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Summary

Summary
For decades after Darwin´s “The origin of species” was published, the prevailing paradigm
was that natural selection is the only driving force in evolution that eventually leads, via
gradual change, to adaptation and speciation. However, this rather selectionist view failed
to explain different observations. Later, evolutionary biologists began to recognize that
development could fill these gaps, providing a more comprehensive take on the
evolutionary theory. First, important contributions thereof urged to consider the entire
ontogeny of an organism when studying evolutionary histories, as during ontogeny the
selective pressures change. Second, it was acknowledged that phenotypic change can
precede genetic change, i.e. different phenotypes can develop from the same genetic code.
Phenotypic plasticity has since been recognized as an important source for evolution and
it has become clear that to truly understand how species adapt, we need to understand
the entire developmental program of the traits in question. To study adaptations and their
underlying developmental genetic mechanisms, cichlid fish offer great opportunities for
several reasons: 1.) most adaptive traits have evolved multiple times independently
providing natural replicates, 2.) the adaptive value of many traits has been established,
and 3.) genomes of multiple species have been sequenced allowing for extensive
comparative analyses.
The first chapter of this thesis considers phenotypic plasticity in vertebrate teeth
with a focus on how phenotypic plasticity could influence evolutionary outcomes. Teeth
are still generally regarded as immutable structures that, once developed, do not change
anymore. Being crucial for the survival of most vertebrates, teeth need to perform
specialized tasks and thereby determine what food items can be consumed. Therefore, it
is important that teeth can change in response to fluctuating food sources via phenotypic
1
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plasticity. Dental plasticity appears to be more widespread than previously assumed,
being observed in different groups of vertebrates, such as fish or mammals. Adaptive
phenotypic changes in teeth allow for the rapid and efficient utilization of multiple
different food sources and can potentially even lead to fixed adaptations when genetic
assimilation occurs.
Two chapters of this thesis are dedicated to the question of what are the
developmental genetic mechanisms that drive convergence in cichlids. To address this
question, I focused on the convergence in mollusc-crushing lower pharyngeal jaw
phenotypes. As an adaptation to hard food, such as molluscs, multiple cichlid species
independently evolved large teeth and massive lower pharyngeal jaws. Chapter III focuses
on identifying genes that are involved in tooth development in cichlids. Tooth
development is relatively conserved across vertebrates. However, cichlids have a
repertoire of de novo genes that are specific to their family. These genes formed inside a
cluster of conserved tooth genes and got incorporated into the developmental genetic
networks of odontogenesis, showing convergent associations with mollusc-crushing
morphologies.
In Chapter IV, I used genome-wide expression analysis to investigate how
convergent developmental genetic mechanisms of mollusc-crushing lower pharyngeal
jaws are across Neotropical cichlid species. Overall, there is only little convergence in
gene expression patterns across all contrasts. However, the degree of convergence
depends on the geographic setting of speciation, with character displacement in gene
expression (i.e. greater expression differences between sympatric species) being
observed in sympatric species. This could constitute a barrier to gene flow under the
assumption that hybrid misexpression affects ecological viability. Such character
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displacement in gene expression could generally contribute to intrinsic barriers to gene
flow, even in traits not directly associated with important ecological tasks.
With this thesis, I want to contribute to our understanding of developmental
genetic mechanisms of a convergent adaptation and highlight the potential role of gene
expression in speciation. To conclude, I provide some future directions of research that
build on the findings reported here.
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Zusammenfassung
Noch Jahrzehnte nach der Veröffentlichung von Darwins "Die Entstehung der Arten" war
das vorherrschende Paradigma, dass natürliche Selektion die einzige treibende Kraft in
der Evolution ist, die schließlich über allmähliche Veränderungen zu Anpassung und
Artbildung führt. Diese eher selektionistische Sichtweise konnte jedoch verschiedene
Beobachtungen nicht erklären. Später begannen Evolutionsbiologen zu erkennen, dass
Entwicklungsbiologie diese Lücken füllen könnte und so eine umfassendere Sichtweise
der Evolutionstheorie ermöglicht. Erstmals erkannte man die Notwendigkeit, die gesamte
Ontogenese eines Organismus bei der Untersuchung von Evolutionsgeschichten zu
berücksichtigen, da sich während der Ontogenese die Selektionsdrücke ändern können.
Außerdem

wurde

erkannt,

dass

phänotypische

Veränderungen

genetischen

Veränderungen vorausgehen können, d.h. aus demselben genetischen Material können
sich unterschiedliche Phänotypen entwickeln. Phänotypische Plastizität wurde seitdem
als wichtige Quelle für die Evolution anerkannt und es wurde klar, dass wir das gesamte
Entwicklungsprogramm des betreffenden Merkmals verstehen müssen, um wirklich zu
verstehen, wie sich Arten anpassen. Um Anpassungen und die zugrundeliegenden
entwicklungsgenetischen Mechanismen zu untersuchen, bietet die Familie der
Buntbarsche aus mehreren Gründen ein großartiges Modellsystem: 1.) Die meisten
adaptiven Merkmale haben sich mehrfach und unabhängig voneinander entwickelt und
bieten somit natürliche Replikate, 2.) der adaptive Wert vieler Merkmale wurde
nachgewiesen und 3.) die Genome mehrerer Arten wurden sequenziert, sodass
umfangreiche vergleichende Analysen möglich sind.
Das erste Kapitel dieser Arbeit befasst sich mit der phänotypischen Plastizität von
Wirbeltierzähnen, wobei der Schwerpunkt auf der Frage liegt, wie phänotypische
Plastizität deren Evolution beeinflussen könnte. Zähne werden im Allgemeinen immer
4
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noch als unveränderliche Strukturen angesehen, die sich, einmal entwickelt, nicht mehr
verändern. Da die Zähne für das Überleben der meisten Wirbeltiere entscheidend sind,
müssen sie spezialisierte Aufgaben erfüllen und bestimmen dadurch, welche
Nahrungsmittel verzehrt werden können. Daher scheint es wichtig, dass sich Zähne als
Reaktion auf schwankende Nahrungsquellen durch phänotypische Plastizität verändern
können. Dentale Plastizität scheint weiter verbreitet zu sein als bisher angenommen, da
sie in verschiedenen Gruppen von Wirbeltieren, wie z. B. Fischen oder Säugetieren,
beobachtet werden kann. Adaptive phänotypische Veränderungen der Zähne
ermöglichen die schnelle und effiziente Nutzung verschiedener Nahrungsquellen und
können möglicherweise sogar zur Fixierung der Anpassungen führen, wenn genetische
Assimilation stattfindet.
Zwei

Kapitel

dieser

Arbeit

sind

der

Frage

gewidmet,

was

die

entwicklungsgenetischen Mechanismen sind, die die konvergente Evolution von
Buntbarschen vorantreibt. Um diese Frage zu klären, konzentriere ich mich auf die
Konvergenz von Schlundunterkiefer-Phänotypen. Als Anpassung an harte Nahrung, wie
z. B. Mollusken, haben Buntbarsche große Zähne und massive Unterkiefer entwickelt.
Kapitel III konzentriert sich auf die Identifizierung von Genen, die an der
Zahnentwicklung der Buntbarsche beteiligt sind. Die Zahnentwicklung ist bei
Wirbeltieren relativ konserviert. Buntbarsche haben jedoch ein Repertoire an de novo
Genen, die spezifisch für ihre Familie sind. Diese Gene bildeten sich innerhalb eines
Clusters von konservierten Zahngenen und wurden in die entwicklungsgenetischen
Netzwerke der Odontogenese integriert, wobei sie konvergente Assoziationen mit
konvergenten molluskivoren Zahnmorphologien aufzeigen.
In Kapitel IV nutze ich genomweite Expressionsanalysen, um zu untersuchen, wie
konvergent

die

entwicklungsgenetischen

Mechanismen

molluskivorer
5
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Schlundunterkiefer in neotropischen Buntbarscharten sind. Insgesamt gibt es nur eine
geringe Konvergenz der Genexpressionsmuster zwischen verschiedenen Arten. Die
genaue Ausprägung der Konvergenz hängt jedoch von den geographischen Umständen
der Artbildung ab, wobei größere Unterschiede der Expression bei sympatrischen Arten
zu beobachten ist. Dies könnte eine Barriere für den Genfluss darstellen, wenn man davon
ausgeht, dass die Misexpression in Hybriden deren ökologische Lebensfähigkeit
beeinträchtigt. Eine solche Merkmalsverschiebung in der Genexpression könnte generell
zu intrinsischen Barrieren für den Genfluss beitragen, auch bei Merkmalen, die nicht
direkt mit einem ökologisch wichtigen Merkmal verbunden sind.
Mit dieser Arbeit möchte ich zum Verständnis der entwicklungsgenetischen
Mechanismen einer konvergenten Anpassung beitragen und mögliche Rollen der
Genexpression bei der Artbildung aufzeigen. Abschließend, zeige ich einige künftige
Forschungsrichtungen auf, die auf den hier berichteten Ergebnissen aufbauen.
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Chapter I: General Introduction
One of the most fundamental questions in modern evolutionary biology has persisted for
more than 150 years of extensive research: why are there so many species and how do
they form? In his monumental work “The origin of species” (1859), Charles Darwin
proposed that natural selection drove gradual phenotypic change for populations to adapt
to their respective environments. Disruptive selection would then eventually lead to the
formation of new species. Later, the modern synthesis reconciled Darwin´s theory with
Mendel´s work on genetics of inheritance (Fisher 1930; Dobzhansky 1937; Huxley 1942;
Mayr 1942). Two very important contributions of the modern synthesis included the
biological species concept (Mayr 1942) and the notion that gradually shifting mean trait
values were the main source of evolutionary change, making it hard to explain
contemporary evolution and rapid adaptation and speciation (West-Eberhard 2003).
Conrad H. Waddington challenged the views of the modern synthesis and called
for an extension by including several further predictions that represented a more
developmental view of the evolutionary theory (Waddington 1941; Waddington 1942,
1953; Pigliucci and Müller 2010). Previous theories mainly focused on adult phenotypes
even though organisms experience a number of different selective pressures during
ontogeny (Gould 1982). For example, cichlid fish can perceive UV-light as embryos, which
facilitates acquisition of zooplankton prey, but lose this ability as adults (Novales
Flamarique 2013; Härer et al. 2017; Torres-Dowdall et al. 2017). Considering only the
adult phenotype, we would not be able explain why cichlid fishes retain functional genes
for UV-light perception. Therefore, it is crucial to pay attention to different ontogenetic
stages and to understand developmental mechanisms, especially since these mechanisms
can create biases restricting natural selection, as developmental constraints will favor
7
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certain developmental programs over others and determine evolutionary trajectories
(Smith et al. 1985; Arthur 2004; Uller et al. 2018). This extension of the modern synthesis
shifted the focus from natural selection as the only driving force in evolution towards an
integration of development as an important factor into evolutionary theory and has
gained more attention in recent years (e.g., Gould 1977; Smith et al. 1985; Endler and
McLellan 1988; Arthur 2000; West-Eberhard 2003; Arthur 2004; Müller 2007; Stern and
Orgogozo 2008; Pigliucci and Müller 2010; Laland et al. 2014).
Another important point raised calling for an extension of the modern synthesis
was that phenotypic change can precede genetic change (West-Eberhard 2003; Pigliucci
et al. 2006; Ghalambor et al. 2007; Pigliucci and Müller 2010; Schneider and Meyer 2017).
Mutations that were regarded as the main source of variation potentially play a more
subordinate role if phenotypes can change in response to the environment while retaining
the same genotype (Stearns 1989; Pigliucci et al. 2006). Such genotype by environment
interactions are termed phenotypic plasticity and can readily be observed in nature
(Schlichting 1986; Meyer 1987; Huysseune 1995; West-Eberhard 2003; Ghalambor et al.
2007; Lande 2009; Pfennig et al. 2010). Phenotypic plasticity has long been assumed only
to allow for population persistence and to play a negligible role for adaptive evolution,
since it shields genotypes from selection by creating adaptive phenotypes without genetic
change (Wright 1931; Simpson 1953; Endler 1986; Falconer 1996). When populations
colonize novel environments or when environments in the native range fluctuate,
adaptive phenotypic change that precedes the emergence of adaptive mutations can
prevent local extinction (Price et al. 2003; Pfennig et al. 2010; Reed et al. 2011b). This
mechanism provides a compelling explanation for how populations or species can rapidly
bridge gaps between two fitness peaks (West-Eberhard 2003). Given more time and the
new environmental stimulus being temporally stable, selection will act on decreasing the
8
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variation around the new optimum (Lande 2009). This allows for the adaptive phenotype
to become fixed and freed from the necessary environmental input for it to form, a process
known as genetic assimilation (Waddington 1942; Pigliucci et al. 2006; Vigne et al. 2021).
If we imagine an inevitable scenario in today´s world with increasing atmospheric
temperatures, populations or species that can deal with higher temperatures will
immediately have an advantage over populations or species that require genetic change
for their phenotype to adapt (Ghalambor et al. 2006; Charmantier et al. 2008; Deutsch et
al. 2008; Merilä and Hendry 2014). This has been exemplified by Conrad H. Waddington
(1953), who provided the evidence that such environmentally induced phenotypes can
truly become fixed and that genetic assimilation can indeed occur by increasing
temperatures during Drosophila larval development. With an increase in temperature the
‘crossveinless’ phenotype, a wing innervation pattern lacking certain veins, developed
which when selected for became fixed after few generations (Waddington 1953).
Unfortunately, Waddington´s observations were not considered relevant for evolution by
natural selection as an adaptive value of the ´crossveinless´ phenotype was not apparent.
This led to severe criticism of his ideas (Williams 1966). However, since then, several
studies have empirically shown that evolution readily proceeds along the same
trajectories as adaptive phenotypic plasticity, as proposed by Waddington (Wund et al.
2008; Susoy et al. 2015; Gunter et al. 2017; Levis et al. 2018; Fischer et al. 2021; Vigne et
al. 2021).
Cichlid fishes constitute an adaptive radiation proposed to have diversified from a
phenotypically plastic ancestral lineage (Muschick et al. 2012; Schneider and Meyer
2017). Their main axis of diversification is considered to be their trophic ecology, mostly
due to a key innovation that allows for very fine tuning of dietary niches, their lower
pharyngeal jaw (Liem 1973; Meyer 1990; Kocher 2004). The lower pharyngeal jaw is
9
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formed by the fusion of the most posterior gill arches, forming a tooth-bearing boney plate
(Liem 1973). Countless different lower pharyngeal jaw phenotypes have evolved as
adaptations to specific food sources (Hulsey 2006; Muschick et al. 2012; Burress 2016).
Those phenotypes range from gracile jaws with thousands of small teeth for shredding
plants and algae to massive jaws with very few but large teeth for crushing hard molluscs.
The lower pharyngeal jaw has been shown to be phenotypically plastic (Huysseune 1995)
with greater plasticity in a riverine species, representing the ancestral state, compared to
lacustrine species, representing the derived state (Gunter et al. 2017). In Chapter II of my
thesis, I will provide an extensive in-depth review of the literature on phenotypic
plasticity in teeth and further elaborate on the potential role of dental phenotypic
plasticity for cichlid diversification (Karagic et al. 2020a).
Cichlid fishes have become a poster child for convergent evolution: similar color
patterns (Kratochwil et al. 2018), color vision phenotypes (Torres-Dowdall et al. 2017),
trophic morphologies such as hypertrophied lips (Stiassny and Meyer 1999) and lower
pharyngeal jaw phenotypes (Hulsey et al. 2008; Muschick et al. 2012) all evolved
numerous times independently across the cichlid phylogeny. Such independent
reoccurrences of similar phenotypes in response to similar selective pressures (i.e.
convergence) can be regarded as compelling evidence for the deterministic forces of
evolution and offer the necessary replication to study ecological factors, as well as the
developmental genetic basis of convergent adaptations (Gould 1990; Losos 2011). The
ecological relevance of such different lower pharyngeal jaw phenotypes has been well
studied and it was shown that massive jaws with large teeth can withstand greater forces
before breaking (Hulsey 2006). In contrast, knowledge about the developmental genetic
basis of convergent lower pharyngeal jaws is still scarce. In other taxa, studies found that
the same or at least similar developmental genetic mechanisms are responsible for the
10
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emergence of different convergent phenotypes (Shapiro et al. 2006; Dunning et al. 2016;
Brown et al. 2018). For example, the loss of armored plates in freshwater sticklebacks is
commonly associated with a loss of function of the regulatory gene pitx1 (Colosimo et al.
2005). Similarly, the transcription factor optix regulates coloration pattern mimicry in
various butterfly species (Reed et al. 2011a). Quantitative trait locus mapping and
genome wide association studies in the Nicaraguan Midas cichlid radiation have shown
that the genomic architecture of lower pharyngeal jaw phenotypes is complex, with
multiple smaller effect loci contributing to the phenotype, making it less likely that the
genomic basis of massive and large toothed lower pharyngeal jaws is convergent (Kautt
et al. 2020). Regardless of the genomic basis of lower pharyngeal jaw phenotypes, on a
transcriptional level convergence might still be observed, assuming that different
genomic regions could exert similar effects on transcription. Regulatory elements
controlling gene expression are often the cause for phenotypic change and are likely
causal for most morphological changes in cichlids (Jacob and Monod 1961; Wallace 1963;
Wilson 1975; Carroll 1995; Wray et al. 2003; Prud'homme et al. 2006; Wray 2007;
Brawand et al. 2014; Kratochwil et al. 2018). If we imagine that changes in the expression
of a certain set of genes cause phenotypic divergence of lower pharyngeal jaws, at least
two mechanisms could be responsible for the different expression profile: changes in cisregulatory elements (e.g. promoter sequences; Wray 2007) or trans-regulatory elements
(e.g. transcription factor sequences; Badis et al. 2009). From a genomic perspective, these
are two different regions hinting towards a non-convergent mechanism behind large
pharyngeal teeth. However, both alterations will have the same effect by changing the
expression of a gene, arguing for transcriptional convergence. This is just a simple
example which is certainly more complicated for a polygenic trait like tooth size in lower
pharyngeal jaws. However, it illustrates that despite divergent genomic patterns the
11
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consequences for developmental genetic mechanisms behind increased tooth size could
be the same. Hence, a crucial step to understand how convergent lower pharyngeal jaw
phenotypes have evolved is to understand patterns of gene expression that underlie their
development. In Chapter III of my dissertation, I identified genes that are important for
cichlid tooth development and then compared their gene expression patterns in multiple
species across the cichlid phylogeny. I found that a syntenic cluster of tooth genes,
conserved across vertebrates, is expanded by novel cichlid-specific genes that most likely
arose de novo. Expression of this entire tooth gene cluster, including the novel cichlidspecific genes, shows convergent expression associations with tooth size. In Chapter IV, I
extended this approach taking into account the geographic setting of speciation by
comparing genome wide expression patterns of lower pharyngeal jaws of six closely
related pairs of Neotropical cichlid species, which either speciated in allopatry or
sympatry. I found that genome wide expression patterns are less convergent than lower
pharyngeal jaw phenotypes. However, the degree of gene expression convergence
depended on the geographic setting of speciation. Gene expression divergence in
sympatric species pairs was an order of magnitude greater compared to the differences
in gene expression between allopatric cichlid pairs.
This dissertation offers novel insights into dental plasticity and into the
developmental genetics of different trophic phenotypes. Briefly summarized, my review
on dental plasticity has shown that teeth are more frequently affected by environmental
perturbations than previously appreciated, even though teeth have always been
perceived as rigid and immutable structures. This responsiveness of teeth to the
environment could have substantially contributed to the evolution of different dental
phenotypes (Chapter II: Karagic et al. 2020a). Further, I have shown that tooth
phenotypes in cichlids might have evolved especially rapidly due to the de novo
12
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emergence of tooth genes into a highly conserved syntenic tooth gene cluster (Chapter III:
Karagic et al. 2020b). Lastly, I found that little convergence exists in genome wide
expression patterns of morphologically convergent lower pharyngeal jaws. However, this
depends on the geographic setting in which species evolved. Differences in the degree of
gene expression divergence of lower pharyngeal jaws could promote sympatric
speciation and barriers to gene flow by misexpression and thereby decreased fitness in
hybrids (Chapter IV: Karagic et al. in preparation).
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Chapter II: Phenotypic Plasticity in Vertebrate Dentitions
Nidal Karagic, Axel Meyer & C. Darrin Hulsey
Integrative and Comparative Biology

Abstract
Vertebrates interact directly with food items through their dentition, and these
interactions with trophic resources could often feedback to influence tooth structure.
Although dentitions are often considered to be a fixed phenotype, there is the potential
for environmentally induced phenotypic plasticity in teeth to extensively influence their
diversity. Here, we review the literature concerning phenotypic plasticity of vertebrate
teeth. Even though only a few taxonomically disparate studies have focused on
phenotypic plasticity in teeth, there are a number of ways teeth can change their size,
shape, or patterns of replacement as a response to the environment. Elucidating the
underlying physiological, developmental, and genetic mechanisms that generate
phenotypic plasticity can clarify its potential role in the evolution of dental phenotypes.
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Introduction
The primary function of teeth is to interact with the environment by procuring and
processing food. Therefore, vertebrate dentitions are subject to strong environmental
influences. However, the current dogma is that teeth are hard and immutable structures
that solely dictate ecology but are rarely shaped by it. Nonetheless, the environment can
have more profound effects on dental development than previously appreciated. To
explore these possible impacts, we review the current literature focusing on phenotypic
plasticity in vertebrate dentitions, i.e. how environmental perturbations can affect tooth
development (e.g. Kiliaridis 1986; Huysseune 1995; Nishimura et al. 2008; Wise and King
2008; Müller et al. 2014).
Because dentitions are constantly exposed to environmental influences, they could
offer powerful phenotypes to study the importance of plasticity. Much is known about the
biomechanics of teeth and their influence on feeding performance (Strait 1993; Lucas
2004; Strait et al. 2009; Ungar 2010; Santana et al. 2011; Becerra et al. 2013; Benazzi et
al. 2013), but knowing how the environment shapes these mechanical properties can
provide additional insight into tooth function. Additionally, just as the morphology of
teeth and food items shape feeding ecologies and foraging behaviors (Teaford et al. 2006;
Vogel et al. 2009; Taniguchi 2015) the environment may affect the relationship between
feeding success and fitness.
Tooth development and the genetic interactions contributing to dental
morphology have most extensively been studied in mammals, but are generally conserved
and well understood across vertebrates (Jernvall et al. 2000; Thesleff et al. 2001; SalazarCiudad and Jernvall 2002; Tucker and Sharpe 2004; Fraser et al. 2009; Smith et al. 2015;
Hulsey et al. 2020a). However, during ontogeny, the environment also has ample
opportunity to modulate tooth development. Human dentistry as well as disparate
15
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studies on some mammal and teleost species can provide insight into the ways in which
the environment can shape dentitions, but it remains largely unclear what changes on the
molecular level could be attributed to these environmental effects. Integrating function
and development into feeding ecology may elucidate how and why plastic tooth
phenotypes have evolved and perhaps even how they become fixed.
A framework that integrates across biological disciplines should allow us to better
understand how and when phenotypic plasticity can influence dental diversification
(Ungar 1996; Lucas 2004; Tucker and Sharpe 2004; Fraser et al. 2006; Thesleff 2006;
Fraser et al. 2013; Lucas et al. 2014; Popa et al. 2019). We first review the current
literature about dental phenotypic plasticity as well as which environmental factors
modulate these phenotypes (Table II.1 & II.2 and Fig. II.1). We then discuss some
developmental genetic mechanisms that are known to mediate plastic dental phenotypes.
Finally, we discuss several scenarios that provide context for how and when phenotypic
plasticity would be expected to play a role during the evolutionary diversification of teeth
(Fig. II.2).
Axes of environmentally induced phenotypic changes in dentitions during
ontogeny
Tooth position
Teeth are exposed to a number of forces during mastication and prey capture that may
impact their position on the vertebrate jaw. For instance, when rodents feed on hard food
items their incisors can shift anteriorly compared to individuals feeding on soft items
(Kiliaridis 1986; Myers et al. 1996). The forces applied cause bone to be resorbed on the
side of the tooth where pressure is applied and new bone to be formed on the opposite
side of the tooth (Reitan 1960; Wise and King 2008). This phenomenon of force causing
teeth to move on the jaw, termed orthodontic tooth movement, has been used in dentistry
16
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for decades to correct dental mispositioning (Meikle 2006; Wise and King 2008). The
importance of tooth movement as a plastic response to diet variability should be
examined more extensively in a wider array of organisms because it could frequently
affect the functional abilities of the dentition. For example, the location of teeth could
determine the abilities of predators to capture and process prey, potentially allowing
them to be more effective at resisting forces, piercing, or shredding food items (Mihalitsis
and Bellwood 2019).
Tooth growth rates
For some vertebrates, teeth erupt and do not grow following eruption. However, teeth do
grow continuously in many mammals including walrus, elephants, mice and rabbits, and
continuous growth is often counteracted by tooth wear (Renvoisé and Michon 2014).
Tooth wear, which is caused by almost all food items, is often induced by small mineral
particles, either grit ingested when an organism feeds off the ground or silica crystals
embedded within plant material (Metcalf and Chalk 1950; Fortelius 1985; Teaford 1988;
Ball et al. 1993; Fox et al. 1996; Williams and Kay 2001; Lucas 2004; Lucas et al. 2014). It
has been shown that the emergence of continuously growing rabbit molars is accelerated
when wear is more extensive (Fig. II.1; Müller et al. 2014). For example, when grasses
were supplemented with grit, molar growth rates increased: the more tooth volume was
lost, the more tooth volume was replaced (Müller et al. 2014). It is unknown how
widespread plasticity in growth rates is, but selection might be expected to commonly
favor plastic responses to variability in tooth wear in organisms with continuously
growing teeth.
Replacement teeth: shape and internal structure
While rabbits respond to dental attrition with increasing growth rates (Müller et al.
2014), other vertebrates could exhibit plasticity when replacing their teeth. Most
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vertebrates are polyphyodont, which means that they replace their teeth constantly
throughout their lifetime (Cooper 1966; Lawson et al. 1971; Nakajima 1979; Kline and
Cullum 1984; Kline and Cullum 1985; Smith and Coates 1998; Smith and Coates 2000;
Fraser et al. 2009; Handrigan et al. 2010; Richman and Handrigan 2011; Tucker and
Fraser 2014). Many changes in replacement teeth are likely to reflect fixed differences,
but these highlight how phenotypically distinct replacement teeth can be. For example,
although they are diphyodont and only have one set of replacement teeth, human
permanent dentition differs from the primary dentition in enamel thickness, tooth
number, and shape (Nelson 2014). However, changes in shape and structure can be
phenotypically plastic in other species. As an example, feeding induced mechanical forces
have been found to affect replacement teeth in some fish species (Huysseune 1995;
Worcester 2012; Hung et al. 2015). For instance, a positive correlation between tooth size
in the crushing pharyngeal jaws and experimentally manipulated food hardness has been
observed in the African cichlid Astatoreochromis alluaudi (Fig. II.2A; Huysseune 1995;
Gunter et al. 2013; Gunter and Meyer 2014; Schneider et al. 2014; Hung et al. 2015). In
these fishes, the relative size of the replacement teeth increases in response to being fed
hard food items (Hulsey et al. 2020b). Tooth size in these fishes likely constitutes a tradeoff. Although processing of soft plant-based food is generally more efficient with small and
pointed teeth, greater tooth size is advantageous when crushing prey since larger teeth
experience less strain at equal mechanical forces (Lucas 2004; He et al. 2013). To date,
tooth size has only been shown to be phenotypically plastic in fish but could potentially
play a role in the dentitions of other polyphyodont species like reptiles and some
mammals (Huysseune 1995; Gomes Rodrigues et al. 2011; Gunter et al. 2013; Hung et al.
2015).
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Another plastic response associated with replacement teeth that has been
documented is the increase in enamel thickness as a function to food hardness (Worcester
2012). Enamel thickness plays an important role in determining what food items can be
consumed, since it affects the fracture resistance of teeth (Dumont 1995; Lambert et al.
2004; Lucas 2004; Constantino et al. 2009; Santana et al. 2011). Phenotypic plasticity in
enamel thickness can be observed in sheepshead fish (Archosargus probatocephalus)
where harder food items lead to an increase in the thickness of the enamel layer
(Worcester 2012). The mechanisms behind this plastic response are unclear because
enamel forming cells are shed after tooth eruption (Nanci 2017). In this species it seems
likely that replacement teeth, and not the erupted teeth themselves, develop thicker
enamel layers. Given that the teeth of fish and many other vertebrates are frequently
replaced throughout their lifetimes (Tuisku and Hildebrand 1994), there is a substantial

Figure II.1: Phenotypic plasticity in teeth
Tooth phenotypes can change in response to the environment. With increasing food hardness, i.e.
higher mechanical force exerted on teeth, replacement tooth size increases and tooth numbers change
in cichlid fish (Huysseune 1995). The sheepshead Archosargus probatocephalus develops teeth with
increased enamel thickness as a response to high mechanical strain (Worcester 2012). When tooth
wear increases, growth rates in rabbit molars, increase to compensate for the lost tooth volume
(Müller et al. 2014).
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opportunity for plasticity to influence phenotypes like tooth shape and internal structure
in these polyphyodont species.
Tooth numbers
Tooth numbers vary extensively between species and often evolve as adaptations to
certain food items (Line 2003). However, intraspecific variation in tooth numbers can be
readily observed (Eastman and Underhill 1973; Thorpe 1975; Greer 1991; Catzeflis et al.
2017) and some of this variation in many vertebrates might be phenotypically plastic. For
instance, a decrease in tooth number has been reported for the African cichlid A. alluaudi
following an extended period of feeding on hard food items (Huysseune 1995). However,
tooth numbers are frequently inversely correlated with tooth sizes (Eastman 1977;
Huysseune 1995; Streelman and Albertson 2006; Hulsey et al. 2020b). Whether a plastic
decrease in tooth number in individuals consuming hard food items might stem from a
limited dentigerous area and increased tooth size remains an open question. A decrease
in tooth numbers in many vertebrates might also commonly be due simply to the nonadaptive loss of or damage to teeth that can occur when organisms feed on hard prey.
Timing of tooth eruption
Although most mammals have only one or two generations of teeth, the timing of their
tooth eruption and replacement can be strongly influenced by the environment (Garn and
Rohmann 1966; Alvarez 1995; Heinrich-Weltzien et al. 2013; Nicholas et al. 2018).
Variation in the timing of human tooth eruption can arise frequently as a consequence of
adverse conditions (Garn and Rohmann 1966; Heinrich-Weltzien et al. 2013; Ntani et al.
2015; Wu et al. 2019). Numerous studies have documented a delay in tooth eruption of
malnourished children (e.g. Garn and Rohmann 1966; Alvarez 1995; Suri et al. 2004;
Heinrich-Weltzien et al. 2013). Obesity, in contrast, speeds up tooth eruption (Nicholas et
al. 2018). Psychological stress, maternal smoking habits, or premature birth also
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influence primary and secondary tooth eruption (Rantakallio and Mäkinen 1983; GuatelliSteinberg 2001; Ntani et al. 2015; Wu et al. 2019). Additionally, although it is possible that
a plastic change in replacement tooth size or shape governs the documented response to
harder food items in the African cichlid Astatoreochromis alluaudi, (Fig. II.2A; Huysseune
1995; Gunter et al. 2013; Schneider et al. 2014; Hung et al. 2015), there is a second
possibility. Replacement of these crushing teeth could be accelerated. The relative size of
pharyngeal replacement teeth later in ontogeny seems highly constrained across cichlids
(Hulsey et al. 2020b), but if every generation of teeth is larger than the previous one, an
increase in replacement rates would experimentally produce an increase in tooth size.
Environmentally influenced changes in the timing of tooth eruption could play a role in
dental variability in a large number of vertebrates and the mechanisms governing this
and other plastic responses should be more thoroughly investigated.

Table II.1: Studies explicitly reporting phenotypic plasticity in vertebrate dentition

Species

Environmental
factor

Phenotype

Reference

Astatoreochromis
alluaudi

Food hardness

Changes in tooth
size

(Huysseune 1995;
Gunter et al. 2013;
Schneider et al.
2014)

Astatoreochromis
alluaudi

Food hardness

Changes in tooth
number

Huysseune (1995)

Oryctolagus
cunniculus

Food abrasiveness

Increased molar
growth rate

Müller et al. (2014)

Rattus rattus

Food hardness

Anterior shift of
incisor position

Kiliaridis (1986)

Peromyscus
maniculatus bairdii

Food hardness

Anterior shift of
incisor position

Myers et al. (1996)

Archosargus
Probatocephalus

Food hardness

Increased enamel
thickness

Worcester (2012)
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Mouse

Orthodontic force

Changes in tooth
position

Chen et al. (2016)

Mouse

Excission of
primary teeth

Induction of tooth
regeneration

Popa et al. (2019)

Human

Orthodontic force

Changes in tooth
position

Wise and King
(2008)

Variation in first
molar size

Dempsey and
Townsend (2001)
Smith et al. (2003)

Human
Human

Mechanical force

Reparative
dentinogenesis

Human

Smoking

Delayed tooth
eruption

Rantakallio and
Mäkinen (1983)

Human

Malnourishment

Delayed tooth
eruption

Garn and Rohmann
(1966)

Human

Maternal age

Human

Physical/psychiological

Delayed tooth
eruption
Hypo-/hyperplasia
of enamel growth
lines

Wu et al. (2019)
Guatelli-Steinberg
(2001)

Developmental genetics of dental plasticity
The documented repertoire of genes associated with changes in tooth position, tooth
growth rates, and tooth replacement is constantly increasing (Table II.2). Many conserved
developmental genetic pathways of odontogenesis have been found to play a common
role across virtually all major tooth-bearing vertebrate lineages (Tucker and Sharpe
2004; Vonk et al. 2008; Fraser et al. 2009; Jernvall and Thesleff 2012). Progress is now
also being made to understand the molecular mechanisms behind environmentally
induced changes in tooth phenotypes (Table II.2; Papachristou et al. 2009; Yang et al.
2010; Mantila Roosa et al. 2011; Gunter et al. 2013). A deeper molecular understanding
of dental plasticity could facilitate therapies to treat human dental pathologies as well as
increase our knowledge about developmental genetic mechanisms governing dental
diversity across all vertebrates.
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Investigations of molecular mechanisms underlying phenotypic plasticity in teeth
have already opened up potential gene therapies (Oshiro et al. 2002; Kanzaki et al. 2004;
Kanzaki et al. 2006; Nishimura et al. 2008; Huang et al. 2014). For instance, orthodontic
tooth movement can be accelerated via the application of mechanical stress (Nishimura
et al. 2008). Rats treated with resonance vibration show an upregulation of rankl
(receptor activator of nuclear factor kB), a gene that is important for bone remodeling
(Theoleyre et al. 2004; Nishimura et al. 2008). When administered into rat periodontal
tissue via viral vectors, rankl significantly accelerates tooth movement (Kanzaki et al.
2006). However, the opposite effect is also possible: administration of the rankl
antagonist opg (osteoprotegerin) inhibits tooth movement (Kanzaki et al. 2004). Tooth
movement is also inhibited by a lack of microRNA-21 expression in rats (Chen et al. 2016).
Such gene therapies could be developed for a multitude of pathologies or therapeutic
measures if we understand the underlying genetic mechanisms that induce plasticity in
dental phenotypes.
The molecular mechanisms underlying plastic responses outside of mammals have
been most fully explored in the crushing pharyngeal dentitions of cichlids fishes (Gunter
and Meyer 2014; Schneider et al. 2014). A set of candidate genes has been identified that
may induce changes in tooth size in cichlid fishes when diet is changed. Gene expression
changes in the jaws of cichlids depending on if the fish are fed a soft or a hard diet
(Schneider et al. 2014; Gunter et al. 2014). The interaction of two mechanisms have been
proposed to explain how signals are conveyed from hard food items to the tooth-forming
cells (Schneider et al. 2014). First, via G-protein mediated signaling, the cAMP-sensitive
transcription factor creb1 is activated. Activation of creb1 leads to increased expression
of bone matrix (e.g. osx) and calcium genes (e.g. anxa6) that are likely to play a role during
jaw remodeling and tooth replacement (Gunter and Meyer 2014; Schneider et al. 2014).
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Second, the strain sensitive transcription factor ap1 reacts to hard food items affecting
the expression of early-response genes (e.g. cfos) and collagens (e.g. col6), as well as
calcium (e.g. anxa6) and muscle-related genes (e.g. tpm4; Table 2). Both pathways,
ultimately affect runx2 expression, which plays an important role in differentiation of
odontoblasts and for matrix deposition, so mechanically activating this gene can lead to
more tooth-forming cells (Komori 2010; Han et al. 2014). Additional manipulative
experiments are necessary to validate these proposed mechanisms. Also, there are likely
a host of additional molecular mechanisms that influence dental plasticity in other
vertebrates. However, the clarity of the environmental factors responsible for dental
plasticity coupled with a more molecular understanding of underlying mechanisms can
provide some of the clearest insight into how dental plasticity is initiated and even how
plasticity could influence the evolution of tooth diversity.
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Table II.2: List of genes linked to phenotypic plasticity in vertebrate teeth, their identified function, and potential role during tooth
morphogenesis

Gene

Function

Potential role during plasticity

rgs2

regulation of G-protein
signalling after mechanical
stress

sensing mechanical stimuli

De Araujo et al. (2007)

ier2

Immediate early response

sensing mechanical stimuli

Schneider et al. (2014)

cfos
alas1
c1ql

transcription factor regulating
induction of osteoclast differentiation to promote
osteoclast differentiation and
eruption
involved in tooth eruption
increased deposition of iron to increase tooth
haem biosynthesis
hardness
increased deposition of iron to increase tooth
haem gene
hardness

Reference

Grigoriadis et al.
(1994)
Schneider et al. (2014)
Schneider et al. (2014)

adhesion molecule

mediating cellular contact

Liu et al. (2011)

col6

collagen matrix

matrix scaffold for mineralization

Schneider et al. (2014)

col12

collagen matrix

matrix scaffold for mineralization

Schneider et al. (2014)

runx2

regulating differentiation of
odontoblasts and deposition
of matrix genes

increasing differentiation rates of odontoblasts during
early odontogenesis and induction of matrix
deposition

Chen et al. (2009)
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thbs3

osx

des
tpm4

regulating differentiation of
odontoblasts during late
stages of odontogenesis
intermediate filament
expressed in dental pulp cells
formation of enamel matrix
patterns

increasing differentiation rates of odontoblasts during
late odontogenesis
mediating cellular contact
reorganization of enamel patter nto adaptively change
tooth properties

tnnt

muscle gene

anxa6

signal transduction in alveolar
sensing mechanical stimuli
bone

ryr1

calcium channel

srl
abcb3

regulation of calcium
signaling
transmembrane transporter
of the ABC-transporter family

potentially involved in tooth movement

Chen et al. (2009)

Lombardi et al. (1992)
Nishikawa et al.
(1988)
Schneider et al. (2014)
Salmon et al. (2013)

regulation of tissue calcification

Barrey (2010)

regulation of tissue calcification

Schneider et al. (2014)
Schneider et al. (2014)
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Vitamin B12 binding

Zong et al. (2016)

klf4

transcription factor regulating
differentiation of dental pulp
Increase in odontoblast differentiation
cells to odontoblasts

sox2

transcription factor important
for maintenance of stem-cell
niches in dental laminae

Increasing differentiation rates to promote tooth
replacement

Popa et al. (2019)

miRNA21

micro RNA contributing to
orthodontic tooth movement

Inhibition of tooth movement impairing genes (e.g.
osteoprotegerin)

Chen et al. (2016)

Lin et al. (2011)
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Processing of dietary vitamin B12 to maintain dental
function and counteract tooth loss

gif

Chapter II: Plasticity in Teeth
How might dental plasticity influence evolution?
The influence of plasticity on phenotypic evolution has long been questioned (WestEberhard 1989; Via 1993; West-Eberhard 2003; Pigliucci et al. 2006; Lande 2009; Levis
and Pfennig 2016), especially in seemingly inert traits like teeth (Gunter et al. 2017;
Schneider and Meyer 2017). However, there are several hypotheses of how plasticity
could contribute to adaptive evolution. For instance, the flexible stem model predicts that
ancestrally plastic or “flexible” stem lineages represent the basal condition for many
adaptive radiations (West-Eberhard 2003; Levis and Pfennig 2016; Schneider and Meyer
2017). Under this scenario, an initially plastic species has the potential to rapidly occupy
multiple novel environments by first colonizing those environments and then producing
the phenotype best suited to particular habitats with distinct resources (West-Eberhard
2003; Schneider and Meyer 2017). Further, such plastic species are likely to be more
successful at colonizing novel habitats than non-plastic species. Once novel and
temporally stable habitats are colonized, selection can then act on the fixation of a subset
of the previous phenotypic range and against phenotypic plasticity. Alternative
phenotypes within the range of environmentally induced phenotypic variation that best
match the new habitats could then become canalized in distinct populations of the original
species (Bolnick et al. 2003; Muschick et al. 2011; Levis and Pfennig 2016; Gunter et al.
2017; Schneider and Meyer 2017) Selection on the phenotypes in the flexible stem
lineages could also lead to genetic assimilation, i.e. the expression of a previously
environmentally induced phenotype without environmental influences (West-Eberhard
2003; Pigliucci et al. 2006; Lande 2009).
One system that offers great potential to test the possible role of phenotypic
plasticity on adaptive evolution are cichlid fishes (Schneider and Meyer 2017). Focusing
on cichlid pharyngeal tooth size to test the flexible stem model is advantageous for several
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reasons. Pharyngeal tooth size in cichlids is phenotypically plastic (Huysseune 1995;
Gunter and Meyer 2014). Also, different tooth sizes have been fixed between closely
related lineages multiple times independently across the cichlid phylogeny (Hulsey et al.
2008; Muschick et al. 2012; Karagic et al. 2020b). Phenotypic plasticity in pharyngeal jaws
is also reduced in derived species from the African adaptive radiations that inhabit more
stable lake environments compared to lineages occupying the ancestral riverine
environment (Gunter et al. 2017). Additionally, variation in expression of important genes
is also reduced in derived lineages (Fig. II.2; Schneider et al. 2014; Gunter et al. 2017).
Therefore, evidence consistent with genetic assimilation already exists for the cichlid
pharyngeal jaws (Gunter et al. 2017). However, as only a few candidate genes have been
investigated in cichlids, the sequencing of whole transcriptomes will allow us to more
extensively identify developmental genetic mechanisms that overlap between fixed and
environmentally induced pharyngeal tooth sizes. Further studies could elucidate more
finely the genes that are expressed in cichlids representing both the plastic as well as the
putatively fixed lineages. Additionally, comparative examinations of flexible stem tooth
phenotypes in other vertebrates would provide insight into the potential evolutionary
importance and generality of this model to dental diversification.
A second scenario involving the crushing pharyngeal jaws of cichlids could also be
envisioned whereby phenotypic plasticity might lead to adaptive divergence via the coevolutionary escalation of pharyngeal tooth size with prey hardness (Fordyce 2006;
Johnson et al. 2007; Chaves-Campos et al. 2011). Importantly, the coevolution of cichlids
with their snail prey has been suggested to have occurred in several lineages (ChavesCampos et al. 2011). If the cichlid fishes exhibited plasticity in their pharyngeal jaw for
crushing snail prey this may lead to strong selection for snails with harder shells (Fordyce
2006). Because snail generation time is much shorter than that of the fishes, the snails
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Figure II.2: Assimilation of tooth size and underlying gene expression patterns in cichlid fish
Hypothetical model of adaptation to hard food items in cichlid fishes. An increase in tooth size has been
shown to be an adaptation to durable food items while smaller teeth can be found in species feeding on
softer items like algae. (A) Initially, cichlid fish up to a certain standard length do not vary in tooth size.
However, when fed different diets, as they grow, tooth phenotypes change. When fed on diets differing in
hardness, A. alluaudi develop varying tooth sizes that are positively correlated with food hardness. (B)
We hypothesize that fixed tooth size divergence between species is a product of genetic assimilation of
the same developmental genetic mechanisms that is depicted by gene expression levels (shading of
curves).

could rapidly evolve to have stronger shells. In order to exploit these harder snails, any
plastic response that existed or arose would be advantageous. To keep pace with the
ongoing selection for harder snails, mean tooth size would be expected to adapt along
with any traits associated with crushing in the cichlid predator. In crushing predatory
cichlids, adaptively plastic changes around the new adapted mean trait value could be
induced so that the co-evolution with snail hardness is maintained. Under such a scenario,
the evolutionary increase in shell hardness selected for by the plastic response in the
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predatory cichlids will feedback favoring the maintenance of phenotypic plasticity around
a continuously increasing adapted mean (Eshel and Matessi 1998). This example remains
hypothetical for cichlid fish dentition but provides an interesting possibility where
maintenance of plasticity and continuous genetic assimilation could drive phenotypic
evolution.
Dental plasticity may also have influenced the evolution of many other vertebrate
lineages. Most mechanisms of dental plasticity discussed here can also be observed as
fixed differences between closely related species. For instance, enamel thickness, which
can be phenotypically plastic, can commonly be observed as fixed species differences in
lineages like bats and primates (Dumont 1995; Lambert et al. 2004; Lucas et al. 2008;
Santana et al. 2011). If we could isolate the genes that contribute to plastic dental
phenotypes, in these and many other systems, we could determine if these same genes
are fixed between closely related species that differ in the alternatively plastic
phenotypes. Furthermore, if we could experimentally manipulate populations over time
that vary in their plasticity as well as the plastically inducing characteristics of their prey,
we could more robustly determine how and when plasticity contributes to the fixation of
a diversity of dental phenotypes.
Conclusions
Research on vertebrate dentitions encompasses a number of disparate disciplines (Lucas
1979; Thesleff and Hurmerinta 1981; Dumont 1995; Lucas 2004; Tucker and Sharpe
2004; Fraser et al. 2006; Fraser et al. 2009; Strait et al. 2009; Thesleff and Tummers 2009;
Ungar 2010; Santana et al. 2011; Jernvall and Thesleff 2012; Hulsey et al. 2016). However,
phenotypic plasticity has been largely ignored when studying vertebrate tooth diversity.
To understand how the environment can shape dentitions and also play a role in
evolutionary change, a more synthetic view is needed. This integration across dental
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disciplines will allow us to gain a more complete picture of how the environment interacts
with the axes of variation in toothed organisms and exploits their developmental genetic
machinery to produce phenotypic change in teeth.
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Abstract
The two toothed jaws of cichlid fishes provide textbook examples of convergent evolution.
Tooth phenotypes such as enlarged molar-like teeth used to process hard-shelled
molluscs have evolved numerous times independently during cichlid diversification.
While the ecological benefit of molar-like teeth to crush prey is known, it is unclear
whether the same molecular mechanisms underlie these convergent traits. To identify
genes involved in the evolution and development of enlarged cichlid teeth, we performed
RNA-seq on the serially homologous toothed oral and pharyngeal jaws as well as the
fourth toothless gill arch of Astatoreochromis alluaudi. We identified 27 genes that are
highly upregulated on both tooth-bearing jaws compared to the toothless gill arch. Most
of these genes have never been reported to play a role in tooth formation. Two of these
genes (unk, rpfA) are not found in other vertebrate genomes but are present in all cichlid
genomes. They also cluster genomically with two other highly expressed tooth genes
(odam, scpp5) that exhibit conserved expression during vertebrate odontogenesis. Unk
and rpfA were confirmed via in situ hybridization to be expressed in developing teeth of
Astatotilapia burtoni. We then examined expression of the cluster's four genes in six
evolutionarily independent and phylogenetically disparate cichlid species pairs each with
a large- and a small-toothed species. Odam and unk commonly and scpp5 and rpfA always
showed higher expression in larger-toothed cichlid jaws. Convergent trophic adaptations
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across cichlid diversity are associated with the repeated developmental deployment of
this genomic cluster containing conserved and novel cichlid-specific genes.
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Introduction
Convergent adaptations can evolve in response to similar environmental challenges
(Losos 2011). However, whether these repeatedly evolved traits develop via novel or
conserved genetic mechanisms is often unclear (Shapiro et al. 2004; Kratochwil et al.
2018). The evolution of similar traits could frequently arise through modifications of the
expression of different genes (Härer et al. 2018). Alternatively, in some convergent traits
such as the loss of stickleback pelvic spines (Shapiro et al. 2006) or acquired toxin
resistance in newt-eating snakes (Geffeney et al. 2002), repeated modification of the same
genetic loci are known to underlie convergent evolution. Attributes such as whether genes
generating convergent traits are highly conserved (Joron et al. 2006), if gene expression
shows limited pleiotropy (Papakostas et al. 2014), or how recently convergent species
shared a common ancestor (Geffeney et al. 2002; Torres-Dowdall et al. 2017; Kratochwil
et al. 2018) are all thought to contribute to whether similar versus novel developmental
mechanisms underlie convergence. Yet, few systems with well-characterized genomes
exhibit convergence in duplicated structures where shared expression is highly likely and
also display evolutionary replication over different time-scales. However, the phenotypic
convergence found in independent adaptive radiations of cichlid fishes provide natural
evolutionary experiments that offer exceptional opportunities to study developmental
genomic similarities in repeatedly evolved and ecologically relevant traits (Stiassny and
Meyer 1999; Torres-Dowdall et al. 2017; Hulsey et al. 2018). For instance, phenotypes
such as enlarged molar-like teeth that are used to process hard-shelled molluscs have
evolved numerous times independently during cichlid diversification. Using an
integrative combination of gene expression and comparative analyses, we examined the
developmental genetic role of novel and conserved mechanisms during the convergent
evolution of molariform teeth across cichlid fish diversity.
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Teeth are thought to have evolved once in the ancestor of all jawed vertebrates
(Smith and Coates 1998) making teeth a useful model for comparisons of vertebrate
development. We also have extensive knowledge concerning the developmental genetic
basis of odontogenesis from mammalian model systems of tooth development (Thesleff
and Hurmerinta 1981; Chen et al. 1996; Helsinki 1996; Bei and Maas 1998; Dassule et al.
2000; Jernvall et al. 2000; Thesleff et al. 2001; Tucker and Sharpe 2004; Thesleff 2006;
Wang et al. 2007; Popa et al. 2019). Importantly, many genes contributing to
odontogenesis in mammals also play a role in tooth formation in other vertebrates as
evolutionarily divergent as teleost fishes (Wise and Stock 2006; Harris et al. 2008; Vonk
et al. 2008; Fraser et al. 2009; Fraser et al. 2013; Ellis et al. 2015; Hulsey et al. 2016). But,
since mammalian dentition differs substantially in phenotype from those of most other
vertebrates, there could also be many novel mechanisms involved in tooth formation that
were either lost in mammals or novelly emerged in teleosts. For example, mammals
replace their teeth at most a single time (van Nievelt and Smith 2005; Luo 2007).
However, cichlids and most vertebrates constantly replace their teeth throughout their
lifetimes (Tuisku and Hildebrand 1994; Richman and Handrigan 2011; Fraser et al. 2013;
Rasch et al. 2016). Furthermore, processes such as the teleost-specific genome
duplication or gene birth from non-coding elements could have provided modern teleosts
with novel odontogenetic loci (Ohno 1970; Kawasaki and Weiss 2003; Wu et al. 2011).
Thus, tooth gene diversity in cichlids and other teleosts is likely to consist of both a core
set of genes shared across most vertebrates as well as a potentially diverse group of genes
specific to particular lineages and dental phenotypes.
Like most teleost fishes, cichlids possess two toothed jaws (Schaeffer and Rosen
1961; Fig. III.1). Cichlids have oral jaws that are homologous to mammalian jaws and that
are primarily used to capture prey. Additionally, they possess toothed pharyngeal jaws
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that are modified gill arches that have lost gills and are used instead to process prey (Liem
1973). In cichlids, the pharyngeal jaws are thought to be an evolutionary novelty (Liem
1973) that has been modified to be exceptionally efficient at processing food items and
allowed the oral jaws to be freed up to diversify independently (Streelman et al. 2003;
Hulsey 2006; Hulsey et al. 2006b). The independent diversification of these two jaws has
likely contributed to the outstanding diversity in shape, size and number of cichlid teeth
(Fryer and Iles 1972; Hulsey et al. 2006a; Burress 2015). Therefore, the repeated
evolution of similar tooth phenotypes might commonly be due to expression differences
in genes that are isolated to a single jaw. Alternatively, since these two jaws are formed
from serially homologous pharyngeal arches, adaptations involving their teeth might
largely be generated via expression differences in genes that contribute to tooth
formation on both jaws (Jernvall et al. 2000; Vonk et al. 2008; Fraser et al. 2009). For
instance, the evolution of larger teeth on the pharyngeal jaw might result simply from the
increased expression of genes that are highly expressed in teeth found on both jaws. The
serially homologous phenotypic duplication that the cichlid pharyngeal arches offer when
coupled with the rampant evolutionary replication of tooth phenotypes in cichlids
provides a powerful framework for teasing apart which components of tooth
development contribute to convergent adaptations.
Taking advantage of the replicated nature of cichlid diversity, we used a
combination of gene expression studies and comparative genomics to identify whether
there is a shared developmental genetic basis to their convergence in larger tooth sizes
(Fig. III.1). We asked several questions: 1.) Do both known odontogenic genes as well as
putatively new tooth genes show increased expression in the toothed oral and pharyngeal
jaws as compared to the non-toothed but serially homologous gill arches? 2.) Are there
lineage specific genes involved in odontogenesis in cichlid fishes? and 3.) Do particular
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Figure III.1: Protocol used to identify conserved and novel genes associated with tooth size
convergence
(A) We performed RNA-sequencing on the serially homologous lower oral jaw (LOJ, red), posterior-most
gill arch (GA, yellow) and lower pharyngeal jaw (LPJ, blue) of the cichlid Astatoreochromis alluaudi to
identify genes that were highly expressed in forming teeth. Genes that exhibit high expression in the two
toothed structures but are not expressed in GA were considered good tooth gene candidates. The
localization of expression patterns of several of these genes to teeth were validated using in situ
hybridization on cryo-sections of lower oral and pharyngeal jaws. (B) On the LPJ, large molariform teeth
develop in species (grey) consuming hard prey items like snails while small papilliform teeth develop in
species feeding on softer items like most invertebrates or algae. Using qPCR, we examined expression
patterns of putative tooth genes identified from (A) in the LPJs of six species pairs of cichlids, This
replicated evolutionary framework allowed us to examine convergence in gene expression levels in
species having larger tooth sizes (Friedman et al. 2013). We predicted that expression of the examined
genes would be higher in species with larger teeth since highly expressed genes likely contribute to
increasing tooth structure.

genes that are highly expressed in both toothed jaws contribute to the developmental
genetic basis of convergence in pharyngeal jaw tooth size across the evolutionary
diversity of cichlids? To identify genes that likely have high expression levels in cichlid
teeth, we performed a transcriptomic analysis that took advantage of the serially
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homologous nature of cichlid tooth bearing arches (Fig. III.1A). Using RNA-seq, we
identified genes that are upregulated on both jaws as compared to the toothless fourth
gill arch located posterior to the oral jaws but anterior to the pharyngeal jaws. We then
examined the role of several select candidate genes during odontogenesis using in situ
hybridization to validate whether these candidate genes were expressed in developing
teeth. Finally, using evolutionarily disparate species pairs that differ in their pharyngeal
jaw tooth size (Fig. III.1B), we determined if there was convergence in the levels of gene
expression of two conserved and two genes present only in cichlids that formed a physical
cluster in the cichlid genome.
Results
Expression of conserved and novel tooth genes in cichlid fishes
Based on analyses of gene expression of the toothed jaws and a homologous gill arch, we
identified 212 genes that are differentially expressed between the lower oral jaw (LOJ)
and fourth gill arch (GA), of which 79 were upregulated in the LOJ. In the comparison
between the lower pharyngeal jaw (LPJ) and GA, 1099 genes were differentially
expressed and 309 were upregulated in the LPJ (Supplementary Fig. III.1). In the LOJ,
genes with functions in calcium binding and structural activity were overrepresented, but
not significantly. Genes that were upregulated in LPJ compared to GA were involved in
ossification,

anatomical

structure

development,

and

collagen

organization

(Supplementary Fig. III.2). In total, 105 genes consistently showed lower expression while
27 genes (Supplementary Table III.1) consistently showed higher expression in both the
toothed LOJ and LPJ tissues compared to non-toothed GA (Supplementary Fig. III.1B).
From this set of 27 genes, we identified five that were previously described to be involved
in tooth development, 15 that were described to have documented functions unrelated to
teeth, and seven genes that had no previous known function (Supplementary Table III.1).
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Figure III.2: Identification of putatively novel tooth genes
Using RNA-seq data, we identified genes putatively involved in cichlid tooth formation. We compared the
average log-fold change expression between toothed tissues and the non-toothed gill arch (A). Genes that
are highly expressed in LPJ and LOJ and whose expression is investigated further are highlighted with gene
specific color in both comparisons. The genes odam and scpp5 (underlined) are genes known to be involved
in tooth formation while rpfA and a previously undescribed gene unk are not known to be involved in tooth
development. Expression levels for the four genes (B)highlight their enhanced expression in the toothed
arches (LPJ = darkgrey, GA = grey, LOJ = white). The localization of expression to developing teeth in LOJ
and LPJ cryo-sections is shown via fluorescent in situ hybridization for the four genes clustered in the
genome (C). Colors of fluorescent signal are pseudocolors and were digitally replaced using ImageJ
(Schindelin, et al. 2012).
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Identification of cichlid-specific tooth genes
From the 27 genes that were upregulated in both toothed jaws, we selected four genes to
further investigate based on their high expression levels in both jaws, their high fold
change compared to the non-toothed GA, and their genomic location. We found that these
four genes formed a compact physically linked cluster confined to a region spanning only
~290kb of the O. niloticus genome (Fig. III.3A). We examined: 1.) Resuscitation promoting
factor A (rpfA), 2.) odontogenic ameloblast-associated protein precursor (odam), 3.)
secretory calcium-binding phosphoprotein 5 (scpp5) and 4.) one undescribed gene (unk;
Supplementary Table III.1). Odam and scpp5 are known to be involved in tooth formation
(Kawasaki and Weiss 2003; Kawasaki et al. 2005; Lee et al. 2010; Lee et al. 2012). Neither
unk nor rpfA, although annotated as protein coding in cichlid genomes, have been
characterized previously to be involved in tooth formation or any other biological
process.
We used BLAST to compare genomic and amino acid sequences of unk and rpfA
from O. niloticus to other available teleost genomes and did not detect any orthologous
sequences outside of cichlids. However, all cichlid species with publicly available genomes
(ensembl 97, Zerbino et al. 2017) did contain orthologs of unk as well as rpfA in the same
orthologous cluster with scpp5 and odam. In Figure III.3A, general patterns of divergence
in synteny of the four genes is depicted for two evolutionarily disparate cichlid species
that have well-annotated genomes, Amphilophus citrinellus from Nicaragua and
Oreochromis niloticus from Africa, as well as for the damselfish Acanthochromis
polyacanthus (ASM210954v1, NCBI accession nr: GCA_002109545.1) and the Japanese
medaka Oryzias latipes (ASM223471v1, NCBI accession nr: GCA_002234715.1). The
genome of the damselfish does not contain orthologous coding regions to either unk or
rpfA and based on reciprocal blasts it possesses only small non-coding sequences (<50bp)
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in this or any other region that produce hits to the two novel tooth genes (Fig. III.3A).
Similarly, in the Japanese medaka, we could only find short non-coding orthologous
sequences (Fig. III.3A). Additionally, in many other teleosts, this putative cichlid tooth
cluster appears to show rearrangements as the region spanning unk and odam is inverted
in the damselfish and many other species when compared to the genomes found in
medaka and cichlids (Fig. III.3A). Extensive genomic comparisons therefore suggest that
this cluster contains two cichlid specific genes in a region exhibiting structural
rearrangements compared to many other teleosts (see Supplementary Fig. III.6 for details
on all investigated species).
Confirmation that candidates are involved in tooth formation
Our in situ hybridization results confirmed expression of our candidate genes in
developing cichlid teeth on both the LOJ and LPJ (Fig. III.2). The previously described
tooth genes scpp5 and odam were expressed in the pulp and dental epithelium of forming
teeth on both jaws. A similar pattern was observed for unk and rpfA, where both were
found to be expressed in dental epithelium either lateral to the forming tooth (rpfA) or at
its tip (unk; Fig. III.2C). Expression of these four genes was not detected in any other part
of either jaw, supporting our inference that these genes are involved in tooth formation
(Fig. III.2C).
Convergent molecular basis of tooth size
Using quantitative real-time PCR (qPCR), we analyzed expression levels of the four
clustered genes (unk, odam, rpfA, scpp5) in the LPJs of twelve species that were divergent
in pharyngeal tooth size. In each of the six species pairs, one species with enlarged molarlike teeth and one species with smaller pointed teeth were examined (Fig III.3B), and their
pharyngeal tooth sizes were also confirmed to be significantly different (Fig. III.3B).
Expression levels of the four genes commonly showed significant differences (p < 0.01)
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among members of the species pairs (Supplementary Table III.4). For unk, expression
differences occurred in the opposite directions for some species pairs. But, we found a
pattern for odam in which large toothed species either showed statistically
indistinguishable or higher expression compared to smaller toothed species. However,
across all six species pairs, rpfA and scpp5 showed higher expression in the larger toothed
species (Fig. III.3B). This gene cluster clearly contributes to a convergent developmental
genetic basis for increased tooth size across cichlid diversity.
Figure III.3: Differential expression of the four genes
in the tooth cluster
(A) Genomic regions of the putative cichlid tooth gene
cluster in the genome of a Neotropical (Amphilophus
citrinellus) and an African (Oreochromis niloticus)
cichlid as well as in the genomes of the closely related
medaka

Oryzias

latipes

and

the

damselfish

Acanthochromis polyacanthus. The cichlid tooth cluster
contains the four genes unk, odam, rpfA and scpp5.
Orthologous sequences are connected with similarly
colored areas indicating inversions when hourglassshaped. For each gene, exon sequences are shown,
except for black sequences which represent orthologous
genomic regions without an open reading frame. The
grey line connecting the genes is scaled to 1kb except for
the double breaks between gene pairs that indicate
different sized gaps within the cluster. (B) For six
species pairs, we examined size-standardized tooth area
and expression levels of the four genes from the cluster
in lower pharyngeal jaws (P-values for each species pair
is shown in the upper right corner of comparisons). The
phylogenetic

topology

reflects

the

established

evolutionary relationships among the species (Ilves et
al. 2018). Normalized expression data for each gene is
depicted as the fold change (mean ± standard deviation)
in the cichlid species with larger teeth (grey) compared
to the species with smaller teeth (white).
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Discussion
Developmental diversity of teeth in cichlids and likely other non-mammalian vertebrates
is probably greater than previously appreciated. Our comparisons of the genes in the
serially homologous pharyngeal elements of cichlids allowed us to identify a substantial
number of known odontogenic and putatively new tooth genes that could be involved in
forming cichlid teeth. Despite being expressed in both toothed jaws, some of these novel
genes appear to be exclusively found in cichlid genomes and were confirmed to be
deployed extensively during odontogenesis. A genomic cluster containing a combination
of two of these novel genes as well as highly conserved odontogenic genes were found to
have gene expression changes that are associated with convergent evolution of cichlid
tooth-size diversity. The evolutionary coupling of the cichlid pharyngeal jaw's anatomical
novelties with this "tooth size" genomic cluster could have provided a key mechanism for
cichlid's remarkable evolutionary success.
The genes we identified as being highly expressed in toothed jaws compared to
non-toothed gill arches provide evidence that many previously unidentified genes could
be significantly involved in cichlid tooth formation (Supplementary Table III.1). Although
they are embedded within much less dynamic and mineralized jaw bones, formation of
replacement teeth in cichlids involves production of various tissues that are highly
transcriptionally active (Rasch et al. 2016). However, not all of these genes could be
involved in odontogenesis as there are structures other than teeth that these highly
expressed genes could contribute to in the jaws (Alappat et al. 2003). Nevertheless, our
stringent filtering probably led to an underestimation of the number of genes involved in
odontogenesis. If these expression results are as generalizable to other toothed
vertebrate structures as we suspect, then our transcriptomic analyses suggest that
evolutionarily and phenotypically distinct mammalian models of tooth development
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could represent only a small fraction of the developmental genomic diversity of
vertebrate teeth. This finding is likely to be true for many traits such as paired limbs
(Stopper and Wagner 2005), chambered hearts (Olson 2006) and teeth (Kawasaki et al.
2004) that despite having diversified extensively likely had a single origin during
vertebrate evolution. In general, the diversity of genes expressed during organogenesis
for many characteristically vertebrate structures might be far greater than a biased focus
on mostly mammalian models of development has led us to believe.
Our results provide a putative example where lineage-specific developmental
mechanisms were integrated into otherwise highly conserved developmental programs.
Based on their physical linkage and shared high expression levels in transcriptomes from
both cichlid jaws, unk and rpfA might be inferred to be co-regulated with the more
conserved and more widely deployed tooth genes, scpp5 and odam (Kawasaki et al. 2005;
Lee et al. 2010). Further, one might infer from the function and location of expression of
numerous other tooth genes (Kawasaki et al. 2005) that unk and rpfA could be similarly
involved in mineralization of enameloid or production of the enameloid organic base
(Kawasaki et al. 2005; Assaraf-Weill et al. 2014). However, protein-coding regions of both
genes lack calcium-binding motifs characteristic of genes involved in tooth mineralization
(Kawasaki and Weiss 2003). Also, our in situ hybridization results do show that the novel
tooth genes exhibit somewhat unique patterns of expression in developing teeth that are
distinct from scpp5 and odam (Fig. III.2C). Additionally, their minor comparative
discrepancies in relative expression across species pairs in comparisons with the two
more conserved genes suggests the two novel genes likely are subjected to some
independent regulation (Fig. III.3B). The relative independence of gene regulation is
known to be critical to whether gene clusters promote adaptation (Singer et al. 2004;
Lotterhos et al. 2018; Zeng et al. 2018). However, our results provide evidence that
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genomic clustering as observed for these four physically linked genes could be a common
mechanism through which novel genes are incorporated into conserved but adaptive
developmental programs like those for tooth morphogenesis.
How novel genes like unk and rpfA originate is often unclear, and we can envision
multiple possible scenarios. Gene duplication with subsequent neofunctionalization is a
frequently observed means of creating novel genes (Ohno 1970). But, we did not identify
any paralogous sequences of unk or rpfA in cichlid genomes or any orthologous sequences
in published genomes outside of the cichlid lineage (Fig. III.3A). It is also possible that unk
and rpfA could have originated from non-coding genomic elements in the ancestor of all
cichlids (Wu et al. 2011; Neme and Tautz 2013), but the existence of several exons in each
gene would seem to argue against this. As the genomes of additional teleosts that are more
closely related to cichlids become available, we might be able to clarify the origin of these
genes. Additionally, these are not likely the only novel genes that contribute to cichlid
diversification. The birth of new genes was once regarded as a rare event and generally
was inferred to have little influence on how phenotypes evolve (Jacob 1977). But, in
recent years evidence has accumulated that gene birth occurs more frequently than
previously thought (Wu and Zhang 2013) and these recently originated genes can rapidly
acquire functions that contribute to adaptation (Chen et al. 2010; Wu et al. 2011;
McLysaght and Guerzoni 2015). The unk and rpfA genes appear to commonly contribute
to the repeated enlargement of teeth that permit the processing of more durable prey
items. Thus, these types of novel lineage-specific genes might generally play an important
role in organismal diversification and in convergently evolved adaptations.
The pharyngeal jaw that bears the repeatedly evolved enlarged teeth examined
here is often considered to be a key innovation that facilitated the immense trophic
diversity and even speciation of cichlids (Liem 1973; Kocher 2004; Hulsey et al. 2008).
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Expression of genes in the cluster is associated with tooth size divergence and could have
evolutionarily augmented the macroscopic anatomical specializations that constitute this
key innovation. The novel insertion of the pharyngeal muscles, unique upper jaw joints,
and sutured medial fusion of the lower pharyngeal jaw all contribute to the ability of
cichlids to crush durable prey, an ability that is rare in teleosts (Liem 1973). The "tooth
size" genomic cluster investigated here therefore might have repeatedly and
synergistically interacted with these other characteristic cichlid traits and facilitated the
evolutionary likelihood that these fishes will readily re-evolve enlarged teeth that are
commonly associated with a crushing trophic habit. The cichlid pharyngeal jaw has been
proposed to enhance the evolvability, or capacity for adaptive evolution, of this family of
teleosts and this gene cluster containing cichlid-specific genes could have amplified this
capacity (Galis and Metz 1998). As we continue to genomically dissect the developmental
mechanisms generating convergent adaptations that characterize the exceptional
diversity and species richness of lineages such as cichlid fishes, it will be key to more
extensively recognize the genomic and developmental interplay between evolutionary
conservation and novelty.
Methods
All fish were raised in aquaria at the University of Konstanz animal care facility. Prior to
tissue extraction, specimens were euthanized with an overdose of tricain (MS-222). For
RNA-sequencing and in situ hybridization, we used the African cichlids Astatoreochromis
alluaudi and Astatotilapia burtoni, respectively and species listed in Fig. III.1B were used
for quantitative PCR analysis.
Gene expression analyses
For RNA-seq analysis, we dissected three distinct tissues from A. alluaudi including the
lower oral jaws (LOJ; n=10), the most-posterior gill arch (GA; n=10) and lower pharyngeal
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jaws (LPJ; n=20) and stored them in RNAlaterÔ (Sigma-Aldrich, St. Louis, USA). These fish
ranged in size from 46 mm to 110 mm. Because cichlids replace their teeth throughout
their lifetimes, teeth of fish at these sizes should show high transcriptional activity and
allow us to primarily observe expression in tooth genes. Prior to storage of tissue in RNAlaterÔ at -20°C, we removed soft connective and muscle tissue from the elements. We
then extracted RNA using the ReliaPrep miRNA cell and tissue miniprep system(Promega,
Madison, USA) according to Schneider et al. (2014). We then prepared RNA libraries for
each sample with the SENSE mRNA library preparation kit (Lexogen, Vienna, Austria)
with an input of 100ng total RNA per sample and unique barcode sequences for each
individual sample. After equimolar pooling of RNA libraries, we size-selected all
fragments in a range of 300-600bp and sequenced libraries (paired end 2x 150bp) on an
Illumina Hiseq X-ten platform at the Beijing Genomics Institute (BGI, Hong Kong, China).
For quality control, we removed low quality bases from each read. Bases at the beginning
and end of each read with a quality score below 3 were removed. Each read then was
scanned with a four-base sliding window and bases were clipped if the average quality
score within the sliding window dropped below 15. Further, adapter sequences were
clipped from each read. Afterwards, all reads shorter than 145 bp were removed.
Remaining high quality reads were mapped to the publicly available Oreochromis niloticus
reference transcriptome (Orenil_1.0, GCA_000188253.1) using the program Salmon
v0.8.1 (Patro et al. 2017) that allowed us to obtain normalized expression values for each
transcript. For differential expression analyses, we used the Bioconductor package limma
(Ritchie et al. 2015) in the R statistical environment and discarded loci falling under a
minimum threshold of 20 TPM in at least five samples per tissue. The high threshold was
used to focus on highly expressed genes and to reduce the analyzed set of genes from
33220 to 6407. Differential expression for the remaining genes was analyzed for two
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contrasts: 1.) genes differentially expressed between the lower oral jaw (LOJ) and gill arch
(GA) as well as 2.) genes differentially expressed between lower pharyngeal jaw (LPJ) and
GA (Fig. III.1A). We concentrated on these contrasts involving the gill arch because this
structure represents a non-toothed serially homologous element that shares
developmental similarity with both of the toothed jaws. Gene-wise linear models with
tissues as explanatory variables and expression of each gene as the response variable, as
implemented in limma, were used to determine significance over all three tissues to allow
for integrated inferences over the whole experiment (Law et al. 2014). P-values were
further corrected using the Benjamini-Hochberg method (1995) (FDR corrected P-values
below a = 0.05). An absolute log2 fold-change threshold (|log2 = 1.5|) was applied on
significantly differentially expressed genes for each independent contrast to focus on
genes highly differentiated among the toothed and non-toothed structures. Gene ontology
enrichment analysis were performed as described in (Hart et al. 2018) using g:Profiler
(Raudvere et al. 2019). We used the g:SCS method, taking into account the structure of
functional annotations, to determine significant terms with P-value < 0.05 (Reimand et al.
2007). Gene functions were visualized with REVIGO (Supek et al. 2011).
Comparative genomics
The comparative analysis of the investigated genomic cluster containing the four genes
unk, odam, rpfA and scpp5 was performed using BLAST (2.9.0) for similar (megablast) as
well as more dissimilar sequences (discontinuous megablast). We compared the genomes
of 23 different fish species including six cichlid species (Supplementary Figure III.6)
against which we blasted the whole genomic region, coding sequences, individual exons
as well as amino acid sequences from O. niloticus, respectively. We only considered hits
significant if they were larger than 50 bp with an E-value below 1.0-10. Genomic locations
for each gene were extracted from publicly available annotations in the ensemble
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database (Girón, et al. 2017; ensembl 97).
Fluorescent in situ hybridization
We performed in situ hybridization of putative tooth genes on cryo-sectioned LOJ and LPJ
of adult Astatotilapia burtoni (n=6). Jaws were fixed in 4% paraformaldehyde in
phosphate buffered saline overnight at +4°C. Following fixation, jaws were demineralized
in 10% acetic acid in 4% PFA in PBS for seven days at 4°C. Jaws were then incubated in
18% sucrose in phosphate buffered saline (PBS) overnight at 4°C to increase tissue
stability during freezing and sectioning. Afterwards, we incubated jaws in 50% TissueTekâ O.C.T.ä Compound (Sakura Finetek, Netherlands) for several hours prior to
embedding the jaws in pure Tissue-Tekâ O.C.T.ä Compound at -80°C. We prepared 25
µm cryo-sections of the jaw tissues at -20°C and stored the sections until further use at 80°C.
Jaw sections were stained for either one of the four closely examined genes (unk,
odam, rpfA, scpp5) with a fluorescently labelled probe according to the protocol in
Woltering et al. (2009). Probes were labelled with DIG-labelled UTP during reverse
transcription of template DNA. Hybridization was performed at 65 °C overnight, and
subsequent anti-body incubation was performed overnight at room temperature with an
Anti-Digoxigenin-Peroxidase (Merck, Germany) for detection of digoxigenin-labeled
probes. Fluorescent detection was performed with a thyramid amplification system
(TSAä Amplification System, Perkin Elmer, USA) for 20 minutes at room temperature.
Both bright-field and fluorescent photographs of in situ gene expression were obtained
with a Leica DM6B microscope and original colors replaced in ImageJ (Schindelin, et al.
2012) for presentation in Fig. III.2.
qPCR assay for validation of differential gene expression
To determine if large toothed pharyngeal jaws convergently differed in gene expression
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levels, we examined twelve different cichlid species that form six pairs of closely related
species. These pairs were chosen to be phylogenetically distributed across cichlid
diversity (Friedman, et al. 2013). The pairs of Amphilophus citrinellus and Archocentrus
centrarchus, Amatitlania siquia and Hypsophrys nematopus, Thorichthys meeki and
Trichromis salvini are native to the Neotropics. Neolamprologus christy and N. brichardi,
Astatoreochromis calliptera and Melanochromis auratus, Mylochromis mola and
Copadichromis borleyi are all native to Africa. Six individuals per species were examined
except for the species T. meeki, T. salvini, N. brichardi and M. mola in which five individuals
were examined. Pairs were chosen specifically because previous observations indicated
that one species likely exhibited enlarged molar-like teeth and the other displayed only
smaller, more pencil-like teeth (see full list of species in Fig. III.3B) on the pharyngeal jaw.
All individuals used were adult (> 50 mm) lab-reared fish. We photographed each fish as
well as their respective LPJ from a dorsal view using a Leica MZ10F stereomicroscope.
These digital photographs were imported into Image J (2.0.0-rc-69/1.52i, Schindelin et al.
2012b) and the standard length as well as dorsal tooth areas were measured. The area of
the six most posterior teeth along the midline of the jaw that tend to be the largest teeth
and are likely to be homologous across all species were averaged for each individual.
These average tooth areas were then square root transformed and adjusted for size by
taking residuals of the regression on individual standard length for each species pair.
Subsequently, we extracted RNA from LPJs as described above (see section Gene
expression analysis).
Extracted RNA was reverse transcribed using the GoScriptä Reverse transcription
system (Promega, Madison, WI) with an input of 200ng total RNA according to
manufacturer’s protocol. Synthesized cDNA was diluted 1:5 in nuclease free water and
2µl were used for qPCRs according to manufacturer’s protocol. Expression levels of the
50

Chapter III: Novel Genes Associated with Convergent Tooth Sizes
four candidate genes (unk, odam, rpfA, scpp5) as well as two housekeeping genes (actinR,
twinfilin (Gunter et al. 2013)) were analyzed by qPCR with the GoTaqâ qPCR System
(Promega, Madison, WI) as described in Karagic et al. (2018). Significant differences in
each genes' expression values were compared for each species pair using individuals as
replicates with a t-test (a = 0.05). Since analysis of replicate sister taxa provides one of
the most robust frameworks for phylogenetic comparative methods (Felsenstein 1985),
we also generated cichlid wide P-values over all species pairs globally with an ANOVA to
assess if gene expression showed cichlid-wide evidence of convergent associations with
tooth size.
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Abstract
Similar to whole genome divergence, gene expression divergence could be strongly
influenced by the geographic setting in which species evolve. To contrast patterns of
allopatric and sympatric speciation scenarios, we compared transcriptomes of the
ecologically important lower pharyngeal jaws of six closely related cichlid fish species
pairs (two sympatrically and four allopatrically diverged species pairs) to ask how
molecular mechanisms underlying similar phenotypes differ between geographic
settings. Not only were different genes used among the species, but the average
expression level of differentially expressed genes were higher in allopatrically diverged
species pairs compared to sympatric pairs. Genes differentially expressed between
sympatric pairs had higher differences in expression suggesting that gene expression
divergence evolves faster and to greater extend when gene flow is present. Large gene
expression divergence between sympatric species could provide an important role for
gene expression differences for local adaptation and speciation, via barriers to gene flow.
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Introduction
Adaptive diversification during sympatric speciation could be fundamentally different
from divergence in allopatry (Smith 1966; Coyne and Orr 2004; Bolnick and Fitzpatrick
2007). Advantageously, adaptive radiations often result in convergent phenotypes in
similar environments, which allows us to evaluate the effects that geographic settings
have on the underlying molecular mechanisms generating this diversity (Losos 2011;
Kautt et al. 2020). In cichlid fishes, the pharyngeal jaw likely promoted exceptional
diversification both in allopatry and in sympatry (Liem 1973; Kocher 2004). The cichlid
pharyngeal jaw has repeatedly been modified to crush hard prey such as snails across a
number of lineages (Hulsey 2006; Hulsey et al. 2008; Muschick et al. 2012; Burress 2016)
and these naturally replicated trophic adaptations allow us to investigate transcriptional
evolution in an ecologically relevant trait. The developmental genomic basis of divergence
in these types of traits has long been hypothesized to depend on the geographic setting in
which species diverge: a few loci with large phenotypic effect often differentiate traits of
sympatric populations while relatively many loci with smaller effects frequently
distinguish adaptations in allopatric populations (Smith 1966; Coyne and Orr 2004;
Gavrilets 2004). However, more recent theory coupled with empirical studies have shown
that ecologically relevant traits even in sympatry can have a polygenic basis showing
moderate divergence between species across many loci (Nosil 2012; Kautt et al. 2020).
Regardless of the genomic background of such important traits (i.e. few loci with large
effect or many with small), the same pathways could be affected resulting in similar
changes in gene expression and development. Therefore, we want to test whether the
same genes are used to make mollusc-crushing jaws and whether transcriptional
evolution depends on the geographic setting in which species diverge.
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The cichlid pharyngeal jaw has long been hypothesized to represent a keyinnovation and to have facilitated the unparalleled diversity and species richness of these
fishes (Liem 1973; Kocher 2004). The fusion of the most posterior gill arches into a single
toothed plate that forms the lower pharyngeal jaw enables cichlids to process numerous
food types. For example, the presence of many small and pointed teeth allows species to
shred aquatic plants and of fewer but larger teeth allows cichlids to crush hard prey such
as snails (Meyer 1990; Hulsey et al. 2006a; Muschick et al. 2012; Burress 2016).
Differentiation along these axes has occurred repeatedly in virtually all adaptive
radiations of cichlid fishes including those in the great African rift lakes and in the
Neotropics (Meyer 1993; Hulsey et al. 2005; Muschick et al. 2012; Burress 2016). For
instance, about one third of all Neotropical Heroine cichlids exploit hard-shelled molluscs
as a food source (Winemiller et al. 1995; Hulsey 2006). In the 13 species of the
Amphilophus citrinellus species complex (known as Midas cichlids) that inhabit the chain
of Nicaraguan great and crater lakes, molluscivory evolved at least three times and twice
in sympatry (Kautt et al. 2016; Kautt et al. 2020). Despite that some of these Midas species
evolved in only ~3,100 generations (Kautt et al. 2020), differences in the lower
pharyngeal jaws are likely to be comparable to differences observed in other lineages that
diverged over much longer time spans (> 1 million years) in allopatry(Hulsey et al. 2010).
However, the developmental genetic bases of convergent pharyngeal jaw divergence and
adaptation in general remains largely unknown.
In contrast to much theory, that predicts that traits caused by major effect loci
would tend to evolve earlier during diversification (Smith 1966; Gavrilets 2004), a recent
study found that different lower pharyngeal jaw phenotypes of sympatrically speciating
Midas cichlids have a more polygenic basis than one might expect (Kautt et al. 2020). Most
studies support this prediction showing that genomic differentiation is high at a small
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number of loci when gene flow persists between species or populations (Poelstra et al.
2014; Malinsky et al. 2015; Marques et al. 2016). For instance, the presence or absence of
lateral stripes in the Lake Victoria cichlid radiation that is composed of several hundred
closely related species is associated with a single locus governing expression levels of the
gene agrp2 (Kratochwil et al. 2018). Similarly, only a few loci with relatively large effect
have been found to be associated with a number of recently diverged traits such as fur
coloration in mice (Steiner et al. 2007), armor plates in stickleback fish (Colosimo et al.
2005), as well as coloration and lip size in Midas cichlids (Machado-Schiaffino et al. 2017;
Kautt et al. 2020). But, phenotypic divergence in trophic morphology does not necessarily
follow this pattern. Differences in the ecologically important pharyngeal jaws of both
stickleback (Ellis et al. 2015) and cichlids have a more complex genetic basis even in the
most rapidly diverging Midas cichlid species (Kautt et al. 2020). Quantitative trait loci
(QTL) and genome-wide association analyses in the young adaptive radiation of Midas
cichlids from the crater lake Apoyo have revealed multiple loci, each of small effect,
underlying pharyngeal tooth size, which together explain less than 30% of the phenotypic
variation (Kautt et al. 2020). Whether differences in pharyngeal jaw phenotypes are
underpinned by similar or different patterns of gene expression, when compared to older
and likely allopatrically speciated lineages of cichlids, has not been investigated.
The geographic setting of speciation could potentially leave signatures on the
expression of the entire transcriptome of genes when ecologically important traits
diverge. For instance, higher fold-change differences between species in sympatry could
confer a barrier to gene flow, since the effect on hybrids with expression patterns
drastically deviating from the adapted optimum will lead to the development of trophic
morphologies that are not adapted to the parental niche (e.g. Machado-Schiaffino et al.
2017; McGirr and Martin 2019). Therefore, one might expect differential gene expression
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to be a major driver of phenotypic divergence in these fishes. Signatures of geographic
setting could manifest as (i) differential expression of different genes, (ii) differential
expression of particular highly or lowly expressed genes, or (iii) differences in gene
expression divergence, i.e. higher or lower fold-changes for differentially expressed
genes. It should be noted here that the association between time and the geographic
setting of speciation is strong and difficult to disentangle (Bolnick and Fitzpatrick 2007;
Conte et al. 2012). Sympatric speciation is often a rapid process and species that have
differentiated over long periods of time are almost never inferred to have originally
diverged in sympatry (Bolnick and Fitzpatrick 2007; Mallet et al. 2009). Whether the
predicted patterns we find here are a consequence of rapid adaptation or speciation
independent of geographical setting or if they evolved during speciation between
populations in sympatry, cannot be definitively determined. However, the phenotypes
that have converged along similar axes in both sympatric and allopatric settings offer
great replications to test hypotheses about the role of the geographic setting of speciation
for transcriptomic divergence.
In this study, we used transcriptomic analyses of the pharyngeal jaws in six species
pairs composed of both sympatrically and allopatrically diverging Central American
cichlids in an effort to see whether transcriptional divergence depends on the geographic
setting of speciation (Fig. IV.1). First, we quantified the morphological divergence
between pairs in several traits known to be associated with pharyngeal jaw crushing to
determine if species were divergent in predictable ways and to determine if the sympatric
species showed equivalent morphological divergence as the allopatric species pairs (Fig.
IV.1, Supplementary Fig. IV.2). Then, we assessed whether the same genes were
differentially expressed across multiple species pairs with one non-molluscivorous and
one more molluscivorous species per pair (Fig. IV.2). Then, we investigated the
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transcriptional divergence across different geographic settings of speciation contrasting
the sympatric versus the allopatric species pairs (Fig. IV.3). This allowed us to assess
whether there are common patterns of transcriptional evolution differentiating the two
modes of speciation. Due to the complexity of pharyngeal jaw adaptations that involve
multiple traits, we hypothesized that only a small set of core genes should be deployed in
every pair showing pharyngeal jaw divergence. However, we assumed that the number of
differentially expressed genes would be substantially larger with higher average
expression levels in allopatric species but have smaller fold-changes compared to
sympatric species diverging in pharyngeal jaw phenotypes.
Results
Molluscivorous lower pharyngeal jaws evolved convergently across neotropical
cichlids
The morphometric analyses (Fig. IV.1, Supplementary Fig. IV.1) included the size of the
six most posterior teeth along the midline, the number of teeth and the suture of each jaw
(Supplementary Fig. IV.1). Overall, molluscivorous species tended to have larger but
fewer teeth and more pronounced suturing (Supplementary Fig. IV.2). Our phylogenetic
PCA provides evidence that jaw phenotypes evolved convergently and that the first two
principal components of the traits measured readily differentiate non-molluscivorous
and molluscivorous species (Fig. IV.1B). The comparisons of coefficients of variation
among species pairs generally suggests that the sympatric Midas cichlids were as
morphologically divergent as the allopatric species pairs (Supplementary Fig. IV.3;
supplementary Table IV.1-IV.4). We did not observe significant differences in the variance
in the morphological traits measured for comparisons of the sympatric species to
allopatric pairs. However, for tooth numbers, the comparison of species pair variation was
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found to be significant, but this was due to reduced variation in some of the allopatric
pairs and not due to less divergence observed for the species in the two sympatric pairs.

Figure IV.1 Phenotypic convergence in lower pharyngeal jaws
(A) A pruned tree was used from Hulsey et al. 2010 to illustrate the phylogenetic relationships among
the twelve studied species. Light grey tips indicate non-molluscivorous species and dark grey tips
indicate molluscivorous species. (B) Morphometric measurements were taken for the area of the six
most posterior teeth along the jaw midline, tooth numbers, and suture on the dorsal side of the lower
pharyngeal jaws (Supplementary Fig. IV.1). Incorporating these measurements into a phylogenetic
principal component analysis (pPCA) shows how more molluscivorous species form a morphological
cluster (indicated by the dark grey area), while relatively non-molluscivorous species group together
(indicated by the light grey area) in morphospace.
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Gene expression convergence depends on geographic setting of speciation
We compared differentially expressed (DE) genes for each species pair and determined
whether any genes were shared among all species pairs, all allopatric pairs, or all
sympatric pairs (Fig. IV.2). The number of DE genes between each pair ranged from 143

Figure IV.2 Differential gene expression between molluscivorous and non-molluscivorous
species
(A) Numbers of differentially expressed (DE) genes among all contrasts. Venn diagrams illustrating
the numbers of DE genes that are shared among species for (B) all allopatric species pairs and (C) the
two sympatric species pairs. We did not observe any DE genes comparing all contrasts. DE genes were
determined with gene-wise linear models and the Benjamini-Hochberg correction to control the false
discovery rate (a = 0.05) using edgeR (Robinson et al. 2010). Numbers outside of the Venn diagrams
represent the number of genes that are not differentially expressed. (D) Percentage of DE genes shared
among any given pair of contrasts. Exact percentages are given for each comparison and additionally
represented by color intensity. Percentages were calculated as the ratio of the average number DE
genes for a given comparison and the number of DE genes shared among the same two contrasts. Light
grey tips on phylogenetic trees indicate non-molluscivorous species and dark grey tips indicate
molluscivorous species.
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in the comparison of Amphilophus amarillo vs Amphilophus sagittae to 1107 between
Amphilophus citrinellus vs Archocentrus centrarchus (Fig. IV.2A). No single gene was
differentially expressed across all six species pairs, but six were shared among all
allopatric pairs and 13 genes were shared between the two sympatric species pairs
(Figure IV.2B-C; Supplementary Table IV.4). We further assessed how convergent gene
expression differences within a species pair were compared to any given other pair (Fig.
IV.2D). For this, we computed percentages of DE genes that were shared among two pairs.
All allopatric species pairs compared to each other had higher similarities in the number
of differentially expressed genes than when comparing the two sympatric pairs to any
other species pair (Fig. IV.2D). The contrasts between Amphilophus citrinellus vs
Archocentrus centrarchus compared to Amatitlania siquia vs Neetroplus nematopus shared
the most DE genes with a similarity of 22.7%. On average, allopatric species pairs shared
15.4% of their DE genes. In contrast, the two sympatric pairs on average only shared 3.2%
of all differentially expressed genes with the four allopatric species pairs. Similarity
between Thorichthys meeki vs Trichromis salvini and Amphilophus amarillo vs
Amphilophus sagittae was lowest with less than 1% of shared DE genes.
Patterns of transcriptional evolution depend on geographic setting
For each species pair, we calculated the average expression in counts per million (CPM)
and absolute log2 fold-change of expression between species of a pair for each DE gene.
We found significant differences between allopatric and sympatric divergence (Fig. IV.3).
Average expression of DE genes was almost two times larger in allopatric pairs compared
to sympatric pairs, while for the log2 fold-change the opposite was true. Mean log2 foldchange was ~2x higher in sympatric contrasts as compared to the change in allopatric
contrasts.
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Discussion
Do transcriptomes evolve differently between species that diverge in allopatry compared
to species that diverge in sympatry? We observed a substantial effect of geographic
setting on transcriptomes of an ecologically important trait. Comparing differentially
expressed genes for each pair, we found that the average expression levels are higher
within pairs that diverged in allopatry (Fig. IV.3B). The absolute log2 fold change of
differentially expressed genes was on average twice as high in the sympatric pairs
indicating that the divergence in sympatric pairs is much greater (Fig. IV.3A). The
differences were not likely due to a lack of phenotypic divergence, as the levels of
morphological divergence in the sympatric species pairs were similar to the divergence
found in the pairs that putatively diverged in allopatry (Supplementary Fig. IV.3).
Although six genes that showed convergent differential expression among the allopatric
species pairs, a different set of genes were found to be differentially expressed in the two
sympatric species pairs as compared to the four allopatric species pairs.
Figure IV.3: Violin plot of measurements of
effect size
To assess the effect of transcriptional differences
we measured (A) absolute log2 fold changes
between each pair and (B) average level of gene
expression for all differentially expressed genes
of a given species pair. We compared average
expression levels and log2 fold change between
species pairs that diverged in sympatry to those
that diverged in allopatry and find significant
differences. Log2 fold change is significantly
higher in sympatric pairs, indicating that
divergence in gene expression is much greater.
Average gene expression is significantly higher in
pairs that diverged in allopatry.
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Generally, all of the species pairs showed relatively similar morphological
differentiation (Supplementary Fig. IV.2). As one might expect from being associated with
crushing pharyngeal jaws (Hulsey 2006), greater suturing tended to load in the same
direction as tooth size (Supplementary Fig. IV.1). We predicted that tooth numbers should
likewise show consistent differentiation between the pairs of species. In some of the pairs,
greater tooth numbers clearly loaded along the first PC axis in the opposite direction of
tooth size (Supplementary Fig. IV.1). Surprisingly, tooth size did not diverge consistently
in the expected direction between all species pairs. When comparing the variance in the
measured traits among the six species pairs that have diverged along a molluscivory
feeding axis, we found no suggestion that the recently diverged sympatric Midas cichlids
are less divergent in morphology than the allopatric species contrasts (Supplementary
Fig. IV.2; Supplementary Table IV.1-IV.4). Therefore, differences in gene expression likely
cannot be attributed to overall differences in the levels of morphological divergence for
the sympatrically versus allopatrically diverging pairs.
There were a number of genes that showed predictable associations with crushing
pharyngeal jaw morphologies (Fig. IV.2B). Six genes were found in all contrasts between
non-crushing and crushing pharyngeal jaws across the four allopatric species pairs. Those
six genes include genes involved in translation (eif2a, eif4g2b), a sodium channel gene,
and the adenylate kinase ak2. Additionally, 13 genes were differentially expressed in both
pairs of sympatric crater lake cichlids (Fig. IV.2C). An interesting candidate was ponzr1,
which is involved in the development of pharyngeal arches in zebrafish (Bedell et al.
2012). However, no single gene was found to be differentially expressed in all contrasts.
Several studies comparing gene expression differences in traits show that a convergent
developmental genetic basis can readily be observed (Conte et al. 2012; Brown et al. 2018;
McGowan et al. 2019). However, most studies focus on few contrasts of convergent
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evolution and the observed parallelism could be restricted to few populations or species
(e.g. Wray 2002; Ogura et al. 2004; Brown et al. 2018; Hart et al. 2018). Even though the
morphological

phenotypes

examined have largely evolved

convergently, the

transcriptional basis of these morphologically similar jaws diverged in non-parallel ways
(Fig. IV.2), similar to what has been found for stickleback tooth numbers (Ellis et al. 2015).
This discrepancy suggests that there are multiple ways in which more molluscivorous
jaws can evolve. This hypothesis is further strengthened by the absence of overlap in what
genes are deployed comparing individual sympatric species pairs to any given allopatric
pair (Fig. IV.2D). Between 3-7% of genes that are differentially expressed between
Amphilophus astorquii and Amphilophus zaliosus and less than 3% of differentially
expressed genes between Amphilophus amarillo and Amphilophus sagittae are shared
with any of the allopatric species pairs. Contrary, the percentage of shared genes among
any two allopatric species pairs ranges from 9-22% indicating a more similar, i.e.
convergent developmental genetic basis of crushing phenotypes among allopatric pairs.
Our results suggest that the developmental genetic basis of molluscivorous pharyngeal
jaws is generally less convergent than expected but also that more convergence can be
observed between allopatrically diverged species compared to sympatric species.
Besides gene identity, the levels of gene expression differed between species that
arose via speciation in different geographic settings (Fig. IV.3). On average, genes
exhibiting differential expression in the allopatric species were expressed at
approximately twice the levels of genes differentially expressed in the sympatric species
pairs (Fig. IV.3). Genes that were differentially expressed between the sympatric species
tended to have a significantly higher fold change between species as compared to that of
genes differentially expressed in allopatric pairs (Fig. IV.3). In sympatric pairs the
expression is on average about two times higher in the pharyngeal jaw of one species as
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compared to the other. In contrast, in the allopatric species the fold change in gene
expression levels between allopatric species is ~1.3 on average (Fig. IV.3). Identifying the
genetic changes that underlie this divergence in gene expression could shed further light
on why particular genes have diverged among these species pairs. However, many factors
such as gene architecture (Karlić et al. 2010), structural properties of promoters (Alper
et al. 2005) and microRNAs (Franchini et al. 2019) have emerged as significant factors
influencing variation in number of transcripts. Our results reinforce that understanding
such regulatory mechanisms might be key to linking genetic changes to divergence and
speciation (Landry et al. 2005; Brawand et al. 2014).
A potential explanation for the greater gene expression divergence between
sympatric pairs is that character displacement in gene expression could confer barriers
to gene flow (Lack1947; Grant and Grant 2006). During sympatric speciation adaptive
phenotypic differences tend to be maintained in the face of gene flow (Kautt et al. 2020;
Nosil et al. 2021) and eventually lead to cessation of such (Funk 1998; Presgraves et al.
2003). Assuming that divergence occurs between two populations, each locally adapted
to a certain optimum, selection will act against hybrids that develop less adapted
phenotypes due to non-adaptive gene expression patterns (Nosil et al. 2005; MachadoSchiaffino et al. 2017). In the case of cichlids evolving to become more mollusc-crushing
specialists, differential gene expression could promote barriers to gene flow with closely
related non-molluscivorous species, since hybrids develop intermediate phenotypes that
are likely to be less efficient in processing hard prey items (Meyer 1990; Hulsey 2006;
Fruciano et al. 2016). The high fold changes we observe in differentially expressed genes
between sympatric species could cause greater misexpression (i.e., non-adaptive
expression patterns) in hybrids so that isolation is established as a direct product of
divergence in gene expression of a locally adapted ecologically relevant trait (Landry et
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al. 2007; Ortíz-Barrientos et al. 2007; McGirr and Martin 2019). Allopatrically diverging
populations are likely to be less constrained by selection against gene flow, so that
developmental genetic mechanisms of molluscivorous jaws could evolve more
independently of loci conferring reproductive isolation (Pavey et al. 2010).
Taken together, we contrast most findings (e.g. Wray 2002; Ogura et al.
2004Colosimo et al. 2005; Brown et al. 2018; Hart et al. 2018; Kratochwil et al. 2018) by
showing that convergent morphologies (Fig. IV.1) do not necessarily have to underlie
convergent developmental genetic mechanisms (Fig. IV.2). Further, we provide evidence
that gene expression evolution might be different depending on the geographic setting of
speciation with character displacement in gene expression (i.e. larger divergence in
expression when species evolve in sympatry, Fig. IV.3). Genes that are differentially
expressed in adaptively diverging traits could, via greater expression differences between
species with alternatively fixed phenotypes (Fig. IV.3), provide a barrier to gene flow, due
to greater misexpression in hybrids (Landry et al. 2007; Ortíz-Barrientos et al. 2007;
Pavey et al. 2010; McGirr and Martin 2020). Investigating hybrid misexpression in gene
expression patterns underlying adaptively diverging traits and teasing apart the effect of
divergence time and geographic setting has the potential to confirm our hypothesis and
provide a mechanism for the role of gene expression in speciation.
Methods
Study species
In order to investigate if molluscivorous pharyngeal jaws (here we are focusing on the
lower LPJ, but they form a functional second jaw together with the upper pharyngeal jaw)
show convergence in gene expression patterns across the family Cichlidae, we examined
twelve different cichlid species native to Central America that form relatively closely
related species pairs. Based on phylogenetic and phylogeographic knowledge we infer
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that four pairs have diverged in allopatry and two that diverged in sympatry (Fig. IV.1A).
Species pairs were chosen from across the entire phylogeny of Central American cichlid
diversity and included one species with molar-like teeth (molluscivores) and the other
with smaller, papilliform pharyngeal teeth (non-molluscivores; Table IV.1). The four
allopatric species pairs examined were 1) Vieja hartwegi vs Maskaheros argenteus, 2)
Trichromis salvini vs Thorichthys meeki, 3) Neetroplus nematopus vs Amatitlania siquia,
Table IV.1: Divergence times and contribution of molluscs to the diet of studied species
Table showing for each species pair the respective divergence time. For each individual species the
percentage of molluscs in the diet is given. The two sympatric species pairs are indicated with a grey
background.

Species
Vieja hartwegi
Maskaheros argenteus
Trichromis salvini
Thorichthys meeki
Neetroplus nematopus
Amatitlania siquia
Archocentrus centrarchus
Amphilophus citrinellus
Amphilophus sagittae
Amphilophus amarillo
Amphilophus zaliosus
Amphilophus astorquii
a

Approximate time to
most recent common
ancestor (in years ago)

Percent contribution of
molluscs to diet
0c

5,000,000a

25.0d
0e

7,500,000a

7.1f
0g

7,5000,000a

<10h
0h

4,000,000a

35.0i
non-molluscivorous j

2,700b

molluscivorous j
0k

3,700b

molluscivorous j

Hulsey et al. (2010); b Kautt et al. (2020); c Conkel (1993); d Soria-Barreto et al. (2019); e Pease

et al. (2018);

f

Chávez-Lomelí et al. (1988);

g

Bussing (1987);

h

Winemiller et al. (1995);

i

Colombo et al. (2013); j Axel Meyer personal observation; k (2006) Barluenga et al. (2006)

and 4) Archocentrus centrarchus vs Amphilophus citrinellus. The two sympatric species
examined were 1) Amphilophus zaliosus vs Amphilophus astorquii and 2) Amphilophus
sagittae vs Amphilophus amarillo. The different phenotypes of these divergent pairs are
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strongly associated with divergent feeding ecologies (Table IV.1). Importantly,
pharyngeal teeth are continuously replaced and the lower pharyngeal jaw bones capable
of actively remodeling in response to crushing stresses, so the toothed jaws of the size of
fishes used should show substantial transcriptional activity (Hulsey et al. 2020b; Karagic
et al. 2020b).
Morphometrics of lower pharyngeal jaws
Prior to dissection of the LPJ and storage at -20°C in RNAlaterTM (Sigma-Aldrich, St. Louis,
USA), we digitally photographed the lateral view of each fish with a ruler in the image. All
fish were mature and ranged in size from ~50 mm to ~80 mm based on subsequent digital
measurements of standard length using ImageJ v2.0.0-rc-69/1.52i (Schindelin et al.
2012a). Subsequently, we euthanized fish with an overdose of MS222 and removed their
LPJs. Following dissection, we immediately removed surrounding connective and muscle
tissue from LPJs while they were submerged in RNAlaterTM and photographed the dorsal
and ventral surfaces of the jaws using a Leica MZ10F stereomicroscope with a size
standard. Multiple measurements were taken of each jaw (Supplementary Fig. IV.1)
including the area of the six largest teeth, tooth number, jaw length, length of the suture
(interdigitated zone between the two halves of the jaw, see Supplementary Fig. IV.1) , and
the total length of the interdigitation along the suture using ImageJ v2.0.0-rc-69/1.52i
(Schindelin et al. 2012a). Then, the average tooth areas for each individual were square
root transformed and adjusted for size by taking residuals from the regression of values
on individual standard length for each species pair. The suturing of each jaw, S, was
determined according to methods outlined in Hulsey 2006 (see Supplementary Fig. IV.1A)
from the total jaw length, Lj, the suture length Ls along the jaw midline, as well as the
length of the interdigitation, Li, using the equation:
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Using a phylogenetic principle component analysis (pPCA; Fig. IV.1B) we illustrated the
overall differences of all the species in the morphospace using 'phylomorphospace'
function as implemented in the package phytools v0.7-70 in R (Sidlauskas 2008; Revell
2012). To compare overall divergence among the allopatric and sympatric species pairs,
covariances of tooth numbers, size of the two largest teeth and the suture were calculated
for each species pair and they were contrasted among species pairs using the package
cvequality v0.2.0 (Marwick and K 2019). Effectively, we compared the variances of traits
among species pairs to investigate variation and differences in morphological traits
among the pairs and to evaluate if the recently diverged sympatric Midas cichlids were as
morphologically divergent as allopatric species.
RNA extraction and library preparation
For all LPJs used in this study, we extracted RNA using the ReliaPrep miRNA Cell and
Tissue Miniprep System (Promega, Madison, USA) according to Schneider et al. (2014)
Concentration and integrity of RNA was measured using a QubitTM 2.0 Fluorometer
(Invitrogen by Thermo Fischer Scientific, Oregon, USA) and a Bioanalyzer 2100 system
(Agilent Technologies, Waldbronn, Germany), respectively.
We used 200 ng total RNA per sample for library preparation using the SENSE
mRNA-Seq Library Prep Kit V2 (LEXOGEN, Vienna, Austria) following the manufacturers
protocol for a sequencing length of 150bp and using 17 PCR cycles. For quality control,
DNA concentration and quality was assessed using a QubitTM 2.0 and a Tape Station 4150,
respectively. After equimolar pooling of RNA libraries, pools were size-selected in a range
of 300-600bp and sequenced on an Illumina HiSeq X-ten platform (paired end 2x 150bp)
at the Beijing Genomics Institute (BGI, Hong Kong).
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Transcriptome analyses
Raw reads were processed with Trimmomatic v0.36 (default parameters; Bolger et al.
2014) in order to control for their quality and remove remaining adapters using default
parameters. Using STAR v2.7 (Dobin et al. 2013), trimmed reads were first aligned to the
reference genome of Amphilophus citrinellus and then quantified at the gene level for each
of the 22495 annotated protein-coding genes. Because all members of a species pairs
(except for the Amphilophus citrinellus and Archocentrus centrarchus contrast) are equally
temporally divergent from Amphilophus citrinellus, we reasoned there should be no bias
in quantifying differential expression for the species pairs using the Amphilophus
citrinellus reference genome.
The obtained count matrix was pre-filtered by removing genes with less than 20
counts in 50% of all samples of one species. For differential expression analyses, we used
the edgeR v3.28.1 (Robinson et al. 2010) package in the R statistical environment. Using
gene-wise linear models and the Benjamini-Hochberg method for FDR-correction (α=0.05
Benjamini and Hochberg 1995), we determined genes that were differentially expressed
between each species pair. Differential expressed (DE) genes were determined for several
contrasts: 1) between species within each pair, 2) among all species pairs, 3) among all
four allopatric species pairs and 4) among the two sympatric species pairs.
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The chapters in this dissertation aim at addressing how populations adapt from a
developmental genetic standpoint. Numerous different adaptations have recurrently
evolved in cichlid fishes, such as coloration patterns (Stiassny and Meyer 1999;
Kratochwil et al. 2018), hypertrophied lips (Burress 2015), color vision phenotypes
(Härer et al. 2018), or the ecologically important lower pharyngeal jaw (Muschick et al.
2012; Burress 2015; Hulsey et al. 2020b). A number of modifications of the pharyngeal
jaw have evolved convergently in response to a hard mollusc diet (i.e. molluscivory), such
as large teeth and a pronounced suturing (rigid joint between the two halves of the jaw)
(Liem 1973; Hulsey 2006). Yet, little has been known about the developmental genetic
mechanisms that are involved the evolution of such lower pharyngeal jaw adaptations
and important questions to understand the evolution of this trait are still open. How did
these jaws evolve so many times convergently? What genes are important for the
development of molluscivorous jaws? Are the same genes deployed when species
independently adapt to molluscivory? In the previous chapters, I tried to provide insight
into each of these questions. First, I highlighted the contribution of phenotypic plasticity
to the evolution of different tooth phenotypes in cichlid fish as well as in other lineages
(Chapter II: Karagic et al. 2020a). Second, I showed that de novo genes (genes that arose
from non-coding DNA without homologies in other lineages) emerged in cichlids and
were incorporated into a conserved cluster of known tooth genes. These novel genes,
together with the conserved ones, are associated with convergent tooth size increase in
cichlids (Chapter III: Karagic et al. 2020b). Third, I found that convergent morphologies
of lower pharyngeal jaws have evolved via non-convergent developmental genetic
mechanisms. When contrasting gene expression patterns among allopatrically versus
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sympatrically evolving species pairs, sympatric species exhibited greater gene expression
divergence (i.e. fold-changes; Chapter IV: Karagic et al. in preparation).
Phenotypic plasticity, more specifically the flexible stem hypothesis, has been
proposed as a possible mechanism to explain the rampant convergence observed in
cichlid lower pharyngeal jaws (Schneider and Meyer 2017). In short, phenotypically
plastic ancestral lineages could rapidly and repeatedly adapt to different niches via
genetic assimilation (Pfennig et al. 2010). Cichlid fishes have been shown to be
phenotypically plastic in regards to greater tooth size (Huysseune 1995) that can
withstand greater forces (Hulsey 2006) when exposed to a hard diet. But how common is
phenotypic plasticity in teeth? My review on the literature of dental phenotypic plasticity
has shown that little is known about how environmental perturbations affect tooth
development, even though disparate lineages show phenotypic plasticity in teeth
(Chapter II: Karagic et al. 2020a). Since phenotypic plasticity in teeth has been observed
in different fish species (Huysseune 1995; Worcester 2012), as well as in rabbits (Müller
et al. 2014), the lack of knowledge about the influence of the environment on tooth
morphology probably results from a lack of studies addressing this issue rather than from
non-existent plasticity. Teeth have mostly been regarded as rigid and immutable
structures and phenotypic plasticity was neglected for the most part.
The quest for the developmental genetic basis of traits or organs has been
dominated by a handful of known regulatory genes (e.g. Krumlauf 1994; Salazar-Ciudad
and Jernvall 2002; Alappat et al. 2003; Fraser et al. 2006; Tucker and Fraser 2014; Held
Jr 2017; Zinski et al. 2018). However, species specific developmental genetic mechanisms
likely play an important role in organismal diversification (Cardoso-Moreira et al. 2019).
In the case of tooth development, signaling pathways are highly conserved with the same
pathways evoking odontogenesis in fish and mammals (Fraser et al. 2004; Thesleff and
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Tummers 2009). Alterations and fine tuning of developmental genetic mechanisms to
trigger phenotypic change could be readily achieved by changing existing developmental
programs (Moczek and Rose 2009; Tucker and Fraser 2014) or, as I have shown, by
integrating novel genes into conserved pathways (Chapter III: Karagic et al. 2020b). The
importance of such novel genes for adaptation has been highlighted in a handful of species
only recently (Zhao et al. 2014; Aguilera et al. 2017; Zhang et al. 2019). Gene and genome
duplication were traditionally considered the main source of new genes (Ohno 1970),
while de novo gene birth was assumed to be extremely rare (Jacob 1977). However, high
rates of de novo gene birth indicate that this process could be more important for
adaptation than appreciated (Toll-Riera et al. 2009; Chen et al. 2010; Tautz and DomazetLošo 2011; Wu et al. 2011; Neme and Tautz 2013; Zhao et al. 2014; Ruiz-Orera et al. 2016;
Zhang et al. 2019; Blevins et al. 2021). It is still an open question how novel genes can
recruit an intricate machinery necessary for adaptive gene expression patterns. Recent
evidence shows that the physical proximity of novel genes to cis-regulatory elements
facilitates integration into developmental genetic mechanisms, since open chromatin
allows for more transcriptionally active regions (Majic and Payne 2020). The de novo
genes I have identified in cichlid fishes are located in a cluster that spans several genes,
all being transcriptionally active during tooth development (Fig. III.3; Karagic et al.
2020b). Hence, the integration of the genes into odontogenetic pathways has likely been
facilitated by their genomic location in this actively expressed cluster. Novel genes readily
evolve, but the rate of gene death is similarly high (Hahn et al. 2005; Hahn et al. 2007;
Demuth and Hahn 2009). However, if retention of novel genes increases when they are
incorporated into transcriptionally active regions, they could frequently evolve and gain
functions in conserved pathways. For adaptive radiations, where rates of de novo gene
births are relatively high (Tautz and Domazet-Lošo 2011), expansion of developmental
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genetic pathways by de novo genes could be especially important and could commonly
contribute to the their evolvability. With increasing availability of genomes, large-scale
investigations of the evolution of de novo genes will become feasible and it will help to
elucidate their contribution to adaptation.
The vast number of genomes sequenced to date also allows to investigate
developmental genetic mechanisms of adaptations in convergent traits (Hart et al. 2018;
Kratochwil et al. 2018; McGirr and Martin 2018; Sackton et al. 2019). Genome-wide
expression patterns can contribute to the understanding of which genes are involved
during trait development (Brown et al. 2018; McGirr and Martin 2018; Fischer et al.
2021). Combined with the natural replication offered by convergent traits, this could
unravel general mechanisms of how changes in gene expression drive adaptation (Losos
2011; Reed et al. 2011a; Conte et al. 2012). Studies on the developmental genetic basis of
adaptations usually focus on comparisons of only few taxa and report a convergent
developmental genetic basis underlying convergent morphologies (e.g. Wray 2002; Ogura
et al. 2004; Brown et al. 2018; Hart et al. 2018). I found that taking multiple replicated
occurrences of convergent phenotypes into consideration, the degree of gene expression
convergence decreases rapidly (Fig. IV.2). Further, I find that the evolution of gene
expression patterns depends on the geographic setting of speciation. Sympatric species
show greater divergence in gene expression than allopatric ones (Fig. IV.3), which could
evolve as a barrier to gene flow in sympatry, since strong stabilizing selection can be
expected to act on gene expression levels (Bedford and Hartl 2009; Mack and Nachman
2017). Hybrids of sympatric species would, due to the greater misexpression in genes
relevant for development of ecologically important traits (McGirr and Martin 2020),
presumably suffer negative fitness consequences, leading to a reduction of gene flow
through reinforcement (Butlin 1987; Landry et al. 2007; Ortíz-Barrientos et al. 2007;
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Renaut et al. 2009; Maheshwari and Barbash 2012; Butlin and Smadja 2018). If divergent
selection was acting on a locus controlling the expression of a gene important for an
ecologically relevant trait, incompatibilities between divergent alleles would create nonadaptive expression patterns (misexpression) and likely result in ecological inviability of
hybrids. The effect on a single regulatory locus could be relatively small in itself, but could
become relevant in two different ways. First, cascading effects of few misexpressed genes
upstream of signaling pathways could disrupt developmental processes and establish
barriers to gene flow. Second, the cumulative effect of misexpression in a high number of
downstream genes could disrupt developmental genetic mechanisms. Either way, the
magnitude of divergence in gene expression can be expected to be greater between
populations in sympatry through character displacement (i.e. greater phenotypic
differences in co-occurring populations/species) (Schluter 2000). In contrast to classical
examples of character displacement (Lack 1947; Grant and Grant 2006), the differences
in lower pharyngeal jaw morphologies between sympatric species is not greater than
between two allopatric species (Supplementary Fig. IV.2). Yet, opposed to divergence in
morphology, character displacement in underlying gene expression patterns can be
observed. So far, we could only confirm this for the ecologically relevant lower pharyngeal
jaw phenotype in cichlid fishes, however character displacement in gene expression could
be more widespread. This mechanism provides a clear hypothesis on the role of gene
expression during speciation, that so far received little attention and possibly plays a role
also for non-ecologically relevant traits, for example traits important for mate choice.
Future directions
The studies in this thesis provide important insights into the developmental genetic
mechanisms of the ecologically important lower pharyngeal jaw, as well as new
hypotheses regarding the role of gene expression during speciation and the influence of
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environmental factors on shaping tooth development (Karagic et al. 2020a; Karagic et al.
2020b; Karagic et al. in preparation). Phenotypic plasticity has been widely disregarded
as a potential mechanism that influences tooth development. Evidence showing that
phenotypic plasticity shapes dental phenotypes is scarce and likely stems from a lack of
studies addressing this, rather than phenotypic plasticity being absent during tooth
development (Karagic et al. 2020a). This issue needs to be addressed in the future and
studies focusing on phenotypic plasticity in teeth need to examine further vertebrates.
Especially regarding mono- or diphyodont model organisms such as mice or pigs, there is
a complete lack in the literature on phenotypic plasticity even though these species have
become model systems in studying odontogenesis.
Identifying novel genes can be very challenging and reliable identification depends
on high quality genomes (Tautz and Domazet-Lošo 2011). With an increasing amount of
genomic data available, we will soon be able to identify novel genes with high taxon
resolution. The novel genes reported in Chapter III are clearly associated with
odontogenesis and tooth size (Fig. III.1 & III.2), but whether they offer important
functions in e.g. calcification or even regulation of downstream targets is unknown. As
this is a common gap of knowledge for de novo genes, future studies should focus on
elucidating their function and role for the developmental genetic pathways that de novo
genes are incorporated in. Further, it will be important to estimate the rate at which de
novo genes become incorporated into existing developmental genetic pathways. Even
though de novo genes evolve more commonly than previously expected (McLysaght and
Guerzoni 2015), we still lack proficient knowledge on what factors, besides physical
proximity to transcriptionally active regions (Majic and Payne 2020), could influence
their retention rate.
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Even though the identified de novo genes show convergent associations with lower
pharyngeal jaw morphologies, on a genome wide scale little convergence in gene
expression can be observed (Fig. IV.2). Similarly, convergent tooth number variation in
sticklebacks (Ellis et al. 2015) or independent adaptations to high- or low-predation
environments in Trinidadian guppies (Fischer et al. 2021) were found to have nonconvergent underlying developmental genetic mechanisms. However, many studies
report convergent changes in gene expression to be responsible for convergent
morphologies, mostly focusing on rather simple monogenic traits (Colosimo et al. 2005;
Shapiro et al. 2006; Kratochwil et al. 2018). This poses the question, whether more
complex and/or polygenic traits are more flexible in terms of their underlying
developmental genetic bases. Answering this question will only be possible by expanding
studies that investigate developmental genetic mechanisms of more complex convergent
traits. Studying simple traits (e.g. qualitative traits) is tempting, due to easier
quantification and a clearer connection between genotype and phenotype. Yet, a more
complex nature of traits is more prevalent (Fisher 1918; Lander and Schork 1994) and
therefore a better understanding of their developmental genetic bases will be crucial to
provide more general inferences on how traits evolve.
Gene expression divergence of ecologically relevant traits, such as the lower
pharyngeal jaw of cichlids, could confer barriers to gene flow (Chapter IV). Two important
experiments need to be performed to test the hypothesis about character displacement in
gene expression of ecologically relevant traits during speciation. First, gene expression
patterns among hybrids of the examined Neotropical cichlid species (see Fig. IV.1A for full
list of species) need to be investigated to confirm that misexpression is greater in
sympatric species. To do so, species need to be hybridized and whole transcriptomes of
F1-hybrid offspring need to be sequenced (e.g. McGirr and Martin 2020). Subsequently,
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the degree of misexpression (i.e. non-adaptive gene expression) needs to be assessed and
compared between hybrids with allopatric parents and hybrids with sympatric parents. I
expect greater misexpression in the latter, as misexpression could confer barriers to gene
flow. Second, testing the performance of hybrids in the habitats of their parental species
could shed light on their relative fitness, e.g. by comparing growth rates as a proxy for
fitness. Investigating hybrid performance in natural settings will certainly prove very
complicated, due to limitations of large scale field experiments (Wiens et al. 1986;
Eberhardt and Thomas 1991). A more feasible alternative could be rendered by common
garden experiments: rearing hybrids and their parental species under controlled
conditions that resemble the natural habitats of the parental species and comparing
hybrid to parental performance would be a viable laboratory-based alternative (TorresDowdall et al. 2012; Machado-Schiaffino et al. 2017). Yet, how commonly character
displacement in gene expression could confer barriers to gene flow is unclear. Further,
character displacement in gene expression could also play a role for traits that are not
ecologically relevant.
Generally, data on genome-wide expression could be more informative than often
presented, since a majority of studies to date focused on simple differential expression
analysis when searching for candidate genes (e.g. Manousaki et al. 2013; Brown et al.
2018; McGirr and Martin 2018). However, such data can be useful to address a wider
range of biological questions: How are genes co-expressed or interact in a larger
framework considering entire gene expression networks and how are such networks
altered during adaptation? Are there novel genes integrated into rather conserved
developmental genetic pathways? How does gene expression influence establishment of
barriers to gene flow or speciation? These are just few questions that could be addressed
with comparative transcriptomic data sets. Yet, such questions are rarely addressed in an
78

Chapter V: General Discussion
evolutionary context with gene expression data (but see Briggs et al. 2018; Jones and
Vandepoele 2020; Blevins et al. 2021). A possible reason for this is that the advent of NextGeneration-Sequencing technologies has evoked the illusion that the answer lies solely
inside the genomic sequence of organisms. However, without an understanding of gene
functions and gene interactions across space and time (i.e. during development) we
cannot reliably read the genetic code and relate it to the ecology of species.
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Supplementary Figure III.1: Differential expression was examined contrasting lower oral jaw (LOJ)
with gill arch (GA; red) and lower pharyngeal jaw (LPJ) with gill arch (blue), respectively. The number
of differentially expressed genes is given inside each circle and the number of genes differentially
expressed in both comparisons is given in the intersection (white). (A) Total number of differentially
expressed genes. (B) Number of genes upregulated in toothed tissues (LPJ, LOJ) compared to nontoothed tissue (GA). (C) Number of genes downregulated in toothed tissues (LPJ, LOJ) compared to
non-toothed tissue (GA).
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Supplementary Figure III. 2: Gene ontology enrichment analysis for that show lower expression in
lower pharyngeal jaws compared to the serially homologous gill arches. Significantly enriched terms
are given as individual boxes and box size corresponds to absolute log10 p-values to indicate
differences in significance among enriched terms.
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Supplementary Figure III.3: Gene ontology enrichment analysis of genes with higher expression
in lower pharyngeal jaws compared to the serially homologous posterior gill arch. Significantly
enriched terms are given as individual boxes and box size corresponds to absolute log10 p-values
to indicate differences in significance among enriched terms. Genes upregulated in the oral jaws
were not significantly enriched in any gene ontology terms. But, genes involved in calcium binding
and structural activity were overrepresented.
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Supplementary Figure III.4: Gene ontology enrichment analysis for genes that show lower
expression in lower oral jaws compared to the serially homologous gill arches. Significantly enriched
terms are given as individual boxes and box size corresponds to absolute log10 p-values to indicate
differences in significance among enriched terms.
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Supplementary Figure III.5: Gene ontology enrichment analysis for genes with lower expression in
both toothed jaws, oral and pharyngeal jaws, compared to the serially homologous gill arches. In total
105 genes were significantly lower expressed in the two toothed jaws compared to gill arches. The 27
genes that were significantly higher expressed in the toothed jaws compared to gill arches were not
significantly enriched in any gene ontology terms.
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Supplementary Figure III.6: List of species used for comparative genomic analysis of the putative
“tooth cluster”. Presence or Absence of genes within the cluster is indicated by presence or absence of
filled circles in the respective column. Only odam and scpp5 are present across all species and unk as
well as rpfA were only identified in cichlid genomes (all species indicated with the green box).
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Supplementary Table III. 1: List of all genes differentially expressed when comparing toothed tissues with the non-toothed gill arches.
Comparisons of mean differential expression between LPJ and GA as well as between LOJ and GA found 27 genes to be upregulated (Log-fold change
> 3) in both of the two toothed jaws. The Oreochromis niloticus Ensemble Gene ID is given for each gene and its genomic location based on the
available annotation. For three genes (dspp, draxin, duox2) information on locations was only available from a previous scaffold-level assembly.
Locations for all other genes are given as first and last base pair of a gene on a given linkage group. Log-fold change of "Inf" indicates zero expression
was detected in the GA. Available literature linking particular genes to tooth development is given and empty cells highlight those genes previously
not known to be involved in tooth formation.

Gene

ENSONIG00000014557
ENSONIG00000014556
ENSONIG00000014550
ENSONIG00000014548
ENSONIG00000002269
ENSONIG00000009023
ENSONIG00000009020
ENSONIG00000006954
ENSONIG00000020962
ENSONIG00000005663
ENSONIG00000014050
ENSONIG00000020039
ENSONIG00000002859
ENSONIG00000008685

Genomic location

LG6:19837464-19839306
LG6:19834344-19836924
LG6:19503732-19506499
LG6:19500776-19502890
LG4:17576625-17579054
LG16:14408627-14410187
LG16:14411208-14413534
LG1:1745026-1750485
LG15:28327917-28329869
LG15:16618682-16628001
LG18:34804971-34831608
LG8:18330173-18335831
LG23:38106957-38110344
LG11:34091532-34096336

Log-fold change
LPJ/GA

LOJ/GA

8.69
7.17
6.60
4.90
8.62
9.18
7.42
7.88
3.54
1.26
5.74
5.44
5.33
5.25

5.92
5.12
5.30
3.74
6.98
6.89
5.76
6.23
1.70
1.23
3.49
3.56
4.35
2.11

Appendix

106

scpp5 (Kawasaki et al. 2005)
rpfA
odam (Lee et al. 2010; Lee et al. 2012)
unk
pvalb8
hce2l
lce
hce1l
cx43 (Fried et al. 2003)
clu (French et al. 1993)
novel gene 1
novel gene 2
cts12
novel gene 3

Ensembl Gene ID

gprc5d

ENSONIG00000008340

dspp

ENSONIG00000014543

draxin

ENSONIG00000000605

novel gene 4

ENSONIG00000014552

ggt1a
cldni
apoD
novel gene 5
novel gene 6

ENSONIG00000011059
ENSONIG00000009826
ENSONIG00000006464
ENSONIG00000006626
ENSONIG00000006626

duox2

ENSONIG00000008358

slc34a2b
cldn15a
msx2 (Dassule and McMahon 1998)

ENSONIG00000003117
ENSONIG00000009315
ENSONIG00000009601

LG4:9126837-9130343
GL831282.1:153442156547
LG5:11722683-11734994
GL831282.1:193125194419
LG12:9929673-9939721
LG4:29292543-29295382
LG9:12039842-12041323
LG20:26311819-26314261
LG20:26311819-26314261
GL831160.1:722291728410
LG23:36707995-36714210
LG3:19681673-19684341
LG13:19327653-19328782

1.80

1.10

1.90

1.47

6.04

3.40

Inf

Inf

6.31
5.15
2.63
3.35
3.27

4.20
4.00
3.02
3.25
3.09

5.12

3.09

Inf
5.84
3.81

Inf
4.65
2.71
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Supplementary Table III.2: Primer sequences used for in situ hybridization probe synthesis.

Gene
scpp5
rpfA
odam
unk

Orientation
forward
reverse
forward
reverse
forward
reverse
forward
reverse

Primer sequence
TCCAACCTGCTGGCATCATC
CTGGCATCTGGCTTGTCTGT
AATCCTCCAGTGCTCACGTG
ACCTCTGGTCACCTGAGTGT
TGCTCTGCCAGTCCAGATTG
GGGAAGTTAACCTGGCCCTC
AGCCAGAGCGAAAACGTACA
TGGTGATGCAGAAGGAGCAG
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Supplementary Table III.3: Summary statistics for RNA sequencing and read mapping. Lower
pharyngeal jaw = LPJ, gill arch = GA, lower oral jaw = LOJ.

SampleID

Tissue

Raw reads

Trimmed read
pairs

Mapped reads

Mapping
rate in %

AAHDF322

LPJ

38,193,916

15,932,998

9,975,202

62.6

AAHDF362

LPJ

39,256,256

15,624,334

11,475,172

73.4

AAHDF384

LPJ

38,647,066

16,299,922

10,580,714

64.9

AAHDF402

LPJ

47,289,018

20,257,042

15,969,992

78.8

AAHDF464

LPJ

11,948,604

5,091,224

3,394,734

66.7

AAHDF504

LPJ

22,511,892

9,558,439

6,523,035

68.2

AAHDF524

LPJ

26,917,532

11,506,982

8,560,704

74.4

AAHDM344

LPJ

34,298,340

14,271,341

10,404,837

72.9

AAHDM442

LPJ

25,811,058

11,015,752

7,593,644

68.9

AAHDM482

LPJ

14,633,516

6,209,466

3,973,100

64.0

AASDF391

LPJ

10,416,208

4,438,593

2,729,197

61.5

AASDF413

LPJ

32,323,424

13,850,915

10,811,041

78.1

AASDF431

LPJ

35,181,536

15,181,411

11,549,645

76.1

AASDF453

LPJ

23,598,422

9,885,000

6,771,820

68.5

AASDF471

LPJ

41,833,620

17,544,525

11,103,265

63.3

AASDF493

LPJ

14,453,332

6,165,785

3,855,347

62.5

AASDF511

LPJ

12,808,782

5,456,110

3,408,325

62.5

AASDF531

LPJ

10,861,894

4,593,986

2,960,311

64.4

AASDM311

LPJ

11,631,038

5,061,759

3,763,036

74.3

AASDM351

LPJ

1,938,954

828,329

575,002

69.4

AAGill10

GA

12,759,646

8,849,566

6,977,169

78.8

AAGill11

GA

9,842,180

7,119,025

5,339,724

75.0

AAGill12

GA

11,367,784

8,011,494

5,952,851

74.3
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AAGill13

GA

12,240,752

8,655,707

5,866,149

67.8

AAGill14

GA

12,626,726

11,747,712

5,054,902

43.0

AAGill15

GA

13,156,931

9,200,238

4,821,395

52.4

AAGill2

GA

10,007,634

6,826,573

5,239,881

76.8

AAGill3

GA

12,908,358

9,163,375

6,789,644

74.1

AAGill8

GA

20,915,391

14,507,655

10,784,518

74.3

AAGill9

GA

14,184,681

9,805,256

7,648,314

78.0

AAOJ10

LOJ

17,240,068

11,747,712

10,360,322

88.2

AAOJ11

LOJ

14,154,390

9,629,253

8,196,766

85.1

AAOJ12

LOJ

17,773,598

12,248,386

10,680,195

87.2

AAOJ13

LOJ

18,794,300

13,283,099

10,972,403

82.6

AAOJ14

LOJ

16,586,254

11,398,653

9,569,255

84.0

AAOJ15

LOJ

17,545,242

12,003,707

10,258,590

85.5

AAOJ2

LOJ

12,897,210

8,365,655

6,406,589

76.6

AAOJ3

LOJ

13,483,147

8,991,337

7,602,104

84.5

AAOJ8

LOJ

12,875,853

8,198,061

6,892,943

84.1

AAOJ9

LOJ

8,426,425

5,767,036

5,063,436

87.8
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Supplementary Table III.4: Primer sequences used for quantitative Real-time PCR.

Gene
unk

Species
A. citrinellus
A. centrarchus
A. siquia
H. nematopus
T. meeki
T. salvini
M. mola
C. borleyi
A. calliptera
M. auratus

odam

A. citrinellus
A. centrarchus
A. siquia
H. nematopus
T. meeki
T. salvini
M. mola
C. borleyi
A. calliptera
M. auratus

Orientation
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward

Primer sequence
GCTCCCATTGCCAATTTCTACC
TGTGGAGGAGGATTGATTGGTG
GCTCCCATTGCCAATTTCTACC
TGTGGAGGAGGATTGATTGGTG
GCTCCCATTGCCAATTTCTACC
TGTGGAGGAGGATTGATTGGTG
AGCTTCCAGTTCAGCCTGATC
TGTTGTTGTCGATGCAGAGG
GCTCCCATTGCCAATTTCTACC
TGTGGAGGAGGATTGATTGGTG
GCTCCCATTGCCAATTTCTACC
TGTGGAGGAGGATTGATTGGTG
TGCTTTTGTCGTTCCAGCTC
ATTGGTGCCATTTGGGGTAC
TGCTTTTGTCGTTCCAGCTC
ATTGGTGCCATTTGGGGTAC
TGCTTTTGTCGTTCCAGCTC
ATTGGTGCCATTTGGGGTAC
TGCTTTTGTCGTTCCAGCTC
ATTGGTGCCATTTGGGGTAC
AACGACAAGCTTTGCTCTGC
TATTGACGAGCCTGCGTTTG
AACGACAAGCTTTGCTCTGC
TATTGACGAGCCTGCGTTTG
AACGACAAGCTTTGCTCTGC
TATTGACGAGCCTGCGTTTG
AACGACAAGCTTTGCTCTGC
TATTGACGAGCCTGCGTTTG
TAGGACAAGCTTTGCTCTGC
TTGTCCCAGAGCTGCAAGAG
AACGACAAGCTTTGCTCTGC
TATTGACGAGCCTGCGTTTG
TTCCTCAGCAGGCACAAAAC
AACCCTGAGGCCTATGAAACTG
TTCCTCAGCAGGCACAAAAC
AACCCTGAGGCCTATGAAACTG
TTCCTCAGCAGGCACAAAAC
AACCCTGAGGCCTATGAAACTG
TTCCTCAGCAGGCACAAAAC
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rpfA

A. citrinellus
A. centrarchus
A. siquia
H. nematopus
T. meeki
T. salvini
M. mola
C. borleyi
A. calliptera
M. auratus

scpp5

A. citrinellus
A. centrarchus
A. siquia
H. nematopus
T. meeki
T. salvini
M. mola
C. borleyi
A. calliptera
M. auratus

reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse

AACCCTGAGGCCTATGAAACTG
TGCAACTCAGGCAATGCAAC
TGTAGCAGCCACTGAAGTTCC
TGCAACTCAGGCAATGCAAC
TGTAGCAGCCACTGAAGTTCC
TGCAACTCAGGCAATGCAAC
TGTAGCAGCCACTGAAGTTCC
TGCAACTCAGGCAATGCAAC
TGTAGCAGCCACTGAAGTTCC
TGCAACTCAGGCAATGCAAC
TGTAGCAGCCACTGAAGTTCC
TGCAACTCAGGCAATGCAAC
TGTAGCAGCCACTGAAGTTCC
TTTTGCTCCCTGTTGATGCC
TCCTTGGTACCTATGCCATTCG
TTTTGCTCCCTGTTGATGCC
TCCTTGGTACCTATGCCATTCG
TTTTGCTCCCTGTTGATGCC
TCCTTGGTACCTATGCCATTCG
TTTTGCTCCCTGTTGATGCC
TCCTTGGTACCTATGCCATTCG
TTGCAGCTGGTTTTCCACAC
AAAAGGCTGTGCTGGGTTTG
AAACCCAGCACAGCCTTTTC
TGTCATGGGTGGGATGTTTG
AAACCCAGCACAGCCTTTTC
TGTCATGGGTGGGATGTTTG
AAACCCAGCACAGCCTTTTC
TGTCATGGGTGGGATGTTTG
AAACCCAGCACAGCCTTTTC
TGTCATGGGTGGGATGTTTG
AAACCCAGCACAGCCTTTTC
TGTCATGGGTGGGATGTTTG
ACTACCTGGTGGTTACAGTGTG
TGGGTTTGAAACACCTGCAC
ACTACCTGGTGGTTACAGTGTG
TGGGTTTGAAACACCTGCAC
CCAATGACAAAAGGCCCCATAG
TGCTGGGGAATGTTTTGTGG
CCAATGACAAAAGGCCCCATAG
TGCTGGGGAATGTTTTGTGG
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Supplementary Table III.5: P-Values for tooth size and expression of genes within the examined
genomic tooth cluster for a cichlid wise comparison and individual contrasts within species pairs.

Contrast
Cichlid wide
comparison
A. Citrinellus vs.
A. centrarchus
A. siquia vs.
H. nematopus
T. meeki vs.
T. salvini
N. christy vs.
N. brichardi
A. calliptera vs.
M. auratus
M. mola vs.
C. borleyi

Tooth size

unk

odam

rpfA

scpp5

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

0.04

0.01

0.09

<0.01

0.04

0.07

0.04

0.37

0.64

<0.01

0.03

0.04

<0.01

0.04

<0.01

0.04

0.15

<0.01

<0.01

<0.01

<0.01

0.56

0.12

<0.01

<0.01

0.04

<0.01

<0.01

0.06
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Supplementary Figure IV.1: Principal component analysis for morphological measurements. We
measured eight different traits on the lower pharyngeal jaws of all specimen: the number of teeth, the
size of the six most posterior teeth along the jaw midline and the suture on the back of the jaws. Using
a multivariate principal component analysis, we determined the similarity between species within the
six species pairs. The loadings of each measurement are indicated with black lines. Each data point
represents a single individual.
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Supplementary Figure IV.2: Analysis of variances for each morphological measurement We analyzed
the variances within each species pair to compare the divergence between pairs for tooth numbers,
the two largest teeth and the suture on the ventral side of the lower pharyngeal jaw.
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Supplementary Table IV.1: Comparison of variances for tooth numbers between species pairs. p-values are given for each combination of species
pairs. P < 0.05 indicates that variances are significantly different between two species pairs.

Mas. argenteus
Vie. hartwegi
Mas. argenteus
Vie. hartwegi
Tho. meeki
Tri. salvini
Ama. siquia
Nee. nematopus
Amp. citrinellus
Arc. centrarchus
Amp. astorquii
Amp. zaliosus
Amp. amarillo
Amp. sagittae

Tho. meeki
Tri. salvini

Ama. siquia
Nee. nematopus

Amp. citrinellus
Arc. centrarchus

Amp. astorquii
Amp. zaliosus

0.002
0.041

0.107

0.001

0.613

0.036

0.474

0.006

0.137

0.002

0.513

0.010

0.331

0.002

0.513
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Supplementary Table IV.2: Comparison of variances for the size of the L1 tooth between species pairs. p-values are given for each combination of
species pairs. P < 0.05 indicates that variances are significantly different between two species pairs.

Mas. argenteus
Vie. hartwegi
Mas. argenteus
Vie. hartwegi
Tho. meeki
Tri. salvini
Ama. siquia
Nee. nematopus
Amp. citrinellus
Arc. centrarchus
Amp. astorquii
Amp. zaliosus
Amp. amarillo
Amp. sagittae

Tho. meeki
Tri. salvini

Ama. siquia
Nee. nematopus

Amp. citrinellus
Arc. centrarchus

Amp. astorquii
Amp. zaliosus

0.448
0.847

0.032

0.001

0.465

0.778

0.596

0.830

0.456

0.620

0.352

0.898

0.236

0.364

0.727
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Supplementary Table IV.3: Comparison of variances for the size of the R1 tooth between species pairs. p-values are given for each combination
of species pairs. P < 0.05 indicates that variances are significantly different between two species pairs.

Mas. argenteus
Vie. hartwegi
Mas.ahrgenteus
Vie. hartwegi
Tho. meeki
Tri. salvini
Ama. siquia
Nee. nematopus
Amp. citrinellus
Arc. centrarchus
Amp. astorquii
Amp. zaliosus
Amp. amarillo
Amp. sagittae

Tho. meeki
Tri. salvini

Ama. siquia
Nee. nematopus

Amp. citrinellus
Arc. centrarchus

Amp. astorquii
Amp. zaliosus

0.174
0.198

0.012

0.407

0.031

0.526

0.758

0.092

0.274

0.577

0.935

0.180

0.098

0.290

0.666
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Supplementary Table IV.4: Comparison of variances for the suture between species pairs. p-values are given for each combination of species
pairs. P < 0.05 indicates that variances are significantly different between two species pairs.

Mas. argenteus
Vie. hartwegi
Mas. argenteus
Vie. hartwegi
Tho. meeki
Tri. salvini
Ama. siquia
Nee. nematopus
Amp. citrinellus
Arc. centrarchus
Amp. astorquii
Amp. zaliosus
Amp. amarillo
Amp. sagittae

Tho. meeki
Tri. salvini

Ama. siquia
Nee. nematopus

Amp. citrinellus
Arc. centrarchus

Amp. astorquii
Amp. zaliosus

0.099
0.047

0.405

0.067

0.724

0.600

0.222

0.008

0.006

0.006

0.058

0.238

0.619

0.335

0.013
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Supplementary Table IV.5: Genes that were commonly differentially expressed between the four
allopatric contrasts are indicated with “allopatric” and genes commonly differentially expressed
between the two sympatric contrasts are indicated with “sympatric”. Gene names specific to the
Amphilophus citrinellus annotation are given as “Gene ID” and matching ensemble protein and gene
IDs, based on the Oreochromis niloticus gene names are provided. If common gene names were
available, I provide those under “Gene names”.

Geographic
setting

allopatric

sympatric

Gene ID

Ensemble Protein ID

Ensembl Gene ID

evm.TU.14.3332
evm.TU.21.2555_evm.TU.21.2556
evm.TU.21.866
evm.TU.22.2163
evm.TU.4.639
evm.TU.HiC_scaffold_63_arrow.10
evm.TU.10.2095
evm.TU.10.2187
evm.TU.12.2210
evm.TU.19.1745
evm.TU.24.805
evm.TU.3.1028
evm.TU.3.3328
evm.TU.3.4015
evm.TU.3.5956
evm.TU.5.1223
evm.TU.7.1526
evm.TU.8.1454
evm.TU.9.631

ENSONIP00000021799
ENSONIP00000018706
ENSONIP00000004851
ENSONIP00000006316

ENSONIG00000017284
ENSONIG00000014858
ENSONIG00000003851
ENSONIG00000005021

ENSONIP00000024154

ENSONIG00000019189

ENSONIP00000002214
ENSONIP00000019157
ENSONIP00000015464
ENSONIP00000016046
ENSONIP00000009464
ENSONIP00000023569
ENSONIP00000006101
ENSONIP00000009395
ENSONIP00000023969
ENSONIP00000014153
ENSONIP00000014453
ENSONIP00000007815

ENSONIG00000001768
ENSONIG00000015220
ENSONIG00000012278
ENSONIG00000012749
ENSONIG00000007504
ENSONIG00000018721
ENSONIG00000004848
ENSONIG00000007453
ENSONIG00000019038
ENSONIG00000011247
ENSONIG00000011484
ENSONIG00000006202

Ensembl
Gene
Name
eif2a
eif4g2b
ak2

prdx5
ubox5

ponzr1
eefsec
rasgrf2
mto1
chpf2
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