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• Transcription factors (TFs) may play a central role in plant morphological evolution. Variation in the nonsynonymous to synonymous nucleotide substitution rate
(dN ⁄ dS) ratio among TFs can be attributed to either differences in constraint or the
frequency of adaptive substitution. However, the relative contribution of these
forces to the variation in dN ⁄ dS ratios is unknown.
• We synthesize current and previous results comparing the variation in dN ⁄ dS
ratios among members of the MYB–bHLH–WDR complex of TFs that regulates
floral anthocyanin pigmentation in Ipomoea.
• Low values of dN ⁄ dS in a WDR gene are the result of exceptionally strong purifying selection, with no evidence of positive selection. bHLH and MYB genes also fail
to show evidence for positive selection, but have higher dN ⁄ dS ratios, indicating
reduced selective constraint.
• Differences in constraint are consistent with expectations based on the intrinsic
features and regulatory network properties among these proteins. Significantly
elevated dN ⁄ dS ratios in the MYB gene suggest that mutations experience
reduced magnitudes of deleterious pleiotropy compared with the rest of the complex. Although reduced constraint may account for the observation that Myb
mutations disproportionately contribute to differences in floral pigmentation, the
lack of detectable positive selection in any of these TF proteins suggests that
amino acid substitutions contribute little to flower colour evolution.

Introduction
The combinatorial interaction of transcription factor (TF)
proteins with their DNA-binding targets specifically determines the spatial and temporal patterning of eukaryotic
gene expression. Moreover, because of their role in controlling developmental processes, it has been suggested that
plant TFs play a central role in the evolution of plant morphology (Doebley, 1993; Doebley & Lukens, 1998;
Shepard & Purugganan, 2002; Martin et al., 2010). One
observation consistent with this hypothesis is that many
plant TF genes exhibit significantly higher nonsynonymous
to synonymous nucleotide substitution rate (dN ⁄ dS) ratios
than the genes that they regulate (Purugganan & Wessler,
1994; Purugganan et al., 1995; Rausher et al., 1999;
Langercrantz & Axelsson, 2000; Barrier et al., 2001;
Lukens & Doebley, 2001; Remington & Purugganan,
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2002), which could reflect a greater frequency of adaptive
substitutions (Rausher et al., 2008). Another observation is
that some amino acid substitutions in TFs have been shown
to alter morphology (Flowers et al., 2009). However, the
fraction of substitutions in TFs that contribute to morphological evolution is currently unknown, and it may be that
most substitutions in TFs are a result of genetic drift rather
than positive selection for developmental alteration. If true,
the higher dN ⁄ dS ratios of TF evolution would reflect
reduced constraint rather than increased adaptive evolution.
Previous work on the R2R3-MYB (MYB) and basic
helix-loop-helix (bHLH) TFs that regulate the anthocyanin
biosynthetic pathway has shown that high dN ⁄ dS ratios
result exclusively from relaxed constraint in the genus
Ipomoea (Chang et al., 2005; Streisfeld & Rausher, 2007).
Positive selection was not detected among species
for either the MYB or bHLH regulators, indicating that
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nonsynonymous substitutions in these TFs do not reflect
adaptive evolution of flower colour or any other trait. One
objective of this study was to examine whether substitutions
in a third anthocyanin-regulating TF may have been caused
by adaptive evolution.
A second objective was to examine whether variation in
dN ⁄ dS among the anthocyanin TFs can be ascribed to differences in constraint that are predicted from a knowledge
of their functional properties. It is generally believed that
differences in the magnitude of mutational pleiotropy
among genes contribute to variation in constraint, and thus
to differences in dN ⁄ dS (Kimura, 1977; Li, 1997).
However, only in a very few cases has a link between pleiotropy and constraint been established. As described below,
the three classes of anthocyanin TF that combine to form
the transcription activation complex differ in the breadth of
their functional activities. This difference suggests that
mutations in TFs with broader activity are likely to experience greater deleterious pleiotropy and thus greater
evolutionary constraint. In this study, we test whether this
expectation is upheld.
Among angiosperms, evolutionary transitions in flower
colour are common, and variation in the intensity and type
of anthocyanin pigments produced is usually responsible
for this diversity (Rausher, 2008). The biochemical and
regulatory control of this pigmentation pathway is
extremely well characterized (Holton & Cornish, 1995;
Koes et al., 2005; Grotewold, 2006). Detailed investigation
from Arabidopsis, maize and Petunia has provided a nearly
complete description of an interacting complex of TF
proteins that regulates not only anthocyanin pigmentation,
but also many other developmental processes involved in
epidermal cell differentiation (Mol et al., 1998; Broun,
2005; Koes et al., 2005; Quattrocchio et al., 2006). This
complex is conserved across all species that have been
examined, and is made up of proteins encoded by members
from three large gene families: the R2R3-MYB (MYB),
basic helix-loop-helix (bHLH) and WD40-repeat (WDR)
families (Broun, 2005; Koes et al., 2005; Ramsay &
Glover, 2005). Hereafter, we refer to this complex as the
MBW complex. Expression of the anthocyanin pathway
genes is controlled coordinately at the level of transcription
via the interaction of the MBW complex with the cis-regulatory elements of multiple enzyme-encoding pathway genes.
At present, the MBW complex represents one of the best
studied and nearly complete regulatory networks known
in plants.
In addition to the conserved role in regulating the expression of anthocyanin pigmentation, the MBW complex also
controls alternative developmental pathways that affect various aspects of epidermal cell fate, including the initiation of
trichomes, alteration of vacuolar pH, production of root
hairs, seed coat mucilage and proanthocyanidin synthesis in
seeds (Broun, 2005; Koes et al., 2005; Ramsay & Glover,
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2005). From mutant studies in Arabidopsis, it has been
shown that a single WDR protein (TTG-1) is central for
the differentiation of all of these cell types. Studies of protein interactions using the yeast two-hybrid system have
shown that this same WDR protein has the capacity to
interact with multiple bHLH (e.g. GL3, EGL3, TT8) and
MYB (e.g. TT2, PAP1, PAP2, WER, GL1; Broun, 2005)
proteins. Cell-type specificity appears to be the result of the
particular MYB protein that joins the complex (Ramsay &
Glover, 2005). For example, different copies of MYB
proteins are known to confer tissue- and cell-specific anthocyanin regulation in several species, whereas other copies are
responsible for trichome initiation and proanthocyanidin
synthesis in seeds (Broun, 2005; Koes et al., 2005;
Quattrocchio et al., 2006; Schwinn et al., 2006; Morita
et al., 2006; Gonzalez et al., 2008). This pattern suggests
that duplication of MYB proteins has allowed different
paralogues to become specialized in their expression and
developmental control of specific traits. By contrast, this
specialization does not appear to have occurred for WDR
proteins, whose expression domain is substantially broader
than that of the MYB proteins (Ramsay & Glover, 2005;
Koes et al., 2005; Morita et al., 2006). Moreover, although
bHLH proteins appear to have partially restricted expression domains and only control a subset of WDR’s
functions, they also have a propensity to form homo- and
hetero-dimers, which may place additional constraints on
their evolutionary potential.
Based on a knowledge from model organisms of the
properties of the three classes of protein that comprise this
regulatory complex, we generated a series of evolutionary
predictions about the relative differences in constraint
among the members of the MBW complex. For example,
because of its widespread expression, greater number of protein–protein interactions and regulatory control of multiple
aspects of epidermal cell differentiation, WDR proteins
would be expected to experience greater constraint than
bHLH or MYB proteins (Ramsay & Glover, 2005; Koes
et al., 2005). However, as a consequence of the high degree
of tissue specificity associated with multiple MYB copies,
MYB proteins that regulate floral anthocyanins are expected
to experience substantially lower constraint than WDR proteins. Finally, intermediate levels of control and partially
restricted expression suggest that constraints on bHLH proteins lie somewhere between those of WDR and MYB
proteins. These expectations would be congruent with the
observation that altered function or expression of MYB proteins has been responsible for all of the documented
evolutionary transitions in floral colour that involve TFs
(Streisfeld & Rausher, 2010). Presumably, because of the
fewer constraints on MYB proteins, mutations – whether
regulatory or in coding sequences – in the genes that encode
them are expected to experience less deleterious pleiotropy
and thus have a greater chance of being fixed than
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mutations in other TFs (Streisfeld & Rausher, 2010).
Interestingly, however, no evidence for positive selection in
the MYB protein has been detected previously among
species of Ipomoea (Chang et al., 2005).
Because the function of the MBW complex is conserved
among all species investigated so far (Ramsay & Glover,
2005; Koes et al., 2005), these are general predictions that
should be applicable to all species. However, to date, most
research into this complex has focused on the molecular
functions and interactions among its members. Thus, little
is known about the molecular evolution of the MBW complex. The current study uses the morning glory genus
(Ipomoea), which varies widely in the type and intensity of
floral anthocyanin pigmentation, as a test case to address
these predictions. Our previous studies have examined variation in constraint among different copies of MYB and
bHLH proteins known to regulate the expression of floral
anthocyanins in Ipomoea species with diverse flower colours
(Chang et al., 2005; Streisfeld & Rausher, 2007). Both
projects demonstrated elevated dN ⁄ dS ratios in these proteins compared with the genes they regulate, but failed to
detect evidence for adaptive substitution. Both analyses
reported higher dN ⁄ dS ratios for MYB compared with
bHLH proteins, in accordance with our predictions of differential constraint, but neither study evaluated whether
these ratios differed statistically. Here, we extend our analysis to document dN ⁄ dS ratios for the WDR gene and
determine whether evidence exists for positive selection in
this gene, as would be expected if substitutions contributed
to flower colour variation. We then compare statistically the
dN ⁄ dS ratios for the three TFs to determine whether they
differ in constraint as predicted.

Materials and Methods
Assessment of constraint
Variation in dN ⁄ dS ratios among genes has often been
interpreted as reflecting differences in constraint (Li, 1997;
Yang & Nielsen, 2000; Yang & Bielawski, 2000). This
interpretation is natural under the Neutralist view of
evolution, in which adaptive substitutions are rare and
virtually all nondeleterious, nonsynonymous mutations are
neutral (Kimura, 1968, 1983). Under this view, differences
among genes in dN ⁄ dS ratios reflect differences in the probability that a nonsynonymous mutation is deleterious,
which is a reasonable definition of constraint. Thus, in a
comparison of two genes that vary in their dN ⁄ dS ratios,
the gene with the smaller ratio would be expected to
demonstrate tighter constraint because a larger proportion
of the nonsynonymous mutations experienced in that gene
are deleterious. However, differences in dN ⁄ dS among
genes may also reflect differences in the frequency of
adaptive substitution, even for genes with dN ⁄ dS < 1. The
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emerging consensus that a substantial fraction of amino acid
substitutions are adaptive (Smith & Eyre-Walker, 2002;
Charlesworth & Eyre-Walker, 2006; Begun et al., 2007;
Halligan et al., 2010) indicates that this possibility must
be taken seriously, and that equating differences in
dN ⁄ dS ratios to differences in constraint is only valid if it
is shown first that the frequencies of adaptive substitutions
do not differ among genes. Here, we adopt this strict definition of constraint. In particular, we only infer differences in
constraint based on differences in dN ⁄ dS ratios if the
frequency of positive selection does not appear to differ
among genes.
WDR sequencing
The WDR proteins represent a highly diverse superfamily
of regulatory proteins that are involved in multiple cellular
functions and biochemical processes. The diagnostic feature
of members of the WDR gene family is a series of two to
seven imperfect tandem repeats of c. 40 amino acids each
that together are believed to be important for interaction
with other proteins (van Nocker & Ludwig, 2003). In
Arabidopsis, there are an estimated 239 proteins with at least
four recognizable WD motifs (van Nocker & Ludwig,
2003). Screening of a floral cDNA library in Ipomoea nil
and I. purpurea revealed two WDR copies with sequence
similarity to previously identified floral anthocyanin regulators (Morita et al., 2006). However, a frame shift mutation
in one of these copies (WDR1) has been shown to eliminate
the expression of multiple anthocyanin pathway enzymes
and has resulted in the absence of anthocyanin pigmentation in flowers (Morita et al., 2006). In addition, putative
orthologues of WDR1 from Arabidopsis (TTG-1) and
Petunia (AN11) have been shown to be involved in the
regulatory network controlling anthocyanin synthesis (de
Vetten et al., 1997; Broun, 2005). Therefore, we focused
our efforts on WDR1 and sequenced the full-length coding
region from 12 additional morning glory species across the
tribe Ipomoeeae (Convolvulaceae) (Table 1). The species
that we selected broadly encompass the range of genetic and
flower colour diversity sampled in our previous studies of
the molecular evolution of anthocyanin-regulating TFs
(Table 1; Fig. 1), and were obtained from our glasshouse
collections (Chang et al., 2005; Streisfeld & Rausher,
2007). Total RNA was extracted from floral buds using the
Qiagen RNeasy kit (Valencia, CA, USA). First-strand
cDNA synthesis was performed using 500 ng RNA and the
Invitrogen M-MLV reverse transcriptase (Carlsbad, CA,
USA), according to the manufacturer’s specifications. Sets
of overlapping, degenerate PCR primers were designed
from conserved regions of the WDR1 sequence from closely
related species (Supporting Information Table S1).
Following PCR, we directly sequenced amplicons on ABI
3730 sequencers using Big Dye technology.
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Table 1 A list of the species sequenced at the WDR1 gene and their
flower colour characteristics
Species name

Flower colour

Flower intensity

Ipomoea alba
I. coccinea
I. hochstetteri
I. horsfalliae
I. muricata
I. nil*
I. obscura
I purpurea*
I. quamoclit
I. tricolor
I. trifida
I. udeana
I. violacea
Stichtocardia tilifolia

White
Red
Blue
Red
White and purple
Blue
Yellow and white
Purple
Red
Blue, white and yellow
White and purple
Red
White
Purple

na
Intense
Intermediate
Intense
Pale
Intermediate
na
Intermediate
Intense
Intermediate
Pale
Intense
na
Intermediate

Sequences have been deposited in Genbank under accession
numbers: HQ875561–HQ875572.
*Sequences were publicly available under accession numbers
AB232777 (I. purpurea) and AB232779 (I. nil).
na, not applicable.

Data analysis
Overlapping sequence reads from each species were combined to generate full-length sequences of the WDR1 gene.
Sequences were aligned manually using BioEdit and codonbased maximum likelihood models of dN ⁄ dS variation were
conducted using the codeml program of PAML version 4.2
(Yang, 1997; Nielsen & Yang, 1998). Specifically, we first
tested whether the dN ⁄ dS ratio (referred to as x in PAML)
varied across lineages. The lineage-based models assume a
single x for all codon sites. A previously established phylogeny of these species was used to generate the topology for
these analyses (Fig. 1; Miller et al., 1999; Manos et al.,
2001). We compared estimates from a model in which a single x was constrained on all branches of the phylogeny with
a free-ratio model, in which x was allowed to vary independently on each branch. We used the standard likelihood ratio
framework to evaluate whether the free-ratio model fit the
data significantly better than the single-x model. Specifically,
two times the difference in log-likelihood scores from each
model was compared with a v2 distribution with degrees of
freedom (df) equal to the difference in estimated parameters
between the models.
We next evaluated whether particular amino acid residues
were subject to positive selection using codon site models,
where the mean value of x was held constant on each
branch, but x was estimated independently across sites. For
these analyses, a series of nested models was run, and likelihood ratio tests were conducted to test for the presence of
positive selection on classes of amino acids. Model M0 represents the null model that all sites have a single x value.
Model M1a estimates two different site classes that are
either constrained (0 < x < 1) or evolving neutrally
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I. purpurea
I. lindheimeri
I. nil
I. hederaceae
I. tricolor
I. alba
I. muricata
I. neei
I. hederifolia
I. coccinea
I. quamoclit
I. udeana
I. triloba
I. lacunosa
I. trifida
I. horsfalliae
I. violacea
I. hochstetteri
S. tilifolia
I. obscura
O. pteripes

Fig. 1 Representation of the evolutionary relationships among all
species used to compare the nonsynonymous to synonymous
nucleotide substitution rate (dN ⁄ dS) ratios in the four anthocyaninregulating members of the MYB–bHLH–WDR (MBW) complex.
Symbols next to each species denote which gene(s) were
sequenced. Black boxes, MYB (Chang et al., 2005); grey boxes,
bHLH1 and bHLH2 (Streisfeld & Rausher, 2007); white boxes,
WDR1 (this study). Data on relationships taken from Miller et al.
(1999), Manos et al. (2001) or were kindly provided by R. Miller
(pers. comm.).

(x = 1). Model M2a is identical to M1a, except that it adds
a third site class of amino acids that may be positively
selected (x > 1). Models M7 and M8 both model x
according to a beta distribution, with the parameters of the
distribution estimated from the data. Model M8 differs
from M7 in that it contains an extra site category with
x ‡ 1. Likelihood ratio tests were constructed between
Models M1a and M2a and between M7 and M8. If Models
M2a and ⁄ or M8 fit the data significantly better than
Models M1a or M7, respectively, and some of the x values
for individual amino acids were estimated according to an
empirical Bayes procedure to be significantly greater than
unity, positive selection was indicated.
Comparison of dN ⁄ dS variation among transcriptional
regulators
To determine whether dN ⁄ dS differed as predicted among
the floral anthocyanin-regulating TFs in Ipomoea, we
compared x values from Model M0 of PAML among four
of these genes: WDR1, bHLH1, bHLH2 and MYB. In
addition to the WDR1 sequences reported here, we used
information from Chang et al. (2005) and Streisfeld &
Rausher (2007) to obtain sequences for the MYB, bHLH1
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and bHLH2 genes (Fig. 1). Moreover, because previous
investigations of TF evolution in plants have revealed that
they often consist of different functional domains that
evolve at different rates (Purugganan & Wessler, 1994;
Purugganan et al., 1995; Langercrantz & Axelsson, 2000),
we also compared dN ⁄ dS ratios among specific domains in
these genes. For example, in the anthocyanin bHLH and
MYB factors, conserved and variable domains exist
(Purugganan & Wessler, 1994; Chang et al., 2005;
Streisfeld & Rausher, 2007). The conserved domains are
responsible for DNA-binding and protein–protein interactions, and the variable domains are thought to contain
transcriptional activation regions (Goff et al., 1991, 1992;
Gong et al., 1999; Grotewold et al., 2000; Kroon, 2004),
However, there is no information about whether such
domains exist in the WDR1 protein.
The study of Chang et al. (2005) only reported sequence
from the MYB gene’s conserved domain for six species, but
reported variable domain sequence for 13 species. To complete this dataset, we sequenced the MYB conserved domain
from the remaining seven species using the methods and
primers described in Chang et al. (2005).
Because a slightly different set of species was analysed in
each dataset, we used a bootstrapping approach to determine whether x values differed significantly among the
genes and domains. Specifically, we obtained 1000 bootstrapped datasets for each gene using PAML, where
resampling was performed across codons. For each dataset,
we then ran Model M0 of PAML to obtain a distribution of
x values. To determine whether the estimated x values
from any two genes (or domains) differed from each other,
we then calculated the probability of overlap between the
bootstrapped distributions of x values from the two genes.
More specifically, let the null hypothesis be that gene 1 has
an x value equal to gene 2, whereas the alternative hypothesis, based on our a priori expectations, is that the value for
gene 1 is less than for gene 2 (a one-tailed test). For each of
the 1000 bootstrapped x values estimated for gene 1, we
determined the proportion of x values from gene 2 that
were less than or equal to the value in gene 1 (this proportion represents cases consistent with our null hypothesis,
but inconsistent with the one-tailed alternative hypothesis).
This proportion was then averaged over all gene 1 values to
obtain an estimate of the probability that a randomly
chosen value from the gene 1 distribution was greater than
or equal to a randomly chosen value from the gene 2 distribution. If this probability was less than 0.05, we rejected
the null hypothesis and concluded that the x value for gene
1 was significantly less than for gene 2.
In order to determine whether particular domains within
each of the genes could account for the observed differences
in x across genes, we partitioned the MYB, bHLH1 and
bHLH2 gene sequences into their known conserved and
variable domains according to Chang et al. (2005) and

 2011 The Authors
New Phytologist  2011 New Phytologist Trust

Research

Streisfeld & Rausher (2007). The observed amino acid
sequence of the WDR1 protein is highly conserved across
the entire protein (see the Results section), so we did not partition WDR1 sequences. We then repeated the
bootstrapping procedure described above to obtain distributions for each domain and determined whether individual
domains demonstrated significant rate variation both within
and among genes.

Results
The WDR1 gene from these Ipomoea species consists of a
single exon of 1032 bp that is highly conserved across all of
the species sequenced (x = 0.036). In addition, there is
only a single amino acid insertion ⁄ deletion event across all
of the sequences. By contrast, indels are common in the
MYB and bHLH sequences (seven in bHLH1, c. 25 each in
bHLH2 and MYB; Chang et al., 2005; Streisfeld &
Rausher, 2007), suggesting that WDR1 is under greater
constraint. Finally, there were no indications in any of the
sequences of premature stop codons or frame shift mutations that would appear to cause nonfunctional proteins.
Patterns of evolution in WDR1
To determine the selective forces operating on the WDR1
protein, we first examined whether there was heterogeneity
in dN ⁄ dS ratios among lineages by performing branch tests.
Likelihood ratio tests comparing single-ratio and free-ratio
models do not differ significantly (K = 21.81; df = 24;
P > 0.5), providing no reason to reject the null hypothesis
that the gene has evolved with similar constraint along
different lineages.
We then compared models that evaluate the evolutionary
forces acting on individual codon sites. Models M1a,
M2a, M7 and M8 of PAML all result in nearly identical

Table 2 Results of codon-based models of molecular evolution for
the WDR1 gene in Ipomoea
Model

la

xb

Parametersc

M0 (single x)
M1a (nearly neutral)

2992.90
2963.82

0.036
0.043

M2a (selection)

2963.82

0.043

M7 (b)
M8 (b + x)

2965.52
2964.18

0.041
0.040

x = 0.03562
x0 = 0.012 (p0 = 0.969)
x1 = 1.000 (p1 = 0.031)
x0 = 0.012 (p0 = 0.969)
x1 = 1.000 (p1 = 0.019)
x2 = 1.000 (p2 = 0.012)
a = 0.032; b = 0.627
a = 0.008; b = 206
p0 = 0.976
p1 = 0.024; x1 = 1.000

a

Negative log-likelihood of the data.
Mean dN ⁄ dS ratio for the entire gene.
c
pi, the proportion of codons that fall into each category.
b
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Variation in constraint among transcriptional
regulators
Estimates of the dN ⁄ dS ratio for each of the genes are presented in Table 3. Because none of the TFs exhibit evidence
of positive selection, it is appropriate to use dN ⁄ dS ratios to
compare levels of constraint among these proteins (see the
Methods section). Comparison of x values among the four
genes strongly supports our predictions of differential
constraint of this regulatory complex. Among 1000 bootstrapped replicates, all estimates of x in WDR1 are less than
observations of x from the other three genes (Fig 2;
Table 4). By contrast, x values for the MYB gene are
significantly higher than the other three genes, which
supports our prediction that MYB proteins are functionally
less constrained than the other anthocyanin-regulating TFs.
Finally, as predicted, bHLH1 and bHLH2 have x values
that lie in between WDR1 and MYB, with bHLH1 showing

Table 3 Estimates of the dN ⁄ dS ratio for each of the genes
dN ⁄ dS

WDR1
bHLH1
bHLH2
MYB

Full
gene

Conserved
domain

Variable
domain

0.036a
0.192b
0.289b
0.496a

na
0.136b
0.130b
0.151a

na
0.207b
0.405b
0.803c

a

Data obtained from this study.
Data obtained from Streisfeld & Rausher (2007).
c
Data obtained from Chang et al. (2005).
na, not applicable.
b
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that all but a few amino acid sites experience exceptionally
strong purifying selection. Furthermore, for both of the
selection models (M2a and M8), estimates of x are not
greater than unity for any site class, again providing no evidence for positive selection in the WDR1 gene. Empirical
Bayes estimation of individual amino acid sites belonging to
the ‘selected’ site class in model M8 indicates that only four
amino acid sites throughout the entire protein have an estimated x > 1. For these sites, the maximum x is
1.33 ± 0.47, and none of these sites is estimated to have a
posterior probability of > 0.79 of belonging to the rapidly
evolving site class. These results provide consistently strong
evidence that the WDR1 protein has experienced substantial selective constraint and little evidence for positive
selection at any amino acid site.
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Fig. 2 Distributions of x from Model M0 of PAML from 1000
bootstrapped datasets for each of the anthocyanin-regulating
transcription factors analysed in this study.

Table 4 Pairwise comparisons of the probability that x differs
among the genes

WDR1
bHLH1
bHLH2
MYB

WDR1

bHLH1

bHLH2

MYB

–
0
0
0

–
< 0.001
0

–
0.016

–

The value reported represents the probability that x for the gene in
each column is greater than or equal to x for the gene in each row.
A probability of less than 0.05 indicates that the gene in each
column is more constrained than the gene in each row. Based on
1000 bootstrapped replicates.

a lower dN ⁄ dS ratio compared with bHLH2, as documented by Streisfeld & Rausher (2007).
We next assessed the extent to which differences in conserved and variable domains contribute to the observed
heterogeneity in constraint among these proteins. For
bHLH1, bHLH2 and MYB, the conserved domain has a
significantly lower x value than its corresponding variable
domain (Table 5). Although x does not differ among the
conserved domains of these three genes, significant differences in dN ⁄ dS ratios are found among the variable
domains. For example, x for the variable domain of MYB
is significantly elevated compared with the variable domains
of either bHLH gene (Table 5; Fig 3). Moreover, the
variable domain of bHLH1 appears to be constrained
significantly more than that of bHLH2. Differences in
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Table 5 Pairwise comparisons of the probability that x differs among functional domains of each gene

WDR1 – full coding
bHLH1 – conserved
bHLH2 – conserved
MYB – conserved
bHLH1 – variable
bHLH2 – variable
Myb – variable

Full coding sequence

Conserved domain

Variable domain

WDR1

bHLH1

bHLH2

MYB

bHLH1

bHLH2

MYB

–
< 0.001
< 0.001
0.006
0
0
0

–
0.374
0.427
0.039
< 0.0001
0

–
0.605
0.055
0
0

–
0.209
0.013
< 0.001

–
< 0.0001
0

–
0.007

–

The value reported represents the probability that x for the domains in each column is greater than or equal to x of the domains in each row.
A probability of less than 0.05 indicates that the gene in each column is more constrained than the gene in each row. Based on 1000 bootstrapped replicates.

overall constraint among these proteins thus appear to result
primarily from differences within the variable domain.
As mentioned above, the diagnostic feature of members
of the WDR gene family is a series of two to seven imperfect
repeats of c. 40 amino acids (van Nocker & Ludwig, 2003).
There are five such repeats in the WDR1 protein of
Ipomoea as well as its closely related orthologue from
Petunia hybrida (AN11; de Vetten et al., 1997; Morita
et al., 2006). These repeats are highly conserved among
species of Ipomoea and comprise c. two-thirds of the total
amino acid sequence (not shown). As there are no apparent
variable domains in this sequence, we compared the entire
WDR1 coding sequence with the conserved and variable
regions of the other genes. In each case, WDR1 had a
significantly lower x (Table 5; Fig 2). WDR1 thus appears
to have a lower overall x because it is constrained more
than even the conserved domains of the other genes.

Discussion
A common observation among both plant and animal TFs
is that they often exhibit high dN ⁄ dS ratios compared with
the structural genes they regulate (Purugganan & Wessler,
1994; Doebley & Lukens, 1998; Barrier et al., 2001;
Remington & Purugganan, 2002), in large part as a result
of high dN ⁄ dS ratios in certain domains. Despite the observation of this pattern previously in the MYB and bHLH
anthocyanin regulators in Ipomoea (Chang et al., 2005;
Streisfeld & Rausher, 2007), we were unable to document
evidence for high dN ⁄ dS in WDR1. Instead, the WDR1
gene as a whole (x = 0.036) exhibits a dN ⁄ dS ratio that is
equal to or lower than those of the structural genes that it
regulates (x = 0.034–0.277; Lu & Rausher, 2003).
Moreover, dN ⁄ dS is substantially lower for WDR1 than for
the MYB and bHLH genes (Fig. 2).
These patterns do not appear to be caused by differences
in rates of adaptive substitutions. As found previously for
the other anthocyanin-regulating TFs (Chang et al., 2005;
Streisfeld & Rausher, 2007) and the anthocyanin pathway
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enzymes (Lu & Rausher, 2003; Rausher et al., 2008), we
did not detect evidence for any adaptive substitutions in
WDR1. Although we note that our method has low power
to detect small numbers of adaptive substitutions
(Kosakovsky Pond & Frost, 2005; McClellan et al., 2005),
such rare changes would seem to be unlikely to account for
the large differences in dN ⁄ dS that we have documented. It
thus appears that differential constraint best explains the
differences in dN ⁄ dS ratios observed here. This conclusion
is also supported by the much lower rate of insertion–
deletion events in WDR1: although indels are common in
MYB and bHLH genes, especially in variable regions
(Chang et al., 2005; Streisfeld & Rausher, 2007), only one
indel was identified across the entire WDR1 sequence.
The relative magnitude of differences in constraint in
Ipomoea is consistent with our a priori expectations that are
based on the well-established intrinsic and network properties of the proteins that form the MBW complex (Ramsay
& Glover, 2005). In Arabidopsis and Petunia, the putative
orthologues of the WDR1 protein are known to be
expressed more widely, to be more centrally located within
the network and to be involved in more protein–protein
interactions than the MYB proteins, which are more specific
and presumably experience fewer deleterious pleiotropic
effects of substitutions (Broun, 2005; Koes et al., 2005).
From what is known in these model organisms, individual
bHLH proteins that join the complex appear to control a
subset of WDR’s functions (Koes et al., 2005) and, as predicted, these proteins have x values that are in between
those of the WDR1 and MYB proteins. Thus, our predictions of relative differences in evolutionary constraint that
were based initially on our knowledge of the functional
interactions among members of this complex from model
organisms also appear to be supported by estimates of their
dN ⁄ dS ratios among species of Ipomoea.
The overall differences in constraint detected here arise
from a combination of three different components. First,
MYB and bHLH proteins have a modular structure with
conserved and variable domains, whereas no evidence
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Fig. 3 Distributions of x from Model M0 of PAML from 1000
bootstrapped datasets for the conserved domains (a) and variable
domains (b) for the bHLH and MYB proteins. WDR1 Full represents
the frequency distribution of x values from the complete coding
sequence of the WDR protein.

currently exists for different domains in WDR1. Second,
the entire WDR1 protein evolves under greater constraint
than the conserved domains of the other regulators. Finally,
the variable domain of MYB is less constrained than the variable domain of the bHLH proteins.
The conserved domains of the MYB and bHLH proteins
play a role in DNA-binding and protein–protein interactions (Goff et al., 1991, 1992; Grotewold et al., 2000;
Kroon, 2004), but the main role for the WDR protein in
this complex appears to be as a scaffold that holds the complex together (Broun, 2005). Thus, compared with the
conserved domains of the other regulators, a larger fraction
of amino acid sites across WDR may be required to accommodate this large number of protein interactions. In
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particular, the five WD repeat motifs found in WDR1
comprise more than two-thirds of the length of the gene
sequence and are highly conserved among species of
Ipomoea. If these motifs are each involved in protein–protein interactions, it suggests the possibility of greater
constraint across the entire WDR1 gene compared with the
conserved regions of the other regulators, and thus it
appears that the entire WDR1 protein evolves as one conserved unit.
The less-constrained evolution of the MYB variable
domain, compared with the variable domains of the bHLH
proteins, can also be understood from known functional
properties determined from model organisms. The variable
regions of each protein are believed to contain transcriptional activation domains (Goff et al., 1991; Gong et al.,
1999). In addition, the variable domain of the bHLH
proteins appears to have the potential to affect binding to
other proteins in the complex. For example, yeast two-hybrid assays in Petunia hybrida have shown that the
C-terminal regions of the variable domains of JAF13 and
AN1 (orthologues of Ipomoea bHLH1 and bHLH2, respectively) are required to form homo- and hetero-dimers
(Kroon, 2004). By contrast, for MYB, all of the known sites
required for binding to target gene promoters and bHLH
proteins reside within the defined conserved domain and not
the variable domain (Grotewold et al., 2000). Thus, the
MYB variable domain appears to perform fewer functions,
and therefore is expected to be less constrained and more free
to evolve than the variable domains of the bHLH proteins.
Additional evidence for variation in constraint among the
anthocyanin transcriptional regulators is provided by analyses of which of these regulators contribute to floral colour
differences between species. In particular, current evidence
indicates that evolutionary transitions to white flowers and,
more generally, changes in the intensity of pigmentation
differentially involve mutations affecting MYB TFs rather
than bHLH or WDR proteins (Streisfeld & Rausher,
2010). This preferential use of MYBs does not appear to be
caused by differences in mutation rates among TF families;
rather, it appears to be a result of a higher probability of
fixation for mutations that arise in MYBs, which can be
caused only by reduced constraint (Streisfeld & Rausher,
2010). Therefore, the differences in dN ⁄ dS ratios documented here and the preferential use of MYBs during
flower colour evolution consistently point to lower
constraint on MYBs than on the other anthocyanin TFs. We
suggest (as have others) that this reduced constraint derives
from fewer pleiotropic effects associated with mutations in
MYB genes because the MYB proteins are more tissue and
function specific than the other TFs (Martin et al., 2010).
The Ipomoea species included in our analysis differ
substantially in floral pigment hue and intensity (Table 1).
Yet, despite the central role of this protein regulatory complex in controlling floral pigment production, and despite
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the fact that many evolutionary transitions in flower colour
are a result of genetic changes in MYB proteins, the lack of
evidence for positive selection in any of these TFs suggests
that floral colour diversification among these Ipomoea species is not caused by repeated episodes of adaptive amino
acid substitutions in the coding regions of these proteins.
Of course, it is possible that floral colour transitions involve
only a small number of substitutions, and hence would not
be detectable by the statistical tests used here (Kosakovsky
Pond & Frost, 2005; McClellan et al., 2005). However,
experimental results demonstrating that TFs from one plant
species often can activate anthocyanin production in taxonomically distant species add support to our inference that
amino acid substitutions are not involved in adaptive differentiation in these species (Lloyd et al., 1992; Quattrocchio
et al., 1993). Moreover, in all cases to date in which the
genetic changes in Mybs associated with the evolution of floral pigment intensity have been characterized sufficiently,
these changes are either in cis-regulatory regions (Schwinn
et al., 2006; Hopkins & Rausher, 2011) or are a result of
frame shift-causing indels (Quattrocchio et al., 1999;
Chang et al., 2005; Hoballah et al., 2007); none are caused
by amino acid substitutions in the coding regions of TFs.
Amino acid substitutions in the anthocyanin-regulating TFs
thus do not appear to be involved readily in flower colour
evolution. Previous studies have led to the same conclusion
regarding amino acid substitutions in genes coding for
enzymes in the anthocyanin pathway (Toleno et al., 2010).

other members of the complex. The patterns of evolution
exhibited by these TFs are thus consistent with the view
that network properties of proteins have a substantial
impact on the magnitude of evolutionary constraint (Pal
et al., 2006). Moreover, it is notable that our predictions of
differential constraint among the members of the MBW
complex were upheld by sequence data from Ipomoea species, even though our predictions were generated on the
basis of molecular genetic data compiled from model
organisms. This suggests the possibility that the differences
in constraint identified here may reflect similar levels of
constraint among other species as well.
Finally, we were unable to find evidence either for a pattern of elevated dN ⁄ dS ratios in any region of WDR1 or for
positive selection at any site in this gene that might account
for flower colour diversification among species of Ipomoea.
This lack of adaptive substitutions is consistent with previous studies of MYB and bHLH proteins (Chang et al.,
2005; Streisfeld & Rausher, 2007) and suggests that
sequence divergence among Ipomoea species at each of the
anthocyanin TFs does not contribute in a major way to
flower colour evolution. Instead, flower colour evolution
seems more likely to be accomplished by changes in regulatory sequences, as has been demonstrated in several cases
(Durbin et al., 2003; Whittall et al., 2006; Streisfeld &
Rausher, 2009, 2010; Des Marais & Rausher, 2010;
Hopkins & Rausher, 2011), or by loss-of-function mutations (Quattrocchio et al., 1999; Hoballah et al., 2007).

Conclusions
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