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Introgressive hybridization facilitates
adaptive divergence in a recent
radiation of monkeyflowers

Sean Stankowski and Matthew A. Streisfeld

Institute of Ecology and Evolution, University of Oregon, Eugene, OR 97403, USA

A primary goal in evolutionary biology is to identify the historical events that

have facilitated the origin and spread of adaptations. When these adaptations

also lead to reproductive isolation, we can learn about the evolutionary mech-

anisms contributing to speciation. We reveal the complex history of the gene

MaMyb2 in shaping flower colour divergence within a recent radiation of mon-

keyflowers. In the Mimulus aurantiacus species complex, red-flowered M. a. ssp.
puniceus and yellow-flowered M. a. ssp. australis are partially isolated because

of differences in pollinator preferences. Phylogenetic analyses based on

genome-wide variation across the complex suggest two origins of red flowers

from a yellow-flowered ancestor: one in M. a. ssp. puniceus and one in M. a. ssp.

flemingii. However, in both cases, red flowers are caused by cis-regulatory

mutations in the gene MaMyb2. Although this could be due to distinct

mutations in each lineage, we show that the red allele in M. a. ssp. puniceus
did not evolve de novo or exist as standing variation in its yellow-flowered

ancestor. Rather, our results suggest that a single red MaMyb2 allele evolved

during the radiation of M. aurantiacus that was subsequently transferred to

the yellow-flowered ancestor of M. a. ssp. puniceus via introgressive hybridiz-

ation. Because gene flow is still possible among taxa, we conclude that

introgressive hybridization can be a potent driver of adaptation at the early

stages of divergence that can contribute to the origins of biodiversity.
1. Introduction
A primary goal in evolutionary biology is to identify the historical events that have

led to adaptive differences between populations. Although recent studies have

characterized the genetic changes underlying adaptation in several systems [1–5],

the conditions surrounding the origins of adaptive alleles are rarely known. The

classic view is that natural selection operates either on new mutations or on standing

variation that is already present within populations [6–8]. However, despite contro-

versy surrounding the importance of natural hybridization in evolution [9–14], it is

becoming more widely appreciated that introgressive hybridization can promote

adaptation by transferring advantageous alleles across taxonomic boundaries

[15–24]. This is especially true in recent evolutionary radiations, such as in

Heliconius butterflies and Darwin’s finches [25–27], where gene flow among

taxa has provided a fertile supply of beneficial genetic material that has allowed

for rapid and repeated divergence. Thus, comprehensive analyses that distinguish

among alternative historical scenarios are necessary for understanding the

evolutionary mechanisms that are responsible for the origins of biodiversity.

Moreover, it is well known that reproductive isolation can evolve as a by-

product of ecological adaptation to different environments [28–31]. Therefore,

the processes of adaptation and speciation are often intimately linked, suggesting

that if we can understand the origins of adaptations that contribute to reproductive

isolation, we can learn about the history of speciation. However, speciation is a gra-

dual process that can occur across a broad range of scenarios and spatial settings

[32,33], potentially leading to a complex history of genetic changes underlying

adaptive divergence. In addition, reproductive barriers continue to accumulate

long after speciation is complete [34,35]. As a consequence, the traits and genes

affecting isolation in extant species pairs may differ from when speciation
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Figure 1. Evolutionary relationships within the Mimulus aurantiacus species complex. (a) Geographical locations of the 60 samples used for phylogenetic analysis,
representing the eight subspecies of M. aurantiacus and the outgroup, M. clevelandii. Representative, standardized photographs of their flowers are presented.
(b) Maximum-likelihood tree illustrating the relationships among the sampled individuals. Support values at all major nodes are indicated based on 100 bootstrap
replicates. The four major clades (A – D) are indicated. Branches are coloured yellow to reflect the ancestral state (i.e. the probability of a character state transition at
a node is less than 0.02). Branches are coloured red when the probability of a transition to red flowers (i.e. anthocyanins present) exceeded 0.98. (c) Bar plot
showing the probability of membership (Q score) of each individual to one of four genotypic clusters, as revealed by the program Structure [37]. (d ) Plots of
the first two axes from principal components analyses (PCA) including either all ingroup samples (left) or only samples from Clade D (right). Dashed ellipses connect
samples within clades (left) or within subspecies (right). The per cent variation explained by each axis is reported. (Online version in colour.)
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commenced. By contrast, by studying taxa at an early stage of

divergence, it is possible to investigate the evolutionary history

of the genetic changes contributing to adaptation and reproduc-

tive isolation before they become confounded with other

species differences.

The Mimulus aurantiacus species complex (Phrymaceae) is

a recently radiated, monophyletic group of perennial shrubs

comprising eight subspecies distributed mainly in California

[36] (figure 1a). Despite being phenotypically and ecologi-

cally distinct from one another, all taxa in the complex are

at least partially interfertile and hybridize in narrow areas if

their geographical ranges overlap [38–42]. Of the traits that

differ among the subspecies, variation in flower colour is

the most striking, with two red-flowered subspecies and

six yellow or yellow-orange-flowered subspecies occurring

across the range of the complex (figure 1a).

In southern California, red-flowered M. a. ssp. puniceus and

yellow-flowered M. a. ssp. australis co-occur in a narrow region

where their geographical ranges overlap [42]. In a classic

example of incipient speciation [43,44], pre-mating reproduc-

tive isolation has evolved between the subspecies largely as a

by-product of ecological adaptation to different pollinators

[42,45]. Specifically, hummingbird and hawkmoth pollinators

rarely transition between flowers of each subspecies, resulting

in strong, but incomplete pollinator isolation [42,45]. In sup-

port of the hypothesis that flower colour is adaptive and a
major driver of these preferences, geographical variation in

flower colour is maintained despite ongoing gene flow at neu-

tral loci [46]. Moreover, extensive genetic differentiation exists

between the subspecies in MaMyb2, the gene primarily respon-

sible for the transition in flower colour [47]. However, even

though this group has had a long record of taxonomic study,

the evolutionary relationships among subspecies and the

number and direction of flower colour transitions are unre-

solved, making it difficult to infer the historical events that

facilitated local adaptation.

In this study, we investigate the history of flower colour

evolution in the M. aurantiacus complex. Using genome-wide

variation, we produce the first resolved phylogeny for the com-

plex and use ancestral state reconstructions to infer the order

and number of flower colour transitions across the group.

Although red flowers appear to have evolved twice from

yellow-flowered ancestors, our genetic analyses revealed that

red flowers in each lineage were caused by cis-regulatory

mutations in the same gene, MaMyb2. While this could be

due to independent mutations in each lineage, population gen-

etic and genomic techniques show that the recent origin of red

flowers in M. a. ssp. puniceus did not arise de novo or from

ancestral variation retained in its yellow-flowered ancestor.

Therefore, rather than arising twice as suggested by the phylo-

genetic analyses, our results indicate that a red MaMyb2 allele

arose once during the radiation of M. aurantiacus and was
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shared with the ancestor of M. a. ssp. puniceus via introgressive

hybridization. Thus, transitions from yellow to red flowers have

a shared genetic basis that is shrouded by a complex history.

2. Results and discussion
(a) Analysis of genome-wide variation suggests two

origins of red flowers
As an initial step towards understanding the history of flower

colour evolution in the M. aurantiacus species complex, we

used patterns of genome-wide variation to provide the first

detailed, molecular account of the relationships among subspe-

cies. We sequenced restriction-site associated DNA tags (RAD)

across 60 populations from all eight subspecies and the out-

group, M. clevelandii, and identified 41 528 SNPs that met our

filtering requirements. Several methods of phylogenetic

reconstruction (Bayesian, maximum-likelihood, neighbour

joining and coalescent) were applied to these data, and all

recovered well-supported topologies consisting of the same

four clades (A–D in figure 1b; electronic supplementary

material, figure S1). Additional non-tree-based approaches,

including a Bayesian clustering algorithm (figure 1c) [37] and

principal components analysis (PCA; figure 1d), recovered

clusters of individuals that coincided with the major clades in

the common tree topology. The four clades are moderately to

highly differentiated from one another (range of between-

clade FST: 0.30 to 0.75; range of proportion of fixed differences

between clades: 0.004–0.305; electronic supplementary

material, table S2), and similar to levels of differentiation

reported for other recent evolutionary radiations [27,48,49].

Previously described taxa [41,50] generally formed reci-

procally monophyletic groups within one of the four clades.

Clade A consisted entirely of individuals of M. a. ssp. bifidus
from northeastern and central California. Clade B included

individuals from two subspecies, M. a. ssp. aridus from south-

eastern California and M. a. ssp. flemingii that is endemic to

the Channel Islands off the California coast. Clade C com-

prised samples from M. a. ssp. aurantiacus and M. a. ssp.

calycinus in central to northern California. M. a. ssp. calycinus
was also found in the diverse Clade D from southern Califor-

nia, which also included M. a. ssp. longiflorus, M. a. ssp.

australis, and M. a. ssp. puniceus. Pigment extractions revealed

that only the red-flowered M. a. ssp. puniceus and M. a. ssp.

flemingii produce red anthocyanin pigments in their corolla

tissue, whereas the remaining subspecies do not, resulting

in their yellow or yellow-orange flowers (electronic sup-

plementary material, figure S2). Hereafter, we refer to taxa

using only their subspecific names.

We draw two initial conclusions from these analyses that

are pertinent for investigating the origins of flower colour

differences. First, ancestral state reconstructions suggest that

yellow flowers (i.e. anthocyanin absent) are ancestral in

M. aurantiacus, with red flowers derived once in Clade B in

the lineage leading to flemingii and once in Clade D in the

lineage leading to puniceus (figure 1b). Thus, based on phylo-

genetic analyses, anthocyanins appear to have been gained

independently in the flowers of each red-flowered subspecies.

Our second conclusion is that puniceus and australis are each

other’s closest relatives. Samples of the red-flowered puniceus
are nested within the clade of yellow-flowered australis, sup-

porting the previous conclusion that puniceus and australis
are at a very early stage in the speciation process [42].
(b) Red flowers in each subspecies are caused by
cis-regulatory mutations in MaMyb2

Although puniceus and flemingii are distantly related within

the M. aurantiacus complex, our genetic analyses indicate

that their red flowers are caused by cis-regulatory mutations

in the same gene. Previous work has shown that red flowers

in puniceus are caused primarily by a cis-regulatory mutation

in the R2R3-MYB transcription factor MaMyb2, which

activates the expression of at least three genes (MaF3h,
MaDfr and MaAns) that encode enzymes necessary for the

biosynthesis of red anthocyanin pigment [47].

Consistent with these results, genetic variation in MaMyb2
significantly co-segregates with floral anthocyanin production

in F2 hybrids generated from a cross between red-flowered

flemingii and yellow-flowered aridus (ordinal logistic

regression, likelihood ratio x2 ¼ 127.5; d.f. ¼ 2; p , 0.0001,

R2 ¼ 0.39; figure 2a). In addition, we found significantly elev-

ated expression of MaMyb2 and its putative targets in both

flemingii and puniceus relative to the yellow-flowered taxa

(figure 2b). We used virus-induced gene silencing (VIGS) to

show that this change in gene expression at MaMyb2 was

necessary for the production of red flowers in flemingii, just

as it was for puniceus [47]. By post-transcriptionally knocking

down MaMyb2 expression in flemingii, we revealed greatly

reduced anthocyanin production in floral tissue (figure 2c),

which resulted in significantly lower expression of MaMyb2
and its putative target genes relative to negative controls

(figure 2d). Finally, to determine whether differences in

MaMyb2 floral expression could be attributed to cis- or trans-

acting mutations, we examined variation in allele-specific

expression among F1 heterozygotes. A significant allelic imbal-

ance would indicate cis-regulation, whereas similar expression

of both alleles would demonstrate a mutation acting in trans
[51]. In flowers of F1 hybrids between flemingii and either

yellow-flowered australis or aridus, transcripts containing the

flemingii allele were significantly over-represented relative to

transcripts containing the australis or aridus allele (Fisher’s

exact test comparing allele frequencies in cDNA relative to

gDNA; p , 1027 in five F1s; electronic supplementary material,

table S3).

These results demonstrate that red flowers in puniceus and

flemingii are both controlled by cis-regulatory mutations in

MaMyb2. However, determining whether these are due to the

same or different mutations will require extensive functional

testing of candidate SNPs using transgenic approaches, some-

thing that is not yet feasible in M. aurantiacus. Regardless, the

history of MaMyb2 divergence across the species complex

appears noteworthy, in that red flowers either arose indepen-

dently in each lineage because of separate gain-of-function

mutations in MaMyb2 or there was a single mutation that

was subsequently shared between lineages.
(c) Divergence of MaMyb2 between puniceus and
australis is not consistent with their recent shared
history

Although previous evidence revealed that the derived, red

MaMyb2 allele became fixed in puniceus due to positive selec-

tion by pollinators [47], the conditions surrounding its origin

are not clear. One possible explanation is that a novel

mutation arose in the ancestor of puniceus in an environment

http://rspb.royalsocietypublishing.org/
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that strongly favoured it, leading to its rapid fixation. This scen-

ario predicts low levels of haplotype diversity in gene regions

that are tightly linked to the causal mutation. Alternatively, the

red MaMyb2 allele may have been present in an ancestral aus-
tralis population as standing variation prior to it having been

favoured by selection. In this scenario, the causal element is

likely to be found on many different haplotypes.

To test these expectations, we investigated patterns of

MaMyb2 haplotype variation between puniceus and australis.

Despite gene flow between the subspecies, variants in

MaMyb2 are known to be tightly associated with flower

colour differences [47], allowing us to use sequence data to

make inferences about the origin of derived red flowers

in puniceus. We observed very low haplotype diversity in

puniceus, with a single MaMyb2 haplotype found in nearly

all samples (29/32 ¼ 91% of sequenced alleles; figure 3). By

contrast, we recovered 15 different haplotypes from 40

sampled australis alleles (frequency range 2.5–35%). This

reduction in MaMyb2 diversity cannot be attributed to a
recent demographic bottleneck in the ancestor of puniceus,

as both subspecies have similar levels of genome-wide

nucleotide diversity across populations (mean ppuniceus ¼

0.00148+ s.d 2.03 � 1024; mean paustralis ¼ 0.00141+ s.d

2.59 � 1024). In addition, the presence of a single, high fre-

quency MaMyb2 haplotype in puniceus is not consistent

with the red allele having existed as standing variation in

an ancestral population of australis. Instead, these patterns

support the rapid spread of a novel MaMyb2 allele in puniceus
due to a recent selective sweep that caused this segment of

the gene to rise to high frequency.

The recent shared history between puniceus and australis
(figure 1) predicts that MaMyb2 sequences from puniceus
should closely resemble sequences that are present in

modern-day australis. However, we observed no haplotype

sharing and 10 differentially fixed sites between puniceus
and australis (figure 3). The presence of any fixed differences

is striking given that none were found in a genome-wide

comparison that surveyed more than 740 kb and 14 000

http://rspb.royalsocietypublishing.org/
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SNPs across 18 individuals from each subspecies [42]. As a

consequence, the level of sequence divergence at MaMyb2 is

an order of magnitude greater than the genome-wide average

(mean p-distance, MaMyb2: 0.0160+ s.d. 0.002; genome-

wide: 0.00150+ s.d. 0.00037). Moreover, when the 10 differ-

entially fixed sites were polarized as ancestral or derived

relative to the M. clevelandii outgroup, the derived SNP was

found in australis three times and in puniceus seven times

(figure 3). Based on the recent shared ancestry of puniceus
and australis, it is unexpected to find nucleotides that are

derived and fixed in australis but absent from puniceus.

Thus, although these data provide compelling support for
recent, strong selection on the red-flowered allele in puniceus,

we conclude that this allele did not evolve de novo from a

sequence that was present in its yellow-flowered ancestor.

Rather, it appears that the common MaMyb2 haplotype

found in puniceus originated at some other point in the evol-

utionary history of the species complex. The subsequent

sharing of this haplotype with puniceus could have occurred

either through introgressive hybridization with a third sub-

species, which transferred the haplotype to the ancestor of

puniceus, or through lineage sorting, which resulted in the

fixation of an ancestral red allele in puniceus.

(d) MaMyb2 was transferred between divergent
subspecies via introgressive hybridization

To identify the potential source of the divergent MaMyb2
sequences recovered from puniceus, we sequenced the same

region of MaMyb2 in the remaining six subspecies (electronic

supplementary material, table S1) and constructed a network

of the phased haplotypes based on the number of nucleotide

differences between them. Of the 152 sequenced MaMyb2
alleles, we recovered 53 unique haplotypes separated by a maxi-

mum of 32 mutational steps (4.5% divergence; figure 4a).

In general, haplotypes sampled from each of the four clades

tended to group together and were separated from neighbour-

ing haplotypes by fewer connections than those recovered

from different clades. Moreover, only a single haplotype was

shared between subspecies (electronic supplementary material,

figure S3). By contrast, the haplotypes recovered from puniceus
represented the only exception, as they differed from the haplo-

types recovered from Clade D by at least 10 changes (figure 4a).

These data provide further evidence that the red allele

in puniceus is not derived from a locally evolved yellow-

flowered allele that pre-existed in Clade D. Instead, the puniceus
haplotypes grouped with the haplotypes recovered from

Clade B, which contained the red-flowered flemingii and the

yellow-flowered aridus.
The random sorting of a red MaMyb2 allele that arose

much earlier (i.e. in the ancestor of Clades B, C and D;

node I, figure 1b) could explain a shared genetic basis for red

flowers in both flemingii and puniceus. However, instead of

finding MaMyb2 haplotypes that were shared among clades,

we observed patterns consistent with the complete sorting

of MaMyb2 variation across clades and subsequent lineage-

specific sequence evolution (figure 4a). Indeed, with the

exception of only the puniceus haplotypes, the major groups

in the MaMyb2 gene network were completely associated

with the four primary clades in our subspecies tree

(figure 4a). Alternatively, an ancestral red MaMyb2 allele may

have sorted differentially among lineages due to variation in

selection pressures across the range of M. aurantiacus. This

would have required the long-term maintenance of red and

yellow MaMyb2 alleles by balancing selection, followed by at

least five independent losses of red flowers since the common

ancestor of Clades B and D (Node I). Moreover, if the red

allele that eventually fixed in puniceus was maintained as a

polymorphism over this timescale, we would expect it to be pre-

sent on many haplotypes due to the effects of mutation and

recombination. However, as discussed above, the presence of

a single, high frequency MaMyb2 haplotype in puniceus contra-

dicts our expectations that the red allele was maintained as a

balanced polymorphism prior to sweeping to fixation in

puniceus. Therefore, our data do not support the differential
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sorting of an ancestral polymorphism as the source of the red

MaMyb2 allele in puniceus.

Rather, the discordant position of puniceus haplotypes in

the MaMyb2 network indicates that an ancestral individual

from Clade B transferred the haplotype to puniceus via intro-

gressive hybridization. Because the introgression event

occurred in the past, subsequent sequence evolution and/or

extinction prevent us from identifying the precise donor

sequence. However, due to the recent radiation of the complex,

we predicted that haplotypes in the modern-day descen-

dants of the donor would remain similar to those found in

puniceus. Interestingly, although flemingii also has red flowers,

mean sequence divergence at MaMyb2 between puniceus and

flemingii is greater than the levels observed within flemingii
( p , 7.53 � 1025; permutation test; figure 4b, electronic sup-

plementary material, figure S3). By contrast, mean pairwise

divergence between puniceus and aridus (0.46%+ s.d. 0.23) is

not significantly different from the diversity found among

aridus haplotypes (0.43%+ s.d. 0.27; p ¼ 0.893; permutation

test). Moreover, despite the complex structure of the 10 fixed

differences between puniceus and australis (figure 3), or the
six fixed differences between puniceus and flemingii (electronic

supplementary material, figure S3), only a single substitution

distinguishes the puniceus haplotypes from those recovered in

aridus (figure 4c). These results indicate that flemingii is unlikely

to be the modern-day descendant of the donor. Rather, the

similarity of the puniceus and aridus haplotypes, and their dis-

cordance with flemingii, reveals that an ancestral aridus-like

individual transferred the MaMyb2 haplotype to puniceus.
Even though it is surprising that the MaMyb2 sequences

from puniceus are more similar to those found in yellow-

flowered aridus than they are to red-flowered flemingii
(figure 4b), our data are consistent with the potential for

hybridization among these taxa based on their current geo-

graphical ranges (figure 1a). In particular, flemingii occurs

only on the Channel Islands off the coast of California and

does not co-occur with puniceus or australis. By contrast,

aridus is distributed in a narrow region adjacent to the eastern

edge of the australis range [52], suggesting that hybridization

between them may have been possible in the recent past.

Although historical ranges may have differed, which could

lead to other possibilities, the most likely scenario to explain
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our results is that an aridus-like individual transferred the red

MaMyb2 allele directly to puniceus, giving the allele an immedi-

ate selective advantage. An alternative possibility is that the

introgressed region conferred yellow flowers at the time it

was transferred to puniceus, but a novel cis-regulatory mutation

arose in MaMyb2 on the introgressed haplotype to give

puniceus its red flowers. While we cannot rule this scenario

out, the cis-regulatory mutation would have had to occur on

that rare haplotype almost immediately after introgression to

account for the remarkable similarities of haplotypes in puniceus
and aridus. Thus, based on current evidence, it seems likely that

a red MaMyb2 allele arose once in the common ancestor of

flemingii and aridus but was lost from aridus after it was trans-

ferred to puniceus. Future genomic analyses of this region,

coupled with functional assays of regulatory elements, will

allow us to conduct a more detailed test of this hypothesis.
82:20151666
3. Conclusion
In this study, our analysis of genome-wide variation suggested

that red flowers evolved twice independently during the

radiation of the M. aurantiacus species complex. However, in

each case, a cis-regulatory mutation in the gene MaMyb2 acti-

vated the expression of the same three enzymes, leading to

the production of anthocyanin pigments in floral tissue.

While these transitions in flower colour might reflect two inde-

pendent gain-of-function mutations that each arose during

the relatively short history of this group, our data do not indi-

cate that the red-flowered allele in puniceus evolved de novo
from a sequence already present in its yellow-flowered ances-

tor. Moreover, the occurrence of a single, high-frequency

MaMyb2 haplotype in puniceus that is remarkably similar to

those recovered from aridus is not consistent with selection

acting on a retained ancestral polymorphism. Therefore,

although most population genetic models of adaptation con-

tend that natural selection operates either on new mutations

or on standing genetic variation that is already present in the

population [6–8], our data support a scenario where a red

MaMyb2 allele was introgressed into puniceus following

hybridization with a now extinct red-flowered individual

from Clade B. The fact that the allele is not found in australis
despite ongoing gene flow is consistent with a prominent

role for natural selection by hummingbird and hawkmoth pol-

linators that display strong, opposing preferences for flowers of

puniceus and australis, respectively [42,45,47].

It has been argued for nearly a century that adaptive genetic

variation is frequently transferred across taxonomic boundaries

due to introgressive hybridization [12,13,15–19,53]. Recent

examples from a diversity of systems reveal that introgression

can result in the spread of adaptations between distinct taxa

[21,23,24,54,55]. However, in Heliconius butterflies, introgressed

wing pattern loci contribute to both predator avoidance and

pre-mating isolation [25,26], providing one of the only examples

where introgressive hybridization has facilitated local adap-

tation while simultaneously promoting divergence [12,27,56].

Our results suggest that introgression of the red MaMyb2
allele into the ancestor of puniceus was a primary driver of

pollinator-mediated divergence that has led to the initial

stages of reproductive isolation. This is further supported by

the fact that the genomes of puniceus and australis are largely

undifferentiated, implying that a few key loci such as

MaMyb2 have been critical for divergence [42,47]. Moreover,
as a consequence of the recent radiation in the M. aurantiacus
species complex, taxa have retained the potential to exchange

genes with each other, which has allowed for the spread of an

allele that facilitated adaptive divergence.
4. Material and methods
(a) Genomic methods and data processing
We sequenced restriction-site associated DNA (RAD) tags from a

single individual from 60 populations among the eight subspecies

of M. aurantiacus and the outgroup, M. clevelandii (electronic sup-

plementary material, table S1). DNA isolations and RAD library

preparation followed the methods in [57] and have been described

in [42]. Loci were created with the denono_map.pl script in Stacks
v. 1.06, with three identical raw reads required to create a stack,

up to three mismatches allowed between loci for an individual,

and up to eight mismatches allowed when joining loci among indi-

viduals. From this, single nucleotide polymorphisms (SNPs) were

identified and genotypes called for each individual using the

populations program in Stacks, requiring that loci were present at

a minimum depth of 8� in more than 90% of samples.

(b) Phylogenetic and population genomic analyses
Four different methods of phylogenetic reconstruction were used

to infer the evolutionary relationships among the genotyped indi-

viduals: maximum-likelihood, Bayesian, neighbour joining and

coalescent. Analyses were conducted using either the complete

dataset of 41 528 SNPs or were further filtered to include 915 bi-

allelic SNPs found on different tags that had minor allele

frequencies greater than 0.1 and were present in 58 of the 60 popu-

lations. In addition to the tree-based methods, we ran a Bayesian

model-based clustering algorithm, implemented in the program

Structure, as well as a principal components analysis, to examine

patterns of genotypic clustering among individuals. Finally, to

examine the levels of genomic differentiation among the four pri-

mary clades (see Results and discussion), we estimated average

pairwise FST and the total number (and proportion) of segregating

sites that were fixed between each pair of clades. Details of each

analysis can be found in the electronic supplementary material.

(c) Ancestral state reconstruction
We performed an ancestral state reconstruction to infer the number

and direction of evolutionary transitions in flower colour during

the radiation of M. aurantiacus. Character states (presence or

absence of red anthocyanin pigment) were determined from

extractions of total floral anthocyanidins using 200 mg of fresh cor-

olla tissue from each of the in-group taxa and M. clevelandii,
following methods described in [58,59]. Pigment extracts were

adsorbed onto a cellulose thin layer chromatography plate and

resolved using Forestal solvent [59]. We used a one-parameter

maximum-likelihood model, implemented in Mesquite v. 3.01, to

infer the relative probabilities of each character state at each node

of the maximum-likelihood tree.

(d) Genetics of red flowers in flemingii
To determine whether genetic variation in MaMyb2 was associ-

ated with floral anthocyanin production in flemingii, we tested

for an association between MaMyb2 genotype and floral antho-

cyanin production in 146 F2 hybrids generated from a cross

between red-flowered flemingii and yellow-flowered aridus.

Using quantitative real-time PCR (QPCR), we then assayed for

differences among subspecies in floral expression of MaMyb2,

as well as three anthocyanin pathway genes (MaF3h, MaDfr
and MaAns) known to have higher expression in puniceus relative
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to australis [47,58]. To examine whether changes in MaMyb2 gene

expression were necessary for elevated floral anthocyanin pro-

duction, we post-transcriptionally silenced MaMyb2 in flowers

of flemingii using a VIGS system that we described previously

for puniceus [47]. Relative gene expression of MaMyb2, MaF3h,
MaDfr and MaAns between VIGS and control flowers was quan-

tified using QPCR. To determine whether elevated MaMyb2
expression in flemingii flowers could be attributed to cis- or

trans-acting factors, we followed methods described in [47] to

compare allelic differences in MaMyb2 expression in F1 hybrids

between red-flowered flemingii and either yellow-flowered austra-
lis or aridus. Details of all analyses can be found in the electronic

supplementary material.

(e) MaMyb2 sequencing
We used Sanger sequencing of purified PCR products to obtain a

717-bp region of MaMyb2 from M. clevelandii and 76 individuals

across all eight M. aurantiacus subspecies (electronic supplemen-

tary material, table S1). Previous analyses have demonstrated

that SNP markers in this segment of the gene are tightly associated

with flower colour differences between puniceus and australis [47].

Sequences were checked manually for quality and heterozygotes

called from double peaks in the chromatograms. Because our ana-

lyses primarily examined population genetic questions related to

sequence divergence among puniceus, australis, flemingii and

aridus, we most heavily sampled from populations within these

taxa (electronic supplementary material, table S1). PCR primers

used were: 50-TTGGGTACTGACCTAGTTGG-30 and 50-CTTTG

GAGGAATAGTCCAAGT-30.

( f ) Population genetic analyses
MaMyb2 sequences were aligned manually and haplotypes

inferred using the program PHASE, as implemented in DNASP

v. 5.10 [60]. Insertion–deletion polymorphisms were included

in the analyses and coded as present or absent. We polarized

derived and ancestral nucleotide changes relative to the M. cleve-
landii sequence. Mean pairwise levels of sequence divergence

were estimated between puniceus and australis using Mega

v. 6. These were compared to genome-wide estimates of pairwise
divergence between subspecies by re-analysing a previously

published RADseq dataset [42]. This analysis consisted of Illu-

mina sequenced RAD-tags from six individuals from each of

three populations within each subspecies and resulted in 14 398

SNPs segregating in 7989 different 95-bp regions across the

genome. Pairwise sequence divergence across the 758 955

sequenced sites was calculated in Mega v. 6, and mean estimates

of nucleotide diversity (p) across populations within each

subspecies were calculated in Stacks v. 1.06.

We constructed a MaMyb2 haplotype network from all recov-

ered haplotypes among subspecies based on an infinite site

model and uncorrected distances using the Pegas package in R

[61]. All connections were reconstructed with a probability

greater than 0.97.

To determine the most likely modern descendant of the donor

for the MaMyb2 haplotypes recovered in puniceus, we estima-

ted levels of pairwise sequence divergence among unique

haplotypes within three potential donor subspecies: australis,

flemingii and aridus. We then obtained estimates of pairwise

sequence divergence between unique puniceus haplotypes and

potential donor haplotypes. Mean estimates of divergence within

and between subspecies were compared to null distributions

based on 10 000 permutations of the data, as implemented in a

custom script in R.
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