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Summary

The arms and legs of man are evolutionarily derived from the paired fins of primitive jawed fish. Few

evolutionary changes have attracted as much attention as the origin of tetrapod limbs from the paired fins of

ancestral fish. The hindlimbs of tetrapods are derived from the pelvic fins of ancestral fish. These evolutionary

origins can be seen in the examination of shared gene and protein expression patterns during the development

of pelvic fins and tetrapod hindlimbs. The pelvic fins of fish express key limb positioning, limb bud induction

and limb outgrowth genes in a similar manner to that seen in hindlimb development of higher vertebrates. We

are now at a point where many of the key players in the development of pelvic fins and vertebrate hindlimbs

have been identified and we can now readily examine and compare mechanisms between species. This is

yielding fascinating insights into how the developmental programme has altered during evolution and how

that relates to anatomical change. The role of pelvic fins has also drastically changed over evolutionary history,

from playing a minor role during swimming to developing into robust weight-bearing limbs. In addition, the

pelvic fins/hindlimbs have been lost repeatedly in diverse species over evolutionary time. Here we review the

evolution of pelvic fins and hindlimbs within the context of the changes in anatomical structure and the

molecular mechanisms involved.
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Introduction to pelvic fins and hindlimbs

The transition of vertebrates from water to land was one of

the greatest steps in evolutionary history. This required the

development of paired pelvic fins and their muscles to

eventually form weight-bearing hindlimbs (Goodrich,

1930). A number of fossil forms have shed light on the evo-

lution of pelvic fins and hindlimbs within ancestral fish and

early tetrapods (Andrews & Westoll, 1970; Coates, 1996;

Jarvik, 1996; Clement et al. 2004; Ahlberg et al. 2005, 2008;

Boisvert, 2005; Callier et al. 2009; Niedzwiedzki et al. 2010;

Zhu et al. 2012). Studies of these fossils have shown that

the transition from paired pelvic fins to tetrapod hindlimbs

is characterised by a gradual progression from posterior

and ventrally placed slender pelvic fins articulated to a pel-

vic girdle to a dorsally located robust pelvis and hindlimb.

Recent genetic approaches have led us to a point where the

key developmental mechanisms have been identified in pel-

vic fins and hindlimbs and we are now able readily to com-

pare between species. We will be presenting evidence for

the evolution of pelvic fins and hindlimbs organised by inte-

gration of anatomy and molecular mechanisms.

Pelvic fin and hindlimb morphology

During the evolutionary history of vertebrates, paired pelvic

appendages have undergone many changes since their first

appearance. In fish, pelvic fins vary greatly in morphology,

function and position, whereas in tetrapods they have

evolved into robust weight-bearing hindlimbs necessary for

terrestrial locomotion.

Although the morphology of the fish fin differs greatly

from that of the tetrapod limb, a clear connection in the

evolution of limbs from fins can be seen in the anatomy of

the paired fins of chondrichthyans, actinopterygians, sar-

copterygians and the limbs of tetrapods (Janvier, 1996). The

pelvic fin of chondrichthyans (sharks and rays) is composed

of a propterygium, a mesopterygium and a metapterygium.

Whereas basal actinopterygians (e.g. paddlefish) have

maintained all three elements of the pelvic fin, teleosts (e.g.
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zebrafish) have maintained the propterygium and mesop-

terygium, and have lost the metapterygium (Coates, 1994;

Coates & Cohn, 1998) and sarcopterygians (lobe-finned fish)

have maintained the metapterygium. The tetrapod limb is

thought to originate from the metapterygium of sarcop-

terygians (reviewed in Wagner & Chiu, 2001) (Fig. 1).

The pelvic fins of chondrichthyans and basal ray-finned

fish are usually located at an approximately mid-body

position which is posterior to the centre of mass. The pelvic

girdle of sharks is embedded in the body wall and is articu-

lated to a number of elongated cartilaginous elements,

which support the pelvic fin rays (Liem & Summers, 1999).

The distinctive pelvic fins of teleosts consist of three main

skeletal elements; the basipterygium (pelvic girdle), a

reduced number of radials (fin base) and the lepidotrichs

(slender bony fin rays) (Stiassny & Moore, 1992; Cubbage &

Mabee, 1996; Coates & Cohn, 1998). The pelvic fins are sup-

ported by a cartilaginous endoskeleton which ossifies dur-

ing development. The endoskeleton consists of a pelvic

girdle which articulates with the endoskeleton of the pelvic

fin, the pattern of which differs greatly between species

(Goodrich, 1930; Zangerl, 1981; Shubin, 1995). The pelvic

fins of fish consist of a proximal muscular component and a

distal non-muscularised dermal fin fold. The fin folds are

supported by long fin rays which are ossified (Grandel &

Schulte-Merker, 1998). Teleosts usually have six pelvic fin

muscles, three pairs lying on each side of the pelvis (Winter-

bottom, 1974). The arrector ventralis pelvicus, the abductor

superficialis pelvicus and the abductor profundus pelvicus

are found on the ventral side of the pelvic girdle. The arrec-

tor dorsalis pelvicus, adductor superficialis pelvicus and the

adductor profundus pelvicus are located on the medial side

of the pelvic girdle. Infracarinalis anterior is connected to

the basipterygium and the cleithrum, while the infracarinal-

is medius is connected to the basipterygium and the first

anal-fin pterygiophores. The extensor proprius is not always

present but can be found on the dorsal side of the girdle

(Winterbottom, 1974; Stiassny & Moore, 1992) (Fig. 2). The

positioning of the adult pelvic fin has shifted during teleost

fish evolution, ranging from an abdominal position in the

ventral body wall near the cloacae to an anterior position

at either a thoracic or a jugular level in more derived teleost

groups, although there are many exceptions to this condi-

tion (Greenwood et al. 1966; Rosen, 1982; Nelson, 1994).

Amongst teleosts, there are many exceptional pelvic fin

structures such as dorsally placed pelvic fins (Bathophilus,

Fink, 1985), unpaired structures (such as the fused pelvic

spine of triggerfish and the dewlap of filefishes; Matsuura,

1979; Tyler, 1980) and even the complete loss of pelvic fins

(some sticklebacks and some zebrafish, Cole et al. 2003;

Shapiro et al. 2004; Chan et al. 2010; Don et al. 2011). It is

possible that as the pelvic fins are not absolutely necessary

for survival, this diverse range of morphologies is possible.

The pelvic fins of lobe-finned fish are the evolutionary

forerunners of the hindlimbs of tetrapods. The pelvic fins of

lobe-finned fish are derived from the metapterygium of

chondrichthyans and basal actinopterygian fish (Mabee,

2000; Raff, 2007). The pelvic girdle of lobe-finned fish artic-

ulates with the femur; at its distal tip, the femur articulates

with the tibia and fibula, which may be fused in basal sar-

copterygians (Vorobyeva & Hinchliffe, 1995). The mesopodi-

um of lobe-finned fish is composed of an incomplete and

variable arrangement of bones, which makes up the ankle

in tetrapods (Wagner & Chiu, 2001). The more distal acrop-

odium is absent in the pectoral and pelvic fins of living and

extinct sarcopterygian fish (Johanson et al. 2007). The mus-

cles of the pelvic fin of an extant sarcopterygian fish, the

Australian lungfish (Neoceratodus forsteri) have been

described previously (Young et al. 1989 and Boisvert et al.

2009). The adductor muscles of the Australian lungfish

A

B

Fig. 1 Schematic representation the

appendicular endochondral skeleton of a

basal fish and a tetrapod. (A) A Polyodon

(paddlefish) pectoral fin (adapted from

Grande & Bemis 1991). (B) A human arm.

Each appendage is orientated with anterior

(preaxial) upward and distal to the right.

Figures are not to scale. Reproduced with

permission from Wagner & Larsson (2007)

and Grande & Bemis (1991).
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pelvic fin are the superficial ventromesial adductor, the

superficial ventrolateral adductor, the deep ventral adduc-

tor depressor, the dorsomesial adductor levator and the

mesial adductor (Young et al. 1989; Boisvert et al. 2009).

The pelvic fin abductor muscles of the Australian lungfish

are the superficial ventromesial abductor, the superficial

ventrolateral abductor, the deep ventral abductor depressor

and the dorsolateral abductor levator (Young et al. 1989;

Boisvert et al. 2009). The radial flexors of the lungfish pelvic

fin functions as both an adductor and abductor (Young

et al. 1989; Boisvert et al. 2009). The supinator and prona-

tor pelvic fin muscles of the Australian lungfish are possibly

the precursors to tetrapod digit muscles as the radial–axial

muscles of the Australian lungfish attach to the distal radi-

als and it is thought that the distal radials of ancient fish

were the precursors of digits (Young et al. 1989; Johanson

et al. 2007; Boisvert et al. 2008, 2009). The hypaxial muscles

of the Australian lungfish do not attach to the pelvis

(Young et al. 1989; Boisvert et al. 2009).

Fossil evidence suggests that tetrapod hindlimb origi-

nated in the Devonian 370 million years ago and that it

has its origins in the metapterygium of sarcopterygians

(Vorobyeva, 1991; Ahlberg & Milner, 1994; Wagner & Chiu,

2001). Most tetrapod hindlimbs follow a general plan of a

proximal stylopodium, a zeugopodium and a distal autopo-

dium. The stylopodium of modern tetrapods consists of a

single elongated skeletal element called the femur. The

modern tetrapod zeugopodium consists of two parallel

skeletal elements, the fibula and the tibia. The autopodium

of modern tetrapods consists of the more proximal mesopo-

dium and the distal acropodium. A full complement of tar-

sal bones makes up the mesopodium or the ankle, whereas

the more distal acropodium usually consists of five radiating

digits (Fig. 1B). The pelvis of modern tetrapods is made up

of three elements, the ilium, ischium and pubis, and is fused

to the vertebral column though a sacral rib (Clack, 2000).

The muscles of the salamander (Necturus maculosus) hind-

limb have been previously described and compared with

the pelvic fin muscles of the Australian lungfish (Young

et al. 1989; Walker & Homberger, 1992; Boisvert et al.

2009). Most of the muscles of the salamander hindlimb and

pelvic girdle can be matched in both insertion points and

function to their equivalents in the Australia lungfish. The

developmental mechanisms of how the pelvic fin muscles

of ancient fish evolved to become more robust musculature

of the tetrapod hindlimb will be discussed below.

Pelvic fin and hindlimb function

In addition to the varied morphology of pelvic fins and tet-

rapod hindlimbs, the paired pelvic appendages have a vari-

ety of functions. The slender pelvic fins of fish mostly play

minor roles during swimming and manoeuvring, and the

hindlimbs of tetrapods are usually employed as the major

form of locomotion.

Dominate propulsion by the body and caudal fin during

swimming is a common feature throughout the evolution

of fish; however, the pelvic fins do play a role during steady

swimming and manoeuvres, especially in teleosts (Gosline,

1980; Webb, 1982; Standen, 2008). Early work on the func-

tion of pelvic fins in dogfish concluded that the pelvic fins

had a very limited and mostly passive, stabilising function

during locomotion and were mainly concerned with the

production of vertical forces (Harris, 1937, 1938). It was

shown that, in sharks, the pelvic fins increase the static sta-

bility for pitching movements, but only to a small extent

(Harris, 1938).

In more derived ray-fin fishes, the pelvic fins have moved

to beneath the centre of mass and have a greater degree of

mobility when compared with the pelvic fins of sharks

(Harris, 1938; Gosline, 1980; Rosen, 1982; Schrank et al.

1999). Early studies suggested that this adaptation leads to

A B C

Fig. 2 Schematic diagram and bone and cartilage staining of the musculature of the pelvic girdle of teleost. Ventral (A, C) and dorsal (B) views of

the pelvic fin muscles (anterior to the top). ABSP, abductor superficialis pelvicus (red); ABPP, abductor dorsalis pelvicus (orange); ADPP, adductor

profundus pelvicus (light blue); ADSP, adductor superficialis pelvicus (blue); ARRDP, arrector dorsalis pelvicus (green); ARRVP, arrector ventralis pel-

vicus (yellow); EXTP, extensor proprius (purple); ICARA, infracarinalis anterior (light grey); ICARM, infracarinalis medius (dark grey). A tendon is

shown in black. Reproduced with permission from Winterbottom (1974); and Yamanoue et al. (2010); and modified with permissions from Don

et al. (2011).
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the pelvic fins of bony fish having little effect on body yaw

when used simultaneously but being capable of inducing

rolling movements (Harris, 1938; Gosline, 1980; Rosen, 1982;

Schrank et al. 1999). More recent studies have suggested

that the pelvic fins of teleost play an even greater role dur-

ing swimming (Drucker & Lauder, 2003; Lauder & Drucker,

2004; Standen, 2008). It has been shown that teleosts

actively use their pelvic fins as control surfaces during turn-

ing manoeuvres and in combination with other fins (anal

and dorsal) compensate for pitching movements during

breaking (Drucker & Lauder, 2003; Lauder & Drucker, 2004).

A recent three-dimensional kinematics study of the rainbow

trout (Oncorhynchus mykiss) has shown that during steady

swimming, pelvic fins oscillate in regular contralateral cycles

and during manoeuvres act as trimming foils. The cyclic

oscillation, involving active and passive components, may

function to dampen body oscillation and stabilise body

position (Standen, 2008). When acting as trimming foils

during manoeuvres, the pelvic fins move variably, which

helps to stabilise and return the body to a steady swimming

posture (Standen, 2008). Despite the new-found roles for

the pelvic fins of teleosts during swimming and manoeu-

vring, the pelvic fins are still considered to be the least

important fin for swimming because they have been lost

frequently during evolution and their amputation does not

greatly change body motion during swimming (Harris,

1938; Gosline, 1980; Standen, 2008).

There are also cases where the pelvic fins of teleosts are

used for different kinds of locomotion. Some fish groups

use their pelvic fins to move, as if walking over aquatic and

terrestrial substrata (Peters, 1985; Webb, 1996), whereas

others use hypertrophied pelvic fins, in combination with

pectoral fins to fly (Davenport, 1992, 1994, 2003).

Although tetrapods display a large diversity of function

in the hindlimb, most often, the robust weight-bearing

hindlimbs of tetrapods are used for hindlimb-propelled

locomotion. Most modern tetrapods predominantly employ

hindlimb-powered symmetrical gaits such as lateral

sequence walking where the hindlimb footfall is followed

by the ipsilateral forelimb (Rewcastle, 1981). The hindlimb-

propelled walk of most modern tetrapods is facilitated by

several features unique to tetrapods, such as a weight-

bearing pelvis that is attached to the vertebral column, a

laterally orientated leg, an elongated femur for longer

stride length and a flexible ankle. It is important to note

that not all tetrapods use the hindlimb only for locomotion,

examples of other functions of hindlimbs in tetrapods are

the prehensile foot of monkeys and apes, and the loss of

hindlimbs in cetaceans (whales and dolphins) for stream-

lined swimming (Fleagle, 1999; Bejder & Hall, 2002). It is

possible that the variety of functions and morphologies of

the tetrapod hindlimb is more constricted than in the pelvic

fins of fish, as the robust weight-bearing hindlimb of most

tetrapod provides locomotion which is necessary for sur-

vival. However, the vast array of various morphologies and

functions reflect the evolutionary changes that have

occurred in pelvic fins and hindlimbs since their first appear-

ance.

Evolution of pelvic fins and hindlimbs

Origin of paired limbs

For over a century the origin of vertebrate paired fins and

limbs has been fiercely debated. One of the first theories

put forward proposed that fins evolved from the gill arches

of the early limbless vertebrates (Gegenbaur, 1878). Recent

theory proposes that the fins of vertebrates evolved from

continuous stripes of competency for appendage formation

located ventrally and laterally along the embryonic flank

(Yonei-Tamura et al. 2008) (Fig. 3A). A continuation of this

theory proposed that the paired appendages of jawed ver-

tebrates evolved with a shift in the zone of competency to

the lateral plate mesoderm (LPM) in conjunction with the

establishment of the lateral somitic frontier, which allowed

for the formation of limb/fin buds with internal supporting

skeletons (Freitas et al. 2006; Durland et al. 2008; reviewed

Johanson, 2010) (Fig. 3A). The conservation of genetic

mechanisms (Hox and Tbx expression patterns) between

median fins and paired fins of shark and lamprey embryos

supports this theory (Freitas et al. 2006).

To explain the emergence of ‘two sets’ of paired fins, sev-

eral theories have been put forward. The Thacher–Mivart–

Balfour fin fold theory of the origin of the paired fins sug-

gests that tetrapod forelimbs and hindlimbs evolved by the

splitting of a single lateral fin (Thacher, 1877; Mivart, 1879;

Balfour, 1881) (Fig. 3B). This theory has been contested due

to the inconsistency with the fossil record and a lack of

embryonic evidence. In contrast, Tabin & Laufer (1993) sug-

gested that pelvic fins were acquired before pectoral fins in

the ‘pelvic before pectoral’ fin model due to the collinear

expression pattern of the Hox genes along the embryonic

flank and in developing limb buds (Fig. 3C). It was thought

that the pattern of Hox gene expression along the flank of

the embryo was co-opted into the pelvic fins and then

passed to the pectoral fins, which is why only the posterior

Hox genes are expressed during limb/fin development

(Tabin & Laufer, 1993). However, to date, no fossils have

been described which possess only pelvic fins (Coates, 1993;

Thorogood & Ferretti, 1993) and these authors suggested

that based on fossil and developmental evidence that pec-

toral fins were acquired before pelvic fins (Fig. 3D). Ruvin-

sky & Gibson-Brown (2000) proposed that an ancestral

Tbx4/5 cluster was initially co-expressed in the first pair of

fins to evolve. In modern jawed vertebrates, Tbx4 is

expressed in the pelvic appendages and Tbx5 is expressed in

the pectoral appendages (Gibson-Brown et al. 1996;

Tamura et al. 1999; Ruvinsky et al. 2000). To explain this

expression pattern, it was suggested that the ancestral

Tbx4/5 cluster underwent a duplication event, either before
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or Tbx4 became localised at the pelvic level or after the clus-

ter became localised at the pelvic level (Ruvinsky & Gibson-

Brown, 2000). In this model, Tbx4 acted in conjunction with

Pitx1 to modify the morphology of the developing limb to

a pelvic fin/hindlimb identity (Ruvinsky & Gibson-Brown,

2000).

Origin of pelvic fins

Although the nature of the origin of paired fins remains

controversial, it is now clear from the fossil record that pel-

vic fins arose within jawed fish (Fig. 4). Zhu et al. (2012)

recently re-examined a fossil of a primitive antiarch,

Parayunnanolepis xitunensis, from the early Devonian

(approximately 430 Mya), which provided evidence for the

presence of pelvic girdles in these phylogenetically basal

placoderms (Zhu et al. 2012). Antiarch placoderms (extinct

armoured jawed fishes) first appeared in the Silurian and as

antiarchs are placed at the base of the gnathostome radia-

tion, the far-reaching implications of this study are that all

jawed vertebrates (including antiarch placoderms) primi-

tively possess both pectoral and pelvic fins and that the pel-

vic fins did not arise within gnathostomes at a point

subsequent to the origin of jaws (Coates, 1994; Janvier,

1996; Goujet, 2001; Zhu et al. 2012). In contrast, these

results imply that paired pelvic appendages (pelvic fins/

hindlimbs) appeared within gnathostomes before the

development of moveable jaws (Zhu et al. 2012).

Pelvic fins and the tetrapod transition

The fish-to-tetrapod transition involved a gradual shift

towards more coastal and terrestrial environments (Clack,

2000) and with it came a change in pelvic fin function. This

transition involved the shift from paired pectoral and pelvic

fins to the development of weight-bearing fore and hind-

limbs for locomotion on land. It is thought that the fin to

limb transition first began in the pectoral fins and that the

evolution of pelvic fins into hindlimbs occurred in a rela-

tively brief period of time between Panderichthys and

Acanthostega (Coates, 1996, 2002; Boisvert, 2005). Unfortu-

nately, there is a real paucity of fossils in this interval with

intact pelvic fins. However, the insights gained from recent

fossil finds, re-examination of older fossils and evidence

obtained from developmental biology challenge the old

ideas and suggest that the pelvic fin to hindlimb transition

was evolving even before early tetrapods moved out of the

water and colonised land. Two key developmental break-

throughs during this time were the elaboration of the distal

skeleton and the development of a robust weight-bearing

pelvis (Boisvert, 2005; Johanson et al. 2007).

Evidence from the fossil record and developmental stud-

ies of living sarcopterygians suggest that during the evolu-

tion of the distal pelvic fin skeleton the digits appeared

before the full complement of ankle elements (Wagner &

Chiu, 2001; Coates, 2003; Clack & Ahlberg, 2004; Johanson

et al. 2007). It is currently thought that digits were not an

evolutionary novelty of tetrapods, as previously believed,

but evolved from the pre-existing distal radials of sarcop-

terygians (Johanson et al. 2007; Boisvert et al. 2008). During

this stage of evolution, polydactyly was plesiomorphic

amongst Tetrapodomorpha. Fossil evidence from early

Devonian tetrapods indicates that Ichthyostega had

seven toes, Acanthostega had eight toes, and Tulerpeton

had at least six toes (Coates & Clack, 1990; Lebedev &

Coates, 1995; Coates, 1996). It is thought that pentadactyly

of later tetrapods did not evolve until the Carboniferous

period (Coates, 1994, 1996).

A

CB D

Fig. 3 Diagram of the evolution of paired fins. (A) The evolution of

paired fins from the ‘zone of competence’ (Freitas et al. 2006; Yonei-

Tamura et al. 2008; Johanson, 2010). A dorsal zone of competence

for unpaired fins is the first to arise in jawless vertebrates (Johanson,

2010). The dorsal zone of competence was then duplicated and

co-opted to a ventrolateral position along the flank (Freitas et al.

2006). The ventrolateral zone of competence was then shifted to the

LPM, which coincided with the evolution of the abaxial region and the

lateral somitic frontier (Johanson, 2010). (B) The ‘lateral fin fold’ theory

suggests that two paired fins evolved from a single continuous lateral

fin (Thacher, 1877; Mivart, 1879; Balfour, 1881). (C) Based on the

collinear expression pattern of Hox gene expression, the ‘pelvic before

pectoral’ theory suggests that the pelvic fins evolved before the pec-

toral fins (Tabin & Laufer, 1993). (D) Based on fossil evidence and the

anterior–posterior pattern of development, the ‘pectoral before pelvic’

theory suggests that pectoral fins evolved first and were then dupli-

cated to form pelvic fins (Coates, 1993; Thorogood & Ferretti, 1993).
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The evolution of the full complement of the central

bones of the ankle (the mesopodium) came after the evolu-

tion of digits (Wagner & Chiu, 2001; Coates, 2003; Clack &

Ahlberg, 2004; Johanson et al. 2007). The pelvic fins of

ancestral sarcopterygians possessed the long bones equiva-

lent to a femur, tibia and fibula, and distal radials from

which digits would evolve, but did not possess the full com-

plement of bones of the mesopodium (Andrews & Westoll,

1970; Wagner & Chiu, 2001; Coates et al. 2002; Johanson

et al. 2007; Boisvert et al. 2008). Recent re-examination of

Panderichthys has revealed that the pelvic fin of this tetra-

podomorph fish has a proximal mesopodium element, the

fibulare, but lacks the central bones of the mesopodium

(Boisvert, 2005). Two of the earliest tetrapods with well pre-

served hindlimbs, Ichthyostega and Acanthostega, had

hindlimbs that had more derived characteristics, but still

had very few central bones of the mesopodium (Jarvik,

1980, 1996; Coates, 1996; Johanson et al. 2007). The full

complement of the central bones of the ankle seems to

appear in Tulerpeton, which has 12 preserved tarsal bones,

including three central elements (Lebedev & Coates, 1995).

Most Carboniferous tetrapods have three to four central

elements in the mesopodium, which allows for the ankle

flexibility necessary for walking on land (Coates, 1996).

The development of a robust weight-bearing pelvis was a

key step in the evolution of the hindlimb during the tetra-

pod transition onto land. To walk on land, the relatively

gracile unattached pelvic girdle of fish gradually trans-

formed into a large tripartite weight-bearing structure con-

nected to the vertebral column (Fig. 5). The pelvic girdle of

lobe-finned fish is composed of a crescentric pubis often

connected through cartilage at the midline, but lacks an

ilium and is not connected to the vertebral column (Fig. 5A)

(Ahlberg, 1989). In contrast, the pelvis of tetrapods has an

ilium that is fused to the vertebral column and an ischium

that is posterior to the pubis. In addition, the ischium and

the pubis from both halves of the pelvis are fused along

their midline, which creates a weight-bearing pelvis

(Fig. 5B) (Clack, 2000). There is much evidence from both

sides of this transition, but little information about how this

evolution occurred due to the paucity of fossils from this

period with intact pelvic girdles. On one side of the

Fig. 4 Simplified phylogeny of the living

relatives of tetrapods and the evolution of

paired appendages based on the results of

Inoue et al. (2003).

A B

Fig. 5 (A) In sarcopterygian fish the pelvic girdle is supported by the hypaxial musculature and consists of a pubis (pb) with a caudally oriented

acetabulum (ac) (articulation to the fin) (redrawn from Andrews & Westoll, 1970). (B) In early tetrapods the pelvic girdle consists of a pubis, an

ischium (ish), and an ilium (il), which connects to the vertebral column through the sacral rib (sr). The acetabulum is placed laterally (redrawn from

Coates, 1996). Figure modified from Cole et al. (2011).
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transition, the pelvic girdle of the tetrapodomorph Pande-

richthys is small, flat, club-shaped and distinctly fish-like

(Boisvert, 2005). Unfortunately, the pelvic girdle and fin of

the more crownward tetrapodomorph Tiktaalik has not

been preserved, but the early tetrapods, Ichthyostega and

Acanthostega, had already evolved a distinctively tetrapod-

like pelvis with an ilium and ischium (Jarvik, 1980, 1996;

Coates, 1996).

With the evolution of the distal pelvic appendage skele-

ton and the pelvis, came a shift in locomotory dominance

from ‘front wheel drive’ to ‘rear wheel drive’ during the tet-

rapod transition (Boisvert, 2005). Non-sarcopterygian fish

predominately use body muscle undulations and pectoral

fins for locomotion, whereas tetrapods use their hindlimbs

for this function (Coates et al. 2002). Recent evidence from

African lungfish (Protopterus annectens) has shown that

this sarcopterygian fish can use a range of pelvic fin-driven

gaits such as walking and bounding and use their pelvic fins

to lift their body clear of the substrate in an aquatic envi-

ronment (King et al. 2011). Descriptions of the paired pec-

toral and pelvic fins of fossils such as Panderichthys and

Ichthyostega also offer insights into the evolution of tetra-

pod locomotion. Panderichthys probably employed an

intermediate ‘front-wheel drive’ mode of locomotion, using

its pelvic fins as minor anchors while body-flexion propul-

sion pushed the fish forward (Boisvert, 2005). A recent study

of limb joint mobility of Ichthyostega has shown that this

early tetrapod had terrestrially ineffectual hindlimbs, as it

lacked the necessary rotary motions in its hindlimbs to lift

its body off the ground and therefore could not employ lat-

eral sequence walking (Pierce et al. 2012). This new study

indicates that early tetrapods went through a stage of hip-

joint restriction before they evolved the locomotory behav-

iours of modern tetrapods (Pierce et al. 2012). Recently,

Swartz (2012) described a well preserved fossil specimen of

the extinct genus of sarcopterygian fish from the Middle

Devonian, Tinirau clackae. Tinirau shares many advanced

features with later tetrapodomorphs in the pelvic elements.

Tinirau is the earliest known stem tetrapod to have a signif-

icantly reduced postaxial process, and a fibula more like

those of later tetrapods. Caudally, the pelvis articulates with

a femur that is preserved in association with the acetabu-

lum. The postaxial fibular process is highly reduced and dis-

plays a similar ‘lip’ overhanging the postaxial edge of the

fibulare. The lack of a prominent postaxial process in the

fibula of Tinirau is more similar to the condition observed

in crownward taxa. This pattern underscores previous phy-

logenetic reconstructions of the appendicular skeleton in

which conventional crown group limb characteristics first

originate in the pelvic fins.

Historically, the evolution of the neural control in the pel-

vic fins and hindlimbs associated with this transition has not

received much attention. However, a recent review has

compared the organization of the motor neurons in the

spinal cord of various vertebrates which aids in the

understanding of the evolution of fin/limb motor circuitry

necessary for hindlimb dominated locomotion in verte-

brates (Murakami & Tanaka, 2011).

In addition to insights gained from recent fossil finds and

the re-examination of older fossils, discoveries of preserved

pelvic fins and girdles of more crownward transitional

Devonian tetrapodomorph fish are eagerly awaited to shed

light on the evolution of the vertebrate hindlimb from the

pelvic fins of ancestral fish.

Development

Recent examination of the mechanisms involved in the initi-

ation, outgrowth and patterning of hindlimbs among dif-

ferent classes of extant vertebrates have given insights into

the evolution of vertebrate hindlimbs. Approaches using

model organisms, such as mouse, chick and teleosts, in addi-

tion to approaches using extant non-model organisms posi-

tioned at strategically important points in the vertebrate

phylogeny have shed light upon the important players in

hindlimb development. These studies have shown the high

degree of conservation in the genetic mechanisms of fin

and limb formation between fish and tetrapods but some

species-specific differences are present.

Hindlimb development has been mainly investigated in

chick and mouse, whereas there have been relatively few

studies of pelvic fin development in teleosts and cartilagi-

nous fish. The zebrafish (Danio rerio), a powerful, geneti-

cally tractable model organism, has recently been utilised to

study pectoral fin/forelimb developmental mechanisms;

however, only a few studies have focused on the pelvic fins.

Zebrafish pelvic fin buds develop around 3 weeks post-

fertilisation as two small mesenchymal bulges that emerge

from the lateral plate mesoderm (LPM) of the abdominal

flank of the fish (Grandel & Schulte-Merker, 1998). The mes-

enchymal bulges in the pelvic fin region proliferate to cre-

ate two pelvic fins bud covered at their distal edge by an

apical ectodermal thickening (Grandel & Schulte-Merker,

1998). This structure, which is thought to be analogous to

the tetrapod apical ectodermal ridge (AER; Grandel &

Schulte-Merker, 1998), is also seen during trout pelvic fin

development, where it was termed the pseudoapical ecto-

dermal ridge (Geraudie, 1978). The apical ectodermal thick-

ening of the pelvic fins is only transient and becomes the

apical fold which is formed by a layer of dorsal and ventral

cylindrical cells (Grandel & Schulte-Merker, 1998). As the

apical fold of the pelvic fin is infiltrated by the migrating

mesenchyme it morphs into a fin fold, which gives rise to

the adult fin (Grandel & Schulte-Merker, 1998).

The early stages of hindlimb development in fish fins are

similar to those of tetrapod (mouse and chick) hindlimbs. In

the chick embryo, the LPM in the prospective hindlimb

region thickens and an AER forms in the overlying

ectoderm around 3 days post-fertilisation (reviewed in

Saunders, 1977). The hindlimb then continues to grow and
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elongate. In the mouse embryo, the hindlimb buds first

appear around 10 days post-fertilisation, but the AER

appears later than in the chick (Martin, 1990). Like the

chick, the mouse limb continues to grow and elongate;

however, there is a difference in shape between developing

chick and mouse hindlimbs.

Positioning

Development of paired appendages at appropriate levels

along the primary body axis is a hallmark of the body plan

of jawed vertebrates. In all jawed vertebrates, the paired

appendages arise from a region known as the lateral com-

petent stripe (Yonei-Tamura et al. 2008). The lateral compe-

tent stripe is defined as a region along the flank that is

competent for paired appendage development if the cor-

rect signals are received (Yonei-Tamura et al. 2008). The

entire length of the lateral competent stripe of all jawed

vertebrates studied has the competency to form paired

appendages (Yonei-Tamura et al. 2008). The utilisation of

the lateral stripe differs greatly, with each species having a

different ratio for the forelimb/pectoral fin, interlimb and

hindlimb/pelvic fin regions. Differences in regulation of the

Hox genes in the paraxial mesoderm are thought responsi-

ble for the variations in the positioning of paired append-

ages (Burke et al. 1995; Sordino et al. 1995; Burke &

Nowicki, 2003; Noro et al. 2011).

Hox genes are a family of transcriptional regulators that

are involved in axial patterning of many structures in verte-

brates (Gruss & Kessel, 1991; Krumlauf, 1994; Burke et al.

1995; Deschamps et al. 1999), including fins and limbs

(Yokouchi et al. 1991; Sordino et al. 1995; Nelson et al.

1996). In jawed vertebrates, the Hox genes are classified

into 13 paralogous groups and are tightly clustered at four

loci: HoxA to HoxD. A clear correspondence between partic-

ular Hox groups and defined morphological boundaries

along the antero-posterior axis of jawed vertebrates has

been documented (Gaunt, 1994; Burke et al. 1995; Cohn &

Tickle, 1999; Kmita & Duboule, 2003). It has long been

known that Hox genes have a unique ability to establish

morphologies along the anterior–posterior axis of an

embryo by establishing a pre-pattern of the embryonic axis

(Lewis, 1978; reviewed Garcia-Fernandez, 2004;). It is also

known that positional differences along the body axis, such

as the positions of the limbs, are specified by the staggered

boundaries of Hox gene expression (Cohn et al. 1997;

Akam, 1998; Marshall et al. 1996; Krumlauf, 1994). Noro

et al. (2011) showed that the regionalisation of the preso-

mitic mesoderm along the embryonic axis by the Hox code

is responsible for the specification of the limb and flank

fields in the chick embryo (Noro et al. 2011). Through trans-

plant and ablation experiments it was shown that the

presomitic mesoderm adjacent to the prospective limb field

is permissive to the development of a limb field and affects

the size of the limb field while the paraxial mesoderm adja-

cent to the flank suppresses limb bud development (Noro

et al. 2011). In addition, it has been suggested that Hox

transcription factors may be responsible for the restricted

patterns of Tbx4 (Minguillon et al. 2005). The position of

the pelvic fins/hindlimbs in jawed vertebrates is thought to

be determined by Hoxb9, Hoxc9, Hoxd9 and Hoxc10 activity

in the developing embryo (Cohn et al. 1997; Lance-Jones

et al. 2001; Tanaka et al. 2005; Choe et al. 2006; Murata

et al. 2010).

There is a phylogenetic correlation between Hoxd9

expression and hindlimb/pelvic fin positioning. During very

early chick development and teleost development, the pri-

mary pattern of Hoxb9, Hoxc9 and Hox9d expression is stag-

gered in the prospective forelimb/pectoral fin region, and

strong expression is also observed in the interlimb/fin and

prospective hindlimb/pelvic fin region (Cohn et al. 1997;

Tanaka et al. 2005) (Fig. 6). At later stages of development,

during tetrapod limb bud formation, Hoxd9 expression dis-

appears from the interlimb region and is restricted to

domains adjacent to the prospective limb buds (Cohn et al.

1997) (Fig. 6A). During pelvic fin budding in the threespine

stickleback fish (Gasterosteus aculeatus), the expression

domain of Hoxd9 extends from the prospective pelvic

A B

Fig. 6 In situ hybridisation of Hoxd9 during pelvic fin/hindlimb positioning in chick (A) and threespine stickleback (B). (A) In limb budding stages in

chick Hoxd9 expression disappears from the interlimb region and is restricted to domains adjacent to the prospective limb buds (image reproduced

with permission from Cohn et al. 1997). (B) During pelvic fin development stages in threespine stickleback, Hoxd9 expression extends from the

prospective pelvic region and is maintained in the interlimb region (image reproduced with permissions from Tanaka et al. 2005).
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region and is maintained in the interlimb region

(Tanaka et al. 2005) (Fig. 6B). It is thought that Hoxd9 activ-

ity is particularly important for the development of pelvic

fins/hindlimbs as its absence is thought to be the cause of

the loss of pelvic fins in fugu (Takifugu rubripes), in a mech-

anism analogous to the loss of pectoral axial patterning

cues in python snakes (Pythonidae) (Cohn & Tickle, 1999;

Tanaka et al. 2005).

Recent work has also showed a conserved role for Hoxc10

in the positioning of hindlimbs/pelvic fins. In tetrapods, the

hindlimb buds arise in the body wall at the level of Hox10

expression in the spinal cord (Lance-Jones et al. 2001; Choe

et al. 2006). However, it was observed that in teleosts the

level of Hoxc10a expression did not correlate to the position

of pelvic fins in the adult fish (Murata et al. 2010). How-

ever, Murata et al. (2010) have shown that pelvic fin precur-

sor cells do, in fact, lie next to the posterior expression

boundary of Hoxc10a and that these cells migrate to the

pelvic fin field due to trunk-tail protrusion of the growing

embryo. In addition, it has been shown in knockout mice

and zebrafish morphants that removal of the TGF beta fam-

ily member, Gdf11, changes the expression domain of

Hoxc10 and subsequently changes the axial position of the

hindlimb/pelvic fin (McPherron et al. 1999; Murata et al.

2010).

Pelvic fin/hindlimb-type specification

An important step during the development of pelvic fins/

hindlimbs is the establishment of a fin/limb-type specifica-

tion. In the past, two genes from the T-box transcription

factor family, Tbx4 and Tbx5, were thought to determine

limb identity, due to their expression patterns (Gibson-

Brown et al. 1996; Tamura et al. 1999; Ruvinsky et al. 2000).

In amniotes, teleosts and anurans Tbx4 is expressed in

developing hindlimbs and Tbx5 is expressed in developing

forelimbs (Gibson-Brown et al. 1996; Logan et al. 1998;

Tamura et al. 1999; Ruvinsky et al. 2000; Takabatake et al.

2000) (Fig. 7). Historically, this expression pattern was

thought to be conserved across vertebrates with paired

limbs.

However, there is conflicting evidence about the ability

of Tbx4 and Tbx5 to confer limb-type identity. Ectopic gene

misexpression studies in chick embryos have shown that

Tbx4 and Tbx5 play a role in determining limb-type mor-

phology. Ectopic expression of Tbx5 in the developing chick

hindlimb bud can confer forelimb-type morphology to the

developing limb and induce ectopic expression of forelimb

markers (Rodriguez-Esteban et al. 1999; Takeuchi et al.

2003). Equally, it has been shown that misexpression of

Tbx4 in developing chick forelimb buds gives the develop-

ing limb hindlimb-type morphology and induces ectopic

expression of hindlimb markers (Takeuchi et al. 2003). How-

ever, this is in direct contrast to some results obtained from

other species as detailed below.

In mice, gene deletion-gene replacement studies using

knockout and transgenic mice have shown that in the

absence Tbx5 in the forelimb, Tbx4 does not confer hind-

limb-like morphology to the limb (Minguillon et al. 2005,

2009). If Tbx5 is ablated in the forelimb of mice and

replaced with ectopic Tbx4, the forelimbs have a normal

forelimb-type pattern of gene expression and a forelimb-

type skeletal morphology (Minguillon et al. 2005). These

results suggested that other factors must determine limb-

type morphology. In addition, it has been shown that there

is a low level of expression of Tbx4 in the developing fore-

limbs of mouse (Gibson-Brown et al. 1996; Naiche et al.

2011). The forelimb expression domain of Tbx4 has been

shown to be unnecessary for forelimb morphology in mice

and the enhancer that drives this expression is not evolu-

tionarily conserved outside of the mammalian class (Menke

et al. 2008; Naiche et al. 2011). However, this is similar to

the situation in urodeles, where both Tbx4 and Tbx5 are

expressed in the developing fore and hindlimbs of N. viri-

descens during limb development (Khan et al. 2002). These

results shed doubt on the specific role of Tbx4 in determin-

ing hindlimb-like identity. In contrast, studies by Ouimette

et al. (2008) showed that while Tbx4 does not confer hind-

limb-like morphology when ectopically expressed in the

forelimb, it is sufficient to rescue hindlimb-like morphology

to Pitx1 null hindlimbs, which lack hindlimb-like morphol-

ogy. Ouimette et al. (2008) also demonstrated that Tbx4

has a unique transcriptional repressor site which is possibly

responsible for hindlimb-like morphology, and that this

transcriptional repressor site is absent in Tbx5 and the

Tbx 5

Tbx4

Chick ZebrafishA B

Fig. 7 In situ hybridisation of Tbx4 and Tbx5 in chick (A) and zebra-

fish (B). (A) Tbx5 is expressed in the developing wing buds of chick

embryos; Tbx4 is expressed in the developing leg buds (figure repro-

duced with permission from Logan, 2003). (B) In zebrafish, Tbx5 is

expressed in the developing pectoral fins and Tbx4 is expressed in the

developing pelvic fins (figure reproduced with permission from Ruvin-

sky et al. 2000).
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ancestral Tbx4/5 cluster. It is important to note that due to

the coupling of limb initiation and limb-type morphology

the rescued hindlimb-like morphologies may be due to the

activity of Tbx4 on hindlimb-like morphology or the return

of the normal hindlimb development initiation cascade.

Although the studies on Tbx4 and Tbx5 appear to be

inconclusive concerning their role in limb-type specification,

it is clear that there are other factors involved in this pro-

cess. The paired-like homeodomain transcription factor,

Pitx1, is expressed in the region forming the pelvic append-

age and in the pelvic appendage buds, but not in the fore-

limb regions (Lamonerie et al. 1996; Cole et al. 2003). Pitx1

is thought to be involved in both hindlimb identity specifi-

cation and hindlimb development (Lamonerie et al. 1996;

Lanctot et al. 1999). In tetrapods, expression of Pitx1 is

observed before the onset of Tbx4 expression (Lamonerie

et al. 1996). In both mouse and chick, misexpression of Pitx1

in the forelimb imparts hindlimb-like characteristics to the

muscles, skeleton and skin (Logan & Tabin, 1999; Takeuchi

et al. 1999; DeLaurier et al. 2006). In addition, Pitx1 null

mice develop hindlimbs in which the skeleton has lost some

of its hindlimb-like characteristics (Lanctot et al. 1999; Szeto

et al. 1999; Marcil et al. 2003). However, as Pitx1 null mice

do develop hindlimbs and not all hindlimb-like features are

affected, it is possible that other factors are involved in the

specification of hindlimb-type morphologies in tetrapods

(Fig. 8). The role of Pitx1 in specifying pelvic fin identity still

needs to be determined in fish to confirm whether its hind-

limb identity role is conserved amongst vertebrates.

Initiation

Several extracellular signalling molecules and transcription

factors have been reported to be involved in initiating

hindlimb bud development in chick and mouse. More

recently, a few of these initiation factors have been investi-

gated in teleosts, showing that many of the same molecules

seem to be employed (Gibson-Brown et al. 1996; Tamura

et al. 1999; Ruvinsky et al. 2000; Cole et al. 2003; Shapiro

et al. 2004). The origin of the limb/fin bud induction signal

remains controversial and there is evidence to show that it

begins in either the presomitic/paraxial mesoderm or the

intermediate mesoderm. Historic studies on chick forelimb

bud induction have shown that a foil barrier placed

between the somites and the LPM blocks forelimb bud

induction (Murillo-Ferrol, 1965; Sweeney & Watterson,

1969; Stephens & McNulty, 1981). However, these results

have been reinterpreted by Crossley et al. (1996) as blocking

an Fgf8 signal from the intermediate mesoderm, which sub-

sequently caused a failure of chick limb bud induction.

More recent work in zebrafish fins has shown that the fin

bud induction signal begins in the paraxial mesoderm and

is transferred by secondary signals to the LPM and the over-

lying ectoderm (Begemann et al. 2001; Grandel et al. 2002;

Gibert et al. 2006; Mercader et al. 2006; Grandel & Brand,

2011). As the paraxial mesoderm and the LPM are separated

by the intermediate mesoderm, it seems likely that mole-

cules from the paraxial mesoderm could signal to the LPM

through the intermediate mesoderm, where both the par-

axial mesoderm and the intermediate mesoderm would

have a role in limb/fin bud initiation.

The role of Fgf signalling and the intermediate

mesoderm in pelvic fin/hindlimb bud induction

Previous work in tetrapods has suggested that Fgf activity

in the intermediate mesoderm might trigger the induction

of limb budding by transferring a signal to the limb fields

of the LPM (Crossley et al. 1996; Vogel et al. 1996). The

Fgf8 gene product was thought to play this role, as it is

expressed in the intermediate mesoderm adjacent to the

limb-forming regions before and during limb bud induction

and can maintain cells in a proliferative state (Crossley et al.

1996; Vogel et al. 1996). Furthermore, it has been shown

that the application of an Fgf8-soaked bead to the inter-

limb region of tetrapods can induce an ectopic limb to form

(Cohn et al. 1995; Mahmood et al. 1995; Ohuchi et al. 1995;

Crossley et al. 1996; Vogel et al. 1996; Yonei-Tamura et al.

1999).

However, recent studies have demonstrated that condi-

tional removal of certain Fgf activity from the mesoderm

has little effect on limb bud induction in mice (Boulet et al.

2004; Perantoni et al. 2005). When Fgf8 activity is transgeni-

cally removed from the mesoderm of mice, the mutant’s

limbs form at the normal position and time (Perantoni et al.

2005). Likewise, transgenic mice lacking both Fgf4 and Fgf8

expression in the mesoderm also develop limbs which form

at the normal position and time (Boulet et al. 2004). Addi-

tionally, in zebrafish, it has been shown that Fgf signalling is

not required for pectoral fin bud initiation (Mercader et al.

A B

C D

Fig. 8 Pelvic appendage skeletal preparations from wild-type (A) and

Pitx1 null (B) mice and wild-type (C) and Pitx1 null threespine stickle-

back (D). (A, B) Mice lacking Pitx1 develop small hindlimbs that have

lost some hindlimb characteristics (figure reproduced with permission

from Duboc & Logan, 2011). (C, D) Threespine stickleback which lack

Pitx1 in the pelvic regions do not develop pelvic spines (figure

reproduced with permission from Cole et al. 2003).
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2006). Zebrafish embryos treated with the Fgf receptor

antagonist, SU5402, display normal pectoral fin bud induc-

tion in the face of a lack of Fgf signalling (Mercader et al.

2006). Despite controversy over a role of Fgf activity during

limb/fin bud induction, Fgf activity is certainly necessary dur-

ing later stages of limb/fin budding and development.

The role of retinoic acid and the somites in pelvic fin/

hindlimb bud induction

Recently, it has been proposed that a retinoic acid-

controlled signal is responsible the onset of Tbx5 expression

in pectoral fins and the induction of pectoral fin buds

(Gibert et al. 2006; Mercader et al. 2006; Grandel & Brand,

2011). Evidence from these studies suggests that retinoic

acid and Tbx5 signalling is upstream of Fgf function which

is recently thought to play only a local role in the limb bud

during induction, at least in zebrafish (Gibert et al. 2006;

Mercader et al. 2006; Grandel & Brand, 2011).

In zebrafish, studies of retinoic acid signalling have shown

that its effect on pectoral fin bud induction is probably

indirect and likely to be mediated by secondary signals

(Mercader et al. 2006). It has been shown that wnt2b relays

the retinoic acid fin bud induction signal to the pectoral fin

field and induces Tbx5 expression (Mercader et al. 2006). In

chick embryos, wnt2b in forelimbs and wnt8c (previously

known as wnt8a) in hindlimbs are thought be involved in

limb bud induction (Kawakami et al. 2001). In the chick

embryo, wnt8c is expressed in a domain that suggests it

may be involved in hindlimb bud induction (Kawakami

et al. 2001). It addition, ectopic expression of wnt8c has

been shown to induce hindlimb buds along the flank of

chick embryos (Kawakami et al. 2001).

However, neither wnt2b nor wnt8c have been detected

in the limb buds of early mice embryos (Agarwal et al.

2003). This may be due to the fact that Tbx5 is not necessary

for the establishment of the limb field in this species, as it is

in zebrafish, or that the limb bud induction signal may

come from the intermediate mesoderm and not the somitic

mesoderm in mice (Crossley et al. 1996; Agarwal et al. 2003;

Ahn et al. 2002; Gibert et al. 2006; Mercader et al. 2006;

Grandel & Brand, 2011). Recent studies from mice have con-

firmed that although retinoic acid promotes mouse fore-

limb bud induction, it is not necessary for hindlimb bud

induction, as retinoic acid-deficient mice develop normal

hindlimb buds (Zhao et al. 2009). These authors concluded

that the role of retinoic acid in mouse limb development

was to suppress Fgf8 activity along the flank, allowing for a

permissive domain for forelimb bud induction to occur;

however, this mechanism is not necessary for Fgf8 regula-

tion at the time the hindlimbs develop (Zhao et al. 2009).

The difference between permissive signals for fore and

hindlimb induction may account for the ability of fish to

develop pelvic fins at such a relatively late stage compared

to pectoral fins. To date, it remains uncertain which mecha-

nisms lead to the induction of hindlimb/pelvic fin buds.

Downstream pelvic fin/hindlimb bud induction cascade

Although the specific mechanisms of the pelvic fin/hindlimb

bud induction cascade remain unknown, secondary signals

are thought to trigger the expression of Tbx4 in pelvic fins/

hindlimbs. Recent studies in mice have suggested that Tbx4

and Tbx5 play a shared role in limb initiation (Minguillon

et al. 2005, 2009). Tbx4 is one of the first genes known to

be expressed in the prospective pelvic fin/hindlimb region

during pelvic fin/hindlimb bud induction (Gibson-Brown

et al. 1996; Tamura et al. 1999; Ruvinsky et al. 2000). In

jawed vertebrates, Tbx4 is expressed in the developing pel-

vic fin/hindlimb just before and during the pelvic fin/hind-

limb bud induction stages (Gibson-Brown et al. 1996;

Tamura et al. 1999; Ruvinsky et al. 2000). Tbx4 and its fore-

limb counterpart Tbx5 have been shown to share a tran-

scriptional activator site which has been suggested to be

responsible for the shared limb initiation activity of these

genes (Ouimette et al. 2008). Under normal conditions,

Tbx4 activity leads to the initiation of Fgf10 signalling in

the bud mesoderm and the subsequent establishment of

the FGF positive signalling feedback loop between the bud

mesenchyme and the overlying ectoderm (see later) (Fig. 9).

Mouse and chick studies have found that Tbx4 is necessary

for proper hindlimb bud induction and subsequent hind-

limb outgrowth (Naiche & Papaioannou, 2003, 2007; Takeu-

chi et al. 2003). Conditional mice knockout models have

shown that a loss of Tbx4 activity results in a drastically

reduced hindlimb bud which fails to complete limb bud

induction, while overexpression of a dominant negative

form of Tbx4 in the prospective hindlimb fields of chick

embryos results in a complete legless phenotype (Naiche &

Papaioannou, 2003, 2007; Takeuchi et al. 2003).

Fig. 9 A simplified version of some of the key genes involved in pelvic

fin/hindlimb development. It should be noted that some of these

genes have not yet been investigated in pelvic fins. Both Hoxd9a and

Hoxc10a have been shown to be involved in the positioning of the

pelvic appendage in amniotes and teleosts. Wnt8c has the ability to

induce ectopic hindlimbs in chick. The hindlimb identity genes Tbx4

and Pitx1 have both been shown to play roles in hindlimb specification

and initiation. A positive feedback loop between Fgf10 in the meso-

derm, Fgf8 in the apical ectoderm and Shh in the ZPA controls the

outgrowth and patterning of the pelvic appendage.
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In addition to Tbx4 signalling, it is possible that the hind-

limb-related gene Pitx1 may play an important role in hind-

limb/pelvic fin bud induction. In tetrapods, Pitx1 is neither

necessary nor sufficient for hindlimb bud induction, as Pitx1

null mice possess small hindlimbs and Pitx1 misexpression

cannot induce ectopic hindlimbs (Lanctot et al. 1999; Szeto

et al. 1999; Minguillon et al. 2005)(Fig. 8A and B). However,

Pitx1 is known to partially regulate Tbx4 in developing

hindlimb buds, as Pitx1 knockout mice display reduced Tbx4

expression (Lamonerie et al. 1996; Lanctot et al. 1999). Pitx1

is thought to regulate Tbx4 via a Tbx4 upstream enhancer

region in tetrapods (Menke et al. 2008). Tetrapods have

two Tbx4 enhancer regions, 5′ HLEA and 3′ HLEB, and only

the 3′ HELB is conserved in fish (Menke et al. 2008). Only

the 5′ HLEA has Pitx1 putative binding sites and it is

thought that in tetrapods, Pitx1 regulates Tbx4 expression

through this enhancer region (Menke et al. 2008). It

remains to be determined whether Pitx1 regulates Tbx4

expression in fish, as it is unknown if the 3′ HLEB enhancer

region interacts with Pitx1.

In contrast to mouse hindlimbs, pelvic fin bud induction

in teleosts seems to be dependent on Pitx1 activity. It has

been shown that the absence of Pitx1 activity in the pro-

spective pelvic regions of certain populations of threespine

sticklebacks is linked to the failure of pelvic spine formation

at an early stage (Cole et al. 2003; Shapiro et al. 2004)

(Fig. 8C and D). The absence of Pitx1 activity and subse-

quent failure of pelvic spine development has been attrib-

uted to regulatory mutations deleting a tissue-specific

enhancer of Pitx1, which causes specific pelvic region loss of

Pitx1 expression in certain populations of threespine stickle-

backs (Chan et al. 2010). Due to the differences in morphol-

ogy that loss of Pitx1 in tetrapods and teleost causes, it

seems possible that Pitx1 plays a slightly different role in tel-

eost pelvic fin development than it does in amniote hind-

limb development. It would be of great interest to examine

the role of Pitx1 in the induction of hindlimbs in other ver-

tebrates situated phylogenetically between teleosts and

amniotes.

Outgrowth

The growth from a bulge in the body wall to a bud that

grows out independently is a critical step in limb develop-

ment and involves interaction between the three main

signalling centres; the AER, the zone of polarising activity

(ZPA) and the non-ridge ectoderm. These signalling centres

are conserved in jawed vertebrates, are interdependent and

are established early through communication between the

limb/fin bud mesoderm and the overlying ectoderm.

The establishment of the apical ectodermal ridge

The establishment of an AER is essential to the develop-

ment of amniote hindlimbs and teleost pelvic fins. The AER

is a thickened layer of ectodermal cells at the distal tip of a

developing limb/fin bud (Fig. 10). In the forelimb/pectoral

fin, specific gene expression in the dorsal and ventral ecto-

derm is thought to induce the distal limb ectoderm to

become ridge-like (see Fernandez-Teran & Ros, 2008 for a

detailed review; Hatta et al. 1991; Norton et al. 2005). It

remains unknown whether a similar process occurs in hind-

limbs and pelvic fins and additional experiments are

needed. However, in hindlimbs it is known that as the

developing hindlimb bud reaches a sufficient size, Tbx4 sig-

nalling triggers Fgf10 expression in the mesenchyme of the

bud, which in turn is necessary to activate Fgf8 expression

in the overlying ectoderm (see Fernandez-Teran & Ros, 2008

for a detailed review). In developing amniote hindlimb

buds, mesenchymal Fgf10 signals to Fgf8 in the overlying

ectoderm via wnt3a (chick) or wnt3 (mouse) (Barrow et al.

2003; Narita et al. 2005, 2007) (Fig. 9). In mouse, the ongo-

ing activity of Fgf8 in the AER is necessary for proper out-

growth of the hindlimb (Lewandoski et al. 2000; Moon &

Capecchi, 2000) (Fig. 11A).

Based on evidence from zebrafish pectoral fin develop-

ment, it is thought that similar Fgf signalling establishes the

pseudoapical ectodermal ridge in teleost pelvic fins. How-

ever, in contrast to mouse and chick, in the developing

zebrafish pectoral fin buds the expression of Fgf8 is not

observed until after the establishment of the AER (Fischer

et al. 2003). In fact, Fgf8 is not absolutely necessary for pec-

toral fin development, as the Fgf8 mutant zebrafish acere-

bellar develops normal pectoral fins (Reifers et al. 1998)

(Fig. 11B). Instead, in developing zebrafish pectoral fin

buds, expression of Fgf16 and Fgf24 is seen before the

expression of Fgf8 (Fischer et al. 2003; Nomura et al. 2006).

In addition, Fgf8 expression is dependent on Fgf16 activity

(Fischer et al. 2003; Nomura et al. 2006). The zebrafish

mutant, ikarus, which has a point mutation in the coding

region of Fgf24, fails to develop pectoral fins which

A B

Fig. 10 Scanning electron microscopy of the

AER of a developing mouse hindlimb bud (A)

and a developing zebrafish pelvic fin (B)

(figure reproduced with permission from

Martin, 1990 and Don et al. 2011).
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demonstrate that Fgf24 is necessary for proper pectoral fin

outgrowth. However, Fgf24 is not necessary for pelvic fin

development, as ikarus mutants develop normal pelvic fins

(Fischer et al. 2003).

AER maintenance

Despite the differences in morphology, studies of teleosts,

amphibians and amniotes have shown that the formation

and maintenance of an AER/pseudoapical ectodermal ridge/

apical thickening is necessary for proper hindlimb out-

growth and patterning along the proximal distal axis. As

the limb bud grows outward, the ridge maintains a zone of

undifferentiated mesenchymal cells at the distal tip of the

bud, whereas the more proximal cells differentiate. The role

of the ridge in promoting limb bud outgrowth was first

demonstrated in chick embryos. It was shown that when

the ridge is cut away, limb bud outgrowth ceases and a

truncated limb develops (Saunders, 1948). Unlike teleosts

and amniotes, direct developing frogs, such as the treefrog

(Eleutherodactylus coqui), lack a morphological AER, but do

have an apical ectodermal thickening that is necessary from

proper limb patterning, as its removal results in anterior

defects in skeletal patterning (Richardson et al. 1998). How-

ever, the defects seen are not as severe as those seen in

amniotes, which may be due to the ability of the apical

thickening of amphibians to regenerate (Tschumi, 1957;

Richardson et al. 1998; Stopper & Wagner, 2005).

The AER and the ZPA

While AER maintenance requires continuous positive Wnt

and Fgf signalling between the mesoderm and the overly-

ing ectoderm, another feedback loop involving the ZPA is

also necessary for proper AER maintenance and outgrowth.

The ZPA is a group of cells located in the posterior mesen-

chyme of the developing hindlimb bud that express Shh

(Saunders & Gasseling, 1968; Riddle et al. 1993). This

domain of Shh is conserved between the developing hind-

limb/pelvic fin buds of many jawed vertebrates, including

mouse, chick and zebrafish (Echelard et al. 1993; Krauss

et al. 1993; Roelink et al. 1994; Don EK & Cole NJ,

unpublished). However, the evolutionary origin of the ZPA

remains unclear, as studies by Tanaka et al. (2002), Dahn

et al. (2007) and Yonei-Tamura et al. (2008) have shown

key spatial and temporal differences in Shh expression in

cartilaginous fish from those found in tetrapods and teleo-

sts. In cartilaginous fish (Chondrichthyes), Shh expression is

only seen during later stages of post-budding pelvic fin

development and the expression domain does not map to

the ZPA of the developing pelvic fins (Tanaka et al. 2002;

Dahn et al. 2007; Yonei-Tamura et al. 2008).

Development of the muscles of the pelvic fins/

hindlimbs

Recently, the development and evolution of the muscula-

ture of the pelvic fin/hindlimb has been examined in several

species occupying key phylogenetic positions (Cole et al.

2011). In amniotes, amphibians and the pectoral fins of

bony fish, the limb and pectoral fin muscles are generated

by limb myoblasts which are derived from the migration of

mesenchymal precursor cells (Nicolas et al. 1998; Neyt et al.

2000; Satoh et al. 2005; Vasyutina & Birchmeier, 2006; Sabo

et al. 2009). These cells, under the direction of Lbx

de-laminate from the hypaxial region of the hindlimb-level

somites and migrate to the developing hindlimb mesen-

chyme (Nicolas et al. 1998; Satoh et al. 2005; Vasyutina &

Birchmeier, 2006; Sabo et al. 2009) (Fig. 12A).

In contrast, within chondrichthyan species, the pectoral

and pelvic fin muscles are formed by a migrating epithelial

bud tipping a direct myotome extension (Neyt et al. 2000

and references within). The migrating epithelial buds

extend ventrally from the myotome and enter the develop-

ing fin mesenchyme to generate the paired fin muscles. This

mechanism is not under the control of Lbx as no expression

of Lbx is seen during this process (Neyt et al. 2000; Cole

et al. 2011) (Fig. 12C).

A distinct process which incorporates both primitive and

derived characteristics of vertebrate appendicular muscle

formation has been described in the pelvic fins of bony fish

(Cole et al. 2011). A recent study by Cole et al. (2011)

showed that in zebrafish, paddlefish and lungfish pelvic

fins, an epithelial myotomal extension tipped by an epithe-

lial bud, extends towards the pelvic fin bud but fails to enter

the developing mesenchyme of the pelvic fin bud. Instead,

the pelvic fin muscle precursors are carried ventrally by the

myotome extension and, once in position, undergo an epi-

thelial–mesenchymal transition. These cells are then induced

to express Lbx and migrate into the finmesenchyme to form

the individual pelvic fin muscles (Cole et al. 2011) (Fig. 12B).

This mode of muscle formation represents an important

step in the evolution of the tetrapod hindlimb muscle

A

B

Fig. 11 Skeletal preparations of hindlimbs of wild-type and Fgf8 null

mice (A) and wild-type and Fgf8 mutant zebrafish pectoral fins (B).

While the hindlimbs of Fgf8 null mice have skeletal outgrowth defects,

the pectoral fins of Fgf8 mutant zebrafish develop normally (figure

reproduced with permission from Lewandoski et al. 2000 and Reifers

et al. 1998).
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developmental mechanisms which evolved during the oste-

ichthyan radiation. By adopting a more derived mode of

pelvic fin muscle formation, the pelvic fin could be located

anywhere in the dorsoventral body axis, as well as allowing

for earlier deployment of muscle precursors to the pelvic fin

environment, both of which may have facilitated the devel-

opment of more robust, weight-bearing hindlimbs.

The later stages of development of muscles of the hind-

limbs of tetrapods are thought to be under the influence of

Pitx1 and Tbx4. If Tbx4 activity is absent during later stages

of hindlimb development, there is no effect on the out-

growth of the limb skeleton but muscle patterning is

affected (Hasson et al. 2010). Although, an absence of Tbx4

expression affects hindlimb muscle patterning, misexpres-

sion of Tbx4 in the developing forelimb does not confer

hindlimb-like morphologies to the muscles of the forelimb

(DeLaurier et al. 2006). It seems that Pitx1may play a greater

role in determining hindlimb-like muscle morphology, as

misexpression of Pitx1 in the forelimb of mice gives the mus-

cles more hindlimb-like morphologies (DeLaurier et al.

2006). Themechanisms of the later stages of development of

themuscles of the pelvic fins are yet to be investigated fully.

Pelvic fin/hindlimb loss

Hindlimbs and pelvic fins show a wide range of morpho-

logies from the legs of man to the modified pelvic fins

(claspers) of sharks. In addition, secondary loss of hind-

limbs/pelvic fins has occurred repeatedly throughout the

evolution of many different lineages, including mammals,

reptiles and fish. In some species, hindlimbs are completely

absent (Fugu), whereas in others, remnants remain

(pythons, whales) (Cohn & Tickle, 1999; Bejder & Hall, 2002;

Santini & Tyler, 2003; Tanaka et al. 2005). Further to this,

an asymmetry of pelvic fin loss is observed in other species,

such as stickleback and manatees (Bell & Orti, 1994; Cole

et al. 2003; Shapiro et al. 2004; Shapiro et al. 2006).

Pelvic fin loss is documented in one or more species of

92 teleostean families; the pelvic fin has been lost about 50

independent times, excluding multiple losses within fami-

lies (Nelson, 1993). Many freshwater populations of three-

spine sticklebacks have undergone pelvic spine (a modified

pelvic fin) loss, ranging from complete loss to asymmetric

loss, from an anadromous ancestor (Bell & Orti, 1994; Cole

et al. 2003; Shapiro et al. 2004). The genetic basis of pelvic

spine loss has been examined in freshwater Scottish and

freshwater Canadian populations of threespine sticklebacks

and has been determined to be caused by an upstream

pelvic region regulator of Pitx1 (Chan et al. 2010). Pelvic

fin loss in threespine sticklebacks was also shown to be

asymmetric, with greater reduction of the right than the

left (Cole et al. 2003; Shapiro et al. 2004). This right–left

asymmetry has been attributed to the partial functional

compensation of a closely related gene Pitx2, which is pref-

erentially expressed on the left side during development

(Shapiro et al. 2004). However, no Pitx2 transcripts were

detected in the pelvic regions of pelvic spine-deficient

threespine sticklebacks during pelvic spine development

stages (Cole et al. 2003). The same right–left asymmetry is

also seen in the hindlimbs of Pitx1 knockout mice and it

has been suggested that the right–left asymmetry seen in

the hindlimb remnants of manatees may also be due to

the same Pitx1/Pitx2 mechanism (Lanctot et al. 1999; Marcil

et al. 2003; Minguillon et al. 2005; Szeto et al. 1999; Shap-

iro et al. 2006).

In teleosts, different mechanisms account for pelvic fin

loss in different species. Adult pufferfish completely lack a

bony pelvic apparatus and display no evidence of pelvic fin

bud development (Santini & Tyler, 2003; Tanaka et al.

2005). The cause of pelvic fin loss in this species is thought

to be caused by an absence of late onset Hox gene expres-

sion, specifically Hoxd9a (Tanaka et al. 2005). Some popula-

tions of zebrafish have also undergone secondary hindlimb

loss. Pelvic finless zebrafish initiate pelvic fin development

and form mesenchymal bulges in the pelvic region but fail

to form a morphological pseudoapical ectodermal ridge

(Don et al. 2011). The pelvic fin buds then regress and no

pelvic fins or pelvic skeletal apparatus is present in the adult

fish (Don et al. 2011).

Secondary loss of hindlimbs has also occurred in many tet-

rapod lineages, such as snakes, lizards and cetaceans. All

limbless tetrapods are descended from limbed ancestors.

A

B

C

Fig. 12 Diagram of the different modes of fin/limb muscle formation.

(A) Amniotes and anurans use long-range migration of individual mes-

enchymal migratory myoblasts in both the fore- and hindlimbs for

limb muscle formation. Bony fish deploy this mode of fin muscle for-

mation in the pectoral fins. (B) Zebrafish utilise the long-range migra-

tion of individual mesenchymal migratory myoblasts from an epithelial

myotomal extension to make the muscle of the pelvic fin. (C) Chondri-

chthyans utilise the primitive mechanism of direct epithelial extension

to generate the muscle of pectoral and pelvic fins (figure reproduced

from Cole et al. 2011).
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Extant snakes have evolved from limbed ancestors, as

demonstrated by extinct snakes with hindlimbs, such as

Pachyrhachis problematicus, Haasiophis terrasanctus and

Podophis descouensi (Haas, 1980; Rieppel, 1988; Lee & Cald-

well, 1998; Coates & Ruta, 2000; Greene & Cundall, 2000;

Rage & Escuillié, 2000; Tchernov et al. 2000). In more primi-

tive snakes, such as pythons, a rudiment of a hindlimb bud

forms in the embryo (Cohn & Tickle, 1999). The early hind-

limb bud is initiated and begins to develop, but fails to con-

tinue outgrowth and a developed AER and ZPA are never

formed (Cohn & Tickle, 1999). After a series of experiments

demonstrating that the mesoderm of developing python

hindlimbs is capable of inducing both an AER and a ZPA in

chick limb buds, it was suggested that the cause of hindlimb

loss in pythons is due to changes in mesodermal Hox gene

expression (Cohn & Tickle, 1999). Whereas primitive snakes

initiate hindlimb development, more advanced snakes com-

pletely lack hindlimb buds (Cohn & Tickle, 1999). Similar to

hindlimb loss in primitive snakes, many limbless lizards also

initiate hindlimb development (Camp, 1923; Essex, 1927;

Gans, 1975; Presch, 1975). However, unlike primitive snakes,

the hindlimb buds of slow worms and green lizards do

develop an AER, which then regresses (Raynaud et al. 1974;

Raynaud, 1990).

Although all modern cetaceans lack external hindlimbs,

vestigial elements of the hindlimb skeleton can be found in

many adult cetaceans (Andrews, 1921; Howell, 1970). This is

possible because the embryos of modern cetaceans form

rudimentary hindlimb buds (Sedmera et al. 1997a,b; Bejder

& Hall, 2002 and references therein). The hindlimb buds of

whales develop an AER and progress to the condensation

stage, where vascular plexuses outline the condensations

for the digits and the nerves grow into the developing

hindlimb buds (Sedmera et al. 1997a; Bejder & Hall, 2002).

There is a correlation between the time the hindlimb buds

persist and the elements of the hindlimb skeleton that

remain (Andrews, 1921; Howell, 1970; Bejder & Hall, 2002).

To date, the genetic mechanism responsible for hindlimb

loss in whales is unknown. Early studies of developing spot-

ted dolphin described the hindlimb buds as having an

underdeveloped AER; however, more recent studies sug-

gest otherwise (Sedmera et al. 1997a; Thewissen et al.

2006). Recent data suggests that an AER is established in

the hindlimb buds of spotted dolphin embryos; however,

neither this structure nor Fgf8 expression is maintained

(Thewissen et al. 2006). In addition, Shh expression is

absent from the developing hindlimb buds and a ZPA is

not formed, which is thought to be due to the absence

of Hand2, an upstream regulator of Shh (Thewissen et al.

2006). It appears that many different genetic mechanisms

are responsible for secondary hindlimb loss. The discovery

of the mechanisms responsible for these cases of hind-

limb loss could yield many exciting new insights into the

evolution of hindlimb loss and hindlimb development in

general.

Conclusions

Fascinating new insights into the field of pelvic fin/hindlimb

developmental evolution have shed light on both develop-

mental and evolutionary mechanisms. Studies of the pelvic

fins/hindlimbs of model and non-model organisms in higher

and lower vertebrates have shown that hindlimb develop-

mental mechanisms are conserved throughout evolution

with species specific differences accounting for the varied

morphologies and functions observed. We now know more

than ever before about the evolution of hindlimb develop-

mental mechanisms and are at a point that we can readily

compare organisms.
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