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1 Abstract

Aphanius is a genus of pupfishes belonging to the family Cyprinodontidae of ray-finned fish.
Unlike other members of this family, which are from America, Aphanius species are native to
northern Africa, southwestern Asia (as far east as India) and southern Europe. They are present
from the Mediterranean coasts of the Iberian Peninsula to the Red Sea and the Persian Gulf
basins.

Aphanius primary occurs in freshwater habitats or coastal marine environments, characterized
by warm water and mesosaline to hypersaline conditions.

Most Aphanius species are threatened because of drought, habitat degradation and loss, as well
as water pollution, and the introduction of invasive species, like Gambusia.

Aphanius species feed on insect larvae, crustaceans and algae. Therefor they use suction feeding
as a mechanism of prey capture. This led to some adaptations like a special mechanism of jaw
protrusion.

The objective of this theses is to reconstruct the morphology of the feeding apparatus in Apha-
nius mento (provided by the Vienna zoo), for comparison with related groups, as well as to
prepare a foundation for further kinematic studies.

To investigate the skeletal elements (skull, jaw elements, hyoid apparatus) as well as the apper-
taining musculature, microCT scans in combination with the software Amira were used. Fur-
thermore, the specimens’ skeleton was prepared via clearing and staining, a process that renders
the flesh invisible, the bone red, and the cartilage blue.

Due to the structure of the skeletal elements in combination with the associated musculature in
A. mento it is reasonable to conclude that within this species the maxilla is pulled forward as
the lower jaw is depressed, resulting in the Type B mechanism of jaw protrusion, also known
as “twisting maxilla model”. A similar type of jaw arrangement and therefore a similar mecha-
nism of jaw protrusion is present in Poecilia sphenops, Fundulus sp. and Mugil sp..
Furthermore, 4. mento’s mouth region shows a beaklike appearance, well-suited for the mech-
anism of suction feeding, as well as picking prey from the surface of the water or the ground.
The same beaklike appearance can be seen in Gambusia affinis and Kryptolebias marmoratus.
This study is also the first detailed description of 4. mentos morphology and therefore has

brought new insights concerning the anatomy of its feeding apparatus.






2 Zusammenfassung

Aphanius repréasentiert eine Gattung innerhalb der Ordnung der Zahnkérpflinge (Cyprinodonti-
formes) und der Familie der Cyprinodontidae. Wéhrend ein Grofiteil der Cyprinodontidae in
Amerika beheimatet ist, erstreckt sich das Verbreitungsgebiet der verschiedenen Aphanius Ar-
ten vom siidlichen Europa, {iber Afrika bis hin nach Stidwest Asien.

Aphanius kommt in erster Linie im SiiBwasser, sowie in marinen Kiistengebieten vor, welche
sich durch mesosaline bis hypersaline Bedingungen auszeichnen.

Die meisten Aphanius Arten sind aufgrund von Diirre, Habitats-Riickgang oder -Verlust, sowie
Wasserverschmutzung und das Ansiedeln invasiver Arten (z.B. Gambusia) bedroht.

Aphanius erndhren sich in erster Linie von Insektenlarven, Krustentieren und Algen, wodurch
diese Gattung einige Anpassungen im Hinblick auf die Nahrungsaufnahme und die damit ver-
bundene ,,jaw protrusion* aufweist.

Im Zuge dieser Masterarbeit wurde die Schiadelmorphologie von Aphanius mento untersucht,
um diese anschlieBend mit anderen Gruppen zu vergleichen. Ziel war es auch, eine Grundlage
fiir weitere kinematische Arbeiten zu schaffen.

Von den vom Zoo Schonbrunn zur Verfiigung gestellten Tieren wurden microCT Scans ange-
fertigt, um anschlieend die Knochenelemente sowie die damit verbundene Muskulatur im Pro-
gramm Amira zu rekonstruieren. Um die Knorpelelemente zu visualisieren, wurde die Methode
des ,.clearing and staining* verwendet, wodurch die Knochen rot und die Knorpel blau geférbt
wurden.

Aufgrund der Schidelmorphologie wird davon ausgegangen, dass 4. mento den Typ B Mecha-
nismus, auch bekannt als ,,twisting maxilla model, der ,,jaw protrusion* aufweist. Dabei wird
die Maxilla nach vorne gezogen, wihrend der Unterkiefer nach unten bewegt wird. Poecilia
sphenops, Fundulus sp. and Mugil sp. weisen einen dhnlichen Kieferaufbau und dementspre-
chend auch eine dhnliche ,,jaw protrusion‘ auf. Die Mundregion von 4. mento weist ein ,,schna-
belartiges Erscheinungsbild auf. Dieses ist sowohl fiir den Mechanismus des Saugschnappens,
als auch fiir das ,,Aufpicken* von Nahrung vom Grund und von der Wasseroberfliache gut ge-
eignet. Das gleiche ,,schnabelartige* Erscheinungsbild kann man auch bei Gambusia affinis und
Kryptolebias marmoratus erkennen.

Im Zuge dieser Arbeit wurde die Schiddelmorphologie von 4. mento das erste Mal sehr detail-
liert dargestellt und beschrieben und liefert somit neue Erkenntnisse beziiglich der Anatomie

dieser Tiere.






3 Introduction

Taking a look at the evolutionary history of feeding mechanisms and biomechanics in fish, there
are a lot of morphological changes, including the structure and function of kinetic vertebrate
skull. Regarding morphology and kinematics, the fish skull is very complex, leading to diverse
feeding mechanisms (Westneat, 2006). The dietary preferences within different groups of fishes
(piscivores, herbivores, planktivores, detritivores, molluscivores etc.) determine the feeding
mechanism of each species. Mechanisms using water flow are for example inertial suction,
where the prey is drawn into the mouth while the animal remains stationary, and compensatory
suction, where the prey is kept in place, while the animal lunges at it (Gilles et al., 1994; van
Damme and Aerts, 1997). This trophic strategies include biting tough, encrusted algae (Bell-
wood and Choat, 1990), sucking miniscule crustaceans from the water column (Bergert and
Wainwright, 1997), scraping epiphytic algae from the substrate (Schaefer and Lauder, 1986),
suspension feeding on zooplankton and phytoplankton from the water column (Goodrich et al.,
2000), ambush attacks on mobile prey (Lauder and Liem, 1981), rotational feeding to tear
chunks from larger prey (Helfman and Clark, 1986), and feeding on highly elusive prey (San-
ford and Wainwright, 2002; Hernandez et al., 2008).

3.1 Mechanism of suction feeding

The high density and viscosity of the water complicates the interaction between fish and their
food particles. Thus, to take up their food, fish using suction feeding have to create a water flow
through their buccopharyngeal cavity (Gilles et al., 1994). This can be achieved by ram feeding,
where both the mouth and the opercula are widely opened during swimming, or by means of
active suction (inertial suction) (Lauder 1985; Gilles et al., 1994).

Inertial suction feeding is the most common mechanism of prey capture in fish and other aquatic
vertebrates (e.g., Alexander 1969; Liem 1979; Lauder 1980b, 1980c, 1985; Lauder and Shaffer
1985; Lauder and Reilly, 1994; Lauder and Prendergast 1992; Svadnback et al., 2002), and
probably was employed by the earliest gnathostomes (Lauder, 1985; Moss, 1977; Gibb and
Ferry-Graham, 2005). It presupposes a rapid expansion of the buccal and opercular cavities,
thus drawing the prey into the mouth along with the surrounding water (Lauder, 1980a; Lauder,
1985; Aerts et al., 1991; Ferry-Graham and Lauder, 2001). The produced suction force can vary
among species depending on the size and elusiveness of the prey. Also, while soft prey may be
swallowed as soon as it is captured, hard prey, such as shelled invertebrates, often require ad-

ditional physical processing. To enable this feeding mechanism, the fish skull contains about



60 interconnected skeletal elements that can be moved in a coordinated way (Aerts, 1991). To
allow such movement, an equal amount of muscles have to take action. In bony fish, the mech-
anism of suction feeding can be structured in four phases: (I) 'preparatory' phase, (II) 'expansive'
phase, (III) 'compressive' phase, and (IV) 'recovery' phase (Muller and Osse 1984; Lauder,
1985; Lauder and Reilly, 1994; Gibb and Ferry-Graham, 2005; Helfman et al., 2009).

During the preparatory phase, the buccal cavity is first compressed, followed by a rapid expan-
sion during the ‘expansive’ phase. In terms of suction feeding, this phase is of utmost im-
portance. The overall change in buccal volume, as well as the velocity with which it occurs
affect the generation of flow into the mouth (Lauder, 1980a; van Leeuwen and Muller, 1984;
Muller, 1987; Gibb and Ferry-Graham, 2005). Furthermore, an anterior-to-posterior wave of
expansion is created by components of the head and jaws (Lauder, 1985; Muller and Osse,
1984; Gibb and Ferry-Graham, 2005). Therefore, any given cranial element reaches the limit
of its excursion slightly before the element immediately posterior to it (Gibb and Ferry-Graham,
2005). Thereby, in the cranium of Osteichthyes, first the lower jaw reaches its maximum de-
pression, followed by the neurocranium achieving its maximum rotation and the opercular re-
gion reaching its maximum expansion. After the expansive phase, the water gets expelled
through the opercular openings or the mouth of the fish. Meanwhile, the food is retained in the
oral jaws or the buccal cavity. This compressive phase is, in comparison to the previous phase,
significantly slower. During the recovery phase the elements finally return to their relaxed
prefeeding position. These four phases may be repeated cyclically to produce the flow of water

necessary to transport the food into the esophagus (e.g., Gillis and Lauder, 1995).

3.2 Premaxillary movements in cyprinodontiform fish

Another important part allowing the ingestion of food is the jaw protrusion. It comes with sev-
eral advantages during prey capture, for example an increase in prey capture velocity and a
shortening of the predator-prey distance (Norton and Brainerd, 1993), by allowing the fish to
protrude a small element rapidly towards the prey. Furthermore, it increases the water velocity
- and therefore suction force - during feeding (Schaeffer and Rosen, 1961; Motta, 1984; Norton
and Brainerd, 1993), as well as enabling a fish to close its mouth rapidly by decreasing the
distance between upper and lower jaws (Alexander, 1967a).

Jaw protrusion is characteristic for many acanthopterygian teleosts (Greenwood et al., 1966). It
involves the anterior, anteriodorsal or anterioventral movement of the upper jaw and the pivot-
ing of the lower jaw or mandible around a ball and socket articulation with the suspensorium

such that the entire mouth is moved anteriorly (Greenwood et al., 1966, Motta, 1984).
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To consume the prey, teleostei have evolved 4 different ways of premaxillary protrusion (Motta,
1984).

In Type A, also called “mandible depression model” of jaw protrusion, the premaxilla is pulled
or pushed into the protruded state due to depression of the mandible (Eaton, 1935; Alexander,
1967a, b; Lauder, 1982; Motta, 1984). The created force may be transferred to the upper jaw
via bones, ligaments or tendons. The twisting of the maxilla around its longitudinal axis may
occur passively in comparison to the Type B or “twisting maxilla model” (Motta, 1984). In this
type, the twisting of the maxilla round its longitudinal axis is used to drive or pull the premaxilla
into the protruded position (Motta, 1984). Either depression of the mandible or contraction of
the Al division of the adductor mandibulae musculature initiates the twisting mechanism (Al-
exander, 1967b; Liem, 1980a; Motta, 1984). In Type C or “decoupled model” of jaw protrusion,
the neurocranium is lifted independently from the premaxilla resulting in protrusion of the lat-
ter. In Type D or “suspensorial abduction model”, the latter two mechanisms are augmented by
abducting the suspensorium to produce tension in the palatopalatine ligament, pushing the as-
cending process of the premaxilla such that protrusion of the premaxilla occurs (Liem, 1980a;
Motta, 1984).

Cypriniformes and Percomorpha represent two of the largest and most successful groups of
teleost fishes (Ferry-Graham et al., 2008). In both orders, a mobile bony element formed by the
paired premaxilla bones projects towards the prey during feeding (Lauder and Liem, 1983). In
perspective of the general lineage of Cypriniformes as well as the general perciform lineage,
the movement of the upper jaw during feeding consists of the premaxilla rotating dorsally and
concurrently projecting ventrally. This anterior movement of the paired descending processes
serves to occlude the sides of the v-shaped mouth opening to prevent the prey from escaping
through the sides of the mouth (Motta, 1984; Ferry-Graham et al., 2008). Simultaneously, the
anterior movement of the descending processes helps to form a tubular mouth opening that is
associated with increased suction production during prey capture (Norton and Brainerd, 1993;
Wainwright et al., 2001; Wainwright and Day, 2007; Ferry-Graham et al., 2008).

However, Cyprinodontiformes, including the genus Aphanius, are a large and successful group
of teleosts that demonstrate a notably different upper jaw protrusion mechanism (Ferry-Graham
et al., 2008). In Cyprinodontiformes, the descending processes of the maxilla are bound by taut
ligaments to the mandible. Therefore, the descending processes cannot swing anteriorly during
the mouth opening, resulting in not occluding the sides of the opened mouth. The dorsal ele-
ments of the premaxilla protrude in a ventral direction, creating a beaklike appearance during

the feeding mechanism (Ferry-Graham et al, 2008).
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During the protrusion, a lip membrane is pulled taut and serves in some taxa to partially occlude
the sides of the open mouth.
In conclusion, the mechanism of jaw protrusion within the Cyprinodontiformes differs in both

underlying morphology and mechanics of movement from other orders.

Besides the skeletal elements, the musculature plays an important part in capturing the prey. To
give an example, the m. adductor mandibulae complex is highly adapted to different feeding
strategies among vertebrate clades leading to a large amount of diversification (Gosline, 1986;

Diogo, 2008; Diogo and Abdala, 2010; Datovo and Vari, 2013; Werneburg, 2015).

3.3 Kinematic

In addition to morphological adaptions, kinematic patterns of the oral jaw (gape), hyoid (de-
pression) and suspensorium (abduction) are important in triggering suction production. The
cranial elements involved in these patterns - jaw, neurocranium, hyoid and opercular bones -
operate as an integrated structural complex (Sanford and Wainwright, 2002; Gibb and Ferry-
Graham, 2005). This implies that an individual fish may change the amount of suction produced
by manipulating the timing or maximal displacement of all four cranial elements at once (Gibb
and Ferry-Graham, 2005). If individuals of a species specialize on more challenging prey, they
modify their mechanism of suction feeding by modifying their prey-capture kinematics or by
changing their feeding morphology (Gibb and Ferry-Graham, 2005). For example, fish with
smaller mouths and deeper bodies continue to produce greater suction pressure during feeding
compared to fish with larger mouths and shallower bodies (Carroll et al., 2004; Gibb and Ferry-
Graham, 2005). This enables them to capture more elusive prey. Clearly, changes in morphol-
ogy are highly correlated with changes in suction pressure, but it is also important to note that

changes in feeding kinematics are another key element in enhancing the suction produced.

3.4 Aphanius mento

Killifish (Cyprinodontiforms), including the genus Aphanius, are a large group of secondary
freshwater fish and have proven to be particularly interesting for evolutionary studies (see re-
view in Parker and Kornfield, 1995; Teimori et al., 2014). They are widely distributed along
the late-period Tethys Sea coast lines (Gliglii and Kiigiik, 2008; Giiglii, 2012). However, the
current distribution area of Aphanius has also been influenced by glacial and interglacial period

differences in the Mediterranean Sea level (Wildekamp et al., 1999; Giiglii and Kiigiik, 2008).
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The genus Aphanius is composed of 30 species comprising two major clades that most likely
developed near coastal areas during the closing of the Tethys Sea (Hrbek and Meyer, 2003).
The current distribution area of Aphanius mento ranges from the Arabian Peninsula, Syria and
Lebanon to the coastal rivers in Israel and Western Jordan (Giiglii and Kiigiik, 2008), where it
inhabits fresh to lightly brackish water in springs, creeks, rivers and small lakes near the banks.
It is predominantly found in marginal zones amongst or close to vegetation where males estab-
lish their territories (Wildekamp, 1993; Wildekamp et al., 1999). Like most cyprinodontiforms,
species of Aphanius tolerate a wide range of temperatures and salinities (Teimori et al., 2014).
This ecological tolerance, in combination with their small size and their feeding spectrum (in-
sect larvae, crustaceans, and algae) permits Aphanius populations to persist in restricted and
extreme habitats (e.g., Echelle and Dowling, 1992; Wildekamp, 1993; Teimori et al., 2014).
An example of a typical habitat can be found in Antalya province, Turkey. The Kirkgoz spring,
characterized by its relatively high levels of salts, containing chlorine, magnesium and calkin,
originates from karstic limestones and flows for around 30km before emptying into the Gulf of
Antalya (Gtiglii and Kiigiik, 2008).

The genus Aphanius is well known for its expulsion due to invasive species of the genus Gam-
busia. Latter were introduced to the environment by humans to control the mosquito population
because they prey on mosquito larvae. The introduction of Gambusia holbrooki caused a de-
crease in the number of frogs (Webb and Joss, 1997; Mordenti et al., 2012), markedly reduced
the population density of invertebrate predators of mosquitoes (EI Safi et al., 1985; Mordenti et
al., 2012), whereby affected Aphanius populations (Caiola and Sostoa, 2005; Mordenti et al.,
2012). Several studies have investigated Aphanius as a potential biological control agent for

mosquito larvae (Al-Akel and Suliman, 2011; Haq and Srivastava, 2013).

The focus of this study lies on the morphology of the feeding apparatus (skull, hyoid apparatus
and associated musculature) in Aphanius mento with the aim to describe the anatomy of Apha-
nius mento in detail and thereby prepare a foundation for further anatomical and kinematic

studies.
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4 Materials and Methods

To investigate the skeletal elements (skull, jaw elements, hyoid apparatus) and the appertaining
musculature of Aphanius mento, microcomputed tomography scans (LCT) were used. The in-
dividual fish were provided by the Vienna Zoo (Vienna, Austria). One individual was scanned
using microcomputed tomography scans by Stephan Handschuh at the Imaging Unit of the
VetCore Facility for Research at the University of Veterinary Medicine Vienna (Austria). The
specimen was scanned with the Zeiss Xradia MicroXCT-400 (Carl Zeiss X-ray Microscopy,
Pleasanton, CA, USA).

For puCT, the specimen was anesthetized with a lethal dose of Tricaine (MS 222), fixed in 4%
formaldehyde solution for lyear, and stained for six days, using 1% I> in EtOH. Afterwards it
was washed and mounted in 100% EtOH. To distinguish soft tissues (musculature) from hard
tissue (skeletal elements) in a single sample, two different x-ray energy spectra (40kVp and
80kVp) were used and a dual energy scan of 40/80 kVp was performed (for details on the
method, see Handschuh et al., 2017).

The x-ray source settings of the low energy scan were 40kVp and 200pA, while the higher
energy scan was conducted with 80kVp and 100pA. Projection images were recorded using a
4x optical lens and an angular increment of 0,167° between projections and exposure times of

40s for 40 kVp and 20s for 80 kVp. Voxel size of both low and high energy scans were 6,77um.

For the 3D reconstruction of the skull, the jaw elements, the hyoid apparatus and the appertain-
ing musculature, Amira 6.3 and 6.4 (FEI, Oregon, USA) were used. Additionally, the Amira
Volren Tool, which provides a volume rendering of either the skeletal elements or other body
tissues, was applied to the uCT scan of 4. mento.

To create the reconstructions, each skeletal element and muscle was selected on multiple slices
using the segmentation editor, interpolated where possible, and assigned to a label. The seg-
mented elements were then visualized using the Surface Generation Tool and optimized by
iterated simplification and smoothing tools. The 3D reconstructions were displayed and snap-

shots were taken.

Due to technical reasons, the resolution of the scans can occasionally lead to limitations on the
reconstructions. For example, thin tissues like tendons or thin skeletal elements are difficult to
reconstruct. Also, the borders between different muscles as well as those between some skeletal

elements are sometimes difficult to pinpoint. After using the simplification and smoothing tools,
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a scalebar was added and snapshots of the finalised reconstructions were taken. Names of mus-
cles and skeletal elements were added using Photoshop CC (Adobe Photoshop CC, Adobe Sys-
tems, Delaware USA).

In addition to the 3D reconstructions, one specimen’s skeleton was prepared using clearing and
staining. The formaldehyde fixated fish was rinsed in distilled water and then dehydrated in
50% EtOH for 24 hours. Afterwards, the specimen was transferred to 100% EtOH for 24 hours.
Cartilage were stained in a solution consisting of 70ml 100%EtOH, 30 ml acetic acid, 20mg
Alcian blue. After the staining process the fish was moved directly to a saturated sodium borate
solution for about half a day. This step is called neutralisation and will prevent calcium loss
during bleaching. The next step was to bleach the specimen by using 15 ml 3% hydrogen per-
oxide (H20.) in 85 ml 1% potassium hydroxide (KOH) solution. Afterwards, the fish was put
into a clearing solution of 35ml saturated sodium borate, 65ml distilled water and 1% trypsin.
The specimen was kept in the clearing solution until about 60% clear. To stain the skeletal
elements, KOH and the Alizarin Red stain were mixed together. After 1 day the fish was put in
a destaining solution, where it stayed for 2 days. Therefor, 35 ml saturated sodium borate solu-
tion, 65 ml distilled H2O and trypsin powder were used.

For preservation 30% glycerine and 70% KOH were used. One week after the clearing and
staining procedure, images of 4. mento were taken using the stereomicroscope Nikon SMZ25
in combination with the camera Nikon DS-Ri2.

Finally, the visible structures were labelled, again using Photoshop CC (Adobe Photoshop CC,
Adobe Systems, Delaware USA).
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5 Results

The aim of this study was to image and analyse the skull, hyobranchial apparatus and muscles
involved in the feeding process of Aphanius mento.

The head of a fish can be divided into six main regions: the cranium, the jaws, the cheeks, the
hyoid arch, the opercula, and the branchial arch. On the posterior side of the head, a pectoral
girdle separates the head region from the rest of the body.

“A Descriptive Synonymy of the Striated Muscles of the Teleostei” (Winterbottom, 1973) and
“Morphology of a picky eater: A novel mechanism underlies premaxillary protrusion and re-
traction within cyprinodontiformes” (Hernandez et al., 2008), were used as guidelines for the

nomenclature in this study.

5.1 Skeletal elements

I
1000 ym

Figure 1: Lateral view of the reconstructed skull of Aphanius mento, without cartilage, ligaments or muscles. aa
= angulo-articular, dn = dentary, hm = hyomandibular, iop = interopercular, le = lateral ethmoid, mx = maxilla,
na = nasal, ner = neurocranium, op = opercular, pas = parasphenoid, pop = preopercular, pt = pterygoid, pmx =
premaxilla, postt = posttemporal, qu = quadrate, scl = supracleithrum, sop = subopercular, sy = symplectic.

The skull of Aphanius mento is composed of numerous important movable skeletal elements
(Fig. 1). The skull of 4. mento shows a short snout.
While most elements are ossified, a part of the ethmoid, the mesethmoid, is cartilaginous and

has a dermal element fused to it (Fig. 2).
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Figure 2: Dorsal view of Aphanius mento showing skeletal and cartilaginous elements of the head. Due to the
method of clearing and staining, the bony elements are colored red and the cartilaginous elements are colored blue.
dn = dental, le = lateral ethmoid, me = mesethmoid, mx = maxilla, ner = neurocranium, pmx = premaxilla.
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5.1.1 Neurocranium

Figure 3: Dorsal (A), lateral (B) and posterior (C) view of the reconstructed neurocranial region of Aphanius
mento. In A the neurocranium is see-through, so that the otoliths can be seen. bo = basioccipital, exo = exoccipital,
fm = foramen magnum, fr = frontal, hm = hyomandibular, le = lateral ethmoid, na = nasal, ner = neurocranium,
oth = otolith, or = orbit, p = pterotic, pas = parasphenoid, postt = posttemporal, scl = supracleithrum, so = su-
praoccipital.

The neurocranium consists of numerous bony elements (frontal, pterosphenoid, parietal, sphe-
notic, pterotic, supraoccipital crest, intercalar, exoccipital, basioccipital, prootic, parasphenoid,
basisphenoid, vomer) that are merged. The frontal bone of the neurocranium surrounds the dor-

sal region of the orbit (Fig. 3B). Below the neurocranium is the parasphenoid, a bony element
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that connects the vomer and ethmoid to the neurocranium (Fig. 3A/B). The supraoccipital is a
median bone in the upper rear part of the skull, as can be seen in Fig. 3B/C.

The foramen magnum is the posteromedial aperture through the occiput into the cranial cavity,
that is located above the basioccipital and between the exoccipital (Fig. 3C).

The three pairs of otoliths, shown in Fig. 3A, demonstrate the position of the inner ear. The

largest one is called sagitta, and is positioned between the astericus and lapillus.

5.1.2 Splanchnocranium

5.1.2.1 Oral jaws
5.1.2.1.1 Upper jaw

am (A2/3)

Figure 4: Anterior (A) and lateral (B/C) view of the oral region of Aphanius mento. aa = angulo-articular, am =
adductor mandibulae, dn = dentary, mx = maxilla, pmx = premacxilla, pal = palatine, pt = pterygoid, qu = quadrate.
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Figure 5: Anterior view of the 3D model of the maxilla of Aphanius mento in detail. ¢p = caudal process, p.ext =
external process, p.int = internal process, ps = premaxillary sulcus.

The upper jaw consists of a paired maxilla and premaxilla (Fig. 4A). The toothless and elon-
gated maxillae are located above the premaxillae (Fig. 4A-C, 5, 6). The ascending process of
each maxilla is more complex, featuring an external and internal process, as well as a premax-
illary sulcus (Fig. 5). The ventral ends of the descending arms, also known as maxillary or
caudal process, are affixed firmly to the ventral end of the premaxilla.

The descending arms of the paired premaxillae have a recurved shape (Fig. 4A-C and Fig. 6).
The ascending arms diverge from one another at their posterodistal ends. Between the dorsal
ends of the ascending arms, connective tissue and rostral cartilages are present.

In Fig. 6 the shape of the premaxillary teeth can be seen. Each tooth shows three tips, with the
one in the middle being the longest.

The pterygoid is a paired skeletal element connecting the palatine anteriorly to the quadrate

posteriorly (Fig. 4B).
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Figure 6: A closeup of the mouth region of Aphanius mento, showing the shape of the premaxillary teeth and the
ascending processes of the premaxille. Due to the method of clearing and staining, the bony elements are colored
red and the cartilaginous elements are colored blue. asp = ascending process, dn = dental, mx = maxilla, pmx =

premaxilla.

5.1.2.1.2 Lower jaw

The lower jaw shows a dentary bone and an angulo-articular (Fig. 4A-C, 7A/B). The pair of
dentaries carry teeth and form the anterior part of the lower jaw. They hold/contain a peripheral
row of tricuspid teeth similar to the premaxillary. The dentaries show ventral and dorsal pro-

cesses where they articulate with the angulo-articular.
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Figure 7: Lateral view of the 3D model of the dentary (A), and the angulo-articular (B) in detail. The arrow points
at the “V” shaped region of the dentary, where the anterior process of the angulo-articular inserts. cop = coronoid
process, p.ant = anterior process, poartp = postarticular process, prartf = prearticular fossa, p.vent = ventral
process, quf = quadrate facet.

The paired angulo-articular form the posterior part on either side of the lower jaw (Fig. 4A).
This is also known as the ‘angular complex” which consists of the fused angular, articular, and
retroarticular. The anterior part of these bones articulates with the dentary via an anterior pro-
cess, while the posterior part is connected to the suspensorium. The anterior process of the
angulo-articular is quite long and inserts into the ‘“V’” which is formed by the two processes of
the dentary (Fig. 7A/B).

The angular complex is triangular with a quadrate facet (Fig. 7B), which fits between the lateral
and mesial condyles of the quadrate (Fig. 9). The Meckel’s cartilage covers a large part of the

articular (Fig. 8).

22



5.1.2.2 Suspensorium

Figure 8: Lateral view of Aphanius mento. Due to the method of clearing and staining the bony elements are
colored red and all the cartilages are stained blue. The arrow points at the Meckel’s cartilage. aa = angulo-articular,

dn = dental, hm = hyomandibular, mx = maxilla, pmx = premaxilla, pt = pterygoid, qu = quadrate, sy = symplec-
tic.

Figure 9: Lateral view of the 3D model of the quadrate of Aphanius mento in detail. lc = lateral condyle, me =
mesial condyle, pg = preopercular groove, pp = preopercular process, syi = symplectic incisure.
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A. mento possesses a pair of triangular quadrates (Fig. 4B, 9). The lateral and mesial condyles
are connected with the angular of the lower jaw. Furthermore, the quadrate possesses a preo-

percular process featuring a groove that connects the quadrate with the preopercle (Fig. 9).

Figure 10: The main articulations of the suspensorium in 4. mento: (1) between the palatine and the neurocranium,
(2a), (2b) between the hyomandibula and the neurocranium, (3) between the hyomandibula and the opercle, (4)
between the quadrate and the lower jaw, (5) between the maxilla and the palatine.

aa = angulo-articular, dn = dental, hm = hyomandibular, mx = maxilla, ncr = neurocranium, op = opercular, pmx
= premaxilla, pt = pterygoid, qu = quadrate, sy = symplectic.

The suspensorium complex shows five articulations (Fig. 10): (1) the palatine articulates with
the anterior region of the neurocranium; (2a) and (2b) the hyomandibula articulates with the
neurocranium on the otic region; (3) the posterior margin of the hyomandibula articulates with
the opercular series; (4) the quadrate ventrally articulates with the angulo-articular; (5) the an-

terior region of the palatine articulates with the maxilla.
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5.1.2.3 Hyoid apparatus

Figure 11: Lateral view of the neurocranium and the hyoid apparatus (A) of Aphanius mento and the hyoman-
dibular in detail (B). bo = basioccipital, exo = exoccipittal, fr = frontal, hm = hyomandibular, le = lateral ethmoid,
opp = opercular process, or = orbit, p = pterotic, pas = parasphenoid, pf = pterotic facet, popg = preopercuar
groove, sf = sphenotic facet, so = supraoccipital, sy = symplectic, syf = symplectic facet.

The symplectic, a bone that is present in teleostean fish, forms the ventral ossified element of
the suspensorium. The paired hyomandibulars connect the symplectic to the neurocranial re-
gion, where they articulate with the hyomandibular fossa of the otic capsule (an excavation in
the adjoined sphenotic, pterotic and prootic bones) (Fig. 11A). The ventral part of the hyoman-
dibulars attaches to the quadrates via the so called symplectic, showing a symplectic facet (Fig.
11B). Thereby the symplectic builds a linkage between the jaw and the rest of the cranium.
Furthermore, an opercular process as well as a preopercular groove connect the hyomandibular

and the opercular region (Fig. 11B).
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Figure 12: Medial view of the skeletal elements (A) and ventral view of both skeletal elements and musculature
(B) of Aphanius mento, in combination with a reconstruction of the hyoid arch. Dorsal (C) and ventral (D) view
of the reconstructed skeletal elements of the hyoid arch. br = branchiostegal rays, ch = ceratohyal, eh = epihyal,
hh = hypohyal, uh = urohyal.

The hyoid arch comprises a small ventral hypohyal, a ceratohyal and an epihyal (Fig. 12A-D),
as well as a basihyal (Fig. 14A/C/D, 15), which will be described later in this study. Together
these ossified elements form the main movable unit of the hyoid, posterior to the lower jaw.
Four pairs of curved branchiostegal rays join with the hyoid arch via the ceratohyal (Fig. 12A-
C). The further posterior situated branchiostegal rays are generally larger and more elongated.
Between the pair of ceratohyals lies the urohyal (Fig. 12A-D), an ossified “tendon bone” that
originates in the septum between the longitudinal throat muscles. The urohyale and the anterior

part of the hypohyale are connected via ligaments.
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5.1.2.4 Opercular region

Figure 13: Lateral view of the skeletal elements and musculature in combination with the reconstructed opercular
apparatus (A), closeup of the reconstructed opercular apparatus (B), the inner side of the right opercle (C), and the
outer side of the preopercle (D) in detail. am = adductor mandibulae, af = articular fossa, iop = interopercle, m.ant
= anterior margin, op = opercle, ops = opercular spine, paf = postarticular fossa, pop = preopercle, que = quadrate
crest, s¢ = sensory canal, sop = subopercle, ua = upper angle, w.ant = anterior wing, w.post = posterior wing.

The opercular apparatus consists of four pairs of flat dermal bones, covering the gills (Fig.
13A/B). These include the opercle, as well as, the inter-, pre- and subopercle, which is the
innermost element (Fig. 13A/B).

The opercle is more or less rectangular and shows an opercular spine, as well as a postarticular
fossa (Fig. 13C).

The preopercle is a paired bone, its upper arm (Fig. 13D) joins with the preopercular groove of
the hyomandibular (Fig. 11B) to hold it in place. Its lower arm has a quadrate crest (Fig. 13D),
that connects with the quadrate. The posterior wing of the preopercle (Fig. 13D) partially covers
the opercle and subopercle (Fig. 13B).
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5.1.2.5 Branchial arch

—
1000 ym

Figure 14: Lateral (A), posterior (B) and dorsal (C/D) view of the branchial skeleton of Aphanius mento. bb =
basibranchial, bh = basihyal, cb = ceratobranchial, eb = epibranchial, hb = hypobranchial, pb = pharyngobranchi-
als.

The branchial complex includes four pairs of gill arches consisting of four pairs of gill rakers
and pharyngeal tooth patches, which originally represented the fifth gill raker.

The basihyal is a bone that belongs to the hyoid arch. Nevertheless it has been included into the
figures of the branchial arch to clarify the linkage between the basihyal (hyoid arch) and the
basibranchials (branchial arch). The anterior part of the basihyal is cartilaginous (Fig. 15), while
its posterior region consists of a bony element which is larger than the basibranchials (Fig.
14C/D).

The basibranchials form a chain from anterior to posterior. A largely ossified basibranchial 1 is
positioned anterior to the second and third one (Fig. 14A/C/D). The third basibranchial is car-
tilaginous and therefore not visible in the reconstructions of the skeletal element of the branchial
arch. It is positioned posterior to the basibranchial 2 and can be vaguely discerned in Fig. 15.
The basibranchials are bordered laterally by cartilaginous heads of the hypobranchials 1 to 3
(Fig. 15). The fourth hypobranchial is cartilaginous and positioned between the last basibran-
chial and the fourth ceratobranchial. The ossified hypobranchials 1 to 3 are elongated and trap-
ezoid (Fig. 14C/D). Furthermore, they are surrounded by cartilage along their lateral and
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posterior borders. There are five pair of toothed and mostly ossified ceratobranchials present
(Fig. 14A/C/D). The fifth ceratobranchials expand posteromedially supporting the lower phar-
yngeal tooth plate with conical shaped teeth that are arranged in four to five rows, building the
lower pharyngeal jaw (LPJ) (Fig. 14B/C/D). Furthermore, the branchial skeleton consists of
four pairs of epibranchials (Fig. 14A/B/D). The fourth epibranchial is, in comparison to the
other epibranchials, fairly big and therefore supports the pharyngobranchials almost alone.
They are largely ossified, except for their cartilaginous endpoints. In contrast to the ceratobran-
chials, the epibranchials bear no teeth (Fig. 14A/B/D). In addition, the fourth pair of epibran-
chials show an uncinate process (Fig. 14D). The ossified pharyngobranchials 1-4 are merged,
giving support to the upper pharyngeal tooth plate, bearing robust conical teeth arranged in four
to five rows (Fig. 14A/B/D). So, the upper pharyngeal jaw (UPJ) consists of the pharyngobran-
chials, which are placed beside the cartilaginous tips of the epibranchials 2, 3 and 4 (Fig. 14D).

Figure 15: Ventral view of Aphanius mento. The bony elements are stained red and the cartilaginous elements are
stained blue. bb = basibranchial, bh = basihyal, br = branchiostegal rays, ch = ceratohyal, dn = dental, hb =
hypobranchial, hh = hypohyal.
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5.1.3 Pectoral girdle

In Aphanius mento the cleithrum arches form the dorsolateral side of the head toward the bran-
chiostegal rays (Fig. 1). They connect the cranium to the pectoral and pelvic fins via the
posttemporal and the supracleithrum. The posttemporal is V-shaped and builds two connections

with the neurocranial region (Fig. 1).

5.2 Cranial musculature

5.2.1 Ocular muscles

o.inf

rsup =¥

—_— H i
1000 ym rint r.inf

Figure 16: Anterior (A), dorsal (B) and lateral view of Aphanius mento, showing the reconstructed extraocular
muscles. o.inf = oblique extraocular inferior, o.sup = oblique extraocular superior, r.ext = rectus extraocular
externus, r.inf = rectus extraocular inferior, r.int = rectus extraocular internus, r.sup = rectus extraocular superior.

Fig. 16A-C shows three pairs of extraocular muscles: inferior and superior oblique; inferior and
superior rectus; and external and internal rectus. At the ventral side of the 4. mento eye the
inferior rectus and inferior oblique overlap (Fig. 16A/C). A similar overlap of the superior

oblique and superior rectus muscles takes place on the dorsal side of the eye (Fig. 16A-C).
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5.2.2 Mandibular muscles

Fig. 17A shows a microCT scan of the
musculature of Aphanius mento including
some skeletal elements and the reconstruc-
tion of all three adductor mandibulae mus-
cles (A1-A3), Fig. 17B the skeletal ele-
ments and musculature including the re-
construction of two adductor mandibulae
muscles (A2/A3). There are two branches
of the first division of the Al: Ala and
A1p (Fig. 18A-D). Ala is larger than A1,
and its fibres proceed horizontally from
their origin on the hyomandibula and pre-
opercle to their attachment site on the pos-
terior end of the maxilla.

In contrast to Ala, the anterior part of A1
inserts on the maxilla as well as the pre-
maxilla.

A large part of A2 originates from the sus-
pensorium and inserts on ligamentous tis-
sue that covers the ventral part of the pre-
maxilla and further seems to be attached to
the dentary (Fig. 18A-D).

A3 is the smallest of the three adductor
mandibulae muscles (Fig 17A/B). Its ante-
rior region attaches on the premaxilla as
well as the angulo-articular. The posterior
region of A3 attaches laterally on the

quadrate.

—
1000 ym

—
1000 ym

Figure 17: Lateral view of skeletal elements and musculature, includ-
ing all three adductor muscles (A) and the lateral view of just the skel-
etal elements in combination with the reconstructed muscles (B) in
Aphanius mento. am = adductor mandibulae.
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Figure 18: Selected parasagittal microCT slices of Aphanius mento, showing skeletal elements and musculature.
from the most median (A) to the most lateral situated slice (D). The focus lays on the divided adductor mandibulae
muscles as well as the skeletal elements surrounding them. Ala and A1 are both subdivisions of Al (main ad-
ductor mandibulae). A2 is another subdivision of the whole adductor mandibulae complex. hm = hyomandibular,
iop = interopercular, mx = maxilla, pop = preopercular, pt = pterygoid, sop = subopercular, sy = symplectic.
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Table 1 summarizes the attachment sites and function of the muscles A1, A2, and A3.

Table 1: Attachment sites and function of the mandibular muscles in Aphanius mento.

MUSCLE ORIGIN INSERTION FUNCTION
Adductor mandibulae 1 e hyomandibula e posterior end of e holds maxilla in
(A1) e preopercle the maxilla place during feed-

ing
e closes mouth
Adductor mandibulae 2 e hyomandibula e ligamentous e closes mouth
(A2) e preopercle tissue e  assists adducting
e dentary suspensorium

Adductor mandibulae 3
(A3)

lateral side of the
quadrate

e premaxilla as
well as the an-
gulo-articular

closes mouth
assists adducting
suspensorium

5.2.3 Hyoid muscles

The hyoid muscles include the arcus palatini musculature, the adductor,

operculi, the hyoid abductor and adductor and many more.

Table 2: Attachment sites and function of the hyoid muscles in Aphanius mento.

dilatator and levator

MUSCLE ORIGIN INSERTION FUNCTION
Adductor arcus palatini e parasphenoid e pterygoid e raises the suspen-
anterior e hyomandibula sorium
Adductor arcus palatini e neurocranium e hyomandibula e raises the suspen-
posterior sorium
Adductor operculi e ventral side of e dorsal part of e adducts opercles

the pterotic of opercle
the neurocra-
nium
Dilatator operculi e orbit e anterodorsal tip e moves opercles
of opercle apart and expands
the gill cavity
Hyohyoideus abductors e hypohyals e branchiostegal e expand the bran-
e anterior cerato- rays chiostegal mem-
hyals (hyoid e mesial aponeu- brane
arch) rosis, meeting
its contralateral
counterpart
Hyohyoideus adductors e mesial aponeuro- e branchiostegal e  constrict the bran-
sis, meeting its rays chiostegal mem-
contralateral brane
counterpart
Hyohyoideus inferior e hypohyals urohyal e adduction of the
e ceratohyals e anterior region hyoid arch
of branchioste-
gal rays
Intermandibularis e dentary (left e dentary (right e joins the two man-
side) side) dibles
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Levator arcus palatini

neurocranium

hyomandibula

lifts the palatal
arch

increases buccal
volume
suspensorial eleva-
tion/abduction

Levator operculi

lateral side of the
pterotic of the
neurocranium

dorsal part of
opercle

may interfere in
lower jaw depres-
sion through the
interoperculo-
mandibular liga-
ment

abducts opercles

Protractor hyoideus

dentary

hyoid arch

mainly elevates
hyoid bars, and de-
presses mandible
(mouth opening)
pulls hypobran-
chial system for-
ward

Sternohyoideus

pectoral girdle

urohyal

pulls the hyobran-
chial system back-
wards

plays a major role
in hyoid depres-
sion, and, through
a series of me-
chanical linkages,
in mouth opening
and suspensorial
abduction
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5.2.3.1 Palatinal musculature

aap.ant  aap.post

1000 ym aap.ant aap.post aap.ant aap.post

Figure 19: Lateral (A), anterior (B) and posterior (C) view of Aphanius mento, showing the reconstructed palatine
musculature. aap.ant = adductor arcus palatini anterior, aap.post = adductor arcus palatini posterior, lap = levator
arcus palatini, pas = parasphenoid.

Two superficial and sequential muscles are present, the levator arcus palatini, with attachment
sites at neurocranium and along the hyomandibula on the suspensorium (Fig. 19A-C, 20) (an-

teriorly), and the dilatator operculi (posteriorly) between the rear of the orbit and the
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posterodorsal tip of the opercle (Fig. 20). Right below the levator arcus palatini and the hy-
omandibular articulations with the neurocranium lies the posterior positioned part of the adduc-
tor arcus palatine, coloured in a lighter blue than the rest of the adductor arcus palatini (Fig.
19A-C). The anterior part of this muscle originates from the ventrolateral margin of the paras-

phenoid, where it expands anteriorly and therefore underlies the orbit (Fig. 19A-C, 20).

aap.ant aap.post

Figure 20: Frontal microCT slice of Aphanius mento showing skeletal elements and musculature of the head
region. aap.ant = adductor arcus palatini anterior, aap.post = adductor arcus palatini posterior, dop = dilatator
operculi, lap = levator arcus palatini, pas = paraspenoid, pt = pterygoid.
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5.2.3.2 Opercular musculature

—
1000 ym

lop + aop

I
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Figure 21: Lateral (A) and posterior (B) view of Aphanius mento, showing micro CT
scans in combination with the reconstructed adductor, dilatator and levator operculi.
aop = adductor operculi, dop = dilatator operculi, lop = levator operculi.

Fig. 21A shows a lateral view of the opercular musculature in 4. mento. Due to the way the
muscle fibers merge, it is difficult to differentiate between the levator and adductor operculi
from this perspective. The dilatator operculi runs between the orbit and the anterodorsal tip of
the opercle. Posterior to the dilatator operculi, the levator operculi and the adductor operculi
muscle can be found (Fig. 21A/B). Both originate at the pterotic of the neurocranium and attach
at the dorsal part of the opercular. The adductor operculi originates on the ventral side of the

pterotic, while the levator operculi originates on the lateral side of the pterotic (Fig. 21B).
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5.2.3.3 Ventral hyoid musculature

—
1000 ym
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Figure 22: Medial view of the skeletal elements (A) and ventral view of both skeletal elements and musculature
(B), of Aphanius mento, combined with the reconstruction of the hyoid musculature and the rectus communis. hab
= hyohyoideus abductors, had = hyohyoideus adductors, h.inf = hyohyoideus inferior, im = intermandibularis, ph
= protractor hyoideus, re¢ = rectus communis, sth = sternohyoideus.

The musculus sternohyoideus is connected to the urohyal (Fig. 22A) and the pectoral girdle.
This muscle doesn’t belong to the hyoid musculature. It is the only hypobranchial muscle in A.

mento. The hyohyoideus inferior muscle originates from the anterior region of the ceratohyals
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as well as the hypohyals and inserts at the urohyal and the anterior region of the branchiostegal
rays (Fig. 22A/B). So this muscle connects the ceratohyal and the branchiostegal rays on the
one hand (Fig. 22B) and the dentary on the other hand (Fig. 22A). The hyohyoideus abductors
also connect the anterior ceratohyals and hypohyals with the branchistegal rays, and are further
connected to the hyohyoideus adductors. While the hyohyoideus abductors insert on a mesial
aponeurosis, the hyohyoideus adductors originate from this mesial aponeurosis.

In the anterior region, the protractor hyoideus is divided into a dorsal (ph 2) and a ventral (ph
1) part (Fig. 22A/B). Between those two subdivisions the intermandibularis muscle is posi-
tioned. The fibres of the intermandibularis stretch transversely between the two halves of the

dentaries (Fig. 22A).

5.2.4 Branchial muscles

The branchial musculature includes a variety of muscles attached to the skeletal elements of the
branchial arch. The following table shows the attachment sites of these branchial muscles in 4.

mento, as well as their functions.

Table 3: Attachment sites and function of the branchial muscles in Aphanius mento.

MUSCLE ORIGIN INSERTION FUNCTION
Adductores branchiales e ceratobranchi- e epibranchials e pull epibranchials
(1-4) als (1-4) (1-4) and ceratobranchi-

als towards each
other
Adductor branchialis 5 e lateral tip of e lateral tip of e pulls ceratobran-
ceratobranchial ceratobranchial chials 4 and 5 to-
4 5 wards each other
Levator externus (1-4) e prootic region e epibranchials o lift the UPJs
(neurocranium) (1-4) e protract the UPJs
Levator internus (2-3) e prootic muscu- e merged e lift the UPJs
lar crest (neu- pharyngobran- e protract the UPJs
rocranium) chials e pull the UPJs apart
Levator posterior e posterolateral e e¢pibranchial 4 o lifts the epibran-
tip of the pter- chial 4
otic
Obliquus dorsalis e merged e cpibranchials e flexes the joint be-
pharyngobran- (3-4) tween the epibran-
chials chials and the
merged pharyngo-
branchials
Obliquus posterior e epibranchial 4 e  ceratobranchial e works as a levator
5 of the fifth cerato-
branchial
Obliquus ventrales (1-3) e hypobranchials e ceratobranchi- e play arole in ad-
(1-3) als (1-3) justing the position
and movement of
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the pharyngeal
teeth during the
feeding and respir-
atory cycle

Rectus communis urohyal ceratobranchial lowers the LPJs
5
Retractor dorsalis ventral surface merged lifts and pulls each
of the first ver- pharyngobran- UPJ backward
tebrae chials antagonist to the
levator complex
Rectus ventrales (2-4) hypobranchials ceratobranchi- play a role in ad-
(1-3) als (2-4) justing the position
and movement of
the pharyngeal
teeth during the
feeding and respir-
atory cycle
Transversus dorsalis an- fascia in the merged joins the two
terior dorsal midline pharyngobran- merged pharyngo-
chials (both branchials
sides)
Transversus dorsalis pos- fascia in the epibranchial 4 joins the two epi-
terior dorsal midline (both sides) branchials 4
Transversus ventralis 4 base cerato- base cerato- rotates LPJs axi-
branchial 4 branchial 5 ally so that the
(both sides) (both sides) teeth are properly

turned towards the
skull

helps to stabilize
the lower jaw ele-
ments into a single
functional struc-
ture

Transversus ventralis 5

posterior re-
gion of cerato-
branchial 5
(left side)

posterior re-
gion of cerato-
branchial 5
(right side)

brings the LPJs to-
ward each other
helps to stabilize
the lower jaw ele-
ments into a single
functional struc-
ture
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5.2.4.1 Levator externus/internus

l.ext 3+4
lext1 lext2 lext3+4

A

5 '._\\ i

Lext 1 \/
1. eb5 eb 4

E— ' lLext 2

Figure 23: Lateral closeup (A) and posterior view (B) view of the external levator muscles of Aphanius mento. cb
= ceratobranchial, eb = epibranchial, l.ext. = levator externus, l.post. = levator posterior.

Four external levator muscles connect the four epibranchial elements with the neurocranium
(Fig. 23A/B, 25B). The third and fourth external levators are partially fused and therefore dif-
ficult to differentiate. The levator posterior muscle also connects the fourth epibranchial to the

neurocranium (Fig. 23A/B, 25A/B).
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Lint2 Lint 3

Figure 24: Lateral closeup (A) and posterior view (B) of the internal levator muscles of Aphanius mento. ¢b =
ceratobranchial, eb = epibranchial, l.int. = levator internus, pb = pharyngobranchial.

Furthermore, two internal levators extend from the pharyngobranchial to the neurocranial base
(Fig. 24A/B). Both the external and internal levator muscles extend in a rostrodorsal direction

towards the neurocranium (Fig. 23A/B, Fig. 24A/B).
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. l.ext 3+4

—
1000 ym

Figure 25: Posterior (A) and lateral (B) view of Aphanius mento, showing the external levator muscles in
combination with the retractor dorsalis. L.ext = levator externus, L.post = levator posterior, phj = pharyngeal jaws,
r.dors = retractor dorsalis.

The very prominent retractor dorsalis muscle inserts on the UPJ consisting of the pharyngo-
branchial elements, and extends to the ventral side of the neurocranium as well as the ventral

side of the anterior vertebrae (Fig. 25A/B).
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5.2.4.2 Transversus dorsalis

EEE—
1000 pm

Figure 26: Dorsal (A) and posterior (B) view of Aphanius mento, showing the pharyngeal jaws as well as obliquus
dorsalis, transversus dorsalis anterior and transversus dorsalis posterior. eb = epibranchial, o.dors = obliquus
dorsalis, phj = pharyngeal jaws, td.ant = transversus dorsalis anterior, td.post = transversus dorsalis posterior.

In Fig. 26A, the dorsal region has been removed to show the two transversus dorsalis muscles
and the obliquus dorsalis. The transversus dorsalis muscles connect the left and right pharyngeal

elements which build the upper pharyngeal jaw. These muscles stretch from a fascia in the

44



dorsal midline to the branchial arches and can be separated into transversus dorsalis anterior
and tranversus dorsalis posterior (Fig. 26A/B). The latter runs between the fourth left and right
epibranchials. The obliquus dorsalis muscle connects the pharyngobranchial and epibranchial
4 dorsally (Fig. 26 A/B). The microCT slice in Fig. 27 shows the fibre course of the musculature

in the region of the transversus dorsalis muscles and the retractor dorsalis.

tdant o.dors td.post

Figure 27: Frontal microCT slice of Aphanius mento showing skeletal elements and musculature of the head
region. eb = epibranchial, o.dors = obliquus dorsalis, pb = pharyngobranchial, r.dors = retractor dorsalis, td.ant
= transversus dorsalis anerior, td.post = transversus dorsalis posterior.
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5.2.4.3 Ventral branchial musculature

o.vent 2 o.vent 3

r.vent 3 r.vent 4 t.vent 4

o.vent 3

o.vent 1

r.vent 2
r.vent 3

r.vent 4

t.vent 4

Figure 28: Dorsal (A) and ventral (B) view of microCT scans showing the branchial region of Aphanius mento
and the reconstructions of the ventral branchial musculature. o0.vent = obliquus ventralis, r.vent = rectus ventralis,
t.vent = transversus ventralis.

As shown in Fig. 28A and Fig. 28B, the ventral parts of the gill arches in A. mento have three
obliqui ventrales (o.vent 1-3). These muscles connect the hypobranchial and ceratobranchial
elements of the first three branchial arches. The pharyngeal apparatus also includes two trans-

versi ventrales (t.vent 4-5), as well as three recti ventrales (r.vent 2-4). The transversi ventrales
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bridge the gap between the fourth and fifth ceratobranchials. The three recti ventrales connect
a ceratobranchial element with the preceding hypobranchial element (Fig. 28 A/B).
Another member of the branchial musculature is the rectus communis (Fig. 22A). The anterior

part of this muscle is attached to the urohyal, while the posterior part inserts at the ceratobran-
chial 5.

5.2.4.4 Adductor branchialis

—_—
1000 ym

Figure 29: Lateral (A) and posterior (B) view of Aphanius mento, showing the adductor branchialis muscles and
the obliquus posterior. ab = adductor branchialis, o.post = obliquus posterior.
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Fig. 29A shows a microCT scan of the skeletal elements of Aphanius mento’s head region in

combination with the adductor branchialis muscles, which connect each ceratobranchial with

the epibranchial of the same arch, except for the fifth one. The fifth adductor connects the cerat-

obranchials 4 and 5 (Fig. 29A/B). However, fibers of the adductor branchialis 5 may extend

onto the cartilaginous end of epibranchial 4 at its joint with ceratobranchial 4. The obliquus

posterior connects the fifth ceratobranchial and the fourth epibranchial (Fig. 29A/B).

5.3 Pectoral girdle musculature

Table 4: Attachment sites and function of the musculature of the pectoral girdle in Aphanius mento.

MUSCLE

ORIGIN

INSERTION

FUNCTION

levator pectoralis

posteroventrolateral
region of the skull

e pectoral girdle

e elevates the
pectoral girdle

Pharyngo-clavicu-

ventral region of

e pectoral girdle

e draw the LPJs

laris externus ceratobranchial 5 downward
Pharyngo-clavicu- posterior region of e pectoral girdle e draws the LPJs
laris internus ceratobranchial 5 backward

protractor pecto-
ralis

neurocranium

e pectoral girdle

e protracts the
pectoral girdle

5.3.1 Pharyngoclavicularis

Figure 30: Posterior (A), and lateral (B) view of the head region of Aphanius mento. Both show skeletal elements
in combination with the reconstructed pharyngo-clavicularis internus and externus as well as the protractor
pectoralis and the levator pectoralis. Ip = levator pectoralis, pc.ext = pharyngo-clavicularis externus, pc.int =
pharyngo-clavicularis internus, pp = protractor pectoralis.
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The fifth ceratobranchials are connected ventrally and posteriorly to the pectoral girdle by the
pharyngo-clavicularis internus and the split externus muscles (Fig. 30A/B). The protractor pec-
toralis muscle connects the neurocranium with the pectoral girdle. The levator pectoralis origi-
nates from the posteroventrolateral region of the skull and lies posterolateral to the protractor

pectoralis (Fig. 30A/B).
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Discussion

How the skull of an animal is built is strongly influenced by its lifestyle. It has to be adapted to
a variety of prey and habitats, and therefore the skull exhibits considerable diversity to accom-
pany diverse feeding mechanisms (Smith, 1993; Kardong, 2012).

In this study, the head region of the cyprinodontid Aphanius mento has been studied in order to
investigate the cranial bones and muscles important for feeding.

In teleosts there are several couplings and interactions of cranial bones and muscles during
feeding. A network of connections and muscle actions function in three aspects of feeding,

namely mouth opening, premaxillary protrusion and suction generation (Westneat, 2006).

The differentiation of cartilaginous elements was difficult due to the lack of information pro-
vided by the microCT scans. Thus, as a second technique clearing and staining was used. Alt-
hough the cartilage was made visible by blue staining, it was still hard to determine the exact
position of some cartilaginous elements (for example the rostral cartilages), due to the fact that
the skeletal elements have been cross-dyed.

Furthermore, the size of the reconstructed muscles can differ from their original size due to the
preparation of the specimen prior to microCT-scanning or the process of surface smoothing

during reconstruction in Amira.

5.4 Skull and jaws

The skull of an actinopterygian fish consists of several important movable blocks of bones that
play a role in prey capture (Westneat, 2006).

It can be divided into two main regions: the neurocranium and the splanchnocranium (i.e.
visceral cranium) (Huby and Parmentier, 2019).

While the neurocranium protects the brain and sensory organs, the visceral cranium supports
the jaws and gills and offers attachment sites for the respiratory as well as the feeding muscles

(Huby and Parmentier, 2019).

5.4.1 Neurocranium

The neurocranium in A. mento persists of numerous bony elements (Fig. 1) and can be divided
into four main regions: the olfactory region, the orbital region, the otic region and the occipital

region (Helfman et al., 2009; Huby and Parmentier, 2019).
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It serves as a supporting structure for other mechanical units and provides direct support and
protection to the brain and the sensory organs, as well as the otoliths (Michel et al., 2014).
Otoliths, also known as “ear stones”, are found in the head of all fishes, excluding sharks, rays
and lampreys. The inner ear of bony fish normally consists of 3 otolith pairs (Helfman et al,
2009), the sagittal, the asteriscal, and the lapillar (Fig. 3A). The sagitta is generally the largest
and the asteriscus the smallest out of the three. This is also the case in 4. mento.

Otoliths serve different functions, for example gravity detection and magnetic reception (Helf-
man et al, 2009). The sagitta and asteriscus respond to inertia and sound stimulus, and collec-
tively the otoliths provide sensory input. This arrangement is crucial for orientation and balance
in the water column, as well as for detecting sound (Caillet et al., 1986).

Otoliths can differ in shape and size and are unique to a species. They enlarge at a rate similar
to that of body growth. This can be seen in their concentric rings that correspond to slower and
faster growth rates over the year. These rings can be used to estimate the age of a fish (Helfman
et al, 2009).

Because the saccular otoliths in Aphanius are usually species specific, and vary in size and
contour, they provide an important data set of morphological characters and therefore present a
valuable tool for taxonomy and analyses of species diversity (Schulz-Mirbach et al., 2006;
Reichenbacher et al., 2009).

Below the neurocranium lies the cross-shaped parasphenoid, a further skeletal element (Fig.
3A/B). It represents the only dermal bone in the basicranial region. It joins with the vomer
anteriorly, forms the posteroventral base of the skull and further plays a role during feeding, as

it acts as a hard palate (Helfman et al., 2009).

5.4.2 Splanchnocranium

The splanchnocranium also consists of three regions: the oromandibular region, the hyoid
region and the branchial region (Helfman et al., 2009; Kardong, 2012; Huby and Parmentier,
2019).

The most anterior arch becomes the mandibular arch, followed by the hyomandibula and the
suspensorium that support the jaws. Further posterior a branchial basket which supports the gill
arches and filaments is present (Vandewalle et al., 1995, 2000; Parmentier et al., 1998; Enge-
man et al. 2009; Carvalho and Vari, 2015).
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5.4.2.1 Oral jaws

Primitive teleosts display a small premaxilla that is anterior in position. Both premaxilla and
maxilla bear teeth, but the major tooth bearing bone is the maxilla. As the teleostei evolved,
the premaxilla began to elongate and overlap the maxilla. At one point the premaxilla fully
excludes the maxilla from the gape of the mouth and becomes the only tooth-bearing element
of the upper jaw (Schaeffer and Rosen, 1961; Motta, 1984) (Fig. 4A-C, 5, 6). In the most highly
evolved teleost fish such as cyprinodontiformes, the premaxilla develops an “ascending pro-
cess” (Westneat, 2006). This process extends upward and backward to overlap the snout region
of the head, as found in 4. mento (Fig. 4A, 6). It increases the mobility of the jaw by forcing
the premaxilla forward into a protruded position (Westneat, 2006). The upper jaw in 4. mento
persists of a paired maxilla that is located above the premaxilla (Fig. 4A-C,6,7). In contrast to
ancestral teleosts such as Elopidae, Albulidae, Anguilliformes, Clupeidae and Engraulidae,
whose maxillae tend to bear teeth (Gregory, 1933), A. mento has toothless maxillae (Fig. 4A-
C, 5, 6). The ascending arm of each maxilla is more complex, featuring an external and internal
process and a premaxillary sulcus (Fig. 5). The dorsal elements of the premaxillae function as
part of a highly mobile upper jaw. In A. mento these anterior processes consequently protrude
in a ventral direction. This characteristic jaw protrusion shows by creating a beaklike appear-
ance during prey capture, which is well-suited for picking (Alexander, 1967a). The premaxillae
show an ascending as well as a descending arm (Fig. 4A, 5). The descending arms have a
strongly ventrally recurved shape, whereby the impression of a beak gets further enhanced
(Hernandez et al., 2018). A lip ligament connects the upper and lower jaws, and in case of
movement, a broad tube-shaped mouth is formed, with the anterior tips of the upper and lower
jaws placed in direct contact with the food item (Gibb et al, 2008).

The premaxillary and dentary teeth of 4. mento (Fig. 4A/B, 6, 7A) are similar to other Old
World and all New World cyprinodonts. The tricuspid outer teeth are also present in other cy-
prinodontiform fish of the genera Jenynsia, Anableps, Oxyzygonectes and Cyprinodon varie-

gatus (Parenti, 1981; Hernandez et al., 2018).

The lower jaw has an angulo-articular and a dentary bone (Fig. 4A-C, 7A). Like in most
teleosts, the angular in A. mento has a typically triangular form (Fig. 7B), with an anterior pro-
cess that fits between the coronoid as well as the ventral processes of the dental (Fig. 7A). 4.
mento has a derived lower jaw, which is characterized by the posterior expansion of Meckel’s
cartilage (Parenti, 1981). Compared to other cyprinodontiforms (Parenti, 1981), it covers a large

part of the articular (Fig. 8).
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5.4.2.2 Suspensorium

The suspensorium represents a sequence of cartilages and bones, including the pterygoid se-
ries (1, 4B, 7), the palatine (4A/B), and the quadrate (Fig. 4B, 6B, 9), a paired, triangular
shaped, endochondral bone, that connects the lower jaw to the palatine and hyoid arch (West-

neat, 20006).

5.4.2.3 Hyoid apparatus

The hyoid apparatus is the primary element of the floor of the mouth that may move ventrally
to enhance the expansion of the buccal cavity during suction feeding (Westneat, 2006).

It includes an urohyal (Fig. 12A-D), basihyal, hypohyal (Fig. 10A-D), ceratohyal (Fig. 10A-
D), epihyal (Fig. 12A-D), interhyal and branchiostegal rays (Fig. 12A-D) (Aerts, 1991;
Faustino and Power, 2001; Helfman et al., 2009; Huby and Parmentier, 2019).

Because the hyoid apparatus articulates via the median side of the hyomandibula with the sus-
pensorium to the branchial basket, a back-and-forth movement of the buccal roof is possible

(Liem, 1967; Osse, 1969).

5.4.2.4 Opercular apparatus

The opercular apparatus (Fig. 13A-D) consists of four pairs of flat dermal bones. They form
the gill covers and therefore protect the underlying gill arches. They are involved in respiration
and feeding (Helfman et al., 2009).

The operculo-mandibular coupling is another pathway for exerting force on the mandible for
jaw depression (Westneat, 2006). The opercle has an anterior articulation facet (Fig. 13C) con-
necting with the hyomandibula (Helfman et al., 2009).

In many species, the sub- and interopercle are free to move relative to the preopercle and can
therefore be pulled posteriorly by the motion of the opercle (Westneat, 2006). Furthermore,
Westneat (2006) postulates that in more derived teleosts a robust interoperculo-mandibular
should be present. It attaches the interopercle (Fig. 13A/B) to the posteroventral margin of the
lower jaw. So, if the interopercle is pulled posteriorly, this action gets transmitted to the lower
jaw, leading to a depression of the lower jaw. Consequently, it can be expected that this liga-
ment is present in 4. mento too. However, the ligaments were hard to distinguish in the microCT

scans, so its existence in A. mento is yet to be confirmed.
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5.4.2.5 Pharyngeal jaw apparatus (PJA)

The pharyngeal jaw apparatus (PJA) in Cyprinodontidae is a well-developed system of mus-
cles and bones that functions in different prey processing behaviors. Due to the specialization
of prey processing, the PJA complements the prey manipulation of the oral jaw apparatusand
separates food, what increases the overall diversity of feeding behavior seen in fish (Wain-
wright, 2005).

The PJA is formed from modified branchial arch elements and includes the gill arches, bran-
chial muscles and ligaments, as well as the articular capsules which connect the gill arch ele-
ments (Lauder, 1983).

The pharyngeal jaws are bony elements that can show high variability in their structure (Fig.
14A-D). Numerous studies in Cichlidae (Greenwood, 1965; Ismail et al., 1982; Kornfield and
Taylor, 1983; Hoogerhoud, 1984; Meyer, 1987, 1990a, b; Witte et al., 1990; Kornfield, 1991;
Huysseune et al., 1994) and Salmonidae (Alexander & Adams, 2004) demonstrate that the skel-
etal elements are involved in important functional relations in trophic specialization (Ferrito et
al., 2007). The lower pharyngeal jaw is actually the most posterior, and therefore in most cases
the fifth ceratobranchial (Fig. 14A-D). The upper pharyngeal jaw persists of several merged
pharyngobranchials (Fig. 14A-D). The PJA is used to crack hard-shelled prey items, to sepa-
rate edible from inedible material, to chew, and to transport prey into the esophagus (Wain-
wright, 2005). Therefore, both jaws of the PJA bear teeth, that vary depending on the food type
of the fish. They not only vary functionally among species showing different food types, but
may also develop differently among individuals of a population as a function of the food types
encountered by the growing fish (Helfman et al., 2009).

The surface of the pharyngeal jaws in species that primarily feed on hard prey and therefore
always use the pharyngeal jaws in a crushing pattern, differ from the pharyngeal jaws of species
that use the crushing behavior only when hard prey is consumed (Horn and Ferry-Graham,
2006). For example, the Cichlid fish of Cuatro Cienegas (Mexico), Cichlasoma minckleyi, show
that individuals that feed on plants develop small pappiliform pharyngeal dentition, whereas
those that feed on snails develop robust molariform dentition (Kornfield & Taylor 1983; Helf-
man et al., 2009).

The musculoskeletal couplings involved in gill arch movement extend beyond the branchial

apparatus to connect to the mandible, hyoid, neurocranium and the pectoral girdle.
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5.5 Cranial musculature

5.5.1 Ocular muscles

One important sensory system for most fish is vision. Some species even hunt primarily via the
visual input they get. Therefore the eye muscles have been included in this thesis.

There are a lot of similarities between a fish eye and the eye of terrestrial vertebrates including
humans (Helfman et al, 2009). However, one difference is that fish have a more spherical lens.
While birds and mammals normally adjust focus by changing the shape of their lens, fish adjust
focus by moving the lens closer to or further from the retina (Helfman et al, 2009).

Extrinsic eye muscles move the eye within its orbit (Helfman et al, 2009). These muscles are
evolutionary very conservative, which means that vertebrates typically have the same three
pairs of this striated muscles: inferior or ventral and superior or dorsal oblique; inferior or
ventral and superior or dorsal rectus; and external or lateral and internal or medial rectus
(Fig. 16A-C) (Helfman et al., 2009). These six extraocular muscles control the pursuit and sac-
cade movements that are required to track prey and maintain stable images on the retina for

high acuity vision (Kasprick et al., 2011).

5.5.2 Mandibular muscles

In general there are seven principal muscles involved in opening and closing the jaws, suspen-
sorium and operculum during feeding and breathing (Helfman et al., 2009), with the adductor
mandibulae (Fig. 17A/B, 18A-D) as one of the largest and most striking muscles of the cheek
(Westneat, 2006).

The adductor mandibulae complex primarily serves the movement of the skeletal elements as-
sociated to the mandibular arch, and therefore powers the bite of the mandible by being respon-
sible for closing the jaws (Westneat, 2006). Therefore, it is the main head and the most powerful
feeding musculature (Werneburg, 2015). This muscular complex is highly adapted to different
feeding strategies among vertebrate clades and therefore displays a large amount of diversifi-
cation (Gosline, 1986; Diogo, 2008; Diogo & Abdala, 2010; Datovo & Vari, 2013; Werneburg
2015).

It is hypothesised that the adductor mandibulae became subdivided early on in the history of
the neopterygians and almost certainly by the paleoniscid stage (Schaeffer and Rosen, 1961;
Winterbottom, 1973).

55



The adductor mandibulae musculature is usually subdivided into two or more muscle subdivi-
sions, leading to a complex of individual muscles that have a separated origin, course, and in-
sertion (Werneburg, 2015). This is also the case in 4. mento (Fig. 17A/B, 18A-D).

Here, the first division of the adductor mandibulae (A1) extends from the suspensorium and
preopercle to an insertion on the ventral third of the maxilla (Fig. 17A) similar to Belonesox
belizanus, Fundulus rubrifrons and Gambusia affinis (Ferry-Graham et al., 2010). Furthermore,
the main adductor mandibulae Al is divided in Ala and A1, showing another similarity be-
tween A. mento and Fundulus sp. (Hernandez et al., 2008). While in many cyprinodontiforms
the adductors mandibulae A2 and A3 form one largely united mass, in 4. mento A2 and A3 are,

similar to Belonesox belizanus, more distinct (Fig. 17B) (Ferry-Graham et al., 2010).

5.5.3 Hyoid muscles

The hyoid muscles play an important role in the mouth opening, as well as motions of the hyoid
apparatus (Huby and Parmentier, 2019).

They include the protractor hyoideus (Fig. 22A/B), hyohyoideus, adductor operculi (Fig.
21A/B) and adductor arcus palatini (Fig. 19A-C, 20).

While the sternohyoideus (Fig. 22A/B), a hypobranchial muscle, pulls the hypobranchial sys-
tem backward, the protractor hyoideus may pull this system forward (Vandewalle et al.,
2000).

The protractor hyoideus connects the hyoid arch to the dentary. It is formed by the interhyoideus
that fused with the intermandibularis posterior (Winterbottom, 1973). The anterior region of
the protractor hyoideus is subdivided into a dorsal part, also known as geniohyoideus posterior,
and a ventral part, also referred to as geniohyoideus anterior (Fig. 22A/B). In general there are
a lot of controversies in regard of these muscles function and embryology (Winterbottom,
1973). While the ventral part of the protractor hyoideus is contracted during expiration, the

dorsal part of the same muscle contracts mainly during inspiration (Winterbottom, 1973).

The hyohyoideus is a ventral muscle that is in contact with the hyoid apparatus. In higher ac-
tinopterygians it is subdivided into hyohyoideus inferior (Fig. 22A/B) and superior (Huby
and Parmentier, 2019). The latter is further divided into hyohyoideus abductor and adductors
(Fig. 22A/B).

While the hyohyoideus adductors are responsible for the constriction of the branchiostegal

membrane, the abductors are responsible for its expansion.
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The adductor operculi (Fig. 21A/B) is a dorsal positioned hyoid muscle that is present in all
actinopterygians (Huby and Parmentier, 2019). It has attachment sites at the neurocranium and
the opercles, causing their adduction.

Furthermore, the opercle gets operated by broad fleshy dilatator (Fig. 20, 21A/B) and levator
operculi muscles (Fig. I8 A/B). These muscles serve to expand the branchial chamber and draw
in water. Therefore, they create a posterior displacement of the opercular series via contraction
of the levator operculi and a lateral motion via contraction of the dilatator operculi (Gregory,

1933; Westneat, 2006).

Driven by adductor and levator arcus palatini muscles (Fig. 19A-C, 20), the hyomandibula
as well as the suspensorium are often flared laterally during feeding (Westneat, 2006).

In lower teleosts the adductor arcus palatini connects the prootic to the dorso-medial face of the
hyomandibular (Dietz, 1914, Edgeworth, 1935; Winterbottom, 1973). In A. mento this muscle
originates from the ventrolateral margin of the parasphenoid. It has expanded anteriorly under-
lying the orbit (Fig. 19A-C, 20).

In A. mento both the levator arcus palatini and the dilatator operculi are superficial and sequen-
tial muscles lying between the rear of the orbit and the posterodorsal tip of the opercle (Win-

terbottom, 1973) (Fig. 20).

5.5.4 Branchial muscles
Within teleosts, four external (Fig. 21A/B, 25A/B) and two internal levators (Fig. 24A/B) are

usually present (Winterbottom, 1973). In 4. mento these two internal levators are running from
the neurocranial base to the pharyngobranchial elements. Both the external and internal levator
muscles lift, protract and abduct the upper pharyngeal jaws (UPJs) (Vandewalle et al., 1994).
If the midpoints of the epibranchials are constrained, they can be rotated about this point by
action of the levator posterior and second, third and fourth levator externus, that connect the
lateral margins of the epibranchials to the neurocranium (Wainwright, 2005). So, the contrac-
tion of the external levators can cause lateral spreading of both upper pharyngobranchial jaw
bones (Vandewalle et al., 1994).

However, if the joints between the pharyngobranchials and the epibranchials 2 to 4 are flexed,
while the midpoint of the epibranchials are constrained or pulled ventrally by the adductor
branchialis muscles 2 to 4 (Fig. 29A/B) and the obliquus posterior muscles (Fig. 29A/B), the

epibranchial bones start to rotate ventrally. Therefore they, similar to perciforms, press on the
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dorsal surface of the UPJs, depressing them (Wainwright, 2005). The joints between the epi-
and pharyngobranchials can also be flexed by the obliquus dorsalis muscle directly.

Another important part of the dorsal region of the branchial arches is the retractor dorsalis
muscle (Fig. 23A/B). It originates from the ventral side of the neurocranium and runs to the
merged pharyngobranchials, as well as to the ventral side of the anterior vertebrae (Vandewalle
et al., 1994). It retracts and inclines the UPJs caudally and therefore is an antagonist to the
levator complex.

In the dorsal region of the branchial arch, there are mostly two transversus dorsalis muscles
present. In A. mento they are located next to each other (Fig. 26A/B, 27), with the anterior
transversus dorsalis muscle being bigger than the posterior transversus dorsalis muscle. These
muscles, connect the dorsal elements of the branchial arches across the midline (Winterbottom,

1973).

Concerning the ventral parts of the gill arches, most fish possess at least obliqui ventrales 1-3
(Fig 28B/C), rectus ventralis 4 (Fig. 28 A/B), transversi ventrales 4-5 (Fig 28A/B) (also
known as transversus ventralis anterior and posterior) and a rectus communis (Fig. 22A) (Win-
terbottom, 1973).

The obliqui ventrales connect the ventral surfaces of the hypobranchial and ceratobranchial
elements of the first three branchial arches (Fig. 28A/B).

In general it is debated whether the transversi ventrales (together with the paired recti ventrales)
represent the plesiomorph condition for Teleostei and the obliqui ventrales developed from
them (Edgeworth, 1935; Winterbottom, 1973), or whether it is the other way around (Kesteven,
1943; Nelson, 1967a; Winterbottom, 1973). However, because the embryonic branchial muscle
plates do not meet in the ventral midline (Kesteven, 1943) and no “generalized” teleost is known
to have an obliquus ventralis and transversus ventralis on the same arch (Nelson, 1967a), and
furthermore, because the obliquus ventralis muscle always occurs when both hypo- and cerat-
obranchial elements are present, the latter hypothesis seems more likely (Kesteven, 1943; Nel-
son, 1967a; Winterbottom, 1973). Furthermore, this hypothesis seems to indicate that the trans-
versus ventralis 4 developed with the loss of hypobranchial 4 (Winterbottom, 1973). The phar-
yngeal apparatus often also includes two transversi ventrales. They bridge a gap between the
fourth and fifth pair of ceratobranchials (Fig. 28A/B). The simultaneous contraction of trans-
versus ventralis 4 (Fig. 28 A/B), uniting left and right ceratobranchials 4, and transversus ven-
tralis 5 (Fig. 28A/B), uniting left and right ceratobranchials 5, probably allows these two bones
to act as a single toothed element (Wainwright, 1989b; Bertucci et al., 2014). This is because
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the lower pharyngeal jaws move towards each other when they contract (Vandewalle et al.,
1994).

The number of recti ventrales in teleosts is variable. These muscles interconnect the hypobran-
chial, ceratobranchial or both elements of one arch to the preceding one (Winterbottom, 1973).
In A. mento, there are three recti ventrales (r.vent 2, r.vent 3, r.vent 4) present (Fig. 28 A/B).
According to Winterbottom (1973), in the more generalized neoteleosts the rectus communis
muscle (Fig. 21A) connects the hypobranchial 3 to the ceratobranchial 5 (Winterbottom, 1973).
However, the insertions can vary between species (Dietz 1912; Nelson 1969; Greenwood 1971;
Winterbottom 1973; Vandewalle et al., 1994). In more advanced teleosts the anterior attach-
ment site is shifted forward to the urohyal. This is also the case in 4. mento (Fig. 22A). It is
debated, if this muscle derived from the anterior growth of rectus ventralis 5 (Edgeworth, 1935;
Millard, 1966), or if it developed from the back growth and splitting off of the ventral fibers of
rectus ventralis 4 (Nelson 1976a; Winterbottom, 1973). Furthermore, Nelson (1976a, 1976b)
suggested that, because this muscle, which depresses and therefore moves the lower pharyngeal
jaws (LPJs) caudally, was present in anguilliforms and other teleosts, but not in Elops, it had

arisen more than once during the evolution of teleosts (Winterbottom, 1973).

To date, only a limited number of studies have investigated the kinematics and muscle activity
patterns of food processing by the pharyngeal apparatus. In many of these studies, biologists
depend upon recording of voltage fluctuations due to action potentials within the muscle using
electromyography (Westneat, 2006). Researchers are able to compile a motor activity pattern
for suction feeding in a particular individual or species, by recording and measuring voltage
patterns (electromyograms) of multiple muscles. Afterwards, these motor activity patterns are
used with kinematics for assessing the functional role of muscles in driving feeding kinematics
(Osse, 1969; Liem, 1978; Lauder, 1979; Westneat, 2006), comparing motor profiles between
species, or testing for intraspecific differences between behaviors (Sanderson, 1988; Wain-
wright and Lauder, 1992; Grubich, 2001; Westneat, 2006). Since it is difficult to infer jaw kin-
ematics solely from electromyography patterns or predict muscular activities from observed
displacements, postulations must always be interpreted with caution (Lauder and Liem, 1983;
Wainwright, 1989a; Claes and De Vree, 1992).

However, all specializations concerning the morphology of the branchial musculature, are ob-
viously related to an increased participation of the pharyngeal jaws in the processing of food

(Vandewalle et al., 1994).
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5.5.5 Hypobranchial muscles

In basal actinopterygians such as Cladistia (e.g. Polypterus senegalus) two hypobranchial
muscles, the sternohyoideus and the coracomandibularis are present (Noda et al., 2017). 4.
mento shows just a single hypobranchial muscle, the sternohyoideus (Fig. 22A). It plays a major
role in hyoid depression.

A study of Lauder (1980a) has shown that the ventral hypaxial muscles stabilize the pectoral
girdle and therefore provide an anchor point for the action of the sternohyoideus muscle. When
the sternohyoideus contracts, the hyoid is pulled posteroventrally and this action is transferred
directly to the mandible. Due to the retraction of the hyoid, the volume of the mouth for suction

increases and causes the lower jaw rotation downwards (Aerts, 1991; Westneat, 2006).

5.6 Pectoral girdle musculature

Further posterior, behind the head of 4. mento, muscles connecting the clavicula with the neu-
rocranium as well as the pharyngeal jaws are present. One of them is the levator pectoralis (Fig.
30A/B), which seems to be a fairly late development during teleosts evolution, although its
precise distribution among these fishes has yet to be determined (Winterbottom, 1973).

The musculature grouped in this region has only its attachment to the pectoral girdle in com-
mon. As Winterbottom (1973) describes, they derive from such a variety as the hypobranchial
musculature (sternohyoideus and sternobranchialis), the fifth branchial arch muscle plate
(pharyngoclavicularis and probably the protractor pectoralis) and the epaxial body musculature
(levator pectoralis). The protractor pectoralis (Fig. 30A/B) connects the neurocranium and the
pectoral girdle (Wainwright, 2005). It protracts the pectoral girdle, which probably acts to sta-
bilize and protract the LPJ during prey crushing (Wainright, 2005). This mechanism is im-

portant for durophagous species feeding on hard-shelled organisms.

5.7 Breathing and feeding biomechanics

5.7.1 Breathing

The respiratory cycle of actinopterygians normally begins with mouth opening that implies the
ventral rotation (i.e. depression) of the lower jaw (Huby and Parmentier, 2019). The lower jaw
lowers because of individual or simultaneous contraction of sternohyoideus (Fig. 22A/B), the
levator operculi (Fig. 21A/B), the epaxial and hypaxial muscles, and sometimes the geniohy-

oideus (i.e. protractor hyoideus) (Fig. 22A/B).
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Immediately after jaw depression the hyoid apparatus rotates ventrally and the suspensorium
expands laterally, due to the contraction of the sternoyoideus (Fig. 22A/B) and the levator arcus
palatini (Fig. 19A-C, 20).

The expansion of the suspensorium may further be accomplished by the cooperation of the
protractor hyomandibularis, also known as levator arcus palatini (Winterbottom, 1973), with
the ventral muscles of the mandible, as well as a contraction of the adductor hyomandibularis
(a synonym for adductor arcus palatini) (Fig. 19A-C, 20), intermandibularis (Fig. 22A/B) and
adductor mandibulae (Edwards, 1926; Winterbottom, 1973). Due to the volume increase, the
water is moved from the buccal to the pharyngeal cavity. If the opercular series is spread, the
water flows towards the opened gills. The mouth closing, the rising of the hyoid apparatus and
the adduction of the suspensorium increase the pressure and the water gets ejected from the
opercular cavity.

Afterwards the opercular series returns to its prior position and the animal is ready to start a

new respiratory cycle.

5.7.2 Jaw protrusion

Jaw protrusion is a major structural specialization in teleosteans that is related to the increasing
mobility of the premaxilla and maxilla, which are loosely connected by ligaments (Huby and
Parmentier, 2019).

The general mechanism of jaw protrusion has already been explained in the introduction, how-
ever there are a lot of different theories how such protrusion may be triggered.

A. mento shows, according to Motta (1984), the Type B or “twisting maxilla model” when it
comes to jaw protrusion. The bowlike curved maxilla shows an internal hook (Fig. 5), that
reaches into a socket positioned under the head of the premaxilla (Motta, 1984). As the lower
jaw is depressed, the maxilla is pulled forward. Due to the attached adductor mandibulae (Fig.
17A/B, 18A-D) it is also partially restrained. Therefore, the maxilla twists on its own axes,
driving the premaxilla anteriorly, with its internal head. A similar type of jaw arrangement can
be seen in Poecilia sphenops, Fundulus sp. and Mugil sp. (Motta, 1984).

Due to this type of jaw protrusion, the fish’s mouth region shows a beaklike appearance, well-
suited for picking prey from the surface of the water or the ground (Alexander, 1967a). In ad-
dition they are also able to feed via the mechanism of suction feeding, where they “pick” their
prey out of the water column. Furthermore, this fish species may have the possibility to winnow

prey by extracting small prey from a larger collection of items (Horn and Ferry-Graham, 2006).
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This beaklike appearance can also be seen in Gambusia affinis and Kryptolebias marmoratus

(Ferry-Graham et al, 2008).

6 Conclusion

The structure of the skeletal elements in combination with the associated musculature in A.
mento lead to the conclusion that this species belongs to a group of most highly evolved teleost
fish.

Concerning the mechanism of suction feeding, more precisely the associated mechanism of jaw
protrusion, it is reasonable to conclude that within this species the maxilla is pulled forward, as
the lower jaw is depressed. This Type B mechanism of jaw protrusion, also known as “twisting
maxilla model” (Motta, 1984), can also be seen in Fundulus, another genus within the cyprin-
odontiformes.

Furthermore 4. mento’s mouth region shows a beaklike appearance, similar to Gambusia af-
finis, Kryptolebias marmoratus (Ferry-Graham, 2008). This beaklike appearance is well-suited
for the mechanism of suction feeding, as well as picking prey from the surface of the water or
the ground (Alexander, 1967a)

Unfortunately, a more detailed analysis was sometimes impossible due to technical difficulties.
Nevertheless, this study is the first detailed description of 4. mentos morphology and therefore
has brought new insights concerning the anatomy of its feeding apparatus. Furthermore, it helps
to understand the adaptive radiation among Aphanius. However, it also shows that more re-
search is needed to determine the relationship between A. mentos feeding apparatus and its

feeding methods.
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