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downstream of the gene BarH1 (28). BarH1 encodes a transcription
factor (TF), and the insertion is associated with a gain of BarH1
function in the developing wings of Alba females. This morph-spe-
cific expression difference results in a decrease in the number of
pteridine pigment granules in Alba wing scales (28). These findings
corroborated earlier observations of reduced pteridine pigments in
Alba wings compared to colored wings (22). Despite the advantages
that Alba females gain from this resource trade-off, Alba remains
polymorphic, rather than proceeding to fixation, in many popula-
tions and species. A range of biotic and abiotic factors contribute to
the maintenance of Alba’s intermediary frequency (20). Differences
in the relative fitness of each morph have been attributed to temper-
ature (29), host plant quality (23), interspecific interactions with
other white pierids (30), and male harassment (23). While it has
been suggested that Alba is a homologous, potentially an ortholo-
gous trait within Colias, the origin of Alba remains unknown
outside of a single species (20, 21).

To resolve this issue of orthology in an ALHS across taxa, we
focus upon two distantly related species in which the Alba life
history trade-off between color production and reproductive invest-
ment has been studied in detail: the North American C. eurytheme
(23) and Eurasian C. crocea (Fig. 1A) (24, 26). These species are
members of two of the three most divergent and diverse clades of
Colias (31). Thus, if Alba is orthologous in these two species, then
the genus Colias can be used as a model system for studying the evo-
lutionary dynamics of an ALHS in different genetic backgrounds
and divergent ecological contexts.

Here, we investigate the evolutionary origins of an ALHS and the
dynamics that have maintained it across a species-rich genus of but-
terflies. Specifically, we test for the alternative (single or multiple
origins) and complementary evolutionary mechanisms (balancing
selection and introgression) responsible for the prevalence of the
Alba ALHS across Colias. Using a combination of phylogenetic
analyses, a genome-wide association study (GWAS), and genetic
manipulation, we find that (i) the Alba polymorphism arose once,
likely at the root of the genus, and (ii) introgression has occurred
many times during the formation of the genus, with both introgres-
sion and balancing selection recently affecting the Alba allele and
(iii) we identify a narrow region within the Alba locus that likely
acts as a cis-regulatory enhancer to control this trans-specific ALHS.

RESULTS
Phylogenomic analysis
We first reconstructed the phylogeny of Colias as a comparative
framework for our functional genomic work. We generated a chro-
mosome-level genome assembly and annotation for C. eurytheme
(table S1 and figs. S1 and S3). We then aligned reads from 21 indi-
vidually sequenced Colias species [one to three samples per species,
one to two locations per species (Fig. 1, table S2, and fig. S23); for
three species (C. crocea, C. eurytheme, and C. philodice), both
morphs were sampled] to this reference genome and then mined
each species gene set of single-copy orthologs. Many of the selected
species are from North America and Europe, although the global
distribution of Colias is represented (fig. S23 and table S1). In addi-
tion, species from both sides of the Atlantic varied in whether
females are polymorphic, fixed for, or without the Alba morph.
We then used the longest exon per gene, for single-copy ortholog
genes (BUSCO), to estimate maximum-likelihood gene trees

(n = 4011 exons), followed by species-tree estimation using
ASTRAL. Although there was extensive conflict among gene trees
(Fig. 1B and fig. S4), the species tree (Fig. 1C) supports three con-
clusions: Species from South America are sister to the remaining
species of Colias; the major divergence within Colias is between a
North American and a Eurasian + African clade; and Holarctic
(currently circumpolar) taxa fall between and among these two
major clades (Fig. 1C). To further assess these relationships in a
multispecies coalescent framework and to estimate a divergence
time between the North American and the Eurasian + African
clades, we used a Bayesian species-tree inference approach
(SNAPP) calibrated on an age estimate of when Colias and its
sister genus Zerene last shared a common ancestor (32). Following
recommendations to reduce the computational demands of SNAPP
(33), we analyzed a random set of 1314 single-nucleotide polymor-
phisms (SNPs) selected from a reduced taxon set that retained re-
gional diversity, but removed redundancy among closely related
species. The resulting SNAPP phylogeny was largely concordant
with the ASTRAL species tree, with strong support for nodes sepa-
rating derived North American from Eurasian + African clades
(Fig. 1D). The mean crown age of Colias was estimated at 2.43
million years old (median of the 95% highest posterior density
(HPD), 3.02 to 1.83), while the mean age of the last common ances-
tor of the non–South American Colias was estimated to be 1.55
million years ago (1.90 to 1.17). Using these results, we assessed
Alba and putative Alba phenotypes in a global phylogenetic
context, revealing that Alba is present in all clades of Colias, regard-
less of geography (Fig. 1, B to D). Thus, despite extensive phyloge-
netic conflict in our analyses, Colias appear to have rapidly
diversified into regional clades. While incomplete lineage sorting
likely explains much of this conflict, introgression during this radi-
ation is likely and potentially an important driver to propagate Alba
among species and regions.

Genome-wide introgression analysis
It is well known that many Colias species frequently hybridize (34).
Therefore, we expected to find substantial amounts of introgression
among the species we examined. As a first step to evaluate the
degree to which introgression may have shaped the phylogenetic
distribution of Alba, we quantified genome-wide introgression
among Colias species using D-statistics by analyzing all possible
species trios for introgression, using the South American C. lesbia
as an outgroup. When we grouped the resulting trios by the origin
of their component species [Eurasia + Africa, Holarctic, and North
America (fig. S23)], we found significant levels of introgression
within these groups of non-South American species (Fig. 1F and
figs. S24 and S25). In addition, the proportion of significant trios
showing introgression, as well as the general level of introgression,
increased when we combined taxa from the Holarctic with either
North America or Eurasia + Africa groups, indicating introgression
between these groups that likely happened in the past. To estimate
when the introgression events among the non-South American
species occurred, we integrated our ABBA-BABA analysis with
our species tree and used the f-branch metric (35), which differen-
tiates signatures of historical introgression between internal branch
nodes from introgression between extant species. This revealed in-
trogression between an ancestor of the Holarctic C. hecla + nastes
clade (C. nastes, C. tamerlana, and C. tyche) and the Eurasian
species and between C. phicomone and an ancestor of the North
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American species (fig. S22). We also observed significant introgres-
sion between C. pelidne and C. interior, two species that are known
to hybridize (36). Since species in the nastes clade are fixed for Alba,
the Alba allele may have been transferred through introgression
between this clade and ancestors of the Eurasian species. To
account for any biases in the ASTRAL species tree that we used
for this f-branch analysis, we generated an additional analysis
where C. phicomone and C. palaeno were placed according to
their placement in the SNAPP tree (Fig. 2). Using this modified
tree, we can now see that C. phicomone is instead only showing ex-
tensive introgression with Eurasian taxa and nothing with North
American taxa. This is much more consistent with realistic biolog-
ical scenarios given the current distribution of the species. However,
the relocation of C. palaeno to be a sister species of C. interior did
not noticeably affect estimates of introgression between C. interior
and C. pelidne. However, this genome-wide analysis is unable to
resolve the direction of introgression or capture localized intrachro-
mosomal introgression events.

Identification of the Alba locus in C. eurytheme
To test whether Alba has a shared or de novo origin among species,
we next mapped Alba’s genetic basis in C. eurytheme from North
America, which represents a deeply divergent lineage from Europe-
an C. croceawhere the Alba locus is known (28). Using the chromo-
somal linkage map from our genome assembly, we were able to
associate the Alba locus with chromosome 3 (Fig. 3B and fig.
S20B). To further narrow down the Alba locus, we performed an
independent GWAS by mapping genomic data from 15 Alba and
14 orange wild-caught females to the reference genome. This iden-
tified two loci, the most significant of which was a single locus on
chromosome 3 situated immediately downstream of the BarH1
gene (fig. S6; but also Fig. 3C), which is concordant with both
our previous mapping (fig. S20B) and the location of the Alba
locus identified in C. crocea (26). The second locus, which had
less support, was located on a different chromosome between a
PIFI-like helicase and a PiggyBac transposon (fig. S7). We hypoth-
esized that the second locus was an artifact from aligning reads to a
reference genome lacking the Alba insertion since the reference was
from an orange female individual. To test this, we generated an Alba
genomic reference by combining a draft assembly made using
linked read technology from an Alba C. eurytheme female and the
reference genome (fig. S8). This added ~36 kb of sequence down-
stream of BarH1 that was absent in the orange assembly. When the
GWAS was repeated using this synthetic Alba reference genome,
only the previous BarH1-associated locus remained (Fig. 3C), indi-
cating reference bias as the likely cause of the second peak when
mapping to the orange assembly reference.

Investigating the Alba insertion
To further investigate the Alba-associated insertion region, which
we expected to be composed of repeat content and regions unique
to Alba, we conducted a read depth analysis by mapping the C. eur-
ytheme individual genomes from the GWAS onto the Alba genome.
By contrasting uniquely mapped reads of expected coverage depth
against (i) reads mapping at higher-than-expected depth or (ii)
reads not mapping uniquely, we could distinguish between
unique Alba content and low complexity or repeat regions found
in other parts of the genome. In the Alba-associated insertion
region, we identified an ~20-kb region (Fig. 3C, green box)

containing two stretches of unique Alba content (where no reads
from orange individuals mapped; Fig. 3C, pink and gray boxes);
data from orange females showed no unique content (Fig. 3C).
Next, we similarly aligned reads from orange and Alba C. crocea
females (n = 15 each), revealing that only one of these two
regions contained reads unique to Alba in both species (Fig. 3).
This latter region was 1200 base pairs (bp) long and had high se-
quence similarity between the two species, with alignment of 14
C. eurytheme haplotypes and 10 C. crocea haplotypes having 96%
identity (35 fixed differences over 960 bp) (Fig. 1E). We hypothe-
sized that this shared region causes the Alba ALHS and hereafter
refer to it as the Alba candidate locus (Fig. 3C, pink box). We
further documented that the Alba candidate locus was unique to
Alba C. eurytheme individuals by assaying additional wild-caught
females of each color morph with polymerase chain reaction
(PCR) (n = 8 per morph; fig. S9).

Comparative analysis of Alba candidate locus
To test the hypothesis that our identified Alba candidate locus is
associated with Alba in additional Colias species, we generated a
draft genome for C. nastes, a Holarctic species fixed for the Alba-
color phenotype. In C. nastes, the Alba candidate locus and the
BarH1 gene assembled as a single contig, orthologous to the ones
identified in C. crocea and C. eurytheme. This is consistent with the
prediction that Alba has a single evolutionary origin and thus a
shared ancestry among Colias species (figs. S10 and S11).

We then tested the hypothesis of a shared origin of Alba by
quantifying the association between having the Alba candidate
locus and the Alba phenotype in our full species genomic dataset
(n = 21 species; Fig. 1C). All species with white wings had
mapped reads covering the entire 1200-bp-long Alba candidate
locus except for C. phicomone, where reads covered approximately
half the candidate locus (Fig. 4B). In contrast, none of the samples
from females with colored wings (yellow, orange, or red) had reads
covering the insertion region. Instead, the reads from colored wing
individuals aggregated in low complexity areas flanking the locus.
Thus, we observed a complete correlation between presence of the
insertion (i.e., the Alba candidate locus) and the Alba phenotype
across Colias species (Fig. 4). To estimate the likelihood of such a
correlation on a genomic scale across species, we performed a
window-based analysis of read coverage across the genome for all
species (n = 546,228 windows, 600 bp in length each, n = 21
species). For each window of the genome, we then assessed read
coverage for each species and quantified whether this showed any
relationship with that sample’s Alba phenotype (Fig. 4C). This re-
vealed that a window located in the Alba candidate locus was the
only region in the entire genome, across all species, where read cov-
erage segregated with female wing color (Fig. 4D). These findings
are consistent with the Alba insertion causing Alba across Colias.

Phylogenetic analysis of the Alba locus
To further investigate the evolution of the Alba candidate locus, we
constructed a gene tree using only data from the 1200-bp Alba
region (Fig. 5). By comparing the resulting Alba gene tree with
the species tree (Fig. 1), we identified instances of gene-tree
species-tree concordance and discordance in species complexes
on both sides of the Atlantic. In Eurasia, the multiple Alba alleles
sampled from Spanish and Italian C. crocea form a polytomy with
C. erate from Japan. Hybridization between these two species is well
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Fig. 2. Signatures of historical introgression across a modified Colias species-tree phylogeny where the placement of C. phicomone and C. palaeno has been
changed according to their placement in the SNAPP tree. Each cell in the grid indicates the f-branch statistic fb, identifying excess sharing of derived alleles between
branch nodes on the y axis (blue dotted lines) and individual species on the x axis. A darker color in the heatmap indicates higher fb, suggesting gene flow between that
branch and species. Results indicate a strong signal of introgression between C. phicomonewith Eurasian taxa, as well as between an ancestor of the C. nastes clade and
both Eurasian and North American taxa. There is also a strong signal of introgression between C. interior and C. pelidne. Species and internal nodes are colored by the
species’ current distribution where purple = South America, blue = North America, orange = Holarctic, and green = Eurasia and Northern Africa.
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documented (34, 37). This sharing of Alba alleles could be due to
incomplete lineage sorting of Alba alleles in both species since they
diverged, their maintenance via balancing selection in both species,
the introgression of Alba alleles between species, or some combina-
tion of these scenarios. A similar pattern is seen in North America,
where C. eurytheme and C. philodice are young sister species that
actively hybridize when in contact (38). Despite our samples of
these species coming from populations on opposite sides of
North America (C. philodice from Maryland, C. eurytheme are

from California), we found Alba alleles shared between species
(Fig. 5, blue branches).

The Alba gene tree also revealed two instances of discordance
with the species tree, suggestive of historical introgression events
of the Alba allele. In North America, the Alba allele found in the
Colias philodice collected from British Columbia forms a cluster
with C. canadensis and C. pelidne (both also collected in this
region) (Fig. 5). This is discordant from the species tree, which
groups this C. philodice and C. canadensis with C. eurytheme
(Fig. 1, D and E). This suggests an evolutionary history for the

Fig. 3. The Alba locus in C. eurytheme. (A) C. eurytheme specimens, depicting female phenotypes and genotypes. Alba is the dominant allele. (B) Results of the GWAS
using data from 14 orange and 15 Albawild-caught C. eurytheme females aligned against the Alba reference genome. Alternating gray-scale blocks in theManhattan plot
are colored by chromosome, ordered Z:31; the y axis represents negative log value Bonferroni-Holm–corrected false discovery rate [−log10(FDR_BH)] of each variant, the x
axis is scaffold position, and the 0.05 and 0.01 percentile of the distribution is indicated with red and blue horizontal dashed lines, respectively. The second row is a close-
up of scaffold 2 from chromosome 3, which contains the Alba locus. (C) Detailed view of the 58-kb region harboring the SNPs significantly associated with Alba. The gene
model indicates the location of the BarH1 gene and its antisense reading frame (blue). Across this region, we show the read-mapping depth of whole-genome sequence
data from an Alba (blue) and orange (orange) female from C. eurytheme (top row) and C. crocea (bottom row), respectively. The reads were aligned to the entire Alba C.
eurytheme reference genome (filtered to MAPQ > 20 and proper pairs). Colored boxes highlight the Alba insertion (green), annotated repetitive content within the
insertion (gray), and a region absent in orange individuals of both Colias species, which we refer to as the Alba candidate locus (pink). The gray region unique to
Alba individuals in C. eurytheme is not unique to Alba individuals in C. crocea and is found to have elevated read depth coverage in all Eurasian species. The high variance
in coverage to the left of the BarH1 locus is due to the high levels of repetitive content in this region, with reads mapping multiply and getting filtered out.
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Alba allele in the clade of C. canadensis and C. philodice, indepen-
dent from that found in C. eurytheme. Our f-branch results suggest
a role for introgression between these taxa (Fig. 2). Moreover, this
cluster (C. philodice,C. canadensis, and C. pelidne) is grouped closer
to Eurasian rather than North American species in the Alba tree,
suggesting rather divergent lineages of Alba alleles among North
American species. In Eurasian lineages (Fig. 5, green branches), a
similar discordance is seen in the Alba tree, where C. electo is
placed as a distant outgroup to, rather than grouped together
with, its closest sampled relatives C. crocea and C. erate (Fig. 1, D
and E).

To more formally test whether Alba alleles have introgressed
among taxa, as suggested by these patterns of discordance, we
used estimates of relative node depth (RND) across the genome.
RND measures genetic divergence between two species while con-
trolling for variation in mutation rate using an outgroup species

(39). Across the genome, RND is expected to reflect species diver-
gence, while any introgressed regions between them should have
reduced RND proportional to the time since introgression (i.e.,
more recent shared ancestry results in lower RND) (39). After esti-
mating RND using our population samples of both C. eurytheme
and C. philodice Alba individuals, we find a significant decrease
in RND near the Alba locus, consistent with the introgression of
Alba alleles between these taxa (Fig. 6A), as suggested by the Alba
gene tree (Fig. 5).

We next shifted to assessing whether we can detect similar evi-
dence of Alba allele introgression between more divergent taxa. C.
pelidne and C. canadensis last shared a common ancestor over a
million years ago (Fig. 1E), are sympatric in a large part of their
range (Northwestern North America), and could potentially hy-
bridize. While no strong signatures of genome-wide introgression
were found between them in the f-branch analysis (Fig. 2), these

Fig. 4. Association of the Alba candidate locus with wing color across the Colias phylogeny. (A) Species tree of Colias colored by geographic region, with
purple = South America, blue = North America, orange = Holarctic, and green = Eurasia and Northern Africa. (B) Read-mapping depth of an individual using whole-
genome data across the 1200-bp long Alba candidate locus for each species. Separate columns depict coverage plots according to female wing color. In cases where we
have sequence data for both morphs, both are shown side by side. The y axis in each row is 0 to 100 × coverage. (C) Schematic explaining our genome-wide, window-
based analysis of color-associated read coverage. Data for each species are by row, with wing color indicated by a blue or orange box. For four genomic windows, the
presence of read coverage in a window is indicated by a black filled box (absence of coverage an empty box). Mean value for each window for Alba samples (Amean) and
colored samples (Omean) is then calculated, followed by their difference. (D) Histogram showing the distribution of color-associated bias in coverage (Amean − Omean) of
546,228 windows across the genome, with counts on the y axis plotted on a log10 scale. The onewindow located in the Alba candidate locus is the only one that perfectly
correlates with color and is indicated with a blue bar and arrow.
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