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Systems: 300 Million Years of Fish Jaws
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ABSTRACT

The jaws of teleost fishes are diverse and complex musculoskeletal systems. The focus in this review is on the
major biomechanical systems in the teleost head, and the range and interplay of functional, developmental, and
genetic influences that shape the modular and integrated evolution of elements. Insights possible from compar-
ative studies are discussed in the context of traditional and new models for studies of craniofacial evolution and
development.
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INTRODUCTION

THE TELEOST TROPHIC APPARATUS may be the
most complex integrated musculoskeletal

system in vertebrates. Fish skulls are highly ki-
netic and frequently contain 20 or more mobile
elements that operate during feeding.1,2 Also,
in contrast to most vertebrates, bony fish gen-
erally possess two sets of toothed jaws.3,4 De-
spite these differences, developmental genetics
has uncovered numerous pathways responsi-
ble for the formation of structures that are
shared between species as diverged as humans
and fishes. In most vertebrates, changes in im-
mobile craniofacial morphology have uncer-
tain influences on feeding ecology, but changes
in the size and shape of particular bones in
teleosts almost invariably influence the me-
chanics of how a fish feeds. The mobility of so
many musculoskeletal elements that are coor-
dinately used during teleost feeding provide a
unique opportunity to examine how conflict-

ing and complimentary mechanical, develop-
mental, and genetic levels of organization in-
teract.

Biomechanical models of trophic morphol-
ogy are valuable because they provide testable
hypotheses of the relationship between mor-
phology and the kinematics of trophic elements
(Figs. 1 and 2). Most vertebrate musculoskele-
tal systems can be modeled as levers of vary-
ing complexity that encapsulate how motion
and force are input and output.5,6 Simple lever
systems, like the lower jaw,7,8 generally rotate
around a fulcrum and, based on the relative
sizes of the input and output links, favor either
greater amplification of force or motion. The
same is true for more complex lever systems
such as four-bar linkages that operate in me-
chanical modules of the trophic apparatus such
as the anterior jaws.9 These four-bar linkages
have an input as well as an output link, but also
incorporate a third link that couples the trans-
mission of motion and force through the other
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elements. Additionally, four-bar linkages in-
clude an immobile fixed link about which the
other three links rotate in a ringlike configura-
tion. Musculoskeletal lever systems are formu-
lated in a mathematical framework that makes
exact predictions about the transmission of mo-
tion and force through the trophic appara-
tus.10,11 These predictions facilitate compara-
tive analyses of functional variation and
highlight mechanical connections that fre-
quently have nonlinear relationships with feed-
ing abilities.12 They also identify which pheno-
typic elements are most likely to evolve in
response to particular selection pressures.13

However, mechanical models of jaw morphol-
ogy provide little insight into the developmen-
tal and genetic pathways that influence the evo-
lution of form in the trophic apparatus.

Development provides the link between the
morphology that ultimately functions in teleost
feeding and the genome that encodes trophic
phenotypes. Developmental studies of cell fate
indicate which musculoskeletal elements share
similar developmental origins.14 Interestingly,
the boundaries between adjacent neural crest

populations do not share simple correspon-
dence with most anatomical structures. The
sharing of ancestral precursor tissues in cranial
bones and muscles15,16 suggests the same genes
and influences may structure how these ele-
ments are formed during ontogeny.

Fish larvae can begin feeding within one
week postfertilization,17 and much of the gen-
eral morphological organization of the fish
trophic apparatus has been structured by this
time.17,18 Because trophic adaptation fre-
quently involves the modification of existing
structures,11,19 understanding which ancestral
elements are altered during ontogeny is key 
to understanding how evolutionary novelties
arise.1 Finally, understanding the develop-
mental integration of musculoskeletal elements
may provide predictive insight into the direc-
tionality of evolutionary change along path-
ways of least developmental resistance.

Virtually all craniofacial form is genetically
encoded, but how genomic changes translate
into developmental modifications is complex.
Because most modifications to the skull that
have functional consequences involve quanti-
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FIG. 2. The bones and muscle that operate during an adult teleost feeding strike can be thought of as functioning
like a series of fairly modular but inter-connected mechanical systems. A map of the numerous links (heavy bars),
joints (open circles), muscles (hashed lines), and the general direction particular elements move (arrows) during the strike
for several mechanical levers and linkages in the teleost skull are diagrammed. The morphology of the neurocranium
(red), hyoid (dark gray), pectoral girdle (purple), opercular series (orange), suspensorium (yellow), lower jaw (light blue),
anterior jaw elements (dark green), and pharyngeal jaw elements (light gray) are depicted in different colors. Although
the elements comprising the particular links and muscles are described in more detail in the text, a basic overview
of how the lever systems operate is given here. The feeding strike is initiated (a) as the skull is pulled posteriorly via
the simple lever-like cranial levation system. As the neurocranium rotates upwards it pulls open the hyoid four-bar
linkage system, and the sternohyoideus muscle fires resulting in depression of the hyoid linkage. The depression of
the hyoid results in expansion of the buccal cavity and in many fishes (b) the initiation of the movement in the op-
ercular linkage. As the opercular series is pulled posteriorly, tension is applied to the interopercular ligament con-
necting the opercular series to the lower jaw. The lower jaw opening lever system is then depressed and rotates ven-
trally. The rotation of the lower jaw inputs motion into the anterior jaw four-bar linkage (c) resulting in maxillary
rotation. Maxillary displacement, cranial elevation, and lower jaw rotation combine to protrude the upper jaw in most
teleosts. A prey item is frequently taken into the oral cavity coincident with the maximal gape between the rotating
lower jaw and protruding upper jaw mechanism. Once the prey is ingested, the upper and lower jaw closing systems
are pulled shut (d) via the adductor muscles. Relaxation of the hyoid and muscles posterior to the cranium also likely
passively decrease buccal volume and facilitate swallowing of prey. Once the prey has been ingested, it is moved to
the pharyngeal apparatus for processing (e,f). In most fishes, the pharyngeal jaw muscles insert onto and depress the
upper pharyngeal jaws through a series of levers and the lower pharyngeal jaw is largely an immobile platform where
prey are processed (e). However, in the now recognized paraphyletic group known as the Labroidei, several novel
muscle insertions allow the lower pharyngeal jaw to be pulled against the upper pharyngeal jaws during prey pro-
cessing (f). After pharyngeal processing, the prey is swallowed and sent to the digestive tract for digestion and ab-
sorption. The major bones and muscles that operate in the lever systems during the adult teleost feeding strike in-
clude the supracleithrum (SC), coracoid (CO), cleithrum (CL), sternohyoideus muscle (SH), hypohyal (HH), ceratohyal
(CH), interhyal (IH), hyomandibula (HM), posttempora (PT), opercle (OP), subopercle (SP), interopercle (IP), quadrate
(QT), pterygoids (PG), articular (AR), maxilla (MX), premaxilla (PX), nasal (NA), palatine (PL), dentary (DT), adduc-
tor mandibulae muscles (AM), preopercle (PO), neurocranium (NC), levator externus IV muscle (LE), levator poste-
rior muscle (LP), obliquus posterior muscle (OP), pharyngobranchial 3 toothplate (PB), upper pharyngobranchial 4
toothplate (UP), and fifth ceratobranchials (FC). Images in b and d are used with permission from RC Albertson.



EVOLUTION OF BIOMECHANICAL SYSTEMS 245

FIG. 1. Most musculoskeletal systems can be modeled as levers. All levers exhibit a mechanical tradeoff between
the transmission of force and velocity. For example, simple first order levers (a) with a short in-lever and long out-
lever on either side of a fulcrum (triangle) are able to transmit a lot of motion but not a lot of force. Alternatively, sim-
ple levers with long in-levers and short out-levers can transmit a lot of force but not a lot of motion as the heavy black
output arrow portrays. Levers that transmit a lot of motion are frequently described as having high kinematic trans-
mission (KT) and are often associated with rapid events such as the capture of evasive prey. In the fish trophic ap-
paratus, several more complicated levers known as four-bar linkages (b) also operate. These levers generally have
four physical links. All four-bar linkages have an input link (A) in which motion is transmitted into the system, an
output link (B) through which motion is transferred out of the linkage, a coupler link (C) that couples motion trans-
mitted through the system to the output link, and an immobile fixed link (D). All of the links swing in a ringlike con-
figuration around the fixed link, and when planar, four-bar linkages have one degree of freedom. If the angle be-
tween any of the links is known or the distance (E) between any of the vertices of the links is determined, it completely
defines the position and angular relationships among the other links. In the oral jaws of most fishes, the lower jaw
can be thought of a simple first order lever system. In the two lower jaws depicted, the first jaw is more extensively
modified to transmit motion and the second jaw exhibits a more force modified morphology. The sharing of the out-
lever for both lower jaw opening and lower jaw closing highlights the potential for change in one element having
pleiotropic effects on two mechanical components of the fish trophic apparatus. The physical elements of the ante-
rior jaw four-bar linkage are diagrammed on a cleared and stained oral jaw. Four-bar linkage systems are more me-
chanically complex than simple levers, but also exhibit tradeoffs in the transmission of force and velocity.



tative alterations of the shape and size of ele-
ments,20 these modifications are not likely the
result of simple qualitative changes in the
genome.21 Most studies of the genetics under-
lying change in craniofacial form have impli-
cated multiple genes as underlying these mod-
ifications.22 We are beginning to learn that genes
expressed during development of homologous
craniofacial elements are shared not only be-
tween evolutionarily disparate vertebrates, but
also expressed among different musculoskele-
tal elements in the teleost skull.23,24 Although
daunting in scope, general rules and questions
are beginning to emerge concerning how
teleost genetic architecture is expressed during
development and how it is ultimately trans-
lated into the mechanics of trophic adaptation.

We first describe the feeding pattern of
teleost fish during a generalized feeding strike
and enumerate the morphological components
that comprise the major biomechanical sys-
tems. We then summarize what is known about
the genetics and development of the craniofa-
cial skeleton, with special reference to biome-
chanical linkages. Finally, we highlight a few
areas where the study of the developmental ge-
netics of jaw mechanics may provide novel in-
sight. We focus on the biomechanics of jaws to
the exclusion of the dentition. Interested read-
ers should see Refs. 25–28 for review (also bite-
it.helsinki.fi/); and Refs. 29–36 for interesting
new data on tooth shape and patterning. Sev-
eral useful reviews of vertebrate craniofacial de-
velopment have been published recently.37–44

THE GENERALIZED TELEOST 
FEEDING STRIKE

Although there is incredible diversity of
trophic habits of teleost fish, there is a relatively
invariable pattern that characterizes a feeding
event.1,2 Feeding strikes are generally initiated
as the epaxial and hypaxial musculature con-
tracts, resulting in levation of the neurocra-
nium and contraction of the pectoral girdle
(Fig. 2). As the neurocranium rotates upwards,
the sternohyoideus muscle fires, resulting in
depression of the hyoid. The depression of the
hyoid causes expansion of the buccal cavity
and in some fishes initiation of movement in
the opercular linkage. As the opercular series

is pulled posteriorly, this causes tension to be
applied to the interopercular ligament that con-
nects the opercle to the lower jaw. The lower
jaw is then depressed and rotates downward.
The rotation of the lower jaw inputs motion
into the anterior jaws linkage and results in ro-
tation of the maxilla. Some combination of ro-
tation of the maxilla coupled to cranial eleva-
tion and lower jaw rotation causes upper jaw
protrusion in most teleosts. During these kine-
matic events, the fish creates suction pulling
the prey into the oral cavity in close coordina-
tion with maximal jaw protrusion and oral jaw
gape.

Once the prey is ingested the oral jaw begins
to close. The adductor mandibulae are the pri-
mary oral jaw closing muscles and they gener-
ally attach onto the lower jaw and maxilla and
power jaw closing. Relaxation of the hyoid, hy-
paxials, and epaxial musculature of the head
may also be passively involved in the decrease
in buccal volume and swallowing of prey.
However, once the prey has been ingested it is
moved to the pharyngeal apparatus for pro-
cessing.3 The muscles operating during pha-
ryngeal processing are diverse but include the
levator externus IV, levator posterior, and re-
tractor dorsalis. In most perciform fishes, the
levator externus IV and levator posterior attach
to and depress the upper pharyngeal jaws. In
these fishes, the lower jaw is largely immobile
during processing and provides a stable sub-
strate for pharyngeal processing. However, in
the now recognized paraphyletic group known
as the Labroidei45 several of these muscles at-
tach onto the lower pharyngeal jaw, allowing
the lower pharyngeal jaw to be pulled against
the upper pharyngeal jaws during prey pro-
cessing. After processing, prey are swallowed
and sent to the digestive tract for digestion and
absorption.

MECHANICAL SYSTEMS:
MORPHOLOGY IN MOTION

Neurocranium rotation

The epaxial musculature transfers power to
the neurocranium through the midpoint of its
attachment on the neurocranium that can be
modeled as the in-lever in this system46 (Fig.
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2a). As this muscle contracts, the neurocranium
rotates around a joint formed between the post-
temporal and supracleithrum in many fish. The
out-lever to this system can be modeled as the
length of the neurocranium. As the neurocra-
nium is elevated, it functions to increase the
buccal volume of the fish, initiate upper jaw
protrusion, and provide input to the hyoid
linkage system.

Hyoid linkage

The pectoral girdle of the fish forms the gen-
erally immobile fixed link in the hyoid link-
age.10 As the neurocranium is elevated it pulls
the hyomandibula dorsally and outwards op-
erating as the input link for the system. The in-
terhyal that connects the hyomandibula with
the hypohyal then rotates anteriorly coupling
the motion of the neurocranium to the output
link. The input from this rotation that is aug-
mented with contraction of the sternohyoideus
muscle depresses the sternohyoideus and the
urohyal that forms the tip to the output link of
the linkage system.

Opercular linkage

Movement in the opercular linkage is initiated
with contraction of the levator operculai mus-
cles that rotates the opercle, the input to the op-
ercular linkage5,47 (Fig. 2b). The linkage has a
fixed link that extends from the quadrate-artic-
ular joint to the hyomandibula-opercle joint and
is bordered by the pterygoids. Opercular rota-
tion transfers a posteriorly directed force to the
interopercle that functions as the coupler link in
this four-bar mechanism. The output to this sys-
tem is the posterior portion of the lower jaw that
is depressed as the opercle rotates.

Lower jaw opening

The lower jaw is composed of the angular, ar-
ticular, and dentary. As the interopercular lig-
ament tightens its attachment on the descend-
ing process of the lower jaw, the generally fused
articular and dentary swing open on the
quadrate-articular joint (Fig. 2c). The length be-
tween this ligament and the joint generally
serves as the opening in-lever to the lower jaw.7
In some groups of fishes such as parrotfish
(Scaridae) and angelfish (Pomacanthidae), the

connection between the articular and dentary
form a novel joint.6,48 However, in most teleosts,
the dentary forms the tip of an out-lever that
extends from the quadrate joint and this bone
is the toothed portion of the lower jaw.

Anterior jaw four-bar linkage

As the lower jaw swings open, the other mo-
bile elements in the anterior jaw four-bar link-
age, the maxilla and nasal rotate9 (Fig. 2c). As the
lower jaw rotates down, the maxilla, which
serves as the output link, swings out and this mo-
tion is coupled via the rotation of the nasal, the
coupler link, to the suspensorium. The suspen-
sorial region between the quadrate-articular joint
and the point that the nasal attaches on the neu-
rocranium acts as the fixed link in this skeletal
four-bar crank chain. The maxilla in many
groups of fishes is toothed, but in most fishes the
upper jaw teeth are confined to the premaxilla.1

Jaw protrusion

The premaxilla is the toothed element that
forms the upper jaw and it is frequently pro-
truded during teleost feeding49 (Fig. 2c). The
premaxilla is pushed out as the maxilla swings
outwards, when the neurocranium rotates pos-
teriorly, and as the lower jaw is depressed. The
ascending process of the premaxilla extends
posteriorly and dorsally and frequently runs
along the center of the cranium between the
eyes. The descending process of the premaxilla
is often ligamentously connected to the maxilla
and is the toothed portion of this bone.

Lower jaw closing

The closing lever of the lower jaw is formed
largely from the same bony elements as the
opening lower jaw system7 (Fig. 2d). Although
the out-lever is generally modeled as the same
length of the articular and dentary as in the
opening system, the closing lever can be
roughly conceptualized as the length of the as-
cending arm of the articular.

However, this lever link is functionally mod-
eled as the distance between where the adduc-
tor mandibulae attaches on the ascending arm
to the quadrate-articular joint. The adductor
mandibulae are the muscles that function to
close the oral jaws. Most teleosts generally ex-
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hibit three adductor mandibulae muscles that
attach on several bones in the oral jaw appara-
tus.50 These muscles have been repeatedly du-
plicated and lost during teleost evolution, mak-
ing generalizations of how individual adductor
mandibulae operate difficult.

A crushing jaw in the throat

Many teleosts exhibit a pharyngeal bite that
involves the upper jaw being compressed
against the lower pharyngeal arches through a
series of lever systems incorporating the upper
pharyngobranchials3 (Fig. 2e and f). In teleosts
such as cichlids and other labroids, the upper
pharyngeal jaws are composed of the second,
third, and fourth pharyngobranchials. The up-
per pharyngeal jaws in these fish are buttressed
by synovial joints on the neurocranium and
serve as a platform against which the lower
pharyngeal jaw applies forces. These elements
are toothed in many groups of teleosts.

The lower pharyngeal jaw in most perci-
formes is composed of fifth ceratobrancials that
are modified to varying degrees in different lin-
eages of fishes3 (Fig. 2a). In most teleosts the
paired fifth ceratobranchials are toothed but
are separated structures. In the highly success-
ful group of labroid fishes, these fifth cerato-
branchials are fused either through suturing of
the bone, as in cichlids, or the formation of a
single bone in labrids. Muscles that normally
insert on the upper pharyngobranchials in
most teleosts insert on the fused fifth cerato-
branchials in labroids.4 The size and shape of
teeth on this lower pharyngeal jaw generally
match the teeth on the upper pharyngeal jaws.

Independence of trophic mechanical systems

The mechanical modules described here are
generally conceptualized as largely indepen-
dent of one another.5,6 However, these systems
are neither functionally nor anatomically mod-
ular (Fig. 2). For instance, the lower jaw func-
tions in multiple linkage systems (see b–d) and
the various functional lengths of this element
must trade-off in complex ways accordingly.
Although these biomechanical systems can be
modeled to function in isolation, it is important
to understand that they evolve as related parts
of an integrated craniofacial skeleton.

DEVELOPMENTAL MODULES:
MIGRATING CREST CELLS AND

GENETIC MUTANTS

The head skeleton of vertebrates mainly com-
prises derivatives of the cranial neural crest, a
transient migratory population of cells that are
essentially unique to vertebrates.51–54 Seven
pharyngeal arches exist in teleost fish, while
mammals have lost or grossly modified pha-
ryngeal arches 5, 6, and 7.55 The neurocranium
is derived from both cranial neural crest cells
(CNCCs) and mesoderm, while the pharyngeal
skeleton, which includes the jaws and branchial
arches, derives solely from the CNCCs.56 These
CNCC populations originate and migrate from
the developing anterior neural tube (neuroep-
ithelium) in three major streams, the trigeminal
(mandibular), hyoid, and branchial (postotic)54

that target specific regions of the face and
branchial arches.14,57

The streams of CNCCs are generated from the
midbrain and specific corresponding segments
of the hindbrain, known as rhombomeres14

numbered from 1–7 (r1–7, Fig. 3a). These seg-
ments in turn, through CNCC contributions,
correspond to the development of the anterior
neurocranium and a segmented pharyngeal
arch skeleton that develop originally as carti-
lages—from the oral jaws (pharyngeal arch 1)
and supportive elements to the hyoid (pha-
ryngeal arch 2) and posterior pharyngeal
arches (pharyngeal arches 3–7). CNCCs not
only contribute to the branchial and facial
skeletal, but also adopt muscular, neuronal,
glial, and pigment cell fates.14,54,56,58 Notably,
Hox genes likely play a major role in the mor-
phogenesis of the pharyngeal skeleton.55

CNCCs that target the first arch of jawed ver-
tebrates do not express Hox genes, whereas
those that contribute to all posterior arches
do.52 This has led to the controversial hypoth-
esis that the origin of oral jaws was dependent
on a Hox-negative environment.40,59

Skeletal derivatives of the first arch include
Meckel’s cartilage (presumptive lower jaw) and
the palatoquadrate (upper jaw). The second arch
forms structures that include the ceratohyal,
basihyal, interhyal cartilages and the hyosym-
plectic cartilages (i.e., hyoid skeleton). The pos-
terior arches (3–7) form the remaining branchial
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FIG. 3. Rhombomeric origins of cranial neural crest (CNCC) subpopulations in an embryo are depicted (a). Seg-
mentation of the CNCC populations from the midbrain and rhombomeres 1–7 (r1–r7) target specific branchial arches
(BA1–BA4 as shown) and aid in the formation of the craniofacial and branchial skeletal components [14, 52]. The di-
agram in (a) was modified from Ref. 52. The common segmental rhombomeric neural crest origins in cranial carti-
lages and muscles of the zebrafish larva are illustrated (b). The left side view of the craniofacial and branchial skele-
ton at 96 hpf (i), cranial and branchial muscles (ii), and the skeleton and muscles combined (iii) are shown. The colors
indicate putative rhombomere specific CNCC involvement. The modified diagrams (i–iii) in (b), nomenclature and
abbreviations are from Schilling and Kimmel.60 Skeletal abbreviations: bb, basibranchial; bh, basihyal; cb, cerato-
branchial; ch, ceratohyal; hb, hypobranchial; hs, hyposymplectic; ih, interhyal; mc, Meckel’s cartilage; pq, palato-
quadrate; te, teeth. Muscle abbreviations: ah, adductor hyoideus; am, adductor mandibulae; ao, adductor operculi;
do, dilator operculi; dpw, dorsal pharyngeal wall; hh, hyohyoideus; ih, interhyoideus; ima, intermandibularis ante-
rior; imp, intermandibularis posterior; lap, levator arcus palatine; rc, rectus communis; rv, rectus ventralis; tv, tran-
versus ventralis. Craniofacial skeletal morphology of two cichlid species (c, d) depicting putative skeletal fates of seg-
mented CNCC subpopulations from the midbrain and r1–r7. Individual skeletal elements within mechanical systems
and morphological modules are likely to be derived from multiple rhombomeric segments. Morphological modules:
AJ, anterior jaw; SP, suspensorium; NC, neurocranium; LJ, lower jaw; PJ, pharyngeal jaw. Colored dots reflect the
putative CNCC contributions to the specific skeletal elements in (c) and (d). The posterior elements of the neurocra-
nium in (c) and (d) are not colored due to uncertainty of developmental origin.



skeleton, including the pharyngobranchials, epi-
branchials, hypobranchials, basibranchials, and
the ceratobranchial cartilages that are associated
with the formation of the pharyngeal jaws in
teleost fish (see Fig. 3b–d). Muscle and other con-
nective tissues that originate from specific rhom-
bomeres attach to corresponding skeletal ele-
ments of the same derivation, throughout the
head and pectoral region.14,58,60

Neurocranium

The teleost neurocranium originates from the
collaboration of a number of cell types, which
are mainly CNCCs and mesodermal cells. The
skeletal elements (cartilage and bone) that form
the anterior neurocranium (i.e., vomerine re-
gion) are derived from CNCCs that migrate
from the posterior midbrain and r1. Less is
known about the developmental origin of the
posterior neurocranium.56 Many mutations af-
fecting the developing neurocranium of ze-
brafish (D. rerio) were reported by Schilling et
al.61 and by Piotrowski62 (Table 1). A number
of other genes have a major influence on the
development of the neurocranium in verte-
brates including Fgf8,63,64 Dlx5,65 and Shh.64

The hyoid elements and the opercular series

The CNCCs that migrate to the second pha-
ryngeal arch generate the skeletal elements of
the hyoid and opercular series. CNNCs that
target the second pharyngeal arch originate
from r4, with some contributions of crest cells
originating from r3 and r5 (Fig. 3).56,60,66

Genes implicated in the development of the
hyoid and opercular skeleton include Otx2,67

Hox-a1,68 Hox-a2,69 Endothelin-1 (Edn1),70

Pbx1,71 and Fgf8,63 along with a number of ge-
netic mutations that affect the development
of the hyoid elements in zebrafish 61,62 (see
Table 1).

Oral jaws

The CNCCs that migrate to the first pharyn-
geal arch produce the upper and lower jaw car-
tilages (Fig. 3). These crest cells originate from
the combined levels of the posterior midbrain,
r1 and r2.14 In the zebrafish embryo, the
CNCCs that contribute to the formation of the

mandibular cartilages derive from rhom-
bomeres 1–3.72 Numerous genes are implicated
in the development of the oral jaw elements.
These include (but are not limited to) Dlx
genes,73,74 Msx1 and Msx2,75–77 Pax9,78 goosec-
oid,79 Fgf8,63 Barx1,80 Bmp2 and Bmp4,81 and
Pitx1,82 along with a number of genetic muta-
tions which cause defects of the oral jaw ele-
ments, identified in D. rerio61,62 (see Table 1).

Pharyngeal jaws

The pharyngeal jaws are located in the pos-
terior-most regions of the pharyngeal skeleton.
The CNCCs that contribute to this jaw are
thought to arise at the level of r7 (see Fig. 3a, b,
and d). Genes involved in the formation of
these elements include Fgf3,83 Hox-a1,68 and a
number of genetic mutants described by
Schilling et al.61 and Piotrowski et al.62 (see
Table 1).

INDEPENDENCE OF 
DEVELOPMENTAL MODULES

The most striking feature of the genetic and
developmental data we have reviewed is the
mixture of both modularity and integration in
the construction of the vertebrate head. Loss of
function mutations for various genes invari-
ably affects multiple structures derived from
different pharyngeal arches. For example, Pi-
otrowski et al.62 identified only five of 100 ze-
brafish mutants defective in anterior arches
with no posterior arch phenotype. Similarly, al-
though CNCCs migrate from the hindbrain ac-
cording to well-defined pathways, mixing of
crest from different axial origin in the devel-
opment of the embryonic skeleton is appar-
ent.14,84 Despite the pervasive trend of genetic
and developmental integration, there is also ev-
idence of compartmentalized effects on skele-
tal elements. Mutants for Pax9, Bapx1, Dlx1 and
Dlx2, and Fgf8 target proximal first arch deriv-
atives while those for Msx1 and Msx2, Fgf4, and
Otx2 target distal elements. Similarly, Dlx mol-
ecules and Edn1 are involved in patterning of
dorsal versus ventral structures of the pharyn-
geal skeleton. A shift in focus toward regula-
tory mutations, such as those segregating in
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TABLE 1. LINKING MECHANICS, MORPHOLOGICAL MODULES, AND PUTATIVE LOCI

Mechanical system Morphological modules Genesa,b

NC a) Bab [61], Cod [61], Dlx1 [73], Dlx2 [73, 74], Dlx5 [65, 74], Dlx6 [74],
Neurocranium lever Dol [62], Fgf8 [63, 64], Fla [61], Gsc [79], Ham [62], Hen [62], 

Her [61], Hoxal [68], Msx2 [103, 104], Pax9 [78], Pek [62], Ser [61],
Shh [64, 105], Tfap2a [61, 106], To259b [62], Twist [104], Vgo [62]

Hyoid linkage
NC a)
HY b) Bab [61], beta-cat [107], Cod [61], Dlx1 [73], Dlx2 [73], Dul [61],

Her [61], Edn1 [62], Fgf8 [63], Fla [61], Foxi1 [108], Hot [62], 
Hoxa2 [52], Moz [109], Otx2 [67], Pbx1 [71], Ppt [62], Prx1 [110], 
Prx2 [110], Ser [61], She [62], Tfap2a [61, 106], To259b [62], Tq5 [61],
Vgo [62]

PG Emx2 [58], Jef [58], Pbx1 [58], Pax1 [58]

Opercular linkage
HY b)
OS c) Edn1 [70], Hoxa1 [68], Hoxa3 [52], Hoxb4 [52]

SP d) Fgf8 [64], Gsc [79], Hoo [62], Ham [62], Moz [109], Otx2 [67], 
She [62], Shh [62], Tfap2a [61, 106], To259b [62], Tq5 [61], Tx224 [62]

AJ e) Bab [61], Bapx1 [111, 112], Barx1 [80, 113], beta-cat [107], 
Bmp2 [81, 114], Bmp4 [24, 81, 114], Bmp4 [24, 81, 114], Cod [61], 
Dul [61], Dlx1 [73], Dlx2 [73, 74, 115], Dlx3 [73], Dlx5 [65, 73, 74, 115],
Dlx6 [73, 74], Dol [62], Fgf4 [116], Fgf8 [63], Hot [62], Ham [62], 
Hoo [68], Hoxa1 [68], Gsc [79], Jef [62], Lhx6 [117], Lhx7 [117], 
Otx2 [67]. Pax9c [78], Pitx1 [82], Pitx2 [118], Ppt [62], Prx1 [110],
Prx2 [110], She [62], Suc [62], Stu [62], Tfap2a [61, 106], To259b [62],
Tx224 [62], Vgo [62]

Lower jaw opening lever
OS c)
SP d)
LJ e)

Anterior jaw linkage
NC a)
SP c)
LJ e)
AJ f) Barx1 [80, 113], beta-cat [107], Bmp2 [81, 114], Dlx2 [74, 115], 

Dlx3 [73], Dlx5 [73, 74], Dlx6 [73, 74], Dol [62], Fgf4 [116], Fgf8 [63, 64],
Gsc [79], Ham [62], Hen [62], Hoxa1 [68], Jef [62], Lhx6 [117], Lhx7
[117], Pek [62]. Pitx1 [82], Pitx2 [118], Prx1 [110], Prx2 [110], Shh [64]

Jaw protrusion
NC a)
AJ f)

Lower jaw closing lever
LJ e)

Pharyngeal jaw Bab [61], Cod [61], Dul [61], Fac [61], Fla [61], Fgf3 [83, 119], 
Hoxa1 [68], Jef [62], Ser [62], Suc [62], Tfap2a [61, 106], Tq5 [61], 
Vgo [62]

NC, neurocranium; HY, hyoid; PG, pectoral girdle; OS, opercular series; SP, suspensorium; LJ, low jaw; AJ, anterior jaw; PJ,
pharyngeal jaw.

aSubscripts are citations to primary literature.
bGenes putatively influencing a particular morphological module are indicated with a letter if the module is used in multiple me-
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natural populations,24,85,86 may greatly im-
prove our understanding of modular effects on
craniofacial phenotypes.

FUTURE DIRECTIONS: INTEGRATING
BIOMECHANICS AND 

EVOLUTIONARY DEVELOPMENT

The teleost craniofacial skeleton is a unique
system in which to study the evolution and de-
velopment of functional morphology. Jaws (i)
have been modeled as biomechanical systems
for decades, (ii) are well studied in terms of ge-
netics and development, and (iii) exhibit
tremendous functional diversity in lineages
amenable to genetic and developmental analy-
sis. Despite these advantages, few studies have
addressed the genetic and developmental ba-
sis of biomechanical design. The reasons for
this are obvious, but not intractable: functional
morphologists and developmental biologists
speak different languages but are both inter-
ested in the evolution of biological form. Func-
tional morphologists who study biomechanics
are interested in the component links of adult
functional anatomies; developmental geneti-
cists are interested in discrete skeletal elements
of developing embryos. For instance, it would
not be apparent to a developmental biologist to
study the fixed link of the anterior four-bar
linkage model (D in Fig. 1b), because this
length is comprised of multiple skeletal ele-
ments. Similarly, it is not conventional for a
functional morphologist to atomize the lower
jaw out-lever into its component parts (Fig. 1a)
although the dentary and articular are likely
under distinct genetic and developmental con-
trol. Genetic and developmental studies of ex-
plicitly functional systems are likely to provide
novel insights concerning phenotypic evolu-
tion. We highlight three future research direc-
tions of interest.

The genetic basis of simple versus 
complex lever systems

Understanding the evolution of complex sys-
tems is a major objective of contemporary re-
search in biology and related sciences.87–89 It is
believed that complexity is a general emergent

property of design principles in evolution and
engineering, and that complex systems are
qualitatively different from simpler ones.89 The
distinction between complex and simple sys-
tems has been illustrated using biomechanical
models that predict force and kinematic trans-
mission (KT) in the oral jaws of bony fishes90

(Fig. 1). Simple lever models of the lower jaw
exhibit a one-to-one relationship between form
and function; proportional differences in the
lengths of component bones produce propor-
tional differences in KT. By contrast, more com-
plex models of anterior jaw mechanics show a
nonlinear, many-to-one mapping of form to
function. Four-bar configurations with differ-
ent shapes can yield the same KT.90 Knowledge
of how form maps to function is a first step to
understand how simple and complex biome-
chanical systems evolve, yet we know almost
nothing about the genetic and developmental
control of these systems. Albertson and col-
leagues demonstrated that the simple biome-
chanical system of the cichlid lower jaw is 
surprisingly complex at the genetic level.24 Ap-
plying similar approaches to study four-bar
linkage systems in the same skull (Fig. 2), one
can ask if the genetic architecture of simple me-
chanical systems is distinct from that of more
complex ones.

Modular and integrated evolution of 
the trophic apparatus

The degree to which elements of functional
systems evolve independently (modularity) or
in concert (integration) affects the ‘evolvability’
of lineages.91,92 For instance, the ‘decoupling’
of oral and pharyngeal jaws has been impli-
cated in the species richness of certain teleost
groups.93 Explicit evolutionary tests of modu-
larity can now be performed using quantitative
genetic 24,94 and phylogenetic comparative
methods (e.g., Hulsey, unpublished). Develop-
mental studies of the independence of jaw ele-
ments can be explored to provide a mechanis-
tic understanding of these patterns.40

The mutational spectrum and 
rapid correlated evolution

Recent research has changed the way that
evolutionary biologists think about the molec-
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ular basis of functional diversification and
adaptation.85,95 By contrast to mutations in
amino acid sequence with large pleiotropic ef-
fects (e.g., Table 1), it is reasoned that rapid mi-
croevolutionary divergence probably occurs by
noncoding mutations that target tissue specific
regulatory modules.96 This idea is so com-
pelling that it has gained popular attention in
publications such as The New Yorker (October
24, 2005). And yet, the patterns of pleiotropy
for genes involved in craniofacial development
correspond well with divergent phenotypes re-
lated to feeding biology in teleost lineages (e.g.,
the cichlids of East Africa). Sets of genes (e.g.,
Bmp, Dlx, Msx, Pax, Wnt, Shh, Fgf, and Barx)
have concerted effects on jaws, muscles, brains,
dentitions, guts, and limbs/fins.97–100 These
concerted changes tend to mimic the very mor-
phologies that differentiate closely related ci-
chlid species with contrasting feeding strate-
gies.11,24,30,101,102 Pleiotropic mutations to genes
in key molecular pathways, or patterns of tight
linkage, might therefore explain the correlated
evolution of phenotypes in explosively radiat-
ing lineages. This hypothesis is readily tested
by (i) broad surveys of character correlation
among trophically diverse but related species,
(ii) genetic crosses among species segregating
differences in brain, jaw, dental and fin mor-
phology, and (iii) analyses of candidate gene
expression in embryos.

REFERENCES

1. Schaeffer B, Rosen DE. Major adaptive levels in the
evolution of the actinopterygian feeding mechanism.
Amer Zool 1961;1:187–204.

2. Lauder GV. Aquatic feeding in lower vertebrates. In:
Functional Vertebrate Morphology. M. Hildebrand et
al., (eds). Harvard University Press, Cambridge.
1985:210–229.

3. Liem KF, Greenwood PH. A functional approach to
the phylogeny of the pharyngognath teleosts. Amer
Zool 1981;21:83–101.

4. Wainwright PC. Functional morphology of the pha-
ryngeal jaw apparatus. In: Biomechanics of Fishes,
Shadwick R, Lauder GV, (eds). Elsevier Press:
Chicago. 2005:77–101.

5. Anker GC. Morphology and kinetics of the stickle-
back Gasterosteus aculeatus. Trans Zool Soc London
1974;32:311–416.

6. Westneat MW. Evolution of levers and linkages in
the feeding mechanisms of fishes. Integ Comp Biol
2004;43:378–389.

7. Barel CDN. Towards a constructional morphology
of cichlid fishes. Neth J Zool 1983;33:234–271.

8. Wainwright PC, Richard BA. Predicting patterns of
prey use from morphology of fishes. Env Bio Fishes
1995;44:97–113.

9. Westneat MW. Feeding mechanics of teleost fishes
(Labridae, Perciformes): a test of 4 bar linkage mod-
els. J Morph 1990;205:269–295.

10. Muller M. Optimization principles applied to the
mechanism of neurocranium levation and mouth
bottom depression in bony fishes (Halecostomi). J
Theor Biol 1987;126:343–368.

11. Hulsey CD, García de León FJ. Cichlid jaw mechan-
ics: linking morphology to feeding specialization.
Func Ecol 2005;19:487–494.

12. Hulsey CD, Wainwright PC. Projecting mechanics
into morphospace: disparity in the feeding system
of labrid fishes. Proc Biol Sci 2002;269: 317–326.

13. Wainwright PC, Alfaro ME, Bolnick DI, Hulsey CD.
Many-to-one mapping of form to function: A gen-
eral principle in organismal design? Integ Comp Biol
2005;45:256–262.

14. Kontges G, Lumsden A. Rhombencephalic neural
crest segmentation is preserved throughout cran-
iofacial ontogeny. Development 1996;122:3229–
3242.

15. Kuratani S, Nobusada Y, Horigome N, Shigetani Y.
Embryology of the lamprey and evolution of the ver-
tebrate jaw: insights from molecular and develop-
mental perspectives. Philos Trans R Soc Lond B Biol
Sci 2001;356:1615–1632.

16. Kuratani S. Evolution of the vertebrate jaw: Homol-
ogy and developmental constraints. Paleontol Res
2003;7:89–102.

17. Hernandez LP. Intraspecific scaling of feeding me-
chanics in an ontogenetic series of zebrafish. J Exp
Biol 2000;203:3033–3043.

18. Cubbage CC, Mabee PM. Development of the cra-
nium and paired fins in the zebrafish Danio rerio (Os-
tariophysi, Cyprinidae). J Morphol 1996;229:121–160.

19. Westneat MW. Feeding, function and phylogeny:
analysis of historical biomechanics in labrid fishes
using comparative methods. Syst Biol 1995;44:361–
383.

20. Hulsey CD, García de León FJ, Hendrickson DA.
Trophic morphology, feeding performance, and
prey use in the polymorphic fish Herichthys minck-
leyi. Evol Ecol Res 2005;7:303–324.

21. Albertson RC, Streelman JT, Kocher TD. Genetic ba-
sis of adaptive shape differences in the cichlid head.
J Hered 2003;94:291–301.

22. Albertson RC, Streelman JT, Kocher TD. Directional
selection has shaped the oral jaws of Lake Malawi
cichlid fishes. Proc Natl Acad Sci USA 2003;100:
5252–5257.

23. Stock DW. The Dlx gene complement of the leopard
shark, Triakis semifasciata, resembles that of mam-
mals: implications for genomic and morphological
evolution of jawed vertebrates. Genetics 2005;169:
807–817.

EVOLUTION OF BIOMECHANICAL SYSTEMS 253



24. Albertson RC, Streelman JT, Kocher TD, Yelick PC.
Integration and evolution of the cichlid mandible:
the molecular basis of alternate feeding strategies.
Proc Natl Acad Sci USA 2005;102:16287–16292.

25. Peters H, Balling R. Teeth: where and how to make
them. Trends Genet 1999;15:59–65.

26. Tucker A, Sharpe P. The cutting-edge of mammalian
development; how the embryo makes teeth. Nat Rev
Genet 2004;5:499–508.

27. Stock DW. The genetic basis of modularity in the de-
velopment and evolution of the vertebrate dentition.
Philos Trans R Soc Lond B Biol Sci 2001;356:1633–
1653.

28. Huysseune A, Thesleff I. Continuous tooth replace-
ment: the possible involvement of epithelial stem
cells. Bioessays 2004;26:665–671.

29. Plikus MV, Zeichner-David M, Mayer JA, Reyna J,
Bringas P, Thewissen JG, Snead ML, Chai Y, Chuong
CM. Morphoregulation of teeth: modulating the
number, size, shape and differentiation by tuning
Bmp activity. Evol Dev 2005;7:440–457.

30. Streelman JT, Webb JF, Albertson RC, Kocher TD.
The cusp of evolution and development: a model of
cichlid tooth shape diversity. Evol Dev 2003;5:600–
608.

31. Tucker AS, Headon DJ, Courtney JM, Overbeek P,
Sharpe PT. The activation level of the TNF family re-
ceptor, Edar, determines cusp number and tooth
number during tooth development. Dev Biol
2004;268:185–194.

32. Fraser GJ, Graham A, Smith MM. Conserved de-
ployment of genes during odontogenesis across os-
teichthyans. Proc R Soc Lond B Biol Sci 2004;271:
2311–2317.

33. Jackman WR, Draper BW, Stock DW. Fgf signaling
is required for zebrafish tooth development. Dev
Biol 2004;274:139–157.

34. Kangas AT, Evans AR, Thesleff I, Jernvall J. Nonin-
dependence of mammalian dental characters. Na-
ture 2004;432:211–214.

35. Kassai Y, Munne P, Hotta Y, Penttila E, Kavanagh
K, Ohbayashi N, Takada S, Thesleff I, Jernvall J, Itoh
N. Regulation of mammalian tooth cusp patterning
by ectodin. Science 2005;309:2067–2070.

36. Laurenti P, Thaeron C, Allizard F, Huysseune A, Sire
JY. Cellular expression of eve1 suggests its require-
ment for the differentiation of the ameloblasts and
for the initiation and morphogenesis of the first tooth
in the zebrafish (Danio rerio). DevDyn 2004;230:727–
733.

37. Lee SH, Bedard O, Buchtova M, Fu K, Richman JM.
A new origin for the maxillary jaw. Dev Biol 2004;276:
207–224.

38. Francis-West P, Ladher R, Barlow A, Graveson A.
Signalling interactions during facial development.
Mech Dev 1998;75:3–28.

39. Helms JA, Schneider RA. Cranial skeletal biology.
Nature 2003;423:326–331.

40. Helms JA, Cordero D, Tapadia MD. New insights

into craniofacial morphogenesis. Development
2005;132:851–861.

41. Kimmel CB, Miller CT, Keynes RJ. Neural crest pat-
terning and the evolution of the jaw. J Anat 2001;199:
105–120.

42. Schilling TF. Genetic analysis of craniofacial devel-
opment in the vertebrate embryo. Bioessays 1997;19:
459–468.

43. Richman JM. Head development. Craniofacial ge-
netics makes headway. Curr Biol 1995;5:345–348.

44. Richman JM, Lee SH. About face: signals and genes
controlling jaw patterning and identity in verte-
brates. Bioessays 2003;25:554–568.

45. Streelman JT, Karl SA. Reconstructing labroid evo-
lution with single-copy nuclear DNA. Proc Royal Soc
London, Series B. 1997;264:1011–1020.

46. Carroll AM, Wainwright PC, Huskey SH, Collar DC,
Turingan RG. Morphology predicts suction feeding
performance in Centrarchid fishes. J Exp Biol 2004;
207:3873–3881.

47. Adriaens D, Aerts P, Verraes W. Ontogenetic shift in
mouth opening mechanisms in a catfish (Clariidae,
Siluriformes): a response to increasing functional
demands. J Morphol 2001;247:197–216.

48. Konow N, Bellwood DR. Prey-capture in Pomacan-
thus semicirculatus (Teleostei, Pomacanthidae): func-
tional implications of intramandibular joints in ma-
rine angelfishes. J Exp Biol 2005;208:1421–1433.

49. Alexander RM. Mechanics of the feeding action of
various teleost fishes. J Zool Lond 1970;162:145–
156.

50. Winterbottom R. A descriptive synonymy of striated
muscles of the teleostei. Proc Acad Nat Sci Philad
1974;125:225–317.

51. Couly GF, Coltey PM, Le Douarin NM. The triple
origin of skull in higher vertebrates: a study in quail-
chick chimeras. Development 1993;117:409–429.

52. Couly G, Grapin-Botton A, Coltey P, Ruhin B, Le
Douarin NM. Determination of the identity of the
derivatives of the cephalic neural crest: incompati-
bility between Hox gene expression and lower jaw
development. Development 1998;125:3445–3459.

53. Graham A. The neural crest. Curr Biol 2003;13:R381–
384.

54. Graham A, Begbie J, McGonnell I. Significance of the
cranial neural crest Dev Dyn 2004;229:5–13.

55. Suzuki T, Oohara I, Kurokawa T. Hoxd-4 expression
during pharyngeal arch development in flounder
(Paralichthys olivaceus) embryos and effects of retinoic
acid on expression. Zoolog Sci 1998;15:57–67.

56. Yelick PC, Schilling TF. Molecular dissection of cran-
iofacial development using zebrafish. Crit Rev Oral
Biol Med 2002;13:308–322.

57. Crump JG, Maves L, Lawson ND, Weinstein BM,
Kimmel CB. An essential role for Fgfs in endodermal
pouch formation influences later craniofacial skeletal
patterning. Development 2004;131:5703–5716.

58. Matsuoka T, Ahlberg PE, Kessaris N, Iannarelli P,
Dennehy U, Richardson WD, McMahon AP, Koent-

HULSEY ET AL.254



ges G. Neural crest origins of the neck and shoulder.
Nature 2005;436:347–355.

59. Cohn MJ. Evolutionary biology: lamprey Hox genes
and the origin of jaws. Nature 2002;416:386–387.

60. Schilling TF, Kimmel CB. Musculoskeletal pattern-
ing in the pharyngeal segments of the zebrafish em-
bryo. Development 1997;124:2945–2960.

61. Schilling TF, Piotrowski T, Grandel H, Brand M,
Heisenberg CP, Jiang YJ, Beuchle D, Hammer-
schmidt M, Kane DA, Mullins MC, van Eeden FJ,
Kelsh RN, Furutani-Seiki M, Granato M, Haffter P,
Odenthal J, Warga RM, Trowe T, Nusslein-Volhard
C. Jaw and branchial arch mutants in zebrafish. I:
branchial arches. Development 1996;123:329–344.

62. Piotrowski T, Schilling TF, Brand M, Jiang YJ,
Heisenberg CP, Beuchle D, Grandel H, van Eeden
FJ, Furutani-Seiki M, Granato M, Haffter P, Ham-
merschmidt M, Kane DA, Kelsh RN, Mullins MC,
Odenthal J, Warga RM, Nusslein-Volhard C. Jaw
and branchial arch mutants in zebrafish. II: anterior
arches and cartilage differentiation. Development
1996;123:345–356.

63. Trumpp A, Depew MJ, Rubenstein JL, Bishop JM,
Martin GR. Cremediated gene inactivation demon-
strates that FGF8 is required for cell survival and
patterning of the first branchial arch. Genes Dev
1999;13:3136–3148.

64. Schneider RA, Hu D, Rubenstein JL, Maden M,
Helms JA. Local retinoid signaling coordinates fore-
brain and facial morphogenesis by maintaining
FGF8 and SHH. Development 2001;128:2755–2767.

65. Acampora D, Merlo GR, Paleari L, Zerega B,
Postiglione MP, Mantero S, Bober E, Barbieri O,
Simeone A, Levi G. Craniofacial, vestibular and bone
defects in mice lacking the Distal-less-related gene
Dlx5. Development 1999;126:3795–3809.

66. Crump JG, Swartz ME, Kimmel CB. An integrin-de-
pendent role of pouch endoderm in hyoid cartilage
development. PLoS Biol 2004;2:E244.

67. Suda Y, Nakabayashi J, Matsuo I, Aizawa S. Func-
tional equivalency between Otx2 and Otx1 in devel-
opment of the rostral head. Development 1999;126:
743–757.

68. Creuzet S, Couly G, Vincent C, Le Douarin NM. Neg-
ative effect of Hox gene expression on the develop-
ment of the neural crest-derived facial skeleton. De-
velopment 2002;129:4301–4313.

69. Rijli FM, Mark M, Lakkaraju S, Dierich A, Dolle P,
Chambon P. A homeotic transformation is generated
in the rostral branchial region of the head by dis-
ruption of Hoxa-2, which acts as a selector gene. Cell
1993;75:1333–1349.

70. Kimmel CB, Ullmann B, Walker M, Miller CT, Crump
JG. Endothelin 1–mediated regulation of pharyngeal
bone development in zebrafish. Development 2003;
130:1339–1351.

71. Selleri L, Depew MJ, Jacobs Y, Chanda SK, Tsang
KY, Cheah KS, Rubenstein JL, O’Gorman S, Cleary
ML. Requirement for Pbx1 in skeletal patterning and

programming chondrocyte proliferation and differ-
entiation. Development 2001;128:3543–3557.

72. Schilling TF, Kimmel CB. Segment and cell type lin-
eage restrictions during pharyngeal arch develop-
ment in the zebrafish embryo. Development 1994;
120:483–494.

73. Qiu M, Bulfone A, Ghattas I, Meneses JJ, Christensen
L, Sharpe PT, Presley R, Pedersen RA, Rubenstein
JL. Role of the Dlx homeobox genes in proximodis-
tal patterning of the branchial arches: mutations of
Dlx-1, Dlx-2, and Dlx-1 and -2 alter morphogenesis
of proximal skeletal and soft tissue structures de-
rived from the first and second arches. Dev Biol
1997;185:165–184.

74. Depew MJ, Lufkin T, Rubenstein JL. Specification of
jaw subdivisions by Dlx genes. Science 2002;298:381–
385.

75. Satokata I, Ma L, Ohshima H, Bei M, Woo I,
Nishizawa K, Maeda T, Takano Y, Uchiyama M,
Heaney S, Peters H, Tang Z, Maxson R, Maas R.
Msx2 deficiency in mice causes pleiotropic defects in
bone growth and ectodermal organ formation. Nat
Genet 2000;24:391–395.

76. Chen Y, Bei M, Woo I, Satokata I, Maas R. Msx1 con-
trols inductive signaling in mammalian tooth mor-
phogenesis. Development 1996;122:3035–3044.

77. Maas R, Chen YP, Bei M, Woo I, Satokata I. The role
of Msx genes in mammalian development. Ann NY
Acad Sci 1996;785:171–181.

78. Peters H, Neubuser A, Kratochwil K, Balling R. Pax9-
deficient mice lack pharyngeal pouch derivatives
and teeth and exhibit craniofacial and limb abnor-
malities. Genes Dev 1998;12:2735–2747.

79. Yamada G, Mansouri A, Torres M, Stuart ET, Blum
M, Schultz M, De Robertis EM, Gruss P. Targeted
mutation of the murine goosecoid gene results in
craniofacial defects and neonatal death. Develop-
ment 1995;121:2917–2222.

80. Gould DB, Walter MA. Cloning, characterization, lo-
calization, and mutational screening of the human
BARX1 gene. Genomics 2000;68:336–342.

81. Barlow AJ, Francis-West PH. Ectopic application of
recombinant BMP-2 and BMP-4 can change pattern-
ing of developing chick facial primordial. Develop-
ment 1997;124:391–398.

82. Lanctot C, Moreau A, Chamberland M, Tremblay
ML, Drouin J. Hindlimb patterning and mandible
development require the Ptx1 gene. Development
1999;126:1805–1810.

83. Walshe J, Mason I. Fgf signaling is required for for-
mation of cartilage in the head. Dev Biol 2003;264:
522–536.

84. Trainor PA, Melton KR, Manzanares M. Origins and
plasticity of neural crest cells and their roles in jaw
and craniofacial evolution. Int J Dev Biol 2003;47:
541–553.

85. Colosimo PF, Hosemann KE, Balabhadra S, Villar-
real G Jr, Dickson M, Grimwood J, Schmutz J, My-
ers RM, Schluter D, Kingsley DM. Widespread par-

EVOLUTION OF BIOMECHANICAL SYSTEMS 255



allel evolution in sticklebacks by repeated fixation
of Ectodysplasin alleles. Science 2005;307:1928–
1933.

86. Kimmel CB, Ullmann B, Walker C, Wilson C, Cur-
rey M, Phillips PC, Bell MA, Postlethwait JH, Cresko
WA. Evolution and development of facial bone mor-
phology in threespine sticklebacks. Proc Natl Acad
Sci USA 2005;102:5791–5796.

87. Proulx SR. The opportunity for canalization and the
evolution of genetic networks. Am Nat 2005;165:
147–162.

88. Mattick JS, Gagen MJ. Mathematics/computation.
Accelerating networks. Science 2005;307:856–858.

89. Csete ME, Doyle JC. Reverse engineering of biolog-
ical complexity. Science 2002;295:1664–1669.

90. Alfaro ME, Bolnick DI, Wainwright PC. Evolution-
ary dynamics of complex biomechanical systems: an
example using the four-bar mechanism. Evolution
Int J Org Evolution 2004;58:495–503.

91. Carroll SB. Chance and necessity: the evolution of
the morphological complexity and diversity. Nature
2001;409:1102–1109.

92. Kirschner M, Gerhart J. Evolvability. Proc Nat Acad
Sci USA 1998;95:8420–8427.

93. Liem KF. Evolutionary strategies and morphological
innovations: Cichlid pharyngeal jaws. Syst Zool
1973;22:425–441.

94. Klingenberg CP, Leamy LJ, Cheverud JM. Integra-
tion and modularity of quantitative trait locus effects
on geometric shape in the mouse mandible. Genet-
ics 2004;166:1909–1921.

95. Shapiro MD, Marks ME, Peichel CL, Blackman BK,
Nereng KS, Jonsson B, Schulter D, Kingsley DM. Ge-
netic and developmental basis of evolutionary pelvic
reduction in threespine sticklebacks. Nature 2004;
428:703–704.

96. Carroll SB. Endless forms most beautiful. 2005, New
York: Norton.

97. Capdevila J, Izpisua Belmonte JC. Patterning mech-
anisms controlling vertebrate limb development.
Ann Rev Cell Dev Biol 2001;17:87–132.

98. Bendall AJ, Abate-Shen C. Roles for Msx and Dlx
homeoproteins in vertebrate development. Gene
2000;247:17–31.

99. Creuzet S, Schuler B, Couly G, Le Douarin NM. Rec-
iprocal relationships between Fgf8 and neural crest
cells in facial and forebrain development. Proc Natl
Acad Sci USA 2004;101:4843–4847.

100. Ingham PW, McMahon AP. Hedgehog signaling in
animal development: paradigms and principles.
Genes Dev 2001;15:3059–3087.

101. Fryer G, Iles TD. The Cichlid fishes of the great lakes of
Africa: their biology and evolution. Edinburgh: Oliver
and Boyd, 1972.

102. Huber R, van Staaden MJ, Kaufman LS, Liem KF.
Microhabitat use, trophic patterns, and the evolution
of brain structure in African cichlids. Brain Behav
Evol 1997;50:167–182.

103. Wilkie AO, Tang Z, Elanko N, Walsh S, Twigg SR,
Hurst JA, Wall SA, Chrzanowska KH, Maxson RE

Jr. Functional haploinsufficiency of the human
homeobox gene MSX2 causes defects in skull ossifi-
cation. Nat Genet 2000;24:387–390.

104. Ishii M, Merrill AE, Chan YS, Gitelman I, Rice DP,
Sucov HM, Maxson RE Jr. Msx2 and Twist cooper-
atively control the development of the neural crest-
derived skeletogenic mesenchyme of the murine
skull vault. Development 2003;130:6131–6142.

105. Wada N, Javidan Y, Nelson S, Carney TJ, Kelsh RN,
Schilling TF. Hedgehog signaling is required for cra-
nial neural crest morphogenesis and chondrogene-
sis at the midline in the zebrafish skull. Development
2005;132:3977–3988.

106. Knight RD, Nair S, Nelson SS, Afshar A, Javidan Y,
Geisler R, Rauch GJ, Schilling TF. Lockjaw encodes
a zebrafish tfap2a required for early neural crest de-
velopment. Development 2003;130:5755–5768.

107. Brault V, Moore R, Kutsch S, Ishibashi M, Rowitch
DH, McMahon AP, Sommer L, Boussadia O, Kem-
ler R. Inactivation of the beta-catenin gene by
Wnt1–Cre-mediated deletion results in dramatic
brain malformation and failure of craniofacial de-
velopment. Development 2001;128:1253–1264.

108. Solomon KS, Kudoh T, Dawid IB, Fritz A. Zebrafish
foxi1 mediates otic placode formation and jaw de-
velopment. Development 2003;130:929–940.

109. Miller CT, Maves L, Kimmel CB. moz regulates Hox
expression and pharyngeal segmental identity in ze-
brafish. Development 2004;131:2443–2461.

110. ten Berge D, Brouwer A, Korving J, Martin JF, Mei-
jlink F. Prx1 and Prx2 in skeletogenesis: roles in the
craniofacial region, inner ear and limbs. Develop-
ment 1998;125:3831–3842.

111. Tucker AS, Watson RP, Lettice LA, Yamada G, Hill
RE. Bapx1 regulates patterning in the middle ear: al-
tered regulatory role in the transition from the prox-
imal jaw during vertebrate evolution. Development
2004;131:1235–1245.

112. Miller CT, Yelon D, Stainier DY, Kimmel CB. Two
endothelin 1 effectors, hand2 and bapx1, pattern
ventral pharyngeal cartilage and the jaw joint. De-
velopment 2003;130:1353–1365.

113. Barlow AJ, Bogardi JP, Ladher R, Francis-West PH.
Expression of chick Barx-1 and its differential regu-
lation by FGF-8 and BMP signaling in the maxillary
primordial. Dev Dyn 1999;214:291–302.

114. Lee SH, Fu KK, Hui JN, Richman JM. Noggin and
retinoic acid transform the identity of avian facial
prominences. Nature 2001;414:909–912.

115. Thomas BL, Liu JK, Rubenstein JL, Sharpe PT. Inde-
pendent regulation of Dlx2 expression in the ep-
ithelium and mesenchyme of the first branchial arch.
Development 2000;127:217–224.

116. Munoz-Sanjuan I, Cooper MK, Beachy PA, Fallon JF,
Nathans J. Expression and regulation of chicken fi-
broblast growth factor homologous factor (FHF)-4
during craniofacial morphogenesis. Dev Dyn 2001;
220:238–245.

117. Grigoriou M, Tucker AS, Sharpe PT, Pachnis V. Ex-
pression and regulation of Lhx6 and Lhx7, a novel

HULSEY ET AL.256



subfamily of LIM homeodomain encoding genes,
suggests a role in mammalian head development.
Development 1998;125:2063–2074.

118. Liu W, Selever J, Lu MF, Martin JF. Genetic dissec-
tion of Pitx2 in craniofacial development uncovers
new functions in branchial arch morphogenesis, late
aspects of tooth morphogenesis and cell migration.
Development 2003;130:6375–6385.

119. David NB, Saint-Etienne L, Tsang M, Schilling TF,
Rosa FM. Requirement for endoderm and FGF3 in
ventral head skeleton formation. Development
2002;129:4457–4468.

Address reprint requests to:
C. Darrin Hulsey
School of Biology

Institute for Bioengineering and Biosciences
Georgia Institute of Technology

Atlanta, GA 30332-0230

E-mail: darrin.hulsey@biology.gatech.edu

EVOLUTION OF BIOMECHANICAL SYSTEMS 257




