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Introduction
Elucidating the genetic basis of adaptive divergence across
species requires connecting phenotypic evolution to differences in gene regulation and function, and ultimately, to
individual nucleotide substitutions. Knowledge of the specific contributions of individual nucleotides is necessary, for
example, to determine whether new phenotypes can arise
by a single mutation (Newcomb et al. 1997; Hoballah et al.
2007) or require multiple substitutions (Peichel et al. 2001;
Steiner et al. 2008). These mutations may act additively,
following the classic Fisherian model of adaptation (Fisher
1930), or may interact with each other epistatically, that is,
may result in different effects depending on the state of
other sites (Lynch and Walsh 1998; Phillips 2008). Epistatic
interactions can have important consequences for shaping
evolutionary trajectories (Whitlock et al. 1995; Ostman et al.
2012). For example, negative epistasis, a commonly observed
pattern in which one mutation reduces the phenotypic
effect of other mutations, helps to explain diminishing
rates of adaptation over time in response to selection
(Chou et al. 2011; Khan et al. 2011; Rokyta et al. 2011). In
addition to affecting rates of adaptation, epistatic interactions can constrain the specific pathways accessible via

selection. In particular, sign epistasis, in which the effect of
mutation can be positive or negative depending on other
mutations present, has been shown to limit the order of
mutations during evolutionary transitions (Weinreich et al.
2005). Although several experimental evolution studies have
documented sign epistasis for mutations within a single gene
and for multiple loci (Weinreich et al. 2006; Kvitek and
Sherlock 2011), this form of epistasis may be less common
than magnitude (positive or negative) epistasis (Betancourt
2010; Khan et al. 2011). Beyond experimental studies in microbial and viral systems, an alternative approach to understanding the evolutionary importance of sign epistasis is the
use of phylogenetic and functional methods to trace the
order and effects of substitutions fixed during an adaptive
transition and compare the inferred pathway with other
possible trajectories (Dean and Thornton 2007). Although
this approach has been employed in only a handful of studies of physiological traits, the results implicate a major role
for sign epistasis in constraining the evolution of protein
function (Ortlund et al. 2007; Bridgham et al. 2009).
Here, we apply phylogenetic and functional methods to
examine the history of protein evolution and the prevalence
of epistatic interactions during an evolutionary transition in
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Dissecting the genetic basis for the evolution of species differences requires a combination of phylogenetic and molecular genetic
perspectives. By mapping the genetic changes and their phenotypic effects onto the phylogeny, it is possible to distinguish
changes that may have been directly responsible for a new character state from those that fine tune the transition. Here, we use
phylogenetic and functional methods to trace the evolution of substrate specificity in dihydroflavonol-4-reductase (Dfr), an
anthocyanin pathway gene known to be involved in the transition from blue to red flowers in Iochroma. Ancestral state
reconstruction indicates that three substitutions occurred during the flower color transition, whereas several additional substitutions followed the transition. Comparisons of enzymatic function between ancestral proteins in blue- and red-flowered lineages
and proteins from present-day taxa demonstrate that evolution of specificity for red pigment precursors was caused by the first
three substitutions, which were fixed by positive selection and which differ from previously documented mutations affecting
specificity. Two inferred substitutions subsequent to the initial flower color transition were also adaptive and resulted in an
additional increase in specificity for red precursors. Epistatic interactions among both sets of substitutions may have limited the
order of substitutions along branches of the phylogeny leading from blue-pigmented ancestors to the present-day red-flowered
taxa. These results suggest that the species differences in DFR specificity may arise by a combination of selection on flower color
and selection for improved pathway efficiency but that the exact series of genetic changes resulting in the evolution of specificity
is likely to be highly contingent on the starting state.
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an ecologically important morphological trait, flower color.
Our previous studies documented the genetic basis for the
evolution of red flowers from a blue ancestral state in
the Andean genus Iochroma (Solanaceae) via changes in
the anthocyanin pathway, part of the larger flavonoid biosynthetic pathway. In Iochroma, as well as in many other
flowering plant clades, blue flowers produce blue delphinidin-derived anthocyanin pigments, whereas red flowers produce red pelargonidin-derived anthocyanins (fig. 1). From an
analysis of reciprocal backcrosses between a blue species
(Iochroma cyaneum) and a red species (I. gesnerioides), we
demonstrated that the flower color difference was due to
three genetic changes in the anthocyanin pathway: the downregulation of flavonoid-3’ hydroxylase (F3’h), the deletional
inactivation of flavonoid 3’5’ hydroxylase (F3’5’h), and changes
in the coding sequence of dihydroflavonol-4-reductase (Dfr)
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(fig. 1). These coding sequence differences at Dfr have clear
functional consequences as the Dfr copies from the two
species have markedly different substrate specificities
(Smith and Rausher 2011). The copy from the red-flowered
I. gesnerioides has significantly greater activity on dihydrokaempferol (DHK), the precursor of red pelargonidin pigments, and weak activity on the blue and purple pigment
precursors, dihydromyricetin (DHM) and dihydroquercetin
(DHQ). Conversely, the copy from the blue-flowered
I. cyaneum has greatest activity on DHM and DHQ and
significantly lower activity on DHK.
Although these previous studies show that the DFR substrate specificity contributes to the present-day difference in
pigment production in the red- and blue-flowered species
in Iochroma, it remains unclear whether changes at this
locus were directly involved in the flower color transition.
Although the changes at the two other loci (F3’h and
F3’5’h) were necessary for the evolution of red flowers, the
shift in DFR function was not (Smith and Rausher 2011).
Specifically, the change in DFR substrate specificity would
only cause a change in flower color if it occurred before
changes at the other two loci. However, if the change at
DFR arose after changes at the other loci, it would not have
resulted in a change in flower color. In this case, the shift in
substrate specificity could have been selected for improving
pathway efficiency.
Distinguishing these two scenarios requires reconstructing
the history of amino acid substitutions and functional evolution at the Dfr locus. Any substitutions that were directly
involved in flower color evolution must map to the branch
of the Iochroma phylogeny where the transition from blue to
red flowers occurred and should show evidence of positive
selection if they were adaptive due to their effects on flower
color. Moreover, if their effect is mediated by a change in
substrate specificity, we expect them to cause an increase
in relative activity (RA) on red precursors relative to the
ancestral state. By contrast, adaptive substitutions that
occur after the appearance of red flowers (and necessarily
after the changes at F3’h and F3’5’h) are most likely to have
been selected for improved efficiency of the pigment pathway. These would similarly be expected to improve RA on the
precursors of red pigments. Substitutions that occurred
before the flower color transition may have been selected
due to advantageous pleiotropic effects on flavonoid composition, but they would not be implicated in origin of red
flowers.
In this study, we combine ancestral state reconstruction
and in vitro assays of enzyme function to trace the history of
DFR evolution during the transition from blue to red flowers
in Iochroma. Given that the functionally distinct Dfr copies
from I. cyaneum and I. gesnerioides differ by 12 amino acids
(Smith and Rausher 2011), this phylogenetic approach will
allow us to distinguish which of these substitutions may
have played a role in flower color evolution. Specifically,
we aim to address the following questions: 1) Which Dfr
mutations coincide with the flower color transition (i.e.,
map to the branch of the phylogeny where flower color
changed) and which occurred subsequent to the transition
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FIG. 1. Changes in the anthocyanin pathway responsible for the evolution of red flowers in Iochroma. Pathway enzymes (circled) include
flavanone 3-hydroxylase (F3H), flavonoid 3’-hydroxylase (F3’H), flavonoid 3’,5’-hydroxylase (F3’5’H), dihydroflavonol reductase (DFR), and
anthocyanidin synthase (ANS) (Holton and Cornish 1995). DFR converts
dihydroflavonols (DHK, DHQ, and DHM) into leucoanthocyanidins (e.g.,
leucopelargonidin, LCP), which are subsequently modified to form
three colored anthocyanidins (pelargonidin, cyanidin, and delphinidin).
These three can be converted into other anthocyanidins (e.g., peonidin
and malvidin; not shown). Finally, anthocyanidins are modified by
the addition of sugars and other moieties to form anthocyanins.
Three pathway changes were involved in the evolutionary transition
from blue flowers with delphinidin-derived pigments to red flowers
with pelargonidin-derived pigments: the deletion of the F3’5’h gene
(indicated with the gray X), the downregulation of F3’h (indicated
with the gray arrow), and a shift in DFR substrate specificity (indicated
with the bold oval).
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(i.e., are within red-flowered lineages)? 2) Which, if any,
of these mutations were subject to positive selection? 3) Of
those subject to positive selection, are they associated with
detectable differences in substrate specificity? 4) Do selected
mutations with functional effects show epistatic interactions
with respect to substrate specificity? Functionally significant
mutations that occurred during the transition and that were
positively selected become candidates for causing the flower
color change, whereas those that were fixed following
the transition point to alternative selective forces acting on
DFR function. Significant epistatic interactions among these
functional mutations would imply that certain mutational
pathways may be favored during the evolution of substrate
specificity in DFR.

Materials and Methods
For ancestral state reconstruction and analyses of molecular
evolution, we examined the Dfr sequence in the two
red-flowered, pelargonidin-producing species of Iochroma
(I. gesnerioides and I. fuchsioides) and their blue-flowered,
delphinidin-producing sister species (I. baumii and I. calycinum) (Smith and Baum 2006). We sampled six additional
species in the subtribe Iochrominae, representing each of
the major clades (supplementary table S1, Supplementary
Material online). Two of these species (I. loxense and
D. solanacea) do not produce anthocyanin pigments in
their corollas but are likely to have maintained DFR for producing pigments in other tissues. We also included six other
Solanaceae, spanning both close and distant relatives of
Iochrominae (Olmstead et al. 1999, 2008). Finally, as
outgroup taxa, we added Dfr sequences from Evolvulus (in
the sister family, Convolvulaceae) and from Gentiana, a more
distantly related member of the Asterids (Bremer et al. 2002).
Full coding sequences of the single-copy Dfr were amplified
from floral bud cDNA or genomic DNA from each sampled
species of Iochrominae following Smith and Rausher (2011).
Two Iochrominae-specific primers (DFR73F 5’-TCTGAAAAT
GGCAAGTGAAG and DFR1275R 5’-GAAGCAAACATTATCG
CTAGGCAAGCT) were used for amplification, and two
additional primers (DFR570F 5’-GCTAAGAAGATGACAGGA
TGG and DFR778R 5’-GKGGRAAYGTAGGTGTGATGA) were
used in sequencing. Primer numbers refer to their position
in Petunia hybrida Dfr (Genbank X15537). Polymerase chain
reaction products were cloned using the pGEM-T Easy vector
system (Promega, Madison, WI), and eight clones were
sequenced per product. Distinct alleles recovered from heterozygous individuals during the cloning were retained in the
data set for downstream analyses (supplementary table S1,
Supplementary Material online).

Ancestral State Reconstruction
The evolution of the DFR protein in Iochroma was reconstructed using the codeml program in PAML 4.2b (Yang
2007). We specifically aimed to infer the amino acid sequence
of the most recent common ancestor of the blue and
red Iochroma (Blue Ancestor in fig. 2C) and the common

ancestor of the two red species, I. gesnerioides and
I. fuchsioides (Red Ancestor in fig. 2C). The change in flower
color is inferred to have occurred between these two nodes of
the tree, and thus, any sequence differences between these
nodes could be involved in the color transition. The JTT + G
model of amino acid evolution (Jones et al. 1992) was applied
to estimate ancestral sequences using two phylogenies: the
species phylogeny from the literature based on multiple plastid and nuclear markers (Smith and Baum 2006; Olmstead
et al. 2008) and the maximum likelihood Dfr gene tree,
inferred with a GTR + + I model of evolution in RAxML
7.04 (Stamatakis 2006). We also examined the credibility of
the relationships in the Dfr tree using a Bayesian analysis, run
with the same model of evolution in MrBayes 3.1.2 (Ronquist
and Huelsenbeck 2003) with 2 million generations, where
convergence was reached after 200,000 generations as
judged by average standard deviation of split frequencies
less than 0.01. The topologies from maximum likelihood
gene tree and species tree were very similar, both showing
the red-flowered clade of I. fuchsioides and I. gesnerioides as
sister to two blue-flowered species, I. baumii and I. calycinum
with high posterior probability (PP; fig. 2A). However, in the
Dfr gene tree, one of the I. fuchsioides alleles appears more
closely related to I. gesnerioides (supplementary fig. S1,
Supplementary Material online). The full Dfr sequence alignment and the two phylogenies are available through
Treebase.org (Study No. 11848).
To relate differences between the blue ancestral sequences
and red derived sequences to the DFR molecule, we mapped
the inferred substitutions to the crystal structure from Vitis
(Petit et al. 2007). The structure was downloaded from www.
pdb.org and viewed with Swiss-PdbViewer v.4.04 (Guex
and Peitsch 1997). The position of each substitution in
Iochroma DFR was identified by alignment to the Vitis protein
sequences.

Tests for Selection
Codon-based maximum likelihood methods, implemented
in PAML 4.2b (Yang 2007), were used to test for evidence
of positive selection on DFR and in particular along the
branches leading to the red-flowered species. These methods
estimate the ratio of nonsynonymous to synonymous substitution rates (dN/dS or !) as a measure of selection where
values of 1 indicate neutral evolution, less than 1 indicate
purifying selection, and greater than 1 indicates positive
selection. To determine whether changes in DFR were positively selected during the color transition, we used two sets of
models: branch based and branch-site based. In the first
branch based set, we compared model L0, in which all lineages share a single value for !, to model L1, in which the
value of ! is allowed to differ between the background (blue
pigmented) and foreground (red pigmented) branches (Yang
1998).
Next, to identify sites in the foreground branches potentially under positive selection, we compared two branch-site
models, model A and a null model (Yang and Nielsen 2002).
The positive-selection model (model A) has four classes of
3
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sites: site class “0” where sites are constrained (! < 1) across
all branches, site class “1” where sites are evolving neutrally
across all branches (! = 1), site class “2a” where sites are constrained in the background but positively selected (! > 1) in
the foreground, and site class “2b” where sites are neutral
in the background but positively selected in the foreground.
The null model comprises the same four classes but restricts
! to 1 in the foreground branches for the last two site classes
(2a and 2b). In both cases, PAML provides maximum
4

likelihood estimates for the proportion of sites falling into
each of the classes and the values for ! (unless fixed to 1).
All model comparisons in PAML were carried out on both
18-taxon phylogenies (the species tree and the maximum
likelihood Dfr gene tree). However, as both gave nearly identical results in terms of estimates of !, levels of significance for
likelihood ratio tests, and posterior probabilities for selected
sites, only the results with the species tree are presented
below.
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FIG. 2. DFR sequence evolution in Iochroma. (A) Maximum likelihood phylogeny of Dfr. Taxon sampling within Iochrominae includes eight Iochroma
species (I.) and two species of Dunalia (D.); two outgroups (Evolvulus and Gentiana) have been pruned. Also, one of the two alleles was randomly pruned
from heterozygous individuals (supplementary table S1, Supplementary Material online). Red-flowered species and lineages are in bold. Branches with
greater than 95% PP are indicated with an asterisk. (B) Structure of DFR protein, with numbering based on Vitis vinifera (Petit et al. 2007). Sites
important for substrate binding based on the V. vinifera crystal structure are indicated with an asterisk along the top. The shaded region (positions
131  156) is an area thought to be important for substrate specificity (Johnson et al. 2001). Locations of mutations involved in the evolution of
substrate specificity in Iochroma are shown with arrows below. (C) A reduced phylogeny showing the evolution of substrate specificity in the
red-flowered lineages. Pie charts indicate the relative activity of each present-day or ancestral protein sequence on the three substrates (DHM,
DHQ, and DHK, fig. 1). The most recent common ancestor of the red- and blue-flowered species (Blue Ancestor, BA) and the common ancestor
of the red-flowered species (Red Ancestor, RA) are labeled. The five amino acid substitutions between the Blue Ancestor and red-flowered Iochroma
gesnerioides lineage are shown with single-letter abbreviations and their position in the sequence (substitutions along other branches of the tree are not
listed). The corresponding positions in V. vinifera (Vv) are also noted in parentheses.
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Results

To examine the effects of the inferred substitutions on
enzyme function, we used site-directed mutagenesis to generate Dfr alleles corresponding to ancestral sequences.
Specifically, we created sequences for the Blue and Red ancestors by introducing mutations into the red I. gesnerioides
sequence. These ancestral sequences were unambiguously
reconstructed from present-day taxa (supplementary fig. S1,
Supplementary Material online). In addition, we created all six
possible intermediate sequences involving the three mutations (M1–M3) that occur on the branch from the Blue
ancestor to the Red ancestor, as well as the two possible
intermediate sequences involving the two mutations (M4
and M5) that distinguish the Red ancestor from I. gesnerioides.
This set of mutated sequences is described in supplementary
table S2, Supplementary Material online. Mutagenesis
was performed with the GeneTailor site-directed mutagenesis system (Invitrogen, Carlsbad, CA). Resulting alleles
were recombined into the pDEST 14 expression vector
(Invitrogen).
To assay enzyme activity, the expression vector containing
a particular Dfr sequence was transformed into BL21 Star
(DE3) Escherichia coli cells (Invitrogen), and the protein
was expressed and harvested as described previously (Smith
and Rausher 2011). For each assay, 375 ml of the enzyme
suspension was divided equally among into three separate
reactions, one for each substrate (DHK, DHQ, and DHM,
fig. 1). Each 0.5 ml reaction contained 0.5 mmol substrate
along with buffer and cofactors following Stafford and
Lester (1982). Substrates were obtained from TransMIT
(Marburg, Germany), Sigma (St. Louis, MO), and Apin
Chemicals (Abingdon, UK), respectively. Raw activity was
measured as mmoles product produced. For analysis, these
values were converted to RA by dividing each value by the
sum of the values for the three substrates. High RA on one
particular substrate indicates high specificity for that substrate, whereas equal RA on all three substrates indicates
low substrate specificity. Three full replicates (i.e., resulting
from three separate expression reactions) were run for each
Dfr sequence.

Ancestral State Reconstruction

Statistical Analyses
Differences in RA across sequences were tested by analysis
of variance using the GLM procedure in SAS version 9.2
(SAS Institute, Inc., Cary, NC). Contrast statements were
used to test for differences between specific sequences.
The Wilk’s l statistic and its F approximation were used for
evaluation of statistical significance in the multivariate
case. We also used univariate analyses to compare RA on
each substrate. For these analyses, probability levels associated
with F values were adjusted using a Bonferroni correction
by dividing the significance criterion by the total number
of univariate effects evaluated in an analysis. All RA values
were arcsin-square root transformed for analyses of statistical
significance but not when estimating activity means or
differences.

We applied maximum likelihood ancestral state reconstruction methods to infer the series of amino acid substitutions
that occurred during the transition from blue to red flowers
in Iochroma. Codon-based reconstructions indicated that
three substitutions (M1–M3) occurred along the branch leading from the Blue Ancestor to the Red Ancestor (fig. 2C).
All three substitutions were estimated with 100% PP, regardless of whether the species tree or the gene tree was used
(supplementary fig. S1, Supplementary Material online).
An additional pair of substitutions (M4 and M5) was inferred
along the branch leading from the Red Ancestor to I. gesnerioides (fig. 2C). Any of these substitutions, unique to the
red-flowered lineage, may have contributed to the previously
documented difference in substrate specificity between
blue and red Iochroma species. Mapping these substitutions
to the DFR crystal structure from Vitis indicated that four
of the five substitutions (M1–M4) occurred near the active
site of the enzyme (supplementary fig. S2, Supplementary
Material online), and one of them (M2) corresponds directly
to a residue in Vitis (227) that binds to the region of the
substrate which distinguishes DHK from DHM and DHQ.
The final mutation (M5) is located in a highly variable
region near the C-terminus, distant from the active site
(fig. 2B, supplementary fig. S2, Supplementary Material
online).

Analysis of Positive Selection
Maximum likelihood methods were also used to test whether
the mutations in DFR were fixed by positive selection during
and following the transition to red flowers. We first compared
two branch-based models, model L0 with a single ! and
model L1 with two different ! values for the blue and red
branches of the phylogeny (bold branches in fig. 2A and C).
Model L0 estimated a ! of 0.184 across all the branches,
indicating an overall pattern of purifying selection on DFR
(table 1). However, model L1 had a significantly higher likelihood than model L0, suggesting that ! differs between the
background (blue) lineages and the foreground (red) lineages.
Although there was purifying selection on the background
branches (! = 0.178), there was strong positive selection on
the foreground branches (! = 1, due to the absence of synonymous substitutions on these branches) in model L1.
We also employed branch-site models to determine which,
if any, of the mutations along the red-flowered lineages were
under positive selection. We compared two branch-site
models, model A and the null model (Yang and Nielsen
2002). Both allow sites to vary between the foreground and
background branches although only model A allows for some
sites to experience positive selection in the foreground (red)
branches. Model A resulted in a significantly higher likelihood
(table 1), suggesting that a subset of sites is under positive
selection in the red-flowered lineages. Moreover, the Bayesian
estimation of positively selected sites (with ! > 1) included
all three of the sites that exhibited amino-acid substitutions
5

Downloaded from http://mbe.oxfordjournals.org/ at Duke University on December 14, 2012

Site-Directed Mutagenesis and Enzyme Assays

MBE

MBE

Smith et al. . doi:10.1093/molbev/mss255
Table 1. Maximum Likelihood Tests for Positive Selection on DFR.
Branch Models
L0
L1
Branch-Site Models
Null model (site class: proportion):
0: p0 = 0.353
1: p1 = 0.076
2a: p = 0.470
2b: p = 0.101

dN/dS
xall = 0.184
xblue = 0.178, xred = inf.

ln L
5,068.29
5,060.76**

dN/dS

ln L
4,989.08

x = 0.093
x=1
xblue = 0.093, xred = 1
xblue = 1, xred = 1

Model A (site class: proportion):

4,984.70*
x = 0.093
x=1
xblue = 0.093, xred = 1
xblue = 1, xred = 1

81 Va
148 Vb (M4)
220 La (M1)
241 Qa (M2)
271 Ha (M3)
312 Mb
355 Aa (M5)

NOTE.—Models are described in the text. Likelihood values were compared with a likelihood ratio test with one degree of freedom (Yang 1998;
Yang and Nielsen 2002). When the BEB sites (listed as position and single letter amino acid code) correspond to mutations investigated
functionally, the mutation number is given in parentheses. The species tree was used as the phylogeny in all tests.
Sites inferred to be under positive selection (Bayes Empirical Bayes or BEB sites) are listed with a and b indicating greater than 99% and 95% PP,
respectively.
*P value < 0.01.
**P value < 0.001.

(M1–M3) associated with the change in substrate specificity
and the two changes (M4 and M5) specific to the I. gesnerioides lineage. These analyses indicate that the five substitutions are likely to reflect adaptations associated with the
transition from a DFR enzyme that was specialized on the
substrate DHM, the precursor of blue delphinidin pigments,
to one that is specialized on DHK, the precursor of red pelargonidin pigments. The two additional sites identified as
having moderate to strong evidence of positive selection
(81 V and 312 M, table 1) reflect substitutions along
red-flowered I. fuchsioides lineage (supplementary fig. S1,
Supplementary Material online), which may have similarly
brought about additional improvement in activity on DHK
as observed with I. gesnerioides (see later).

Changes in Substrate Specificity
The finding that all five amino acid substitutions M1–M5
were fixed by positive selection implies that each substitution
had an effect on enzyme function. An analysis of variance of
RA on the three substrates supports this inference. We first
performed a factorial multivariate analysis of variance with
mutations M1–M3 that occurred along the branch from the
Blue Ancestor to the Red Ancestor as the factors to test the
significance of their effects on RA (supplementary table S3,
Supplementary Material online). In this analysis, the main
effects of all three mutations were highly significant
(table 2), indicating that each mutation affected RA. In addition, all two-way, as well as the three-way, interactions were
highly significant, indicating that the effects of each of these
mutations on substrate specificity are epistatic. Examination
6

of RA on particular substrates suggests that there is sign epistasis of the type that could restrict the order in which these
mutations accumulated (fig. 3). For example, mutation M2
increases RA on DHK if it occurs first but decreases RA if
mutation M1 occurs before it (fig. 3A). Similarly, M3 decreases
RA on DHM if it occurs first but increases it if it occurs
after M1. Despite this epistasis, there is at least one sequence
of substitutions (M3 followed by M1 followed by M2) in
which the RA on DHK increases significantly with each
substitution (fig. 3A and supplementary table S4A,
Supplementary Material online), as would be expected if
each substitution contributes to a gradual shift to specialization on that substrate.
A similar pattern was exhibited by the two mutations (M4
and M5) that occurred on the branch from the Red Ancestor
to I. gesnerioides. Both mutations showed significant main
effects and individually resulted in increases in RA on DHK
relative to the Red Ancestor background (table 2). Unlike
mutations M1–M3, however, once either M4 or M5
were fixed, the other had no detectable effect on RA on
any of the substrates (fig. 3B, supplementary table S4B,
Supplementary Material online). Thus, neither order of substitutions (M4 then M5 or M5 then M4) would result in a
stepwise increase in RA on DHK.
By comparing the relative activities of the Blue Ancestor,
Red Ancestor, and I. gesnerioides copies of Dfr, the proportion
of the total shift in substrate specificity that occurred from
the Blue Ancestor to I. gesnerioides can be partitioned into
two parts: one corresponding to the branch from Blue
Ancestor to Red Ancestor and the other corresponding
to the branch from Red Ancestor to I. gesnerioides (table 3).

Downloaded from http://mbe.oxfordjournals.org/ at Duke University on December 14, 2012

0: p0 = 0.791
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Table 2. Analysis of Variance for Effects of Mutations on RA of DFR on Different Substrates.
Source

Multivariate Analysis

Univariate Analysis
DHK

DHQ
F

P

B

7.48
150.57
31.62
9.91
6.12
13.52
6.37

0.0147
<0.0001
<0.0001
0.0062
0.025
0.002
0.0226

24.25
2.02
2.26

0.0012
0.1926
0.1708

**
**

*

*

F

P

B

127.51
0.48
0.014
118.74
17.96
9.32
33.78

<0.0001
0.4976
0.716
<0.0001
0.0006
0.0076
<0.0001

**

2.4
28.24
10.79

0.1559
0.0007
0.0111

**
*
**

**

NOTE.—The multivariate analysis considers all three substrates together, whereas the univariate analysis considers each individually. F is the F-statistic. For multivariate analyses,
degrees of freedom are 3 and 14 for (A) and 2 and 7 for (B). For univariate analyses, numerator df are 1 for all effects, whereas denominator df are 16 and 11 for (A) and (B),
respectively. P is the nominal significance level associated with the effect.
B is the significance level adjusted by Bonferroni correction: *P < 0.05, **P < 0.01.

FIG. 3. Relative activities of DFR on the three substrates for different combinations of mutations. 0 indicates mutation absent, 1 indicates mutation
present. (A) Relative activity on DHM, DHQ, and DHK for combinations of mutations M1–M3. (0,0,0) corresponds to Blue Ancestor (BA) sequence and
(1,1,1) corresponds to the Red Ancestor (RA) sequence. Moving from (0,0,0) to (1,1,1), solid gray lines indicate a significant increase in relative activity on
DHK based on the ANOVA results (supplementary table S4, Supplementary Material online). Dashed black lines indicate a significant decrease in DHK
activity, whereas dashed gray lines indicate a nonsignificant change in DHK activity. Each pie graph shows the relative activity for a given DFR sequence
on each of the three pigment precursors (DHM, DHQ, and DHK). Values are based on least square means from analyses of variance; the value for relative
activity on DHK is given inside each pie chart. (B) Relative activity for combinations of mutations M4 and M5. Interpretation of lines, pie graphs, and
values as in (A).

Table 3. Changes in DFR RA between Nodes on the Iochroma Phylogeny.
Comparison

Multivariate Analysis

Univariate Analyses
DHK

Wilks k F(3,8)

P

B

B

Effect

F(1,11)

15.84

0.0026

*

0.0251

4.89

0.0515

***

0.3296

336.84

<0.0001

**

0.1232

97.86

<0.0001

*

0.0542

12.08

0.0060

0.0001

0.00

0.9945

0.0144

0.73

0.4120

0.0144

1.23

0.2930

0.1372

16.76

0.0008

**

Blue Ancestor vs. Red Ancestor

0.0224

116.28

<0.0001

Blue Ancestor vs. I. cyaneum

0.2073

10.19

0.0042

Blue Ancestor vs. I. baumii

0.8848

0.35

0.7925

Effect

P

DHM

0.0715

Red Ancestor vs. I. gesnerioides

F(1,11)

DHQ
P

B
**

Effect

F(1,11)

0.0465

24.72

0.0006

P

**

B

0.2063

322.65

<0.0001

**

0.0543

17.83

0.0018

*

0.0001

0.00

0.9954

NOTE.—The nodes corresponding the Blue and Red Ancestors are shown in figure 2C. The overall multivariate effect of node: Wilks l = 0.0024, F (9, 14.753) = 17.99, P < 0.0001.
Univariate effect of node highly significant (P < 0.0001) for RA on each substrate. For each of the three substrates (DHK, DHQ, and DHM), “effect” is RA on the indicated
substrate for the second node listed under “Comparison” minus RA for first node. F is the F-statistic with degrees of freedom indicated in parentheses.
B is the probability level after Bonferroni correction: *P < 0.05, **P < 0.01, and ***P < 0.001.
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Wilks’ k
F
P
F
P
B
Mutations M1–M3 occurring between the Blue Ancestor and the Red Ancestor (A)
M1
0.0532
83.03
<0.0001
231.20
<0.0001
**
M2
0.0218
209.15
<0.0001
255.50
<0.0001
**
M3
0.1686
23.01
<0.0001
21.49
0.0003
**
M1  M2
0.0567
77.60
<0.0001
227.70
<0.0001
**
M1  M3
0.1635
23.88
<0.0001
57.14
<0.0001
**
M2  M3
0.1806
21.18
<0.0001
0.07
0.7898
M1  M2  M3
0.1092
38.08
<0.0001
88.47
<0.0001
**
Mutations M4 and M5 occurring between the Red Ancestor and I. gesnerioides (B)
M4
0.2117
13.03
0.0044
25.56
0.001
*
M5
0.2186
12.51
0.0049
8.14
0.0214
M4  M5
0.3481
6.55
0.0249
13.32
0.0065
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Discussion
Adaptive Fixation of Dfr Substitutions
A previous analysis of the genetic differences underlying the
difference in flower color between I. cyaneum and I. gesnerioides revealed that the evolutionary transition from blue to
red flowers in the I. gesnerioides lineage was accompanied by a
marked shift in the substrate specificity of the enzyme DFR
(Smith and Rausher 2011). In the blue-flowered I. cyaneum,
DFR exhibits highest substrate specificity for DHM, the precursor of the blue anthocyanins produced in the flowers.
In the red-flowered I. gesnerioides, on the other hand, DFR
exhibits high substrate specificity for DHK, the precursor of
the red floral anthocyanins produced by this species (Smith
and Rausher 2011). The results of this study indicate that this
overall shift in substrate specificity was accomplished by the
accumulation of five apparently adaptive amino acid substitutions. Three of these substitutions (M1–M3) fall on the
branch of the phylogeny where the blue-to-red flower color
transition occurred (fig. 2C). Each of the first three substitutions individually causes a demonstrable change in substrate
specificity and a significant increase in RA on the red pigment
precursor DHK in the Blue Ancestor genetic background
(fig. 3 and supplementary table S4, Supplementary Material
online). However, these individual effects are modified by
strong epistatic interactions with the substitutions at other
sites. All the three substitutions (M1–M3) exhibit negative
8

epistasis, resulting in smaller increases in RA on DHK if following one of the other substitutions (fig. 3). Moreover,
the M2 and M3 mutations show evidence of sign epistasis
given that they are positive in the Blue Ancestor background
but can decrease in RA on DHK if other mutations have
already occurred. Despite the possible constraints imposed
by these epistatic interactions, there is at least one order
of substitutions among the six possible trajectories connecting the Blue Ancestor to Red Ancestor in which each substitution increases activity on DHK, as would be expected
if there was continued selection for specialization on that
substrate. These findings are consistent with results from
experimental evolution in microbial systems, which highlight
the importance of negative epistasis and sign epistasis in
shaping evolutionary trajectories (e.g., Khan et al. 2011;
Tenaillon et al. 2012).
Along the branch from the Red Ancestor to I. gesnerioides,
both mutations (M4 and M5) also increase specialization on
DHK if they occur first. However, as with the M1–M3 mutations, the fixation of the first substitution alters the effect of
the second mutation. After the M4 mutation occurs, the M5
results in no significant increase in RA on DHK, and similarly
the M4 mutation will have no effect after M5 has been fixed.
One possible explanation for the presence of both substitutions in I. gesnerioides is that the second mutation was fixed
by drift as opposed to selection, despite the results of the
PAML analysis. Alternatively, it may have been fixed by selection for increased absolute activity on DHK, which in theory
could occur if the mutation increases absolute activity on all
substrates to the same degree. With current information, we
cannot distinguish between these possibilities. Nevertheless,
our results across the functional assays of M1–M5 are
consistent with the fixation of at least four of the five mutations having been adaptive because they increased substrate
specialization on DHK.

Selection for Effects on Flower Color versus Effects
on Enzyme Efficiency
One of the objectives of this investigation was to determine
whether any of these substitutions could be ascribed unambiguously to selection for increased substrate specialization
as opposed to selection due to its effect on flower color. This
appears to be the case for at least one of the substitutions, M4
or M5, along the branch from the Red Ancestor to I. gesnerioides. We infer from our previous work that the Red Ancestor
produces only pelargonidin-derived anthocyanins in flowers
because both of the red-flowered species, I. gesnerioides and
I. fuchsioides, do so (Smith 2006). We showed previously that
this change in pigmentation required inactivation of the
enzyme F3’5’H and down-regulation of the enzyme F3’H.
In the absence of these two enzymes, only pelargonidin can
be produced because these enzymes are required for producing DHQ and DHM, the precursors of purple cyanidin
and blue delphinidin pigments (fig. 1). Thus, any mutations
affecting DFR substrate specificity that occur after the loss
of F3’H and F3’5’H activity (i.e., after the Red Ancestor) would
not affect flower color. Any selective advantage of increased
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The substitutions along the first branch caused a significant
increase in RA on DHK of 0.330 and significant decreases in
RA on DHQ and DHM of 0.123 and 0.206, respectively. The
substitutions along the second branch cause a further significant increase in RA on DHK of 0.0715 and a significant
decrease in RA on DHM of 0.0465. Thus, the proportional
increases in RA on DHK for the first and second branches,
respectively, were 0.822 and 0.178, whereas the proportional
decreases in RA on DHM were 0.816 and 0.184, respectively. In
other words, the three substitutions along the branch from
the Blue Ancestor to the Red Ancestor accounted for
approximately 82% of the overall change in substrate specificity, whereas the remainder took place after the flower color
transition.
To determine whether changes in RA occurred along the
blue-flowered branches (i.e., before the transition to red flowers), we also compared the Blue Ancestor with two
present-day blue-flowered species, I. baumii and I. cyaneum.
Although the I. baumii DFR differs from the Blue Ancestor in
only one site (position 107, N to Y substitution), I. cyaneum
differs from the Blue Ancestor in seven sites spread across the
molecule (Smith and Rausher 2011). The I. baumii sequence
did not differ from the Blue Ancestor in RA on any of the
three substrates (table 3), indicating that no significant
change in substrate specialization resulted from that single
substitution. However, there was a significant difference in RA
on DHM of approximately 5% between the Blue Ancestor
and I. cyaneum (table 3), suggesting either a change in substrate specificity along the branch subtending the Blue
Ancestor or along the branches leading to I. cyaneum.
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Convergence in DFR Evolution at the Molecular Level
The ability to identify the molecular basis for phenotypic differences has made it possible to address the extent to which
similar phenotypic transitions are caused by similar developmental and genetic changes (Arendt and Reznick 2008;
Manceau et al. 2010). In some cases, convergent phenotypes
in different populations or species have arisen by changes in
the same genes (Protas et al. 2006; Chan et al. 2010) and even
by the same nucleotide substitutions (Rompler et al. 2006).
Previous studies of DFR function have suggested that there
are two regions of the enzyme that are associated with
changes in enzyme specificity and that evolutionary change
in specificity may involve substitutions in either or both of
these regions. The first region, comprising a cluster of 15–26
amino acids centered at position 140 (fig. 2B), was initially
identified using comparative studies of DFR sequences from
species that varied in the type of anthocyanin pigment produced, for example, pelargonidin, cyanidin, or delphinidin
(Beld et al. 1989). Functional studies have confirmed the importance of this region, which appears to underlie differences
in substrate specificity across angiosperms, from Zea mays, to
Arabidopsis, to Ipomoea (Johnson et al. 2001; Halbwirth et al.
2003; Xie et al. 2004; Des Marais and Rausher 2008; Leonard
et al. 2008). Moreover, substitutions at a single position in this
region (133 in Vitis) are sufficient to shift preference from
DHM and DHQ to DHK in Petunia (Johnson et al. 2001).
Examination of the crystal structure of DFR for Vitis vinifera
(with DHQ as the substrate) revealed that this site (133) and
nearby positions closely interact with the B-ring hydroxyl
groups of the substrates, consistent with the importance
of this region in determining substrate preference (Petit
et al. 2007).
The second region thought to be involved in substrate
specificity in DFR is clustered around position 227 in Vitis.
As with position 133, this site interacts with the B-ring
hydroxyl groups that distinguish the three anthocyanidins
(Petit et al. 2007). Functional studies in Rosaceae point to
the importance of the nearby position 243, which together
with a few C-terminus sites constitute the only candidates for
differences in DFR specificity between Malus and Pyrus
(Fischer et al. 2003). Together, these studies suggest a
second, less well-defined region between Vitis positions 227
and 243 where substitutions are expected to alter substrate
specificity.
In Iochroma, substitutions affecting substrate specificity
occurred in both of these regions. Substitution M2 occurred
in the second region at a position homologous to position
227 in Vitis, consistent with the close interaction between this
site and B-ring hydroxyl groups (fig. 2B, supplementary fig. S2,
Supplementary Material online). Among the five substitutions (M1–M5), this change resulted in the largest increase
in activity on DHK and the largest effect on RA overall, relative
to the Blue Ancestor (table 2 and fig. 3A). The M4 substitution, at Vitis position 134, falls within the first region reported
to be important for DFR specificity. Given its close proximity
to position 133, it is not surprising that M4 causes a significant
change on substrate specificity. However, this mutation
9
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specialization on DHK must therefore be due to some other
advantageous effect. The most likely such effect would
appear to be selection for increased efficiency or rate of metabolizing DHK to produce pelargonidin given that it is now
the sole substrate for DFR. Indeed, the two mutations subsequent to the flower color transition (M4 and M5) result in
a 12% increase in RA on DHK relative to the Red Ancestor
and 18% of the total change in RA since the Blue Ancestor.
Thus, a substantial proportion of the functional change in
Dfr may represent fine tuning of the enzyme’s kinetic properties following the evolutionary transition in flower color.
The selective advantage of mutations M1–M3 remains
unclear because we cannot with current information determine the order of substitution of these mutations relative to
each other or relative to the changes involving F3’H and
F3’5’H. If substitutions M1–M3 occurred before changes at
the other two loci, they would have altered flower color from
blue to purple (Smith and Rausher 2011) and may thus have
been selected as part of the transition toward red floral pigmentation. On the other hand, if the M1–M3 mutations
occurred after the changes at the other two loci, the same
reasoning used above for M4 and M5 would indicate
that their selective advantage was due to something other
than their effects on flower color. Distinguishing between
these alternatives may be possible by determining which
orders of substitution are selectively impermissible, that is,
which orders do not produce an increase in the absolute
activity on the appropriate substrate at each substitution.
However, this approach would require characterizing of the
absolute activities of DFR in addition to the relative activities
measured here.
Although the effects of amino acid substitutions along
the lineage from the Blue Ancestor to I. gesnerioides are not
unexpected, it is surprising that RA on blue pigment precursor DHM was significantly greater for DFR from the
blue-flowered I. cyaneum than for the Blue Ancestor, given
that both produce principally delphinidin-derived pigments.
This difference in RA could reflect either a decrease in RA on
DHM along the branch between the Blue Ancestor and the
common ancestor of I. cyaneum and I. gesnerioides or an
increase along the I. cyaneum branch. The former scenario
would be difficult to explain given that F3’H and F3’5’H must
be present and active in these blue-flowered lineages, and
their activity would make DHM the principal pigment precursor available. The latter scenario suggests that instead the
DFR from I. cyaneum has improved its activity on DHM since
its divergence from the clade containing I. gesnerioides.
This points to the intriguing possibility that despite the
long history of producing blue flower pigments, dating back
at least to the origin of Iochrominae (12 Ma, Paape et al.
2008), activity on DHM had not previously reach its optimum.
If this possibility is correct, it may provide an example of the
rate of adaptation being limited by the rate at which adaptive
mutations are produced. However, additional studies would
be required to test mutation limitation and other competing
evolutionary hypotheses, such as adaptive conflict and loss
of beneficial mutations via drift (Schultz and Lynch 1997;
Des Marais and Rausher 2008).
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Supplementary figures S1 and S2 and tables S1–S4 are available at Molecular Biology and Evolution online (http://www.
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