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ABSTRACT  Integuments form the boundary between an organism and the environment. The

evolution of novel developmental mechanisms in integuments and appendages allows animals to

live in diverse ecological environments. Here we focus on amniotes. The major achievement for

reptile skin is an adaptation to the land with the formation of a successful barrier. The stratum

corneum enables this barrier to prevent water loss from the skin and allowed amphibian / reptile

ancestors to go onto the land. Overlapping scales and production of β-keratins provide strong

protection. Epidermal invagination led to the formation of avian feather and mammalian hair

follicles in the dermis. Both adopted a proximal - distal growth mode which maintains endothermy.

Feathers form hierarchical branches which produce the vane that makes flight possible. Recent

discoveries of feathered dinosaurs in China inspire new thinking on the origin of feathers. In the

laboratory, epithelial - mesenchymal recombinations and molecular mis-expressions were carried

out to test the plasticity of epithelial organ formation. We review the work on the transformation

of scales into feathers, conversion between barbs and rachis and the production of "chicken teeth".

In mammals, tilting the balance of the BMP pathway in K14 noggin transgenic mice alters the

number, size and phenotypes of different ectodermal organs, making investigators rethink the

distinction between morpho-regulation and pathological changes. Models on the evolution of

feathers and hairs from reptile integuments are discussed. A hypothetical Evo-Devo space where

diverse integument appendages can be placed according to complex phenotypes and novel

developmental mechanisms is presented.
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1. Introduction

The integument includes the skin and associated structures.
The gradual evolution of novel molecular / developmental mecha-
nisms in integuments and their appendages allow animals to live
in different ecological environments (Fig. 1A). The first and most
basic function of the integument is to set up a boundary between
an organism and its environment. Within the boundary, internal
homeostasis must be sustained. A basic integument function is
protection as can be seen clearly in fish scales. Communication
was also an early function that persists, since animals have used
the integument as a canvas for message displays. In fish, the
scales form a protective layer and the diverse shapes of different
fins provide scaffolds for different ways of locomotion and other
functions. In amphibians, the need to live in both water and land
has driven the formation of complicated glandular systems, turn-
ing the skin into chemical factories. When reptiles started to
appear on land, the formation of effective barriers in the suprabasal
epidermis was an essential evolutionary novelty. Enfolding of the

skin led to the formation of reptile scales which are used mainly
for defense, but also for locomotion and communication. As
animals evolved toward endothermy, heat preserving skin ap-
pendages, hair and feathers, evolved from scales and contributed
to the formation of the mammalian and avian classes. One key
feature shared by both appendages is the formation of follicles,
with stem cells well protected in the skin. This produces a
proximal-distal growth mode which allows for continuous elonga-
tion of the appendages. In feathers, the filaments proceeded to
evolve branched structures that initially made temperature pres-
ervation more effective. Further elaboration of the branching
process led to hierarchal branches, making flight possible. In
mammals, the evolution of mammary glands for nurturing babies
became a cardinal feature.

Although vertebrate skin appendages such as scales, feath-
ers, hairs and teeth appear to be very different, they share a
number of common developmental pathways, such as the Hedge-
hog, BMP and Wnt signalling pathways. Variation and innovation
in developmental processes are thought to be a key mechanism
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of organ novelty (Chuong, 1998). The evolutionary origins and
diversity of vertebrate integument appendages has long been of
great interest (Bereiter-Hahn, 1986). The amazing findings of
feathered dinosaurs in China stimulated renewed interest into the
evolution of reptilian scales to avian feathers (Sawyer and Knapp,
2003; Prum and Brush, 2002; Chuong et al., 2003). While the
integument appendages among reptiles, birds and mammals are
diverse, they share common developmental pathways. From the
dermomyotome, neural crest and somatopleura cells give rise to
form the dermis. They interact with epithelium to form the skin and
skin appendages. During these processes, regional specificities
are endowed in development and evolution to generate diverse
integuments and their appendages (Fig. 1B). In this paper, we will
focus on the amniotes. We will first describe the extant diversity
of integuments in reptiles, birds and mammals. We will then
describe the fascinating integument fossils that were recently
discovered in Northern China 120-130 million years ago in the
Mesozoic time and provide potential missing links of integument
appendage evolution (Hou et al., 2003; Zhou et al., 2003). In a cell
/ molecular biology laboratory, tissue recombination / molecular
mis-expression experiments can alter the size, number and
phenotypes of integument organs and provide insight on their
development and evolutionary origin (Yu et al., 2002; Plikus et al.,
2004). The results of these experiments serve as a basis for
discussions of the possible evolutionary relationships and transi-
tional processes that took place during the evolution from reptilian
skin to avian feathers and mammalian hairs. A special review
issue from J. Expt. Zoology / Molecular and Developmental
Evolution Section is dedicated to the topic of Development and
Evolution of amniote Integuments (Chuong and Homberger ed.
Volume 298B, Aug, 2003). A more detail coverage can be found
there.

2. Diversity of integument appendages

The biology of the integument is rich (Bereiter-Hahn, 1986). In
this review, we try to choose topics that have implications in the
context of Evo-Devo, present new findings with molecular under-
standing and highlight future research issues with Evo-Devo
implications.

2.1 Diversity of reptile integument appendages
Epidermis

Early reptiles may have appeared during the Carboniferous
period about 340 million years ago (mya) (Pough et al., 2001). The
reptiles solved the problem of reproduction on land by producing
the amniotic egg. Early reptiles probably lived in a hot climate and
they evolved a tough, protective scaly integument (Pough et al.,
2001). For early amniotes, the adaptation to land from their
amphibian ancestor was achieved by a major evolutionary innova-
tion: the formation of the stratum corneum that prevented water
loss from the skin and allowed amphibian / reptile ancestors to go
onto the land (Maderson, 2003; Alibardi, 2003). The stratum
corneum in reptiles is composed of matrix proteins, corneous cell
envelope proteins and complex lipids that can prevent water loss
from the skin (Alibardi, 2003). Early amniotes then evolved two
different strategies to prevent water loss (Maderson, 2003). In
Sauropsid amniotes, the ancestors of reptiles and birds, a β-
keratinized layer formed above the α-kertinized layer and became

the major constituents of scales and feathers. It provided mechani-
cal protection. In Theropsid amniotes, the ancestors of mammals,
scales were lost and their α-keratogenic epidermis was strength-
ened by a mammalian-type HRP (histidine-rich protein).

Scales
The transition from the aquatic to terrestrial environment re-

quired more adaptations. The newly evolved epidermis had to
provide mechanical protection and prevent desiccation (Landmann,
1986). Reptiles achieved this reinforcement both in the epidermis
and the dermis. The cornified area of the epidermis was strength-
ened by the formation of stiff β-keratin that improved the mechani-
cal resistance of the epidermis and protected the underlying softer,
lipid-filled, α-keratin layer (Landmann, 1986; Maderson, 2003).
The dermis could be reinforced by dermal ossification (Landmann,
1986). Reptiles solved the problem of flexibility of the exoskeleton
by forming scales, through folding the skin with a protruding outer
layer and an underlying soft inner layer that became the hinge
(Maderson, 1972).

Today there are four orders that represent reptiles: Crocodilia
(alligators and crocodiles), Chelonia (turtles and tortoises),
Squamata (lizards and snakes) and Rhynchocephalia (tuatara)
(Pough et al., 2001). Three typical reptile scale types exist
(Maderson, 1965). Overlapping scales is the common type. It has
distinct outer and inner surfaces (Fig. 2A). Each overlapping scale
has a hinge region providing flexibility between scales. The scale
is asymmetric with the hinge region assigned to the posterior end.
The outer surface consists of a strongly cornified epidermis, which
provides stiffness for the scale. Reduced overlapping scales are
found on the heads of squamates, which have a smaller inner
surface. Tuberculate scales are found on the body of some lizards,
like the Gecko, which has a round surface without an anterior-
posterior (A-P) axis (Maderson, 1965). Some lizards, such as the
iguana, also have an elongated scale (frill) on the dorsal region of
the body (Fig. 2A). Future studies of the growth mode of different
types of scale will help us to understand the molecular and cellular
bases of scale growth and evolution.

The development of scales in Squamate reptiles begins with
epidermal papillae, which are undulations of the epidermal surface
producing symmetric dermo-epidermal elevations (Maderson, 1965;
Dhouailly, 1975). The epidermis becomes undulated to form scale
primordia due to differences in growth rate or mechanical forces
between the epidermis and dermis (Dhouailly and Maderson,
1984). Four developing stages have been recognized by Alibardi
(1996), including the flat bilayered epidermis stage, the symmetric
scale anlagen stage, the asymmetric scale anlagen stage and the
β-keratinizing asymmetric scale stage. The asymmetric scale
anlagen stage in the embryonic bearded dragon (Pogona vitticeps)
is shown in Fig. 2A. None of the placodes (localized elongations of
epidermal cells) similar to that of avian feathers have been identi-
fied in reptiles (Maderson and Sawyer, 1979). However, it is
possible that placode specific molecular markers may be identified
in the future, even though there are no evident morphological
changes in the epithelial cell shapes of reptile skin.

Other integument appendages
Claws  Some amphibians have claws and some don't. Most

reptiles have claws. Claws probably start as local epidermal
thickenings with special keratinization. In the distal ends of digits,
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Fig. 1. Mesozoic creatures and landscape (A) and

different developmental stages of skin append-

age morphogenesis (B). (A) Life reconstruction of
the late Jurassic. Note the diverse integuments and
appendages present in the dinosaurs, Mesozoic
birds and early mammals. Reptiles: Caudipteryx (1),
Sinosauropteryx (2), Psittacosaurus (3, a beaked
dinosaurs); Sinornithosaurus (4), Pterosaurs (5, di-
nosaurs glide with skin flaps). Birds: Confuciusornis
(6), Changchengornis (7), Liaxiornis (8, a small
toothed bird). Mammals: Zhangheotherium (9, an
early mammal). For 1 - 5, see Table 2 and section 3.
From Hou et al., (2003), p. 38. Painted by Anderson
Yang. (B) Different developmental stages of skin
appendage morphogenesis. The principles of skin
formation are the same in reptiles, birds and mam-
mals. From dermatomyotomes and other sources,
dermal cell precursors migrate in and build pre-
sumptive skin and appendages with regional speci-
ficities. They share similar hierarchical morphogen-
esis, but acquire variations which lead to different
skin appendage phenotypes. Modified from Chuong
and Homberger (2003).



252        P. Wu et al.

a proximal-distal axis can be developed by having a localized
growth zone that generates special epidermal cells continuously
(claw matrix). Claws can help reptiles adapt to the new terrestrial
lives. In some dinosaurs, claws have evolved into weapons and
the claw of a tyrannosaur can reach a length of one foot with knife-
sharp edges. The molecular basis of claw development has not
been addressed yet.

Skin modifications
Some reptiles have developed fin like skin appendages along

the mid-dorsal lines. Some have developed skin folds near the
neck regions that can be used for communication. Some reptiles
have the amazing ability to climb walls. In Geckos, seta developed
in the ventral digits, allowing geckos to climb up smooth surfaces
and even in upside down positions. This is based on numerous
setae whose dimensions are smaller than the diameter of human
hairs. Through special retraction motions, they can adhere and
de-adhere from smooth surfaces with ease (Autumn et al., 2000).

Molting
The process of epidermal renewal allows for somatic growth,

repair and prevention of cutaneous water loss (Alibardi and
Maderson., 2003). Desquamation in mammals, birds, crocodil-
ians and turtles involves the displacement of single cells from the
stratum germinativum to the surface were they are exfoliated
individually or in small patches (Landmann, 1986; Maderson et
al., 1998). However, a unique phenomenon is associated with
lepidosaurian reptiles (e.g. Sphenodon, lizards and snakes). This
involves the synchronized cyclic formation of a new epidermal
generation (EG) throughout the entire body during the process of
shedding (Maderson et al., 1998).

Proliferating cells, originating in the stratum germinativum,
move upwards differentiating to form a new inner epidermal
generation (IG) located between the stratum germinativum and
the intact older outer epidermal generation (OG) (Maderson et al.,
1998). Each generation contains up to six different histologically
distinct layers. These layers include the oberhautchen, β-layer,
mesos, α-layer, lacunar and clear layer (Maderson et al., 1998).
This new IG is histologically similar to the older OG. The
interdigitation and subsequent separation of the clear layer
from the OG and the subjacent oberhautchen layer of the IG
allows the disassociation of the EGs (Alibardi and Maderson.,
2003). The subsequent loss of the OG is shed in its entirety or
in large pieces. Future study of the molecular basis of scale
shedding could illustrate the mechanism of this unique skin
regeneration process.

Keratinization
Keratins are distributed throughout the entire scale surface

and hinge region in reptile scales. Reptiles have both α and β-
keratins. α-keratin molecules show a helical arrangement and
form polymers. They exist in the epidermis of all vertebrates and
have a molecular weight of about 40-70 kDa. They are well
conserved as shown in an example of keratin K12. An epitope
recognized by a monoclonal antibody against chicken K12 cross
reacts with a similarly sized protein present in a number of
vertebrates - from trout to human (Chaloin-Dufau et al., 1993).

To make hard integument appendages (claw, hair, feather,
etc.), there were two strategies taken by the amniotes. One is via

modifications of α-keratin and associated proteins (see below,
under mammals). In Sauropsides, it is by the evolutionary novelty
of β-keratin molecules (Gregg and Rogers, 1986; Fraser and
Parry, 1996; Alibardi, 2003) which are present only in reptiles and
birds. β-keratins have no molecular homology with α-keratins.
They have a small molecular weight of about 10-25 kD and exhibit
unique arrangements of pleated sheets (Shames et al., 1989;
Presland et al., 1989a, b).

In the overlapping scales of squamata (lizards and snakes)
and Rhynchocephalia (tuatara), β-keratins are found in the corni-
fied epidermis in the outer scale surface and the hinge region
(Baden and Maderson, 1970; Alibardi and Sawyer, 2002), whereas
the α-keratins are found in a layer in the lower cornified epidermis
throughout the scale (Baden and Maderson, 1970). This distribu-
tion of keratin types allows a complete epidermal generation to
form before the old cornified layers of the epidermis are shed
(Baden and Maderson, 1970). The distribution of α and β-keratin
in alligator scale showed a similar pattern as seen in lizards and
snakes (Alibardi and Thompson, 2002).

Integument appendages, in a broad sense
These are not traditionally considered skin appendages. How-

ever, they are derivatives of integuments, follow the logic of
integument appendages and are best understood as integument
appendages.

Teeth A long held view of the origin of teeth, based on structural
and developmental similarities of fish dermal armor and mamma-
lian teeth, is that teeth evolved from dermal armor by internaliza-
tion of dentin-containing dermal armor into the oral cavity. Al-
though this hypothesis is still controversial, recent work showed
that the Eda pathway, homologous to the TNF pathway, is already
required for fish scale formation (Kondo et al., 2001) and essential
for the formation of primary hairs and tooth development (re-
viewed in Sharpe, 2001). Many reptiles are homodonts, although
there are some variations in the size of teeth in different parts of
the mouth. In most reptiles, teeth are of a simple conical type.
Somewhat flattened teeth are found in some lizards and crocodil-
ians. Turtles have lost their teeth but evolved a horny bill. How-
ever, in fossils, there were greater diversities in the shapes of
reptilian teeth.

Carapace The turtle shell is a bony structure which includes spine,
ribs, dermis and an outer β-keratinized epidermal layer (Loredo et
al., 2001). The shell includes a dorsal carapace and a ventral
plastron. The growth of the carapace is mediated by the carapacial
ridge that is analogous to the apical ectodermal ridge of the limb.
The carapacial ridge expresses Msx and FGF10, (Loredo et al.,
2001; Vincent et al., 2003). These works suggest that common
mechanisms participate in the early development of the limb bud
and a carapace ridge.

2.2 Diversity of avian integument appendages
Birds started to evolve from reptiles nearly 200 mya (Chiappe,

1995; Feduccia, 1999). Birds have one of the most complex forms
and physical structures that allow them to live in different ecological
environments, including the water, land and sky (Gill, 1994; Lucas
and Stettenheim, 1972). Compared with reptiles, the avian integu-
ment shows more diversity. Feathers are the most complex verte-
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and hinge region (O’Guin and Sawyer, 1982).
Avian reticulate scales do not form apparent placode morphol-

ogy. Three developing stages have been described by Sawyer
and Craig (1977): the prereticulum, reticulum primordia and
symmetrical prominent elevation stage. Reptile overlapping scale
development goes through similar developmental stages
(Maderson, 1965; Maderson and Sawyer, 1979) before they
become asymmetric. At the primordial stages, avian reticulate

scales do not form placodes and are more similar to reptilian
overlapping scales than to avian scutate scales (Sawyer et al.,
1986). Regions of the dermis extend to the thick epidermis of the
radially symmetric reticulate scale on the plantar (Sawyer and
Craig, 1977) (Fig. 2B). The epidermis in avian reticulate scales
only expresses α-keratin in the stratum corneum and stratum
intermedium (O’Guin and Sawyer, 1982). No β-keratin has been
detected there.

Fig. 2. Examples of integument appendages from reptiles, birds and mammals. (A) Reptile scales.
(B)Top, adult chicken foot. H&E stained sections highlighted in the right panel corresponding to the scutate
scale and reticulate scale are shown. Bottom, adult chicken body feather. H&E stained sections from the
indicated planes corresponding to pennaceous and plumulaceous regions are shown. The dotted lines
indicate the ramus. bb, barbule; is, inner surface; os, outer surface; rm, ramus. (C) Mammalian skin
appendages. Mouse vibrissae hair follicle. H&E staining. Claw morphology: compared to the long and curved
claw in Monodelphis domestica, the claw in the more arboreal species, Marmosa robinsoni, is short. K14-
Noggin mutant mice have reduced or no claw compared to wild-type mice (from Plikus et al., 2004 and
Hamrick, 2003). Footpads in K14-Noggin and Hoxd13 -/- mutant mice are smaller in size compared to the wild-
type mice (from Plikus et al., 2004 and Hamrick, 2003). Volar skin from the digits of Philander opossum and
Chironectes minimus (from Hamrick 2003). Dolphin skin. H&E staining.

brate skin appendages (Lucas and
Stettenheim, 1972) and function in
insulation, communication and
flight (Chatterjee, 1997; Chiappe,
1995; Feduccia, 1999). Scales are
found on the avian foot (Lucas and
Stettenheim, 1972).

Scales
Chickens have three major

types of scales on the leg; scutate,
scutella and reticulate scales
(Dhouailly, 1984; Sawyer et al.,
1986). The reticulate scales which
are on the foot pad are radially
symmetric (Fig. 2B). The struc-
ture of scutate and scutella scales
are similar, although scutella
scales are smaller and have a
reversed orientation. Both show
anterior-posterior polarity. Avian
scutate scales and reptile over-
lapping scales appear similar.
Both have the outer surface, in-
ner surface and hinged region
(Fig. 2 A,B). However, unlike the
reptile overlapping scales, avian
scutate scales do form placodes
(Sawyer, 1972). Five develop-
mental stages of avian scutate
scales were described by Saw-
yer (1972): the preplacode, pla-
code, asymmetrical placode,
hump and definitive scale ridge
stage. Unlike in feather develop-
ment, the dermal condensations
appear but are difficult to see
beneath the placodes of scutate
scales (Sawyer, 1972). Similar to
reptile scales, the outer surface
of avian scutate scales is com-
posed of both β-keratin and α-
keratin. The β-keratins are re-
stricted to the stratum
intermedium and stratum cor-
neum of the outer scale surface.
α-keratins are found in the stra-
tum basale and stratum
intermedium of the outer scale
surface and throughout the epi-
dermis of the inner scale surface

A B

C
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Morphologically avian reticulate and scutate scales are similar
to reptile tuberculate and overlapping scales. Whether these
avian scales are homologous to the reptile scales or are second-
ary derived structures of birds remains to be decided. The
discovery of the four winged dinosaur, Microraptor gui (Xu et al.,
2003; see section 3) raises the question on whether the flight
feathers on the leg represent a prototype or special adaptation. If

it turns out that a winged leg is a
prototype in the early dino-bird transi-
tion, it would support the notion that
avian foot scales are secondarily de-
rived.

Feathers
Feathers on the bird body show

hierarchical branch patterns. The ma-
jor types of avian feathers include con-
tour feathers, remiges, rectrices, downy
feathers, etc. (Lucas and Stettenheim,
1972). A typical avian feather consists
of a shaft (rachis) and barbs. The barbs
are composed of a shaft (ramus) and
many smaller branches (barbules)
(Lucas and Stettenheim, 1972). Differ-
ent feathers show variations in symme-
try. Down feathers are radially-sym-
metric. Their rachis is absent or very
short. Contour feathers have bilateral
symmetry. Flight feathers are bilater-
ally asymmetric (Lucas and
Stettenheim, 1972). A contour feather
has a distal pennaceous region and a
proximal plumulaceous region (Fig. 2B),
so the feather can help the integument
function for contour / communication
display with the distal portion, but keep
warmth with its proximal plumulaceous
portion. The pennaceous regions are
made of groove shaped proximal bar-
bules and distal barbules that form
hooks. Therefore the distal barbules of
a barb interlock with the proximal bar-
bules of the barb above, forming a
feather vane in a Velcro like mecha-
nism. Plumulaceous regions are made
of similarly shaped, elongated barbules.
They are fluffy and soft. Barbules on
the barbs can be bilaterally symmetric
(across the ramus) and slender. The
difference in barb configurations is
shown in cross sections of pennaceous
and plumulaceous feather regions (Fig.
2B).

During avian embryonic develop-
ment, feather formation starts with a
placode, which is composed of elon-
gated epithelia accompanied with der-
mal condensations (Sengel, 1958).
These feather primordia elongate and

Fig. 3. An example of a Mesozoic bird to show the intermediate integument phenotypes. Evolving
creatures at this time have overlapping integument phenotypes such as feathered dinosaurs (Fig. 1A, Table
1) or toothed birds. This Longirostravis is the earliest bird we know that has a probing trophism. (A) A fossil
of the Longirostravis unearthed in the Jehol Biota from the Yixian Formation in northeastern China. (B) An
artist’s conception of the appearance of Longirostravis in life (from Fossil Birds of China, Hou et al., 2003).
(C) A close up view of the feeding apparatus, showing the presence of teeth within the beak. The earliest
birds probably lived in a wading habitat. From Hou et al., 2004. (D,E) A close up view of the primary and
secondary remiges (flight feathers) and their tracings. Note the feather vanes are long and narrow and
already start to show left-right asymmetry.

protrude out to form feather buds. Feather buds are originally
radially symmetric, but soon acquire anterior-posterior polarity
through interactions with the epithelium. Feathers then start to
elongate and develop a proximal-distal axis (Fig. 4). Feathers form
follicles which offer advantages over skin appendages that do not,
such as scales. The follicle protects the epithelial stem cells and
dermal papillae. Localization of the stem cells within a protected
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environment enables regeneration through feather molting cycles
or plucking (Lucas and Stettenheim, 1972). New cell proliferation
at the follicle base pushes the more differentiated portions of the
feather to the distal end. The follicle also provides mechanical
structures for muscle attachment and coordinated movement. For
more on feather follicles, please refer to Yu et al., (2004).

Feather filaments go through epithelial invaginations and evagi-
nations to form the barb ridges, which precede the formation of the
barbs and barbules. The barb ridges further differentiate into the
barb plates, axial plates and marginal plates. Barb plate cells will
be keratinized and become barbs, while marginal plate and axial
plate cells undergo apoptosis, die and become spaces (Fig. 4;
Chang et al., 2004b). The central pulp also undergoes apoptosis
allowing the feathers to unfold and assume their characteristic
shapes. The barbules on the barbs differentiate to form different
shapes adding to barb complexity (Lucas and Stettenheim, 1972).
Thus, the branching morphogenesis of feathers is formed. We
would like to call this way of branch formation “reverse branching
morphogenesis”, in contrast to the “branching morphogenesis” in
lung and mammary gland formation. In the later case, branching
patterns are generated from differential proliferation of growing
bud tips.

Thus feathers are built in hierarchical order (Prum and Dyck,
2003). In each successive stage, they use signaling molecules in
different ways (e.g., wnt in Chang et al., 2004a). These molecular
pathways have recently been reviewed (Widelitz et al., 2003) and
are summarized with morphogenetic events in Fig. 4. The multi-

layered morphogenesis modules in feather formation provide the
basis for many feather variants selected by fancy bird breeders
(Bartels, 2003). Finally, even with skin appendages constructed
in the right morphological form, they have to be connected with
other systems to be integrated with the organism. For example,
accompanying the complex evolution of right feather forms, new
muscle connections and neural networks have to be evolved and
established before birds can take flight (Homberger and de Silva,
2003).

Other integument appendages
Claw  Avian claws are used in grasping, climbing and fighting.
Most Mesozoic birds have claws in their wings (Hou et al., 2003).
Most modern birds lost the claws on their wings. However, newly-
hatched hoatzins (Opisthocomus hoatzin) in South America still
have a claw on the wing to help them scramble around the
treetops (Feduccia, 1999). This wing claw is eventually lost in
adult hoatzins. In chickens, foot claws develop with dorsal-ventral
asymmetry at E10 and start to express beta keratin around E11.
Claw keratin was cloned (Whitebread et al., 1991). Using antibody
staining, epitopes on chicken claw keratins were found to be
shared by epitopes on the keratins in cornified beaks and egg
teeth (Shames et al., 1991).

 The curvatures of the claw have been used as indicators for
animal habitats. Flat claws suggest ground dwelling while curved
claws imply arboreal habitats. Archaeopteryx possesses curved
claws and was likely to be arboreal (Feduccia, 1999).

Fig. 4. An example of molecular morphogenesis of integument appendages. Upper panels show different stages of feather placode, bud and follicle
formation. Major molecular pathways and morphogenetic events are highlighted in the box. Lower panels show cross sections of a feather filament and
different stages of branching morphogenesis.
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Turkey beard In turkey beards, a specialized bristle exists. It does
not form a follicular structure, but grows continuously to form
finger-like outgrowths. It is hollow and can be considered cylindri-
cal. It forms simple branches, but does not form the hierarchical
levels of rachis / barbs / barbules seen in typical feathers.
However, it expresses feather type beta keratins. Is it a feather?
This filamentous integument appendage may be considered to be
one of the protofeathers (Sawyer et al., 2003b, also see Section
3 for the definition of true feathers).

Combs and wattles These are wrinkled skin folds located at the top
of the chicken head or neck and are often brightly colored. Their
growths are sex hormone dependent. In some bird variants,
instead of growing combs, a group (tract) of contour or flight
feathers forms on the head.

Molting
Feathers go through molting cycles (Lucas and Stettenheim,

1972; Yu et al., 2004) consisting of a growth phase and resting
phase. The growth phase can be characterized by the red pulp
(blood vessels) visible in the growing feather shaft. The longer the
growth phases, the longer the feathers. The resting phase is
represented by the stop of growth, degeneration of pulp and
maturation and fully opening of feather vanes. However, feathers
remain attached to the follicles through their shafts. Eventually,
differentiation leads these feathers to slough off.

 Birds commonly molt twice a year: once in the spring for more
attractive plumages and once in the fall for the more protective
plumages. However, the process is highly modulated by the
environment: seasons, temperature, nutrition, etc. and the effects
are probably mediated by hormones. From the same follicle, the
generated feathers do not always have the same morphology,
color and size. This is particularly obvious in that flight feathers are
preceded by down feathers in the same follicles and sex hor-
mones transform ordinary brown feathers into spectacularly col-
orful peacock tail feathers in mature males. Thus every molting
event gives the bird a new opportunity to remodel its regenerating
feathers, thus allowing birds to alter their integument appendage
phenotypes in response to the changing environment. This is an
important research issue (Chuong and Homberger, 2003) and the
feather is a good model in which to study it, given its continual and
physiological regenerative processes.

Keratinization
The skin appendages of reptiles and birds are characterized by

the presence of both α and β-keratins (Sawyer et al., 2000). Avian
β-keratins are the products of a large family of homologous genes.
β-keratin in avian scales and feathers showed strong homologies
in the protein coding region (Gregg et al., 1984), which suggested
that the feather keratin genes may have evolved from scale
keratin genes by a single deletion event (Gregg et al., 1984).Like
the reptilian scales and avian scales, avian feathers have both β
and α-keratins. β-keratin was detected in the feather sheath and
barb ridge in feather filaments (Haake et al., 1984; Yu et al., 2002;
Chondankar et al., 2003). α-keratin has been reported in the
feather sheath and barb ridges of developing feather follicles
(Chondankar et al., 2003). An antibody to an avian scale β-keratin
cross reacts with reptile scales (Sawyer et al., 1986; Alibardi and
Sawyer, 2002). These results suggest that common types of β-
keratins are present in both avian and reptilian scales. Feathers

had evolved their own specific type of β-keratin. Recently, feather-
type β-keratin has been found to be expressed in the subperiderm
cells of embryonic scutate scales which suggested that the
epidermal populations of the scales and feathers of avian em-
bryos are homologous with those forming the embryonic epider-
mis of alligators (Sawyer et al., 2003a).

Efforts have been made to apply modern immunological meth-
ods to further understanding in the origin of feathers. Using
antibodies raised against chicken β-keratin, Schweitzer et al.,
(1999) reported immunological cross reactivity with feather-like
structures of the alvarezsaurid dinosaur, Shuvuuia deserti. To-
gether with mass spectrometric data, they suggested that there
are β-keratins, similar to that of birds today, in these dinosaurs.
The work is original and this possibility is exciting. As the conclu-
sion is critical, much more rigorous experiments will be required
to establish it. It would be worthwhile to make biological speci-
mens go through simulated fossilization processes (as much as
one can in high pressure and temperature) and learn how to
retrieve molecular and immunological properties of these “simu-
lated fossils”. This type of molecular approach, once established,
would be revolutionary to link paleontology research with molecu-
lar research.

Integument appendages, in a broad sense
Teeth Mesozoic birds like Archaeopteryx have teeth and the
phylogenetic derivation of modern birds indicates that the ab-
sence of dentition was a secondary event, occurring approxi-
mately 60 million or more years ago (Huysseune and Sire, 1998).
During evolution, they gradually lost teeth as the beak evolved.
We recently reported a Mesozoic wading bird, Longirostravis,
which has several teeth left in the tip of the bill (Hou et al., 2004)
(Fig. 3 A-C). The attempt to regrow chicken teeth is described in
section 4.3.

Beak Beaks are the formation of hardened horny sheaths on the
snout. Beak-like structures also existed in some ancient dino-
saurs (e.g., Psittacosaurus, Fig. 1A) as well as in current turtles.
It is possible that beak-like structures may have evolved indepen-
dently more than once. In birds, the beak has become a unique
feeding apparatus since Mesozoic time (Hou et al., 2003; Figs.
1A, 3). The diverse shapes of the beak are classical examples of
evolution (Darwin, 1859; Grant, 1986). Morphogenesis of the
beak consists of three major components: the outgrowth of beak
primordial mesenchyme (skeleton), the integument inside the oral
cavity (oral mucosa, teeth) and the integument covering the snout
(horny sheath). The horny sheath exhibits a thick layer of special
β-keratin. In the chicken, it starts to form in the distal beak
primordia around embryonic day 10. An egg tooth forms at the
upper surface of the distal upper beak. It is a special keratinized
structure, not an enamel containing type of tooth. It is used for the
newborn chick to open the egg shell.

2.3 Diversity of mammalian integument appendages
Due to a lack of fossil evidence, evolution of the mammalian

integument remains largely unknown. From the Mid-Permian to
Early-Triassic about 200 mya, the early therapsid reptiles may
have evolved an integument capable of limiting water-loss and
protection from the colder environment (Ruben and Jones, 2000).
At that time, some sensory hairs, vibrissae and maybe pelage
may have formed (Maderson, 1972; 2003). Some speculations



 Evo-Devo of integuments        257

are made in section 5 and here we will examine current mamma-
lian integument appendages.

Hair
Hair is the major integument appendage of mammals. The

driving force to form hairs is likely to be thermoregulation. Hairs
can also be distributed with regional specificity for different
functions such as communications, protection from direct sun-
light, sensory perception, camouflage or sexual attraction. For
instance, a mane grows around the neck of lions and on the dorsal
region of a horse’s neck. There are multiple types of hairs, such
as pelage or vibrissae (Sundberg, 1994). There are two major
types of pelage hairs: guard or primary hairs and secondary hairs.
Auchene, zigzag and awl are three different types of secondary
hairs (Nakamura et al., 2001). In many instances, secondary hairs
form an underfur and serve to insulate the animal. Vibrissae,
which are found at the facial region and commonly referred to as
whiskers, are very long and stiff. They serve to sense the animal’s
immediate environment (Waite and Li, 1993). The follicle struc-
ture of vibrissae is different from pelage hairs. The vibrissa follicle
is surrounded by large blood sinuses enclosed in a thick collagen
capsule (Fig. 2C). Vibrissae are vastly innervated by the sensory
nerve endings of trigeminal nerves (Oliver, 1967).

Hair follicles arise as a result of complex morphogenetic
interactions between the epidermis and mesenchyme (Hardy,
1992). Hair follicle development is conventionally divided into
induction, morphogenesis and differentiation stages (Wu and
Chuong, 2000). Upon induction the epidermal placode appears
first as a thickening of the flat epidermis. Aggregation of the
mesenchymal cells is seen underneath the placode. Later during
the induction stage, the epidermal placode grows downwards and
forms the hair germ. During the morphogenesis stage, mesenchy-
mal aggregates condense into distinct dermal papillae and the
hair germ epithelia reorganize to wrap around the dermal papilla
resulting in a hair peg. The bottom portion of the hair peg
transforms into the hair matrix that starts to form the inner root
sheath, while the peripheral portion of the base and the upper
portion of the hair peg become the outer root sheath (Fig. 2C).
Next, during the differentiation stage, proliferation in the hair
matrix continues and the first hair fiber forms in addition to the
inner root sheath. The hair bulge appears as a distinct promi-
nence in the upper portion of the outer root sheath. This region
harbors stem cells (Cotsarelis et al., 1990). Above the bulge, a
small population of outer root sheath cells gives rise to sebocytes
that grow into a sebaceous gland (Yang et al., 1993). The ratio of
TCF3 and Lef 1 may regulate the fate of bulge stem cells to
become either hair, sebaceous glands, or skin epidermis (Merrill
et al., 2001). As the hair fiber continues to form, it reaches the skin
surface through a hair canal that allows the hair fiber to grow out
from the follicle.

The hair follicle is comprised from epithelial and mesenchymal
components (Lane et al., 1991). The outer root sheath (ORS) is
continuous with the epidermis at the skin surface and extends
downwards all the way to the hair follicle bulb. The hair bulge
harbors hair follicle stem cells and is located in the upper part of
the ORS. Hair fibers and the inner root sheath (IRS) are produced
in the epithelial matrix at the very bottom of the hair follicle. A
medulla, cortex and cuticle can be distinguished in the hair fiber.
The dermal papilla (DP) and dermal sheath (DS) constitute
mesenchymal components of the hair follicle. The dermal papilla

is located at the bottom of the hair follicle and is surrounded by an
epithelial matrix. The DP is believed to control hair formation
(Jahoda et al., 1984) by regulating epithelial cell proliferation and
differentiation (Matsuzaki and Yoshizato, 1998). The dermal
sheath surrounds the hair follicle from the outside and is confluent
with the dermal papilla at the bottom.

Based on the changes of transgenic mice and knock out mice,
the involvement of many molecular signaling pathways has re-
cently been identified. These pathways include Wnt, beta catenin,
Eda, Shh, BMP, FGF, Notch, etc. They have recently been
reviewed (e.g., Botckarev and Paus, 2003) and will not be
elaborated here. In principle, we can appreciate that the pathways
are shared by different ectodermal organs (Chuong, 1998) and
examples of noggin / BMP and Eda are discussed.

Horns and other variations of hairs
Horns are specially keratinized structures and usually serve as

a weapon for defense or attack. The horn of a rhinoceros is made
of multiple hardened coalesced hair shafts (Lynch et al., 1973).
New horn epidermal cells are inserted at the base. Numerous
modified hair follicles initially form a cluster and are gradually
arranged in a circle to give the horn a tube-like configuration. In
some whales, the vibrissae hair has been modified to detect water
vibrations caused by prey (Balcomb, 1984; Leatherwood and
Reeves, 1983; Winn and Winn, 1985). These hair follicles aid the
whale to locate prey in close proximity. Hair can be modified to
form different skin appendage structures. For example, in the
armadillo, the hair in the back has been compacted and hardened
into a large scale-like structure (Patterson, 1978). This hair-scale
serves to protect the animal from the environment and predators.

Claw and hoof
Claws and hooves are keratinized appendages on the tips of

mammalian digits. Nail development has been described for
humans and claw development has been described for cats and
rodents (Hamrick, 2003). The development of nails or claws
begins with an epithelial thickening (placode), which is the first
sign of induction on the dorsal surface of each digit (Chapman,
1986). A proximal claw fold develops as the epidermal thickening
invaginates and later forms part of the germinal claw matrix. Cells
of the germinal matrix then differentiate to produce a keratinized
layer over the nail/claw bed.

Some terrestrial mammals evolve hooves. A hoof is a thick
keratinized layer that wraps around the distal limb. The dermal -
epidermal junction of the hoof develops a series of invaginations
(papillary body) that may provide mechanical properties required
for the hoof (Bragulla, 2003). The hoof can be considered an
exaggerated exhibition of claw / nail morphogenesis.

Sweat gland
Sweat glands develop via invagination of epidermal cells.

Eccrine sweat glands develop as the down growth of the epider-
mis into the dermis. They start as a budding of the basal layer of
the epidermis. The bud further grows downward in the form of
solid cylinder. Then its proximal part coils to form the secretory
body, while the distal part develops lumen. Apocrine glands
originate closely to the hair follicles, so that their ducts open into
the hair canals above the sebaceous glands (Moore and Persaud,
1998).Ectodermal dysplasia in human and mouse is a group of
genetic diseases that exhibits multiple ectodermal organ abnor-
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malities based on a single genetic defect (Grüneberg, 1971;
Mikkola and Thesleff, 2003). This suggests these ectodermal
organs, hairs, nails, sweat glands, salivary gland, etc. share
signaling molecular pathways. Among them, the ectodysplasin
(Eda) pathway plays an important role. Mice with defects in
different components of the Eda pathway, such as Eda (ligand)
and Edar (receptor) fail to develop sweat glands. Humans with
hypohidrotic ectodermal dysplasia syndromes have a defective
Eda pathway and form similarly abnormal sweat glands (Monreal
et al., 1999). Recently we showed that the BMP pathway regu-
lates sweat gland morphogenesis (Plikus et al., 2004). When
noggin, a BMP antagonist, is overexpressed in the basal layer of
the skin, sweat glands in the footpad are transformed into hair
follicles. By blocking BMPs, Noggin may abort sweat gland
induction and induce hair follicles instead, or may trans-differen-
tiate the fate of induced sweat gland primordia into hairs.
Footpad

Some terrestrial mammals evolve footpads. They are character-
ized by thickened dermis. During development, BMP4 is expressed
in the mesenchyme where footpads will form. There is more cell
proliferation in the dermis of developing footpads. In adults, BMP2 is
expressed in the footpad epidermis. Suppression of BMP mediated
interactions in K14 noggin mice showed reduced footpads (Plikus et
al., 2004; Fig. 2C). Hox d13 mice show reduced footpad formation
(Fig. 2C, from Hamrick, 2003). Hox d13, BMPs and noggin may
function along the same pathway for the formation of footpads. They
may also be used to “morpho-regulate” (see section 4.4) the size of
the footpads for adaptation to different niches.

Papillary ridges and variations
Mammalian digit skin exhibits various morphogenetic features

that improve the function of fingers and toes. Using arboreal, terres-
trial and aquatic environments, Hamrick (2003) compared the distal
limb integument structures of opossums. The terrestrial Monodelphis
exhibit long, curved claws, while the arboreal Marmosa show small
claws (Fig. 2C) but a large volar pad with well developed papillary
ridges to aid its tree climbing. In the feet of the water opossum,
Chironectes, epidermal scales replaced papillary ridges. Around
each scale, there are finger-like cones that may serve tactile func-
tions under the water.

Dolphin skin
Dolphins lost their hair. However, an extraordinary form of papil-

lary ridge forms on the trunk of Dolphins. It is surmised that the
function of these ridges serves to produce laminar flow (Carpenter et
al., 2000). Laminar flow reduces the amount of drag on the dolphin
as it moves through the water environment. Thus the energy output
required from the dolphin can be most efficient. However, hydrody-
namic drag still exerts extreme forces on the skin and requires extra
support to prevent denuding. The dermal papillary ridges exagger-
ated in the dolphin skin tissue may provide this support (Fig. 2C). The
deeply inserted ridge may also help transmit mechanical stimuli.

Cycling
Hairs go through cycling: anagen during which hairs grow, catagen

during which hairs are destroyed and telogen during which hairs rest.
Exogen is when the club hairs fall off, which otherwise can remain
attached to the old follicles. Many molecular pathways that can

Fig. 5. Morpho-regulation of integument appendages. An example is shown in which multiple
ectodermal organs are affected when the BMP pathway is perturbed using K14 driven expression of
noggin. (A) A prototypic animal showing different kinds of epithelial appendages (from Chuong, 1998).
(B) Changes of ectodermal organs in K14 noggin mice (from Plikus et al., 2004).

accelerate or arrest hair cycles have been
reported. However, the clock that drives the hair
cycle remains unknown. These are recently
reviewed and will not be elaborated here
(Botckarev and Paus, 2003). We will just men-
tion some interesting aspects that relate hair
cycles to the environment. Season is one major
factor. In some horses, one layer of hair is there
all year around, while another group of thick hair
follicles will grow only if the animal is exposed to
very low temperatures during the cold winter
months in some climates. If horses are kept
indoors, these “winter coats” will not grow (com-
ments by owners of horse ranch). This sug-
gests that adjacent hair follicles can be under
different kinds of hair cycle control. Some ani-
mals form compound hair follicles (more than
one hair from one hair follicle, also see section
4.4 and Fig. 5B) in the winter, but simple hair
follicles (one hair per follicle) in the summer.
Snowshoe hares have brown fur in the summer
but change to white fur in the winter, indicating
different melanocyte behavior in hair follicles.
As the mammalian integument is critical for
temperature control and message display, it is
understandable that animals use hair shedding
and regeneration as an opportunity to renew
the types of integument appendages that will
serve them best at the time. It will be most
interesting now to learn how these environmen-
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tal factors are linked to the hair cycles at the molecular level. Some
of these effects may be mediated by prolactin, but much remain to be
studied (Johnston and Rose, 1999). Hair is an organ with robust
regeneration ability. If plucked during injury, hairs can regenerate as
long as the dermal papillae remain. The hair follicle is the main
reservoir of stem cells or stem cell like cells (Rochat et al., 1994;
Taylor et al., 2000; Ferraris et al., 2000). Recent molecular under-
standing has made hair follicles an excellent model for stem cell
research. They may not only form hairs, but also serve as sources for
other organs such as the hematopoietic system (Lako et al., 2002).

Keratinization
α-keratins are the main structural proteins of the epidermis

(Fuchs, 1995) and are present in mammalian skin and skin append-
ages. They form acidic and basic pairs. Mammals do not have β-
keratin. They either branched out before the evolution of β-keratin in
the reptiles or lost β-keratin that existed in their reptilian ancestors
(Maderson, 2003). Hard tissues, such as the hair, nail and claw,
contain α-keratins with a high percentage of trichohyalin and other
associated proteins, particularly high sulfur proteins, to increase their
mechanical resistance (Alibardi, 2003; Thibaut et al., 2003). In
human hair follicles, hair keratins exhibit distinct expression patterns.
For example expression of human Ha1 starts at the transition of the
matrix and the cortex and continues throughout the lower and middle
portions of the cortex. Ha2 and Hb2 keratins are specifically ex-
pressed in the hair cuticle (Langbein et al., 1999; Langbein et al.,
2001). Differential expression of these hair keratins and associated
proteins in different mammals may confer different textures and
qualities for various hair types.

Integument appendages, in a broad sense
Teeth Mammals are heterodonts. They have teeth with different
forms and functions in different parts of the tooth row (Weiss et al.,
1998). Modern mammalian dentitions include three or four kinds of
teeth. Incisors have a simple conical shape and are responsible for
securing food. Canines serve for piercing food and attacking prey
with a conical shape and a sharp point. Premolars and molars
developed complex crown patterns and serve a chewing function.
Specialization of the teeth in mammals allows them to feed on
versatile food sources and is an evolutionary benefit. This complex
mammalian dentition is distributed along the proximal-distal axis of
the jaw and is in part determined by the homeobox-containing gene
families such as Dlx, Lhx and Gsc (Cobourne and Sharpe, 2003).
Variations in the timing and strength of the activity of many
morphogenetic pathways are involved in tooth development (BMP,
Shh, FGF, WNT) and the homeobox genes result in the formation
of teeth with various shapes and sizes. In part these processes are
coordinated within the enamel knots - transient structures of the
developing teeth (Jernvall et al., 2000). In addition to being mor-
phologically complex, dentition in many mammals shows different
growth strategies. Teeth can either stop growing upon the comple-
tion of their development, or they can grow continuously through-
out their life. In mice for example, incisors grow continuously, while
molars do not. However in other mammals molars can grow
continuously throughout their lifetime. Vole and rabbit molars are
like this. Different fates of the tooth stem cell population lie at the
root of these differences. Mammalian teeth are composed of two
structurally and functionally different parts: crown and roots. Dur-
ing development the crown forms first and roots second. The

cervical loop regions of the teeth are believed to be the reservoir of
the epithelial stem cells and they supply both crown and roots with
“building material”. Developmentally, mouse molar cervical loops
switch from making crowns to making roots. Upon this switch
molars cease their growth. However, in voles cervical loops con-
tinue to produce crowns throughout adulthood, resulting in continu-
ous molar growth. Likewise, cervical loops in mice incisors do not
degenerate and continuously produce crowns. Different timing in
the “crown/root” switch activation can result in a whole array of
tooth phenotypes seen in various mammals (Tummers and Thesleff,
2003).

Mammary glands Mammary glands may not sound like typical skin
appendages, but they actually are derivatives of the skin. Their
induction involves the formation of an epithelial placode and
dermal condensation (reviewed in Veltmaat et al., 2003). Several
molecular pathways have been shown to be involved in
mammogenesis (reviewed in Veltmaat et al., 2003). For instance,
they are dependent on Wnt / β-catenin signaling. This is evi-
denced by K14 DKK mice transgenic and Lef-1 knock out mice,
whose Wnt / β-catenin signaling pathways are inhibited. These
mice do not form mammary glands, hairs or teeth (Andl et al.,
2002; van Genderen et al., 1994). The formation of the mammary
gland is critical to feed the young and is the foundation of the
mammalian class. Nursing offers close contact between a pup
and its mother and offers ample opportunity for training to foster
the transfer of knowledge leading to higher intelligence (Peaker,
2002). Growth factors and immune factors in the milk help to
protect and mature the developing infant (Goldman, 2002; Oftedal,
2002). Mammary glands are believed to have evolved from
ancient apocrine glands associated with hair follicles (Oftedal,
2002). The secretion of nutrient rich milk probably began in
therapsids, such as cynodonts. In today’s mammals, they form
along milk lines which extend from the axilla to the pubic regions
(Grossl, 2000; Veltmaat et al., 2003).

Tongue papillae On the surface of the tongue, papillae form in
regular patterns. They exhibit major morphogenesis signaling
molecules such as Shh, BMP2, 4, FGF 8, etc. (Jung et al., 1999).
Recombination experiments showed that the morphogenesis of
fungiform papillae goes through periodic patterning processes
and involves epithelial mesenchymal interactions (Kim et al.,
2003). Thus fungiform papillae can be considered small epithelial
appendages. Fungiform papillae can be considered to be small
epithelial appendages, which are formed via the epithelium and
mesenchyme interactions. Filiform papillae exhibit hair type
keratins and association with hair evolution is hypothesized by
Dhouailly and Sun, 1989 (section 5.2).

External genitalia Copulatory organs also result from epithelial-
mesenchymal interactions including the skin (Yamada et al.,
2003). In a broad sense, they can belong to the category of
integument appendages. In the distal end of the growing genital
tubercle, there are BMP4. Furthermore, on the surface of the
mouse penis, there are numerous periodically arranged BMP4
expressions during development. They then become hair spines.
Interestingly, in K14 noggin mice, the size of penis increases while
the differentiation of hair spines is inhibited (Plikus et al., 2004;
Fig. 5 A,B).
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3. Fossil records of integument appendages from Me-
sozoic reptiles and birds

The discoveries of many intermediate forms of feather-like
appendages from the Jehol Biota in China brought many new
insights in the evolution of feathers (reviewed in Chuong et al.,
2001; Sawyer and Knapp, 2003; Chuong et al., 2003). The Jehol
Biota spreads across the Northern part of China and contains
fossils of various organisms living 120-145 mya. It is a geological
layer representing the transition of from mid-Jurassic to early
Cretaceous. Because of the geology, many soft integuments of
these Mesozoic creatures were well preserved (Chen et al., 1998;
Zhou et al., 2003). These include different kinds of reptiles, birds
and mammals (Fig. 1A). Most interesting, there are many “interme-
diate species” with characteristics of both birds and reptiles that
lived in Mesozoic times. They are extinct now, replaced by more
efficient reptilian and avian species. However, these fossils pro-
vide multiple clues on how integument appendages may have
evolved. One of the examples of Mesozoic birds is the newly
discovered Longirostravis, the long rostrum bird (Fig. 3, Hou et al.,
2004). This 120 million year old fossil has a long and sharp beak
with 10 conical shaped teeth in the distal end. It is the earliest bird
that starts to show modulations of beak shapes and, with long legs,

represents the earliest known wading bird. Its feathers already
have some asymmetry, suggesting that it is a reasonably good
flyer.

There are many Mesozoic reptiles that have elongated branched
appendages that appear to be precursors of today’s feathers (Hou
et al., 2003). Many of these feather-like appendage-bearing
dinosaurs belong to the group of theropods. They were carnivo-
rous, fast moving bipedal dinosaurs with small forelimbs but long
hands consisting of three digits for grasping prey (Sereno, 1999).
The following section introduces some of these extra-ordinary
creatures (Table 1).

Sinosauropteryx was the first feathered theropod dinosaur
found in the Jehol Biota (Chen et al., 1998), which has “fuzz fibers”
on the body, especially along the dorsal midline. These filaments
are rather homogenous over the body without regional specificity
(Table 1, Fig. 1A). The appendages are hollow and appear to have
a short shaft with barbs, but lack further branches. They appear to
be like down feathers without any aerodynamic properties and
were probably used for insulation. These filaments may represent
“proto-feathers” or some early branching skin appendages (Chen
et al., 1998).

Two theropods, Beipiaosaurus and Sinornithosaurus, had
large patches of filament-like integumentary structures preserved

TABLE 1

SUMMARY OF THE INTEGUMENTS IN THE FEATHERED DINOSAUR
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on the forelimbs, hindlimbs and body (Xu et al., 1999a, b) (Table
1, Fig. 1A). Some of the filaments seem to have branching distal
ends. These primitive filaments appear to be hollow, reflecting the
cylindrical feather filament. Further analyses (Xu et al., 2001)
showed that skin appendages on Sinornithosaurus have com-
pound structures containing multiple filaments, which are joined
together. These branched structures were either similar to the
avian downy feathers or similar to avian pennaceous feathers, but
lacking barbules to form a closed pennaceous vane.

Modern feather shapes skin appendages were first found in
Caudipteryx and protarchaeopteryx (Ji et al., 1998) (Table 1, Fig.
1A). Caudipteryx  evolved different types of feathers over different
body regions, indicating the establishment of feather tracts as an
evolutionary novelty. Specialized functions for each body part
could evolve and enrich integument function. Caudipteryx formed
spectacular pennaceous feathers in both the wing (remiges) and
tail (retrices) with tapering shafts. The bilaterally symmetric
pennaceous structures in Caudipteryx and Protarchaeopteryx
have been accepted as vaned feathers (Prum and Brush, 2002).
However, the vanes lacked the asymmetry required for flight and
were probably used for display to either attract or frighten others.
Protarchaeopteryx also had bilaterally symmetric pennaceous
feathers. The tail rectrice feathers of Protarchaeopteryx were
plumulaceous in the proximal part and pennaceous above the
mid-shaft region (Ji et al., 1998). The vaned Protarchaeopteryx
feathers appeared to be structurally transitional between the
proto-feather-like structures of Sinosauropteryx and the modern
feathers of Archaeopteryx.

Modern feathers were also detected in other non-avian theropod
dinosaurs. Ji et al., (2001) reported an unnamed Dromaeosauridae

remiges were preserved with the primary remiges longer than the
secondary remiges. This may be for improved aerodynamics as
similar patterns are observed in modern birds. The body was
covered by plumulaceous feathers. The “flight feathers” in the hind
limb are not well designed for active flight resulting from flapping
the wings. The creature may have adopted a gliding behavior in the
flourishing Mesozoic jungles, gliding from one tree to another as
seen in some modern mammals.

Recently, a bristle-like, non-branched integumentary structure
was found in the non-theropod dinosaur (Mayr et al., 2002). They
are in the tail of the horned dinosaur (parrot-beaked dinosaur),
Psittacosaurus (Table 1, Fig. 1A). These bristle-liked structures
are much longer and thicker than the proto-feathers in
Sinosauropteryx and Sinornithosaurus and were interpreted as
cylindrical and possibly tubular epidermal structures. They may not
be homologous structures as those integument appendages on
the Theropods. Cylindrical configuration during the formation of
feather filaments is a character considered very important in the
first step of feather evolution (Prum and Brush, 2002; Table 2).

The Mesozoic landscapes shaped variable skin appendages in
non-avian theropod dinosaurs. These skin appendages displayed
a spectrum, from non-branched filaments (Sinosauropteryx) to
branched filaments (Sinornithosaurus) to symmetric pennaceous
vanes (like Caudipteryx) to asymmetric pennaceous vanes
(Microraptor gui). Many of these skin appendages are considered
to be possible homologues of avian feathers. Mesozoic branched
structures are representatives of reptiles / birds in evolution, which
fit some criteria of true feathers, such as hierarchical branching
(rachis, barb and barbule structures) and opened vanes, even if
their information of follicular structures are unavailable (Sawyer

covered with filamentous feather-like
structures over its entire body (Table 1).
Three types of filamentous structures
were identified in this specimen. The
first type had single fibers. The second
type had long plumulaceous fibers. The
third type had symmetric pennaceous
feathers, which may have barbules. This
type of pennaceous feathers with a ra-
chis and symmetric barbs were also
found in a different species of
Dromaeosauridae (Norell, et al. 2002)
(Table 1).

The smallest known non-avian
theropod dinosaur, Microraptor
Zhaoianus (Xu et al., 2000), displayed a
more advanced filament pattern near the
femur. The filaments are long and con-
tain a rachis (Table 1). The fossil sug-
gests that true feather structures may
have already existed in these dinosaurs.

The most interesting discovery among
the feathered dinosaurs was the four-
winged dinosaur recently reported by Xu
et al. (2003), Microraptor gui of
Dromaeosauridae (Table 1). Both fore
and hind limbs were covered with
pennaceous feathers arranged in a simi-
lar pattern. Feathers at the distal limb
positions had asymmetric vanes. The

TABLE 2

SIMILARITIES AND DIFFERENCES IN SKIN APPENDAGES AMONG REPTILE, BIRD,
MAMMAL AND FOSSILS
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and Knapp, 2003, Chuong et al., 2003). However, the discovery of
feathers on these non-avian dinosaurs indicates that feather or
feather-like skin appendages were evolving before birds and flight
(Norell et al., 2002). Some single dissociated feather-like append-
ages from the same time are also found from Mesozoic birds or
dinosaurs (Chuong et al., 2003).

Could we call these feather-like appendages proto-feathers or
real feathers? The term, epithelial appendage or skin appendage,
is a much broader name that includes all special derivatives of
epithelial structures (Chuong, 1998). However, the term feather is
limited to those that share similar growth modes, most of the
developmental processes and many of the biochemical properties.
Chuong et al. (2003) has proposed 5 characteristics of modern
feathers. 1). Have localized zones of proliferating cells positioned
proximally, with a proximal – distal growth mode. 2). Forms
hierarchical levels of branches of rachis, barbs and barbules.
Barbs form by differential cell death and can be bilaterally or radially
symmetric. 3). Have a follicle structure, with mesenchymal core
wrapped inside during development, forming the pulp. 4). When
mature, the two sides of the feather vane face the previous basal
and supra-basal layer, respectively. The pulp is gone. 5). Have
stem cells and a dermal papilla in the follicle, hence the ability to go
through a molting cycle physiologically and to regenerate after
plucking. A summary table comparing these different extant and
past appendages is shown in Table 2.

4. Laboratory experiments showing the plasticity and
regulation of skin appendages

In the laboratory we now can produce analytical and mis-
expression experiments that provide insights into the Evo-Devo of
integument appendages. In this section, we will first review the
classical tissue recombination experiments that laid down our
initial understanding of this process. We will then show 3 ex-
amples of gene-mis-expression using the chicken model. The first
example is about changing the balance between the feather barb
and rachis formation. The second example represents the gain of
a pathway: growing feathers from scale epidermis. The third
example represents the reactivation of a lost pathway: growing
teeth from the chicken oral mucosa. Finally, we will use genetic
methods to test the activity levels of one major pathway (BMP) in
the integument (noggin expression driven by K14) and report the
plethora of ectodermal organ phenotypes.

4.1 Classical tissue recombination experiments
Classical experimental embryology experiments showed that

the differentiation of skin appendages is the result of epidermal
and dermal interactions (Dhouailly, 1975, 1977). The formation of
skin appendages starts by having a region of competent epider-
mis. Through interactions, the mesenchyme determines the loca-
tion and type of appendages that will form. Hetero-specific experi-
ments pose an interesting question as to what extreme the tissues
can be pushed. In a classical set of experiments, Dhouailly did
epithelial - mesenchymal recombinations among mouse hairs,
chicken feathers, chicken scales and reptile scales (Dhouailly,
1975, 1977). The results showed that the class specificity of skin
appendages is epidermis-dependent, while their region-specific
architecture (such as size, shape and distribution) is dependent
on the dermis. These results indicate that tissue messages can be
understood across species but each species can only respond

within their genetic capability. When the epithelium is more
advanced, they may be semi-committed and, upon induction,
have limited potential. On the other hand, when the mesenchyme
is faced with pluripotent cells, it can reset and guide these cells to
form different types of appendages. For example, basal cells from
the central cornea can be induced to form sweat glands when they
are confronted with plantar dermis and induced to form hair
follicles and sebaceous glands when they are confronted with
upper lip or dorsal dermis (Ferraris et al., 2000).

Retinoid pathway activities can induce epithelial metaplasia
(Hardy and Bellow, 1978; Blanchet et al., 1998) and appendage
phenotypes. When retinoic acid is added before phenotypes are
irreversibly determined, scales are converted to feathers in chick-
ens (Dhouailly et al., 1980) and hair germs are converted to gland-
like structures in mouse (Hardy et al., 1990). There are regional
differences of the Hox expression patterns in chicken skin which
prompted us to suggest that the skin Hox code may determine the
phentoypes of skin appendages (Chuong, 1993). In retinoic acid
induced scale - feather metaplasia, the expression of Hox D13 in
the scale region disappeared and became more similar to that of
the feather dermis (Kanzler et al., 1997).

Today stem cell and de-differentiation research are active.
What used to be called “metaplasia” changes were actually
pioneering research on how to engineer stem cells. We should go
back to these classical studies and identify their molecular changes.

4.2 Molecular conversion during scale and feather morpho-
genesis

It has been shown that the expression patterns of different
molecular pathways effects their roles in the developmental
processes underlying epithelial appendage development. Stud-
ies in the recent 10 years by us and other laboratories have
revealed the involvement of several major complex molecular
signaling pathways in feather morphogenesis. In general the
order of appearance of these molecules is FGF4, BMP4 −> SHH,
Wnt-7a -> Notch-1, Serrate-1 and Delta-1 -> Msx-1, -2 -> Hox,
NCAM (Song et al., 1996; Jung et al., 1998; Ting-Berreth et al.,
1996; Widelitz et al., 1999; Chen et al., 1997; Noveen et al., 1995;
Chuong et al., 1990, Chuong and Edelman, 1985; Chang et al.,
2004a). The role for several molecules in feather morphogenesis
is shown schematically in Fig. 4.

Scales and feathers
While testing the effect of mis-expression of these morphogen-

esis related molecules, we were able to transform avian scale
epidermis into feathers by expressing a constitutively active form
of β-catenin that was transduced from the replication competent
avian sarcoma virus (RCAS). In normal feather development, β-
catenin is first all over, then segregates into individual primordia.
During that process, they become stronger in the primordia area
and absent in the interprimordial area. In scales, β-catenin is weak
and diffuse. So we wondered whether enhanced expression of β-
catenin in the scale epidermis may make them progress into
feathers. Experiments indicate that this is indeed the case (Widelitz
et al., 2000). Activation of the delta pathway and suppression of
the BMP pathway in scales also can induce some feathery scales
(Crowe and Niswander, 1998; Zhou and Niswander, 1996). These
molecular pathways are likely to intersect and work in concert
during the conversion of scales to feathers. We speculate that
similar, but not necessarily identical, molecular processes may
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have occurred about 150-175 mya during avian evolution to
initiate the formation of ancestral feathers.

Barbs and rachis
To investigate the molecules involved in feather branching, we

looked for genes with expression patterns suggesting that they
might be involved in this process. BMP4 was first expressed in the
dermal papilla and overlying pulp, but later switched to the barb
ridges in the ramogenic zone. BMP2 was expressed in the
marginal plate but later switched to the barb plate. Noggin, a BMP
antagonist, was expressed as a gradient in the pulp, with highest
expression levels found at the ramogenic zone. To further explore
the role of this pathway in branching morphogenesis, we used the
RCAS retrovirus to deliver Noggin to regenerating feather follicles
of modern chickens (Yu et al., 2002). The resulting rachis was split
into smaller ones. Retroviral mediated expression of BMP4 to the
regenerating follicles produced feathers with a much thicker
rachis. These data suggest that the BMP pathway is involved in
specifying keratinocyte fates during feather branching. Further-
more, SHH in the marginal plate is important for the growth control
of barb ridges and apoptosis of marginal plate epithelia (Fig. 4; Yu
et al., 2002; Chang et al., 2004b). Because of the possibility to
access feather stem cells, to change feather phenotypes with
gene mis-expression and to link molecular pathways with feather
forms, the feather is one of the best models for Evo-Devo research
(Widelitz et al., 2003).

4.3 Chicken teeth?
Mesozoic birds had teeth that were lost in the evolution of

modern beaks. We wondered whether latent molecular signals
specifying tooth development were retained by modern birds
(Chuong et al., 2001). In the oral mucosa of modern chickens,
there is still formation of a dental lamina, but it soon degenerates,
which suggested that the ancestral molecular mechanisms might
still exist. Some of these latent signals were revealed by in situ
hybridization, which indicated that the chicken oral mucosa ex-
pressed Pitx2, Pax9 and FGF8, but not Bmp4, Msx1 and Msx2. All
of these genes are expressed in the mouse oral mucosa and are
considered to be essential for tooth formation. In fact, epithelial
signaling to the mesenchyme involves a BMP4 -> Msx1 -> BMP4
pathway (Chen et al., 1996). Knockout mice lacking Msx-1 and
Msx-2 fail to grow teeth (Zhao et al., 2000). It is possible that
during beak evolution a defect in the BMP4 -> Msx1 -> BMP4
pathway developed which led to the loss of teeth from modern
birds. To test this theory, our lab and collaborators tried to rescue
tooth odontogenesis from the chicken oral mucosa by releasing
BMP4 from beads (Chen et al., 2000). BMP4 did induce the
expression of Msx1 and Msx2 from the chicken oral mesen-
chyme. FGF released from beads in a similarly designed experi-
ment had an even greater effect. The effect was even greater still
when applied to dorsal skin feather producing mesenchyme
(Chen et al., 2000). It is difficult to be sure that these skin
appendages were truly teeth since there is no chicken tooth
marker. However, these experiments clearly show that oral mu-
cosa epithelia are competent to form follicle like structures.

Experiments using recombination to form a chimera of mouse
dental mesenchyme with chicken oral mucosa led to the formation
of dental like structures which are reported to even express the
enamel gene (Kollar and Fisher, 1980) - although the expression
of enamel may result from contamination with mouse ectodermal

cells. When the mouse neural tube was transplanted to chick
embryos to replace the chick neural crest cells, the mouse/chick
chimeras partially recovered the ability to form teeth, but these
teeth did not express enamel (Mitsiadis et al., 2003). These data
indicate that the avian oral epithelium still reserves competence
to form tooth like structures. Does this mean it is the avian neural
crest-derived mesenchyme that loses odontogenic capacity? Not
quite. Mouse odontogenic epithelium was able to induce molecu-
lar changes from chicken mandibular mesenchyme that were
similar to those of mouse mandibular mesenchyme (Wang et al.,
1998). Thus, many of the signaling members are there, but the
epithelial-mesenchymal interactions for chicken tooth formation
were suppressed by some means during evolutionary loss of
avian teeth.

4.4 Morpho-regulation of ectodermal organs in transgenic
mice: variations or pathology?

Ectodermal organs result from epithelial mesenchymal inter-
actions and keratinocytes are guided to build the organs through
induction, morphogenesis, differentiation and regenerative stages.
Different ectodermal organs are considered as variations upon a
common theme (Fig. 5A, Chuong, 1998). The many apparently
epithelial organs share the use of these signaling molecular
pathways (e.g., Wnt, BMP, FGF, Notch, Shh, etc.) and their
differences are variations superimposed on the common theme
(Chuong, 1998; Chuong and Homberger, 2003). Along this logic,
if we imbalance one of fundamental signaling pathways, there
should be significant consequences in multiple ectodermal or-
gans in a spatio-temporal dependent manner. We produced a
K14-Noggin transgenic mouse to modulate BMP activity and test
the extent of this hypothesis (Plikus et al., 2004). We observed
thickened skin epidermis, increased hair density, altered hair
types, faster anagen re-entry and formation of compound vibrissa
follicles. In the distal limb, there were agenesis and hypogenesis
of claws, reduced footpads and trans-differentiation of sweat
glands into hairs. The size of external genitalia increased in both
sexes, but they remained fertile (Fig. 5B).

We conclude that modulation of BMP activity can affect the
number of ectodermal organs by acting during induction stages,
influence the size and shape by acting during morphogenesis
stages, change phenotypes by acting during differentiation stages
and facilitate new growth by acting during regeneration stages.
Therefore during organogenesis, BMP antagonists can produce
a spectrum of phenotypes in a stage-dependent manner by
adjusting the level of BMP activity. Should these be considered
phenotypic variations or pathological changes?

The concept of “morpho-regulation” implies that morphoge-
netic processes can be modulated by morphological regulators
that lead to changes of morphological phenotypes in develop-
ment and in evolution. Since the levels of “morpho-regulators”
can be adjusted physiologically, they provide means for modu-
lating the morphology of organs without drastic changes. Modu-
lating the pliable BMP pathway as an example, produced
changes that are still considered “abnormal” because they
indeed significantly deviate from the normal average pheno-
types. They may not be really “abnormal” since they are still
functional and may be more adaptive in case the environment
changes. In the context of evolution, the term “phenotypic
plasticity” is used to describe the ability of a quantitative
phenotype shift. At the level of species, it may be based on the
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5.1 From reptile skin to avian feathers
Reptilian scales and avian feathers have been described as

homologous structures (see Lucas and Stettenheim. 1972). Rep-
tile scales, avian scales and avian feathers are all made from
epithelial – mesenchymal interactions. The epidermal cell popula-
tions that make up the feathers and scales are similar (Alibardi and
Thompson, 2001; Sawyer et al., 2003a), suggesting that the
epidermal appendages of reptiles and birds evolved through the
modification of epidermal cell populations. Spatial and temporal
changes of a gene’s expression regulated pattern formation and
created skin appendage diversity (Noveen et al., 1998). The
similarity and difference among reptile scales, avian scales and
avian feathers are listed in Table 2.

There are some fundamental differences in the developmental
processes between scales and feathers. Scales do not form
follicular structures. Proliferation in avian scales and reptilian
scales is more diffuse (Tanaka and Kato, 1983; Alibardi, 1996), so
the scales thicken and only elongate slightly. The mature scales
are made of an epithelial shell and a mesenchymal core. The

Fig. 6. Comparison of the origin and evolution of feathers and hairs from scales. Hypothetical models
of amniote skin appendage evolution. (A) Comparative developmental processes in reptile scale, avian
feathers and mammalian hair. (B) Two possible models for the evolution of feathers. Experiments show that
the barb - rachis model is correct. (C) Models for the evolution of hairs.

selection from a spectrum of phenotypic variations based on
environmental changes. Examples are seen in the different
densities and length of hairs observed in mountain cats, dogs,
oxen, etc. from temperate or extremely cold areas found in
arctic or high mountain regions, or the shift of finch beak shapes
in accord with climate changes in the Galapagos islands.
Variations in the number and size of integument appendages
can be used to generate a spectrum of variable animal pheno-
types that may work as substrates for selection and become
advantageous when environments change.

5. Hypothetical models in the Evo-Devo of amniote
integument appendages

The origin and early selective history of feather and hair is not
so clear. Avian feathers and mammalian hairs are ectodermal
structures containing keratin that probably evolved from kerati-
nized epidermal scale in a common reptilian ancestor of mammals
and birds (Sharpe, 2001).

outside of the epithelial shell is the
suprabasal layer. Studies of mo-
lecular expression patterns
showed that at the early short bud
stage, avian scutate scales, avian
feathers and alligator scales share
the conserved Shh and Bmp2 po-
larity pattern (Harris et al., 2002).
The conservation of Shh/Bmp2
signaling in the formation between
these two integument appendages
suggests that the early initiation
process of these skin appendages
is similar, even if they undergo
different differentiation processes
to form different skin appendages.

Feathers have a different and
complex topological organization.
They initially start to proliferate
from the tip of feather buds. There-
fore, feather buds protrude out first.
As the buds elongate, the local-
ized proliferation zone gradually
shifts through the shaft and local-
izes proximally to the base of the
feather (Chondankar et al., 2003).
In the meantime, epidermis sur-
rounding the feathers starts to in-
vaginate into the dermis to form a
follicular wall. The dermal papilla
is situated at the base of the fol-
licle, inducing the epithelial collar
above to continue proliferation.
This allows for continual growth
and facilitates feather cycling as
stem cells would be protected in
the follicle. During development,
the feather filament is a cylindrical
structure, with the pulp inside. To-
ward the distal end, epithelial cells

A

B

C
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in the ramogenic zone start to differentiate into barb and rachidial
ridges which form the rachis and branches (barbs and barbules).
Marginal plate cells between barb ridges, pulp epithelium and pulp
in the filament center later degenerate to allow the opening of the
feather filament cylinder into a two dimensional vane. This vane is
made of epithelial cells only and one side is toward the original
basal layer (although this basal layer has become the marginal
plate and the pulp epithelium and disappears when the feather
vane opens), while the other side is toward the supra-basal layer.

A long held view is that avian feathers evolved from reptile scales.
It was suggested that reptilian scales first underwent elongation, later
through etching of the elongated scales to produce the branched
feather vanes and finally the inter-woven pennaceous feather barbs
became plumulaceous (Regal, 1975). Thus the order of formation is
long bilaterally symmetric feather -> rachis -> pennaceous vane ->
plumulaceous barbs -> radially symmetric downy feathers (Fig. 6B).
A “non-avian feather” was reported for the Triassic archosaur,
Longisquama (Jones et al., 2000), which supported this hypothesis.
In the dorsal midline, Longisquama has a series of elongated
integument appendages which form branches. These branches are
perpendicular to the main axis and look like branched scales de-
picted by Regal (1975). However, a different approach has been
taken to investigate skin appendage evolution. From the develop-

mental and molecular studies, it has been proposed that the order of
formation is radially symmetric feathers -> bilaterally symmetric
plumulaceous feathers -> bilaterally symmetric vanes -> bilaterally
asymmetric vanes (Chuong et al., 2000; Prum, 1999; Yu et al., 2002)
(Fig. 6B).

5.2 From reptile skin to mammalian hair
�Hair does not fossilize well and therefore is not abundant in the

fossil record. Therefore the paleontological record did not preserve
the evolutionary steps taken from reptilian scale to mammalian hair.
The comparison of the embryological development of modern
scales and hair showed that hair and scale have taken different
developmental processes (Fig. 6A). The similarities and differ-
ences between the development of reptilian scale and mammalian
hair are listed in Table 2. Unlike reptiles and birds that have both α
and β-keratogenesis, with α-keratogenic tissue providing a barrier
to water loss and an overlying β-keratogenic layer providing me-
chanical stiffness to the skin, early theropsid amniotes, including
mammalian ancestors, lost β-keratogenic tissue. Their α-keratogenic
epidermis was toughened by the mammalian-type HRP (Maderson,
2003).

The Synapsids, a group of reptiles, were the potential ancestors
of mammals (Kemp, 1982; Rowe, 1988). They emerged in the

Fig. 7. A hypothetical Evo-Devo space. The X coordinate represents new developmental mechanisms. The Y coordinate represent new

phenotypes. They all start from a flat layer of epidermis. Those in the upper right quadrant used more novel developmental mechanisms and are more
complex. Arrows indicate possible topological transformation from one form to another, not necessary indicating the evolutionary process. We are
working to reveal the molecular basis of those arrows. The processes are in red and the names of the forms are in blue. Yellow circle is the cross section
of developing feather follicles with brown indicating the position of rachis. For comparison, the stages corresponding to those used in Prum, 1999 are
indicated in green. Revised from Chuong et al. (2001).
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Palaeozoic, earlier than 300 myr ago, ruled the earth for 120 myr
and then went extinct. Some early Synapsids could have been
ectothermic because of the morphological trait of a large “sail” on
the dorsum. This sail was composed of elongated spines that were
grooved to accommodate blood vessels (Rowe, 1988). The sail
could have aided early synapsids to increase or decrease body
temperature faster than similarly-sized ectotherms. Theoretically,
early sailed synapsids could have developed hair. The transition
from ectothermic reptiles with scales to endothermic mammals
with hair over 150 mya needed a lot of adaptation, including bone
structures, soft tissues, cellular and molecular processes.

A lack of fossil evidence and transition forms between scale and
hair at the present time resulted in few proposals (theories) on the
origin of hair. Maderson (1972; 2003) hypothesized that hairs
arose from reptilian sensory appendages of the mechano-receptor
type that were located in the hinge region (Fig. 6C). The mechano-
sensory role of the protohairs has been progressively replaced by
their thermal insulatory function and contributed to thermoregula-
tory behavior. They may have evolved spatially patterned sensory
protohairs. The multiplication of protohairs may have been caused
by mutations leading to increased hair density that can help
improve mechanical protection and insulatory function. According
to this proposal, certain mutations in the molecular pathways in-
volved in appendage patterning resulted in the expansion of sensory
bristles throughout the body of the animal. Proto-pelage provided
mechanical protection to fragile α-keratogenic epidermis, made the
skin more resistant to abrasion and allowed the Theropsids to move
into new terrestrial niches. When mammals moved into a nocturnal
niche, proto-hairs started playing an important role in insulation,
aiding endothermy. From then on the insulatory factor became a
primary driving force in hair evolution. This theory provided good
reasoning for behavioral thermoregulation to be initiated and insula-
tion to be a secondary driving force in hair evolution.

Dhouailly and Sun (1989) have proposed an alternative model.
In analyzing filiform papillae, they found the inner surface ex-
presses hair keratin whereas the outer surface expresses epider-
mal keratin. By comparing the topology and keratin types of scales,
hairs and filiform papillae, they suggest that invaginations in the
inner surface of the scale epidermis may lead to a transformation
of the scale structure from a hemi-cylindrical form to the more
completely cylindrical structure found in hairs. This progression
could have been the origin of the evolution novelty of hair follicle
invagination (Figs. 2,7). Recently, the major hair morphogenesis
signaling molecules such as Shh, BMP2, 4, etc., are all expressed
during the formation of tongue papilla (Jung et al., 1999), corrobo-
rating the notion that they are epithelial appendages sharing some
history.

6. Conclusion

Here we take a survey of the evolution of integument append-
ages of the amniote and try to explain them by the addition of novel
developmental mechanisms. For the reptile integument, the major
achievement is the formation of an effective barrier that allows
reptiles to live on the land freely. The formation of skin folds
progresses into scales that are effective in protection and defense.
The invaginations of epidermis lead to the independent “invention”
of hair follicles and feather follicles. The follicular design allows
stem cells to be protected in the dermis and the positioning of a

localized TA growth zone in the proximal end of the appendage
allows its unlimited growth. Both are used in maintaining endot-
hermy, a more efficient metabolic life style. To gain the increased
number of appendages for effective thermo-regulation, Maderson
(1972, 2003) proposed a multiplication of appendage units in proto-
mammals. In avian precursors, barb branching and barbule forma-
tion were used initially to produce warming downy feathers. Sub-
sequent fusion of barbs to form a rachis and the differentiation and
interlocking of the proximal and distal barbules to form feather
vanes have allowed birds to fly. By changing molecular circuits, we
and others have explored the molecular and cellular basis under-
lying these morphogenetic changes through laboratory research.

We have learned that a single piece of epidermis can be folded
to form different forms of epithelial organs which differentiate
differently (Fig. 7). They represent variations of epithelial- mesen-
chymal interactions superimposed on a common theme (Chuong,
1998; Chuong et al., 2000). The diverse integument appendages
existing in reptiles, birds and mammals were not achieved in one
step, but represent millions of years of trial and error by Nature. We
are just at the beginning of understanding these processes. As we
learn more about how molecular pathways work in model organ-
isms, we need to pursue more comparative studies to appreciate
how Nature formed myriad structures in many diverse ways in the
wild, how the integument appendages interface with other systems
to perform a physiological function for the whole organism (e.g.,
flight) and how genes interact with the environment. Only with
these endeavors, can we truly understand the essence of integu-
ment biology (Chuong and Homberger, 2003).

Acknowledgments
We thank Dr. Dhouailly for her very helpful comments during the

preparation of this manuscript. This work was supported by grants from
NIH, NSF (CMC) and NCI (RW). LH was supported by grants from the NSP
(4982020) and IVPP. SS was supported by the Royal Thai Government
Scholarship.

References

ALIBARDI, L. (1996) Scale morphogenesis during embryonic development in the
lizard Anolis lineatopus. J Anat 188: 713-25.

ALIBARDI, L. (2003) Adaptation to the land: The skin of reptiles in comparison to that
of amphibians and endotherm amniotes. J Exp Zool Part B Mol Dev Evol 298: 12-
41.

ALIBARDI, L. and MADERSON, P.F.A. (2003) Observations on the histochemistry
and ultrastructure of the epidermis of the Tuatara, Sphenodon punctatus
(Spehnodontida, Lepidosauri, Reptilia): a contribution to an understanding of the
lepidosaurian epidermal generation and the evolutionary origin of the squamate
shedding complex. J Morphol 256: 111–33.

ALIBARDI, L. and SAWYER, R.H. (2002) Immunocytochemical analysis of beta
keratins in the epidermis of chelonians, lepidosaurians and archosaurians. J Exp
Zool 293: 27-38.

ALIBARDI, L. and THOMPSON, M.B. (2001) Fine structure of the developing
epidermis in the embryo of the American alligator (Alligator mississippiensis,
Crocodilia, Reptilia). J Anat 198: 265-82.

ALIBARDI, L. and THOMPSON, M.B. (2002) Keratinization and ultrastructure of the
epidermis of late embryonic stages in the alligator (Alligator mississippiensis). J
Anat 201: 71-84.

ANDL, T., REDDY, S.T., GADDAPARA, T. and MILLAR, S.E. (2002) WNT signals are
required for the initiation of hair follicle development. Dev Cell 2: 643-53.

AUTUMN, K., LIANG, Y. A., HSIEH, S. T., ZESCH, W., CHAN, W. P., KENNY, T. W.,
FEARING, R. and FULL, R. J. (2000) Adhesive force of a single gecko foot-hair.
Nature 405:681-5.



 Evo-Devo of integuments        267

BADEN, H.P. and MADERSON, P.F. (1970) Morphological and biophysical identifi-
cation of fibrous proteins in the amniote epidermis. J Exp Zool 174: 225-32.

BALCOMB, K. and MINASIAN, S. (1984) The World’s Whales. Smithsonian Books.
W. W. Norton, New York.

BARTELS, T. (2003) Variations in the morphology, distribution and arrangement of
feathers in domesticated birds. J Exp Zool Part B Mol Dev Evol. 298:91-108.

BEREITER-HAHN, J. (1986) Biology of the integument. New York, Springer Verlag.

BLANCHET, S., FAVIER, B., CHEVALIER, G., KASTNER, P., MICHAILLE, J.J.,
CHAMBON, P. and DHOUAILLY, D. (1998) Both retinoic acid receptors alpha
(RARalpha) and gamma (RARgamma) are able to initiate mouse upper-lip skin
glandular metaplasia. J Invest Dermatol 111: 206-12.

BOTCHKAREV, V.A. and  PAUS, R. (2003) Molecular biology of hair morphogenesis:
development and cycling. J Exp Zool Part B Mol Dev Evol 298:164-80.

BRAGULLA, H. and HIRSCHBERG, R. M. (2003) Horse hooves and bird feathers:
Two model systems for studying the structure and development of highly adapted
integumentary accessory organs—the role of the dermo-epidermal interface for
the micro-architecture of complex epidermal structures. J Exp Zool Part B Mol Dev
Evol. 298:140-51.

CARPENTER, P.W., DAVIES, C. and LUCEY, A.D. (2000). Hydrodynamics and
compliant walls: Does the dolphin have a secret? Current Science 79: 758-65.

CHALOIN-DUFAU, C., PAVITT, I., DELORME, P. and DHOUAILLY, D. (1993)
Identification of keratins 3 and 12 in corneal epithelium of vertebrates. Epithelial
Cell Biol 2: 120-5.

CHANG, C.-H., JIANG, T.-X., LIN, C.-M., BURRUS, L., CHUONG, C.-M. and
WIDELITZ, R.B. (2004a) Distinctive Phenotypes Generated by WNT Member
misexpression During Hierarchical Morphogenesis of Dermis, Skin Regions and
Individual Feathers. Mech Develop 121:157-71.

CHANG, C.-H., YU, M., WU, P., JIANG, T.-X., YU, H.-S., WIDELITZ, R.B. and
CHUONG, C.-M. (2004b) Sculpting Skin Appendages Out of Epidermal Layers
Via Temporally and Spatially Regulated Apoptotic Events. J. Invest. Dremato. In
press.

CHAPMAN, R.E. (1986) Hair, wool, quill, nail, claw, hoof and horn. In Biology of the
Integument, Vol. 2, Vertebrates, (ed. Bereiter-Hahn, J., Matoltsy, A.G. and
Richards, K.S.). Springer - Verlag, New York, pp. 293-312.

CHATTERJEE, S. (1997) The Rise of Birds. John Hopkins University Press, Balti-
more, MD.

CHEN, C.W., JUNG, H.-S., JIANG, T.-X. and CHUONG, C.-M. (1997) Asymmetric
expression of notch/Delta/Serrate is associated with the anterior-posterior axis of
feather buds. Dev Biol 188: 181-87.

CHEN, Y., BEI, M., WOO, I., SATOKATA, I. and MAAS, R. (1996) Msx1 controls
inductive signaling in mammalian tooth morphogenesis. Development 122:
3035–44.

CHEN, P., DONG, Z. and ZHEN, S. (1998) An exceptionally well preserved
theropod dinosaur from the Yixian Formation of China. Nature 391: 147–52.

CHEN, Y.P., ZHANG, Y., JIANG, T.-X., BARLOW, A., AMAND, T.R., HU, Y.,
HEANEY, S., FRANCIS-WEST, P., CHUONG, C.M. and MAAS, R. (2000)
Conservation of early odontogenic signaling pathway in Aves. Proc Natl Acad
Sci 97: 10044–49.

CHIAPPE, L.M. (1995) The First 85 million years of Avian Evolution. Nature 378:
349–55.

CHODANKAR, R., CHANG, C.H., YUE, Z., JIANG, T.-X., SUKSAWEANG, S.,
BURRUS, L., CHUONG, C.-M. and WIDELITZ, R. (2003) Shift of localized
growth zones contributes to skin appendage morphogenesis: role of the Wnt/
beta-catenin pathway. J Invest Dermatol 120: 20-6.

CHUONG, C.-M. (1998) Molecular Basis of Epithelial Appendage Morphogenesis.
Landes Bioscience, Austin, TX: Landes Bioscience.

CHUONG C.-M., CHODANKAR, R., WIDELITZ, R.B. and  JIANG, T.-X. (2000) Evo-
devo of feathers and scales: building complex epithelial appendages. Curr.
Opin. Genet. Dev. 10: 449-56.

CHUONG, C.-M. and EDELMAN, G.M. (1985) Expression of cell-adhesion mol-
ecules in embryonic induction. II. Morphogenesis of adult feathers. J Cell Biol
101: 1027-43.

CHUONG, C.-M. and HOMBERGER, D.G. (2003) Development and evolution of the
amniote integument: current landscape and future horizon. J Exp Zool Part B Mol
Dev Evol 298: 1-11.

CHUONG, C.-M., OLIVER, G., TING, S.A., JEGALIAN, B.G., CHEN, H.M. and DE
ROBERTIS, E.M. (1990) Gradients of homeoproteins in developing feather buds.
Development 110: 1021-30.

CHUONG, C.-M. (1993) The making of a feather: homeoproteins, retinoids and
adhesion molecules. Bioessays 15: 513-21.

CHUONG, C.-M., HOU, L., CHEN, P.J., WU, P., PATEL, N. and CHEN, Y. (2001)
Dinosaur’s feather and chicken’s tooth? Tissue engineering of the integument. Eur
J Dermatol 11: 286-92.

CHUONG, C.-M., WU, P., ZHANG, F.-C., XU, X., YU, M., WIDELITZ, R.B., JIANG, T.-
X. and HOU, L. (2003) Adaptation to the sky: Defining the feather with integument
fossils from mesozoic China and experimental evidence from molecular laborato-
ries. J Exp Zoolog Part B Mol Dev Evol 298: 42-56.

COBOURNE, M.T. and SHARPE, P.T. (2003) Tooth and jaw: molecular mechanisms
of patterning in the first branchial arch. Arch Oral Biol 48: 1-14.

COTSARELIS, G., SUN, T.T. and LAVKER, R.M. (1990) Label-retaining cells reside in
the bulge area of pilosebaceous unit: implications for follicular stem cells, hair cycle
and skin carcinogenesis. Cell 61: 1329-37

CROWE, R. and NISWANDER, L. (1998) Disruption of scale development by Delta-1
misexpression. Dev Biol 195: 70-4.

DARWIN, C. (1859) On the Origin of Species: A facsimile of the first edition (Harvard
Univ. Press, Cambridge, 1975).

DHOUAILLY, D. and MADERSON, P.F.A. (1984) Ultrastructural observations on the
embryonic development of the integument of Lacerta muralis (Lacertilia, Reptilia).
J Morphol 179: 203-28.

DHOUAILLY, D. (1975) Formation of cutaceous appendages in dermo-epidermal
recombinaitons between reptiles, birds and mammals. Wilhelm Roux’ Arch
Entwicklungsmech Org 177: 323-40.

DHOUAILLY, D. (1977) Dermo-epidermal interactions during morphogenesis of cuta-
neous appendages in amniotes. Front matrix Biol 4: 86-121.

DHOUAILLY, D. (1984) Specification of feather and scale patterns. in “Pattern
formation” ed. G.M. Malacinski, S.W. Bryant Mac millan Pub. New York,
London, pp 581-601

DHOUAILLY, D., HARDY, M.H. and SENGEL, P. (1980) Formation of feathers on chick
foot scales: a stage-dependent morphogenetic response to retinoic acid. J Embryol
Exp Morphol 58: 63-78.

DHOUAILLY, D. and SUN, T.T. (1989) The mammalian tongue filiform papillae: a
theoretical model for primitive hairs. In Trends in human hair growth and Alopecia
research (Eds. D. van Neste, J.M. LaCapelle, J.L. Antoine). Kluwer Acad. Pub.
Boston, pp. 29-34.

FEDUCCIA, A. (1999) The Origin and Evolution of Birds. 2nd Edition. Yale University
Press, New Haven, CT.

FERRARIS, C., CHEVALIER, G., FAVIER, B., JAHODA, C.A. and DHOUAILLY, D.
(2000) Adult corneal epithelium basal cells possess the capacity to activate
epidermal, pilosebaceous and sweat gland genetic programs in response to
embryonic dermal stimuli. Development 127: 5487-95.

FRASER, R.D. and PARRY, D.A. (1996) The molecular structure of reptilian keratin. Int.
J. Biol. Macromol. 19: 207-11.

FUCHS, E. (1995) Keratins and the skin. Annu Rev Cell Dev Biol 11: 123-53.

GILL, F.B. (1994) Ornithology. 2nd Edition. Freeman, New York, NY.

GOLDMAN, A.S. (2002) Evolution of the mammary gland defense system and the
ontogeny of the immune system. J Mammary Gland Biol Neoplasia 7: 277-89.

GRANT, P. R. (1986) in Ecology and evolution of Darwin’s finches, Ed. P. R. Grant,
(Princeton Univ. Press, Princeton, NJ) pp. 1-492.

GREGG, K., WILTON, S.D., PARRY, D.A. and ROGERS, G.E. (1984) A comparison
of genomic coding sequences for feather and scale keratins: structural and
evolutionary implications. EMBO J 3: 175-8.

GREGG, K. and ROGERS, G.E. (1986) Feather keratin: composition, structure and
biogenesis. In Biology of the integument. Vol. 2. Vertebrates (ed. Bereiter-Hahn J).
Springer Verlag, New York. p 666-94.

GROSSL, N.A. (2000) Supernumerary breast tissue: historical perspectives and clinical
features. South Med. J. 93: 29-32.

GRÜNEBERG, H (1971): The glandular aspects of the Tabby syndrome in the mouse.
J. Embryol. Exp. Morph. 25, pp. 1-19.

HAAKE, A.R., KONIG, G. and SAWYER R,H. (1984) Avian feather development:
relationships between morphogenesis and keratinization. Dev Biol 106: 406-13.



268        P. Wu et al.

HAMRICK, M.W. (2003) Evolution and development of mammalian limb integu-
mentary structures. J Exp Zool Part B Mol Dev Evol 298: 152-63.

HARDY, M.H. and BELLOWS, C.G. (1978) The stability of vitamin A-induced
metaplasia of mouse vibrissa follicles in vitro. J Invest Dermatol. 71: 236-41.

HARDY, M.H., DHOUAILLY, D., TORMA, H. and VAHLQUIST, A. (1990) Either
chick embryo dermis or retinoid-treated mouse dermis can initiate glandular
morphogenesis from mammalian epidermal tissue. J Exp Zool 256: 279-89.

HARDY, M.H. (1992) The secret life of the hair follicle. Trends Genet. 8: 55-61

HARRIS, M.P., FALLON, J.F. and PRUM R.O. (2002) Shh-Bmp2 signaling module
and the evolutionary origin and diversification of feathers. J Exp Zool. 294: 160-
76.

HOMBERGER, D. G. and  DE SILVA, K. N. (2003) The role of mechanical forces
on the patterning of the avian feather-bearing skin: A biomechanical analysis of
the integumentary musculature in birds. J Exp Zool Part B Mol Dev Evol
298:123-39.

HOU, L.H., CHUONG, C.-M., YANG, A., ZENG, X.L. and HOU, J.F. (2003) Fossil
Birds of China Yunnan Science and Technology, China

HOU, L., CHIAPPE, L.M., ZHANG, F. and CHUONG, C.M. (2004). New Early
Cretaceous fossil from China documents a novel trophic specialization for
Mesozoic birds. Naturwissenschaften 91: 22-5.

HUYSSEUNE, A. and SIRE, J.Y. (1998) Evolution of patterns and processes in
teeth and tooth-related tissues in non-mammalian vertebrates. Eur J Oral Sci.
106 Suppl 1: 437-81.

JAHODA, C.A., HORNE, K.A. and OLIVER, R.F. (1984) Induction of hair growth by
implantation of cultured dermal papilla cells. Nature. 311: 560-2.

JERNVALL, J., KERANEN, S.V. and THESLEFF, I. (2000) Evolutionary modifica-
tion of development in mammalian teeth: quantifying gene expression patterns
and topography. Proc Natl Acad Sci USA 97: 14444-8.

JI, Q., CURRIE, P.J., NORELL, M.A. and JI, S.A. (1998) Two feathered dinosaurs
from northeastern China. Nature 393: 753-61.

JI, Q., NORELL, M.A., GAO, K.Q., JI, S.A. and REN, D. (2001) The distribution of
integumentary structures in a feathered dinosaur. Nature 410: 1084-8.

JOHNSTON B, and  ROSE J. (1999) Role of prolactin in regulating the onset of
winter fur growth in mink (Mustela vison): A reconsideration. J Exp Zool.
1;284:437-44.

JONES, T.D., RUBEN, J.A., MARTIN, L.D., KUROCHKIN, E.N., FEDUCCIA, A.,
MADERSON, P.F., HILLENIUS, W.J., GEIST, N.R. and ALIFANOV, V. (2000)
Nonavian feathers in a late Triassic archosaur. Science 288: 2202-5.

JUNG, H.-S,, FRANCIS-WEST, F., WIDELITZ, R.B., JIANG, T.-X., TING, S.,
TICKLE, C., WOLPERT, L. and CHUONG, C.-M. (1998) Local inhibitory action
of BMPs and their relationships with activators in feather formation: Implications
for periodic patterning. Dev Biol 196: 11–23.

JUNG, H. S., OROPEZA, V. and  THESLEFF, I. (1999) Shh, Bmp-2, Bmp-4 and Fgf-
8 are associated with initiation and patterning of mouse tongue papillae. Mech
Dev 81:179-82.

KANZLER, B., PRIN, F., THELU, J. and DHOUAILLY, D. (1997) CHOXC-8 and
CHOXD-13 expression in embryonic chick skin and cutaneous appendage
specification. Dev Dyn 210: 274-87.

KEMP, T.S. (1982) Mammal-like Reptiles and the Origin of Mammals. Academic
press, New York, pp. 363

KIM J.Y., MOCHIZUKI T, AKITA K and  JUNG H.S. (2003). Morphological evidence
of the importance of epithelial tissue during mouse tongue development. Exp
Cell Res. 290:217-26.

KOLLAR, E.J. and FISHER, C. (1980) Tooth induction in chick epithelium: expres-
sion of quiescent genes for enamel synthesis. Science 207: 993–5.

KONDO, S., KUWAHARA, Y., KONDO, M., NARUSE, K., MITANI, H., WAKAMATSU,
Y., OZATO, K., ASAKAWA, S., SHIMIZU, N. and SHIMA, A. (2001) The medaka
rs-3 locus required for scale development encodes ectodysplasin-A receptor.
Curr Biol. 11: 1202-6.

LAKO, M., ARMSTRONG, L., CAIRNS, P.M., HARRIS, S., HOLE, N. and JAHODA,
C.A. (2002) Hair follicle dermal cells repopulate the mouse haematopoietic
system. J Cell Sci. 115:3967-74.

LANDMANN, L. (1986) The Skin of Reptiles: Epidermis and Dermis. In Biology of
the Integument, Vol. 2, Vertebrates, (Ed. Bereiter-Hahn, J., Matoltsy, A.G. and
Richards, K.S.). Springer - Verlag, New York, p 150–187.

LANE, E.B., WILSON, C.A., HUGHES, B.R. and LEIGH, I.M. (1991) Stem cells in hair
follicles. The molecular and structural biology of hair. Ann N Y Acad Sci 642: 197-
213

LANGBEIN, L., ROGERS, M.A., WINTER, H., PRAETZEL, S., BECKHAUS, U.,
RACKWITZ, H.R. and SCHWEIZER, J. (1999) The catalog of human hair keratins.
I. Expression of the nine type I members in the hair follicle. J Biol Chem 274: 19874-
84.

LANGBEIN, L., ROGERS, M.A., WINTER, H., PRAETZEL, S. and SCHWEIZER, J.
(2001) The catalog of human hair keratins. II. Expression of the six type II members
in the hair follicle and the combined catalog of human type I and II keratins. J Biol
Chem 276: 35123-32.

LEATHERWOOD, S.L. and R.R. REEVES. (1983) The Sierra Club Handbook of
Whales and Dolphins. Sierra Club Books, San Francisco.

LOREDO, G.A., BRUKMAN, A., HARRIS, M.P., KAGLE, D., LECLAIR, E.E., GUTMAN,
R., DENNEY, E., HENKELMAN, E., MURRAY, B.P., FALLON, J.F., TUAN, R.S.
and GILBERT S.F. (2001) Development of an evolutionarily novel structure:
fibroblast growth factor expression in the carapacial ridge of turtle embryos. J Exp
Zool 291: 274-81

LUCAS, A.M. and STTETENHEIM, P.R. (1972) Avian Anatomy Integument. In:
Agriculture Handbook 362. Agricultural Research Services. Washington, DC: US
Department of Agriculture.

LYNCH, L.J., ROBINSON, V. and ANDERSON, C.A. (1973) A scanning electron
microscope study of the morphology of rhinoceros horn. Aust J Biol Sci 26: 395-9

MADERSON, P.F.A. (1965) The structure and development of the squamate epider-
mis. In: Lyne AG, Short BF (eds). The biology of the skin and hair growth. Angus and
Robertson, Sidney. Pp 129-53.

MADERSON, P.F.A. (1972) When? Why? And How? Some speculations on the
evolution of the vertebrate integument. Am Zool: 12: 159-71

MADERSON, P.F.A. (2003) Mammalian skin evolution: a reevaluation. Exp Dermatol
12: 233-236

MADERSON, P.F.A. and Sawyer, R. H. (1979) Scale embryogenesis in birds and
reptiles. The Anatomical Record. 193: 609

MADERSON, P.F.A, RABINOVITZ, T., TANDLER, B. and ALIBARDI, L. (1998)
Ultrastructural contributions to an understanding of the cellular mechanisms in
lizard skin shedding with comments on the function and evolution of a unique
lepidosaurian phenomenon. J Morphol 236: 1-24.

MATSUZAKI, T. and YOSHIZATO, K. (1998) Role of hair papilla cells on induction and
regeneration processes of hair follicles. Wound Repair Regen 6: 524-30.

MAYR, G., PETERS, D.S., PLODOWSKI, G. and VOGEL, O. (2002) Bristle-like
integumentary structures at the tail of the horned dinosaur Psittacosaurus.
Naturwissenschaften. 89: 361-65.

MERRILL BJ, GAT U, DASGUPTA R, and FUCHS E. (2001) Tcf3 and Lef1 regulate
lineage differentiation of multipotent stem cells in skin. Genes Dev. 15:1688-705.

MIKKOLA, M.L. and THESLEFF, I. (2003) Ectodysplasin signaling in development.
Cytokine Growth Factor Rev. 14: 211-24.

MITSIADIS, T.A., CHERAUD, Y., SHARPE, P. and FONTAINE-PERUS J. (2003)
Development of teeth in chick embryos after mouse neural crest transplantations.
Proc Natl Acad Sci USA 100: 6541-45.

MONREAL, A.W., FERGUSON, B.M., HEADON, D.J., STREET, S.L., OVERBEEK,
P.A. and  ZONANA, J.  (1999) Mutations in the human homologue of mouse dl cause
autosomal recessive and dominant hypohidrotic ectodermal dysplasia. Nat. Genet.
22, 366-369.

MOORE, K.L. and PERSAUD, T.V.N. (1998). The Developing Human: Clinically
Oriented Embryology, 6th ed., W.B. Saunders Company, Philadelphia, p.514-521

NAKAMURA, M., SUNDBERG, J.P. and PAUS, R. (2001) Mutant laboratory mice with
abnormalities in hair follicle morphogenesis, cycling and/or structure: annotated
tables. Exp Dermatol 10: 369-90.

NORELL, M., JI, Q., GAO, K., YUAN, C., ZHAO, Y. and WANG, L. (2002) Palaeontology:
‘modern’ feathers on a non-avian dinosaur. Nature 416: 36-37.

NOVEEN, A., JIANG, T.-X., TING-BERRETH, S.A. and CHUONG, C.-M. (1995)
Homeobox genes Msx-1 and Msx-2 are associated with induction and growth of skin
appendages. J Invest Dermatol 104: 711-9.

NOVEEN, A., HARTENSTEIN, V. and CHUONG C.-M. (1998) Gene networks and
supernetworks: evolutionarily conserved gene interactions. In: Chuong, C.-M.,
ed. Molecular Basis of Epithelial Appendage Morphogenesis. Austin, TX:
Landes Bioscience. P371-91.



 Evo-Devo of integuments        269

OFTEDAL, O.T. (2002) The mammary gland and its origin during synapsid evolu-
tion. J Mammary Gland Biol Neoplasia 7: 225-52.

O’GUIN, W.M. and SAWYER, R.H. (1982) Avian scale development. VII. Relation-
ships between morphogenetic and biosynthetic differentiation. Dev Biol. 89:
485-92.

OLIVER, R.F. (1967) Ectopic regeneration of whiskers in the hooded rat from
implanted lengths of vibrissa follicle wall. J Embryol Exp Morphol 17: 27-34.

PATTERSON, B. (1978) Pholidota and Tubulidentata. In Evolution of African
mammals. (eds. Maglio, V.J. and Cooke, H.B.S.), Harvard University Press,
Cambridge, Massachusetts.

PEAKER, M. (2002) The mammary gland in mammalian evolution: a brief commen-
tary on some of the concepts. J Mammary Gland Biol Neoplasia 7: 347-53.

PLIKUS, M., WANG, W.-P., LIU, J., WANG, X., JIANG, T.-X. and CHUONG, C.-M.
(2004). Morpho-regulation of ectodermal organs: integument pathology and
phenotypic variations in K14-Noggin engineered mice through modulation of
bone morphogenic Protein Pathway. Am J Pathol 164: 1099-114.

POUGH, F.H. ANDREWS, R.M., CADLE, J.E., CRUMP, M.L., SAVITZKY, A.H. and
WELLS, K.D. (2001) Herpetology 2nd Edition, Prentice-Hall, Inc, Upper Saddle
River, NJ.

PRESLAND, R.B., GREGG, K., MOLLOY, P.L., MORRIS, C.P., CROCKER, L.A. and
ROGERS GE. (1989a) Avian keratin genes. I. A molecular analysis of the structure
and expression of a group of feather keratin genes. J Mol Biol 209: 549-59.

PRESLAND, R.B., WHITBREAD, L.A. and ROGERS, G.E. (1989b) Avian keratin
genes. II. Chromosomal arrangement and close linkage of three gene families.
J Mol Biol 209: 561-76.

PRUM, R.O. (1999) Development and evolutionary origin of feathers. J Exp Zool.
285: 291-306.

PRUM, R.O. and BRUSH, A.H. (2002) The evolutionary origin and diversification of
feathers. Q Rev Biol 77: 261-95.

PRUM, R. O., and DYCK, J. (2003) A hierarchical model of plumage: morphology,
development and evolution. J Exp Zool Part B Mol Dev Evol. 298:73-90.

REGAL, P.J. (1975) The evolutionary origin of feathers. Q Rev Biol 50: 35-66.

ROCHAT A, KOBAYASHI K, and BARRANDON Y. (1994) Location of stem cells of
human hair follicles by clonal analysis. Cell. 76:1063-73.

ROWE, T. (1988) Definition, diagnosis and origin of Mammalia. Journal of Verte-
brate Paleontology 8: 241-64.

RUBEN, J.A. and JONES, T.D. (2000) Selective factors associated with the origin
of fur and feathers. Amer Zool 40: 585-96.

SAWYER, R.H. (1972) Avian scale development. I. Histogenesis and morphogen-
esis of the epidermis and dermis during formation of the scale ridge. J Exp Zool
181: 365-81.

SAWYER, R.H. and CRAIG, K.F. (1977) Avian scale development. Absence of an
“epidermal placode” in reticulate scale morphogenesis. J Morphol 154: 83-93.

SAWYER, R.H., KNAPP, L.W. and O’GUIN, W.M. (1986) The skin of birds:
epidermis, dermis and appendages. In Biology of the Integument, Vol. 2,
Vertebrates, (ed. Bereiter-Hahn, J., Matoltsy, A.G. and Richards, K.S.). Springer
- Verlag, New York, p 194-238.

SAWYER, R.H., GLENN, T., FRENCH, J.O., MAYS, B., SHAMES, R.B., BARNES
JR., G.L., RHODES, W. and ISHIKAWA, Y. (2000) The expression of Beta (β)
keratins in the epidermal appendages of reptiles and birds. Amer Zool 40: 530-
9.

SAWYER, R.H. and KNAPP, L.W. (2003) Avian skin development and the evolu-
tionary origin of feathers. J Exp Zool Part B Mol Dev Evol. 298: 57-72.

SAWYER, R.H., SALVATORE, B.A., POTYLICKI, T.T., FRENCH, J.O., GLENN,
T.C. and KNAPP, L.W. (2003a) Origin of feathers: Feather beta (β) keratins are
expressed in discrete epidermal cell populations of embryonic scutate scales.
J Exp Zool Part B Mol Dev Evol 295: 12-24.

SAWYER, R.H., WASHINGTON, L.D., SALVATORE, B.A., GLENN, T.C. and
KNAPP, L.W. (2003b) Origin of archosaurian integument appendages: the
bristles of the wild turkey beard express feather-type beta keratins. J Exp Zool
Part B Mol Dev Evol 297: 27-34.

SCHWEITZER, M.H., WATT, J.A., AVCI, R., KNAPP, L., CHIAPPE, L., NORELL,
M. and MARSHALL, M. (1999) Beta-keratin specific immunological reactivity in
feather-like structures of the cretaceous alvarezsaurid, Shuvuuia deserti. J Exp
Zool 285: 146-57.

SENGEL, P. (1958) Recherches experimentales sur la differenciation des germes
plumaires et du pigment de la peau de l’embryon de poupes en culture in vitro. Ann
Sci Nat Zool 20: 421-514.

SERENO, P.C. (1999) The evolution of dinosaurs. Science 284: 2137-47.

SHAMES, R.B., KNAPP, L.W., CARVER, W.E., WASHINGTON, L.D. and SAWYER,
R.H. (1989). Keratinization of the outer surface of the avian scutate scale:
Interrelationship of alpha and beta keratin filaments in cornifying tissue. Cell Tiss.
Res. 257: 85-92.

SHAMES, R. B., KNAPP, L. W., CARVER, W. E., and SAWYER, R. H. (1991) Region-
specific expression of scutate scale type beta keratins in the developing chick
beak. J Exp Zool 260:258-66.

SHARPE, P.T. (2001) Fish scale development: hair today, teeth and scales yester-
day? Current Biology 11: R751-2

SONG, H., WANG, Y. and GOETINCK, P.F. (1996) Fibroblast growth factor 2 can
replace ectodermal signaling for feather development. Proc Natl Acad Sci USA 93:
10246-9.

SUNDBERG JP (1994) Handbook of Mouse Mutations with Skin and Hair Abnormali-
ties. Boca Raton, FL: CRC Press,

TANAKA, S. and KATO, Y. (1983) Epigenesis in developing avian scales. II. Cell
proliferation in relation to morphogenesis and differentiation in the epidermis. J
Exp Zool 225: 271-83.

TAYLOR G, LEHRER MS, JENSEN PJ, SUN TT, and LAVKER RM. (2000). Involve-
ment of follicular stem cells in forming not only the follicle but also the epidermis.
Cell. 102:451-61.

TING-BERRETH, S.A. and CHUONG, C.-M. (1996) Sonic Hedgehog in feather
morphogenesis: induction of mesenchymal condensation and association with
cell death. Dev Dyn 207: 157-70.

THIBAUT, S., COLLIN, C., LANGBEIN, L., SCHWEIZER, J., GAUTIER, B. and
BERNARD, B.A. (2003) Hair keratin pattern in human hair follicles grown in vitro.
Exp Dermatol 12: 160-4

TUMMERS, M. and THESLEFF, I. (2003) Root or crown: a developmental choice
orchestrated by the differential regulation of the epithelial stem cell niche in the
tooth of two rodent species. Development 130: 1049-57.

VAN GENDEREN, C., OKAMURA, R.M., FARINAS, I., QUO, R.G., PARSLOW, T.G.,
BRUHN, L. and GROSSCHEDL, R. (1994) Development of several organs that
require inductive epithelial-mesenchymal interactions is impaired in LEF-1-defi-
cient mice. Genes Dev 8: 2691-2703.

VELTMAAT, J.M., MAILLEUX, A.A., THIERY, J.P. and BELLUSCI, S. (2003) Mouse
embryonic mammogenesis as a model for the molecular regulation of pattern
formation. Differentiation. 71: 1-17.

VINCENT, C., BONTOUX, M., LE DOUARIN, N.M., PIEAU, C. and MONSORO-
BURQ, A.H. (2003) Msx genes are expressed in the carapacial ridge of turtle
shell: a study of the European pond turtle, Emys orbicularis. Dev Genes Ecol
213: 464-9

WAITE, P.M. and LI, L. (1993) Unmyelinated innervation of sinus hair follicles in rats.
Anat Embryol (Berl) 188: 457-65.

WANG, Y.H., UPHOLT, W.B., SHARPE, P.T., KOLLAR, E.J. and MINA, M. (1998)
Odontogenic epithelium induces similar molecular responses in chick and mouse
mandibular mesenchyme. Dev Dyn 213: 386-97.

WEISS, K.M., STOCK, D.W. and ZHAO, Z. (1998) Dynamic interactions and the
evolutionary genetics of dental patterning. Crit Rev Oral Biol Med 9: 369-98.

WHITBREAD, L. A., GREGG, K., and ROGERS, G. E. (1991) The structure and
expression of a gene encoding chick claw keratin. Gene 101:223-9.

WIDELITZ, R.B, JIANG., T.X., CHEN, C.W., STOTT, N.S., and CHUONG, C.M.
(1999) Wnt-7a in feather morphogenesis: involvement of anterior-posterior asym-
metry and proximal-distal elongation demonstrated with an in vitro reconstitution
model. Development 126: 2577-87.

WIDELITZ, R.B., JIANG, T.-X., LU, J. and CHUONG, C.-M. (2000) beta-catenin in
epithelial morphogenesis: conversion of part of avian foot scales into feather buds
with a mutated beta-catenin. Dev Biol 219: 98-114.

WIDELITZ, R. B., JIANG, T. X., YU, M., SHEN, T., SHEN, J. Y., WU, P., YU, Z., and
CHUONG, C. M. (2003) Molecular biology of feather morphogenesis: a testable
model for evo-devo research. J Exp Zool Part B Mol Dev Evol 298:109-22.

WINN, L.K. and WINN, H.E. (1985) Wings in the Sea; the Humpback Whale. University
Press of New England, Hanover, NH.



270        P. Wu et al.

WU, T. and CHUONG, C.-M. (2000). Developmental Biology of Skin Appendages.
In press. In Hair Biology and Disorders: Research, Pathology and Management
(Eds. Camacho, F., Randall, V.A. and Price, V.H.). Martin Dunitz Pub. pp 17-37.

XU, X., TANG, Z.J. and WANG, X.J. (1999a) A therinzinosauroid dinosaur with
integumentary structures from China. Nature 399: 350-4.

XU, X., WANG, X.L. and WU, X.C. (1999b) A dromaeosaurid dinosaur with a
filamentous integument from the Yixian Formation of China. Nature 401:
262–6.

XU, X., ZHOU, Z. and WANG, X. (2000) The smallest known non-avian theropod
dinosaur. Nature 408: 705-8.

XU, X., ZHOU, Z. and PRUM, R.O. (2001) Branched integumental structures in
Sinornithosaurus and the origin of feathers. Nature 410: 200-4.

XU, X., ZHOU, Z., WANG, X., KUANG, X., ZHANG, F. and DU, X. (2003). Four-
winged dinosaurs from China. Nature 421: 335-40.

YAMADA G, SATOH Y, BASKIN LS, and CUNHA GR. (2003), Cellular and
molecular mechanisms of development of the external genitalia. Differentiation.
71:445-60.

YANG, J.S., LAVKER, R.M. and SUN, T.T. (1993) Upper human hair follicle contains
a subpopulation of keratinocytes with superior in vitro proliferative potential. J Invest
Dermatol 101: 652-9.

YU, M., WU, P., WIDELITZ, R.B. and CHUONG, C.-M. (2002) The morphogenesis of
feathers. Nature 420: 308-12.

YU, M., YUE, Z., WU, P., W, D.-Y., MAYER, J.-A., MEDINA, M., WIDELITZ, R.B.,
JIANG, T.-X. and CHUONG, C.-M. (2004). The developmental biology of feather
follicles. Int. J. Dev. Biol. 48: 181-191.

ZHANG, F. and ZHOU, Z. (2000) A primitive enantiornithine bird and the origin of
feathers. Science 290: 1955-9.

ZHAO, X., ZHANG, Z., SONG, Y., ZHANG, X., ZHANG, Y., HU, Y., FROMM, S.H. and
CHEN, Y. (2000). Transgenically ectopic expression of Bmp4 to the Msx1 mutant
dental mesenchyme restores downstream gene expression but represses Shh and
Bmp2 in the enamel knot of wild type tooth germ. Mech. Dev. 99: 29-38.

ZHOU, Z., BARRETT, P.M. and HILTON, J. (2003) An exceptionally preserved Lower
Cretaceous ecosystem. Nature 421: 807-14.

ZHOU, H. and NISWANDER, L. (1996) Requirement for BMP signaling in interdigital
apoptosis and scale formation. Science 272: 738-41.


