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The vertebrate integument forms the external body envelope, which creates the boundary between the organism

and its environment. It includes both the epithelium, derived from the ectoderm, and the underlying mesenchyme,

derived from diverse sources, depending on the anatomic region. The most extensive anatomic constituent is the

skin, including both the epidermis, the dermis, and its appendages: glands, scales, feathers, or hair follicle/gland

complexes. These structures facilitate a broad range of functions, such as protection, thermoregulation,

communication, and locomotion. Integumental surfaces also include a transparent part (the cornea) as well as the

anterior three-quarters of the oral cavity, comprising the gingiva and its appendages (the teeth). 

evolution  feather  hair  vertebrate  integument

1. Introduction

All skin appendages formation results from a set of successive dermal/epidermal interactions, based on the same

pathways and initiated at a placodal stage. The main difference between actinopterygians and amniotes is the last

responding tissue of these interactions: the dermis for the mineralized fish scales and the epidermis for the amniote

cornified appendages, epidermal scales, feathers, and hair. Among the different types of vertebrate skin

appendages, one is special, both for its composition and its paleontological significance—the odontodes.

2. Fish Skin Appendages: Odontodes and Elasmoid Scales

Like amniote skin appendages, elasmoid scales of actinopterygians  and odontodes of chondrichthyans 

develop relatively late in ontogeny and are distributed across the skin in a hexagonal pattern. The odontodes are

dentine and enamel-rich tooth-like structures which evolved over 420 mya. Sharks and rays have retained these

ancient skin appendages which are not only tooth-like in structure but share an ancient developmental gene set

that is likely common to all cutaneous appendages . One of the earliest bony fishes that lived more than 400

mya, Lophosteus, possesses both teeth and odontodes. Its analysis showed that teeth and odontodes initially take

shape together but differentiate as they grow . The results confirm that contrary to the ‘scale-to-teeth’ hypothesis,

teeth did not evolve from fully formed odontodes. The two structures form out of one founder: teeth and odontodes

are modifications of a single system.

Sire and Huysseune  have proposed a scenario for the evolution of elasmoid scales, from the superficial

odontodal tissue covering the rhombic scales in ancestral osteichthyans. They suggest that teleosteans elasmoid

scale tissues are derived from dental but not from bony tissues. In most species, the elasmoid scale is composed
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of three tissues, the basal plate, composed of elasmodin, the external layer, calcified extracellular matrix like the

dentin, and the limiting layer, a hyper-mineralized tissue devoid of collagen fibrils, structurally close to enamel, and

deposited on the scale surface by the epidermis. The elasmoid scale is in the upper region of the dermis, close to

the epidermis, which still covers most part of its surface in the adult. In the embryo, the epidermis cooperates with

the dermis for its morphogenesis. The genes that control the first stages of the fish scales and the appendages of

amniotes are the same, as beautifully shown first by Harris and colleagues for ectodysplasin , and they interact in

similar ways, which have been elegantly demonstrated recently .

3. Amniotes Scales, Feathers, and Hair

A long-held view is that feathers and hairs have been suggested to evolve from epidermal overlapping scales of a

common tetrapod ancestor of sauropsids and synapsids . No intermediate form has ever been found between

scales and hairs, and the proposal was only based on the development of sensory bristles in the hinge scale region

of reptiles. In contrast, the elongated scales of Longisquama from Triassic 240 mya, compared to the normal

growth of buds during feather ontogeny, suggested that the elongation of a preexisting scale could have led to

feathers . A correlated view is that avian scales are directly related to squamate scales (among others: ).

For several years I defended two views that oppose the classical ones: that hairs and feathers do not derive from

squamates scales, and that feathers are the point of origin for avian scales .

Very rapidly after the first sauropsids appeared, c. a. 320 mya, they split into squamates and archosaurs. The

oldest known lizard, Cryptovaranoides, was living in Triassic, 202 mya , but unfortunately this fossil, which

comprises a partial head skeleton with unique squamate traits, does not concern skin. Until now, the oldest

fossilized scaled integument has been only found in Late Cretaceous mosasaur Ectenosaurus . Like those of

modern squamates, mosasaur scales varied across the body in type and size. The keeled scales covering the

upper regions of the body and smooth scales overlay the lower. An unusual preservation of a squamate skin which

dates only about 50 mya (Eocene) shows scales, which are typical of the modern Shinisaurians group . Thus,

researchers can only presume that the appearance of scales in squamates was occurring as soon as Triassic and

had not varied greatly during several mya. In Triassic a burst of life recovery occurred from end-Permian mass

extinction, involving vertebrates such as squamates and the pterosaurs, as well as the first dinosaurs, and the

survivor cynodonts which will give rise to mammals in the Jurassic. Pterosaurs have long been recognized as fluffy

animals, covered with filaments previously named pycnofibers , which were recently recognized as feathers

comprising isolated filaments or a bunch of simple filaments . Among dinosaurs, the few giant sauropods for

which integument is preserved have polygonal imbricated scales . However, thousands of recently

discovered astonishing fossils have shown that theropods (avian lineage), sauropods, and even a basal

ornithischian like Kulindadromeus  had feathers. Did all dinosaurs have feathers? Just because researchers do

not find feathers fossilized does not mean they were not there. They are so hard to preserve that exceptional

circumstances are required for them to be found. Moreover, the presence of epidermal scales in a large adult

individual does not rule out the possibility that younger individuals possessed feathers. Another possibility is that

Tyrannosaurus rex and its closest cousins were so big that they could have lost their feathers to prevent
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overheating—the way that elephants have reduced their coat of hair. A 130 mya small primitive tyrannosaur,

Dilong, was covered from head to tail with downy fluff and primitive feathers . Filamentous feathers on some

large tyrannosauroids from China have raised the possibility that similar integumentary structures were widespread

throughout the group, even among the largest Late Cretaceous tyrannosaurids. A feather origin has thus been

sought for ornithodires, the common ancestor of pterosaurs and dinosaurs, during the Early Triassic, about 250

mya .

Protofeathers are simple filamentous structures filled with corneous beta proteins and melanosomes which can be

assimilated to single barbs, about 100 µ width/15 mm long, in Kulindadromeus . The protofeathers can thus be

qualified as hair-like feathers as they appear to have no tubular structure. Several authors wrongly suggested this

as being part of the scale to feather origin theory (among others: ). These single barbs eventually

evolved into branched structures, until the pennaceous feather. This typical feather consists of a central shaft

(rachis), with serial paired branches (barbs) forming a flattened, usually curved surface—the vane. The barbs

possess further branches—the barbules—and the barbules of adjacent barbs are attached to one another by

hooks, stiffening the vane and forming the most complex cutaneous appendage yet to be produced during

evolution. It should be noted that the evolution of the feather architecture appears to not always follow the same

path, and the rachis formation can precede the formation of the barbules. Moreover, some dinosaurs had feathers

that are not seen in modern birds, with the best example being the ribbon-like tail feathers of a maniraptora,

Epidexipteryx from Middle to Late Jurassic . Theropods show a great diversity of feather types , and while the

clade Coelurosauria shows the same simple feather types as ornithischian dinosaurs and pterosaurs, some show

pennaceous feathers, as seen in modern birds. Their functions are varied and correspond to different types of

feathers. The first to have appeared during evolution, in ornithodires, was insulation with plenty of single barbs,

then with down feathers, which display barbules but lack hooks. Flight was the last to appear in theropods, with the

formation of hooks which stiffen the vane in remiges (wing feathers), forming a strong surface for air and rectrices

(tail feathers) for control of flight direction. In addition, several other functions involve sensation (bristles), sexual

attraction, and camouflage (colored feathers). Moreover, erectable feathers form fans that are linked to sexual

courtship or fight.

Both paleontological  and genetic evidence , as well as developmental biology experiments , show that

avian overlapping scales, made of corneous beta proteins, are secondarily derived from feathers  rather than

vice versa. Thus, during the evolution of Avialae, leg feathers were reduced in a proximal to distal direction, with

appearance of overlapping scales . Several different types of laboratory experiments easily led to the formation

of feathered scales. Retinoic acid treatment in chick embryos at the time of appearance of leg overlapping scales

increases the expression of Shh  and leads to the formation of one to three feathers, or sometimes more fused

feathers, growing on the scale tip . Ectopic expression of Wnt/beta-catenin , Notch/Delta pathway

activation , or BMP pathway suppression  can convert avian scales to feathers. It should be noted that the

conversion of a whole scale into one feather was never observed. Moreover, the reverse conversion of feathers

into scales was never obtained. At the extreme, in culture toxic conditions of embryonic skin, several feather buds

can fuse, forming oblong structures like scales, but forming feather-type corneous beta proteins . Ectopic Spry2
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and β-catenin infection can induce new outgrowth not only from chicken scales but also from alligator scales .

However, in this context, while chicken scales form barb ridges, the alligator skin just forms elongated scales.

As was the case of feathers preceding birds, hair preceded mammals. However, until now, only a few specimens of

the mammal lineage have been discovered with fossilized fur. After the proposal of the origin of hair based on the

formation of sensory bristles in the scale hinge region , hair was suggested to arise from reptilian claws . This

was based on the finding of alpha hair-like proteins in these mostly beta-keratinized structures. However, these

data do not prove that an evolutionary link between hair and reptilian claw exists. Cysteine-rich alpha-keratins are

not restricted to mammals, meaning that the evolution of hair involved the co-option of pre-existing proteins, which

might have been present in a basal amniote, i.e., a common ancestor of synapsids and sauropsids. Less

classically, hairs have been proposed to originate from the innervated conical keratinized structures of basal

amphibians , or from a component of a sebaceous gland apparatus . These two last propositions appear

better founded. Indeed, hair follicles cannot be dissociated from sebaceous gland because they display an

integrated working mechanism. In living mice, a single placode gives rise to hair follicle and its associated

sebaceous glands , and all mouse lines with sebaceous deficiency present progressive scarring alopecia 

. This integrated development indicates an ancient association, but not a gland-to-hair evolution as previously

postulated . Primitive hairs might have developed in conjunction with skin glands in basal synapsids. A

Mammaliaform, Castorocauda of Middle Jurassic 160 mya , was discovered surrounded by a dense fur halo,

and the first function for hair was insulation. The Early Cretaceous Spinolestes belonging to Mammalia 125 mya

showed not only dense fur, but remarkably intact guard (primary) hairs and secondary hairs with their bulbs. Their

shafts presented different cuticle patterns . This fossil also presents oval horny “scales”, protospines and hair

associated to skin folds, i.e., a polymorphism proper to some extant mammals and associated to protection against

predators. Hair appears to be at the origin of “scales”, spines, or horn in various modern mammal species. Thus, in

contrast to the evolution of feather, from a simple filament to progressive degrees of branched structures, and even

to different shapes which do not exist in modern birds, the hair shaft, a simple filament, covered with cuticle cells

appears to have not varied, at least from Early Cretaceous. Only the discovery of well-preserved fossils belonging

to the sequential radiations of synapsids—pelycosaurs, therapsids, and cynodonts—will confirm if primary hair

might have consisted of a corneous wick at ductal openings of glands, functioning to allow the sebum flow. The

only known evolutionary modification of hair follicle/gland complex gave rise to the mammary gland . The

independence of mammary glands versus hair follicles was acquired only during Cretaceous with the appearance

of eutherians. In modern monotremes the mammary gland corresponds to a simple ventral patch of hairy skin

producing milk. In marsupials the mammary glands are individualized, but still coexist in young specimens with hair

follicles .
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