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ABSTRACT

The Formation of Pigment Patterns in Bird Embryos 

Michael Keith Richardson

In bird embryos, melanin pigments in the feathers are made by 

melanocytes derived from the neural crest. I have examined the 

mechanisms by which these cells can give rise to pigment patterns. In 

the embryonic quail wing, most of the dorsal feather papillae are 

heavily pigmented, while many of those on the ventral surface are 

unpigmented. When quail neural crest cells were grafted to the chick, 

they gave rise to a pigment pattern which bore little or no 

resemblance to the donor.

In contrast to the quail, the guinea fowl embryo has pigment

in nearly all of its wing feathers, including those on the ventral

surface. Chimaerae made from these species showed pigment patterns 

which, in most cases, corresponded to the genotype of the feathers 

and not that of the crest cells.

Histological studies of the quail-chick chimaera showed that 

undifferentiated neural crest cells were present in unpigmented 

feathers. The same was shown to be true of the normal quail embryo: 

ectoderm was taken from unpigmented feathers and then grown in vitro. 

Melanocytes appeared in the culture after 3 days. 

Dihydroxyphenylalanine CDOPA) was used to examine melanocyte 

differentiation. Pigmented feathers were DOPA-positive, while

unpigmented feathers were DOPA-negative.

A graft of polarizing region to the anterior margin of the

quail wing produced a wing in which the cartilage, feather, and 

pigment patterns were all a mirror-image.
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The following model is proposed: pigment patterns arise from

local cues in the feathers acting upon the differentiation of a 

uniformly distributed population of neural crest cells. These local 

cues constitute an isomorphic prepattern, which may be specified by 

positional information.
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INTRODUCTION

The pigmentation patterns of birds are remarkably varied and 

beautiful. Not only are they of great intrinsic interest, but they 

provide a model system for investigating pattern formation and its 

relationship to positional information. Pigment patterning involves 

the migration and differentiation of a population of unpigmented 

precursor cells. These cells originate during early embryonic life in 

the neural crest. They are, at this stage, quite separate from the 

skin where they will eventually settle and differentiate. This 

provides many opportunities for experimental manipulation, including 

the transplantation of neural crest cells between different embryos.

Most vertebrate pigment cells are derived from the neural 

crest (reviewed by Le Douarin, 1982), including melanin-producing 

pigment cells (melanocytes). In birds the duller shades of red and 

yellow, as well a6 brown, grey and black, are all synthesised by 

melanocytes. There are other colours in feathers which are not due to 

melanin. The bright reds and yellows are produced by carotenoid 

pigments absorbed from food in the gut (Rawles 1960). Blue is due to 

the reflection and diffraction of light by microscopic structural 

modifications of the feather (Spearman and Hardy, 1985). Iridescent 

colours are also a structural effect. Green is produced by a 

combination of yellow carotenoid pigment and blue structural colour 

(Rawles, 1960). We need not consider these non-melanin colours any 

f urther.

The problem I want to consider in this thesis is the 

following: how do local variations in pigmentation in bird embryos

arise? Two types of pigment pattern — primary and secondary — will 

be considered. Primary or local patterns are variations in 

pigmentation among a group of feathers. Secondary patterns are
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patterns within single feathers. Both of these types of pattern are 

seen in the quail embryo. This creature is the subject of this 

thesis. I will examine pigment pattern formation in two ways. First, 

in terms of mechanisms — such as positional information and 

prepattern — which could specify the pattern. And second, in relation 

to the differentiation and migration of neural crest cells.

mechanisms by which patterns could be specified

At its simplest level, pigment patterning consists of an 

interaction between neural crest cells and the ectoderm of the 

feather. One question which one can ask is the following: is the

pigment pattern determined by some property of the neural crest 

cells, or is it determined by the ectoderm? One way of examining this 

question is to make a chimaera by grafting crest cells from one 

species of bird embryo into another. This effectively brings together 

crest cells of one genotype and feather ectoderm of another genotype. 

If the chimaera develops a donor-type pigment pattern, it could be 

argued that pigment patterning is an intrinsic property of the crest 

cell. If, on the other hand, the chimaera develops a host-type 

pattern, then the feather ectoderm is likely to be the controlling 

factor in pattern formation.

A large number of neural-crest grafting experiments has been 

performed on bird embryos. The literature is summarised in Table 1. 

In most cases tissue such as skin, which contained crest cells, was 

taken from a 2% - 4 day embryo, and grafted into the limb bud of 

another. The host embryo was of a similar age to the donor, but of a 

different breed or species (Watterson, 1938; 1942; Willier & Rawles,

1938; 1940; 1944; ). After the graft had been made, the hosts were

usually incubated until hatching and allowed to grow up into adults.
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Most authors concentrate their attention on the secondary patterns 

within individual juvenile feathers (these are the definitive 

feathers which develop after hatching and replace the fluffy down 

feathers). All authors found that the secondary patterns which 

developed in the chimaera were the same as the patterns seen in a 

normal donor. It was even found that pigment cells taken from an 

adult could give rise to donor-type pigment patterns when grafted 

into an embryo of another breed (Trinkaus, 1948; 1950). In Rawles'

words:

'irrespective of the immediate source of the
melanoblasts or the method of introducing them into 
foreign feather germs, the results have been
consistent in showing that the melanophores produce 
their specific color and pattern in homologous 
feathers of varieties normally exhibiting an entirely 
different color and pattern' (Rawles, 1948)

Only rarely was there any indication of host influences in the 

pattern. For instance, Dorris (1939) grafted neural crest cells from 

the Rhode Island Red to the White Leghorn and found that while most 

feathers showed donor-type patterning, two tail feathers were grey; 

in the normal donor these feathers would have been black or red. This 

shows '... the activity of the host in modifying this [donor] effect' 

(Dorris, 1939, p.327).

Two points need to be stressed. These workers were looking at 

the secondary patterns within individual feathers. There is no 

mention in this literature of primary patterns. It is important also 

to realise that the great majority of these grafting experiments used 

different breeds of domestic fowl as donors and hosts; the grafts 

were therefore between members of the same species, Gallus 

domesticus. It is not at all clear what happens when crest cells of 

one genotype are grafted into a different species. When Rawles (1939) 

grafted crest cells between different species — robin (.Turdus 

migratorius) and chicken — she found that the pigment pattern in the
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chimaera was not donor-like; yet Willier (1941) grafted crest cells 

between the guinea fowl CNumlda meleagrls) and the White Leghorn and 

found that feathers on the chimaera had patterns 'nearly identical 

with those found in corresponding feathers in guinea fowl controls' 

(Willier 1941). Again, note that these experiments are concerned with 

secondary patterns — patterns within single feathers.

It may be mentioned in passing that attempts to introduce 

mammalian crest into embryonic bird feathers have failed because the 

crest cells remain in the dermis and do not migrate into the feather 

ectoderm (Rawles, 1940).

Neural crest grafting experiments have been performed on 

amphibians (reviewed by DuShane, 1943; Rawles, 1948). When neural 

crest cells are grafted between closely-related species of amphibian 

embryo a donor-type pigment pattern is produced (DuShane, 1935; 

Twitty, 1936; Twitty and Bodenstein, 1939; DuShane, 1943). Harrison 

(1935) exchanged limb buds, before crest cells had entered them, 

between various species of salamander and axolotl (Ambystoma spp. );

he found that the pigment pattern which developed in the grafted

limb was the same as that of the host. All of these experiments

support the idea that the crest cell, and not the tissue environment, 

determines the pigment pattern. When transplants of neural crest are 

made between distantly-related amphibia (Rosin, 1940), the pattern is 

not donor-like. Indeed, the xenografts in amphibia show strong host 

influences on the patterns. The literature is summarised in Table 2.

The experiments on birds and amphibians, described above, 

indicate that crest cells retain their own specific patterning

properties when grafted to another animal. This has been interpreted 

as supporting the positional information model of pattern formation 

(Wolpert, 1971; 1981). According to this idea, neural crest cells can

read the positional value of the ectoderm; they then interpret this
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according to their own genome. The key point i6 that, as in Fig. 1A, 

the positional values in host and donor are identical, and the 

pattern arises from the differential response of the melanoblast. The 

prediction from this theory is that when pigment cells are grafted 

between species, the pattern in the chimaera will resemble the donor. 

As we have seen, there is much evidence in support of this notion. 

Further support comes from a recent study of the quail-to-chick 

chimaera, in which donor-type patterns were found (Kinutani and Le 

Douarin, 1985; the chimaera is constructed by grafting neural crest 

from the quail embryo to the White Leghorn chicken embryo).

An alternative theory is based upon the pattern being 

generated by a prepattern which is isomorphic with the observed 

pigment pattern. In birds this prepattern would be in the feather 

papillae (Fig. IB). According to this model there are local 

differences which determine whether or not a feather becomes 

pigmented. Thus, in this case, the pattern is determined largely by 

the special properties of the host feather-papillae to which the 

melanoblasts can respond. In principle, melanoblasts from any species 

capable of this response would produce a host-type pattern when 

grafted to another species.

cellular events Involved In feather pigmentation

I shall consider briefly the development of feathers, and then 

the cellular events involved in their pigmentation. Finally, I shall 

look at some of the ways in which an unpigmented feather might be 

f ormed.

Feather development

This subject is reviewed by Rawles (1965); Sengel (1975, 

1976); and Spearman & Hardy (1985); In the chicken embryo, the first
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signs of feather development are seen on the eighth day of 

incubation. This corresponds to stage 31 of Hamburger & Hamilton 

(1951). The first papillae to become visible with the dissecting 

microscope are those lying over the spine; the last to appear are the 

coverts of the wing (Holmes, 1935; Mayerson & Fallon, 1985). 

Histological signs of feather differentiation are visible in the skin 

many hours before the feather papillae become visible to the naked 

eye. The sequence of events is as follows: in the 5 to 6 day embryo,

dermis is produced by a condensation of the subectodermal mesenchyme. 

Next, cell condensations appear in the ectoderm, and these in turn 

are followed by the appearance of corresponding dermal condensations.

Although the dermal condensations appear later than the 

epidermal ones, it is the dermis which directs the formation of the 

epidermal condensations. Experiments in which dermo-epidermal 

recombinations are made (reviewed by Sengel, 1976) show that the 

dermis determines the spacing and nature of the appendage (feather, 

scale, claw, hair etc.), provided large species-barriers are not 

crossed, and provided the dermis is old enough (Rawles, 1965). Indeed 

epidermis is so responsive to mesenchymal cues that wing-bud 

epidermis (which normally produces feathers) will give rise to a 

ciliated, secretory epithelium when combined with gizzard mesenchyme 

(McLoughlin, 1968). The inductive properties of the dermis appear 

long before any feather primordia have become visible. The epidermis 

determines minor features of the feather structure such as the number 

of barbule cells and their morphology.

The feather papilla grows out from the surface of the skin so 

as to form a feather bud. As the bud elongates, the ectodermal 

covering develops a series of longitudinal thickenings all around its 

circumference. These thickenings are the barb ridges, and they are of 

the greatest importance in understanding how feathers become
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pigmented. The apices of the barb ridges (Fig. 2) are the final 

resting place of those neural crest cells which are to take part in 

feather pigmentation, as I shall describe later. The feather papilla 

becomes progressively keratinized; after hatching it dries out and 

splits open, each barb ridge forming a single filament of the fluffy 

down feathers which cover the hatchling. These are soon replaced by 

definitive, quill-like feathers which develop from the same follicles 

as the down feathers. Thus each embryonic feather papilla gives rise 

directly to a down feather, and to a succession of adult feathers 

(Holmes, 1935).

The development of pigmented feathers

With the exception of the pigment cells of the retina, all 

melanocytes in vertebrates are derived from the neural crest. Dorris 

(1939) showed that chick neural crest cells, grafted to a white- 

feathered embryo, would produce melanin in the plumage of the host. 

Ris (1941) took tissue from pigmented breeds and grafted it to the 

White Leghorn embryo; pigment was only produced in the host if the 

isolate had included neural crest. He also showed that only the 

choroidal pigment cells of the eye, and not the retinal ones, 

originate in the neural crest. Finally, Rawles (1944) showed that 

white feathers can be produced at will in any breed simply by 

excluding neural crest cells from an area of skin.

These early workers had no histological marker for studying 

crest cell migration. The only way in which they could tell if crest 

cells were migrating through a particular area was to take a piece of 

the tissue and graft it into a White Leghorn chick embryo. If crest 

cells were present in the piece of tissue, a pigmented patch would 

appear in the host. Using this technique, Fox (1949) constructed a 

timetable of the migration of presumptive pigment cells into the 

epidermis of the chick embryo. She found that crest cells leave the



neural tube first in the head and last in the tail. In the trunk 

region, their migration roughly keeps pace with the formation of new 

somites. The wing is invaded at stage 21, rather earlier than the 

surrounding flank. The basal and dorsal parts of the limb bud are 

invaded before the distal and ventral parts.

Another way of determining the migratory pathways of crest 

cells is to use some kind of marker. Weston (1963) grafted neural 

crest cells, labelled with tritiated thymidine, between chick 

embryos; he then followed the migration of the labelled cells by 

autoradiography. He found that presumptive pigment cells pass 

straight into the dorsal ectoderm which lies over the neural tube. In 

a more recent study (Serbedzija et al.§ 1989) the neural crest was 

labelled in situ with a fluorescent dye, Dil (1,1-dioctadecyl- 

3,3,3'3'- tetramethyl indocarbocyanine perchlorate). The dye was 

injected into the lumen of the neural tube and the subsequent 

migration of crest cells was followed in cryostat sections. It was 

found that presumptive pigment cells migrated in the mesenchyme under 

the dorsal ectoderm, and not in the ectoderm itself as Weston <1963) 

had stated. Furthermore, these cells did not stain with HNK-1, an 

antibody which stains migratory crest cells but not melanocytes. In 

the wing region, crest cells started migrating away form the neural 

tube at stage 13; migration had finished by stage 22.

Like all extrinsic labels, tritiated thymidine and Dil are 

diluted by cell division. It is only since the development of the 

quail-chick system by Nicole Le Douarin that one has been able to 

study crest cell migration right up to the time of feather formation. 

The technique exploits the fact that the cells of the quail embryo 

(including its crest cells) have a condensed mass of chromatin in the 

nucleus. This means that when sections are appropriately stained, 

quail cells appear to have a dark spot in the nucleus. This nucleolar
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marker is not present in chicken cells, and so when quail crest is 

grafted to the chicken embryo, the migratory pathways of the quail 

cells can be followed histologically (reviewed by Le Douarin, 1982). 

Using this technique, it has been established that crest cells enter 

the ectoderm in large numbers between the 5th and 6th days of 

incubation, before the feathers have formed (Teillet, 1971)

The question of how neural crest cells enter the feather 

papilla was considered by Watterson (1942) in his histological study 

of the Barred Plymouth Rock embryo. He had no histological marker for 

crest cells, although he believed that he could recognise them by 

their morphology. He found (as have the more recent studies described 

above) that neural crest cells migrate into the skin ectoderm before 

the onset of feather formation. As the feather papillae develop, 

neural crest cells proliferate, start synthesising melanin, and 

become incorporated into the apex of the barb ridges. Melanin is 

synthesized in organelles called melanin granules or melanosomes (Fig 

3). These contain an enzyme, tyrosinase (phenol oxidase) which 

catalyses the conversion of tyrosine and dihydroxyphenylalanine 

(DOPA) into melanin (Fitzpatrick et al., 1987).

In their position at the apices of the barb ridges, 

melanocytes extend long, cytoplasmic processes into the ectoderm of 

the feather papilla, and melanin granules are taken up into the 

cytoplasm of the ectodermal cells. It is important to note that 

melanocytes are present in both the dermis and epidermis of bird 

skin; only those in the ectoderm, however, can play a direct role in 

the pigmentation of feathers. Dermal melanocytes may represent a 

reserve population which can be drawn on by a regenerating adult 

feather (Foulks, 1943). The various phases of crest cell migration 

into the skin are shown in Fig. 2.
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The development of unpigmented feathers

There are various ways in which a white feather can arise. In 

albino birds, the enzyme of melanin synthesis is absent or defective, 

and as a consequence no melanocytes can make melanin; thus the eyes, 

as well as the feathers, are unpigmented. Albinism is a recessive 

condition and there are autosomal and sex-linked varieties (reviewed 

by Abbott, 1967). In the White Leghorn chicken embryo, retinal

pigment cells are normal but crest-derived melanocytes die before 

they have a chance to deposit melanin in the feather papillae of the 

embryo (Jimbow et al., 1974).

What is more important to us is how a white feather arises 

when it forms part of a pattern of pigmented and unpigmented feathers 

on a bird embryo. The possible mechanisms can be summarised as

follows: (A): crest cells do not migrate into those papillae which

are destined to remain unpigmented. (B): crest cells migrate to all

papillae but, in future unpigmented papillae, they subsequently: (i)

migrate out again; (ii) die; (iii) fail to differentiate; or <iv) 

fail to proliferate. There is very little in the literature to help 

us answer this question, although it has been found that tissue from 

the white feathers of bi-coloured adult fowl can give rise to 

melanocytes in culture (Cohen, 1959). In a study of white-and-black 

barring in the feathers of fowl, Nickerson (1944) took unpigmented 

tissue from the white part of the feather papilla; when this tissue 

was grafted to the White Leghorn, it gave rise to melanocytes.

In amphibians, undifferentiated neural crest cells may be 

present in unpigmented areas. The amphibian Xenopus is pigmented on

its dorsal surface, and unpigmented on its ventral surface. Ohsugi

and Ide (1983) found that the white belly skin of Xenopus contains 

DOPA-positive cells and suggested that these were melanoblasts. 

However, Tucker and Erickson (1986) did not accept this view; they
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thought that the DOPA-positive cells could simply be leucocytes. In a 

very interesting paper Fukuzawa and Ide (1988) reported that culture 

medium conditioned by ventral skin from Xenopus contains a substance 

which inhibits melanocyte differentiation. The ventral skin is, in 

this animal, unpigmented.

There are a number of reasons for adding another study to the 

literature on pigment patterning. Most of the classic papers on 

pigmentation in bird embryos are, in terms of methodology, out of 

date. Many techniques which are now available for pigmentation 

studies were not available then. Such techniques include the use of 

trypsin to split skin cleanly into ectodermal and dermal parts; and 

extrinsic and intrinsic cell markers. None of the classical studies 

of pigmentation was concerned with primary patterns, and most were 

written long before the concepts of positional information, 

prepattern and pattern formation were explicitly formulated.
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Table 1.
A summary of experiments in which neural-crest cells have been 
grafted between different bird embryos.

DONOR 
(genotype of 
neural crest 
cells)

HOST 
(genotype of 
feathers)

PIGMENT 
PATTERN 
in chimaera

Rhode Island Red X White Leghorn 
Barred Rock hybrid

donor-type *

Rhode Island Red White Leghorn

Barred Rock; 
Silver Campine

White Leghorn

donor-type * 

donor-type *

Rhode Island Red X White Leghorn 
Barred Rock hybrid;
Rhode Island Red

donor-type *

various breeds of various breeds of donor-type *
chicken chicken

Barred Rock; White Leghorn donor-type *
Rhode Island Red

Barred Rock White Leghorn donor-type *

Robin (Turdus White Leghorn neither donor-
migratorius) nor host-type

Quail White Leghorn donor-type

Brown Leghorn § White Leghorn donor-type *

Rhode Island Red; White Leghorn donor-type, but
Australorp some evidence of 

host influence *

Barred Rock White Leghorn 'donor-
coloured' *

* = intra-specific (chick-chick) grafts. § = adult donor

REFERENCE

Willier & Rawles, 
1944

Weston, 1963 

Nickerson, 1944

Willier, Rawles 
& Hadom, 1937

Willier & Rawles, 
1938;1940

Rawles, 1945

Watterson, 1938 

Rawles, 1939

Teillet, 1971; 
Kinutani& 
LeDouarin, 1985

Trinkaus, 1948; 
1950

Dorris, 1939 

Foulks, 1943
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Table 2.
A summary of experiments in which neural-crest cells have been grafted 
between different amphibian embryos.

DONOR 
(genotype of 
neural crest 
cells)

Triturus torosus 
T. torosus 
T. similans 
T. rivularis

Ambystoma
tigrinum*

A. tigrinum

HOST
(genotype of skin 
cells)

T. similans 
T. rivularis 
T. torosus 
T. torosus

T. torosus

A. punctatum1

Triton palmatus A. mexicanum

A. punctatum A. mexicanum
A. jeffersonianum A. punctatum

PIGMENT 
PATTERN 
in chimaera

donor-type

donor-type

donor-type

host-type

donor-type#

A. punctatum A. jeffersonianum

§ = Taricha torosa, the Californian newt.
* = the tiger salamander
f = A. maculatum, the spotted salamander
# = limb bud transplants
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B
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of some factor which 
controls melanoblast 
differentiation 
 ►

Figure 1.
Diagrams to illustrate two theories of pigment pattern formation: the 
positional information (1A) and prepattem (IB) theories. Black circles 
indicate pigmented feather papillae, and white circles unpigmented. In 1A, 
melanoblasts are able to read the positional value of the papillae, and they 
interpret this according to their own genome. In transplantation experiments, 
the pigment pattern of the chimaera will, according to this model, be of 
donor-type. In figure IB, the difference between papillae is not in the form 
of positional value, but in the activity of some factor which controls 
melanocyte differentiation. The prediction from this theory is that, in 
transplant experiments, the pigment pattern of the chimaera will be of 
host-type.
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* * dorsal ectoderm
<► ’ migrating crest cells

+ neural tube 
# somite
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B

 ̂ periderm cell
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* into the ectoderm

* mesenchyme 
cell

barb ridge with melanocyte 

melanocyte

ectodermal
cell

feather papilla

Figure 2.
The principal migratory phases of presumptive epidermal melanocytes in birds. (A) in an 
embryo of 2 days incubation, crest cells are migrating away from the neural tube and 
entering the dorsolateral migratory pathway. This lies between the dorsal surface of the 
somites and the dorsal ectoderm. (B) in an embryo of 5 to 6 days of incubation, crest cells 
are migrating from the mesenchyme into the feather-forming regions of the ectoderm. (C) 
shows a pigmented feather papilla in a 9 to 11 day embryo. Crest cells have come to lie at 
the apices of the barb ridges and have differentiated into melanocytes. The melanocytes are 
depositing melanin granules in the cytoplasm of the ectodermal cells. (See text for 
references.)

25



FIG. 3
Electron micrographs showing melanocytes in normal quail embryos.

A. Melanocytes in the ectoderm near the ear. 11 days of 

incubation. * 3900.

B. detail from (A) showing the melanosomes; some are not yet 

melanized. These unpigmented organelles show longitudinal lamellae.

« 27,000.

C. Melanosome which is partly melanized. This organelle shows 

a well-organized internal structure.
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CHAPTER 1

Pigment Patterns In the Normal Quail Embryo 

Introduction

This thesis Is concerned largely with the pigmentation of the 

quail embryo. The first stage in this work is therefore to describe 

some of the normal pigment patterns in the plumage of the quail 

embryo. Two types of pattern will be considered: local or primary

patterns, which are arrangements of pigmented and unplgmented feather 

papillae in a certain area; and secondary patterns, which are the 

patterns of melanin within a single feather.

Feathers are arranged in tracts or pterylae separated by naked 

areas or apteria. Descriptions of how the feathers in various birds 

are arranged can be found in the beautiful studies by Nitzsch (1867), 

and Lucas and Stettenheim (1972). The development and structure of 

feathers is considered by Rawles (I960), and Spearman and Hardy 

(1985). Bird hatchlings can be divided into two groups according to 

their plumage and other characteristics (Harrison, 1975). The first 

group — which includes the quail, chicken and guinea fowl — are the 

precocial nestlings. These are covered in fluffy down feathers and 

are able to move around and leave the nest soon after hatching. The 

second group is exemplified by the song-birds, such as the sparrow; 

these birds have altricial young which are naked, blind and helpless. 

In both types of young, the definitive quill-type feathers soon 

emerge from follicles in the skin to form the juvenile plumage. In 

precocial nestlings the down feathers are pushed out of the follicle 

by the emerging juvenile feather. Adult plumages arise from 

successive moults throughout the bird's life. It is important to
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realise that the feather follicles laid down in the embryo are the 

same ones which will eventually give rise to the Juvenile and adult 

feathers (Holmes, 1935); no new follicles are laid down after 

hatching.

Two regions of the normal quail embryo will be considered in 

detail in the first part of this chapter: the wing, and the dorsal

surface of the trunk. A new technique has been devised to analyse 

these patterns; schematic maps have been prepared which record the 

position and pigmentation type of each papilla. In the second part of 

the chapter I give a brief account of the pigment patterns on the

head.

materials and methods

Fertilised eggs of the Japanese Quail (.Coturnix coturnix 

japonica) were obtained from a colony kept in this department; from a 

commercial supplier (Brian Potter, Hunting); and from Dr Dennis

Suramerbell, Prof. Peter Thorogood, and Prof. Ruth Bellairs.

Mapping the distribution of pigmented and unpigmented papillae

Eggs were incubated at 37°C ± l4. At the required stage,

embryos were fixed in 5% Trichloroacetic acid overnight and then 

stored in 70% ethanol. Feather papillae were plucked from the skin, 

and the position of each papilla was represented on a chart with a 

note of its pigmentation type. Only distinct elevations greater than 

0*2 mm in height or diameter were recorded. Simple ectodermal 

thickenings were ignored. For wing feathers, three categories of 

pigmentation were designated according to the appearance of the 

papilla under the dissecting microscope: 'pigmented', 'unpigmented'

and 'trace' of pigment. A papilla is categorised as 'trace' when its 

melanin is visible only at high power (30X) under the dissecting
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microscope. The distinction between these categories, is subjective, 

but they allow a large number of feather papillae to be graded in a 

relatively short space of time. Feathers from the back were analysed 

in a different way. Skin was removed from the embryo and pinned out 

flat in a dish. To help remove the skin, the whole embryo was 

dehydrated in 100% alcohol for 2 days, then cleared in Histo-clear 

(National Diagnostics). Maps were prepared which show how black and 

brown melanin is distributed within each papilla

results

The arrangement of feather papillae in the quail wing

The maps presented here are diagrammatic rather than 

topographic representations of the wing surface. The feathers of the 

wing can be readily resolved into a series of rows roughly parallel

to the proximo-distal axis of the wing. These rows are arranged as

discrete groups (tracts). The basic unit of my maps is not the

homologous papilla but the homologous row. It was not found to be

possible to produce a standard template for comparing homologous 

papillae on different wings. The reason for this is the variability 

in the pterylosis of different wings; not only does the number of 

papillae per row vary from wing to wing at a particular stage, but 

the number of rows in certain tracts varies also.

The maps include most of the feather papillae distal to the 

elbow, except those at the wrist and any other papillae which are 

difficult to assign accurately to rows. I have given a letter and 

number to each row of papillae: the letter denotes the group (tract) 

to which that row belongs, and the number indicates the position of 

the row within the tract. The posterior row in each tract is number 

1, the next row number 2, and so on. The tracts containing the B and

30



G rows are difficult to map accurately. These tracts are both 

essentially triangular and contain more rows at their broad 

(proximal) end than at their pointed (distal) end. Additionally, B 

and G rows often bifurcate or end suddenly in mid-course. The B tract 

is particularly problematic since it merges at an angle into the A 

rows, and the boundary is not always easy to establish.

Some rows are highly consistent: rows El-4 and Hl-2 show

interesting local pigment patterns, and are amongst the best-defined

rows of the wing. For these reasons, the E and H rows will form the

basis of this report. Table 3 shows how the row designations compare 

with the nomenclature of Lucas and Stettenheim (1972). The "downs" 

described by these authors are not included in my account, and must 

not be confused with other feathers near the posterior wing margin. 

Rows El and HI are continuous with each other; so too are rows E3 and 

H2. Rows E2 and 4 have no counterparts in the hand. Row FI is the 

most distinct row lying between the E and G groups. There are other 

papillae in this region but they are not included in this account 

because they do not always form recognisable rows. The I group 

usually consists of 3 rows. If a fourth is present this is

disregarded so that 13 is always the long row on the anterior margin 

of the ventral hand. Fig 4. shows light micrographs of typical 

papillae from each category. There is clearly some overlap between 

categories, although I have found that most papillae fall clearly 

into either the "pigmented" or "unpigmented" class.

The normal pigmentation of the quail wing

I have applied chick stages to the quail (Hamburger & 

Hamilton, 1951); beyond stage 39, however, this cannot be done

accurately. For this reason, stages 39 to 41 have been grouped 

together as a single category.

Stages 35-38. Traces of melanin may be seen in the incipient
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papillae around the elbow as early as stage 35. However, melanocytes 

are not seen in significant numbers until stage 36 <4 cases) on the 

dorsal surface of the wing at the proximal ends of rows Al-4 (Fig. 

5). During stages 37 (3 cases) and 38 (3 cases), pigment appears in 

successively more anterior and distal papillae on the dorsal surface 

(Figs. 6,7). On the ventral surface, papillae appear at stage 37, and 

pigment at stage 38, at which time it appears in the newly-formed 

rows Gl-2, El and E4.

Stages 39-41 (6 cases). By this time, the definitive pattern 

has been established. Fig. 8 shows a quail wing of stage 39 to 41. 

All the dorsal papillae are heavily pigmented with the exception of 

row B5, and the distal members of Dl. The ventral surface has 

developed a characteristic pattern: rows E2-3, G5 and H2 are

consistently unpigmented, while the remaining rows show varying

amounts of pigment. Since the arrangement of papillae in the G rows

is so irregular, it is the H and I rows which contain the most 

important local patterns. In rows Gl-3 and 12-3 the density of

pigmentation approaches that seen in dorsal feather papillae; this 

gives the appearance on the ventral surface of a streak of pigmented 

papillae running proximodistally along the anterior margin of the 

wing (Fig. 8A). Stages 38 and beyond show a graded decrease in the 

frequency of pigmentation across the B rows. I have examined, but not 

mapped, wings from quails up to 10 months after hatching. The wing 

plumage of these adults shows essentially the same pattern as that 

shown by stage 39 to 41 embryos. Wings from quail 2 days and 2 weeks 

after hatching are shown in Figs. 9 and 10. The data from embryonic 

quail wings are shown in Fig. 11; histograms show the frequency of 

pigmented papillae in each row.

Since I am to concentrate on the E and H rows, I have examined 

these in a further 11 embryos, making a total of 17 cases of stages
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39 to 41. None showed any pigment in E2-3 or H2. Feathers in El and 

HI are black or grey at the base only, or base and tip only, with 

white intervening. One third of cases show no pigment at all in E4. 

The intensity of pigment in a row generally declines towards its 

distal end. Black only, and not brown, is seen in the E and H rows. 

The only exceptions are the occasional embryos whose entire plumage 

lacks black melanin; in these cases, brown replaces black in all 

f eathers.

The normal pigmentation of the dorsal surface of the trunk of the 

quail embryo

The arrangement of feather papillae into tracts in this region 

is fully described by Lucas & Stettenheim (1972); and the order of 

appearance of different feather tracts in chick embryos is discussed 

by Holmes (1935), and Mayerson & Fallon (1985). I have looked at the 

feather papillae which lie near the dorsal mid-line of the trunk (the 

inter-scapular tract and the anterior part of the dorso-pelvic 

tract), and also at the patterns on the head (the capital and dorsal 

cervical tracts).

Thirty-four quail embryos, ranging in age from stage 35 to 

stage 39-41 were examined in detail, and maps were prepared of the 

dorsal-thorax pigment-patterns of 7 of these. There is very little 

change in the plumage of the quail between stage 39 and hatching. 

The principal features of the pigmentation pattern in the down 

plumage of this region are established by stage 36 and change very 

little afterwards, despite an enormous increase in the length of the 

feather papillae. The main purpose of the maps is to relate the 

colours in the plumage to the pigmentation of individual papillae. 

All papillae, regardless of their length, are represented by the same 

standard symbol. The distribution and colour of melanin in a papilla 

is indicated by shading and hatching,
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At stage 35 the dorsal feather papillae are no more than small

elevations. In the mid-thoracic region, the two longitudinal rows

either side of the dorsal mid-line have clusters of melanocytes at

their tips. During stage 36 (Fig. 12) pigment starts to appear in 

successively more lateral, cranial and caudal papillae, as well as in 

the row running along the dorsal mid-line. This mid-line row, as well 

as the two each side of it, are coloured black. Flanking these three 

black rows in the brachial region are a further 2-4 rows of papillae 

which are usually black at the base and tip, and brown or unpigmented 

in the middle. In the lumbar region, black feathers from the femoral 

tract come to lie laterally to each pale stripe.

At stage 37 (Fig. 13), patterns within the papillae of the

pale region become more evident. Three types of papilla are seen 

here: 1). papillae with black melanin at the base and tip, with a

white or brown intervening portion; 2) black at base only or tip

only, the rest of the papilla being white or brown; 3) wholly white

or brown, with no black melanin at all. The arrangement of these 

types is in general symmetrical; that is to say, any particular 

papilla will have the same distribution of pigment in it as does its 

counterpart on the other side of the midline. The symmetry gives a

mirrox— image appearance to the pattern. For instance, if black 

pigment is spread down the left-hand half of a papilla, the 

corresponding papilla on the other side of the embryo will usually 

show black spread down its right half. The symmetry is not perfect; 

if one looks closely enough, one can see papillae which do not match 

their opposite number; these are, however, the exception rather than 

the rule. To illustrate this point: in the embryo shown in Fig. 13,

only 8 out of 73 papillae on one side of the dorsal mid-line had non

identical counterparts on the other side.

In the lumbar region, the pattern described above is somewhat
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modified. Firstly, the lateral pale rows merge into the papillae 

covering the thigh. The mid-line row may disappear only to reappear 

nearer to the tail. The papillae in this row may contain brown areas 

instead of being entirely black.

The basic pattern just described for stage 37 is essentially

the same at stage 39 and beyond (Fig. 14). The stripes are

particularly obvious in the fluffy down plumage of the embryo near 

hatching (Fig. 15). An important point, however, is that the fine 

details of the pattern vary a good deal from embryo to embryo so that 

each can be said to have its own unique pattern. Although there are 

some differences between patterns on the two sides of the same 

embryo, these differences are less than the differences between the 

same sides of different embryos. The pattern established at stage 37 

remains essentially unchanged through the further stages.

Pigmentation of the head of the quail embryos

Quail embryos of stage 39 and older show a series of bold, 

sharply defined stripes down the back of the head as well as 

characteristic patterns around the ear (Fig. 16). Of the 4 cases 

examined in detail, all had a patch of black papillae anterior to the 

auditory opening, and unpigmented feathers along its dorsal margin. 

There were usually a few black papillae posterior to the ear, and 

occasionally black melanin was seen in papillae on the ventral border 

of the opening, though these papillae were usually unpigmented or 

pale brown. The pattern seen on the left and right hand sides of the

same embryo were very nearly identical; however, close examination

always reveals a few minor differences. The two sides of the same 

embryo resemble each other more strongly than do the same sides of 

different embryos.
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discussion

Several distinctive local patterns have been found in the down 

plumage of the quail embryo, In the wing the most striking features 

of the pattern are: Cl) the consistently heavy pigmentation of the

dorsal surface compared to the ventral surface; (2) the graded 

decrease in pigment across rows B1-B5; <3) the dark streak of

feathers near the anterior margin of the ventral surface, formed by 

the heavy pigmentation of rows Gl-3 and 12-3; and <4), the consistent 

lack of pigment in rows E2-3 and H2.

The dorsal thoracic plumage also shows well-defined pigment 

patterns. Three features are particularly characteristic: (1) a

delicate pattern of pigmented and unpigmented papillae around the 

ear. (2) a series of sharply-defined, longitudinal stripes on the 

dorsal surface of the embryo, running from head to tail. In the 

brachial region, the midline stripe is composed of 3 rows of black 

feather papillae. It is flanked on each side by a pale stripe; this 

is composed of up to five rows of papillae which are partly black and 

partly brown or white. (3) the patterns show mirror-image symmetry 

about the mid-line. This symmetry is such that the pigment pattern 

within a papilla is usually mirrored in the papilla in the same

position on the other side of the midline. A small number of papillae

have patterns quite different from their opposite numbers so that the 

pattern on either side of the midline is unique. Within the general 

constraints outlined above, the fine details of the pattern vary

considerably between embryos such that each has its own unique

pattern.

The maps presented in this chapter represent a new way of 

analysing the pigmentation patterns in down feathers. In the 

literature relating to neural crest transplantation (reviewed by
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Rawles, 1948), the normal patterns In the down plumage of bird 

embryos are not described in detail. In many cases, only the shade of 

its colour is mentioned. Most authors concentrate their attention on 

the pigmentation in the juvenile feathers. These are the familiar 

quill-like feathers which develop after hatching. The work in this 

chapter is therefore the first detailed description of pigmentation 

patterns in the down plumage of bird embryos. It provides the basis 

for the work of the following chapters, in which the origin of these 

patterns will be investigated.

Some of the work in this chapter has been published as: Richardson,

M. K. , Hornbruch, A. & Wolpert, L. (1989). Pigment pattern expression 

in the plumage of the quail embryo and the quail-chick chimaera. 

Development 107 805-818
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Table 3. Designation of the principal rows of feather papillae of the 

wing.

Rows Nomenclature of Lucas & Stettenhelm (1972)

A1 secondary remiges

A2 upper major secondary coverts

A3 upper median secondary coverts

A4 upper minor secondary coverts

AS-B7 upper marginal coverts of the prepataglum

CI primary remiges

C2 upper major primary coverts

C3 upper median primary coverts

C4 upper minor primary coverts, first row

C5 upper minor primary coverts, second row

D1 upper marginal coverts of the hand

El under major secondary coverts

E2 under median secondary coverts

E3 under minor secondary coverts, 1st row

E4 under minor secondary coverts, 2nd row

FI under forearm tract (posterior row)

Gl--G5 under marginal coverts of the prepataglum

H1 under major primary coverts

H2 under minor primary coverts

Il--2 under hand tract

IS under

row)

marginal coverts of the hand (anterior
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FIG. 4
Whole-mounted, cleared feather papillae (from a quail-chick

chimaera, stage 40) to show the different categories of

pigmentation.

A. unpigmented

B. trace of pigment

C. D, both scored as pigmented.

All are to the same scale as A. Scale bar in A = 200 pm.
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FIG. 5

Pigment patterns on a quail wing, stage 36.

A. ventral surface. B. Map of ventral surface.

C. dorsal surface. D. Map of dorsal surface.

Scale bar on A = 3mra

KEY: • = pigmented papilla.

o = unpigmented papilla.

+ = papilla with a trace of pigment.
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FIG. 6

Pigment patterns on a quail winjg, stage 37.

A. ventral surf;ace. B. Map of ventral surface.

C. dorsal surfaice. D. Map of dorsal surface. 

Scale bar on A = 2mm

KEY: • — pigmented papilla.

0 := unpigmented papilla.

+ := papilla with a trace of pigment.
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FIG. 7

Pigment patterns on a quail wing, stage 38.

A. ventral surface. B. Map of ventral surface.

C. dorsal surface. D. Map of dorsal surface. 

Scale bar on A = 4mm

KEY: • = pigmented papilla.

o = unpigmented papilla.

+ = papilla with a trace of pigment.
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FIG. 8
Pigment patterns on a quail wing, stage 39-41.

A. ventral surface. B. Map of ventral surface.

C. dorsal surface. D. Map of dorsal surface.

Scale bar on A = 5mm

KEY: • = pigmented papilla.

O = unpigmented papilla.

+ = papilla with a trace of pigment.
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FIG. 9
Pigment patterns on a quail wing, 2 days after hatching.

A. ventral surface. B. dorsal surface. 

Scale bar on A = 7mm

FIG. 10

Pigment patterns on a quail wing, 2 weeks after hatching.

A. ventral surface. B. dorsal surface. 

Scale bar on A = 20mm
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Fig. 11.
Histograms showing the development of pigment in the feathers 
of the quail wing.

A. Stage 36, dorsal surface.
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Fig. 11. 
continued

E. Stage 38, ventral surface.
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FIG. 12
Pigment patterns on the dorsal surface of a quail embryo, stage 36. 

Scale bar = 3mm
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FIG. 13

Quail embryo, stage 37.
A. Skin, dehydrated and cleared, from the embryo. The 

skin was cut down the ventral midline, The dorsal mid-line runs down 

the centre of the photograph, curving to the right near the tail. The 

arrow points to the humeral tract of the left side. The limbs have 

been removed. Scale bar = 6mm

B. detail from (A) showing the mid-dorsal feathers 

and part of the humeral tract of the left side (arrows). Transmitted 

light.

C. Map showing the secondary pigment patterns within 

the feather papillae. The map shows approximately the area in (B). 

Arrow = mid-dorsal row.

55



56



■ 1III
i l l  M i II EI I ' I I1

K E Y■ It l a c k

n e r e y

£3b i o 'v n

| | im p le m e n te d

li



FIG. 14
Quail embryo, stage 39-41.

A. dorsal trunk. Scale bar = 4mm.

B. skin, dehydrated and cleared. The bare skin in the 

upper part of the photo corresponds to those papillae which are 

mapped in CC). Note the way that black feathers alternate with 

feathers containing light brown melanin.

C. map of secondary pigment patterns in the feather 

papillae. Same general area as Fig. 13 (C).
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FIG. 15

Quail embryo, 15 days of incubation. Crown-to-rump length = 5cm

FIG. 16

Pigment patterns on the head of a quail embryo, stage 39-41.

A. dorsal surface of head and neck. Scale bar =

5mm

B. skin from <A), dehydrated and cleared. The bare 

skin in the upper part of the photo has had its feathers plucked. 

Note the alternating bands of pale and dark feathers. Scale bar = 

5mm
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FIG. 16 continued.
C. Left side of head. Scale bar = 3mm

D. Skin around ear in (C), dehydrated and cleared, 

Scale bar = 1mm
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CHAPTER 2

Pigment Patterns In the Quail-Chick Chimaera 

Introduction

In the last chapter I described some of the normal pigment 

patterns of the quail embryo. I now wish to look at the patterns 

produced by quail neural-crest cells when they are grafted to the 

chicken embryo. If quail crest cells can read the positional values

of the ectoderm in chicken feathers, then one would expect a quail

like pattern to arise. This would indicate that a universal 

positional field is present in birds, as suggested by Wolpert (1981). 

Alternatively, if there is an isomorphic pre-pattern in the feathers 

then the pigment pattern should be of host type. (The concept of pre

pattern is discussed in more detail in the following chapter. >

The dorsal thoracic plumage of the quail-chick chimaera was 

examined by Kinutani & Le Douarin (1985). These authors found that 

the pigmented stripes in the feathers bore some resemblance to those 

in the normal quail, and interpreted this in terms of the positional 

information model. They were looking at secondary patterns (i. e. 

patterns within single feathers) just as Rawles (1948) and her 

colleagues had; Rawles, too, found donor-type patterns in chimaerae. 

No one has yet looked at primary patterns.

The host in these experiments is the White Leghorn embryo. As

its name suggests, this breed of domestic fowl has white feathers. It

has often been used as a host both in pigmentation studies (Rawles, 

1948) and in studies of the quail-chick chimaera (Le Douarin, 1982). 

A detailed examination of pigmentation in the White Leghorn was made 

by Jimbow et al. (1974). They used DOPA (dihydroxyphenylalanine) to
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help them Identify melanoblasts. Using this technique they found 

that, in the White Leghorn, crest cells enter the feather papillae 

and give rise to large numbers of DOPA-positive melanoblasts. These 

cells are present in the feather germs mainly during the period of 9- 

16 days of incubation. (DOPA stains black any cell which contains 

tyrosinase [phenol oxidase], the enzyme of melanin synthesis.)

The melanoblasts in White Leghorn feathers may differentiate 

into melanocytes, although they die before depositing significant 

amounts of melanin in the feather papilla. These short-lived

melanocytes can be seen in the basal part of feather papillae where 

they form a black ring (Rawles, 1944). The defect which causes 

premature death in the melanocytes is intrinsic to the melanocytes 

themselves (Hamilton, 1940) and only affects those of the neural- 

crest lineage (thus the retina is pigmented in this breed because 

retinal melanocytes arise from the optic cup and not the neural 

crest). On the basis of genetic studies Hadley (1915) found the White 

Leghorn to possess latent pigment-patterning genes, and described 

this breed as "a masquerader who conceals many colors and patterns 

beneath her pure white plumage. " Brumbaugh (1967) considers the 

White Leghorn to have the Extended black (E) pigmentation genotype, a 

genotype it shares with such breeds as the Black Australorp, Black 

Minorca and Barred Plymouth Rock.

There is no account in the literature of primary pigment 

patterns in neural crest chimaerae. Primary patterns are local 

variations in pigmentation among a group of feathers (such as those 

on the wing of the quail, where some feathers are white and others 

black). The first part of this chapter is therefore devoted to 

primary patterns — in the wing plumage — of the quail-chick chimaera. 

In the second part I have repeated the experiments of Kinutani and Le 

Douarin (1985) on the secondary patterns in the dorsal thoracic
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plumage. I also give a full account of the normal pigmentation, such 

as it is, of the White Leghorn. This includes a study using DOPA in 

order to see which feathers are capable of supporting melanoblast 

diff erentiation.

materials and methods

Fertilised eggs of the Japanese quail (Coturnix coturnlx 

japonica) were obtained from a colony kept in this department. 

Fertilised chick eggs of the "Ross White" strain, a commercial strain 

of the White Leghorn, were obtained from Needle Farms, Hertfordshire. 

Feather pigment patterns were mapped using the technique described 

in chapter 1.

Isotopic grafts of quail neural anlagen to the chick embryo

Grafts of quail neural herai-tubes, 2 somites in length, with 

associated neural crest, were made to chick embryos. Most grafts 

were isotopic. The hemi-tubes were produced by cutting the neural 

tube longitudinally into left and right halves; in the case of grafts 

from the cephalic region, the neural fold from one side was taken. A 

wide range of axial levels was used, ranging from cephalic to caudal. 

Donors and hosts were incubated for 20-60 hrs at 38 *C ± 1 *C*

depending on the axial level of the graft, and were of stages 5 to 17 

(Hamburger and Hamilton, 1951). Tissue for grafting was excised with 

tungsten needles. In some cases, the donor was incubated in 0*25% 

trypsin (Gibco) in calcium- and magnesium-free phosphate-buffered 

saline (4*C, 15-40 minutes). The action of the trypsin was stopped

with 30% foetal-calf serum in Hank's balanced salt solution (both 

from Gibco).
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Grafts of quail neural anlagen to the chick wing bud

Whole, quail neural-tubes and associated neural crest, 2 

somites in length, were taken from the thoracic region of a quail 

embryo and inserted into the wing bud of a chick embryo. The 

procedure is essentially that of Dorris (1939). The donors were 

incubated for two days at 38®C ± 1*C and had from 14 to 18 somites at 

the time of grafting. The hosts were of stages 16-21. A slit, 

parallel to the long axis of the embryo, was cut in the base of the 

right wing bud with tungsten needles and the graft worked into the 

slit so that no tissue was left protruding. With younger hosts, the 

graft sometimes passed through into the coelom.

The DOPA reaction

The tissue was fixed for 2hrs in 10% formalin in phosphate- 

buffered saline (PBS, 4 4C, pH 7-4) then rinsed in PBS for 1 hr. The 

reaction mixture consisted of 0. 1% d-1 dihydroxyphenylalanine (DOPA; 

Sigma) in PBS (pH 7*7) which had in some cases been gassed overnight 

with nitrogen. Incubation was carried out at 37°C for 6-14 hrs during 

which time the reaction mixture was changed twice. Controls were 

treated as above, but DOPA was omitted from the reaction mixture and 

in some cases 10"3M sodium diethyldithiocarbamate (Sigma), a 

tyrosinase inhibitor, was included.

results

Pigmentation of the White Leghorn

The plumage appears entirely white to the naked eye, although 

punctate or fusiform melanocytes can be seen under the microscope in 

cleared specimens. Fifteen wings, from stages 37-45, were examined. 

Melanocytes were seen first in the larger papillae on the dorsal 

surface, and in the skin of the cubital apterium, at the end of stage
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37. Of the 9 wings examined of stages 37-39, 6 had no melanocytes at 

all, but by stage 42, all wings showed melanocytes at the bases of 

all their papillae. Fig. 17 shows a papilla (row E3) from a normal 

stage 39 White Leghorn. Immature punctate melanocytes are seen in the 

skin, in a ring at the base of the papilla, and scattered up the

shaft of the papilla. All the feathers of the wing appear to be 

capable of supporting the differentiation of these cells. By stage 42 

the rings have become particularly prominent.

The DOPA-reaction reveals large numbers of melanoblasts in

White Leghorn feather papillae. Moreover, they are present in all the 

feather papillae of the wing, including El-4 (Fig. 18) and Hl-2. 

These DOPA-positive cells are not seen if diethyldithiocarbamate, an 

inhibitor of tyrosinase, is present in the reaction medium. This 

indicates that the technique is specific for melanoblasts.

Pigmentation patterns of the wing of chicks after quail neural-tube 

grafts.

Isotopic grafts

Of 91 grafts performed, 45 survived, and 27 of these were 

either entirely unpigmented, or showed irregular patches of pigment, 

usually in the feathers of the dorsal forearm. In these wings,

the ventral forearm and at least the distal half of the hand, are

unpigmented. These cases are not included in this account because I

think that they represent a failure of the grafted quail cells to 

become properly incorporated into the host. This leaves 18 cases. The 

right wing was chosen for study wherever possible but, in some cases, 

only the left wing had become pigmented and was taken instead. In 

either case, only one wing was taken from a single embryo. In all of 

the cases examined, pigment had spread beyond the axial level of the 

graft, indicating that the number of grafted cells was sufficient to 

populate the entire wing region.
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Stages 36 (3 cases) and 37 (6 cases) resemble the quail 

although pigmentation appears to develop more rapidly than in quails 

of the same stage. A graft which is of late stage 36 or early stage 

37 is shown in Fig. 19. At stage 38 (3 cases, see Fig. 20), there 

appears to be a precocious expression of pigment, compared to the 

normal quail, on the ventral wing surface. During stages 38-41, 

quite a different pattern emerges whereby most of the feathers of the 

wing become pigmented. In wings of stages 39-41, (6 cases) virtually

all of the dorsal papillae are pigmented and most of those on the 

ventral surface are too (Fig. 21). Nearly all the rows of feathers on 

the wing contain a high proportion of pigmented papillae: at least

80% in most cases (the data are presented in Fig. 22). Rows E2-3 are 

exceptional in that fewer than half of their papillae are pigmented 

(the mean percentage of pigmented papillae in these rows is: E2 =

36%, E3 = 43%). These data are the means from several cases. Row H2 

is consistently unpigmented in the quail, but in the chimaera it is 

always pigmented.

To give some idea of the variability between grafts, the E and 

H rows were examined in a further 5 grafts making a total of 11 

grafts of this stage. Rows E2-3 were entirely pigmented in 4 cases, 

entirely unpigmented in 2 cases, and showed a mixture of pigmented 

and unpigmented papillae in 5 cases. Row H2 always contained 

pigmented papillae.

Grafts of quail neural crest into the chick wing bud

Twenty-two grafts were performed, all of which survived, 

providing 8 cases of stages 39-41 for examination. The remainder were 

only partially pigmented and are not included in this analysis. The 

wing shown in Fig. 23 has a similar pattern to that of the isotopic 

graft at the same stage (Cf. Fig. 21). In both cases all ventral 

rows, including rows E2-3 and H2, contain pigmented papillae (E2 =
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30%, E3 = 23% and H2 = 86%). The data are shown in Fig. 24. As was 

the case with isotopic grafts, the mean frequency of pigmented 

papillae in rows E2-3 is lower than in all of the other rows. Thus a 

similar pattern is produced by quite a different grafting technique. 

Pigmentation In the dorsal thoracic and capital tracts of the chick 

after an isotopic graft of quail neural crest.

Dorsal thoracic tracts

Seventy-one grafts were made, and 26 of these died. The 

remainder were examined, and maps of the pigment patterns in the 

dorsal thoracic tracts were prepared from 15 embryos. In all cases, 

the orderly arrangement of papillae was disrupted in the immediate 

area of the operation, which was often marked by an open scar. The 

scar gradually healed between stages 36 and 39; sometimes a small 

hole persisted beyond stage 39. The chick has, in the brachial 

region, 1-2 more longitudinal rows on each side than the quail. 

Chimaerae prepared from trypsinised donors had identical pigmentation 

to chimaerae prepared without trypsinisation. The following account 

applies to both types of chimaera.

The earliest stage examined was stage 36 (Fig. 25). Most 

embryos showed a patch of black papillae with a few brown ones inter—  

mixed. There was a tendency for the light brown papillae to be found 

at the periphery of the pigmented area, giving the appearance of a 

rather poorly-defined longitudinal stripe each side of the dorsal 

mid-line. If these stripes are traced along their full extent, they 

are found to meander, fade out, or even to converge on the mid-line 

to form what can best be described as a posteriorly-pointing chevron.

At stage 37 (Fig. 26), most grafts present the appearance of a 

dark patch within which can be discerned a dark central zone 

surrounded by a somewhat lighter peripheral zone. These zones are not 

usually sufficiently distinct to be called stripes, though it would
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not be unreasonable to think of them as an indication, albeit an

indistinct one, of the quail pattern. The distribution of melanin

within papillae is tremendously variable. In the brachial region, the 

papillae near the dorsal mid-line are usually half black and half 

brown, or are a uniform chocolate-brown where black melanin is mixed 

with brown. It will be remembered that in the quail these papillae 

are always completely black. If a papilla is compared with its

homologue on the other side of the dorsal midline (in the same

embryo), it is found that there is a low degree of concordance 

between the way melanin is arranged in each member of the pair; the

mirror-symmetry seen in the quail is lost. This was particularly

evident when I was preparing the maps; it was often extremely 

difficult to decide which was the mid-dorsal row of papillae since 

there was nothing in the pigment pattern to help determine this.

During stages 38 and 39, the grafted area becomes little more 

than a patch of black feathers with flecks of brown (Fig. 27). The 

flecks appear, in some grafts, to define two longitudinal lines each 

side of the dorsal mid-line, although these can hardly be described 

as stripes. What appears to happen in many cases is that brown 

papillae switch-over to producing nothing but black melanin, and so a 

long black papilla with a brown tip is formed. Fig. 28 shows a

chimaera fixed just before hatching; the pigmented area is little 

more than a black patch with no indication of stripes.

Capital tracts

Of the 12 grafts performed, five cases were obtained ranging 

in age from stages 37-42. Three cases showed a pale brown patch of 

feathers on the head with no indication of quail-like stripes. Two 

cases had a dark brown patch of feathers with paler longitudinal

streaking. The bold white bands which are so prominent in the quail 

(Figs. 16A, B, chapter 1) were not present in the chimaerae (Fig.
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29). Where pigment had spread as far as the ear, it formed a dark 

circle in the plumage around the external opening; there was no 

resemblance whatsoever to the delicate pattern seen around the 

quail’s ear (Figs. 16C, D, chapter 1) .

discussion

Pigmentation in the wing of the chimaera

When quail neural crest is grafted isotopically to the chick, 

the pigment patterns produced in the chick feathers at stages 36-37 

resemble those of the normal quail, although pigmentation develops

somewhat more rapidly than in the quail. But by stages 39-41, the

pattern in the host has become very different from the pattern of the 

normal quail wing. Although the dorsal surface is heavily pigmented 

like the quail, the ventral surface, instead of showing well-defined 

local patterns, shows pigment in most or all of its rows. In other

words, the chick host shows a generalised increase in the frequency

of pigmented papillae compared with the normal quail. Grafting 

quail neural crest into the chick wing bud produces in the chick 

plumage, at stages 39-41, the same pigmentation as is produced by an 

isotopic graft; that is, melanin is found in most or all of the rows 

of papillae, This shows that the method of grafting does not 

influence the result.

Although the pigment pattern of the chimaera is very different 

from that of the donor, there is some indication of donor pattern in 

two rows of papillae, E2 and E3. It will be remembered from chapter 1 

that in the quail, these two rows are always unpigmented. After both 

types of graft, most of the rows on the host wing at stages 39-41 

show pigmentation in more than 80% of their papillae. The exceptions 

are rows E2 and E3 in which, on average, fewer than half of the
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papillae are pigmented. Indeed, in some cases, pigment is entirely 

absent from these rows. Another row which is always unpigmented in 

the quail is row H2; in chimaerae however, this row is always

pigmented. It is possible that quail crest-cells can read the 

positional value of rows E2-3 in the chick. Kinutani & Le Douarin 

(1985) have reported that the dorsal stripes on the quail embryo are 

seen also in the chimaera, and have interpreted this as indicating 

that quail cells can read the positional values of chick feathers.

My studies of the White Leghorn have shown that all the 

feather germs of the wing are capable of supporting at least the

initial stages in the differentiation of melanocytes. The evidence 

for this is of two types. First: Rings of melanocytes are found at

the bases of all the feather papillae of the White Leghorn wing. 

Second: DOPA-positive melanocytes are present in all the feather

germs of the wing.

Pigmentation on the trunk and head of the chimaera

When quail neural crest is grafted to the chick, indications 

of the quail pattern, in the form of pale longitudinal lines down the 

back of the neck and thorax, are seen. At earlier stages, the only 

indication of stripes may be the tendency of pale papillae to be

confined to the periphery of the pigmented patch. By stage 39, most 

grafts appear to be little more than patches of black with brown

flecks, the flecks sometimes forming longitudinal lines. Most grafts 

show a much higher proportion of black melanin than is seen in 

quails. In the brachial region, the boundary between light and dark 

areas of the plumage is indistinct and any stripes present are poorly 

defined. There is no trace of the beautiful symmetry of the quail 

pattern. Some grafts are mottled rather than striped. Chimaerae 

constructed with trypsinised quail neural-crest had the same pattern 

as those constructed with mechanically-isolated quail crest.
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It is difficult to reconcile these findings with those of 

Kinutani and Le Douarin (1985), who found quail-type secondary 

patterns in the feathers of the chimaera. By contrast, the patterns 

in the chimaerae described in this thesis bear little or no 

resemblance to those of the normal quail.

Con cl usIons

These results do not support the statement by Rawles (1948) 

that the grafting of pigment cells between species produces donoi—  

type patterns in the host. It is important to remember that Rawles 

constructed her hypothesis on evidence from grafts between different 

breeds of chicken, that is to say grafts within the same species. 

However, when she crossed a wide species-barrier (robin cells grafted 

into the chicken) the pattern produced was not donor-like (Rawles 

1939). Species-specificity may be crucial in the interaction between 

the melanoblast and its tissue environment, and it may be that this 

interaction cannot take place properly in xenoplastic combinations. 

This seems to be the case with grafts between amphibia as both 

DuShane (1943) and Rawles (1948) have pointed out.

These results cannot be explained by either the positional 

information or pre-pattern theories alone. On the trunk and head, the 

feathers of the chimaera are darkly pigmented with little or no 

indication of donor patterning. On the wing, the low frequency of 

pigmented papillae in E2-3 in the chimaera suggests that quail cells 

can read the positional values of the ectoderm in those papillae. 

However, this does not apply to the other papillae of the chick wing; 

most host papillae become pigmented, including those in H2 which are 

always unpigmented in the quail. In these, the quail cells may be 

responding to local cues in the papillae; in this context, it is 

important to remeber that all the papillae of the chick wing are 

capable of supporting at least the early stages of chick melanocyte
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dif f erentiat ion.

In the experiments discussed in this chapter, the host has

been the White Leghorn. The feathers of this breed are largely

unpigmented because the melanoblasts die prematurely. It could be

argued that this has led to anomalous interactions. The lack of 

pigmentation in this breed also means that one cannot be sure whether 

the patterns in the chimaera represent host influences. In order to 

overcome these problems, one needs to use a donor and a host which 

are pigmented, but have quite different patterns. This type of

experiment will form the subject of the next chapter.

Some of the work in this chapter has been published as: Richardson,

M. K. , Hornbruch, A. & Wolpert, L. (1989). Pigment pattern expression 

in the plumage of the quail embryo and the quail-chick chimaera. 

Development 107 805-818.
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FIG. 17

Cleared wholemount of White Leghorn feather papilla from row E3, 

(stage 39). Note the black ring of melanocytes at the base of the 

papilla, and the poorly melanized cells scattered up the shaft of the 

papilla. Scale bar = 250jj.m

FIG. 18

DOPA-treated feathers from White Leghorn, 11 days of incubation, E 

rows. Note that there are melanoblasts in all the feathers. Scale bar 

= 400pm
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FIG. 19
Wing of chick, stage 36/37, after isotopic graft of quail neural 

crest. Scale bar on CA) = 4mm

A. ventral surface. B. Map of ventral surface.

C. dorsal surface. D. Map of dorsal surface.

KEY: • = pigmented papilla.

o = unpigmented papilla.

+ = papilla with a trace of pigment.
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FIG. 20
Wing of chick, stage 38, after an isotopic graft of quail neural 

crest. Scale bar on (A) = 5mm

A. ventral surface. B. Map of ventral surface.

C. dorsal surface. D. Map of dorsal surface.

KEY: • = pigmented papilla.

0 = unpigmented papilla.

+ = papilla with a trace of pigment.
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FIG. 21
Wing of chick, stage 39-41, after an isotopic graft of quail neural 

crest. Scale bar on (A) = 7mm

A. ventral surface. B. Map of ventral surface.

C. dorsal surface. D. Map of dorsal surface.

KEY: • = pigmented papilla.

o = unpigmented papilla.

+ = papilla with a trace of pigment.
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Fig. 22.
Histograms showing the development of pigment in the wing 
of the chick after an isotopic graft of quail neural crest.

A. Stage 36, dorsal surface.
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Fig. 22.
continued

E. Stage 37, ventral surface
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FIG. 23
Wing of chick, stage 39-41, after a graft of quail neural crest to 

the wing bud. Scale bar on (A> = 7mm

A. ventral surface. B. Map of ventral surface.

C. dorsal surface. D. Map of dorsal surface.

KEY: • = pigmented papilla.

O = unpigmented papilla.

+ = papilla with a trace of pigment.
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Fig. 24.
Histograms showing the development of pigment in the wing 
of the chick after a graft of quail neural crest to the wing bud.

A. Stage 39-41, dorsal surface.
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FIG. 25
Dorsal surface of a chicken embryo, stage 36, after an isotoplc graft 

of quail neural crest. Crown-to-rump length = 3*5cm
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FIG. 26
Thoraces of chicken embryos, stage 37, after isotopic grafts of quail 

neural crest.

A. cleared whole-mount of skin of left side. The 

piece was cut up the ventral and dorsal mid-lines. The wing has been 

removed. Notice that pigment has spread to the ventral surface, where 

it is visible in the pectoral tract at the left hand side. The 

humeral tract runs diagonally across the middle of the skin; and the 

dorsal thoracic tract runs down the right side. Scale bar = 2*5mm.

B. detail from (A) showing the dorsal thoracic 

tract. The feathers show some vague indications of a light-coloured 

stripe running from top to bottom of the figure (however, Cf. Fig. 

13B which shows the normal quail pattern).

C. cleared wholemount of another graft. This field is 

Included for comparison with the normal quail shown in Fig. 13B; both 

show the same region. Scale bar = 2mm

D. map of the pigment pattern (dorsal thoracic tract) 

of the embryo shown in (A) and (B). Arrow indicates mid-dorsal row. 

The gap in the bottom right of the diagram represents the defect in 

the skin caused by the operation.
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FIG. 27
A. dorsal trunk of a chicken embryo, stage 39, after

an isotopic graft of quail neural crest. Note that the graft is

little more than a black patch. Some of the feathers have brown tips.

Scale bar = 10mm

B. map of the dorsal thoracic tracts of (A). It is 

not clear which is the mid-dorsal row.
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FIG, 28

Dorsal view of chicken embryo <1 day before hatching) after an 

isotopic graft of quail neural crest. The embryo has been air-dried 

to show the fluffy down plumage. Crown-to-rump length = 7cm. Compare 

with the normal quail of a similar stage of development in Fig. 15.

FIG. 29

Chicken embryo, stage 39, after an isotopic graft of quail neural 

crest to the head.

A. dorsal view of head and neck. Scale bar = 5cm.

B. cleared whole-mount of skin, partly plucked, from

(A) showing that the feathers on the back of the head are all black.

There is no indication of the stripes seen in the quail CFlg. 19B).
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FIG, 29 continued.

C. left lateral view of head. Scale bar = 3nmi.

D. cleared wholemount of skin around ear There is no 

resemblance to the quail pattern (Cf. Fig. 19D). Scale bar = 1mm.
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CHAPTER 3

The pigment patterns of neural crest chimaerae 

constructed from the quail and guinea fowl.

Introduction

In the last chapter, I presented evidence which suggested that 

neural crest cells may respond to local cues In the feathers. The aim 

of the experiments in this chapter is to determine whether these 

local cues constitute an isomorphic pre-pattern. If applied to 

pigment patterning, the concept of an isomorphic pre-pattern would 

imply that there is some factor in the tissue environment which 

controls the differentiation of melanocytes from neural crest cells. 

This factor would be present in the tissues before the pigment 

pattern has developed. Furthermore, the spatial variations in the 

activity of this factor would correspond exactly with the local 

variations in pigmentation which subsequently appear. In a way, it 

would act as a template for the pigment pattern.

There is no clear idea what this factor could be, although a 

substance which inhibits melanocyte differentiation has been isolated 

from unpigmented regions of skin in Xenopus (Fukuzawa and Ide, 

1988). And in the axolotl, it has been found that the extracellular 

matrix can influence the differentiation of melanocytes from crest 

cells in culture (Perris and Ldfberg, 1986). It should be mentioned 

at this point that the results of neural crest grafting experiments 

on amphibians are not consistent with a prepattern model; patterns in 

the chimaera are of donor-type, provided the species are not too 

distantly related (Twitty, 1936, 1937; Twitty and Bodenstein, 1939;

reviewed by DuShane, 1943; Rawles, 1948). This supports Instead the
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positional information model (Wolpert, 1981).

In order to test the pre-pattern model, I will construct 

chimaerae which have wing feathers of one genotype, and neural crest 

cells of another genotype. This is done by transplanting a wing bud 

from one embryo to another, and seeing what type of pigment pattern 

it develops. The wing bud is grafted before it has been invaded by

neural crest cells; it thereby becomes populated only by neural crest

cells from the other species, and not by any crest cells of its own 

genotype. If there is an isomorphic pre-pattern in the feathers, the 

pigment pattern developing in the grafted wing will be determined by 

the genotype of the feathers and not the genotype of the neural crest 

cells which migrate into it. The species used must have different 

pigment patterns; one can then distinguish between donor and host 

influences in the pattern. The quail and guinea fowl are suitable for 

this purpose because they have quite different primary pigment 

patterns in their wing plumages. These species belong to the same

phylogenetic sub-order, but to different families.
|

materials and methods

Fertilized eggs were obtained from the following sources: 

Japanese quail (.Coturnlx japonica> from a colony kept in this 

department; from Rosedean Quail (Cambridgeshire); and from a colony 

kept at Southampton University: Guinea fowl (.Numlda meleagrls'), from 

Ark Foods, Norfolk: and a commercial strain of White Leghorn called

'Ross White' (.Gallus domestlcus) from Needle Farms, Hertfordshire. 

Eggs were incubated at 38*C ± 1*C. Chick eggs were incubated at 50- 

70% relative humidity, quail and Guinea fowl eggs at 100%. All 3 

species were staged according to Hamburger and Hamilton (1951).
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Grafting wing buds between embryos of different species 

The wing bud or prospective wing region was cut from the host with 

tungsten needles, and the donor wing bud grafted in its place. The 

graft was secured with platinum wire pins (25 pm diameter) . The 

correct orientation of the limb was preserved whenever possible. In 

the great majority of cases, donors were of stages 18 or 19, 

although the range was 16 to 20. Hosts were of a similar age.

Grafting a wing bud and neural crest

The following combination was used: guinea fowl wing bud and

quail neural crest grafted together to a White Leghorn. The guinea 

fowl wing bud was grafted as described above. Next, quail embryos 

having between 21 and 24 somites were treated with 2% trypsin (GIBCO) 

at 4*C for 30 minutes. The neural tube was cut into two longitudinal 

halves, and further divided into sections of 5 somites' length. The 

piece was then worked into the gap where the Guinea fowl wing bud 

was attached to the White Leghorn host.

After all types of graft, eggs were returned to the incubator

and fixed at stages 38 to 41. Maps of the wing plumage, distal to the

elbow, were prepared by plucking each feather papilla from the wing

and marking its position on a chart, together with a note of whether 

it was pigmented, unpigmented, or had only a trace of pigment. A full 

description of this method is given in chapter 1.

results

A: pigment patterns In normal quail, chick and guinea fowl wings

The pigmentation of the wings of the normal quail and chicken 

embryos was described in chapters 1 and 2. In brief, the quail wing 

has, from stage 39 onwards, heavily pigmented feathers on the dorsal
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surface with the exception of a few lightly pigmented rows near the 

anterior margin. By contrast many of the feathers on the ventral 

surface are unpigmented (Fig. 8). In particular, three rows (E2, E3 

and H2) are consistently unpigmented. The White Leghorn has white 

feathers. Traces of melanin may be seen with the aid of a microscope, 

especially at the base of the feather where they form a black ring. 

The three species used in these experiments have different rates of 

development. The quail hatches at 17 days of incubation; the chicken 

at 21 days and the guinea fowl at 24 days.

Pigmentation In the wing plumage of the normal guinea fowl 

embryo. At 19 to 20 days of incubation, the guinea fowl is around 

stages 39 to 41. In half of the cases examined, the feathers on the 

tips of the wing were white. Of the remainder, in which pigment was 

present in the distal feathers, 7 were mapped (Fig. 30). The dorsal 

surface of the wing resembles the quail in being heavily pigmented, 

although there are no unpigmented rows near the anterior margin. On 

the ventral surface, unlike that of the quail, all rows of feather 

papillae contain melanin. Thus the guinea fowl wing shows none of the 

local variations in pigmentation seen in the quail wing.

B: pigment patterns In transplanted wings

In order to introduce quail neural crest cells into a guinea 

fowl wing bud, two types of graft were performed. In one type, guinea 

fowl wing buds were grafted to the quail. The guinea fowl develops 

much more slowly than the quail. Therefore, the transplanted wings 

had only reached stages 37 to 38 by the time the quail host was due 

to hatch, and were not fully pigmented. To overcome this problem, a 

second type of graft was performed in which the guinea fowl wing bud, 

together with a piece of quail neural crest, was grafted to a White
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Leghorn embryo. This host provides the transplanted wing with 4 more 

days of incubation compared with the quail.

(1) Guinea fowl wing bud grafted to a quail embryo. 7 cases 

were obtained, and all were of stages 37 or 38. In all cases, most 

of the feathers were pigmented including those on the ventral 

surface. The pigmentation of the wing in Fig. 31 is typical of the 

series. The transplanted limbs showed various degrees of abnormality. 

The skin sometimes appeared emaciated or blistered, and the feather 

papillae were necrotic (Fig. 32). Histology showed that in some cases 

virtually all of the cells in the limb were dead, and the blood 

vessels packed with erythrocytes. In cleared and stained specimens, 

the cartilage elements appeared to have developed normally. In the 

wing shown in Fig. 31, the skin is perfectly normal.

(2) Guinea fowl wing bud and quail neural crest grafted to a 

White Leghorn embryo. These grafts were fixed just before the chick 

host would have hatched (20 days of Incubation), by which time the 

guinea fowl wings were about stage 39 to 41. Six cases were obtained, 

and 3 of these consisted of entirely unpigmented guinea fowl wings 

(presumably because the piece of quail neural crest fell out). The 

other 3 cases were pigmented, and these were examined in detail. 

There was some evidence of softening of the skin, but feather 

development was not grossly abnormal. The pigmentation (Fig. 33) is 

the same as that described in section (1); most or all of the 

feathers on the wing become pigmented, including those which would be 

unpigmented in the normal quail. Controls for this series were 

performed by grafting the contralateral wing bud from the guinea fowl 

to a White Leghorn host (no quail neural crest was included with the 

graft). In all three cases, the controls produced unpigmented wings.
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In addition to these controls, wing buds from 4 other guinea fowl 

embryos (all stage 19) were grafted to the chick; all developed 

entirely unpigmented plumage. These control wings often showed some 

degree of necrosis.

(3) Quail wing bud grafted to a guinea fowl embryo. The 

embryos were fixed at 1316 days of incubation, by which time the 

grafted quail wing was about stage 39 to 41 and the guinea fowl to 

which it was grafted was about stage 37 to 38 (Fig. 34). No evidence 

of any necrotic reaction was seen in this series. Of the surviving 

grafts, 4 were too deformed to be analysed and 3 others were entirely 

unpigmented. The rest of the cases could be divided into three 

groups: (i) wings with pigment in the dorsal feathers but no pigment

at all on the ventral surface (2 cases); (ii) wings with quail-like 

pigment patterns (12 cases, Fig. 35); (iii) wings bearing more 

resemblance to the guinea fowl pattern than to the quail pattern (4 

cases, Figs. 34, 36). In this final group, not only the dorsal

surface is heavily pigmented but the ventral surface is too.

The data from 4 of the wings with quail-like patterning are 

shown in Fig. 37. These 4 cases were chosen at random and include two 

cases in which small amounts of melanin were present in some feather 

papillae in E2 and E3; in this respect, these 2 cases are not typical 

of the series. In most of the grafts, as well as in the normal quail, 

these rows of papillae are unpigmented. When compared with the other 

data in Fig. 37, it can be seen that the pigment pattern in the 

grafted wings is essentially that of the normal quail and not that of 

the guinea fowl.

Fig. 34A shows the left side of a guinea fowl embryo. The limb 

is largely unpigmented. A quail wing has been grafted to the right 

side of this embryo (Fig. 34B). Notice that guinea fowl melanocytes
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have differentiated extensively in the rapidly-growing quail wing, 

but not in the homologous feathers on the normal guinea fowl wing. 

One can be sure that they are guinea fowl melanocytes because they 

have deposited melanin in all the ventral feathers of the quail wing

(Fig. 34C,D) including those which would normally be unpigmented.

In all cases of this series, the darkness and hue of the 

pigment in the quail wing was identical to that of the guinea fowl to 

which it was grafted. Some of the grafts just described had matched 

controls. In these cases, the contralateral wing bud from each quail 

donor was grafted to a White Leghorn embryo. Of the grafts described 

above, 10 had surviving matched controls. All of these control wings 

were entirely unpigmented. One further control (donor = stage 20) 

developed a pigmented wing. The graft derived from this donor was

therefore discarded. A further six quail wings (stages 17 to 20) were

grafted to White Leghorn embryos and all developed into unpigmented 

wings.

discussion

Pigment pattern formation

The quail and guinea fowl embryos have quite different pigment 

patterns in their wing plumages. The quail has characteristic local 

variations in pigmentation whereas the guinea fowl wing has pigment 

in all, or nearly all of its feather papillae. When guinea fowl wing 

buds are grafted to the quail, they are invaded by quail neural crest 

cells. These cells produce not their own quail-type pattern, but one 

which resembles the guinea fowl. In the reciprocal graft, quail wing 

buds were grafted to the guinea fowl. In the majority of cases guinea 

fowl crest cells produce a quail-type pattern in the grafted wing; in 

a few cases, the pattern bears more resemblance to the guinea fowl
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than to the quail.

These results are contrary to the findings of Rawles (1948), 

and also Kinutani and Le Douarln (1985) who found that the 

pigmentation in the quail-to-chick chimaera is determined by the 

genotype of the neural crest cells, not the genotype of the feathers. 

Nor do the results support the suggestion of Wolpert (1981) that 

crest cells can read the positional values in the feathers of another 

species. The fact that guinea fowl crest cells can give rise to a 

quail-type pigment pattern in quail feathers indicates that an 

isomorphic pre-pattern is present in the quail feathers. The pre

pattern can control the spatial pattern of melanocyte 

differentiation, even though the melanocytes are of a different 

genotype.

In a few cases, guinea fowl crest cells produce a uniformly 

dark pigmentation in the quail wing feathers. I have no explanation 

for this difference in the results. Uniform darkness could represent 

the guinea fowl cells producing their own type of pattern; or it

might arise because the differentiation of melanocytes in these cases 

is not being controlled by the pre-pattern. It is interesting to

remember that in the quail-to-chick chimaera (chapter 2), I found not 

a quail-like pattern but rather a uniformly pigmented one.

Now the reciprocal graft: quail crest cells migrating into

guinea fowl feathers. The result was pigmentation in nearly all of 

the feathers so that the wing resembled the guinea fowl and not the 

quail. This too supports the idea that the neural crest cells are 

responding to a pre-pattern in the feathers.

Controls

In this discussion I am assuming that the pigmentation 

developing in the transplanted wings is derived from crest cells 

which migrated in from the other species after the operation. For
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this to be true, the wing bud must have been completely free from its 

own type of crest cells when it was transplanted. I believe this 

assumption to be valid. It has been shown (Fox, 1949; Richardson et 

al>, 1989; this thesis, chapter 5) that neural crest cells do not 

enter the wing bud in significant numbers until stage 21 and later. 

The donors used in the experiments in this chapter were all younger 

than this, mostly stages 18 and 19. The matched controls also show 

that the wing buds had not been invaded by crest cells at the time of 

grafting. Furthermore, the shade of colour of the melanin which 

develops in the transplanted wing always matches the embryo to which 

it was grafted.

Timing of melanocyte differentiation

The quail develops much more rapidly than the guinea fowl. 

When the grafts were fixed, there was a difference of about 2 

developmental stages between the wing and the embryo to which it was 

grafted. There was also a chronological age-difference of about 1 

day. This, in effect, brings together crest cell6 and feathers of a 

different developmental stage. When a quail wing bud is grafted to 

the guinea fowl it is invaded by guinea fowl crest cells. These cells 

differentiate very early with respect to the guinea fowl: homologous 

feathers on the guinea fowl wing are, at this stage, largely 

unpigmented (Fig. 34). It therefore seems that melanocyte 

differentiation is timed according to cues in the feathers, at least 

within the range of stages covered in these experiments. This 

provides further support for the theory that melanocyte

differentiation is controlled by the feathers.

Inflammatory response

Severe necrosis developed in some of the guinea fowl wings 

grafted to the quail. The necrosis probably begins some time after 

the various tissues of the limb have differentiated; the skeletal
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elements are normal, and the feathers pigmented. These tissues must 

therefore have been alive at the time of chondrogenesis and feather 

pigmentation respectively. Similar reactions develop in guinea fowl 

wings grafted to the White Leghorn embryo. No reaction develops in 

quail wings grafted to the guinea fowl. Note that reactions develop 

only in those graft combinations where the host is near to hatching 

when the experiment is ended and not when the host is young. I can 

only speculate on the significance of this reaction. It could be an 

immunological histocompatibility reaction of the type which develops 

in the quail-chick chimaera after hatching. If this is so then it is 

appearing at an earlier stage than has been reported before (Cf. 

Kinutani et al., 1986). Another possibility is that it is a

physiological consequence of the difference between donor and host in 

the rate of development. Further work is required to settle this 

matter.

Conclusion

The results reported here, together with the findings of the 

previous chapter, indicate that local cues in the feather papillae 

control the differentiation of melanocytes from neural crest cells. 

These local cues represent an isomorphic pre-pattern. The pre

pattern in one species can control the differentiation of neural 

crest cells from another species.

The work in this chapter has been submitted for publication as: 

Richardson, M. K., Hornbruch, A., and Wolpert, L. (1990). Pigment 

patterns in bird embryos are determined by an isomorphic pre-pattern 

in the feathers. Development (submitted).
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FIG. 30

Pigment patterns in a normal guinea fowl wing, stage 39-41. Scale bar 

on (A) = 6mm

A. ventral surface. B. Map of ventral surface.

C. dorsal surface. D. Map of dorsal surface.

KEY: • = pigmented papilla.

0 = unpigmented papilla.

+ = papilla with a trace of pigment.

113



114



FIG. 31
Wing, about stage 38, which developed from a guinea fowl wing bud 

grafted to the quail. Scale bar on (A> = 6mm

A. ventral surface. B. Map of ventral surface.

C. dorsal surface. D. Map of dorsal surface.

KEY: • = pigmented papilla.

o = unpigmented papilla.

+ = papilla with a trace of pigment.
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FIG. 32

Wing, about stage 38, which developed from a guinea fowl wing bud 

grafted to the quail. The skin is blistered and necrotic. Scale bar 

on (A) = 4mm
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FIG. 33

Wing, about stage 39-41, which developed from a guinea fowl wing bud 

grafted together with a piece of quail neural crest to the White 

Leghorn chick embryo. Scale bar on (A> = 8 '5mm

A. ventral surface. B. Map of ventral surface.

C. dorsal surface. D. Map of dorsal surface.

KEY: • = pigmented papilla.

0 = unpigmented papilla.

+ = papilla with a trace of pigment.
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FIG. 34
A. and B. are lateral views of the same guinea fowl embryo (stage 

36); a quail wing bud was grafted to the right side. The normal 

guinea fowl wing (A) is largely unpigmented while the grafted quail 

wing on the other side (B) is heavily pigmented and has developed 

autonomously at its own rate; it has reached stage 38. At the base of 

the quail wing is a cuff of long, pigmented quail feathers which in 

turn are adjacent to small, unpigmented guinea fowl feathers. Quail 

embryos are smaller than guinea fowl embryos; the quail wing 

therefore appears appropriately small. The pigment in the grafted 

wing is due to guinea fowl melanocytes which invaded the wing after 

it was grafted. We can be sure of this because the ventral surface is 

also heavily pigmented (C), (D); many of these feathers would not be

pigmented in the normal quail. The map (D) is provided because the 

pigment does not show up clearly on the photograph. Scale bars all = 

4*5 mm.

KEY: • = pigmented papilla.

0 = unpigmented papilla.

+ = papilla with a trace of pigment.
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FIG. 35

Wing, about stage 39-41, which developed from a quail wing bud 

grafted to guinea fowl. Pigment pattern resembles the normal quail. 

Scale bar on <A) = 5mm

A. ventral surface. B. Map of ventral surface.

C. dorsal surface. D. Map of dorsal surface.

KEY: • = pigmented papilla.

0 = unpigmented papilla.

+ = papilla with a trace of pigment.
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FIG. 36

Wing, about stage 39-41, which developed from a quail wing bud 

grafted to guinea fowl. Pigment pattern resembles the guinea fowl. 

Scale bar on (A) = 5 ‘5mm

A. ventral surface. B. Map of ventral surface.

C. dorsal surface. D. Map of dorsal surface.

KEY: • = pigmented papilla.

0 = unpigmented papilla.

+ = papilla with a trace of pigment.
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FIG. 37

Histograms comparing the pigmentation in wings of the quail, the 

guinea fowl, and quail wing buds grafted to the guinea fowl. The 

latter became colonized with guinea fowl neural crest cells, yet have 

developed a pigment pattern which is essentially quail-like.

KEY:

I = pigmented;

0 = trace of pigment.
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CHAPTER 4

Pigment Patterns In the Quail Wing Feathers after a Graft 
of Polarizing Region to the Anterior Margin of the Wing Bud

Introduction

I proposed In chapter 3 that pigment patterns are determined 

by an isomorphic pre-pattern in the feathers. This raises another 

question: how is the pre-pattern itself set up? One possibility is

that the pre-pattern could be set up by a mechanism based on 

positional information (Wolpert, 1969; 1981; 1989). This seems to be

a good starting point because we are looking at pigment patterns in 

the wing, and the positional information model has been successful in 

explaining certain aspects of limb development. Positional values 

along the anteroposterior axis of the wing bud are thought to be 

specified partly by a gradient in the concentration of a morphogen 

(Wolpert and Hornbruch, 1987). It is the anteroposterior axis of the 

wing which I shall consider in this chapter.

Saunders and Gasseling (1968) took a group of cells from the 

posterior margin of the wing bud and grafted it to the anterior 

margin of the wing in another embryo. This caused the wing to develop 

extra skeletal elements, and these were arranged in mirror-image 

symmetry about the mid-axial line. Tickle et al., (1975) interpreted 

these findings in terms of the positional information theory. They 

suggested that the group of cells at the posterior margin of the wing 

might be acting as a signalling region. These cells (which constitute 

the polarizing region) could, it was suggested, specify positional 

values along the anteroposterior axis of the wing by secreting a 

diffusible morphogen.

129



This view received persuasive support from the finding that 

retinoic acid could, when applied to the anterior margin of the wing, 

mimic the action of the polarizing region (Tickle et al., 1982).

Varying the concentration of the applied retinoic acid causes a 

corresponding, graded variation in the extent of the duplication of 

structures (Tickle et al., 1985). More recent studies have indicated 

that the specification of skeletal elements along the anteroposterior 

axis is best accounted for by an interaction between a positional 

signal and an isomorphic pre-pattern (Wolpert and Hornbruch, 1987).

Grafts of extra polarizing region give rise not only to

additional skeletal elements, but also to additional feathers; these 

too are arranged with mirror-image symmetry (Saunders and Gasseling, 

1968). No one has looked at the effect of the polarizing region upon 

feather pigment patterns. In this chapter I describe a series of 

experiments in which extra polarizing regions were grafted to the 

anterior margin of the wing bud. The effect effect of this operation 

upon pigment patterns is then described.

materials and methods

Grafts of polarizing region

Quail embryos of stages 18-22 (Hamburger and Hamilton, 1951)

were used. Tissue from the polarizing region was removed from the

posterior margin of a limb bud and grafted to the anterior margin of 

the wing bud of another embryo. The graft was held in place with 

platinum pins. Hosts were returned to the incubator, and the 

experiment was stopped on the 11th-13th day of incubation. The wings 

were removed from the embryo, fixed overnight in 5% trichloro-acetic 

acid and then stored in 70% alcohol.
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The method for mapping the feather pigment patterns is 

described in chapter 1.

Staining for cartilage

After the pigment patterns had been mapped, the wings were 

transferred to acid alcohol <1% concentrated hydrochloric acid in 70% 

alcohol) for 2 hours and then into a solution in acid alcohol of 

alcian green (0*1%) overnight.

results

Of 20 grafts performed, 16 survived, and 10 of these showed 

duplications. All 16 wings, which were of stages 37 or older, were 

stained for cartilage and cleared. In no case was a duplication seen 

in the cartilage pattern without a corresponding duplication in the 

feather pattern, and vice versa. The arrangement of feather papillae 

on a duplicated part corresponds with the duplication of the 

underlying skeletal elements (Cf. Saunders and Gasseling, 1968; Iten 

et al. , 1983). For instance, I find that when an extra ulna is

present, an extra set of flight feathers (normally found on the skin 

covering the ulna) is also present; furthermore the pigmentation of 

these extra feathers is appropriate to their regional type.

The pigment pattern of the duplicated part is always entirely 

quail-like; no novel patterns are seen (Fig. 38). A few rows of 

feathers close to the midline of the wing may show a high degree of 

symmetry in their pigment patterns (Figs. 38F); most of the feathers,

however, do not. I must distinguish at this point between primary

patterns (made up of pigmented and unpigmented feathers) and

secondary patterns (patterns within single feathers). The grafts show

that duplications in pigment patterns, both primary and secondary, 

are not perfect mirror images because differences can be found
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between the anterior and posterior patterns on the same wing. This 

variability is the same as the variability in pigment patterns 

between normal quail wings.

The wing shown in Fig. 38 has two hands. When the feathers on 

these two hands are mapped it is quite clear that the primary pigment 

pattern is not a mirror image; compare, for instance, row 13 in these 

two hands (Figs. 38B and D). However, on the ventral surface of this 

wing, at the line of union between the two halves of the wing, a 

small group of feathers is seen in which the pigment patterns are a 

mirror image (Fig. 38F). Note also that the hexagonal packing of the 

feathers is preserved along the line of union. In figure 39, a hand 

is shown which has the digit pattern 4334; it is, structurally, a 

mirror image. However, when the secondary pigment patterns in the 

feather papillae of this part are examined (Fig. 39B) they are seen 

to lack mirror symmetry.

In one wing from this series there was no duplication. The 

wing was, however interesting in another respect. The radius failed 

to develop (Fig. 40). All the feathers normally associated with the 

radial margin of the wing — namely those of the web (prepatagium) — 

are missing. This results in a striking discontinuity whereby rows 

G1 and A7 lie next to each other. No intercalation has taken place 

between these two rows.

discussion

The theory developed in this thesis says that a pre-pattern 

controls the differentiation of melanocytes. If this is the case, 

then the question arises as to how this pre-pattern is specified. The 

grafts of polarizing region give rise to two sets of quail pigment 

patterns on the same wing, one of them having its anteroposterior
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axis reversed with respect to the other. I mentioned earlier that a 

result such as this, in which a duplication of pattern is present in 

a wing, can be explained by a positional information mechanism which 

specifies the anteroposterior axis of that pattern. In most 

respects, the pigment pattern is not a precise mirror image because 

although the two patterns are entirely quail-like, they are not 

identical to each other. Only in a small group of feathers is the 

pigment pattern sometimes a perfect mirror image: those feathers 

which lie close to the line of union between duplicated and normal 

parts of the wing.

In the duplications, the feather pattern is always appropriate 

to the pattern of the underlying skeletal elements, and the pigment 

pattern is always appropriate to regional type of the feather. This 

indicates that the anteroposterior polarity of the feather and 

pigment patterns are determined by the same positional information 

mechanism which specifies the anteroposterior sequence of the 

cartilages. This does not mean that the gradient of positional 

information acts directly upon the pigment pattern; it could be that 

only the feather patterns are specified this way, and the pigment 

pattern then develops secondarily according to the feather pattern.

Three factors contribute to the lack of symmetry in the 

duplicated pigment patterns and it is important to consider them when 

looking at the data. Firstly, the duplicated parts are, in 

developmental terms, younger than the normal parts. This means that 

the duplicated feather papillae are slightly smaller than their 

normal counterparts and are therefore in a slightly earlier phase of 

pigmentation (compare the lengths of the feather germs on the two 

hands in Fig. 38 for instance). This age difference is considerably 

less than one Hamburger-Hamilton stage. Secondly, when two hands are 

present on the same wing, the duplicated hand is often shorter and
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thinner that its normal counterpart (Fig. 38). This effect is quite 

independent of the difference in developmental age between the two 

hands; the feathers on the duplicated hand are not simply shorter 

than normal; there are fewer of them indicating that the field is 

smaller. This confirms previous findings in which a reduction in the 

size of the field resulted in fewer rows of feathers, not in greater 

crowding (McLachlan, 1980).

There is another feature of the duplicated wings which could 

cause confusion. No clear demarcation exists between the duplicated 

part and the more proximal, normal parts; there is instead an ill 

defined transition. This transitional zone has a very irregular 

arrangement of feather papillae which must not be thought of as 

belonging to the duplicated part.

When these three factors are allowed for, one still finds 

differences between the normal and duplicated pigment patterns which 

can only be explained as being due to lack of precision. I believe 

that the differences between the two patterns in Fig. 39 are not due 

entirely to differences in developmental age or to a transition 

between the duplicated and normal, proximal parts.

These results indicate that the pre-pattern in the feathers is 

likely to be determined by a positional information mechanism. Thus 

in the wing the pattern of skeletal elements, feathers and pigment 

may all be specified by a similar mechanism.

The work in this chapter has been accepted for publication as: 

Richardson, M. K., Hornbruch, A., & Wolpert, L. (1990). Mechanisms of 

Pigment Pattern Formation in the Quail Embryo. Development (in 

press).
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FIG. 38
Quail wing (about stage 38) after a graft of an extra polarizing 

region to the anterior margin.

A. ventral surface. B. Map of ventral surface.

C. dorsal surface. D. Map of dorsal surface.

The primary pigment patterns in the two ' 13' rows are not a mirror 

image. Scale bar in (A) = 3*5 mm.
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FIG. 38 continued.
E. and F. detail of ventral surface, showing the line 

of union between the anterior and posterior parts of the duplicated 

limb. Note that the pigment pattern in the rows closest to the mid- 

axial line is a mirror image.

G. Pattern of skeletal elements. 
g  ̂ t f ler iVe?  <£ro^  g r t v f f -
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FIG. 39
Quail wing, late stage 37, after a graft of polarizing region to the 

anterior margin of the wing bud. Scale bar in (A) = l’5mm.

A. dorsal surface. Boxed area encloses the duplicated 

parts.

B. detail of boxed area in (A) showing that the 

secondary pigment patterns are not a precise mirror image.

C. pattern of skeletal elements.
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FIG. 40
Quail wing (stage 39) after a graft of an extra polarizing region to 

the anterior margin. The radius is missing. Scale bar in (A) = 3 * 5  

mm.

A. ventral surface. B. Map of ventral surface.

C. dorsal surface. D. Map of dorsal surface.

E. pattern of skeletal elements.
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CHAPTER 5

An Examination of the Idea that Pigment Patterns arise from 
the Differential Migration of Neural Crest Cells.

introduction

The experiments described in the first part of this thesis 

have made it clear that pigment patterns are controlled by special 

local properties of the feather papillae. These local properties are 

not positional values. They constitute a pre-pattern which is 

probably specified, earlier in development, by positional 

information. This says nothing about the cellular or molecular 

mechanisms involved in pigment patterning; Indeed little is known 

about these. One needs to know which aspects of neural-crest cell 

behaviour are influenced by the local cues in the feather papillae. 

In this chapter I will look at the migration of crest cells in 

relation to pigment patterning, and I will look in chapter 6 at 

melanocyte differentiation.

Pigmented feathers are formed when neural crest cells migrate 

into a feather papilla and synthesize melanin. What Is not clear, 

however, Is how an unpigmented feather Is formed. One explanation is 

based upon the differential migration of neural crest cells. White 

feathers could arise because of some local block to the entry of 

crest cells into a particular feather papilla. This suggestion was 

not supported by Cohen (1959), who found that the white feathers of 

the adult Light Sussex fowl contained melanoblasts. Differential 

migration could also act at the level of the migratory pathways of 

crest cells. One could imagine that in the quail wing the main 

migratory pathway would lead crest cells into the dorsal feathers,
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while one or two smaller pathways would lead to the few feathers on

the ventral surface which are pigmented.

In the larval forms of fish and amphibians, the early 

migratory pathways of crest cells are thought to be important in 

establishing local variations in pigmentation (Epperlein and Claviez, 

1982; Epperlein and Lttfberg, 1984; LOfberg et al. , 1989; Trinkaus,

1988). These larval forms develop pigment at a very early stage of 

development: shortly after the onset of neural crest migration. Bird 

embryos do not show this early phase of pigmentation. The crest 

cells in birds migrate from the neural tube at the wing level 

between embryonic stages 13 and 22 (Serbedzija et al., 1989), and 

enter the wing bud itself about stage 21; (Fox, 1949)). Yet pigment 

does not appear in the wing until much later - around stage 35 (see 

chapter 1).

Watterson (1942) and Rawles (1959) have suggested that white 

feathers could result from some block to crest-cell entry. It is 

important to remember that these workers had no reliable histological 

markers for identifying crest cells.

To see whether neural crest cells are present in white

feathers in the quail, I will culture ectoderm from these papillae 

in a medium which is known to support the differentiation of 

melanocytes. If neural crest cells are present in the tissue, one 

would expect melanocytes to appear in the culture. Another experiment

will involve grafting a quail wing bud to the chick. Chick

melanoblasts are DOPA-positive and so their migration can be followed 

by means of the DOPA reaction. It is also important to examine the 

idea that local variations in pigmentation are determined by the

migratory pathways of crest cells. If they are, then any experimental

procedure which disrupts the migratory pathways in the wing should

also disrupt the pigment pattern. I examine this possibility by
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inverting experimentally the tip of wing bud, and seeing whether this 

has an effect upon the pigment pattern. I will also make a 

histological study of the quail-chick chimaera. The characteristic 

nucleolar marker of the quail cell (Le Douarin, 1982) enables one to 

distinguish quail from chick in histological sections.

materials and methods

Tissue culture

The growth medium was Ham's F-12 with glutamine, supplemented 

with 15% foetal calf serum and 1% antibiotic-antimycotic (all from 

Gibco). The medium also contained 5% embryo extract prepared from 9- 

10d White Leghorn embryos. The complete medium was sterilized by

membrane-filtration (Acrodisc, Gelman Sciences).

Wings were removed aseptically from 10-11 day quail embryos,

and pinned out in a dish of phosphate-buffered saline (PBS). A fine

tungsten needle was used to slit the longer feather papillae 

longitudinally, along one side, from base to tip. This helped the 

trypsin to penetrate the ectoderm. Smaller papillae were cut straight 

off the wing without being slit open. The papillae were then 

transferred to 2% trypsin (Gibco) in calcium- and magnesium-free PBS 

(Flow laboratories) at 4*C for 60 mins. The tissue was then 

transferred to a dish of fresh PBS. The ectoderm was freed of

mesenchyme by manipulation with tungsten needles, followed by 

vigorous pipetting in several changes of fresh PBS. Pieces of tissue 

were cultured in 35-mm plastic culture dishes (Sterilin); for 

photography, some cultures were grown on glass coverslips placed in 

the bottom of the culture dish. To facilitate attachment to the 

substratum, Ham's F-12 with 50% foetal calf serum (both from Gibco) 

was used for the first 24hrs, followed by growth medium changed every
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two days. Cultures were incubated at 37*C, 100% humidity, 5*5% C02;

they were kept for 7 days.

For organ culture, feather papillae were cut from the wing and 

placed aseptically onto a piece of millipore filter (0*8 |im pore 

size) supported by a stainless steel grid (Falcon). This assembly was 

placed in a 35-mm petri dish (Sterilin) with 2-3ml of growth medium 

which was changed every 2 days.

Histology

Tissue was fixed overnight in halt-strength Karnovsky's 

fixative (Karnovsky 1965), dehydrated in graded alcohols and embedded 

in Araldite. Sections were cut at 2um and stained with toluidine blue 

or the Feulgen-Rossenbeck technique.

Tip Inversions

All stages are according to Hamburger and Hamilton (1951). 

Japanese quail embryos (.Coturnix coturnlx japonica) were used for all 

experiments; they were incubated at 38°C ± 1 * C, 100% relative

humidity. Quail embryos cannot be staged accurately beyond stage 39. 

I therefore group the older quail together as stage 39-41. Donors 

were of stages 18-22, and hosts 18-24. Most of the wing bud was 

removed from the host, leaving behind a stump of proximal tissue 

(usually the prospective humerus). The tip of the wing bud from the 

opposite side of the donor was then grafted to this stump and held in 

place with platinum pins. The donor wing bud was attached so that it 

was inverted 180* with respect either to the dorsoventral or 

anteroposterior axis. Hosts were returned to the incubator and the 

experiment was terminated on the ll-13th day of incubation. Maps were 

prepared of the pigment pattern using the method described in chapter 

one. I recorded the position of each papilla on a chart, together 

with a note of its pigmentation type: papillae were classified as

either pigmented, unpigmented or trace of pigment. This

146



classification is described in more detail in chapter 1.

Grafting quail wing buds to the chick

The right wing-bud was removed from a chick, and a quail wing-

bud grafted in its place. The grafted wing-bud was held in place by

platinum-wire pins. Donors and hosts were of the same age within the 

range of stages 17-24.

The DOPA reaction

The tissue was fixed for 2hrs in 10% formalin in phosphate- 

buffered saline (PBS, 4°C, pH 7*4) then rinsed in PBS for 1 hour. The 

reaction mixture consisted of 0. 1% d-1 dihydroxyphenylalanine (DOPA; 

Sigma) in PBS (pH 7*7) which had in some cases been gassed overnight 

with nitrogen. Incubation was carried out at 37*C for 6-14 hrs during 

which time the reaction mixture was changed twice. Controls were 

treated as above, but DOPA was omitted from the reaction mixture and 

in some cases 10”:3M sodium diethyldithiocarbamate (Sigma), a

tyrosinase inhibitor, was included.

results

Tissue culture

Twenty two cultures of ectoderm from unpigmented feather 

papillae were established. The tissue came from rows E3 and H2 of 

stage 36-38 quail; these rows are always unpigmented in our strain of 

quail. In 15 of these cultures, the explant became attached to the 

dish and formed an outgrowth within 24 hrs. The outgrowths were 

always sparse - around 10-20 cells in each. Melanocytes were seen in 

10 cultures, and they usually made their first appearance on the 

third day. In many of the cultures every cell in the outgrowth was a 

melanocyte by the 7th day (Fig. 41A). This indicates that it is not 

ectodermal cells but crest cells which migrate from the explant. In

147



seven cases the ectoderm rounded up into a ball and failed to attach. 

These pieces of ectoderm remained unpigmented except in two cases 

where melanocytes appeared on the surface of the ball of tissue (Fig. 

41B>.

When the mesenchyme from unpigmented feather papillae (stages 

36 - 38) was cultured, it behaved quite differently from the

ectoderm. It attached readily and formed a large outgrowth (Fig. 

42A); this consisted of densely packed, multilayered, fusiform cells 

in the centre, with large, polyhedral, migratory cells at the 

periphery. Twelve of these cultures were successfully established 

from unpigmented papillae in rows E2, and H2; none produced any

melanocytes (the experiment was terminated after 7 days of culture). 

Four cultures of mesenchyme from pigmented papillae were obtained. 

Three remained unpigmented (Fig. 42B) and resembled cultures of 

mesenchyme from white papillae, while in one culture 2 melanocytes 

became visible on the 6th day.

Twelve unpigmented, stage 38 quail papillae (from rows E3, 

H2) were established in organ culture for a week. All were whole, un- 

trypslnlzed papillae. None developed any pigmentation, although a few 

melanocytes were occasionally seen at the periphery of the mesenchyme 

which grew out from the cut end of the papilla.

The migration of neural crest cells in the quail-chick chimaera

For histological analysis, 44 grafts were performed providing

29 cases. The early phase of crest-cell migration in the chimaera,

including the seeding of the ectoderm, has been considered by Teillet 

(1971). I consider stage 33 onwards. Transverse sections of the 

forearm show quail cells in the ectoderm, the loose connective tissue 

beneath the dermis and in neurovascular bundles. From stage 37 

onwards, a network of pigmented cells is formed which extends round 

the full circumference of the limb under the dermis, and between the
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blocks of skeletal muscle of the limb. Quail cells were at all stages 

rare in the dermis, and were never seen in cartilage or in the dermal 

pulp of feather papillae. Quail cells became distributed to the 

ectoderm round the entire circumference of the limb. I could find no 

evidence to support the idea that crest cells migrate more readily 

into pigmented papillae than into unpigmented papillae, or that they 

proliferate more in pigmented papillae.

In 4 wings of stage 39, the proportion of ectodermal cells 

bearing the quail nucleolar-marker was determined. In the heavily- 

pigmented basal part of El papillae, this proportion was in the range 

1/1243 - 1/296, and all of the quail cells were pigmented.

Melanocytes were always located in their definitive position at the 

apex of the barb ridges. The characteristic quail nucleolus becomes 

dispersed and faint as the melanocyte matures. Therefore, to see if I 

was underestimating the number of quail cells, I did some more 

counts scoring not for the nucleolar marker, but simply for 

melanocytes. The criteria were that the nucleus be completely

surrounded by melanin granules, but not covered by them. This

produced values of the same order of magnitude, the range being 1/442

- 1/302.

Next, papillae from rows E2-3 were examined. They were either 

entirely unpigmented, or had only slight traces of pigment at their 

bases. Quail cells, always unpigmented, were seen in all the papillae 

and the frequency was in the range 1/4068 - 1/432. The mean C1/666) 

is in the range of the frequency of quail cells seen in pigmented 

papillae. The unpigmented quail cells were always located in the 

definitive melanocyte position at the apex of the barb ridges (Fig. 

43).

Tip inversions

Twenty eight grafts were performed. Twelve of these survived
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and were of etages 37 and older when examined; two were severely 

malformed and are not Included In the analysis. Detailed maps were 

prepared of the remaining 10 cases, two of which had tips inverted 

about the anteroposterior axis, and 8 about the dorsoventral axis. In 

most cases, the inverted hand was attached to the forearm of the 

host. In some cases however, a hand and forearm developed from the 

graft and so the limb showed an extension as well as an inversion. In 

all cases, the inverted part developed autonomously with respect to 

the arrangement of the bones, the feathers, and the pigment pattern. 

The orientation of these three features always conformed to the 

original orientation of the tip on the donor, and not to its new 

orientation on the host. This can be seen quite clearly by comparing 

Fig. 8, chapter 1, (a normal quail wing) with Fig. 44 Ca wing with a 

dorsoventral tip inversion and an extension). Striking 

discontinuities were often seen between the feather patterns of the 

donor and host parts. In Fig. 44 for example, dorsal feathers (A 

rows) are next to ventral ones (E, F and G rows). There was no

evidence of intercalation across these discontinuities.

Grafts of quail wing buds to the White Leghorn chick

Twenty-eight grafts were performed; 5 of these died leaving 23

cases. In 16 cases, the donor quail was of stage 16-20, and 15 of

these developed into completely unpigmented wings (Fig. 45). One case 

(donor stage 18) had a few greyish papillae on the dorsal forearm 

but was otherwise unpigmented. Of 5 cases which used stage 21 donors, 

2 developed into unpigmented wings, and 3 into pigmented wings. A 

stage 22 wing bud, and stage 25 wing tip, both developed into

pigmented wings. Thus it seems that neural-crest cells first enter 

the wing of the normal quail at stage 21 or later. Unpigmented quail- 

wings from this series were treated with the DOPA-reaction. Of 12 

cases treated (stages 38-39), 4 showed melanoblasts in all the
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feather germs of the wing, including rows El-4 and Hl-2 (Fig. 46). 

Histology, coupled with Feulgen-Rossenbeck staining, confirmed the 

view that these cells were chick melanoblasts which had migrated into 

the quail wing. Five wings showed melanoblasts distributed in 

irregular patches, as though the chick cells had failed to enter the 

wing in sufficient numbers. A further three wings of this type had 

diethyldithiocarbamate included in the DOPA-reaction mixture. These 

showed no staining at all, which indicates that the reaction is 

specific for tyrosinase.

discussion

The tissue culture results provide persuasive evidence that 

the ectoderm of unpigmented feather papillae contains crest cells; 

when this ectoderm is grown in culture, it gives rise to melanocytes. 

This view is supported by the histological study of the quail-chick 

chimaera: undifferentiated quail neural crest cells are seen in white 

feathers. Furthermore these crest cells have found their way to the 

definitive melanocyte position at the apex of the barb ridge. These 

findings are contrary to the suggestion of Watterson (1942) and 

Rawles (1959) who said that there might be some local block to the 

entry of crest cells into white feathers.

Although ectoderm isolated from unpigmented papillae will 

produce melanocytes in culture, an intact unpigmented papilla will 

not do so. This could indicate that either the mesenchyme or ectoderm 

of these feathers inhibits melanocyte differentiation. In some of the 

cultures of ectoderm from white papillae, all of the cells which grow 

out from the explant become melanocytes. This suggests that those 

crest cells populating the ectoderm of unpigmented papillae are 

committed to the melanocyte lineage rather than being pluripotent.
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This commitment may take place'much earlier in development; Sieber-

Blum (1989) has suggested that cells on the dorsolateral pathway in

young embryos may already be committed to the melanocyte pathway. 

Indeed, these could be the cells which give rise to pure melanocyte 

colonies in clonal cultures of quail neural crest <Sieber-Blum,

1989).

Neural crest cells are absent from the mesenchymal core of all 

feather papillae in the quail-chick chimaera as demonstrated by 

histology. This is in accord with the tissue culture results. 

Mesenchyme from unpigmented papillae never produced melanocytes in 

culture; mesenchyme from pigmented papillae produced a few 

melanocytes in one culture out of four. Taken together, these results

show that crest cells are rare or absent in the feather mesenchyme.

Whether this is because they fail to migrate into this tissue, or 

because of local cell death, remains to be determined. Another 

possibility is that melanocytes fail to differentiate in mesenchyme 

cultures because they require contact with the ectoderm.

One model for pigment patterning is that the migratory 

pathways of neural crest cells determine which feathers will be 

pigmented. However, when the tip of a quail wing bud is inverted, the 

pigment pattern of the tip is not disrupted. This is difficult to 

explain in terms of a model based on pathways unless one assumes that 

the pathways became re-routed.

By grafting a quail wing bud to the chick, one is effectively 

allowing chick neural crest cells to migrate into quail feathers. 

Chick melanoblasts are DOPA-positive. By staining these grafted wings 

with DOPA, one can see where the chick cells have gone. It turns out 

that chick crest cells can migrate into all the feathers of the quail 

wing, including those which are normally unpigmented (rows E2-3 and 

H2). Furthermore, once they have entered feathers in these rows they
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can differentiate into melanoblasts. This finding suggests two 

things. First: there is no block to the entry of crest cells into 

'white' quail feathers. Second, the idea that there is a prepattern 

in the quail feathers which controls melanocyte differentiation could 

be wrong. Alternatively, there could be a pre-pattern but chick cells 

fail to respond to it.

By grafting quail wing buds of different stages to the chick 

and seeing whether pigment develops, it appears that crest cells do 

not enter the quail wing bud in significant numbers until stage 21 

and later.

Conclusion

Two entirely different mechanisms may be involved in pigment 

patterning in vertebrate embryos. In larval amphibians and fish, it 

is thought that differential migration gives rise to local variations 

in pigmentation (Epperlein and Claviez, 1982; Epperlein and Ldfberg, 

1984; Trinkaus, 1988; Ldfberg et al. , 1989). In birds, local cues in 

the feather papillae act on a uniformly distributed population of 

crest cells, as demonstrated in this chapter. In the next chapter, I 

shall examine the possibility that the local cues in the feather 

papillae are acting upon the differentiation of neural crest cells.

Some of the work in this chapter has been published or accepted for 

publication. (Richardson, M. K. , Hornbruch, A. & Wolpert, L. (1989) 

Pigment pattern expression in the plumage of the quail embryo and the 

quail-chick chimaera. Development 107 805-818; and: Richardson, M. K. , 

Hornbruch, A. & Wolpert, L. (1990). Mechanisms of pigment pattern 

formation in the quail embryo. Development [in press].)
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FIG. 41

Cultures of ectoderm from unpigmented feathers Crow E3) of the quail 

wing, stage 37. Photographed on the 4th day of culture.

A. explant which has attached to the dish. Many 

melanocytes can be seen. Scale bar = 100pm.

B. explant which failed to attach to the dish and

rounded up into a ball. Two large melanocytes have appeared on the

surface. Scale bar = 50pm.

FIG. 42

Cultures of mesenchyme from quail feathers, stage 37. Photographed on 

the 4th day of culture. Neither has produced any melanocytes. Scale 

bar on (A) = 300pm.

A. mesenchyme from an unpigmented papilla.

B. mesenchyme from a pigmented papilla.

FIG. 43

Light micrograph showing a transverse section through an unpigmented 

papilla from a quail-chick chimaera. (row E3, isotopic graft, stage 

39).

A. phase contrast. Scale bar = 20p.

B. boxed area in CA), bright field. Note the 

unpigmented quail cell at the apex of the barb ridge (arrow). Scale 

bar = 10p.
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FIG. 44

Quail wing (about stage 39) with a tip inverted 180° about the 

dorsoventral axis. The host tissue has formed an upper arm and 

forearm, while the donor has formed a forearm and hand. The graft 

therefore shows an extension as well as an inversion. Note that the 

pigment pattern of the inverted tip has developed autonomously.

A and B. host's dorsal surface and graft's ventral 

surf ace.

C and D. host's ventral surface and graft's dorsal 

surf ace

E pattern of skeletal elements. Dashed line Indicates 

the junction between donor and host parts. Scale bar on (A) = 3 * 5  mm.
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FIG. 45

Unpigmented wing which develops from a quail wing bud grafted to the 

White Leghorn chick. Treated with diethyldithiocarbamate and DOPA 

gassed with nitrogen. There is no staining. Scale bar = 2mm.

FIG. 46

A. Quail wing grafted to the chick and treated with 

DOPA. Scale bar = 2mm.

B. Cleared wholemount from (A) showing chick 

melanoblasts in the feathers of the E group. .
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CHAPTER 6

The Differentiation of Neural Crest Cells 

During Pigment Pattern Formation

introduction

I showed in the last chapter that neural crest cells are 

present in white feathers, both in the quail and in the quail-chick 

chimaera. In this brief chapter, I want to see whether these crest 

cells have differentiated into melanoblasts — that is, cells with 

tyrosinase activity but no pigment. Tyrosinase*15 is the enzyme of 

melanin synthesis. To look for melanoblasts in the quail, I will use 

dihydroxyphenylalanine (DOPA). This substance stains black any cell 

which is synthesizing tyrosinase (Mishima, 1960).

DOPA, and the closely-related amino acid tyrosine, are both 

substrates for melanin synthesis, and both can be used to look for 

tyrosinase-positive cells. However, tyrosine is incorporated 

generally into proteins and so it is not specific. DOPA is a 

substrate only in the synthesis of melanin and catecholamines; it is

also used by the cytochrome system, but this activity is destroyed by

fixation (Barker and Anderson, 1963). The DOPA reaction is simple to 

perform: the tissue is fixed in buffered formalin, which does not

destroy tyrosinase activity, and then incubated with a solution of 

DOPA. The DOPA is converted into black DOPA melanin by the action of 

tyrosinase. One has to interpret the results of the DOPA reaction 

with some caution because eosinophils and neutrophils contain enzymes 

which are intensely stained by DOPA (Laidlaw, 1932) and which are

(1) Synonyms; monophenol mono-oxygenase; catechol oxidase; polyphenol oxidase;
Dihydroxyphenylalanine ; oxygen oxidoreductasei o-diphenol;02 oxidoreductase; from 
(lushroon, Agaricus campestris ■ EC 1,14,18,1; mammalian 8 EC 1,10,3,1,
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resistant to formalin fixation. Mast cells also contain such enzymes. 

The copper-chelator diethyldithiocarbamate specifically inhibits 

tyrosinase but not other oxidases or peroxidases (at least in 

mammals), and so can be used to test the specificity of the reaction 

(Okun et al., 1969).

Several workers studying pigmentation have used the DOPA 

reaction. Epperlein and Ldfberg (1984) looked at the larva of the 

axolotl, an amphibian with alternating black and yellow spots on its 

flank. They found that there are DOPA-positive cells (which they 

assumed to be melanoblasts) in the pre-migratory neural crest. These 

cells then migrate and become uniformly distributed across the flank. 

Later still, xanthophores (yellow pigment cells) appear, and cause 

the melanoblasts in certain areas to migrate away leaving pure 

xanthophore groups (yellow spots).

Ohsugi & Ide (1983) studied Xenopust which has dark skin on 

its dorsal side, and unpigmented skin on its belly. They found that 

DOPA-positive melanoblasts were distributed in both the dorsal and 

ventral epidermis, but only those in the dorsal epidermis 

differentiated into melanocytes. If bilateral neural fold ablation 

was performed, no melanophores or DOPA-positive cells appeared in the 

operated region. Pieces of ventral skin were cultured. Slightly 

pigmented cells appeared within 2-5 days. After 9 days, dendritic 

melanophores had appeared, and these cells contracted if a-MSH was 

omitted from the culture medium. These findings all provide 

persuasive evidence that the DOPA-positive cells in ventral skin are 

indeed melanoblasts. This paper is the inspiration for the 

experiments in this chapter. It raises the possibility that neural 

crest cells migrate to all parts of the skin and start making 

tyrosinase; but only those in pigmented areas actually differentiate 

further and make melanin. So, perhaps the white feathers in the quail
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embryo contain DOPA-positive cells.

In addition to using the DOPA reaction, I will use radioactive 

DOPA; this is a sensitive means of looking for tyrosinase expression, 

and enables a detailed histological study to be made (Hori, 1972). 

Melanoblasts specifically accumulate the label in their cytoplasm 

(Epperlein, 1978).

materials and methods

The DOPA reaction is described in chapter 2 

Autoradlography

Normal quail wings of stage 36-41 were used. Feather papillae 

were cut from the wing and incubated in 100 pi of a solution 

comprising 1 part of L-3,4-dihydroxy[3H]phenylalanine (3H DOPA; 

Amersham), specific activity 2*1 TBq/mmol, and 9 parts of PBS, pH 

7*7. This solution had a radioactive concentration of 3*7 MBq / ml. 

After 6 hrs of incubation at 37*C, the papillae were washed in PBS, 

fixed overnight in ^-strength Karnovsky's fixative (Karnovsky, 1965), 

dehydrated in graded ethanols and embedded in epoxy resin (Agar 

Aids). Semi-thin sections were collected onto gelatin-coated slides 

and then covered with L-4 nuclear emulsion (Ilford). The slides were 

stored desiccated at 4*C in darkness for 3 weeks and were then 

developed in D-19 developer (Kodak) and fixed in Hypam (Ilford).

results

The DOPA reaction

14 quail wings, from stages 36-41, were examined with the 

DOPA-reaction. The other wing from each embryo was untreated and 

served as the control. A positive reaction appeared to be confined to
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those papillae which were already in the process of becoming 

pigmented; thus there was little difference between treated and 

untreated wings (Fig. 47). In no cases were any DOPA-positive cells 

found in the unpigmented rows (E2-3, H2) of the ventral surface. 

Labelling with 3H  DOPA

Pigmented and unpigmented feather germs from normal quail 

(stages 36-39) were treated with the isotope. In all cases the 

distribution pattern of silver grains in the ectoderm appeared to be 

identical to the distribution pattern of melanin granules. However, 

since silver grains and melanin granules both look black, it was not 

easy to be sure. Figure 48 shows an autoradiograph of a pigmented 

feather focussed in the plane of the melanin granules (Fig. 48A) and 

in the plane of the silver grains (Fig. 48B). The distribution of 

grains and granules appears to coincide. Unpigmented ectoderm showed 

no specific accumulation of the isotope (Fig. 49). The outer layer of 

the ectoderm (periderm) is heavily labelled. I consider this to be 

caused by the spontaneous polymerization of DOPA in solution and not 

by the action of tyrosinase.

In the mesenchyme, clusters of grains were often seen at the 

cut edges of the tissue, as well as deeper inside the tissue. Whether 

this labelling within the mesenchyme is due to blood cells, 

melanoblasts or spontaneous polymerization was not determined.

discussion

The experiments with the DOPA reaction and with 3H DOPA show 

that, in the intact unpigmented papilla, the unpigmented crest cells 

have not differentiated into melanoblasts; they are not synthesizing 

tyrosinase. Indeed I have found tyrosinase only in those papillae 

which are already in the process of becoming pigmented. At the
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cellular level I found that trltiated DOPA is accumulated only by the 

melanosomes in pigmented cells. I conclude that tyrosinase is a 

relatively late marker for melanocyte differentiation. Therefore, the 

melanoblast (an unpigmented, tyrosinase-positive cell) is a transient 

cell-type found only in those feathers which are in the late stages 

of melanin formation. A more interesting cell type is the 

undifferentiated, tyrosinase-negative crest cell which is found in 

unpigmented ectoderm.

Some of the work in this chapter has been published: Richardson,

M. K. , Hornbruch, A. & Wolpert, L. (1989) Pigment pattern expression 

in the plumage of the quail embryo and the quail-chick chimaera. 

Development 107 805-818
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FIG. 47
Quail wings, 11 days (about stage 38), from the same embryo.

A. Right wing, treated with DOPA, ventral surface.

B. Right wing, treated with DOPA, dorsal surface.

C. Left wing, untreated, ventral surface.

D. Left wing, untreated, dorsal surface.

(C) and (D) have been printed with the negative reversed to make them 

easier to compare with (A) and (B). Scale bar on (A) = 4mm.
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FIG. 48

Autoradiograph showing a transverse section from a pigmented quail 

feather, stage 39, row Al, after treatment with tritiated DOPA.

A. focussed in the plane of the melanin granules.

B. focussed in the plane of the silver grains.

Scale bar on CA) = 10pm.

FIG. 49

Autoradiograph showing a transverse section from an unpigmented quail 

feather, stage 38, row E3, after treatment with tritiated DOPA. Scale 

bar = 20pm.
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CONCLUSIONS

1). Neural crest cells are present in all feather papillae, including 

those papillae which will give rise to white feathers.

2). The differentiation of neural cre6t cells is controlled by local 

cues in the feather papillae.

3). These local cues are not positional values; they constitute an 

isomorphic pre-pattern. The neural crest cells from one species can 

respond to the pre-pattern in another species.

4). The pre-pattern may be specified earlier in development by a 

mechanism based on the gradient in concentration of a morphogen.

A uniformly distributed population of neural crest cells

Ectoderm from unpigmented, quail feather-papillae gives rise 

to melanocytes when it is grown in culture. Furthermore, histology 

shows that undifferentiated quail cells are present in white feathers 

in the quail-chick chimaera. These quail cells lie in the place which 

a melanocyte would occupy in a pigmented feather — the apex of the 

barb ridge.

An Isomorphic pre-pattern in the feathers

The crest cells in white feathers do not differentiate into 

tyrosinase-containing melanoblasts; they remain DOPA-negative and do 

not synthesize melanin. The differentiation of neural crest cells is 

controlled by cues in the feathers (the timing of this 

differentiation is also controlled by the feather). So when neural 

crest is grafted between species the pigment pattern in the chimaera 

is the same as the genotype of the feathers. If crest cells in a 

chimaera could read positional values, one would expect a pattern 

appropriate to the genotype of the melanocyte. I have found some
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evidence which argues against a pre-pattern. When guinea fowl crest 

cells migrate into a quail wing, they sometimes make a pigment 

pattern which resembles the guinea fowl. And when chick crest cells 

migrate into a quail wing, they can differentiate into melanoblasts 

in all of the quail feathers, including those which are unpigmented 

in the normal quail.

A pre-pattern specified by the concentration gradient of a morphogen 

A graft of an extra polarising region to the anterior margin 

of the wing bud causes a duplication in the pigment pattern. The 

duplication lacks precision. The model which best accounts for this 

finding is one in which an anteroposterior sequence of positional 

values is specified by the concentration gradient of a morphogen. The 

morphogen might act directly upon the pigment pattern, or it could 

act primarily upon the feather pattern; the pigment pattern would 

then be set up secondarily according to the feather pattern.

A comparison with pigment patterning in amphibians

Pigment appears at a much earlier stage of development in 

amphibians compared with birds. Most workers who have studied 

amphibians have stressed the importance of differential migration in 

establishing these early larval patterns. However, there is good 

evidence that in Xenopust crest cells migrate to all parts of the 

skin but only in certain areas do they make melanin. This is the same 

mechanism which I have found in bird embryos. In birds, the crest 

cells in unpigmented areas are DOPA-negative, whereas in Xenopus they 

are DOPA-positive.
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