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[7,14–18], their developmental mechanisms are still lar-
gely unknown. Only recently has a hypothesis for the
organization of non-iridescent spongy layers been pro-
posed [19,20]. No equivalent hypothesis has been
proposed to explain the arrangement of melanin in iri-
descent feathers [21]. Because variations as small as a
few nanometres can cause intraspecific variation in
colour [22], it is reasonable to hypothesize that irides-
cent structural colours will be condition-dependent
and signal developmental stability [7,23]. We can test
this hypothesis by investigating iridescent colour
ontogeny and identifying processes that may be physio-
logically costly or susceptible to perturbation.

We thus compared the development of iridescent and
non-iridescent barbules in blue-black grassquit (Volati-
nia jacarina) feathers. These birds are ideal for this
study because (i) they are sexually dichromatic, allow-
ing us to directly compare the development of the two
colours in the same species, (ii) the mechanism-produ-
cing iridescent colour in males has been previously
described [24], and (iii) the iridescent nuptial plumage
appears to be sexually selected [25,26], and condition-
dependent [27,28]. By comparing male and female
blue-black grassquit feather development, we hypoth-
esize an ontogenetic pathway for the formation of the
organized nanostructures responsible for iridescent
colour production.

2. MATERIAL AND METHODS

To induce feather moult, we plucked mantle feathers
from 10 male and six female captive blue-black grassquits
(for details on housing of captive birds, see [29]). Using
forceps, we collected developing feathers erupting from
the skin every other day for 10 days. Developing feathers
were fixed overnight in 4 per cent glutaraldehyde in
0.1 M phosphate buffer solution, and then rinsed
in phosphate buffer and post-fixed in 2 per cent OsO4
in buffer for 90 min. Samples were then rinsed three
times in distilled water, dehydrated and embedded in
Spurr resin following standard protocol (outlined in [24]).

To visualize developmental patterns, we cut thick sec-
tions (approx. 0.7–1 mm) for light microscopy and thin
sections (approx. 100–200 nm) for transmission electron
microscopy at 1 mm intervals from the follicle base to its
tip (i.e. from the least- to most-developed regions). Thick
sections were placed on glass slides and stained with 1
per cent toluidine blue, and thin sections were collected
using oval-slit carbon and formvar-coated copper grids
in duplicate, and either stained with Reynold’s lead
citrate [30] or kept unstained.

We examined thick sections on an optical microscope
(Leica DM 2500), and thin sections on a JEOL JEM-
1230 transmission electron microscope operating at
120 kV. Initial observations revealed that samples col-
lected eight days after moult induction showed
complete sequences of feather development, so we
focused on these for the remainder of the work.
3. RESULTS

Results are organized by similarities and differences
between males and females at each developmental stage.
J. R. Soc. Interface
3.1. 0 mm (ramogenic collar)

At this stage, feather development is similar in both
sexes, with no evident distinctions. Barb ridges and bar-
bule plates are barely evident. Keratinocytes are not
fully differentiated and do not form clear ridges, are
mostly unpigmented and are sometimes still mitotic
(figure 1a,b). Melanocytes, and in some cases their
dendrytic expansions, can be seen in the epidermal folds
(figure 1a,c) and connected to keratinocytes (figure 1d).
Several organelles, including endoplasmatic reticula and
melanosomes in various stages of development can be
seen in these expansions (figure 1c).

3.2. 1 mm

3.2.1. Similarities
Barbule ridges are differentiated, and barbules contain
unorganized melanosomes (figure 2a,d). Nuclei are
large and nucleoli are clearly identifiable, indicating
active transcription and metabolism [31].

3.2.2. Differences
While melanosomes are scarce in female barbules, they
occupy close to the entire barbule volume in males.
Furthermore, the right-arm barbule plate of each barb
ridge is more heavily pigmented than the left in females,
but not in males (see figure 4a,b).

3.3. 2 mm

3.3.1. Similarities
Clumps of heterochromatin are seen on nuclei walls, indi-
cating the reduction in nuclear activity that precedes cell
necrosis (indicated by arrows in figure 2b,e). The cyto-
plasm of cells is very heterogeneous at this stage, as a
consequence of small electron-dense keratin bundles form-
ing and phase-separating from the cytoplasm, indicating
initial stages of barbule keratinization (figure 2c,f). Elec-
tron-pale vesicules (evident in figure 2f ), possibly lipidic
bodies from the deterioration of cellular organelles
[32,33] or cytoplasmatic ‘voids’ formed during initial ker-
atinization [20], can be seen in both male and female
barbules. Melanosomes remain unordered and are found
in the unkeratinized cytoplasm.

3.3.2. Differences
Barbule shape is clearly dimorphic at this stage. In
females, the internal side of barbules (relative to the
barb ridge) is reduced in size, while male barbules main-
tain their elliptical shape (figure 2b,e). In females, the
nucleus is shifted towards the outer edge of the barb
ridge while in males, the nucleus is at approximately
the centre of the barbule (figure 2b,e).

3.4. 3 mm

3.4.1. Similarities
Large and electron-dense sheets of keratin are visible in
barbules of both sexes as keratin increases in molecular
weight and further phase separates from the cytoplasm.
Melanosomes mostly occupy pockets of cytoplasm, which
are now much smaller and scattered, except towards the
edges and around nuclei (figure 3a,b,d,e). Nuclei at this
stage are reduced in size and are highly heterochromatic
(arrows in figure 3b,e).
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(b) (d)

Figure 1. Blue-black grassquit feathers early in development (0 mm, ramogenic collar). (a) Developing male barbules within the
barb ridge (scale bar, 10mm). Keratinocytes are undifferentiated and not organized in rows (barbule plates); melanocytes and
melanocyte expansions (m) can be seen. (b) Female keratinocyte showing melanosomes (dark spots) and the large nucleus (n)
(scale bar, 2mm). (c) Female melanocyte with developing melanin granules; endoplasmatic reticulum (er) and mitochondria
(mt) can be seen at the nucleus (n) edge (scale bar, 1mm). (d) Female melanocyte expansion (m) with a fused membrane
(arrow) to a barbule keratinocyte (k), for transfer of melanosomes (scale bar, 1mm).
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3.4.2. Differences
While female barbules are ‘arrowhead’-shaped (wider on
the outer side relative to the inner side; [33]), male bar-
bules retain their elliptical shape (figures 3a,d and
4b,d). In females, most melanosomes are haphazardly
scattered and trapped between keratin sheets in the cen-
tral portion of barbules, but in males, they are bundled
together and pushed towards the edge of the barbule
cells along with most of the unkeratinized cytoplasm.

3.5. 4 mm:

3.5.1. Similarities
Barbules are almost fully developed (figure 3c,f). Nuclei
are either fully pyknoctic or fragmented. Shaft and sup-
portive cells that surround the barb ridges also show
late stages of degradation.
J. R. Soc. Interface
3.5.2. Differences
In females, keratin is mostly polymerized and
homogeneous, while in males, areas of slightly lower
density, coincident with high concentration of mela-
nosomes, are visible near the edges of barbules
(figure 3c,f). These form the layer bounding the thin
keratin cortex around the barbule edge that is res-
ponsible for producing iridescent colour in males.
Melanosomes remain unorganized in females, but are
found in greater densities around the edge of the
degrading nucleus.
4. DISCUSSION

Comparisons of barbule development indicate dramatic
differences between male and female blue-black

http://rsif.royalsocietypublishing.org/


(c)

(e)

( f )

(b)

(a) (d)

Figure 2. Male (a–c) and (d–f) female blue-black grassquit feather barbules at intermediate stages of development. (a) Male
barbules at 1 mm from the base of the developing feather. Melanosomes (dark spots) fill up most of the barbule volume that
is not occupied by the nucleus. (b) Male barbule at 2 mm from the base of the developing feather. Barbule can be seen to elongate
laterally, and some heterochromatin (arrow) can be seen at the nucleus edge. (c) Close-up: electron-dense keratin filaments can be
seen being formed and phase-separating from the electron-pale cytoplasm. (d) Female barbule at 1 mm from the base of the
developing feather, with similar pattern to male barbule, but with considerably fewer and smaller melanosomes. (e) Female bar-
bule at 2 mm from the base of the developing feather, also with a heterochromatic nucleus (arrow). ( f ) Close-up: keratin
filaments can also be seen, as well as large electron-pale vacuoles (exemplified by an asterisk), possibly of lipidic content.
Scale bars (a,b,d,e), 2mm; (c,f), 500 nm.
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grassquits that allowed us to develop, for the first time,
a hypothesized ontogenetic pathway for iridescent
feathers. We found no evidence of active cellular pro-
cesses guiding placement of melanosomes. Indeed,
J. R. Soc. Interface
most of the organizational steps we observed took
place following the death of the barbule cell. This
leads us to hypothesize that nanostructural arrange-
ment occurs through self-assembly processes.




