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The role of wing veins in colour pattern development in the butterfly
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Abstract. Naturally occurring veinless specimen of the swallowtail Papilio xuthus show an extremely aberrant colour pattern. In
spite of the fact that we have no breeding data, these veinless specimen are provisionally called veins-reduced mutant. In these
mutants seven longitudinal veins of the fore wing and five of the hind wing are absent. The absence of wing veins is associated with
a loss of the broad black venous stripes that normally are present along the proximal portion of the veins. In addition, missing veins
cause a loss of the dislocation of black bands in adjacent wing cells, so that what are discrete black segments in normal wings
become continuous bands in the veinless wing. Computer simulations show that the morphology of the striped patterns on both the
veinless and veined wing can be explained if the wing margin acts as an inductive source of pattern formation and the veins act
simply as boundaries to the propagation of the signal from the wing margin. The vein-dependent patterns by contrast, require that the
veins act as inductive sources, at least along their proximal portion. This dual role of wing veins is consistent with prior observations
on the biology of colour pattern formation. The unique veinless colour pattern strongly supports the hypothesis that the wing margin

is the dominant organiser of colour pattern in this species, and possibly in other Papilionidae.

INTRODUCTION

Butterfly wing colour patterns provide a rich source of
material for comparative investigations of the principles
of pattern development. Early comparative analyses
revealed that there is a general underlying principle of
colour pattern organisation in butterflies, named the
“nymphalid ground plan”, because it can be used to
explain the structure and diversity of wing patterns in the
family Nymphalidae (Schwanwitsch, 1924; Siiffert, 1927,
Nijhout, 1991). The nymphalid groundplan suggests that
wing patterns are composed of three sets of paired pig-
ment bands, the symmetry systems, that run from the
anterior to the posterior margin of the wing and called
respectively, the basal-, central-, and border-symmetry
systems. Strikingly, in many colour patterns these pig-
ment bands typically have discontinuities or dislocations
where they cross a wing vein. The reason for these dislo-
cations is that pattern determination in each wing-cell (a
wing-cell is the area bounded by wing veins) is partially
uncoupled from pattern determination in adjoining wing
cells. The wing veins appear to act as barriers to the
propagation of determinative signals so that in each wing-
cell the processes of pattern formation become semi-
independent: they obey common genetic rules but are
causally uncoupled from each other, much like left and
right sides of a bilaterally symmetrical organism are
uncoupled from each other.

Relatively little information is presently available on
the sites of origin of the morphogenetic signals that
organise the colour pattern. By far the best understood

mechanism for colour pattern induction is that concerned
with the development of eyespots of the Nymphalidae.
Transplantation experiments have demonstrated that eye-
spots are induced by morphogenetic signals that emerge
from small clusters of cells, called the foci (Nijhout,
1980; French & Brakeficld, 1992). These organising cen-
tres themselves are induced by a complex pattern of
expression of the Distal-less gene (Carroll et al., 1994;
Brakefield et al, 1996) and the hedgehog signalling
pathway (Keys et al., 1999). The signals that emerge from
these organising centres determine the size and pigmenta-
tion of the various concentric coloured rings that make up
an eyespot (Monteiro et al., 1997a,b; Brakefield, 1998).

In addition to the specialised cells that induce eyespots,
there is evidence that the wing veins and wing margin
play a role in the induction of the pigment patterns in
their immediate vicinity. Most species of Nymphalidae
have narrow pigment bands that run along the distal wing
margin. If the wing margin is surgically cut early in
development, then the marginal colour patterns fail to
develop wherever the margin is damaged (Nijhout &
Grunert, 1988). Evidence for an active role of wing veins
in pattern formation (as opposed to their restrictive role
outlined above) is less direct and comes primarily from
comparative morphological observations that some colour
patterns are formed parallel to the wing veins, and that
vein aberrations are often associated with local pattern
aberrations (Nijhout, 1991; Brakefield et al., 1996).

In the present study we analyse the dramatic changes
in the colour pattern of the veins-reduced mutant of the
papilionid Papilio xuthus. Our analyses and computer
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simulations of colour patterns on normal and veins-
reduced wings demonstrate that in this species the wing
veins and wing margin play a dominant if not exclusive
role in colour pattern formation.

MATERIAL AND METHODS

A series of male and female specimen of the Japanese
Papilio xuthus L. (Papilionidae, Lepidoptera) were collected
near the Nagoya Castle in Nagoya, Japan, in 1985 by Dr. Kat-
suhiko Endo (Yamaguchi University, Japan), who kindly pro-
vided the material. These butterflies are missing most of the lon-
gitudinal veins on each wing (Fig.1 a, d). The veins of the ante-
rior wing margin and the discal cell appeared normal. Interest-
ingly enough, although many veins are missing, the wings were
more or less regularly inflated after adult emergence, and these
animals were able to fly reasonably well. Because many nearly
identical specimens were collected (about 7 in two collections)
it is assumed we are dealing with a genetic mutation. Unfortu-
nately, it has proven impossible to breed these animals and no
additional specimen have been caught in following years.
Although we have not been able to obtain breeding data on
these animals, the fact that multiple individuals were collected
from a single location at the same time suggest the defect
resulted from a mutation within a single brood. The specimens
described here are provisionally called veins-reduced mutants.

Computer simulation of the effect of venation on the colour
pattern was done as follows. A segment of a wing was repre-
sented by a rectangular array of 100 x 200 nodes. The edges of
the array were set up as zero flux boundaries. Sources of a diffu-
sible morphogen were simulated as short segments that were
kept at constant value, either at one of the boundaries, or within
the array to produce a trapezoidal internal boundary (Fig. 3).
Diffusion was simulated numerically, using a 4th order Runge-
Kutta algorithm (Wilson, 2000). Thresholds were plotted at
arbitrary values of the resulting diffusion gradient.

RESULTS

The wild-type venation and colour pattern

The normal venation pattern of P. xuthus consists of a
clearly developed discal cell from which most of the lon-
gitudinal veins originate. On the hind wing the wing vein
media 3 (M) is exceptionally long and serves to stabilise
the tail, which is typical for the Papilionidae (Fig. 1).

The colour pattern of P. xuthus is sexually dimorphic.
In the hind wing, the more proximal marginal bands are
much broader in the female than in the male, and extend
over most of the wing surface (Figs 1b, c¢). The male
colour pattern is therefore more discrete and more suit-
able for analysis. The normal colour pattern of P. xuthus
consists primarily of a black pattern on a yellow back-
ground. On the hind wing, regions of blue-iridescent and
orange scales separate some of the black bands. The black
pattern on the dorsal fore wing consists of tapering

venous stripes along the basal portions of the longitudi-
nal wing veins, and of a system of nearly parallel mar-
ginal bands that run from the anterior to the posterior
wing margin. There is one black band close to the wing
margin and a pair of paler black bands, also parallel to the
wing margin, but further in (Fig. 1b, 2b-c).

Within the discal cell there is a pattern of thin black
lines (Fig. 1b, 2b) that reflects the course of the basal
branches of the media vein that normally atrophy during
the pupal stage to form the discal cell (Behrends, 1936;
Kuntze, 1936; Hering, 1940). These patterns are
common, particularly in the Papilionidae, and are equiva-
lent to the vein-dependent patterns found elsewhere
(Nijhout, 1991). Inside the discal cell there are, in addi-
tion, two broad black bands that run perpendicular to the
long axis of the cell.

The black bands nearest the wing margin are often
scalloped and reveal a row of half-moon-like yellow
patches of yellow background colouration along the outer
margin, in the middle of each wing-cell. The submarginal
bands on the fore wing are slightly dislocated at several
locations where they cross a wing vein. On the hind wing,
by contrast, the black banding pattern is highly
dislocated. Here the black bands are broken up into short
segments that run approximately perpendicular to the
wing veins, rather than parallel to the wing margin (Fig. 2
a-c).

The mutant venation and colour pattern

The venation pattern of the veins-reduced mutant is
dramatically reduced. In the fore wing, seven of the longi-
tudinal veins are missing, so the venation consists only of
the costa, the subcosta, the veins forming a discal cell,
and the anal vein. In the hind wing, the subcosta, the
discal cell veins and the media 3 are present, and five of
the longitudinal veins are missing (Fig. 1d). Thus, most of
the veins that, in the wild type, run from the discal cell to
the wing margin are missing in the mutant (Fig. 1la, d).
Finally, the contour of the distal hind wing margin is dif-
ferent in the mutant. The wild type margin undulates,
extending at the wing veins and scalloped between the
veins. In the mutants, by contrast, the distal margin is
smooth (as indicated by 4 versus 4* in Fig. 2a, d).

The pattern differences between wild type and mutant
are best visible on the ventral wing surface of the males
(Fig. 2). In the mutant the venous stripes are absent where
the corresponding veins are missing (Fig. le, f; and indi-
cated by 1/1* in Fig. 2). In the absence of veins, the black
bands are no longer dislocated but now run nearly per-
fectly parallel to the wing margin. This change in the pat-
tern is particularly striking on the hind wing. Here the

Fig. 1. Wild type venation pattern, (a) and dorsal colour pattern of male (b) and female (c) swallowtail Papilio xuthus. Below cor-
responding aspects of the veins-reduced mutant are showing the venation pattern (d) and male (e) and female (f) dorsal colour pat-

tern. D = discal cell, M; = media 3.

Fig. 2. The ventral colour pattern of the wild type male (a,b) differs from the mutant colour pattern (d,e). In panel (a) only those
pattern elements of the wild-type are depicted schematically which are absent or changed in position compared to the mutant pat-
tern (d). Venous stripes which are present in the wild type (a, b) and are missing in the mutant (d, e) are spotted and indicated by 1
versus 1*. Distal parts of the parafocal elements and marginal bands which are dislocated in the wild type (a-c) but are fused to con-
nected bands in the mutant (d-f) are combed (2/2*) and striped (3/3*) respectively. The lateral hind wing margin of the wild type
shows a waved contour with veins running to the tips (a, 4). In contrast, the lateral margin of the mutant is smoothened (c, 4*).
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Fig. 3. Computer simulations in a segment of the hind wing two wing-cells wide. Brackets indicate positions of sources, contours
are arbitrary, A — top row = no veins; B — middle row = with veins as internal no-flux boundary, but short time for diffusion; C —
bottom row = with veins as internal no-flux boundary, and longer time for diffusion. Percentage values indicate relative length of
the marginal sources (brackets) as a percentage of the intervein distance.

formerly segmented black bands are now fused and con-
tinuous and run almost perfectly parallel to the wing
margin (Fig. 2 e-f). The distal-most band is slightly wavy,
touching the wing margin in several locations. The orange
and iridescent blue patches are also fused in the mutant
into continuous bands of colour. The only dislocation
occurs at the single remaining longitudinal vein, M; (Fig.
2 as indicated by 2/2* and 3/3%*).

In the veins-reduced mutant of P. xuthus the thin black
vein-dependent stripes within the discal cell are missing
(Fig. le-f; Fig. 2e). This observation suggests that the
basal portion of the media vein is also missing in the
mutant. The fact that the discal cell is complete, however,
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suggests that the basal portions of the radius and cubitus
veins, as well as some of the cross veins that close off the
discal cell, did not atrophy. The two broad black cross
bands in the discal cell are greatly expanded in the
mutant, occupying nearly the entire area of this cell, and
their outline is much less distinct than in the wild type.
Finally, a fairly broad vein-dependent pattern is devel-
oped distal to the veins of the discal cell.

Computer simulations of the effect of veins
The veins-reduced mutant presents us with a unique
opportunity to investigate the potential role of the wing

veins in generating the dislocation of the bands of the
colour pattern. In particular, we are interested in the



highly dislocated banding pattern of the hind wing. Here
the segments of the band are straight, nearly perpen-
dicular to the veins, and at an angle to the wing margin.
In the absence of veins, by contrast, these bands are fused
into a single smooth slightly undulating band, parallel to
the wing margin. The fact that in the absence of veins the
pigment bands are perfectly parallel to the wing margin
suggests that the margin acts as an inducing or organising
centre for these elements of the colour pattern. This is not
an unreasonable supposition. At the time of colour pattern
determination there is a lacuna of the circulatory system
at the location of the future wing margin (Nijhout, 1991).
In addition, several of the genes that are associated with
colour pattern induction are initially expressed along the
wing margin (Carroll et al., 1994). For purposes of simu-
lation we therefore assume that the wing margin can act
as an organising centre for colour pattern formation. The
mechanism of pattern induction is unknown. It must
involve some kind of signal from the wing margin that
spreads proximally into the blade of the wing. In the
absence of specific information about how this spread
occurs, it is most parsimonious to assume this happens
passively by diffusion rather than via a specialised trans-
port mechanism.

We modelled a segment of the hind wing two wing-
cells wide. Along the middle of the hind wing the veins
intersect the margin at an approximately angle of 65°. In
our simulations we modelled this by having a sloping
internal boundary, represented by the upper margins of
the simulation panels in Fig. 3. When we assumed that
there were no wing veins and that the upper margin acted
as a source of diffusible morphogen, this system produced
(as expected) a system of bands parallel to the source, dis-
torted only by the no-flux conditions at the left and right
boundaries (Fig. 3A). A simulated vein was then added in
the middle of the array in the form of a new no-flux
boundary. Figures 3B and 3C illustrate the effect of
adding such a vein boundary on the morphology of the
banding pattern. Clearly the presence of the vein as a
simple boundary causes the banding pattern to become
dislocated, even though the source is continuous along
the entire margin. But although the bands became dislo-
cated, their morphology and position did not closely
resemble that of real bands in the wild type hind wing. In
particular, the bands were not perpendicular to the wing
veins, as in the real wing.

We simulated other possible properties of wing veins.
We simulated veins as constant-level sources of a diffu-
sible substance, and as sinks for the substance diffusing
from the wing margin. Neither of these assumptions pro-
duced patterns that even remotely resembled those found
in normal or veinless specimens.

We observed that in the veinless hind wing the mar-
ginal band is not perfectly parallel to the wing margin but
undulates slightly. This morphology suggests that the
marginal inducing source is probably not continuous. The
morphology is consistent with the hypothesis that, in the
hind wing at least, the marginal source is broken up into
short segments. The positions of the arcs suggests that the

presumptive sources must lie at the centre of the pre-
sumptive wing cells, that is, roughly half way between the
places where wing veins would be expected to meet the
wing margin. We simulated this by assuming that the
sources of the diffusing chemical occupied 70%, 50% and
30% of the inter-vein distance along the margin (only the
70% and 30% cases are illustrated in Fig. 3). Marginal
sources that occupy 70% and 50% of the width of a wing
cell produce patterns that approximate but not quite
resemble those on the normal veined wing. Simulations
using marginal sources that occupy 30% of the width of a
wing cell, by contrast, produced bands that were highly
dislocated and perpendicular to the wing veins, just like
those of the normal wild-type pattern (Figs 2b-c). In the
absence of wing veins the 30% source produced the same
kind of undulating pattern that is seen in the veins-
reduced wing (for instance the white-coloured band in
Fig. 3A 30%).

DISCUSSION

The veins-reduced mutant of P. xuthus reported here is
the most striking example known to date of a colour pat-
tern aberration that is correlated with a severe deficiency
in the venation system. A comparative study of the wild
type and veins-reduced wings shows that presence of
veins is essential for the normal development of two very
different aspects of the colour pattern in P. xuthus. The
first of these concerns the vein-dependent patterns. The
wedge-shaped venous stripes along the proximal halves
of the longitudinal veins are absent when the veins are
absent, as are the thin venous stripes within the discal
cell. The loss of these two vein-dependent colour pattern
elements when veins are lost suggests that the veins
somehow control pigment synthesis in their vicinity
(Koch et al., 1998). The strong taper of the wedge-shaped
venous patterns could be produced in two ways. Either
the inductive activity of the veins is not constant along
their length, declining distally, or in the distal portion of
the wing the surrounding tissue is much less sensitive to
the signal emanating from the veins. We have at present
no way to distinguish between these alternatives.

The second way in which the veins affect pattern for-
mation is by acting as barriers to inductive signals, effec-
tively compartmentalising portions of the pattern. Our
computer simulations show that the very severe pattern
dislocation on the hind wing can be completely explained
by the simple assumption that the veins act as barriers to
signal propagation. In our simulations we used diffusion
as the mechanism of signal propagation. We cannot
exclude the possibility that a much more complicated sig-
nalling mechanism is at work here. Indeed, the mor-
phology of the patterns in Fig. 3 does not depend on the
mechanism of signal propagation. Any mechanism in
which a signal spreads isotropically in all directions, and
where its effects decay with distance, will produce similar
patterns. Diffusion merely happens to be the simplest way
to accomplish this. The key finding of these simulations is
that a purely passive barrier-like function of the wing
veins is sufficient to produce the observed dislocated pat-
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tern. In addition, it appears that although on the fore wing
the entire wing margin acts as an inductive source, this
cannot be the case in the hind wing. The observed pat-
terns of both the wild-type and the veins-reduced pheno-
types, can only be produced if the sources at the margin
are distributed in small patches. The distribution of these
patches is strongly correlated with the wing venation in
the wild-type, but evidently does not depend on the wing
venation, because these patches persist in the veins-
reduced mutant.

It is worth considering how it is possible for a wing
vein two have two such apparently disparate functions in
pattern formation. The signalling function could be most
easily explained by the fact that veins are part of the open
circulatory system and they are therefore the only ways in
which materials can enter and exit the wing. The haemo-
lymph could thus carry a soluble signal into the wing via
the veins from where it diffuses into the developing wing
blade. The difficulty with this hypothesis is that it
requires veins to be differentially permeable to the signal,
so it only diffuses out at certain locations. It is more likely
that the epidermal cells around the wing vein can become
regionally specialised to produce short-range signalling
molecules that can propagate to adjoining cells, either
through gap junctions or through the extracellular matrix.
Preliminary data on the presence and putative role of gap
junctions during the time of pattern formation have been
shown in wing discs of Bicyclus anynana (cf. Monteiro,
1996). In the wing imaginal disks of Precis coenia and B.
anynana, several secreted signalling molecules (such as
Distal-less and wingless) are produced along the marginal
vein at certain stages in development (Carroll et al., 1994;
Brakefield et al.,, 1996). Indeed, at a certain stage in
development the expression of Distal-less becomes
restricted to small regions at the midpoints between the
wing veins, just as is required to produce the normal pat-
tern in our simulations. The role of wing veins as barriers
to signal propagation is most readily accounted for by the
localized absence of gap junctions between epidermal
cells in the vicinity of the wing veins. If there are no gap
junctions then cell-to-cell signalling by molecules dis-
solved in the cytoplasm would be blocked. Such blockage
would produce the no-flux conditions that are necessary
to produce the morphologically correct pattern dislocation
in our simulations. The disparate functions of veins are
thus most likely due to differences in the biological prop-
erties of epidermal cells in the vicinity of the wing veins.
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