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� Background and aims Angiosperms display remarkable diversity in flower colour, implying that transitions be-
tween pigmentation phenotypes must have been common. Despite progress in understanding transitions between
anthocyanin (blue, purple, pink or red) and unpigmented (white) flowers, little is known about the evolutionary
patterns of flower-colour transitions in lineages with both yellow and anthocyanin-pigmented flowers. This study in-
vestigates the relative rates of evolutionary transitions between different combinations of yellow- and anthocyanin-
pigmentation phenotypes in the tribe Antirrhineae.
� Methods We surveyed taxonomic literature for data on anthocyanin and yellow floral pigmentation for 369 spe-
cies across the tribe. We then reconstructed the phylogeny of 169 taxa and used phylogenetic comparative methods
to estimate transition rates among pigmentation phenotypes across the phylogeny.
� Key Results In contrast to previous studies we found a bias towards transitions involving a gain in pigmentation,
although transitions to phenotypes with both anthocyanin and yellow taxa are nevertheless extremely rare. Despite
the dominance of yellow and anthocyanin-pigmented taxa, transitions between these phenotypes are constrained to
move through a white intermediate stage, whereas transitions to double-pigmentation are very rare. The most abun-
dant transitions are between anthocyanin-pigmented and unpigmented flowers, and similarly the most abundant
polymorphic taxa were those with anthocyanin-pigmented and unpigmented flowers.
� Conclusions Our findings show that pigment evolution is limited by the presence of other floral pigments. This in-
teraction between anthocyanin and yellow pigments constrains the breadth of potential floral diversity observed in
nature. In particular, they suggest that selection has repeatedly acted to promote the spread of single-pigmented phe-
notypes across the Antirrhineae phylogeny. Furthermore, the correlation between transition rates and polymorphism
suggests that the forces causing and maintaining variance in the short term reflect evolutionary processes on longer
time scales.

Key words: flower colour, anthocyanin, aurone, yellow flowers, comparative analysis, snapdragon, evolutionary
transition, Antirrhineae, Antirrhinum, Linaria.

INTRODUCTION

Colours in nature are important cues for organisms to signal
warnings or rewards. In angiosperms, flower pigmentation is
important for pollinator attraction and is linked to a suite of
non-pollinator-related traits (Faegri and Van der Pijl, 1966;
Strauss and Whittall, 2006). Transitions in flower colour across
a phylogeny are common in many plant lineages, which allows
us to draw conclusions about their mechanism and conse-
quences from many replicated evolutionary events (Rausher,
2008; Streisfeld and Rausher, 2011; Wessinger and Rausher,
2012). Moreover, mutations causing flower colour changes are
abundant and conspicuous, and the underlying synthetic path-
ways are well understood (Grotewold, 2006). Flower colour
therefore provides an excellent model for the investigation of
evolutionary change because we can link molecular genetic
changes to the ecology and demography of the organism.

Floral pigments fall into only a handful of molecular families
conserved across the angiosperms (Rausher, 2006). To date,
most of what we know about flower colour transitions has fo-
cused on the gain or loss of one or more anthocyanin pigments,

which confer red, blue, pink and purple colours (Grotewold,
2006; Rausher, 2008; Wessinger and Rausher, 2012). In the
wild, mutations at a single transcription factor regulating struc-
tural anthocyanin synthesis enzymes have been shown to be
sufficient to effect a gain or loss of anthocyanin pigmentation
in Petunia (Quattrocchio et al., 1999), Antirrhinum (Schwinn
et al., 2006), Aquilegia (Whittall et al., 2006) and Mimulus
(Cooley et al., 2011; Streisfeld et al., 2013), although additional
mutations may occur later (Zufall and Rausher, 2004).
However, many plant lineages also include species with yellow
flowers, with pigments derived from the carotenoid, aurone or
betalainin pathways (Grotewold, 2006). Transitions involving
the gain or loss of yellow pigments have been less well studied,
but studies on carotenoid gain in Brassica and Chrysanthenum
point to loss-of-function mutations at loci involved in the down-
stream degradation of pigments to colourless compounds
(Ohmiya et al., 2006; Zhang et al., 2015). A pattern common to
all floral colour transitions examined so far is that a mutation at
a single locus is sufficient to cause a shift in flower colour.

We currently know little about the evolution of flower colour
when both anthocyanin and yellow pigments are present.
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Different combinations of yellow and anthocyanin pigments
give rise to four colour phenotypes (Fig. 1). A floral tissue may
produce (1) neither pigment (white), (2) anthocyanin pigment
only, (3) yellow pigment only or (4) anthocyanin and yellow
pigments simultaneously, conferring an orange or red pheno-
type (Hackbarth et al., 1942; Stanton, 1987; Cooley et al.,
2011; Streisfeld et al., 2013). The addition of a second pigment
pathway makes transitions between yellow and anthocyanin
pigmentation fundamentally different from those previously
studied because they imply changes at a minimum of two loci;
one pathway must be turned off and the other turned on.
Alternatively, apparent ‘dual’ transitions might occur if a single
mutation influences both pigment classes at once (qwd and qdw,
Fig. 1) or if one pigment is masked by the other but becomes
visible once that pigment is removed (qay and qya, Fig. 1).
Groups of plants with both pigments provide considerable
scope for interactions (e.g. epistasis and pleiotropy) that may
constrain evolutionary transitions.

In this study we examine the history of transitions in flower
colour in the tribe Antirrhineae. This group comprises approx.
370 mostly short-lived perennial herbs distributed throughout
Eurasia and North America (Sutton, 1988). Floral pigmentation
is present in 90 % of species, and pigment morphs are well dis-
tributed among genera (Sutton, 1988; Fig. 2). The genetic basis
of pigmentation in the model snapdragon Antirrhinum majus
has been studied for over a century, and is known to follow the
two-dimensional model described above and in Fig. 1
(Wheldale, 1907; Baur, 1924; Whibley et al., 2006). Flower
colour in A. majus is derived primarily from the magenta antho-
cyanin cyanidin and yellow aurone pigments (Geissman et al.,
1954; Schwinn et al., 2006; Ono et al., 2006), and crosses be-
tween species show that homologous loci are present through-
out the Old World Antirrhinum (Hackbarth et al., 1942).
Studies beyond Antirrhinum have been limited, but work on

Linaria, the largest genus in the tribe, have recovered similar
pigments and genetic architectures (Tjebbes, 1929; Harborne,
1966; Valdés, 1970). Note that both aurones and anthocyanins
are derived from chalcone pigments, whereas carotenoids and
betalainins are not. There is therefore greater potential for plei-
otropy and substrate competition between these pathways (Ono
et al., 2006), which might not be the case for systems with ca-
rotenoid and betalainin pigmentation. Nevertheless, the abun-
dant variation in pigmentation phenotypes in the Antirrhineae
makes this tribe a promising testing ground for investigations
of transitions between yellow and anthocyanin-pigmented floral
phenotypes. Only one study has examined flower colour transi-
tions in a phylogenetic context for the Antirrhineae. This study
revealed a bias towards gain of anthocyanins (Smith and
Goldberg, 2015). However, they considered only a section of
the tribe, and did not consider yellow pigmentation.

Here we present the first attempt to examine patterns of
flower colour transitions when two floral pigments underlie col-
our variation. We use phylogenetic comparative analyses of
169 species from the Antirrhineae to investigate the evolution-
ary processes acting on anthocyanin and yellow pigmentation.
We reconstruct phylogenetic relationships and then estimate
transition rates between colour phenotypes. Our results suggest
that long-term evolutionary transitions occur at one pathway at
a time, especially between anthocyanin-pigmented and unpig-
mented taxa. These results provide novel insights into the role
of interactions between pigments in constraining the possible
evolutionary pathways between flower colour phenotypes.

MATERIALS AND METHODS

Flower colour

We collected data on flower colour from classical taxonomic
literature (Chavannes, 1833; Munz, 1926; Pennell, 1947;
Rothmaler, 1956; Speta, 1980; Elisens, 1985; Fernandéz Cases,
1988; Sutton, 1988; Thompson, 1988; Güemes, 1994; Whibley
et al., 2006) on all species given by Sutton (1988). The corollas
of Antirrhinneae typically have a ‘major’ colour, but often have
some secondary pigmentation, such as purple veins or a yellow
palate. We recorded the primary colour throughout the face of
the flower described by the authors as either white, yellow, an-
thocyanin-pigmented or double-pigmented. As it was not possi-
ble to differentiate red, blue, pink or purple clearly from many
descriptions, we grouped these together as anthocyanin-pig-
mented. We classified ambiguous descriptions of pale flowers
such as ‘whitish-pink’ or ‘whitish-yellow’ as anthocyanin-pig-
mented or yellow, respectively, as these cases represent low
levels of pigmentation. In some cases, such as species of
Mimulus, double-pigmented flowers appear red rather than or-
ange (Cooley et al., 2011; Streisfeld et al., 2013). We could not
distinguish single- and double-pigmented red flowers from tax-
onomic descriptions, and scored these as anthocyanin-
pigmented phenotypes. However, because only 6�7 % of the
taxa included in the phylogeny (below) are described as red,
any true double-pigmented red morphs are unlikely to have a
large effect on our results.

Colour descriptions in the taxonomic literature are often sub-
jective and brief, but it is not feasible to collect spectral reflec-
tance data for such a large, widely dispersed tribe. We took
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FIG. 1. Model for the pigmentation state space and possible transitions.
Combinations of alleles controlling anthocyanin and yellow pigments can give
rise to four phenotypes. The transition rate from phenotype x to phenotype y

across the phylogeny between two phenotypes is labelled qxy.
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several measures to identify and exclude taxa with ambiguous
records. Where possible (162 taxa) we cross-referenced flower-
colour descriptions from multiple authors, and excluded two
taxa with contradictory sources. We excluded two taxa with
ambiguous descriptions among pigment types (Linaria pedun-
culata and Linaria albifrons), as well as three taxa with no in-
formation on flower colour (Linaria paradoxa, Misopates
salvagense and Sairocarpus elmeri). We present colour descrip-
tions of each author verbatim in the Supporting Information.

For discrete traits, the presence of polymorphic taxa presents
an ongoing challenge for phylogenetic comparative analyses.

Despite the presence of discrete polymorphisms within taxa in
many phylogenies, there are presently no methods to explicitly
account for this in a comparative framework. In the case of
flower colour, polymorphism within taxa can occur within or
among populations (e.g. Schemske and Bierzychudek, 2001;
Hopkins and Rausher, 2012), and in some instances may repre-
sent an incipient transition. Alternatively, this may reflect a var-
iant that has risen to sufficient frequency to be noted by
taxonomists and may be transient with little effect on long-term
evolutionary trajectories. Moreover, polymorphic taxa could in-
troduce a spurious correlation between diversification and
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FIG. 2. Majority-rule consensus tree of Antirrhineae taxa for which molecular data are available. Circles indicate floral colour phenotype. Polymorphic taxa have
more than one circle.
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transition rates if a particular phenotype appears often in a poly-
morphism. In our dataset, we found 24 taxa described as poly-
morphic. However, there is no information available on the
frequency or population distribution of alternative phenotypes
in each species. Therefore, to account for this in the compara-
tive analysis, we entered a separate entry for each colour. This
effectively splits each species into two on the basis of the col-
our states present. We then ran all subsequent analyses on two
separate datasets: one including all available taxa (polymorphic
dataset), and another excluding the 24 polymorphic taxa
(monomorphic dataset).

Phylogenetic reconstruction

We reconstructed the phylogenetic relationships for 169
Antirrhineae species using internal transcribed spacer se-
quences retrieved from GenBank (Benson, 2000). Details of se-
quencing and accession numbers are described in Fern�andez-
Mazuecos et al. (2013). We added duplicate sequences for each
colour morph for polymorphic taxa, meaning each morph is
represented as a bifurcation at the tip of the tree with branch
lengths of zero. For the monomorphic dataset, we pruned poly-
morphic taxa entirely. We aligned these sequences in MAFFT
(Katoh and Standley, 2013) and estimated the phylogeny in
MrBayes 3.2.2 (Ronquist and Huelsenbeck, 2003) using the
GTR substitution model with gamma-distributed rate variation
across sites. After a burn-in of 10 000 generations, we ran the
Markov chain for 10 000 000 generations. We generated a sam-
ple of 1000 trees from the posterior distribution by sampling ev-
ery 10 000 generations to avoid autocorrelation between trees.
Including polymorphic taxa, flower colour data were available
for 186 species, representing approximately half of the tribe.

Joint estimation of transition and diversification rates

We used the R package diversitree to estimate transition
rates between states whilst accounting for possible differences
in diversification rates among states (R Core Development
Team, 2005; Maddison et al., 2007; FitzJohn et al., 2009;
FitzJohn, 2012). We denote the transition rate from phenotype
x to phenotype y as qxy, and label white, yellow, anthocyanin-
pigmented and double-pigmented phenotypes w, y, a and d, re-
spectively (Fig. 1). We compared two models of trait evolution.
In the ‘constrained’ model we constrained dual transitions be-
tween white and double pigmentation (qwd, qdw) and between
anthocyanin and yellow pigmentation (qay, qya) to zero. To ac-
count for the possibility of dual transitions being very rapid, or
for one pigment masking another with low expression levels,
we also ran a ‘full’ model with all 12 possible transitions be-
tween phenotype allowed. We ran each model for both poly-
morphic and monomorphic datasets.

Transition rate estimates can be biased if differences in speci-
ation (k) and extinction (l) rate among states are not accounted
for. However, it has recently been shown that these estimates
are frequently subject to alarming biases due to correlations
with unmeasured characters (Rabosky and Goldberg, 2015).
We therefore fitted models which allow for different k and l
among states so that transition rate estimates are not constrained

by these, but confine our interpretation of results to flower-
colour transition rates.

We found this dataset to be sensitive to the hill-climbing al-
gorithm implemented in diversitree, which gave radically dif-
ferent results depending on the starting point. We therefore
estimated transition rates among floral phenotypes using the
MultiMusse Markoc chain Monte Carlo (MCMC) command in
diversitree using an exponential prior with a mean of 0�1, and
adjusting for taxon sampling. To account for phylogenetic un-
certainty we ran the chain for 100 generations on a single tree,
and then swapped to a new tree drawn at random from the sam-
ple of trees from MrBayes. We first allowed the chain to ex-
plore 100 trees as burn-in, and then stored the final generation
of chains for each of 1000 subsequent trees. We estimated
the marginal likelihood of the full and constrained models as
the harmonic mean of the likelihood of each generation in the
Markov chain (Newton and Raftery, 1994). This approach has
been criticised because it is insensitive to changes in the prior
(Friel and Wyse, 2012), but because we used a non-hierarchical
model with a fixed prior, the estimator is appropriate. To test
the significance of differences in support we applied a v2-test
with four degrees of freedom to the ratio of harmonic mean
likelihoods for both models, corresponding to the difference in
the number of parameters to be estimated under each model.

Asymmetry in rate estimates

Hypothesis testing for differences in rate parameters, such as
asymmetry in the direction of transitions, is often approached
by comparing the degree of support for two models using likeli-
hood ratio tests (Pagel, 1994). However, an asymmetry can it-
self bias the test (Goldberg and Igi�c, 2008) and requires
extensive model exploration, which is impractical for this data-
set because of the need to use an MCMC. Instead we assess
asymmetry in transition rates by comparing the vectors of pa-
rameter estimates from the posterior distributions of Markov
chain outputs. The posterior probability (pp) that parameter x is
greater than parameter y is simply the frequency of generations
in which xi > yi (Kruschke, 2010).

RESULTS

We collected floral trait data on 343 monomorphic taxa, of
which 27 were white, 144 were anthocyanin-pigmented, 170
were yellow and two were double pigmented. Of these taxa, 19,
70, 63 and one, respectively, could be included in phylogenetic
analyses. We found descriptions of polymorphism in a further
23 taxa, including all four combinations of white, anthocyanin-
pigmented and yellow morphs, as well as one yellow/double-
pigmented polymorphism (Table 1, see Supplementary Data
Table S1 for colour descriptions). Of these, white/anthocyanin
polymorphisms account for more than all other combinations
combined. A further three taxa were listed by Sutton (1988),
but no colour information was given by any author. Yellow and
anthocyanin-pigmented taxa are well distributed across the phy-
logeny (Fig. 2) and frequently occur as sister species. In this
sample of taxa, white species are distributed sparsely across the
tree and occur very rarely as closely related species.

Page 4 of 8 Ellis and Field — Flower colour transitions in the Antirrhineae

 at U
ppsala U

niversitetsbibliotek on M
ay 30, 2016

http://aob.oxfordjournals.org/
D

ow
nloaded from

 

http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcw043/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcw043/-/DC1
http://aob.oxfordjournals.org/


When only monomorphic taxa were included we found better
point estimates for parameters, with narrower, more peaked
posterior distributions (Fig. 3, Supplementary Data Fig. S1).
This suggests that the phylogenetic signal was stronger when
polymorphic taxa were excluded. Bayes factor comparisons for
models of trait evolution revealed strong support for the con-
strained model that excludes dual transitions (diagonal transi-
tions in Fig. 1), when only monomorphic taxa are considered
(d.f. ¼ 4, P < 0�0001). When polymorphic taxa are included in
the dataset there was no difference in support for either the full
or the constrained model (d.f. ¼ 4, P ¼ 0�315).

We found evidence for asymmetries in transition rates be-
tween taxa (Fig. 4, Table 2). The overall flux between white
and anthocyanin pigmentation in both directions was two- to
four-fold greater than those between white and yellow pigmen-
tation across models and datasets. Transition rates away from
white to anthocyanin pigmentation were twice those towards
white, and this pattern had particularly strong support when
polymorphic taxa were included. Similarly, transitions from
white to yellow were twice as common as from yellow to white
(Figs 3 and 4), but statistical support for this observation was
equivocal (Table 2). Transitions from yellow to anthocyanin-
pigmented phenotypes were around two- to four-fold higher
than those towards yellow, but this asymmetry was much
weaker when polymorphic taxa were included. Under all mod-
els and datasets, transitions away from double pigmentation to
all other phenotypes were much greater than those towards dou-
ble pigmentation (pp� 0�936). Estimates of speciation and ex-
tinction varied, and showed no overall pattern of association
with particular states (Supplementary Data Figs S2 and S3).

DISCUSSION

Transitions between flower colour phenotypes have been fre-
quent in the Antirrhineae, and yet the distribution of possible
phenotypes is strongly biased towards yellow and anthocyanin-
pigmented species. In this study we have used phylogenetic
comparative methods and accounted for phylogenetic uncer-
tainty to investigate the patterns in floral colour transitions that
have contributed to this heterogeneity. Interestingly, when only
monomorphic taxa were considered we found greater support
for a model that allowed substitutions at one pigment pathway
at a time. However, when polymorphic taxa were included
there was no difference in support for this model or one allow-
ing apparent dual transitions causing apparent substitutions at
two pathways simultaneously. This suggests that many of the
inferred dual transitions are due to the effect of polymorphism,

representing potentially transient events at the tips of the tree.
Transitions among monomorphic taxa, by contrast, are more
likely to represent completed transitions deeper in the tree, and
better reflect long-term evolutionary patterns. This is confirmed
by the markedly greater phylogenetic signal for the monomor-
phic dataset. Greater support for the constrained model implies
that transitions in flower colour phenotypes occur primarily via
stepwise substitutions at each pigment pathway, with a detect-
able waiting time in each state. This is consistent with the ob-
servation that while mutations arise just as frequently in
structural and regulatory loci, transitions in flower colour on
evolutionary timescales are typically due to mutations in genes
regulating specific pigment pathways (Streisfeld and Rausher,
2011; Wessinger and Rausher, 2012). By examining the finer
patterns of transitions we can use these data to elucidate the
possible mechanisms that generate differences in transition
rates.

Low overall transition rates will hinder the distribution of
phenotypes from reaching equilibrium. Our results suggest that
the frequency of transitions is not a limiting factor in shifts be-
tween unpigmented and single-pigmented flowers, consistent
with previous observations in Ipomoea (Smith et al., 2010).
Yellow and anthocyanin-pigmented taxa frequently occur as
sister taxa across the phylogeny, and transition rate estimates
indicate frequent transitions between these colours via white. In
contrast, the paucity of double-pigmented taxa and the very low
estimates of qwd, qad and qyd suggest that transitions to double
pigmentation are very rare. It is nevertheless possible that dou-
ble-pigmented taxa do indeed arise but rapidly go extinct, or
that double pigmentation appears only fleetingly before one of
the two pigments is lost. We found five species with yellow/an-
thocyanin polymorphisms, where recombination between pig-
mentation genes could lead to double-pigmented morphs, but
this appears not to be common. Double-pigmented flowers do
arise in the wild via hybridization between yellow and magenta
populations of Antirrhinum majus, but are confined to narrow
hybrid zones, suggesting that some selective mechanism pre-
vents their spread (Whibley et al., 2006). It may be that there is
a higher cost associated with producing multiple pigments, or
that pollinators discriminate against double-pigmented taxa, as
has been shown in Raphanus sativus (Stanton, 1987). Thus, al-
though direct evidence is lacking, it is likely that some form of
natural selection prevents the spread of double-pigmented col-
our morphs in the wild, and prevents transitions to double pig-
mentation across the phylogeny.

We found evidence for asymmetries in the direction of
flower colour transitions leading to the gain of pigmentation.
Transitions away from white to yellow and especially anthocya-
nin pigmentation were greater than transitions to unpigmented
flowers. Although statistical support was weak, this observation
contrasts with other systems that have found a bias in transi-
tions towards white from anthocyanin pigmentation, which are
often irreversible (Rausher, 2006; Whittall et al., 2006; Smith
et al., 2010). Nevertheless, Cooley et al. (2011) demonstrated
parallel gains of anthocyanin pigmentation in two species of the
luteus group of Mimulus. This result also mirrors the findings
of Smith and Goldberg (2015), who also found an asymmetry
in gains of anthocyanins in a subset of the Antirrhineae, and
showed that this asymmetry was stronger than in three other
tribes examined. Our data show that this pattern is general

TABLE 1. Frequencies of colour phenotype combinations in poly-
morphic taxa in the whole tribe (total) and the taxa for which mo-

lecular data are available (phylogeny)

Total Phylogeny

White/anthocyanin 12 8
White/yellow 3 1
Anthocyanin/yellow 6 4
Yellow/double pigmented 1 1
White/anthocyanin/yellow 2 1
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across the whole tribe, and holds for yellow pigmentation as
well. This asymmetry, coupled with the overall paucity of white
taxa, suggests that some kind of selective mechanism acts to
promote the spread of pigmented morphs in white species.

Investigations into the maintenance of flower colour poly-
morphisms have revealed that the agents and mechanisms of se-
lection are diverse and may depend on local environmental and
demographic conditions. Some studies have shown that white

phenotypes are visited less often by pollinators (e.g. Waser and
Price, 1981), more sensitive to drought stress (Warren and
Mackenzie, 2001) and associated with greater inbreeding de-
pression under stressful conditions (Burdon et al., 1983). In
contrast, others have found that white morphs are preferred by
pollinators (Stanton, 1987) or show higher growth rates than an-
thocyanin-pigmented morphs under well-watered conditions
(Schemske and Bierzychudek, 2001; Warren and Mackenzie,
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2001). The phenotypes observed on the tips of a phylogeny
today are the cumulative result of processes acting over long-
term evolutionary time scales, providing ample scope for fluc-
tuating selection to favour different morphs through time.
Fluctuating selection that disfavours white morphs on average
will tend to increase extinction rates among white species, in-
creasing the rate of transitions to pigmented flowers and may
ensure the persistence of white taxa at low frequency.

In our study, the greater support for the constrained model is
consistent with a model of repeated substitutions at single loci
influencing the anthocyanin and aurone pathways indepen-
dently. Flower colour polymorphisms often have a simple ge-
netic basis, with molecular studies identifying a strong
tendency for transitions to be driven by changes at a single reg-
ulatory gene (reviewed by Wessinger and Rausher, 2012).
Indeed, anthocyanin pigmentation in Antirrhinum majus is con-
trolled primarily by a single MYB-transcription factor (Schwinn
et al., 2006). Alleles at flower colour loci throughout the genus
Antirrhinum segregate as Mendelian traits, explaining the ma-
jority of pigment variation across the flower (Wheldale, 1907;
Baur, 1924; Hackbarth et al., 1942). Support for the constrained
model is consistent with a model of repeated substitutions at
single loci influencing the anthocyanin and aurone pathways in-
dependently. This stepwise model of pigment evolution also
suggests that although anthocyanins and aurones are both de-
rived from chalcones (Ono et al., 2006), mutations tend to be
specific to a single pathway with little competition for
substrates.

For Mendelian traits in a monomorphic population (i.e. with
no standing variation), a major constraint on adaptation is the
waiting time for a new mutation to arise. As there are many
more ways for mutation to cause a loss-of-function than gain-
of-function mutation, one would expect a bias towards pigment
losses. The apparent abundance of gain-of-function mutations
observed in the Antirrhineae may be due to repeated introgres-
sion of adaptive alleles via rare hybridization events with
closely related taxa, especially because homologous loci seem
to control pigmentation across multiple species (Hackbarth
et al., 1942). A recent study showed that the repeated evolution
of red flowers among subspecies of Mimulus aurantiacus was
due to adaptive introgression of an allele of the transcription
factor MaMyb2 (Stankowski and Streisfeld, 2015). If a similar
process occurs in Antirrhineae, adaptive introgression would
accelerate transition rates between phenotypic states, and allow
for more rapid adaptive shifts to changing environments.

Our survey of the Antirrhineae revealed a marked heteroge-
neity in the abundances of different polymorphism types. More
than half of the species reported to be polymorphic for flower
colour have white and anthocyanin morphs, while only three
taxa have white and yellow morphs (Table 1). This relative
abundance of anthocyanin polymorphisms may be due to the
much longer length of the anthocyanin pathway compared with
the aurone pathway, and hence the greater mutational target
size (Richards, 1997; Nakayama et al., 2000). A survey of the
British flora revealed a similar pattern (Warren and Mackenzie,
2001), and our results suggest that this trend is general through-
out Eurasia and North America for this group. Interestingly,
this abundance of anthocyanin/white polymorphism is mirrored
by consistently higher estimates of transitions between these
phenotypes across models and datasets (Table 2). The abun-
dance of allelic variants in the anthocyanin pathway may be a
major driver of the high rates of transition between anthocyanin
and white flowers. This suggests that the processes causing and
maintaining variation in the short term may reflect evolutionary
processes on longer time scales.

These findings highlight three areas which future efforts
might focus on to improve our understanding of the evolution
of floral pigmentation. Firstly, increased attention is needed to
quantify the relative costs and benefits of yellow and anthocya-
nin pigments. This would elucidate mechanisms that might pro-
mote the spread of single-pigmented phenotypes, and whether
there is some cost to double pigmentation that prevents its es-
tablishment. Secondly, we need a better understanding of the
genetic architecture of flower colour transitions. Genomic
approaches should provide the opportunity to sequence flower-
colour genes for many species and populations. This will enable
us to determine whether multiple independent alleles at these
loci segregate within species or genera, and whether these al-
leles are able to introgress and cause multiple shifts in flower
colour. Finally, the correlation between polymorphism and tran-
sition rates reflects the gradual rather than binary nature of evo-
lutionary transitions, and highlights the need for phylogenetic
comparative methods to explicitly incorporate information on
phenotype or allele frequencies. Novel insight into flower-
colour evolution is likely to come from considering pigmen-
tation biology at the molecular, organismal and population
levels.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxfordjour
nals.org and consist of the following. Figure S1: posterior prob-
ability distributions for transition rate estimates. Figure S2: pos-
terior probability distributions for extinction rates. Figure S3:
posterior probability distributions for speciation rates. Table
S1: taxon colour descriptions.
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TABLE 2. Posterior probabilities of rate asymmetries for mono-
morphic and polymorphic datasets under the full and constrained

models

Hypothesis Monomorphic Polymorphic

Full Constrained Full Constrained

qwa > qaw 0�705 0�745 0�871 0�910
qwy > qyw 0�685 0�756 0�628 0�689
qya > qay 0�893 – 0�759 –
qdw > qwd 0�854 – 0�877 –
qda > qad 0�972 0�999 0�973 0�993
qdy > qyd 0�936 0�974 0�962 0�986
qwa þ qaw >qwy þ qyw 0�905 0�845 0�919 0�932
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