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Introduction

The eels of the Anguilliformes are an order comprising 9
families, 159 genera, and about 938 species, thereby forming
the most diverse order within the Elopomorpha (Nelson et al.
2016). The Muraenidae, one of the largest clades within the
anguilliforms and known as morays, include about 200 spe-
cies within more than 16 genera (Böhlke et al. 1989; Nelson et
al. 2016). Two monophyletic subfamilies are recognized, i.e.
Uropterygiinae andMuraeninae (Obermiller and Pfeiler 2003;
Wang et al. 2003; Lopez et al. 2007; Nelson et al. 2016).
Typically morays are shallow-water reef and crevice-
dwelling eels. They are carnivores and their abundance and

biomass within shallow water reef in general is much greater
than casually perceived (Böhlke et al. 1989; Santos and Castro
2003). The muraenids bear an evolutionary novel feeding
mechanism, which may explain their evolutionary success
(Mehta and Wainwright 2007a). Using their pharyngeal jaws,
morays are capable to transport captured large prey from the
oral jaws all the way back towards the esophagus (Mehta and
Wainwright 2007a).

In contrast to the morays, most ray-finned fishes use a
suction-induced flow of water to move prey from the oral jaws
to the pharyngeal jaws (Gillis and Lauder 1995; Mehta and
Wainwright 2007a, 2008). Therefore, presence of the special-
ized mechanical transport system in morays provides an op-
portunity to better understand morphological changes on their
head musculoskeletal system in relation to a novel feeding
behavior and this within a proper phylogenetic framework.
Hence, by comparing the cephalic morphology of representa-
tives of lineage both within morays, such as uropterygiines
and muraenines, as well as representative of a closely-related
anguilliform family that still possess the plesiomorphic hy-
draulic based prey transport, the morphological changes in
relation to this specialization may better understood within a
functional context.
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Abstract
TheMuraenidae, one of the largest cladeswithin the anguilliform fishes, exhibit an innovative feedingmechanism that allows them to
transport large prey items from the oral jaw all the way back towards the esophagus, using highly specialised pharyngeal jaws. This
study was conducted to show the degree to what trade-offs in muraenids may have arisen in the oral feeding apparatus, in relation to
this pharyngeal transport system. Hence, the headmusculoskeletal features ofAnarchias allardicei (Uropterygiinae:Muraenidae) and
Gymnothorax prasinus (Muraeninae: Muraenidae) were compared with that of a closely-related out-group with a hydraulic based
prey transport, Ariosoma gilberti (Bathymyrinae: Congridae) by providing a detailed description of the cranial osteology and
myology of A. allardicei andG. prasinus. The result showed that this innovative feeding mechanismmay be linked to many cephalic
modifications such as, stout and robust neurocranial elements, elongated lower jaw as result of the posterior position of the
quadrato-mandibular articulation, enlarged teeth of oral jaws and premaxillo-ethmovomeral complex, reduction in the moveable
cranial bones and their muscular connections, hypertrophied adductor mandibulae muscle complex, presence of the
quadrato-maxillary and preoperculo-angular ligaments, connection of the quadrate to the A2 tendon of the adductor mandibulae
complex and caudoventral orientation of the fibers of the large A3 section of the adductor mandibulae complex.
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This study aimed to better understand the evolutionary
changes in head morphology that are associated with the novel
mechanical transport system inmoray eels. Hence, we provide a
detailed description of the cranial myology and osteology of
representatives of the two muraenid subfamilies, i.e. Anarchias
allardicei (Jordan and Starks, 1906) (Uropterygiinae:
Muraenidae) and Gymnothorax prasinus (Richardson, 1848)
(Muraeninae: Muraenidae), and compare their head musculo-
skeletal features with that of a closely-related anguilliform fam-
ily that is characterised by using a hydraulic based prey transport
system: Ariosoma gilberti (Ogilby, 1898) (Bathymyrinae:
Congridae). This comparison was done to reveal to what degree
tradeoffs may have arisen on the overall head morphology of
morays, especially focusing on the oral jaws, in relation to this
pharyngeal transport system i.e. how may a highly specialized
pharyngeal mechanical transport system in morays have affect-
ed the evolutionary changes in the head musculoskeletal sys-
tem? The choice for A. gilberti as an outgroup is based on a
single most parsimonious tree of elopomorph fishes, using the
combined data of mitochondrial 12S ribosomal RNA se-
quences, which supports themonophyly of the clade comprising
Muraenidae and Bathymyrinae (Congridae) (Obermiller and
Pfeiler 2003).

Material and methods

For the anatomical description, four alcohol-preserved speci-
mens of G. prasinus (I.28736–024 and I.20095–031) and eight
specimens of A. allardicei (I.17102–063 and UF 318044) ob-
tained from the Australian Museum were examined. The speci-
mens had the following size: G. prasinus (GP)1: 437 mm TL
(Total Length); GP2: 385.5 mm TL; GP3: 497 mm TL; GP4:
447.2 TL; A. allardicei (AA)1: 99 mm TL; AA2: 101 mm TL;
AA3: 108mmTL; AA4: 107mmTL; AA5: 110mmTL; AA6:
146 mm TL; AA7: 129 mm TL; AA8: 136 mm TL. One spec-
imens of each species (GP2 and AA1) were cleared and stained
with Alizarin red S and Alcian blue according to the protocol of
Hanken and Wassersug (1981) for osteological examinations.
Dissections with muscle fiber staining according to Bock and
Shear (1972) were performed. Specimens were studied using a
stereoscopic microscope (Olympus SZX-7) equipped with a
camera lucida.

The musculature terminology follows Winterbottom (1974),
De Schepper et al. (2005) and Mehta and Wainwright (2007a).
The circumorbital bones of the cephalic lateral line system fol-
low Adriaens et al. (1997). Terminology of cranial skeletal ele-
ments follows Nelson (1966), Böhlke (1989) and Rojo (1991).
The epiotic of teleosts is termed Bepioccipital^, thereby follow-
ing Patterson (1975). The terminology of scarf joint follows
Hildebrand (1995). The cranial osteology and myology of A.
gilberti (Bathymyrinae: Congridae) has been described in detail
by Eagderi and Adriaens (2014).

Results

Cranial osteology

Neurocranium The general morphology of the skull of G.
prasinus and A. allardicei is very similar. Their neurocranium
are stout and taper from the otic region towards the posterior
part of the premaxillo-ethmovomeral complex. Their ethmoid
region comprises the premaxillo-ethmovomeral complex and
nasals (Figs. 1a and 2a). In both species, the olfactory rosette
is located dorsal to the rostrum, with a vertical wall of the
premaxillo-ethmovomeral complex separating left from right
nasal cavities (Figs. 1a and 2a). The premaxillo-
ethmovomeral complex of G. prasinus and A. allardicei is
relatively short and shovel-like in a ventral view (Figs. 3 and
4b). InG. prasinus, it bilaterally bears caudally directed struts
(Fig. 3), whereas those of A. allardicei are the small maxillary
articular facets (Fig. 4). Both species bear some teeth on the
posterior process of the premaxillo-ethmovomeral complex,
separated from the anterior teeth by an edentulous zone
(Figs. 3b and 4b). This anterior dentition in G. prasinus com-
prises three rows of large, curved teeth with small teeth be-
tween the teeth of the two lateral rows (Fig. 3b). Its posterior
teeth are shorter and arranged in a single row. In A. allardicei,
the anterior part of the premaxillo-ethmovomeral complex
contains of few pointed teeth with a row of smaller teeth
bordering the bone complex (Fig. 4b). Also, some small teeth
are scattered among its large teeth (Fig. 4b). Teeth on the
posterior part are arranged in a single row as in G. prasinus
but only with three pointed teeth (Fig. 4b).

The orbital region of G. prasinus consists of the adnasal,
lacrimal, infraorbitals, supraorbitals, frontal, basisphenoid,
parasphenoid and pterosphenoid bones, whereas that of A.
allardicei lacks the supraorbital and adnasal bones. In G.
prasinus, the frontal bears an anterodorsal tube-like process
with dorsal and lateral openings connected to the temporal
canal (Fig. 1a). Also, a small fontanel is present between
two frontals (Fig. 3a). In A. allardicei, the frontal anteriorly
bears a groove, anterior to entrance of the temporal canal
(Figs. 2a and 4a). A small canal ventral to this frontal groove
posteriorly connects to the temporal canal (Fig. 2a). The fron-
tals of A. allardicei overlap with the anterior half of the pari-
etals (Fig. 4a), whereas those of G. prasinus form an interdig-
itating suture. The basisphenoid forms the posterior wall of a
small orbit in G. prasinus and A. allardicei (Figs. 1a and 2a).
In both muraenids, the basisphenoid bears the optic foramen
on its lateral face (Figs. 1a and 2a). The olfactory foramen of
G. prasinus lies on the posteroventral face of the basisphenoid
(Fig. 1). In A. allardicei, it is the the pterosphenoid that ven-
trally bears a canal enclosing the olfactory nerve, with the
olfactory foramensituated at the anterior face of the
ptersphenoid (Fig. 2). The parasphenoid of both muraenids
is a thick, long bone that forms the floor of the orbit (Figs.
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1a, 2a, 3b and 4b). It laterally expands in the mid-section and
tapers posteriorly to a narrow process wedged into the
basisphenoid (Figs. 3b and 4b).

The otic region of G. prasinus and A. allardicei comprise
the sphenotics, pterotics, prootics, epioccipitals and parietals.
The sphenotic of G. prasinus bears a lateral process directing
ventrally, whereas that of A. allardicei is directed
anteroventrally (Fig. 2a). In bothmuraenids, the pterotic forms
the posterolateral element of the neurocranium and also the
long posterior suspensorial articulatory facet (Figs. 3b and
4b). The prootic of G. prasinus is fenestrated with numerous
foramina, including the trigemino-facial foramen on its an-
terolateral face (Fig. 3b). Its posterior end also bears an apoph-
ysis to which attaches the levator internus of the upper pha-
ryngeal jaw (Fig. 5d). The lateroventral part of the prootic in
A. allardicei bears a depression with three pores where the
levator internus muscle inserts at the center of this depression
(Fig. 4b). The trigemino-facial foramen of A. allardicei lies on
the anterior rim of the prootic bone (Fig. 4b). The parietals of
G. prasinus posteriorly border the epioccipital and

supraoccipital bones, whereas in A. allardicei, they overlap
with the epioccipitals. A fontanel is present at the triple suture
point between the supraoccipital and parietals in G. prasinus
(Fig. 3a). In both muraenids the posterior rim of the
epioccipital is curved ventrally forming the dorsal rim of the
posterior wall of the neurocranium.

In the occipital region,G. prasinus and A. allardicei have a
supraoccipital that bears a well-developed crest directing cau-
dally (Figs. 1a, 2a, 3a and 4a). The foramen magnum is bor-
dered laterally by the exocciptals and ventrally by the
basioccipital. In both the exoccipital is domed towards the
foramen magnum. Anteriorly, the basioccipital of G. prasinus
bears two apophyses where the levator externus muscle of the
upper pharyngeal jaws inserts onto. The posterior portion of
the basioccipital in G. prasinus contributes to form a nipple-
shaped, short otic bulla together with the exoccipital and
prootic (Fig. 3b) and posteriorly, it bears four pores. In A.
allardicei, the basioccipital also contributes to form the pos-
terior part of the less protruding otic bullae along with the
exoccipital and prootic (Fig. 4b).

Fig. 1 Cranial skeleton of
Gymnothorax prasinus (lateral
view). a Skull (right side) and b
suspensorium (right side). ac Op,
opercular articular condyle; af
Op, opercular articular facet; ac
susp A, anterior suspensorial
condyle; ac susp P, posterior
suspensorial condyle; l-Q-Mx,
quadrato-maxillary ligament;
o-Ang, Angular bony complex;
o-BSph, basisphenoid bone; o-D,
dentary complex; o-ep,
ectopterygoid; o-F, frontal bone;
o-Hm, hyomandibular bone;
o-Iop, interopercle; o-Mx,
maxillary bone; o-Op, opercle;
o-Par, parietal bone; o-PMx-Etv,
premaxillo-ethmovomeral
complex; o-POp, preopercle;
o-PSph, parasphenoid; o-Pt,
pterotic bone; o-PtSph,
pterosphenoid bone; o-Q,
quadrate; o-SOp, subopercle;
o-Soc, supraoccipital bone;
o-Sph, sphenotic bone;
Op-tuberosity, opercular
tuberosity
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Jaws The maxillary of G. prasinus is attached to the strut of
the posterodorsal process of the premaxillo-ethmovomeral
complex. It bears two central rows of caniniform teeth on
the anterior half with longer lateral ones, whereas posteri-
orly teeth are arranged in a single row (Fig. 6a). The max-
illary of A. allardicei is longer than that of G. prasinus and
attaches firmly to the maxillo-ethmovomeral articular facet
of the premaxillo-ethmovomeral complex (Fig. 1a). In A.
allardicei, the anterior part of the maxillary bears an as-
cending process that medially possesses two large teeth
and also a single row of pointed teeth on its anteromedial
fossa (Fig. 7a). The quadrato-maxillary ligament in G.
prasinus connects the posterolateral face of the articulatory
condyle of the quadrate to the posterodorsal face of the
maxillary (Fig. 5a), whereas that of A. allardicei runs me-
dial to the suspensorium and attaches to the medial face of
the articulatory condyle of the quadrate.

In both muraenids, the large coronoid process is formed by
the dentary complex. Anteriorly, the dentary complex of G.
prasinus bears two rows of the caniniform teeth with three
larger medial ones that continue in a single row of caudally

pointed teeth running up to the coronoid process (Fig. 6b).
The dentary in A. allardicei bears two rows of caniniform
teeth, with a longer median row that runs up to the midpoint
of the lateral one (Fig. 7b). Also, few small, recurved teeth are
present medial to the longer ones (Fig. 7b). Lateraly, the
dentary complex of G. prasinus bears six pores of the
preoperculo-mandibular canal and one on its anteromedial
face (Figs. 1a and 6b), whereas that of A. allardicei bears only
five pores (Fig. 12a). The coronomeckelian bone in G.
prasinus is situated between the dentary and angular com-
plexes, ventral to the Meckelian fossa and anteriorly covered
by the dentary (Fig. 6b). In A. allardicei, it is attached to the
posteromedial face of the dentary and ventromedial face of the
angular complex (Fig. 7b).

In both muraenids, the angular complex consists of the
fused angular, articular and retroarticular bones. The man-
dibular articulation facet is positioned at the posterior end
of this complex and is directed caudodorsally (Figs. 6b and
7b). The preoperculo-mandibular canal in both muraenids
opens at the posterior side of the short, caudally directed
retroarticular bone. In both muraenids, the anterolateral

Fig. 2 Cranial skeleton of
Anarchias allardicei (lateral
view). a Skull (right side) and b
suspensorium (right side). ac Op,
opercular articular condyle; af
Op, opercular articular facet; ac
susp A, anterior suspensorial
condyle; ac susp P, posterior
suspensorial condyle; fr-Opt,
foramen opticum; o-Ang, angular
bony complex; o-BSph,
basisphenoid bone; o-D, dentary
complex; o-ep, ectopterygoid;
o-ExOc, exoccipital bone; o-F,
frontal bone; o-Hm,
hyomandibular bone; o-Iop,
interopercle; o-Mx, maxillary
bone; o-Op, opercle; o-Par,
parietal bone; o-PMx-Etv,
premaxillo-ethmovomeral
complex; o-POp, preopercle;
o-PSph, parasphenoid; o-Pt,
pterotic bone; o-PtSph,
pterosphenoid bone; o-Q,
quadrate; o-SOp, subopercle;
o-Soc, supraoccipital bone;
o-Sph, sphenotic bone
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portion of the angular complex overlies the posterior part
of the dentary complex. In G. prasinus and A. allardicei, a
shor t preoperc lo-angular l igament connects the
posteromedial face of the angular complex to the ventro-
medial face of the preopercle.

Suspensorium and opercular series In both muraenids, the
suspensorium comprises four bones including the
ectopterygoid, quadrate, hyomandibula and preopercle
(Figs. 1b and 2b). The ectopterygoid is reduced, forming
a thin, slender bone attaching to the anteroventral edge of

Fig. 3 Neurocranium of
Gymnothorax prasinus. a Dorsal
view and b ventral view. af susp
A, anterior suspensorial
articulation facet; af susp p,
posterior suspensorial articulation
facet; fr-Tri.fac, foramen
trigemino-facialis; o-BOc,
basioccipital bone; o-Epi,
epioccipital bone; o-ExOc,
exoccipital bone; o-F, frontal
bone; o-Par, parietal bone;
o-PMx-Etv, premaxillo-
ethmovomeral complex; o-Pro,
prootic bone; o-PSph,
parasphenoid; o-Pt, pterotic bone;
o-PtSph, pterosphenoid; o-Soc,
supraoccipital bone; o-Sph,
sphenotic bone; ri-Soc,
supraoccipital crest

Fig. 4 Neurocranium of
Anarchias allardicei. a Dorsal
view and b ventral view. af susp
A, anterior suspensorial
articulation facet; af susp p,
posterior suspensorial articulation
facet; fr-Tri.fac, foramen
trigemino-facialis; o-BOc,
basioccipital bone; o-BSph,
basisphenoid; o-Epi, epioccipital
bone; o-ExOc, exoccipital bone;
o-F, frontal bone; o-Par, parietal
bone; o-PMx-Etv,
premaxillo-ethmovomeral
complex; o-Pro, prootic bone;
o-PSph, parasphenoid; o-Pt,
pterotic bone; o-PtSph,
pterosphenoid; o-Soc,
supraoccipital bone; o-Sph,
sphenotic bone; ri-Soc,
supraoccipital crest
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the hyomandibula by connective tissue and ligamentously
on the anterior end of the quadrate. The quadrate bears a
posterior, caudally directed process that runs medial to the
preopercle. The hyomandibula-quadrate axis is directed
vertically, thus positioning the quadrate-mandibular joint
at the occipital level of the neurocranium and explaining
the lower jaw being about equal in length to the
neurocranium. Anteriorly, the hyomandibula bears a fossa
with a pore on its dorsal half (Figs. 1b and 2b). Medially,
it bears a canal that is opened on its dorsomedial face. The
posterior articular condyle of the hyomandibula is long
with serrated edges on its dorsal midsection. The triangu-
lar hyomandibula medioventrally bears an opercular artic-
ulatory condyle that is directed caudoventrally (Figs. 1b
and 2b).

InG. prasinus, the four elements of the opercular series are
reduced in size (Fig. 1b). The preopercle is a small, tube-like
bone connected to the quadrate. It encloses the midsection of
the preoperculo-mandibular canal. The opercle bears an an-
terolateral tuberosity on its articulatory process (Fig. 1b) that
also bears a small process on the medial face. The small rect-
angular subopercle and interopercle lie in between the opercle
and the preopercle (Fig. 1b). A similar opercular series is
found in A. allardicei, except for the absence of a middle pore
on the lateral face of the preopercle (Fig. 2b).

Hyoid complex The hyoid complex ofG. prasinus is extreme-
ly reduced and consists of the paired anterior and posterior
ceratohyals (Fig. 5c). The anterior and posterior ceratohyals
are slender bones interconnected by a synchondrosis. The

Fig. 5 The cranial muscles of Gymnothorax prasinus. a Skin removed
(lateral view), b sections A2, hyohyoideus muscle complex, hypaxial
muscles, ventral elements of the head and quadrate-maxillary ligament
and branchiostegal rays are removed (lateral view) and c ventral muscles
of head (sagittal left cut), hyohyoideus muscle complex is removed. l-Q-
Mx, quadrato-maxillary ligament; m-A2β, lateral subsection of A2β;
m-A2γ, medial subsection of A2; m-A3, A3 section of the adductor
mandibulae muscle complex; m-AAP, adductor arcus palatini muscle;
m-AH, adductor hyomandibulae muscle; m-AO, adductor operculi
muscle; m-APhJ, adductor muscle of the pharyngeal jaw; m-DO, dilatator
operculi muscle; m-Epax, epaxial muscles; m-HH, hyohyoideus muscle

complex; m-HH sup, hyohyoideus superior muscle; m-LAP, levator arcus
palatini muscle; m-Li, levator internus muscle; m-LO, levator operculi
muscle; m-PH, protractor hyoidei muscle; m-RC, rectus communis
muscle; m-SH, sternohyoideus muscle; o-CH A, anterior ceratohyal
bone; o-CH P, posterior ceratohyal bone; o-Cl, cleithrum; o-D, dentary
complex; o-ExOc, exoccipital bone; o-F, frontal bone; o-Mx, maxillary
bone; o-Op, opercle; o-PMx-Etv, premaxillo-ethmovomeral complex;
o-Pro, prootic bone; o-Q, quadrate bone; t-A2β, tendon of A2β;
t-A2β-Q, A2-quadrate tendon; t-A2γ, tendon of A2γ; t-A3, tendon of
A3; t-Epax, tendon of epaxial muscles; t-LO, tendon of levator operculi;
t-PH, tendon of protractor hyoidei; pr Cor, coronoid process

778 Biologia (2018) 73:773–786



posterior ceratohyal is connected to all eight branchiostegal
rays anteriorly and to the medial face of a posterior process of
the quadrate by connective tissue. The hyoid complex of A.
allardicei is also extremely reduced, showing a simular mor-
phology as inG. prasinuswith less branchiostegal rays (5 ver.
7 of A. allardicei) (Fig. 8c).

Lateral line system The cephalic lateral line system of G.
prasinus comprises the ethmoid, supraorbital, infraorbital,
adnasal, temporal and preoperculo-mandibular canals, and
supratemporal commissure (Fig. 9b). The ethmoid canal is
a short descending branch of the supraorbital canal and
starts at the anterior edge of the olfactory cavity. It bears
a single external pore. The supraorbital canal is caudally

extended to the dorsal pore of the anterolateral process of
the frontal. Anteriorly, it is enclosed by a tube-like nasal
bone and posteriorly by two supraorbital bones (Fig. 9a).
The supraorbital canal bears one external pore. The
infraorbital canal is curved dorsally into the postorbital
region after exiting the first infraorbital bone positioned
ventral to the orbit (Fig. 9a). This canal anstomoses with
the supraorbital canal inside the anterolateral process of the
frontal. The infraorbital canal bears four external pores.
Anteriorly, the infraorbital canal is supported by the lacri-
mal and first infraorbital bones and posteriorly, by three
infraorbital bones (Fig. 9a). The adnasal canal is an as-
cending branch of the infraorbital canal exited from the
medial face of the ventral infraorbital bone at its midpoint.

Fig. 6 Jaws of Gymnothorax
prasinus (right side) a maxillary;
lateral view and b lower jaw;
medial view. af Md, mandibular
articulation facet; af Mx-Etv,
maxillo-ethmovomeral articular
facet; o-Ang, angular bony
complex; o-D, dentary complex;
o-Mx, maxillary bone; fs-Mec,
meckelian fossa; pr Cor, coronoid
process; pr ra, retroarticular
process

Fig. 7 Jaws of Anarchias
allardicei (right side). a
maxillary; medial view and b
lower jaw; medial view. af Md,
mandibular articulation facet;
l-Pop-Ang, preoperculo-angular
ligament; o-Ang, angular bony
complex; o-D, dentary complex;
o-CorMec, coronomeckelian
bone; o-Mx, maxillary bone;
fs-Mec, meckelian fossa; pr Cor,
coronoid process; pr ra,
retroarticular process
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This canal is supported at its midpoint by the adnasal bone.
All circumorbital bones are tubular (Fig. 9a). The
preoperculo-mandibular canal runs inside the mandibula
(Fig. 9b).

Compared to G. prasinus, the cephalic lateral line sys-
tem of A. allardicei lacks the ethmoid and adnasal canals
and possesses a frontal commissure (Fig. 10b). The poste-
rior part of the supraorbital canal enters the frontal through

the anterior part of the frontal groove. The supraorbital
canal bears three external pores. The frontal commissure
runs inside the dorsal part of the frontal groove (Fig. 10b).
The infraorbital canal anstomoses with the supraorbital ca-
nal at the front of the frontal groove. This canal bears five
external pores. A lacrimal and seven infraorbital bones
support the infraorbital canal (Fig. 10a). The preoperculo-
mandibular canal bears six external pores.

Fig. 8 The cranial muscles of
Anarchias allardicei. a Skin
removed (lateral view), b sections
A2, hyohyoideus muscle
complex, epaxial muscles,
hypaxial muscles, ventral
elements of the head and
quadrato-maxillary ligament and
branchiostegal rays are removed
(lateral view) and c ventral
muscles of head (sagittal left cut)
and position of the pharyngeal
jaws in relation to the lower jaw
and hyoid apparatus,
hyohyoideus muscle complex is
removed. m-A2α, ventral
subsection of A2; m-A2β, dorsal
subsection of A2; m-A3, A3
section of the adductor
mandibulae muscle complex;
m-APhJ, adductor muscle of the
pharyngeal jaw; m-DO, dilatator
operculi muscle; m-Epax, epaxial
muscles; m-HH, hyohyoideus
muscle complex; m-LAP, levator
arcus palatini muscle; m-LO,
levator operculi muscle; m-PH,
protractor hyoidei muscle; m-RC,
rectus communis muscle; m-SH,
sternohyoideus muscle; o-CH A,
anterior ceratohyal bone; o-CH P,
posterior ceratohyal bone; o-D,
dentary complex; o-F, frontal
bone; o-Mx, maxillary bone;
o-Op, opercle; o-PMx-Etv,
premaxillo-ethmovomeral
complex; o-POp, preopercle;
t-A2, tendon of A2; t-A2-Q,
A2-quadrate tendon; t-A3, tendon
of A3; t-DO, tendon of dilatator
operculi muscle; t-LO, tendon of
levator operculi; t-PH, tendon of
protractor hyoidei; pr Cor,
coronoid process
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Cranial myology

Adductor mandibulae complex The adductor mandibulae
muscle complex is hypertrophied and similar in morphology
in G. prasinus and A. allardicei, comprising the sections A2
and A3. InG. prasinus,A2 is subdivided into a hypertrophied
lateral (A2β) and medial (A2γ) parts (Fig. 5a, b). A2β forms
the largest element of the adductor mandibulae complex, with
its fibers originating from the frontal, parietal, pterotic,
supraoccipital, hyomandibula and quadrate bones. The antero-
lateral fibers of A2β insert as a tendon on the medial face of

the dentary at the rear of the coronoid process, whereas its
posterolateral fibers are attached as a separate tendon on the
mediodorsal edge of the coronoid process and medial margin
of the angular bone. Also, the latter tendon is connected to the
lateral face of the articulatory condyle of the quadrate. The
medial fibers of A2β insert musculously into the Meckelian
fossa (Fig. 5c), whereas the A2γ is runs posteriorly to the
levator arcus palatini and medially to the dilatator operculi
muscle (Fig. 5b). The fibers of A2γ originate from the
posterodorsal face of the hyomandibula and insert by a tendon
on the angular complex, at the ventral rim of the Meckelian
fossa (Fig. 5b). In A. allardicei, A2 comprises next to the
dorsally positioned A2β part also a ventral A2α part (Fig.
8a). The A2β is the largest component and its fibers originate
from the frontal, parietal, pterotic, epioccipital and
supraoccipital bones. This muscle inserts as a tendon on the
ventromedial face of the coronoid process andmusculously on
the medial rim of the dentary and angular, posterior to the
coronoid process. The A2α of A. allardicei is the ventral ele-
ment and has a muscle origin at the posterior part of the

Fig. 9 The cranial lateral line
system and circumorbital bones
of Gymnothorax prasinus. a
Lateral view of the nasal bone,
preorbital bones, infraorbital
bone, postorbital bones and
supraorbital bones (right side) and
b position of the composing
canals in relation to the skull
(right side, lateral view). c Adnas,
adnasal canal; c Et, ethmoid
canal; c IO, infraorbital canal; c
POM, preopercular mandibular
canal; c SO, supraorbital canal; c
T, temporal canal; cm ST,
supratemporal commissure;
o-Nas, nasal bone; o-Adn, adnasal
bone; o-InfOrb, infraorbital bone;
o-Lac, lacrimal bone; o-SOrb,
supraorbital bone
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Gill arches In G. prasinus, the reduced gill arches comprise the
following ventral elements: four pairs of ceratobranchials (Cb
I-IV) and one pair of upper pharyngeal tooth plates (UP)
(Fig. 11b). The dorsal elements comprised the four pairs of
epibranchials (Eb I-IV) and one pair of lower pharyngeal tooth
plates (LP) (Fig. 11a). The gill arches in A. allardicei bears two
pairs of infrapharyngobranchials (Ib I-II) thas is absent in G.
prasinus (Fig. 12).



Fig. 10 The cranial lateral line
system and circumorbital bones
of Anarchias allardicei. a lateral
view of the nasal bone, preorbital
bones and postorbital bones (right
side) and b position of the
composing canals in relation to
the skull (right side, lateral view).
c IO, infraorbital canal; c POM,
preopercular mandibular canal; c
SO, supraorbital canal; c T,
temporal canal; cm F, frontal
commissure; cm ST,
supratemporal commissure;
o-Nas, nasal bone; o-InfOrb,
infraorbital bone; o-Lac, lacrimal
bone

Fig. 11 Gill arches of Gymnothorax prasinus. a Ventral view of the
dorsal elements and b dorsal view of the ventral elements. o-Cb,
ceratobranchial bone; o-Eb, epibranchial bone; o-LP, lower pharyngeal
tooth plates; o-UP, upper pharyngeal tooth plates

Fig. 12 Gill arches of Anarchias allardicei. Lateral view of the ventral
and dorsal part of the gill arches (right side). o-Cb, ceratobranchial bone;
o-Eb, epibranchial bone; o-Ib, infrapharyngobranchial bone; o-LP, lower
pharyngeal tooth plates; o-UP, upper pharyngeal tooth plates
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hyomandibula and quadrate bones (Fig. 8a). The medial fibers
of A2α insert musculously into the Meckelian fossa and its
lateral fibers attach both tendinously and musculously on the
posteromedial face of the angular complex. In both muraenids
the posterolateral fibers of the left and right A2β subsection
merge with their counterparts fibers and are also connected
tendinously to the epaxial muscles and a fascia seperating
them from the levator operculi muscle (Figs. 5a and 8a).

The A3 section is a large muscle with its anterior fibers
directing caudoventrally in both A. allardicei and G.
prasinus (Figs. 5b and 8b). In G. prasinus, it originates
musculously from the frontal, pterosphenoid, pterotic,
posterior part of the basisphenoid, parasphenoid and an-
terolateral face of the sphenotic bones (Fig. 5b). Its ante-
rior fibers are connected to the ventromedial face of the
angular complex through a tendon, whereas its posterior
fibers attach musculously to its posteromedial face. In A.
allardicei, A3 fibers originate musculously from the fron-
tal, pterosphenoid, posterior part of the basisphenoid and
anterolateral face of the sphenotic bones (Fig. 8b). Its
anterior fibers insert through a tendon into the posterior
part of the Meckelian fossa and its posterior fibers attach
musculously on the posterodorsal margin of the medial
face of the angular complex.

Suspensorial muscles The morphology of the suspensorial
muscles is very similar for both G. prasinus and
A.allardicei. The adductor arcus palatini originates
musculously from the depression of the prootic at the rear
of the trigemino-facial foramen and inserts on the
anteromedial face of the hyomandibula and dorsomedial
face of the quadrate (Fig. 5d).

The levator arcus palatini is positioned posterior to the A3
section of the adductor mandibulae complex, by which it is
also covered anterodorsally (Figs. 5b and 8b). The fibers orig-
inate from the ventral and medial faces of the sphenotic pro-
cess and lateroventral face of the pterotic. This muscle inserts
on the posterior face of the hyomandibula and anterodorsal
margin of the quadrate (Figs. 5b and 8b). The adductor
hyomandibulae muscle connects the posteroventral margin
of the medial face of the hyomandibula to a depression on
the posterolateral face of the exoccipital (Fig. 5d).

Opercular muscles The dilatator operculi is a caudoventrally
directed muscle strip in both G. prasinus and A. allardicei
(Figs. 5b and 8b). In G. prasinus, it originates musculously
from the lateral face of the sphenotic process and
ventrolateal face of the pterotic and inserts on the process
of the medial face of the opercular rostral prominence (Figs.
5b and 8b). In A. allardicei, it originates musculously only
from the lateral face of the sphenotic process and inserts
through a tendon onto the anteromedial face of the opercular
rostral prominence (Fig. 8b).

In G. prasinus, the anterior fibers of the levator operculi
originate through a tendon from the posterodorsal edge of
the hyomandibula, whereas the posterior fibers originate
from a tendon that attsches to the epaxial muscles and
anterior part of the horizontal septum between the epaxial
and hypaxial muscles (Fig. 5d). In A. allardicei, all fibers
originate through a tendon from the posterodorsal edge of
the hyomandibula (Fig. 8b). In both species, the muscle
inserts on the lateral faces of the opercle, subopercle and
interopercle (Figs. 5b and 8b).

The adductor operculi muscle originates in both G.
prasinus and A. allardicei as a tendon from the dorsomedial
corner of the hyomandibula and inserts on the medial faces of
the opercle, subopercle and interopercle (Fig. 5d). In G.
prasinus, the adductor operculi tendon is also connected to
the tendon of the epaxial muscles.

Hyoid muscles The protractor hyoidei muscle connects the
long, thin and flexible anterior ceratohyal bone to the lower
jaw in both G. prasinus and A. allardicei. It originates
tendinously from the medial face of the dentary bone, close
to the symphysis, and inserts musculously on the anterior face
of the anterior ceratohyal (Figs. 5c and 8c).

The sternohyoideus in G. prasinus and A. allardicei origi-
nates anteriorly from the anterior half of the anterior
ceratohyal, attaching to a myoseptum connecting it to the
hypaxial muscles (Figs. 5c and 8c). The hyohyoideus superior
in G. prasinus connects the posterior end of the posterior
ceratohyal to a small process on the medial face of the oper-
cular rostral prominence (Fig. 5d). This muscle is absent in A.
allardicei. The hyohyoideus muscle complex in G. prasinus
and A. allardicei is a muscle sheet that lies between the medial
faces of the branchiostegal rays and forms a thin sac-like mus-
cle meeting its counterpart at the ventral midline (Figs. 5a and
8a). The dorsal fibers attach to the horizontal septum between
the epaxial and hypaxial muscles.

Body musculature The epaxial muscles in G. prasinus and A.
allardicei insert musculously on the epioccipital, supraoccipital,
exoccipital and basioccipital bones. As mentioned, the hypaxial
muscles attach directly to the sternohyoideus muscle through a
myoseptum.

Branchial muscles In both muraenids, the rectus communis
muscle originate from the posterior half of the anterior
ceratohyal and attaches to the fourth ceratobranchial bone
(Figs. 5c and 8c).

The fibers of the levator externus and levator internus inG.
prasinus insert on the basioccipital and prootic bones, respec-
tively. Those of A. allardicei are attached to the exoccipital
and the prootic, respectively. Other muscles serving the bran-
chial arches of G. prasinus and A. allardicei are similar to
those described in Mehta and Wainwright (2007a).
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Discussion

Morays are carnivores and shallow-water reef, crevice-
dwelling eels that are found in all tropical and subtropical
oceans and seas, with a few species occurring in temperate
waters (Böhlke et al. 1989; Santos and Castro 2003; Young
and Winn 2003). Morays like many fish swallow their large
prey as a whole, with for example gulper eels having extensive
jaw and skin modifications to engulf larger prey items
(Yukihira et al. 1994; Santos and Castro 2003; Westneat
2007). Morays have evolved an alternative prey transport to
move large prey from the oral jaws to the pharyngeal jaws,
different from hydraulics based system observed in most fish-
es and even most Anguilliformes (Mehta and Wainwright
2007a, 2008) such as A. gilberti (Eagderi and Adriaens
2014). Compared to these Anguilliformes that perform hy-
draulics based prey transport, including the closely-related
A. gilberti (Eagderi and Adriaens 2014), some cephalic fea-
tures of muraenids can be considerd as specializations to seize
and devoure large prey relying on this second set of jaws.

The neurocranial elements of muraenids, such as the
premaxillo-ethmovomeral complex and parasphenoid are
stout and robust, compared to that of A. gilberti (Eagderi and
Adriaens 2014). Considering also the hypertrophied nature of
the jaw adductor muscles in muraenids (inserting on a
supraoccipital crest), as well as their jaws (dentary, premaxil-
lary and maxillary) and teeth being larger and more robust,
these reinforcements may help in resisting high levels of me-
chanical stress during biting and prey grabbing (Grubich et al.
2008). In moray eels, almost the full anterior half of the
dentary complex of muraenids is dentigerous with larger an-
terior teeth, and teeth on the maxillary and premaxillo-
ethmovomeral complex are extended caudally. As shown by
Mehta and Wainwright (2007b), muraenids impale large prey
with the anterior part of oral jaw, where prey can be restrained
efficiently as teeth sink into the prey.

The posterior position of the quadrato-mandibular articula-
tion in the muraenids, being approximately at the level of the
posterior margin of the neurocranium, is associated with the
elongation of the lower jaw and a large, non-circular gape in
muraenids. An aquatic predator with such a gape morphology
can move the jaws into a biting position), as well as consuming
large preys (Castle 1968; Porter and Motta 2004; Mehta and
Wainwright 2007a, 2008; Mehta 2009). In other
Anguilliformes, such as Nemichthyidae, Nettastomidae and
Serrivomeridae, jaw elongation is associatedwith an elongation
of the rostral region, rather than with a caudally tilted
suspensorium (Smith and Nielsen 1989; Tighe 1989; Eagderi
and Adriaens 2010a). Long lower jaws are known to facilitate
fast mouth closure, effective for capturing mobile and elusive
prey, as observed in these muraenids (Lauder 1979; Norton and
Brainerd 1993;Westneat 2004; Porter andMotta 2004; Eagderi
and Adriaens 2010a). For instance, mechanical advantage for

opening and closing of the lower jaw in Gymnothorax
javanicus (Bleeker, 1859) is low, implying the jaws to be kine-
matically efficient for fast biting (Westneat 2004).

It has been suggested that species with enlarged jaw adduc-
tors appear Badapted^ to feed at higher gape angles (Gans and
De Vree 1987), although this probably is not the case for
muraenids. Morays are well suited for closing the tips of the
jaws at high velocities but consequently have a mechanical dis-
advantage for force production at their jaw tips (Porter and
Motta 2004). Increasing of force and velocity transfer in mouth
closing systems, as trade-offs, have been suggested before in
fish species (Westneat 1994, 2004; Turingan et al. 1995;
Collar et al. 2005; Kammerer et al. 2005; Van Wassenbergh et
al. 2005; De Schepper et al. 2008). Morays, therefore may com-
pensate for the mechanical disadvantage of force transmission
through an increased input contraction force of their
hypertrophied jaw-closing muscles, that allows fast ánd power-
ful impaling of prey using their sharp teeth (Devaere et al. 2001;
Herrel et al. 2002; VanWassenbergh et al. 2004). This allows an
efficient immobilization of large prey, for the pharyngeal jaws to
be protracted to deliver a second bite and subsequent prey trans-
port (Mehta and Wainwright 2007b).

A mechanical bottle-neck in the powerful oral jaw system
in muraenids, however, seems to be the presence of a highly
reduced bony connection between the quadrate and the
neurocranium (only splint-like ectopterygoid present). In tel-
eosts, this rostral arm of the suspensorium generally forms a
fortifying strut connecting the suspensorium to the rostral part
of the neurocranium (Schaeffer and Rosen 1961). Ancestral
for Anguilliformes is a slender ectopterygoid, wedging around
the anterior part of the quadrate but lacking a strong articula-
tory connection with the neurocranium (Johnson et al. 2012).
In other taxa, the ectopterygoid is well-developed (such as in
Hoplunnis andConger) or shows various degrees of reductions
(e.g. slender bone contacting the neurocranium in Anguilla up
to a splint-like bone not reaching the neurocranium, as ob-
served in Moringua and the muraenids studied here) (De
Schepper et al. 2005; Eagderi 2010; Johnson et al. 2012). In
both clades having this anterior decoupling of the quadrate
from the neurocranium (Moringua and muraenids), the fibers
of the A3 part of the adductor mandibulae complex run from a
dorsorostral to a ventrocaudal direction, hence generating a
torque force onto the suspensorium that would pull the quad-
rate forward (this is not the case in species like A. gilberti). It is
thus surprising that in those species that also show extensive
jawmuscle hypertrophy, this bony strut that could prevent this,
is missing. However, as discussed by De Schepper et al.
(2005), counteracting force components of other muscle parts
of the jaw adductor may reduce this forward pulling. Similar
forces acting upon the quadrate-mandibular joint can then as-
sist on stabilizing that joint as well. In muraenids, some addi-
tional fortifications of this joint involved the presence of
quadrato-maxillary and preoperclo-angular ligaments and the
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connection of the quadrate to the A2 tendon of adductor
mandibulae complex. Whereas in taxa like Moringua and
Pythonichthys, this may be linked to head-first burrowers (De
Schepper et al. 2007; Eagderi and Adriaens 2010b), in
muraenids it may play a more important role in keeping the
jaws lodged when immobilizing large prey prior to grasping
them with the pharyngeal jaws.

The observation that muraenids do not rely on a hydraulic,
but rather pharyngeal jaw transport system for prey transport, is
also reflected in the reduced nature of the opercular and the hyoid
apparatus, as well as in the reduced number and size of the
branchial arch elements (Mehta andWainwright 2008). In doing
so, these reductions did provide more room in the orobranchial
cavity facilitating the mobility of the pharyngeal jaws.

An innovative pharyngeal jaw apparatus, as present in
morays, enabled the use of a mechanical transport system
rather than a hydraulic one to pull prey into the esophagus
(Mehta and Wainwright 2007a). This study shows that this
innovative feeding mechanismmay be linked to many cephal-
ic modifications, such as stout and robust neurocranial ele-
ments, elongated lower jaw as result of the posterior position
of the quadrato-mandibular articulation, enlarged teeth of oral
jaws and premaxillo-ethmovomeral complex, reduction in the
moveable cranial bones and their muscular connections,
hypertrophied adductor mandibulae muscle complex, pres-
ence of the quadrato-maxillary and preoperclo-angular liga-
ments, connection of the quadrate to the A2 tendon of adduc-
tor mandibulae complex and caudoventral orientation of the
fibers of large A3 section of adductor mandibulae complex.
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