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Generation of a novel wing colour pattern
by the Wingless morphogen
Thomas Werner1*, Shigeyuki Koshikawa1*, Thomas M. Williams1{ & Sean B. Carroll1

The complex, geometric colour patterns of many animal bodies have important roles in behaviour and ecology. The
generation of certain patterns has been the subject of considerable theoretical exploration, however, very little is known
about the actual mechanisms underlying colour pattern formation or evolution. Here we have investigated the generation
and evolution of the complex, spotted wing pattern of Drosophila guttifera. We show that wing spots are induced by the
Wingless morphogen, which is expressed at many discrete sites that are specified by pre-existing positional information that
governs the development of wing structures. Furthermore, we demonstrate that the elaborate spot pattern evolved from
simpler schemes by co-option of Wingless expression at new sites. This example of a complex design developing and
evolving by the layering of new patterns on pre-patterns is likely to be a general theme in other animals.

The complex body colour patterns of reef fish, snakes and birds, to
name just a few of the more vivid examples, are understood to have
many roles in animal ecology1, as well as forming some of the most
beautiful designs in all of nature. The generation of particular colour
patterns, such as those found on sea shells2, butterfly wings3, or even
zebras4 and leopards5 has been the subject of considerable theoretical
modelling. Most efforts have sought to explain the development of
stripe, spot or polygon patterns as outputs of a reaction–diffusion
mechanism6, in which the interaction of diffusible local activators
(morphogens) and long-range inhibitors has been proposed to
generate stable patterns7,8 (reviewed in ref. 9).

The identities of the postulated morphogens and inhibitors under-
lying any colour pattern have remained elusive, however. Most
experimental work has focused on species that are not well-developed
model taxa for developmental genetics. One exception is the zebra-
fish Danio rerio, where much progress has been made in identifying
loci required for colour pattern formation on the basis of mutant
phenotypes10–14. However, the causal links between gene function
and colour pattern formation have not been determined.

Beyond the challenge of identifying morphogens, a second key
issue concerning body colour pattern formation is the extent to
which pattern generation depends on pre-existing information, that
is, a pre-pattern. In some species, such as tropical fish, the normal
spacing of skin patterns is maintained during growth15, and can
reform after perturbation16,17, which suggests that patterns are
formed autonomously, without reference to any body structure or
pre-pattern. In contrast, in butterflies, specific locations within the
developing wing have been proposed to be sources of morphogens
that generate wing colour pattern elements3.

Understanding how colour patterns are generated during develop-
ment is a prerequisite to addressing fundamental questions about
their evolution, such as how complex patterns are assembled over
evolutionary time. It is unclear whether new patterns arise stepwise
or in toto, and whether new pattern elements evolve from pre-existing
developmental pathways or the assembly of new pathways.

The wing pigment patterns of fruitflies provide many advantages in
tackling both developmental and evolutionary questions. Foremost
among these is the wealth of data about wing development and

pigment formation in D. melanogaster and the great variety of wing
patterns of different degrees of complexity. Here we use the spectacular
melanin wing spot design of D. guttifera as a model and use transgenic
techniques to address how a complex colour pattern is generated and
regulated during development and has evolved over time. We identify a
morphogen responsible for the induction of the spot pattern, show that
morphogen production is localized by a pre-pattern of positional
information, and demonstrate that the complex pattern evolved
by co-option of morphogen expression to numerous sites in the
developing wing.

Two yellow enhancers control a complex pattern

The D. guttifera wing pigmentation pattern consists of 16 black spots
located on wing veins and at their junctions with crossveins and the
wing margin, and four grey ‘shades’ located in the intervein regions
(Fig. 1a). This design includes many more pattern elements than those
of other members of the quinaria, virilis or melanogaster species
groups (Fig. 1b). To understand how the formation of the 20 pattern
elements is regulated, we first focused on the expression and regu-
lation of the yellow gene. The Yellow protein is required for the forma-
tion of black melanin on fly wings and bodies18–22. The D. guttifera
yellow messenger RNA and protein are expressed in pupal wings in
spatial patterns that perfectly pre-figure the adult melanin pattern
(Fig. 2a, b). We thus used the yellow gene expression pattern as a
surrogate for and a means of understanding the generation of the
adult pigmentation pattern.

One possible way in which the D. guttifera yellow expression pattern
could be encoded is that each individual pattern element could be
controlled by its own cis-regulatory element (CRE, or enhancer)23–26.
To identify the number and location of CREs that govern the 16
spots and four shades, we isolated and sequenced 42 kilobases (kb)
of D. guttifera DNA containing and surrounding the yellow locus. We
then sub-divided the non-coding sequences from this region into 28
partly overlapping DNA fragments (Fig. 2c), and tested them for the
ability to drive reporter gene expression in transgenic D. melanogaster.
Of the 28 constructs, we found two that drove reporter expression, but
none produced spot patterns in D. melanogaster wings, which indi-
cated that the D. melanogaster trans-regulatory landscape apparently
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did not contain the information for the generation of a spot pattern.
Therefore, we developed techniques to introduce transgenes into
D. guttifera, using the piggyBac vector system27.

We transformed D. guttifera with a selection of constructs and
screened transgenic D. guttifera (identified by enhanced green fluor-
escent protein (eGFP) fluorescence in the larval eyes) for reporter
protein expression in developing pupal wings. Surprisingly, we found
that a single 832-base-pair (bp) fragment located approximately 5 kb
upstream of the yellow transcription start site drove reporter gene
expression at 16 sites, in patterns that precisely match the position
and shape of the future adult wing spots (Fig. 2d). A 277-bp sub-
fragment of this region we termed the vein spot CRE also drove the
full spot expression pattern (data not shown). We also identified a
414-bp fragment in the first intron of the yellow locus that drove
reporter gene expression in patterns that precisely foreshadow the grey
shades in the intervein regions (Fig. 2e; termed intervein shade CRE).
Thus, two CREs encode the entire D. guttifera yellow wing expression
pattern, one CRE for all spots, and one CRE for all shades (Fig. 2f).

Our finding that 16 spots spaced throughout the wing surface were
controlled by a single, small CRE suggested to us that, unlike pattern
elements controlled by separate CREs that would typically be regu-
lated by different inputs, the generation of each spot might involve a
common input. We therefore sought to identify that input.

Spot formation depends on wing landmarks

With no direct knowledge available about wing pattern formation in
D. guttifera, our search for an inducer of spot formation was guided by

a series of clues. One important hint emerged from a set of aberrant
flies that arose spontaneously in our large D. guttifera laboratory
culture. These variants showed a strict correlation between the forma-
tion of spots and the presence or absence of physical wing landmarks
(Supplementary Fig. 1a–f). We observed that the gain of an ectopic
campaniform sensillum (Supplementary Fig. 1b, c) or vein fusion
point (Supplementary Fig. 1e) was always associated with the gain
of an ectopic spot, whereas the loss of a campaniform sensillum
(Supplementary Fig. 1d) or its transformation into a sensory bristle
(Supplementary Fig. 1f) was associated with the loss of a spot. These
phenotypes suggest that spot formation depends on information that
is present where each of these physical landmarks develops. If there is
a common inducer, then we would predict that it is deployed at
developing crossveins, vein fusion points, and campaniform sensilla.

Wingless is a candidate inducer

We explored whether we might be able to assemble information about
potential inducers of spot formation by examining the activity of the
vein spot CRE in D. melanogaster wings. The D. guttifera vein spot CRE
drove a reporter expression pattern in a proximal stripe, in the future
crossveins, and along the wing margin, but not in the campaniform
sensilla (Fig. 3a). This suggested that the inducer is also present, but
deployed differently in pupal wings of D. melanogaster.

We then considered where the vein spot CRE was active and
what was known about the deployment of regulatory molecules in
D. melanogaster wings. The reporter pattern was reminiscent of the
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Figure 1 | The D. guttifera wing exhibits a complex pigmentation pattern.
a, The wings of D. guttifera display 16 vein-associated spots and four
intervein shades; six vein-spots are associated with campaniform sensilla
(arrows). b, Phylogenetic tree49 showing the relationships of species bearing
different elements of the wing pigment pattern (crossveins, longitudinal
wing tips, and campaniform sensilla). The D. guttifera pattern is the most
complex in that it bears the most pattern elements.
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Figure 2 | Two yellow CREs encode the elaborate D. guttifera pattern. a, In
situ hybridization detecting yellow gene expression. The expression pattern
of yellow mRNA transcripts foreshadows the adult melanin pattern in the
pupal D. guttifera wing at stage P10. b, Immunohistochemical localization of
the Yellow protein. Yellow expression in late pupae foreshadows the adult
pigment pattern (photo courtesy of N. Gompel22). c, The 42-kb yellow locus.
The turquoise box represents the vein spot CRE (vs), and the red box marks
the location of the intervein shade CRE (iv). Top bars depict the DNA
fragments screened for enhancer activity in pupal wings. d, The vein spot
CRE drives nuclear eGFP reporter protein expression in all 16 vein-
associated spots in a transgenic D. guttifera pupal wing. e, The intervein
shade CRE drives cytoplasmic DsRed reporter protein expression in all
intervein shades in a transgenic D. guttifera pupal wing. f, Merged image of
vein spot CRE and intervein shade CRE activity in a double-transgenic
D. guttifera pupal wing.
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expression pattern of the wingless gene in D. melanogaster pupal
wings at pupal stage 6 (P6), in the future position of the developing
crossveins and along the wing margin28,29 (Fig. 3b), where it has a role
in marginal vein and perhaps crossvein development. Thus, the
Wingless gene product is a candidate inducer of the D. guttifera vein
spot CRE.

To test whether wingless expression in D. guttifera was consistent
with a role in spot induction, we examined wingless expression
throughout pupal development in D. guttifera. We found a notable
correlation between pupal wingless expression and the position of
pigment spot formation. wingless was expressed in the position of
the developing crossveins and longitudinal vein tips at stage P5ii
(Supplementary Fig. 2), then appeared in the position of each cam-
paniform sensillum at stage P6 (Fig. 3c, d), thus encompassing all 16
sites of spot formation. This complete pattern remained detectable
through stage P7 (Supplementary Fig. 2).

To examine further the correlation between wingless expression
and pigment spot formation in D. guttifera, we analysed wingless
expression in D. deflecta, a closely related species that exhibits many
of the same pigment features, but lacks the campaniform sensilla
spots (while possessing campaniform sensilla). wingless expression
is absent from the developing campaniform sensilla of D. deflecta
pupal wings at stages P5ii, P6 and P7 (Fig. 3e and Supplementary
Fig. 2). This observation strengthens the correlation between wingless
and pigmentation, and rules out the alternative possibility that
wingless expression in D. guttifera is merely related to campaniform
sensilla development.

We also tested the correlation between wingless expression and
pigmentation in a new D. guttifera mutant (dubbed ‘schwarzvier’) that
shows a conspicuous ectopic melanin stripe along the fourth longi-
tudinal vein (L4) (Fig. 4a). If Wingless has a role in the induction of
adult pigment, then we predicted that wingless expression should also
foreshadow this new melanin stripe in schwarzvier wings. Indeed,
wingless is ectopically expressed at stages P6 and P7 in schwarzvier
wings in a stripe along longitudinal vein L4, which correlates with
the new ectopic melanin stripe (Fig. 4b and Supplementary Fig. 2).

Wingless is sufficient to induce pigmentation

The correlations between wingless expression and pigmentation,
although strongly provocative, do not establish that wingless expres-
sion is sufficient to induce new wing pigmentation. To establish a
firm link between Wingless and pigmentation in D. guttifera, we
attempted to manipulate wingless expression in D. guttifera. We
generated a piggyBac construct containing a D. melanogaster wingless
complementary DNA downstream of the yeast GAL upstream activa-
tion sequence (UAS-wg)30, injected this construct into D. guttifera
embryos, and obtained several transgenic D. guttifera lines. One of
these lines had ectopic stripes of black pigmentation on its wings,
with the darkest stripes on longitudinal veins L3 and L4, and weaker
stripes along L2 and L5 (Fig. 4c). Because this phenotype was
dominant, fully penetrant, and independent of any GAL4 activity,
it was probably caused by a positional effect of the insertion of the
construct into the D. guttifera genome.

To verify that the ectopic melanin stripes were in fact caused by the
ectopic expression of the wingless transgene, we performed in situ
hybridization experiments with a D. melanogaster-specific wingless
probe. wingless expression was first detectable in longitudinal veins
and interveins at stages P5ii and P6 (Supplementary Fig. 2) then dis-
appeared from the interveins, but remained in the longitudinal veins
at stage P7 (Fig. 4d). The ectopic pigmentation we observed correlated
very well with the pattern of ectopic wingless expression at stage P7.

These results demonstrate that Wingless expression is sufficient to
induce wing pigmentation and are consistent with Wingless acting as
an inducer of spot formation. To test whether Wingless induces the
vein spot CRE, we crossed UAS-wg transgenic flies and schwarzvier
flies to lines carrying the vein spot CRE-reporter construct. In each
case, we found that ectopic reporter gene expression was induced in a
pattern that correlated with the pattern of adult ectopic pigmentation
(Fig. 4e, f), demonstrating that ectopic Wingless expression induces
the vein spot CRE. This induction seems to be indirect, as we found no
evidence that the activity of the vein spot CRE requires the binding of
T-cell factor (TCF)—the transcriptional effector of the Wingless sig-
nalling pathway (Supplementary Figs 3 and 4).

It is important to note that in both wild-type and ectopic wingless-
expressing flies, vein spot CRE activity and pigmentation occurred in
broader domains than the expression of the wingless transcript. For
instance, the wingless transcript was expressed in narrower domains
along the crossveins (Fig. 3c) and the longitudinal vein tips (arrow-
heads in Fig. 3c), and within fewer cells of developing campaniform
sensilla (arrows in Fig. 3c, d) than become pigmented in the adult
spots. The relationship between wingless mRNA localization and
pigmentation is consistent with wingless mRNA-expressing cells
acting as sources of the Wingless protein, which then acts as a
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Figure 3 | The pattern of wingless expression foreshadows the adult wing
spot pattern. a, The D. guttifera vein spot CRE drives reporter expression in
D. melanogaster wings in a pattern that resembles D. melanogaster wingless
expression. A, anterior crossvein; P, posterior crossvein. b–e, In situ
hybridization of pupal wings (stage P6) with species-specific wingless probes.
b, In D. melanogaster, wingless is expressed in both crossveins, along the
wing margin, and in a proximal stripe at the wing base. c, In D. guttifera,
wingless is also expressed at the tips of the longitudinal veins (arrowheads)
and in the campaniform sensilla (arrows). d, Close-up of three wingless-
expressing campaniform sensilla in D. guttifera. e, In D. deflecta, wingless is
not expressed in the developing campaniform sensilla.
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morphogen31,32 by diffusing outward several cell diameters to induce
pigmentation gene expression and the adult spots (Fig. 4g and Sup-
plementary Discussion).

We next address how the complex spot pattern evolved.

Co-option of Wingless in the origin of spots

To investigate how the D. guttifera spot pattern evolved, we considered
the phylogenetic distribution of pigment pattern elements, patterned
Wingless expression, and the vein spot CRE in species that exhibit
various elements of the complete pigment pattern (or no wing pig-
mentation). Crossvein pigmentation, which is common throughout
the quinaria species group (Fig. 1b and ref. 33) as well as outgroups
such as D. virilis, is absent from other groups such as the melanogaster
species group (Fig. 1b). We found the orthologous, functional vein
spot CREs in all members of the quinaria group we examined as well as
D. virilis (data not shown). However, no vein spot CRE was present in
D. melanogaster. As wingless is expressed along the crossveins in
D. melanogaster and all species we examined (Fig. 3b, c, e), we deduce
that wingless expression along the crossveins and margin is a deep,
ancestral feature in most or all Drosophila (Fig. 5, top), and that cross-
vein pigmentation and a Wingless-responsive vein spot CRE evolved in
a more recent common ancestor of the quinaria group and D. virilis
(Fig. 5, middle).

Pigmented longitudinal vein tips and campaniform sensilla spots
are much more restricted characters, with the former present in just a
few species in the quinaria group and in some Hawaiian species, and
the latter exclusive to D. guttifera. Therefore, both features are more
recent additions to the wing pattern, with the campaniform sensilla
spots novel to the D. guttifera lineage. Two mechanisms could
account for the origin of the new spots: changes in the cis-regulatory
region of the yellow gene, and/or changes in the deployment of the
Wingless inducer could have occurred in the D. guttifera lineage. To
distinguish between these possibilities, we tested the orthologous vein
spot CRE from D. deflecta for regulatory activity in D. guttifera. We
found that the D. deflecta vein spot CRE drove a complete, 16-spot
reporter expression pattern, including the sites at the campaniform
sensilla that are not pigmented in adult D. deflecta wings (Sup-
plementary Fig. 3). Thus, the D. deflecta vein spot CRE contains the
complete information for responding to Wingless in the D. guttifera
wing; the differences between the D. deflecta and D. guttifera wing
pigmentation patterns were not due to changes in the vein spot CRE.

Rather, the observed differences in wingless transcript expression
in the developing campaniform sensilla between D. guttifera and
D. deflecta (Fig. 3c, e) indicate that changes in the regulation of the
wingless gene arose in the D. guttifera lineage. Because the new sites of
expression arose at developing campaniform sensilla, and seem to be
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Figure 4 | Wingless is sufficient to induce wing pigmentation. a, Adult
wing of the D. guttifera variant schwarzvier. A novel pigmentation stripe is
present on longitudinal vein L4. b, In situ hybridization of wingless
expression in a schwarzvier wing at stage P6. The wingless expression pattern
correlates with the adult melanin pattern shown in a. c, Ectopic wing
pigmentation of an adult D. guttifera carrying a UAS-melanogaster wingless
transgene. Ectopic pigment is formed in the proximal three-fourths of the
wing along the longitudinal veins and in some interveins. d, In situ
hybridization of a D. guttifera UAS-melanogaster wingless transgenic wing at
stage P7 with a D. melanogaster wingless probe. The melanogaster wingless
transcript is ectopically expressed along the longitudinal veins in the
proximal three fourths of the wing. e, Pupal wing of transgenic D. guttifera

carrying a vein spot CRE core-DsRed reporter construct in the schwarzvier
background, showing further DsRed expression along longitudinal vein L4.
f, D. guttifera double-transgenic pupal wing carrying a vein spot CRE -
nuclear eGFP reporter construct and the UAS-melanogaster wingless
construct, showing further nuclear eGFP expression along the longitudinal
veins. g, A model for pigment induction by wingless. Few cells express
wingless mRNA (red) in spots and thin stripes in pupal wings of stage P6 and
P7. Wingless protein (pink) acts as a morphogen and diffuses five to six cell
diameters away from its source. Cells within the Wingless signalling radius
produce Yellow protein (yellow) from stage P10 onwards. Yellow protein
catalyses the production of black melanin (black) in the adult cuticle.
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dependent on information associated with their development, we
suggest that the new spots of D. guttifera arose by co-option of
Wingless expression at new sites that are specified by regulators
involved in campaniform sensilla development (Fig. 5, bottom).

Thus, the complex D. guttifera pattern seems to have been built up
stepwise over several speciation events. First, in a common ancestor
of many species including the quinaria, virilis and repleta groups, a
link was established between Wingless signalling and pigmentation
(for example, of the crossveins). Then, once this link was established,
it was co-opted, by changes in wingless expression, to produce
changes in pigmentation.

Morphogens and the evolution of complex patterns

We have shown that the Wingless morphogen is an inducer of pig-
mentation gene expression and the formation of the many-spotted
wing pattern of D. guttifera. This is, to our knowledge, the first
diffusible activator of a colour pattern that has been identified. The
use of Wingless in the making and evolution of the wing spot pattern
is also noteworthy in that Wingless has many roles in Drosophila
development, including segment polarity34,35, appendage formation
and patterning36, and midgut formation37. Ectopic Wingless expres-
sion during earlier stages of development has marked, deleterious
effects on tissue organization38–41. In the D. guttifera pupal wing,
however, Wingless is expressed very late in development and induces
a terminal pattern after all major features of the appendage have been
specified. There is obviously a much greater degree of freedom in how
morphogens can be deployed late in development and we anticipate
that this freedom is exploited in generating the great diversity of
Drosophila wing patterns.

We have also demonstrated that Wingless expression is associated
with, and spot formation is dependent on, the development of
physical landmarks in the wing. The complexity of the spot pattern
is thus a product of the complexity of the processes responsible for
the activation of Wingless expression. Longitudinal vein, crossvein
and campaniform sensilla patterns are deeply conserved features of

Drosophila wings. Therefore, we conclude that Wingless expression
and spot formation in D. guttifera are dependent and have been
superimposed on long-established positional information and pre-
patterns of gene activity in the developing wing. In this fashion,
modern wing patterns have been ‘painted’ onto ancient wing regu-
latory landscapes.

The complex wing colour patterns of other insect groups such as
butterflies also seem to be organized by signals diffusing from con-
served wing landmarks3,42. It is very likely that similar developmental
and evolutionary processes that we have uncovered in the generation
of the D. guttifera spot pattern have contributed to the remarkable
variety of colour patterns in these animals.

METHODS SUMMARY

The 42-kb yellow locus was sequenced using the Epicentre EZ-Tn5, TET-1.

insertion kit. Two templates were used to generate the entire sequence: one PCR

fragment cloned into pGEM-TEasy (Promega) containing the 59 and coding
region, and one genomic library Fosmid clone containing the 39 region of yellow.

For DNA analysis, we used GenePalette43.

D. melanogaster Canton S and yw flies were cultured at room temperature on

standard molasses cornmeal food44 with the exception of injected embryos,

which were placed on Wheeler–Clayton food45. D. melanogaster was transformed

using the P-element system22,46.

D. guttifera flies were reared exclusively on food containing yeast, cornmeal

and granulated sugar at room temperature. D. guttifera transformations were

performed using the piggyBac vector system27. Transgenic flies were identified by

the presence of Pax6-driven GFP reporter activity in larval eyes. Details are

available at http://www.molbio.wisc.edu/carroll/methods.html.

The UAS-wg transgenic line exhibiting ectopic pigmentation was confirmed

to be the result of a single insertion by genetic crosses and by amplification of a

single genomic flanking region by inverse PCR.

The D. guttifera inbred line schwarzvier was established by interbreeding flies
with abnormal numbers of campaniform sensilla on the wings.

PCR amplification was performed using the Phusion high-fidelity kit

(Finnzymes). Cloned CREs were inserted upstream of the eGFP and DsRed

reporter genes. Fluorescent signals were recorded from pupal wings using an

Olympus SZX 16 dissection scope and an Olympus DP 71 camera.

In situ hybridization was carried out as previously described47, using digox-

ygenin (DIG)-labelled RNA probes at a hybridization temperature of 65 uC.

Pupal wings of stages P5 to P7 (ref. 48) were fixed overnight in their pupal

carcasses at 4 uC before the pupal membrane was removed. Stage P10 wings were

dissected directly from live pupae, inflated in distilled water, and then fixed.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Oligonucleotides for PCR amplification of yellow gene CREs. Sequences of

the oligonucleotide pairs for the 832-bp D. guttifera vein spot CRE were

59-GTTGATTTCATGCTGCTTTG-39 and 59-TTTGATCTGCCTTCAAATACC-39;

for the 277-bp core fragment 59-CAGCTTCAATAAGGCAAATCCACATTTC-39

and 59-CATGTAACTCATTAGGACAGCTC-39; for the 414-bp D. guttifera

intervein CRE 59-AATATGGCAACACTGCGTCTTCGATTTG-39 and 59-CA

TTCCACGCTGGCGAGATG-39, and for the 763-bp D. deflecta vein spot CRE

59-GTTACGAGACACCAAAAGAGAG-39 and 59-AAAGCCACCGCCACCCCA

CAC-39.

Oligonucleotides for PCR amplification of wingless sequences for in situ

probes. We cloned a fragment of wingless exon 4 from genomic DNA of

D. guttifera and D. deflecta, using the oligonucleotide pair 59-CACGTTC

AGGCGGAGATGCG-39, and 59-GGCGATGGCATATTGGGATGATG-39. To

obtain the orthologous fragment from D. melanogaster, we used the pair 59-CA

CGTCCAAGCGGAGATGCG-39, and 59-GGCGACGGCATGTTCGGGTG-39.

GAL4-UAS system in Drosophila guttifera. The UAS-wg transgenic line turned

out to be a fortunate insertion event as we were not able to obtain GAL4 express-

ion in D. guttifera wings using heterologous enhancers with which we intended

to drive UAS-wg expression.
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