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from 12 patients with recessive dystrophic
epidermolysis bullosa. They show convinc-
ingly that susceptibility to developing inva-
sive SCC, both clinically and experimen-
tally, depends strictly on the retention of
part of the collagen VII protein. Keratin-
ocytes from patients carrying mutations
that abrogate the deposition of collagen VII
do not develop into invasive SCC, whereas
those from patients with mutations that
result in deposition of a crucial fragment of
collagen VII do become cancerous.

Collagen VII is produced primarily by
keratinocytes, with perhaps a small contri-
bution from dermal fibroblasts. The colla-
gen VII molecule has a characteristic cen-
tral glycine-rich, triple-helical collagenous
domain, with noncollagenous domains at its
amino and carboxyl ends. Keratinocytes
from patients with mutations that specifi-
cally leave intact the amino-terminal non-
collagenous domain (NC1) of collagen VII,
and more specif ically the f ibronectin
III–like repeats within the NC1 domain
(FNC1) that bind to laminin 5, developed
into invasive SCC. Furthermore, introduc-
tion of either the NC1 or FNC1 domains
into patient keratinocytes deficient in colla-
gen VII restored a predisposition to tumori-
genesis, whereas introduction of NC1 with-
out the f ibronectin repeats did not.
Interestingly, antibodies that specifically
recognized the FNC1 domain of collagen
VII either prevented tumor development or
suppressed tumor invasion when adminis-
tered to mice with SCC tumors caused by
Ras/I�B-transformed keratinocytes from
normal individuals. Invasion studies in vitro
confirmed the in vivo findings and further
revealed that interaction of FNC1 with
laminin 5 was required for the invasive phe-
notype to develop. 

What do these results tell us about epi-
dermolysis bullosa and SCC? First, they
suggest an explanation for why chronic
wounds seldom develop into SCC in patients
with mutations in adhesion complex pro-
teins that are closer to the epidermis (for
example, laminin 5, hemidesmosomal pro-
teins, and intermediate filament proteins).
Keratinocytes harboring such mutations
lack an intact adhesion complex between the
NC1 domain of collagen VII and laminin 5
and the hemidesmosomes. Hence, these ker-
atinocytes are not tethered to the dermis and
may not receive the stromal signals that they
would need to migrate to and invade the der-
mal layer. Laminin 5 is the ligand for �6�4
integrin, a signaling receptor on the surface
of basal keratinocytes. Hence, interactions
between collagen VII and laminin 5 may be
the conduit for stromal signals that direct the
migratory and invasive behaviors of epider-
mal tumors (6). 

Ortiz-Urda et al. also show that boosting

production of NC1 enhances the invasive-
ness of transformed keratinocytes from nor-
mal individuals, and of keratinocytes from
patients with other skin diseases. A central
regulator of collagen VII expression is
transforming growth factor–� (TGF-�) (7),
which enhances invasion and metastasis of
established squamous cell tumors and other
epithelial neoplasms (8). The new work
suggests that the relationship between col-
lagen VII and TGF-� is worth exploring fur-
ther. There are also two possible clinical
applications of the current study. Attempts
to restore collagen VII locally using gene
therapy in patients with dystrophic epider-
molysis bullosa are under active investiga-
tion (9). The authors caution that for certain
patients, restoration of collagen VII con-
taining the NC1 domain could increase their
risk of developing SCC, particularly in
those who lack production of collagen VII.
On the other hand, the good news is that the
NC1 domain could be a therapeutic target
for treating invasive SCC and other cancers.

However, a therapeutic molecule that binds
to the NC1 domain must block the molecu-
lar interactions required for tumor invasion
while leaving intact those required for
anchoring the epidermis to the dermis. We
are faced with a possible Pyrrhic victory as
we contemplate the epithelial-stromal inter-
face: perhaps winning the battle against
SCC but losing the battle against the disfig-
uring skin defects of dystrophic epidermol-
ysis bullosa.
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Thomas Huxley, an early advocate of
Darwinian evolution, visited the
United States in 1876 on a lecture tour.

Huxley had planned to talk about evidence
for evolution based on a fragmentary
sequence of fossil horses from Europe. One
of Huxley’s first stops was at Yale, where he
studied the fossil horse collection assembled
by the paleontologist O. C. Marsh during
expeditions to the western territories. Huxley
was so taken with the definitive evidence
provided by Marsh’s fossil horse collection
that he used this evolutionary sequence as the
focal point for his subsequent talk to the New
York Academy of Sciences (1).

Since the late 19th century, the 55-million-
year (My) phylogeny of horses (Family
Equidae)—particularly from North America—
has been cited as definitive evidence of long-
term “quantum” evolution (2), now called
macroevolution. Macroevolution is the study
of higher level (species, genera, and above)
evolutionary patterns that occur on time
scales ranging from thousands to millions of
years. The speciation, diversification, adap-
tations, rates of change, trends, and extinc-

tion evidenced by fossil horses exemplify
macroevolution. 

The sequence from the Eocene “dawn
horse” eohippus to modern-day Equus has
been depicted in innumerable textbooks and
natural history museum exhibits. In Marsh’s
time, horse phylogeny was thought to be lin-
ear (orthogenetic), implying a teleological
destiny for descendant species to progres-
sively improve, culminating in modern-day
Equus. Since the early 20th century, however,
paleontologists have understood that the pat-
tern of horse evolution is a more complex tree
with numerous “side branches,” some leading
to extinct species and others leading to
species closely related to Equus. This
branched family tree (see the figure) is no
longer explained in terms of predestined
improvements, but rather in terms of random
genomic variations, natural selection, and
long-term phenotypic changes (3).

The Equidae, a family within the odd-
toed ungulate Order Perissodactyla (which
includes rhinoceroses, tapirs, and other
closely related extinct groups), consists of
the single extant genus Equus. Depending
upon interpretation, it also includes several
subgenera, 8 to 10 species, and numerous
subspecies (4). On the basis of morphological
differences, Equus is separated into two or
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Abstract The 55-million-year fossil record of horses (Family
Equidae) has been frequently cited as a prime example of
long-termmacroevolution. In the second half of the nineteenth
century, natural history museum exhibits characteristically
depicted fossil horses to be a single, straight-line (orthogenetic)
progression from ancestor to descendent. By the beginning of
the twentieth century, however, paleontologists realized that,
rather than representing orthogenesis, the evolutionary pattern
of fossil horses was more correctly characterized by a com-
plexly branching phylogenetic tree.We conducted a systematic
survey of 20 fossil horse exhibits from natural history muse-
ums in the United States. Our resulting data indicate that more
than half (55%) of natural history museums today still depict
horse evolution as orthogenetic, despite the fact that paleon-
tologists have known for a century that the actual evolutionary
pattern of the Family Equidae is branching. Depicting outmod-
ed evolutionary patterns and concepts via museum exhibits,
such as fossils horses exemplifying orthogenesis, not only
communicates outmoded knowledge but also likely contrib-
utes to general misconceptions about evolution for natural
history museum visitors.
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Introduction

Fifty million people visit natural history museums in the U.S.
each year (MacFadden et al. 2007). These visitors expect to
learn about current science and exciting discoveries and trust
these institutions to communicate correct and up-to-date in-
formation (Falk and Dierking 2000;West 2005; Enseki 2006).
Once inside the museum, many studies have shown that most
visitors spend less than one minute at any given exhibit
display (Cone and Kendall 1978; Donald 1991; Allen 2004),
so museum scientists and exhibit developers are challenged to
communicate science in a highly focused, engaging manner
(Bell et al. 2009). This is oftentimes done with different
combinations of specimens and artifacts, graphic displays,
passages of text, and, more recently, multimedia technology
(Hein 1998; Falk and Dierking 2000).

Many natural history museums and other informal science-
learning institutions seek to communicate science content of
societal relevance to the public, including current hot-button
topics and of relevance to this study, evolution (NAS 2001;
Diamond and Scotchmoor 2006). With regard to evolution,
since the second half of the nineteenth century when many
natural history museums were founded in the U.S., the fossil
record of horses has frequently been depicted in exhibits
communicating long-term (macro-) evolution (Gould 2002).

North America has been home to the horse family (Equidae)
over the past 55 million years (since the Eocene epoch), and
fossil horses are widespread on this continent during this time
(MacFadden 1992, 2005). Nineteenth century paleontologists
in the U.S. made extensive collections of fossil horses from the
western territories that allowed them to piece together a
sequence depicting horse evolution. As a result of the abun-
dant fossil record and grand discoveries during the nineteenth
century, fossil horses were prominently displayed in natural
history museums that display evolutionary content (Clark
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of knowledge, instead of a linear sequence in which ancestral
species evolve directly into their descendants, the evolutionary
tree of horses is bushy, with many species overlapping in time,
multiple originations, and frequent extinctions.

Despite this knowledge, to this day, the classic story of
horse evolution in museums, books, and other media is still
oftentimes depicted as orthogenetic. In addition to being
factually incorrect within a modern scientific context of
what we know about evolution, orthogenesis brings along
with it baggage about evolution being largely progressive,
deterministic, and representing improvement (MacFadden
1992; Gould 2002). These notions associated with ortho-
genesis therefore likely contribute to part of the general
public’s misunderstanding, or incomplete knowledge, about

fundamental aspects of evolution (MacFadden 1992;
Diamond and Scotchmoor 2006; Spiegal et al. 2006;
MacFadden et al. 2007). In Jonathan Wells’ (2000)
book entitled Icons of Evolution: Science or Myth?
Why much of what we teach about evolution is wrong,
the author cites fossil horses as one of ten fundamental
examples of evolution. He also accurately describes
some of the problems associated with the miscommuni-
cation and states (Wells 2000, 195): “Since the 1950s,
neo-Darwinian paleontologists have been actively cam-
paigning to replace the old linear picture of horse evo-
lution with the branching tree.” As we will see below,
this campaign has not been particularly successful.

We assert that, despite its roots in nineteenth century
evolutionary theory, the outmoded scientific concept of
orthogenesis is still widely communicated to the general
public through various media, including natural history
museum exhibits. We use fossil horses to test this hypothesis
because of their widespread use as fundamental evidence for
macroevolution (e.g., Gould 2002).

Materials, Methods, and Research Design

Based on a systematic review of natural history and science
museums websites, we contacted staff at 36 institutions with
current permanent or traveling exhibitions referring to evolu-
tion or fossil mammals requesting digital photographs of their
horse evolution exhibits. Seventeen museums confirmed they
currently had this type of exhibit. We received 91 photographs
from these museums, including different views of the same
exhibit. We ultimately selected 26 photographs based on qual-
ity and completeness. Three museums had online exhibitions;
these were not contacted for photographs because we were able
to access the exhibits directly. We considered only the graphic
representation of horse evolution, and text descriptions were
not included in the coding scheme because: (a) with only one
minute or less for most visitors at a particular exhibit (Cone and
Kendall 1978; Donald 1991), we assume that the text is not
fully read; and (b) studies show information presented in ex-
hibit text is less easily learned and recalled (Hooper-Greenhill
1994). Given what is known about general learning behavior
(i.e., the time-tracking studies cited above), the visual impact
of non-text exhibit components represents a significant fac-
tor in science communication; therefore, we contend that our
concentration on graphics and related three-dimensional con-
tent (as opposed to the text) is justified. Each exhibit was
evaluated to determine the number of components present.
A component was defined as each array referring to horse
evolution. For example, a set of skulls, feet, skeletons, or
an image of horse evolution was considered a single compo-
nent. Figure 8 shows one exhibit that we divided into three
components.

Fig. 2 Classic straight-line (orthogenetic) depiction of fossil horse
evolution in a natural history museum exhibit in the early twentieth
century (Matthew 1926). In this depiction, fossil specimens are ar-
ranged in a temporal sequence starting with the older fossil species of
“eohippus” (Hyracotherium) at the bottom and ending with the genus
of modern horse Equus at the top. In addition to depicting orthogene-
sis, this graphic display implicitly communicates nineteenth-century
notions of evolution representing progress or improvement
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three deep clades within
the genus. These include
caballines (domesticated
horse, E. caballus); zebras
(three species recognized);
and asses, donkeys, and
related species. Recent
studies of mitochondrial
DNA indicate two deep
clades within Equus,
namely, the caballines and
the zebras/asses (5). These
deep clades split ~3 mil-
lion years ago (Ma) in
North America and subse-
quently dispersed into the
Old World. Equus became
extinct in the New World
~10,000 years ago, proba-
bly as a result of multiple
factors including climate
change and hunting by
early humans. In the Old
World, although its range
contracted, Equus persisted
and was then domesticated
in central Asia about 6000
years ago from a stock sim-
ilar to Przewalski’s wild
horse, E. caballus (some-
times considered its own
species, E. przewalskii) (4).

The single modern
genus Equus stands in
marked contrast to a
highly diverse adaptive
radiation of the Family
Equidae over the past 55
My that resulted in some
three dozen extinct genera
and a few hundred extinct
species (3). Although the
overall branched pattern
of horse phylogeny (see
the figure) has remained
similar for almost a cen-
tury, new discoveries and
reinterpretation of exist-
ing museum fossil horse
collections have added to
the known diversity of
extinct forms. Recent
work reveals that Eocene
“hyracothere” horses,
previously known as
“eohippus” or Hyraco-

therium, include an early
diversification of a half-
dozen genera that existed between 55 and
52 Ma in North America and Europe (6).
New genera have recently been proposed
for the complex middle Miocene radiation
(7), although the validity of these genera is
still debated.

Horse teeth frequently preserve as fos-

sils and are readily identifiable taxonomi-
cally. They serve as objective evidence of
the macroevolution of the Equidae. Horse
teeth have undergone considerable changes
over the past 55 My. The tempo of this mor-
phological evolution has sometimes been
slow and at other times rapid (2, 3).

Primitive Eocene through early Miocene
(between 55 and 20 My) horses had short-
crowned teeth adapted for browsing on soft,
leafy vegetation. During the later Miocene
(between 20 and 15 Ma), horses underwent
explosive adaptive diversification in tooth
morphology. Shorter crowned browsers,C
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Adaptive radiation of a beloved icon. Phylogeny, geographic distribution, diet, and body sizes of the Family Equidae over
the past 55 My.The vertical lines represent the actual time ranges of equid genera or clades.The first ~35 My (Eocene to
early Miocene) of horse phylogeny are characterized by browsing species of relatively small body size.The remaining ~20
My (middle Miocene until the present day) are characterized by genera that are either primarily browsing/grazing or are
mixed feeders, exhibiting a large diversification in body size. Horses became extinct in North America about 10,000 years
ago, and were subsequently reintroduced by humans during the 16th century.Yet the principal diversification of this fam-
ily occurred in North America.Although the phylogenetic tree of the Equidae has retained its “bushy” form since the 19th
century [for example, see (2, 3)], advances in knowledge from fossils have refined the taxonomy, phylogenetic interrela-
tionships, chronology, and interpretations of the ancient ecology of fossil horses.
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Marsupials: origin and current diversity
reach a topology consistent with the retroposon markers.
However, both studies gave low support for the position of
Microbiotheria, illustrating the difficulties in resolving a short
branch using sequence data under difficult conditions, such as
possible nucleotide composition bias problems and randomization
of fast evolving sites. The support from two independent sources of
phylogenetic information, our retroposon markers and nuclear
genes [4,17,19], invalidates the mitochondrial results [3,16,23].
Complete mitochondrial genomes can give misleading signals, as
was demonstrated for the incorrect position of Monotremata

among mammals [24], and can even mislead phylogenetic
reconstruction when mixed with nuclear data.

The position of Microbiotheria has been intensely debated since
the cohort Australidelphia was first suggested based on tarsal
evidence [1]. After decades of uncertainty derived from molecular
and morphological data, we have uncovered four independent
diagnostic retroposon insertions that finally place the South
American order Microbiotheria at its correct place in the
marsupial tree (Figure 2). Therefore, we propose the new name
Euaustralidelphia (‘‘true Australidelphia’’) for the monophyletic

Figure 2. Phylogenetic tree of marsupials derived from retroposon data. The tree topology is based on a presence/absence retroposon
matrix (Table 1) implemented in a heuristic parsimony analysis (Figure S3). The names of the seven marsupial orders are shown in red, and the icons
are representative of each of the orders: Didelphimorphia, Virginia opossum; Paucituberculata, shrew opossum; Microbiotheria, monito del monte;
Notoryctemorphia, marsupial mole; Dasyuromorphia, Tasmanian devil; Peramelemorphia, bilby; Diprotodontia, kangaroo. Phylogenetically
informative retroposon insertions are shown as circles. Gray lines denote South American species distribution, and black lines Australasian
marsupials. The cohort Australidelphia is indicated as well as the new name proposed for the four ‘‘true’’ Australasian orders (Euaustralidelphia).
doi:10.1371/journal.pbio.1000436.g002

Resolving Marsupial Phylogeny Using Retroposons
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Abstract

The Australasian and South American marsupial mammals, such as kangaroos and opossums, are the closest living relatives
to placental mammals, having shared a common ancestor around 130 million years ago. The evolutionary relationships
among the seven marsupial orders have, however, so far eluded resolution. In particular, the relationships between the four
Australasian and three South American marsupial orders have been intensively debated since the South American order
Microbiotheria was taxonomically moved into the group Australidelphia. Australidelphia is significantly supported by both
molecular and morphological data and comprises the four Australasian marsupial orders and the South American order
Microbiotheria, indicating a complex, ancient, biogeographic history of marsupials. However, the exact phylogenetic
position of Microbiotheria within Australidelphia has yet to be resolved using either sequence or morphological data
analysis. Here, we provide evidence from newly established and virtually homoplasy-free retroposon insertion markers for
the basal relationships among marsupial orders. Fifty-three phylogenetically informative markers were retrieved after in
silico and experimental screening of ,217,000 retroposon-containing loci from opossum and kangaroo. The four
Australasian orders share a single origin with Microbiotheria as their closest sister group, supporting a clear divergence
between South American and Australasian marsupials. In addition, the new data place the South American opossums
(Didelphimorphia) as the first branch of the marsupial tree. The exhaustive computational and experimental evidence
provides important insight into the evolution of retroposable elements in the marsupial genome. Placing the retroposon
insertion pattern in a paleobiogeographic context indicates a single marsupial migration from South America to Australia.
The now firmly established phylogeny can be used to determine the direction of genomic changes and morphological
transitions within marsupials.
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Introduction

The phylogenetic relationships among the four Australasian and
three South American marsupial orders have been intensively
debated ever since the small species Dromiciops was taxonomically
moved from Didelphimorphia into the new order Microbiotheria
and the cohort Australidelphia was erected based on ankle joint
morphology [1]. Australidelphia comprises the four Australasian
marsupial orders and the South American order Microbiotheria, a
close relationship suggesting a complex ancient biogeographic
history of marsupials. However, the exact phylogenetic position of
Microbiotheria within Australidelphia has so far eluded resolution.
Moreover, sequence-based attempts to resolve the positions of the
South American opossums (Didelphimorphia) and the shrew
opossums (Paucituberculata), which appear some few million years
apart in the South American fossil layers close after the
Cretaceous-Tertiary boundary [2], relative to Australidelphia
have so far been futile (e.g., [3,4]).

The two recently sequenced marsupial genomes of the South
American opossum (Monodelphis domestica) [5] and a kangaroo, the
Australian tammar wallaby (Macropus eugenii), provide a unique

opportunity to apply a completely new approach to resolve marsupial
relationships. The insertion patterns of retroposed elements, pieces of
DNA that are copied via RNA intermediates and pasted randomly
elsewhere in the genome, have successfully resolved the more than
130 million-year-old branch of therian mammals [6] and early
placental mammalian divergences [7] as well as relationships within
other mammalian orders [8]. Because the insertion sites are
effectively random and parallel insertions or exact excisions are very
rare [9], the shared presence of retroposed elements at identical
orthologous genomic locations of different species, families, or orders
is a virtually homoplasy-free indication of their relatedness. Thus, the
interpretation of retroposon markers is simple and straightforward:
the presence of one of these elements in the orthologous genomic loci
of two species signals a common ancestry, while its absence in another
species signals a prior divergence [10]. No other sequenced
mammalian genome has shown as high a percentage of discernible
retroposed elements as marsupials (52%) [5], an extremely large
number of possible informative markers.

In addition, because young retroposed elements can insert into
older elements, but older, inactive elements are not capable of
inserting into younger ones, nested retroposon insertion patterns

PLoS Biology | www.plosbiology.org 1 July 2010 | Volume 8 | Issue 7 | e1000436



Transitional forms
ORIGINAL SCIENTIFIC ARTICLE

Downsized Dinosaurs: The Evolutionary Transition
to Modern Birds

Luis M. Chiappe

Published online: 16 April 2009
# Springer Science + Business Media, LLC 2009

Abstract Living birds are the most diverse land vertebrates
and the heirs of a rich chapter in the evolution of life. The
origin of modern birds from animals similar to Tyranno-
saurus rex is among the most remarkable examples of an
evolutionary transition. A wealth of recently discovered
fossils has finally settled the century-old controversy about
the origin of birds and it has made the evolutionary saga
toward modern birds one of the best documented transitions
in the history of life. This paper reviews the evidence in
support of the origin of birds from meat-eating dinosaurs,
and it highlights the array of fossils that connect these
fearsome animals with those that fly all around us.
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With nearly 10,000 living species, birds are the most
diverse land vertebrates and are the product of a long and
fascinating chapter in the evolution of life. The origin of
modern birds is undoubtedly one of the most dramatic
examples of an evolutionary transition—one connecting
animals akin to the fearsome Tyrannosaurus rex with the
feathered marvels we now see all around us—a transfor-
mation documented by a wealth of intermediate fossils that
date back to the Mesozoic Era (Chiappe 2007), the geologic
period that spanned between 245 and 65 million years ago.
The importance of the fossil record in providing evidence
of intermediate stages in an evolutionary transition has long
been recognized (Sues and Anderson 2007). Fossils provide

chronological information about milestones within a tran-
sition, they help us visualize the sequence of physical
transformations involved in it, and they document a series
of intermediate characteristics that are no longer present (or
that are highly modified) in extant organisms. Fossils also
document that the origin of any major group is accompa-
nied by a wide range of evolutionary experimentation in
which closely related lineages—whether contemporaneous
or not—approach to a greater or lesser degree the
characteristic trademarks of the new group. A wealth of
intermediate fossils has made the evolutionary saga toward
modern birds one of the best documented transitions in the
history of life (Fig. 1).

Birds have an ancient and enormously rich history. The
common ancestor of all living groups of birds can be traced
to at least the Late Cretaceous period, more than 75 million
years ago, and the earliest records of fossils widely
accepted as birds—those of the famed Archaeopteryx from
southern Germany—date back twice as far. Deciphering the
origin of birds, namely, identifying the closest relatives to
the most recent common ancestor of Archaeopteryx and
modern birds, has been a matter of scientific debate and
scrutiny throughout the history of evolutionary biology
(Chiappe 2007; Witmer 1991; Chatterjee 1997; Shipman
1998; Feduccia 1999). As early as the eighteenth century,
birds were generally placed immediately ahead of flying
fishes in the “chains of being” postulated by the naturalists
of that time. With the nineteenth century's advent of
evolutionary thinking, especially after Darwin's theory of
evolution by natural selection, more explicit hypotheses
of relationships were formulated. Post-Darwinian times
witnessed a diversity of hypotheses in which birds were
considered to be most closely related to a variety of extinct
and extant lineages of reptiles. These hypotheses related
birds to groups of animals such as turtles, crocodiles, and
their relatives, various primitive Triassic fossils (245 to 208
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An important corollary of these discoveries is that
feathers did not evolve in the context of flight. With the
sole exception of Microraptor, it is certain that none of
these feathered dinosaurs were able to take to the air. The
forelimbs and their feathers are both much shorter than in
flying birds and their bodies are larger. The evolutionary
transition toward birds and the origin of their flight
involved a dramatic reduction in body size. These feathered
dinosaurs indicate that, at their onset, feathers must have
had a different function, perhaps insulating the bodies of
animals that had metabolically diverged from their cold-
blooded, reptilian ancestors. My research has suggested that
vaned feathers may have originated in the context of thrust,
evolving in running nonavian theropods that by flapping
their feathered arms were able to increase their running
speed (Burgers and Chiappe 1999). In the end, however, we
simply do not have an answer for what was the original
function of feathers; nonetheless, we have been able to
eliminate flight as an option.

Today, the century-old debate on bird ancestry has
largely been resolved. The uncertainties that led to this
long controversy—both empirical and methodological—
have been clarified and there is an overwhelming consensus

in support of the idea that birds evolved from maniraptoran
theropods. Current evidence highlights the fact that many
features previously thought to be exclusively avian—from
feathers to a wishbone—have now been discovered in the
immediate dinosaur predecessor of birds. The origin of birds
was also preceded by a substantial reduction in body size—
the most primitive members of groups such as troodontids
and dromaeosaurids are smaller than one meter long (Turner
et al. 2007). This notable reduction in the size of the
forebears of birds was an important prerequisite of flight;
even this most characteristic avian attribute is likely to have
been inherited by birds from their dinosaurian predecessors.

The comparative studies that have been the building
blocks of these important evolutionary conclusions have
been greatly assisted by many newly discovered Mesozoic-
aged birds (Chiappe 2007), which by possessing many
skeletal features that are only slightly modified from the
ancestral maniraptoran condition, fill a critical gap in the
evolutionary transition toward modern birds (Figs. 1, 4, and
5). This newly-discovered fossil menagerie has unveiled an
unexpected diversity of archaic birds that would take
birding to another dimension. These new discoveries are
reviewed next.

Fig. 4 Cladogram or diagram
depicting the genealogical rela-
tionships among the main line-
ages of premodern birds and
some lineages of nonavian
maniraptoran dinosaurs. The
known fossil record of these
groups is also highlighted. The
concept of a dove as a living
dinosaur—because they share a
common descent—may seem
bizarre, but, in reality, it is just
as logical as the argument that
humans are primates because we
evolved from primates
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distinct crystalline layer in the eggshell (distinguished by a
differential disposition of eggshell crystals), reduction in
the number of airholes perforating the eggshell, a relative
increase in the volume of the egg (with respect to the adult's
size), and the development of asymmetrical eggs in which
one pole is narrower than the other (Fig. 2). Snapshots of
ancient behavior revealed by a handful of exceptional
fossils have also provided support to the hypothesis that
birds evolved from maniraptoran dinosaurs. The discovery
of a “gravid” oviraptorid female containing a pair of shelled
eggs inside her pelvic canal (Sato et al. 2005) has
confirmed previous interpretations based on the spatial
arrangement of eggs within clutches of nonavian manir-
aptorans. These clutches—particularly well known among
oviraptorids—show that the eggs were arranged in pairs, as
opposed to typical reptilian clutches (turtles, crocodiles, and
other dinosaurs), in which the eggs lack any spatial
arrangement (Grellet-Tinner et al. 2006) (Fig. 2). This
evidence indicates that, as with birds, nonavian maniraptor-
ans laid their eggs sequentially, at discrete time intervals. It

probably took several days for a nonavian maniraptoran
female to lay its egg clutch (Varricchio and Jackson 2004;
Grellet-Tinner et al. 2006), a condition shared with birds.

Other extraordinary discoveries have shed light on the
nesting behavior of these dinosaurs. Skeletons of oviraptor-
ids (Norell et al. 1995; Clark et al. 1999) and troodontids
(Varricchio and Jackson 2004) have been discovered on top
of their clutches of eggs. The fossils show evidence that
these animals adopted a posture similar to that of brooding
birds. In oviraptorids, the adult tucked its legs inside an
open space at the center of the egg-clutch and hugged the
periphery of the clutch with its long forelimbs; in the more
lightly built troodontids, the adult sat on top of the
vertically buried eggs. These discoveries suggest that,
regardless of its specific role (protection, incubation),
typical avian nesting behaviors (adults sitting on top of
their nests) were widespread among nonavian maniraptor-
ans. Additional evidence further documents behavioral
similarities with birds. Fossils of troodontids with their
skeleton arranged such that the hindlimbs are flexed

Fig. 2 Characteristics of the
eggs and clutches of several
nonavian maniraptorans support
the inclusion of birds within
these theropod dinosaurs. For
example, the presence of at least
two distinct crystalline layers in
the eggshell and the existence of
an asymmetric egg (less asym-
metric among oviraptorids) can
be traced back to as far as the
maniraptoran divergence. The
distribution of the eggs within a
clutch in oviraptorids indicates
that these dinosaurs laid their
eggs sequentially (other evi-
dence also indicates that, as in
the case of birds, they also
brooded their clutch)
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beneath the belly, the neck is turned backwards, and the
head is tucked between the wing and the body have
documented that at least some of the maniraptoran
precursors of birds had already evolved stereotypical
resting poses familiar to many birds (Xu and Norell 2004).

More specific fields of research have made their own
empirical contributions in support of the dinosaurian legacy
of birds. Studies of dinosaurian growth rates, based on
details preserved in the fossilized tissue of their bones, have
documented that these animals, once believed to be slow-
growing, actually grew at speeds comparable to many
living birds (Erickson et al. 2001), and special bone tissues,
such as the medullary bone characteristic of ovulating birds,
have been documented in a female T. rex (Schweitzer et al.
2005). Evidence in support of the evolutionary transition
between nonavian dinosaurs and birds has also been
uncovered from disciplines as far-off from classic paleon-
tology as genetics. Studies correlating the sizes of bone
cells and genomes (the entire genetic material of an
organism) have revealed that the mighty T. rex and its
fearsome kin had the small genomes typical of modern
birds (Organ et al. 2007), and putative protein sequences
from soft tissues of this dinosaur have also highlighted its
evolutionary closeness to birds (Organ et al. 2008, although
for a different interpretation of this evidence, see Dalton
2008).

Yet, despite the multiplicity of this extensive body of
evidence, nothing has cemented the dinosaurian pedigree of

birds more than the realization that true feathers—the
quintessential avian feature—may have covered the bodies
of a variety of nonavian dinosaurs (Norell and Xu 2005).
The enormous significance of these fossils notwithstanding,
the documented existence of feathers in nonavian dinosaurs
has, thus far, been limited to a dozen or so species, all of
them circumscribed to the Cretaceous deposits of East Asia.
Some of these dinosaurs exhibit feathers that are filament-
like, with a minimal degree of branching, but a number of
others display pennaceous feathers with distinct shafts and
vanes. In certain nonavian maniraptorans, long pennaceous
feathers attach to the distal part of the tail, either in a fan-
like fashion or giving the tail the frond-like appearance
common to primitive birds such as Archaeopteryx (Fig. 1a).
Long pennaceous feathers also attach to the tip of the
forelimbs of some of these maniraptorans, and in the case
of the peculiar dromaeosaurid Microraptor (Norell and Xu
2005), they form a wing of essentially modern design.
Despite the evidence of plumage being restricted to a
handful of nonavian dinosaurs, the fact that these fossils
span a large portion of the family tree of theropods and
display a great diversity of sizes, appearances, and life-
styles, hints at a much larger and yet undocumented
diversity (Fig. 3)—even the colossal T. rex may have been
covered with a cloak of feathers at some early stage of its
life. It is an amazing experience to gaze at the entirely
modern feathers of animals, whereas their skeletal charac-
teristics are so unquestionable dinosaurian.

Fig. 3 Genealogical relation-
ships of feathered nonavian
theropods. Current evidence
supports the hypothesis that fil-
amentous and vaned feathers
evolved with the divergence of
coelurosaurs and maniraptorans,
respectively
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The Long March Toward Modern Birds

Research on the early history of birds and the development
of flight has been at the forefront of paleontology since the
advent of evolutionary thought. For most of this time,
however, the available evidence was limited to a small
number of fossils largely restricted to near-shore and marine
environments and was greatly separated both anatomically

and in time. In the last few decades, however, our
understanding of the origin and ancient divergences of
birds has advanced at an unparalleled rate. This rapid
increase in discoveries has not only filled much of the
anatomical and temporal gaps that existed previously, but
has also made the study of early birds one of the most
dynamic fields of vertebrate paleontology.

New information highlights the fact that the enormous
diversity of living birds is just a remnant of an archaic
evolutionary radiation that can be traced back to Archae-
opteryx (Mayr et al. 2005) (Figs. 1 and 4). Few physical
features set this most ancient bird apart from its theropod
dinosaur predecessors. However, Archaeopteryx gives us
paramount clues to the beginning of one of the most
dramatic evolutionary events in the history of vertebrates—
the development of powered flight in birds. This 150-
million-year-old jay-sized bird with toothed jaws, clawed
wings, and a long bony tail stands alone in the fossil record
of birds of the end of the Jurassic period. Yet, in the last
decade, a large number and variety of birds have been
found in early Cretaceous rocks ranging from 130 to 115
million years ago (Chiappe 2007; Zhou 2004). These fossils
reveal that a great diversity of birds with long bony tails
preceded the evolution of birds with an abbreviated bony
tail (Forster et al. 1998; Zhou and Zhang 2003), one
composed of fewer vertebrae ending in a bony stump called
a pygostyle (the structure that supports the “parson's nose”).
Characteristics of the plumage, the large wing size, and
specific features of their brain all suggest that Archaeop-
teryx and the remaining long-tailed birds were fliers, even if
these birds probably required a take-off run to become
airborne (Burgers and Chiappe 1999).

A rich diversity of more advanced birds is also recorded
in these early Cretaceous rocks. In fact, the differing design
of skulls, teeth, wings, and feet indicate that, even at this
early phase of their evolutionary history, birds had
specialized into a variety of ecological niches, including
seed-feeders, insect-feeders, fish-eaters, and meat-eaters
(Chiappe 2007). At the same time, a host of novel features
of the wings, shoulders, and tails suggests that, soon after
Archaeopteryx, birds evolved flying abilities not very
different from the ones that amaze us today, a feat that
was most likely the recipe for their dramatic diversification
during the Cretaceous. Paramount among these transforma-
tions is the abbreviation of the tail and the consequent
development of a pygostyle. Yet, the details of this
evolutionary transition are far from clear. One recent fossil
that has shed some light onto this transition is the tiny, 125-
million-year-old Zhongornis (Gao et al. 2008) from
northeastern China. Zhongornis is the first bird discovered
that has a short tail and a corresponding reduced number of
tail vertebrae, yet lacks the pygostyle that is present in all
other short-tailed birds. Therefore, Zhongornis represents

Fig. 5 Photographs of the Berlin specimen of the Late Jurassic
Archaeopteryx (a), the Early Cretaceous short-tailed bird Confuciu-
sornis (b), long-tailed bird Jeholornis (c), enantiornithine Eoenantior-
nis (d), and primitive ornithuromorph Yanornis (e). Photographs not to
scale
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Animals have colonized the entire world from rather moderate to the harshest
environments, some of these so extreme that only few animals are able to
survive. Cave environments present such a challenge and obligate cave ani-
mals have adapted to perpetual darkness by evolving a multitude of traits.
The most common and most studied cave characteristics are the regression
of eyes and the overall reduction in pigmentation. Studying these traits can
provide important insights into how evolutionary forces drive convergent
and regressive adaptation. The blind Mexican cavefish (Astyanax mexicanus)
has emerged as a useful model to study cave evolution owing to the avail-
ability of genetic and genomic resources, and the amenability of embryonic
development as the different populations remain fertile with each other.
In this review, we give an overview of our current knowledge underlying
the process of regressive and convergent evolution using eye degeneration
in cavefish as an example.

This article is part of the themed issue ‘Evo-devo in the genomics era,
and the origins of morphological diversity’.

1. Introduction
Understanding adaptation has broad implications not only for a basic
understanding of evolution but also for developing a better appreciation of the
challenges organisms face when confronted with changing environments.
Extreme environments represent a unique opportunity to gain insight into adap-
tation. Some of the solutions animals have evolved in response to living under
harsh conditions are simply stunning: desert gazelles that never have to drink,
fish surviving high concentrations of sulfuric acid, or alpine marmots hibernating
for two-thirds of the year are just a few of many examples of extreme adaptations.
A particular widespread and well-studied example of such extraordinary adap-
tations can be found in cave animals. Organisms that live in caves for their
entire life are known as troglobites. These range from snails, worms, beetles, spi-
ders, scorpions and shrimps to vertebrates such as fish and salamanders [1]. To
date, no mammal has been found to live entirely in caves (bats do stay inside
caves, but venture out for foraging and hence are termed troglophiles). The
extreme cave environment has driven the troglobites to adapt and evolve very
different morphological, behavioural and physiological traits from their ancestral
forms residing outside the caves. The most prominent and widespread troglo-
morphic traits are the loss of eyes and the reduction in body pigmentation. But
many cave animals have also developed a variety of other traits, including
many so-called constructive traits, such as elongated sensory organs, extra taste
buds, additional neuromasts or metabolic changes.

Cave animals are equally fascinating to scientists and the general public. In
Slovenian folklore, for example, a cave salamander is believed to be the larval
stage of a dragon [2]. Historically, the first described cavefish were Amblyopsis
spelaea [3] and they rapidly gained popularity in the scientific community when
Darwin mentioned them in the ‘Origin of Species’. It was the dramatic loss of
eyes that caught Darwin’s particular interest, urging him to speculate: ‘As it is
difficult to imagine that eyes, though useless, could in any way be injurious to ani-
mals living in darkness, I attribute their loss solely to disuse’ [4, p. 125]. This short

& 2016 The Author(s) Published by the Royal Society. All rights reserved.

statement launched an ongoing debate about the evolutionary
mechanisms responsible for the loss of eyes in cave animals.
The neutral hypothesis (the accumulation of hypomorphic
mutations in the absence of selection) was favoured until
recently when the results of new genetic, developmental and
physiological studies supported the adaptive evolution of eye
regression in cave animals (see below).

Most studies on eye loss have used the Mexican cavefish
Astyanax mexicanus as a model. Accordingly, this review will
focus mostly on this species. Towards the end, we will mention
work on other cavefish as well, as their diversity is astonishing.
Worldwide, more than 150 species of obligate cavefish are
described, endemic to all continents except Europe and Antarc-
tica. The Northern cavefish Amblyopsis spelaea [3], the Somali
cavefish Phreatichthys andruzzii [5], or the Chinese cavefish
Sinocyclocheilus [6] are a few of the better-known species com-
plementing work on Astyanax mexicanus. The cave forms of A.
mexicanus are found in the Sierra del Abra of Northeastern
Mexico in 29 known caves. The distinguishing advantage of
this system is that the ancestral surface forms of A. mexicanus
still remain native to the surrounding river systems (figure 1).
Although geographically isolated, the fish of the different
caves are still completely interfertile with the ancestral surface
form (allowing genetic analysis of the inheritance of the cave-
specific and surface-specific traits) and with each other (allow-
ing genetic complementation to be assessed). It is estimated
that at least five independent events have led to these different

cave populations over the past 1–2 Myr [7,8], making it a parti-
cularly useful model to study parallel and convergent
evolution. Whether the same or different genes regulate repeat-
edly evolved phenotypes is a long-standing question in
evolutionary biology and can be readily addressed in A. mexi-
canus. Furthermore, functional studies are feasible as the fish
can be easily maintained and bred in a laboratory setting. For
the last decade, considerable efforts have been devoted into
building the tools needed to exploit this unique system. At
this point, there are high-resolution genetic maps [9,10],
detailed developmental staging tables [11], data from tran-
scriptomic analysis [12], protocols for transgenesis [13] and
methods for introducing mutations [14]. Moreover,
the genome of A. mexicanus was recently assembled, further
developing Astyanax as a tractable model system [15].

Combined, these advances have enabled the dissection of
the mechanism by which the eye develops in surface fish and
how the eye regresses in cave fish. In this review, we discuss
the developmental and genetic basis of eye loss in cave forms
of Astyanax mexicanus and its implications for evolutionary
developmental biology.

2. Eye development in fish
Eye development in fish is similar to that in most other ver-
tebrates, with one notable exception. As most fish grow

surface

Pachón

Molino

(a)

(b)

(c)

Tinaja

(d)

Figure 1. Surface and cave populations of Astyanax mexicanus. Panel (a) depicts an example of the river habitat of the surface populations of Astyanax mexicanus.
Panel (b) shows the entrance to the Tinaja cave. Panels (c,d) depict the obvious morphological differences between surface fish and three independently derived cave
populations (Tinaja, Pachón and Molino). While the surface fish are pigmented and have eyes (c), the cave forms have converged on the loss of eyes and strongly
reduced their pigmentation (d).
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SUMMARY

The evolution of body shape is thought to be tightly
coupled to changes in regulatory sequences, but
specificmolecular events associatedwithmajormor-
phological transitions in vertebrates have remained
elusive. We identified snake-specific sequence
changes within an otherwise highly conserved long-
range limb enhancer of Sonic hedgehog (Shh). Trans-
genic mouse reporter assays revealed that the in vivo
activity pattern of the enhancer is conserved across a
wide range of vertebrates, including fish, but not in
snakes. Genomic substitution of themouse enhancer
with its human or fish ortholog results in normal limb
development. In contrast, replacement with snake
orthologs caused severe limb reduction. Synthetic
restoration of a single transcription factor binding
site lost in the snake lineage reinstated full in vivo
function to the snake enhancer. Our results demon-
strate changes in a regulatory sequence associated
with a major body plan transition and highlight the
role of enhancers in morphological evolution.

INTRODUCTION

Distant-acting transcriptional enhancers are a major class of
tissue-specific regulatory DNA sequences that has been impli-
cated in morphological evolution in vertebrates (Chan et al.,
2010; Cooper et al., 2014; Cretekos et al., 2008; Guenther
et al., 2014; Guerreiro et al., 2013; Indjeian et al., 2016; Jones
et al., 2012; Lopez-Rios et al., 2014;McLean et al., 2011; Prabha-
kar et al., 2008). Sequence changes in non-coding regulatory
DNA are hypothesized to be a main driver of changes in body
shape (Britten and Davidson, 1969; Carroll, 2008; King and Wil-
son, 1975; Wray, 2007), but many aspects of this complex inter-
play between molecular changes in regulatory sequences and
morphological adaptations across the vertebrate tree remain

the subject of considerable debate (Hoekstra, 2012; Wittkopp
and Kalay, 2011; Wray, 2007).
In the present study, we utilized a series of recently sequenced

snakegenomes to study themolecular and functional evolutionof
a critical limb enhancer in snakes and examine its possible role in
limb loss. Our analysis focuses on one of the best-studied verte-
brate enhancers, the Zone of Polarizing Activity [ZPA] Regulatory
Sequence (ZRS, also known as MFCS1) (Lettice et al., 2003,
2008, 2012, 2014; Sagai et al., 2004, 2005; Zeller and Zuniga,
2007). The ZRS is a limb-specific enhancer of the Sonic hedge-
hog (Shh) gene that is located at the extreme distance of nearly
onemillion basepairs from its target promoter. During limbdevel-
opment, the enhancer is active in the posterior limb bud mesen-
chyme (Figure 1A), where its activity is critically required for
normal limb development in mouse (Sagai et al., 2005). Single-
nucleotide mutations within the ZRS cause limb malformations,
such as preaxial polydactyly, in multiple vertebrate species
including humans (Hill and Lettice, 2013; Lettice et al., 2003,
2008; VanderMeer and Ahituv, 2011). Surprisingly, we observed
that the sequence of this limb enhancer is conserved throughout
nearly all examined species in the snake lineage. In basal snakes,
which retain vestigial limbs, it is highly conserved, whereas it un-
derwent a rapid increase in substitution rate in advanced snakes,
inwhich all skeletal limb structures havedisappeared. Consistent
with this, we provide evidence that the snake enhancer progres-
sively lost its in vivo function as the body plan evolved from basal
to advanced snakes. Finally, we identify a specific subset of
nucleotide changes within the enhancer that contribute to its
functional degeneration in snakes and show in a mouse model
that synthetic reintroduction of just one degraded transcription
factor binding site is sufficient to recreate the ancestral function
and to rescue normal limb formation in vivo.

RESULTS

A Critical Limb Enhancer Is Evolutionarily Conserved
but Highly Diverged in Snakes
To explore the potential role of the ZRS limb enhancer in snake
evolution, we examined the draft genomes of six snake species
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Figure 3. Limb Phenotypes of Knockin Mice with ZRS Orthologs from Other Vertebrate Species
(A) CRISPR/Cas9-mediated replacement of the mouse ZRS sequence with an orthologous sequence from cobra. Schematic of the mouse Shh locus is shown at

the top. The ZRS is located in the intron of the Lmbr1 gene (intron-exon structure not shown), 850 kb away from the promoter of Shh. A homologous locus from

king cobra with the cobra ZRS enhancer (cZRS) is indicated in purple. A CRISPR/Cas9-modified ‘‘serpentized’’ mouse Shh locus is shown below. See also

Figures S4A–S4F and Method Details. Gene diagram not to scale.

(B) Gross phenotypes of ZRSWT/D (top) and serpentized ZRScZRS/D (bottom) mice. Scale bars, 10 mm.

(C and D) Limb phenotypes of knockin mice with ZRS orthologs from other vertebrate species.

(C) Phylogeny and approximate divergence estimates (Amemiya et al., 2013; Hsiang et al., 2015; Wright et al., 2015) are shown on the left. Schematic mouse Shh

loci with the ZRS replaced by orthologs from human (hZRS), python (pZRS), cobra (cZRS), and coelacanth fish (fZRS) are shown.

(D) Comparative Shh mRNA in situ hybridization analysis in knockin mouse embryos during forelimb bud development (first column). Per knockin line, the

Shh transcript distribution was assessed in at least three independent mouse embryos. See Figure S4G for hindlimb bud analysis of Shh expression.

Corresponding whole-mount E14.5 knockin mouse embryos (second column) and skeletal preparations at E18.5 (third and fourth columns) are shown; s,

scapula; h, humerus; r, radius; u, ulna; fe, femur; fi, fibula; t, tibia; a, autopod. The genotypes of the embryos are ZRSWT/D (mouse), ZRShZRS/D (human), ZRSpZRS/D

(python), ZRScZRS/D (cobra), and ZRSfZRS/D (coelacanth fish). Arrow points to rudimentary digits in ZRSpZRS/D embryos. Bottom embryo shows E14.5

(legend continued on next page)
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