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Abstract Feathers are corneous microramifications of
variable complexity derived from the morphogenesis of
barb ridges. Histological and ultrastructural analyses on
developing and regenerating feathers clarify the three-
dimensional organization of cells in barb ridges.
Feather cells derive from folds of the embryonic epithe-
lium of feather germs from which barb/barbule cells and
supportive cells organize in a branching structure. The
following degeneration of supportive cells allows the
separation of barbule cells which are made of
corneous beta-proteins and of lower amounts of interme-
diate filament (IF)(alpha) keratins, histidine-rich
proteins, and corneous proteins of the epidermal differ-
entiation complex. The specific protein association gives
rise to a corneous material with specific biomechanic
properties in barbules, rami, rachis, or calamus. During
the evolution of different feather types, a large expansion
of the genome coding for corneous feather beta-proteins
occurred and formed 3—4-nm-thick filaments through a dif-
ferent mechanism from that of 8—10 nm IF keratins. In the
chick, over 130 genes mainly localized in chromosomes 27
and 25 encode feather corneous beta-proteins of 10-12 kDa
containing 97-105 amino acids. About 35 genes localized in
chromosome 25 code for scale proteins (14—16 kDa made of
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122—-146 amino acids), claws and beak proteins (14-17 kDa
proteins of 134-164 amino acids). Feather morphogenesis is
periodically re-activated to produce replacement feathers, and
multiple feather types can result from the interactions of epi-
dermal and dermal tissues. The review shows schematic
models explaining the translation of the morphogenesis of barb
ridges present in the follicle into the three-dimensional shape
of the main types of branched or un-branched feathers such as
plumulaceous, pennaceous, filoplumes, and bristles. The tem-
poral pattern of formation of barb ridges in different feather
types and the molecular control from the dermal papilla
through signaling molecules are poorly known. The evolution
and diversification of the process of morphogenesis of barb
ridges and patterns of their formation within feathers
follicle allowed the origin and diversification of numerous
types of feathers, including the asymmetric planar feathers
for flight.

Keywords Feathers - Corneous beta-proteins -
Development - Regeneration - Follicular patterns - Evolution

Cornification of the epidermis in vertebrates
and feathers

The skin of pisciform vertebrates of the Silurian and Devonian
was covered with scales, large protective, and calcium-storage
dermal plaques (Maderson 1972a). This scale condition was
conserved in sarcopterygian fishes and labyrinthodont
amphibians from which amniotes (stem reptiles) evolved in
the Upper Carboniferous (Romer 1941). While in the derived
amphibians and amniote synapsids of the Permian, the scales
were lost and a glandular skin evolved in the sauropsids an
integument with cornified scales evolved for hydric and
mechanical protection. These scales developed from folds of
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the skin derived from a close association of the epidermis with
mesenchymal dermal cells in forming the outer (dorsal) scale
surface (Maderson and Alibardi 2000; Alibardi 2004). More
complex skin appendages evolved in amniotes, such as hairs
in mammals and feathers in birds (Fig. 1 S). Recent studies
have definitely shown that these morphologically distinct skin
appendages are homologous and they use common molecular
and anatomical modules (placodes) in their development
DiPoi and Milinkowitch (2016).

In the epidermis of vertebrates, keratinocytes initially ac-
cumulate intermediate filament keratins (IF keratins) and later,
other specific proteins to complete their differentiation. In land
vertebrates, specialized keratins richer in hydrophobic amino
acids such as glycine and valine (Fuchs et al. 1987; Steinert
and Freedberg 1991; Bragulla and Homberger 2009), are uti-
lized for the formation of a corneous layer in the epidermis or
epidermal derivatives, such as scales, claws, hairs, and
feathers. Since intermediate filament keratins (IF keratins)
produce an alpha-x ray pattern and most of the central region
forms an alpha-helix these proteins were identified as alpha-
keratins (Fraser et al. 1972; Fuchs et al. 1987; Fig. 1a). Other
types of epidermal proteins that produce a beta-x ray pattern
and are synthesized in the scales, claws, beak, and feathers of
sauropsids (reptiles and birds) were termed beta- (or f-)kera-
tins (Baden and Maderson, 1970; Wyld and Brush, 1979,
1983; Brush 1978, 1983, 1993; Gregg and Rogers 1986;
Sawyer et al. 2000; Fig. 1b). Non IF keratins belong to pro-
teins that associate with IF keratin and reinforce the keratin
meshwork giving rise to harder and hydrophobic materials for
the cornification of the cytoplasm (keratin-associated proteins,
KAPs) and for the formation of the resistant cell corneous
envelope of mature corneocytes as corneous proteins of the
cell envelope (CPs, Fraser et al. 1972; Matoltsy, 1987; Powell
and Rogers 1994; Kalinin et al. 2002; Candi et al. 2005).
Different types of KAPs and CPs have originated in the var-
ious classes of vertebrates although only those present in some
mammals (Gillespie 1991; Powell and Rogers 1994; Rogers
et al. 2006) and a few proteins in birds (Powell and Rogers
1979; Knapp etal. 1991; Barnes and Sawyer 1995) are known
in their amino acid sequences (Gregg and Rogers 1986;
Alibardi et al. 2007, 2009). Recent studies have indicated that
non-keratin, putative KAPs and other corneous proteins are
present also in fish and amphibian epidermis (Alibardi 2010a;
Alibardi and Segalla 2011).

Biochemical and immunocytological studies conducted in
the last 10 years have shown that beta-keratins, including
feather keratins do not belong to the IF family but are special-
ized corneous beta-proteins (CbetaPs) that evolved in
sauropsids with the role of KAPs/CPs (Alibardi et al. 2007,
2009). Furthermore, recent molecular studies have shown that
beta-keratins belong to a different gene family than IF keratins,
and are localized in the “Epidermal Differentiation Complex”
(EDC) of sauropsid chromosomes (Vanhoutteghem et al. 2008;
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Mlitz et al. 2014; Strasser et al. 2014; Holthaus et al. 2015).
The EDC is also present in mammalian chromosomes, and
contains genes coding for other major corneous proteins of
the stratum corneum but devoid of a beta-sheet region, such
as involucrin, loricrin, filaggrin, etc. (Mischke et al. 1996;
Kalinin et al. 2002; Candi et al. 2005).

Vertebrates derived from a common amniote progenitor,
including sauropsids and mammals, utilize different types
and ratios of IF keratins, KAPs, and CPs present in their
EDC to build their corneous material and cell corneous enve-
lope. In the corneous layer of sauropsids epidermis, filaments
3—4-nm thick form the hard corneous material and likely orig-
inated after the evolution of a 32—34 amino acid region present
in their constitutive beta-proteins which conserve a high ami-
no acid homology and a secondary conformation in form of
beta-pleated sheets (Strasser et al. 2014; Calvaresi et al. 2016;
Figs. 1b, 28, 3S). This region acts as the filament-organizing
scaffold in the formation of the bundles of hard corneous
material accumulated in scales, claws, beak, and feathers
(Brush 1978, 1983; Gregg and Rogers 1986; Sawyer et al.
2000; Fraser and Parry 2008, 2011). The remaining N- and
C-regions of the protein make the inter-fibrillar or matrix ma-
terial of the corneous material of feathers, scales, claws, and
beaks. Feathers represent the more complex skin appendages,
and their shape varies during their life and among species
(Lucas and Stettenheim 1972; Spearman and Hardy, 1985;
Chuong et al. 2003; Bartels 2003; Maderson et al. 2009).
The protein composition, development, and evolution of
feathers are schematically presented in the following chapters.

Major proteins of feathers

IF keratins (Fig. 1a) seem to play a lesser role than other pro-
teins in the formation of feather barbs and barbules, but are
more abundant in the calamus and rachis (Gregg and Rogers
1986; Ngetal. 2012, 2015; Rice etal. 2013; Wu etal. 2015). In
fact, most of the corneous material, particularly in barbules, is
composed of small proteins different from IF keratins, tradi-
tionally identified as feather keratins (Fraser et al. 1972; Haake
et al. 1984; Gregg and Rogers 1986; Sawyer et al. 2000; Fraser
and Parry 2008, 2011; Greenwold and Sawyer 2011, 2012,
2014; Kowata et al. 2014). These small corneous beta-
proteins (CBetaPs), which genes are localized in the EDC
(Vanhoutteghem et al. 2008; Mlitz et al. 2014; Strasser et al.
2014, 2015), have been selected to form most of the mature
corneous material of the complex feather. Since other studies
have shown that these proteins represent the specific corneous
beta-proteins of feathers (Alibardi and Toni 2008; Alibardi
et al. 2009; Alibardi 2013) and that their genes are located
within the EDC of both birds and reptiles (Vanhoutteghem
et al. 2008; Mlitz et al. 2014; Strasser et al. 2014, 2015;
Holthaus et al. 2015), in the remaining part of this review, we



Cornification of feathers, development and evolution

1261

Fig. 1 Molecular modeling IF
showing the different protein
structure and polymerization
mechanism present in IF keratins
(a) as compared to corneous beta-
protein (b). a The 4 alpha-helix of
the central rod of IF keratins
joined by non-alpha linker
segments (@), form pairs (b), than
further associate into a tretamer
(c), octamer (d) forming long
proto-filaments (e) which
association form IF in the
hollowed or compact model (f),
and later form the tonofilaments
(g). b the N-, C-, and the central 4
antiparallel strands of a CbetaP is
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linearly by the progressive
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rotation at each addition (f). The
N- and C- lateral chains of each
dimer form the interfilament
matrix material (gray, g)
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will use the term “Corneous beta-proteins” (CbetaPs) instead
of the term “beta-keratins,” and the term “Feather Corneous
beta-proteins” (FCbetaPs) instead of the term “Feather
keratins.”

The central 34 amino acid-long beta-sheet region of
CbetaPs includes a highly conserved 20 amino acid region,
representing the core box in all sauropsid beta-proteins
(Alibardi and Toni 2008; Alibardi 2013). The beta-region is
considered to be the site of polymerization of beta-protein
monomers to form long filaments that pack into the dense
corneous material of scales, claws, and beaks (Brush 1978;
Fraser and Parry 2011; Calvaresi et al. 2016; Fig. 1b). The
high degree of similarity among the beta-region in sauropsid
CbetaPs suggests that this beta-region was already present in
the sauropsid ancestor around 320 millions years ago. In the
subsequent evolution, the beta-sheet region has maintained a
high similarity in various reptilian and avian groups, reflecting
its essential role in the formation of the beta-keratin filaments
(Calvaresi et al. 2016). While in IF keratins and in the
KAPs/CPs so far known, no central beta-sheet regions are
present, the beta-region of CbetaPs determines the formation
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of filamentous polymers with a completely different mecha-
nism from than that of IF keratins (Fig. 1a, b). In IF keratin
filaments, the interactions between the central alpha-helix
region and the lateral regions of two monomers (types I and
11, see Coulombe and Omary 2002; Bragulla and Homberger
2009) give rise to a dimer, then to a tetramer and eventually, to
a proto-filament that associates into eight peripheral proto-
filaments (in epidermal keratins), or into seven peripheral
proto-filaments surrounding one central proto-filament (in hair
keratins). This organization gives rise to the I[Fs of 10—-12 nm in
diameter, which associate with other filaments forming
bundles or tonofilaments (Fig. 1a).

In contrast to IF keratins, in CbetaPs, the central region of
34 amino acids initially gives rise to a homo-dimer (the N- and
C-regions remain outside this nucleation region) due to specif-
ic polar and apolar bonds within the beta-regions of two mono-
mers (Fig. 1b). Next, the dimers pile up into a linear filament of
3 nm due to hydrogen and van der Waals bonds (Calvaresi
et al. 2016). Each dimer is bonded over the previous dimer
with a rotational angle of about 45° along a right-handed axis
so that, when four dimers are repeated along the axis, the
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position of the beta-sheets is conserved (same red-colored
beta-sheets shown in Fig. 1b, e; but see details in Calvaresi
et al. 2016). As mentioned earlier, the N- and C-regions of
the monomers and dimers remain peripheral to the elongated
axial filaments, forming the inter-fibrillar- or matrix-material
(Fraser and Parry, 1996, 2008). These lateral N- and C-regions
are specific for each sauropsid group, lepidosaurians, turtles,
and archosaurians (Alibardi et al. 2009; Fraser and Parry 2011;
Greenwold and Sawyer 2014), and were likely added and/or
changed in the individual lineages of derived reptiles (turtles,
crocodilians, birds, lizards, and snakes) to fulfill specific roles
in their epidermis.

Corneous beta-proteins of sauropsid scales, claws,
and beaks

Originally the skin of lepidosaurs and archosaurs was proba-
bly scaled with different patterns (Maderson 1972b; Martin
and Czerkas 2000; Maderson and Alibardi 2000; Sumida
and Brochu 2000; Coria and Chiappe 2007). Both scales and
claws (Maddin and Reisz 2007) probably utilized small CPs
that originated in the reptilian integument possibly in the
Upper Carboniferous (Strasser et al. 2014; Calvaresi et al.
2016). These proteins of 13—17 kDa, comprise 89—184 amino
acids in lizards and snakes (Dalla Valle et al. 2005), 2007a,
2007b, 2009a. In turtles, they are 12—17 kDa proteins com-
prising 122—174 amino acids (Dalla Valle et al. 2009a,
2009b), and in crocodilians, they are 17-20 KDa proteins,
comprising 179-203 amino acids (Dalla Valle et al. 2009c).
Finally in birds, these proteins comprising 139—-150 amino
acids in claws and scales possess a molecular weight of 14—
16 kDa (Gregg and Rogers 1986; Sawyer et al. 2000). In
contrast to feather beta-proteins, those of scales, beaks, and
claws possess a variably long glycine-rich region, the C-ter-
minal, which allows the classification of the non-feather and
feather proteins (Figs. 2Sand 3S, even though the specific
expression region of most of these proteins is not known
yet; see Ng et al. 2014; Kowata et al. 2014; Wu et al. 2015).
The resulting CbetaPs of archosaurian scales, claws, and
beaks contain a N-region rich in cysteine, followed by a core
box located in an anterior region of the molecule, and by a
variably long and hydrophobic glycine-rich tail (Fig. 2S).
Also, valine and tyrosine are present, and they contribute to
making these proteins less soluble and more hydrophobic.
Toward the C-terminus of the protein, a variable number of
cysteines are present, which probably form cross-links among
beta-proteins or with IF keratins. The mechanical resistance
and hydrophobic character of scales, claws, and beaks derives
from the richness in hydrophobic amino acids such as glycine,
valine, and tyrosine in addition to the cross-linking cysteines
located in the N- and C-regions (Fraser and Parry 2014).
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The number of CbetaPs present in scales of turtles and
crocodilians varies from 20 to 90 (Dalla Valle et al. 2009a,
2009b, 2009c; Greenwold and Sawyer 2011, 2013; Li et al.
2013; Holthaus et al. 2015). Present genomic and proteomic
analysis of epidermal proteins of crocodilians and turtles
(Alibardi and Toni 2006; Toni et al. 2007; Alibardi 2009a, b,
Alibardi 2010a) have indicated that the number of corneous
beta-proteins in different reptiles is related to the number of
skin appendages (e.g., different types of scales, claws, and
other appendages) or to the intrinsic complexity of the epider-
mis (multilayered as in lepidosaurians or simpler as in croco-
dilians and turtles). Since feathers are the most complex skin
appendages present in vertebrates, it is likely that a higher
number of feather beta-proteins is present in comparison to
those needed for the other, simpler appendages (scales, claws,
and beak). In fact, the total number of CbetaPs genes detected
in the genomes of birds is above 120 (Alibardi and Toni 2008;
Greenwold and Sawyer 2010, 2011, 2011, 2013; Greenwold
et al. 2014, see numerous examples in Fig. 3S).

Corneous proteins of feathers

In the chicken genome, at least 36 genes for scale, claw, and
beak CbetaPs are present, and the longer proteins (130-150
amino acids) are located mainly in chromosome 25 (Alibardi
and Toni 2008; Greenwold and Sawyer 2010; 2011; 2013;
Greenwold et al. 2014, see numerous examples in Fig. 2S).
Although expression data for most of these proteins are not
known, the presence of glycine-rich regions after the core
box suggests that these CbetaPs are expressed in non-feather
appendages as indicated by Ng et al. (2015) and Wu et al.
(2015). Conversely, feather corneous beta-proteins (FCbetaPs
or feather keratins) show a reduction or complete loss of these
glycine-rich regions (Gregg and Rogers 1986; Fig. 3S).
During embryogenesis in the alligator, chick, and zebra
finch, the subperiderm layer (the third layer of keratinocytes
produced in the embryo (Sawyer et al. 2003, 2005; Sawyer
and Knapp 2003; Alibardi et al. 2006) accumulates CbetaPs,
including a protein possessing an epitope characteristic for
feathers. This observation shows that the embryonic archosau-
rian epidermis is capable of producing FCbetaPs in addition to
other CbetaPs. The interpretation of this observation is that
during avian evolution, the glycine-rich region might have
been added to the short precursor of both feather and scale
proteins to evolve scale and claw beta-proteins. Therefore, the
specific genes for scale, claw, beak, and feather beta-proteins
are activated in different areas of the skin of a bird during its
life according to their specific morphogenetic program.
Proteomic data indicate that a large heterogeneity of feather
beta-proteins is present in the different parts of feathers (Brush
1978, 1986; Gregg and Rogers 1986; Ng et al. 2012, 2015;
Rice et al. 2013; Greenwold et al. 2014; Wu et al. 2015).
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In feathers, beta-keratins rapidly replace the few alpha-
keratin filaments present at the beginning of differentiation of
feather cells (Bell and Tatachari, 1963; Matulionis 1970;
Meyer and Baumgartner 1998; Alibardi 2002, 2009a, 2013;
Alibardi and Toni 2008) so that mature feather cells, especially
in barbs and barbules, show little, if any, alpha-keratin content
or x-ray alpha-pattern (Filsie and Rogers 1961; Baden and
Maderson, 1970; Kemp et al. 1974). The initial, electron-
dense small bundles made of few 8-10 nm-thick IF keratin
filaments synthesized in barbule and barb cells (Filsie and
Rogers 1961; Matulionis 1970; Alibardi 2002, 2013;
Alibardi and Toni 2008) are rapidly coated by the deposition
of large amount of the smaller FCbetaPs, forming large bun-
dles or packets of amorphous and more electron-pale material,
traditionally indicated as feather keratin but actually
representing corneous bundles containing several proteins in
addition to the prevalent FCbetaPs. When observed at high
magnification, this corneous material shows an irregular fila-
ment pattern of 3—4 nm in diameter (Filsie and Rogers 1961;
Kemp et al. 1974; Fraser and Parry 2008; Alibardi 2013).

In contrast to the proteins of scales, claws, and beaks,
feather beta-proteins have a deletion of 52 amino acids in
the C-terminal region (Gregg et al. 1983, 1984; Gregg and
Rogers 1986). Feather beta-proteins are formed by only
97-105 amino acids, and this shortening initially sug-
gested that feather proteins derived from scale proteins
during evolution (Gregg et al. 1984; Gregg and Rogers
1986). Most glycines form loops that somehow interfere
with the linear framework of the filament of beta-keratin,
and the elimination of the glycine-rich regions and the
smaller dimension make feather proteins capable to form
the elongated bundles of corneous material present in barb
and barbule cells. The absence of the glycine-rich se-
quences (compare the post-core box regions in most of
the sequences in Figs. 2S and 3S) probably allows a more
direct interaction of monomers that facilitate the forma-
tion of organized bundles of feather filaments with respect
to the more irregular orientation of the bundles of scales,
claws, and beak filaments (Gregg and Rogers 1986;
Fraser and Parry, 1996; 2008; Calvaresi et al. 2016).

Although these molecular data support the derivation of
feathers from scales (Maderson 1972b; Greenwold and
Sawyer 2010), other embryological observations (Sawyer
et al. 2003; Prin and Dhouailly 2004; Alibardi et al. 2006;
Dhouailly 2009) and phylogenetic analyses (Gregg et al.
1983; Dalla Valle et al. 2008; Greenwold and Sawyer 2011,
2013, 2014) suggest the possibility that the short and special-
ized CbetaPs of feathers evolved from a common sauropsid
ancestor independent from scale proteins. It was proposed that
the common progenitor protein present in a basic reptilian
ancestor could be derived from the assemblage of smaller
peptides, some containing the beta-pleated region and others
the external regions (Brush 1993). After this gene was

duplicated, one copy might have been maintained or refined
the glycine-rich tail region (scales, claw, and beak proteins)
while in the other copy, the region coding for the glycine-rich
region was deleted giving rise to the smaller feather proteins.

Past and the recent molecular studies have indicated that
feathers are composed not only of FCbetaPs (feather keratins)
but also of IF keratins and non-beta corneous proteins of the
EDC (Alibardi and Toni 2008; Ng et al. 2014; Greenwold and
Sawyer 2010, 2011; Greenwold et al. 2014; Strasser et al.
2015). The genes for IF keratins are relatively few, less than
40 in the chick genome, and only few of these IF keratins are
found in feathers (Fig. 2). These genes contain 8-9 coding
exons separated by introns (Fig. 2a, b). Conversely, many
more CbetaPs are found in feathers, encoded by numerous
genes most located in the EDC. Each gene is made of 2 exons
separated by a single intron, with only part of the second exon
encoding (Gregg and Rogers 1986; Fig. 2c, d). The initial
screening of the chick genome (Dalla Valle 2007,
unpublished data; Alibardi and Toni 2008) showed that most
of claw, scale, beak, and feather keratin genes (at least 107 in
the chick genome, completely or partially lacking the glycine-
rich tail region), are located in chromosome 27 (67 genes), and
in chromosome 25 (24 genes), while a few feather genes are
present in chromosomes 1 (1 gene), 2 (7 genes), 5 (1 gene), 6
(3 non-feather genes), 7 (1 gene), and 10 (3 genes). Similar
figures were also found in the chick and other birds (Glenn
et al. 2008; Greenwold and Sawyer 2010, 2011, 2013;
Greenwold et al. 2014; Ng et al. 2014; see numerous
examples in Fig. 3S). The location of so many feather protein
genes on chromosome 27 indicates an intense process of gene
duplication and mutation that might have occurred during bird
evolution. This process was probably related to the increase in
feather types during ontogenesis and in adult life, such as in
natal downfeathers, juvenile feathers, adult feathers of differ-
ent types (e.g., plumulaceous feathers, pennaceous feathers,
filoplumes, and bristles). The analysis of most beta-keratin
genes in the chick genome and of the related proteome (Rice
etal. 2013) shows that most (74 %) of these structural proteins
are represented by feather keratins, while relatively few genes
are coding for scale, claw, and beak beta-proteins (see
examples of CbetaPs shown in Figs. 2S and 3S). The numer-
ous variants probably represent specialized FCbetaPs utilized
in different types of feathers formed during the development
and post-natal life of the chick, but specific expression studies
are still incomplete (Ng et al. 2014; Wu et al. 2015). Variations
in FCbetaPs are also present in modern bird orders, suggesting
that the evolution of genes coding for these proteins is still
active (indicated as feather beta-keratins in Glenn et al. 2008).

The map of IF keratins and CbetaPs distribution derived
from different studies (Ng et al. 2012, 2014; Greenwold et al.
2014; Wu et al. 2015; Fig. 2e) indicates that some proteins
contribute to the progressive maturation and hardening of bar-
bule and barb cells, while other proteins are likely more suited
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Fig.2 Schematic drawing showing the gene organization of IF keratins (a,
b) and CbetaPs (¢, d) with an indicative map distribution of the main
proteins in a feather (e). a Chromosome locus for the alpha-keratin type I
cluster (the locus for type II can be in the same or in different chromosomes
according to the species) with only few genes indicated with their
transcriptional directions 5'-3" (arrows). b An example of a gene
containing eight coding exons (black) separated by introns (/n, pale). ¢
Chromosomal locus containing the EDC, where between the SI00A9/

for cells of the calamus or the rachis in plumulaceous
(incoherent) or pennaceous (laminar) feathers. In general, few
(3-6) similar IF keratins are present in different regions of
feather where only their amount varies. IF keratins are more
plentiful in the rachis and calamus compared to the barb and
barbules. Conversely, the FCbetaPs are much more numerous
and more specialized in their localization within feathers, indi-
cating that these proteins play a major role in the biomechanical
properties and morphology of the different regions in a feather
(Ng et al. 2014). For instance, 13 FCbetaPs genes located in
chromosome 25 code for beta-proteins accumulated in softer
contour feathers while 13 other genes present in chromosome 2
encode beta-proteins forming the stiffer flight feathers.
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loricrin (LOR) and proline-rich protein/cornulin/S100A11 (PRP, CRNN)
genes are localized those for the different types of CbetaPs (C3Ps cluster
comprising in the order from left to right in 5 to 3’ direction, claw, feather,
beak CPs). d The gene structure for CbetaPs, consisting in one intron (In,
pale blue) and two exons (black) with the coding region (Cr) only within the
second exon. e The expression/localization so far determined for IF keratins
and different CbetaPs with their specific chromosomes (indicated as feather
keratins by Ng et al. 2012, 2015; Greenwold et al. 2014; Wu et al. 2015)

In scales, claws, and beaks, the corneous material is made of
glycine-rich, stiff, inflexible, and hydrophobic CbetaPs, which
aggregate as irregularly orientated microfibrils and impart
resistance and hardness (Sawyer et al. 2000). In feathers, the
ordered axial orientation of the corneous bundles made of
FCbetaPs produce flexibility and resistance to mechanical ten-
sions and vibrations generated during flight (Fraser et al. 1972;
Brush 1978). Other proteins of the EDC devoid of a beta-sheet
region, such as the HRP (fast protein) and cysteine-rich
proteins (Gregg and Rogers 1986; Strasser et al. 2014) are
synthesized during barbules and barbs formation. The specific
influence of the unique protein associations located in different
regions of feathers on the mechanical performance remains to
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be more fully analyzed and evaluated. For example, the
Young’s modulus (an index of stiffness of an elastic material)
increases from the base to the tip of the rachis, and also barbs
and barbules have a different consistency and likely molecular
organization of the FCbetaPs (Bonser and Purslow 1998;
Pabisch et al. 2010).

The complex ramification of feathers and the various feather
morphotypes that replace feathers during the lifetime of a bird
require not only numerous types of beta-proteins but also the
presence of morphogenetic process capable of giving rise to the
final branching of barbs, namely the formation of barb ridges
(Alibardi 2005a, b, 2006a, b; 2009c).

Development of natal downs and barb ridge
morphogenesis

Besides previous light microscopic studies (summarized in
Lucas and Stettenheim 1972; Spearman and Hardy 1985;
Chuong and Widelitz 1999; Maderson and Alibardi 2000), only
two ultrastructural studies of differentiating cells within devel-
oping feathers (Filsie and Rogers 1961; Matulionis 1970) and
one study of regenerating feathers (Bowers and Brumbaugh
1978), were available before 2005. Ultrastructural studies con-
ducted on developing juvenile and adult regenerating feathers
in the chick, zebra finch, quail, and ostrich (Alibardi 2005a, b,
2006a, b, ¢, 2007a, b, c, d, e, 2008, 2009a, b, ¢, 2010a, b, 2011a,
b), described the ultrastructural details of the main differentiat-
ing cells that form natal downfeathers, juvenile and adult
feathers, such as barb and barbule cells, supportive cells such
as those of sheath, calamus, rachis, dermal papilla, pulp, and
pulp cups. The latter are a series of corneous chambers formed
at the base of the calamus during the last period of feather
growth (Maderson and Alibardi 2000; Alibardi 2009a). The
translation of these cytological images into three-dimensional
representations of the cell distribution within feathers have in-
dicated that it is the morphogenetic origin of the three-
dimensional cell structure of barb ridges and its variations (dur-
ing the Mesozoic) that have allowed the evolution of the large
varieties of feathers (Bartels 2003).

Natal downfeathers develop from small conical germs that
elongate into filaments surrounded by a thin sheath where the
inner epidermis folds into barb ridges (summarized in Lucas
and Stettenheim 1972; Figs. 1Sa, 3, 3S, 4Sa). Inside the
sheath, which contains embryonic periderm granules, barb
ridges or true barbs form axial parallel lines visible from near
the tip of the feather filaments to its base (Figs. 1Sa—e, 3a—d2).
Barbules represent the thinnest branched filaments stemming
from barbs like the branches of a plant branch or ramus (ra-
mus/rami are also the synonyms for barb/barbs). Eventually,
the sheath covering the feather filaments breaks open and the
separated barbs open up in a downfeather that deploys from a
short calamus or rachis (Figs. 1Sf, 3d—e). After the embryonic

feather is shed and replaced by a juvenile feather, the emer-
ging barbs seen underneath the breaking sheath mainly appear
attached to an axial rachis (Fig. 1Sg).

Detailed studies on natal downfeathers show that barb
ridges (Fig. 4Sa) are initially absent at the filament tip where
a circular epithelium is present (Fig. 4Sb). After the folding of
this epithelium, apical barb ridges contain barb and barbule
cells and supportive cells, the latter divided into cells of the
marginal plates (cylindrical cells), and cells located beneath
the sheath (barb vane ridge cells, Matulionis 1970).
Cytological and ultrastructural studies have described the dif-
ferentiation and redistribution of supportive cells among barb
and barbule cells within feather filaments (Alibardi 2005a, b,
20064, b; Alibardi et al. 2006). In the very apical barb ridges,
large barb cells are formed and mature into corneous barbs
while no or few barbules are formed (Fig. 4Sc, e). The
resulting structure at maturity is an un-branched barb with
no or only short barbules. Toward the basis of the maturing
downfeather filament, barb ridges also form barbule cells that
in cross-section appear organized as two rows of dark cells
forming the barbule plates (Fig. 4Sf-h). Barbule plates repre-
sent cross-sectioned barbules at different developmental
stages that are seen in a single plane of section, and comprise
younger barbule cells, which are external and close to the
sheath and more mature cells which are more internal and
close to the ramus. The more internal barbule cells of barbule
plates merge with the ramus that represents the branching
point of barbules in the mature feather (see the three-
dimensional reconstruction of a barb ridge in Fig. 3,b1).

The final branching of feathers occurs through the dege-
neration of supportive cells which leaves empty spaces
among the barbules (Figs. 4Sm 3b2). This process can be
best appreciated in longitudinal sections where the bar-
bules appear separated from one another by paler suppor-
tive cells (Fig. 4Si-1). The degeneration process occurs
after the penetration of the supportive cells among the
chains of barbule cells, as this was observed by detailed
ultrastructural studies (Alibardi 2005a, b; Fig. 3b1-2). The
molecular mechanism responsible for the segregation between
barbule and supportive cells is unknown, although different
adherens and tight junctions are involved (Chuong and
Edelman 1985a, b; Alibardi 2010b, 2011b). The basal retrac-
tion of blood vessels and of the mesenchyme inside the feather
filament as well as the terminal differentiation of the support-
ive cells (lipidization and necrosis), of barb cells (lipidization,
necrosis and cornification), and of barbule cells (cornifica-
tion), determines the typical branching of mature feathers
(Figs. 4Sm, 3b2).

The main features of downfeather morphogenesis are
schematically shown in a simplified form in Fig. 3 which
summarizes a generalized image of the collar at the base of
the feather filament, viewed across a sheath assumed to be
transparent for explanative purposes. Within barb ridges, cells
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Cells

reservoir\A

Downfeather

Fig. 3 Drawing featuring the morphogenesis of a downfeather as
observed through an ideally transparent sheath. Inside the upper part of
the feather germ (arrow, a) the epidermis forms barb ridges all along the
epithelium. The purple color indicates that a number of cells are present at
a certain time. In a following period more cells are added (indicated in blue
color) while old barb ridges have grown longer (b). In each barb ridge, the
cells organize in a central ramus and lateral barbule columns (b7). The cells
shown in this sectioned barb ridge are well differentiated and the union
between all the chains of barbules cells and the ramus is completed so that
the basic feather branching is visible. The next cells produced in the collar
and barb ridges (in red color) further elongate and separate barb ridges (c)
which form barbule branching starting from their apical part (d) while new
cells are added at the base of long barbs (green color, d). d1 Details in the
folding of the inner epidermis of the feather filament (yellow) and the
organization of subperiderm cells (green) into barb and barbule cells

of the embryonic epidermis are displaced to form two barbule
plates and a central ramus area from which the branched shape
of barbs is formed (Fig. 3a-b1, d1). The branched appearance
of barb ridges results from the insertion of supportive cells
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(b1). The cornification of barb and barbule cells and the degeneration of
supportive cells (arrowheads, b2) transform the barb ridge into a ramus
and lateral barbules (52). When no other cells are added to barb ridges at
the end of the growth phase, the embryonic epidermis located at the base of
the downfeather remains linear as subperiderm layer (green) which cells
eventually cornify and give rise to the basal calamus (d2). Stem cells
remain at the base of the follicle (e) while the mature and separated
barbs (e, /-7 in this example) contain numerous barbules. B
subperiderm or pre-barb/barbule cells, BA mature branched barbs, BL
branched barbules, BR barb ridges (/BR first barb ridge), BRGCO barb
ridge germinal collar, DP dermal papilla, DS degenerating sheath, FF'
forming feather follicle, FO follicle, G germinal epithelium, GCO
germinal epithelium of the collar, GSBR growing separated barb ridges,
M marginal plate cells, RA ramus, S sheath, stopBRG stop in forming barb
ridges, V barb vane ridge cells (supportive cells)

located among barbule cells (violet color in Fig. 3bl, d1)
which degenerate leaving separate barbules.

Barb ridges are delimited from the central connective tissue
of the feather filament (the pulp) by epithelial cells that form
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the marginal plates (yellow color in Fig. 3bl, dl, 2; see
Matulionis 1970; Chuong and Widelitz 1999; Alibardi
2005a, b, 2006c, 2007b). At the base of the developing natal
downfeather a cylindrical epithelium (the collar) sinks inside
the dermis forming a follicle that stores stem cells for the
regeneration of the following feather (Chodankar et al. 2002;
Fig. 3d, e). After barbs have reached a specific length, the
germinal collar stops forming barb ridges so that a circular
epithelium reappears while the downfeather enters in a resting
stage (telogen) before being replaced from the next feather
(termed juvenile feather). Figure 3d, e represents a simple,
idealized type of downfeather in which all barb ridges remain
separated and terminate on the calamus. In the case of other
natal downfeathers in which barb ridges merge at their base, a
short rachis is formed instead (Lucas and Stettenheim 1972).
The calamus derives from the epithelium of the cylindrical
collar after barb ridges are no longer produced (Maderson
et al. 2009; Alibardi 2008). The calamus follows the end of
formation of barb ridges in the follicle so that the subperiderm
layer (the layer accumulating CFbetaPs, green cells in 3bl,
d1) remains confined in the upper part of the collar (Alibardi
2002, 2007d). The epithelium of the collar surrounding the
retracting pulp at the base of the follicle of downfeathers has
not been studied in detail (Lucas and Stettecheim 1972).

The accumulation of FCbetaPs (feather keratins) and
another EDC protein rich in cysteine are detected in the
subperiderm layer of the embryonic epidermis in alligator
and avian epidermis (Fig. 5Sa, b, f, g), but these proteins
are predominant in developing feathers (Fig. 5Sc—e, h;
Sawyer et al. 2003, 2005; Alibardi 2005b; Strasser et al.
2014). The latter studies have hypothesized that the small
FCbetaPs and the cysteine-rich protein present in the
subperiderm also continues to be synthesized in barb
and barbule cells of avian feathers that are believed to
be an elaboration of the subperiderm layer after the evo-
lution of barb ridges.

Feather regeneration and rachis formation

The re-activation of stem cells located in the bulge area of the
feather follicle before molting, gives rise to amplifying cells
from which new barb ridges and the sheath are formed (Lin
etal. 2006, 2013; Yue et al. 2006; Fig. 4a, b). This is a modified
recapitulation of the embryonic process of morphogenesis, as it
is indicated not only from the renewed synthesis of FCbetaPs,
but also from the re-formation of (embryonic) periderm gran-
ules in the sheath and supportive cells of regenerating feathers
(Kuraitis and Bowers 1978; Alibardi 2006b, 2007b, c¢). The
passage from a circular collar to a folded epithelium where
new barb ridges are produced indicates that the three-
dimensional shape of different feathers derives from the

induction of barb ridges (see later chapters on dermal papilla
and signaling factors).

The labeling with 5-Bromo-2'deoxyuridine (a metabolite
incorporated into newly formed DNA, indicating cell duplica-
tion), has identified stem cells as long-labeling retaining cells
present in the collar, especially located in the bulge region but
also in the dermal papilla (Lin et al. 2006; Yue et al. 2005;
Alibardi et al. 2014; Fig. 4a—c). These small cells possess few
organelles and free ribosomes; their nuclei are mainly euchro-
matic while their cell surface possess microvilli or folds indi-
cating cell motility (Fig. 4d—f). The re-activation of stem cells
derives from poorly known signaling factors likely released
from the fibroblasts of the dermal papilla, and these stem cells
proliferate and eventually give rise to pennaceous feathers of
various types (Lucas and Stettenheim 1972; Spearman and
Hardy 1985; Bartels 2003; Chernova 2005, see later in the
“Feather regeneration and rachis formation” section).

The histological and ultrastructural study of the follicle in
regenerating feathers has shown that the pattern of barb ridge
formation in the ramogenic collar, the region where barb
ridges are formed, gives rise to different feather morphotypes
(Figs. 5, 6, 7, 8, and 9, 6S). The regenerating feather
undergoes a growth phase, termed anagen, that is followed
by a telogen (resting), and catagen phase (destructive), when
the old feather is eliminated from the follicle and replaced by a
new feather (Spearman and Hardy 1985). Like in natal
downfeathers, the fibroblasts contacting the collar epithelium
in the ramogenic region of regenerating feathers penetrate
between barb ridges, establishing close contacts with epithe-
lial cells (Alibardi 2005a, 2007a; 2011a; Figs. 6S, 7Sa—g. In
contrast to natal downfeathers, barb ridges in regenerating
feathers show a more or less pronounced gradation in devel-
opment, starting from a ventral (posterior) locus where barb
ridges appear more immature in cross-section, to a dorsal
(anterior) locus where they mature and a rachis is formed
(Fig. 6Sa—e). Detailed histological and ultrastructural studies
(Alibardi 2005a, b, 2006a, b, 2007a, b, 2008; 2009a, b, c),
have indicated that barb ridges vary in length and size in relation
to the final length of barbs and barbules and that the apparent
position of the ventral locus along the perimeter of the follicle is
related to the formation of symmetric and asymmetric feathers
(Prum 1999; Prum and Williamson 2001; Alibardi 2009b).

The production of numerous barb ridges in the follicle gives
rise to pennaceous feathers with numerous barbs and barbules
attached to a rachis (Figs. 5, 6Sa—e), whereas a decrease in the
number of barb ridges in the follicle determines the formation
of feathers with few and spaced barbs and barbules, such as in
bristles and in filoplumes (Figs. 6Sf, g, 6, 7, 8, and 9). These
observations have lead to the drafting of drawings that translate
the two-dimensional pattern of barb ridge formation into a
three-dimensional representation of various morphotypes of
feathers (Alibardi 2009b; Figs. 6, 7, 8, and 9). These drawings
represent a generalization of the hundreds of different feather
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Fig. 4 Schematic presentation
(a), light (b, ¢) and electron
microscopy (d—g) of chick feather
follicle. a Base of the follicle
which indicated the bulge where
stem cells are located. The curved
arrows on the blue-colored collar
indicate possible migration
pathways of stem cells. b
Toluidine blue stain of collar
epithelium, bulge, and dermal
papilla, oriented as in the previous
figure (a). Bar 25 um. ¢ Detail on
the bulge region (dashes separate
the collar from the dermal papilla)
showing the 5BrdU-labeled cells
(arrow). The orientation is as in
the previous figures (a, b). Bar
10 um. d Low electron
microscope magnification of
small euchromatic cells
(asterisks) present in the collar
epithelium. Bar 1 pm. e 5BrdU-
labeled nucleus of a stem cell
localized in the bulge region
(silver intensification of the gold-
immunolabeled nucleus). Bar

0.5 pm. f Detail of a small cell
with irregular surface (arrows)
located in the collar epithelium.
Bar 1 ym. g A dermal fibroblast
inserting cytoplasmic elongation
(asterisks) between two barb
ridges. Arrows indicate
melanosomes. Bar 1.5 um. br
barb ridge, bu bulge, ¢/ collar
epithelium, de dermal cell, dp
dermal papilla, ffollicle, it
intermediate differentiating
epithelium, nu nucleus, pu pulp,
rm ramogenic collar, sh sheath

morphotypes that can be generated in different birds, but give
an indication on the morphogenetic process that can produce
the branching pattern in other morphotypes (Lucas and
Stettenheim 1972; Spearman and Hardy 1985; Bartels 2003;
Maderson et al. 2009).

In both natal and adult downfeathers and pennaceous
feathers, barb ridges grow perpendicular to the ramogenic plane
by the addition of new cells from the collar (Figs. 3a—d, 6a, al).
Like in natal downfeathers also in regenerating feathers barb
ridges have a similar three-dimensional organization, despite
their larger size and number of barbules that elongate the bar-
bule plates (see details in Alibardi 2005a, 2006a, 2007b;
compare Figs. 3bl with 5b). When the direction of growth of
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barb ridges occurs in a tilted plane with the ring-shaped bulge
(the disc shown in Fig. 5c), this geometrical variation deter-
mines the fusion of barb ridges in a point of the collar (consi-
dered anterior or dorsal) where barb ridges terminate their
identity as separated columns of cells and form the rachis
(Fig. Sc—3). The axial growth of the rachidial ridge lifts up
the branched region between rachis and barbs so that a planar
feather vane is eventually formed when, later, the feather sheath
brakes open (Prum 1999; Prum and Williamson 2001; Alibardi
2008, 2009b; Fig. 5¢2-3). The molecular mechanism that deter-
mine the tilt of the ramogenic plane, connected with the position
of stem cells in the bulge plane, is not known (Yue et al. 2005,
but see the section on the dermal papilla and signaling factors).
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Fig. 5 Morphogenetic process taking place during the formation of
downfeathers (a—al), barb ridge with main areas of signaling
expression indicated by arrows (b, see text), and pennaceous feather
with numbered rami (c—¢3, /—10). Different colors indicate groups of
cells generated at progressive periods of feather growth and conserved
in their growth into elongating barb ridges and the rachis (purple first,
then blue, orange, and green, see the text). a—al The barb ridges growing
parallel one to another from a horizontal ring-shaped stem cell plane
remain separated. b Detail of a barb ridge which indicated the higher
expression regions (arrows) of different gene products (Shh, NCAM
etc., see text). ¢ The beginning of barb fusion after the stem cell plane
has become tilted (only the foreground barb ridges are shown). 1 Frontal
view of a growing feather where a rachis and few barbs are seen with
indicated the point of high (+) and low (—) expression of different
signaling molecules (see text). ¢2 More barb ridges in a growing feather

Different barb ridge patterns give rise to different
feather types

From the collar of symmetric contour feathers and smaller
semiplumes (downfeathers with a short rachis), a series of
barb ridges are formed in the anterior part of the follicle, the
ventral locus (arrows pointing the collar in Fig. 6a, b). The
color code of the ramogenic collar (purple in Fig. 6a) indicates
cells in the collar and barb ridges that are produced in the
initial phase of anagen. The growth of the feather due to the

Wnt3-
Noggin+
(Shh+)

observed from the side. €3 Further stage where barb ridges are still curved
inside the sheath. The collar (the upper part containing the proliferating
cells derived from stem cells in the bulge (amplifying cells) is shown in
yellow; the lower or papillary part is in brown) contains the tilted ring-
shaped plane (green) where stem cells are located. b/ barbules, br barb
ridges, BMP bone morphogenetic protein, dp dermal papilla, f follicle,
hrp horizontal ramogenic plane, i7 initial rachis formation, L-CAM liver
cell adhesion molecule, mp marginal plates (made of cylindrical
supportive cells), N-CAM neural-cell adhesion molecule, PC lower part
of the collar indicated as papillary collar, » rachis, ra ramus, s sheath, sc
stem cell plane (bulge), Shh sonic hedgehog, #p tilted ramogenic plane, v
barb vane ridge cells (supportive cells), 7A upper part of the collar
occupied by transit amplifying cells that are the cells in rapid
proliferation derived from the stem cells plane, v/ ventral locus, Wnt
wingless integrated gene

production along the collar of new cell groups (coded in blue
color in Fig. 6b), together with the elongation of the initially
formed cell groups (purple), determine the fusion of the two
closest barb ridges (BR in Fig. 6a) into a rachidial ridge that
elongates into a rachis in the dorsal side of the collar (R in
Fig. 6b). The rami produced from these merged barb ridges
contain a similar number of cells and, therefore, have the same
diameter in both the left and right barb ridges, represented by
purple tips in Fig. 6b. This, in turn, determines the formation
of barbs of the same length on the left and right sides of the
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Symmetric feather

Fig. 6 Schematic drawing illustrating the modality of branching in a
symmetric contour feather with a broader vane in the central portion of
the feather. Different colors indicate groups of cells generated at
progressive periods of feather growth and conserved in the elongating
barb ridges and the rachis (purple first, then blue, orange, and green,
see the text). a The ventral locus where new barb ridges of the same
size are generated (arrow) and the dorsal side where the rachidial ridge
is formed after the fusion of the first two barb ridges (arrowhead). b The
initial rachis is now evident. ¢, d The following stages of feather growth.
The generation of more barb ridges in following stages (dotted arrow

rachis. This process is repeated a number of times (see the
sequence of colors, blue, orange and green, Fig. 6 b—d) giving
eventually rise to symmetric feathers (Fig. 6e).

Each growing barb ridge (GBR in Fig. 6¢, d) undergoes
maturation with the formation of piles of barbule cells starting
from the tip of the feather and reaching the forming axial
ramus at a lower level of the feather where a branching point
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between d and e) give rise to a mature feather which apex remains free
from the degenerating sheath (dashes, e). The feather vane have hooklets
that overlap with other barbules to form a close vane (detail in el). BA
barbs, BL barbule, BR barb ridge, CA calamus, DG degenerating sheath,
DP dermal papilla, DS degenerating sheath (dashes) EV emerging vane,
FO follicle, GBR growing barb ridges, GCO germinal collar, GNF germ
of the next feather, 7K hooklets, /U inferior umbilicus basal-most part of
the calamus where the feather will detach from the next generated
feather), MP marginal plate, R rachis, RA ramus, RCO ramogenic collar,
RR rachidial ridge, S sheath, V barb vane ridge cell (supportive cell)

is eventually formed (Figs. 5b, 6b—d). While the initial, sym-
metric barb ridges possess a short ramus (sr in Fig. 6¢), barb
ridges produced in later stages possess a progressively longer
ramus (Ir in Fig. 6e) that determines the variation of the width
and shape of the feather vane (Fig. 6e). The last barb ridges
formed in the follicle, however, progressively reduce the
length of their rami and the vane at the base of the rachis
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CELLULAR

e
GRF
ASYMMETRIC
CONTOUR
FEATHER

Fig. 7 Schematic representation of stages of morphogenesis in an
asymmetric contour feather according to the cellular hypothesis (a—a2,
see text) and the topographical hypothesis (b—b2, see text). Different
color codes represent groups of cells generated in the collar at
progressive periods of growth (anagen) and their following location in
the growing feather (first cells formed are colored in purple, then in
blue, orange, and green). a The arrowhead indicates the site of
formation of the rachidial ridge which is opposite to the ventral locus. al
A cross-section of the follicle showing that the curved arrow on the right of
the ventral locus has the same length than the curved arrow on the left. al—
2, ¢, d Illustrated progressive phases of growth. Note in /L—7L (L longer
barb ridge) that the size of right barb ridges is bigger and the ramus is
longer then the size of the ramus on the left barb ridges indicated as /5-7S
(S shorter barb ridge). The relative growth of the rachis and asymmetric
barb ridges in the following stages (dotted arrow) gives rise to the mature,

before they disappear forming the calamus (CA in Fig. 6e).
The presence of hooklets at the extremities of barbules gives
rise to a stabilized velcro-like texture and the formation of a
resistant vane (Fig. 6el). As a result, the feather is narrow at
the apex and becomes more expanded in the lower and mid-
level of the feather, and narrows again in the lowermost part of
the feather before the calamus is formed. The molecular con-
trol of the ramus length at different levels of the feather, and of
the number and size of barb ridges produced from the collar
remains to be discovered.

TOPOGRAFICAL

asymmetric feather (e). b A cross-section of the follicle showing that the
curved arrow on the right of the ventral locus is longer than the curved
arrow on the left. The curved arrows describe the length of the apparent
“helicoidal growth” of barb ridges. b1-2, ¢, d The next three stages of barb
ridge formation are shown. Note in /L—7L that right barb ridges are longer
(L longer barb ridges) than left barb ridges indicated as /5-7S (S shorter
barb ridges). The relative growth of the rachis and asymmetric barb ridges
in the following stages (dotted arrow) produces the mature, asymmetric
feather (e). BL barbula, BR barb ridge, CA calamus, DP dermal papilla, DS
degenerating sheath (dotted), EV emerging vane, FO follicle, GCO
germinal collar, GLR growing longer ramus, GRF' germ of the next,
regenerating feather, GSR growing shorter ramus, /U inferior umbilicus,
LBA longer barbs, LRA longer ramus in the barb, LBR longer barb ridges,
R rachis, RCO ramogenic collar, RR rachidial ridge, S sheath, SBA shorter
barbs, SBR shorter barb ridges, SRA shorter ramus in the barb

In asymmetric feathers (coverts, remiges, and rectrices),
longer barbs are formed on one side of the rachis (Fig. 7a—e).
The length of barbules is probably similar in barbs of both
sides of the rachis, and they eventually form a close vane.
Therefore, it is the length of the right versus the left ramus that
is responsible for this asymmetry. Two possible morphogenetic
mechanisms, one cellular (Fig. 7a—a2) and the other topo-
graphical (Fig. 7b-b2), can explain the origin of the feather
asymmetry (Prum 1999; Prum and Williamson 2001;
Alibardi 2009b, c). The cellular mechanism suggests that the
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Fig. 8 Schematic representation
of'the stages of morphogenesis for
a filopluma. Different color codes
represent groups of cells
generated in the collar at
progressive periods of growth
(anagen) and their following
location in the growing feather
(purple, blue, orange, and green
colors). Only four, right and left,
barb ridges are shown in this
example (/—4) during the
elongation of the filoplume (a—e).
b No more barb ridges are formed
in the ventral locus so that no
more barbs are generated and
only a rachis forms (e). This
process continues in the following
stages (dotted arrow between e
and f) that produce the final
filoplume feather (f). The latter
only contains the initial four barbs
in this example. AB apical barbs,
BA barbs, BL barbules, BR barb
ridges, BRG barb ridge
generation, DP dermal papilla,
DS degenerating sheath, FO
follicle, GBR growing barb
ridges, GCO germinal collar,
GRF new germ of the next
regenerating feather, /U inferior
umbilicus, NR naked rachis, R
rachis, RR rachidial ridge, RCO
ramogenic collar, S sheath

FILOPLUMA

ventral locus (the point of separation between left and right
barbs inserting in the rachis) remains in its ventral (posterior)
position along the collar, and that it is the number of cells
incorporated in a barb ridge or the elongation of cells within
each ramus that determine the final length of the ramus. In
Fig. 7al, the right barb ridges (LBR in purple with respect to
the rachidial ridge indicated as RR) become longer (not neces-
sarily larger) than the shorter left barb ridges (SBR). From the
ventral locus in the collar, longer rami are generated on the
right side with respect to the shorter rami produced on the left
side (Fig. 7a—a2, b—d), eventually forming the asymmetric
feather (Fig. 7¢). The constant position of the ventral locus in
some asymmetric feathers has been described in zebra finch,
chick, and quail feathers (Alibardi 2009a, b). The molecular
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mechanisms that determine the control of the cells that are
recruited into rami or their elongation responsible for the final
length of the ramus with the consequent barb asymmetry are
not known.

The topographical mechanism explaining the production of
longer rami on one side of the follicle instead derives from a
process called “helical growth” (Prum and Williamson 2001;
Alibardi 2009b). According to this mechanism, the ventral
locus from which new barb ridges are generated, changes its
position along the collar, in our example it moves to the left
(Fig. 7 VL in b-b2). Therefore, all the newly generated barb
ridges on the right side will grow for a longer distance along
the curved wall of the follicle (helical growth, see curves along
the collar in Fig. 7b) to reach the rachidial ridge located in the
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Fig. 9 Schematic drawing on the
stages of morphogenesis of a
bristle feather. Different color
codes represent groups of cells
generated in the collar at
progressive periods of growth
(anagen) and their following
location in the growing feather
(purple first, then blue, orange,
and green). No barb ridges (or
barb ridges merge immediately
into a rachis) are generated in the
ventral locus (a) and the collar
epithelium remains unfolded
(a—b). ¢ A first pair of barb ridges
is produced in the ventral locus
(numbered as /). d, e The
production of more barb ridges
continues so that more barbs are
generated (numbered as 2-3). In
the following stages (dotted arrow
between e and f) at the base of the
final bristle only three barbs are
shown (in the example shown in
f). BA barbs, BB basal barbs, BRG
barb ridge generation, CA
calamus, DP dermal papilla, DS
degenerating sheath, FBA forming
barbs, FO follicle, GCO germinal
collar, GRF new germ of the next
regenerating feather, /U inferior
umbilicus, NR naked rachis, R
rachis, RR rachidial ridge, RCO
ramogenic collar, S sheath

BRISTLE

anterior (dorsal) side. The process results in the production of
longer rami in the right side of the follicle (Fig. 7b1-d). In our
example, at maturity, the right barbs will, therefore, be longer
than the barbs located on the left side of the mature feather
(Fig. 7¢). The variations in the diameter of the papilla and
collar (not represented here, see Spearman and Hardy 1985;
Alibardi 2005a, details are shown in Alibardi 2009b, c) will
also affect the length of barbs. In this figure, the length of
formed barbs determines the wider span of the feather vane
(LBA in Fig. 7e) during mid anagen, and their decrease in
length by the end of anagen, before the calamus is formed.
The rate of production of barb ridges on the left side can be
higher in comparison to the rate on the right side in order to
form a final symmetric branching in the rachis (Prum and

Williamson 2001). The left or right displacement of the ventral
locus can be observed in the follicle of some asymmetric
feathers in the chick and zebra finch (Alibardi 2008, 2009b).
The molecular control that determines the shifting of the ven-
tral locus is not known.

In follicles of filoplumes (Fig. 8 shows a simplified sche-
matic image), some barb ridges are produced at the beginning
of anagen (only four barb ridges are represented in Fig. 8a) but
their production is rapidly reduced or terminated (Fig. 8b).
The hypothesized stop signal to the production of barb ridges
from the dermal papilla is unknown in molecular terms. The
collar epidermis continues to produce new cells that elongate
the rachis without giving rise to further ramifications (barbs;
Fig. 8c—¢). Continuing the complete or partial absence of barb
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ridges production (Alibardi 2008, 2009b, and unpublished
observations), the elongating and un-branched rachis forms a
filoplume in which only the tufts of apical barbs originally
formed are present (four barbs are represented in Fig. 8f).

In another type of small feathers, the bristles (Fig. 9 shows
a simplified schematic image), few or no barb ridges are
generated at the beginning of anagen, and only the rachidial
ridge grows (Fig. 9a, b; Alibardi 2008, 2009b, and
unpublished observations). This process of growth determines
the formation of an almost naked rachis of variable length.
Only later, the collar becomes ramogenic and the first barb
ridges are produced from the ventral locus (Fig. 9c—e). The
hypothesized start signal for the generation of barb ridges
remains to be shown in molecular terms. Continuing this pro-
cess, new barb ridges are generated in the collar during anagen,
and the result of this process is that the initially naked rachis now
shows a tuft of basal barbs (only three are shown in Fig. 9f).

As previously indicated for downfeathers, the cessation of
the formation of barb ridges and the accumulation of corneous
beta-proteins in the intermediate layer of the collar which
remains circular, determines the formation of the calamus
(Alibardi 2007b). The pulp epithelium around the pulp retracts
in successive phases forming a number of pulp cups of unclear
significance besides their likely role in forming a barrier to
water and microbial penetration into the follicle (see more
details in Lucas and Stettenheim 1972; Maderson and
Alibardi 2000; Alibardi 2009a; Maderson et al. 2009).

The dermal papilla and its role in feather
morphogenesis

The formation of feathers with varied shapes and dimension
depends on the activation of the epidermis of the collar under
the influence of the dermal papilla (Lucas and Stettenheim
1972; Chuong and Widelitz 1999; Chuong et al. 2003;
Widelitz et al. 2003; Maderson et al. 2009; Lin et al. 2013;
DiPoi and Milinkowitch 2016). The dermal papilla is neces-
sary for the regeneration of feathers, the formation and posi-
tion of a rachis, the orientation of feathers, and, therefore, the
specification of the feather morphotypes such as symmetric or
asymmetric contour feathers, bristles, filoplumes, and so forth
(Lucas and Stettenheim 1972; Spearman and Hardy 1985;
Chuong and Widelitz 1999; Widelitz et al. 2003). It is un-
known whether cells of the dermal papilla form specific
three-dimensional connections with epithelial cells in some
regions of the collar.

The modulation of the proliferative activity and barb
ridge production in the ramogenic collar, in conjunction
with the variation in diameter and size of the dermal papilla
during anagen, affects the size and length of barb ridges.
The growth of barb ridges by the addition of new cells
from the collar in a horizontal plane forms separate barbs
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(Figs. 3a—d, 5a—al). The dermal influence primarily affects
the size, length, and number of barb ridges produced from
the ventral side (or locus) of the feather. The dermis also
influences other processes in feather morphogenesis, such as
providing mechanical and nutritional support to the differen-
tiating and maturing barb and barbule cells.

In anagen, the dermal papilla is formed by a condensation
of small fibroblasts located between the lowermost cylindrical
(papillar) collar, and their density may vary in different pe-
riods of activity (Spearman and Hardy 1985; Matulionis 1970;
Alibardi 2011a). During anagen in the ramogenic zone where
barb ridges are forming, dermal cells penetrate between the
barb ridges and extend their length in order to contact most of
the epithelial cells of the marginal plate (Fig. 7S a, g). Three
main types of cell connections are formed between fibroblasts
and epithelial cells of barb ridges: anchoring junctions, intra-
cellular microvilli, and pinocytotic vescicles, that are formed
on the apposing cell membranes (Alibardi 2005a 2007a;
2011a; Fig. 7S). Anchoring filaments were also seen between
dermal cells and the matrix epithelium of the hair bulb
(Sugiyama et al. 1976), so that fibroblasts in the feather papilla
can communicate mechanical tension in addition to chemical
signaling to the epithelium of the marginal plates.

Direct cell-cell contacts between mesenchymal and epithe-
lial cells of the collar are seen in the dermal papilla and in the
rim of the papilla cells that extend into the ramogenic zone. In
the latter, where barb ridges are formed, the density of dermal
cells along the epithelium and the dermal-epidermal contacts
decreases while mesenchymal cells stretch along marginal
plates (Alibardi 2007a). The dermis from the ramogenic zone
is composed of loose cells of the pulp that appear as typical
fibroblasts with moderately developed rough endoplasmic
reticulum and surrounded by loosely arranged collagen fibrils
(Alibardi 2011a). The numerous anchoring filaments noticed
in the ramogenic region between epidermal cells of barb
ridges and mesenchymal cells suggest that dermal-epidermal
interactions here reflect a mechanical connection.

Molecules involved in barb ridge and rachis
formation

Dermal cells act by diffusible inductors or through cell-cell
contacts on the expression of specific signaling molecules in
the epithelium of the collar but also fibroblasts express various
gene products involved in pattern formation. It is believed that
the cyclical activation and inhibition of cells in the dermal
papilla influence the activity of the collar epithelium and even-
tually, the formation of barb ridges (Spearman and Hardy 1985;
Lin et al. 2006, 2013). However, the molecular mechanism that
translates a protein signal into the morphogenetic process of
formation of barb ridges, their specific pattern of formation,
and the origin of the specific feather shape remains unknown.
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Among other gene products, identified by PCR and in situ
localization of their transcripts or by the immunolocalization of
their coded proteins, Sonic hedgehog (Shh), bone morphogenet-
ic proteins (BMP-2 and 4), and Wingless integrated-6 (Wnt-6)
play a key role for the morphogenesis of feathers (Harris et al.
2002; Chuong et al. 2003; Chodankar et al. 2002; Widelitz et al.
2003; Yu et al. 2002; Yue et al. 2005, 2006; Lin et al. 2006,
2013; Dhouailly 2009).

Shh is expressed at its highest level in the epithelium of
marginal plates near the ramus zone of barb ridges and
decreases in the cells of the marginal plates located between
barb ridges where BMP2 is highly expressed, especially in
cells contacting the sheath (see arrows in Fig. 5b that indicates
the sites of higher expression). The transcripts from this gene
are later associated with the degeneration of marginal plate
cells, but the mechanism of degeneration is not known. This
expression in part overlaps with that for neural-cell adhesion
molecule (N-CAM, Fig. 5b) that is higher in axial plate cells
but disappears after the degeneration of marginal and
interbarbule supportive cells (Chuong and Edelman 1985a,
1985b). While the loss of barb vane ridge cells (violet in
Fig. 5b) allows the formation of the barbule branching, the
loss of marginal plate cells and of the sheath (yellow and light
blue in Fig. 5b) allows the formation of separate barbs.

BMP2 is also present in differentiating barb/barbule cells in
which also higher levels of L-CAM are present (Chuong and
Edelman 1985a, b; Fig. 5b). Therefore, the adhesion of
barbule cells to form barbule chains that later become separate
from supportive cells is somehow correlated with the differ-
entiation of keratinized cells (barb-barbule cells, L-CAM
positive) versus lipogenic cells (supportive cells, N-CAM pos-
itive) that later degenerate. N-CAM is also present in dermal
papilla cells associated with the epithelial cells of the collar
and it is also present in the stretched fibroblasts present
between barb ridges in the ramogenic zone (Fig. 7Sg), but this
protein disappears in pulp cells. It is likely that this adhesion
molecule may be involved in cell communication between
mesenchymal cells and collar epithelial cells, possibly by
cell-cell contacts.

Wnt-6, whose expression is related to cell proliferation and
growth, is evenly expressed in the epithelial cells of the ger-
minal collar, from which new cells are added to form barb
ridges. In barb ridges, Wnt-6 is particularly expressed in the
ramus region where most cell divisions are located for the
increase in the dimension of barb ridges (Fig. 5b). This region
is considered an initial grow zone for barb ridges (Chodankar
et al. 2002; Yu et al. 2004). This pattern, however, shifts at
later stages when the growth zones cease to be a proliferation
center and become the zone where the ramus forms. Wnt-6
expression remains associated with the differentiating and
elongating barbule cells and with the rami (Fig. 5b) and, there-
fore, with the formation of long barbs in feathers. The above-
mentioned studies have indicated that the combined effect of

all these molecules is the production of multiple barb
ridges with no fusion into a rachis, as it is typical for natal
downfeathers.

The formation of pennaceous feathers requires the presence
of a gradient with a dorsal-ventral orientation and is connected to
the shift of the ring of stem cells from the horizontal plane in
natal downfeathers to an oblique plane in pennaceous feathers
(Yue et al. 2005; Lin et al. 2006; Fig. 5a, ¢). The variation in the
location of stem cells probably determines a more rapid differ-
entiation for the derived amplifying cells located in the transi-
tional area (TA in Fig. 5c3) of the posterior (ventral) part of the
collar. It is in this area along the collar where new barb ridges
start to form (the ventral locus), and then elongate along an
apparently tilted ramogenic plane to merge in the anterior
(dorsal) area of the collar where the rachis is formed (Fig. 5c-c2).

The combined expression of Wnt-6, BMP-2, Shh, and other
genes within the dermal papilla and collar (Fig. 5b) somehow
creates the dorsal-ventral (anterior-posterior) gradient respon-
sible for the origin of the rachis (Yue et al. 2006; Lin et al.
2013). In regenerating feathers, Wnt-3 gives rise to a gradient
along the follicle collar that is absent in natal downfeathers.
This molecule is located in the epithelial cells of the collar and
in dermal papilla cells, and its higher expression is present in
the dorsal (anterior) side of the follicle where the rachis is
formed while the lower expression is present in the ventral
(posterior) locus where new barb ridges are formed (Yue
et al. 2006; Fig. 5c1). The higher expression of Wnt-3 in the
dermal cells near the dorsal locus somehow determines the
fusion of barb ridges toward the region of its higher concen-
tration, the rachidial ridge. Also BMP-4 and -2, with the
highest site of expression in the mesenchyme of the dorsal
locus (Fig. 5c1), promote rachis formation and its enlargement
favoring barb ridge fusion.

Noggin and Shh are expressed at higher levels in the mes-
enchyme close to the ventral locus (Fig. 5cl), and these pro-
teins induce barb ridges formation. This pattern of expression
persists through most of the anagen phase, when a number of
barb ridges are produced. Noggin determines rachis reduction
as its experimental over-expression generates multiple and
smaller rachises. In symmetric pennaceous feathers (Fig. 6),
Wnt-6 may become more concentrated in the germinal collar
of the ventral locus, contributing to the continuous supply of
cells utilized for the formation of barb ridges (Yue et al. 2005;
Lin et al. 2006). The recruitment of cells for barb ridges
formation is similar on both sides of the ventral locus so that
barb ridges have similar dimension (Fig. 6). Wnt-3 and BMP
may be more concentrated in the dorsal (anterior) side of the
follicle where the rachis is formed (Fig. 5c1).

In case of asymmetrical feathers, longer rami, showed on
the right side in Fig. 7, may derive from either the recruitment
of more cells from the collar or from an increased cell elon-
gation with respect to the opposite barb ridge. Wnt-6 or other
proliferation-related genes may be differentially activated in
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the right versus the left side of the collar, and the increased
protein production may eventually generate longer barb
ridges.

Other molecular mechanisms acting on the temporal vari-
ation of the production of barb ridges during anagen may be
involved in the production of peculiar feathers, such as
filoplumes and bristles. Whereas in most anagen of asymmet-
rical feathers, the molecular gradients (Wnt-3 and BMP versus
Noggin, Fig. 5c1) are maintained, the inactivation of these
gradients may determine the termination of the ramogenic
activity and the disappearance of the rachis that is replaced
by the formation of a naked rachis or a calamus. In the follicle
of filoplumes, the above-mentioned Wnt3-BMP versus
Noggin-Shh gradients may be initially present so that a
branched rachis is formed. After a certain number of barb
ridges have been produced (four schematically indicated in
Fig. 8a, b), the dermal papilla cells change their activity and,
therefore, the former gradient is altered and no more barb
ridges are produced from the collar. The permanence of a
rachidial ridge may be favored by an increase of the level of
BMP from dermal and collar cells that somehow enhance the
fusion of barb ridges into a rachis in the anterior (dorsal) side
of the follicle. Otherwise, the complete inhibition of Noggin
(and Shh) expression along the collar may determine the
absence of barb ridges production from the ventral locus in
the remaining anagen period of filoplumes (Fig. 8b—f).
Finally, in follicles of bristles, Wnt/Noggin expression may
be absent at the beginning of anagen while only BMP may
be present along most of the collar. This condition may deter-
mine the formation of a large rachis while barb ridges forma-
tion is blocked or their fusion into a rachis is very accentuated.
This process results in a compact rachis with no ramification
during the first part of anagen (Fig. 9a—c). The formation of
the typical Wnt-BMP versus Noggin-Shh gradient in a later
phase of anagen, controlled by a variation in cell induction
from the dermal papilla, may determine the setting of the
gradient with an increase in Noggin expression in the ventral
locus. This mechanism may give origin to barb ridges from
the ventral locus and the formation of barbs in the lower part
of the rachis at later phases of anagen (Fig. 9c—f). Despite the
above-mentioned information and hypotheses, the translation
of the gene expression into the three-dimensional morphoge-
netic process forming natal downfeathers and various types of
pennaceous feathers remains presently unexplained.

Feather evolution and final considerations

Previous hypotheses on feather evolution favor the tubular
origin of feathers from conical skin appendages indicated as
proto-feathers (Prum 1999; Brush 2000; Chuong et al. 2000;
Prum and Brush 2002; O’Connors et al. 2012). The present,
general hypothesis illustrated in Fig. 10 is based on the
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histological and ultrastructural analyses of barb ridge morpho-
genesis in both downfeathers and regenerating feathers, and
emphasizes the role of supportive cells on the morphogenesis
of barb ridges as a key feature for the evolution of feathers,
especially for the origin of the barbule ramification (see details
in Alibardi 2005b, 2006a, 2007b; 2009¢; Alibardi and Toni
2008). These ultrastructural and immunocytochemical studies
have indicated that supportive and barb/barbule cells derive
from the expansion of the second and of the third embryonic
layer, respectively, formed in the feather filament (Sawyer et al.
2005; Alibardi 2006b; Alibardi et al. 2006; Strasser et al. 2014;
Fig. 3b—d). The present hypothesis considers that the sequence
of development of modern feathers recapitulates their progres-
sive steps in evolution, from simple to complex, therefore from
feather filaments to downy feathers, and later to pennaceous
feathers (Prum and Brush 2002; O’Connors et al. 2012).

Previous hypotheses considered successive stages of feather
evolution in terms of a progressive complexity of the branching
pattern (stages 2, 3, 4 according to Prum 1999; Brush 2000;
Chuong et al. 2000; O’Connors et al. 2012). The present hy-
pothesis instead indicates that barbule branching is not neces-
sarily a successive stage of un-branched barbs but a variation in
the pattern of the branching of barb ridges that might have
occurred at the same time during evolution. This means that
branched stages with numerous barbules (e.g., stages 3-5 ac-
cording to Prum 1999) are not necessarily successive to less
branched stages made only of barbs (stages 2—3 according to
Prum 1999). In fact, the formation of branched or un-branched
barbs depends on the interactions between supportive and
barb/barbule cells, and the pattern of interactions gives rise to
different shapes of barb ridges and later of barb ramifica-
tion (see details in Alibardi 2006a, b; 2009¢).

In the Mesozoic archosaurians like theropods, skin deriva-
tives varied from flat to tuberculate scales but also short fila-
ments have been found in the fossil record (Maderson 1972b;
Griffihs, 1998; Martin and Czerkas 2000; Sumida and Brochu
2000; Coria and Chiappe 2007; McKellar et al. 2011). We
hypothesize here that the number of CbetaPs necessary to
make this relatively limited variety of appendages was proba-
bly not higher than 2040, as in lizard (Dalla Valle et al. 2010),
or 20-21 as in crocodilians (Greenwold and Sawyer 2013), or
3040 beta-proteins present in chick scales, claws, and beaks
(Figs. 1S, 10, n. 1-5). The plastic genome of avian archosaurs
likely underwent dramatic changes when hair-like scale deri-
vations or filamentous appendages evolved in the avian line-
age in association with other anatomical features of birds that
allowed these archosaurians to evolve homeothermy and later
flight (Hillenius and Ruben 2004; Fig. 10, n. 6-7). Over 100
small FCbetaPs of 97-105 amino acids (feather beta-keratins)
were produced in the Epidermal Differentiation Complex
locus (EDC), in conjunction with the evolution of genes or-
chestrating the morphogenesis of barb ridges (Fig. 10, n. 8-9).
These genes were probably present in the scaled archosaurian
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Fig. 10 Schematic representation of feather evolution from a scaled
integument of basal archosaurians (/). The embryonic epidermis (2) can
activate genes for scale (blue), beak (purple), or claw (pink) beta-proteins
in different regions (3—5). From a tuberculate scale (6), a cone-shaped
appendage without dermal core (7) became more elongated and was later
colonized by a vascular mesenchymal core (MC in yellow, &). One or
more barb ridges (BR in red) were formed producing separate barbs that
gave rise to downfeathers (9). The further elaboration of a barb ridge
(seen frontally in /0 and /3 and // and /4 in cross-section) was due to
the different three-dimensional association between supportive cells (SC)

epidermis before feather emerged, but only the shorter feather
beta-proteins, devoid of the glycine-rich tail (Fig. 2S, 3S),
were used in these filamentous appendages. After the process
of barb ridge morphogenesis evolved through the interaction
between supportive cells and barb-barbule cells (see details in
Alibardi 2005b; 2006 a, b, c; b; 2009c¢), different cell arrange-
ments and barbule branchings were possibly generated and
required more types of FCbetaPs. With the origin of a

5
asymmetric and
flight feathers

28% 29

filoplume

3
bristle

32

and barb-barbule cells (in green), and produced naked (/2) and other
forms of barb ramification (/0—-22). The hypothetic alternate (/9) and
raceme (22) branching is absent in modern barbs, which are mostly
symmetric and planar branched (/5). When barb ridges merged
according to different patterns into a rachis (cross-sections in 23, 26, 27,
29, 30, 32), different types of pennaceous feathers evolved. Among
others, only the asymmetric type (25) allowed flight in conjunction to
other characteristics that evolved in birds. BA basal epidermis, BE
suprabasal beta-keratinocytes, P/ outer periderm, P2 inner periderm,
RC rachis, SP subperiderm layer

calamus, axial rachis, hook barbules, and juvenile and adult
feather types (Fig. 10, n. 10-32), the number of genes coding
for the specialized beta-proteins of feathers further increased
(Fig. 3S). Also other corneous proteins, different from both
alpha-keratins and beta-proteins, evolved within the EDC of
birds (Vanhoutteghem et al. 2008; Strasser et al. 2014, 2015;
Mlitz et al. 2014), but their role in feather cornfication is not
known yet. Feathers evolved as peculiar branched horny
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appendages from skin tubercles of archosaurian reptiles that
covered the integument of theropods and early birds, probably
in relation to homeothermy and/or behavioral display (Martin
and Czerkas 2000).

The archosaurian scaled integument in which finger tips
were modified into claws, initially expressed genes coding
for scale, claw, and beak beta-proteins, and these proteins
contained long-tail regions rich in glycine-repeats and tyro-
sines (scale-claws KAbetaPs, Fig. 10, n. 1-5). Perhaps other
genes produced also shorter beta-proteins devoid of the tail
region and containing a feather epitope, that were used in
corneocytes of coniform scales or in elongated cells of
piliform appendages (proto-feathers, Fig. 10, n. 6-7).

The piliform appendages became hollowed, and were col-
onized by the mesenchyme and blood vessels so that a new
morphogenetic process forming one or more epidermal folds
or barb ridges were established (Fig. 10, n. 8-9; see Alibardi
2009c). It was the innovation and elaboration of the morpho-
genesis of barb ridges and the origin and redistribution of
supportive and feather cells that produced diverse types of
barbule branching, from rami with no branches (naked) to
complex branches like those found in Mesozoic and modern
feathers (Fig. 10, n. 10-22). However, the association between
barbule and supportive cells might have created other, uncom-
mon forms of barbule ramifications, such as the alternate
(Fig. 10, n. 19) or racemic (Fig. 10, n. 22) barbs, that were
likely eliminated by natural selection in favor of the classical
types. Therefore, although naked barbs are the simplest struc-
tures, also branched barbs could be generated at the same time
in evolution by the different association between supportive
and barb/barbule cells within barb ridges. Only later, after the
ramogenic plane moved from a horizontal to a tilted orienta-
tion, barb ridges merged to originate a rachis (Fig. 10, n. 23).
Some specialized feathers became planar and were utilized for
contour, display, insulation, mechanical protection, and a few
types (asymmetric pennaceous) with a planar vane were even-
tually utilized for flight (Fig. 10, n. 24-32).

Final remarks and future directions

The next studies on feather formation should analyze the spe-
cific gene regulation for the rapid production of FCbetaPs
(feather keratins), and their polymerization in association with
other proteins of the EDC present in feather cells (Calvaresi
et al. 2016). The knowledge of the timing and tissue expres-
sion of numerous FCbetaP genes would allow to correlate the
feather shape with specific proteins that accumulate in the
rachis, calamus, and barbs, the basis for understanding the
different biomechanical properties of feathers (Bonser and
Purslow 1998; Pabisch et al. 2010). However, the mechanism
of translation of the messages originated from the dermal
papilla and sent to the collar epidermis that activates the
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specific pattern of barb ridges formation responsible for pro-
ducing the enormous variety of feather types, remains the
main challenge to be elucidated in feather biology.
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