 1894), 

as previously done in this species (Takeuchi et al. 2016). Using photographs of both the left 

and right side of each individual, we digitized a set of 33 points (landmarks, semi-landmarks 

and helper points; these will be used in a study of body shape currently in preparation, see 

Chapter V). To reduce the measurement error, we obtained repeated measurements of 

centroid size (Fruciano 2016). In particular, we obtained two pictures per side and digitized 

two times per picture, totaling eight landmark configurations per fish. We then computed 

centroid size for each of these configurations and then averaged them by individual (see 

Chapter V). These average centroid sizes were then used in all subsequent analyses as 

estimates of body size.  

 

Amplification and sequencing of the candidate locus 56537. Genomic DNA was extracted 

from finclips using the ZR Genomic DNATM-Tissue MiniPrep kit (Zymo Research). To develop 

specific PCR primers, first the consensus sequence of the locus 56537 was retrieved from the 

ddRAD dataset (Chapter III) . Since the SNP was located close to the end of this sequence 

rendering it difficult to design reliable primers, it was aligned against the available cichlid 

reference genomes (Brawand et al. 2014) in Blastn v. 2.2.30 (Altschul et al. 1997) with default 

settings. Using the resulting cichlid alignment and Primer3Plus (Untergasser et al. 2007), we 

designed primers in the conserved regions (reverse: 5’TTCCTGTGCTACTGCGAGTG3’; forward: 

3’GCAGAAGGTGGAGCATGTTT5’; amplicon length: 491 bp). PCR-reactions were carried out in 

a thermal cycler using 1 μL DNA, 4.36 μL water, 0.06 Dream Taq (Thermo Scientific), 0.9 μL 

Buffer, 0.9 μL of each primer, and 0.9 μL dNTPs, and the following conditions: 95°C for 3 min, 

35 cycles of 30 s at 95°C, 30 sec at 58°C for annealing, 1 min of extension at 72°C, ending with 

20 min at 72°C. Forty-eight samples presented multiple bands, not correlated with mouth 

asymmetry. The desired fragment was isolated and extracted from agarose gel using the 

Zymoclean Gel DNA Recovery Kit (Zymo Research). 168 successfully amplified PCR products 

were post-processed and sequenced on a 3130xl ABI sequencer. The sequencer output was 

visualized and edited in FinchTV v. 1.5.0 (Geospiza , and then aligned using the ClustalW 

algorithm and default settings in MEGA v. 7.0 (Kumar et al. 2016). The final alignment (190 

bp) contained 106 variant positions, including heterozygous and uncertainties. The consensus 

sequence of the locus 56537 was incorporated in the alignment to localize the candidate SNP 

(56537-113), and each individual was genotyped at this position, which did not present any 

uncertainty.  
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Model selection approach to identify the best quantitative genetic model for the SNP 

56537-113. The SNP genotype was used as dependent variable and coded under three 

different quantitative genetics models: totally additive (AA=0, AG/GA=0.5, GG=1), A 

dominant (AA=0, AG/GA=0, GG=1), and G dominant (AA=0, AG/GA=1, GG=1). Since we 

observed homozygous adult individuals for both alleles (SI 1), the model R (G) dominant and 

RR (GG) lethal (Hori et al. 2007) was not included. To determine which model best 

characterizes this SNP, we fit these three models to mouth-bending angle using linear 

regression in R. The model with the lowest Akaike (AICc corrected for finite sample size; 

Akaike 1973; Anderson 2001; Hurvich & Tsai 1989; Sakamoto et al. 1986; Sugiura 1978; 

AICctab function, library bbmle Bolker 2016) and Bayesian information criterion (Sakamoto et 

al. 1986; Schwarz 1978; BIC functions in R) values was considered the mode of our SNP. 

 

Tissue samples processing for stable isotope analysis. All the soft tissues were removed 

from excised bones with a razor blade under a stereomicroscope to avoid contamination of 

the bone samples from other surrounding tissues having a different stable isotope value. All 

samples were dried at 50°C until there was no more change in mass and then manually 

pulverized. To account for the potential biasing effects of lipids within tissues (DeNiro & 

Epstein 1978; Focken & Becker 1998; Rolff & Elmgren 2000), we chemically (Bligh & Dyer 

1959; Folch et al. 1957) removed lipids from all samples. Lipids were extracted with three 

washes in a chloroform/methanol (2:1) solution and a final rinse with Milli-Q-Water. Lipid-

purified samples were dried at 50°C for 72 hours and subsequently weighed. 0.9-1.3 mg of 

each sample was placed in tin capsules for analyses. Gas chromatography combustion 

isotope ratio mass spectrometry (GC-C-IRMS) was performed at the Stable Isotope 

Laboratory of the Limnological Institute of the University of Konstanz to determine 13C/12C 

and 15N/14N ratios. Measurements are reported in terms of delta values (d) in permil (‰), i.e., 

parts per thousand differences relative to the standards (Pee Dee Belamnite limestone for C; 

nitrogen gas in the atmosphere for N).  

 

Chapter V 
Table SV.1 Detailed breakdown of the individual specimens used for the morphometric, 
genetic, and combined analysis (indicated with a X in the dedicated column) respectively 
(available in the enclosed CD).  
 
Table SV.2 Measurement error and variation between sides as quantified by Procrustes 
ANOVA and by an analogous of the intra-class correlation coefficient ("repeatability”) 
(available in the enclosed CD).  
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Table SV.3 Demographic analysis: number of segregating sites and neutrality indices for each 
population and country.  
 

Population Country 
Segregating 

sites 
Tajima’s D Fu & Li’s F Fu & Li’s D 

Bemba Congo 15694 - - - 

Bangue Congo 7364 - - - 

Lahanga Congo 15797 0.4694269 0.9205163 0.4694269 

Congo Congo 29180 -0.3232951 -0.2195764 -0.3833702 

Katoto Zambia 43001 0.04144604 0.216441 0.0814318 

Kasakalawe Zambia 25908 -0.008412295 0.2024556 -0.008030616 

Mbita Zambia 44623 -0.03783462 0.1151752 -0.2187412 

Toby Zambia 29686 0.307652 0.4782267 0.2899109 

Zambia Zambia 75637 -0.5733935 -0.5176681 -0.4317676 

 

 
Figure SV.1 Bearing plot of the correlation between A) morphometric and geographic 
distances and B) genetic (Prevosti) and geographic distances. 
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Figure SV.2 Genetic relationships between the geographic sites: plot of the scores along the 
first two principal components of the genetic dataset. 

 
Figure SV.3 Genetic relationships between the geographic sites: neighbor-joining tree. 

 
 
Figure SV.4 Admixture cross-validation plot. K is the number of clusters. 
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Figure SV.5 Aggressive mimicry in P. microleps. This cichlid fish (second, fourth, fifth and 
sixth specimens from top) resembles the poeciliid Lamprichthys tanganicanus (first and 
second from top). 

 

Chapter VIII 
Additional File VIII.1 Detailed breakdown of the individual specimens used in this study 
(Available online and in the enclosed CD). 
 
Additional File VIII.2 Genbank accession numbers of the Midas cichlid sequences used in the 
comparison of the timing of colonization between Midas cichlids and A. centrarchus 
(Available online and in the enclosed CD). 
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Additional File VIII.3 Network obtained with the approach implemented in EDENetworks 
using pairwise genetic distances in the microsatellite dataset. The color of each node color 
reflects provenance, while its size reflects betweenness centrality (an indicator of a node's 
centrality in a network). The links between nodes reflect genetic distances (thicker and 
darker links correspond to shorter distances, with genetic distances in red equal to zero). 
 
 
 
 
 

 
 
 
 
Additional File VIII.4 Results of the analysis performed in GENECLASS (Available online and in 
the enclosed CD). 
 
Additional File VIII.5 Overlap of the clustering obtained using different genetic and 
morphometric traits. The value provided is the adjusted Rand index, in parenthesis the p 
value for the null hypothesis of no association between the two partitions (i.e. the 
subdivision in clusters obtained for the same specimens using two different traits). Significant 
results in bold. In the cases where NaN is reported, this is consequence of the fact that the 
overlapping specimens belong in both trait dataset to the same cluster, making the 
computation of the adjusted Rand index impossible. In the cases where the adjusted Rand 
index is zero, this was due to one of the two datasets having only one cluster (i.e. absence of 
clustering among individuals within a dataset) (Available online and in the enclosed CD). 
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Chapter IX 
Supplementary Figure SIX.1 (A) Picture of A. astorquii (above) and A. zaliosus (below). (B) 
Illustration of all individuals’ average landmarks of both experiments after Procrustes 
ANOVA. The landmarks of A. astorquii (red) illustrate the generally higher body compared to 
A. zaliosus (blue). Also, landmarks 22 to 24, reflecting the position of the pelvic girdle, 
appeared on average to be positioned deeper in A. astorquii. (C) Scores of PC1 and PC2 of 
the PCA on geometric morphometric measurements of E2. Generally, this PCA is almost 
identical to the one of E1 (Fig. 1). PC1 (x-axis), explaining ~67% of total variation in this data-
set accounts most notably for variation in overall body height, hump size and length of 
caudal peduncle. A. zaliosus individuals (blue) showed significantly higher values compared 
to A. astorquii (red), i.e. they have more shallow bodies, smaller humps and longer caudal 
peduncles. PC2 (y-axis), explaining ~9% of total variation, accounts most notably for 
variation in mouth position and also caudal peduncle length. The two species were 
determined to not differ in on PC2. No apparent effect of SL (reflected in circle diameter) 
was noted at this point. Differences in shapes along the axes illustrate the shape of the most 
positive (or negative) value on the respective PC. 
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Supplementary Figure SIX.2 Results from PCA analyses on geometric morphometric data of 
E1 (A-I) and E2 (J-R). (A,J) Scree-plot of the PCA on geometric morphometric measurements 
and scores of PC1-8 of E1 and E2, respectively. The scree-plots illustrate the percentage of 
explained variation of the total variation per PC (black) and the cumulative explained 
proportion per PC (grey). The grey dashed line indicates 95% of total variation and PCs 
cumulatively explaining about 95% of total variation were considered for downstream 
analyses in this study. (B-I, K-R) Scores of each PC for A. astorquii (red) and A. zaliosus (blue) 
for E1 (B-I) and E2 (K-R), respectively. Fish shapes next to y-axes illustrate the shape of the 
maximum and minimum value for each respective PC. To calculate these shapes, the 
deviation of the maximum and minimum value from the mean shape per PC was multiplied 
by two (thus “exaggerating” the difference by two), for easier recognition of shape 
differences in this figure. Species differ significantly only on PC1 for both experiments, 
which reflect mostly variation in body height and hump size. Abbreviations: Aa=A. astorquii; 
Az=A. zaliosus. 
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Supplementary Figure SIX.3 Results from PCA analyses on linear morphometric data of E1 
(A-F) and E2 (G-L). (A,G) Scree-plot of the PCA on linear morphometric measurements and 
scores of PC1-5 of E1 and E2, respectively.. The scree-plots illustrate the percentage of 
explained variation of the total variation per PC (black) and the cumulative explained 
proportion per PC (grey). The grey dashed line indicates 95% of total variation and PCs 
cumulatively explaining about 95% of total variation were considered for downstream 
analyses in this study. (B-F, H-L) Scores of each PC for A. astorquii (red) and A. zaliosus 
(blue) are shown in the left panel while black lines reflect the loading of each linear 
measurement on this PC for E1 (B-F) and E2 (H-L), respectively. Species differ significantly 
only on PC1 for both experiments. Abbreviations: Aa=A. astorquii; Az=A. zaliosus; 
CPW=caudal peduncle width; BH=body height; PP=pectoral peduncle size; BM=body mass; 
PL=pectoral fin length; BW=body width; CL=caudal fin length; CPL=caudal peduncle length.  
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Supplementary references IX.1 References of studies investigating swimming performances 
in fish  (Available in the enclosed CD). 
 
Supplementary data IX.1 Welch ANOVAs comparing individually species scores for each 
principle component from the PCAs on linear and geometric morphometrics of E1 and E2 
(Available in the enclosed CD). 
 
Supplementary data IX.2 Results summary of models and model selection procedures for 
the analyses linking species with swimming performance and O2 consumption (Available in 
the enclosed CD). 
 
Supplementary data IX.3 Results summary of models and model selection procedures for 
the analyses linking morphology with swimming performance and O2 consumption 
(Available in the enclosed CD).  
 



 

 
 

 




