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Abstract

The predictability of evolution, or whether lineages repeatedly follow the same evolutionary trajectories during pheno-
typic convergence remains an open question of evolutionary biology. In this study, we investigate evolutionary conver-
gence at the biochemical pathway level and test the predictability of evolution using floral anthocyanin pigmentation, a
trait with a well-understood genetic and regulatory basis. We reconstructed the evolution of floral anthocyanin content
across 28 species of the Andean clade Iochrominae (Solanaceae) and investigated how shifts in pigmentation are related
to changes in expression of seven key anthocyanin pathway genes. We used phylogenetic multivariate analysis of gene
expression to test for phenotypic and developmental convergence at a macroevolutionary scale. Our results show that
the four independent losses of the ancestral pigment delphinidin involved convergent losses of expression of the three
late pathway genes (F3050h, Dfr, and Ans). Transitions between pigment types affecting floral hue (e.g., blue to red)
involve changes to the expression of branching genes F30h and F3050h, while the expression levels of early steps of the
pathway are strongly conserved in all species. These patterns support the idea that the macroevolution of floral pig-
mentation follows predictable evolutionary trajectories to reach convergent phenotype space, repeatedly involving
regulatory changes. This is likely driven by constraints at the pathway level, such as pleiotropy and regulatory structure.
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Introduction

The prevalence of convergent evolution, that is, the emer-
gence of similar forms in different lineages, suggests that evo-
lution may often be repeatable, with similar outcomes
resulting from “replaying the tape of life” (Gould 1990;
Orgogozo 2015). Nonetheless, the extent to which these con-
vergent phenotypes arise via similar underlying mechanisms
remains an open question (Stern and Orgogozo 2009;
Rosenblum et al. 2014). In some cases, convergent pheno-
types evolve through distinct genetic or developmental
changes (Steiner et al. 2009; Nery et al. 2016), while in others,
similar mechanisms are involved (Chan et al. 2010; Martin
and Orgogozo 2013). The predictable recruitment of the
same mechanisms may be explained by genetic constraints,
for example if only one or a few loci have the potential to
influence the phenotype, for example, in tetrodotoxin resis-
tance (Brodie and Brodie 2015) and albinism of cavefish
(Protas et al. 2006). By contrast, when multiple paths can
lead to the same phenotype, the repeated involvement of
particular loci or types of changes suggest biases, either in
mutation rates or fixation probability (Stern and Orgogozo
2008; Gompel and Prud’homme 2009; Christin et al. 2010;
Streisfeld and Rausher 2011; Conte et al. 2012). Still, the ability
to assess such biases is limited for many traits where the
underlying developmental pathway and the potential routes
to convergent phenotypes are largely unknown.

Floral anthocyanin pigmentation provides a powerful sys-
tem for studying phenotypic convergence and the predict-
ability of evolution at the molecular and developmental
levels. The anthocyanin branch of the large flavonoid biosyn-
thetic pathway (hereafter the anthocyanin pathway) produ-
ces three classes of red, purple, and blue pigments (fig. 1)
which comprise the most common pigments determining
color in flowers and fruits (Grotewold 2006). Small changes
in the anthocyanin pathway (i.e., mutations at a single locus)
can radically alter floral hue and/or color intensity (Koes et al.
1994; Mol et al. 1998; Rausher 2006, 2008), with important
ecological consequences, for example, pollinator attraction
(Schemske and Bradshaw 1999; Hoballah et al. 2007;
Sheehan et al. 2016). Upstream steps of this pathway
(enzymes CHS, CHI, F3H; fig. 1) are shared across multiple
flavonoid compounds (e.g., flavones and flavonols). The sub-
sequent steps involve the so-called branching enzymes F30H
and F3050H, which determine the type of anthocyanin pro-
duced, and the downstream enzymes DFR and ANS, which
convert the colorless precursors into pigments. Although the
entire flavonoid pathway contains dozens of genes, this group
of core enzymes (fig. 1) are largely responsible for controlling
metabolic flux toward anthocyanin pigments, and together
determine the amount and type of anthocyanins produced
(Grotewold 2006). This pathway is regulated at the level of
transcription, and the regulatory genes are well known
(Quattrocchio et al. 2006). In most flowering plants, the
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upstream steps are jointly regulated by MYB transcription
factors while the downstream steps are activated by a com-
plex of MYB, bHLH, and WD40 (MBW) transcription factors
(Mol et al. 1998; Stracke et al. 2007). The regulation of the
branching genes varies across species and is generally not as
well understood as for the structural genes (De Vetten et al.
1999; Schwinn et al. 2006; Albert et al. 2014).

In the context of the anthocyanin biosynthetic pathway,
evolutionary transitions in flower color appear to occur via a
small and predictable subset of possible mechanisms. For
example, although losses of pigmentation could occur by in-
activation along any branch of the pathway, convergent evo-
lutionary transitions to white flowers have been exclusively
linked to changes in the MYB genes that control the down-
stream elements of the pathway (reviewed in Sobel and
Streisfeld 2013). The fixation of these regulatory mutations
preserves the potential for expressing flavonoids in other
tissues, where they function, for example, in protection
from UV light (Ryan et al. 2001), signaling (Watkins et al.
2017), and pollen fertility (Mo et al. 1992). Similarly, repeat-
able patterns of genetic evolution have been described for the
evolution of floral hue, where transitions from blue to red
flowers frequently often involve genetic and developmental
changes inferred to incur minimal pleiotropic effects
(Wessinger and Rausher 2012). Nonetheless, these patterns
of apparent predictability in the mechanisms of flower color
evolution rely on a relatively small number of studies (e.g., five
in the case of fixed gains of floral anthocyanins; Sobel and
Streisfeld 2013).

Here, we use the Iochrominae clade (Solanaceae) to trace
the evolution of anthocyanin gene expression during re-
peated shifts among flower colors and quantify the extent
of convergence in pathway regulation. This group of around
40 species, native to South America, displays a remarkable
variety of flower colors, largely due to variation in anthocya-
nin pigmentation. Previous studies have shown that the an-
cestral flower color in the clade is blue with mainly
delphinidin-based anthocyanins (Smith and Baum 2006; Ho
and Smith 2016). Multiple lineages have lost these pigments
to shift to white or yellow flowers (Ho and Smith 2016), and
two lineages have evolved orange to red flowers with cyanidin
or pelargonidin pigments (Berardi et al. 2016). In two cases,
the genetic basis for these color transitions has been identi-
fied. In red-flowered Iochroma gesnerioides, the shift to pelar-
gonidin pigments occurred via the transregulatory loss of F30h
expression, and the inactivation of F3050h through gene dele-
tion (Smith and Rausher 2011). In the white flowered I. lox-
ense, the loss of pigment production involved an R3 MYB
repressor that blocks expression of multiple downstream
genes (Gates et al. 2018).

Although the genetic basis is unknown for the remaining
color transitions in Iochrominae, several lines of evidence
point to an important role of pathway regulation. First, a
study of molecular evolution of three core pathway genes
(the upstream Chi and F3h and the anthocyanin specific
Ans), revealing consistent purifying selection across the clade,
including lineages that have lost floral anthocyanins (Ho and
Smith 2016). Second, flavonoids, including anthocyanins, are
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FIG. 1. Simplified view of the flavonoid biosynthesis pathway adapted from Rausher (2006). Arrows indicate biochemical reactions catalyzed by
enzymes (white boxes). Intermediate metabolites are enclosed in gray boxes. Abbreviations as follows: LCP, leucopelargonidin; LCC, leucocyanidin;
LCD, leudodelphinidin; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F30H, flavonoid 30-hydroxylase; F305H,
flavonoid 30 ,50-hydroxylase; DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase. The methylated cyanidin derivative peonidin and
methylated delphinidin derivatives malvidin and petunidin not shown. The dashed arrow indicates that F3050H does not have 30 hydroxylation
activity in Iochrominae (Smith and Rausher 2011).
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abundant in vegetative tissue (Berardi et al. 2016) as well as
fruits (Smith SD, unpublished data), which is consistent with
the broad conservation of pathway function. Finally, phylo-
genetic analyses point to at least one regain of floral antho-
cyanins following loss, suggesting functionality of the
structural pathway genes was maintained, allowing renewed
floral expression of the pathway (Ho and Smith 2016).

In order to test the prediction that convergent flower color
shifts in Iochrominae have repeatedly involved similar regula-
tory changes, we combined a suite of biochemical, develop-
mental, and phylogenetic approaches. First, we profiled
anthocyanin pigment production across 28 species, and
estimated the evolutionary history of anthocyanin pigmenta-
tion in this clade. Next, we quantified the expression of seven
pathway genes and used statistical comparative methods to
investigate the relationship between gene expression and pig-
ment phenotypes. Given the likely pleiotropic effects of changes
to the early genes of the pathway on other flavonoids, we

predicted that the shifts from blue to white flowers involve
losses of expression of downstream elements of the pathway.
By contrast, we expected that transitions among the blue, pur-
ple, and red pigments involve differential regulation of the
branching enzymes. We further tested these predictions using
multivariate approaches to cluster the species in gene expres-
sion space. Together our analyses reveal a tight relationship
between floral expression of pathway genes, anthocyanin pig-
ment production, and flower color evolution in Iochrominae.

Results

Evolutionary Shifts in Pigment Production
Consistent with previous work in this system, species within
Iochrominae produce all three classes of anthocyanins, and
the types present are closely associated with the flower color
phenotype. The blue-flowered species produce delphinidin-
derived anthocyanins (fig. 2). While some blue-flowered
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FIG. 2. Evolution of main floral anthocyanidin pigments in Iochrominae. (A) Phylogeny of Iochrominae, with ancestral state reconstruction of
anthocyanidins from stochastic mapping, with root state fixed at delphinidin. Pies at nodes represent frequencies of node states across 1,000
simulations of character evolution. Disks at tips are colored by species main anthocyanidin pigment for each species 5 (supplementary fig. S1,
Supplementary Material online). (B) Transitions between character states, summarized over 1,000 stochastic histories, with arrow width propor-
tional to average number of transitions (see supplementary table S2, Supplementary Material online). Crosses indicate nodes with posterior
probability <0.95.
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Iochrominae make these pigments exclusively, most also syn-
thesize small amounts (<15%) of cyanidin-derived anthocya-
nins (supplementary fig. S1, Supplementary Material online).
The two red-flowered sister species, I. gesnerioides and I. fuch-
sioides produce the red anthocyanidin pelargonidin, and the
orange-red flowered I. edule is the only species which produ-
ces exclusively cyanidin (supplementary fig. S1,
Supplementary Material online). As predicted, six white or
yellow flowered species produce no detectable anthocyani-
dins (supplementary fig. S1, Supplementary Material online).

Analyses of trait evolution with stochastic mapping sup-
ported strong directionality in transitions among pigment
types (fig. 2), similar to previous work in this and other clades
(reviewed in Rausher 2008). The most common transitions
were inferred to be convergent losses of ancestral delphinidin
production, with stochastic mapping estimating an average
of five losses across the clade (fig. 2 and supplementary table
S3, Supplementary Material online). The persistence of just
four unpigmented lineages suggests that one of these tran-
sitions was reversed. The earliest loss likely occurred c. 3 Ma
on the branch leading to the “A” clade containing the unpig-
mented species I. ellipticum, I. salpoanum, I. confertiflorum,
Acnistus arborescens (fig. 2A). Additional more recent shifts
involved I. lehmannii, I. loxense, and D. solanacea. Stochastic
mapping estimated that transitions from unpigmented to
producing cyanidin occurred at least twice in the clade’s his-
tory (fig. 2B), although only one extant species, I. edule, pro-
duces this pigment exclusively. Its position, nested within the
unpigmented “A” clade, suggests that it has recently regained
floral anthocyanin expression. Shifts to floral pelargonidin
production are inferred to be rare, likely occurring only
once in the common ancestor of the two red-flowered spe-
cies. Several transitions (e.g., pelargonidin to cyanidin, delphi-
nidin to cyanidin) were never observed among the stochastic
maps (fig. 2 and supplementary table S3, Supplementary
Material online), indicating they are unlikely to have occurred
during the history of Iochrominae.

Evolution of Anthocyanin Pathway Gene Expression
Our comparative analysis of gene expression revealed distinct
evolutionary patterns across pathway genes. Expression levels
of the upstream genes (e.g., Chs, Chi, and F3h) were similar
across Iochrominae regardless of pigment composition, with
log fold-change values mostly between �1 and þ1, that is,
transcript concentrations within an order of magnitude of
the reference blue-flowered I. cyaneum (fig. 3A). There were a
few exceptions; for example, Chs had low expression (log fold-
change of �3) in the white-flowered I. ellipticum and F3h
showed moderate down-regulation (log fold-changes of
around�1.5) in several species which lack floral anthocyanins
(I. ellipticum, I. confertiflorum, and D. solanacea; fig. 3A). The
phylogenetic ANOVA suggested that despite these cases, spe-
cies without floral anthocyanins did not have significantly
lower expression for Chs, Chi, or F3h than their pigmented
relatives (fig. 3B). This pattern of conservation of upstream
gene expression in lineages that have lost floral anthocyanins
is consistent with their continued production of other floral
flavonoids, in particular flavonols (supplementary fig. S1,

Supplementary Material online). These compounds are typ-
ically as abundant in flower tissues as anthocyanins and re-
main abundant in most white- and yellow-flowered species
(Berardi et al. 2016; Larter M, Berardi A, and Smith SD, unpub-
lished data).

In contrast with the evolutionary conservation of expres-
sion observed for the upstream genes, the other elements of
the pathway showed strong color-specific patterns of expres-
sion. In the two red-flowered species, which produce only
pelargonidin, we observed extremely low expression of the
branching genes F30h and F3050h (with log fold change
of �3 or lower, or c. 1,000 times fewer transcripts than in
the reference blue species), while the remaining steps of the
pathway had comparable expression levels to blue-flowered
species (fig. 3B). In the unpigmented lineages, the two down-
stream genes Dfr and Ans showed similarly strong down-
regulation (log fold change of around �3), along with the
branching gene F3050h (fig. 3B). The retention of F30h
expression in these lineages is likely tied to the prevalence of
quercetin, a flavonol that requires F30H activity (fig. 1), in their
floral tissue (supplementary fig. S1, Supplementary Material
online). The cyanidin-producing species I. edule, which is
nested within the unpigmented A clade, has recovered expres-
sion of F3050h, Dfr, and Ans, although we were unable to assess
statistical significance with only a single tip (fig. 3A and B).

Coexpression Patterns of the Anthocyanin Pathway
Genes
Given that anthocyanin pathway genes are known to be
jointly regulated by MBW complexes, we used multivariate
approaches to quantify coexpression and relate these pat-
terns to floral pigmentation variation. The phylogenetic
PCA (pPCA) of expression levels grouped species by primary
pigment types, and thus flower color (fig. 4A). The first two
PC axes explained�90% of the variance (fig. 4A). The first PC
axis divides the pigmented and unpigmented species (fig. 4A),
with high loadings of expression levels of F3050h, Dfr, and Ans
(fig.4B). The second PC axis separates the red pelargonidin-
producing species from the rest of Iochrominae, with high
loadings of expression of branching genes F30h and F3050h.
The two centermost points, slightly detached from the blue-
flowered cluster, are the red-orange I. edule and purple-
spotted S. punctata. The separation of I. edule might be
expected as it is the only species producing primarily cyanidin
and has high F30h expression but relatively low F3050h expres-
sion. S. punctata produces primarily delphinidin, but expres-
sion levels for pathway genes are generally lower than the
other blue and purple taxa, perhaps due to the spotted
phenotype.

The pattern of grouping in gene expression space by pig-
ment type was confirmed by k-means clustering. With k¼ 3,
we recovered the same three clusters: the species that 1)
make no anthocyanins, 2) those that make pelargonidin,
and 3) those that make either delphinidin- or cyanidin-
based anthocyanins. This latter cluster is broken when
k¼ 4, but not into groups clearly reflecting different pigmen-
tation phenotypes. Both subclusters contain blue-flowered
species predominantly producing delphinidin, however they
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are slightly differentiated along PC1 of the pPCA of gene
expression (supplementary fig. S3, Supplementary Material
online).

In addition to identifying phenotypic clusters of species,
the pPCA highlights the high levels of correlated expression
among groups of pathway genes (fig. 4C). The upstream genes
Chs and Chi are significantly coexpressed with F3h across the
phylogeny (r2 ¼ 0.55 and 0.36; P< 0.001 and 0.02, respec-
tively; supplementary table S4, Supplementary Material on-
line), and these genes show no significant correlations with
the remaining genes. A similar pattern is exhibited by F3050h
and the downstream genes Dfr and Ans (r2 ¼ 0.49–0.87,
P< 0.001). Intriguingly, the expression of the branching

gene F30h shows no significant correlations with the expres-
sion of any of the other pathway genes. This result aligns with
previous crossing studies indicating an independent (uniden-
tified) transregulatory factor for this branch of the pathway in
Iochroma (Smith and Rausher 2011).

Discussion

Regulatory Mechanisms Drive Evolution of Floral
Pigmentation Intensity
Our results show that convergent losses of floral anthocyanin
production are driven at the pathway level by convergence in
the expression of pathway genes in Iochrominae. Ancestral
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delphinidin production has been lost independently in four
white- and yellow-flowered lineages, and in each case these
transitions are associated with 1,000-fold decrease in expres-
sion of the branching gene F3050h and the downstream genes
Dfr and Ans. These repeatable, coordinated expression shifts
at the macroevolutionary level are striking given the wide
range of mechanisms known to generate unpigmented flow-
ers in natural populations and horticultural varieties
(Streisfeld and Rausher 2011). For example, both regulatory
and structural mutations at the Chs loci have been found to
underlie white morphs of some normally pigmented species
(Habu et al. 1998; Coberly and Rausher 2003; Dick et al. 2011).
This contrast between the range of mechanisms that can give
rise to the derived phenotype and those that underlie species
level transitions suggests bias toward particular genetic paths,
possibly due to mutational target size or pleiotropy (Gompel
and Prud’homme 2009). Given that flavonoids play impor-
tant roles in physiological processes throughout the plant
(Winkel-Shirley 2001), pleiotropic effects of mutations that
change flower color are particularly likely to affect their prob-
ability of fixation over short- and long-evolutionary timescales
(Coberly and Rausher 2008).

Although we have not identified the exact genetic changes
that caused the coordinated down-regulation of F3050h, Dfr,
and Ans in the unpigmented lineages, several lines of evidence
point to a transregulatory mechanism. First, the tight coex-
pression of these three genes across the phylogeny suggests
that they belong to a single regulatory module. Indeed, Dfr
and Ans are known to be jointly regulated by an MBW tran-
scription factor complex in a wide range of taxa (Holton and
Cornish 1995; Mol et al. 1998). It appears that F3050h belongs
to this regulatory module in Iochrominae (Gates et al. 2018)
as it does many but not all eudicots (De Vetten et al. 1999;
Butelli et al. 2008; Albert et al. 2014). Furthermore, losses of
pigmentation in other lineages also tend to be driven by
transregulatory mutations (reviewed in Wessinger and
Rausher 2012; Sobel and Streisfeld 2013). These often involve
the MBW complex (e.g., Schwinn et al. 2006; Hoballah et al.
2007) and lead to loss of expression in the downstream genes
(Whittall et al. 2006; Cooley et al. 2011).

Among the transregulators of the downstream genes, the
MYB genes have emerged as the dominant players in flower
pigment evolution. Indeed, changes in these transcription
factors have been found to underlie every case of evolutionary
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gain or loss of anthocyanins in which the genetic basis has
been dissected (reviewed in Sobel and Streisfeld 2013). This
pattern may relate to the fact that MYBs are often highly
tissue-specific, and determine the transcriptional targets for
the MBW complex (Ramsay and Glover 2005). Thus either
cis- or coding mutations at these loci will have limited pleio-
tropic effects, relative to mutations in other elements of the
complex or in the pathway itself (Streisfeld and Rausher
2011). In addition to this activating role as part of the
MBW complex, MYB proteins can act at transcriptional
repressors of the anthocyanin pathway (Aharoni et al. 2001;
Albert et al. 2014; Liu et al. 2015). Most transitions to white or
yellow flowers involve loss-of-function mutations in the MYB
activators (Sobel and Streisfeld 2013) although in Iochroma
loxense, a gain-of-function in an MYB repressor was respon-
sible (Gates et al. 2018). Given the similarity we observe in
expression profiles, with strongest downregulation in F3050h,
Dfr, and Ans, changes at this same MYB repressor may un-
derlie the losses of floral pigmentation in other Iochrominae
lineages. Investigating this possibility will require a multiface-
ted approach as the rapid evolution of MYB genes and their
immense copy number (over 100 in Iochroma; Gates et al.
2016) complicates standard candidate gene experiments.

Understanding the mechanisms responsible for the re-
peated losses of floral anthocyanins in Iochrominae has im-
portant implications for potential regains of pigmentation.
Given that the structure of the pathway appears conserved
(Ho and Smith 2016) and remains active in nonfloral tissues
(Berardi et al. 2016; Smith SD, unpublished data), an evolu-
tionary gain of floral anthocyanins likely requires only reac-
tivation of the pathway in floral tissue. This could occur via
downregulation of a repressor (Yuan et al. 2013) or upregu-
lation of an activator (Streisfeld et al. 2013). Indeed, this may
be the case with I. edule, which has regained floral anthocya-
nins following a loss roughly 5 Ma. Compared with its white
and yellow relatives in the A clade, this species has elevated
F3050h, Dfr, and Ans expression, a change that could be
achieved by their shared regulator. Nonetheless, I. edule did
not regain the ancestral blue delphinidin pigmentation but
instead produces purple-pink cyanidin. This unique feature
may represent incomplete reversal, given that the expression
of F3050h (along with Dfr and Ans) is still lower than all of the
blue-flowered species (fig. 3B). Alternately, additional changes
in the pathway following the loss may have altered the con-
sequences for reactivation of the F3050h-Dfr-Ans module. For
example, DFR may have shifted its specificity to the less hy-
droxylated DHQ as cyanidin is more common in vegetative
tissue (Wessinger and Rausher 2012). The functionality of
F3050h may have also degraded since its products (myricetin
and delphinidin) do not appear in vegetative tissues of
A-clade species (Berardi et al. 2016; supplementary fig. S1,
Supplementary Material online).

Genetic Targets of Shifts in Floral Hue
In contrast to shifts in the intensity of pigmentation, shifts in
floral hue due to transitions between anthocyanin pigments
are driven by changes to the branching genes F30h and F3050h.
The relative activity of these enzymes determines the

abundance of the pigment precursors (the three dihydrofla-
vonols, fig. 1) and in turn, the flux toward the three classes of
pigments. Thus, shifts in F30h and F3050h expression can alter
which branch of the anthocyanin pathway is most active
thereby changing the main floral anthocyanin pigment
(Rausher 2008). Previous work in Iochroma demonstrated
that the loss of both F30H and F3050H activity is required
for the complete transition from the ancestral delphinidin
production to the derived pelargonidin production (Smith
and Rausher 2011). In the red-flowered I. gesnerioides, this
was achieved by flower-specific loss of F30h expression due
to a transregulatory change along with degeneration of the
F3050h gene. Here, we find that the downregulation of F30h is
also found in the red-flowered sister species I. fuchsioides. Both
species produce trace amounts of cyanidin in flowers and
leaves and substantial amounts of quercetin in leaves, indi-
cating that F30H remains functional (Berardi et al. 2016).
Additional studies will be required to determine whether I.
fuchsioides, like I. gesnerioides, lacks a functional F305h gene.
Even if I. fuchsioides has retained F3050h, its expression is es-
sentially undetectable in flowers (fig. 3A). In this case, the
initial loss of expression of F3050h in the common ancestor
of I. fuchsioides and I. gesnerioides may have set the stage for
the later degeneration of the coding sequence in one species
(I. gesnerioides).

Although the two red-flowered Iochroma are the result of
a single evolutionary transition, the patterns we observe mir-
ror those found in shifts in hue in other taxa. For example,
shifts from delphinidin to cyanidin or pelargonidin produc-
tion consistently involve coding and/or regulatory changes at
F3050h (Nakatsuka et al. 2006; Takahashi et al. 2010; Hopkins
and Rausher 2011; Wessinger and Rausher 2015) and exclu-
sively regulatory changes at F30h (Streisfeld and Rausher 2009;
Des Marais and Rausher 2010). Given these patterns,
Wessinger and Rausher (2012, 2015) posited that F3050h is a
“disposable” gene while F30h is constrained due to its func-
tions beyond flower color. Indeed, the flavonol quercetin,
which requires F30H activity has higher antioxidant and anti-
radical activity (Burda and Oleszek 2001; Hirano et al. 2001)
and provides better UV protection (Ryan et al. 2001, 2002)
than myricetin, which requires F3050H activity. Thus, the pleio-
tropic cost of losing F30h function is likely higher than that for
F3050h (Streisfeld and Rausher 2011).

Macroevolutionary Signatures of Regulatory Structure
Given the complex patterns of pigment production across
tissues and in response to environmental cues, the anthocy-
anin pathway has long served as a model for studying the
spatial and temporal regulation of metabolic pathways. Early
studies of anthocyanin regulation revealed that steps in the
pathway are often coordinately controlled by shared tran-
scription factors, but that these relationships can differ across
taxa. For instance, the anthocyanin biosynthetic genes are
divided into two coexpressed clusters (“early” and “late”
genes) in Eudicots, but which genes belong to those clusters
varies across taxa (e.g., Martin et al. 1991; Quattrocchio 1993;
Pelletier and Winkel-Shirley 1996). The discovery of these
regulatory relationships has and continues to rely on detailed

Convergent Evolution at the Pathway Level . doi:10.1093/molbev/msy117 MBE

2165

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article-abstract/35/9/2159/5034462 by guest on 07 August 2019

https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy117#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy117#supplementary-data


studies of transcription factor and structural gene expression
in experimental model systems (e.g., Quattrocchio 1993;
Butelli et al. 2008).

Our analyses suggest that comparative studies of gene ex-
pression at the pathway level may provide a complementary
approach to detecting coregulated modules. The phyloge-
netic PCA recovered the strong coexpression of F3050h, Dfr,
and Ans, a group that corresponds to “late” genes in the
model system Petunia (Mol et al. 1998; Albert et al. 2014).
The traditional “early” genes in Petunia (Chs, Chi, F3h;
Quattrocchio 1993) emerge here as a loose cluster, likely
reflecting the redundant regulation of these steps by multiple
MYB transcription factors (Quattrocchio et al. 2006). Finally,
the expression of F30h, which is controlled by a separate trans-
regulator (Smith and Rausher 2011), is decoupled from other
parts of the pathway. The close correspondence between the
correlation structure of expression variation in these genes
and the regulatory structure known from plant model sys-
tems likely reflects the predominance of transregulatory
mutations in flower color evolution. If indeed the fluctuation
in pigment intensity across the clade arises from changes in
shared MYB transcription factors, multiple genes will show
highly correlated variation at a phylogenetic scale. Equally,
gene that experience independent control will lack such cor-
related variation.

Conclusions and Future Directions
Evolutionary constraints at the pathway level restrict the
available trajectories between floral pigmentation pheno-
types, leading to strong predictability of the mechanisms in-
volved in phenotypic transitions. The predictable
involvement of regulatory changes in branching and down-
stream steps of the pathway likely arises from selection for
maintaining the production of fitness-related flavonoid com-
pounds in other tissues. At the scale of an entire clade, our
study supports key features of flower color evolution that
have emerged from a growing number of studies in model
systems. In particular, we show that evolutionary losses of
anthocyanins predictably involve reversible regulatory shut-
down of the late pathway genes. Moreover, changes of floral
hue require reduced activity of the branching genes, although
the underlying mechanism varies due to pleiotropic and reg-
ulatory constraints. One explanation for the repeatability of
evolution is that while many changes can produce the same
phenotypic outcome (e.g., a coding change to an early path-
way gene inducing loss of floral pigments), some are filtered
out through selection within populations, due to their nega-
tive pleiotropic effects (Gompel and Prud’homme 2009). Rare
unpigmented morphs are found in multiple blue-flowered
Iochrominae species, with previous research showing that
in one case, this intraspecific variation is due to a loss-of-
function mutation to the late gene Dfr (Coburn et al.
2015). Further work in several polymorphic species could
shed some light on the fixation advantage of minimally pleio-
tropic mutations at the population level explaining the bias in
mechanisms visible at longer evolutionary timescales (Stern
and Orgogozo 2008; Gompel and Prud’homme 2009).

Materials and Methods

Study System
Iochrominae are distributed across Western South America,
from Columbia and Peru to Brazil and northern Argentina.
Flower buds were collected from natural populations for 19 of
the species. The remaining nine species were grown from seed
at the UC-Boulder EBIO Greenhouses. Greenhouse plants
were placed outside two to three weeks prior to flower bud
collection to provide natural light (without UV filtering) to
maximize the stimulation of the anthocyanin pathway. We
obtained samples from at least three individuals per species,
with the exception of I. ellipticum from the Galapagos Islands,
for which we only have one individual, and Vassobia breviflora
for which we only have two individuals. Vouchers and acces-
sion numbers are available in supplementary table S1,
Supplementary Material online.

Anthocyanin Identification and Quantification
We separated and quantified anthocyanidins (aglycones of
anthocyanins) and closely related flavonoids (flavones, flavo-
nols) from floral tissue using High Performance Liquid
Chromatography (HPLC). Following Berardi et al. (2016), we
extracted anthocyanidins and other flavonoids from silica-
dried floral tissue using the acid hydrolysis procedure of
Harborne (1998) with minor modifications. Dried extracts
were resuspended in methanol with 1% HCl (v/v), and
10 ll were injected and analyzed using an Agilent Infinity
1260 Infinity Series HPLC system with a 100 � 4.6 mm
Chromolith Performance RP-18 endcapped column (EMD
Chemicals, Darmstadt, Germany) and a photodiode array
detector (PDA; scanning from 200 to 600 nm at a step of
2 nm). Separation of the compounds followed the protocols
of Berardi et al. (2016). Peaks were detected at 520 nm for
anthocyanidins and 365 nm for flavones and flavonols and
identified by comparison of retention times and UV-VIS ab-
sorbance spectra with commercial standards (Extrasynthese,
Genay, France). Chromatograms were visualized using Agilent
ChemStation for LC 3 D Systems (Rev. B0403, Waldbronn,
Germany). Concentrations were scaled by tissue weight and
were estimated by comparing the area of each chromatogram
peak to those from dilution series of the corresponding stand-
ards. Two of the anthocyanidins (cyanidin and delphinidin)
have methylated derivatives, and these were summed for
each to obtain the total amount of cyanidin- and
delphinidin-derived anthocyanins, that is, matching each
branch of the pathway (fig. 1). Relative amounts of the three
classes (pelargonidin-, cyanidin-, and delphinidin-derived
anthocyanins) were calculated to identify the principal pig-
ment and minor pigments in each species. HPLC data for nine
species in this data set were previously published in Berardi
et al. (2016).

Quantification of Anthocyanin Pathway Gene
Expression
Floral buds were collected at a stage roughly equivalent
to Petunia bud Stage 5 (Pollak et al. 1993), at which time
both the early and late parts of the pathway are expressed
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(Smith and Rausher 2011). Tissue was preserved in RNAlater
(Qiagen, Valencia, CA), or flash frozen if collected from a
greenhouse plant. The protocol for measuring gene expres-
sion followed previous work (Coburn et al. 2015). Briefly, total
RNA was extracted using the Spectrum kit (Sigma–Aldrich,
St. Louis, MO), and on-column DNase digestion (Qiagen) was
used to remove genomic DNA. Following reverse transcrip-
tion with the SuperScriptII Reverse Transcription kit (Life
Technologies, CA), newly synthesized cDNA was used as a
template for amplification of the gene fragments using pre-
viously designed primers for seven pathway genes Chs, Chi,
F3h, F30h, F3050h, Dfr, and Ans and a reference “housekeeping”
gene, the elongation factor EF1-a. The qPCR mix contained
10ml of SYBR green dye (Finnzymes, Espoo, Finland), 0.8ml
primers, 0.4ml reference dye, and 0.8ml cDNA (2 ng), and 8ml
H2O. The qPCR program proceeded with 10 min at 95�C,
then 40–50 cycles of 95�C for 20 s followed by 55�C for
60 s, ending with a dissociation stage, at 72�C for 10 min.
Three replicate reactions were run for each individual, and
the resulting amplification curves were imported into R for
analysis (R Core Team 2017). From the log-linear phase of
these amplification curves, we obtained the parameters of the
relative expression ratio model (Pfaffl 2001), that is, the cross-
ing points and amplification efficiency (Peirson et al. 2003).
We normalized expression of each of the pathway genes by
the expression of the reference gene, ef1-a (following Pfaffl
2001) and calculated log10 fold-change in gene expression
relative to a single control individual of the blue-flowered I.
cyaneum. This blue color is similar to other blue-flowered
Iochroma species and is thought to be the ancestral state in
the clade, and we used the same individual of I. cyaneum as a
reference in previous gene expression studies (Smith and
Rausher 2011). In the comparison of any individual’s expres-
sion to this control individual, a fold-change of 0 means equal
expression in sample and control, whereas positive or nega-
tive fold-change values indicate higher and lower expression
relative to the control, respectively. Each unit of fold-change
represents an order-of-magnitude change in the initial con-
centration of gene transcripts in the sample, again relative to
the control.

Stochastic Mapping of Pigment Evolution
In order to understand evolutionary shifts in floral pigmen-
tation, we reconstructed the evolution of pigment produc-
tion in Iochrominae using maximum likelihood with ace {ape}
(Paradis et al. 2004) and stochastic mapping (SM) using
make.simmap {phytools} (Revell 2012) in R version 3.4.2
(R Core Team 2017). SM is a Bayesian approach that simulates
possible histories (“maps”) of discrete character evolution on
a phylogeny based on a model of character evolution
(Huelsenbeck et al. 2003). Here, we employed an all-rates
different model, where transition rates among all states are
allowed to vary independently. The simulations can be sum-
marized to give the posterior probability of each state at each
node, as well as posterior distributions of the frequency of
events, that is, the number of transitions to and from each
character state across the tree. Using HPLC pigment profiling,
we scored taxa as based on their primary pigment type

(delphinidin, cyanidin, pelargonidin, or none), giving us four
possible states. Based on our maximum likelihood reconstruc-
tion (supplementary fig. S2, Supplementary Material online)
in addition to biochemical and phylogenetic analyses at the
family level (Ng and Smith 2016), we fixed the root state to
delphinidin for SM and completed 1,000 simulations of char-
acter evolution. For these and subsequent analyses, we used
the previously published, time-calibrated, maximum clade
credibility tree for Iochrominae (Smith and Goldberg 2015).

Comparative Analyses of Gene Expression
We used phylogenetic comparative methods to test the re-
lationship between levels of gene expression and pigment
type. We removed I. ellipticum from the data set because
we only have one individual. For each of the seven pathway
genes, we implemented a phylogenetic ANOVA using gls
{nlme} (Pinheiro et al. 2014). For this analysis, we grouped
together all species based on which pigments they make
(delphinidin, pelargonidin, and none) in order to test how
gene expression varies by pigment type. With only one species
(I. edule) producing cyanidin as the primary pigment, we ex-
cluded this species. In order to account for phylogenetic non-
independence, we incorporated the correlation structure
based on the phylogeny, with the strength of signal modeled
with Pagel’s k (Pagel 1999) using corPagel {ape}. This correla-
tion structure, with k estimated from the data, produced a
better fit than Brownian motion or the Ornstein–Uhlenbeck
model (results not shown).

Next, we examined patterns of coexpression across path-
way genes in the context of phenotypes using multivariate
comparative methods. We implemented phylogenetic PCA
(pPCA) because standard PCA in comparative settings can
mislead inferences (Uyeda et al. 2015). We used the function
phyl.pca {phytools} (Revell 2009), again with Pagel’s k to ac-
count for the strength of phylogenetic signal. To estimate
pairwise gene expression relationships, we extracted the phy-
logenetic correlation matrix using code from the phyl.pca
function. These pairwise correlations are equivalent to phy-
logenetic generalized least squares (or PGLS) using Pagel’s k.
We then computed P values with the Bonferonni correction
for multiple testing, using corr.p {psych}. Given that species
with the same pigment type might be expected to group in
gene expression space, we detected clusters using k-means
clustering (supplementary fig. S3, Supplementary Material on-
line), assuming two to four clusters with the {stats} package in
R (R Core Team 2017). This method aims to minimize within-
cluster variance while maximizing differences among clusters
for a given number of clusters.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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