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INTRODUCTION: In animals, coat color is of-
ten arranged in periodic motifs that vary wide-
ly, from striped to spotted patterns. These
intricate designs have long fascinated develop-
mental biologists and mathematicians alike.
What are the mechanisms underlying the for-
mation of periodic patterns and shaping their
diversity? Spatial organization in the
developing skin involves prepatterns
that precede the color pattern. Self-
organizingeventshave longbeenthought
to act upstream of prepatterns (e.g.,
throughmolecular diffusion or pigment
cell interaction). Changes in both of
thesemolecular and cellular eventsmay
contribute to periodic pattern variation.
However, periodic patterns are highly
reproducible within species and display
specificorientationandperiodicity,which
suggests that they also rely on preexisting
spatial reference.

RATIONALE: Documenting pheno-
type diversity constitutes a promising
framework for the prediction of such
spatial landmarks, comparable to
mathematical modeling strategies.
We surveyed variation in the tran-
sient periodic pattern visible in juve-
nile birds of the galliform group, in
which longitudinal stripes are or-
ganized in a black-yellow-black se-
quence in the dorsal region.

RESULTS: By comparing the striped
pattern for 10 galliform bird species,
we showed that the width of each
stripe varied and that their number
increased with dorsum size. In con-
trast, their absolute positions were
comparable. We analyzed pigment
appearance in the embryonic skin
of five representative species and
showed that the periodic striped pat-
tern results from the timely produc-
tion of yellow coloration at specific

locations. This yellow-production pulse was
not triggered by a certain stage of feather
growth or by dynamics of feather follicle
production across the dorsum. However, it
was linked to the early expression of agouti.
This well-known pigmentation gene dis-
played a composite expression pattern in

longitudinal bands whose width and position
correlated with that of yellow stripes in each
species. To test agouti’s role, we used a func-
tional approach by exploiting mutant strains
of quails: The increase (in the Fawn strain)
or decrease (in the recessive black strain) of
agouti expression levels respectively led to
wider or narrower yellow stripes. Comparing
pigment distribution across feathers between
these gain- or loss-of-function mutants and

wild-type quails showed
thatagouti controls stripe
width by adjusting the
duration of the yellow-
productionpulse in adose-
dependentmanner. Both
the position of agouti-

expressing bands and that of yellow stripes
did not change in mutant quails.
To identify the origin of signals controlling

localized agouti expression and setting the posi-
tion of yellow stripes, we performed hetero-
specific grafting experiments: Embryonic tissues
fromdonor quailswere transplanted into phea-

sant hosts.We found that after trans-
planting somites (from which dermal
cells originate), chimeras locally dis-
played quail-like expression of agouti
in the developing skin. Long-term
experiments showed that hosts dis-
played a striped color pattern typical
of the donor at the level of the graft.
Such changeswere not observedwhen
the neural tube (from which pigment-
producing cells originate)was grafted.
These results showed that the somitic
mesoderm autonomously instructs
agouti expression and consequently
the position of yellow stripes.

CONCLUSION: We conclude from
this work that the galliform striped
pattern is achieved in a two-step
mechanism. The somite provides posi-
tional information to the developing
dermis; this controls the position of
agouti expression in a prepattern that
foreshadows yellow stripes. Theirwidth
is then refined by agouti, which lo-
cally controls yellow production in
a dose-dependent manner. This se-
quential organization of space, com-
bining early landmarks and local
mechanisms, may govern the forma-
tion (and thus constrain the evolu-
tion) of many periodic patterns.▪
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The striped pattern of a Japanese quail embryo. Galliform
birds display a longitudinal pattern of colored stripes already
visible a few days before hatching (here in a Japanese quail,
Coturnix japonica). Stripes form through differential deposition
of black and yellow pigments along growing feathers in the
dorsum. Our work shows that this pattern is controlled by a
prepattern instructed by the somitic mesoderm.
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The periodic stripes and spots that often adorn animals’ coats have been largely viewed as
self-organizing patterns, forming through dynamics such as Turing’s reaction-diffusion
within the developing skin. Whether preexisting positional information also contributes to
the periodicity and orientation of these patterns has, however, remained unclear. We
used natural variation in colored stripes of juvenile galliform birds to show that stripes
form in a two-step process. Autonomous signaling from the somite sets stripe position by
forming a composite prepattern marked by the expression profile of agouti. Subsequently,
agouti regulates stripe width through dose-dependent control of local pigment production.
These results reveal that early developmental landmarks can shape periodic patterns
upstream of late local dynamics, and thus constrain their evolution.

M
any vertebrates display intricate color
patterns characterized by a periodic ar-
rangement of pigments in stripes or spots
(1). This spatial organization was recently
shown to involve genes whose embryonic

expression profile forms a prepattern preceding
the adult pattern [e.g., the developmental expres-
sion of the pigmentation genes edn3b and alx3
foreshadows striped patterns in the fur of cats and
African striped mice, respectively (2, 3)]. A long-
standing challenge has been to uncover the em-

bryonic pattern-forming events acting upstream
of prepatterns to create discrete compartments
in the developing skin. Computer simulations of
stochastic dynamics such as Turing’s reaction-
diffusion, which involves the interaction of at
least one self-activating factor and its inhibitor
diffusing at long range, reproduce periodic mo-
tifs that resemble those observed in thewild; this
finding suggests that color self-organizes in the
skin tissue [see (4) for a review]. This hypothesis
is supported by a handful of empirical studies. In

zebrafish, longitudinal stripes form through inter-
action [depolarization-repulsion (5)] of pigment
cells sequentially aggregating locally, forming in-
terstripes, then expanding and compactingwithin
stripe regions (6, 7). In striped cats, the amino-
peptidase taqpep creates periodicity by establish-
ing an edn3b-expressing prepattern (2). Changes
in cell behaviors or in the biological parameters
of molecular players (e.g., clearance rate, which
reflects the rate of molecule elimination; diffusiv-
ity)may contribute to natural variation in periodic
patterns, consistent with theoretical predictions:
Modifying the corresponding parameters of simu-
lations gives rise to a vast array of patterns (4).
Most periodic color patterns, however, display
specific orientation or periodicity and are high-
ly reproducible within species, which suggests
that their formation does not entirely rely on
stochastic events. Here, we investigated wheth-
er early developmental landmarks provide pre-
existing spatial reference to periodic patterns.

Stripes vary in number and width but
have comparable positions relative
to the dorsal midline

To predict potential spatial landmarks, we sur-
veyed phenotypic variation in the transient striped
pattern visible along the dorsum of juvenile birds
of the galliform group (8, 9). In flat-skin specimens
for 10 species chosen for their representative vary-
ing patterns (table S1), we compared feather types
according to pigmentation along barbs (i.e., pri-
mary branches).Wedistinguished twomain types:
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Fig. 1. Stripes vary in width and shape, but not position, in galliforms.
(A) Flat-skin preparations of dorsal skin regions (white rectangle) in
juvenile individuals of 10 galliform bird species (n = 2 to 5 per species, see
table S1) show their alternating yellow and black stripes, labeled as cy
(central yellow), cb (central black), ly (lateral yellow), lb (lateral black), and
ly2 (additional lateral yellow) stripes. This pattern is symmetrical over
the dorsal midline (dm, in red) and was thus used as a landmark reference.
Scale bars, 1 cm. (B) Measures of absolute distances from the dorsal
midline to the boundary between each stripe at wing and leg levels
[indicated by Wi and Le in (A) and (C)] demonstrate interspecies variation
in stripe width. We also observed changes in the number of lateral stripes
despite differences in dorsum size (species are shown in size order,

with smallest at top). Conversely, cb and ly stripes have comparable
positions. Green lines represent cb distance from the dorsal midline
(2 to 4 mm at wing level, 2 to 3 mm at leg level); blue lines represent ly
distance from the dorsal midline (3 to 9 mm at wing level, 3 to 6 mm at leg
level). C.j, Coturnix japonica; O.p, Oreortyx picta; P.p, Perdix perdix;
A.r, Alectoris rufa; N.m, Numida meleagris; C.am, Chrysolophus
amherstiae; S.r, Syrmaticus reevesii; P.c, Phasianus colchicus; C.au,
Chrosoptylon auritum; M.g, Meleagris gallopavo. Error bars indicate SD.
(C) Feathers of the dorsal tract organize in feather rows (fr; shown in
orange in C. japonica). Their spatial arrangement varies between species.
Plotting feather types at each position of the tract produces precise
spatial representations of the color pattern.
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black (b; entirely eumelanic) and yellow (y; with a
pheomelanin band and black base and tip) (fig. S1).
This allowed us to identify a common stripe se-
quence, symmetrical over the dorsal midline and
extending from the wing to the tail: The most
central stripe is black (cb)—sometimes contain-
ing a few central yellow feathers (cy)—and is
flanked by two lateral yellow stripes (ly). The
latter can be ventrally bordered by lateral black
stripes (lb) and additional lateral yellow stripes
(ly2) (Fig. 1A). We observed that the number of
stripes often increased with dorsum size, hence
variation in color pattern does not result solely
from scaling. The position of each stripe relative
to dorsum size varied between species (fig. S2).
In comparison, absolute distances between
the dorsal midline and the center of the stripes
closest to the median (i.e., cb and ly) were com-
parable; this suggests that these stripes are posi-
tioned early, prior to dorsal skin expansion (Fig.
1B). The width of each stripe also varied between
species. To detail this variation, we compared
stripe boundaries relative to feather tracts, which
are feather-covered skin areas separated by near-
glabrous regions. Within tracts, feathers form
longitudinal rows whose number, spacing, and
length along the anteroposterior axis is typical
to each species (10, 11) (fig. S3). We plotted feath-
er types at each position of the dorsal tract and
found that color boundaries are highly repro-
ducible within species’ tracts (e.g., in Coturnix
japonica, the cb-ly boundary is characterized
by the consistent production of b/y split feath-
er types). However, these color boundaries vary
between species relative to feather row number
(i.e., stripe width) and along the anteroposterior
axis (i.e., stripe shape; Fig. 1C). This suggests that
variation in stripe width or shape results from
differences in local mechanisms occurring dur-
ing feather tract formation.

Interspecies differences in agouti
expression correlate with stripe
pattern variation

We took advantage of both the absence of varia-
tion in stripe position and the presence of dif-
ferences in stripe width or shape to link the
juvenile color pattern to (i) pigment production
and (ii) tract formation during embryogenesis
(in contrast to phenotypic surveys classically
limited to observations of adult patterns).We used
five species representative of variation in the
width or shape of stripes, the presence or absence
of cy/lb stripes, and the organization of the dorsal
tract (namely C. japonica, Alectoris rufa, Perdix
perdix, Phasianus colchicus, and Syrmaticus
reevesii). We first compared the appearance of
pigments in these species. We found that pig-
ment production starts a few days before hatch-
ing (when all feather follicles of the dorsal tract
are visible; fig. S4) and occurs in a medial-to-
lateral wave: Eumelanin pigments are first pro-
duced in the most central feathers, forming one
(P. colchicus, S. reevesii) or two (C. japonica, A.
rufa,P. perdix) longitudinal black bands, and then
progressively appearing laterally. This forms the
cb stripe. Eumelanin production is transiently
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Fig. 2. Stripes form through yellow pulses independent of tract differentiation. (A) Flat-skin
preparations of dorsal embryonic skins in five species (left) and high-magnification views of
developing feathers in cb (upper right) and ly (bottom right) stripes allow visualization of the
sequential production of pigments. Scale bars, 0.25 cm. (B) Color pattern diagrams (left) and
color-coded representations of each feather (#fr) at wing (Wi) and leg (Le) levels show the positions
of cy and ly stripes (which sometimes differ between Wi and Le; C. japonica has an additional ly2
stripe). A blue-to-green color code on diagrams (right) and for each feather (squares) shows the
order of formation of feather rows (1 to 11, depending on species). Intercalate feathers (i, in orange)
may form after tract formation. We observed no correlation between the order of formation of
feather rows and their position in the tract (i.e., #fr), nor with the position of cy and ly stripes.
(C) In situ hybridizations for agouti (in purple) reveal the two most lateral expressing bands present
in all species (A1), two intermediary bands visible only in C. japonica (A1′), and one A2 band
visible in C. japonica, A. rufa, P. perdix, and to a lesser extent, S. reevesii. (A1′)A1 and A2 (purple
arrowheads) foreshadow ly and cy stripes [compare with (B)]. E, embryonic day of development.
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replaced in lateral feather rows by pheomelanin,
forming the banded pattern in feathers of ly
stripes. The most lateral feathers produce only
eumelanin (forming lb stripes), and the most cen-
tral feathers transiently produce pheomelanin
(forming the cy stripe; Fig. 2A). Thus, the striped
pattern results from localized “pulses” of yellow
pigment production (cy and ly stripes) in an
otherwise black-producing tissue.
To test whether yellow pulses occur at certain

stages of tract differentiation, we reconstructed
the sequence resulting in the spatial arrangement
of follicles across the dorsal tract in all species and
compared it with the position of the yellow-
producing domains. Developing follicles stained
with the b-catenin marker (12) first correspond
to one (P. colchicus, S. reevesii) or two (C. japonica,
A. rufa, P. perdix) longitudinal bands; rows of
follicles are then added in a wave traveling ven-
trally [consistent with previous observations in
the chick (13)], and lastly in the most central
area, completing the dorsal tract (fig. S5). Tracing
back cy and ly feather rows to their order of for-

mation showed that this order differs between
species (Fig. 2B). Thus, the position of cy and ly
stripes is not set by a mechanism taking place at
given stages of tract formation.
We next tested whether yellow pulses are

triggered by feather growth: We compared, in
the ly stripe, (i) stages at which feathers switch
to pheomelanin or back to eumelanin produc-
tion, and (ii) the size and proximodistal position
of the pheomelanin band in fully grown y feath-
ers (as a readout for the onset and duration of the
pulse). We found no correlation between these
and the timing of yellow production (fig. S6).
Thus, yellow pulses are not temporally linked
to stages of feather growth. Because yellow-
producing domains have shared positions and
varying widths that do not correlate with dy-
namics of tract formation, we predicted that they
rely on prepatterns established before skin dif-
ferentiation. The signaling peptide Agouti controls
the production of pheomelanin pigments in a
timely fashion in the hair (14) and marks pre-
patterns of light color domains in the embryonic

skin (3, 15) and along individual feathers (16). We
found that prior to follicle formation in the five
bird species, two agouti-expressing bands (A1)
form in the dermis on both sides of the neural
tube. In C. japonica, A. rufa, P. perdix, and weak-
ly in S. reevesii, a thinner central band of agouti
(A2) also appears a few hours after A1, and in
C. japonica only, additional thin bands (A1′) in-
tercalate between theA1 andA2bands, a fewhours
after A2 appearance (Fig. 2C and fig. S7). Thus,
agouti expression is composite in space and time.
In all species, the pattern of agouti-expressing
bands resembled that of yellow stripes.

Agouti foreshadows yellow stripes
and controls their width in a
dose-dependent manner

To confirm this spatial correlation, we linked the
position of each band to presumptive feather rows
using double in situ hybridization for agouti and
b-catenin in C. japonica. We found that the A1′
agouti band is expressed in the presumptive
domain of the second feather row, consisting of
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Fig. 3. agouti marks a striped prepattern and controls stripe width.
(A) Double in situ stains for agouti (purple) and b-catenin (red) at E6, E6.5,
and E7 show (in whole-mount embryos and sections) that A1′ corresponds to
fr#2, A1 corresponds to fr#3 to 5, and A2 corresponds to fr#i (putative
domains correspond to interlimb level on an E16 dorsal tract map).
ep, epidermis; d, dermis. (B) Juvenile flat skins, pattern maps, and embryonic
flat skins of mutant strains of C. japonica show a reduction (RB–/–; upper
panels, n = 5) or extension (Fa–/–; lower panels, n = 5) of cy and ly stripe

width. (C) Observations and quantifications of y feather length (as detailed in
fig. S6; upper graph) when they first switch to yellow production (yellow
dot plots) or back to black production (black dot plots) show that the yellow
pulse occurs earlier in RB–/– than in wild-type individuals. Measures of the
size of the yellow band relative to the length of fully grown feathers
(fig. S6 and see scheme in C. japonica; lower graph) show that the yellow
pulse occurs for a longer duration in Fa–/– than in wild-type individuals.
Error bars indicate SD.
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the first b/y feather of the ly stripe, whereas A1
corresponds to the third through fifth rows, form-
ing the rest of the ly stripe, and A2 covers the
central rows that form the cy stripe. In this spe-
cies, agouti is later restricted to feather follicles
of these stripes (Fig. 3A). Thus, the composite
expression of the (A1′)A1 and A2 agouti bands
reveals a prepattern that foreshadows the posi-
tion of ly and cy yellow stripes, respectively. To
understand how agouti expression affects stripe
patterning, we used a functional quantitative ap-
proach and assessed the striped phenotype inmu-
tant C. japonica strains. In recessive-black quails
(RB–/–), agouti’s spatial pattern is maintained
with no change in the position or width/shape of
the A1, A1′, and A2 bands (fig. S8), but a frame-
shift mutation in agouti’s coding sequence results
in a marked decrease in transcript expression
levels (17). We found that these birds display
overall shorter feathers organized in thinner ly
stripes (i.e., only feather rows 3 and 4 produce
yellow, versus rows 2 and 5 in wild-type indi-
viduals), and no visible cy stripe (Fig. 3B). These
changes in ly stripe width result from a decrease
in the duration of the yellow pulse: Relative to

wild-type quails, feathers of RB–/– quails switch
back to eumelanin production earlier (consequent-
ly producing fewer y feathers containing smaller
yellow bands; Fig. 3C). Conversely, quails of the
Fawn mutant strain (Fa–/–) are homozygous for
a duplication at agouti responsible for an increase
in its expression levels (17, 18). In Fa–/– birds, the
spatial pattern of agouti remains unchanged
(fig. S8) but the ly (rows 1 or 2 through row 6)
and cy stripes are wider, with y feathers display-
ing longer yellow bands because of a delayed
switch to eumelanin production (i.e., increase in
the duration of the yellow pulse; Fig. 3, B and C).
These loss- or gain-of-function experiments show
a role for agouti: At given positions (i.e., express-
ing bands), this gene regulates stripe width
through a dose-dependent control of the dura-
tion of the yellow pulse. Agouti is a peptide diffus-
ing in a paracrinemanner; its localized expression
may thus create a signaling gradient to which
dermal cells respond according to their position:
Certain thresholds of agouti levels trigger yellow
production to locally fine-tune the border of yel-
low stripes and modulate the length of the yellow
band (consistentwith the latter being increased in

feathers at the center of ly stripes relative to those
at the edge; fig. S1). This raises the appealing pos-
sibility that striped pattern evolution is governed
by differential regulation of agouti expression
levels.

The somitic mesoderm controls
localized agouti expression and yellow
stripe position

Contrary to stripe width, the position of stripes is
conserved between species; this suggests that
early developmental landmarks establish agouti’s
composite prepattern. We studied the earliest
visible expression of agouti in the embryonic
skin in all five species and found it comparably
located in the dermis above the neural tube
(A2; fig. S9) and the dorsomedial part of dif-
ferentiating somites (A1; Fig. 4A). Previous quail-
chick grafting experiments showed that both the
neural tube and somites contribute to the skin
lineage. Feather follicle cells originate from the
somite dermomyotome, and their spatial distri-
bution ismesoderm-dependent (13, 19). Conversely,
pigment-producing cells (melanocytes) derive from
the neural crest (20, 21), but despite evidence
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Fig. 4. Stripe color pattern has a somitic origin. (A) Sections of in situ
hybridization for agouti (in purple) show that in all species, A1 bands
(purple arrowheads) locate in the embryonic dermal area above the
developing somite. nt, neural tube; s, somite. (B) C. japonica’s three last
formed somites at HH13 (i.e., immediately posterior to the wing bud) were
grafted in place of those of P. colchicus; 3 days after grafting,
immunohistochemistry for QCPN (in green) revealed that C. japonica’s
cells invaded the host tissues (n = 8). High-magnification views with DAPI
stains (in blue) show that QCPN+ cells locate in the developing dermis
but not in the epidermis in regions corresponding to A1/A1′ (red square 2)
and A2 (red square 1). At that stage, grafted regions in chimeras
strongly express agouti in position of the A1 band (purple arrowhead,

n = 7), similar to C. japonica but contrary to P. colchicus embryos. Eleven
days after grafting, QCPN+ cells also locate in the dermis, including the
papillae of feather follicles, but not in the epidermis. Relative to C. japonica
and P. colchicus controls (left panels, n = 3 per species), feathers of the
chimera at the same stage (right panels, n = 4) resemble those of the
host except in the grafted area (in green). (C) The chimera’s grafted side
(third series from top) has the same stripe and feather pattern (see #fr)
as C. japonica (first series and color pattern diagram); conversely, its
ungrafted side (fourth series) has the same stripe and feather pattern
as P. colchicus (second series and color pattern diagram). In chimeras,
the first feather (#fr1) is common to the grafted and ungrafted sides.
n, notochord; end, endoderm.
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that their differentiation responds to cues from
the feather papillae (22), the means by which
they govern color patterning remained unclear,
as grafted strains were homogeneously colored
(and quailmelanocytes produced black pigments
in the host). We thus performed somite and neu-
ral tube transplantations from C. japonica donors
into P. colchicus hosts (because both species dis-
play a typical striped pattern; Fig. 4B). Three days
after transplanting the right half of theC. japonica
neural tube (prior to major migration of the neu-
ral crest) in place of that of P. colchicus at the
equivalent stage, no expression of agouti (normally
visible in C. japonica but not P. colchicus embryos
at that stage; fig. S7) was detected in the dermis of
chimeras. C. japonica cells (stained with the spe-
cific QCPNmarker) were observed in the develop-
ing neural tube, dermis, and epidermis. The same
was true 11 days after grafting [i.e., embryonic
day 14 (E14), when coloration is visible in lateral
stripes]; at that stage, some QCPN+ cells coex-
pressed themelanocyte marker Trp1 (fig. S10). In
these chimeras, the grafted and ungrafted parts
of the skin displayed similar color (and feather)
patterns (fig. S11). This demonstrates that the neu-
ral tube, despite generating melanocytes produc-
ing black pigments by default (20, 21), does not
spatially control the expression of agouti expres-
sion or the activity of melanocytes (and thus the
position of yellow-producing domains). Converse-
ly, 3 days after replacing the undifferentiated som-
ites of P. colchicus located below wing level by
those of C. japonica, QCPN+ cells invaded the
whole dermal compartment and we observed
strong expression of agouti in the grafted dermis
in the position of the A1 band (Fig. 4B). Eleven
days after transplantation, QCPN+ cells did not
express Trp1 (fig. S12). Growing feathers of the
grafted side were longer than those of the
ungrafted side, spatially organized according to
C. japonica’s dorsal tract [fig. S11 and consistent
with previous work (13)], and displayed the color
pattern seen belowwing level in C. japonica (note
that it differs from leg level; see Fig. 2B). Spe-
cifically, lb feathers were present in the lateral
part of the tract and yellow pigments were pro-
duced in feather rows 2 to 4, thereby reducing the
width of the ly stripe in the grafted side relative to
the ungrafted side (Fig. 4C). Thus, the localized
expression of agouti and production of yellow
pigments (and therefore, the striped coloration
pattern) are autonomously instructed by the so-
mitic mesoderm.

Discussion

Results from this study show that the striped
pattern is achieved in a two-step mechanism. The
somite procures positional information, creating
specific compartments in the dermis at precise
locations (controlling the position of agouti-
expressing bands and consequently yellow stripes).
This prepattern is then refined according to ex-
pression levels of agouti (temporally controlling
pigment-type production and consequently the
width of each stripe). These results raise the pos-
sibility that most natural patterns, including pe-
riodic designs, rely on (and are constrained by) a

stepwise organization of space that combines
late, local events producing periodicity and early
positional sources ensuring reproducibility, which
is the key to fitness and proper directionality (in
this case, longitudinal stripes depend on informa-
tion from axial structures). Our work thus opens
new avenues following from current theoretical
models: Simulations of Turing’s reaction-diffusion
(and other self-organizing systems) can be framed
using initial conditions corresponding to develop-
mental landmarks. Extending empirical work on
other natural patterns will better define such ini-
tial conditions and thus shed light on develop-
mental constraints to color pattern evolution.

Materials and methods
Specimen sampling

Previously euthanized specimens of 1- to 3-day-
old hatchlings (for 10 species of galliform birds;
table S1) and fertilized eggs (for C. japonica, A.
rufa, P. perdix, P. colchicus, and S. reevesii) were
obtained from authorized local breeders (Ferme
de Chanteloup, Caringa, Mr. Bouly de Lesdain,
Les Bois de Vaux) and stored at –20°C prior to
processing. After egg incubation in Brinsea ova-
easy 190 incubators, embryos at various stages of
development were dissected in PBS and fixed in
4% formaldehyde.

Stripe pattern analyses

Flat skin specimens were prepared from frozen
carcasses through an incision of the skin along
the ventralmidline and cautious separation of the
scalp from body muscles. Dissected skins were
stretched flat, left to dry for 1 week, and imaged.
Measures of distances between stripe boundaries
were performed from the dorsal midline to the
wings and legs (Fig. 1A) using a Vernier caliper
(C. japonica and A. rufa, n = 5; Oreortyx picta
andChrosoptylon auritum,n= 2; all other species,
n = 3). Within the measured area, all species
displayed cb, ly, lb (Chrysolophus amherstiae,
and S. reevesii only at leg level), and ly2 (except
S. reevesii) stripes. Only C. japonica, A. rufa,
P. perdix, and Meleagris gallopavo had cy
stripes. Spatial reference maps of dorsal tracts
were obtained by (i) plucking out all feathers
(using forceps), which revealed their respective
positions along longitudinal rows (i.e., feather
rows) from the neck to the tail, and (ii) recording
color at each position (coded yellow when fea-
thers displayed pheomelanin and black when
they only contained eumelanin).

Pigments, tracts, and feather
spacing analyses

Embryonic flat-skin specimens were obtained by
performing longitudinal openings from neck to
tail in embryos of C. japonica, A. rufa, P. perdix,
P. colchicus, and S. reevesii and separating the
developing skin tissue from the body (using mi-
croscissors and forceps). Dissected skins were
fixed in 4% formaldehyde and stored in 80%
glycerol. Developing feathers were plucked,
mounted on glass slides in fluoromount (South-
ern Biotech), imaged, and measured using Fiji
software (23).

The “switch to y” measure corresponds to the
distance (in mm) from the tip of the feather to
the distal limit of the yellow band (C. japonica,
E10, n = 12; A. rufa, E13.5,n = 12; P. perdix, E13.5,
n = 12; P. colchicus, E14, n = 21; S. reevesii, E14,
n = 23; RB–/–, E10, n = 22; Fa–/–, E10, n = 18). The
“switch to b” measure corresponds to the dis-
tance (in mm) from the tip of the feather to the
distal limit of the black base (C. japonica, E11, n =
32; A. rufa, E15, n = 32; P. perdix, E15, n = 7;
P. colchicus, E15, n = 38; S. reevesii, E14.5, n =
24; RB–/–, E10.5, n = 14; Fa–/–, n = 0, in this
strain no eumelanin was seen before hatching).
The “relative y band length”measure (in %) cor-
responds to the length of the yellow band nor-
malized to the length of the whole, fully grown y
feather from its base (0) to its tip (100); see
schemes in Fig. 3 and fig. S6 (C. japonica, E13,n=
24; A. rufa, E22, n = 8; P. perdix, E22, n = 6; P.
colchicus, E22,n= 19; S. reevesii, E22,n= 8; RB–/–,
E14, n = 6; Fa–/–, E14, n = 6).
Distance ratioswere calculated between #fr1-2,

fr2-3… to fr5-6 for three series along the feather
row (see scheme in fig. S11).

Expression analyses

In situ hybridization experimentswere performed
as described (24) using antisense riboprobes syn-
thesized from vectors containing a 269-bp frag-
ment of C. japonica, A. rufa, or S. reevesii’s coding
sequences for agouti, or an 881-bp fragment of
C. japonica’s coding sequence for b-catenin.
For double in situ hybridizations, riboprobeswere
labeled with digoxigenin or fluorescein and se-
quentially revealed with anti-digoxigenin-AP or
anti-fluorescein-AP antibodies (both 1:2000, Roche)
and NBT/BCIP (Promega) or fast-red (Abcam)
substrates.
Primers: agouti-F: TGCTCTGCTACAGTTTGCT-

CAG; agouti-R: TGGTTTGCAGGTTTTGAA);
b-catenin-F: AGCTGACTTGATGGAGTTGGA;
b-catenin-R: TCGTGATGGCCAAGAATTTC).

Heterospecific grafting

Quail-pheasant grafting procedures were adapted
from previous quail-chick grafting experiments
(25): AtHH13 inC. japonica, the three last formed
somites (just posterior to the wing bud), or the
right half of the neural tube alongside these so-
mites, were ablated using glass microneedles and
cleaned of potential additional neighboring tissue
inPBS. Transplantswere immediately transferred
into HH13 P. colchicus hosts in which equivalent
tissues had been previously removed (see schemes
in Fig. 4 and fig. S10). Grafted eggs were kept
humid by adding ampicillin-containing PBS solu-
tion on the yolk surface, closed with tape, and re-
incubated (37°C, 50% humidity) for 3 or 11 days
(i.e., a stage corresponding to E14 in P. colchicus).
Chimeras were dissected (feathers were rapidly
removed for analysis) and fixed in 4% formalde-
hyde. The extent of the graft was determined by
screening chimeras for the presence of (i) pig-
ments in the dermis and epidermis, which are
normally absent in P. colchicus but visible in
C. japonica individuals at that stage (fig. S11), and
(ii) QCPN+ cells on transverse sections.
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Immunohistochemistry
Control and grafted embryonic specimens were
embedded in gelatin/sucrose, sectioned using a
CM 3050S cryostat (Leica), mounted in fluoro-
mount, and immunostained using primary anti-
bodies directed against QCPN (DSHB; 1:10) and
Trp1 (BruceMorgan laboratory; 1:20), and Alexa-
conjugated secondary antibodies (Molecular
Probes; 1:500). Cell nuclei were revealed using
4′,6-diamidino-2-phenylindole (DAPI; Southern
Biotech).

Imaging

Whole-mount flat skins and stained/grafted em-
bryos were imaged using an AF-SMicro NIKKOR
60-mm f/2.8G ED macro-lens equipped with a
D5300 camera (Nikon) and a MZ FLIII stereo-
microscope (Leica) equipped with a DFC 450C
camera (Leica). Tissue sectionswere imagedusing
a BX53 fluorescence microscope (Olympus; for
in situ hybridization or fluorescent stains) or
a CSU-W1 spinning-disk confocal microscope
(Zeiss) equipped with a CMOS flash 4 camera
(Hamamatsu; for Trp1/QCPN fluorescent stains).

REFERENCES AND NOTES

1. H. B. Cott, Adaptive Coloration in Animals (Methuen, 1940).
2. C. B. Kaelin et al., Specifying and sustaining pigmentation

patterns in domestic and wild cats. Science 337, 1536–1541
(2012). doi: 10.1126/science.1220893; pmid: 22997338

3. R. Mallarino et al., Developmental mechanisms of stripe
patterns in rodents. Nature 539, 518–523 (2016).
doi: 10.1038/nature20109; pmid: 27806375

4. S. Kondo, T. Miura, Reaction-diffusion model as a framework for
understanding biological pattern formation. Science 329,
1616–1620 (2010). doi: 10.1126/science.1179047; pmid: 20929839

5. M. Inaba, H. Yamanaka, S. Kondo, Pigment pattern formation
by contact-dependent depolarization. Science 335, 677
(2012). doi: 10.1126/science.1212821; pmid: 22323812

6. A. P. Singh, U. Schach, C. Nüsslein-Volhard, Proliferation,
dispersal and patterned aggregation of iridophores in the skin
prefigure striped colouration of zebrafish. Nat. Cell Biol. 16,
604–611 (2014). doi: 10.1038/ncb2955; pmid: 24776884

7. P. Mahalwar, B. Walderich, A. P. Singh, C. Nüsslein-Volhard,
Local reorganization of xanthophores fine-tunes and
colors the striped pattern of zebrafish. Science 345,
1362–1364 (2014). doi: 10.1126/science.1254837;
pmid: 25214630

8. T. Price, M. Pavelka, Evolution of a colour pattern: History,
development, and selection. J. Evol. Biol. 9, 451–470 (1996).
doi: 10.1046/j.1420-9101.1996.9040451.x

9. T. W. Hiscock, S. G. Megason, Mathematically guided
approaches to distinguish models of periodic patterning.
Development 142, 409–419 (2015). doi: 10.1242/dev.107441;
pmid: 25605777

10. C. L. Nitzsch, Pterylography (Ray Society, 1867).
11. M. H. Clench, Variability in Body Pterylosis, with Special

Reference to the Genus Passer. Auk 87, 650–691 (1970).
doi: 10.2307/4083702

12. S. Noramly, A. Freeman, B. A. Morgan, b-catenin signaling can
initiate feather bud development. Development 126,
3509–3521 (1999). pmid: 10409498

13. P. Sengel, Morphogenesis of Skin (Cambridge Univ. Press,
1976).

14. G. S. Barsh, The genetics of pigmentation: From fancy genes to
complex traits. Trends Genet. 12, 299–305 (1996).
doi: 10.1016/0168-9525(96)10031-7; pmid: 8783939

15. M. Manceau, V. S. Domingues, R. Mallarino, H. E. Hoekstra,
The developmental role of Agouti in color pattern evolution.
Science 331, 1062–1065 (2011). doi: 10.1126/science.1200684;
pmid: 21350176

16. S. J. Lin et al., Topology of feather melanocyte progenitor niche
allows complex pigment patterns to emerge. Science 340,
1442–1445 (2013). doi: 10.1126/science.1230374;
pmid: 23618762

17. T. Hiragaki et al., Recessive black is allelic to the yellow
plumage locus in Japanese quail and associated with
a frameshift deletion in the ASIP gene. Genetics 178,
771–775 (2008). doi: 10.1534/genetics.107.077040;
pmid: 18287406

18. F. Minvielle, D. Gourichon, J.-L. Monvoisin, Effects of two-locus
combinations, using the roux, lavender, and beige mutations,
on plumage color of Japanese quail. J. Hered. 94, 517–522
(2003). doi: 10.1093/jhered/esg091; pmid: 14691319

19. C. Hornik, K. Krishan, F. Yusuf, M. Scaal, B. Brand-Saberi,
cDermo-1 misexpression induces dense dermis, feathers, and
scales. Dev. Biol. 277, 42–50 (2005). doi: 10.1016/
j.ydbio.2004.08.050; pmid: 15572138

20. C. S. Le Lièvre, N. M. Le Douarin, Mesenchymal derivatives of
the neural crest: Analysis of chimaeric quail and chick
embryos. J. Embryol. Exp. Morphol. 34, 125–154 (1975).
pmid: 1185098

21. M. A. Selleck, M. Bronner-Fraser, Origins of the avian neural
crest: The role of neural plate-epidermal interactions.
Development 121, 525–538 (1995). pmid: 7768190

22. M. K. Richardson, A. Hornbruch, L. Wolpert, Pigment patterns
in neural crest chimeras constructed from quail and guinea
fowl embryos. Dev. Biol. 143, 309–319 (1991). doi: 10.1016/
0012-1606(91)90082-E; pmid: 1991554

ACKNOWLEDGMENTS

We thank J. P. Lavandier, J. M. Bouly de Lesdain, the Ferme de
Chanteloup, the Collège de France administrative and imaging
platform staff, and N. Quenech’du for help with specimen
sampling and imaging; D. Gourichon for help with quail mutant
strains; and F. Schmitt, J. Gros, B. Prud’homme, T. Lecuit, and
M. Hidalgo for helpful comments on the manuscript. Funding:
Supported by a Paris Science et Lettres Young Investigator Grant
and ERC Starting Grant 639060. Author contributions: N.H.
collected samples for all species and performed all expression
and functional analyses; N.H. and S.B. prepared and analyzed
adult and embryonic flat-skin specimens; N.H. and C.C. performed
and analyzed grafting experiments; C.C. performed all fluorescent
imaging; R.B. performed in situ hybridization experiments for
b-catenin; A.R. produced quail mutant strains; M.M. conceived
and designed analyses; and M.M., C.C., and N.H. wrote the
manuscript. Competing interests: The authors declare no
competing interests. Data and materials availability: All data are
available in the manuscript or the supplementary materials.

SUPPLEMENTARY MATERIALS

www.sciencemag.org/content/361/6408/aar4777/suppl/DC1
Figs. S1 to S12
Table S1
References (23–25)

21 December 2017; accepted 27 July 2018
10.1126/science.aar4777

Haupaix et al., Science 361, eaar4777 (2018) 21 September 2018 6 of 6

RESEARCH | RESEARCH ARTICLE
on O

ctober 22, 2018
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://dx.doi.org/10.1126/science.1220893
http://www.ncbi.nlm.nih.gov/pubmed/22997338
http://dx.doi.org/10.1038/nature20109
http://www.ncbi.nlm.nih.gov/pubmed/27806375
http://dx.doi.org/10.1126/science.1179047
http://www.ncbi.nlm.nih.gov/pubmed/20929839
http://dx.doi.org/10.1126/science.1212821
http://www.ncbi.nlm.nih.gov/pubmed/22323812
http://dx.doi.org/10.1038/ncb2955
http://www.ncbi.nlm.nih.gov/pubmed/24776884
http://dx.doi.org/10.1126/science.1254837
http://www.ncbi.nlm.nih.gov/pubmed/25214630
http://dx.doi.org/10.1046/j.1420-9101.1996.9040451.x
http://dx.doi.org/10.1242/dev.107441
http://www.ncbi.nlm.nih.gov/pubmed/25605777
http://dx.doi.org/10.2307/4083702
http://www.ncbi.nlm.nih.gov/pubmed/10409498
http://dx.doi.org/10.1016/0168-9525(96)10031-7
http://www.ncbi.nlm.nih.gov/pubmed/8783939
http://dx.doi.org/10.1126/science.1200684
http://www.ncbi.nlm.nih.gov/pubmed/21350176
http://dx.doi.org/10.1126/science.1230374
http://www.ncbi.nlm.nih.gov/pubmed/23618762
http://dx.doi.org/10.1534/genetics.107.077040
http://www.ncbi.nlm.nih.gov/pubmed/18287406
http://dx.doi.org/10.1093/jhered/esg091
http://www.ncbi.nlm.nih.gov/pubmed/14691319
http://dx.doi.org/10.1016/j.ydbio.2004.08.050
http://dx.doi.org/10.1016/j.ydbio.2004.08.050
http://www.ncbi.nlm.nih.gov/pubmed/15572138
http://www.ncbi.nlm.nih.gov/pubmed/1185098
http://www.ncbi.nlm.nih.gov/pubmed/7768190
http://dx.doi.org/10.1016/0012-1606(91)90082-E
http://dx.doi.org/10.1016/0012-1606(91)90082-E
http://www.ncbi.nlm.nih.gov/pubmed/1991554
http://www.sciencemag.org/content/361/6408/aar4777/suppl/DC1
http://science.sciencemag.org/


The periodic coloration in birds forms through a prepattern of somite origin
Nicolas Haupaix, Camille Curantz, Richard Bailleul, Samantha Beck, Annie Robic and Marie Manceau

DOI: 10.1126/science.aar4777
 (6408), eaar4777.361Science 

, this issue p. eaar4777; see also p. 1202Science
dose-dependent manner. Thus, during feather patterning, a two-step process is at play.
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