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While fore- and hindlimbs are commonly assumed to be serially homologous, the serial homology of the pectoral and pelvic girdles
is more ambiguous. We investigate the degree to which a common history, developmental program, and gene network are shared
between the girdles relative to the rest of the appendicular skeleton. Paleontological data indicate that pectoral appendages
arose millions of years before pelvic appendages. Recent embryological and genetic data suggest that the anatomical similarity
between the fore- and hindlimbs arose through the sequential, derived deployment of similar developmental programs and gene
networks, and is therefore not due to ancestral serial homology. Much less developmental work has however been published
about the girdles. Here, we provide the first detailed review of the developmental programs and gene networks of the pectoral
and pelvic girdles. Our review shows that, with respect to these programs and networks, there are fewer similarities between
pelvic and pectoral girdles than there are between the limbs. The available data therefore support recent hypotheses that the
anatomical similarities between the fore- and hindlimbs arose during the fin-to-limb transition through the derived co-option of

similar developmental mechanisms, while the phylogenetically older pectoral and pelvic girdles have remained more distinct since
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their evolutionary origin.

KEY WORDS: Development, embryology, forelimb, gene network, hindlimb, paleontology, pelvis, scapula.

The tetrapod appendicular skeleton is comprised of the fore-
and hindlimbs, and their respective pectoral and pelvic girdles
that connect the limbs to the body (Fig. 1). Fossil evidence
suggests that the origin of the pectoral girdle predates that of the
pelvic girdle by ~20 million years. Definitive pectoral girdle and
fin structures are first observed in fossil osteostracans (jawless
vertebrates closely related to gnathostomes, which are vertebrates
with jaws), dating to the Early Silurian (~430 million years
ago) (Coates 2003; Janvier 1996; Johanson and Trinajstic 2014;
Trinajstic et al. 2015). In contrast, pelvic girdle and fin structures
do not appear until the rise of fossil gnathostomes in the early
Devonian (~413 mya) (Zhu et al. 2012, 2013) (Fig. 2). Interest-
ingly, the first pelvic appendages (girdles + fins) were anatomi-
cally markedly different from the first pectoral appendages, which
were in general strongly anchored to dermal bones of the head or
cephalic region (Diogo et al. 2013; Zhu et al. 2012, 2013; Diogo
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and Ziermann 2015). The fin-to-limb transition that occurred
~40 million years later (e.g., Coates and Ruta 2007; Coates et al.
2008) is characterized by a similar pattern in the sense that the
evolution of a more tetrapod-like pectoral girdle preceded the evo-
lution of a more tetrapod-like pelvic girdle (Boisvert 2005; Clack
2009, 2012). The independence of pectoral and pelvic girdle
evolution suggests that pectoral and pelvic girdle morphogenesis
is regulated, to some degree, by distinct developmental controls.
However, it is possible that a similar (or single) developmental
module was independently recruited to generate the pectoral and
pelvic girdles at different times in tetrapod history, as is com-
monly assumed for the more distal elements of the appendicular
skeleton (Ouimette et al. 2010; Rabinowitz and Vokes, 2012).
Through the morphological diversification of their appendic-
ular skeleton, tetrapods were able to infiltrate almost every habi-
tat in the world, and develop a wide range of feeding and social
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Figure 1. The appendicular skeleton of tetrapods consists of girdle and limb elements, shown here for the mouse forelimb (A) and
hindlimb (C). Components of the pectoral and pelvic girdles that are mentioned in the text are shown for mouse on (B) and (D),

respectively.

\
\
|

osteostracans \

cyclostomes
galeaspids
antiarchs
arthrodires
acanthothoracids
|_ chondrichthyans
ischnacanthiforms
acanthodiforms
osteichthyans

I— climatiiforms

pelvic fin (inc. girdle)
pectoral fin (inc. girdle)

Figure 2. Phylogeny of early jawed vertebrates (gnathostomes),
illustrating the appearance of the pectoral fin and girdle before
the pelvic fin and girdle. Phylogeny and character placement from
Janvier (1996), Coates (2003), and Zhu et al. (2012).

behaviors (Bininda-Emonds et al. 2007; Clack 2009; Young et al.
2010; Kelly and Sears 2011a; Kemp 2005; Polly 2007; Sears
et al. 2011; Sanger et al. 2012). The skeletons of the fore- and
hindlimbs (i.e., stylopod, or arm/thigh; zeugopod, or forearm/leg;
and autopod, or hand/foot: Fig. 1) are commonly assumed to be
serially homologous structures under both a developmental and
historical (phylogenetic) definition (Wagner 1994). That is, it is
often assumed that these skeletons shared a common developmen-
tal program and gene network that was ancestrally present in the
last common ancestor of extant tetrapods (Ruvinsky and Gibson-
Brown 2000; Young and Hallgrimsson 2005; Norgard et al. 2009;
Rolian et al. 2009; Schmidt and Fischer 2009; Young et al. 2010),
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and that these structures arose from an ancestral duplication event
sometime in the history of the lineage (Wagner 1994). This is in
marked contrast to skeletal elements that display “derived simi-
larity”’/“nonserial homology,” in which the anatomical similarity
of skeleton elements is due to the derived co-option of similar
genes/developmental mechanisms at a time-point after their ini-
tial appearance, and not an ancestral, historical homology (Diogo
et al. 2013; Diogo and Tanaka 2014; Diogo and Ziermann 2014).

However, the degree to which the pectoral and pelvic girdles
of modern tetrapods also share a common developmental pro-
gram and gene network remains unclear. This has implications
for the morphological integration of these girdles and their ability
to evolve independently of one another to generate new morpholo-
gies (e.g., Marriog and Cheverud 2001; Young 2004; Goswami
and Polly 2010; Kelly and Sears 2011b; Parsons et al. 2012; Sears
et al. 2012). Moreover, it also has crucial implications for the un-
derstanding of gnathostome and tetrapod evolution. For instance,
it has been recently argued that the pectoral and pelvic girdles are
not serial homologs under a historical (phylogenetic) definition,
and that they, in fact, were and remained anatomically markedly
different since the origin of the paired appendages (Diogo et al.
2013; Diogo and Molnar 2014; Diogo and Tanaka 2014; Diogo
and Ziermann 2014, 2015). According to this logic, fish pectoral,
and pelvic fins were also not ancestrally serially homologous.
Not until the fin-to-limb transition did the derivatives of the pec-
toral and pelvic fins, the fore- and hindlimbs, develop a marked
anatomical similarity due to the independent (homoplastic, under
an historical definition), derived co-option of similar develop-
mental genes (Diogo et al. 2013; see below). In this review, we
analyze existing data on the evolution, development, and genetic
regulation of the pectoral and pelvic girdles and the fore- and
hindlimbs, with the goal of illuminating the degree to which a
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common developmental program and gene network exists among
the girdles relative to the rest of the appendicular skeleton.

Development of Pectoral and Pelvic
Girdles

The tissue and cellular origins of the pectoral and pelvic gir-
dles have been well investigated in various tetrapods, including
chicken, mouse, and axolotl (e.g., Huang et al. 2000, 2006; Rallis
et al. 2003; Matsuoka et al. 2005; Durland et al. 2008; Shearman
and Burke 2009; Valasek et al. 2010; Piekarski and Olsson 2011;
Shearman et al. 2011; Epperlein et al. 2012). With respect to the
pectoral girdle, studies generally agree that the scapula, in both
mouse and chick, is comprised of cells from at least two dis-
tinct progenitor, embryonic populations: the somatopleure (e.g.,
a layer of tissue comprising the ectoderm and the outer layer
of lateral plate mesoderm) and the dermomyotome (a region of
the somite or block of paraxial mesoderm). Both cellular pro-
genitor populations are located adjacent to the forelimb bud at the
brachio-thoracic axial level (Huang et al. 2000; Huang et al. 2006;
Durland et al. 2008). In the mouse, however, there is additional
evidence that migrating neural crest cells also contribute to parts
of the scapula (Matsuoka et al. 2005).

Studies have generally disagreed, however, on the degree to
which each cell type contributes to the pectoral girdle in different
species. For example, in the chick, mesodermal cells from the
somatopleure have been shown to form many structures of the
pectoral girdle (e.g., glenoid fossa, acromion, and scapula neck,
and spine, Fig. 1), while cells from the dermomyotome form some
of the scapula blade and proximal spine (Huang et al. 2000; Huang
et al. 2006; Shearman et al. 2011). In contrast, in the mouse, only
the most vertebral or medial edge of the blade arises from der-
momyotomal cells, while most of the scapula blade (including the
head and neck) derives from mesodermal cells of the somatopleure
(Durland et al. 2008; Valasek et al. 2010). These data, combined
with data from lineage tracing experiments suggesting that neural
crest cells also contribute to the mouse scapular spine, coracoid
process, and acromion (a situation that has not been observed
in the chick: Matsuoka et al. 2005), suggest that pectoral girdle
development in the mouse and the chick is markedly different.

The relationship of the scapula with its muscles, which is a
critical aspect of the integration between axial and appendicular
systems, also appears to differ between mouse and chick. In mice,
the primaxial muscles (e.g., rhomboids and levator scapulae) in-
sert mainly on the primaxial domain (i.e., toward the vertebral or
medial border) of the scapular blade (Valasek et al. 2010), while
in chick, the primaxial insertion is minor and there is extensive
insertion of primaxial muscles on the abaxial scapula (i.e., to-
ward the ventral or lateral border) (Shearman et al. 2011). These
findings highlight the plasticity embedded within the developing

Figure 3. Mouse skeleton showing the tissue sources of the pec-
toral and pelvic girdles and fore- and hindlimbs. All areas of the
pelvic girdle and fore- and hindlimbs derive exclusively from the
somatopleure (indicated with blue), while areas of the pectoral gir-
dle derive from only the somatopleure, only the dermomyotome
(indicated with red), and a combination of somatopleure and neu-
ral crest (indicated with yellow).

musculo-skeletal pectoral girdle, and the complexity of scapular
evolution.

In contrast to the pectoral girdle, the pelvic girdle, as well as
the skeletons of both fore- and hindlimbs, appear to derive solely
from mesodermal cells of the somatopleure (Chevallier 1977,
Malashichev et al. 2005; Pomikal and Streicher 2010) (Fig. 3).
Chick and quail tissue grafting experiments by Malashichev et al.
(2008) revealed that mesodermal cells within the somatopleure
directly give rise to all three parts of the pelvic girdle (ilium, is-
chium, and pubis, Fig. 1), and that somitic cells do not directly
contribute to the formation of the girdle (Malashichev et al. 2005).
Durland et al. (2008) corroborated these findings in mice using
cre-lox fate mapping, which revealed that the somatopleure pro-
vides mesodermal cells to the pelvis and proximal hindlimb.

In summary, existing embryological data suggest that the
pectoral and pelvic girdles derive, at least in part, from differ-
ing progenitor cell types, while the skeletons of the fore- and
hindlimb likely derive from the same type of progenitor cells. If
this is indeed the case, it suggests that development of the fore-
and hindlimb skeleton of tetrapods is more similar than that of
the pectoral and pelvic girdle. This scenario is consistent with the
Diogo et al. (2013) hypothesis that the anatomical similarity of
the skeleton and muscles of the fore- and hindlimbs is due to the
derived (i.e., occurred only at the origin of tetrapods) co-option
of similar genes/developmental mechanisms for the development
of pectoral and pelvic appendages, and not to an ancestral (early
gnathostome) serial homology (see above). This "derived simi-
larity"/"nonserial homology" scenario has also been supported by
studies of the early development and regeneration of the girdle
muscles and limb muscles of salamanders and frogs (Diogo et al.
2013; Diogo and Tanaka 2014; Diogo and Ziermann 2014). These
studies have shown that muscle regeneration and morphogenesis
is in general anatomically very similar in the fore- and hindlimbs,
and particularly in their zeugopodia and autopodia (as predicted
by the "derived similarity"/"nonserial homology" hypothesis), but
is markedly different in the pelvic and pectoral girdles (as also
predicted by this "nonserial homology" hypothesis) (Diogo et al.
2013; Diogo and Tanaka 2014; Diogo and Ziermann 2014).

EVOLUTION 2015 3
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Genetic Requlation of Pectoral
and Pelvic Girdle Development
in Modern Tetrapods

Relative to the fore- and hindlimbs, which have been model sys-
tems for developmental biology for some time (Saunders 1948;
Summerbell et al. 1973; Niswander et al. 1993; Cooperetal. 2011;
Sears 2011; Towers and Tickle 2009; Zeller et al. 2009), much less
is known about the genetic regulation of pectoral and pelvic girdle
development. For instance, no studies have compared in detail the
regulation and genetic networks associated with the development
of each respective girdle type, let alone on a broad taxonomic
level, which would include studies in fish. While these studies are
currently underway, developmental genetic assays in mouse and
tissue transplantation studies in chick have shed light on some of
the key molecular circuitry that controls pectoral and pelvic gir-
dle formation. In the context of the distinct developmental origins
of each girdle, it is anticipated that this genetic regulation will
reflect the complex independent histories of each girdle and the
cell populations that give rise to each.

PECTORAL GIRDLE
Pectoral girdle development requires the precise timing of gene
expression across multiple tissue types (i.e., dermomyotome, so-
matopleure, and neural crest) across gestational time-points (e.g.,
embryonic day (E) 9.5-13.5 in mouse) to coordinate cellular spec-
ification, proliferation, and differentiation into cell populations
that become patterned to form the specific functional compart-
ments of the scapula (e.g., anterior vs. posterior scapula blade,
spine, acromion, glenoid, Fig. 1). Yet, concurrently, there must
be highly coordinated gene regulation and control of cellular be-
havior to form a unified composite functional skeletal element.
Furthermore, in addition to genes expressed within direct cellu-
lar progenitors of the scapula, morphogenesis must also involve
signaling cues from various tissues that reside adjacent to each
component’s cellular progenitor to help coordinate scapula devel-
opment. All of these processes will reflect the complex evolution-
ary history of the pectoral girdle and its cellular progenitors.

Several genetic pathways with roles in the condensation and
patterning of the scapular blade have been identified in mice.
These include the hierarchical actions of the Pbx family of tran-
scription factors, Emx2, and Tbx5. Condensation and patterning
of the scapular blade in mice and chick is known to be impacted
by classic developmental signaling molecules from the Wnt, Fgf,
and BMP families. These factors and pathways act early during
somite formation and/or later during dermomyotome differentia-
tion/migration and somatopleure differentiation.

While little is known about the early mechanisms that shape
the formation of the more vertebral (i.e., medial) parts of the
scapula, it is understood that once dermomyotomal cells have been
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specified (i.e., become capable of differentiating autonomously
into a given cell type) as scapular progenitors in the somite that
they remain in an undifferentiated epithelial (e.g., membranous
tissue composed of one or more layers of cells) state. Wang et al.
(2005) has argued that in the chick Wnt signaling from the ecto-
derm is critical for keeping cells in this epithelial state and that
the loss of this signaling, which occurs normally in a cranial to
caudal sequence during somite formation, leads to progenitor cell
differentiation into mesenchyme (e.g., loosely organized, mainly
mesodermal tissues). This mesenchymal transformation is an ini-
tial step into forming the scapula blade as it leads to cell migration
from the dermomyotome into regions in the vicinity of the scapula
field (i.e., adjacent to the forelimb). During this transition, BMP
signals from the somatopleure also appear critical in directing
mesenchymal cells to the future scapula field where they express
Pax1, and form scapula blade condensations and then cartilages
(Wang et al. 2005). Once in the scapula field, the process of early
blade formation is additionally influenced by Wnt signaling in
the mesenchyme, as the loss of Wnr signaling in the chick seems
to directly downregulate key genes (i.e., Emx2, Hill et al. 2006)
involved in blade development.

Pathways intrinsic to the somatopleure also have an influ-
ence on early blade formation. 7hx5 is expressed in the mesoder-
mal cells of the somatopleure and its loss in mice may lead to
disrupted condensation and patterning cues via altered FgfI0 sig-
naling, which leads to the inability of scapula progenitors to form
the blade (Ng et al. 2002; Agarwal et al. 2003; Rallis et al. 2003).
Emx2, another transcription factor expressed in the mesodermal
cells of the somatopleure, is expressed before and regulates the
expression of Sox9, a critical factor required for the cellular con-
densation of girdle and limb derivatives, in mouse (Bi et al., 2001;
Pellegrini et al., 2001). Emx2 likely performs this role through
biochemical interaction with Pbx proteins, and the early cooper-
ation of Emx2 and Pbx proteins may lead to the condensation of
portions of scapula blade (Capellini et al. 2010).

Many of the genes discussed to this point have likely roles in
governing the early formation of the scapular blade. However, sev-
eral other genes, and complex genetic interactions among them,
have been demonstrated to influence later scapula blade develop-
ment in mice. These genes include Gli3, Alx3, Alx4, AlxI (for-
merly Cartl), and Thx15 (Kuijper et al. 2005), and are primarily
expressed in the mesodermal cells of the somatopleure. In most
cases, the experimental deletion of any one of these genes in mice
results only in minor scapula blade malformations. However, in all
cases thus far studied, their compound loss demonstrates that var-
ious genetic interactions are required for scapula blade patterning.
For example, Kuijper et al. (2005) presented beautiful evidence
on the complex compound genetic interactions among Alx1, Alx3,
Alx4, Gli3, and Tbx15 during scapula patterning in mouse, and
found that: (1) Tbx15 patterns the central scapular blade; (2) Gli3



PERSPECTIVE

is essential for posterior blade patterning; and (3) Alx/, Alx3, and
Alx4 interaction is necessary for anterior blade patterning. Each
of these patterning pathways is also controlled hierarchically by
Pbx genes via their coexpression in the somatopleure (Selleri et al.
2001; Capellini et al. 2010).

Mesodermal cells of the somatopleure also give rise to other
scapula structures in chick and mice such as the glenoid, coracoid
process, spine and acromion, components of the scapula neck,
head, and spine (Ehehalt et al. 2004; Durland et al. 2008). Several
molecular factors are known to play a role in their development in
mice and chick, including Hoxa$ (e.g., Aubin et al., 1997), Hoxc6
(e.g., Oliver et al. 1990), Paxl, Retinoic Acid Receptors, Emx2,
and Pbx (Oliver et al. 1990; Aubin et al. 1997; Vargesson et al.
1997; Capellini et al. 2010). Aubin et al. (2002) investigated the
interaction of Hoxa5 and Paxl during mouse scapular head and
spine formation and discovered that mutants lacking both Hoxa5
and Pax! display more severe spine and acromial defects than
mutants lacking only one of these genes. They argued that Hoxa5
may provide essential regional cues for acromion formation by
ensuring that Pax/ transcription is initiated properly. In addition,
Emx2 may help to pattern the spine and acromion in mice, and may
interact with Hoxc6 to pattern the scapula head of mice although
how this occurs remains unclear (Pellegrini et al. 2001). Pbx has
also been shown to help regulate the development of the scapula
head/neck (Selleri et al. 2001; Capellini et al. 2010).

PELVIC GIRDLE

In both mouse and chick, pelvic formation is believed to begin at
approximately the time of initial hindlimb bud outgrowth, when
mesodermal cells of the somatopleure are specified as pelvic pro-
genitors (Malashichev et al. 2005, 2008). This process leads to the
formation of presumably a single mesenchymal mass that receives
patterning cues and forms each part of the pelvis (Pomikal and
Streicher 2010). This process appears to occur a bit differently in
mice and chick (see below).

Relative to the scapula of the pectoral girdle, less is known
regarding the tissues that signal to the mesodermal portion of
the somatopleure to induce the formation of each pelvic element.
In chick, signals from the somites and overlying ectoderm are
important in inducing gene expression in the somatopleure and in
specifying the pelvic rudiments during initial hindlimb outgrowth
(Malashichev et al. 2008). Additionally, genes expressed in the
mesodermal portion of the somatopleure that likely specify all
three pelvic bones respond differentially to signals provided by
the ectoderm, because blocking these signals in the chick flank
leads to the differential loss of individual elements (Malashichev
et al. 2005).

Most of the known regulatory factors involved in pelvic
development have been revealed by the use of gene targeting in
mice. Accordingly, of the genes that regulate pelvic development,

most but not all appear to function in a limited fashion by influenc-
ing only anterior pelvic development (i.e., the ilium) or posterior
pelvic development (i.e., the pubis and ischium) (Capellini et al.
2011; Ttou et al. 2012). Only a few genes seem to influence the
development of the entire pelvis, such as the Pbx family members
(see below). However, to date, most genes have been shown to in-
fluence the formation of the ilium, a possible consequence of this
bone’s relatively larger size and the associated ease of recognizing
its dysmorphology. These genes include Emx2 (Malashichev et al.
2005, 2008; Pellegrini et al. 2001), Fgf10 (Sekine et al. 1999),
Lmx1-b (Chen et al. 1998), PitxI (Lanctot et al. 1999; Marcil
et al. 2003), PbxI-3 (Selleri et al. 2001; Capellini et al. 2006,
2011), Sox9 (Bi et al. 2001), Thx4 (A. Papaioannou, unpubl.
results), and ThxI5 (Lausch et al. 2008). Other genes appear to
influence pubis formation, such as AlxI, Alx3, and Alx4 (Kuijper
et al. 2005a,b), Cv2 (Ikeya et al. 2006), Fgfr2-111b (De Moerlooze
et al. 2000), Islet] (Itou et al. 2012), Msx1-2 (Lallemand et al.
2005), PbxI-3 (Capellini et al. 2006, 2011), PrrxI-2 (ten Berge
et al. 1998), Twistl (Krawchuk et al. 2010), and members of the
Whnt pathway (Lee and Behringer 2007). The very few genes that
have been identified that are expressed and/or influence ischium
development are Islet! (Itou et al. 2012), Pax! (Timmons et al.
1994; LeClair et al. 1999), and Pbx (Capellini et al. 2011). It
is important to note that, unlike their roles in scapula head/neck
and acromion formation, to date Hox transcription factors are not
believed to have major roles in pelvic development sensu stricto.

Similar to the pectoral girdle, Pbx genes hierarchically reg-
ulate pelvic formation in mice (Capellini et al. 2011). However,
whereas in the somatopleure of the pectoral field there are three
interacting Pbx family members (PbxI-3), in the somatopleure
of the pelvic field only Pbx] and Pbx2 are coexpressed. In addi-
tion to this expression difference, the manner in which the Pbx
genes pattern different parts of each girdle may be quite different.
For example, in the mouse early scapula field, loss of Pbx1 does
not result in absence of the blade, head, or neck, but rather only
causes slight scapula defects that become more exacerbated upon
concomitant loss of Pbx2 or Pbx3. These phenotypes are medi-
ated likely via Hox-dependent and Hox-independent interactions
(Capellini et al. 2010, 2011). In the early pelvic field, in contrast,
loss of PbxI in mouse typically results in the complete absence
of the ilium. Interestingly, with the compound loss of Pbx] and
Pbx2, mouse pubis and ischium elements also become reduced to
absent. These data suggest that the Pbx genes might regulate how
cells condense and differentiate into tissues in the pelvic but not
the pectoral girdle.

Pbx genes likely regulate pelvic girdle formation through
several genetic pathways. For example, Pbx genes regulate Emx2
and Sox9 in mice. As in chick and mouse scapula development,
Emx2 acts prior to Sox9 in the developing pelvic field. However,
unlike the situation in the scapula where loss of Emx2 or Sox9
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results in the reduction or absence of most if not all scapula com-
ponents, mice without Emx2 or with reduced Sox9 expression
exhibit defects that are primarily restricted to the ilium rather
than distributed across most pelvic domains (Bi et al. 2001;
Malashichev et al. 2008; Capellini et al. 2010).

Pbx genes also regulate other key pathways involved in
mouse scapula development, notably an anterior blade-patterning
pathway involving Alx1/3/4, a central blade-patterning pathway
involving Thx15 and a posterior blade-patterning pathway involv-
ing Gli3. However, these transcription factors do not appear to
play the same roles in pelvic formation. For example, mice lack-
ing both Alx/ and Alx4 exhibit a reduction or absence of the
pubis, but this reduction is not amplified by the concomitant loss
of Thx15 (Kuijper et al. 2005). This is different from their roles in
the pectoral girdle, where Alx and Tbx15 cooperate to pattern the
anterior scapula blade. Similarly, G/i3 cooperates with Thx15 to
control the formation of the posterior scapula blade in mouse, but
Gli3 seemingly has no role in pelvic girdle formation in mouse
(Kuijper et al. 2005).

Investigation into other genes, specifically involved in mouse
pubis and ischium development, highlight additional differences
in the genetic regulation of the scapula and pelvis. Mice lacking
both Prrx1 and Prrx2 lack a pubic symphysis but have a seemingly
normal scapula (ten Berge et al. 1998). Twist!] activity impacts the
presence of the pubis in mouse (Krawchuk et al. 2010) but not
necessarily the presence of scapula. Islet]/ expression impacts the
development of the mouse posterior pelvis (e.g., reduction/loss of
both the ischium and pubis) but does not impact scapula develop-
ment. Studies of mice with disrupted Pbx expression suggest that
Islet] and Pbx may influence pelvic development in parallel (Itou
et al. 2012), a situation that is not mirrored in the mouse scapula
where Pbx regulates the development of all scapular components.
In summary, studies suggest that only some of the genes with
known roles in pectoral girdle development also have roles in
development of the pelvic girdle, and vice versa; moreover, the
genetic and molecular roles of these few genes, of their interact-
ing partners, as well as of their functional tissue domains may be
quite different in the development of each girdle.

Gene Networks Underpinning

Pectoral and Pelvic Girdle
Development in Modern Tetrapods

While the networks (i.e., the collection of genes that interact
to govern gene expression) regulating limb development have
received increasing attention (Vokes et al. 2008; Bénazet et al.
2009; Rabinowitz and Vokes 2012), the networks regulating gir-
dle development remain less investigated. While we are currently
addressing this in the wetlab, for this review, we assembled
data from available genetic studies of pectoral and pelvic girdle
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Figure 4. Assembled gene networks for pectoral (A) and pelvic
(B) girdle patterning (and possibly initiation) in mice (for sources

see text). Arrows indicate promoting or repressive interactions
among genes, which may be direct or indirect. Genes in black text

with no shading are present and have similar functions in both
networks (40% of genes), genes in black text with gray shading
are present in both networks but may have different roles (20%
of genes), and genes in white text with dark shading are present
in only one network (40% of genes).

development in mouse (described above; McGonnell 2001;
Aubin et al. 2002; Kuijper et al. 2005a; Malashichev et al. 2005;
Matsuoka et al., 2005; Capellini et al. 2010; Capellini et al.
2011; Valasek et al. 2011; Itou et al. 2012; Hubler et al. 2013;
Matsumaru et al. 2013) and generated hypothetical gene interac-
tion networks for both of these structures (Fig. 4). We did this in
mouse because so much more is known about genetic interactions
in mouse relative to other model tetrapods, including chick. We
then compared the hypothetical gene interaction networks for
the mouse pectoral and pelvic girdle, and assessed the degree of
similarity relative to gene networks regulating mouse fore- and
hindlimb development assembled in prior studies (Rabinowitz
and Vokes 2012) (Figs. 5 and 6). While many of the genes
in these networks have been casually linked to morphogenetic
events, it is important to note that the exact roles of some network
components in limb morphogenesis remain unknown.

Results suggest that the gene networks that regulate pattern-
ing of the pectoral and pelvic girdle differ to a large degree, when
the number of genes that are present in both networks is used as
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Figure 5. Gene networks for the initiation of forelimb (A) and
hindlimb (B) development. Arrows indicate promoting or repres-
sive interactions among genes, which may be direct or indirect.
Broken arrows indicate gene interactions that differ in the fore-
and hindlimb networks. Genes in black text with no shading are
present and have similar functions in both networks (55% of
genes), and genes in white text with dark shading are present
in only one network (45% of genes). Adapted from Rabinowitz
and Vokes (2012).

the metric (Fig. 4). We identified 10 genes with a role in pec-
toral girdle development that could be placed in the network, and
10 genes for the pelvic girdle. Of the 10 genes in the pectoral
girdle network, fewer than half (4 of 10) are also present in the
pelvic girdle network. When coupled with the potentially differ-
ent functions of these genes (and the remaining 6/10), this finding
is consistent with the results of studies of the genetic regulation
of pectoral and pelvic girdle, which are discussed in the section
above.

In contrast, while the gene network regulating initial speci-
fication and outgrowth of the fore- and hindlimb fields differ in
many respects (Fig. 5), the networks regulating later stages of fore-
and hindlimb outgrowth and patterning are more similar (Fig. 6).
The networks regulating initial specification and outgrowth of the
fore- and hindlimbs share about half or slightly more than half
of their genes (three out of five for the forelimb and three out of
six for the hindlimb), while the networks regulating later stages
of fore- and hindlimb outgrowth and patterning share almost all
of their genes (27 out of 28 for the forelimb and 27 out of 29 for
the hindlimb). For the earlier acting networks, retinoic acid seem-
ingly only plays a role in the initiation of the forelimb network,
while Islet] only has a role in the hindlimb network (Rabinowitz
and Vokes 2012). Wnt and Fgf signaling also have important roles
in the initiation of both fore- and hindlimb outgrowth, but interac-
tions among these pathways differ to some degree in the fore- and
hindlimbs (Sekine et al. 1999; Takeuchi et al. 2003; Cooper et al.
2011). As mentioned in the previous section, 7hx5’s role in initial

outgrowth and patterning is limited to the forelimb, while Thx4
and Pitx!’s role is restricted to the hindlimb (Rodriguez-Esteban
et al. 1999; Takeuchi et al. 2003; Minguillon et al. 2005; Naiche
and Papaioannou 2007; Ouimette et al. 2010). The result of this
is that Thx4 and Pitx] only contribute to the hindlimb networks
for initiation (Fig. 4) and patterning (Fig. 5), while 7bx5 only
contributes to the forelimb networks. This is similar to the situa-
tion for the pectoral and pelvic girdle networks (Fig. 4). However,
beyond Thx4, Tbx5, and Pitx1, the gene networks regulating fore-
and hindlimb patterning and later outgrowth are virtually iden-
tical (i.e., share almost all of their genes) (Fig. 6), while those
regulating the patterning of the pectoral and pelvic girdles differ
to a large degree (i.e., share less than half of their genes) (Fig. 4).

General Discussion

Pectoral and pelvic appendages first appear in the fossil record at
different times, with the pectoral girdle and fin predating the pelvic
girdle and fin by millions of years. This suggests that these ap-
pendages did not arise through the simultaneous deployment of a
similar developmental program and gene network (see Diogo et al.
2013), that is by a true duplication/serial homology under an his-
torical definition (sensu Wagner 1994). However, the fossil data do
not exclude the possibility that the pectoral and pelvic appendages
arose through the sequential deployment of a similar developmen-
tal program and gene network (first for the pectoral appendage
and later for the pelvic appendage), that is these appendages may
be serially homologous under a developmental definition (sensu
Wagner 1994). If this is the case, then the embryonic tissue origins
of these appendages, as well as the genes and gene interactions
that regulate their development, are expected to be similar.

Tetrapod fore- and hindlimbs arise from the same tissue
source—the somatopleure. Mesodermal cells from the somato-
pleure also form the pelvic girdle, and contribute to the pectoral
girdle. However, as explained above there is a partial dermomy-
otomal contribution to the pectoral girdle in amniotes (mouse and
chicken: e.g., Shearman and Burke 2009; Shearman and Burke
2011) and amphibians (axolotl: e.g., Piekarski and Olsson 2011).
Thus, the embryological tissue origins of the fore- and hindlimbs
are clearly more similar to each other than are those of the pectoral
and pelvic girdles. This is consistent with the modern develop-
mental program and gene network of fore- and hindlimbs being
more similar than that of the pectoral and pelvic girdles. However,
it remains possible that the pectoral girdle initially formed from
only the mesodermal portion of the somatopleure, and dermomy-
otomal cells were incorporated later in the evolutionary history of
the structure.

Another difference between the tetrapod pectoral and pelvic
girdles is that neural crest cells contribute to the pectoral girdle
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Adapted from Rabinowitz and Vokes (2012).

(e.g., scapula blade, proximal scapula spine, coracoid process, and
acromion) in at least some tetrapods such as mice (Matsuoka et al.
2005). Some of these elements likely arose relatively recently in
tetrapod evolution (e.g., scapula spine), but others date to the ori-
gins of the pectoral girdle (e.g., scapula, coracoid) (McGonnell
2001). However, it is important to stress that no neural crest con-
tribution to the pectoral girdle has been reported for chick, and
that no neural crest contribution to pectoral girdle elements such
as the cleithrum has been reported in zebrafish (Kague et al.
2012.). Therefore, if the somitic and neural crest contributions to
the pectoral girdle are evolutionarily more recent, they must be
contributing at least in part to skeletal structures that existed pre-
viously. Another major difference between the pectoral and pelvic
girdles is that the former is the attachment point of head muscles
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(e.g., of the cucullaris group, which is a branchiomeric muscle,
derived from the posterior branchial arches: Diogo et al. 2015) in
all major groups of extant gnathostome fish, including the phy-
logenetically more basal group, the chondrichthyans (extant car-
tilaginous fishes) (Diogo and Abdala 2010; Diogo and Ziermann
2015). In fact, recent developmental studies of chondrichthyans
not only suggest that the pectoral girdle of early gnathostomes
was anatomically and functionally deeply associated with the
head, but also that the developmental mechanisms leading to the
formation of this girdle are strikingly similar to those leading to
the formation of the branchial arches (e.g., Gillis et al. 2009).

In regard to the genes and gene interactions that regulate
development of the appendicular skeleton, initiation of fore-, and
hindlimb development appears to differ substantially, while the
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subsequent patterning is very conserved. While relatively less
is known about the genetic regulation of girdle initiation, the
known genes and gene interactions that regulate pectoral and
pelvic girdle patterning differ greatly, with few genes regulating
patterning of both girdles. This is again consistent with the modern
developmental program and gene network of tetrapod fore- and
hindlimbs being more similar than that of their pectoral and pelvic
girdles. However, there have been far fewer studies of girdle than
limb development, and it is possible that the girdle genes identified
to date are not representative of the conservation of the network
as a whole. Furthermore, relatively little is also known about the
regulation of fore- and hindlimb identity. As more is learned about
this important topic it is possible that models of the gene networks
regulating fore- and hindlimb will become less similar. Therefore,
while current findings suggest that the developmental program
and gene network of fore- and hindlimbs are much more similar
than those of the pectoral and pelvic girdles, it is possible that the
magnitude of this difference will decrease with further study.

Taken together, existing fossil, embryological, and genetic
data suggest that while the initiation of fore- and hindlimb devel-
opment differs, patterning of these elements occurs through the
sequential deployment of a similar developmental program and
gene network. That is, although the muscles and at least some
of the bones of each of these limbs were acquired independently
and at different evolutionary times and cannot therefore be con-
sidered serially homologous under a historical definition (Diogo
et al. 2013), some of them might be considered serially homol-
ogous under a developmental definition. These conclusions are
consistent with recent studies that have shown that patterns of
Hox expression are similar in fish body appendages as diverse
as the pelvic, pectoral, and medial fins, genitalia, barbels, vent
(a medial structure that is analogous to a urethra), and sexual
claspers (Freitas et al. 2006; Archambeault et al. 2014). These
studies suggest that Hox patterns are probably part of an ancient
module that provided a shared genetic program that was co-opted
in the independent (homoplasic) formation of diverse structures,
supporting the idea that these structures represent evolutionary
parallelisms (i.e., "deep homology," that is in fact a subset of
homoplasy).

The situation for the girdles seems even more complex. The
findings of this review are consistent with three possibilities: (1)
less similar developmental programs and gene networks were ini-
tially recruited to form the pectoral and pelvic girdles (relative
to the fore- and hindlimbs, so this refers to evolutionary conver-
gence), (2) less similar developmental programs and gene net-
works were initially recruited, and these programs and networks
subsequently further diverged, possibly as a result of divergent
selective pressures (so this refers to evolutionary divergence),
and (3) similar developmental programs and gene networks
were initially recruited, but then these programs and networks

subsequently diverged. In support of the third possibility, some
aspects of the networks regulating pectoral and pelvic girdle
patterning are similar in modern tetrapods (e.g., Pbx function),
and the pectoral and pelvic girdles have experienced divergent
selective pressures at multiple times during their evolutionary
history (Kemp 2005; Clack 2009; Schmidt and Fischer 2009).
However, the two former possibilities do support the hypothesis
of Diogo et al. (2013) that both the anatomical similarity and the
similar developmental programs and gene networks of the fore-
and hindlimbs were acquired by homoplasy during the fin-to-limb
transition, while the phylogenetically older pectoral and pelvic
girdles were and remained more different anatomically and mor-
phogenetically since their evolutionary origin. Importantly, this
hypothesis is also supported by recent developmental and regen-
erative studies of the soft tissues of other modern tetrapod groups
such as amphibians and frogs (as described above), as well as
by recent anatomical studies of other tetrapods and of both car-
tilaginous and bony fish (Diogo and Molnar, 2014; Diogo and
Ziermann 2014).

Additional developmental and genetic studies of other tetra-
pod groups, and also of nontetrapod gnathostomes, are therefore
needed to distinguish among the three possibilities listed above,
and we hope that the present study will stimulate such studies.
Regardless of which possibility is ultimately supported, existing
data are consistent with development of the pectoral and pelvic
girdle being less integrated than that of the fore- and hindlimbs
in modern tetrapods. We plan to expand our research to include
comparative studies on the ontogeny, genetic regulation, and ge-
netic networks associated with the development of these girdles
in nontetrapod gnathostomes.

Conclusions

1. Pectoral and pelvic appendages appear in the fossil record at
different times, with the pectoral girdle and fin predating the
pelvic girdle and fin by millions of years. This is particularly
important because of all the structures considered to be part of
a serially homologous series, the pectoral/pelvic appendages
would be the only case in which one of these structures (the
pectoral appendage) appeared and remained alone for several
millions of years. In all other cases of serial homology there
has always been reported an original, simultaneous appear-
ance of at least two, and often many more, of these structures
(e.g., vertebrae, scales, teeth, hairs); which makes sense if the
structures are truly serially homologous.

2. The embryological tissue origins of the fore- and hindlimbs
are more similar than those of the pectoral and pelvic girdles.

3. Regulation of the initiation of fore- and hindlimb outgrowth
differs substantially, while that of the subsequent patterning is
very conserved.
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4. The known genes and gene interactions that regulate pectoral
and pelvic girdle patterning differ greatly, with few genes reg-
ulating patterning of both girdles.

5. The developmental program and gene network patterning the
fore- and hindlimbs are more similar than those patterning the
pectoral and pelvic girdles.

6. Existing data suggest that patterning of the fore- and hindlimb
occurred through the sequential (homoplastic) deployment of
a similar developmental program and gene network, and there-
fore that the fore- and hindlimbs are very likely not serially
homologous under an historical definition. That is, the fore-
and hindlimbs are not the result of a morphological duplica-
tion leading to similar structures, but are instead the result
of convergent transformations of structures that very likely
were originally also not similar to each other and also not
the result of a true duplication (i.e., the pectoral and pelvic
appendages, respectively). However, the fore- and hindlimbs
may eventually be considered to be serially homologues under
a developmental definition.

7. In contrast, existing data suggest that the developmental pro-
grams and gene networks of the phylogenetically older pec-
toral and pelvic girdles suggests three possibilities: they were
(1) initially less similar than those of the pectoral and pelvic
fins, (2) initially less similar and subsequently diverged, or
(3) initially equally similar but subsequently diverged. Im-
portantly, the two former possibilities are consistent with
the hypothesis that the pectoral and pelvic girdles were and
remained more different anatomically and ontogenetically
since their evolutionary origin. Additional studies, particularly
on the genetic regulation and genetic networks associated with
these girdles in fish, are needed to distinguish among these
possibilities and therefore to further test this hypothesis.

ACKNOWLEDGMENTS
Funding for this project was provided by the National Science Foundation
to K.E.S. (1257873).

LITERATURE CITED

Archambeault, S., J. A. Taylor, and K. D. Crow 2014. HoxA and HoxD
expression in a variety of vertebrate body plan features reveals an ancient
origin for the distal Hox program. EvoDevo 5:44.

Agarwal, P, J. N. Wylie, J. Galceran, O. Arkhitko, C. Li, C. Deng, R.
Grosschedl, and B. G. Bruneau 2003. Thx5 is essential for forelimb bud
initiation following patterning of the limb field in the mouse embryo.
Development 130:623-633.

Aubin, J., M. Lemieux, J. Moreau, F. J. Lapointe, and L. Jeannotte 2002.
Cooperation of Hoxa5 and Pax1 genes during formation of the pectoral
girdle. Dev. Biol. 244:96-113.

Bénazet, J. D., M. Bischofberger, E. Tiecke, A. Goncalves, J. F. Martin,
A. Zuniga, F. Naef, and R. Zeller 2009. A self-regulatory system of
interlinked signaling feedback loops controls mouse limb patterning.
Science 323:1050-1053.

10 EVOLUTION 2015

Bi, W., W. Huang, D. J. Whitworth, J. M. Deng, Z. Zhang, R. R. Behringer, and
B. de Crombrugghe 2001. Haploinsufficiency of Sox9 results in defective
cartilage primordia and premature skeletal mineralization. Proc. Natl.
Acad. Sci. USA 98:6698-6703.

Bininda-Emonds, O. R. P, J. E. Jeffery, M. R. Sanchez-Villagra, J. Hanken,
M. Colbert, C. Pieau, L. Selwood, C. ten Cate, A. Raynaud, C. K.
Osabutey, et al. 2007. Forelimb-hindlimb developmental timing changes
across tetrapod phylogeny. BMC Evol. Biol. 7:182-189.

Boisvert, C. A.2005. The pelvic fin and girdle of Panderichthys and the origin
of tetrapod locomotion. Nature 438:1145-1147.

Capellini, T. D., K. Handschuh, L. Quintana, E. Ferretti, G. Di Giacomo,
S. Fantini, G. Vaccari, S. L. Clarke, A. M. Wenger, G. Bejerano, et al.
2011. Control of pelvic girdle development by genes of the Pbx family
and Emx2. Dev. Dyn. 240:1173-1189.

Capellini, T. D., G. Vaccari, E. Ferretti, S. Fantini, M. He, M. Pellegrini,
L. Quintana, G. Di Giacomo, J. Sharpe, L. Selleri, et al. 2010. Scapula
development is governed by genetic interactions of Pbx/ with its family
members and with Emx2 via their cooperative control of Alx/. Develop-
ment 137:2559-2569.

Capellini, T. D., G. Di Giacomo, V. Salsi, A. Brendolan, E. Ferretti, D. Srivas-
tava, V. Zappavigna, and L. Selleri. 2006. Pbx1/Pbx2 requirement for
distal limb patterning is mediated by the hierarchical control of Hox gene
spatial distribution and Shh expression. Development 133:2263-2273.

Chen, H., Y. Lun, D. Ovchinnikov, H. Kokubo, K. C. Oberg, C. V. Pepicelli,
L. Gan, B. Lee, and R. L. Johnson. 1998. Limb and kidney defects in
LmxI1b mutant mice suggest an involvement of Lmx/b in human nail
patella syndrome. Nat. Genet. 19:51-55.

Chevallier, A. 1977. Origine des ceintures scapulaires et pelviennes chez
I’embryon d’oiseau. J. Embryol. Exp. Morphol. 42:275-292.

Clack, J. A. 2009. The fin-to-limb transition: new data, interpretations, and
hypotheses from paleontology and developmental biology. Annu. Rev.
Earth Planet Sci. 37:163-179.

Clack, J. A. 2012. Gaining ground, Second Edition: The Origin and Evolution
of Tetrapods (Life of the Past).

Coates, M. 1. 2003. The evolution of paired fins. Theor. Biosci. 122:266-287.

Coates, M. 1., and M. Ruta. 2007. Skeletal changes in the transition from
fins to limbs. Pp. 15-38 in B. K. Hall, ed., Fins into limbs: evolution,
development, and transformation. Chicago Univ. Press, Chicago, IL.

Coates, M. L., M. Ruta, and M. Friedman. 2008. Ever since Owen: changing
perspectives on the early evolution of tetrapods. Ann. Rev. Ecol. Evol.
Syst. 39:571-592.

Cooper, K. L., J. K. Hu, D. ten Berge, M. Fernandez-Teran, M. A. Ros, and C.
J. Tabin. 2011. Initiation of proximal-distal patterning in the vertebrate
limb by signals and growth. Science 332:1083-1086.

De Moerlooze, L., B. Spencer-Dene, J. M. Revest, M. Hajihosseini, I.
Rosewell, and C. Dickson. 2000. An important role for the IIIb isoform
of fibroblast growth factor receptor 2 (Fgfr2) in mesenchymal-epithelial
signalling during mouse organogenesis. Development 127:483-492.

Diogo, R., and V. Abdala. 2010. Muscles of vertebrates—comparative
anatomy, evolution, homologies and development. Taylor and Francis,
Oxford.

Diogo, R., R. Kelly, L. Christiaen, M. Levine, J. M. Ziermann, J. Molnar,
D. Noden, and E. Zahor. 2015. A new heart for a new head in vertebrate
cardiopharyngeal evolution. Nature 520:466—473.

Diogo, R., M. Linde-Medina, V. Abdala, and M. A. Ashley-Ross. 2013. New,
puzzling insights from comparative myological studies on the old and
unsolved forelimb/hindlimb enigma. Biol. Rev. 88:196-214.

Diogo, R., and J. L. Molnar. 2014. Comparative anatomy, evolution and ho-
mologies of the tetrapod hindlimb muscles, comparisons with forelimb
muscles, and deconstruction of the forelimb-hindlimb serial homology
hypothesis. Anat. Rec. 297:1047-1075.



PERSPECTIVE

Diogo, R., and E. M. Tanaka. 2014. Development of fore- and hindlimb
muscles in GFP-transgenic axolotls: morphogenesis, the tetrapod bau-
plan, and new insights on the forelimb-hindlimb Enigma. J. Exp. Zool.
B 322:106-127.

Diogo, R., and J. M. Ziermann. 2014. Development of fore- and hindlimb
muscles in frogs: morphogenesis, homeotic transformations, digit re-
duction, and the forelimb-hindlimb enigma. J. Exp. Zool. B 322:86—
105.

. 2015. Muscles of chondrichhtyan paired appendages: comparison

with osteichthyans, deconstruction of the fore-hindlimb serial homology
dogma, and new insights on the evolution of the vertebrate neck. Anat.
Rec. 298:513-530.

Durland, J. L., M. Sferlazzo, M. Logan, and A. C. Burke 2008. Visualizing
the lateral somitic frontier in the Prx1Cre transgenic mouse. J. Anat.
212:590-602.

Ehehalt, F., B. Wang, B. Christ, K. Patel, and R. Huang. 2004. Intrinsic
cartilage-forming potential of dermomyotomal cells requires ectoder-
mal signals for the development of the scapula blade. Anat. Embryol.
208:431-437.

Epperlein, H. H., S. Khattak, D. Knapp, E. M. Tanaka, and Y. B. Malashichev.
2012. Neural crest does not contribute to the neck and shoulder in the
axolotl (Ambystoma mexicanum). PLoS One 7:e52244.

Freitas, R., G. Zhang, and M. J. Cohn. 2006. Evidence that mechanisms
of fin development evolved in the midline of early vertebrates. Nature
442:1033-1037.

Gillis, J. A., R. D. Dahn, and N. H. Shubin. 2009. Shared developmental
mechanisms pattern the vertebrate gill arch and paired fin skeletons.
Proc. Natl. Acad. Sci. 106:5720-5724.

Goswami, A., and P. D. Polly. 2010. The influence of modularity on cranial
morphological disparity in Carnivora and Primates (Mammalia). PLoS
One 5:¢9517.

Hill, T. P., M. M. Taketo, W. Birchmeier, and C. Hartmann. 2006. Multi-
ple roles of mesenchymal beta-catenin during murine limb patterning.
Development 133:1219-1229.

Huang, R., B. Christ, and K. Patel. 2006. Regulation of scapula development.
Anat. Embryol. 211:65-71.

Huang, R., Q. Zhi, K. Patel, J. Wilting, and B. Christ 2000. Dual origin and
segmental organisation of the avian scapula. Development 127:3789—
3794.

Hubler, M., A. C. Molineaux, A. Keyte, T. Schecker, and K. E. Sears. 2013.
Development of the marsupial shoulder girdle complex: a case study in
Monodelphis domestica. Evol. Dev. 15:18-27.

Ikeya, M., M. Kawada, H. Kiyonari, N. Sasai, K. Nakao, Y. Furuta, and
Y. Sasai. 2006 Essential pro-Bmp roles of crossveinless 2 in mouse
organogenesis. Development 133:4463-4473.

Ttou, J., H. Kawakami, T. Quach, M. Osterwalder, S. M. Evans, R. Zeller, and Y.
Kawakami 2012. Islet] regulates establishment of the posterior hindlimb
field upstream of the Hand2-Shh morphoregulatory gene network in
mouse embryos. Development 139:1620-1629.

Janvier, P. 1996. Early vertebrates. Oxford Univ. Press, Oxford.

Johanson, Z., and K. Trinajstic. 2014 Fossilized ontogenies: the contribution
of placoderm ontogeny to our understanding of the evolution of early
gnathostomes. Palaeontology 57:505-516.

Jones, F. C., M. G. Grabherr, Y. F. Chan, P. Russell, E. Mauceli, J. Johnson,
R. Swofford, M. Pirun, M. C. Zody, S. White, et al. 2012. The genomic
basis of adaptive evolution in threespine sticklebacks. Nature 484:55-61.

Kague, E., M. Gallagher, S. Burke, M. Parsons, T. Franz-Odendaal, and
S. Fisher. 2012. Skeletogenic fate of zebrafish cranial and trunk neu-
ral crest. PLoS One 7:e47394.

Kelly, E. M., and K. E. Sears. 2011. Limb specialization in living marsupial
and eutherian mammals: An investigation of constraints on mammalian
limb evolution. J. Mammal. 92:1038-1049.

.2011. Limb integration in New World marsupials. Biol. J. Linn. Soc.
102:22-36.

Kemp, T. S. 2005. The origin and evolution of mammals. Oxford Univ. Press,
New York, N Y.

Krawchuk, D., S. J. Weiner, Y. T. Chen, B. C. Lu, E Costantini, R.
R. Behringer, and E. Laufer 2010. Tiist/ activity thresholds define
multiple functions in limb development. Dev. Biol. 347:133-146.

Kuijper, S., A. Beverdam, C. Kroon, A. Brouwer, S. Candille, G. Barsh, and
F. Meijlink. 2005. Genetics of shoulder girdle formation: roles of Tbx15
and aristaless-like genes. Development 132:1601-1610.

Kuijper, S., H. Feitsma, R. Sheth, J. Korving, M. Reijnen, and F. Meijlink.
2005. Function and regulation of Alx4 in limb development: complex
genetic interactions with G/i3 and Shh. Dev. Biol. 285:533-544.

Lallemand, Y., M. A. Nicola, C. Ramos, A. Bach, C. S. Cloment, and
B. Robert. 2005. Analysis of Msx1; Msx2 double mutants reveals multi-
ple roles for Msx genes in limb development. Development 132:3003—
3014

Lanctot, C., A. Moreau, M. Chamberland, M. L. Tremblay, and J. Drouin
1999. Hindlimb patterning and mandible development require the Prx/
gene. Development 126:1805-1810.

Lausch, E., P. Hermanns, H. F. Farin, Y. Alanay, S. Unger, S. Nikkel, C.
Steinwender, G. Scherer, J. Spranger, B. Zabel, et al. 2008. Thx15 muta-
tions cause craniofacial dysmorphism, hypoplasia of scapula and pelvis,
and short stature in Cousin syndrome. Am. J. Hum. Genet. 83:649—
655.

LeClair, E. E., L. Bonfiglio, and R. S. Tuan. 1999. Expression of the paired-
box genes Pax-I and Pax-9 in limb skeleton development. Dev. Dyn.
214:101-115.

Lee, H. H., and R. R. Behringer. 2007 Conditional expression of Wnt4 during
chondrogenesis leads to dwarfism in mice. PLoS One 2:e450.

Malashichev, Y., V. Borkhvardt, B. Christ, and M. Scaal. 2005. Differential
regulation of avian pelvic girdle development by the limb field ectoderm.
Anat. Embryol. 210:187-197.

Malashichev, Y., B. Christ, and F. Prols. 2008. Avian pelvis originates from
lateral plate mesoderm and its development requires signals from both
ectoderm and paraxial mesoderm. Cell Tissue Res. 331:595-604.

Marcil, A., E. Dumontier, M. Chamberland, S. A. Camper, and J. Drouin.
2003. Pitx] and Pitx2 are required for development of hindlimb buds.
Development 130:45-55.

Marriog, G., and J. M. Cheverud 2001. A comparison of phenotypic varia-
tion and covariation patterns and the role of phylogeny, ecology, and
ontogeny during cranial evolution of New World monkeys. Evolution
55:2576-2600.

Matsumaru, D., R. Haraguchi, A. M. Moon, Y. Satoh, N. Nakagata, K. I.
Yamamura, N. Takahashi, S. Kitazawa, and G. Yamada. 2013. Genetic
analysis of the role of Alx4 in the coordination of lower body and external
genitalia formation. Eur. J. Hum. Genet. 22:350-357.

Matsuoka, T., P. E. Ahlberg, N. Kessaris, P. Ianarelli, U. Dennehy, W. D.
Richardson, A. McMahon, and G. Koentges. 2005. Neural crest origins
of the neck and shoulder. Nature 436:347-355.

McGonnell, I. M. 2001. The evolution of the pectoral girdle. J. Anat. 199:189—
194.

Min, H., D. M. Danilenko, S. A. Scully, B. Bolon, B. D. Ring, J. E. Tarp-
ley, M. DeRose, and W. S. Simonet. 1998. Fgf-10 is required for both
limb and lung development and exhibits striking functional similarity to
Drosophila branchless. Genes Dev. 12:3156-3161.

EVOLUTION 2015 11



PERSPECTIVE

Minguillon, C., J. Del Buono, and M. P. Logan 2005. Thx5 and Thx4 are not
sufficient to determine limb-specific morphologies but have common
roles in initiating limb outgrowth. Dev. Cell 8:75-84.

Naiche, L. A., and V. E. Papaioannou 2007. Thx4 is not required for hindlimb
identity or post-bud hindlimb outgrowth. Development 134:93-103.

Ng, J. K., Y. Kawakami, D. Buscher, A. Raya, T. Itoh, C. M. Koth, C. Ro-
driguez Esteban, J. Rodriguez-Leon, D. M. Garrity, M. C. Fishman,
et al. 2002. The limb identity gene Thx5 promotes limb initiation by
interacting with Wnt2b and Fgf10. Development 129:5161-5170.

Niswander, L., C. Tickle, A. Vodel, 1. Booth, and G. R. Martin. 1993. FGF-4
replaces the apical ectodermal ridge and directs outgrowth and patterning
of the limb. Cell 75:579-587.

Norgard, E. A., J. P. Jarvis, C. C. Roseman, T. J. Maxwell, J. P. Kenney-
Hunt, K. E. Samocha, L. S. Pletscher, B. Wang, G. L. Fawcett, C.
J. Leatherwood, et al. 2009. Replication of long-bone length QTL in
the FO-F10 LG, SM advanced intercross. Mamm. Genome 20:224—
235.

Oliver, G., E. M. De Robertis, L. Wolpert, and C. Tickle. 1990. Expression of
ahomeobox gene in the chick wing bud following application of retinoic
acid and grafts of polarizing region tissue. EMBO J. 9:3093-3099.

Ouimette, J. F., M. L. Jolin, A. L’Honore, A. Gifuni, and J. Drouin. 2010. Di-
vergent transcriptional activities determine limb identity. Nat. Commun.
1:1-9.

Parsons, K. J., E. Marquez, and R. C. Albertson. 2012. Constraint and op-
portunity: the genetic basis and evolution of modularity in the cichlid
mandible. Am. Nat. 179:64-78.

Pellegrini, M., S. Pantano, M. P. Fumi, F. Lucchini, and A. Forabosco. 2001.
Agenesis of the scapula in Emx2 homozygous mutants. Dev. Biol.
232:149-156.

Piekarski, N., and L. Olsson. 2011. A somitic contribution to the pectoral
girdle in the axolotl revealed by long-term fate mapping. Evol. Dev.
13:47-57.

Polly, P. D. 2007. Limbs in mammalian evolution. Pp. 245-268 in B. K.
Hall, ed., Fins into limbs: evolution, development, and transformation. .
Chicago Univ. Press, Chicago , IL.

Pomikal, C., and J. Streicher. 2010. 4D-analysis of early pelvic girdle devel-
opment in the mouse (Mus musculus). J. Morphol. 271:116-126.
Rabinowitz, A. H., and S. A. Vokes. 2012. Integration of the transcriptional
networks regulating limb morphogenesis. Dev. Biol. 368:165-180.
Rallis, C., B. G. Bruneau, J. Del Buono, C. E. Seidman, J. G. Seidman, S.
Nissim, C. J. Tabin, and M. P. Logan. 2003. Thx5 is required for forelimb
bud formation and continued outgrowth. Development 130:2741-2751.

Rodriguez-Esteban, C., T. Tsukui, S. Yonei, J. Magallon, K. Tamura, Izpisua,
and J. Belmonte. 1999. The T-box genes 7hx4 and Tbx5 regulate limb
outgrowth and identity. Nature 398:814-818.

Rolian, C., D. E. Lieberman, and B. Hallgrimsson. 2009. The co-evolution of
human hands and feet. Evolution 64:1558-1568.

Ruvinsky, I., and J. J. Gibson-Brown. 2000. Genetic and developmental bases
of serial homology in vertebrate limb evolution. Development 127:5233—
5244.

Sanger, T.J., L. J. Revell, J. J. Gibson-Brown, and J. B. Losos. 2012. Repeated
modification of early limb morphogenesis programmes underlies the
convergence of relative limb length in Anolis lizards. P Roy. Soc. B
Biol. Sci. 279:739-748.

Saunders, J. W. 1948. The proximo-distal sequence of origin of limb patrs of
the chick wing and the role of the ectoderm. J. Exp. Zool. 108:363-404.

Schmidt, M., and M. S. Fischer. 2009. Morphological integration in mam-
malian limb proportions: dissociation between function and develop-
ment. Evolution 63:749-766.

Sears, K. E. 2011. Novel insights into the regulation of limb development
from ‘natural’ mammalian mutants. Bioessays 33:327-331.

12 EVOLUTION 2015

Sears, K. E., A. K. Bormet, A. Rockwell, L. E. Powers, L. N. Cooper, and
M. Wheeler. 2012. Developmental basis of mammalian digit reduction
in pigs. Evol. Dev. 13:533-541.

Sekine, K., H. Ohuchi, M. Fujiwara, M. Yamasaki, T. Yoshizawa, T. Sato,
N. Yagishita, D. Matsui, Y. Koga, N. Itoh, et al. 1999. Fgf10 is essential
for limb and lung formation. Nat. Genet. 21:138-141.

Selleri, L., M. J. Depew, Y. Jacobs, S. K. Chanda, K. Y. Tsang, K.
S. E. Cheah, J. L. R. Rubenstein, S. O’Gorman, and M. L. Cleary.
2001. Requirement for Pbx/ in skeletal patterning and programming
chondrocyte proliferation and differentiation. Development 128:3543—
3557.

Shearman, R. M., and A. C. Burke 2009 The lateral somitic frontier in on-
togeny and phylogeny. J. Exp. Biol. 312:602-613.

Shearman, R. M., E. J. Tulenko, and A. C. Burke 2011. 3D reconstructions of
quail-chick chimeras provide a new fate map of the avian scapula. Dev
Biol 355:1-11.

Summerbell, D., J. H. Lewis, and L. Wolpert. 1973. Positional information in
chick limb morphogenesis. Nature 244:492-496.

Takeuchi, J., K. Koshiba-Takeuchi, T. Suzuki, M. Kamimura, K. Ogura, and
T. Ogura. 2003. Thx5 and Thx4 trigger limb initiation through activation
of the Wnt/Fgf signaling cascade. Development 130:2927-2739.

ten Berge, D., A. Brouwer, J. Korving, J. F. Martin, and F. Meijlink. 1998.
PrxI and Prx2 in skeletogenesis: Roles in the craniofacial region, inner
ear and limbs. Development 125:3831-3842.

Timmons, P. M., J. Wallin, P. W. Rigby, and R. Balling. 1994. Expression and
function of Pax/ during development of the pectoral girdle. Development
120:2773-2785.

Towers, M., and C. Tickle 2009. Generation of pattern and form in the devel-
oping limb. Int. J. Dev. Biol. 53:805-812.

Trinajstic, K., C. Boisvert, J. Long, A. Maksimenko, and Z. Johanson.
2015 Pelvic and reproductive structures in placoderms (stem gnathos-
tomes). Biol. Rev. 90:467-501. See more at: http://www.nhm.ac.
uk/our-science/departments-and-staff/statf-directory/zerina-johanson.
html#sthash.9mU8TGsX.dpuf

Valasek, P., S. Theis, A. DeLaurier, Y. Hinits, G. N. Luke, A. M. Otto, J.
Minchin, L. He, B. Christ, G. Brooks, et al. 2011. Cellular and molecular
investigations into the development of the pectoral girdle. Dev. Biol.
357:108-116.

Valasek, P., S. Theis, E. Krejci, M. Grim, F. Maina, Y. Shwartz, A. Otto, R.
Huang, and K. Patel 2010. Somitic origin of the medial border of the
mammalian scapula and its homology to the avian scapula blade. J. Anat.
216:482-488.

Vokes, S. A., J. Hongkai, W. H. Wong, and A. McMahon. 2008. A genome-
scale analysis of the cis-regulatory circuitry underlying sonic hedgehog-
mediated patterning of the mammalian limb. Genes Dev. 22:2651-
2663.

Wagner, G. P. 1994. Homology and the mechanisms of development. Pp. 273—
299 in B. K. Hall, ed. Homology: the hierarchical basis of comparative
biology. Academic Press, Cambridge.

Wang, B., L. He, F. Ehehalt, P. Geetha-Loganathan, S. Nimmagadda, B.
Christ, M. Scaal, and R. Huang 2005. The formation of the avian
scapula blade takes place in the hypaxial domain of the somites
and requires somatopleure-derived Bmp signals. Dev. Biol. 287:
11-18.

Young, N. A. 2004. Modularity and integration in the hominoid scapula.
J. Exp. Zool. B 302:226-240.

Young, N. M., and B. Hallgrimsson. 2005. Serial homology and the evolution
of mammalian limb covariance structure. Evolution 59:2691-2704.

Young, N. M., G. P. Wagner, and B. Hallgrimsson. 2010. Development and
the evolvability of human limbs. Proc. Natl. Acad. Sci. USA 107:3400—
3405.


http://www.nhm.ac.uk/our-science/departments-and-staff/staff-directory/zerina-johanson.html#sthash.9mU8TGsX.dpuf
http://www.nhm.ac.uk/our-science/departments-and-staff/staff-directory/zerina-johanson.html#sthash.9mU8TGsX.dpuf
http://www.nhm.ac.uk/our-science/departments-and-staff/staff-directory/zerina-johanson.html#sthash.9mU8TGsX.dpuf

PERSPECTIVE

Zeller, R., J. Lopez-Rios, and A. Zuniga. 2009. Vertebrate limb bud develop-
ment: moving towards integrative analysis of organogenesis. Nat. Rev.
Genet. 10:845-858.

Zhu, M., X. Yu, B. Choo, J. Wang, and L. Jia. 2012. An antiarch placoderm
shows that pelvic girdles arose at the root of jawed vertebrates. Biol.
Lett. 8:453-456.

Zhu, M., Y. Xiaobo, P. E. Ahlberg, B. Choo, J. Lu, T. Qiao, Q. Qu, W. Zhao,
L. Jia, H. Blom, et al. 2013. A Silurian placoderm with osteichthyan-like
marginal jaw bones. Nature 502:188-193.

Associate Editor: A. Evans
Handling Editor: R. Shaw

EVOLUTION 2015 13


https://www.researchgate.net/publication/281931020



