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Materials and Methods 
Animals  

Chicken breeds with distinct plumage color patterns based on different genetic 
backgrounds were used (29-30). Barred Plymouth Rock chickens, Rode Island Red 
chickens and Silver Sebright chickens were purchased from Belt Hatchery (Fresno, CA, 
USA); Silver Laced Wyandotte chickens, Silver Spangled Hamburg chickens, Delaware 
chickens, and Speckled Sussex chickens were from Welp Hatchery (Bancroft, IA, USA); 
Black-feathered Taiwan Country chickens and feather follicle specimens of Helmeted 
Guineafowls (Numida meleagris) and pigeons (Columba livia) were provided by 
coauthor C. F. C. from Department of Animal Science, College of Agriculture and 
Natural Resources, National Chung Hsing University, Taichung, Taiwan. Black-feathered 
Taiwan Country chickens have been described (fig. S2C) (31). Birds were kept and fed 
ad lib in our animal facilities. For invasive experimental procedures, birds were 
anesthetized with 10 mg/kg (body weight) of ketamine and xylocaine (2:1).  
 
BrdU tracing 

For BrdU tracing, the flight feathers of 4 to 6-month-old chickens were plucked. In 
our breeds, the regenerating flight feathers emerged from the follicle to the skin surface 
about 14 days after plucking and the period for the growing phase was about 9 weeks. To 
investigate melanocyte cell dynamics at different stages of growth, adjacent feathers were 
plucked 14 days apart (day 0, day 14, day 28) and the chickens were labeled by 
intramuscular injection of BrdU (Sigma-Aldrich, St. Louis, MO) at 10mg per kg (body 
weight) every 12 hours for 14 days (day 28 to day 42) and chased for up to 2 weeks. The 
birds were then sacrificed 0, 2, 4, 6, 8, 10, and 14 days after tracing and the feather 
follicle samples were collected. In this way, flight feathers at different periods of the 
growing phase were labeled and traced: feathers were labeled in the early (0-14 days after 
plucking), middle (15-28 days after plucking) and late (29-42 days after plucking) period 
of the growing phase.  
 
DiI labeling and protein-coated bead implantation  

DiI (Molecular Probes) and protein coated beads (ASIP, OriGene, Rockville, MD, 
USA) were prepared and injected as described (32). Briefly, under anesthesia, DiI was 
injected through the regenerating follicle wall at the level of the lower bulge of 4 to 6-
month-old chickens. ASIP-coated beads were injected through the feather wall into the 
feather pulp adjacent to the feather epithelium at the level of the middle to upper collar 
region. Follicles were collected at desired time points and photographed. The samples 
were further processed for immunostaining or section in situ hybridization.  

 
Transplantation of papilla ectoderm to chicken embryos 
        The transplantation was performed as we previously described (9). White Leghorn 
chicken embryos were used as a host, because their genetic defect caused a deletion of 
cutaneous melanocytes and the developing feather buds and post-natal feathers lacked 
pigment. The papilla ectoderm region was carefully microdissected from the resting 
follicles of pigmented feathers in quails and transplanted to the hind limb bud of E3 
White Leghorn chicken embryos. The pigmentation of the feather buds in the 
transplanted region was photographed after 5 days of incubation and the embryo 
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specimens were collected for immunohistochemical analysis for the presence of 
melanocytes in the pigmented feather buds.   
 
Histology and immunostaining 

The collected feather follicle samples were fixed in 4% paraformaldehyde in 
phosphate buffered saline (PBS) over night, and then serially dehydrated with alcohol 
and embedded in paraffin. For cryostat, the samples were fixed in 1% paraformaldehyde 
in PBS overnight and embedded in OCT. Paraffin sections (7μm) or cryosections (8-
10μm) were stained with hematoxylin and eosin or prepared for immunostaining 
following routine procedures (33). The following antibodies were used: mouse anti-Mitf 
(1:200, C3 and C5, Abcam), mouse anti-MART-1 (1:200, Thermo Scientific), mouse 
anti-PCNA (1:200, Chemicon), rat anti-BrdU (1:200, Abcam), QCPN antibody (a quail 
cell marker, Developmental Studies Hybridoma Bank), Alexa Fluor® 594 anti-mouse 
IgG1(γ1) (1:200, Invitrogen), Alexa Fluor® 488 anti-mouse IgG2b (1:200, Invitrogen), 
Alexa Fluor® 488 anti-mouse IgG2a (1:200, Invitrogen), Alexa Fluor® 594 anti-mouse 
IgG2a (1:200, Invitrogen), Texas Red donkey anti-rat IgG (1:200, Jackson 
ImmunoResearch), DyLight 488 donkey anti-mouse IgG (1:200, Jackson 
ImmunoResearch). Paraffin (7μm) and cryostat sections (8-10μm) were prepared for 
staining. Antigen retrieval was performed according to the suggestions from the antibody 
manufacturers. The specimens were blocked with 5% bovine serum albumin (Sigma) in 
PBS for 1 hour, incubated in primary antibodies in 1% albumin/PBS over night at 4oC, 
and rinsed with PBS extensively. For immunohistochemistry, color was developed with 
AEC peroxidase substrate kit (Vector Laboratories). To remove melanin color, the 
specimens were then bleached with H2O2 solution as described (34), and counter-stained 
with hematoxylin. For immunofluorescent staining, the specimens were incubated in 
secondary antibodies for 2 hours at room temperature. After being rinsed with PBS, the 
specimens were stained with nuclear dye DAPI (300nM in PBS, Sigma) for 10 min at 
room temperature and rinsed with PBS extensively before mounting with 50% glycerol in 
PBS. TUNEL staining was performed by use of a kit (Roche). Tyrosinase activity was 
determined in cryosections by tyramide reaction (Tyramide Signal Amplification 
Systems, PerkinElmer) as described (35). 
 
In situ hybridization 

Digoxigenin-labeled probes against chicken tyrosinase related protein-1 (TRP1) 
(nucleotides 511-1055; NM_205045.1), tyrosinase (TYR) (nucleotides 680-1154; 
NM_204160.1), and agouti signaling protein (ASIP) (nucleotides 52-453; 
NM_001115079.1) were synthesized by use of a digoxigenin RNA labeling kit according 
to the instructions from the manufacturer (DIG RNA Labeling kit, Roche) as described 
(36). To detect three-dimensional ASIP expression in feather mesenchyme, the 
epithelium of a growing feather was removed and the mesenchymal cylinder containing 
feather pulp and dermal papilla were further prepared for whole mount in situ 
hybridization. Paraffin sections and whole mount samples were prepared for in situ 
hybridization following routine procedures (36). To remove the melanin color, the 
sections were then bleached with H2O2 solution before being counterstained with eosin.  
 
Three-dimensional reconstruction 
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Serial horizontal 7μm-sections of growing breast feather follicles from Barred 
Plymouth Rock chickens were first stained for Mitf. Microscopic images of the serial 
sections were taken and the serial images were aligned by software ImageJ 1.36b 
(National Institutes of Health, Bethesda, Maryland, USA). The distribution of 
melanocytes in the feather follicle was reconstructed using the software Amira (Visage 
Imaging, San Diego, CA, USA). The images were rendered as a three-dimensional view 
of melanocyte distribution in the feather follicle. 
 
Explant culture and melanocyte culture 

Feather melanocytes were cultured as described (37). Briefly, feather follicles were 
isolated and cut into explants containing the desired epithelial portion connected with the 
adjacent feather pulp. The feather explants with the pulp at the base of 6-well culture 
plates (BD Biosciences) were cultured in F12 medium (Invitrogen) containing 10% (v/v) 
fetal bovine serum (Gemini Bio-Products) and 1-fold concentrated Antibiotic-
Antimycotic (Gibco) at 37oC in an atmosphere of 95% air/5% CO2. Culture medium was 
changed twice a week. After 70% confluency was reached, the explants were removed 
and cells were detached by 0.05% trypsin/EDTA (Gibco) immediately before they were 
used in the following experiments. Immunostaining showed that more than 97% of the 
outgrowing cells were positive for the MART-1 melanocyte marker. To test the effect of 
α-melanocyte stimulating hormone (α-MSH) on melanocyte differentiation, freshly 
isolated feather explants containing the adjacent pulp or the expanded melanocytes were 
cultured in the presence of α-MSH (1.25μg/ml, 2.5 μg/ml, 5 μg/ml, and 10 μg/ml, Sigma) 
for 7 days. The explants and cells were photographed and tyrosinase activity was 
determined by tyramide reaction (Tyramide Signal Amplification Systems, PerkinElmer) 
as described (35).  
 
Real-time PCR analysis  

Each feather follicle specimen (either from a pigmented or apigmented region) 
containing the epithelium spanning from papilla ectoderm to 3mm above ramogenic zone 
and the attached adjacent mesenchyme (including the peripheral and central pulp) was 
carefully microdissected. The epithelium with the connected pulp mesenchyme was then 
processed for real-time PCR analysis. Total RNA extraction and real-time PCR were 
performed as we previously described using Power SYBR Green PCR Master Mix 
(Applied Biosystems, U.S.A.) and a PX2 thermal cycler (Thermo Scientific) (38). The 
sequences of primers specific for genes analyzed were as following: tyrosinase-related 
protein 1 (TRP1)( NM_205045.1) (5’-CGTGTGCTGTGTGAAAGTAT-3’ and 5’-
GGATTTCTACGGATGGGACC-3’), tyrosinase (TYR) (NM_204160.1)(5’-
GGATGACAGAGAGGATTGGC-3’ and 5’-CCTGAGAAGCCAAACTTGC-3’), solute 
carrier family 24, member 5 (SLC24A5)( NM_001038497.2)(5’-
CACAGAGAACAGGACGGAT-3’ and 5’-TTCCTCCATCCTTTCTCTCC-3’), agouti 
signaling protein (ASIP) (NM_001115079.1) (5’-TCCCAGAAAGTCAGCAGAA-3’ and 
5’-TTGAAGTTTGGCACGCAG-3’), actin (NM_205518.1)(5’-
GCTATGAACTCCCTGATGGTC-3’ and 5’-GGACTCCATACCCAAGAAAGA-3’). 
 
Statistics 
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Data are expressed as the mean ± standard error of the mean. Two-tailed Student’s t 
test was performed for comparison among groups using SigmaPlot 10.0 (Systat Software, 
San Jose, CA, USA) software. P-values were considered significant when less than 0.05. 
Data were plotted using SigmaPlot or Microsoft Excel. 
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Fig. S1 
 

 
 

 
Complexity of feather pigment patterns and feather follicle structure.  
 
A. Basic feather pigment patterns are shown here. (1) Distal black spangling. Sickle 

feather from a male Silver Spangled Hamburg chicken. (2) Distal white mottling. 
Breast feather from a female Speckled Sussex chicken. (3) Single peripheral lacing. 
Hackle feather from a male Silver Laced Wyandotte chicken. (4) Longitudinal stripe. 
Flight feather from a female Silver Laced Wyandotte chicken. (5) Multiple lacing. 
Breast feather from a female Dark Brahma chicken. (6) Horizontal barring. Sickle 
feather from a male Barred Plymouth Rock chicken. (7) Dots and stripes. Flight 
feather from a male Helmeted Guineafowl. 

B. Schematic depictions of feather follicle structures in growing (upper panel) and 
resting (lower panel) phases. Dermal papilla is on the proximal end of the feather 
follicle. In the growing phase, feather keratinocytes proliferate to support elongation 
of the epithelial cylinder toward the distal end. When a growing feather gradually 
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emerges from skin, it opens from the posterior side (white dashed line) into a planar 
vane. In the resting phase, the feather follicle shrinks toward the proximal end. TA: 
transit amplifying. 
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Fig. S2 
 

 
 
 
Melanocyte distribution and differentiation in growing flight feathers of the Black-
feathered Taiwan Country Chicken.  
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Mitf and MART-1 were detected by immunohistochemistry. TRP1 and TYR were 
detected by in situ hybridization. For better view of Mitf, MART-1, TRP1 and TYR 
expression, the melanin was bleached after color development for immunohistochemistry 
or in situ hybridization. Bar: 50μm 
A. H&E staining. Anatomy of a growing flight feather: dermal papilla (DP), pulp, 

papilla ectoderm (PE), lower bulge (LB), middle bulge (MB), upper bulge (UB), 
ramogenic zone (RGZ), and barb.  

B. Pigment, distribution, and differentiation of melanocytes. Magnified micrographs 
from the corresponding boxed areas in panel A. Small apigmented melanocytes with 
weak staining for Mitf (white arrowheads) and MART-1 (yellow arrowheads) were 
present in LB. The intensity of Mitf and MART-1 staining progressively increased 
upwards toward the barbs. TRP1 expression was first detected (green arrowheads) in 
MB and the expression progressively increased towards the barbs. TYR expression 
was first detected at the junction of MB and UB (red arrowheads), and the expression 
level progressively increased upwards. Unstained sections showed that the melanin 
pigment first appeared in UB (blue arrowheads) and the amount of pigment increased 
toward the barbs. No melanocytes were revealed in the pulp, dermal papilla or 
epithelium of the follicular wall. Black dashed line: epithelial-mesenchymal junction. 
Bar: 50μm. 

C. Adult Black-feathered Taiwan Country chickens.  
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Fig. S3 

 
 

 
 
Distribution of melanocyte progenitors in the lower bulge epithelium in different 
chicken breeds and non-Gallus birds. 
 
A. Horizontal section at the lower bulge level of a growing flight feather from a Black-

feathered Taiwan Country chicken (upper panel, H&E). The lower panel shows the 
magnified micrographs of the corresponding boxed areas in the upper panel. Mitf+ 
MART-1+ apigmented melanocytes were found all around the epithelium (blue 
arrowheads). Bar: 50μm. 

B. Mitf staining for apigmented melanocyte progenitors in other chicken breeds and 
non-Gallus birds. In each bird, the magnified micrograph shows the corresponding 
boxed area in the low-power micrograph. Mitf+ apigmented melanocytes (red 
arrowheads) were present in the lower bulge epithelium of different chicken breeds 
and non-Gallus birds. Bar: 50μm. 



 
 

12 
 

C. Depiction of melanocyte progenitor cell arrangement in the growing feather. The 
melanocyte progenitors in the lower bulge epithelium are arranged as a horizontal 
ring surrounding the feather follicle. They send out differentiating progeny upwards 
to the feather barbs. Dashed arrows indicate direction of cell movement.  
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Fig. S4 

 
 
 
Melanocyte proliferation status in vivo and expression of tyrosinase activity of 
melanocyte progenitors in vitro.  
 
A. This panel shows the results from regenerating feathers labeled by BrdU in the early 

growing period (0-14 days after plucking). Melanocytes in the lower bulge retained 
BrdU (white arrowheads) for 8 days. Above the lower bulge, BrdU could only be 
retained by melanocytes for up to 2 days in the middle bulge (yellow arrowheads). 
After 14 days of tracing, only some of the keratinocytes in the lower bulge still 
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retained BrdU. Regenerating feathers labeled in the middle (15-28 days after 
plucking) and late (29-42 days after plucking) period of the growing phase showed 
similar results of BrdU retention in melanocytes. White dashed line: epithelial-
mesenchymal junction. Bar: 50μm. 

B. Melanocytes could be cultured from explants of the lower bulge region (left panel, 
phase contrast, 10 days in culture). Under the stimulation of α-MSH for 7 days, 
melanocytes from the explants displayed tyrosinase activity (right panel, overlay 
image of bright field and fluorescence). Bar: 100μm in left panel, 25μm in right 
panel. 
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Fig. S5 
 

 
 
 
Melanocyte proliferation status determined by PCNA expression and cell density. 
 
A. Depiction of the epithelial regions for analysis in growing flight feathers.  
B. Immunostaining for PCNA and Mitf. Double positive cells (white arrowheads) were 

proliferating melanocytes. The rightmost row is the bright field image and white 
dashed lines represent the epidermal-mesenchymal junction. Bar: 50μm. 

C. Quantitative analysis of PCNA positive rates of melanocytes in different regions. 
Ratio of No. of PCNA+ melanocytes/No. of total melanocytes in each epithelial 
region was calculated. Apigmented melanocytes in the lower bulge had the lowest 
rate of PCNA expression. Melanocytes in the middle bulge and upper bulge regions 
showed a higher percentage of PCNA expression. * P<0.05. (N=3) 

D. Quantitative analysis of cell density of melanocyte lineage in different regions. 
Number of Mitf positive cells was calculated in each region. The result was expressed 
as No. of melanocytes per unit length (100μm) of epithelium. Melanocyte density was 
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lowest in LB and MB and highest in UB and RGZ. * P<0.05; NS: non-significant. 
(N=3) 
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Fig. S6 
 

 
 
 
Distribution of melanocyte progenitors and expression of differentiation and 
proliferation markers in the resting phase.  

 
A. The leftmost panel shows the histology (H&E) of a resting follicle. Mitf+ MART-1+ 

apigmented melanocytes (yellow arrowheads) were revealed in the lower tip of the 
feather epithelium, the papilla ectoderm. They were negative for the differentiation 
markers, TRP1 and TYR. Right panels were magnified images from the yellow box 
of the histology. Blue dashed line is epithelial-mesenchymal junction. PE: papilla 
ectoderm; DP: dermal papilla. Bar: 50μm. 

B. PCNA expression in melanocyte progenitors. The Mitf+ melanocyte progenitors were 
negative for PCNA expression in the resting phase (red arrowheads). Only a limited 
number of keratinocytes were positive for PCNA expression (green arrowheads). 
White dashed line is epithelial-mesenchymal junction. Bar: 50μm. 

C. Depiction of the arrangement of melanocyte progenitors in the resting phase. 
Compared with the growing phase, the melanocyte progenitors descend to the papilla 
ectoderm in the resting phase. They are still arranged as a horizontal ring 
configuration surrounding the feather follicle, but become quiescent.  
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Fig. S7 
 

 
 
 
Distribution of melanocytes and melanocyte progenitors in completely apigmented 
feathers from White Leghorn, Speckled Sussex, and Delaware chickens.  
 
Completely apigmented feathers from chicken breeds with different genetic backgrounds 
are shown. Feather color patterns are displayed on the left row (White Leghorn, Speckled 
Sussex and Delaware chickens). Growing feather follicles from each breed were stained 
for Mitf to identify the melanocyte lineage. In apigmented feathers from White Leghorn, 
the entire melanocyte lineage was absent in the feather. In flight feathers from Speckled 
Sussex, melanocytes were absent in the epithelium of feather barbs, but melanocyte 
progenitors were still present in the lower bulge epithelium (red arrowheads and region 
boxed by the dashed line). In feathers from Delaware, melanocyte progenitors were 
present in the lower bulge (red arrowheads) and apigmented melanocytes were present 
from the middle bulge all the way to the barbs (blue arrowheads). The apigmented 
melanocytes in the barbs were negative for TRP1 and TYR expression. LB: lower bulge; 
MB: middle bulge. Bar: 50μm 
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Fig. S8 
 

 
 
 
Distribution and differentiation of melanocytic lineage in the calamus forming stage 
of the Black-feathered Taiwan Country chicken.  
 
A. Feather pigment change, histology and expression of melanocyte markers. The yellow 

dashed line indicates the sampling time point when the apigmented calamus was 
forming (left upper panel). The right panel shows the magnified micrographs of the 
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corresponding boxed regions in the left lower panel (H&E). The bulge morphology 
was lost due to collar shrinkage and there was no barb formation at this stage. H&E 
and unstained sections showed that the mature calamus epithelium was apigmented 
and melanocytes were absent (box 4 and box 5). Mitf+ MART-1+ TRP1- melanocyte 
progenitors were present in the lower part of the collar epithelium (red arrowheads, 
box 2). There were few Mitf+ MART-1+ TRP1+ pigmented melanocytes located 
immediately above the progenitor niche (blue arrowheads, box 3). The papilla 
ectoderm was devoid of melanocytes (box 1). Black dashed line: epithelial-
mesenchymal junction. Bar: 50μm; 

B. Cell proliferation status. In serial sections, Mitf+ melanocyte progenitors in the box 2 
region of panel A were negative for PCNA expression (red arrowheads). However, 
many keratinocytes here were still positive for PCNA expression, indicating that they 
were still actively proliferating to support calamus elongation. White dashed line: 
epithelial-mesenchymal junction. Bar: 100μm. 



 
 

21 
 

Fig. S9 
 

  
 

 
Dynamic changes of chevron-shaped barring in growing breast feathers of the 
Barred Plymouth Rock chicken.  
 

After feather plucking, three adjacent regenerating breast feathers were collected at 
indicated time points from day 36 to day 40. The mesenchyme was removed and feather 
epithelium was vertically cut and opened from the posterior side. Alternating chevron-
shaped white and black barring was revealed above the ramogenic zone in the opened 
epithelial cylinder.  

There can be quiescent melanocyte progenitors in the posterior part (barb generation 
zone). These cells come in and travel all the way to the anterior side to replenish the 
niche. That’s how the bars travel toward the anterior side. The ratio of (1. the velocity of 
progenitor migration toward anterior side) to (2. the velocity of the upward growing of 
the epithelial cylinder) will determine the angle of the chevron (Fig. 2B, fig. S10D). 

The chevron-shaped barring did not become horizontal until the vane was released 
and opened. The old chevrons moved upwards toward the distal end as the new chevrons 
formed from the ramogenic zone. The barring pattern on different sides of the rachis 
could be out of phase and became bilaterally asymmetric. 
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Fig. S10 
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Dynamic changes of melanocyte progenitors in McSC niche (lower bulge) in 
growing breast feathers of the Barred Plymouth Rock chicken.  
 
We divided the barb pigmentary changes above the ramogenic zone into four sequential 
phases: early black, late black, early white and late white. 
A. Both melanocytes and melanocyte progenitors (yellow arrowheads) were present in 

early black phase. Melanocyte progenitors disappeared before the barbs turned white 
in late black phase. In early white phase, both melanocyte progenitors and mature 
melanocytes were absent. Before pigment regenerated in the barb ridges, melanocyte 
progenitors appeared in the lower bulge again (yellow arrowheads, late white phase). 
At this phase, the barb ridges contained undifferentiated melanocytes. The right panel 
depicts the corresponding cell dynamics. Blue dashed line: epithelial-mesenchymal 
junction. Bar: 50μm 

B. Horizontal sections at barbs right above the ramogenic zone. Upper panel is H&E and 
lower panel is MART-1 staining. In H&E, the pigmented pattern was not symmetric 
across the rachis, and all the four phases of pigmentary change could be seen in this 
horizontal section. Pigmented melanocytes were present in the barb ridges of early 
and late black regions. No melanocytes were revealed in barb ridges of the early 
white region, but apigmented melanocytes could be seen in the barb ridges of the late 
white region. Bar: 250μm. 

B’. Horizontal section at the bulge level of the same feather shown in panel B, Mitf 
staining. Melanocyte progenitors were absent in the anterior side (red arrowheads). 
There was a band of melanocyte progenitors extending from the posterior side toward 
the anterior side. Near the anterior end of this progenitor band, sparse dispersed 
melanocyte progenitors penetrated toward the anterior side (green arrowheads). Bar: 
500μm. 

C. No apoptosis was detected in the lower bulge by TUNEL assay (left panel; inset was 
positive control), whereas the bright field image showed premature production of 
melanin (yellow arrowheads, right panel). Blue or white dashed line: epithelial-
mesenchymal junction. Bar: 65μm 

D. Depiction of cell dynamics and pattern movement in chevron-shaped barring. The 
pigment pattern right above the RGZ is divided into 4 regions: early black, late black, 
early white and late white. Above the RGZ, pigmented melanocytes are present in 
early and late black, and become absent in early white. In late white, melanocytes 
reappear in the barbs, but are apigmented. In the LB niche, melanocyte progenitors 
are present in early black. Premature differentiation of melanocyte progenitors leads 
to progenitor cell depletion in late black and the niche remains empty in early white. 
Melanocyte progenitors, presumably coming from the remaining melanocyte 
progenitors on the posterior side, reappear in the LB in late white. As feathers 
continue to grow, this alternating black and white chevron-shaped barring pattern 
moves from the posterior side to the anterior side. The local melanocyte progenitors 
in the LB are repeatedly depleted and replenished, creating the cyclic barring pattern. 
LB: lower bulge; RGZ: ramogenic zone; ant: anterior; post: posterior. 
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Fig. S11 
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A. Fundamental model for cyclic behavior 
An activator stimulates the production of an inhibitor, but there is a time lag between 
its induction and appearance. The inhibitor then inhibits the activator, providing for 
cyclic behavior. 
 

B. Hypothetical model to generate a feedback loop during melanocyte 
differentiation, thus temporally periodic pattern 
Inhibitors produced from the activation of progenitors can prevent quiescent 
progenitors from becoming activated, or activated progenitor cells from becoming TA 
cells, or TA cells from differentiating or the self-renewal of progenitors. During 
melanocyte progression, we envision a model of feedback inhibition, although the 
source of the inhibitor and the level at which it functions have yet to be determined. 
In Barred Plymouth Rock chickens, there is feedback inhibition when melanocyte 
progenitors are activated.  This inhibition removes progenitors by promoting their 
differentiation. TA: transit amplifying cell. 
 

C. Hypothetical model to generate stripes based on the current experimental data 
In Barred Plymouth Rock chickens, inhibitors are aberrantly expressed when 
progenitors are activated due to gain-of-function mutation involving CDKN2A/B 
locus that encodes tumor suppressor genes INK4b and ARF (14). Therefore, toward 
the second half of the black bar, the number of activated progenitors decrease 
(symbol size indicates population size, not cell size). Eventually activated melanocyte 
progenitors are exhausted, forming the early half of the white bar. Quiescent 
melanocyte progenitors then replenish activated melanocyte progenitors (late white 
region), which reconstitutes the homeostasis and black bar (early black region). Due 
to the reappearance of the inhibitor upon progenitor activation, activated melanocyte 
progenitors will exhaust themselves again, forming the white bar. 
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Fig. S12 
 

 
 
Distribution of melanocytes and melanocyte progenitors in feathers from Helmeted 
Guineafowl, Silver Spangled Hamburg chicken and Silver Laced Wyandotte 
chicken.  
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The data show patterned apigmented regions in these feathers are due to suppressed 
melanocyte differentiation. Dashed lines on the gross feather appearance indicate the time 
point when the growing feather was removed for histological examination. Micrographs 
on the right side show magnified views of the corresponding boxed region in the low-
power view on the left. Black dashed line: epithelial-mesenchymal junction. Bar: 50μm. 
 
A. Saddle feather from a Helmeted Guineafowl. Vertical sections show that Mitf+ 

melanocytes were present both in the apigmented (blue arrowheads, box 1) and 
pigmented (blue arrowheads, box 2) barb ridges. The pigmented melanocytes were 
positive for TRP1 expression (red arrowheads, box 2), while apigmented melanocytes 
were negative for this differentiation marker.  

B. Breast feather from a Silver Spangled Hamburg chicken. Melanocyte progenitors 
were present in the lower collar bulge (blue arrowheads, box 4). In the apigmented 
barb ridges, Mitf+ melanocytes were present (blue arrowheads, box 3), but they were 
negative for the TRP1 differentiation marker.  

C. Flight feather from a Silver Laced Wyandotte chicken. Horizontal sections just 
above the ramogenic zone showed that Mitf+ melanocytes were present both in the 
pigmented (blue arrowheads, box 6) and apigmented (blue arrowheads, box 5) barb 
ridges. However, only pigmented melanocytes were positive for TRP1 expression 
(red arrowheads, box 6). 
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Fig. S13 
 

 
 
 
Apigmented barb regions are due to suppressed melanocyte differentiation in Silver 
Laced Wyandotte chicken feathers. 
 
A. At the early growing period (about 14 days after feather plucking) when the single 
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black lace was forming (dashed line, left panel), feather follicles were collected for 
analysis. In the vertical section, the anterior side (Ant) was apigmented and the 
posterior side (Post) was pigmented. Mitf+ melanocyte progenitors were present in the 
lower bulge epithelium (blue arrowheads, box 3 and box 4, Mitf staining) of both 
sides. Melanocytes were also present in the barb ridges of both sides (blue 
arrowheads, box 1 and box 2, Mitf staining). However, melanocytes in the 
apigmented barb ridges were negative for TRP1 expression (box 1, TRP1), while 
pigmented melanocytes in the pigmented barb ridges were positive for TRP1 
expression (red arrowheads, box 2, TRP1). Micrographs on the right side show 
magnified views of the corresponding boxed region in the low-power view on the left. 
Blue dashed line: epithelial-mesenchymal junction. Bar: 50μm. 

B. Tyrosinase activity determined by tyramide reaction. For a better view of tyrosinase 
activity, the specimen was bleached to remove melanin color after color development. 
Melanocytes in the pigmented barb ridges (box 1) were positive for tyrosinase 
activity while melanocytes in the apigmented barb ridges (box 2) were negative for 
tyrosinase activity. Bar: 50μm. 

C. Real-time PCR for quantification of gene expression level. Compared with the black 
pigmented region (B), differentiation markers of melanocytes including TRP1, TRY 
and SLC24A5 were all significantly downregulated in the white apigmented region 
(W). * p<0.05. (N=3).  

D. Unstained sections of the pigmented (upper panel) and apigmented barbs (lower 
panel). Pigmented melanocytes could occasionally be observed in the apigmented 
barb ridges (red arrowheads). Blue dashed line: epithelial-mesenchymal junction. 
Bar: 50μm. 

E. Melanocytes could be cultured from both the white barbs and the bulge of the feather 
shown in panel A. Bar: 100μm. 

F. Under α–MSH (2.5 μg/ml) stimulation, melanocytes isolated from white barbs 
acquired tyrosinase activity. Bar: 25μm. 

G. In vitro stimulation with α–MSH. Apigmented feather explants containing both the 
epithelium and adjacent pulp mesenchyme were stimulated with α–MSH (2.5 μg/ml) 
for 7 days. The explants remained apigmented in the presence of α–MSH (N=8). 

H. In situ hybridization to detect ASIP expression in the feather section. In this feather, 
the anterior side was apigmented and the posterior side was pigmented. The leftmost 
panel showed the low-power view (A: anterior side; P: posterior side). The middle 
and rightmost panel were enlarged micrographs of the boxed areas in the low-power 
view. Peripheral pulp cells on the apigmented side exhibited higher ASIP expression 
(red arrowhead).  Bar: 100μm. 

I. Feather follicles treated with ASIP-coated beads. Mitf+ melanocytes were still present 
in the barbs (blue arrowheads), but they did not produce melanin pigment. Bar: 50μm. 
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Fig. S14 
 

 

 
 
Age-related pigment pattern change and location of melanocyte progenitors. 
 
A. Change of plumage color with age in a female Silver Laced Wyandotte chicken. 

 
B. Age-related pigment pattern change and the location of melanocyte progenitors in the 

same feather follicle at different ages. Though the pigment pattern of feathers from 
the right 4th secondary flight feather of Silver Laced Wyandotte chickens differed at 
1 and 5 months of age (leftmost panels), the distribution of melanocyte progenitors in 
the lower bulge of the growing feather follicle was similar (blue arrowheads). 
Rightmost panels were the magnified image of the corresponding boxed areas. Bars: 
50μm.  
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Fig. S15 
 

 
 

 
 
 
Cellular mechanisms and regulation for pigment patterning.  
 
A. Different cellular mechanism for apigmentation formation in feathers. 

Apigmentation can be caused by premature progenitor quiescence entry, deletion of 
progenitors in the niche and suppressed differentiation. The rectangle represents an 
opened feather cylinder, like that seen in Fig. 4B.  

 
B. A generic model for homeostasis of melanocyte stem cell progression.   

There are many possible steps to modulate the homeostasis of melanocyte stem cells 
and thus generate pigment pattern formation. The modulation can be based on auto-
feedback or cross-talk with environments such as the peripheral pulp or body hormone 
status. Three examples based on the data are shown here. We expect more molecules to 
be found, particularly those based on the rich source of avian genetic breeds with 
complex plumage patterns. We expect the site of those gene actions to be mapped on this 
simple progressive pathway, which in turn is regulated in the multi-dimensional space we 
depicted in Fig. 4B to generate complex pigment patterns.  
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