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“It would seem that here we have an experiment being conducted before our eyes
on a scale unapproachable by man. Let one of the "new" biologists leave his
laboratory and apply his methods to the fishes of Lanao; perhaps he might then
make a real contribution to the study of evolution. By spending six months on the
shores of the lake he could obtain with great ease all the material he could handle,
as the Marinao fishermen bring in thousands of fish on market day, often many
canoe loads of each of the commoner species. By studying several thousand fresh
specimens of each of the ten most abundant species, and studying all the
specimens obtainable of the rarer species and all the anomalous individuals, he
could do much toward unravelling the phylogeny of the more puzzling forms and
could perhaps place in their proper sequence the doubtful cases and those forms
which seem to be examples of hybridism. With the foundation indicated, his
Statistical analysis of species would have real value and would throw light upon the
evolution of so many species from one parent species.”
Albert W.C.T. Herre

In 1933, Albert Herre discussed the evolution of the cyprinid species flock of Lake Lanao in
Indonesia, now basically extinct (Herre 1933). His main point, to which he refers to as “a
problem in evolution”, is the question how one species can diversify into several ecologically
differentiated species in the course of an adaptive radiation. Herre did not find a satisfying
solution then, nor do we have a definite answer today, but considerable progress has been
made in the last 80 years, and continues to be made. With this thesis, | hope to make a
contribution to our understanding of the evolutionary processes involved in adaptive radiation.
Although | learned of Herre’s article long after | started working on this topic, | basically took
the approach he outlines in his closing paragraph: | spend about six month collecting fish at
Lake Tanganyika, sifting through canoe loads of fish in search of rare species, studied more
than a thousand specimens and am now hoping that my statistical analyses have real value

and throw light upon the evolution of so many species from one parent species.

Moritz Muschick

Basel, October 2011
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Investigation of speciation and the formation of biodiversity is central to evolutionary
biology, which itself can be considered as the uniting discipline of life sciences. Ever since
Charles Darwin and Alfred Wallace (1858) propelled our understanding about the importance
of natural selection in the transformation of species, researchers endeavoured to use this
intellectual foundation to explain larger patterns of biodiversity. One pattern emerging from
the observation of phylogenetic relationships and ecological adaptations of species is the
abundance of lineages, which are apparently rapidly diversifying, resulting in ecologically
diverse clades of species (Schluter 2000). Most of the biodiversity we know is made up by
such clades, being the result of so-called adaptive radiations. Phenotypic diversification and
lineage accumulation in adaptive radiations have received considerable attention and great
progress has been made in understanding these aspects (e.g. Glor 2010). Several groups of
organisms played especially prominent in this research, including: Darwin’s finches (Grant and
Grant 2007), the replicated sets of ecomorphs of Anolis lizards on Caribbean islands (Losos
2009) or benthic-limnetic species pairs of threespine sticklebacks in postglacial lakes
(McKinnon and Rundle 2002), several radiations on the Hawaiian archipelago, e.g. the
silversword alliance (Baldwin and Sanderson 1998) and Drosophila and Scaptomyza fruitflies,
or the East African cichlid fish flocks with their enormous species numbers (Salzburger 2009).
Adaptive radiations can be triggered by what is called an ecological opportunity, i.e. a newly
formed or colonized habitat lacking competing species or the formation of a key-innovation, a
novel trait that allows for the invasion of a completely novel set of niches (Simpson 1953;
Hunter 1998; Schluter 2000; Yoder et al. 2010). The radiation of East African cichlid fishes,
and other groups of fishes, are hypothesized to have been triggered by a key-innovation,
namely a reorganisation of the pharyngeal jaw apparatus (Liem 1973). The pharyngeal jaw
apparatus is a second set of jaws in the throat of teleost fish, derived from the last branchial
(or ‘gill’) arch. Liem’s hypothesis attributes the evolutionary success of groups with certain
pharyngeal jaw modifications to an increased versatility in exploiting resources. Furthermore,
a functional and developmental decoupling from the oral jaws might increase the degrees of

freedom for evolutionary change by modularization, possibly promoting adaptation and



diversification (Liem 1973). Interestingly, the pharyngeal jaw is also used to produce sounds
during mating, opening a possible route for ecological specializations to entail reproductive
isolation. Although morphological descriptions of the pharyngeal jaw apparatus for many taxa
of fishes abound in the literature, and studies with functional, biomechanical or ecological
perspectives are numerous as well, as of yet no concise treatise about the evolutionary
implications of the different aspects and characteristics of the pharyngeal jaw has been
published. This gap | thrive to close with the first chapter of this thesis, entitled “Pharyngeal
jaws and their evolutionary, ecological and behavioural significance”.

The course of adaptive radiations might be influenced by a phenomenon only little studied
in this context so far. Phenotypic plasticity, the ability of a genotype to produce different
phenotypes depending on environmental cues (West-Eberhard 2003), might increase a
founding populations chance of persistence, if plastically produced phenotypes are better
suited to the new environment (Yeh and Price 2004). Novel niches might also be invaded
more quickly, since the phenotypic shift due to plasticity might place a population in the
‘realm of attraction’ of a peak on the adaptive landscape (Price et al. 2003). This peak
represents the phenotypic optimum for use of the new niche, and its realm of attraction is the
range of phenotypes in which directional selection is acting, driving adaptation towards the
optimum. If plasticity is only exhibited in some directions in morphospace, but not in others
(maybe due to developmental or genetic constraints) it has the potential of biasing
evolutionary trajectories in adaptive radiations (Wund et al. 2008). To better understand if
phenotypic plasticity in the pharyngeal jaw might have influenced the adaptive radiations of
cichlids, | studied the Nicaraguan Midas cichlid in a common garden experiment. The Midas
cichlid species complex comprises independent radiations in several crater lakes, with
ecomorphologically convergent species (Barluenga and Meyer 2010) - the outcome predicted
by the hypotheses outlined above. My demonstration of plasticity in the cichlids’ pharyngeal
jaw, reported in the second chapter (“Adaptive phenotypic plasticity in the Midas cichlid fish
pharyngeal jaw and its relevance in adaptive radiation” (Muschick et al. 2011)), suggests it as

a factor to be considered in answering the question of why there are so many cichlid species.

The concept of adaptive radiation is intimately related to ecological adaptation by means
of natural selection (Schluter 2000). Thus, one would not be surprised if phenomena
indicative of natural selection would be common in adaptive radiations. One of the strongest

cases for the action of natural selection, since the birth of the idea, has been made with the



argument of convergent evolution (McGhee 2007). If organisms independently evolve highly
similar structures to similar ends, so the argument, natural selection is the most likely
explanation. From the first mentioning of adaptive radiation, demonstration of convergence
was integral as evidence of the actual adaptiveness of species’ differences (Osborn 1902).
Separation in time or by geography was, however, assumed to be necessary due to
competitive exclusion (Osborn 1902). This principle, later formulated by Gause (1934), was
questioned to be applicable to some communities of organisms, one of them being the

cichlid species flocks of East Africa. Ernst Mayr (1984) asked:

“The coexistence of hundreds of closely related species in the same lake poses
some fundamental questions concerning competition and resource utilization. To
what extent, if any, is the existence of fish flocks in freshwater lakes in conflict with
the concept of competitive exclusion?”

This question is investigated in chapter 3 (“Convergent evolution within an adaptive
radiation of cichlid fishes”), which is concerned with convergence within the cichlid radiation
in Lake Tanganyika. This study is the largest comparative analysis of cichlid fishes to date and
builds upon an extensive basis of different types of data — genetic, morphological and
ecological — to accomplish a quantification of convergent evolution. The revealed abundance
of ecomorphological convergence without geographical or chronological separation indeed
seems to defy Gause’s principle. Furthermore, it suggests the facility of coexistence of
convergent species to be another key factor for the cichlids’ species richness that has been

previously overlooked.

The large overlap in morpho- and ecospace between subclades of Tanganyikan cichlids
(called ‘tribes’) is not unique, but emerges as a common feature of adaptive radiations. This is
exemplified by the adaptive radiation of Antarctic notothenioid fishes, the topic of chapter 4
(“Parallel ecological diversification in Antarctic notothenioid fishes as evidence for adaptive
radiation”), comprising several families, which diversified in parallel along the benthic-pelagic
axis. Thus, an adaptive radiation of fishes, taking place in a most different setting than the
tropical, confined, freshwater environment in which cichlids diversified, nevertheless exhibits
intriguing parallels in subclade overlap. Convergence might hence be a feature of radiations in

general.
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Teleost fishes are the most diverse vertebrate group and comprise a stunning array of adaptations to secure food.
Although less apparent than the sometimes extravagantly modified oral jaws, the pharyngeal jaw apparatus
(PJA), a second set of jaws in the fishes' throat, is a trait of equal importance in fish ecology and behavior. It is
used for food mastication and transportation, but also for sound production. Thus, adaptations in the pharyngeal
jaws influence the evolution of fishes in multiple ways. Plasticity, allometry and genetic and constructional
constraints are common in the teleosts’ PJA and have an impact on morphological evolution and diversification.
Here, the literature about the ecological and behavioral diversity mediated by the PJA, factors influencing its
expression, as well as its importance in teleost evolution is reviewed. Furthermore, the questionable value of the

PJA in systematics is discussed and peculiar modifications are highlighted.
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INTRODUCTION

The origin of biodiversity is one of the central topics in evolutionary biology (Futuyma 1998; Grant
and Grant 2007) and of great importance to related fields, such as conservation biology (Crandall et
al. 2000). Teleost fishes have been heavily studied in this respect, due to their enormous species
number and their diversity in ecological adaptations (Nelson 2006; Helfman 2009). Aside from
overall body morphology, it is the trophic apparatus of fishes that prominently reflects the
adaptation to distinct environments. The trophic apparatus of fishes consists of several components,
including oral and pharyngeal jaws, gill raker structures, and the digestive tract. Their modifications
constitute a large part of the morphological diversity to be found in fish (Helfman 2009).
Modifications of the oral jaw apparatus, for example, allow for the exploitation of a vast range of
food resources such as evasive prey fish, plankton, corals, stringy epilithic algae and even scales of
other fishes. The diversity in functional morphology of the teleosts' pharyngeal jaw apparatus does
not stand back. This structure involves various bones, it often has a diverse dentition, and — just as
the oral jaws — muscles that intricately connect and operate this integrated system. Due to this large
number of constituent parts - each of which is subject to evolutionary change - the pharyngeal jaw
apparatus is used in very different ways by teleosts. Many studies in the last 150 years have
furthered our knowledge about the morphological diversity and ecological consequences of the
PJA. Evolutionary implications have been considered as well, since the role of ecology is now
thought to be of utmost importance in diversification (Schluter 2000; Rundle and Nosil 2005). The
famous radiations of cichlid fishes in East African Rift Lakes, for example, might be the result of
diversification driven by ecological specialization (Salzburger 2009). If so, the PJA is likely to have
had a huge influence, since species are well differentiated in PJA morphology as adaptation to their
diverse food sources (Muschick ef al. 2012). Independent adaptations in oral and pharyngeal jaws
might have increased the number of attainable phenotypes and, thus, might have added to the
evolutionary potential of cichlid fishes and other 'pharyngognath' teleosts (Liem 1973; Liem and
Greenwood 1981). Similar scenarios might fit for other taxa, since labrids or cyprinids are very
species-rich clades, too, and show an impressive diversity in their pharyngeal jaw morphology
(Liem and Sanderson 1986; Mabuchi et al. 2007; Pasco-Viel et al. 2010).

This review is intended to provide an overview of the functional and morphological diversity in
teleosts' pharyngeal jaws, its ecological consequences, and its developmental and genetic basis.
Ways in which evolution in the PJA might trigger diversification are considered, as well as possible
sources of evolutionary constraints. A synopsis of pharyngeal jaw diversity in adaptive radiations of
fish in several lakes, and the abundance of convergently evolved morphologies provides evidence
for its importance in diversification, but also calls into question the usefulness of PJA morphology
in systematics.

THE PHARYNGEAL JAW APPARATUS OF TELEOSTS

The pharyngeal jaw apparatus (PJA) derives from bones, muscles and ligaments belonging to the
branchial arches [Fig 1]. Of the seven visceral arches in a fish's head, the first forms the oral jaws,
the second develops into the hyoid arch, and the remaining five make up the branchial basket. In its
generalized form the PJA directly involves bones of the 2" to 5% branchial arch: the fifth
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ceratobranchials, the second to fourth epibranchials and the second to fourth pharyngobranchials
(Vandewalle ef al. 2000) [Fig. 1-3]. Functionally relevant, however, are at least 15 other skeletal
elements (Wainwright 2006). Muscles attaching and connecting pharyngeal jaw-bones are
numerous and allow for sometimes intricate and versatile movements as well as for forceful bites in
specialized species (Wainwright 2006). Movement of jaw-bones commonly takes place along a
dorsal-ventral axis [Fig. 1(a)-(e)], but also anterior-posterior [Fig. 1(f)]. Even along a distal-
proximal axis bones are shifted, at least in some species [Fig. 1(g),(h)]. The importance of muscles
in PJA functioning and specialization is e.g. evidenced by the enormous differences in muscle mass
found across labrid fishes (Wainwright et al. 2004). In the levator posterioris, an important muscle
for LPJ adduction, 500 fold differences in mass have been measured between species, far more than
in oral jaws (Wainwright et al. 2004). Tooth plates are found on (or fused to) the fifth
ceratobranchial and different numbers of pharyngobranchials, which are referred to as lower
pharyngeal jaw (LPJ) and upper pharyngeal jaw (UPJ), respectively. In Anabantoidei, a process of
the parasphenoid reaches between the upper pharyngeals and bears teeth as well (Liem 1963).
Comparing basal teleosts to more derived taxa, a pattern of reduction in the number of tooth bearing
elements emerges (Vandewalle et al. 1994). While in primitive teleosts, e.g. elopomorphs, basically
every part of the buccal cavity bears teeth, this is not the case in more derived teleosts. In cichlids or
labrids, for example, dentition is generally restricted to the oral jaws and the pharyngeal jaw-bones
in the rear of the buccal cavity, which are specialized for food manipulation (Vandewalle et al.
1994). In cyprinids teeth are only found on their lower pharyngeal jaw-bones.

Pharyngeal teeth may exhibit a great diversity in number and shapes, too. In the ancestral state,
found in basal teleosts, teeth are numerous, small and pointed, with a single cusp (Vandewalle et al.
1994). This type of teeth is also encountered in derived teleosts, for example insectivorous cichlids,
but many other tooth shapes are found in addition (Barel 1983). Teeth can be flattened, wide and
robust (molariform) in molluscivorous species [Fig. 3(a)] or very thin and densely packed
(villiform) in algae-eating species [Fig. 3(b), (d)]. Some piscivors exhibit two-cusped, hook-shaped
pharyngeal teeth (Barel 1983), while species feeding on shrimps often show robust, single-pointed
teeth [Fig. 3(c)]. In some species of pearlfish (Carapidae, Ophidiiformes) teeth have a somewhat
phallic shape (Vandewalle et al. 1998). A single pharyngeal jaw may also contain different kinds of
teeth. The flatfish Cynoglossus zanzibarensis, for example, exhibits differing dentition on two parts
of its upper pharyngeal jaw (UPJ). Anteriorly, molariform teeth are present, while the posterior part
is equipped with small and pointed teeth, probably serving a different function (Biirgin 1987) The
hemiramphid Southeastern sub-nosed garfish Arrhamphus sclerolepis kreffti Giinther 1866,
comprises a veritable diversity of tooth shapes within its pharyngeal jaw apparatus, too, featuring
conical uni- and tricuspid teeth, as well as spatula-shaped teeth (Tibbetts and Carseldine 2003).

Literature describing the pharyngeal apparatus from different perspectives in various taxa is
abounding. Several reviews focus on variation in teleost PJA morphology and function and its
relevance for feeding (Vandewalle and coauthors (1994), as well as Lauder (1983b) and Wainwright
(2006)). Holstvoogd (1965), aiming to improve the systematics of teleosts, describes the
arrangement of pharyngeal muscles in many different taxa; Hulsey et al. (2005) review pharyngeal

jaw development within a broader context including oral jaws; the behavioral significance of the
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a) cichlid

b) labrid
: 7]
€) generalised percomorph d) scarid
i ‘
»

) cyprinid f) muraenid
g) Cynoglossus zanzibarensis lateral h) Cynoglossus zanzibarensis frontal

A

. neurocranium . ceratobranchial . pharyngobranchial
.vertebrae . hyoid . cleithrum
. muscle . epibranchial chewing pad

Figure 1 Examples of pharyngeal jaw apparatus construction in teleosts. (a,b) Cichlidae and labridae evolved a direct connection between the
neurocranium and the lower pharyngeal jaw-bone, a muscular sling. (c) In generalised percomorpha the main biting action results from a depression
of the upper pharyngeals via rotation of the epibranchials. (d) Scaridae, a subgroup of labridae, have evolved a massive “pharyngeal mill” able to
crush pieces of coral. (¢) Cyprinids have teeth on the lower pharyngeal jaw-bone only and direct the biting force against a ceratinized chewing pad.
(f) Muraenidae have specialized PJAs which take prey out of the oral jaws and rake it into the pharynx. (g,h) In some flatfishes the upper pharyngeal
jaw-bones act against each other. This way, according to their unusual body position, the axis of jaw movement is vertical. After Liem and
Greenwood (1981; a,b,d); Lauder and Wainwright (1992; c); Sibbing (1991; ¢); Mehta and Wainwright (2007; f); Biirgin (1987; g,h).
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Figure 2 The pharyngeal jaw apparatus of a threespine stickleback (Gasterosteus aculeatus). CT-Scan reconstruction of the head with the bones
involved in the PJA shown in colors: green: ceratobranchial 5 (lower pharyngeal jaw); red: pharyngobranchials 2 and 3, and yellow:
pharyngobranchials 1 (both upper pharyngeal jaw); blue: epibranchials 1-4. Ventral part of the neurocranium removed for illustration purposes

PJA — mediated by sound production — is the topic of Rice and Lobel’s review (2003). At
archaeological and paleontological excavation sites pharyngeal teeth are often among the best
preserved fish remains found (Rutte 1962; Eastman 1977; Stewart 2001) and can help identifying
specimens to lower taxonomic levels than most bones (O'Connor 2000), because of the often
species specific shape and size of these teeth. Instead of focusing on specific aspects of PJA
function, ecological or behavioral relevance, development or evolution, and comparing across a
range of taxa, some researchers go into greater detail for one or the other taxonomic group, for
example: Embiotocidae (Liem 1986), Catostomidae (Eastman 1977), Cypriniformes (Pasco-Viel et
al. 2010) Cyprinidae (Rutte 1962), Cichlidae (Liem 1973), Labridae (Liem and Sanderson 1986),
Muraenidae (Mehta and Wainwright 2008), Clupeidae (Nelson 1967), Gobiidae (Parenti and
Thomas 1998), Haemulidae (Wainwright 1989), or Soleidae/Cynoglossidae (Biirgin 1987). In the
following, we attempt to provide a summary of the above-mentioned reviews as well as the — often
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very recent — primary literature on pharyngeal jaws. We present this information in an explicitly

evolutionary context.

DEVELOPMENT

In order to interpret the mesmerizing variation found in the pharyngeal jaw apparatus across teleosts
- or just in particularly diverse groups, such as cichlids or cyprinids - it is helpful to understand its
development and genetic basis. The ontogenetic development of this trait’s constituent bones and
dentition is taking place over a large fraction of the organisms’ total ontogeny, with some
modifications being made as late as 100 days after fertilization of the eggs. Thus, the large number
of factors in its development, which are amenable to change, might explain the apparent
evolutionary malleability of this important trait.

Like most of the bones in a vertebrate head skeleton, those forming the PJA are derived from
cranial neural crest (CNC) cells (Gans and Northcutt 1983). During early development, these cells
migrate from the neural tube into the pharyngeal arches. The segmental patterning of the pharyngeal
arches is brought about through nested and combinatorial expression of homeobox genes. The CNC
cell populations then produce the cartilaginous precursors of later to be ossified bones.

The genetic network coordinating pharyngeal teeth development is apparently of ancient origin and
might have, in a precursory form, already been present in the agnathan ancestors of jawed
vertebrates (Fraser et al. 2009). Only later in evolution pharyngeal teeth became associated with
novel jaws derived from pharyngeal arch bones, setting the stage for the highly specialized and
derived constructions found in pharyngognath teleosts. The evolutionary legacy can still be seen in
the development of, for example, cichlid pharyngeal jaws. In the Nile Tilapia Oreochromis niloticus
(Linné 1758) two types of bones contribute to the formation of the PJA, dermal bone and cartilage
bone (Patterson 1977; le Pabic er al. 2009). The constituents of the pharyngeal arches are first
chondrified and later ossified (Ismail ef al. 1982) and belong to the dermal bone type, while tooth
plates are formed directly, without a cartilaginous precursor. The ossification of tooth bearing plates
and their respective pharyngeal arch bones - to which they are later fused — is generally
synchronized and starts around 5 days past fertilization (dpf) (le Pabic et al. 2009). Eight days past
fertilization most of the PJA is ossified and larvae start to leave their mother’s mouth temporarily
and show feeding behavior (le Pabic et al. 2009). In cichlids, the fusion of the two fifth
ceratobranchials to the lower pharyngeal jaw takes place much later in development (not present in
1 month old individuals of Tilapia (Ismail et al. 1982; le Pabic et al. 2009)). Neither is the
diarthrosis of upper pharyngeal jaw elements and the pharyngeal apophysis on the ventral side of
the neurocranium formed (le Pabic et al. 2009), another innovation deemed key to the efficacy of
the PJA of pharyngognath teleosts (Liem 1973). Further PJA modifications take place even later,
with the molariform dentition of the trophically polymorph Cuatro Cienegas cichlid Herichthys
minckleyi (Kornfield and Taylor 1983) developing only after 100 dpf (Stephens and Hendrickson
2001). Notably, while most PJA elements ossify in parallel in cichlids, this is not the case in the
zebrafish Danio rerio (Hamilton), a cyprinid. Here, the fifth ceratobranchials ossify around
hatching (2-3 dpf) and are the first of the 74 ossified cranial elements to do so (Cubbage and Mabee
1996).
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The genetic pathway of both the development of jaw-bones and teeth involve a number of genes
and cofactors, of which several are shared. Most current knowledge has been gained from mutant
screens generated in the laboratory, mainly in zebrafish (e.g. Piotrowski et al. 1996; Schilling et al.
1996), and, more recently, from studying the ‘natural mutants’ of the highly diverse East African
cichlid species flocks (Albertson et al. 2003; Streelman et al. 2007; Kuraku and Meyer 2008; Fraser
et al. 2009). Although few studies focus on the pharyngeal jaw apparatus specifically, most findings
are probably relevant for the PJA as well, since conservation of the genetic pathways across the
vertebrates has been found in several instances (Stock 2001). Major genes involved in the formation
of jaw-bones belong to the family of bone morphogenetic proteins (bmp), most notably bmp4 (Terai
et al. 2002; Albertson and Kocher 2006), and distalless-like genes (dlx) (Depew et al. 2002;
Borday-Birraux et al. 2006), which also interact. The Bmp4 protein is especially interesting here,
since it was shown to be important in craniofacial development in many taxa and has been studied
in Darwin’s finches (Abzhanov et al. 2004) and cichlid fishes. Terai et al. (2002) detected differing
patterns of evolution of the Bmp4 prodomain between lacustrine lineages of East African cichlids,
which are highly diverse in their craniofacial morphology, and riverine species, which are more
uniform. The authors suggest, that Bmp4 and its regulatory network might be key in the evolution
of the exuberant morphological diversity of cichlids. Another possibility, how pharyngeal jaw
diversity is produced, is by loss of dix genes, or loss of their expression in certain tissues or
developmental stages, in different lineages (Renz ef al. 2011). Due to an additional round of whole
genome duplication in the ancestors of teleosts, the members of the dlx gene family were present in
several copies. Those might have differentially been lost, retained, or changed in emerging lineages,
possibly influencing phenotypic diversity (Ohno 1970) and also evolvability (Carroll 2002) of the
pharyngeal jaw apparatus.

Since the genes acting in the development of jaws are not exclusive and can be important in other
developmental pathways, pleiotropic effects are likely, with interesting evolutionary implications
(Franz-Odendaal and Hall 2006). In the blind cave-form of the Mexican Tetra Astyanax mexicanus
(De Filippi 1853) oral-pharyngeal traits, like jaw size and taste bud number, are increased as an
adaptive response to the cave-environment (Yamamoto et al. 2009). This increase is mediated by an
overexpression of sonic hedgehog (shh) prior to 1 dpf in development (Yamamoto et al. 2009).
However, the oral-pharyngeal traits are not the only ones affected: shh overexpression also leads to
impaired eye development (Ekker et al. 1995; Yamamoto ef al. 2004) leading to the typical eyeless
cave-phenotype. Astyanax, being a member of the Characidae, does not have a derived pharyngeal
jaw apparatus. However, Shh signaling has been found to have a conserved central function in the
initiation of oral and pharyngeal dentition (Fraser et al. 2009). Thus, pleiotropic effects, via shh or
other genes, might not be unusual in the development of trophic traits in fishes, and might constrain
phenotypic evolution.

ALLOMETRY
During ontogeny of fish, not all body parts grow proportionally, resulting in adult shapes different

from those of juveniles. This is a common adaptive feature of the trophic apparatus, since some
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Figure 3 Diversity of pharyngeal jaw dentition in Lake Tanganyikan cichlids: (A) Tylochromis polylepis, (B) Cyathopharynx furcifer,
(C) Lamprologus lemairii, and (D) Oreochromis tanganyikae. SEM micrographs of lower pharyngeal jaw-bones.

resources are only accessible for fish of a certain size. Once this size is reached, development might
change its course and alter the trophic morphology to the adult version, allowing for efficient
exploitation of the previously inaccessible resource. The cichlid Lepidiolamprologus elongatus
(Boulenger 1898), for example, changes pharyngeal jaw shape allometrically, when switching from
zooplanktivory to piscivory at a certain size (Hellig et al. 2010). The Mayan cichlid, Cichlasoma
urophthalmus (Glinther 1862), feeds opportunistically throughout its life, although hard-shelled
prey items are only fed upon at later stages, when a more robust, molariform pharyngeal dentition is
present. Pharyngeal jaw characters were the only ones found to show positive allometry throughout
ontogeny of these fishes (Bergmann and Motta 2005). Individuals of the Shortfin Pompano
Trachinotus teraia Cuvier 1832 (Carangidae) surpassing 120 mm of length develop bulky
pharyngeal jaws suited for crushing bivalves, which from then on constitute a major part of the
fish’s diet (Francillon-Vieillot et al. 1994). Interestingly, those modifications do not resemble
respective adaptations in other fish. Here, the teeth on the occlusal surface recede into the bone,
which itself assumes the masticatory function (Francillon-Vieillot et al. 1994). The demonstration
of allometry, however, is notoriously laborious, as fishes of the whole size range need to be
examined. Distinguishing it from phenotypic plasticity (see below) is difficult too, since usually diet
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switch and change in morphology are coupled. Common garden experiments with differing feeding
regimes are a good approach to tell apart phenotypic plasticity from genetically determined
allometry, which should occur irrespective of diet.

PHENOTYPIC PLASTICITY

In many species and many traits the expression of the phenotype is not only determined by
genotype, but influenced by environmental cues as well. This phenotypic plasticity is relevant for
the persistence of populations in fluctuating or novel environments, for inter- and intraspecific
ecological interactions, and may ultimately promote the evolution of new species (Pfennig et al.
2010).

Pharyngeal jaws have been found to be phenotypically plastic in many taxa. In Astatoreochromis
alluaudi Pellegrin 1904, for example, a cichlid from the Lake Victoria region in East Africa,
molariform PJs are induced by hard-shelled diet like snails (Greenwood 1965). If, however, fish are
raised in snail-free environments (Greenwood 1965), or if strong, molluscivorous competitors are
present (Hoogerhoud 1986), papilliform jaws are expressed. Plasticity in this species affects the
structure of the lower pharyngeal jaw-bone (Huysseune et al. 1994) as well as its dentition
(Huysseune 1995). Smits and colleagues (1996b) furthermore detected a volumetric increase in the
PJA (including UPJ) leading to spatial and functional constraints onto many other structures in the
head region of molluscivorous 4. alluaudi. The plasticity of the PJA of 4. alluaudi has even been
discussed in the context of biological control of schistosomiasis, a serious tropical disease caused
by an infection with trematodes. To fight schistosomiasis, molluscivorous cichlids were proposed as
an agent to biologically control population sizes of snails, the intermediate hosts of Schistosoma. A.
alluaudi first seemed to be a promising candidate species, but was later found ineffective in pond
trials, in which less molluscivorous, yet opportunistically foraging morphs occurred in subsequent
generations (Slootweg et al. 1994).

Phenotypic plasticity in the PJA has also been observed in the Nicaraguan Midas cichlid
Amphilophus citrinellus (Giinther 1864) (Muschick et al. 2011). A. citrinellus is trophically
polymorphic and features papilliform and molariform pharyngeal jaw morphs, which are considered
to represent optima in a trade-off in feeding performance (Meyer 1989). These morphs can be
induced plastically by feeding food of differing hardness, for example snails with an intact shell and
peeled snails (Muschick et al. 2011).

The case of pumpkinseed sunfish Lepomis gibbosus (Linné 1758) is similar to the one of A.
alluaudi, in that populations occurring in lakes with a high abundance of snails exhibit strong
pharyngeal jawbones and heavy levator posterioris muscles (Wainwright ef al. 1991; Mittelbach et
al. 1992). This correlation is probably due to phenotypic plasticity, since snail abundances vary over
time rendering genetic differentiation as a cause unlikely (Mittelbach e al. 1992). Predicted effects
have been demonstrated in feeding trials by supplementing one experimental group’s diet with
snails (Mittelbach ef al. 1999). LPJ plasticity mediated by diet was also shown to be present in the
orangespotted sunfish Lepomis humilis (Girard 1858) (Hegrenes 2001) and the shiner perch
Cymatogaster aggregata Gibbons 1854 (Woods 2010).

The famous vertebrate model for the study of development, the zebrafish Danio rerio, exhibits

differences in pharyngeal dentition if raised on different diets (Miller 1999). Whether these changes
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are induced by mechanical stimulation or nutrition is not established though. Small amounts of
plasticity in the pharyngeal feeding muscles of Red Drum Sciaenops ocellatus (Linn¢ 1766)
(Sciaenidae), induced by hard-food diet, had negligible effect on feeding performance only (Ruehl
and DeWitt 2007). Here, advantages due to structural changes were probably much less important
than behavioral adaptation.

ASYMMETRY

Asymmetry of oral jaws is found in a number of fish species, e.g. flatfishes (Fliichter 1963;
Friedman 2008) or some scale-eating cichlids from Lake Tanganyika (Hori 1993). This degree of
asymmetry is not found in the pharyngeal jaws of either flatfishes (Biirgin 1987) or cichlids (MM,
unpublished) and no other example of extensive asymmetry in PJAs has been reported to the
authors’ knowledge. However, relatively small yet significant amounts of variation due to

asymmetry have been demonstrated in PJAs of Midas cichlids from Nicaragua (Klingenberg ef al.
2002).

ECOLOGY & BEHAVIOR

MASTICATION

After uptake of food items, e.g. by suction, scraping or biting, many resources need to be further
manipulated prior to transportation into the intestinal tract. Depending on the nature of the diet,
different modes of processing the food are used, like crushing, lacerating, or piercing. Dentition and
structure of the jawbones are often specialized for these actions. During pharyngeal biting, in a
generalized teleost, the upper pharyngeals are depressed through a lever system involving a rotation
of the connected epibranchials. This rotation is induced by a pull exerted by the fourth levator
externus (LE4) muscle connected to the neurocranium. In a derived, ‘pharyngognath’ state, the LE4
no longer is connected to the epibranchial but to the lower pharyngeal jaw, thus forming a 'muscular
sling'. The lower pharyngeal jaw is then directly adducted, also by the levator posterioris, against
the upper pharyngeal jaws, which rest on the ventral side of the neurocranium (Vandewalle ef al.
1994; Wainwright 2006). In labrids, biting seems to involve only the lower jaw adduction via the
muscular sling, whereas other ‘pharyngognath’ lineages have retained the ancestral, generalized,
upper jaw depression in addition to the muscular sling (Wainwright et al. 2012). In cyprinids, which
lack an upper pharyngeal jaw, the biting force of the toothed fifth ceratobranchials is directed
against a ceratinous chewing pad which rests on an area of fused neurocranial and vertebrae bone
(Sibbing 1982).

Prey items possessing a resilient casing, like snails, mussels, crabs, certain seeds, etc. are rewarding
food sources for those who can overcome their protection. To this end, the trophic apparatus has
been adapted many times in the evolution of teleosts, with pharyngeal modification being
apparently more common (Palmer 1979). In fishes, adaptations to durophagy (i.e. the inclusion of
such protected resources in the diet) typically take the form of a ‘molarization’ of the teeth and the
sometimes massive thickening of dentigerous bones (Liem 1973; Grubich 2003). The muscles,
which adduct the tooth-bearing bones either directly or via a lever system, are often similarly
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hypertrophied for increased crushing power (Liem 1973; Lauder 1983a; Wainwright et al. 1991;
Grubich 2003). According to Palmer (1979), there are nine marine teleost families of which some
species use their oral jaws for mollusk crushing, while 19 families comprise species using their
pharyngeal jaws. A peculiarity among species with a strong pharyngeal bite is the Zanzibar
tonguesole Cynoglossus zanzibarensis Norman 1939, that probably uses only its UPJ with the two
3 pharyngobranchials acting against each other to crush shells (Biirgin 1987). The fifth
ceratobranchials are merely positioning the prey into this pharyngeal mill. Durophagous species
living in freshwater are known from Centrarchidae (Lauder 1983a), Cichlidae (Liem 1973; Hulsey
et al. 2008), Cyprinodontidae (Parenti 1984c) and Catostomidae (Eastman 1977). In addition, some
cyprinids such as the Common carp Cyprinus carpio L. 1758 and Rudd Scardinius
erythrophthalmus (L. 1758), which are thought to be omnivores, feature a molariform pharyngeal
dentition (Pasco-Viel et al. 2010).

FOOD TRANSPORTATION

Transporting food items from the oral jaws or the buccal cavity via the pharynx towards the
digestive tract is another important, most likely even the ancestral, function of the PJA (Vandewalle
et al. 1994). Food items are moved towards the oesophagus by concerted anterior-posterior action
of the UPJ and LPJ. Muscles displacing the pharyngeal jaws towards the mouth connect the UPJ to
the neurocranium (e.g. Levator externus IV, Levator internus), and the LPJ to the hyoid or cleithrum
(Rectus communis, Pharyngocleithralis externus) (Wainwright 2006; Mehta and Wainwright 2007).
The pharyngeal jaws of higher teleosts are retracted by muscles connecting the UPJ to vertebrae
(Retractor dorsalis) and the LPJ to the cleithrum (Pharyngocleithralis internus) (Holstvoogd 1965).
In cyprinids, which exhibit a much more sophisticated PJA than other basal teleosts, the lower
pharyngeal jaw is pulled backwards by retractor muscles, too. This retractor, however, is apparently
not homologous to the retractor dorsalis of higher teleosts (Holstvoogd 1965).

The specialization of pharyngeal jaws for transportation is most stunning in moray eels
(Muraenidae) where extremely mobile jaws are protracted into the buccal cavity and literally take
the food item from the oral jaws to ratchet it towards the pharynx (Mehta and Wainwright 2007,
Mehta and Wainwright 2008). Those jaws comprise strongly recurved teeth, providing excellent
hold on the evasive prey. Interestingly, the lower pharyngeal jaw in muraenids is not a derivative of
the fifth ceratobranchial, which is lacking, but of the fourth instead (Popta 1904; Nelson 1966;
Mehta 2009), a situation similar to that in Polypterus (Gegenbaur 1898; Britz and Johnson 2003).

SOUND PRODUCTION

Many species of fish from a large number of different families are known to produce sounds during
courtship, territorial behavior, predator-prey interactions or schooling (Amorim 2006; Kasumyan
2008; Helfman 2009). These sounds are produced using different organs, e.g. muscles attached to
the swim bladder, specialized ligaments attached to the oral jaws, or by stridulation with pectoral
girdle bones and pectoral fins (Demski et al. 1973; Amorim 2006; Kasumyan 2008). Another
mechanism for sound production in fish involves the pharyngeal jaw apparatus (Darwin 1874). By
rasping teeth stridulation sounds are produced which might get amplified by swim bladder-
resonance (Burkenroad 1931; Moulton 1960; Rice and Lobel 2003). The role of the PJA in sound
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production is evidenced, for example, by differing functional capacities of involved muscles
between males and females in the Malawi cichlid Tramitichromis intermedius (Trewavas 1935)
(Rice and Lobel 2002). In this species only the male is known to produce sound and there is no
apparent trophic differentiation between sexes (Lobel 1998; Ripley and Lobel 2004). Sound
production using the PJA has been suggested for Rivulidae (Belote and Costa 2003), Cichlidae and
Pomacentridae (Rice and Lobel 2003), Carangidae and Ephippidae (Burkenroad 1931), Haemulidae
(Burkenroad 1931; Dobrin 1947), Anabantoidei (Kratochvil 1985), Acanthuridae (Knudson et al.
1948), Centrarchidae (Gerald 1971; Kratochvil 1985), and, interestingly, for the genus
Menthicirrus, although most other members of the Sciaenidae produce sounds using their modified
swimbladder (Burkenroad 1931; Schneider 1961). So far, evidence for the involvement of the PJA
in sound production is rather circumstantial, and little is known about how exactly sounds might
actually be produced with it.

Acoustic signaling, possibly involving the PJA, can be important in a range of behaviors. Sounds
have been observed to be produced during schooling (Moulton 1960) and might be one way fish
schools coordinate their concerted movements, although compelling evidence is lacking. Sounds
produced during feeding, e.g. when manipulating the food with the pharyngeal jaws, can affect
behavior of different receivers in different ways. Conspecifics might join the feeding individual in
search of food. Predators might be drawn to the location of their feeding prey. And prey itself might
try to evade or avoid the already feeding, but maybe not satisfied, predator.

During courtship and agonistic interactions sounds are produced, sometimes simultaneously with
other typical behaviors like quivering. In the cichlid Pseudotropheus zebra specific types of
vocalization have been recorded for male-male and female-female agonistic interactions, as well as
male-female courtship behavior (Simoes er al. 2008). In the Lake Victoria cichlid Pundamilia
nyererei (Witte-Maas and Witte 1985) sounds produced by males do not differ with context
(Verzijden et al. 2010). The courtship sounds have been found to be species-specific in a few lake
Malawi cichlids (Lobel 1998; Amorim et al. 2004; Amorim et al. 2008; Danley et al. 2012)

EVOLUTIONARY IMPORTANCE

The presence and malleability of pharyngeal jaws — both, on ecological and evolutionary timescales
— probably had a large impact on the evolution of teleosts. Liem (1973) hypothesized that the
derived form of the PJA found in labrids, cichlids, embiotocids and pomacentrids (the
‘pharyngognaths’) increases functional versatility and thereby might have triggered adaptive
radiations in these groups. The highly integrated and derived ‘pharyngognath’ jaw might, hence,
constitute an evolutionary key-innovation, giving access to new adaptive zones in which
diversification might take place (Wainwright 2007). However, in a recent review, Wainwright
(2006) reports no greater behavioral or functional versatility in derived labroid pharyngeal jaws
compared to the generalized percomorph PJA - only a stronger and more efficient bite is asserted.
Still, a forceful bite presumably extends the accessible range of food resources considerably and

many members of the before mentioned groups have specialized on durophagy.

Due to the ample capabilities of the PJA in food processing, the functionally and developmentally
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decoupled oral jaws could be adapted for acquiring food (Liem and Osse 1975) and it might have
been this increase in the degrees of freedom for adaptation to occur that led to the success of some
of these taxa (Hulsey et al. 2006). Cichlids and some labrid groups (scarids and julidines) indeed
comprise an impressive number of species featuring extremely diverse feeding modes. The adaptive
radiation of East African cichlids is even regarded to be the prime example of vertebrate
diversification (Salzburger and Meyer 2004). Plausible as this explanation might sound, studies
testing the assumption of ‘uncoupledness’ and the apparent correlation with species richness cast
some doubt on Liem’s hypothesis: A study explicitly testing for rates of lineage diversification
within the labrids by Alfaro and coworkers (2009) does not support the notion that the advent of the
derived PJA structure triggered diversification, but attributes increased speciation rates to other
factors, such as coloration and sexual selection. On the same line, of convergently evolved
“pharyngognath” lineages only cichlids and labrids show an exceptional species richness, while
four other clades do not (Wainwright ef al. 2012). The assumption that oral and pharyngeal jaws are
genetically and developmentally uncoupled might not hold true for the dentition in Lake Malawi
cichlids, as Fraser and coworkers (2009) found evidence for the oral and pharyngeal dentitions to be
genetically coupled. In Neotropical heroine cichlids, however, Hulsey and colleagues (2006) did
find the two systems to be uncoupled. Clearly, more work is needed and is also imminent, since the
genetic basis of these traits is revealed with modern genomic methods, as well as statistical
comparative methods become more advanced and allow for powerful hypothesis testing.

The ability to fine-slice niche space by adaptation in the pharyngeal (and oral) jaws might facilitate
ecological speciation (Rundle and Nosil 2005) and might be partly responsible for cichlids
propensity to speciate. But to lead to speciation the ecological specialization needs to entail
reproductive isolation. Several hypothetical scenarios can be imagined here: If one or more of the
presumably few loci important in the determination of pharyngeal jaw shape and dentition is
physically linked to loci determining traits involved in, for example, mate-choice, reproductive
isolation might ensue divergent natural selection on the jaw determining loci. Sensory exploitation
might play a central role as well, possibly linking diet or habitat preference and, subsequently,
mate-coloration preference (Seehausen et al. 2008). If species-specific mating calls were indeed
produced using the pharyngeal jaw, this would lead to interesting hypotheses about sexual selection
acting on the PJA in cichlids and other taxa. If differently shaped pharyngeal jaws produce shape
specific sounds and if females tend to prefer sounds of jaw shapes like their own, the stage would
be set for trophic specializat