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Abstract: The transformation of paired fins into tetrapod limbs is one of the most intensively scruti-
nized events in animal evolution. Early anatomical and embryological datasets identified distinctive
morphological regions within the appendage and posed hypotheses about how the loss, gain, and
transformation of these regions could explain the observed patterns of both extant and fossil ap-
pendage diversity. These hypotheses have been put to the test by our growing understanding of
patterning mechanisms that regulate formation of the appendage axes, comparisons of gene expres-
sion data from an array of phylogenetically informative taxa, and increasingly sophisticated and
elegant experiments leveraging the latest molecular approaches. Together, these data demonstrate
the remarkable conservation of developmental mechanisms, even across phylogenetically and mor-
phologically disparate taxa, as well as raising new questions about the way we view homology,
evolutionary novelty, and the often non-linear connection between morphology and gene expression.
In this review, we present historical hypotheses regarding paired fin evolution and limb origins,
summarize key aspects of central appendage patterning mechanisms in model and non-model
species, address how modern comparative developmental data interface with our understanding of
appendage anatomy, and highlight new approaches that promise to provide new insight into these
well-traveled questions.

Keywords: limb development; paired fins; deep homology; fin-to-limb transition; Hox genes; evo-
devo; autopod; evolutionary novelty; sonic hedgehog

1. Introduction

From the fins of fishes to the wings of birds to human arms, paired appendage di-
versity has profoundly shaped the ecology and evolution of vertebrate animals. For this
reason, appendage anatomy and evolution have been the focus of intensive study for cen-
turies [1-4]. Anatomical and paleontological studies have illustrated the range of possible
appendage phenotypes, the distribution of appendage characteristics across vertebrate
diversity, and the patterns of appendage diversification writ large. Phylogenetics and sys-
tematics have suggested the order of origin of character states and provided directionality
for transformational hypotheses of homology. However, neither anatomy nor phylogeny
alone can elucidate the mechanisms underlying appendage origin or transformation, and
these datasets also struggle to support homology of individual skeletal elements across
anatomically disparate taxa. Early embryological studies went in search of both homology
and mechanism. These studies, combined with modern molecular and developmental
datasets, have made great strides in demonstrating the processes underlying appendage de-
velopment and diversification and inform how we view the concept of homology. However,
some longstanding questions remain, and answers have generated new lines of inquiry. In
this review, we focus on comparative developmental studies that inform our understanding
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of paired-fin diversification and the fin-to-limb transition, and what these insights may tell
us about the evolution of novelty.

2. Anatomical Context

Ancestrally, jawed vertebrates (gnathostomes) possess two sets of paired appendages:
anterior pectoral fins and posterior pelvic fins. Pectoral and pelvic fins are homologous
to the forelimbs and hindlimbs of tetrapods, respectively. However, historical patterns of
loss, gain, and transformation of elements within these appendages make homologizing
individual bones and morphological regions difficult when directly comparing members of
highly derived lineages. A broadly comparative approach that integrates data from living
species that retain ancient appendage characteristics and intermediate forms from the fossil
record allows us to make informed comparisons of morphologically disparate taxa retaining
few (or no) overlapping ancestral structures. Additionally, phylogenetic bracketing of
critical nodes can be used to develop hypotheses regarding ancestral appendage states for
major vertebrate lineages.

Fossil and comparative data suggest that the paired appendages of crown group
gnathostomes (the clade that includes all living jawed vertebrates) were likely tribasal,
with three bones (basal/proximal radials) articulating with the supporting girdle [3,5,6].
This arrangement was present in some extinct gnathostome lineages (e.g., placoderms and
acanthodians) and is present in most of the members of the most basal extant gnathostome
clade (Chondrichthyes), as well as some basal actinopterygians (e.g., Polypterus) [6,7].
Although a monobasal fin is a defining characteristic of all extant sarcopterygians, some
extinct stem sarcopterygians possessed a polybasal fin articulation [8], further supporting
the hypothesis that a tribasal fin is the ancestral condition for crown group gnathostomes.

In the late 19th century, Carl Gegenbaur [9] proposed that the archetypal gnathostome
paired fin was organized into three morphological regions along the anterior—posterior
(A-P) axis, each of which ancestrally contained a single basal radial. From anterior to
posterior, these are the propterygium, mesopterygium, and metapterygium (Figure 1A).
The anterior two regions exhibit a simple arrangement: a single anterior-most propterygium
is followed posteriorly by one or more mesopterygial elements. However, the posterior
metapterygium is distinctive in exhibiting a more complex arrangement where a single
proximal-most element articulates with additional elongate elements distally, often in a
“branched” pattern [5,7] (Figure 1A). All three regions are capped distally with an arch of
nodular distal radials [7]. The absence of similar complex arrangements in the anterior
radials suggests that the ability to produce multiple long branched elements is likely
metapterygium specific, and that this region may possess some degree of developmental
autonomy from the rest of the fin [3,10].
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Figure 1. Representative fin and limb endoskeletal anatomy. (A) Pectoral fin endoskeleton of a
non-teleost actinopterygian, the paddlefish Polyodon spathula, with fin rays removed for clarity.
(B) Forelimb endoskeleton of a tetrapod, the mouse Mus musculus, highlighting proximo-distal

regionalization of the appendage. Propterygium (light gray), mesopterygium (dark gray), and
metapterygium (blue). Illustrations not to scale.

The majority of extant vertebrate diversity lies within the actinopterygian Teleostei
and the sarcopterygian Tetrapoda, and both clades are characterized by the loss of one or
more of the three ancestral A-P morphological regions (Figure 2). The paired fins of teleost
fishes are polybasal [7]. Although Gegenbaur initially proposed that the fourth proximal
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radial of teleosts was a reduced metapterygial basal radial [5] (a hypothesis which has been
repeated in modern times [3] and recently supported by compelling experimental data [10]),
the more traditional interpretation is that teleost polybasal articulations are composed
of only pro- and mesopterygial elements, and that the metapterygium has been lost,
along with the ability to generate multiple long bones [11,12]. In contrast, tetrapod limbs
possess a single element articulating with the supporting girdle (humerus of the forelimb;
femur of the hindlimb). This arrangement of multiple long bones arranged along a single
proximo-distal (P-D) axis has long been interpreted as retention of the metapterygium
and loss of the propterygium and mesopterygium. In tetrapods, the metapterygium has
become distinctly regionalized, along the P-D axis into the stylopod, the zeugopod, and
the autopod (Figure 1B). Within these regions, the limbs of extant tetrapods follow a
highly conserved osteological formula: in the stylopod, a single endochondrally ossifying
element articulates with a supporting girdle (humerus or femur); in the zeugopod, two
endochondrally ossifying elements (radius/ulna or tibia/fibula); and most distally, the
autopod contains an array of many bones including the digits [13].

One of the defining differences between limbs and fins concerns the distal-most skele-
tal elements. Ancestrally, vertebrate appendages terminated distally in numerous fin rays.
In contrast with the rest of the appendage skeleton, fin rays undergo dermal ossification (if
they ossify at all). For this reason, they are termed the “dermatoskeleton”, while the endo-
chondrally ossifying elements make up the “endoskeleton” of the appendage. Fin rays are
present in the fossil record and retained in extant finned vertebrates. In tetrapods, fin rays
are absent, and the limb terminates instead with unbranched and endochondrally ossifying
digits [13]. While more proximal ossified elements can sometimes be homologized between
limbs and fins [14,15], there are no structural homologs of fin rays in tetrapods [16], and
identification of digit/autopod homologs in finned vertebrates remains equivocal [17].
This pattern indicates that, in addition to the loss of the propterygium and mesopterygium,
the evolution of limbs involved the loss of fin rays (Figure 2). Because in living species,
dermal ossification in the fin only occurs distally and does not overlap significantly with
regions producing endochondral bone, and because all traces of fin rays are lost simultane-
ously in the first limbs, the fin regions associated with endoskeletal and dermatoskeletal
development are often considered as distinct morphological regions or modules [18-20]
(but see References [21-24]). The loss of fin rays coincided with the elaboration of the
endoskeleton to the distal margin of the appendage to form the autopod, which indicates
that the evolution of the tetrapod limb also involved the gain of the autopod and potentially
novel autopodial patterning mechanisms [20,25].

Middle-to-Late-Devonian fossil assemblages reveal a diversity of sarcopterygians that
inform our understanding of the patterns of loss and gain preceding the origin of tetrapods.
The rhizodontid Sauripterus and the elpistostegalians Tiktaalik and Elpistostege possess exten-
sive paired fin endoskeletons with proximal elements unambiguously homologous to the
stylopod and zeugopod, and more distal elements that demonstrate a more variable pattern
between taxa [14,15,26]. Sauripterus possesses a broad “fan” of distal endoskeletal radials,
many of which are bifurcate [14] (Figure 2). In Tiktaalik, the distal fin skeleton consists
of a complex arrangement of rod-like and blocky elements [15], and a recently described
complete pectoral fin of Elpistostege demonstrates an extensive field of distal elements, in-
cluding some that have been compared directly to digits [26]. In all of these taxa, the distal
skeleton most likely represents the anatomical and developmental precursor of the autopod.
Some groups of distal elements in these taxa demonstrate distinctive anatomical hallmarks
of digits, such as articulating in proximodistal series, without significant differences in
element shape, and without a branching pattern. However, other elements still show
patterns of branching—intriguingly more so in Sauripterus than in Tiktaalik or Elpistostege.
Although digits are a defining feature of extant tetrapods, a preponderance of anatomical
and developmental data suggest that the origin of a distinct mesopodium (wrist/ankle)
help mark the fin-to-limb transition [27,28]. Sauripterus, Tiktaalik, and Elpistostege all possess
elements that can be homologized to mesopodial elements in the tetrapod wrist. These data
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support the notion that functional changes in how these appendages were used—such as
for load-bearing in semi-aquatic or near shore environments [17,20]—may have predated
the loss of the dermal skeleton in the earliest tetrapods (i.e., Acanthostega [29]). However, the
anatomy of intermediate forms bearing both an elaborate distal endoskeleton and fin rays
raise questions about the relationship between dermatoskeleton reduction and endoskeletal
expansion, and the autonomy of their underlying patterning mechanisms. In particular,
the endoskeletal and dermatoskeletal elements in Sauripterus physically overlap within the
fin [14], indicating a lack (or breakdown) of the spatial and mechanistic separation between
the proximal and distal morphological regionality seen in other taxa [20,21].
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Figure 2. Patterns of anatomical loss and gain define paired appendage evolution. (A) Paired ap-
pendages are ancestral for gnathostomes, consisting of the pro- and mesopterygium (gray), metaptery-
gium (blue), and fin rays (pink). This arrangement is conserved in catshark (Scyliorhinus canicula) and
paddlefish (Polyodon spathula). (B) Teleosts (e.g., Danio rerio) possess a reduced endoskeleton com-
posed of pro- and mesopterygial elements. In teleosts, the metapterygium has been either completely
lost or is greatly reduced (see area indicated by the “?”). (C) Sarcopterygians are characterized by the
loss of the pro- and mesopterygium and expansion of the metapterygium. (D) Within tetrapods, the
limb is proximo-distally regionalized, with a distinctive distal autopod and the loss of the fin rays.
Only pectoral appendages are shown here for clarity. Illustrations not to scale.
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Extant and fossil appendage anatomy provide snapshots of the fin-to-limb transfor-
mation. Patterns of loss and gain of elements suggest that appendages are composed of
distinct morphological regions that behave semi-autonomously over the course of evolu-
tion, and that this pattern of organization has allowed for the range of observed appendage
phenotypes. Understanding how these transformations occurred requires unraveling the
developmental basis of appendage development in a comparative context.

3. Tetrapod Limb Development
3.1. Integration of Limb Development

The gene regulatory networks (GRNs) that integrate limb bud outgrowth and pattern-
ing have been partially characterized in mouse and chick, revealing many of the molecular
mechanisms underlying anatomical and embryological patterns. Due both to the clinical
significance of limb studies to human health and the availability of highly tractable tetrapod
model systems, limb development is a reasonably well-understood process (reviewed by
References [30,31]). This process begins with the formation of the limb bud. The location
of the limb bud along the anterior—posterior (A-P) and dorso-ventral (D-V) axes of the
embryonic flank is specified by expression of transcription factors in the Hox and Tbx gene
families [32,33]. Once bud initiation occurs and the bud begins to elongate, additional
signaling centers are established that regulate the D-V, A-P, and P-D axes of the developing
limb itself.

3.2. Limb Development: The AER and Fgf-Shh Signaling

A thickened layer of ectoderm along the distal margin of the limb bud, the apical
ectodermal ridge (AER), regulates outgrowth and P-D axis polarity of the limb (reviewed
by Reference [34]). The AER is molecularly distinct, expressing a cadre of the fibroblast
growth factors (Fgfs), including Fgf4, Fgf8, Fgf9, and Fgf17 [35] (Figure 3A). Individual and
combinatorial Fgf gene inactivation experiments demonstrate that not all Fgfs are equally
critical for limb development; of single knockouts, only inactivation of Fgf8 produces a
distinct limb phenotype [36]. Simultaneous conditional knockout experiments of Fgf4
and Fgf8 demonstrate that in Fgf4/Fgf8 null mice limbs fail to develop, indicating that
these two factors are particularly critical for limb outgrowth [37]. Limb-specific expression
of Fgf8 is regulated by a complex genomic landscape of cis-regulatory elements (CREs);
non-coding DNA sequences required for expression of a particular gene at a specific place
and time. To date, seven distinct CREs have been identified that drive expression of Fgf8 in
the AER [38—40].

The A-P axis of the limb bud is polarized by the posteriorly located zone of polarizing
activity (ZPA), which expresses the secreted signaling molecule sonic hedgehog (Shh) [41]
(Figure 3A). Expression of Shh in the ZPA generates a concentration gradient across the
A-P axis of the bud and is associated with autopod development, where it provides
positional information important for determination of digit number and identity ([41,42]
and reviewed by Reference [43]). Although Shh is critical for development of a variety
of embryonic structures, ZPA specific Shh expression is completely controlled by a single
long-range CRE termed the ZPA Regulatory Sequence (ZRS). Deletion of the ZRS in mice
results in a loss of limb Shh expression and a truncated limb phenotype [44].

There is considerable “cross-talk” between the AER and ZPA during the course of
development, which provides the necessary coordination to develop normal limb mor-
phology across both space and time (reviewed by Reference [45]). Diffusible signals from
the AER and ZPA establish a positive feedback loop via intermediate signaling molecules
and transcription factors expressed primarily within the limb bud mesenchyme (including
Gremlinl, BMPs, and LIM-homeodomain transcription factors) (Figure 3A), and together
these signaling molecules cooperatively pattern the developing limb [31,46]. Additional
signals from the non-AER limb bud ectoderm are also involved in patterning the D-V limb
axis [47]. A large literature exists detailing perturbation experiments that illustrate the
phenotypic and gene-expression outcomes of morphological and molecular manipulation
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of the developing limb bud (reviewed by References [48,49]). These studies have demon-
strated the network relationships between gene products and the causal relationships
between altered gene expression and phenotypic variation.

(A)
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Figure 3. Fins and limbs are patterned by a conserved gene regulatory network (GRN). Representative
limb ((A,B) mouse, Mus musculus) and fin ((C,D) paddlefish, Polyodon spathula) pectoral appendages.
(A,C) Expression patterns demonstrate conserved aspects of the Shh—Fgf feedback loop, including
Shh in the zone of polarizing activity (ZPA), Fgf8 expression in the apical ectodermal ridge (AER), and
Gremlinl in the appendage mesenchyme. (B,D) Expression patterns demonstrate conserved aspects
of proximo-distal patterning via HoxA network components. Markers for the presumptive stylopod
(Meis2), zeugopod (HoxA11), and autopod (HoxA13) are also present in fins, but without the distinct
regionalization present in limbs. Expression of Sox9 and And1/2 marks the presumptive endoskeleton
and dermatoskeleton regions, respectively. Illustrations not to scale; expression patterns adapted
from References [21,22].

3.3. Limb Development: Hox Regulation of Pattern

The P-D axis of the limb is patterned by the combinatorial action of 5 HoxA and HoxD
cluster genes of the Hox family of transcription factors [50]. During early limb development
HoxA and HoxD genes are expressed co-linearly, with more 3’ genes expressed earlier and
more broadly, and 5’ genes expressed in a progressively more distally restricted pattern.
In limbs, Hox genes are expressed in two phases: early and late. During the early phase,
the more 3’ genes are expressed uniformly in the emerging limb bud, and more 5" genes
(HoxD10-13) are expressed in a progressively more restricted pattern along the P-D axis [49].
This nested pattern of expression is associated with the formation of the three limb regions.
For example, in mice HoxA11 and HoxD11 expression is required for normal development
of the zeugopod, and HoxA11/HoxD11 null mice display a foreshortened zeugopod phe-
notype [50]. HoxA13 and HoxD13 are required for normal autopod development, and
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double mutant mice completely lack digits [51]. Additional Hox-associated genes are also
involved in P-D regionalization of the limb, such as the 5" Hox co-factor Meis. In RNA in
situ hybridizations, Meis1/2 expression marks the region of the developing stylopod [52]
(Figure 3B). However, Meis1/2 conditional knockouts and overexpression mutants generate
both stylopod and zeugopod phenotypes, suggesting that Meis genes also play a role in the
development of the zeugopod [52-54]. Further characterization of Meis1/2 expression in
mice suggests that Meis is in fact expressed in a gradient, with high levels proximally and a
distal Meis-free zone, and that this gradient regulates distal HoxA expression [54].

The second phase of expression is modulated by Shh from the ZPA, and the most 5’
HoxD genes pattern the autopod with inverse co-linear expression (HoxD13 is more broadly
expressed, HoxD10 is most restricted) [55]. Late-phase Hox expression is associated with
autopodial development, and in its absence, mouse embryos fail to develop an autopod [49].

The regulatory landscape surrounding the tetrapod HoxD cluster and its relationship
to early and late phase limb expression has been extensively characterized [56-58]. The
HoxD cluster is surrounded by a “regulatory archipelago” of CREs associated with regula-
tion of HoxD expression [58]. These elements are located both 3" and 5’ to the Hox cluster,
and early phase and late-phase expression, as well as expression collinearity, are regulated
by distinct enhancer regions [57-59] (reviewed by References [3,40]). Our understanding
of the CREs associated with the HoxA cluster remains less well studied, but what is known
reflects a similar arrangement to that seen for the HoxD cluster [60,61].

Descriptive and functional characterization of Hox expression in tetrapod limbs pro-
vides a partial mechanistic explanation for observed patterns of morphological regionality
along the P-D axis. The ZPA and AER maintain a Shh-Fgf feedback loop that regulates
appendage outgrowth and provides positional information required for patterning the
P-D axis of the autopod and digits. 5 HoxA /D genes work combinatorially and are also
co-regulated by the ZPA to define the regulatory environment that gives the limb its P-D re-
gionality. However, because tetrapod limbs are so anatomically distinctive—possessing an
autopod, but lacking the pro- and mesopterygium and distal fin rays of finned vertebrates—
the study of limb development alone cannot fully uncover the developmental basis of
appendage diversity or its origins.

4. Comparative Developmental Studies Reveal Deep Homologies
4.1. Homologies and Novelty

While precise definitions are often debated, evolutionary novelties are structures
which lack a homologous morphological precursor in an outgroup or hypothesized an-
cestor [62,63]. Although evolutionarily novel structures appear to arise de novo with no
clear antecedent, nothing comes from nothing; while adult structures may have no clear
homologs, they generally arise from pre-existing cell populations and may involve the re-
deployment of GRNs in new embryonic contexts [64]. Therefore, although a structure itself
may appear novel, the genes, GRNs, and cell populations from which it is derived may not
be [65]. Conversely, homologous structures need not always employ homologous develop-
mental regulatory mechanisms [66]. Therefore, structures are referred to as novel not when
they truly lack a precursor, but rather when they represent a new combination of ancestral
developmental features, or when they differ so dramatically from their antecedents as to no
longer be recognizable. The lack of one-to-one correlations between homology of structures
and homology of the underlying GRNs has added a layer of complexity to traditional
definitions of homology. Shared GRNs between non-homologous structures have been
described as representing a different kind of homology: deep homology [65,67].

The tetrapod limb has been described as an evolutionary novelty [67,68]. Although
limbs are clearly derived from fins, and traditional wisdom states that the P-D regions of
the tetrapod limb represent a subdivided ancestral metapterygium, assigning structural
homologies to many fin and limb skeletal elements remains guesswork and some structures
do appear to arise without clear precursors (e.g., the autopod). However, the observed
patterns of anatomical variation demonstrate the existence of distinct morphological regions
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(e.g., metapterygium and fin rays) [20] which are recognizable across phylogeny. The
derivatives of these regions behave semi-autonomously across the course of evolution
(with contained elements being lost, gained, or transformed simultaneously). This shared
behavior suggests that elements within a region are at least partially under shared genetic
control. Therefore, these anatomical and evolutionary patterns pose testable hypotheses of
deep homology of region derivatives across phylogeny. Testing these hypotheses requires
a comparative developmental approach.

4.2. Developmental Comparisons: Fgf and Shh

In the teleost zebrafish (Danio rerio), Shh is expressed posteriorly in the pectoral fins in
a pattern consistent with the ZPA of tetrapods [16,42]. As in tetrapods, appendage specific
expression of Shh in zebrafish is driven by a ZRS recognizable by its highly conserved
sequence and position in the genome [69]. Studies in two chondrichthyans (the little
skate Raja erinacea and bamboo shark Chiloscyllium punctatum) and in paddlefish (Polyodon
spathula, a non-teleost actinopterygian) also reveal conserved ZPA-like patterns of Shh
expression (Figure 3C), conservation of the ZPA Regulatory Sequence (ZRS), and shared Shh
function with tetrapods [69,70]. Experimental manipulations of Shh expression in zebrafish
indicate that, as in tetrapods, Shh is required for normal fin outgrowth, and for anterior
expression of HoxA13 and HoxD13 [71]. These studies also demonstrate a similar functional
relationship between the zebrafish ZPA and a morphologically distinct AER [72,73] that
expresses a suite of Fgfs, including Fgf8 [74-76]. In Shh knockout zebrafish, the AER fails
to express Fgf8, supporting a conserved interaction between the ZPA and AER [71]. A
molecularly distinct AER is also present in other non-tetrapod vertebrates, such as lungfish
(Neoceratodus forsteri) [77], paddlefish, and catshark (Scyliorhinus canicula) [21] (Figure 3C).
However, the AERs in tetrapods and finned vertebrates are not identical; while the tetrapod
AER is a persistent structure that remains throughout limb bud outgrowth, in fins the AER
is transient, and transitions into an apical fin fold (AF) early in development [78]. Although
the AER and AF are structurally and histologically distinct, the AF continues to express
AER Fgfs [21,73].

One obvious difference between finned vertebrates and tetrapods is the absence of
dermal fin rays in limbs (Figure 2). Understanding this evolutionary loss requires an
understanding of the mechanisms of fin ray development. In zebrafish, fin rays develop
within the apical fin fold. Once the AF elongates, elastoidin fibrils called actinotrichia form,
which straighten the AF and provide scaffolding for migrating mesenchymal cells that
will form the adult fin rays [79]. Genes in the actinodin family (zebrafish And1-4) encode
structural proteins required for actinotrichia formation. Zebrafish And1/And2 double
morphants (morpholino-mediated gene knockdowns) display only rudimentary pectoral
fin buds and fail to develop an AF [16]. Comparative genomics suggests a progressive
loss of Actinodin genes in the sarcopterygian lineage, with two copies present in the most
basal living sarcopterygian (coelacanth) [80], one copy in the sister group to tetrapods
(lungfishes) [81], and none in any surveyed tetrapod genome [16]. The And1/2 knockdown
phenotype and this pattern of gene loss suggests that the loss of And genes may play a role
in the loss of fin rays in the tetrapod lineage. However, it is also possible that structural
fin rays were lost first in tetrapods, and that And genes were subsequently freed from
stabilizing selection allowing them to degenerate.

A second more longstanding hypothesis to explain the loss of fin rays in tetrapods
was proposed by Peter Thorogood [82] and termed the “clock model”. The clock model
invokes heterochrony (the changing in timing of developmental events) to explain the loss
of the AF and fin rays, and the expansion of the endoskeleton to the distal edge of the
limb bud. This model proposes that a heterochronic delay in the AER to AF transition
would lead to a smaller fin fold and an extension of the region containing endochondral
derivatives, therefore resulting in reduced adult fin rays and an increased endoskeleton as
seen in tetrapods. This hypothesis makes two fundamental assumptions: (1) that there are
distinct proximo-distally segregated regions of the fin that are competent to produce only
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endoskeletal or dermatoskeletal elements, respectively; and (2) that the reduction in one
region would lead to the concomitant expansion of the other. Zebrafish studies showing
that repeated amputation of the AF led to moderate expansion of endochondrally ossifying
distal radials lent the hypothesis weak support [83], but while elegant, intuitive, and widely
cited, the clock model is not supported by more recent descriptive and experimental data.

The clock model makes specific predictions about possible appendage morphologies
and implies that there should be a consistent molecular identity associated with endoskele-
ton producing versus dermatoskeleton producing regions. For example, morphologies
in which the appendage possesses extensive endoskeleton and dermatoskeleton, and /or
where these two skeletal regions exhibit significant P-D overlap, would not be predicted to
occur. Additionally, the model predicts that genes marking the autopod in tetrapods (e.g.,
HoxA13) would be expressed only in the endoskeleton producing proximal region of a
finned vertebrate, rather than in the dermatoskeleton producing AF. Anatomically, the clock
model does fit well with most fins and limbs seen in nature. However, forms such as the De-
vonian sarcopterygian Sauripterus present a problem for the model. Sauripterus exhibits an
elaborate distal endoskeleton sandwiched between elongate dermal rays [14] (Figure 2)—a
morphology in violation of the prediction that endoskeletal and dermatoskeletal regions
will be proximo-distally segregated.

In terms of predicted gene expression, function, and developmental outcomes, recent
studies also do not support the clock model. Work in paddlefish and catshark reveal that
both proximal endoskeletal and distal AF regions are specified early in development, rec-
ognizable by region specific markers, and that these regions then expand proximo-distally
throughout subsequent stages of development [21]. These same studies further probed
the components of the Shh/Fgf transcriptional network required for distal limb outgrowth
and polarization, revealing striking similarities between the developing paddlefish fin fold
and the mouse autopod (Figure 3C). These data suggest that fin rays and the autopod
develop within the same molecularly distinct distal region, rather than being segregated as
the model predicts [21]. Together, these results support an evolutionary scenario where
different skeletogenic outcomes may have been acquired (autopod) and lost (dermal rays)
at different points in phylogeny within a conserved distal appendage region regulated by a
conserved Shh/Fgf transcriptional network.

4.3. Developmental Comparisons: Hox Genes

Early studies identified that the first phase of 5’ HoxA /D expression seen in mice
is also present in zebrafish, but failed to identify the Shh dependent second phase [84],
leading to the hypothesis that the second phase of Hox expression was a tetrapod novelty
potentially associated with the origin of the autopod [84,85]. However, subsequent studies
were able to identify aspects of a second phase in zebrafish fins [24], indicating that while
the second phase of Hox expression is essential for autopod development in tetrapods,
it is not autopod specific, and both phases of Hox expression were likely present in the
common ancestor of zebrafish and mouse.

Investigations in paddlefish revealed a more extensive and limb-like pattern of HoxD
gene expression than initially described in zebrafish [84], supporting the hypothesis that
both early phase and late-phase appendage Hox expression are more ancient than first
considered [86]. Detailed study of HoxD expression in paddlefish and catshark revealed
persistent expression of transcripts in the distal fin fold in a pattern consistent with HoxD
expression observed during autopod development [22] (Figure 3D). Expression of 5 HoxD
has also been documented in the posterior portions of the distal fin fold in the Australian
lungfish Neoceratodus, the only finned sarcopterygian for which such gene-expression data
are available [87]. Together, these results support a biphasic pattern of HoxD expression,
with an early Shh independent phase in the proximal fin and a later Shi dependent phase
expressed in the middle portions of the fin and in the fin fold. They also support the
conclusion that, while digits and fin rays are not structurally homologous, they may
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occupy homologous regions in the developing appendage and be patterned by shared
molecular mechanisms, suggesting a deep homology.

HoxA expression in both taxa also revealed marked conservation with mouse limbs,
with one notable difference. In both paddlefish and catshark, Meis2, HoxA11, and HoxA13
all exhibit the same proximo-distal orientations observed in the limb, except for a nearly
complete overlap between HoxA11 and HoxA13 expression in the fin fold (Figure 3D) [21].
Similar patterns of HoxA11 and HoxA13 expression are present in zebrafish [24] and in the ci-
chlid Astatotilapia burtoni [88], suggesting that this pattern is widespread in actinopterygian
pectoral fins. Investigations in non-amniote sarcopterygians have also revealed overlap-
ping 5 HoxA expression domains. Neoceratodus exhibits overlapping HoxA11 and HoxA13
in the fin fold [87,89], but also a curious proximo-distally repeating banded pattern of
HoxA11 and Meis expression which is unique among characterized taxa. In at least some
amphibians (e.g., Xenopus, Notopthalmus, and Ambyostoma) HoxA11 and HoxA13 expression
domains are also overlapping [88,90,91]. The amphibian condition demonstrates that over-
lapping HoxA expression is not unique to fins, spatially separated expression domains are
not always required for the development of a distinct zeugopod and autopod, and that the
proximal restriction of HoxA11 expression may be a derived feature of amniotes.

In amniotes HoxA13 is known to suppress the activity of HoxA11, resulting in exclusive
expression domains that define the zeugopod and autopod regions [92]. Recent work has
demonstrated that deletion of Hox13 paralogs in zebrafish results in increased HoxA11
expression, which is consistent with a similar negative regulation of HoxA11 by HoxA13
in teleost fins. These data suggest that, although the expression domains of HoxA genes
differ between amniote and non-amniote vertebrates, the regulatory interactions between
these genes may be conserved [10].

4.4. Recent Functional Studies

Schneider et al. [93] first demonstrated experimentally that fins possess the same CREs
that drive HoxD gene expression in the distal limb. They found functional conservation
between HoxD enhancers in tetrapods, zebrafish, and chondrichthyans, demonstrating
that these enhancer sequences could reciprocally drive reporter expression in both mouse
limbs and zebrafish fins. These results confirmed gene expression patterns that pointed to a
biphasic HoxD expression pattern in teleosts [24], non-teleost actinopterygians [22,86] and
chondrichthyans [21,94], thus supporting that the HoxD enhancer landscape and biphasic
regulation are likely as ancient as gnathostomes. Further investigations by Gehrke et al.
explored the HoxA /D “regulatory archipelagos”, confirming remarkable conservation be-
tween actinopterygians and tetrapods [18]. This work identified potential 5 Hox enhancers
in both gar (Lepisosteus osseus, a non-teleost actinopterygian) and zebrafish, generated
reporter constructs containing these putative enhancers, and injected these into mouse and
zebrafish embryos. These putative late phase enhancers drove reporter expression in the
distal fins of zebrafish, generally in the area where distal endoskeletal radials will develop.
These enhancers varied in their ability to drive expression in the mouse autopod, both
between enhancers and between gar and zebrafish. These results may reflect actual changes
in function of CREs across phyletic evolution, but may also reflect drift in developmental
systems between the donor and host species used in the experiment [40].

In tetrapods, HoxA13 expression is autopod specific [95]. Fate-mapping experiments
in zebrafish fins demonstrate that cells marked by autopodial HoxA13 CRE activity form
portions of the fin fold and the dermal fin rays, and CRISPR/Cas9 inactivation of HoxA13
results in the loss or reduction of dermal fin rays, with corresponding increases in the
number of endochondral distal radials [23]. Together, these results provide the first ex-
perimental demonstrations that the autopod and the fin fold /dermal rays are patterned
by shared developmental regulatory mechanisms and therefore may share deep homolo-
gies. They also suggest that a developmental novelty associated with autopod origins
may be the ability of HoxA13 expressing cells in the fin fold to chondrify and produce
endochondral rather than dermal bones. Furthermore, these studies reconcile previous
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AER ablation results [83] without invoking heterochronic “clock models” [82] to explain
the fin-to-limb transition.

Together, these advances have provided significant insight into appendage specific
Hox CRE function and evolution. Additionally, they have greatly expanded our under-
standing of fin and limb specification, and perhaps uncovered deep regulatory homologies.
However, unlike the Actinodin and Hox expression boundaries associated with P-D pat-
terning, clear molecular markers of the ancestral morphological regions of the A-P axis
have remained largely elusive. Experiments in chondrichthyans that use retinoic acid to
perturb normal Shh signaling result in “posteriorized” fin anatomies, in which the pro-
and mesopterygium are reduced or lost and the metapterygium is increased in size [70,96].
These results support the notion that subtle changes in the regulation of conserved path-
ways, likely through CRE evolution, can have profound phenotypic outcomes on the
contribution of regions to a final appendage phenotype. A recent experimental study in
zebrafish is among the first to connect shifts in both P-D and A-P identities to Hox [10].
Hawkins et al. found that zebrafish with mutations in the waslb/vav2 pathway (previously
undiscussed genes in appendage development) result in enhanced expression of HoxA11
and exhibit extended posterior radials, with branching, jointing of endochondral elements,
and muscle integration patterns characteristic of limbs. As the metapterygium is the only
region of the ancestral paired appendage capable of generating additional P-D segmen-
tation, these striking results point to a latent capacity within teleosts (or at least within
zebrafish) to express more posteriorized “metapterygial” phenotypes, and supports earlier
hypotheses that teleosts have not completely lost the metapterygium [3,5].

5. In Search of Deeper Homologies Still (Deepest Homologies)

Decades of research into the mechanisms underlying vertebrate appendage devel-
opment and evolution have provided many surprising insights, but perhaps the most
consistent theme to emerge is the level of developmental conservation underlying di-
verse appendage anatomies. Despite extensive efforts characterizing gene expression
patterns, we have yet to discover a molecular “smoking gun” for most of the dramatic
transformations in appendage evolution. In fact, quite the opposite.

Investigation of vertebrate appendages not considered structurally homologous with
paired fins or limbs indicate that aspects of the core GRN deployed during early fin and
limb development are not paired-appendage specific. These studies reveal that elements of
the “paired-appendage” GRN, including biphasic Hox and a Shh—Fgf feedback loop, are
also deployed during median (dorsal and anal) fin development in bony and cartilaginous
fishes [94] and that expression of at least some genes in this network are controlled by
enhancers shared by both median and paired fins [97]. Because median fins arose in the
vertebrate lineage prior to paired fins, this led to the hypothesis that paired fins arose by co-
option of a preexisting median fin GRN. However, substantial portions of this network also
function in the development of a variety of other structures, including mammalian external
genitalia [98,99], the branchial arches of chondrichthyans [100,101], and the appendages of
non-vertebrate animals such as arthropods [102] and spiralians [103]. Taken together, these
data suggest that the “paired appendage” GRN was present in the common ancestor of the
Bilateria and has been repeatedly (and convergently) coopted during the development of
diverse appendage types across the clade.

The deep homology of metazoan appendages suggests that differences in the ex-
pression of patterning genes may not underlie many dramatic differences in appendage
anatomy, which sends us in search of additional mechanisms for generating divergent
morphologies. Different anatomies may share conserved core GRNs and CREs, but they
still differ in the cellular dynamics that govern their formation [104]. In the 1950s, mathe-
matician A.M. Turing proposed that many biological patterns could be the result of reaction—
diffusion interactions in which diffusible substances (e.g., secreted proteins) interact with
each other to generate spatially periodic patterns [105]. Alterations in the interactions
between these substances may produce dramatic shifts in the resulting morphological
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pattern [106], and models have been proposed for how a Turing-type mechanism might
explain limb development and skeletal patterns [107]. Experimental studies in mice [108]
and catshark [109] reveal the presence of a conserved Turing-type process involved in
the patterning the distal portions of the autopod and distal endoskeletal radials. Further
evidence suggests that Turing-type mechanisms pattern limbs through galectin family
member interactions [110] and digit number and size through HoxA /D interactions [111].
These results point to an important role of cellular dynamics in the generation of diver-
gent morphologies.

Turing mechanisms have not yet been invoked in the patterning of fin rays, but they
have been implicated in the patterning of a variety of epithelial appendages, including bird
feathers [112], mammalian hair [113], and chondrichthyan dermal denticles (scales) [114].
These studies suggest that reaction-diffusion modulated epithelial appendage patterning
is an ancient and conserved feature of vertebrates [114]. Though fin rays and epithelial
appendages appear quite different, the longstanding hypothesis for fin-ray origins is
that they were originally derived from scales [115], suggesting that a similar patterning
mechanism may also be associated with fin ray patterning. Further comparative studies in
finned vertebrates will be required to test the antiquity of Turing mechanisms in the distal
appendage and ask whether modifications of cellular dynamics may underlie changes in
appendage morphology not explained by modifications of gene-expression patterns.

The term “deep homology” was originally proposed to describe in “genetic mech-
anisms” [67] or “genetic regulatory circuits” [65], and it is generally used to describe
shared GRNs and CREs underlying the development of homologous or non-homologous
structures. However, our growing understanding of additional levels of developmental
dynamics at play adds another level of complexity to our definitions of homology. When
shared genetic mechanisms can result in divergent anatomies when played out on a back-
ground of altered cellular dynamics, what does this mean for the homology of the resulting
structures? Does this require an expansion of our definition of deep homology, or does this
describe an independent phenomenon?

6. Conclusions

Data from extant forms and fossils demonstrate that vertebrate paired appendages
are organized into distinct morphological regions, and that the loss and gain of whole
regions are responsible for the range of observed appendage anatomies across vertebrates.
Developmental data partially support this hypothesis, but they also provide evidence of
ancient conserved patterning mechanisms underlying the origin of “new” morphological
regions, and retention of cryptic regionalization in cases of structural loss. These data tell
a story about the conservation of genetic regulatory mechanisms underlying dramatic
morphological innovation.

The autopod is a classic example of evolutionary novelty. Descriptive and experi-
mental data demonstrate that the fin-fold region and the autopod share a deep regulatory
homology, as autopodial patterning genes are also expressed in the fin fold. This suggests
that the fin-fold region was not completely lost during the tetrapod transition, and the
autopod was not completely novel. Instead, the origin of the autopod can be best viewed as
a transformation of skeletogenic outcomes within the distal region of the appendage, from
exclusively dermatoskeletal to an intermediate state with both dermal and endochondral
potential in forms such as Sauripterus, Titaalik, and Elpistostege, to exclusively endochondral
in tetrapods. The lungfish Neoceratodus may represent a variant of this intermediate state, a
hypothesis sure to be tested by future developmental studies in this taxon. A new mecha-
nistic view of the origin of limbs raises new questions, such as how HoxA13-expressing
cells in the fin fold became competent to chondrify, where previously they could not.

The loss of the metapterygium in teleosts has been widely accepted [11,12]. How-
ever, recent experiments have uncovered latent developmental potentials that recapitulate
metapterygial-like anatomies and extended distal Hox expression zones in zebrafish [10],
suggesting that this apparent loss was not complete at the molecular level and the potential
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to produce Gegenbaur’s archetypical fin remains. For tetrapods, neither natural diversity
nor mutant screens have revealed the re-emergence of a polybasal limb, but this remains to
be considered an absence of evidence that tetrapods lack a latent capacity hidden away.
A full integration of datasets may someday allow us to test hypotheses as to whether all
vertebrate appendages retain the latent potential to generate the archetypical anatomy. If
so, we may come to view anatomical patterns in teleosts and tetrapods as anteriorized and
posteriorized variants of a common developmental template, rather than from the current
perspective of anatomical loss.

Broadly comparative studies across a diversity of appendage types and animal groups
also reveal that what was thought to be a paired-appendage-specific GRN has a much
more ancestral provenance. These extensive similarities support the deep homology of
many metazoan appendages and suggest the potential for mechanisms beyond simple
changes in gene expression to produce morphological divergence. These data also suggest
that further investigations into the expression patterns of canonical appendage patterning
genes are unlikely to yield answers about the origins of novel appendage phenotypes at
deep nodes in vertebrate phylogeny. Instead, future insights will likely come from the
continued exploration of how CRE landscape evolution and biophysical interactions can
generate novel phenotypes.

As we further understand the developmental mechanisms of organismal diversity,
we must also readdress our concepts of homology. Recent insights have demonstrated
that diverse anatomies may also be generated by altered cellular dynamics via modulation
of a Turing-like mechanism [111]. In such cases, small regulatory changes may result in
very different anatomical outcomes [96]. Further experiments and models may tell us
whether there is promise here to truly uncover the transformational rules that connect
developmental mechanisms and classic structural homologies, as well as the developmental
basis of vertebrate paired appendage diversification.
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