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Mimicry has had a significant historical influence as a
tractable system for studying adaptation and is known to
play a role in speciation. Here, we discuss recent theoretical
treatment of adaptive walks to local adaptive peaks and
contrast this with the adaptive landscape of mimicry.
Evolution of novel Müllerian mimicry patterns almost certainly
involves substitution of a major mutation to provide an initial
similarity to the model, such that major gene effects are
expected to an even greater degree than for other adaptive
traits. The likelihood of large adaptive peak shifts in mimicry
evolution may therefore promote speciation. In addition,
mimicry adaptive peaks are determined by the local
abundance of particular patterns and may be more fluid than
the case for other traits. It will therefore be of considerable

interest to test empirically the distribution of effect sizes fixed
during mimicry evolution. Here, we show the feasibility of this
by presenting a preliminary quantitative trait locus (QTL)
analysis of Heliconius colour patterns. This shows that a
number of modifier loci of different effect sizes influence
forewing band morphology. We also show multiple pleiotropic
effects of major Heliconius patterning loci and discuss the
likelihood of multiple substitutions at the same loci in pattern
evolution, which would inflate the importance of major loci in
QTL analysis of the gene effect sizes. Analyses such as
these have the potential to uncover the genetic architecture of
both within and between species adaptive differences.
Heredity (2009) 102, 57–65; doi:10.1038/hdy.2008.109;
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Introduction

Adaptation is fundamental to evolutionary biology and
yet the genetic basis of adaptation has not featured
significantly in evolutionary theory. Until recently, there
was no theoretical prediction regarding the number and
effect size of genes expected to be fixed during
adaptation and similarly, few empirical data are avail-
able to answer these questions. However, analysis of
quantitative trait loci (QTL), facilitated by the availability
of molecular markers, has led to an increasing under-
standing of the genetic basis of adaptive traits (Bradshaw
et al., 1995; Rieseberg, 2001). This has been paralleled by
the development of theory that makes predictions
regarding walks through adaptive landscapes, broadly
defined as a bout of adaptation involving several steps
towards a local optima (Orr and Coyne, 1992; Orr, 2002).
One of the major goals of this theoretical and empirical
research is to determine the distribution of the gene effect
sizes fixed during adaptation.

There is a close connection between speciation and
adaptation, but the impact of the genetic architecture of
adaptation on the probability of speciation is not clear
(Schluter, 2000). Nonetheless, in some cases there is a

similar genetic basis to changes within and between
species and the kinds of adaptive changes that differ-
entiate populations also differ between species (Naisbit
et al., 2003; Lexer et al., 2005). Thus, an understanding of
the genetics of adaptation will need to underlie any
general understanding of speciation. Ultimately, we
would like to make predictions about what kinds of
adaptive landscapes and genetic systems are most likely
to promote speciation. Butterfly wing colour patterns are
well-studied examples of adaptations that also play a
role in speciation through their pleiotropic effects on
reproductive isolation. Here, we aim to address two
issues. First, we discuss the existing theory of adaptive
walks, and compare the adaptive landscape of mimicry
with that underlying this theory, highlighting some
important differences. Second, we discuss the feasibility
of empirical estimation of the distribution of gene effect
sizes fixed during mimicry adaptation by presenting a
preliminary quantitative trait locus analysis of butterfly
colour patterns in the genus Heliconius, and briefly
review the current state of knowledge about the genetic
architecture of mimicry.

Theoretical background

Fisher famously considered the effect size of mutations
responsible for adaptation with a geometrical model,
concluding that genes of very small effect were over-
whelmingly more likely to be selectively advantageous
(Fisher, 1930). This result was very influential and
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arguably discouraged further consideration of the
distribution of gene effect sizes involved in adaptation
(Orr, 2005). Subsequently, however, (Kimura, 1983)
highlighted that Fisher had not considered the
probability that any particular advantageous mutation
would become fixed. Mutations of larger effect are likely
to have a greater selective advantage, and therefore they
are more likely to sweep through populations and
become fixed, rather than be lost through drift. Thus,
mutations of some intermediate size are actually those that
are most likely to play a role in adaptation (Kimura, 1983).

More recently, Orr has considered not merely the
probability of fixation of a single mutation but also the
distribution of effect sizes over the course of an adaptive
walk towards a local optimum. The main prediction of
what now amounts to a considerable body of theory is
that an exponential distribution of effect sizes is expected
over a single adaptive walk (Orr, 1998, 2005). One or
a few mutations are expected to account for most of the
phenotypic change. Surprisingly, the predictions are
similar from two very different approaches to the
problem, either considering DNA sequence space or
using a solely phenotypic model, and are also apparently
robust to different fitness distributions and mutational
models (Orr, 2005).

The testability of these predictions has nonetheless
been called into question (Clarke and Arthur, 2000). In
particular, the pleiotropic effects of genetic changes are
likely to constrain or restrict adaptive change at certain
loci, and the qualitative nature of traits such as chirality
in gastropods does not easily fit with a theory based on
quantitative morphological change. Nonetheless, certain
forms of adaptation might eventually provide a useful
empirical test of this theory. A number of studies in both
animals and plants have already shown that genes of
major effect play a major role in adaptation, which
confirms the principle predictions in a qualitative
manner (Bradshaw et al., 1995; Nachman et al., 2003;
Colosimo et al., 2005a, 2005b; Steiner et al., 2007).
Recently, the first quantitative tests of the theory have
been carried out using sticklebacks (Albert et al., 2008).
The main difficulty in testing the theory turns out to be a
practical limitation on QTL mapping methods, which
cannot detect the QTL of smallest effect. To minimize
this, large sample sizes are needed; for example, the
stickleback study used 372 individuals from a single
mapping family. In addition, the theoretical prediction
was altered to take methodological limitations into
account by truncating the tail of smaller QTL, giving a
gamma distribution, rather than the exponential dis-
tribution predicted solely on theoretical grounds. The
resulting data were a reasonably good fit to the
theoretical prediction, although clearly more tests are
needed to confirm this initial test of the theory (Albert
et al., 2008).

Does the adaptive landscape of mimicry
conform to the theory?

Butterfly wing patterns and mimicry in particular are an
example of an adaptation that might lead to a quantita-
tive test of the theory. Our current understanding of
butterfly wing development suggests that wing patterns
involve co-option of signalling pathway modules from

earlier development (Brunetti et al., 2001). Therefore, it is
a reasonable hypothesis that most evolution in wing
patterns occurs at wing-specific cis-regulatory elements
of these genes, with minimal pleiotropic effects on other
developmental functions of the same loci (Carroll et al.,
2001). This hypothesis should become testable as a better
understanding of wing development is reached, but if
true then developmental pleiotropic constraints on wing
pattern evolution may be minimal. Furthermore, mimetic
butterfly colour patterns are known to contribute to
speciation through pleiotropic effects on reproductive
isolation. Divergent populations use colour patterns in
choosing mates, and intermediate hybrid patterns are
non-mimetic and selected against by predators. Thus,
they are an excellent example of an easily quantified
adaptation in which the links can be made between the
genetics of adaptation and speciation.

The adaptive landscape of mimicry is unusual for a
number of reasons. In Müllerian mimicry, where mimetic
species are all distasteful, adaptive optima are defined by
the local density of individuals possessing a particular
pattern (Mallet and Joron, 1999a). It has earlier been
argued that all the different species might be expected to
converge towards an intermediate pattern (Dixey, 1909;
Sheppard, 1959). Thus, the adaptive ‘optimum’ would be
an arbitrary point in phenotype space where different
species happened to converge. However, there is little
empirical evidence for such coevolution between differ-
ent species in empirical studies of Müllerian mimicry,
and indeed, it may not be expected theoretically in
nature where mimetic species typically differ in abun-
dance and palatability (Mallet, 1999). To differentiate
convergence, involving adaptive change in both species,
from the one-sided evolution of rarer and/or less-
protected species towards locally common and well-
protected species, Turner coined the term advergence
(Turner, 1995). If advergence is indeed more frequent
than convergence, then Müllerian mimicry evolution
may resemble the theoretical adaptive walk to a local
optimum.

Nonetheless, the frequency-dependent nature of
mimicry means that adaptive peaks are likely to be more
fluid than in other systems. Predators can presumably
learn any bright and memorable pattern, meaning that
mimicry patterns shared among several species are
essentially located at arbitrary positions in phenotype
space defined by the local abundance of a particular
pattern. Genetic drift in dominant mimetic species might
therefore be expected to move the pattern of multiple
mimetic species through phenotype space. There is some
evidence for this in the clinal geographic variation seen
in the expression of pattern elements. For example, the
hindwing yellow band of Heliconius melpomene and
Heliconius erato races varies considerably in width and
shape across the range of these species. Small changes in
pattern are likely to arise through genetic drift leading to
the optima shifting slightly between populations. This
gives rise to the observed pattern of quantitative
geographic variation in phenotype. This process is
similar to that proposed for the evolution of flower
colour in Antirrhinum (Whibley et al., 2006), whereby
hybrids show a continuous link between two very
divergent natural phenotypes. It is unknown how
common this ‘phenotypic drift’ is, but it would predict
a greater number of genes of small effect influencing
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patterns than that are predicted from a simple adaptive
walk model.

Furthermore, there are other ways in which the
adaptive landscape of mimicry differs from that of other
idealized traits. Theoretical consideration of adaptive
walks has investigated only the problem of climbing local
optima with peak shifts to distant adaptive peaks
considered unlikely (Orr, 2005). However, it is difficult
to envisage the evolution of novel Müllerian mimicry
patterns without the mimic population moving across an
adaptive valley to an alternate adaptive peak (a process
hereafter referred to as peak shifts). Any relatively
abundant and aposematic species will be recognized by
local predators; hence, a shift to mimicry of a different
pattern will involve crossing an adaptive valley.

The necessity for peak shifts was recognized by
Nicholson (1927) and Turner, (1985) who were perhaps
the first to consider the distribution of gene effect sizes
fixed during mimicry evolution. Nicholson realized that
an initial large step would be necessary to adapt to a
novel mimicry pattern followed by an adaptive walk of
smaller steps (Figure 1). The first step must confer
sufficient similarity that individuals possessing the novel
pattern are at least under some circumstances confused
with the model. Such large mutations may be very rare,
but must arise with some significant frequency over
evolutionary timescales. Under this model, the ‘size’ of
the initial step would be constrained by the distance
between adaptive peaks. Thus the overall distribution of
gene effect sizes would not correspond to the theoretical
prediction derived from consideration of a walk to a local
optimum. However, once a large mutation has become
established, alleles of more minor effect will then be
favoured that refine the pattern. This second step of the
Nicholson model, in which the mimic pattern is refined
to more closely match the model, should correspond to
Orr’s adaptive walk.

Batesian mimicry, in which an edible mimic converges
on a distasteful model, might seem a better system for
studying the evolutionary approach to an optimum, as
there is no doubt about which of the players has
converged on the other. The edible mimic species have
unequivocally converged onto an adaptive peak defined
by the distasteful model and the genetic basis of Batesian

mimicry might therefore be expected to conform to the
Orr model (Figure 1). However, it has been suggested on
theoretical grounds that Batesian mimicry might lead to
a coevolutionary struggle with the model gradually
evolving to avoid the mimic (Gavrilets and Hastings,
1997). This would lead to an evolutionary walk through
phenotype space with gradual change in both model and
mimic and many more small effect genes than expected.
In summary, the adaptive landscape of mimicry does

show some important differences from the idealized
landscape described by theoretical models of adaptive
walks. Adaptation through peak shifts is expected to
lead to larger initial genetic changes than expected when
climbing local optima, and ‘phenotypic drift’ might lead
to more minor effect alleles than expected. Nonetheless,
it will clearly be a valuable exercise to collect empirical
data on the distribution of effect sizes among mimicry
genes and compare this with theoretical predictions. Any
deviations along the lines described earlier might give
insights into the shape of the adaptive landscape of
mimicry. Furthermore, it would also be useful to extend
the theory to more ‘unusual’ scenarios such as fre-
quency-dependent selection and perhaps generate more
quantitative predictions specific to mimicry. Next, we
discuss the current state of knowledge of mimicry
adaptation in Heliconius in the light of this discussion.

Genetics of mimicry in Heliconius

Many Heliconius species are composed of several
geographic races with divergent mimetic patterns, which
offer the opportunity to study the genetic basis of
mimicry adaptation. If one race is assumed to represent
the ancestral pattern relative to the more derived form
then crosses between such races can be used to study the
evolutionary outcome of an adaptive walk. This is likely
to be a reasonable assumption in most cases, given the
recency of race formation in species such as H. melpomene
(Flanagan et al., 2004). Classic crossing experiments
carried out over many years have shown a key role for
major Mendelian loci in controlling pattern variation
(Sheppard et al., 1985). Major pattern elements are
commonly expressed in an ‘all-or-nothing’ manner
controlled by alleles at a single or few loci. Arguably,
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Figure 1 The ‘two-step’ evolution of a novel adaptation. The evolution of a novel Müllerian mimicry pattern likely involves a peak shift, as
shown here, from the ancestral pattern on the left to the mimicry of a new model shown on the right by the higher fitness peak. An initial
large mutational step (step 1) must confer sufficient similarity to the model to lead to some increase in fitness; in this case, it must fall within
the grey box. Subsequent perfection of the pattern must involve multiple mutational steps indicated by the series of arrows in step 2 and may
conform to the ‘Orr model’ of phenotypic evolution (Orr, 1998).
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these major gene effects correspond to the peak shifts
discussed earlier (step 1 in Figure 1) and represent the
initial stages of speciation, leading to colour pattern races
of Heliconius that are partially reproductively isolated
(Jiggins et al., 2004).

Nonetheless, major gene effects are only part of the
story, as there is also considerable variation in the
expression of these phenotypes in hybrid broods. This
has long been recognized with most of the classical
literature including discussion of ‘modifier loci’ that alter
the expression of major pattern elements (Sheppard et al.,
1985). The term ‘modifier loci’ implies a special class of
pattern QTL, in which gene effects are epistatic with major
Mendelian loci—in other words the effect of variation at
the ‘modifier loci’ is specific to the expression of a
particular major gene allele (these have sometimes been
called ‘special modifiers’ to highlight their specificity of
action (Turner, 1977)). These loci likely represent the result
of adaptivewalks towards local optima (step 2 in Figure 1),
subsequent to fixation of a novel major effect allele.

QTL analysis of modifier loci
Here, we present a preliminary QTL analysis of ‘modifier
loci’ affecting the expression of a major pattern element
in Heliconius. The limited sample size and small number
of trait variables mean that this is not intended as a
quantitative test of adaptation theory, but rather as
a proof of principle. We use already published molecular
markers for a single pair mating of F1 hybrid offspring
between H. m. cythera and H. m. melpomene, known as
Brood 33 (Br33) (see Jiggins et al 2005 for details). Both
races have a red forewing band, the presence of which is
regulated by a dominant allele of the locus HmB on
linkage group 18. There is a significant variation in the
size and morphology of the red band with the west
Ecuadorean form H. m. cythera showing a much narrower
band as compared with the French Guianan H. m.
melpomene. This difference is apparently adaptive as the
co-mimic species, H. erato, shows parallel variation in the
same trait. All Br33 progeny display a red forewing band
that is highly variable in size and shape.

We have initially taken advantage of the lack of
crossing over in female Lepidoptera to carry out a
chromosome-by-chromosome analysis of this pattern
variation (Figure 2; Table 1). We performed linear
measurements of the F2 hybrid wings—first to adjust
for size between related individuals and second to
measure variability in position and size of the red
forewing band. Using wing veins to determine fixed
points of reference, three measurements were taken to
standardize wing size from photographs of Br33 progeny
wings (Figure 2). To quantify variation in the red B band,
a number of measurements were taken, and four with
the highest repeatability (40.9) and large variance
between individuals were chosen for subsequent anal-
ysis (Figure 2). All measurements were repeated two
times per individual for both left and right wings using
ImageJ software (Abramoff et al., 2004), and the average
of the four measurements was used for subsequent
analysis. Red band measurements were then divided by
the average of the three size measurements to correct for
wing size, and data were imported to MiniTab. In
addition, the relative extent of the red band (mm2) was
calculated by dividing the red wing area by total wing

area also using ImageJ (Table 1). After adjusting the scale,
photographs were converted to eight-bit black and
white images and adjusted for brightness, contrast and
threshold. The option ‘analyse particles’ was used to
generate the total wing outline plus red band outline,
and then measurements were performed on colour
photographs using these outlines as boundaries. For
measurement protocol see http://rsb.info.nih.gov/ij/
docs/examples/index.html (area measurements and
particle counting).

The measured distances and values for relative red
band area were then compared with earlier generated
chromosome prints (Jiggins et al., 2005), which provide
genotypes for each of the 21 linkage groups of this
species and follow segregation of the non-recombining
female-informative chromosome. P-values were gener-
ated using analysis of variance with a general linear
model to identify any significant association between
segregation of a chromosome and the morphology of B.

Overall, six chromosomes were found to have
a significant effect at the Po0.005 level at one or more of
the wing measurements including an effect of sex (note
that sex is determined by which sex chromosome is
inherited from the mother in female-heterogametic
Lepidoptera; Table 1). Interestingly, two of the chromo-
somes correspond to those already known to contain
major wing pattern loci from earlier crosses. Linkage
group 18 contains the HmB locus, which controls
qualitative expression of the forewing band phenotype
(Joron et al., 2006). The overall size of the red forewing
band was strongly influenced by this chromosome. In
addition, linkage group 10 contains the locus HmAc,
which places a anvil-shaped mark on the forewing of
yellow-banded races of H. melpomene, and is possibly
homologous to HeSd, which influences many aspects of
forewing band shape in H. erato (Joron et al., 2006). It is
therefore possible that the HmAc locus is also responsible
for influencing band shape in this cross, although a lack
of molecular markers close to this locus currently
preclude a fine-scale QTL scan of this region. In addition,
sex-specific effects have been documented in earlier
Heliconius crosses (Turner, 1977). These are generally
revealed only in hybrid individuals and provide further
evidence for adaptive modification of patterns, in this
case, to reduce sexual dimorphism within mimetic
populations. Finally, the analysis also reveals an effect
of at least three further chromosomes, which have not
been earlier documented as affecting wing pattern in
Heliconius, linkage groups 2, 7 and 13 (with a conserva-
tive P-value of 0.005, Table 1).

In particular, linkage group 13 was the only chromo-
some found to have a significant influence on all four of
the pattern measurements and showed the highest
F-values for two of the linear measurements (Table 1).
We therefore carried out a QTL analysis of this
chromosome using already published molecular markers
(Jiggins et al., 2005). F2 regression interval mapping was
carried out using QTL Express (Seaton et al., 2002) and
provided strong evidence for at least one QTL at
approximately 60 cM along this chromosome influencing
at least two of the linear measurements (Figure 3).

In summary, these data represent the first quantitative
analysis of wing pattern variation in H. melpomene and
provide evidence for a distribution of both large and
small ‘modifier’ loci influencing the expression of a

Butterfly speciation and the distribution of gene effect sizes
SW Baxter et al

60

Heredity

http://rsb.info.nih.gov/ij/docs/examples/index.html
http://rsb.info.nih.gov/ij/docs/examples/index.html


Figure 2 Linear measurements of red forewing band size. (a) Schematic diagram of H. melpomene ventral forewing, displaying veins and the
red band. Dashed arrows represent measurements taken to standardize wing size. Full arrows represent four linear measurements taken to
calculate band length and width. (b) Examples of ventral wings from two F2 siblings displaying different size patterns for measurement
3 (white arrows).

Table 1 Chromosome-by-chromosome analysis of quantitative variation in the red forewing band

Linkage group Linear measurements Red band area

1 2 3 4

F P F P F P F P F P

LG1 (K) 4.350 0.048 2.890 0.102 1.270 0.271 2.050 0.165 0.570 0.459
LG2 11.790 0.002 0.000 0.952 0.030 0.867 0.360 0.555 3.140 0.095
LG3 2.750 0.110 4.910 0.036 2.560 0.123 0.330 0.572 0.000 0.954
LG4 0.550 0.465 3.590 0.070 1.690 0.206 0.960 0.337 4.040 0.060
LG5 0.870 0.361 3.050 0.093 1.400 0.249 0.260 0.613 1.950 0.181
LG6 1.190 0.286 0.040 0.848 0.560 0.462 0.570 0.458 1.910 0.185
LG7 0.070 0.800 0.170 0.682 2.140 0.157 10.850 0.003 0.230 0.635
LG8 2.050 0.165 0.760 0.392 0.150 0.701 0.000 0.973 0.020 0.886
LG9 1.840 0.188 2.510 0.126 0.420 0.523 2.640 0.117 0.070 0.796
LG10 (Ac) 14.870 0.001 0.350 0.559 0.990 0.330 4.330 0.048 0.160 0.693
LG11 5.940 0.023 1.770 0.196 1.920 0.179 3.130 0.090 3.340 0.085
LG12 1.920 0.178 6.680 0.016 2.940 0.099 0.050 0.830 0.550 0.469
LG13 5.360 0.029 9.110 0.006 16.990 0.000 25.980 0.000 1.990 0.176
LG14 3.310 0.081 1.140 0.296 1.860 0.185 0.000 0.993 6.540 0.020
LG15 (Yb, Sb and N) 1.000 0.327 0.330 0.574 1.360 0.255 0.200 0.656 0.000 0.995
LG16 0.640 0.433 0.220 0.646 1.320 0.262 2.980 0.097 3.470 0.080
LG17 0.720 0.404 1.190 0.285 0.910 0.350 0.260 0.617 1.310 0.267
LG18 (B and D) 2.810 0.107 4.290 0.049 1.480 0.236 0.210 0.652 16.830 0.001
LG19 0.080 0.779 0.850 0.366 0.120 0.737 5.620 0.026 0.010 0.928
LG20 1.680 0.208 0.880 0.358 0.790 0.384 0.220 0.647 0.100 0.759
Z-chromosome 0.000 1.000 15.440 0.001 4.670 0.041 6.160 0.020 0.000 0.963

Abbreviations: F, F-values; GLM, general linear model; LG, linkage group; P, P-values.
Four measurements (see Figure 2) were corrected for variation in wing size and analysed in 55 F2 individuals from mapping family Br33.
F-values and P-values are derived from a GLM analysis using Minitab, and as all chromosomes were compared in the same model, the
P-values are not corrected for multiple tests. ‘Red band area’ was calculated as red band area/total wing area for 48 of the 55 progeny. Major
pattern gene names identified in an earlier study on H. melpomene are shown in brackets next to the linkage group (Joron et al., 2006).
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major pattern element. We argue that these QTL
correspond to the distribution of substitutions seen in
step 2 of the Nicholson model (Figure 1). In the case of
the red band, substitution of the novel HmB allele
controlling the presence or absence of the phenotype
would correspond to step 1 in this process. Hence, QTL
analysis directly addresses the distribution of gene effect
sizes seen during mimicry adaptation, potentially allow-
ing a comparison with theoretical predictions discussed
earlier. To carry out a more robust empirical estimate of
this effect size distribution will obviously require much
larger sample sizes, although these are feasible in
Heliconius where more than 350 individuals from
replicate crosses have been used for mapping major
gene loci (Baxter et al., 2008). Furthermore, crosses can
also be carried out between sympatric species, offering
an opportunity to compare the distribution of gene effect
sizes in within versus between species crosses. This will
directly address the question of whether speciation
involves the same adaptive processes as adaptive
evolution within species.

Additional allelic effects of major loci
An additional complication to studying the genes
involved in mimicry evolution is that there is extensive
evidence for multiple pleiotropic effects of major loci on
different aspects of colour pattern. This means that

analysis of wing patterns one trait at a time is unlikely to
capture all the phenotypic effects of each QTL. An
example is the unusual pattern of the east Ecuadorean
form H. e. notabilis, which has two spots in the distal part
of the forewing with white and pink colouration. These
are largely controlled by the loci HeD and HeSd already
identified in earlier crosses (Papa et al., 2008). These loci
were already known to influence the forewing band
colour (HeD) and shape (HeSd) in races with yellow or
red forewing bands. However, additional loci (named
Wh and Ro) had earlier been proposed to explain
the segregation of the unusual forewing phenotype of
H. e. notabilis (Sheppard et al., 1985). The more recent
study used molecular markers to show the homology of
these loci with HeD and HeSd (Papa et al., 2008).

We have also documented similar pleiotropic effects of
major loci in H. melpomene. The mimic of H. e. notabilis is
H. m. plesseni, and we have studied the genetic basis of
this pattern by crossing H. m. plesseni with H. m.
melpomene, following the same F2 crossing design as
described for Br33. However, unlike Br33, such crosses
show no clear Mendelian segregation of major pattern
elements with the exception of a single colour trait. The
colour of the dorsal forewing band in F2 progeny is red,
but on the ventral side the band colour is either pale pink
or deep orange. This likely represents the overlaying of
either white or yellow ventral scales onto the deep
red colour of the dorsal wing surface. In Br115, consisting
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Figure 3 F2 regression interval mapping of four wing measurements. The linkage map was assembled with MapMaker 2.0 using earlier
generated data (Jiggins et al., 2005), where all loci are amplified fragment length polymorphism (AFLP) markers except for one microsatellite
(Hm20) and two genes (Vermilion and EDG84a). Quantitative trait locus (QTL) express was used to calculate variance ratios for the four
measurements and estimate significance by whole-chromosome permutation with 1000 replicates. Significance at Po0.01 is shown for each
measurement by coloured vertical lines, except in the case of measurement 1 that was not significantly supported.
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of 120 progeny, the colour segregates in a pink to
orange ratio of 1:3 (33:87) from F2 progeny indicating
simple Mendelian control with pink being the recessive
phenotype.

By mapping markers developed in earlier studies, we
have shown that the pink/orange switch in Br115 maps
to exactly the same locus as HmYb/HmSb in Br33
(Figure 4). The latter loci control the presence or absence
of a yellow hindwing bar (HmYb) and hindwing margin
(HmSb) in H. melpomene, and are located close together
(0.3 cM) on linkage group 15 (Jiggins et al., 2005; Joron
et al., 2006). Thus, the pink/orange switch is controlled
by a locus likely homologous, or at least within 1 cM of
the gene HmYb. This highlights the remarkable diversity
of phenotypic effects controlled by these loci, the
flexibility of which perhaps explains how the dramatic

diversification of Heliconius wing patterns has occurred.
These pleiotropic effects also mean that analysis of single
traits is insufficient to capture the true distribution of
gene effects. In future, it will be necessary to carry out
simultaneous analysis of all phenotypic variation segre-
gating in a single brood to capture the different effects of
each QTL.

Major genes and supergenes
In addition to multiple pleiotropic effects of major loci on
different aspects of pattern, now there is also consider-
able evidence that major pattern loci are shared between
different Heliconius species. Thus, for example,
the genomic region controlling the hindwing yellow
band of H. melpomene (HmYb) is homologous to that

Figure 4 A forewing pink/orange ventral switch genetically maps to the same locus as a yellow hindwing bar on linkage group 15. Genetic
map adapted from Joron et al. (2006) and was constructed using 148 individuals H. melpomene brood Br33 segregating for Yb and Sb, with
ventral hindwings showing the presence or absence of the two phenotypes. The pink/orange phenotype was mapped to LG15 using
microsatellite Hm08 (Jiggins et al., 2005), and to the Yb/Sb region using marker 7G12_T7 (unpublished: primers 50-30 forward:
ATTCAATTGACGCTGTAT; reverse: GCATTGCAAAAAGTCTAA). If F1 parental genotypes are: mother P1O1 and father P2O2; the 33
ventral ‘pink’ P1P2 F2 individuals were homozygous for 7G12_T7 genotypes and all 87 ventral ‘orange’ F2 individuals P1O2, P2O1, O1O2

progeny were heterozygotes or homozygous for alternate 7G12_T7 alleles.
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responsible for whole-wing polymorphism in the related
species, H. numata (Joron et al., 2006). Similarly, a gene
linked to the HeD locus that controls red pattern
elements in H. erato is also tightly linked to the
HmD and HmB loci, which have similar phenotypic
effects in H. melpomene (Baxter et al., 2008). Although the
resolution of these comparative studies is not yet
sufficient to identify specific genes responsible for
pattern change, it is highly unlikely by chance that the
same 1–2 cM region would be responsible for similar
patterns in different species. The candidate regions for
each of these loci likely contain approximately 30–40
genes, several of which may be involved in the wing
development. Thus, multiple and repeated allelic
changes at the same genomic region have been respon-
sible for complex pattern evolution.

The homology of loci between species and the multiple
pleiotropic effects of single loci within species highlight a
major problem inherent in using QTL studies to analyse
the distribution of gene effect sizes fixed during
adaptation. Multiple substitutions at the same locus
appear as a single QTL but in fact result from several
adaptive steps through phenotype space. The current
evidence suggests that such multiple hits at a single gene
in adaptive evolution might be surprisingly common.
Similarly, repeated changes have been seen at the MC1R
locus in mammalian and bird colouration and at
regulatory elements of the yellow locus in Drosophila
wing pattern evolution (Mundy et al., 2004; Gompel et al.,
2005; Prudhomme et al., 2006). In future, it may be
possible to estimate the number of mutations involved in
each allelic variant using sequence and functional
analysis of such gene regions. In the meantime, any test
of the distribution of gene effect sizes needs to consider
the possibility of multiple hits and if possible analyse
very recent adaptive change to minimize their likelihood.

Our crossing experiments therefore show that the
same genomic regions segregate with colour pattern in
within-species crosses across Heliconius. In addition, the
same loci also explain species differences when related
species are hybridized, and hence they are directly
implicated in speciation. For example, between
H. melpomene and H. cydno the HmYb and HmB genes
control a large proportion of the difference in colour
pattern between the species (Naisbit et al., 2003), and
such differences account for a large proportion of the
reproductive isolation between these species (Jiggins
et al., 2001). Thus, there is a continuum from colour
pattern races, differing by allelic differences at one or
more of these major pattern loci and partially reproduc-
tively isolated (Jiggins et al., 2004), through to
sympatric and more strongly isolated species. It
seems plausible that the propensity of mimetic species
to large phenotypic shifts, necessitated by the adaptive
landscape of mimicry, might predispose them to
adaptive radiation.

The extreme case of multiple pleiotropic effects of
single loci are ‘supergenes’ that control polymorphisms
notably among Batesian mimics (Clarke and Sheppard,
1960). Supergenes might be viewed as a ‘failure to
speciate’ with stable polymorphism representing an
alternative outcome to speciation in the face of disruptive
selection. The evolution of supergenes was explained by
Fisher as a result of the fixation of both linked and
unlinked modifier loci, which gradually perfect the

pattern that is turned on by the single switch locus
(Fisher, 1930). In this way, he was able to explain
the evolution of major gene control of mimetic patterns
under the gradualist evolutionary framework, and
counter the arguments of mutationists such as Gold-
schmidt (1945). The reality is most probably somewhere
in between the positions of Fisher and Goldschmidt with
initially major mutational effects being gradually per-
fected (Turner, 1985). However, as recognized by Fisher,
the resulting ‘supergene’ system is not good evidence for
single major mutational step having led to a complex
adaptation. Clearly, supergenes represent a highly tuned
genetic system adapted to within-species polymorphism
and would not be appropriate for studying the genetic
basis of adaptive walks. Nonetheless, there is also a
distribution of mutational effects segregating within
crosses involving supergenes, and the prediction of the
Fisher model would presumably be large numbers of
small effect loci modifying the expression of the super-
gene alleles. H. numata offers a tractable system for
studying this pattern and would make an interesting
contrast with inter-racial and inter-specific crosses in
other Heliconius species (Joron et al., 1999; Mallet and
Joron, 1999b).

Conclusions

Butterfly colour patterns offer an unusually tractable
system for analysing the genetic basis of adaptation and
have a long history in this regard. The fact that an entire
chapter of Fishers’ book, The Genetical Theory of Natural
Selection was devoted to mimicry testifies to its historical
importance as an empirical test case for adaptation
theory (Fisher, 1930). The development of molecular
markers for a number of the classic mimicry species
(Joron et al., 2006; Clark et al., 2008) now offers the
opportunity for a renewed contribution of mimicry
theory to a wider debate about the genetic basis of
adaptation (Orr, 2005; Colosimo et al., 2005b; Steiner et al.,
2007). There are a number of ways in which the adaptive
landscape of mimicry differs from that considered in
earlier models, and we have argued that further
theoretical developments may be necessary to provide
predictions specific to mimetic systems. Nonetheless,
QTL analysis of wing patterns will allow us to determine
the distribution of the gene effect sizes fixed during
mimicry evolution, subject to inherent limitations of the
method. Here, we have carried out a preliminary study
of quantitative variation in a single wing pattern element
and shown evidence for a distribution of different-sized
‘modifier loci’ influencing pattern expression. A more
complete analysis of QTL variation in pattern will
require development of methods to quantify whole-wing
phenotypic variation and whole genome QTL analysis as
presented here for a single chromosome. If major gene
effects are significantly larger than predicted under the
adaptive walk theory, this might provide evidence in
support of peak shifts and the Nicholson ‘two-step’
theory of mimicry evolution.
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