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INVITED ARTICLE

DEVELOPMENTAL BIOLOGY ENRICHES PALEONTOLOGY

J. G. M. THEWISSEN,"! LISA NOELLE COOPER,! and RICHARD R. BEHRINGER?
'Department of Anatomy and Neurobiology, Northeast Ohio Medical University, Rootstown, Ohio 44272, U.S.A.,
thewisse@neomed.edu; lcooper@neomed.edu;
?Department of Genetics, University of Texas MD Anderson Cancer Center, Houston, Texas 77030, U.S.A., rrb@anderson.org

ABSTRACT—Paleontology provides information about the history of morphological transformations, whereas developmen-
tal biology provides information about how such transformations happen at a mechanistic level. As such, developmental ev-
idence enriches paleontology in formulating and assessing hypotheses of homology, character definition, and character inde-
pendence, as well as providing insights into patterns of heterochrony, evolvability of features, and explanations for differential
rates of evolution. The focus of this article is to review a series of case studies that illustrate how our understanding of paleon-
tology is enriched by data generated by developmental biologists. The integration of paleontological and developmental data
leads to a greater understanding of evolution than either of these sciences could have reached alone. Our case studies range
from fish to mammals and involve somite and vertebral formation, limb loss, hand and foot patterning, and tooth formation.

INTRODUCTION

Evolutionary developmental biology (usually called evo-devo)
is a young discipline that studies the evolution of the molecu-
lar processes that regulate embryonic development by compar-
ing species-specific patterns and integrating them with genetics
and morphology. Evolutionary developmental biologists focus
less on changing morphologies and more on evolutionary changes
in the working of genes and proteins that control the forma-
tion of morphologies in the embryo. As such, evo-devo is part
of the discipline of developmental biology, a field that is making
great contributions to furthering our understanding of molecular
events shaping the body and identifying novel treatments in hu-
man health care. Unlike evo-devo, most of developmental biol-
ogy is inherently very limited in scope (Raff et al., 1999), because
its usefulness for medicine is based on the existence of similarities
in development between its model organisms and humans.

At first glance, it would appear that evolutionary developmen-
tal biology would be a natural partner to paleontology and em-
bryology in the study of evolution, but that is not the way in which
these fields have developed. Many evolutionary developmental
biologists are interested in the evolution of genes and proteins,
and how they affect morphology during ontogeny. This work re-
quires the breeding of organisms to collect living embryos at pre-
cisely timed ontogenetic ages, manipulating live embryos, and/or
fixation of specimens in very precise ways. Many methods in this
field cannot be applied to preserved material, such as silencing
or replacing genes in a living embryo to study how development
is altered. Therefore, evo-devo focuses on a few species that are
well known and relatively easily and cheaply bred and where em-
bryonic stages can be easily determined, such as the roundworm
Caenorhabditis elegans, fruit flies, zebrafish, Xenopus, chickens,
and mice. Some argue that evo-devo should focus on these pri-
mary model organisms only (Sommer, 2005), and not waste its
time with other, less-mainstream research organisms. Such au-
thors believe that only after the intricate interactions between
control genes are worked out in the chosen models, other taxa
should be studied.

“Corresponding author.

Our view is that research on both primary models and other
species is essential. It is important to understand the gene con-
trol of development in mice, but ultimately that only teaches
us about mice. That approach leaves us in the dark about how
valid it is to generalize from the mouse model to questions re-
lating to human health care or the evolvability of the vertebrate
body plan. Instead, we agree with others (Eakin and Behringer,
2004; Behringer et al., 2006; Milinkovitch and Tzika, 2007) that
the study of a diversity of species is essential to progress in un-
derstanding the evolution of developmental controls, the ways in
which ontogeny generates morphology in evolution, and the ba-
sis for variation in the species around us, and that the examples
that follow show this. By combining paleontological and develop-
mental data, and by analyzing them comprehensively, the study
of evolution is enriched well beyond what each of those fields
could have accomplished by itself.

The major aim of this article is to illustrate how paleonto-
logical evidence can be enriched by developmental data. In our
view, it is obvious that paleontological data are of importance to
developmental biologists in providing phylogenies, in identifying
plesiomorphic states, and in identifying functional aspects of
morphology. However, a discussion of this falls outside of the
scope of this paper, and the point has been made eloquently by
others (e.g., Raff, 2007).

We review some case studies well known to vertebrate pale-
ontologists, synthesize evidence from developmental data, and
review their implications for some concepts that are important
for paleontologists, such as character definition, polarity, hete-
rochrony, pleiotropy, and especially homology as it is a concept
that is at the intersection of both fields, and in which often con-
flicting information from both fields is condensed. We also briefly
review parts of the workings of genes and cells here, but only as
far as is relevant to the examples we have chosen (Fig. 1, Table 1).
For those who want a review of all of developmental biology,
the excellent textbook by Gilbert (2010) is now in its ninth edi-
tion, and follows influential textbooks such as that by Hall (1998).
Carroll et al. (2004) wrote an important and readable review of
evolutionary developmental biology, and the textbook by Barton
et al. (2007) integrates development into mostly molecular and
genetic syntheses of evolution. Our final goal is to look into the
future. Inspired by results from the discussed case studies, we
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FIGURE 1. Simplified explanation of the role of DNA in making two
types of proteins important in regulating development: transcription fac-
tors and signaling proteins. Transcription factors do not leave the cell;
they interact with DNA segments called enhancers. Enhancers control
the transcription of genes. Signaling proteins do leave the cell.

pose questions that are relevant to paleontologists and where ev-
idence from developmental biology provides part of the answer.
Most of those questions come from a clade that we are interested
in: Cetacea (whales, dolphins, and porpoises). Cetaceans are the
antithesis of a primary model organism, and yet, developmental
and paleontological work combined can greatly enlighten the un-
derstanding of their evolution.

BODY AXIS

Early in the development of all vertebrates (week three after
fertilization in humans, but much earlier in animals with a shorter

gestation time), the embryo consists of three cell layers, from dor-
sal to ventral: ectoderm, mesoderm, and endoderm. Part of the
ectoderm invaginates (rolls up), forming a hollow tube that buries
itself in the dividing mesoderm underneath. This is the neural
tube, which will eventually form the brain and spinal cord, and
is positioned just dorsal to the notochord, a bar of cells that runs
much of the length of the embryo. Then, on either side of the neu-
ral tube, the mesoderm forms a thick column of tissue. This tissue
column splits into three parts: paraxial, intermediate, and lateral
plate mesoderm (from medial to lateral), late in week three in
humans. Subsequently, the paraxial mesoderm is segmented into
a row of tissue blocks called somites (Fig. 2). Somites are part
of the original segmentation of the embryo. They are involved in
the development of the limb muscles and the vertebrae, and gene
expression in the somites regulates much of the cranial-to-caudal
organization of the body. The vertebrae form around the noto-
chord, and a small fragment of the latter, the nucleus pulposus of
the intervertebral discs, remains throughout life.

A special family of genes is expressed in the somites and the
adjacent neural tube, and it regulates the basic cranial-to-caudal
organization of the body. This family of (in most tetrapods) 39
Hox genes are part of the system that makes sure that only one
forelimb forms on each side of the body and that it is placed
just behind the neck, and that the last rib is cranial to the pelvis
(Wellik, 2009; for italicization and capitalization of gene and pro-
tein names, see nomenclature entry in Table 1). The Hox genes
are organized into four clusters on four different chromosomes,
and these clusters are indicated by the letters a through d. In
addition, different Hox genes are numbered, where low num-
bers represent genes with more cranial expression fields, and high
numbers those that are expressed more caudally. Hox genes with
the same number but different letters (usually) have similar (but
not identical) expression territories and functions in axial devel-
opment. Hence, Hoxa4, b4, and d4 determine the shape of the
cervical vertebrae behind the atlas, and partly complement each
other’s functions (Horan et al., 1995). The first thoracic verte-
bra forms in the area of the anterior expression of Hoxc6 (Burke
et al., 1995; Fig. 3), and Hoxcl0 and cII are involved in lum-
bar vertebra and sacrum formation (Wellik and Cappechi, 2003;
Di-Poi et al., 2010).

Hox expression patterns dictate, to a large extent, where or-
gans will form as well as which type of vertebra will develop at
a particular section of the cervical, thoracic, lumbar, sacral, or

TABLE 1. Terms commonly used in embryology and developmental biology.

Downstream—In gene expression, genes that are transcribed after the gene in question, and directly or indirectly influenced by it. For instance: ‘Shh
is expressed downstream from Hand2 in the limb bud,” which means that Shh is expressed after Hand2 and that Shh expression depends on

previous Hand?2 expression in the limb bud.

Embryo—The prenatal individual during the time that most of the organ systems initially form. The embryonic period is between the zygotic and

fetal period. In humans, weeks 3 to 8 constitute the embryonic period.

Exon—Discrete segment of a gene that provides the coding sequence that is transcribed into RNA and (usually) translated into a protein. Some

RNA s are not translated into proteins and regulate gene expression.

Expression—The process of generating a gene product (RNA/protein) from a gene.

Fetus—The prenatal individual during the last period of gestation. In humans, the fetal period lasts from week 9 to week 38 (when birth occurs).
Most mammals can be identified to order at the beginning of the fetal period.

Intron—Discrete segment of a gene (and corresponding RNA) sequence that is removed before the RNA is translated into a protein. Thus, intron
sequences do not code for protein, even though they are part of the gene that codes for this protein.

Morphogen—A substance secreted by a group of cells that regulates the development of a tissue or organ. Morphogen concentration decreases with
distance from the secreting cells, causing neighboring cells exposed to the morphogen to respond differently.

Nomenclature of genes and proteins—Proteins are given the same name as the genes that code for them, and are abbreviated in writing in
non-standardized ways, such as FGF, fibroblast growth factor, and SHH, sonic hedgehog. Rules of nomenclature vary from taxon to taxon. Most
journals use the convention that mammalian genes are italicized (Hand?2), and also capitalized if they are human (HAND2), whereas mammalian

proteins are in Roman script and capitalized (HAND?2).

Signaling—The process by which cells in a tissue communicate with each other. Signaling molecules may be proteins or not. Signaling proteins can be
secreted to reach other cells or can be present on the surface of the expressing cells to signal to adjacent cells.

Transcription factor—A protein that regulates the transcription of a gene. In animals, these proteins do not leave the cell in which they are produced.

Upstream—In gene expression, genes that are transcribed before the gene that is discussed, and partly affects that gene. For instance: ‘Hand? is

expressed upstream from Sh4 in the limb bud.’
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FIGURE 2. Prenatal specimens of the dolphin Stenella (Cetacea), illustrating anatomical structures discussed in the text and some methods of study,
not to scale. A, lateral view of early embryo (LACM 94783; Carnegie stage 11, approximately week three after fertilization). Embryos are usually
staged for study, without making reference to absolute ages. Staging systems are species specific because heterochrony is rampant. However, broad
comparisons can be drawn between species. B, lateral view of embryo (LACM 94701; Carnegie stage 14; approximately week 4). C, lateral view of
late embryo (LACM 94770; Carnegie stage 16; approximately week five). D, lateral view of early fetus stage 20 (LACM 94646). E, embryo of A, now
shown at the same scale as D, to illustrate the enormous growth that takes place during early development. Abbreviations: blow, blowhole; fluk, fluke;
for, forelimb bud; hin, hind limb bud; phal, phallus, genital tubercle; phar, pharyngeal arch; plac, nasal placode; som, somite; umb, umbilical cord.
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FIGURE 3. Hox gene expression along the developing vertebral column (cranial to top). Gene expression in the paraxial mesoderm indicated in
purple and blue, and in lateral plate mesoderm in red, orange, and yellow. Diagram shows somites (So) and the cervical (Ce) and thoracic (Th)
vertebrae that develop from them, and the location of ribs and brachial plexus in mouse (Mus), chick (Gallus), bearded dragon lizard (Pogonis),
python (Python), corn snake (Panterophis), and a caecilian (Ichthyophis). Cranial edges of Hox gene expression determine morphologically important
fields; caudal edges are less important and are not indicated. Summarized after Burke et al. (1995), Cohn and Tickle (1999), and Woltering et al.
(2009).
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caudal spine. However, their patterns of expression are not
tightly linked to exact somite (and thus vertebral) levels along
the spine in different species. For instance, Hoxc6 is expressed
in mice and chicks at the boundary of the cervical and thoracic
vertebrae and dictates the identity of anterior thoracic vertebrae
(Fig. 3). The cranial level of Hoxc6 expression and the morpho-
logical cervical-thoracic boundary are located at the 7th verte-
bra in mice, and the 14th vertebra in chicks (Burke et al., 1995).
As a result, chicks have many neck vertebrae, and mice have
only seven. This relationship also holds for bony fishes (Danio,
Gasterosteus) and amphibians (Xenopus), where the cervical-to-
thoracic transition also coincides with the cranial limit of Hoxc6
expression (Burke et al., 1995; Tanaka et al., 2005).

Changes in Hox gene expression can underlie major morpho-
logical change in evolution. In an exemplary study that combined
paleontological and developmental data, Cohn and Tickle (1999)
investigated the absence of forelimbs in pythons. In pythons, the
cervical vertebrae (except C1) have ribs, and thus a thoracic iden-
tity. Indeed, expression of Hoxc6 in python somites is found in all
vertebrae of the neck region.

The cranially shifted Hox expression territory has implications
for snake morphology that reach beyond vertebral identity.
Somites form vertebrae and muscles of the limbs, but the
skeleton of the limbs forms instead from lateral plate mesoderm.
Expression of Hoxc6 and c8 in lateral plate mesoderm marks
the cranial region of the forelimb in vertebrates that have them
(Rancourt et al., 1995; Nelson et al., 1996; Cohn and Tickle,
1999). Just as in the somites, the expression of these genes in the
lateral plate mesoderm is also cranially expanded, so that there
is no region between the head and chest in which these genes are
not expressed. Cohn and Tickle (1999) proposed that this led to
the absence of forelimb development in snakes. This example
shows that two seemingly unrelated morphological peculiarities
of snakes, cervical ribs and absence of forelimbs, are both the
result of a cranial shift in the expression territories of the Hox
genes, and thus that these are not independent characters. Thus,
pleiotropy can affect morphologically distinct organs, and this
suggests that developmental data should be taken into account
when assessing the independence of characters in systematic
studies.

This example also elucidates the difference between morpho-
logical and developmental partitions. Organisms are integrated
and continuous amalgamates of shapes, and morphologists often
study these by dividing them into discrete partitions (Raff and
Sly, 2000; Bolker, 2002). Gene expression studies provide insights
into parts of the body that are integrated as modules, which are
essentially developmentally relevant partitions. Hox gene expres-
sion in the neck and location and presence of the forelimb are
part of the same developmental module, even though anatomi-
cally the neck and forelimb are disjunct.

Cohn and Tickle (1999) used their understanding of develop-
mental control genes to interpret the fossil record, in particu-
lar the fossil snake Pachyrachis, and then they made predictions
about the morphology of (as yet undiscovered) transitional fos-
sils. Although the precise phylogenetic position of the bipedal
snake Pachyrhachis is disputed (Caldwell and Lee, 1997; Lee and
Caldwell, 1998; Zaher, 1998; Caldwell, 2000; Zaher and Rieppel,
2002), there is agreement that Pachyrachis is at least basal to
Macrostomata, the group of snakes that includes pythons. How-
ever, the controversy does highlight the importance of a stable
phylogenetic tree when interpreting biological data, both in terms
of identifying a suitable outgroup and in terms of identifying con-
vergence in the ingroup.

Expression of Hoxc6 is associated topographically with the first
rib in mouse and chick (Burke et al., 1995), as well as in python,
and Woltering et al. (2009) determined that this was also the case
in the lizard Pogonis, a member of the snake sister group. How-
ever, this association was not the case in the snake Panterophis,

where distribution of HOXC6 was more caudal and more dif-
fuse. This emphasizes the need for studying a greater diversity of
taxa in developmental studies, well beyond established model or-
ganisms. Caecilians are amphibians that lack forelimbs but have
cervical ribs, and they have lost their limbs independently from
snakes. Woltering et al. (2009) found that the developmental
mechanism by which caecilians (Ichthyopsis) arrive at a snake-
like morphology may be the same as that in snakes, indicating a
parallelism in developmental pathways.

VERTEBRAL NUMBERS

All the genes in the Hox family are characterized by a partic-
ular section of 180 nucleotides, the homeobox. The sequence of
the homeobox is remarkably similar from Hox gene to Hox gene
within one species and also from species to species. Most surpris-
ing, vertebrate Hox genes bear great similarity across their classes
as well as to Hox genes in invertebrates (see review by Holland
et al., 2008). Not only are they similar in sequence, their function
is also similar: in both vertebrates and invertebrates, an impor-
tant function of Hox genes is the cranial-to-caudal patterning of
the body. This probably indicates that these genes predate the
origin of the modern phyla.

As stated, Hox gene expression domains may include a vari-
able number of segments (somites and thus vertebrae) in differ-
ent animals, but other developmental factors constrain the num-
ber of segments. Galis (1999) proposed that, in mammals, suscep-
tibility to cancer limited the tolerance to vary Hox territories in
the neck, resulting in seven cervical vertebrae for most mammals.
Narita and Kuratani (2005) found that, in most mammals, there
are approximately 19 thoracolumbar (and thus 26 presacral)
vertebrae, even though the number of thoracic and lumbar ver-
tebrae varies greatly (but inversely). These authors considered
this a developmental constraint. Miiller et al. (2010) found that
presacral vertebral counts are remarkably stable in amniote
clades at higher systematic levels and they explored selection as a
possible cause of this stability. The limited variation of presacral
vertebrae is an example of a developmental constraint. This
constraint has been released in clades with different numbers of
vertebrae, and such unusual evolutionary events can be studied
in the context of the morphology and adaptations of that clade.

Somites form from cranial to caudal in an embryo and the
process is usually referred to as following a clock-and-wavefront
model (reviews by Gridley, 2006, Lewis and Ozbudak, 2007,
and Mallo et al., 2009). In this model, a determination front
moves from cranial to caudal through the paraxial mesoderm,
and somites differentiate out of this mesoderm as this front passes
through them. A clock-like function in the wavefront alternates
between producing proteins from the NOTCH and WNT fami-
lies, and each combination of NOTCH and WNT marked cells
unite to form a somite. Caudal to the determination front, the
signaling protein FGF8 keeps cells undifferentiated. If the front
moves slower, or the clock runs faster, more somites (and thus
eventually more vertebrae) will be formed. Vertebrae are com-
plex structures, but Hox expression sets the boundaries for the
regions of the vertebral column, determining to a large extent
which kind of vertebrae are formed. These expression patterns
exists before the differentiation into somites and are thus in-
dependently of the clock-and-wavefront (Gridley, 2006; Mallo,
2009; Di-Poi et al., 2010; Miiller et al., 2010). This system leads to
variation in the numbers of vertebrae in each part of the column.
It remains largely unclear what the developmental mechanism is
that constrains the number of presacral vertebrae to (approxi-
mately) 26 in most mammals.

This then poses a conundrum regarding vertebral homologies.
Most humans have seven cervical, 12 thoracic, and five lumbar
vertebrae, whereas in most gorillas these numbers are seven, 13,
and four (McCollum et al., 2010). Is the first lumbar vertebra in
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humans homologous to the first lumbar of gorillas, or is somite
level the measure, and the last gorilla thoracic vertebra is ho-
mologous to the first human lumbar? Here, knowledge of devel-
opmental biology forces us to face the problem of what criteria
to use to identify homology. Polly et al. (2001), for snakes, and
Buchholtz (2007), for cetaceans, identified modules in the verte-
bral column that appear to evolve in close correlation with each
other, consistent with the idea that the Hox code guides the re-
gionalization of the vertebral column, and that other signaling
molecules guide the number of vertebrae in each species.

Whereas the total number of presacral vertebrae is 26 in
most mammals (Narita and Kuratani, 2005; Miiller et al., 2010),
cetaceans are an exception, having a variable number, some with
but usually more than 26 presacral vertebrae (where the puden-
dal nerve marks the first sacral vertebra, following Sljjper, 1936,
because sacral vertebrae do not fuse in mocern cetaceans). A few
Eocene cetaceans have vertebral columns that are complete. In
Ambulocetus (Madar et al., 2002), there are 31 vertebrae preced-
ing a 4-vertebra fused sacrum. In Rodhocetus (Gingerich et al.,
2001), there are 26 presacral vertebrae followed by a sacrum with
a joint for the ilium, but the sacral vertebrae are not synostosed.
In Dorudon, the sacrum consists of unfused vertebrae that are
nevertheless recognizable by their thickened transverse processes
(Uhen, 2003). This genus has 40 presacral vertebrae.

It appears than that the constraint that gives most mammals
26 presacral vertebrae was lost in Eocene cetaceans, although
not in a fashion that can be interpreted easily. The loss of mor-
phological distinction between vertebral regions suggests that
central axis patterning was diminishing on a lineage segment
basal to Dorudon, and continued to modern cetaceans (repre-
sented by Stenella and Balaena in Fig. 4). High vertebral num-
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FIGURE 4. Diagram of part of the vertebral column of Eocene and
modern cetaceans. Cranial is to left in these diagrams, vertical lines indi-
cate vertebral counts starting at the atlas (vertebra 1), S1 is the first sacral
vertebra, and blocks with a curved lines (ribs) indicate thoracic vertebrae.
Messelobunodon represents the plesiomorphic artiodactyl condition with
26 presacral vertebrae, and a synostosed sacrum composed of four ver-
tebrae, the first of which bears the sacroiliac joint (based on Franzen,
1981). Ambulocetus (Madar et al., 2002), Rodhocetus (Gingerich et al.,
1994), and Dorudon (Uhen, 2004) are Eocene whales. Rodhocetus and
Dorudon lack fused sacral vertebrae, and Dorudon lacks an articulation
for the innominate (oval on S1). In adults of the modern dolphin Stenella
and the bowhead whale Balaena, the sacrum cannot be recognized mor-
phologically, but the position of the pudendal nerve has been used as a
guide to its identification (and is here based on dissections of fetuses).

bers were not present in Rodhocetus (Gingerich et al., 1994)
but they were present in Ambulocetus, a lower branch on the
cetacean cladogram than Rodhocetus, implying homoplasy or
an incompletely understood phylogeny. Developmental evidence
implies that presacral vertebral numbers and vertebral region-
alization are independent characters, and thus understanding
vertebral development provides biologically relevant informa-
tion for identifying characters: two independent processes shape
vertebral evolution, and their morphological expression is con-
founded. Development does not solve questions of homology,
and it does not simplify the identification of discrete characters
in systematics, but it should be taken into account when making
such identifications. The critical evolutionary question is whether
Hox gene expression or the clock-and-wavefront changed and
altered morphology along the vertebral column. Depending on
the answer to that question, the hypotheses of homology dif-
fer, and characters as used in systematics should be defined
differently.

HIND LIMBS

Induced by signaling from the axis of the body, generalized ver-
tebrate embryos develop small, paired outgrowths on the side of
the body, from lateral plate mesoderm and ectodermal epithe-
lium. These are called limb buds and they will eventually form the
limbs (Fig. 2). A crest of ectodermal cells is located at the apex
of the limb bud, the apical ectodermal ridge (AER). In humans,
limb development starts near the end of the fourth week of devel-
opment. Two separate signaling centers occur in the limb (Fig. 5):
the AER and zone of polarizing activity (ZPA). In most species,
the AER is morphologically distinct and produces a number of
signaling proteins, including those of the fibroblast growth factor
(FGF) family, which direct outgrowth of the limb bud. The ZPA
is not morphologically different from the cells near it, but it com-
prises cells buried in the caudal part of the limb bud, and these
cells produce SHH (a protein called sonic hedgehog) that plays
a role in patterning the limb (e.g., number, size, and identity of
digits, etc.), among other things (reviewed by Gilbert, 2010). This
stage of limb development is called the bud stage, and once the
limb bud has reached this point, it can grow out independently,
without signals from the body. The AER and ZPA regulate each
other in a feedback loop and signals from both are required to
maintain outgrowth of a limb.

Evolution of limb morphology can, in part, result from differ-
ences in the signaling that occurs at the bud stage. Adult pythons,
for instance, have small bony remnants of the pelvic girdle and fe-
mur immersed within the soft-tissue body walls. Python embryos
do not have a forelimb bud, but they do develop a hind limb bud
initially. However, after this initial formation of the hind limb
bud, cessation in AER and ZPA signaling arrests limb develop-
ment. Cohn and Tickle (1999) found that embryonic python hind
limb buds lack expression of the gene products associated with
these signaling centers (such as DLX, FGF2, MSX, and SHH).
In the absence of the signaling that sustains limb outgrowth
(Fig. 5), and with the body growing longer, the growth of the hind
limb buds ceases and they regress. Therefore, reduction of snake
hind limbs is controlled very differently from reduction of snake
forelimbs. Developmental data suggest that reduction of the fore-
limbs and hind limbs are best considered independent characters
in snakes.

Signaling downstream from Hox genes also plays a central
role in another excellent example of evolution that combines
paleontological and developmental approaches. Pelvic spines
in three-spined stickleback fish (Gasterosteus) are paired, and
are the homologue of pelvic fins in other perciforms. Evolution
of pelvic spines has been studied in detail and is one of the
best examples where rates of evolution can be studied on a fine
timescale, sometimes at resolutions higher than centuries (Bell,
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FIGURE 5. Three stages of hind limb development for a generalized
quadruped (chick, mouse), two bony fish (the Fugu Takifugu, Tanaka
et al., 2005; the stickleback Gasterosteus, Shapiro et al., 2004, Chan et al.,
2010), a snake (Python, Cohn and Tickle, 1995), and a dolphin (Stenella,
Thewissen et al., 2009). Genes/proteins investigated varied between these
studies. A gene/structure that is crossed out indicates that it was posi-
tively determined that this gene/protein is not expressed/present during
hind limb initiation; but if a gene/structure is not mentioned, it merely
means that it was not investigated. In spite of this, it is clear that hind
limb loss can follow multiple developmental paths. Anlagen for the hind
limb bones are shown in the third column, but the pelvic girdle is not
indicated.

1994; Bell et al., 2006). Factors contributing to evolutionary
change in pelvic spines are well understood. They include the
presence or absence of predators and physiological limitations
on building skeletal tissues (Bell et al., 1993; Reimchen, 1994).

Bell et al. (1985, 2006) documented stickleback evolution in a
single Miocene lake deposit section in Nevada (Fig. 6). In the first
93,000 years documented by the section, a form of Gasterosteus
doryssus with small pelvic spines evolved toward even smaller
spines. It was then replaced by a form with larger spines and more
armor overall, and in the subsequent 17,000 years, spines and
other armor of this new form were also reduced in size. Surpris-
ingly, in these 17,000 years, pelvic spine reduction was delayed
compared with reduction of the rest of the armor by 2750 years
(Bell et al., 1985, 2006).

Pelvic spine reduction in modern stickleback populations is
usually caused by down-regulation of PitxI, which is expressed
in the flank area of the hind limb on the onset of limb develop-
ment, although other mechanisms may occur too (Cresko et al.,
2004; Shapiro et al., 2004). Individuals with down-regulated Pitx]
usually have asymmetrical pelvic spines, with the left one being
larger (Cresko et al., 2004; Shapiro et al., 2006). Given that this
asymmetry also occurs in the Nevada fossils, Bell et al. (2006) ar-
gued that, here too, Pitx] played a role. In modern mutants where
only one Pitx] allele is silent, the pelvis is not reduced, but lat-
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FIGURE 6. Stickleback (Gasterosteus) evolution in a Miocene lake in
Nevada (data from Bell et al., 1985, 2006). Large sample sizes, dense sam-
pling (years on y-axis), and quantitative analysis (mean number of dorsal
spines, solid line, and mean score for pelvic spine size, dashed line on x-
axis) allowed identification of detailed evolutionary pattern. Study of de-
velopmental control genes involved in spine and pelvis formation (PitxI)
allowed for the formulation of hypotheses that explain these patterns.

eral armor is reduced significantly, because the non-functioning
allele only has a minor effect on pelvis morphology, but a ma-
jor effect on armor size. It follows that the evolutionary change
of pelvis reduction only becomes noticeable in the fossil popu-
lation when frequency of the silenced allele rises and homozy-
gotes for the recessive condition occur. Although a small mor-
phological change in the pelvis can be the subject of selection
(Shapiro et al., 2004), selection had a profound effect favoring
the new morphology when homozygotes with strongly reduced
pelves became common (Bell et al., 2006). This difference in gene
control explains the delay in evolution between armor and pelvic
reduction.

Morphological data do not indicate a priori that some features
are more liable to heritable change than others, but, in the stick-
leback case, developmental biological data show that some fea-
tures are more labile evolutionarily and prone to change. The
Pitx] enhancer is fragile in sticklebacks and may explain differ-
ential probabilities of morphological evolution, in effect rates of
evolvability. In the stickleback example, understanding of gene
control offered a better understanding of the pattern of the evo-
lutionary change by suggesting a powerful mechanistic explana-
tion. However, the potential of developmental biological data to
offer insights into paleontological analyses goes beyond this. As is
common in gene regulation, mutations of the gene coding for the
transcription factor are often lethal, because transcription factors
are involved in many processes that contribute to formation of
the body plan, and a mutation in a single gene can affect function
of these processes so dramatically as to be incompatible with life.
Evolution, then, is thought to not work on the genes that code for
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proteins, but instead on DNA sequences that regulate the tran-
scription, including so-called enhancers (Fig. 1). These enhancers
are located on the same chromosome as the gene they act on
and generally close to it (as shown in Fig. 1). Such enhancers are
called cis-regulatory elements and, unlike the gene they regulate,
they are often only involved in controlling transcription related to
one or a few functions of the gene. This allows for region-specific
regulation and gives evolution a tool to modify some organs af-
fected by a gene, but not all organs affected by that gene.

For instance, the Pitx] gene is involved in the development of
organs including the hind limb, the pituitary gland (Proszkowiec-
Weglarz et al., 2010), and the retina (Markitantova et al., 2010),
but some of its regulators have a much more limited function.
Shapiro et al. (2004) and Chan et al. (2010) documented that
an enhancer of Pitx] is silenced in Gasterosteus that lack pelves,
even though the Pitx] gene and protein are normal. Shapiro et al.
(2004, 2006) found that the same enhancer may be affected in
stickleback populations that have lost their pelvis independently,
such as populations in Iceland and British Colombia and even
in different stickleback genera. The chromosome region where
Pixt] and its enhancer are located is particularly fragile, leading
Chan et al. (2010) to suggest that it is particularly susceptible to
evolution by mutations or DNA deletions. This indicates that,
from a developmental mechanistic standpoint, evolution in cer-
tain traits is more common than in other traits.

Tanaka et al. (2005) studied the absence of pelvic fins in the
perciform osteichthyan Takifugu (Fugu), which lacks any mor-
phological remnant of hind limbs: there are no pelvic or limb
remnants at any ontogenetic stage, and embryos never have hind
limb buds. Tanaka et al. (2005) compared Takifugu with stick-
lebacks with pelvic spines. These authors found that Takifugu
lacks HOXD? signaling in the area where the pelvic spines de-
velop in Gasterosteus, and, downstream from this, also lacked ex-
pression of genes normally involved in limb development (7hx4,
Pitx1, Shh, Fgf10). They proposed that the pelvic fin was absent
in Takifugu because of HOX signaling, a situation similar to ab-
sence of forelimb development in pythons. Consistent with this,
Shapiro et al. (2009) showed that in related stickleback genera
(Gasterosteus and Pungitius), morphologically similar reduction

patterns of the pelvis are underlain by different developmental
patterns.

Developmental evidence thus enriches the understanding of
morphological traits, and can provide insights into the falsifica-
tion of hypotheses of equality of character states. The absence of
hind limbs can be the result of changes in several developmental
pathways, indicating that the resulting similarity in morphol-
ogy is induced by a different series of genes. Dissimilarity of
developmental pathways is usually taken as an indication of
non-homology by developmental biologists, but takes place at a
level of resolution that cannot be studied by paleontologists.

Yet another example of hind limb loss is found in cetaceans.
Guldberg and colleagues (e.g., Guldberg and Nansen, 1894)
were the first to observe that cetacean embryos form hind limb
buds and that these regress later in development. Interestingly,
pelvic and hind limb remnants differ among modern cetaceans.
Whereas Balaena males retain innominate, femur, and cartilagi-
nous tibia (Thewissen et al., 2009), most delphinoids only have
a single bone as adults (the innominate). Thewissen et al. (2006)
studied protein signaling in embryos of the dolphin Stenella and
found that the AER of the hind limb bud signaled FGFS, but
there are no SHH signals, indicating a lack of a ZPA. This is in
contrast to the forelimb, which expresses FGF8 and SHH nor-
mally. Thus, the mechanism of hind limb loss in Stenella differs
from that in pythons and fugu. Pitx! is expressed independently
from Shh (Fig. 5), but Thewissen et al. (2006) did not investi-
gate whether Pitx] is expressed in cetacean hind limbs. Shapiro
et al. (2006) made a similar argument implicating Pitx] in another
mammal lacking hind limbs, the manatee (Trichechus), based on
the predicted left-right asymmetry caused by this gene in other
species.

Using the cetacean fossil record, Thewissen et al. (2006) were
able to elucidate the evolutionary pattern of hind limb loss in
cetaceans further (Fig. 7). For the initial part of their evolution,
hind limbs of cetaceans were reduced in length as cetaceans
become aquatic, from the pakicetid (Thewissen et al., 2007) to
the ambulocetid (Thewissen et al., 1994) and to the protocetid
(Rodhocetus, Gingerich et al., 2001) node on the cladogram.
However, all bony elements of the hind limb were retained: an
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autopodium with four toes with three phalanges each. Hind limb
patterning in the embryo was probably not different from that
of their land ancestors in these early whales. The next node on
the cladogram is that of basilosaurid cetaceans. These were fully
aquatic and had tiny hind legs with three toes only and reduced
numbers of phalanges (Gingerich et al., 1990; Uhen, 2003). This
shape of autopodium (hand and foot) is very similar to that in
some species of skinks. In this group, forms with more and fewer
autopodial elements occur, and Shapiro et al. (2003) determined
that the length of exposure to SHH in the embryo was strongly
correlated to the number of digits in hand and foot, suggesting
that heterochronic signaling with SHH determined foot shape.
Combining the pattern of the basilosaurid foot and the develop-
mental data on SHH in Stenella, Thewissen et al. (2006) proposed
that Shh expression was reduced in the hind limb of basilosaurids,
and subsequently lost completely in later whales. Thus, by com-
bining fossil and developmental biological evidence, events in the
evolution of Shh expression in cetaceans could be analyzed and
its evolutionary timing constrained. It is likely that lack of SHH
signaling is only one of several factors contributing to absence of
hind limbs in cetaceans, because mice in which Shh is knocked
out do develop deformed limbs, but these are more complete
than the hind limbs of cetaceans (Charité et al., 2000; Panman
and Zeller, 2003). Experimental manipulation of expression is
not possible in cetaceans, limiting our ability to test hypotheses
proposed on the basis of descriptive protein expression results
such as those of Thewissen et al. (2006). This emphasizes the
importance of studying development in model organisms.

Heterochronic expression of genes leads to differential de-
velopment, and has been of great interest to developmen-
tal biologists (Smith, 2003) and paleontologists (Gould, 1977).
Whereas sophisticated methods are available for the study of het-
erochronic patterns, the underlying processes are often not un-
derstood. Developmental biologists have found that differences
in timing of interacting developmental processes cause much of
the variation found among organisms (Muller, 2007; Richardson
et al., 2009), and this is of importance for paleontology (Jeffery
et al., 2005). The skink hand and foot example shows that het-
erochronic expression led to the formation of more digital el-
ements. Such heterochronic gene expression is often caused by
cis-regulation of genes coding for signaling proteins and is con-
sidered a major driver of evolution by developmental biologists
(Carroll et al., 2004).

HANDS AND FEET

Within the tetrapod hand and foot, digit identity is partially
regulated by the activity of Hox genes. Four Hox genes are ex-
pressed: Hoxdl3, Hoxd12, Hoxdll1, and Hoxdl0 (Zakany et al.,
2004; Montavon et al., 2008; Wagner and Vargas, 2008), digits
2-5 express all four genes, but digit 1 (thumb and big toe) only
expresses Hoxdl3 (Fromental-Ramain et al., 1996). In species
where digit 1 resembles the other digits in length or shape, pat-
terns in Hox gene expression in digit 1 are more similar to those
of the other digits (Montavon et al., 2008; Wagner and Var-
gas, 2008). In some cases, the morphology of digit 1 appears to
vary independently from the other digits. Most anthropoid pri-
mates display two developmental modules in the hand: a digit 1
module, and a second module for digits 2-5 and their associated
metacarpals. Reno et al. (2008) found that changes in the length
of digits 2-5 were correlated with each other and with changes in
the radius, whereas changes in the length of digit 1 were indepen-
dent in a variety of extant primates, as well as Australopithecus.
This pattern of modular bone lengthening follows the expression
pattern of Hoxdl1 in late-stage mice that express HoxdlI1 in the
radius and digits 2-5 (Reno et al., 2008).

Within birds, a developmental shift in digit identity has led
to controversy over digit homology that has lasted more than
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FIGURE 8. Paleontological, embryological, and developmental evi-
dence for the digit homologies in birds. A, forelimb diagram and relation-
ship of some theropods and birds (after Romer, 1956; Wagner and Gau-
thier, 1999). B, diagram indicating possible homology of digits of hand,
showing different interpretation of the three fingers of the avian hand on
the basis of fossil and embryological evidence. Developmental biological
evidence showed that a frameshift has occurred that imposed the shape
of fingers 1-3 on the anlagen of fingers 2—4.

150 years (Hansen, 2010; Fig. 8), and has been problematic for
character polarization in phylogenetic systematics (Wagner and
Gauthier, 1999; Bever et al., 2011; Young et al., 2011; Young
and Wagner, 2011). The tridactyl hand of birds and theropod di-
nosaurs was thought to consist of digits 1-3 based on paleonto-
logical evidence (Wagner and Gauthier, 1999), but embryological
evidence based on patterns of digital condensation indicated that
the hand and foot of modern birds consisted of digits 2—4 (Burke
and Feduccia, 1997). Recent developmental research (Fig. 7) has
shown that of the five anlagen in an embryonic chick forelimb,
only the middle three develop: digits 2, 3, and 4 (Harfe et al., 2004;
Tamuraet al., 2011; Wang et al., 2011; Welten et al., 2011). Signal-
ing from anterior (Tamura et al., 2011; Wang et al., 2011) and pos-
terior (Harfe et al., 2004, on mice) aspects of the developing limb
affects these anlagen, causing digit 4 to assume the shape of digit
3 (due to SHH signaling) and digit 2 to assume the shape of digit
1 (Tamura et al., 2011; Wang et al., 2011, on chicks). Thus, pa-
leontological evidence from the forelimbs of theropod dinosaurs
combined with developmental and embryological data show that
the developmental mechanism for digit specification was both
evolutionarily and developmentally uncoupled from the progeni-
tor identities initially formed during hand and foot development.
This shift in morphological identity constitutes an apomorphic
feature of avian morphogenesis (Tamura et al., 2011), and shows
the complexity in distinguishing homologies, because a homol-
ogous signaling cascade is translocated on non-homologous fin-
gers. This does not help us resolve the homologies of the fingers,
but adds depth to our understanding of these homologies.



Downloaded by [99.185.49.24] at 16:23 04 November 2012

THEWISSEN ET AL—DEVELOPMENTAL BIOLOGY AND PALEONTOLOGY 1231

During hand and foot development, digits can either become
separated, like human fingers and toes, or the digits can stay
encased in soft tissue, like the webbing in the feet of ducks,
the wing membrane of bat wings, and cetacean flippers. During
limb morphogenesis, the developing digits are separated through
programmed cell death (apoptosis) in the interdigital tissues.
A key molecular component of the interdigital apoptosis path-
way is Bmp (Hernandez Martinez and Covarrubias, 2011). In
some taxa, Gremlin interrupts the apoptosis pathway, causing
retention of the interdigital tissues. For instance, proximal inter-
digital cell death is stopped by overlapping Bmp and Gremlin
expression in the developing partially webbed hands and feet
of mice (Pajni-Underwood et al., 2007) and completely webbed
feet of ducks (Merino et al., 1999). Bats also employ Gremlin
in the interdigital tissues, and this expression may act to inhibit
interdigital apoptosis and potentially allow for maintenance of
interdigital tissues that will eventually form the wing membrane
(Weatherbee et al., 2006). Bats also extend Fgf8 expression
from the AER to the interdigital tissues, which may allow for
proliferation and elaboration of the wing membrane tissues
(Weatherbee et al., 2006). Finally, Shh expression in the bat
ZPA extends into the interdigital tissues (Hockman et al., 2008).
Taken together, overlapping Shh-Fgf-Bmp-Gremlin expression
in the interdigital tissues may act to inhibit interdigital apoptosis,
and could direct limb outgrowth from the interdigital tissues
during wing formation (Hockman et al., 2008).

In this example, developmental data assist in assessing homol-
ogy by showing that different developmental pathways can lead
to similar morphological results. However, developmental evi-
dence does not solve questions of homology, it only provides ad-
ditional insights into the study of homology. Ultimately, in our
view, that problem should be addressed by a greater understand-
ing of what the actual evolutionary changes were that occurred in
alineage, and understanding the coherence among these changes.

TEETH

During limb formation, ectodermal epithelium and mesoder-
mal mesenchyme signal each other, inducing growth and devel-
opment of both tissues in close synchrony. The genes and proteins
involved in a signaling cascade as a whole are often described as
a developmental toolkit. The genes that compose the epithelial-
mesenchymal toolkit are applied by the embryo time and time

FIGURE 9. Check tooth morphology in | roposcidea

three genera of proboscideans (Eocene
Moeritherium, Phiomia, and modern Lox-
odonta) and three modern strains of mice
(K14-Eda, Wildtype, and Tabby), showing
morphological trends in the evolution of pro-
boscideans and trends due to Eda expression
in the mice. Conventions for figuring tooth Phiomia
morphology: large open figures indicate wide
topographical highs (cusps or crests); lines
indicate narrow topographical highs (crests).
Mice data and developmental analysis is
based on Kangas et al. (2004), who identified
morphological trends listed (arrow). Phiomia
and Moeritherium are based on Tassy (1996);
Loxodonta is based on Laws (1966). Rela-
tion among proboscideans is indicated by
cladogram. Loxodonta has horizontal tooth
replacement and wears its cheek teeth at
oblique angles to their mineralization front.
Tooth row shown here is a composite of
different stages, showing diagrammatic cusp
and crest morphology at mineralization, and
does not occur at any stage during life.
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again in different places and at different times, whenever these
tissues need to work together to produce an organ. Such organs
include hairs, teeth, feathers, mammary glands, and claws. It is
this toolkit that plays a special role in evolution and the organs
it forms are sometimes referred to as epithelial organs (Chuong,
1998).

Interactions between epithelium and mesenchyme produce
teeth. Tooth development starts after week nine in humans, early
in the fetal period, when most other organs have already formed.
The early development of all epithelial organs is similar. First,
the epithelium thickens, forming a placode, then a clump of ecto-
dermal epithelium sags into the underlying mesenchyme, form-
ing tooth bud in the jaws. Hair follicles are formed similarly in
other areas of the body, and the same toolkit is used. In the tooth
bud, ectodermal tissue is mineralized to become enamel and mes-
enchymal to become dentine (Richman and Handrigan, 2011); in
the hair follicle, ectodermal germinal cells produce keratin that
forms the hair shaft (Paus, 1998).

Signaling proteins such as SHH, BMP, and FGF play im-
portant roles in tooth development, but the role of the protein
ectodysplasin (EDA) illustrates the broad implications of
developmental biological results for paleontologists (Kangas
et al., 2004). The expression of Eda is restricted to epithelium
adjacent to the tooth-forming tissues at the dental placode
stage. Kangas et al. (2004) compared wild-type mice with a
naturally occurring strain of mouse mutants called Tabby mice
and a strain of mice that were created in the laboratory and are
called K14-Eda mice. Tabby mice do not produce functional
EDA, whereas K14-Eda mice produce the protein in excess. The
differences in the dentition of these mice (Fig. 9) are induced by
concentration differences in a single protein and show that one
protein can affect multiple dental characteristics that appear to
be anatomically independent both within one tooth, and across
the tooth row. The mice lacking Eda have narrower cheek teeth,
and pairs of lingual/labial cusps are fused, whereas they are
separated in wild-type mice and divided by a longitudinal crest in
Eda-overexpressing mice. The talonid of Tabby mice is shallow
and does not bear distinct cusps, and an anteroconid is absent.
Both cusps are present in wild-type mice, and K14-Eda mice
have large hypoconunid and anteroconid. In addition, K14-Eda
mice have an extra tooth, anterior to the molars.

As pointed out by Kangas et al. (2004), the differences found
among these mice are reminiscent of those found in the
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evolution of several groups of mammals. In Eocene
Moeritherium, the distance between lingual and buccal cusps is
increased and weak crests between them present. Both of these
trends continue in Eocene Phiomia and Loxodonta (the modern
African elephant). In Phiomia, m1 and m2 have an additional
row of cusps, whereas in Loxodonta many rows are added in all
cheek teeth. Finally, small cusps occur in the central axis of the
tooth in Phiomia, and these form a constant, longitudinal feature
of the teeth of Loxodonta, ling up to intersect the transverse
lophs. These four evolutionary trends in proboscideans mirror
those seen in the Eda series of mice.

Of course, the mentioned proboscideans differ in many more
features than those discussed, and some are not consistent with
EDA signaling (e.g., the loss of pl at the basal node in Fig. 9).
Certainly, multiple genes were involved in creating the differ-
ences among the proboscideans. We hypothesize that EDA sig-
naling likely played a role in proboscidean evolution, but that it
was modulated by the expression of other genes, and that many
of the differences among proboscideans are not related to EDA
signaling. Fliniaux et al. (2008) found that, in addition to the ef-
fects described above, EDA signaling also affects other develop-
mental pathways (WNT), and may modify morphologies through
these pathways in a subtle way.

Proboscidean evolution is not linear; strongly lophodont forms
lived long before more bunodont forms (Sanders et al., 2010).
This indicates that the evolutionary pattern is more compli-
cated than shown in Figure 9. However, the mouse example
does indicate that seemingly unrelated anatomical dental fea-
tures within one tooth, and among teeth in one toothrow, are not
independent.

CONCLUSION

Paleontology is the prime source of information about pheno-
typic evolution on a geological timescale. Developmental biol-
ogy, by studying modern animals, can add information of ‘how’
an evolutionary change happened at a mechanistic level. Inte-
grating paleontological evidence with that from other sciences,
paleontologists are forced to challenge their assumptions. Evolu-
tionary developmental biology research makes us examine hy-
potheses of homology, character definition and independence,
heterochrony, and character evolution. Developmental biolog-
ical data help us pinpoint distinctions among convergent mor-
phologies. Maybe most importantly, developmental data help us
realize that anatomically disjunct features may be controlled by
the same gene expression pathway, whereas morphologically sim-
ple features may be determined by multiple pathways that evolve
independently. This affects the evolvability of features and rates
of evolution. Development biology can help paleontologists an-
swer fundamental questions about evolution, although it does not
hold all the answers. It is the synergy between all the biological
and geological sciences that provides the most detail in evolution.

ACKNOWLEDGMENTS

The ideas in this paper were discussed with many colleagues
and represent a blend of published, unpublished, and original
views. We specifically want to thank B. A. Armfield, T. Hierony-
mus, and C. Vinyard for their insights. W. J. Sanders helped us
with understanding elephant tooth morphology. Helpful com-
ments on certain sections of the manuscript were provided by M.
J. Cohn, C.-M. Chuong, J. Jernvall, and M. D. Shapiro. Fund-
ing for this research came from the National Science Foundation
(EAR 0745543 to J. G. M. Thewissen).

LITERATURE CITED

Barton, N. H., D. E. G. Briggs, J. A. Eisen, D. B. Goldstein, and N. H.
Patel. 2007. Evolution. Cold Spring Harbor Laboratories Press, Cold
Spring Harbor, New York, 833 pp.

Behringer, R. R., G. S. Eakin, and M. B. Renfree. 2006. Mammalian di-
versity: gametes, embryos, and reproduction. Reproduction, Fertil-
ity, and Development 18:99-107.

Bell, M. A. 1994. Paleobiology and evolution of threespine stickleback;
pp. 438-469 in M. A. Bell and S. A. Foster (eds.), The Evolution-
ary Biology of the Threespine Stickleback. Oxford University Press,
Oxford, U.K.

Bell, M. A,, J. V. Baumgartner, and E. C. Olson. 1985. Patterns of tem-
poral change in single morphological characteristics of a Miocene
stickleback fish. Paleobiology 11:258-271.

Bell, M. A., M. P. Travis, and D. M. Blouw. 2006. Inferring natural selec-
tion in a fossil threespine stickleback. Paleobiology 32:562-577.
Bell, M. A, G. Orti, J. A. Walker, and J. P. Koenings. 1993. Evolution
of pelvic reduction in threespine sticklebacks: a test of competing

hypotheses. Evolution 47:906-914.

Bever, G. S., J. A. Gauthier, and G. P. Wagner. 2011. Finding the frame
shift: digit loss, developmental variability, and the origin of the avian
hand. Evolution and Development 13:269-279.

Bolker, J. A.2002. Modulatiry in development and why it matters to evo-
devo. American Zoologist 40:770-776.

Buchholtz, E. A. 2007. Modular evolution of the cetacean vertebral col-
umn. Evolution and Development 9:278-289.

Burke, A. C., and A. Feduccia. 1997. Developmental patterns and the
Identification of homologies in the avian hand. Science 278:666-668.

Burke, A. C,, C. E. Nelson, B. A. Morgan, and C. Tabin. 1995. Hox
genes and the evolution of vertebrate axial morphology. Develop-
ment 121:333-346.

Caldwell, M. W. 2000. On the phylogenetic relationships of Pachyrhachis
within snakes: a response to Zaher (1998). Journal of Vertebrate
Paleontology 20:187-190.

Caldwell, M. W., and M. S. Y. Lee. 1997. A snake with legs from the
marine Cretaceous of the middle east. Nature 386:705-709.

Carroll, S. B., J. K. Grenier, and S. B. Weatherbee. 2004. From DNA to
Diversity. Blackwell Science, Malden, Massachusetts, 214 pp.

Chan, Y. F., M. E. Marks, F. C. Jones, G. Villarreal Jr., M. D. Shapiro,
S. D. Brady, A. M. Southwick, D. M. Absher, J. Grimwood, J.
Schmutz, R. M. Myers, D. Petrov, B. Jénsson, D. Schluter, M. A.
Bell, and D. M. Kingsley. 2010. Adaptive evolution of pelvic reduc-
tion in sticklebacks by recurrent deletion of a Pitx1 enhancer. Sci-
ence 327:302-305.

Charité, J., D. G. McFadden, E. N. Olson. 2000. The bHLH transcrip-
tion factor dHAND controls Sonic hedgehog expression and estab-
lishment of the zone of polarizing activity during limb development.
Development 127:2461-2470.

Chuong, C.-M. 1998. Morphogenesis of epithelial appendages: varia-
tions on top of a common theme and implications in regeneration;
pp- 3-14 in C.-M. Chuong (ed.), Molecular Basis of Epithelial Ap-
pendage Morphogenesis. R. G. Landes, Austin, Texas.

Cohn, M. 1., and C. Tickle. 1999. Developmental basis of limblessness and
axial patterning in snakes. Nature 399:474—479.

Cresko, W. A., A. Amores, C. Wilson, J. Murphy, M. Currey, P. Phillips,
M. A. Bell, C. B. Kimmel, and J. H. Postlethwait. 2004. Parallel ge-
netic basis for repeated evolution of armor loss in Alaskan three-
spine stickleback populations. Trends in Genetics 20:481-490.

Di-Poi, N., J. I. Montoya-Burgos, H. Miller, O. Pourqui¢, M. C.
Milinkovitch, and D. Duboule. 2010. Changes in Hox genes’ struc-
ture and function during the evolution of the squamate body plan.
Nature 464:99-103.

Eakin, G. S., and R. R. Behringer. 2004. Diversity of germ layer and axis
formation among mammals. Seminars in Cell and Developmental
Biology 15:619-629.

Fliniaux, 1., M. L. Mikkola, S. Lefebvre, and 1. Thesleff. 2008. Identifi-
cation of dkk4 as a target of Eda-Al/Edar pathway reveals an un-
expected role of ectodysplasin as inhibitor of Wnt. Developmental
Biology 320:60-71.

Franzen, J.-L. 1981. Das erste Skelett eines Dichobuniden (Mammalia,
Artiodactyla) geborgen aus mitteleozdnen Olschiefer der ‘Grube
Messel’” bei Darmstadt (Deutschland, S.-Hessen). Senckenbergiania
Lethaea 61:299-353.

Fromental-Ramain, C., X. Warot, N. Messadecq, M. LeMeur, P. Dolle,
and P. Chambon. 1996. Hoxa-13 and Hoxd-13 play a crucial role in
the patterning of the limb autopod. Development 122:2997-3011.

Galis, F. 1999. Why do almost all mammals have seven cervical verte-
brae? Developmental constraints, Hox genes and cancer. Journal of
Experimental Zoology Part B: Molecular and Developmental Evo-
lution 285:19-26.



Downloaded by [99.185.49.24] at 16:23 04 November 2012

THEWISSEN ET AL—DEVELOPMENTAL BIOLOGY AND PALEONTOLOGY 1233

Gilbert, S. F. 2010. Developmental Biology, Ninth Edition. Sinauer, Sun-
derland, Massachusetts, 711 pp.

Gingerich, P. D., B. H. Smith, and E. L. Simons. 1990. Hind limbs of
Basilosaurus isis: evidence for feet in whales. Science 229:154-157.

Gingerich, P. D., M. U. Haq, L. S. Zalmout, I. H. Khan, and M. S. Malkani.
2001. Origin of whales from early artiodactyls: hands and feet of
Eocene Protocetidae from Pakistan. Science 293:235-267.

Gingerich, P. D., S. M. Raza, M. Arif, M. Anwar, and X. Zhou. 1994.
New whale from the Eocene of Pakistan and the origin of cetacean
swimming. Nature 368:844-847.

Gould, S. J. 1977. Ontogeny and Phylogeny. Belknap Press of Harvard
Press, Cambridge, Massachusetts, 477 pp.

Gridley, T. 2006. The long and short of it: somite formation in mice. De-
velopmental Dynamics 235:2330-2336.

Haldiman, J. T., and R. J. Tarpley. 1993. Anatomy and physiology; pp.
71-156 in J. J. Burns, J. J. Montague, and C. J. Cowles (eds.), The
Bowhead Whale. Society for Marine Mammalogy, Special Publica-
tion 2.

Hall, B. K. 1998. Evolutionary Developmental Biology, second edition.
Chapman and Hall, London, 491 pp.

Hansen, K. L. 2010. A history of digit identification in the manus of
theropods (including Aves). Geological Society, London, Special
Publications 343:265-275.

Harfe, B. D., P. J. Scherz, S. Nissim, H. Tian, A. P. McMahon, and C. J.
Tabin. 2004. Evidence for an expansion-based temporal Shh gradi-
ent in specifying vertebrate digit identities. Cell 118:517-528.

Hernandez-Martinez, R., and L. Covarrubias. 2011. Interdigital cell
death function and regulation: new insights on an old programmed
cell death model. Development, Growth & Differentiation 53:
245-258.

Hockman, D., C. J. Cretekos, M. K. Mason, R. R. Behringer, D. S. Ja-
cobs, and N. Illing. 2008. A second wave of Sonic hedgehog ex-
pression during the development of the bat limb. Proceedings of
the National Academy of Sciences of the United States of America
105:16982-16987.

Holland, L. Z., et al. (64 authors). 2008. The Amphioxus genome illu-
minates vertebrate origins and cephalochordate biology. Genome
Research 18:1100-1111.

Horan, G. S. B., R. Ramirez-Solis, M. S. Featherstone, D. J. Wolge-
muth, A. Bradley, and R. R. Behringer. 1995. Compound mutants
for the paralogous hoxa-4, hoxb-4, and hoxd-4 genes show more
complete homeotic transformations and a dose-dependent increase
in the number of vertebrae transformed. Genes & Development
9:1667-1677.

Jeffery, J. E., O. R. Bininda-Emonds, M. 1. Coates, and M. K. Richard-
son. 2005. A new technique for identifying sequence heterochrony.
Systematic Biology 54:230-240.

Kangas A. T., A. R. Evans, I. Thesleff, and J. Jernvall. 2004. Nonindepen-
dence of mammalian dental characters. Nature 432:211-214.

Laws, R. M. 1966. Age criteria for the African elephant. East African
Wildlife Journal 4:1-37.

Lee, M. S. Y., and M. W. Caldwell. 1998. Anatomy and relationships of
the primitive snake Pachyrhachis. Philosophical Transactions: Bio-
logical Sciences 353:1521-1552.

Lewis, J., and E. M. Ozbudak. 2007. Deciphering the somite segmenta-
tion clock: beyond mutants and morphants. Developmental Dynam-
ics 236:1410-1415

Mallo, E. A. 2009. The road to the vertebral formula. Journal of Devel-
opmental Biology 53:8-10.

Markitantova, Y. V., P. P. Avdonin, E. N. Grigoryan, and R. D. Zi-
nov’eva. 2010. Identification of the Pitx1 embryogenesis regulatory
gene in a regenerating newt retina. Doklady Biological Sciences
435:421-424.

McCollum, M. A., B. A. Rosenman, G. Suwa, R. S. Meindl, and C. O.
Lovejoy. 2010. The vertebral formula of the last common ancestor
of African apes and humans. Journal of Experimental Zoology Part
B: Molecular and Developmental Evolution 314:123-134.

Merino, R., J. Rodriguez-Leon, D. Macias, Y. Ganan, A. N. Economides,
and J. M. Hurle. 1999. The BMP antagonist Gremlin regulates out-
growth, chondrogenesis and programmed cell death in the develop-
ing limb. Development 126:5515-5522.

Milinkovitch, M. C., and A. Tzika. 2007. Escaping the mouse trap: the
selection of new evo-devo model species. Journal of Experimen-
tal Zoology: Molecular and Developmental Evolution 308B:337-
346.

Montavon, T., J.-F. O. Le Garrec, M. Kerszberg, and D. Duboule. 2008.
Modeling Hox gene regulation in digits: reverse collinearity and the
molecular origin of thumbness. Genes & Development 22:346-359.

Muller, G. B. 2007. Evo-devo: extending the evolutionary synthesis. Na-
ture Reviews, Genetics 8:943-949.

Miiller, J., T. M. Scheyer, J. J. Head, P. M. Barrett, I. Werneburg, P. G.
Ericson, D. Pol, and M. R. Sanchez-Villagra. 2010. Homeotic effects,
somitogenesis and the evolution of vertebral numbers in recent and
fossil amniotes. Proceedings of the National Academy of Sciences
of the United States of America 107:2118-2123.

Narita, Y., and S. Kuratani. 2005. Evolution of the vertebral formulae in
mammals: a perspective on developmental constraints. Journal of
Experimental Zoology Part B: Molecular and Developmental Evo-
lution 15:91-106.

Pajni-Underwood, S., C. P. Wilson, C. Elder, Y. Mishina, and M.
Lewandoski. 2007. BMP signals control limb bud interdigital pro-
grammed cell death by regulating FGF signaling. Development
134:2359-2368.

Panman, L., and R. Zeller. 2003. Patterning the limb before and after
SHH signalling. Journal of Anatomy 202:3-12.

Paus, R. 1998. Principles of hair cycle control. Journal of Dermatology
25:793-802.

Polly, P. D., J. J. Head, and M. J. Cohn. 2001. Testing modularity and
dissociation: the evolution of regional proportions in snakes; pp.
305-335 in M. L. Zeldtich (ed.), Beyond Heterochrony: The Evo-
lution of Development. Wiley, New York.

Proszkowiec-Weglarz, M., S. E. Higgins, and T. E. Porter. 2011. Changes
in gene expression during pituitary morphogenesis and organogen-
esis in the chick embryo. Endocrinology 152:989-1000.

Raff, R. A. 2007. Written in stone: fossils, genes and evo-devo. Nature
Reviews Genetics 8:911-920.

Raff, R. A., and B. J. Sly. 2000. Modularity and dissociation in the evo-
lution of gene expression territories in development. Evolution &
Development 2:102-113.

Raff, R. A., W. Arthur, S. B. Carroll, M. I. Coates, and G. Wray, G. 1999.
Editorial: chronicling the birth of a discipline. Evolution & Devel-
opment 1:1-2.

Reimchen, T. E. 1994. Predators and morphological evolution in three-
spine stickleback; pp. 240-276 in M. A. Bell and S. A. Foster (eds.),
The Evolutionary Biology of the Threespine Stickleback. Oxford
University Press, Oxford, U.K.

Reno, P. L., M. A. McCollum, M. J. Cohn, R. S. Meindl, M. Hamrick,
and C. O. Lovejoy. 2008. Patterns of correlation and covariation of
anthropoid distal forelimb segments correspond to Hoxd expression
territories. Journal of Experimental Zoology Part B: Molecular and
Developmental Evolution 310:240-258.

Richardson, M. K., S. M. Gobes, A. C. van Leeuwen, J. A. Polman, C.
Pieau, and M. R. Sanchez-Villagra. 2009. Heterochrony in limb evo-
lution: developmental mechanisms and natural selection. Journal of
Experimental Zoology Part B: Molecular and Developmental Evo-
lution 312:639-646.

Richman, J. M., and G. R. Handrigan. 2011. Reptilian tooth development.
Genesis 49:247-260.

Romer, A. S. 1956. Osteology of the Reptiles. University of Chicago
Press, Chicago, Illinois, 772 pp.

Sanders, W. J., E. Gheerbrandt, J. M. Harris, H. Saegusa, and C. Delmer.
2010. Proboscidea; pp. 253-260 in L. Werdelin and W. J. Sanders
(eds.), Cenozoic Mammals of Africa. University of California Press,
Berkeley, California.

Shapiro, M. D., M. A. Bell, and D. M. Kingsley. 2006. Parallel ge-
netic origins of pelvic reduction in vertebrates. Proceedings of the
National Academy of Sciences of the United States of America
103:13753-13758.

Shapiro, M. D., J. Hanken, and N. Rosenthal. 2003. Developmental basis
of evolutionary digit loss in the Australian lizard Hemiergis. Jour-
nal of Experimental Zoology Part B: Molecular and Developmental
Evolution 297:48-56.

Shapiro, M. D., M. E. Marks, C. L. Peichel, B. K. Blackman, K. S. Nereng,
B. Jénsson, D. Schluter, and D. M. Kingsley. 2004. Genetic and
developmental basis of evolutionary pelvic reduction in threespine
sticklebacks. Nature 428:717-723.

Shapiro, M. D., B. R. Summers, S. Balabhadra, J. T. Aldenhoven, A. L.
Miller, C. B. Cunningham, M. A. Bell, and D. M. Kingsley. 2009. The
genetic architecture of skeletal convergence and sex determination
in ninespine sticklebacks. Current Biology 19:1140-1145.



Downloaded by [99.185.49.24] at 16:23 04 November 2012

1234 JOURNAL OF VERTEBRATE PALEONTOLOGY, VOL. 32, NO. 6, 2012

Slijper, E. J. 1936. Die Cetaceen, vergleichend-anatomisch und systema-
tisch. Capita Zoologica 6/7:1-590.

Smith, K. K. 2003. Time’s arrow: heterochrony and the development
of evolution. International Journal of Developmental Biology
47:613-621.

Sommer, R. J. 2005. Genomic platforms for “evo-devo.” Current Ge-
nomics 6:569-570.

Tamura, K., N. Nomura, R. Seki, S. Yonei-Tamura, and H. Yokoyama.
2011. Embryological evidence identifies wing digits in birds as digits
1,2, and 3. Science 331:753-757.

Tanaka, M., L. A. Hale, A. Amores, Y. L. Yan, W. A. Cresko, T. Suzuki,
and J. H. Postlethwait. 2005. Developmental genetic basis for the
evolution of pelvic fin loss in the pufferfish Takifugu rubripes. De-
velopmental Biology 281:227-2309.

Tassy, P. 1996. Who is who among the Proboscidea?; pp. 39-48 in
J. Shoshani and P. Tassy (eds.), The Proboscidea, Evolution and
Palaeoecology of Elephants and Their Relatives. Oxford University
Press, Oxford, U.K.

Thewissen, J. G. M., and J. Heyning. 2007. Embryogenesis and develop-
ment in Stenella attenuata and other Cetaceans; pp. 307-329 in D.
Miller (ed.), Reproductive Biology and Phylogeny of Cetacea. Sci-
ence Publishers, Enfield, New Hampshire.

Thewissen, J. G. M., S.T. Hussain, and M. Arif. 1994. Fossil evidence
for the origin of aquatic locomotion in archaeocete whales. Science
263:210-212.

Thewissen, J. G. M., L. N. Cooper, J. C. George, and S. Bajpai. 2009.
From land to water: the origin of whales, dolphins, and porpoises.
Evolution: Education and Outreach 2:272-288.

Thewissen, J. G. M., L. N. Cooper, M. T. Clementz, S. Bajpai, and B.
N. Tiwari. 2007. Whales originated from aquatic artiodactyls in the
Eocene epoch of India. Nature 450:1190-1195.

Thewissen, J. G. M., M. J. Cohn, L. S. Stevens, S. Bajpai, J. Heyning,
and W. E. Horton Jr. 2006. Developmental basis for hind limb loss
in dolphins and the origin of the cetacean bodyplan. Proceedings of
the National Academy of Sciences of the United States of America
103:8414-8418.

Uhen, M. D. 2003. Form, function, and anatomy of Dorudon atrox (Mam-
malia, Cetacea). University of Michigan, Papers on Paleontology
34:1-222.

Wagner, G. P, and J. A. Gauthier. 1999. 1,2,3 = 2,3,4: a solution to the
problem of the homology of the digits in the avian hand. Proceed-
ings of the National Academy of Sciences of the United States of
Anmerica 96:5111-5116.

Wagner, G. P., and A. Vargas. 2008. On the nature of thumbs. Genome
Biology 9:213-213.3.

Wang, Z., R. L. Young, H. Xue, and G. P. Wagner. 2011. Transcriptomic
analysis of avian digits reveals conserved and derived digit identities
in birds. Nature 477:583-586.

Weatherbee, S. D., R. R. Behringer, I. Rasweiler, IV, J. J., and L. A.
Niswander. 2006. Interdigital webbing retention in bat wings illus-
trates genetic changes underlying amniote limb diversification. Pro-
ceedings of the National Academy of Sciences of the United States
of America 103:15103-15107.

Wellik, D. M. 2009. Hox genes and vertebrate axial pattern. Current Top-
ics in Developmental Biology 88:257-278.

Wellik, D. M., and M. R. Capecchi. 2003. Hox10 and HoxII genes
are required to globally pattern the mammalian skeleton. Science
301:363-367.

Welten, M., G. Pavlovska, Y. Chen, Y. Teruoka, M. Fisher, F. Bangs, M.
Towers, and C. Tickle. 2011. 3D expression patterns of cell cycle
genes in the developing chick wing and comparison with expression
patterns with genes implicated with digit specification. Developmen-
tal Dynamics 240:1278-1288.

Woltering, J. M., F.J. Vonk, H. Miiller, N. Bardine, I. L. Tuduce, M. A. de
Bakker, W. Knochel, I. O. Sirbu, A. J. Durston, and M. K. Richard-
son. 2009. Axial patterning in snakes and caecilians: evidence for an
alternative interpretation of the Hox code. Developmental Biology
332:82-89.

Young, R. L., and G. P. Wagner. 2011. Why ontogenetic homology cri-
teria can be misleading: lessons from digit identity transformations.
Journal of Experimental Zoology Part B: Molecular and Develop-
mental Evolution 316:165-170.

Young, R. L., G. S. Bever, Z. Wang, and G. P. Wagner. 2011. Identity
of the avian wing digits: problems resolved and unsolved. Develop-
mental Dynamics 240:1042-1053.

Zaher, H., and O. Rieppel. 2002. On the phylogenetic relationships of the
Cretaceous snakes with legs, with special reference to Pachyrhachis
problematicus (Squamata, Serpentes). Journal of Vertebrate Pale-
ontology 22:104-109.

Zaher, H., S. Apesteuia, and C. A. Scanferla. 2009. The anatomy of the
upper Cretaceous snake Najash rionegrina Apesteguia and Zaher,
2006, and the evolution of limblessness in snakes. Zoological Journal
of the Linnean Society 156:801-826.

Zakany, J., M. Kmita, and D. Duboule. 2004. A dual role for Hox genes
in limb anterior-posterior asymmetry. Science 304:1669-1672.

Submitted October 21, 2011; revisions received June 11, 2012;
accepted June 19, 2012.
Handling editor: Blaire Van Valkenburgh.



