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Summary

¢ Phenotypic convergence is rampant throughout the tree of life. While recent studies have
made significant progress in ascertaining the proximate mechanisms underlying convergent
phenotypes, less is known about the frequency and predictability with which convergent phe-
notypes arise via the same or multiple pathways at the macroevolutionary scale.

e We investigated the proximate causes and evolutionary patterns of red flower color in the
tomato family, Solanaceae, using large-scale data mining and new sequence data to recon-
struct a megaphylogeny of 1341 species. We then combined spectral and anatomical data to
assess how many times red flowers have evolved, the relative contribution of different path-
ways to independent origins of red, and whether the underlying pathway is predicted by phy-
logenetic relatedness.

e We estimated at least 30 relatively recent origins of red flowers using anthocyanins,
carotenoids, or a dual production of both pigments, with significant phylogenetic signal in the
use of anthocyanins and dual production, indicating that closely related red-flowered species
tend to employ the same mechanism for coloration.

e Our study is the first to test whether developmental pathways exhibit phylogenetic signal

and implies that historical contingency strongly influences the evolution of new phenotypes.

Introduction

Phenotypic convergence, whereby distantly related species evolve
similar traits, provides a unique opportunity to study naturally
occurring evolutionary replicates. Convergence in phenotype is
often taken as evidence that natural selection is acting to drive
traits to a particular optimum in response to the same selective
regime, and can therefore be used to understand whether the evo-
lutionary process is predictable under the same selective pressures
(Harvey & Pagel, 1991; Schluter, 2000; but see discussion in
Losos, 2011 for alternative explanations). For example, the evolu-
tion of convergent phenotypes across entire evolutionary radia-
tions facing similar environmental pressures suggests that
morphological diversification can be not only deterministic but
repeatable as well (e.g. Gillespie, 2004; Melville ezal., 2006;
Muschick et al., 2012; Mahler et al., 2013; Grundler & Rabosky,
2014). It remains less clear, however, whether the underlying
developmental, biochemical and genetic changes are also
predictable at the macroevolutionary (phylogenetic) scale.
Intrinsic factors, such as underlying developmental and bio-
chemical pathways, have long been recognized to shape the trajec-
tory of phenotypic evolution (Maynard Smith ez al., 1985; Wake,
1991; Schluter, 1996; Wake eral, 2011). Moreover, lineage-
specific historical contingency can also influence how traits evolve
(Gould, 2002; Rosenblum ezal., 2014). The potential role of

intrinsic factors and historical contingency in trait evolution is
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exemplified by instances of ‘incomplete’ trait convergence,
whereby species have become more similar to each other than
were their ancestors but have not, or only partially, reached phe-
notypic convergence (Herrel ezal., 2004), or ‘imperfect’ conver-
gence, where traits evolve along a similarly oriented trajectory
towards a new region in morphospace but exhibit greater varia-
tion than seen among other species under different selective
regimes (Collar eral, 2014). Identifying the intrinsic factors
responsible for trait development is therefore integral to under-
standing the evolution of convergent phenotypes.

In some systems, convergent traits have been demonstrated to
arise via the same pathway, suggesting that phenotypic conver-
gence may be linked to developmental and molecular conver-
gence. For example, the repeated evolution of melanic
phenotypes across a range of vertebrates, including lizards, birds,
mice and mammoths, traces back to the same pigmentation path-
way, although the specific gene and mutation responsible can
vary (Hoekstra, 2006; Manceau ez al., 2010). There are, however,
other cases where convergent phenotypes have arisen via different
pathways. For example, the convergent elongated body shape of
fossorial salamanders is attributable to either an increased num-
ber of vertebrae or the elongation of individual vertebrae (Parra-
Olea & Wake, 2001). Despite the detailed knowledge of the
mechanisms of convergence in these model systems, less is known
about the frequency with which the same pathways lead to con-
vergent phenotypes at broad macroevolutionary scales (Shapiro
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etal., 2006), and whether use of the same pathway for the con-
vergent phenotype is more likely among closely related species
(Hall, 2003) or not (Arendt & Reznick, 2008).

Angiosperm flower color presents an excellent opportunity to
test the frequency and predictability with which convergent phe-
notypes arise via the same or multiple pathways at the macroevo-
lutionary scale. First, angiosperms are known not only for their
diversity of flower color and form, but also for the widespread
convergence of independent lineages on similar floral phenotypes
(e.g. Brown & Kodric-Brown, 1979; Johnson eral, 1998;
Papadopulos ezal., 2013). Second, the three major biosynthetic
pathways that underlie floral pigmentation (carotenoid, antho-
cyanin and betalain biosynthetic pathways) have been well char-
acterized and are readily identifiable (Grotewold, 2006; Tanaka
eral., 2008). Third, these different pigment pathways can pro-
duce the same flower coloration, allowing investigations into how
different pathways contribute to phenotypic convergence across
the phylogeny. Nonetheless, few studies have examined the rela-
tive importance of these distinct pathways to flower color varia-
tion on a macroevolutionary scale (but see Brockington ezal.,
2011). Here, we investigated convergence in flower color and
biochemical pathways in the Solanaceae family, with particular
focus on the evolution of red flower coloration.

Solanaceae comprises ¢. 2700 species that vary widely not only
in flower coloration, but also in floral morphology and life form
(Knapp, 2002, 2010; Sarkinen ez /., 2013). Red-flowered species
can be found in different Solanaceae clades, suggesting that red
flowers have independently evolved multiple times. Red col-
oration can arise from all three of the major pigment pathways in
angiosperms (Grotewold, 2006; Tanaka eral., 2008), but only
carotenoids and anthocyanins are found in Solanaceae (Eich,
2008). Furthermore, carotenoids and anthocyanins can co-occur,
and the combined effect of the two pigments may also result in
reds, oranges or even bronze or brown hues that neither pigment
is capable of producing alone (Griesbach, 1984; Forkmann,
1991). In addition to the presence of these pigments, there are
other factors that may affect the hue of a flower, such as a change
in vacuolar pH and cell shape (Forkmann, 1991; Mol eral,
1998). In this study, we focus on identifying which of the two
pigment pathways (carotenoid or anthocyanin) underlies the con-
vergent evolution of red flowers in Solanaceae. Given the impor-
tance of a resolved phylogeny to address questions about
phenotypic convergence, we first reconstructed a new phyloge-
netic tree for Solanaceae through large-scale data mining and the
generation of new sequence data for red-flowered species and
their close relatives. Using this expanded phylogeny of ¢. 1300
species, we addressed three main questions: (i) Is red flower col-
oration a convergent trait in Solanaceae?; (i) What is the fre-
quency with which different biochemical pathways are involved
in the evolution of red coloration of Solanaceae flowers?; (iii) Do
more closely related species tend to use the same pathway to pro-
duce red flowers, that is, does pathway use show significant
phylogenetic signal? This will form the first test in any system of
the hypothesis that more closely related species are likely to
achieve convergent phenotypes by repeated recruitment of the
same developmental pathway.
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Materials and Methods

Phylogenetic reconstruction of Solanaceae

By searching the literature and herbarium collections, we identi-
fied 36 species of Solanaceae described as having red flowers
(Supporting Information Table S1). We included species that are
polymorphic for red coloration and those whose corolla is partly
red, because we were interested in the evolution of the ability to
produce red pigmentation in the corolla. Although the phylogeny
of the family has been the subject of many systematic studies
(Olmstead eral., 2008; Sarkinen ezal., 2013), many of the red-
flowered species have not been sampled, and resolution within a
number of clades containing red-flowered species is poor (Mon-
tero-Castro eral., 2006; Fregonezi eral, 2012). In order to
obtain an accurate estimate of the total number of transitions to
red flowers, we reconstructed a new Solanaceae phylogeny with
increased sampling of species and genes in clades containing red
flowers. We used two approaches to obtain sequence data: we
accessed publically available sequences using the PHLAWD
pipeline (Smith ezal, 2009), and we generated new sequence
data for red-flowered species and closely related non-red con-
geners that did not have available sequences for the target genes
(Table S2; GenBank accession numbers within).

We constructed a supermatrix for Solanaceae that comprised
two nuclear regions (the granule-bound starch synthase (GBSSI
or waxy) gene and the internal transcribed spacer (ITS) region),
and three chloroplast regions (maiK, ndhF and trn1-tnF). We
used the PHLAWD pipeline to retrieve homologous sequences
from GenBank (accessed 10 February 2015; Smith ez al., 2009),
which involved a BLAST search of user-supplied sequences
against the GenBank nucleotide database. We specified that all
varieties, forms, affinities and unknown species were to be
excluded. This provided sequences for 1327 species, of which we
removed 11 that were subspecies or suspect sequences that were
placed in an unexpected clade in gene tree reconstructions. We
sampled four of the outgroups used in Olmstead eral (2008):
three from the sister clade to Solanaceae, Convolvulaceae (Con-
volvulus arvensis, Evolvulus glomeratus and Dinetus truncatus), and
one from a more distantly related group within Solanales (Mon-
tinia caryophyllacea).

To generate our own sequences, we used silica-dried leaf tissue
from the field, samples from herbarium specimens, and fresh
leaves from glasshouse-grown individuals from commercial
sources. We also obtained tissue, already extracted DNA, or PCR
products from L. Bohs, R. Olmstead, L. Freitas and Kew Gar-
dens’ DNA bank. Genomic DNA was extracted from leaf tissue
using a modified 2x CTAB protocol (Doyle & Doyle, 1987).
Protocols for amplification of the five targeted regions (GBSSI,
ITS, matK, ndhF and trnT-trnF) are provided in the supplemen-
tary material (Methods S1). We inspected sequence quality using
GENEIOUS v5.1.4 (Drummond etal, 2006) and used MAFFT
v7.150b (Katoh & Standley, 2013) to add our sequences to the
other GenBank-retrieved sequences that had been aligned via the
PHLAWD pipeline. We conducted phylogenetic analyses on the

concatenated matrix using partitioned maximum likelihood
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(ML) searches in RAXML v7.2.8 (Stamatakis, 2006). We used a
GTR model with gamma distributed rate variation for each gene
partition with 1000 nonparametric bootstrap replicates. The
resulting phylogeny was ultrametricized using semiparametric
penalized likelihood with the chronopl function in the ape R
package and a smoothing parameter of 1 (Sanderson, 2002; Par-
adis ez al., 2004). We assigned the root age as 49 million yr (Myr)
following Sarkinen ez al. (2013).

Quantifying reflectance for red flowers

In order to quantitatively characterize flower coloration, we
obtained reflectance data for 24 putative red-flowered species
using a JAZ spectrometer with a built-in pulsed xenon light source
(Ocean Optics, Dunedin, FL, USA) (Table S1; spectra deposited
in the Floral Reflectance Database; www.reflectance.co.uk). We
measured reflectance from three corollas of each species freshly
obtained either from plants in the field or from glasshouse-grown
individuals. For polymorphic taxa (Table S1), we selected individ-
uals of the red morph for these measurements (and for anatomical
and HPLC analysis; see next section). We used an anodized alu-
minum probe holder which both eliminated ambient light and
ensured measurements were taken at a 45° angle tip to prevent
specular reflection (glare) (Endler, 1990). Each measurement was
standardized using a Spectralon white standard (Labsphere, North
Sutton, NH, USA). For each corolla, we measured the corolla
lobe, the midpoint of the tube’s exterior and, if there was variation
along the tube exterior, the distal portion of the exterior. We used
the pavo package in R (Maia ez al.,, 2013; R Core Team, 2014) to
average corolla measurements across sampled individuals of a
species and to smooth spectral curves to remove electrical noise
introduced by the spectrometer.

We characterized flower color hue using the reflectance at the
midpoint between the minimum and maximum reflectances
(A Rmid). As Azrmid is based on two reflectance measurements, it is
a more reliable measure than solely using the wavelength at which
reflectance is highest (Montgomerie, 2006), and is an established
metric that has been used to characterize color in a range of taxa
(e.g. Pryke etal., 2001; Hofmann ez al., 2006; Cummings, 2007;
Ng et al., 2013). We calculated A g;g from the reddest portion of
the corolla of each species. To classify these spectra, we defined
the Agmia bounds by obtaining spectral data for Munsell color
standards denoted to have a red hue (‘R) (Munsell, 1976). We
considered the flowers to be red if they fell within the range of
these red Munsell spectra.

We were unable to obtain reflectance data for the remaining
12 species that had been described as having red flowers. We con-
ducted all analyses with and without scoring these species as red
and, as the results were qualitatively similar, we only report those
in which the 12 species are included.

Characterizing pigment pathways

We conducted an anatomical study of petal tissue of 27 species to
determine the presence of anthocyanin and carotenoid pigments
in red corollas (Table S1). Cells colored by water-soluble
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anthocyanins have a uniform color across the cell as these pig-
ments are stored within the vacuole, which comprises most of the
plant cell volume (Tanaka ez al., 2008). Carotenoids, in contrast,
are produced and stored in plastids (chromoplasts), and appear as
discrete, colored intracellular compartments (Tanaka eral,
2008). Cells that produce both classes of pigments thus have a
colored vacuole as well as colored chromoplasts. We conducted
petal peels to observe epidermal and parenchymatous petal cells
with light microscopy and scored each species for the presence or
absence of each class of pigment. When fresh tissue could not be
obtained (in three species), we used silica-dried tissue or material
from herbarium specimens. Conducting tests using available
glasshouse material, we confirmed that the presence of both pig-
ments could be accurately identified using a combination of
examining dried tissue directly under the microscope as well as
after rehydration with water. We verified our visual assessment by
using high-performance liquid chromatography (HPLC) with
five representative species to test for the presence or absence of
anthocyanin pigments (Methods S2).

Reconstructing the evolutionary transitions to red flowers

We assessed the level of convergence for red flowers by recon-
structing ancestral states across the family as either red-flowered
or non-red-flowered. We mapped the evolution of red flowers
onto the ML phylogeny using two different models: the Mk2
model, which allows for unequal transition rates (Pagel, 1994),
and the binary state-dependent speciation and extinction (BiSSE)
model, which additionally allows for the possibility of state-
dependent diversification (Maddison et al., 2007). We included
the latter approach because reconstruction of a trait’s history can
be biased if the trait itself affects diversification (Maddison, 2006;
Goldberg eral., 2008; Ng & Smith, 2014). For the Mk2 model,
we estimated ancestral states using ML with the asr.marginal
function in the R package diversitree (FitzJohn, 2012). To test
the robustness of our results, we repeated this analysis for all 1000
bootstrap trees. For the more complex BiSSE model, we first esti-
mated posterior distributions for the model parameters using a
Markov chain Monte Carlo (MCMC) chain of 10 000 steps and
an exponential prior with rate 1/(27), where 7 is the estimated
diversification rate (following Johnson eral, 2011). We
accounted for missing taxa using the ‘skeleton tree’ approach,
which assumes that unsampled species are randomly distributed
(FitzJohn eral., 2009). After visual inspection of the MCMC
chain, we discarded the first 1107 steps as burn-in, and recon-
structed ancestral states (again with the asr.marginal function) for
each set of parameter values from the remaining 8893 steps. We
then calculated the average probability of having red flowers and
the 95% credibility interval at each node across these 8893 recon-
structions. We considered nodes with red flower states as those
with at least 95% posterior probability.

Testing for phylogenetic signal of pigment pathways
We tested whether phylogenetic relatedness predicts the pigment

pathway used to make red flowers by estimating the phylogenetic
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Fig. 1 Reconstruction of red flower evolution in Solanaceae. Topology from five-gene maximum likelihood analysis of 1341 species is shown. Only the
portions of the tree (numbered 1-5) with red-flowered species (names in red) are shown in detail. The color of the circles for each red-flowered tip
represents the pigment pathway used to produce red coloration: red circles, anthocyanin pathway; orange circles, carotenoids; blue circles, dual production
of both anthocyanins and carotenoids. Gray circles represent red-flowered states of which the pigment pathway is unknown. Circles at nodes indicate the
posterior probabilities from Bayesian ancestral state reconstruction, with red and black representing red- and non-red-flowered states, respectively. Flower

images show red-flowered representatives of the respective groups (not to scale).

signal for each pathway following Maddison & Slatkin (1991). Results

This approach compares the most parsimonious number of state

c}.lan.ges,.or tran.sitions to that pathway, required to explain- the Phylogeny of Solanaceae
distribution of tip states on our reconstructed phylogeny with a
null distribution of 1000 randomly reshuffled tip states and the
number of taxa in each state held constant. If our observed data
showed significantly fewer parsimonious state changes, we con-
sidered the pathway to have phylogenetic signal and therefore
species using that pathway were more related than expected by

Our final supermatrix comprised 1341 Solanaceae taxa, which
included 313 kbp of new sequence data for 104 species. The
matrix was 10931 bp in length, of which 7553 were variable,
with 30.9% missing data. This data set is therefore a significant
improvement in data completeness compared with previous

chance.
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Fig. 2 Representative images of petal cells
showing (a, b) anthocyanins, (c) carotenoids,
and (d, e) dual production of both pigments.
The uniform color across the red corolla lobe
cells of (a) lochroma gesnerioides and (b)
Petunia exserta indicates the presence of
anthocyanins. Clear leucoplasts are also
present in the cells of /. gesnerioides (a) but
no colored plastids are present. (c) Top and
bottom images both show cells of the red
part of Juanulloa mexicana's corolla tube.
Colored plastids and no uniform color in the
cells indicate that carotenoids are responsible
for the red coloration. Both colored plastids
and a uniform color are seen in the cells of
(d) Cestrum parqui's red corolla tube and (e)
Calibrachoa parviflora's red lobe, indicating
that dual production of both anthocyanins
and carotenoids contributes to the red
coloration.

: i

Solanaceae data sets (e.g. 54.7% missing data, Sarkinen eral.,
2013). The topology of the major groups is consistent with
Olmstead eral’s (2008) phylogeny of the family (Figs1, S1;
TreeBase study ID S16617). We similarly found Schizanthus to
be sister to the rest of Solanaceae (bootstrap support=100%),
and the tribe Goetzeoideae and Duckeodendron to be sister to
the remaining Solanaceae. However, while Reyesiz had previ-
ously been placed with Goetzeiodeae and Duckeodendron
(Sarkinen etal, 2013), we found Reyesia to be assigned to a
moderately supported clade with Salpiglossis and Bouchetia
(bootstrap support=74%). Reyesia has previously been grouped
with Salpiglossis based on morphology (Hunziker, 2001), but
Bouchetia has previously been reported to be sister to
Plowmania and Hunzikeria (Olmstead etal, 2008; Sarkinen
etal., 2013). The X=12" clade, which includes Solanoideae,
the Australian endemic tribe Anthocercideae and Nicotiana, and
is termed such because of a putative base chromosome number
synapomorphy (Olmstead & Sweere, 1994), was recovered with
moderate support (bootstrap support=80%).

Our data set included 10 red-flowered species that had not
previously been present in Solanaceae-wide phylogenies and,
overall, included all but one of the 34 red-flowered species.
Comparing our results with those of previous genus-level stud-
ies, we found that Petunia reitzii and Petunia saxicola were
well-supported sister species with Petunia exserta more distantly
related, as in previous analyses (Kulcheski eral, 2006).
Cestrum was also a well-supported clade (bootstrap sup-
port=89%) but the relationships within the genus remained
poorly resolved (Montero-Castro  etal, 2006). Within
lochroma, we recovered different relationships from those that
had previously been found (Smith & Baum, 2006). For exam-
ple, some previously well-supported clades, such as the ‘A
clade’ that included the red-flowered [lochroma edule and
lochroma peruvianum, were no longer well supported, probably

© 2015 The Authors
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as a result of the addition of plastid sequences (D. Gates eral.,
unpublished). Comparing our tree to previously reported rela-
tionships of Nicotiana (Clarkson etal., 2004), we found that
the red-flowered Nicotiana were placed in the same well-sup-
ported clades.

Our study also provides the first targeted molecular phy-
logeny for Juanulloa. Evolutionary studies of Juanulloa had pre-
viously been restricted to morphological analyses (Knapp ezal,
1997) and our phylogeny (with new sequences for six Juanulloa
species) supports previous results showing Juanulloa as a non-
monophyletic group. Similar to the morphological tree, the two
red-lowered  Juanulloa  species, Juanulloa mexicana — and
Juanulloa parasitica, were placed in the same clade (although
with low bootstrap support of 64%), and the other red-flowered
Juanulloa species, Juanulloa speciosa and Juanulloa ochracea, were
instead grouped with Schultesianthus and Markea, respectively
(bootstrap support of 100 and 96%, respectively). Given that
Juanulloa is nonmonophyletic with strong bootstrap support,
we suggest that further work is now needed to define new
generic boundaries in the Juanulloeae tribe (A. Orejuela,

unpublished).

Quantifying reflectance for red flowers

Based on the Agp;q calculated from the spectral data for Munsell
color standards denoted ‘R (Munsell, 1976), we considered flow-
ers to be red if Apniq was between 575 and 665 nm. Two Cuban
species, Brunfelsia cestroides and Brunfélsia purpurea, did not fit
this criterion (Table S1). These species have been described as
having purple flowers (e.g. Ledn & Alain, 1974), or sometimes
red or purplish red (Plowman, 1998; Knapp, 2010). However,
we were only able to find specimens with purple flowers in
Cuban herbaria and living collections (Herbario del Jardin
Botanico Nacional and Herbario de la Academia de Ciencias)
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and therefore removed these species from our analyses. This left a
total of 22 of the measured species characterized as producing red

flowers (Table S1).

Characterizing pigment pathways

We found that red-flowered species used different pathways to
make red (Fig. 1; Table S1). Petal peels showed either the sole
presence of anthocyanins without any visible colored plastids
(12 species), only visible colored plastids without evidence of
anthocyanins (two species), or the presence of both pigments
(herein called dual production) (13 species) (Figs 2, S2). These
results were verified using HPLC on five representative species
(Fig. S3). Our finding of the presence of anthocyanins in some
red-flowered Solanaceae confirms previous reports of the six
red-flowered species whose pigments have been characterized
(Table S1; Robinson & Robinson, 1934; Beale eral, 1941;
Miller etal., 1967; Griesbach eral, 1999; Ando etal, 2000;
Waterworth & Griesbach, 2001; Smith & Rausher, 2011).
However, the additional contribution of carotenoids to red col-
oration in some of these same species has only been previously
reported for Calibrachoa (Murakami, 2004). Our study also
reveals that carotenoids alone can contribute to red-flowered
Solanaceae.

Reconstructing the evolutionary transitions to red flowers

Our ancestral state reconstructions under the Mk2 model
revealed 30 independent origins of red flowers. This was also

1.0

0.8

0.6

Posterior probability of red-flowered state
04

ol a .
e T T T T T I
50 40 30 20 10 0

Time (Myr)

Fig. 3 Time plot showing posterior probabilities of nodes from Bayesian
ancestral state reconstruction. Black circles indicate non-red flowers while
colored circles within the dotted line represent red flowers. Colors of circles
are the same as in Fig. 1. There are 36 colored circles, but many are
superimposed (e.g. orange circles are hidden) as they are clustered
towards the present (O Myr). Bars represent 95% credibility intervals
around the posterior probability of the node having a red-flowered state
across the 8893 MCMC steps.
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supported by analyses performed on each of the 1000 bootstrap
trees (30 £ 0.065 SE). When accounting for the possibility of
state-dependent  diversification, ancestral state reconstruction
predicted 30-33 independent origins (taking into consideration
the credibility intervals). The number of origins of red flowers
may be an underestimation given that we are missing one red-
flowered species in the phylogeny. Of the 31 transitions to red
flowers, the utilization of anthocyanins to make red flowers is
inferred to have arisen at least 11 times, utilization of
carotenoids twice and the dual use of anthocyanins and
carotenoids at least 12 times. Based on the inferred ages of both
ancestral nodes and extant red-flowered species, we estimate
that red flowers arose as early as 11 million yr ago (Ma) using
anthocyanins. The earliest nodes reconstructed as having red
coloration via dual production and solely carotenoids are more
recent (145000 yr ago and 72 000 yr ago, respectively; Fig. 3).
Based on the confidence intervals for node age estimation in
the most recent molecular dating analysis of Solanaceae, these
estimated node ages may vary = 4.5 Myr (Sarkinen eral,
2013).

Testing for phylogenetic signal of pigment pathways

We found that, overall, species with red flowers were more closely
related than expected by chance (2<0.05). When testing indi-
vidual pigment classes, we found that both anthocyanins and
dual production of both anthocyanins and carotenoids exhibited
phylogenetic signal, suggesting that red-flowered species using
these pathways to produce red are more closely related than
expected by chance (< 0.05). In contrast, carotenoids alone did
not exhibit phylogenetic signal, although this result may be a
consequence of a small sample size of two.

Discussion

Convergent evolution of the red flower phenotype has occurred
frequently across angiosperms (Cronk & Ojeda, 2008; Rausher,
2008). Our study found that, just within the Solanaceae, there
have been at least 30 independent origins of red flowers and all
relatively recently (within the last 11 Myr at most). These origins
have occurred via alternate biochemical pathways, with most
red-flowered species using the anthocyanin pathway, or in com-
bination with the production of carotenoids at approximately
the same frequency. We furthermore found that each of these
two methods to produce red flowers tend to be used by more
closely related species than expected by chance, which demon-
strates that even highly convergent traits are impacted by histori-
cal contingency.

Drivers of red flower evolution

Evolutionary shifts in flower color are commonly thought to be
driven by pollinator-mediated selection (Fenster eral, 2004;
Rodriguez-Gironés & Santamaria, 2004). One classic hypothesis
is that flower color evolution is tied to shifts between different
functional groups of pollinators, such as birds, moths, and bees
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(Thomson & Wilson, 2008; van der Niet & Johnson, 2012).
Red flowers in particular have long been associated with bird pol-
lination (Faegri & van der Pijl, 1979) and, together with other
traits, such as copious nectar, lack of scent and tubular corollas,
form the bird pollination syndrome (Cronk & Ojeda, 2008).
Shifts to bird pollination coincide with the evolution of red col-
oration in many taxa (Bradshaw & Schemske, 2003; Streisfeld &
Kohn, 2007; Whittall & Hodges, 2007; Rosas-Guerrero ez al.,
2014), including some Solanaceae (Ippolito eral., 2004; Pérez
et al., 2006). However, this association is less clear in many floral
radiations, suggesting that pollinator shifts alone may not explain
color differences (Cooley ez al., 2008; Smith ez al., 2008; Knapp,
2010). Another possible pollinator-mediated explanation for
flower color divergence, including shifts to red, is reproductive
character displacement, where selection favors flower color diver-
gence to minimize pollinator competition between co-occurring
species (Brown & Wilson, 1956; Pfennig & Pfennig, 2012). This
has been shown in Jochroma (Muchhala et al., 2014) but remains
to be tested in other Solanaceae clades with red-flowered species.
Alternatively, the evolution of red flowers may not be
attributable to any mode of pollinator-mediated selection. For
example, red flower color may have arisen because it is genetically
linked to another trait under selection or as a pleiotropic effect.
Indeed, anthocyanins may be produced in floral tissue as a bypro-
duct of the up-regulation of protective or defensive flavonoids in
vegetative tissue (Armbruster, 2002; Strauss & Whittall, 2006;
Rausher, 2008). Another possibility unrelated to pollinators is
that convergent red flower color simply arose by chance (Rausher,
2008; Stayton, 2008). However, while a number of studies sug-
gest that natural selection plays an important role (e.g. Waser &
Price, 1983; Schemske & Bierzychudek, 2001; Streisfeld &
Kohn, 2005; Schemske ez al., 2007), no study to date has sup-
ported the role of genetic drift in flower color variation. Further
work is clearly needed, particularly at the microevolutionary
scale, to understand when red flower coloration is adaptive, and
if a common agent of selection or a combination of processes can
explain the evolution of red-flowered species across Solanaceae.

Pathways to red flower coloration

Across angiosperms, red flower color has evolved via the betalain,
carotenoid or anthocyanin pathway (Grotewold, 2006; Tanaka
eral., 2008; Brockington eral., 2011). Among these, the antho-
cyanin pathway is the best understood in terms of its structure and
regulation (Mol ez al., 1998; Koes ez al., 2005), and it is responsi-
ble for red flower color in many angiosperm clades (e.g. Pecket,
1960; Streisfeld & Rausher, 2009; Cooley ez al., 2011). Work on
the contribution of carotenoids to red-colored flowers has primar-
ily been in cultivars or model organisms (Zhu eral, 2010;
Ohmiya, 2011) and therefore their overall importance in the
evolution of red flowers remains largely unknown. Our results,
however, are likely to be representative of other angiosperm lin-
eages, as previous studies have also shown that anthocyanins,
carotenoids and the dual production of both occur in other groups
(e.g. Yokoi & Saito, 1973; Tatsuzawa ez al., 2010).
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Our characterization of the pathways underlying phenotypic
convergence of red flowers provides the first step towards under-
standing convergence at the molecular level. The red flowers that
we found to employ the same biochemical pathway may also
involve similar changes in gene expression or gene function.
Indeed, red flowers that evolve via the anthocyanin pathway
appear to arise from regulatory or functional mutations in a small
number of ‘hotspot” loci (Martin & Orgogozo, 2013). Biochemi-
cally, red anthocyanin pigments require fewer enzymatic steps
than blue anthocyanins, and thus the specific mutations often
cause loss of function or expression. For example, inactivation or
down-regulation of flavonoid 3'-hydroxylase (F3'H) and
flavonoid 3',5"-hydroxylase (F3'5'H), the enzymes responsible
for blue anthocyanins, have been involved in transitions from
blue to red flowers in at least four different plant genera (Des
Marais & Rausher, 2010; Hopkins & Rausher, 2011; Smith &
Rausher, 2011; Wessinger & Rausher, 2014). These loci are
therefore strong candidates for the evolution of red flowers in
Solanaceae lineages producing anthocyanins.

In contrast, the identity of carotenoid genes potentially respon-
sible for the evolution of red flowers is less clear. Carotenoids are
synthesized and stored within chromoplasts, which arise from
pre-existing plastids, such as proplastids, chloroplasts or amylo-
plasts (Egea eral., 2010; Li & Yuan, 2013). While the structural
genes involved in the carotenoid biosynthesis pathway have been
identified, regulation of carotenoid biosynthesis remains poorly
understood and there are a number of carotenoids whose biosyn-
thesis has yet to be characterized (Fraser & Bramley, 2004;
Tanaka eral., 2008; Li & Yuan, 2013). Furthermore, the regula-
tion of chromoplast differentiation from pre-existing plastids is
still largely to be elucidated (Egea eral., 2010). Carotenoid stud-
ies in Solanaceae crop species (e.g. tomato (Solanum lycopersicum)
and pepper (Capsicum spp.)), however, may make future investi-
gations of convergence at the level of a carotenoid gene or muta-
tion tractable in the family (Galpaz et al., 2006; Paran & van der
Knaap, 2007). Furthermore, these studies may provide insight
into why the sole use of carotenoids to produce red flowers
appears relatively rare among angiosperms (Ohmiya, 2011),
including only two Solanaceae species.

Dual production of both anthocyanins and carotenoids to pro-
duce red flowers represents another level of convergence, as it
requires the gain of anthocyanins or carotenoids, assuming that
the ancestor already exhibited carotenoid-pigmented or antho-
cyanin-pigmented flowers, respectively. It is also possible that
dual production evolved by the activation of both pathways from
a white-flowered ancestor. However, the present data set, focused
on only red-flowered species, does not allow us to distinguish
among these alternatives. Blue or purple (anthocyanin-colored),
yellow (carotenoid-colored) and white flowers are all common in
Solanaceae (Knapp, 2010), and thus represent plausible ancestral
states. A more fine-scale data set with anatomical and biochemi-
cal data for entire clades (e.g. Petunieae or Cestreae) would make
it possible to reconstruct the range of trajectories by which lin-
eages move among flower colors via changes in pigment expres-
sion.
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Historical signal in pathway use

It is often assumed that convergent phenotypic evolution among
closely related species is attributable to the same underlying path-
way because evolution would begin at similar starting points
(Arendt & Reznick, 2008; Losos, 2011; Rosenblum ez al., 2014)
and may have access to the same standing genetic variation
(Barrett & Schluter, 2008; Jones ¢t al., 2012). As lineages diverge,
genetic backgrounds diverge as well, lowering the probability of
using the same mechanisms for phenotypic evolution (Arendt &
Reznick, 2008; Losos, 2011; Rosenblum ez /., 2014). However,
many studies examining phenotypic convergence at the molecular
level have shown that different developmental pathways can be
responsible for phenotypic convergence among closely related
taxa, while distantly related taxa can converge in phenotype using
the same pathway (reviewed in Arendt & Reznick, 2008). This
pattern suggests that there may be no direct relationship between
phylogenetic distance and the developmental basis for convergent
phenotypes. No studies before this, however, had yet explicitly
tested whether pathway recruitment exhibits phylogenetic signal.

The results of our study show that, despite the evolutionary
lability of flower color (Rausher, 2008), more closely related
species tend to use the same pathway to make red flowers. We
showed that the evolution of red flowers appears to be restricted
to particular clades (Fig. 1), with no red-flowered species in
groups such as Solanum, the most speciose genus in Solanaceae.
This suggests that the likelihood of evolving red flowers, and the
biochemical pathway utilized to make red flowers, are highly
influenced by phylogenetic history. This phylogenetic clustering
of red flowers and pigment pathway is consistent with the possi-
bility that closely related species evolve red flowers via changes in
the same genes and possibly via the same types of mutations.

The paradox of red flowers

Despite multiple independent transitions to red flowers via differ-
ent pathways, species with red flowers remain curiously rare in
Solanaceae. Only 34 of ¢. 2700 species, or 1% of the family, can
be characterized as red. Red flowers also appear to be rare in other
plant groups (e.g. Ghebrehiwet ez al., 2000; Wilson ez al., 20065
Ojeda eral., 2012), and red pigmentation has even been found to
be rare in other taxa, such as songbirds, despite having arisen
multiple times from different classes of carotenoid pigments
(Friedman ez al., 2014). One possible explanation for this rarity
is nonequilibrium dynamics, with selection for red flowers, or the
ability to produce red pigments, arising only recently, leaving the
number of taxa with this state far lower than expected. However,
if red flowers have indeed arisen as a result of pollinator-mediated
selection (whether via the pollinator shift or competition mod-
els), we expect these dynamics to be much older than 11 Myr, as
radiations of pollinating animals, such as bees and humming-
birds, began at least 30 Ma (Brown eral, 2008; Rasmussen &
Cameron, 2010). Furthermore, the pigment pathways themselves
are quite old, with carotenoids being present in all plants (From-
molt et al., 2008) and red anthocyanins probably dating back to
the origin of land plants (Campanella ez al., 2014).
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An alternative explanation for the rarity of red flowers is that
red coloration increases the likelihood of a lineage’s extinction,
that is, that the trait results in an evolutionary dead end, essen-
dally pruning itself from the phylogeny (Stebbins, 1957; Ng &
Smith, 2014). Such traits may initially be fixed because of a
short-term advantage, which appears to be the case for self-com-
patibility and polyploidy (Goldberg et al., 2010; Mayrose et al.,
2011). Red flowers could be fixed within a lineage by selection,
but disfavored in the long term because of pleiotropic effects
associated with the genetic changes involved in the transition.
For example, anthocyanins are produced in stems and leaves in
response to stress (Chalker-Scott, 1999), and the loss-of-function
mutations commonly fixed during the evolution of red floral
anthocyanins (Smith & Rausher, 2011; Wessinger & Rausher,
2014) could negatively affect this stress response. The growing
knowledge of the biochemistry and function of plant pigment
pathways provides a clear avenue for identifying the genetic
changes responsible for red flower evolution across Solanaceae
and for testing the pleiotropic consequences of these transitions.
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