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Abstract

‘Evo-devo’, an interdisciplinary field based on developmental biology, includes studies on the evolutionary pro-

cesses leading to organ morphologies and functions. One fascinating theme in evo-devo is how fish fins evolved

into tetrapod limbs. Studies by many scientists, including geneticists, mathematical biologists, and paleontolo-

gists, have led to the idea that fins and limbs are homologous organs; now it is the job of developmental biolo-

gists to integrate these data into a reliable scenario for the mechanism of fin-to-limb evolution. Here, we

describe the fin-to-limb transition based on key recent developmental studies from various research fields that

describe mechanisms that may underlie the development of fins, limb-like fins, and limbs.
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Introduction

Vertebrates that have adapted evolutionarily to aquatic or

terrestrial environments show characteristic phenotypic

changes. These characteristics include the adjustment of

biological calcium homeostasis (gills or parathyroid gland;

Okabe & Graham, 2004), breath control (swim bladder or

lung; Zheng et al. 2011), skull and body shape (streamlined

or flattened), structures for supporting the body (well

developed girdles and firm joints in terrestrials as an adjust-

ment to gravity; Matsuoka et al. 2005), and locomotive

organs (fins or limbs; Sordino et al. 1995). Vertebrates that

possess organs adapted for an aquatic environment are fish;

terrestrial ones are tetrapods.

Organs that share a common developmental origin and

evolutionary ancestry are defined as ‘homologous organs’.

Fish and tetrapods have many homologous organs, which

are sometimes altered for the organism’s adaptation to a

specific environment. The paired fins in fish and limbs in

tetrapods are a good example of homologous organs. They

were derived from locomotive organs in common ancestors

of vertebrates, and they share many developmental pro-

cesses and genetic networks. The limb bud, the embryonic

primordium of tetrapod limbs, develops to form a three-

dimensional pattern for the limb along three axes: the prox-

imo-distal (PD) axis, which is regulated by apical ectodermal

ridge (AER) signals such as Fgf8 and Wnt3a (Kengaku et al.

1998; Fernandez-Teran & Ros, 2008; Lu et al. 2008); the

antero-posterior (AP) axis, regulated by zone-polarizing

activity (ZPA) signals such as Shh (Harfe et al. 2004; Zeller

et al. 2009); and the dorso-ventral (DV) axis, controlled by

several ectodermal molecules such as Wnt7a and En1

(Loomis et al. 1998). For fin development, the formation,

maintenance, and function of the AER are as essential as in

limb development (Grandel et al. 2000), and Shh, expressed

in the posterior fin bud (Neumann et al. 1999; Yonei-Tamura

et al. 2008), functions in AP patterning (Dahn et al. 2007).

Although the vertebrate paired appendages are homolo-

gous and develop through similar genetic networks, fins

and limbs have obvious morphological differences. In fact,

it can be difficult to find corresponding elements between

the fin skeleton and limb skeleton in extant vertebrates.

Whereas the limb skeleton is composed of endochondral

bones (endoskeleton), the fin skeleton consists almost

entirely of fin rays (exoskeleton), with a poor underpinning

endoskeleton (Tamura et al. 2008). Because of the vast mor-

phological differences between fins and limbs, some regard

them not as homologous organs in the classical (morpho-

logical) sense but as organs with ‘deep homology’, which

means they arose by the modification of pre-established

genetic regulatory circuits (Shubin et al. 2009). In this

review, we clarify the morphological distinction between

fins and limbs, and present several possible candidate mech-

anisms for the differential developmental process. Fins and

limbs must have different developmental mechanisms that

generate their morphological characteristics, as well as

shared basic mechanisms for the initiation and outgrowth

of the appendage primordia.
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Materials and methods

Construction of Prx1-GFP transgenic fish

A 2.4-kb genomic sequence upstream of mouse prx1 (Suzuki

et al. 2007) was excised from pCS2-Mprx1-GFP3 vector using SalI

and HindIII, and was subcloned into the SalI and HindIII sites of

pBluescript SK+. To generate a Tol2 construct harboring the

insertion of Mprx1-GFP, T2AL200R150G (a kind gift from Dr.

Koichi Kawakami; Urasaki et al. 2006; accession no. AB262452)

was digested with XhoI and BamHI, and the XhoI-BamHI frag-

ment of Mprx1-GFP was inserted in pBluscript SK+ vector. Trans-

posase mRNA was synthesized as described previously

(Kawakami, 2004; Kawakami et al. 2004a). Tol2-based Mprx1-

GFP vector and transposase mRNA were co-injected into wild-

type fertilized eggs, and F1 embryos were analyzed under an

SP6 fluorescent microscope (Olympus) (Fig. 3).

In situ hybridization

Frem2a (accession no. BK006471) was isolated (an 894-bp frag-

ment) with the primers 5¢-ACCCTTTGAGTTGACCGTTG-3¢ and 5¢-
TCGTATTTCCCATCCGAGAG-3¢ using RT-PCR on 24-hpf embryos.

The RNA antisense probe was synthesized with T7 RNA polymer-

ase from the amplified frem2a clone following linearization by

SpeI. Whole-mount and section in situ hybridizations were per-

formed as described previously (Abe et al. 2007). For prepara-

tion of delicate cryosections, fixed embryos were soaked in

gelatin-embedded solution [fish gelatin (Sigma): 30% sucrose:

DDW = 3 : 2 : 1] for 6 h (Fagotto & Gumbiner, 1994; Suzuki

et al. 2010) (Fig. 4).

Anatomy of the fin and limb skeletons

Tetrapod limbs can be clearly divided into three domains:

stylopod, zeugopod, and autopod. The stylopod consists of

a single long bone (humerus ⁄ femur) and the proximal

epiphysis of the bone is articulated to the pectoral ⁄ pelvic

girdle. There are two long bones in the zeugopod (radius ⁄
tibia and ulna ⁄ fibula). The autopod includes many bone

elements that can be subdivided into carpal ⁄ tarsal bones,

metacarpal ⁄ metatarsal bones, and phalanges; the number

of bones varies among tetrapod taxa (Tamura et al. 2008).

The entire limb skeleton is endoskeleton (endochondral

bones), which is first formed as cartilage followed by

replacement with mineralized bone (see also the next

chapter).

The paired appendages of chondrichthyans (skates and

sharks), actinopterygians (paddlefish, sturgeons, amias,

gars, and teleosts), and sarcopterygian fish (lungfish and

coelacanths) are fins (pectoral ⁄ pelvic fins). In actinoptery-

gians, the fin skeleton can be divided into three domains:

proximal radials, distal radials, and fin rays (Grandel &

Schulte-Merker, 1998; Davis et al. 2004b) (Fig. 1). Four or

more proximal radials, which are columnar bones at the

proximal-most domain, are located distal to the pectoral ⁄
pelvic girdle. At the distal end of the proximal radials,

there is a line of pea-like distal radials. These two layers of

skeleton are formed as endoskeleton, like the limb skele-

ton, but they occupy only a small portion of the entire fin

structure. Thus, it is difficult to directly compare the skeletal

domains between fins and limbs. The major component of

the fin skeleton is the fin rays, located in the distal-most

domain. Fin rays are thin, paper-like structures supported

by rod-like bones (called lepidotrichia) radiating from the

distal end of the distal radials. The lepidotrichia form as

exoskeleton (membrane bone), in which mesenchymal cells

directly differentiate into mineralized bone tissue (Geraudie

& Landis, 1982; Landis & Geraudie, 1990).

Chondrichthyans, which are derived from a common

ancestor of actinopterygians and sarcopterygians, as well as

of tetrapods, are extant species in which the common

developmental processes and similar genomic sequences of

the fin and limb can be investigated. The skeleton of the

chondrichthyan fin consists of several cartilaginous ele-

ments, but their pattern only slightly resembles that in the

fin endoskeleton of actinopterygians; however, it still does

not correspond to any obvious subdivision of the tetrapod

limb (Dahn et al. 2007; Freitas et al. 2007; Yonei-Tamura

et al. 2008). The skeletal pattern of pectoral fins in the skate

is peculiar, and fin structures combine with the head at

later stages of development. Moreover, in the fin-ray region

of chondrichthyans, there are no minerarized bone ele-

ments, and the beams of the fin ray are composed of a col-

lagenous matrix filling (ceratotrichia; Goodrich, 1904). Thus,

comparative analyses of the skeletal pattern among extant

species seems insufficient to reveal the fin-to-limb transition

in evolution. However, fortunately, paleontological analy-

ses of the fossils of extinct sarcopterygian fish can fill in

many of the gaps.

Tetrapods are thought to have evolved from sarcoptery-

gian fish, with the fin-to-limb transition occurring during

this process. Many fossils of basal sarcopterygian fish have

been discovered and the skeletal pattern of their append-

ages provides invaluable evidence regarding the fin-to-limb

transition. Sauripterus, one of the most basal sarcoptery-

gian fish (Davis et al. 2004a), has a fin skeletal pattern simi-

lar to that of chondrichthyans. However, Eustenopteron

and Panderichthys, also sarcopterygian fish, have limb-like

sequential domains along the PD axis (Vorobyeva, 1992;

Cote et al. 2002). A recent study using CT scans revealed the

precise skeletal pattern of a Panderichthys fin (Boisvert

et al. 2008), showing that the pectoral fin endoskeleton of

Panderichthys consists of a humerus, radius, ulna, and distal

radial bones (meaning digit-like structures) along the PD

axis, as well as fin rays at the surrounding of the endoskele-

ton. Tiktaalik is considered to be the most tetrapod-like sar-

copterygian fish (Shubin et al. 2006). Unlike the fin skeleton

of Panderichthys, radial bones in Tiktaalik are articulated

with adjacent bones. The ulna articulates with the ulnare

and the intermediate, and the ulnare and the intermediate

joint with five proximal radial bones and three distal radial

bones.
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Fig. 1 Skeletal domains (patterns) in fins and limbs. The proximal end of the appendages is to the left in all pictures. (A–D) Pectoral fin skeletons

of the paddlefish (A), zebrafish (B), bamboo shark (C) and dogfish (D). In these actinopterygians (A,B) and chondrichthyans (C,D), there is a radial

domain (consisting of several radial bones, proximal to the red broken line) and a fin-ray region (lepidotrichia or ceratotrichia, distal to the red

broken line). (E–H) Pectoral fin skeletons of Sauripterus (E), Eustenopteron (F), Panderichthys (G), and Tiktaalik (H). These sarcopterygian fish have

the three parts of the endoskeletal domain (stylopod, zeugopod, and multi-patterned radial bones in the distal domain: roughly separated by blue

lines) and a fin-ray region (distal to the red broken line). (I–K) Forelimb skeletons of Acanthostega (I), chicken (J), and mouse (K). The distal-most

endoskeletal domain is the autopod domain (distal to the right blue line), and there is no fin-ray region. (A–C) were redrawn from Dahn et al.

(2007), (D) from an article (Yonei-Tamura et al. 2008), (E) and (I) from a review (Raff, 2007), and (F–H) from an article (Boisvert et al. 2008).
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Thus, sarcopterygian fish (Eustenopteron, Panderichthys,

and Tiktaalik) appear to possess incomplete versions of the

three endoskeletal domains (related to the stylopod, zeugo-

pod, and autopod), although they have unsettled skeletal

patterns, fin rays and no digits; they therefore have a fin-

limb mixture pattern. Taking this evidence together, the

process of fin-to-limb transition can be categorized into

four steps.

1. the formation of two proximal domains (stylopod, ze-

ugopod) that exist in sarcopterygian appendages but

not in actinopterygian fins;

2. the formation of the autopod region during the evo-

lution of sarcopterygian fish;

3. the determination of bone numbers in the append-

ages, including digit numbers;

4. loss of the fin ray, which happens not in the sarcop-

terygian fish appendage, but in the tetrapod limb.

Cellular origin of fin rays

The skeletal differences between fins and limbs arise not

only in pattern (domain) formation, but also in the process

of cell differentiation during bone maturation. The verte-

brate skeleton can be classified into cartilage and mineral-

ized bones, both of which are supporting tissues of the

body. Whereas cartilage is formed by mesenchymal conden-

sation and the subsequent deposition of collagenous

matrix, mineralized bones are formed by physiologic calcifi-

cation. In chondrichthyans, the fin skeletons consist of carti-

laginous bones and ceratotrichia (collagen fibrils). The fins

of other gnathostomes (actionopterygians and sarcoptery-

gians) mainly consist of mineralized bones in adults. The cal-

cification of mineralized bones comes about by one of two

formation processes: endochondral ossification and mem-

branous ossfication.

In endochondral ossification, cartilage is used as a tem-

plate or model for the final product. The chondrogenic cells

(chondrocytes) are replaced by osteocytes, starting with the

attachment of blood vessels to the middle of the cartilage

and invasion of osteoblasts toward both ends of the bone

(Hartmann & Tabin, 2000; Karsenty & Wagner, 2002; Maes

et al. 2010). The endoskeleton of tetrapod limbs and actin-

opterygian fins is formed by endochondral ossification. Fin

rays, by contrast, are formed by membranous ossification,

as are some craniofacial and clavicle bones; in this case, mes-

enchymal cells directly differentiate into osteoblasts with-

out a chondrogenic step. In fin-ray formation, collagenous

fibrils called actinotrichia are formed first; mesenchymal

cells then move along these fibrils and differentiate into

membrane bones called lepidotrichia (Grandel & Schulte-

Merker, 1998). In the evolution of tetrapods, the lepidotri-

chia of fin rays are lost in both the paired appendages and

the median fin rays (step 4 in the previous chapter); the lar-

vae of amphibians have a continuous line of median fin,

but the structure includes no bones (Tucker & Slack, 2004).

Therefore, a disorder of the skeletogenesis in membrane

bones in the whole trunk body may be related to the loss

of fin rays.

An interesting hypothesis for the cause of fin-ray loss dur-

ing the fin-to-limb transition was proposed by Hall (2005).

In this scenario, lepidotrichia are considered ‘neural crest-

derived ornaments’, and neural crest cells, which are the

originating cells of lepidotrichia in actinopterygian and sar-

copterygian fins, lose the ability to undergo skeletogenesis

in the fin rays of the paired and median appendages during

an evolutionary step in the fin-to-limb transition. There are

two types of cellular origin for skeleton: mesoderm (somitic

mesoderm or lateral plate mesoderm, LPM) and neural crest

cells. For example, tetrapod limb skeleton and actinoptery-

gian fin endoskeleton originate from LPM cells (Gibert et al.

2006), whereas odontoblasts in tooth organs and some

craniofacial bones are of neural-crest origin (Graham et al.

2004; Chai & Maxson, 2006). Thus, neural-crest cells can

contribute to membrane bone formation. In tetrapods,

neural crest cells do not contribute to bone formation in

the trunk region (Noden, 1978; Nakamura & Ayer-le Lievre,

1982), with some exceptions, such as in some shoulder gir-

dle bones (Matsuoka et al. 2005). In actinopterygians and

sarcopterygian fish, the neural crest-derived ornaments are

hypothesized, and the membrane bones in the fin rays are

proposed to originate from neural crest cells by analogy to

the membrane bone formation in the tetrapod head region

(Smith et al. 1994). In support of this idea, the dorsal fins of

larval amphibians and fish contain mesenchyme of neural

crest origin (Dushane, 1935; Bodenstein, 1952; Eisen &

Weston, 1993), and fin rays express some marker genes for

neural crest cells (Smith et al. 1994; Freitas et al. 2006).

In median fin development, however, some studies have

suggested that somite-derived cells are involved in the fin

rays of chondrichthyans (Neyt et al. 2000; Freitas et al. 2006;

Cole & Currie, 2007), and others suggested an LPM origin

for lateral fin rays (Schaeffer, 1987). Further analysis should

clarify the cellular origin of the lepidotrichia in fish fins and

its relationship to the changes in the developmental pro-

cesses between fins and limbs. Long-term cell tracing during

fin-ray formation is technically very difficult and has not

been reported, but recent transgenic techniques using ze-

brafish, medaka, and frogs (Gargioli & Slack, 2004; Deguchi

et al. 2009) should help us trace specific cell populations for

long periods.

A recent study examined the relationship between the

loss of fin rays and the genomic loss of the Actinodin (And)

family genes, which are involved in the construction of

actinotrichia (Zhang et al. 2010). The knockdown of And

genes causes the loss of actinotrich formation, followed by

failure in the migration of mesenchymal cells that form

lepidotrichia. Interestingly, And genes have not been found

in database searches of any tetrapod species (described in

Zhang et al. 2010). The final destination of mesenchymal

cell differentiation by the loss of And genes has not been
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reported; nevertheless, a disorder of actinotrich formation

might have triggered the loss of fin rays during the fin-to-

limb transition as suggested by Zhang et al. (2010).

Fin development and fin-to-limb evolution

Pattern formation in fin development

The four steps (as described in the ‘Anatomy of the fin and

limb skeletons’ chapter) involved in the fin-to-limb transi-

tion described above could have occurred successively, syn-

chronously, or independently. Step 4 is mainly a matter of

cell differentiation, as described in the ‘Cellular origin of fin

rays’ chapter, and the first three steps are related to pattern

formation during fin ⁄ limb development. The functions of

the developmental mechanisms underlying the differences

in morphology between fins and limbs should be as follows:

step 1, to determine the proximal region (stylopod and

zeugopod); step 2, to establish the autopod region; and

step 3, to determine the number of bones, e.g. the number

of digits. For all three steps, HoxA, HoxD, and Shh are

common but important factors in the basic mechanisms of

pattern formation in fins and limbs.

In limb development, PD patterning is mediated by

Meis1, Hoxa11, and Hoxa13, which are expressed sequen-

tially along the PD axis (Tamura et al. 1997, 2008; Mercader

et al. 1999; Zeller, 2010). Meis1 expression is restricted to

the most proximal region, equivalent to the stylopod, and

it functions in stylopod formation (Capdevila et al. 1999;

Mercader et al. 1999, 2000; Yashiro et al. 2004). For proxi-

mal domain formation (stylopod and zeugopod), a mutu-

ally exclusive boundary of Meis1 and Hoxa11 expression is

regulated by retinoic acid (RA) and AER signals (Cooper

et al. 2011; Rosello-Diez et al. 2011). Meis genes are also

expressed at the proximal-most region in the developing

pectoral fin bud of zebrafish (Waskiewicz et al. 2001), and

Hoxa9 and Hoxa10, which are also expressed in the proxi-

mal region of the fin bud, are co-localized within the

Hoxa11 ⁄ Hoxa13 expression domain (Grandel et al. 2000). In

chondrichthyan fins, however, the Meis1 expression domain

is distinct from the Hoxa11 ⁄ Hoxa13 expression domain

(Sakamoto et al. 2009). It is possible that the mechanism for

creating the boundary between the Meis1 and Hoxa11

expression domains is also involved in the proximal domain

(stylopod and zeugopod) formation of step 1, although the

function of Meis in fish fins remains unclear.

In the early stage of limb development, the Hoxa13-

expressing domain completely overlaps with the Hoxa11

domain in the limb mesenchyme, but these domains are

gradually separated from each other by the negative regu-

lation of Hoxa11 expression by Hoxa13. Hoxa11 is eventu-

ally expressed only in the zeugopod region, whereas

Hoxa13 expression becomes restricted distally, to the auto-

pod region, at later stages (Yokouchi et al. 1991; Nelson

et al. 1996; Stadler et al. 2001; Sato et al. 2007). Ectopic

expression of Hoxa11 in the autopod disrupts the formation

of a normal skeletal pattern (Mercader et al. 1999), and

ectopic expression of Hoxa13 in the zeugopod region causes

an abnormal skeletal pattern in that region (Yokouchi et al.

1995).

During patternless limb regeneration in adult Xenopus,

which gives rise to a spike-like shaft of bone instead of dig-

its, Hoxa11 and Hoxa13 are expressed in the regenerating

limb mesenchyme, but not in separated domains, along the

PD axis (Ohgo et al. 2010; Tamura et al. 2010), suggesting

that the appropriate expression pattern of these Hox genes

is related to the appropriate limb skeleton pattern in tetra-

pods as well. In the fin development of the actinopterygian

zebrafish, the fin buds express hoxa11b and hoxa13b,

whose expression domains overlap, and never separate

along the PD axis of the fin (Grandel et al. 2000; Metscher

et al. 2005). Consistent with expression patterns of the

Hoxa11 and Hoxa13 genes, the endochondral bones in the

fish fins derived from hoxa11b and hoxa13b double-posi-

tive mesenchyme do not correspond to any skeletal element

in tetrapod limbs. In chondrichthyan fins, Hoxa11 and

Hoxa13 are expressed in the same region but there is a

narrow region where Hoxa13 is expressed but not Hoxa11

(Sakamoto et al. 2009).

Collectively, these observations suggest that morphologi-

cal differences between fins and limbs are correlated with

the mechanisms for separating the expression domains of

hoxa11 and hoxa13 (Sordino et al. 1995) and this may have

been critical for step 2 in the fin-to-limb transition. Thus, it

is likely that differences between fins and limbs are associ-

ated with the expression pattern of meis1-hoxa11-hoxa13

along the PD axis. To our knowledge, there is no informa-

tion on hoxa expression in extant sarcopterygian fins; these

data will be important for understanding how the separa-

tion of hoxa expression is regulated, and what role it plays

in defining fins vs. limbs.

The 5¢Hoxd genes have been well analyzed as candidate

regulators of limb skeletal formation along the PD and AP

axes. These genes are expressed in the posterior region at

early stages of tetrapod limb development (the early phase

of 5¢Hoxd expression). The posterior-biased domains expand

anteriorly as limb development proceeds and at the late

phase, the expanded 5¢Hoxd domain comes to correspond

largely with the autopod region (Nelson et al. 1996; Zakany

& Duboule, 2007). In actinopterygians, the hoxd domain

never expands anteriorly and the genes continue to be

expressed in the posterior region of the fin bud (Sordino

et al. 1995; Grandel et al. 2000; Davis et al. 2007). These

findings suggest that the anterior expansion of 5¢Hoxd is

involved in the morphological changes from fins to limbs

(Shubin et al. 2009).

The evidence described above suggests that fish fins do

not possess the mechanism for step 2, but recent studies

show that developing fish fins may have at least partial

mechanisms for distal and late-phase Hox gene expression.
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Zebrafish hoxa13a and hoxa13b are teleost-specific dupli-

cated gene sets resulting from whole-genome duplication,

and their hoxa13a expression is restricted to the distal fin

mesenchyme at later stages of development (Ahn & Ho,

2008). The expression domain of the evx2 gene, which cor-

responds to the autopod region in the tetrapod limb, is

restricted to the posterior-distal region of the zebrafish fin

bud (Sordino et al. 1996; Tarchini & Duboule, 2006).

A tetrapod-like late-phase 5¢hoxd gene expression pat-

tern has been demonstrated in the developing zebrafish

(Ahn & Ho, 2008), paddlefish (Davis et al. 2007), and cat-

shark (Freitas et al. 2007). In tetrapod limb development,

the late-phase 5¢hoxd expression in the autopod is con-

trolled by a cis-regulatory element distinct from the early

phase regulator (Woltering & Duboule, 2010). In an inter-

species transgenic analysis, a green fluorescent protein

(GFP) reporter gene regulated by the late-phase enhancer

of mouse 5¢Hoxd genes was activated in a small portion of

the late-phase 5¢hoxd expression domain of the zebrafish

pectoral fin (Schneider et al. 2011). Schneider et al. (2011)

suggest that fins have a mechanism for late-phase 5¢Hoxd

expression that is insufficient for anterior expansion, and

the transformation into tetrapod limbs might have arisen

from a modification of conserved cis- and trans-acting

mechanisms of Hox regulation. Even early tetrapods (e.g.

Acanthostega and Ichthyostega) might have incomplete

mechanisms for regulating 5¢Hoxd expression in the auto-

pod, as suggested by Zakany et al. (1997), because they

show polydactyly in their limbs that looks like the pheno-

types of mutant mice with a loss of 5¢Hoxd function: e.g.

the Hoxd11 ⁄ 12 ⁄ 13-knockout mouse.

Shh is a morphogen for AP patterning in limb develop-

ment. Shh-deficient mice have limb buds with a tapered

shape: they become increasingly narrow along the AP axis,

resulting in severe abnormalities in the zeugopod (lack of

ulna) and autopod (only single-digit formation) (Litingtung

et al. 2002). In contrast, knockout mice of Gli3, a negative

regulator of Shh expression and function, have wide limb

buds and show polydactyly (te Welscher et al. 2002). Thus,

the relative width of the field for AP patterning in the limb

bud may determine the number of bones (Zhu et al. 2010)

and Shh appears to be involved determining the size of

the field as well as the skeletal identity along the AP axis.

Zhu et al. (2010) made an interesting prediction, based on

an in silico analysis, that the skeletal patterns of the fins in

sarcopterygian fish can also be explained by the relative

width of the AP-patterning field. Shh is known to be

involved in the patterning of developing fins (Dahn et al.

2007; Yonei-Tamura et al. 2008; Sakamoto et al. 2009) and

it is therefore possible that the mechanism for forming

limb pattern is not its tetrapod-specific function of Shh sig-

naling but a modification of a common function in deter-

mining the bone number of vertebrate appendages

(Fig. 2).

A
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Fig. 2 Model for diversification of the appendage skeleton: relationship between the AP width of the appendage primordia and the bone number.

(A–C) The number of digits (red) is regulated by AP determinants such as ZPA and AER. In mouse limbs, a deficiency of Shh (Litingtung et al.

2002) causes narrow limb buds and single digit formation (A), whereas normal-sized limb buds give rise to five digits (B). In contrast, a lack of Gli3

(te Welscher et al. 2002) leads to wider limb buds and polydactyly (C). (D) Diagram showing how limb-bud width relates to the type of

appendage skeleton in a variety of animals. The tapered arrow provides reference for the effect of limb-bud width on the appendage skeleton in

a tetrapod (chicken) embryo: Talpid2 mutants have wider limb buds, which cause extra digits to form, owing to ectopic expression of Shh. ZPA

removal results in narrower limb buds and fewer digits. To the left of the arrow are the names of extant fish (in blue) showing skeletal variations

that could be predicted to arise from narrow (top) to wide (bottom) fin buds. Note that chondrichthyans (e.g. shark, skate) have many more radial

bones than do actinopterygians (e.g. paddlefish, sturgeon). To the right (in green) the names of different sarcopterygian fish species are shown.

Among these fish, believed to be direct ancestors of tetrapods, appendage skeletal variations are species-specific. As described by Zhu et al.

(2010), the skeletal variations can be explained by the differences in limb-bud width along the AP axis.
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According to paleontological explanations of fossil evi-

dence that sarcopterygian fish had incomplete sets of limb

skeletal elements along the PD and AP axes, the develop-

mental mechanisms of limb skeletal formation, which could

be incomplete, may have provided the bases for the devel-

opment of fins in sarcopterygian fish. Embryological data

from fin development support this idea, as described above.

The complicated pattern of bones along the AP axis in the

distal fin of Panderichthys and Tiktaalik is still not equiva-

lent to digits or carpal bones. The skeletal patterning in

sarcopterygian fish seems to be more appropriate for stylo-

pods and zeugopods than for autopods. Autopod forma-

tion may have been hindered as well by fin-ray formation,

which is a fin-specific trait. As a characteristic difference

between fins and limbs, we cannot help but focus on the

loss of fin-ray formation (step 4). In the last section of this

A A′

B′

C′

D′

B

C

D

E

F

Fig. 3 Proportion, location, and orientation of the pectoral fin bud in zebrafish. (A–D) Developmental changes of the pectoral fin bud, visualized

using Mprx1-GFP transgenic fish (lateral view, anterior is to the left). The stage is shown at the top-right in hpf (hours post-fertilization). The

Mprx1 enhancer (5¢ upstream regulatory element of the Prx1 gene in mouse genome) was activated in the pectoral fin mesenchyme and

pharyngeal arch. See also Hernandez-Vega & Minguillon (2011) as a reference for the Mprx1 enhancer. GFP-fluorescence and bright-field images

are merged, and the shape of the fin bud is outlined in blue (A¢–D¢). (E) Visualization of the fin skeletal mesenchyme by Mprx1-GFP. High-

magnification view of the pectoral fin bud at 74 hpf in the Mprx1-GFP transgenic zebrafish. In the endoskeletal region, mesenchymal cells (ed,

endoskeletal disc; mm, migrating fin mesenchyme; sco, scapulacoracoid) show GFP fluorescence. cl, cleithrum bone. Scale bars: 200 lm (A–D);

100 lm (E). (F) Schematic representation of the orientation of the fin bud and proportions of the endo- and exo-skeletal regions. The orientation

of the pectoral fin bud changes drastically during fin development (Ant., anterior; Post., posterior; V, ventral; D, dorsal). Note that the lateral view

of the fin (also in A–D) always displays the ventral surface of the fin. Each fin bud is divided into the apical fold (AF) region (light blue) and

endoskeletal region (dark blue).
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article, we will further examine the developmental process

of the fin ray, focusing on a special epithelial structure, the

apical fold.

Apical fold formation in fin development

In zebrafish, the first visible difference between fin devel-

opment and limb development is the emergence of the api-

cal fold, the fin ray-forming envelope. The developing limb

bud contains a thick region (the AER) at the distal margin

of the ectodermal jacket that is essential for successive pat-

tern formation along the PD axis. The developing fin bud

also contains a functional AER structure at the apex of the

bud at an early stage (Norton et al. 2005); this fin AER soon

lifts and starts to elongate (Grandel & Schulte-Merker,

1998). This elongated structure, called the apical fold (AF),

is never seen in the limb bud, and continues to elongate

along the PD axis after the AER–AF transition (Dane &

Tucker, 1985) (Fig. 3). A similar structure can be seen in the

developing median fin, in which the AER forms transiently

and then is transformed into the median fin fold (MFF; Abe

et al. 2007). The AF and MFF are back-to-back sheets of epi-

dermis lined with double-layered basement membranes,

and mesenchymal collagenous fibrils, actinotrichia, form in

the space between these epidermal sheets during develop-

ment (Wood & Thorogood, 1984; Zhang et al. 2010).

Precursor cells of membrane bone invade the AF region,

move distally along actinotrichia, and differentiate into

lepidotrichia. Thus, the AF provides the space in which the

fin ray bones are made, and whether the AF exists, that is,

whether or not the AER–AF transition occurs, is thought to

be a key determinant for the difference between fins and

limbs (Thorogood, 1991). Thorogood (1991) proposed an

interesting model, the ‘clock model’, in which variation of

the endoskeletal pattern is caused by variation of the tim-

ing of the AER–AF transition; a less-patterned endoskeleton

is formed by short exposure to AER signals, and a limb-like

pattern is formed by longer exposure to AER signals than

that of the less-patterned skeleton. To verify this hypothe-

sis, we need to understand molecular functions of the AER

and AF.

The AER and AF have obvious structural and functional

differences. Frem ⁄ Fras family genes, which encode extracel-

lular matrix components and are involved in cell–cell adhe-

sion, are expressed in the AER ⁄ MFF (Gautier et al. 2008).

Frem2a is expressed in the AER of the early-stage fin. In the

AF, frem2a is expressed strongly in the distal region (as

strongly as in the early AER) and weakly in the proximal

region (the presumptive fin ray-forming region) (Fig. 4).

These observations suggest that the entire AF does not cor-

respond to the AER but that the distal AF may be equiva-

lent to the AER. Correspondingly, laminin a5, a basement

membrane-associated protein that is important for the tran-

sition from the AER to MFF, is strongly distributed at the

distal edge of the AF (Webb et al. 2007).

The AER marker genes in the limb bud wnt2b, dlx2,

dlx5a, sp8, and sp9, are also expressed in the AER and AF of

the fin bud (Neumann et al. 1999; Ng et al. 2002; Kawakami

A B

C D

C′ D′

Fig. 4 Frem2a mRNA in situ hybridization of the pectoral fin bud in zebrafish. (A,B) Frem2a is expressed in the apical fold (AF) of the pectoral fin

bud at 55 hpf (pink brackets). In the AF shown by a transverse section (green bracket), frem2a is strongly expressed in the distal edge but only

weakly in the proximal region. (C,D) At 69 hpf, the pectoral fin bud grows out distally, and the expression pattern of frem2a is still similar to (A)

and (B). A high-magnification view of the pectoral fin bud at 69 hpf is shown in (C¢). Schematic representation of the transverse section (D) of the

fin bud is shown in (D¢). Frem2a expression in the distal AF epidermis is stronger (dark purple) than in the proximal AF epidermis (light purple).
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et al. 2004b). The knockdown of sp8 and sp9 causes com-

plete loss of the fin bud (Kawakami et al. 2004b), suggest-

ing these genes are involved in AER ⁄ AF formation or

maintenance. Fgf signals are pivotal for fin outgrowth and

limb development, although the expression patterns of fgfs

are more complicated in the fin bud. Fgf24, which exists

A

C

B
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only in actinopterygian and chondrichthyan genomes, is

expressed in the fin mesenchyme (at fin initiation stages)

and then in the AER ⁄ AF (at fin outgrowth stages) (Fischer

et al. 2003). In the limb bud, no fgfs show this kind of trans-

ference of expression domain from the mesenchyme to the

epidermis. Fgf24 acts upstream of fgf10, and an fgf24

mutant (ikarus) exhibits complete fin loss with lack of fgf10

expression, indicating that Fgf24 acts like Fgf10 in limb

initiation (Draper et al. 2003; Harvey & Logan, 2006). More-

over, fgf24 is a member of the fgf8 ⁄ 17 ⁄ 18 subfamily and is

expressed in the AER ⁄ AF (Draper et al. 2003), indicating

that Fgf24 may also act like Fgf8 in limb outgrowth. In addi-

tion, some studies have shown that Fgf8 and Fgf4, crucial

AER factors for limb development (Sun et al. 2000; Mariani

et al. 2008), start to be expressed in the AF after the AER–

AF transition (Nomura et al. 2006; Jovelin et al. 2007). How-

ever, Fischer et al. (2003) reported that these genes are

expressed earlier, at the AER formation stage. In any case,

Fgf signals are important for fin development because fish

mutants of Ext2 [which acts in heparan sulfate proteoglycan

(HSPG) synthesis and is essential for Fgf10 signaling] (dackel)

and Fgf10 (daedalus) lack pectoral fins (Grandel et al. 2000;

Lee et al. 2004; Norton et al. 2005).

The function of the fin AER is being elucidated, as dis-

cussed in the overview above. To understand the functional

differences between the AER and AF, it is necessary to inves-

tigate the molecular networks associated with appendage

development, such as those involved in the ectodermal–

mesenchymal interaction. However, little is known about

the molecular mechanisms underlying the AER–AF transi-

tion or the AF function. Continuous events occurring before

and after the AER–AF transition make it difficult to distin-

guish experimentally the AF and AER functions at this time.

Although the clock model (the relationship between the

AER and skeletal pattern; Thorogood, 1991) and conven-

tional diagrams of Hox regulation (the relationship

between Hox and skeletal pattern; Metscher et al. 2005;

Schneider et al. 2011; Woltering & Duboule, 2010) comple-

ment each other, it should be noted how the AER ⁄ AF

directs the change of Hox regulation followed by transfor-

mation of skeletal pattern. Since fin-ray formation replaces

endoskeleton formation after the AER–AF transition, it is

possible that AF formation is an inhibitory factor or hin-

drance for outgrowth, patterning, and distal addition of

the endoskeleton along the PD axis in fin development.

We have integrated ideas proposed to explain the similar-

ities and differences between fins and limbs and explain

the fin-to-limb evolution from the viewpoint of develop-

mental process; ‘the repression mode of the AF (Fig. 5)’

bridging the clock model with gene expression (on the basis

of Sordino et al. 1995; Freitas et al. 2007). In this diagram,

we assume that the developmental mechanisms for the

limb endoskeletal pattern (the PD separation of HoxA

expression and AP expansion of 5‘HoxD expression) are dis-

continued by AF formation (AER-to-AF transition), even if

the mechanisms are latent in the fish fin. Given this assump-

tion, this mode hypothesizes that different timings of the

discontinuance of pattern formation produce the three

types of appendages: fins, limb-like fins, and limbs: (A) In

actinopterygians, fins are formed with less-patterned

endoskeleton along the PD axis as the late-phase develop-

mental mechanisms are shut off, because of the earlier

timing of the AER–AF transition. (B) In sarcopterygian fish

(Eustenopteron, Panderichthys and Tiktaalik) and chondri-

chthyans (shark and skate), the formation of limb-like fins

with proximal domains (stylopod and zeugopod) is regu-

lated by persistent AER functioning. Skeletal variations in

the zeugopod and autopod of limb-like fins are due to an

incomplete regulation of the PD patterning by HoxA and of

the AP expansion by 5¢HoxD. This incompleteness may also

be caused by the later timing of AF formation. (C) In tetra-

pods, the AF is never formed, allowing the limbs to develop

the endoskeletal pattern fully under the regulation of AER

signals. The loss of the AF coincides with the acquisition of

the autopod provided by the complete functions of HoxA

and 5¢HoxD. Hox proteins act to define the appendage

types on the macro-scale such as fins, limb-like fins, and

limbs, depending on the AF repression. The function of

Shh, on the other hand, is more homogeneous, with micro-

scale variations among fins, or among limb-like fins, or

Fig. 5 The repression mode of the AF. Morphological differences among fins, limb-like fins, and limbs are explained by a combination of

developmental mechanisms: separation of the Meis ⁄ HoxA11 ⁄ HoxA13 expression domains, the degree of 5¢HoxD late expansion, and the

occurrence and timing of the AER–AF transition. (A) In fin development in actinopterygians, the AER–AF transition occurs at early stages of

development, and fin mesenchyme starts differentiating into endoskeleton before the completion of successive change in the gene expression

domains (Grandel & Schulte-Merker, 1998). With this timing of transition, the Meis ⁄ Hoxa11 ⁄ Hoxa13 expressions overlap within a domain, and the

late phase of 5¢Hoxd regulation is not functional (Sordino et al. 1995; Grandel et al. 2000; Metscher et al. 2005). (B) In the limb-like fin

development of sarcopterygian fish, the AER–AF transition is speculated to occur later than in other fish (Thorogood, 1991). As a result, distinct

Meis ⁄ HoxA11 expression domains occur, resulting in formation of the stylopod. When the AER–AF transition occurs, the separation of the

HoxA11 ⁄ HoxA13 domains is still incomplete, and the 5¢HoxD domain is posteriorly restricted (Shubin et al. 2009; Woltering & Duboule, 2010;

Schneider et al. 2011), resulting in the formation of a zeugopod and dwarfish autopod without any digits (Cote et al. 2002; Shubin et al. 2006;

Boisvert et al. 2008). (C) In the limb development of tetrapods, the AF does not form, and the sustained AER promotes the proliferation of

undifferentiated mesenchyme (Guo et al. 2003). The expression domain of HoxA13 is separated from that of HoxA11 (Yokouchi et al. 1991;

Nelson et al. 1996; Stadler et al. 2001; Sato et al. 2007) and the late-phase 5¢HoxD domain is expanded along the AP axis, giving rise to a

complete set of autopod elements, including digits. In (A) and (B), the AF formed after the AER–AF transition represses any further progression of

molecular mechanisms in the endoskeletal region and discontinues the PD and AP patterning therein. Distal is to the right; anterior is to the top.
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among limbs, and variations in the Shh system are indepen-

dent of AF repression.

The repression mode of the AF can be adapted to all gna-

thostome appendages. Chondrichthyan fins can be classi-

fied as a variation of type (B) appendage, which has a

distinct domain of Meis1 expression, incomplete separation

of Hoxa11 and Hoxa13 expression domains (Sakamoto et al.

2009), anterior expansion of 5¢HoxD late-phase expression

(Freitas et al. 2007) and skeletal similarity as seen in the fins

of sharks and Sauripterus. Extant crossopterygian (coela-

canth and lungfish) fins show too complicated a skeletal

pattern to ascertain which types of appendages they should

be classified into; for example, the fin endoskeleton of the

lungfish consists of a PD series of endoskeleton elements

(Johanson et al. 2007) and looks like the hyperphalangy of

dolphin or whale limbs, formed by a long exposure to AER

signals (Richardson & Oelschlager, 2002). Indeed, the AER–

AF transition in lungfish fins is a slow process that includes

halfway stages in which the AER and AF co-exist (Hodgkin-

son et al. 2009). Johanson et al. (2007) suggest that the late

phase of hoxd13 expression in the lungfish fin looks like

that in tetrapod limbs. Thus, this pattern may be classified

as (B) in the repression mode of the AF.

Conclusion

Discoveries and analyses of the fossils of sarcopterygian fish

reveal clues to the mystery of the fin-to-limb evolutionary

step. With the help of these findings, the mechanisms under-

lying several types of appendage formation can be examined

further from a developmental biology viewpoint, including

the molecular networks (trans-acting factors) and ⁄ or gene

interactions (cis-regulatory elements) involved. Notable

achievements have been made in elucidating limb develop-

ment, and these studies shown that complex interactions of

Hox, Shh, AER signals, and other molecules are involved. In

addition, studies using classical microsurgeries and genetic

inducible knockdown ⁄ knockout technologies have also

provided clues about the mechanisms underlying skeletal

variation (Zeller et al. 2009). On the other hand, mutagene-

sis and gene knockdown analyses of fish fins have revealed

not skeletal variation but rather fin induction (Mercader,

2007). To confirm the repression mode of the AF and to

better understand how the differences among fins, limb-

like fins, and limbs arose, it will be important not only to

compare gene expression patterns but also to examine the

spatiotemporal effects of various molecules (e.g. Hox, Shh,

and Fgf) and fin-specific genetic relationships in fin devel-

opment, using microsurgery and transgenic studies (Asaka-

wa et al. 2008; Curado et al. 2008; Hans et al. 2011).
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