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ABSTRACT

We report a dense genetic linkage map of Heliconius erato, a neotropical butterfly that has undergone a
remarkable adaptive radiation in warningly colored mimetic wing patterns. Our study exploited natural
variation segregating in a cross between H. erato etylus and H. himera to localize wing color pattern loci on a
dense linkage map containing amplified fragment length polymorphisms (AFLP), microsatellites, and
single-copy nuclear loci. We unambiguously identified all 20 autosomal linkage groups and the sex
chromosome (Z). The map spanned a total of 1430 Haldane cM and linkage groups varied in size from
26.3 to 97.8 cM. The average distance between markers was 5.1 cM. Within this framework, we localized
two major color pattern loci to narrow regions of the genome. The first gene, D, responsible for red/
orange elements, had a most likely placement in a 6.7-cM region flanked by two AFLP markers on the end
of a large 87.5-cM linkage group. The second locus, Sd, affects the melanic pattern on the forewing and
was found within a 6.3-cM interval between flanking AFLP loci. This study complements recent linkage
analysis of H. erato’s comimic, H. melpomene, and forms the basis for marker-assisted physical mapping and
for studies into the comparative genetic architecture of wing-pattern mimicry in Heliconius.

RECENT advances in molecular biology allow re-
searchers to directly investigate the genetic basis

of adaptive variation in natural populations of widely
divergent organisms, ranging from Mimulus and crick-
ets to sticklebacks and pocket mice (Bradshaw et al.
1998; Peichel et al. 2001; Parsons and Shaw 2002;
Albertson et al. 2003; Hoekstra et al. 2004; Nachman

et al. 2004; Colosimo et al. 2005). This research has
allowed novel insights into the mechanisms governing
morphological diversification by coupling traditional
studies of ecological genetics and natural selection with
modern genomic approaches.

In this article, we localize two major color pattern loci
underlying adaptive variation in the wing patterns of
Heliconius erato to narrow regions of a high-resolution
genetic map. This work replaces an initial linkage map
of H. erato (Tobler et al. 2005), and complements a
recently published high-resolution linkage map of its
comimic H. melpomene (Jiggins et al. 2005). The nearly

identical wing color patterns of H. erato and H. melpomene
not only are adaptations that warn potential predators of
each species’ unpalatability (Chai 1986; Langham 2005)
and a textbook example of cooperative or Müllerian
mimicry (Müller 1879; Nijhout 1991), but also play an
important role in speciation (McMillan et al. 1997;
Jiggins et al. 2001). Although these species are from
divergent clades within the genus and do not hybridize,
they share nearly identical color pattern phenotypes
where they co-occur and have undergone a parallel
adaptive radiation into nearly 30 different geographic
races (Brown et al. 1974; Turner 1974, 1983; Sheppard

et al., 1985; Brower 1994, 1996; Turner and Mallet

1997; Beltrán et al. 2002).
Within each species interracial crossing experiments

have described up to 20 different loci responsible for this
wing color pattern diversification (Sheppard et al. 1985;
Mallet 1989; Nijhout et al. 1990, 1991; Jiggins and
McMillan 1997; Gilbert 2003; Naisbit et al. 2003).
However, one of the most striking aspects of both radi-
ations is that the majority of phenotypic change is driven
by a small number of loci, or groups of very tightly linked
loci, of large effect (Sheppard et al. 1985; Mallet 1989;
Nijhout et al. 1990; Nijhout 1991; Jiggins and
McMillan 1997; Gilbert 2003; Naisbit et al. 2003).
These major genes cause discrete phenotypic shifts
across large areas of the wing surface by changing the
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position, size, and shape of red/orange and melanic
patches on both the dorsal and ventral surfaces of the
fore- and hindwings (Sheppard et al. 1985; Nijhout

1991). In both radiations, the genes underlying differ-
ent pattern elements have a predictable epistatic effect
depending on scale and pigment type (Gilbert et al.
1988; Gilbert 2003). These facts make it relatively easy
to follow the segregation of specific alleles at a locus
in genetic backgrounds chosen to minimize epistasis
(Tobler et al. 2005).

Characterization of genomic regions directly respon-
sible for adaptive differences in wing color patterns in
both these species will allow us to answer questions
about the proximate and ultimate origins of this fasci-
nating variation. As an important step toward this goal,
we report the localization of two major H. erato color
pattern switch genes within a high-resolution linkage
map: the ‘‘Dennis’’ (or D) locus responsible for red and
orange pattern elements and the ‘‘shortened’’ (Sd) locus
that affects forewing melanin patterns (Sheppard et al.
1985). In contrast to our preliminary study (Tobler

et al. 2005), which utilized fewer markers and individuals
in a backcross design, we trace inheritance patterns of
numerous molecular markers and wing phenotypes in a
large outbred F2 cross (i.e., with two pairs of unrelated
outbred grandparents). For this study, we crossed an
orange and yellow race from southeast Ecuador H. erato
etylus with H. himera, a closely related sister species from
south Ecuador that displays yellow and bright red (see
Figure 1; Tobleret al. 2005). In H. erato races the D locus
controls the presence of the orange and red elements,
including (1) the orange patch at the base of the
forewing in H. erato etylus known as ‘‘Dennis’’ [after an
individual H. melpomene with the mimetic phenotype
named ‘‘Dennis the Menace’’ (Beebe 1955); see also
Sheppard et al. 1985, p. 457; J. Mallet, personal commu-
nication], (2) the orange rays present on the hindwing
of many Amazonian races (Sheppard et al. 1985;
Mallet 1989), (3) the yellow forewing band of several
Amazonian races (Sheppard et al. 1985), and (4) the
red hindwing bar in H. himera (Figure 1; Jiggins and
McMillan 1997; Tobler et al. 2005). Genetic control of
the first three pattern elements was initially hypothe-
sized to be controlled by three separate, albeit tightly
linked loci (D, R, and y, Sheppard et al. 1985), but
recombinant phenotypes are virtually unknown from
thousands of field-caught individuals along hybrid
zones (Sheppard et al. 1985; Mallet 1989) and virtually
absent from crossing experiments, suggesting that the
phenotypic variation may be explained by allelic varia-
tion at a single locus or possibly three very tightly linked
loci (see Sheppard et al. 1985; Mallet 1989; Jiggins

and McMillan 1997). In this article, in accordance with
nomenclature established by Jiggins and McMillan

(1997), we utilize Det to describe the H. erato etylus allele
(with the ‘‘DRy’’ pattern) of the D locus and demon-
strate through Mendelian cosegregation and mapping

that the presence or absence of the red hindwing bar in
H. himera is in fact due to D locus variation (Dhi) as
initially hypothesized by Jiggins and McMillan (1997)
and subsequently mapped to one end of chromosome
HEC 3 (Tobler et al. 2005).

The Sd locus is one of several genes affecting mel-
anization in the forewing (Sheppard et al. 1985) and was
originally described from a single cross between a
hybrid east Ecuador H. erato (lativitta 3 notabilis) and
an east Brazilian race of H. erato where Sd accounted for
shortening of the forewing yellow band (Sheppard et al.,
1985). In our cross, however, two complementary Sd
patterns were found: In H. erato etylus, individuals had a
yellow patch present toward the distal tip of the fore-
wing and absent more proximally (genotype Sdet Sdet,
Figure 1a, individuals PR222 and PR217), and, con-
versely, H. himera has a proximal yellow patch (genotype
Sdhi Sdhi, Figure 1a, individuals PR246 and PR181).

To construct a linkage map we mapped molecular
markers including amplified fragment length polymor-
phisms (AFLP), microsatellites, and single copy nuclear
loci (SCNL) in F2 offspring utilizing a three-step method
based on Jiggins et al. (2005) and outlined in supplemen-
tal Figure S1 (http://www.genetics.org/supplemental/).
This method takes advantage of natural variation within
our source populations and achiasmatic oogenesis, which
leads to a complete absence of crossing over in female
Lepidoptera (Suomalainen et al. 1971, 1973; Turner

and Smiley 1975) to generate a single high-resolution
genetic map for the cross. This map provides the basis for
localizing color pattern loci in specific genomic regions,
generating an integrated reference map of all the major
color pattern genes responsible for the H. erato diver-
sification, and is an essential step toward our goal of
understanding the genetic architecture of convergent
evolution between H. erato and its comimic, H. melpomene.

MATERIALS AND METHODS

Crossing design: To identify major wing pattern loci in the
Amazonian rayed race under study, we collected individuals of
H. erato etylus from the Zamora River (3�559 S, 78�509 W) and
individuals of H. himera from the town of Vilcabamba (4�169 S,
79�139 W), both in Loja Province in southern Ecuador, with
permits from the Ecuadorian government (Tobler et al.
2005). Outbred stocks of both H. erato etylus and H. himera
were established in our insectaries at the University of Puerto
Rico. From these stocks we created an outbred F2 cross,
designated ETF2-2, by mating two unrelated F1 hybrids
derived from unrelated H. erato etylus female and H. himera
male grandparents (Figure 1, A and B). Butterflies were cared
for as outlined in McMillan et al. (1997). The 88 F2 offspring
in the brood were raised until eclosion and killed by briefly
exposing them to �80�. The bodies were frozen at �80� until
needed and the wings were digitally photographed and pre-
served in glassine envelopes for later analysis.

AFLPs: Genomic DNA was extracted as outlined in Tobler

et al. (2005). AFLP analysis followed protocols described by
Vos et al. (1995) with modifications for fluorescent-labeled
AFLP reactions run on an ABI PRISM 377 DNA sequencer
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(Applied Biosystems) as outlined by Tobler et al. (2005). We
surveyed 20 EcoRI/MseI primer combinations for fragments
between �100 and 500 bp in length (Table 1, supplemental
Appendix at http://www.genetics.org/supplemental/). Size-
corrected data for all individuals and control lanes were
combined into a metagel for each primer combination using
a modified version of Genographer (Benham et al. 1999), an
open source java program for AFLP analysis (http://hordeum.
oscs.montana.edu/genographer/). The modified version (2.1
beta) is currently available for download (http://zephyr.hpcf.
upr.edu/�mcmi-lab/). AFLP bands were scored as present if a
distinct band appeared on the metagel (either in normalized
or in unnormalized view within Genographer) and accompa-
nying peaked fluorescent signal was seen using the thumbnail
view in Genographer and absent otherwise (weakly amplifying
lanes with shallow, indistinct peaks were scored as missing
data). All AFLP bands were scored as dominant alleles (i.e., no
attempt was made to infer heterozygosity from reduced band
intensity). Fluorescent bands were named according to primer
combination and band size in base pairs (see supplemental
Appendix, http://www.genetics.org/supplemental/). Overall,
�70,760 (610 AFLP loci 3 116 lanes ¼ 16 grandparental rep-
licates, 12 parental replicates, and 88 offspring) binary geno-
types were individually examined by one or more investigators
before export from Genographer as a matrix of zeroes and
ones.

Codominant anchor loci: We also scored microsatellite and
SCNL to anchor our maps relative to other mapping work in
Heliconius. We surveyed variation at 19 microsatellites (Table
2) and 21 SCNL (Table 3). Microsatellites were amplified and
scored as described in Flanagan et al. (2002) and Tobleret al.
(2005) and Table 2. SCNL for a variety of candidate and
housekeeping genes were utilized and segregating genotypes
were determined using allelic size variation or by variation
at single nucleotide positions (Table 3) ( Jiggins et al. 2005;
Tobler et al. 2005). Single nucleotide polymorphisms (SNPs)
were scored by restriction fragment length polymorphism
( Jiggins et al. 2005; Tobler et al. 2005) generated by restric-
tion enzymes (under the conditions recommended by the

Figure 1.—Cross design and cosegregating wing pheno-
types all shown with right dorsal (left) and left ventral (right)
fore- and hindwings. (A) The outbred F2 cross shown with ma-
ternal grandmother PR222 (H. erato etylus) 3 maternal grand-
father PR246 (H. himera); paternal grandmother PR217
(H. erato etylus) 3 paternal grandfather PR181 (H. himera).
PR246 displays a cage code used to identify individuals on
the ventral side. (B) The F1 female PR269 (daughter of
PR222 and PR246) was mated to F1 male PR240 (the son
of PR217 and PR181). (C) Codominant phenotypic effects
of two major loci segregating in F2 offspring can be seen with
columns representing the three Sd genotypes: SdetSdet, SdetSdhi,
and SdhiSdhi, respectively. The rows represent the three D ge-
notypes: DetDet, DetDhi, and DhiDhi. Thus the top left butterfly and
the bottom right butterfly resemble their respective grandpar-
ents, H. erato etylus and H. himera, respectively. (D) Small spot
phenotypes. PR269 dorsal and ventral showing inheritance
of the yellow discal cell spot (c-spot) from female H. erato etylus
PR222, and PR240 dorsal and ventral showing the yellow
R2-R1 spot (r-spot) inherited from female PR217. Both H. er-
ato etylus-derived spot genotypes are visible only when present
in heterozygous form with the H. himera Sd allele; see, for in-
stance, the middle individual PR921 in C showing the c-spot
phenotype and the bottom row individual PR976 in C show-
ing the r-spot (wing vein drawing modified from Emsley

1963).
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vendors) or using the MegaBACE SNuPe Genotyping Kit
(Amersham Biosciences). In the SNuPe technique, PCR
primers are used to amplify a fragment containing a previously
detected SNP, followed by a single-base extension from an
unlabeled primer adjacent to the SNP site. Each dNTP in the
extension mix is labeled with a different dye allowing de-
tection of heterozygotes and homozygotes by electrophoresis
on the MegaBACE system. A total of 5 ml of the PCR reaction
was incubated with 6 units of exonuclease and 0.45 units of
shrimp alkaline phosphatase in a final volume of 8.0 ml. The
mix was heated to 37� for 30 min then denatured at 85� for
10 min. Approximately 6 ng of PCR product was combined
with 2 pmol of the SNP primer and 0.5 ml (one-eighth of that
recommended by the vendor) of the SNuPe premix reagent in
a final volume of 10 ml. The reaction was cycled 25 times
through the following temperature profile: 96� for 10 sec, 50�
for 5 sec, and 60� for 10 sec. SNuPe reactions were cleaned
using AutoSeq96 plates (Amersham Biosciences). After wash-
ing the columns twice with 100 ml of double-distilled water,
samples were added to the top of the Sephadex and centri-
fuged for 5 min at 910 3 g. Five microliters of the cleaned
SNuPe reaction were added to a skirted 96-well plate and
combined with 5 ml of a master mix containing 498.75 ml of
MegaBACE loading solution and 1.25 ml of MegaBACE SNuPe
multiple injection marker (Amersham Biosciences). Samples
were injected into the MegaBACE using the protocols outlined
in the user manual.

Linkage analysis and map construction: Linkage analysis
followed methods for Lepidoptera published by Shi et al.
(1995), Yasukochi (1998), Tobler et al. (2005), and Jiggins

et al. (2005). By separately treating the three different geno-
types corresponding to the dominant AFLP bands segregating

in this cross, a single map was constructed in a three-step pro-
cess (Jiggins et al. 2005; see Figure S1 at http://www.genetics.
org/supplemental/). Bands from female-informative (FI)
AFLP markers are present in the F1 female, absent from the F1

male, and segregate 1:1 (e.g., band positive vs. band absent) in
the F2 progeny. Bands from male-informative (MI) markers are
present in the F1 male, absent from the F1 female, and also
segregate 1:1 in the F2 progeny. Bands present in both F1 male
and female parents (BI markers) segregate in a 3:1 ratio in the
F2 progeny. The FI and MI marker types are rare or absent in
F2 crosses formed by crossing highly inbred strains, but are
abundant in outbred F2 crosses such as ours, where the four
grandparents are polymorphic.

In step one, FI markers are used to identify linkage groups
segregating in the female F1 gametes. Because of achiasmatic
oogenesis in Lepidoptera, FI markers on the same chromo-
some are inherited as a unit and this association is not broken
up by crossing over ( Jiggins et al. 2005). We identified 21
linkage groups by grouping these FI markers at LOD 8.0 using
JoinMap 3.0 (Van Ooijen and Voorrips 2001) applied to a
backcross design. By observing which FI alleles originated
from H. himera and which from H. erato etylus, we predicted
the species origin of the maternally derived homolog of
every chromosome in each of the F2 offspring ½known as the
chromosome print, Yasukochi (1998)� using PERL script
‘‘CHROMPRINT’’ (http://zephyr.hpcf.upr.edu/�mcmi-lab/),
which compared the genotype of each offspring and linkage
phase of each FI locus within a linkage group. Each chromo-
some print was hand verified and numbered (LG-#) to uniquely
associate FI linkage groups with BI and MI markers (see below
and supplemental Appendix at http://www.genetics.org/
supplemental/).

TABLE 1

Summary of AFLP primer combinations and total number of polymorphic bands utilized in our analysis

MseI extension

EcoRI extension Data CAA CAC CAG CCA CCT CTA CTG CTT Total

CA FI 14 10 9 10 2 45
BI 18 7 13 14 8 60
MI 12 9 9 9 2 41

CC FI 10 7 0 10 27
BI 2 4 0 7 13
MI 8 7 0 6 21

CG FI 15 13 10 7 45
BI 12 6 10 8 36
MI 18 14 9 6 47

CT FI 3 22 10 10 13 8 8 74
BI 9 30 11 7 10 3 3 73
MI 4 23 16 11 9 10 8 81

Total FI 42 45 36 10 10 13 10 25 191
BI 41 43 38 14 7 10 11 18 182
MI 42 46 41 9 11 9 12 20 190

All 125 134 115 33 28 32 33 63 563

These totals do not include bands generated by the second metabulk scan for tightly linked markers gener-
ated by primer combinations Eco-CC MseI-CTA/CTT, Eco-CT MseI-CTA/CTT, and new combinations Eco-CC/
MseICTC, Eco-CC/MseI-CAC run utilizing Licor methodology (Tobler et al. 2005). An additional eight male in-
formative bands were scored. For details see map and supplemental Appendix (http://www.genetics.org/
supplemental/) for bands CC-CTA_Sd_120-145, CC-CTA*mbA, CT-CTT*mbA, CC- CTT_Sd_255, CT-CTA_
DRY_2524, CT-CTT_DRY_.204, CC-CTC_Sd_145-175, and CC-CAC-491. Blanks indicate the primer combination
was not assayed.
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In step two, we compared each chromosome print with BI
AFLPs as well as codominant anchor loci with segregation
ratios of 1:1:1:1 or 1:2:1. Applying JoinMap 3.0 to an intercross
design, we identified loci that grouped at LOD 5.0 or higher
with each chromosome print (in a few cases codominant
markers grouped at LOD 4.0 and were included in groups for
subsequent verification). Because the genetic model em-
ployed by JoinMap assumes crossing over in both males and
females, which was not so in our case, new groups were
individually examined to verify linkage with a unique chro-
mosome print (see results), check phase, and to identify
forbidden recombinants (Shi et al. 1995), defined as offspring
genotypes impossible without crossing over in females unless
there were scoring errors. In our analysis we accept a small
amount of scoring error and retained BI loci with five or fewer
forbidden recombinants that have a probability of P, 0.007 or
lower of being unlinked under the hypothesis of no scoring
error (see Jiggins et al. 2005). The BI AFLP loci associated
with a particular chromosome print were labeled by linkage
group (LG-#). We then extracted the MI component from
the BI AFLP scores (i.e., following only AFLP bands inherited
from the father) by censoring the scores that included
AFLP bands inherited from the mother ( Jiggins et al.
2005). For the sex chromosome, Z, male offspring are always
positive for BI AFLPs and the recombinant analysis is limited
to female offspring segregating MI markers on Z ( Jiggins et al.
2005).

In the third and final step, the censored BI markers (tagged
with LG-#) were combined with MI AFLPs as well as co-
dominant anchor markers recoded to show only the MI allele
(see the BI / MI allele designation). Linkage groups were
assembled at LOD 3.0 or greater and identified by one or more
shared LG-# tagged AFLPs (Jiggins et al. 2005). All LODs to
this point were calculated utilizing Joinmap 3.0. For final map
construction, the most likely order and spacing of markers
on a chromosome was determined utilizing Mapmaker 3.0
applied to a backcross design (Lincoln et al. 1987). First, all
markers within a linkage group were converted to the same
linkage phase and compared using Mapmaker’s ‘‘join haplo-
types’’ command. Haplotypes were consolidated over missing
data by grouping MI markers with identical genotypes (de-
rived from either phase) or censored BI markers (in the same
original linkage phase) as a haplotype in Mapmaker. Censored
BI markers originally in the opposite linkage phase may form
spurious haplotype groups since the censoring step creates
marker sets of different complementary individuals for each
phase. Haplotypes including these latter markers were re-
moved unless both joined to an MI locus of either linkage
phase. Linkage group memberships of these haplotypes and
the remaining markers were reverified using Mapmaker’s
‘‘assign’’ command.

To find the most likely order for linkage groups with eight
or fewer unique loci (single markers and haplotypes), we used
Mapmaker’s ‘‘compare’’ command to examine all possible
orders. For larger linkage groups we automated the construc-
tion of a preliminary scaffold of five or fewer markers utilizing
the ‘‘order’’ command. Following standard Mapmaker meth-
ods (Lincoln et al. 1987) additional markers were inserted
into the scaffold in order of their impact on the LOD score
(utilizing cutoffs in descending order of LOD 3.0, LOD 2.0,
LOD 1.0, and ,LOD 1.0) until the likelihood of the resulting
map was maximized. Although these LOD values are not
normally saved during the map-building process, we utilized
Mapmaker scripts to keep track of markers mapping at each
LOD value (see Figure 2). In all cases we preferentially
initialized our scaffold with MI AFLP loci, which had the
highest number of scored individuals and the highest impact
on the likelihood. All markers mapping to a unique interval
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were considered part of the map’s framework. Censored BI
loci have half or fewer genotypes than MI markers and
occasionally could not be mapped to a unique framework
position relative to one or more flanking markers. These
markers were placed on the map using the ‘‘place’’ command
in Mapmaker in their most likely position to represent this

information visually (Figure 2). As a quality control measure
we also verified that the approximate method to handle larger
linkage groups, based on the order command, gave identical
results to the compare command for the four autosomal
groups with eight or fewer loci as well as for all subsets of eight
loci of larger linkage groups run for test purposes.

Figure 2.—Integrated genetic map for H. erato etylus and H. himera. Linkage groups with codominant anchor loci that allow
between-study comparisons are named within a species by the race and linkage group they were first identified with, starting with Z
(e.g., the sex chromosome in H. erato cyrbia is HEC Z; Tobler et al. 2005). (A) Groups homologous to H. erato cyrbia HEC 2, 3, 4, 5,
10, 12, and 14. (B) In this study we recognize further linkage groups H. erato etylus (HEE 6, 7, 8, 9, 11, 13, and 15) in total iden-
tifying 15 of 21 H. erato linkage groups. Tentative homology to H. melpomene is indicated by code HMEL and linkage group number
from Jiggins et al. (2005). (C) H. erato etylus groups a–f do not include any anchor loci and hence are not easily portable to other
studies. A–C are drawn to different scales. On the map the L-# prefix signifies BI markers that segregated with a unique chromo-
some print in the BI analysis and were subsequently mapped with the band-positive allele inherited from the father. AFLP marker
names are read as follows: L prefix markers, such as LAAA374, indicate a BI censored marker LG1_Eco-CA_Mse-CAA_374 base pairs
where only boldface (non-italicized) letters are shown. Non-L prefix markers indicate MI markers and include the first letter of the
EcoRI primer and all three bases of the MseI primer, such as: Eco-CT_Mse-CTT_245 for TCTT245. Codominant marker names in-
clude segregation pattern in parentheses (FI, BI, BI / MI, MI, see supplemental Appendix at http://www.genetics.org/supplemental/
for expanded marker names for all loci). Map position lines of variable thickness indicate framework markers mapping to unique
intervals at .LOD 3.0 (thickest), .LOD 2.0 (medium), .LOD 1.0 (thin), ,LOD 1.0 (thinnest). Nonframework markers are
found to the right of framework markers. Markers joined with a 1 symbol form identical haplotypes with no recombination. Hal-
dane cM values of 0.0–0.1 to the right of framework markers indicate the markers so joined are indistinguishable from framework
markers at the 1% a priori error rate. Remaining markers to the right of framework markers are placed on the map but do not
contribute to its order, length, or likelihood (see materials and methods and results). Centimorgan values .0.1 indicate most
likely placement below for one of these nonframework markers, no centimorgan values indicate marker could place on either side
of framework marker. Italics indicate placements with errors. A ‡ symbol indicates a nonframework marker that places in more
than one interval. A † symbol indicates a nonframework marker had $6 forbidden recombinants for a BI locus but may be part of
the linkage group given other data. An * symbol indicates a nonframework marker with a segregation distortion of P , 0.02.
Arrows (either [ or Y) indicate marker placed off respective end of chromosome at given distance. Microsatellites indicated
by a § symbol were mapped with alternative alleles of the same locus entering in different linkage phases (both shown, see Table
2 and supplemental Appendix for details, http://www.genetics.org/supplemental/). Markers below each map are likely members
of the linkage group (on the basis of FI, BI, or LOD association data) but do not map in a 1:1 analysis. Dashed line at bottom of
HEC 10 represents the only segment whose maximum likelihood order was flipped with respect to remaining markers when the
error detection switch was turned off in Mapmaker. We also placed a small group of four ALFP loci at the bottom of HEE 7 that
distantly associated with this group and were not used to calculate map length.
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In summary, these methods allow integration of these three
types of markers into a single unified map. Final linkage
groups were designated HEC # where homology between our
preliminary mapping study of H. erato cyrbia and H. himera
(Tobler et al. 2005) could be identified. Remaining linkage
groups containing one or more codominant anchor loci are
given a number in the same series with an H. erato etylus (HEE
#) designation to highlight the fact that although identical in
the present study, homology with previous HEC groups has not
been ascertained. Finally, any remaining linkage groups
without an anchor locus are given a letter, indicating that
homology for these linkage groups is not easily portable to
future studies.

To explore the effect of any potential residual genotyping
errors we ran all of the final Mapmaker analyses both with and
without error detection (Lincoln and Lander 1992). Final
genetic distances are expressed in terms of uncorrected
Haldane centimorgans (cM) with error detection function
left on, both recognizing unresolved genotyping errors and
allowing a direct comparison with Jiggins et al. (2005).

Development of additional AFLP markers linked to color
pattern: We scanned for additional bands linked to color
pattern loci by running five primer combinations (Table 1
legend) on the high-resolution LI-COR AFLP system with
individuals presorted by their color pattern genotype (see
Tobler et al. 2005 for LI-COR methods). Specifically, we
loaded groups of individuals with the same homozygous
genotype at a single color pattern locus on adjacent gel lanes
allowing the quick visual identification of bands cis to one of
the alternate alleles for a given color pattern. Perfectly linked
loci in these multilane metabulks will form a continuous band

corresponding to one or the other group of adjacent homo-
zygous individuals. These instantly recognizable bands were
reverified by repeated genotyping of the entire brood in
original plate order. The latter genotypes were used for map-
ping (see Figure 2 and supplemental Appendix at http://
www.genetics.org/supplemental/). This method differs from
bulked segregant analysis (Michelmore et al. 1991) in that the
individuals in the genotypic groups are not added together or
bulked into the same sample tube or well.

RESULTS

Phenotypic variation: Wing pattern variation across
the 88 individuals in this cross was easily understood
according to the classic methodology of Sheppard et al.
(1985) and assuming allelic variation at both the D and
Sd locus (Figure 1). At the D locus, both parental F1’s
(PR269 and PR240) had both the orange Dennis and
rays characteristic of H. erato etylus with the rays broad-
ened at the base to blend into the dorsal hindwing bar
of H. himera (Figure 1B, hindwings). At the Sd locus,
parental F1’s had solid black dorsal forewings because
alternative alleles that encode for proximal Sdet vs. distal
Sdhi melanin together completely obscure the yellow
bands (Figure 1B) also seen in heterozygous F2 off-
spring (Figure 1C, middle column). The lack of strong
epistasis and clear codominance of alleles at both D and

Figure 2.—Continued.
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Sd was evident from the nine easily distinguishable phe-
notypes among the F2 progeny (Figure 1C). The fore-
wing Dennis and hindwing rays of H. erato etylus were
always inherited together in this and other F2 crosses
of H. erato etylus and H. himera, consistent with a single
locus hypothesis. Further, these pattern elements and
the hindwing bar of H. himera segregated in a clear
Mendelian fashion (21:46:21, G2 ¼ 0.18, P ¼ 0.913) and
suggested that the phenotypic effects are controlled by
allelic variation at the same locus. Determining the
genotype of individuals at the Sd locus was similarly
straightforward. Although more distorted, the pheno-
types segregated as expected for a single di-allelic co-
dominant locus (16:54:18, G2 ¼ 4.70, P ¼ 0.095). These
two codominant loci segregate independently (G8 ¼
11.55, P ¼ 0.172).

In addition, individuals heterozygous at the Sd locus
also showed variation (presence/absence) of small yellow
spots on the dorsal and ventral forewing (Figure 1).
Some individuals possessed a small spot in the proximal
wing cell (the discal cell spot, or c-spot, Figure 1D),
whereas others showed a spot between wing veins R2
and R1 sometimes extending to the SC vein (the r-spot

Figure 1D). The c-spot and r-spot never co-occur in the
same individual and segregate as alternate alleles at
a single locus expressed in a 1:1 fashion (c-spot: present
39:absent 49, G1 ¼ 1.14, P ¼ 0.29; r-spot: present
45:absent 43, G1 ¼ 0.05, P ¼ 0.83). Further, the c-spot
has MI phenotypic effects and shows a segregation
pattern that is identical with Sd. These identical geno-
types strongly suggest that the c-spot is controlled by
an alternative allele of the H. erato etylus Sd locus. The
r-spot is also likely to be encoded by Sd (this FI
phenotype grouped with the Sd locus by chromosome
print), but in this cross we were unable to map r-spot
since it does not display MI phenotypic effects. In
Heliconius crosses, alleles of loci coding for the pres-
ence of melanic scales at a given wing position are
generally dominant to alleles for yellow scales (Gilbert

et al. 1988). In this cross, individuals with all dark wings
reveal that, similar to the Sd locus, the two H. erato etylus-
derived spot alleles have codominant effects (Figure 1).
This interpretation leads to a hypothesized 1:1:1:1 ratio
for the phenotypes: no spots (all dark wings):r-spot:
c-spot:no spots (all yellow H. himera forewing, G3 ¼ 1.18,
P ¼ 0.76).

Figure 2.—Continued.
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Markers: From the 20 EcoRI-CN/MseI-CNN (where N
represents variable nucleotides in the selective PCR
amplification) AFLP primer combinations examined
(Table 1), we scored 191 maternally inherited 1:1 loci
(FI), 182 loci present in both the mother and father
(BI), and 190 paternally inherited 1:1 loci (MI). Of
these 564 loci, 29 of 382 1:1 loci (or �8%) had statis-
tically significant segregation distortion (G test, P ,

0.05) while 24 of 182 (or �13%) of the BI loci showed
segregation distortion (G test, P , 0.05). In addition, we
were successful in scoring 18 microsatellite loci (out of
19 attempted, Table 2) that produced as many as seven
alleles in the grandparents (range two to seven) and
four in the parents (Table 2). By following different
alleles inherited from either the mother or the father, or
both, we were able to score the same microsatellite loci
with different inheritance patterns (7 as 1:1 FI, 9 as
codominant loci with three genotypes, and 10 as 1:1 MI
loci). In addition to codominant microsatellites, we
successfully genotyped 16 of the 21 SCNL screened,
including 2 (Hh, Cinn) first reported here (Table 3).
These SCNL had a range of 2–4 alleles in the parents,
and depending on cross type, several could be scored
with multiple segregation patterns (12 as 1:1 FI, 14 as
codominant, and 14 as 1:1 MI loci). Locus details,
including primer sequence, the number of segregating
alleles, and comparison to previous mapping work in
Heliconius, are given in Tables 1–3.

Sources of variation: To determine the proportion of
markers entering the cross from either the H. erato etylus
or the H. himera side, we assessed whether a given
dominant AFLP locus was absent, present as a poly-
morphism, or likely arose as a fixed difference between
H. erato etylus or H. himera grandparents by carefully
following genotypes of the progenitors, linkage phases
of the loci, and segregation patterns of the offspring.
For the 477 AFLP bands for which linkage phase of the
grandparents could be ascertained with certainty, 168
were monomorphic negative (band always absent), 261
were polymorphic, and 41 were probably fixed (band
positive) in H erato etylus (due to the dominance of AFLP
loci it is impossible to ascertain with certainty whether or
not a given locus was monomorphic in the grandparents
of either species). This contrasts with 244 monomor-
phic negative, 130 polymorphic, and 96 probably fixed
(band positive) loci for H. himera. A further 7 loci may
have been fixed in either one but not both species. Thus
most of the variation derived from bands unique to H.
erato etylus (�52%) vs. bands unique to H. himera (36%
of the variation); however, in the latter a higher number
of these bands were likely monomorphic within the H.
himera grandparents (20%) vs. the H. erato etylus grand-
parents (9%).

The codominant anchor loci gave largely the same
picture and H. erato etylus was consistently more variable
than H. himera. For the 18 microsatellites and 1 SCNL
(Ci) for which grandparental genotypes were known 17

were polymorphic in H. erato etylus. This contrasts with
H. himera where 7 loci were monomorphic and 12 were
polymorphic. Although both species had a range of one
to four codominant alleles per locus, H. erato etylus had
an average of 2.5 alleles per locus, while H. himera had an
average of 1.9 alleles per locus. Overall, 8 loci had
unique alleles in one genetic background, while 9
shared one allele and 2 shared two alleles between each
species.

Chromosome prints and marker error estimation:
We assessed the level of genotyping error using the 191
FI polymorphic AFLP loci. All of these loci were
assigned to 1 of 21 linkage groups, matching the ex-
pected number of chromosomes on the basis of early
cytogenetic work (Brown et al. 1992; Suomalainen et al.
1971, 1973; Turner and Smiley 1975) and recently
confirmed for H. erato and H. himera (Tobleret al. 2005)
and for H. melpomene ( Jiggins et al. 2005). Linkage
groups included as many as 15 and as few as 4 FI AFLP
markers (Table 4). In addition to AFLP loci, we suc-
cessfully grouped six of seven microsatellites, 11 of 12
SCNL, and the one color pattern (r-spot) that could be
scored in a 1:1 FI manner (see supplemental Appendix
at http://www.genetics.org/supplemental/). Anchor
loci He-CA-005 and EF1a did not group at this step be-
cause they had many missing genotypes due to ampli-
fication and scoring difficulties.

The nonrecombining female chromosomes permit
the unambiguous identification of forbidden recombi-
nants providing an ideal standard against which to assess
residual genotyping error. Within the FI markers, the
number of forbidden recombinants ranged from 0 to 21
per locus (median 1, mean 3) and 0 to 16 per individual
(median 6, mean 6.3) for a total of 550 of the 16,808
genotypes (or 3%) showing a genotyping error from the
88 offspring of the brood. However, unlike Jiggins et al.
(2005), all FI AFLP loci without exception grouped at
LOD 8.0; in addition, nearly 80% of the scored loci
showed fewer than five forbidden recombinants, in-
dicating that most loci were reliable.

Association of chromosome print with BI markers:
Nearly all of the BI markers (182 AFLP, 9 microsatellites,
and 14 SCNL) formed linkage at LOD 5.0 with each
other and a unique chromosome print and thus were
considered syntenic to the FI linkage groups. The LOD
5.0 grouping left only 22 ungrouped BI AFLP mark-
ers (9 were excluded prior to this step because of high
segregation distortion, x2 tests in Joinmap 3.0, P, 0.01).
Of the 22 ungrouped loci, 7 grouped with a single
chromosome print at LOD 4.0 and 4 grouped with a
single chromosome print at LOD 3.0. In addition,
one microsatellite, He-CA-005 (MS40), not linked in
the FI analysis, grouped with LG10 at LOD 4.0 (see
supplemental Appendix at http://www.genetics.org/
supplemental/). In the absence of scoring errors, across
88 offspring an unlinked locus would have�one-eighth,
or 11, forbidden recombinants on average ( Jiggins et al.
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2005). As a conservative measure we retained loci with 5
or fewer forbidden recombinants grouping at LOD 5.0
with a unique chromosome print (see materials and

methods) and identified 16 loci with $6 forbidden
recombinants. Unlike Jiggins et al. (2005) we did not
categorically eliminate these markers, but if they con-
sistently associated with other LG-# markers from the
same group before and after censoring, they were
placed on the framework map without affecting map
order, length, or likelihood (see markers with a dagger
symbol denoting tentative membership, Figure 2). We
converted the 167 remaining BI markers (163 BI AFLP
markers, 2 microsatellites, and 2 SCNL) to 1:1 loci fol-
lowing Jiggins et al. (2005). Subsequently, the predicted
1:1 segregation ratio for the markers was tested.

Mapping of MI markers: Our final MI data set
consisted of 391 loci, including the 163 censored BI
loci and 228 MI loci (198 AFLP markers, 14 micro-
satellites, and 16 SCNL) segregating in a 1:1 MI fashion.
Of these markers, 7% show some segregation distortion
at a P , 0.05. Of the 391 loci 355 were associated with a
single linkage group (both D and Sd also associated at
this step). An additional 9 censored AFLP loci, although
grouping with other MI loci, were removed from the
map because of inconsistent grouping between BI and
MI scorings. A further 9 (5 censored AFLPs, 1 MI AFLP,
and 1 microsatellite locus), although grouping with
other MI loci, were removed from the map because of an
excess of recombinants (see supplemental Appendix
at http://www.genetics.org/supplemental/). A final 18
loci did not group at the final mapping step [3 MI
AFLPs, 11 converted BI to MI AFLPs, as well as a mi-
crosatellite anchor locus HE-CA-007 and a SCNL (EF1a)
due to missing genotypes, amplification, and scoring
difficulties; see supplemental Appendix at http://www.
genetics.org/supplemental/].

Despite some residual genotyping error, estimated
linkage group size and map order was relatively stable.
First, average linkage group length increased asymptot-
ically 76, 83, and 96% with markers added to the map for
LOD cutoffs 3.0, 2.0, and 1.0, respectively. To assess the
effect of genotyping error on marker order, we com-
pared maps generated with the error detection algo-
rithm in Mapmaker both enabled and disabled. As a
compromise between the observed 3% overall error rate
(per genotype) and low (0.5%) median error rate per
locus in the FI data we set the threshold for Mapmaker’s
error detection function at 1%. Maps calculated with
both options were very similar; the largest difference was
the inversion of a single group of four markers on HEC
10 (Figure 2). Furthermore, the remaining differences
were due to markers considered statistically indistin-
guishable with error detection on (e.g., 0.0 or 0.1 cM
designation in Figure 2 and supplemental Appendix,
http://www.genetics.org/supplemental/) that mapped
directly adjacent to markers that map to a unique
position with error detection off.

The final map contained a total of 238 (range 4–20)
framework markers (i.e., those that map to a unique
position) spread across 21 linkage groups (Figure 2). In
addition, 38 loci cosegregated completely and thus
formed a haplotype with a framework marker, and 30
markers were statistically indistinguishable from frame-
work markers within the 1% error rate. We also placed
an additional 49 nonframework markers on the frame-
work map in their most likely position (Figure 2).
Interestingly, although 21 chromosome prints includ-
ing the sex chromosome (Z) were identifiable with the
FI and the BI data, there were two separate linkage
groups associated with the sex chromosome Z in the MI
analysis (Figure 2, see below).

The overall size of the final map spanned 1430
Haldane cM when calculated with the error detection
function in Mapmaker turned on. (With the error
detection switch turned off it was predictably larger, at
1945 cM.) In general, the percentage of unique markers
mapping at each LOD cutoff (�76–78%) remained
steady, yet the number of centimorgans gained for each
new unique marker decreased at each LOD cutoff as
expected for a nearly saturated map: 11.3 cM/marker
for the first 93 markers (.LOD 3.0), 6.3 cM/marker for
the next 20 (.LOD 2.0), 3.9 cM/marker for the next
44 markers (.LOD 1.0), and 1.1 cM/marker for the last
80 markers. This pattern suggests that additional map-
ping effort on the same brood will not appreciably
increase map resolution. Furthermore, given the re-
sidual genotyping error with AFLPs and the other loci in
this study, increasing marker number would add little
information but it would expand map size.

The distribution of the number of markers per
linkage group and the intervals between markers across
linkage groups both for FI and MI loci fit a uniform
distribution suggesting that intermarker distances are
randomly spaced across the genome (Kolmogorov–
Smirnov Test against a uniform distribution, KS ¼
0.112, P ¼ 0.91 for MI mapping intervals). Nonetheless,
there was a high variation in the size of linkage groups
indicated by both the number of markers in the
chromosome prints and the map distance (Table 4).
Autosomes had a minimum LG size of 26.3 cM and
maximum of 98.7 cM, and the average distance between
markers was 5.1 cM (median 5.1). Relative to this mean,
three linkage groups appeared to be outliers. Group f
had only 4 markers but had a high average of 12.4 cM/
marker. In addition, the two linkage groups associated
with the sex chromosome Z had apparently anoma-
lous marker distributions. HEC Z (114.9 cM) had 9
framework markers and the highest average inter-
marker distance of 14.4 markers per cM. On the other
hand, the extra group associated with the sex chromo-
some Z* (12.4 cM) has 6 markers and only 2.4 cM per
marker.

All of the codominant anchor loci were mapped, with
the exception of EF1a (which grouped with HEE 6 in the
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BI data) and He-CA-007. Eight of the 21 linkage groups
had two or more anchor loci predominantly found on
HEE 7, including the majority of ribosomal protein
genes RpL5, RpS5, RpL10a, RpS8, RpP0, which mapped
along with two microsatellites Hel-02 and Hel-04.

Sex chromosomes: As mentioned above, Z-tagged
markers associate with two separate MI-identified
linkage groups, Z and Z*. Each of these groups also
contained an anchor locus associated with the sex
chromosome. All but 2 of the loci in the larger group
Z (7 censored-BI AFLPs, 1 MI AFLP, Tpi, and He-CA-002)
were inherited from the H. himera paternal grand-
father’s Z chromosome (i.e., these loci were in the same
linkage phase). Furthermore, all but 1 of the small Z*
loci were in the opposite linkage phase indicating they
were inherited from the H. erato etylus paternal grand-
mother. These two linkage groups do not join until
,LOD 4.0. This pattern may reflect a recombination
hotspot on Z or reduced pairing of the two species’
Z chromosomes during meiosis. However, in the ab-
sence of cytological evidence to the contrary, we chose
to present the two clusters as a single linkage group,
although there are insufficient data to orient the two
clusters with respect to each other (Figure 2). In-
terestingly and somewhat surprisingly, despite scoring
nearly 200 FI loci, we did not identify a single W-linked
(female only) marker.

Recombination: In this study, we found an average
of 3.1 crossover events per marker per chromosome
averaged over all linkage groups (assuming half the
double recombinants are valid crossover events). HEE d
had the lowest estimate (1.7 per marker) and HEC Z
had the highest estimate (4.8 crossover events per
marker). When estimated across autosomes the average
number of recombination events per cM was 0.59
(range 0.35–0.94). The two linkage groups associated
with Z were the lowest (0.32 crossovers per cM) and the
highest (1.38 crossovers per cM).

Mapping color pattern loci: The two color pattern
loci, Sd and D, mapped to linkage groups HEE 6 and
HEC 3, respectively. When scored as a typical BI locus
the 95% confidence interval for Sd is 21.5 cM bracketed
by markers LTAA169 and TCCT138 (Figure 3A). How-
ever, the MI c-spot allowed a tighter placement of this
locus, decreasing the 95% confidence interval contain-
ing the Sd locus to an 8.8-cM region defined by three
AFLP bands on linkage group HEE 6 where the
maximum likelihood interval (�75% of the probability
density) is a 6.3-cM window flanked by two MI markers,
TCAC466 and ACCA167 (Figure 3A). Utilizing the
metabulks to find additional loci linked to Sd produced
two further loci: CCTAmbA �5.6 cM above the maxi-
mum likelihood position and CCTTSd �12.9 cM below
the maximum likelihood position.

On the basis of initial mapping the D locus was simi-
larly localized, mapping�3 cM terminal to TCAC242 on
HEC 3. To bracket D we searched for additional mark-

ers using metabulks organized around D described in
materials and methods (see Table 1 legend for de-
tails). These scans revealed two additional TCTADRY
and CCAC491 loci linked to D. With the addition of
these loci the 95% confidence limits showed this locus
to be either 2–3 cM beyond the terminal marker or in
the 9.4 cM region between marker CCAC491 and
TCTADRY (Figure 3B). Unlike the two spot alleles of
the Sd locus, the D locus did not show 1:1 phenotypic
effects. However, by specifically following the H. erato
etylus D allele [D (MI)] of the male parent, predicted by
association with the chromosome print (see solid bars
in Figure 3B and supplemental Appendix at http://
www.genetics.org/supplemental/), we are able to dou-
ble the number of informative offspring and show the
maximum likelihood position of D is the 6.7-cM interval
between CCAC491 and TCAC242 at the end of linkage
group HEC 3 (�70% of the probability density, Figure
3B, black bars).

DISCUSSION

Heliconius butterflies are renowned for their diversity
of brilliant mimetic wing color patterns, making them a
model clade for studying adaptive radiation, mimicry,
natural selection, and speciation (Emsley 1965; Benson

1972; Gilbert 1972, 2003; Turner 1984; Mallet et al.
1990, 1998; Mallet 1993; Brower 1994, 1996;
Srygley 1999; Jiggins et al. 2001; Kapan 2001; Beltrán

et al. 2002; Naisbit et al. 2003; Flanagan et al. 2004;
Langham 2005). Uniquely, the radiation in Heliconius
warning color patterns couples both divergent evolu-
tion within species and multiple independent cases of
convergent evolution between distantly related species
(Turner 1983, 1984; Brower 1996; Mallet et al. 1998;
Flanagan et al. 2004). This pattern of divergent and
convergent evolution is best exemplified in H. erato and
H. melpomene, two distantly related species that share
identical wing pattern phenotypes due to Müllerian
mimicry where they co-occur, as well as displaying
parallel geographic patterns of divergence across Cen-
tral and South America (Turner 1983). Warning color
variation in both species is controlled by a handful of
loci with major phenotypic effects (Sheppard et al.
1985), which raises questions about the exact nature of
the loci involved and the extent that analogous color
pattern changes in the two species are caused by
changes in homologous loci. Are phenotypic changes
caused by changes in regulatory regions, gene duplica-
tions, or possibly adaptive recombination to form link-
age among previously unlinked pattern elements? Are
the highly similar wing pattern elements derived from
strictly homologous building blocks, or are different
loci used to create nearly identical phenotypic patterns?
Answers to these questions will elucidate fundamental
processes of the evolution of adaptive phenotypes and
will advance our understanding of how evolutionary
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Figure 3.—Placement of color pattern loci Sd (A) and D (B). Horizontal bars represent the probability that the gene locus
responsible for the phenotypic effects seen in the cross is located in the interval between the marker loci on a fixed map calculated
from the antilog of the base ten log-likelihoods of linkage for each interval returned with the Mapmaker ‘‘try’’ command, nor-
malized by the sum of these transformed values for all intervals including unlinked (Veiland 1998). Absence of a bar indicates an
effectively zero probability that the locus occurs in the interval. The broad map backbones indicate the �95% confidence regions
where color pattern loci occur (#LOD 2.0 units from maximum likelihood position) as gray bars for BI scoring and as black bars
for MI scoring. In A, the BI scoring of the codominant Sd phenotype is represented by gray bars, while the black bars represent the
1:1 MI scoring of the c-spot, likely an alternative allele of Sd (see results and discussion). In B, the D locus is shown with the BI
scoring as gray bars and the 1:1 MI scores following the H. erato etylus D allele of the male parent as black bars (see materials and

methods). Note, in B the 95% confidence limits are the same for both BI and MI scorings.
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change is constrained by preexisting genetic variation
and/or developmental processes.

As our second step toward the genetic and develop-
mental dissection of convergent and divergent evolu-
tion in Heliconius, we report the first high-resolution
genetic map for H. erato. This new map is a considerable
advance over our preliminary work on H. erato (Tobler

et al. 2005) and similar in density to the genetic linkage
map recently published for H. melpomene ( Jiggins et al.
2005). It is based on segregation of markers in a much
larger brood and contains over three times the number
of loci. This combination reduces the average inter-
marker distance nearly fourfold to 5.1 cM and decreases
the coefficient of variation of linkage group size by
.200%. The new map provides a stable backbone for
localizing the color pattern genes responsible for H.

erato’s interracial diversification within the genome and
relative to potential candidate loci (Figure 2). Further-
more, this map is an important reference for continued
linkage analysis in Heliconius. In total, 13 shared SCNL
(of 18 possible) and one microsatellite (Hm06) were
mapped to eight linkage groups in both H. erato and
H. melpomene ( Jiggins et al. 2005) allowing for the first
direct comparisons of the genetic architecture underly-
ing the replicate color pattern radiations (Figure 4).

Genetic basis of divergent evolution—mapping color
pattern genes in H. erato: H. erato has the advantage that
the various patterning loci can be studied by crossing
different races to the same stock of its sister species
H. himera. For example, in our H. erato etylus 3 H. himera
broods, both D and Sd phenotypes are codominant and
have complementary effects leading to expected single

Figure 4.—Comparison of linkage results in the present study with linkage groups from corresponding studies: H. melpomene
(left) ( Jiggins et al. 2005), H. erato cyrbia (center) (Tobler et al. 2005), and H. erato cyrbia (right, this study) on the basis of shared
codominant anchor loci. The density of AFLP markers is indicated by horizontal tick marks at each framework location. AFLP loci
forming haplotypes are joined by 1 signs. (A) All linkage groups originally identified in Tobler et al. (2005) and also identified in
Jiggins et al. (2005). (B) Linkage groups originally identified in Tobler et al. (2005) not yet found in H. melpomene. (C) Linkage
groups with tentative homology between present study and H. melpomene ( Jiggins et al. 2005). A–C are drawn to different scales.
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locus 1:2:1 and two locus 9:3:3:1 offspring ratios in F2

style crosses (Figure 1). In addition, scoring of both loci
is simplified because of the absence of epistasis when
crossed with H. himera, which is normally seen in in-
terracial crosses among many of the loci responsible for
pattern variation in Heliconius (Mallet 1989; Jiggins

and McMillan 1997; Gilbert 2003; Naisbit et al. 2003;
Tobler et al. 2005).

Between Tobleret al. (2005) and the present study we
have now mapped three color pattern loci in H. erato (D,
Sd, and Cr). The D locus affects red and orange color
pattern elements across the fore- and hindwing; in
contrast, both the Sd and the Cr loci affect the pattern
of melanization in the fore- and hindwing of H. erato and
H. himera (Sheppard et al. 1985; Mallet 1989; Jiggins

and McMillan 1997). All three loci are linked to
codominant loci, which act as important anchors for
integrating different mapping projects within species
and for comparing the patterns of synteny between
species (see below). For example, we can now demon-
strate homology of hypothesized D locus phenotypic
effects across H. himera, H. erato cyrbia, and H. erato etylus
(as was hypothesized by Jiggins and McMillan 1997;
Tobler et al. 2005). The D locus segregates in both our
H. himera 3 H. erato cyrbia and H. himera 3 H. erato etylus
crosses. In both crosses, the locus maps to the end of the
same linkage group containing the SCNL Cubitus
interruptus (Ci) (Tobler et al. 2005). Additional F2
crosses between H. himera and H. erato cyrbia (three
crosses, 259 offspring) and H. erato etylus (five addi-

tional crosses, total of 598 offspring) performed in our
lab show identical results with Mendelian segregation
of D and no recombinants observed between D locus
pattern elements arising from H. himera and H. erato
(D. D. Kapan and W. O. McMillan, unpublished data).

AFLPs are a valuable tool for investigating unex-
plored genomes (Parsons and Shaw 2002) and serve
several important functions in our ongoing mapping
efforts in Heliconius. Foremost, they allow the tight
localization of particular color pattern loci on a dense
map. In this study, with only 20 primer combinations, we
mapped over 350 segregating AFLP loci in our in-
terspecific cross. This level of marker coverage allowed
us to narrow the maximum likelihood interval contain-
ing the Sd locus to 6.3-cM region flanked by two AFLP
bands on linkage group HEE 6. With the addition of
several new primer combinations we were similarly able
to flank the D locus in a 6.7-cM interval near the end of
linkage group HEC 3. Given the estimated recombina-
tion length of 1430 Haldane cM and a physical size of
�395 Mb (Tobler et al. 2005) and assuming a one-to-
one correspondence between physical and recombina-
tion size suggests an interval size of �1.7 Mb (�2.4 Mb
95% CI) for the Sd and 1.9 Mb (�3.5 Mb 95% CI) for the
D locus. Of course the relationship between physical
and recombination size is likely to be complex (McVean

et al. 2004); however, our estimates are conservative and
there are several AFLP bands segregating in our screen
of 88 offspring that were only one to two recombinants
distant from the two major color pattern loci. This level

Figure 4.—Continued.
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of recombination is within the estimated error that
we encountered when mapping with dominant AFLP
markers.

Second, AFLP loci identified in this and other genetic
screens of Heliconius broods provide a ready supply
of new loci tightly linked to color pattern loci and
with further development can be an important source of
codominant loci for ongoing high-resolution mapping
studies. Using a combination of traditional mapping
and color pattern metabulking we have found a number
of AFLP fragments tightly linked to Sd and D. We have
now isolated, cloned, and sequenced several of these
linked AFLP including the terminal marker on HEC 3
that is tightly linked to D and have scored this marker
in another large cross between H. himera and the very
distinctive east Ecuadorian race H. erato notabalis (K.
Maldonado, H. A. Merchan Gonzalez, D. D. Kapan

and W. O. McMillan, unpublished results). In H.
notabalis the D allele places a small patch of red scales
in the distal portion of the area of the wing between
veins Cu1a and Cu1b in a background of otherwise
white scales. Between these two broods this marker
shows a total of four potential recombinants across

.200 offspring, suggesting that it is #2 cM from D (K.
Maldonado, H. A. Merchan Gonzalez, D. D. Kapan

and W. O. McMillan, unpublished results).
AFLP markers will also be important for placing color

pattern loci that do not clearly segregate together on a
common reference map of the H. erato color pattern
radiation. For example, the Cr locus does not segregate
in H. himera3H. erato etylus crosses, but is on group HEC
2 on the basis of linkage to the microsatellite Hel 13/14
(Tobler et al. 2005) (Figure 4B). However, the inflated
size of HEC 2 estimated by Tobler et al. (2005) makes
it impossible to more tightly localize Cr on the current
map due to the extreme distances between Cr and the
two segregating anchor loci (Hel 13/14, 87 cM, and
allozyme ACO-S, 124 cM), both greater than the entire
length of HEC 2 in the present study (63.0 cM, Figure
4B). As an alternative, we are currently using the color
pattern metabulking strategy to develop AFLP loci
around Cr that will work across different mapping
experiments by targeting flanking loci and converting
these into anchor loci (see above). Given the high level
of epistasis among major color pattern loci in Helico-
nius, the development of these genomic anchors will

Figure 4.—Continued.
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further refine our understanding of the broad pheno-
typic effects of color pattern loci in Heliconius.

Candidate loci: Our new high-resolution Heliconius
linkage map allows us to test for the association between
candidate loci, chosen on the basis of knowledge of
gene action in other organisms, and color pattern
genes. This candidate gene approach has been very
successful in other organisms. For example, genes
known to be involved in wing development in Drosoph-
ila were found to have novel but related roles in pat-
tern specification in butterflies (Carroll et al. 1994;
Brakefield et al. 1996; Koch et al. 1998, 2000; Keys et al.
1999; Brunetti et al. 2001; Reed and Gilbert 2004;
Reed and Serfas 2004) and variation at one of these
loci, distal-less, is speculated to cause variation in eyespot
size in selected lines of B. anayana (Beldade et al. 2002).
In Heliconius, the candidate gene approach has allowed
us to eliminate several potential candidates for color
pattern loci. Between this study and Tobler et al. (2005)
we have excluded genes that play a role in either
development or pigment synthesis as candidates for
D, Cr, and Sd. The extracellular signaling ligand genes
wingless, decapentaplegic, and hedgehog, the hedgehog

receptor gene patched, the eyespot-associated transcrip-
tion factor gene cubitus interruptus, and the ommo-
chrome pigment synthesis enzyme gene cinnabar do
not show strong linkage with any of three mapped color
pattern genes (Figure 4). However, these loci may be
linked to other color pattern loci within H. erato that
have not yet been mapped.

The comparative architecture of mimicry: The strong
resemblance between H. erato and H. melpomene wing
patterns has led researchers to speculate that homolo-
gous loci underlie the parallel radiations (Turner 1984;
Nijhout 1991). This theory suggests that developmen-
tal constraints might have played a significant role in the
evolution of convergent wing patterns (see Naisbit et al.
2003) and predicts that loci that have similar phenotypic
effects in the two comimics should reside on the same
chromosome and show similar patterns of synteny with
nearby markers.

Using mapping data to detect genetic homology
requires that genomic rearrangements have been min-
imal and that both gross- and fine-scale patterns of
synteny are likely conserved between the two comimics.
Although we have jointly mapped only a small number

Figure 4.—Continued.
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of single copy nuclear genes in the two comimics thus
far, these shared markers indicate that gene order is
highly conserved. Indeed, there are no conflicting
linkage relationships between H. erato and H. melpomene.
The strongest support of the general conservation for
linkage relationship within Heliconius comes from a
cluster of ribosomal proteins (RpL5, RpS5, RpL10a,
RpS8, and RpPO), all of which map to the same linkage
group (HEE 7 and HMEL 11) and show conserved gene
order (Figure 4). The conservation of linkage and the
observation that both species of Heliconius have the
same number of chromosomes is consistent with the hy-
pothesis that there have not been many chromosome
fusions or breakages since the two lineages diverged. On
the basis of one or two shared codominant anchor loci
per linkage group (Jiggins et al. 2005), we identified
tentative homology between seven autosomal linkage
groups as well as the Z chromosome between the two
comimics (Figure 4). Although there was no correlation
between the size of putatively homologous linkage
groups (r ¼ �0.097, t6 ¼ �0.24, P . 0.59), the overall
spanning map size of the species was similar, 1430
Haldane cM in H. erato vs. 1616 cM in H. melpomene
( Jiggins et al. 2005). This similarity is out of accord with
the recent estimates of genome size, which suggest that
H. erato’s genome is �136% greater than that of H.
melpomene ( Jiggins et al. 2005). The slightly larger
recombination length coupled with a smaller genome
size of H. melpomene suggests that H. melpomene has a
higher crossing over frequency than H. erato. This is
intriguing in light of evidence that H. erato is almost
always more abundant and may commonly act as the
Müllerian model in this pair (Kapan 2001; Mallet

2001; Flanagan et al. 2004). If true, under these con-
ditions H. melpomene may benefit from genomic flexibil-
ity provided by an increased crossing-over rate to track
H. erato (see below).

To date, only one major color pattern locus, Yb, has
been mapped in H. melpomene (Jiggins et al. 2005). The
Yb locus controls the yellow elements on the dorsal and
ventral hindwing surfaces in H. melpomene (Sheppard

et al. 1985; Mallet 1989; Jiggins et al. 2005) and maps
to H. melpomene group HMEL 15 along with two micro-
satellite loci, Hm01 and Hm08. Yb is extremely tightly
linked to Sb, which controls the white fringe on the
hindwing of H. m. cythera, and to N, which controls the
presence of melanin in the forewing some of Amazo-
nian races (see Sheppard et al. 1985; Mallet 1989;
Naisbit et al. 2003; Jiggins et al. 2005). Yb/Sb/N com-
plex produces nearly identical phenotypes to the Cr
locus in H. erato, which maps to HEC 2 based on the
presence of the microsatellite Hel-13/14 (Tobler et al.
2005) (Figure 2). Unfortunately, there are no cosegre-
gating color pattern loci in common between the H.
erato and H. melpomene maps for these linkage groups,
but the color pattern homology hypothesis predicts that
Cr and Yb/Sb/N will map to the homologous linkage

group and will show similar linkage relationships to
other loci in this group. An identical argument holds for
the D locus in H. melpomene and the D locus in H. erato.
Alleles at these loci have similar (but not identical)
phenotypic effects in the two comimics and have been
assumed to be homologous. In H. erato the D locus is
loosely linked to Ci, suggesting that the D locus in H.
melpomene should map to linkage group HMEL 18 in
Jiggins et al. (2005), a prediction recently borne out by
additional mapping work in H. melpomene (C. Jiggins,
personal communication). There are several potential
H. melpomene homologs to H. erato’s Sd locus as a number
of loci affect melanin patterns (and therefore the shape,
size, and position of yellow pattern elements) on the
forewing of both species (Sheppard et al. 1985; Gilbert

2003); therefore, further mapping will be necessary to
ascertain color pattern homologs for Sd.

Codominant anchor loci and continued linkage
mapping in Heliconius: Strong arguments for or against
color pattern homology will require comparing both
broad- and fine-scale synteny. This will be especially
important as many of the genes described in Heliconius
have major phenotypic effects and some appear to be
composed of complexes of tightly linked loci or super-
genes (Sheppard et al. 1985; Mallet 1989; Nijhout

1991; Jiggins and McMillan 1997; Joron et al.
2001; Naisbit et al. 2003). One explanation for this
pattern is that mimicry-related selection has favored
stronger linkage between genes that work together to
form specific adaptive color patterns. Adaptive evolu-
tion in linkage seems unlikely in Heliconius (see
Naisbit et al. 2003 for discussion), but could be more
important than previously envisioned if Müllerian
mimicry evolution typically proceeds in a one-sided
fashion where a rare species (in this case, H. melpomene)
evolves similarity to (or adverges on) the pattern of a
more common species (Mallet 2001; Kapan 2001,
Flanagan et al. 2004). True integration of these maps
necessitates the development of more anchor loci for
defining the broad-scale patterns of synteny between the
two comimics. Of the two codominant marker systems
used in our mapping work, SCNL have proved to be
much better anchors for comparative genomics in
Heliconius. Only 2 (Hel 05, Hm06) of the .40 micro-
satellites developed for Heliconius could be mapped in
the two species ( Jiggins et al. 2005, Tobler et al. 2005).
In contrast, over half of the 21 SCNL developed from
candidate and housekeeping genes have been mapped
or placed in linkage groups in both species (Table 4,
Figure 4) ( Jiggins et al. 2005; Tobler et al. 2005).
Generating new gene-based markers in Heliconius is
now extremely efficient using a growing EST data-
base (http://heliconius.cap.edu.ac.uk/butterfly/db/,
see Papanicolaou et al. 2005). Furthermore, because
there is no crossing over during oogenesis in Lepidop-
tera (Suomalainen et al., 1973) only a small number of
individuals need to be typed to assign particular markers
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to particular linkage groups. However, a large number of
SCNL in both species will undoubtedly need to be typed
to characterize the fine-scale patterns of synteny. In this
respect, targeted AFLP loci can provide critical genomic
anchors around color pattern loci. To date, primers
designed around AFLP loci in one species have not
worked in the other species (W. O. McMillan and C. D.
Jiggins, unpublished data). Yet targeted AFLP loci are
good probes for BAC libraries, which are available for
both species, and gene-based markers tightly linked to
color pattern genes are currently being developed from
initial BAC sequences.

Conclusions and future directions: Developing link-
age maps for Heliconius is critical if we are to build upon
the long history of ecological and evolutionary work
in this group to address questions concerning the
interplay between selection and morphological diversi-
fication. The localization of two color pattern genes to
narrow regions of two linkage groups follows a similar
success for a single color pattern locus in H. erato’s
distantly related comimic, H. melpomene ( Jiggins et al.
2005). Both projects utilized a three-step mapping
strategy that takes advantage of the diversity of segrega-
tion markers in natural populations ( Jiggins et al. 2005;
see supplemental Figure S1 at http://www.genetics.org/
supplemental/). This technique is applicable to any
outbred species with sex-restricted recombination, such
as nearly all Lepidoptera. It relies on FI alleles segregat-
ing in an F2-style cross to generate a chromosomal
contig or print (Yasukochi 1998) that is utilized to
unambiguously identify linkage groups from markers
recombining in the male parent. These Heliconius
mapping projects serve as a foundation for the compar-
ative study of the evolutionary genetic basis of mimicry,
represent an important step toward obtaining targeted
sequence data from genomic regions linked to genes
underlying color pattern evolution, and promise to
accelerate the identification and molecular character-
ization of the color pattern loci themselves. Ultimately,
this work will help promote a wider understanding of
how convergent morphologies arise in nature.
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