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Flight necessitates that the feather rachis is extremely tough and light. Yet, the crucial filamentous hier-
archy of the rachis is unknown—study hindered by the tight chemical bonding between the filaments and
matrix. We used novel microbial biodegradation to delineate the fibres of the rachidial cortex in situ. It
revealed the thickest keratin filaments known to date (factor >10), approximately 6 wm thick, extending
predominantly axially but with a small outer circumferential component. Near-periodic thickened nodes
of the fibres are staggered with those in adjacent fibres in two- and three-dimensional planes, creating a
fibre—matrix texture with high attributes for crack stopping and resistance to transverse cutting. Close
association of the fibre layer with the underlying ‘spongy’ medulloid pith indicates the potential for
higher buckling loads and greater elastic recoil. Strikingly, the fibres are similar in dimensions and
form to the free filaments of the feather vane and plumulaceous and embryonic down, the syncitial bar-
bules, but, identified for the first time in 140+ years of study in a new location—as a major structural
component of the rachis. Early in feather evolution, syncitial barbules were consolidated in a robust
central rachis, definitively characterizing the avian lineage of keratin.
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1. INTRODUCTION

The feather is an extraordinary device and among the
most prominent of a series of adaptations that facilitates
flight in birds. The main structural support is the
rachis, which is symmetrically located in contour feathers
but nearer the leading edge (asymmetrical) in flight feath-
ers. The cortex of the feather comprises the bulk of the
material of the rachis and has been shown to account
for most of its tensile strength (Purslow & Vincent
1978). It is constructed of compact B keratin, the keratin
of reptiles and birds (sauropsids), a light, rigid material
(Fraser & Parry 2008). However, besides the fine micro-
fibrils and fibrils of the rachis (Filshie & Rogers 1962),
we know little of the gross keratin fibrous structure of
the rachis and consequently of how it contributes to
extreme mechanical strength and flexibility.

Absence of structural data in feather keratin is
undoubtedly a consequence of the tight bond between
the polymeric filaments of keratin and the amorphous
polymer matrix (Filshie & Rogers 1962; Rudall 1968).
Attempts to section and freeze-fracture the rachidial
cortex in feathers to reveal higher structural organization
have proved unsuccessful (analogous to physically trying
to recover individual matchsticks after they had been
super-glued together into a bundle—sectioning would
merely show the internal fibrils of the matchsticks).
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X-ray diffraction analysis has been useful with respect to
molecular structure and fibril angles (Rudall 1968;
Fraser er al. 1971) but has produced no data on gross
hierarchical structure and morphology of the filaments.
The objective of our study was to obtain information
on the filamentous structure of the feather rachis. We
believed this would be a key to answers on feather biome-
chanics, namely how structure may contribute to extreme
strength. However, in order to accomplish this, we had to
find a means to get around the almost inextricable bond-
ing between the filamentous and matrix texture of feather
keratin. Although biodegradation of plant and animal
tissue after maceration and or chemical extraction has
become increasingly important over the past decade in
industrial applications (Martinez-Hernandez et al. 2005;
Kersten & Cullen 2007; Ander & Eriksson 2008;
Marcondes er al. 2008)—it had never been used as an
investigative tool before. We use a natural microbial
fauna for the first time in selective biodegradation in
order to circumvent the limits of conventional structure-
determination methods. Our strategy was simple and
involved allowing the naturally occurring keratinophilic
fungal genera in birds (Dixit & Kushwaha 1991;
Deshmukh 2004; Kushwaha & Gupta 2004) to biode-
grade the keratin matrix. We anticipated the possibility
of selective biodegradation occurring on the basis of the
two general classes of proteins present in keratin, a
high-sulphur fraction of the amorphous matrix (derived
from the sulphur—sulphur cross-links that keep the
fibres intact) and a low sulphur fraction of the microfibril-
lar component. Although these fractions were determined
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Figure 1. SEM of fibres (syncitial barbules) in the cortex of feather rachis of Gallus gallus exposed after fungal biodegradation of
matrix (resin embedded and etched). All fibres show regularly spaced syncitial nodes that extend in the proximo-distal direction
of the rachis (vertical arrow on the right). The syncitial nodes show variations in morphology, terminating in hooks (arrow;
details in figure 2a) or a ring (arrowhead), while others are intermediate between the two. Fibres are densely packed through
the cortex (curved arrow) and indicate that the nodes are staggered in arrangement on two- and three-dimensional planes.
Inset, detail. Also see the electronic supplementary material, figures S1 and S2. Scale bar, 10 pm.

on « keratins (Alexander & Earland 1950; Gillespie ez al.
1968; Lindley & Cranston 1974), we believed, as implied
by some workers (Wainwright ez al. 1976), that the frac-
tions might be similar in B keratins. We mention in
parentheses subsequent research (Eckhart er al. 2008)
that shows that cysteine-rich « keratins are not restricted
to mammals and that the evolution of mammalian hair
may have involved the cooption of pre-existing structural
proteins (lizards and birds) and, interestingly, that in the
keratins in lizard claws there were sulphur—sulphur
bonds unrelated to mammalian counterparts.

2. MATERIAL AND METHODS

(a) Biodegradation of feathers

Feathers were allowed to biodegrade on five domestic
chickens, Gallus gallus, in the laboratory at normal room
temperature (22-30°C) and humidity (50-70%) after
removal of flesh underlying the skin as well as the internal
organs (similar to taxidermy preparation). For the first few
weeks, the specimens were placed in a fume cupboard pro-
vided with an intermittent extractor fan after which the fan
was turned off. Feather biodegradation was slow. After the
first year, the feathers along the wing bones, sternum, legs
and back still looked in a good state besides discoloration.
Examination of a selection of feathers by standard polarizing
light microscopy (x1000; Zeiss Axiophot light microscope
with differential interference contrast) showed few signs of
structural degradation. After 18 months decomposition and
over a further period of six months, feathers from the wing
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and breast areas were examined by scanning electron
microscope (SEM) (LEO 1450).

(b) yYRNA analysis of fungi present on the

delineated fibres

Fungal hyphae and spores, evident in all biodegraded feather
sections of G. gallus, were cultured. The recovered species of
fungi were identified by rRNA sequence analysis (for com-
plete details of material and methods, see the electronic
supplementary material).

3. RESULTS

(a) Morphology and structure of 3-keratogenic
tissues of the feather rachis

Fungi preferentially degraded the amorphous keratin
matrix. Selective biodegradation of the keratin matrix
occurred in samples of feather rachis (indistinguishable
between plumulaceous and flight feathers) through the
entire depth of the rachidial cortex and left the ‘fibres’
cleanly exposed. SEM reveals for the first time densely
packed, predominantly axially oriented filaments with an
average diameter of approximately 6 pm, the thickest by
far recorded in the structural elaboration of any form of
keratin by a magnitude greater than 10 (figures 1 and 2,
electronic supplementary material, figures S1 and S2).
We also show for the first time SEM images of identical
filaments circumferentially oriented in superficial layers
of the cortex, approximately 15 per cent of the total
depth of filaments in the cortex (figure 3). From a mor-
phological and biomechanical perspective, both the axial
and circumferential filaments are designated as fibres
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Figure 2. SEM of feather rachidial (cortex) fibres (syncitial barbules). (a,b) Biodegraded fibres of Gallus gallus (resin
embedded and etched). (a) A detail showing fibres, syncitial nodes and macrofibrils; arrows and arrowheads show hooked
and ringed terminations of nodes, respectively. (b) Group of fibres seen in cross section; the thicker cross sections indicate
proximity to the syncitial nodes; arrows show macrofibrils. (¢)—(e) Non-biodegraded rachidial fibres. (¢) Gallus gallus, showing
ringed nodes (arrow). (d) Fibres of Falco tinnunculus showing two morphologies of syncitial nodes, hook (arrows) and ring
(arrowhead), and component macrofibrils. (¢) Fibres of Falco peregrinus. The fibre surface is partially stripped, showing the
component macrofibrils (diameter approx. 400-500 nm); part of the syncitial node remains (double-headed arrow).
(f) Fibres of taxidermy specimen of Falco biarmicus (Durban Museum, dated 1966, accession no. 479) with matrix degraded
and somewhat superficially degraded but intact fibres. (a,c,d) Scale bar, 5 pm; (b) 1 pm; (e,f) 2 pm.

(a specific term not to be used generally to mean filaments),
which can be separated into thick fibrils or megafibrils
down to the finest fibrils including the protofibrils.
Macrofibrils, next down in the hierarchy of feather kera-
tin, range in diameter from approximately 300—500 nm
(figure 2; electronic supplementary material, figure S2b6)
(comparable to the thickest filaments noted in mammalian
keratin; McKinnon 2006) and below them are fibrils
approximately 100 nm thick (electronic supplementary
material, figure S2¢). Other authors mentioned here
describe the finer fibrils.

The fine detail exposed by fungal biodegradation
(seen graphically in figure 4a) has enabled observation
of the most striking and highly unexpected feature of
the fibres—nearly periodic nodes at intervals of approxi-
mately 70 um along the entire length of each fibre
(figure 1; electronic supplementary material, figure S1
and table S2). Each node terminates in hooks or as a
ring (figures 1 and 2a,d, arrows and arrowheads,
respectively). In both features, they resemble structures
observed in embryonic and plumulaceous down filaments
(Chandler 1916; Lucas & Stettenheim 1972) (figure 45).
The fibres also compare closely with down filaments in
thickness, in subdivision of filaments into megafibrils
(figures 2 and 4b (inset) and electronic supplementary
material, figure S2a,b) and in spacing of the nodes
along the filaments (electronic supplementary material,
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table S2). The nodes in adjacent fibres are staggered in
both two- and three-dimensional planes.

The exquisite detail of the fibres seen after biodegrada-
tion of the matrix can perhaps be better appreciated when
compared with a partially degraded part of the rachis
(figure 3) where a substantial amount of the matrix was
not biodegraded, presenting a graphic view of the fibre—
matrix texture for the first time. Calculations from SEM
images of ‘holes’ left in the matrix by the fibres
(figure 3) reveal that they occupy 68.5 per cent of the
keratin fibre—matrix texture (electronic supplementary
material, material and methods), similar to the micro-
fibrillar proportion suggested by chemical analysis of
«a keratin (Alexander & Earland 1950). In figure 5a, we
present a schematic view of the fibres, in figure 5b the
probable structures biodegraded in the amorphous
matrix and in figure 5¢ approximate thickness of the
structural components of the rachis.

Making comparisons with non-biodegraded feather
rachises was obviously extremely difficult because of the
tightly bonded filaments and matrix but was achieved
through perseverance after numerous sections, if some-
what ragged, armed with our hindsight knowledge from
the biodegradation experiments (see the electronic sup-
plementary material, material and methods). A fibre
diameter of approximately 6 pm was found to be rather
constant in a number of bird species investigated
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Figure 3. SEM of biodegraded feather rachis of Gallus gallus (resin embedded and etched). Circumferential fibres (syncitial
barbules), identical to the longitudinal fibres (see below in the figure), wound round the outer ‘layers’ of the rachidial
cortex. The matrix is partially degraded and shows the honeycomb-like structure in which the fibres are embedded in life
(small arrows). Detail shows fibres, comparable to steel rebars in concrete (see text). Arrow shows long axis of rachis. Scale
bar, 10 pm.

al

Figure 4. SEM of fibres (syncitial barbules). (@) Gallus gallus. Rachidial (cortex) fibres and fungal hyphae and spores (detail in
the electronic supplementary material, figure S1). (b) Free syncitial barbules (similar to rachidial cortex fibres) from the downy
part of a pennaceous feather of Falco peregrinus. Arrows show both ringed and hooked terminations of the syncitial nodes.
Inset shows the megafibrils of the fibres (cf. figure 4a and electronic supplementary material, figure S2). (a) Scale bar,
2 wm and (b) 10 pm.

i.e. G. gallus, rock kestrel (Falco tinnunculus) (figure 2¢,d, falcon (Falco biarmicus, museum taxidermy specimen)
respectively; electronic supplementary material, figure S3a,b, (figure 2e,f, respectively).

respectively), scarlet ibis (Eudocimus rubber), helmeted The medulloid cells of the rachidial pith are distribu-
guinea fowl (Numida meleagris), whitefaced owl (Outs ted internal to the rachidial cortex (figure 5a,c) and
leucoris) (electronic supplementary material, figure S4a—c, comprise large, central gas-filled vacuoles. We show
respectively), peregrine falcon (Falco peregrinus) and lanner (electronic supplementary material, figure S6) that the
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Figure 5. A schematic view of the three major structural components of the feather rachis. (a) (i) superficial layers of *fibres, the
ultimate size-class in the hierarchy of feather keratin filaments (approx. 6 pm diameter), wound circumferentially round
the rachis. (ii) The majority of the fibres extending parallel to the rachidial axis and through the depth of the cortex. Part
of the section is peeled back to show why the fibres and even megafibrils are not usually recognized in histological sectioning,
but rather only fibrils lower down the hierarchy (based on the electronic supplementary material, figure S2¢). Any longitudinal
section along the line of the arrows or at any point along the height of the fibre other than at the fibre surface (arrowheads) will
fail to show the fibre. (iii) It shows the medulloid pith comprising gas-filled polyhedral structures (based on SEM images, elec-
tronic supplementary material, figures S5 and S6). Inset, part of a steel rebar with nodes, used in engineering technology to
reinforce high-rise structures, analogous to rachidial fibres. (b) Schematic cross section of fibres and biodegraded ‘matrix’:
(i) fibres; (ii) residual cytosol of keratinocytes presumably housing effete organelles and perhaps cytoskeletal elements—all
degraded along with corneous envelope; (iii) interdigitating plasma membrane of the original keratinocytes with associated cor-
neous envelope proteins. (¢) A schematic three-dimensional cross section of the rachis showing approximate thickness (based
on SEMs) of the three keratin layers comprising, (i) circumferential and (ii) longitudinal fibres of the cortex and (iii) polyhedra

of medulloid pith. Asterisk denotes homologous with syncitial barbules.

multicellular mass of the medulloid pith still holds
together and is tightly integrated with the cortex after
3 years biodegradation.

To summarize the results, the fibres of the feather rachis (i)
are the thickest keratin filaments known (46 pm); (ii) pos-
sess significantly thickened nodes (>25%) which (iii) occur
near periodically, (iv) and are staggered in adjacent fibres;
(v) occur predominantly axially but; (vi) include a small
but important outer circumferential component; and (vii)
are closely juxtaposed with the medulloid pith (electronic
supplementary material, figure S6).

(b) Phenotypic characterization of fungi—rRNA
sequence analysis

The genomic DNA analysis displayed 99 per cent
sequence identity with the fungi Alternaria arborescens,
A. citri, A. alternata and A. tenuwissima (cf. Marcondes
et al. 2008; other fungi and details in the electronic
supplementary material, material and methods).

4. DISCUSSION

(a) Morphology of 3-keratogenic tissues of

the feather

Classical histological studies, recently enhanced by TEM
analysis of barb differentiation, recognized three distinct
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cellular morphologies of p-keratogenic tissues of the
feather (Alibardi 2007a,b): (i) a very flattened, proximo-
distally (with reference to the feather) elongated form
that characterizes the outer cortex (epicortex) of the
rachis and of the barb rami (epitheloid cells)—not
considered any further here; (ii) a cylindrical form,
elongated proximo-distally, which characterizes the bar-
bules and down feathers—syncitial barbule cells—the
main focus here, and (iii) a polyhedral form, whose axes
lack obvious spatial relation to feather axes, which charac-
terizes the medulloid pith that is unique to the rachis and
barb rami—mentioned here only functionally (Alibardi
2002; reviewed in Maderson ez al. 2009).

1) Syncitial barbule cells of the feather rachis

The heretofore known location of syncitial barbule cells is
as barbules attached to barbs (Nitzsch 1867; Chandler
1916), which function to maintain vane integrity
(figure 5a); barbules forming the plumulaceous (downy)
portions of contour feathers (figure 454); and barbules in
embryonic down (Chandler 1916), which function to
keep the barbs apart (Stettenheim 2000). The new
location of syncitial barbules—in the feather rachidial
cortex—had not been identified in 140+ years of study
(Nitzsch 1867; Maderson 1972)—understandably
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because it is the only instance where they occur not as free
cells but tightly bonded with the keratin matrix. We shall
refer to syncitial barbules when applied to their occur-
rence in the rachis, as fibres, a term that will better
explain their structural and mechanical qualities; in all
other cases, the term syncitial barbule prevails, bearing
in mind their homology. The biological roles of the
fibres are emergent properties of (i) tissue organization;
(ii) increased relative mass at successive disto-proximal
levels; and (iii) juxtapositioning to the medulloid tissues
to which they adhere. Structurally, the importance of
the fibres is implicit given that they form the bulk
(approx. two-thirds) of the physical and chemical
makeup of the rachis, as B-keratin bundles, and that flex-
ural stiffness has been found to be largely controlled by
the morphology of the cortical region (Purslow & Vincent
1978; Bonser 1996) (figure 5).

(b) Biomechanical implications of the

rachidial fibres (cortex)

Both the newly emergent feather and the mature feather
must transmit muscular force to undertake aerodynamic
activity. The rachis of the feather can be regarded as a
fibrous composite material, consisting of long fibres (con-
tributing stiffness and strength) bonded by an amorphous
matrix. Increased mass of fibres of the rachis in the thicker
dorsal wall (also enhanced by cortical ridges; figure 5a,
electronic supplementary material, figure S5, arrows),
and proximally, give more distal portions of the feather
greater flexibility. Feather shafts may be expected to
buckle at lower bending moments iz vivo (because of
low tapering of rachis, i.e. high ratio of rachis height to
diameter) than those measured in four-point bending
(Corning & Biewener 1998). However, tight integration
of the rachidial cortex with the medulloid pith (compact
keratin (fibre—matrix texture) approximately 100 times
stiffer than the medullary foam (Bonser 1996);
figure 5a,c; electronic supplementary material, figures S5
and S6) may function to delay the onset of buckling
under compressive loading by transference of tensile
stresses from the cortical layer and absorption of the
energy by the medulloid pith (Bonser 2001).

At present, we have little understanding regarding the
nature of loads on the feather rachis during flight, apart
from some uniaxial strain gauge measurements in the
pigeon (Corning & Biewener 1998). We consider that
predominant axial orientation of the fibres maximizes
flexural rigidity while minimizing wing inertia and drag
(Bonser & Purslow 1995; Cameron et al. 2003). It is
equally possible that it is an adaptation to allow torsion
of the asymmetric feather vane (Ennos 1995), because a
composite with unidirectional fibres tends to have a
lower torsional stiffness. This raises the question of the
apparent lack of obvious keratinous cross-links for resist-
ing excessive torsion. Crucially, we show fibres wound
8-10 fibres deep (approx. 15% of cortical depth)
around the circumference of the rachidial cortex
(approx. 60—70° to the rachidial long axis) (figure 3),
directions consistent with X-ray diffraction analyses of
fibrils (Astbury & Bell 1939; Earland er al. 1962;
Busson ez al. 1999). They indicate the presence of an ani-
sotropic fibrous structure. Despite the relatively thin
circumferential layer, we believe that it would be
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significant enough to control the hoop and longitudinal
stresses (comparable to a thin-walled pressure cylinder)
and prevent ovalization of the rachis.

Three characteristics of the fibres are of especial sig-
nificance: (i) the highly thickened fibres, further
enhanced by near-periodic thickened nodes (>25%, elec-
tronic supplementary material, table S2), may explain
why measurements of cutting energies are approximately
three times higher transversely than axially (Bonser et al.
2004); (ii) syncitial nodes are staggered in both two-
and three-dimensional planes (figure 1; electronic
supplementary material, figure S1), comparable to a
‘brick and mortar’ structure, increasing resistance to frac-
ture, specifically the propagation of a crack (Ashby ez al.
1995); and (iii) syncitial nodes function to prevent
‘pull-out’ of the fibres from the surrounding matrix and
improve the transmission of forces, analogous in structure
and function to steel rebars used in high-rise building
construction (Santos et al. 2007; figure 5a, inset).

(¢) Developmental and evolutionary implications
Although we anticipated a higher structural hierarchy of
keratin filaments of the feather rachis than previously
known, we could not have conceptualized that the dis-
covery would involve syncitial barbule cells. Existing
knowledge is of a basic mode of avian keratinization, i.e.
columnar syncitial cells used in key feather structures—
barbules in feather venation, barbules in the downy
portions of contour feathers and barbules in embryonic
down. Our study completes the picture with barbules as
a major component of the rachidial cortex and, probably,
the most critical usage—construction of a robust feather
shaft. This remarkable variation in the usage of the synci-
tial barbule cells in both the embryonic and mature
feather suggests that the material properties of feather
keratin are constrained in an evolutionary sense by a
highly conserved molecular structure of (3 keratins, con-
sidered a plesiomorphic feature of the archosaurian
ancestor of crocodilians and birds (Sawyer & Knapp
2003), but nevertheless capable of forming diverse
structural elements.

The present study raises as many questions as are
answered. Incumbent on selective biodegradation was
anticipation of a high sulphur content of the matrix, as
shown in mammalian o keratins (Alexander & Earland
1950; Gillespie er al. 1968; Lindley & Cranston 1974).
Selective biodegradation has certainly occurred and
raises the question of the possible similarity of the
B-keratin matrix of the feather with that of the « keratins
of mammals, supporting recent proposals (reviewed in
Bragulla & Homberger 2009) that the [ keratins
of sauropsid hard-cornified tissues resemble the non-
filamentous KFAPs of mammals (i.e. ‘matrix proteins’).
Here, selective biodegradation of feather keratin suggests,
as suspected (Bragulla & Homberger 2009) that the
matrix and filamentous components of sauropsid hard
cornified tissues have perhaps far less in common than
previously thought and despite being tightly bonded
together, retain distinctive chemical and molecular
structures. Our use of microbial biodegradation as an
investigative tool, although pioneering and considered
‘clever’ by two anonymous reviewers of this paper, which
we gratefully acknowledge, was long overdue and, with
fine-tuning (electronic supplementary material, material
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and methods), may be used to investigate other cornified
tissue, whose microstructures are notoriously difficult
to study.

The study raises perhaps the most controversial ques-
tion with respect to the evolution and developmental
biology of the feather. Biomechanical reasons for syncitial
barbules being incorporated in the feather rachis seem
clear but, from an evolutionary perspective, pivotally—
when did it happen? In feather evolution, the classical
model is that feathers evolved from reptilian scales
(Maderson 1972)—that a basic rachis would have
formed first (with the potential for differentiation into
other feather parts; Stettenheim 2000), then barbs and
finally barbules. An alternative hypothesis is that barbs
form first during development, and the rachis, a special-
ized form of fused barbs, appeared later as an
evolutionary novelty (Prum 1999; Yu et al. 2002). This
view has been closely linked with the contentious alle-
gations of ‘protofeathers’ in the Chinese dinosaurs
(e.g. Xu er al. 2001, 2009; Feduccia et al. 2005;
Lingham-Soliar et al. 2007. Lingham-Soliar in press).
The present discovery of barbules comprising the
filamentous structure of the rachis adds a new key com-
ponent to the controversial subject of feather evolution
and raises important questions, which we hope will prove
stimulating to both sides of the debate and, not least, in
other aspects of feather structural and developmental
biology.

T.L.-S. designed the study, conducted the experiments and
analyses, and wrote the paper. R.H.C.B. aided
biomechanical qualitative analyses of the findings. J.W.-S.
provided technical support with respect to the electron
microscopy.
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