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Regulatory genes are believed to play a large role in morphological diversification and are often characterized by
elevated rates of evolution. Whether this rapid evolution is primarily due to adaptive differentiation or relaxed selective
constraint remains an open question. We attempted to distinguish between these alternative outcomes in 2 transcription
factors known to regulate the expression of anthocyanin pigmentation genes in flowers. We cloned the full-length coding
region from 2 basic helix-loop-helix transcription factors from several species of Ipomoea with diverse flower colors and
determined the selective forces operating on them. In both genes, rapidly evolving sites and indel mutations are clustered
in nonbinding domains, but the extent of rate acceleration in these domains is reduced relative to most previously
characterized plant transcription factors. Moreover, codon models of substitution rates and models evaluating the
magnitude of change to physical amino acid properties demonstrate little evidence for adaptive evolution and suggest
that elevated nonsynonymous substitution rates in these domains represent relaxed selective constraint. Although both
genes show qualitatively similar patterns, their rates of evolution differ significantly due to an increased rate of
nonsynonymous substitutions in the nonbinding domains in one copy, suggesting substantial differences in functional
constraint on each gene. In general, these results provide additional evidence demonstrating that decreased constraint as
opposed to positive selection is largely responsible for the frequently observed pattern of rapid evolution in particular
domains of plant transcription factors. More specifically, they suggest that most of the amino acid substitutions are
neutral and do not implicate a role for natural selection on these regulatory genes in the diversification of flower color

in Ipomoea.

Introduction

Rates of morphological evolution are often greatly de-
coupled from rates of protein sequence evolution. A pop-
ular explanation to account for this pattern is that
differences in gene regulation rather than diversification
of structural genes contribute most to morphological evo-
lution (King and Wilson 1975; Doebley 1993; Doebley and
Lukens 1998; Carroll 2005). Developmental genetic anal-
yses routinely have shown that altering the timing and/or
location of gene expression can have profound effects on
morphological diversity (e.g., Weigel and Meyerowitz
1993). However, it is still largely unclear whether mutations
in structural or regulatory genes contribute most to pheno-
typic evolution.

One observation supporting the role of regulatory
genes in plant diversification is that plant transcription fac-
tors often display elevated nonsynonymous to synonymous
substitution rate ratios (® or dy/ds) compared with struc-
tural genes (Purugganan and Wessler 1994; Purugganan
et al. 1995; Rausher et al. 1999; Langercrantz and Axelsson
2000; Barrier et al. 2001; Lukens and Doebley 2001;
Remington and Purugganan 2002). These higher overall
rates across the genes are primarily due to particular
domains with o ratios that often approach 1, whereas other
regions are highly conserved (Purugganan and Wessler
1994; Purugganan et al. 1995; Purugganan 1998; Rausher
et al. 1999; Langercrantz and Axelsson 2000; Chang et al.
2005). If repeated positive selection accounts for these
domain-specific elevated ®’s, then those substitutions
may have contributed to phenotypic diversification among
species. Conversely, if these substitutions are largely non-
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adaptive, it is unlikely that rapid evolution of these regula-
tory genes has played a role in morphological divergence.

Despite this evidence for rapid evolution in plant tran-
scription factors, there have been few attempts to determine
whether these elevated rates of nonsynonymous substitu-
tion are due to the effects of positive selection or whether
they represent a relaxation of selective constraint. In the few
cases where this has been explicitly tested, analyses repeat-
edly have found that particular domains in these plant tran-
scription factors evolve at elevated rates, but rarely because
repeated positive selection has driven diversification
(Remington and Purugganan 2002; Fan et al. 2004; Chang
et al. 2005; but see Hernandez-Hernandez et al. 2007). Our
primary objective in this study was to extend these analyses
by attempting to distinguish between relaxed selective con-
straint and repeated positive selection as explanations for
high rates of nonsynonymous substitutions in 2 transcrip-
tion factors that control the expression of anthocyanin path-
way genes in the genus Ipomoea (morning glories).

The anthocyanin biosynthetic pathway has been
a model for the study of gene regulation for some time,
and the structural genes as well as their regulatory elements
are well characterized and conserved across the angio-
sperms (Koes et al. 1994; Mol et al. 1998; Rausher
2006). According to the most recent models of transcrip-
tional regulation of floral anthocyanin production, at least
3 gene families are believed to be involved: 1) members of
the R2R3-MYB family, 2) two members of the R-like, basic
helix-loop-helix (bHLH) family that are known to interact
directly with each other and with their partner MYB pro-
tein, and 3) members of the WD-40 family that are believed
to be important in posttranslational control of the MYB and
bHLH proteins (Mol et al. 1998; Kroon 2004). The com-
plex formed by the MYB and bHLH proteins has been
shown to bind directly to the promoter regions of target
structural anthocyanin genes to coordinately control tran-
scription (Mol et al. 1998). Previous estimates of o ratios
in one bHLH regulator suggest that particular functional
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Fic.1.—A schematic representation of the 2 bHLH genes sequenced

in this study. The numbers represent the amino acid position of each
functional domain in the Ipomoea purpurea sequence. The domains
shaded in gray denote the binding domains, whereas those in white
represent the nonbinding domains.

domains within these genes have greatly elevated rates of
amino acid substitution (Purugganan and Wessler 1994;
Rausher et al. 1999; Fan et al. 2004), again showing the
familiar pattern that plant transcription factors often appear
to evolve rapidly relative to the genes they regulate. How-
ever, these analyses did not rigorously test for the effects of
positive selection and so cannot explicitly establish whether
accelerated substitution rates were due to adaptive evolu-
tion or relaxed constraint.

The bHLH gene family is characterized by a highly
conserved helix-loop-helix motif that is preceded by a series
of basic amino acids. This motif is present in over 200 cop-
ies among vertebrates (Massari and Murre 2000), and there
have been 133 bHLH factors identified in the Arabidopsis
thaliana genome (Heim et al. 2003). Members of the R-like
subfamily have been described as transcriptional regulators
of anthocyanin synthesis in several model species. In par-
ticular, at least 2 gene copies that function in anthocyanin
regulation have been identified in Zea mays, Petunia hy-
brida, Perilla frutescens, and Antirrhinum majus (Kroon
2004). In Ipomoea nil and Ipomoea purpurea, orthologs
of the above 2 genes have been characterized and named
bHLHI and bHLH2 (Morita et al. 2006; Park et al.
2007). A third copy (PHLH3) in I. nil also has been de-
scribed and appears to be derived from a recent duplication
event in the ancestor of bPHLHI (Morita et al. 2006).

Molecular genetic studies have identified 4 functional
domains within the proteins: interaction, acidic, bHLH, and
C-terminal (fig. 1). The highly conserved interaction do-
main consists of approximately 190 amino acids at the
N-terminus of the protein and has been shown to bind di-
rectly with partner R2ZR3-MYB factors (Goff et al. 1992).
The acidic domain is composed of a region of approxi-
mately 230 amino acids that contains poorly conserved
stretches of negatively charged acidic amino acids required
to activate transcription of the target structural genes (Gong
et al. 1999). The bHLH domain contains 59 highly con-
served amino acids presumed to be involved in DNA bind-
ing, whereas the final approximately 150 amino acids on the
C-terminus of the protein are required for subunit dimeriza-
tion with other bHLH proteins (Kroon 2004). Rates of non-
synonymous substitution have been shown to be greatest in
the acidic and C-terminal domains (Purugganan and Wess-
ler 1994). This offers additional support for the observation
that plant transcription factors often show domain-specific
elevated dn/ds ratios, and it implies that differences in func-
tional constraint exist among the domains. Therefore, a sec-
ond goal of the current study is to determine whether the
bHLH factors involved in regulation of anthocyanin genes

Relaxed Constraint and Evolutionary Rate Variation in Ipomoea 2817

in the genus Ipomoea also display domain-specific elevated
dy/dg ratios.

A final objective of this investigation is to examine
whether differences in the extent of pleiotropy manifested
by the 2 bHLH paralogs has resulted in variable levels of
evolutionary constraint. Mutant analyses of bHLH? in Ipo-
moea species have demonstrated that the gene controls mul-
tiple additional functions besides the regulation of floral
anthocyanins. Mutants deficient for the bPHLH2 gene in
1. purpurea and Ipomoea tricolor have reductions in flower
and seed coat pigmentation, yielding pale flowers and
ivory-colored seeds (Park et al. 2004, 2007). In addition,
other seed epidermal traits that are known to be important
in plant defense are negatively affected in the 1. purpurea
mutants. These include smaller and fewer unbranched tri-
chomes and reduced accumulation of the proanthocyanidin
and phytomelanin secondary metabolites in the ivory seeds
(Park et al. 2007). In contrast, regulation of anthocyanin
synthesis is the only function currently assigned to the or-
thologs of the PHLHI gene in the flowering plant species
that have been characterized (Goff et al. 1992; Quattrocchio
et al. 1998; Spelt et al. 2000). These results suggest that
there may be substantial differences in the extent of con-
straint on the 2 loci, and this has implications for their rel-
ative rates of evolution. Because of the multiple functions
assigned to bHLH?, it is reasonable to predict that bHLH?2
evolves more slowly than bHLH I, whose only known func-
tion is in the regulation of anthocyanin synthesis.

In summary, we address here 3 questions concerning
the rates and patterns of molecular evolution of 2 bHLH
transcription factors in Ipomoea. First, we ask how well
these bHLH transcription factors conform to the patterns
of regulatory gene evolution seen in other plant transcrip-
tion factors. Specifically, is there evidence for rapid evolu-
tion of the coding region as a whole, and if so, can this be
attributed to particular domains with elevated o ratios? Sec-
ond, as mentioned above, orthologs of these PHLH genes
appear to be essential for the transcriptional regulation of
floral anthocyanins in several model species. Because floral
pigmentation is an ecologically important character that is
often linked to pollinator attraction, rapid evolution of these
bHLH regulatory genes due to repeated positive selection
may be indicative of adaptive evolution. Therefore, we se-
lect a set of species in the genus Ipomoea that shows sub-
stantial flower color diversification and ask whether there is
evidence for positive selection in either of the bHLH tran-
scriptional regulators. Among several of the species in-
cluded in this investigation, flower color has been shown
to contribute to adaptive differentiation (Machado and
Sazima 1987; Rausher and Fry 1993). Finally, we test
whether the gene copies evolve at different rates, as would
be predicted by what is known about relative differences in
functional constraint on the individual genes.

Materials and Methods
Species

The genus Ipomoea (Convolvulaceae) contains ap-
proximately 1,000 species that are distributed throughout
the tropics and subtropics. In this study, we selected 12
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Table 1
A List of the Species Sequenced in This Study, with Their
Associated Flower Colors and GenBank Accession Numbers

GenBank Accession Numbers

Species Flower Color bHLHI bHLH?2
Ipomoea purpurea Purple AB252664* AB252663*
Ipomoea nil Blue AB232774% AB232775%
Ipomoea hederacea Blue EU192087 EU192096
Ipomoea tricolor Blue EU192088 AB154370%*
Ipomoea alba White EU192089 EU192097
Ipomoea quamoclit Red EU192091 EU192098
Ipomoea coccinea Red EU192090 EU192099
Ipomoea horsfalliae Red EU192094 EU192103
Ipomoea lacunosa White EU192092 EU192101
Ipomoea trifida Lavender EU192093 EU192100
Ipomoea hochstetteri Blue EU192086 EU192104
Ipomoea violacea White EU192095 EU192102
Operculina pteripes Salmon EU192085 EU192105

" These GenBank accession sequence numbers were previously available
(Park et al. 2004, 2007; Morita et al. 2006).

species from within Ipomoea as ingroup species as well as
the more distantly related Operculina pteripes as an out-
group. The phylogenetic relationships among these species
are well established (Miller et al. 1999; Manos et al. 2001),
and they display substantial variation of floral colors (table 1).
Plant material used for isolation of nucleic acids was ob-
tained from our greenhouse collections. Voucher informa-
tion for several of these species is available in Miller et al.
(1999) or can be obtained directly from the authors.

Sequencing of bHLH Genes

We sequenced Ipomoea bHLH genes using polymer-
ase chain reaction (PCR) amplification of first-strand com-
plementary DNA (cDNA), derived from total RNA
extracted from the distal half of floral bud tips, approxi-
mately 1 day before the flower opened. RNA was extracted
using the Spectrum Plant Total RNA extraction kit (Sigma-
Aldrich, St. Louis, MO) and first-strand cDNA was gener-
ated using M-MLV reverse transcriptase (Invitrogen,
Carlsbad, CA), both according to the manufacturers’ spec-
ifications. Orthologs of 2 previously identified bHLH genes
in 1. nil (InbHLH1 and InbHLH?2; Morita et al. 2006) were
PCR amplified in this study from all 13 species, with the
exception of I. purpurea,I. nil, and I. tricolor (bHLH?2 only),
whose sequences were available on public databases. A third
copy of this gene in I. nil, InbHLH3, was not sequenced in
this study as it did not appear to be expressed in corolla tis-
sues (Morita et al. 2006). PCR primers were designed based
on copy-specific conserved regions throughout the coding
sequence by manually aligning the publicly available se-
quences. In most cases, 2 to 3 overlapping PCR products
were obtained that covered the entire coding sequence. After
PCR amplification, products were gel extracted (Qiagen,
Valencia, CA) and cloned into the pCR 2.1 TOPO vector
(Invitrogen). A minimum of 3 clones were sequenced for
each product using an ABI 3730 capillary sequencer and
the Big-Dye protocol (Applied Biosystems, Foster City,
CA). Both strands of plasmid DNA were sequenced using

the M 13 forward and reverse primers. All PCR primers used
are listed in Supplementary Material online.

Phylogenetic Reconstructions

Overlapping sequencing products were combined to
form single contiguous reads for each species. Nucleotide
sequences were translated to the predicted amino acid se-
quence and aligned separately for each copy using Clus-
talW, followed by manual adjustment of both the amino
acid and nucleotide sequences. Only short stretches of
amino acid residues were conserved well enough between
the paralogs to perform unambiguous alignments. As a re-
sult, all subsequent analyses evaluated each gene copy sep-
arately. Phylogenetic reconstructions were first performed
for each bHLH gene to determine whether the recovered
gene trees reflected the established species relationships
(Miller et al. 1999). In addition, internal transcribed spacer
(ITS) sequences for these species were provided by R. Miller
(Southeastern Louisiana University), aligned, and used for
separate phylogenetic reconstructions. Phylogenetic trees
were constructed using MrBayes v. 3.1 (Huelsenbeck and
Ronquist 2001; Ronquist and Huelsenbeck 2003). We ana-
lyzed 4 independent runs, each using the general time re-
versible (GTR) model plus gamma-distributed rates
(GTR + v), as determined by Modeltest v3.7 (Posada
and Crandall 1998). The data were partitioned by codon po-
sition (for the PHLH genes), and we ran 5 million generation
Markov Chain Monte Carlo simulations with 4 separate
chains, with the first 250,000 generations discarded as
burn-in. Trees were summarized for each independent run
and compared to check for concordant topologies. The con-
sensus tree of all compatible groupings among all runs was
used in all analyses.

Estimating Rates of Amino Acid Substitution

We evaluated codon- and lineage-based maximum
likelihood models to characterize the selective processes
that may have previously acted on each bHLH gene
(Nielsen and Yang 1998; Yang and Nielsen 2000; Yang
et al. 2000). Although these models may have low power
to detect positive selection if it occurred infrequently at only
a limited number of sites, it has been shown that repeated
episodes of positive selection are readily detectable using
these methods. All analyses were implemented using the
codeml program of PAML version 3.15 (Yang 1997).
The ratio of nonsynonymous to synonymous substitution
rates (dn/ds or ®) was compared in these models. An esti-
mate significantly less than 1 implies purifying selection,
whereas an estimate of 1 suggests the presence of neutral
evolution. Positive selection is indicated if the estimated ®
is significantly greater than 1.

We first determined whether there was evidence for
heterogeneous rates of evolution along any of the lineages
leading to the extant species we studied. These lineage-
based models assume a single ® for all codon sites. We
compared estimates from a model where a single ®» was con-
strained on all branches of the phylogeny with a free-ratio



model, where ® was allowed to vary independently on each
branch. We used the standard likelihood ratio framework
(Hocking 1985) to evaluate whether the free-ratio model
fit the data significantly better than the single-®» model. Spe-
cifically, 2 times the difference in log-likelihood scores
from each model were compared with a %2 distribution with
degrees of freedom (df) equal to the difference in estimated
parameters between the models.

We next evaluated whether particular amino acid res-
idues were subject to positive selection by using codon site
models, where the mean value of ® was held constant on
each branch, but ® was estimated independently for each
codon. For these analyses, a series of nested models was
run, and likelihood ratio tests (LRTs) were conducted to test
for the presence of positive selection on individual amino
acids (Yang et al. 2000). Model MO represents the null
model that all sites have a single-® value. Model M1a es-
timates 2 different site classes that are either constrained
(0 < o < 1) or evolving neutrally (o = 1). Model M2a
is identical to Mla, except that it adds a third site class
of amino acids that may be positively selected (o > 1).
In Model M3 (discrete), each codon is assigned to 1 of 3
site classes that have been estimated without any constraint.
Models M7 and M8 both model o according to a beta dis-
tribution, with the parameters of the distribution estimated
from the data. Model M8 differs from M7 in that it contains
an extra site category with @ > 1. LRTs 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 o values
for individual amino acids are estimated according to an
empirical Bayes procedure to be greater than 1, then pos-
itive selection is indicated.

Analysis of Amino Acid Substitutions

The ability to accurately detect positive selection using
methods that rely only on the dn/ds ratio may be quite poor,
particularly if adaptive evolution targeted only a limited
subset of amino acid changes and/or occurred infrequently
(Kosakovsky Pond and Frost 2005; McClellan et al. 2005).
Additional methods for examining the effects of nonsynon-
ymous substitutions on protein evolution have focused on
changes to physicochemical properties of particular amino
acid residues. Because these properties are important in de-
termining the 3-dimensional structure and conformation of
the protein, and hence its biochemical function, it may be
more appropriate to evaluate selection in terms of the mag-
nitude of change in physicochemical property.

For each bHLH gene, we examined whether nonsy-
nonymous substitutions caused significantly more or less
change in 31 different physicochemical amino acid proper-
ties than expected under neutrality, as implemented in the
program TreeSAAP version 3.2 (Wooley et al. 2003). For
all possible pairwise amino acid changes, the range of effect
size for each of the 31 properties was determined and
equally divided into 8 magnitude categories. Lower number
categories represented more conservative changes, and
higher category numbers indicated more radical changes.
Ancestralnucleotide sequences ateachnode of the phylogeny
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were then reconstructed using the baseml program of
PAML v.3.15, with the GTR model of nucleotide substitu-
tion. For each inferred amino acid substitution in the data,
the magnitude of effect size for each physicochemical prop-
erty was determined and assigned to 1 of the § categories. An
expected distribution that modeled the effects of neutral evo-
lution was calculated by characterizing the 9 possible nucle-
otide changes from each codon in the data set, evaluating
each amino acid substitution for the magnitude of change
in each property, and assigning each change to 1 of the 8
categories defined above. These changes were summed
across the data to construct a set of relative frequencies
of change for all of the magnitude classes. If the distribution
of observed changes fit the data significantly better than the
expected distribution according to %> goodness-of-fit tests,
we rejected the null hypothesis that physicochemical prop-
erty changes in each bHLH gene were neutral. For all prop-
erties that differed significantly from neutrality, Z-scores
were then calculated in each magnitude category to deter-
mine which classes contributed to this deviation. Signifi-
cantly positive Z-scores indicated an overrepresentation
of substitutions of that magnitude relative to neutrality,
and significantly negative Z-scores indicated an underrepre-
sentation of those substitutions relative to neutral expecta-
tions. We used a Bonferroni correction to account for the
effects of multiple comparisons by adjusting the critical sig-
nificance level for both goodness-of-fit and Z-score tests to
P < 0.001 (Sokal and Rohlf 1995). Substitutions of mag-
nitude categories 1 and 2 were considered to be the most
conservative, whereas substitutions of categories 7 and 8
were the most radical. Radical substitutions affecting a par-
ticular property that occurred more frequently than expected
by chance constituted the signature of adaptive evolution
(McClellan et al. 2005).

Domain-Specific Differences in Rates of Amino Acid
Substitution

In order to determine if rapidly evolving amino acid
sites were clustered into particular functional domains of
the bPHLH genes, we first partitioned the sequence of each
bHLH gene into binding domains (including the interaction
and bHLH domains) and nonbinding domains (acidic and
C-terminal), according to figure 1. We used a method de-
scribed previously by Lu and Rausher (2003) to evaluate
whether the dn/ds ratios were significantly different be-
tween the domains for each gene. Briefly, the dy/ds ratio
was estimated separately for each domain using Model
MO from the codeml program of PAML. We next attempted
to find a value of o that satisfied each of 2 criteria: 1) its
value lied in between the o value for each gene and 2) it was
significantly different than the o for each gene. If such
a value could be found, then it would suggest that the con-
fidence intervals around the estimates of @ did not overlap
between the 2 genes and the ® values were significantly
different from each other. In order to assess significance,
we performed LRTs by comparing the log likelihood of
the model where ® was estimated to the log likelihood
of the same model where ® was constrained to particular
values.
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We also compared the locations of the most rapidly
evolving sites, as identified by Model M8 in PAML. Be-
cause our analysis of the PHLH2 gene indicated that
approximately 15% of sites occurred in the rapidly evolving
site class with @ = 1.2 (see below), we used empirical
Bayes estimation to designate the 15% of sites with the
greatest estimated o ratio as the most rapidly evolving sites.
We then noted the functional domain where each identified
site occurred (binding or nonbinding) and used a G-test
(correcting for differences in domain size) to examine
the hypothesis that rapidly evolving sites occurred more fre-
quently in the nonbinding domain than expected by chance.
We performed the same analysis with the 15% of sites to be
evolving most rapidly in the PHLHI gene as well.

Comparing dn/ds between Genes

In order to determine whether rates of evolution dif-
fered between the 2 bHLH genes, we compared dy/dg ratios
using 2 separate methods. The first procedure was described
above and attempted to find a value of ® that was signif-
icantly different than the estimated o for each gene (Lu and
Rausher 2003). We used Model MO from PAML to esti-
mate the o ratio for the full sequence of each bHLH gene.

The second approach followed the methods of Yang
and Swanson (2002), where variation in site heterogeneity
was estimated between previously defined partitions in
a combined data set consisting of both genes. We parti-
tioned the data by gene and ran Model C, which estimated
different substitution patterns and equilibrium codon fre-
quencies between the partitions, but the same transition/
transversion rate ratio (k) and nonsynonymous/synony-
mous rate ratio (®). We compared that model with the
nested-Model E, which was identical to Model C, except
that it estimated k and o separately between the partitions.
We used a likelihood ratio test with 2 df to determine if
Model E fit the data significantly better than Model C,
which would indicate that ¥ and/or ® evolved at different
rates between the 2 genes. In these analyses, a significant
likelihood ratio statistic cannot unambiguously determine
that o differs between the genes because in both models,
o is simultaneously estimated with k. However, we com-
pared the point estimates of each parameter between the
partitions in Model E to evaluate whether 1 or both param-
eters changed substantially between the partitions. Finally,
to determine if differences in rates between the genes could
be attributed to particular functional domains, we ran 2 ad-
ditional analyses that partitioned either the binding or the
nonbinding domains of each gene. We then compared which
domains contributed most to variation in evolutionary rates.

Results

In order to characterize the selective forces that have
operated on the bHLH anthocyanin transcriptional regula-
tors, we cloned and sequenced the entire coding region
from 2 bHLH genes from 13 species of Ipomoea. Sequence
lengths varied among species from 1,878 to 1,896 bp in
bHLHI, whereas bHLH2 was slightly larger and ranged
from 1,980 to 2,055 bp. The amino acid alignments of both

1. nil
I. hederacea
1. purpurea

1. tricolor

1. alba
1. coccinea
I: 1. quamoclit
I. lacunosa
_E 1. trifida

L |. horsfalliae

1. hochstetteri

1. violacea

Operculina pteripes

Fic. 2.—A Bayesian phylogeny of the 13 species used in this study,
derived from ITS sequence data. This topology was used in all analyses.
Branch lengths connote no information.

genes are provided in Supplementary Material online. The
effective number of codons used and GC nucleotide content
(calculated with DNAsp v. 4.0; Rozas et al. 2003) were
highly similar among species and genes. There were no in-
dications in any of the sequences of premature stop codons
or frameshift mutations that would appear to cause a non-
functional enzyme, even though insertion—deletion (indels)
mutations were common.

Bayesian phylogenetic reconstructions of the ITS se-
quences for these 13 taxa recovered the established species
relationships (fig. 2; Miller et al. 1999). The individual
bHLH gene trees also consistently recovered the relation-
ships among species. This indicates that the gene sequences
we analyzed were likely to be orthologous, but it should be
noted that the molecular genetic analyses to test protein
function have not been performed for most species. How-
ever, conserved function of these bHLH transcription fac-
tors has been maintained since the split of the monocots and
dicots (Lloyd et al. 1992; Quattrocchio et al. 1993), sug-
gesting similar function among species of Ipomoea. The
only major incongruity among the gene trees was in the
placement of Ipomoea hochstetteri. The bHLHI gene tree
reconstructed it as subtending the clade containing /. nil and
Ipomoea hederaceae, whereas the ITS and bHLH?2 consen-
sus trees placed it basal to all Ipomoea species except Ipo-
moea violaceae. For all further analyses, we used the
topology derived from the ITS sequences (fig. 2), although
analyses using each bHLH gene tree provided qualitatively
similar results (data not shown).

Domain-Specific Differences in Rates of Amino Acid
Substitution

The nonbinding domain shows elevated o ratios rel-
ative to the binding domain in hHLH?2 but not in bHLH
(table 2). In PHLH?2, the o ratio in the nonbinding domain
is more than 2 times greater than the binding domain,
whereas the difference between the domains in bHLH1



Table 2

Estimates of ® from Codon-Based Model M0 of PAML,
Partitioned for the Binding and Nonbinding Domains for the
bHLH1 and bHLH2 Genes

Binding Nonbinding
Domain Domain
Model [0} I ® l
bHLHI
Model MO 0.136 1,761.08 0.207 3,513.46
Freely estimated  (0.150) 1,761.20 (0.150) 3,513.51
Constrained (0.171) 1,761.79 (0.171) 3,514.93
(0.200) 1,762.12 (0.200) 3,513.50
LRTs (df = 1)* A <2.08 A <294
P > 0.05 P > 0.05
bHLH?2
Model MO
Freely estimated 0.130 2,139.68 0.405 4,045.09
Constrained (0.276) 2,151.53 (0.276) 4,045.09
LRTs (df = 1)* A =237 A = 1874
P < 0.0001 P < 0.0001

# The log likelihood (/) of the data for the model where ® was estimated was
compared with the log likelihood of the same model where ® was constrained to
intermediate values, and significance of the models was evaluated using LRTs with
1 df. Statistically significant differences between the domains of each gene are
evaluated by attempting to find an intermediate value of ® that is significantly
different than the estimated o for each domain (Lu and Rausher 2003).

is more modest and does not vary significantly (table 2).
To further characterize differences in domain-specific
rates of amino acid substitution, we determined whether
the 15% of sites with the highest ® ratio in each gene,
as described by Bayesian estimation, are located more fre-
quently in the nonbinding domains. G-tests indicate that
these rapidly evolving sites do occur more frequently in
the nonbinding domains forboth genes (bHLHI:G = 11.26,
df =1, P <0.001; bHLH2: G = 2687, df =1, P <
0.0001), suggesting that rapidly evolving sites in both
genes are significantly clustered in the nonbinding domains.

In addition, indel mutations occur more frequently in
the nonbinding domains. For bHLH 1, no indels are present
in either the interaction or the bHLH domains, but 7 indels
occur in the nonbinding domains. The bHLH2 gene con-
tains considerably more indels than bHLH, and they again
appear to avoid the binding domains (binding = 3; non-
binding = 26). Finally, in regions outside of indels, invari-
ant amino acid sites are found more frequently in the
binding domains as compared with the nonbinding domains
for both PHLHI (G = 6.09, df =1, P < 0.05) and
bHLH2 (G = 14.64, df = 1, P < 0.001), indicating that
rates of evolution differ between the domains. Although
these data are consistent with previous analyses of plant tran-
scription factors showing that certain domains have elevated
rates of evolution relative to other regions, the overall low ®
ratios in the nonbinding domains of each bHLH regulator
indicate strong constraint on these regions as well (table 2).

Rates and Patterns of Amino Acid Substitution

In order to determine the selective forces operating on
these PHLH genes, we first examined whether there was
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heterogeneity in dy/ds ratios among lineages for each gene
by performing branch tests. LRTs comparing single-ratio
and free-ratio models do not differ significantly for either
gene (bHLHI: A = 30.46, df = 22, P > 0.1; bHLH?2:
A =20.7,df = 22, P > 0.5), providing no reason to reject
the null hypothesis that the genes have evolved at constant
rates along lineages.

We then compared models that evaluate the evolution-
ary forces acting on individual codon sites within each
gene. For bHLHI, Models M1a, M2a, M3, M7, and M8
of PAML all result in nearly identical log-likelihood scores
(table 3), providing no reason to reject Model M1a that clas-
sifies sites as either highly constrained or evolving neu-
trally. Model M1a indicates that 85% of sites are located
in the highly constrained site class, with ® estimated as
0.087. Furthermore, for both of the selection models
(M2a and MB8) and the discrete Model (M3), estimates
of o are not greater than 1 for any site class, again providing
no evidence for positive selection in the PHLHI gene. Em-
pirical Bayes estimation of individual amino acid sites be-
longing to the “selected” site class in Model M8 indicates
that only 9 amino acids sites throughout the entire gene
have an estimated o greater than 1. For these sites, the max-
imum o is 1.29 * 0.369, and none of these sites is esti-
mated to have a posterior probability greater than 0.73
of belonging to the rapidly evolving site class. These results
provide consistently strong evidence that the PHLHI gene
has experienced substantial selective constraint and little
evidence for positive selection at any amino acid site.

A similar analysis of the PHLH?2 gene provides nearly
identical results to hPHLHI and is unable to identify puta-
tively, positively selected sites in this gene either. Models
M1a-M3 result in log-likelihood scores that are indistin-
guishable from each other (table 3). Model M1a estimates
that approximately 82% of sites are highly constrained with
® = 0.136. Even though additional parameters are esti-
mated in the M2a and M3 models, they do not fit the data
significantly better than a model that assumes all sites to be
either highly constrained or evolving neutrally. In fact, the
discrete model (M3), which freely estimates site classes
based on the data, defines only 2 different classes, one with
® = 0.15 and the other with ® = 1.19, a value not substan-
tially greater than 1. Approximately 85% of the amino acid
sites are assigned to the more constrained class of sites in
this model. Model M8 fits the data significantly better than
Model M7 (A = 11.0, df = 2, P < 0.01), and because
15% of sites are located in the positively selected site class
with @ = 1.20, weak positive selection may be indicated
with these comparisons. However, it has been found that
a poor fit of the data to a beta distribution may result in
a high frequency of significant tests when comparing Mod-
els M7 and M8 even in the absence of positive selection. As
aresult, Swanson et al. (2003) devised a likelihood ratio test
to account for these apparently elevated type I error rates.
Briefly, the original Model M8 that contains an extra site
class constrained to have @ > 1 is compared with a more
restricted null model (M8a), where the extra site class is con-
strained to have ® = 1. This test has the added benefit of
directly testing whether the estimated o in the extra site class
is significantly greater than 1. The likelihood ratio score is
compared with a % distribution with 1 df. When performing
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Table 3

Results of Codon-Based Models of Molecular Evolution for
the bPHLHI and bHLH?2 Genes in Ipomoea, Using the Tree
Topology Derived from ITS Sequence Data

Model I o’ Parameters®
bHLHI
MO (single ®) 5,338.11 0.192 ® = 0.192
Mla (nearly neutral) 5,311.71 0.222 oy = 0.087 (po = 0.857)
®; = 1.000 (p; = 0.143)
M2a (selection) 5,311.71 0.218 o = 0.087 (po = 0.857)
®; = 1.000 (p; = 0.092)
®, = 1.000 (P, = 0.051)
M3 (discrete) 5,310.95 0.206 ®y = 0.062 (po = 0.000)
®; = 0.062 (p; = 0.785)
w, = 0.728 (p, = 0.215)
M7 (B) 5311.22  0.204 o = 0.258; B = 0.997
M8 (B + o) 5,311.20  0.206 o = 0.309; B = 1.501
po = 0.955
P; = 0.046; »; = 1.000
bHLH?2
MO (single ®) 6,203.35 0.289 o = 0.289
Mla (nearly neutral) 6,162.72 0.296 ®y = 0.136 (po = 0.815)
®; = 1.000 (p; = 0.185)
M2a (selection) 6,162.27 0.308 @y = 0.151 (po = 0.849)
®; = 1.000 (p; = 0.000)
w, = 1.190 (p, = 0.151)
M3 (discrete) 6,162.27 0.308 @y = 0.151 (po = 0.218)
o; = 0.151 (p; = 0.631)
o, = 1.190 (p, = 0.151)
M7 (B) 6,167.82 0.293 o = 0.404; B = 0.972
M8 (B + w) 6,162.32  0.308 o= 1798; B =99
po = 0.852
P, = 0.148; o; = 1.201

* Log likelihood of the data.
® Mean dy/ds ratio for the entire domain.
¢ pi, the proportion of codons that fall in each category.

this analysis with the sequence data from the bHLH?2 gene,
Model M8 does not significantly differ from Model M8a
(A =094, df = 1, P > 0.3), indicating that the estimated
o = 1.20 is not significantly different than 1 and that there is
little indication of positive selection in this gene either.

Analysis of Amino Acid Substitutions

Methods relying on dn/ds ratios typically have low
power to detect positive selection, especially if selection
targeted only a limited number of amino acid sites or oc-
curred infrequently. As a result, a new class of models that
evaluates the effects of amino acid substitutions on the mag-
nitude of change in physicochemical amino acid properties
has recently been developed. We used the program Tree-
SAAP (Wooley et al. 2003) to model how 31 different
physicochemical properties were affected by amino acid
substitutions in both PHLH genes. Consistent overrepresen-
tation of radical amino acid changes (i.e., categories 7 and
8) would suggest repeated adaptive substitution (McClellan
et al. 2005).

According to both goodness-of-fit tests and Z-scores,
amino acid substitutions in the PHLH1 gene affect the mag-
nitude of change of 4 physicochemical properties more fre-
quently than would be expected if all substitutions are
equally likely to occur (table 4). Conservative substitutions
of magnitude category 3 occur more frequently than

expected by chance for 2 of the properties (B-structure ten-
dencies and hydropathy), whereas slightly more radical
substitutions (i.e., those found in category 6) affecting alpha-
helical tendencies and the power to be at the C-terminal also
are overrepresented in the data set (table 4). However, for
none of the properties do the most radical amino acid sub-
stitutions (i.e., those found in categories 7 and 8) occur more
frequently than expected under neutrality, indicating that
these substitutions do not appear to have large effects on
the physical structure of the protein. These results provide
additional evidence that the entire bPHLHI gene is highly
constrained and has not experienced repeated episodes of
adaptive evolution.

For bHLH?2, 13 different properties show significant
deviations from neutral expectations (table 4). Interestingly,
for 12 of these 13 properties, amino acid substitutions of
particular magnitude categories occur less frequently than
expected by chance, suggesting that purifying selection
eliminates these classes of substitutions. Of these 12 prop-
erties, 3 of them also show an overrepresentation of partic-
ular types of amino acid substitutions, but these occur only
in the most highly conservative classes (categories 1-3).
For only one property (turn tendencies) are marginally rad-
ical amino acid substitutions (category 6) overrepresented.
For 2 properties related to polarity, radical amino acid sub-
stitutions from categories 7 and 8 occur significantly less
often than expected due to random substitution, suggesting
that drastically altering the polarity of the protein is strongly
selected against. Consistent with our analyses comparing
dn/ds ratios, these results indicate that amino acid substitu-
tions have not radically altered the physicochemical
makeup of the protein, providing little evidence that re-
peated positive selection in either PHLH gene contributed
to adaptive differentiation of flower color in Ipomoea.

Comparing dn/ds between Genes

In order to determine whether bHLHI and bHLH?2
evolved at different rates, we followed previously described
methods from Lu and Rausher (2003). Model MO from
PAML estimates the o ratio for bHLHI and bHLH?2 to
be 0.192 and 0.289 for the 2 genes, respectively. The
log-likelihood scores for these models each fit the data sig-
nificantly better than a model, where  is constrained to the
intermediate value of w = 0.241 (bHLHI: A = 5.84,
df =1, P < 0.02; bHLH2: A = 5.3, df = 1, P < 0.03).
Therefore, we have 1) found a value of o that lies in be-
tween the estimated values for each gene and 2) that value
of ® is significantly different than the values individually
estimated by PAML for each gene, satisfying both criteria
and allowing us to conclude that the dy/ds ratios for bHLH 1
and bHLH? are significantly different from each other.

A second method for comparing the dn/ds ratio be-
tween the genes provides similar results, consistent with
the idea that the bHLH2 gene is evolving faster than
bHLH]. By evaluating a combined data set partitioned ac-
cording to each gene, we observe significant differences
between Models Cand E (A = 18.9,df = 2, P < 0.0001),
indicating that both the transition/transversion rate ratio
(x) and o vary significantly between the genes. The



Table 4

A List of Statistically Significant Physicochemical Amino
Acid Properties for A) bHLHI and B) bHLH2, As
Implemented in the TreeSAAP v. 3.2 Software Program
(Wooley et al. 2003)

Goodness Z-score
Property of Fit* (Category)”
bHLH1
o-Helical tendencies 59.88 6.70 (6)
B-Structure tendencies 41.65 —3.40 (2); 3.12 (3)
Hydropathy 29.44 3.62 (3)
Power to be at the
C-terminal 32.88 4.17 (6)
bHLH?
Buriedness 28.28 —3.44 (6)
Chromatographic index  56.21 3.60 (1); —3.61 (6); —3.70 (7)
Helical contact area 46.84 3.64 (2); —4.06 (4)
Isoelectric point 28.59 —3.52 (6)
Long-range nonbonded
energy 45.86  —3.19 4)
Molecular volume 37.43 3.28 (2); —3.34 (4)
Polar requirement 48.14 —4.08 (5); —3.13 (8)
Polarity 45.32 —3.10 (4); —3.28 (7)
Refractive index 30.98 —3.18 (4)
Solvent accessible
reduction ratio 30.75 —3.94 (6)
Surrounding
hydrophobicity 31.16 —3.19 (6)
Thermodynamic
transfer
hydrophobicity 47.22 4.18 (1); —3.24 (4)
Turn tendencies 39.99 4.27 (6)

2 %% goodness-of-fit statistic to determine whether observed and expected
distributions of amino acid substitutions are significantly different from each other.
The critical value for rejecting the null hypothesis of neutrality with 7 = 0.001 and
7 df is 24.32.

b Z-score statistics for significant magnitude categories (in parentheses). A
category with a low number indicates conservative changes to the protein, whereas
higher categories denote more radical substitutions. The critical values for
P = 0.001 are 3.09, indicating positive selection on that magnitude category, and
—3.09, which indicates negative selection.

estimated o is higher for PHLH?2 than for PHLHI (0.289
vs. 0.193) and « is higher for bPHLH ] than for bHLH?2 (2.47
vs. 1.94).

The higher estimated dn/ds ratio for PHLH2 can be
attributed to an increase in the nonsynonymous substitution
rate as opposed to a decrease in the synonymous substitu-
tion rate. When Model MO is run for each gene separately in
the site-based analyses, the tree lengths for synonymous
and nonsynonymous substitutions differ. The ratio of
bHLH?2 to bHLHI tree lengths for synonymous substitu-
tions (synonymous substitutions per codon) is 1.12, indicat-
ing that synonymous substitutions occur at roughly similar
rates between the 2 loci. However, the ratio of nonsynon-
ymous tree lengths between bHLH2 and bHLH]I is 1.68,
which is 50% greater than the rate of synonymous substi-
tution. These different rates between the genes as a whole
can be attributed to a higher dn/ds ratio in the nonbinding
domains. When we compare only the binding domains of
each gene, we find no significant difference between the
genes for Models C and E (A = 0.98, df = 2, P > 0.6).
The freely estimated o ratios for each gene from Model
E are similar (bHLH1: 0.136; bHLH?2: 0.130). However,
when we run the analysis only comparing the nonbinding
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domains between the genes, we obtain a significant likeli-
hood ratio statistic (A = 36.68, df = 2, P < 0.0001). The
estimated o ratio for this region of the 2 genes is nearly
twice as high for bHLH2 than for bHLHI (0.408 vs.
0.210). These differences are due to greater rates of nonsy-
nonymous substitution in bHLH? as the ratio of the nonsy-
nonymous tree lengths is nearly twice the ratio of the
synonymous tree lengths (1.751 vs. 0.893). These results
indicate that bPHLH? is experiencing significantly reduced
selective constraint as compared with hPHLH and this dif-
ference is restricted to the nonbinding domains. Further-
more, measures of nucleotide composition were similar
among species and among genes, suggesting that selection
for codon usage does not appear to account for differences
in subsitution rates between the genes.

Discussion
Regulatory Gene Evolution

Recent investigations into the patterns of molecular
evolution of plant transcription factors have revealed 2
common patterns (Purugganan and Wessler 1994;
Purugganan et al. 1995; Rausher et al. 1999; Langercrantz
and Axelsson 2000; Barrier et al. 2001; Remington and
Purugganan 2002): 1) transcription factors frequently ex-
hibit elevated rates of nonsynonymous substitutions com-
pared with the structural genes they regulate and 2) elevated
rates are often restricted to certain domains, whereas other
regions remain highly conserved. Purugganan (1998) has
termed these patterns “rapid mosaic” evolution, but the
functional significance of these regions remains an open
question. In some cases, it is clear that the rapidly evolving
regions play essential roles in protein function (Gong et al.
1999; Kroon 2004), whereas in others it appears that most
substitutions are essentially neutral (e.g., Chang et al.
2005). Results from our study largely conform to the pattern
of rapid mosaic evolution, although the rate acceleration in
the nonbinding domains is not as great as is commonly ob-
served. In PHLH?2, the rate in the nonbinding domain (0.41)
is approximately 2-fold lower than that exhibited by variable
regions in some transcription factors (e.g., 0.8 in a bHLH
gene in the Poaceae; Purugganan and Wessler 1994), but
comparable to that exhibited by the th/ gene in grasses
(0.39; Lukens and Doebley 2001). Moreover, the dy/ds ratio
in the nonbinding domain of bPHLH? in Ipomoea is substan-
tially higher than that in the structural genes of the anthocy-
anin pathway (0.034-0.277; Lu and Rausher 2003). By
contrast, although rapidly evolving sites in bPHLH 1 are clus-
tered in the nonbinding domains, the dn/ds ratio is not sig-
nificantly different than that of the binding domains (table 2).
Furthermore, the dn/ds ratios for both the binding and non-
binding domains of bHLH fall within the range of values for
the structural genes. Therefore, PHLHI does not appear to
exhibit as rapid evolution in nonbinding domains as many
plant transcription factors, including bHLH?2.

Our results for DHLH] also differ somewhat from those
reported for its orthologous copies in the Poaceae
(Purugganan and Wessler 1994) and in Cornus (Fan et al.
2004). Although the Poaceae study reports very similar
dn/ds ratios for the binding domains (0.14 for Ipomoea vs.
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0.12 for Poaceae), the ratio in the nonbinding domains is 4.5
times greater (0.89 vs. 0.21) for the Poaceae than for
Ipomoea. In Cornus, the ratios in all 4 of the individual do-
mains (interaction = 0.20; acidic = 0.48; bHLH = 0.38;
C-terminal = 0.42; Fan et al. 2004) show somewhat higher
values than either the binding or nonbinding domains in
Ipomoea. However, despite sites in Cornus with estimated
o ratios that approach 1.0, no class of sites consistently dem-
onstrated positive selection. Because attempts to detect selec-
tion on the grass bHLH genes have not been undertaken, it is
currently unknown whether the more rapid rate of evolution
inthe Poaceae is due to relaxed constraint or an increase in the
frequency of adaptive substitution.

Adaptive Evolution

The primary objective of this study was to determine
whether accelerated rates of evolution in bHLHI and
bHLH? nonbinding domains are due primarily to increased
positive selection or decreased constraint. Our results pro-
vide very little support for the positive selection hypothesis.
Although within the nonbinding domains approximately
20% of sites exhibit high o ratios, in neither paralogs is
there a class of sites for which o is significantly greater than
1.0. Moreover, in neither copy do radical amino acid sub-
stitutions occur in substantially greater frequencies than
would be expected by chance. Additionally, the absence
of indels in the binding domains implies that these regions
are structurally more constrained than the nonbinding do-
mains. In fact, it has been shown that indel mutations in the
binding domains can reduce or completely abolish
transcription of target anthocyanin genes in bHLH ortho-
logs of maize and P. hybrida (Liu et al. 1998; Spelt
et al. 2002).

Further evidence for relaxed constraint is provided by
the observation that ectopic expression of the maize R-like
bHLH anthocyanin regulator (which appears orthologous to
bHLH1 in Ipomoea) elicits expression of anthocyanin pig-
mentation in Petunia, Nicotiana, and Arabidopsis (Lloyd
et al. 1992; Quattrocchio et al. 1993). Despite the mainte-
nance of function between these widely diverged taxa for
over 100 Myr, there is little sequence homology among spe-
cies in the nonbinding domains, regions known to be essen-
tial for transcriptional activation and dimerization with
other bHLH proteins. This pattern suggests that proper
function of these domains appears to depend not on partic-
ular amino acids being present at particular locations but
more loosely on conservation of general properties of these
regions such as size, shape, and charge. This is evident from
the significant underrepresentation of particular classes of
substitutions affecting 12 physicochemical amino acid
properties in Ipomoea bHLH2 (table 4), suggesting that
these properties remain constrained even though amino acid
substitutions are common.

These patterns are very similar to those found for an-
other anthocyanin pathway transcription factor in Ipomoea.
Chang et al. (2005) report that despite a very high dn/ds
ratio (0.80) in the nonbinding domain of Ipmybl, adaptive
substitution could not be detected either by analysis of dn/
ds ratios or by analysis of properties of substituted amino

acids. Based on this evidence, it seems doubtful that the
elevated rates of substitution in the nonbinding regions
of these genes contribute substantially to adaptive floral
color differentiation in [pomoea. More generally, the failure
to detect adaptive substitution in other plant transcription
factors (e.g., Lukens and Doebley 2001; Remington and
Purugganan 2002; Fan et al. 2004), along with the common
observation that indels are restricted to nonbinding regions
(Lukens and Doebley 2001; Chang et al. 2005), suggests
that constraint is relaxed and most substitutions are neutral
in variable domains of these genes. By contrast, positive
selection has been implicated in the evolution of substitu-
tions in the binding domains of several plant transcription
factors (Jia et al. 2003, 2004). These patterns suggest that,
to the extent that phenotypic change is caused by transcrip-
tion factor evolution, it will involve primarily substitutions
within conserved binding domains.

Functional Constraint

A secondary objective of this investigation was to test
the hypothesis that PHLH2 would evolve more slowly than
bHLH] because of its greater pleiotropy. In both Ipomoea
and Petunia, multiple functions are ascribed to bHLH2 and
its orthologs, including production of seed coat color and
trichomes, acidification of the vacuole, and production of
secondary metabolites involved in plant defense (Spelt
et al. 2002; Park et al. 2004, 2007). In contrast, regulation
of anthocyanin synthesis is the only function currently as-
signed to the orthologs of bHLHI in the flowering plant
species that have been characterized (Goff et al. 1992;
Quattrocchio et al. 1998; Spelt et al. 2000).

Surprisingly, we observed the opposite pattern: in Ipo-
moea, the bHLH?2 gene evolves at a significantly higher rate
than bHLH 1, due primarily to an increase in the rate of non-
synonymous substitutions in its nonbinding domains.
These apparently conflicting results potentially can be re-
solved when we consider that the orthologs of bHLHI
are involved in more protein—protein interactions than or-
thologs of bHLH?2 (Kroon 2004). This suggests that despite
more pleiotropic effects of PHLH?2 relative to bHLH1, the
nonbinding domains of the Ipomoea bHLH2 gene may be
released from some of the constraint associated with ensur-
ing that all protein-binding sites are maintained. Therefore,
this may account for the observed significant increase in the
o ratio in bHLH? relative to bHLH].

Supplementary Material

Supplementary materials are available at Molec-
ular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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