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ABSTRACT

Plant transcription factors often contain domains that evolve very rapidly. Although it has been suggested
that this rapid evolution may contribute substantially to phenotypic differentiation among species, this
suggestion has seldom been tested explicitly. We tested the validity of this hypothesis by examining the
rapidly evolving non-DNA-binding region of an R2R3-myb transcription factor that regulates anthocyanin
expression in flowers of the genus Ipomoea. We first provide evidence that the Wlocus in Ipomoea purpurea,
which determines whether flowers will be pigmented or white, corresponds to a myb gene segregating in
southeastern U.S. populations for one functional allele and one nonfunctional allele. While the binding
domain exhibits substantial selective constraint, the nonbinding region evolves at an average K,/K; ratio
of 0.74. This elevated rate of evolution is due to relaxed constraint rather than to increased levels of
positive selection. Despite this relaxed constraint, however, ~20-25% of the codons, randomly distributed
throughout the nonbinding region, are highly constrained, with the remainder evolving neutrally, indicat-
ing that the entire region performs important function(s). Our results provide little indication that rapid
evolution in this regulatory gene is driven by natural selection or that it is responsible for floral-color

differences among Ipomoea species.

HE uncoupling of rates of morphological evolution

and molecular evolution, noted 25 years ago by Wil-
son and collaborators (KING and WiLsoN 1975; CHERRY
et al. 1978), has continued to be an unsolved issue in
evolutionary biology. One popular hypothesis for this
uncoupling is that morphological evolution occurs pri-
marily through evolution of regulatory sequences, rather
than sequences coding for structural genes (DOEBLEY
1993; DoEBLEY and LUKENS 1998; PURUGGANAN 1998).
In this context, regulatory sequences may be either the
coding regions of transcription factors or promoter/
enhancer regions of almost any gene. Substantial evi-
dence indicates that sequence changes in either of these
types of regulatory regions can alter morphology (WrAY
et al. 2003). Nevertheless, the relative importance of
regulatory vs. structural genes in contributing to mor-
phological evolution in nature remains unclear.

One observation suggesting the importance of regula-
tory genes to phenotypic diversification in plants is that
transcription factors often exhibit increased ratios of
nonsynonymous to synonymous substitution rates (),
compared to structural genes (PURUGGANAN and WEs-
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SLER 1994; PURUGGANAN e¢f al. 1995; PURUGGANAN 1998;
RAUSHER et al. 1999, BARRIER et al. 2001; REMINGTON
and PURUGGANAN 2002). Moreover, in many cases, the
elevated o for the coding region as a whole is due to
w-values that approach 1 in some domains, while other
domains are highly conserved (PURUGGANAN and WEs-
SLER 1994; PURUGGANAN et al. 1995; RAUSHER et al. 1999;
REMINGTON and PURUGGANAN 2002). One explanation
for these domain-specific elevated w’s is that repeated
positive selection has occurred in these domains. If this
explanation is correct, this positive selection is likely to
reflect substitutions that contribute to the evolution of
phenotypic diversity.

To date, however, information on whether domain-
specific elevated w’s are caused by selection or, alterna-
tively, simply by relaxed selective constraint is meager
and inconclusive, in part because specific tests that dis-
tinguish positive selection from relaxed constraint in
these regions have rarely been performed. Here, we
apply such tests to a transcription factor that regulates
anthocyanin structural gene expression and that has
been shown previously to exhibit rapid evolution in its
non-DNA-binding domain (RAUSHER et al. 1999).

The biosynthetic pathway for anthocyanins and other
flavonoids has been a model system for the study of gene
regulation in plants (IRANT ¢t al. 2003). The pathway, as
well as its regulatory elements, is evolutionarily con-
served across the angiosperms (Koks et al. 1994; MoL
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F1Gure 1.—Domains of Ipmybl from Ipomoea purpurea. The
shaded region is the R2R3 binding domain. Solid vertical lines
are intron positions (i1 and i2). The open region is the variable
domain. Arrows (labels) indicate positions (identity) of PCR
primers. Triangles indicate deletions in ipmybl. The asterisk
indicates the position of the premature stop codon in ipmyb1.

et al. 1998). Three regulatory factors have been identi-
fied: (1) an R2, R3 myb protein, (2) a helix-loop-helix
protein of the myc family, and (3) a WD40 protein. Ac-
cording to the most recent model of how these proteins
interact (IRANTI et al. 2003; Kroon 2004), the myb and
myc factors form a complex and bind the cisregulatory
region of the target anthocyanin structural gene, while
the WD40 protein is believed to be involved in post-
translational control of the myb protein. Together, these
factors coordinately regulate the expression of anthocy-
anin structural genes.

Here we focus on the myb protein. A previous compari-
son (RAUSHER et al. 1999) of homologs of this protein
from maize, petunia, and snapdragon revealed two ma-
jor regions evolving at different rates (Figure 1). The
DNA-binding domain, which also is involved with bind-
ing to the myc protein (Kroon 2004), is ~350 bp in
length and is highly conserved, exhibiting 66% similar-
ity at the amino acid level between maize and petunia
(QUATTROCCHIO ¢t al. 1999). By contrast, the region out-
side the binding domain, consisting of ~500-570 bp, is
much less conserved, exhibiting no identifiable similar-
ity between the same two species. We first describe clon-
ing and functional characterization of a myb homolog
from the morning glory Ipomoea purpurea that regulates
floral anthocyanins. We then characterize the molecular
evolution of this gene, using standard population-genetic
approaches. We specifically ask whether rapid evolution
of the variable region is due to repeated positive selec-
tion. The species chosen for analysis exhibit a wide diver-
sity of floral hues and pigmentation patterns. Our analy-
sis asks whether rapid evolution in this gene can account
in part for this phenotypic diversification.

MATERIALS AND METHODS

Species: The genus Ipomoea (Convolvulacea) contains
~1000 species distributed throughout the tropics and subtrop-
ics. For this study, we chose 13 species representative of the
variation in floral color in the genus (Table 1). The phyloge-
netic relationships among these species are well supported
(MILLER et al. 1999; MANOS et al. 2001) and portrayed in Figure
2. Plant material for RNA and DNA extraction was obtained

either from naturally growing plants in the field or from speci-
mens grown in our greenhouse. For 1. purpurea, multiple acces-
sions were collected from Orange and Durham counties,
North Carolina, and from Oconee County, Georgia.

For detailed analysis of patterns of intraspecific variation,
we focused on . trifida, a species that grows throughout Central
and northern South America. Because this species is closely
related to cultivated sweet potato, I. batatas, numerous acces-
sions are available from these regions. We sampled two green-
house-grown plants from each of 16 accessions (APPENDIX).

Cloning and characterizing Ipmybl from I. purpurea: We
employed a previously described cDNA library that was con-
structed from the distal half of flower buds of I. purpurea using
the ZAP cDNA synthesis kit (Stratagene, La Jolla, CA) (TrrrIN
et al. 1998). A fragment of a putative myb gene corresponding
to the Wlocus was isolated from this library using two rounds
of PCR and degenerate primers designed from sequences of
anthocyanin myb genes in maize (Cgene) and Petunia (An2).
The first round of amplification (35 cycles of 95° for 30 sec, 50°
for 30 sec, and 72° for 1 min) used the vectorspecific MI13F
primer and degenerate primer C, (GGNGA[AG]GGNAA[AG]
TGG), which is located in the binding domain 96 bp down-
stream of the start codon. This reaction produced a faint but
well-defined band of ~1100 bp, which was isolated and used
as the template for a second round of amplification. This
round used primer C,; along with a second degenerate primer
C; (CCNGGNAG[AG]CTNCCNGC[AGTI]AT), which is also
located in the binding domain, 291 bp downstream of the
start codon. This reaction amplified a 195-bp fragment that
exhibited 86% amino acid identity to the corresponding se-
quences of both maize C and petunia An2.

This fragment was used to probe the cDNA library for full-
length clones. Approximately 300,000 plaques were screened
and 10 potential positive clones isolated and sequenced. Of
the 10 isolates, 3 contained partial genes and 7 contained the
entire coding region of the same gene plus ~100 additional
bp upstream of the start codon. The locations and sequences
of introns were determined by cloning most of the gene from
genomic DNA using primers C27 (CAACGTAAGTACCCAC
TACG) from the 5'-untranslated region and C28 (CGGAAAG
TCATCATCAGTTG) located ~40 bp from the stop codon.
In this and all other analyses, genomic DNA was isolated using
the DNeasy DNA extraction kit (QIAGEN, Valencia, CA).

The corresponding gene was isolated from white-flowered
1. purpurea plants using primers designed from the 5’- and 3'-
untranslated ends of Ipmybl: C27 (CAACGTAAGTACCCAC
TACG) and C38 (CGTATGATTTAAAGAC). Genomic DNA
used as template for this analysis was extracted from a white-
flowered inbred line (line X in our collection). Alleles sampled
from natural populations were obtained through PCR of geno-
mic DNA using the same set of primers.

Cosegregation of flower color and variation at the Ipmybl
locus was examined in two groups of plants. The first group
consisted of 24 F, offspring that were homozygous for flower
color and that were produced by selfing the F, offspring of
of crosses between homozygous purple (WW) and white (ww)
parents. Homozygosity was determined by intensity of floral
pigmentation: heterozygous (Ww) plants have pigmentation
of distinctly lower intensity than do homozygous (WW) plants.
The second group consisted of 74 homozygous offspring ob-
tained by selfing lightly pigmented (Ww) parents collected
from a natural population in Georgia. For these analyses,
genotype at the Ipmybl locus was characterized for each plant
by the size of a gene fragment amplified from genomic DNA.
Our preliminary analyses indicated the segregation of a length
polymorphism (either 356 or 381 bp) in this fragment in
natural populations. Primers used for this analysis were C25
(GTAGTTAGCATGCATATGGC) and C28 (CGGAAAGTCAT
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TABLE 1

Floral color characteristics and sequence accession numbers for 13 Ipomoea species

1969

Species Primary floral hue Color pattern* Sequence accession nos.
1. purpurea Purple Variable intensity AY986828
1. lindheimeri Pale lavender Uniform AY986826
1 nil Intense blue Uniform AY986825
I. hederacea Pale blue Uniform AY986827
1. tricolor Blue Variable hue AY986824
L alba White Uniform AY986823
L. coccinea Red Uniform AY986829
1. quamoclit Red Uniform AY986830
1. hederifolia Red Uniform AY986831
1. neei Red Uniform AY986832
1. lacunosa White Uniform AY986835
1. triloba Pale lavender Uniform AY986833
L trifida Pale lavender Variable intensity AY986834

“Variable intensity, pigmentation varies in intensity among regions of the corolla; uniform, pigmentation
of uniform intensity and hue throughout the corolla; variable hue, different hues on different parts of the

corolla.

CATCAGTTG). Amplified fragments were scored visually for
size on 1% agarose gels.

Cloning and sequencing binding and variable domains from
other species: On the basis of the sequence of Ipmybl from 1.
purpurea, we designed two PCR primer pairs to amplify the
variable domain from cDNA of the other 12 species and, for
comparison, the binding domain from 6 of these species. The
pair for the binding domain was C31 (CCTGCCATGGTTA
ATTCTTC) and C34 (CCATATGCATGCTAACTACC). The
pair for the variable domain was C42F (GTCGCTTATTGCTG
GCAGAA) and C42R (AGGTCACATCAATCGGAAA). The lo-
cations of these primers are shown in Figure 1. cDNA was pre-
pared for PCR using M-MLYV reverse transcriptase (Invitrogen,
San Diego) according to the manufacturer’s instructions. PCR
reactions were performed using AmpliTaq DNA polymerase
(Applied Biosystems, Foster City, CA). PCR fragments were
cloned into the TOPO 2.1 vector (Invitrogen) and sequenced
off the vector using the Big Dye protocol (Applied Biosystems).
Sequence data were collected by an ABI 3700 automated se-
quencer (Applied Biosystems). Both strands of at least two
clones from each species were sequenced. The variable do-
main was cloned and sequenced from genomic DNA from 1.
trifida accessions using primers C42F and C42R and high-
fidelity Pfx polymerase (Invitrogen).

Cloning and sequencing of chalcone synthase: To assess
whether the level of variation is reduced in the variable region
of Ipmybl, as would be expected if there had been a recent
selective sweep, a second sequence is needed for comparison.
For this second sequence we chose CHS-D, which codes for
chalcone synthase, an anthocyanin structural gene (FUKADA-
TANAKA el al. 1997). This gene is one member of a five-member
family of chalcone-synthase-like genes in Ipomoea. CHS-D is
readily distinguishable in sequence from the other four members
of this family and is the copy that is most highly expressed in
most tissues (FUKADA-TANAKA ¢t al. 1997; DURBIN e al. 2003).

An 870-bp fragment from the second exon of this gene was
cloned from genomic DNA from two individuals of each of
the I. trifida accessions that were sampled for the Ipmybl gene.
Two degenerate PCR primers were used: CHSD1F (GCAYTT
AACCGAGGAAATATTGAAGG) and CHSD2R (ATKGTAAG
CCCRGGCCCAAAYCCAAACA).

Codon-based analysis of sequences: Sequences analyzed for
the binding domain consisted of the 285 bp between primers
C31 and C34. Those for the variable domain consisted of the
510 bp between the locations of primers C42F and C42R.
Sequences were initially aligned by translating nucleotide se-
quences into amino acid sequences, aligning the amino acid
sequences manually, and adjusting the nucleotide sequence
on the basis of the amino acid alignment. Manual adjustments
were then made to the nucleotide alignment. Separate align-
ments were performed on the binding domain and variable
domain.

As a first approach to characterizing the selective processes
that have acted on the myb gene, we employed the likelihood
approach developed by Yang and coworkers (NIELSEN and
YANG 1998; YANG and NI1eLSEN 2000; YANG el al. 2000) and
implemented in version 3.12 of the PAML software package
(YANG 1997). Because the phylogenetic relationships among
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F1GURE 2.—Phylogenetic relationship of the 13 species ex-
amined. Branch lengths convey no information. Numbers as-
sociated with each branch represent estimated ds (outside
parentheses) and dy (inside parentheses) from model M1
(neutral model) for the variable region of Ipmybl.
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TABLE 2

Results of codon-based models for detecting
selection for binding domain

Model I w’ Parameters®

MO (single w) —442 .31 0.235 o = 0.235

M1 (neutral) —442.53  0.273 o), =0 (py = 0.73)
w =1 (p = 0.27)

M2 (selection) —442.31 0.235 wy, =0 (py = 0.00)
w =1 (p = 0.00)
wy = 0.235 (p, = 1.00)

M3 (discrete)  —442.31 0235 @, = 0 (p = 0.00)
w; = 0.008 (p, = 0.00)
wy = 0.235 (p, = 1.00)

M7 (B) —442.32 0.236 o =30.54; 8 =99

M8 (B + o) —442.32  0.236  py = 1.00; o = 30.54;

B =99

p = 0.00; o = 30.55

“ Log-likelihood of data.
"Mean dy/ ds ratio for entire domain.
‘ P, the proportion of codons that falls in each category.

the species are well characterized, we assumed the tree topol-
ogy in Figure 2. Preliminary maximum-likelihood reconstruc-
tion of the sequence tree recovered the same tree topology
asin Figure 2, confirming that this topology is appropriate and
that the genes examined are orthologous. We first determined
whether the average dy/ ds ratio, or w, differed among branches
by comparing constant-site models, in which all codons within
the sequence are assumed to have the same value of w. A
model in which w was constrained to be the same on all
branches was compared to a free model, in which w was esti-
mated independently for each branch. We then determined
the pattern of variation among amino acid sites, and whether
some sites were subject to positive selection, by comparing
constant-branch models, in which the mean value of w is
assumed to be the same for all branches. In this analysis, a
series of nested models (Table 2) were compared using the
standard likelihood-ratio criterion for significance (HockING
1985). Model MO represents the null hypothesis that all amino
acid positions exhibit the same w. Model M1 (neutral model)
represents the hypothesis that all amino acid positions are
either completely constrained (v = 0) or neutral (w = 1).
Model M2 (selection model) is similar to M1, except that it
allows for an additional category of amino acid sites that may
be positively selected (w > 1). Model M3 (discrete model)
assigns each amino acid position to one of three categories,
the o for each category being unconstrained and estimated.
If models M2 and/or M3 describe the data significantly better
than models MO and M1, and if at least one of the estimated
values of w is >1, positive selection is indicated. Models M7
(B-model) and M8 (B + w-model) are similar in that they
model the distribution of ® among amino acid positions as a
B-distribution and estimate the parameters of that distribu-
tion. M8 differs from M7 in including an additional category
of sites that are not part of the B-distribution. For these sites,
a common o is estimated. A test of whether M8 fits the data
significantly better than M7 thus constitutes another test of
whether positive selection has acted.

The locations of highly conserved amino acid sites in the
variable region of Ipmybl were determined on the basis of
Bayesian posterior probabilities that a given site should be
assigned to particular discretized categories that approximate
the B-distribution in model M7. In particular, because our
analyses indicated that ~20% of sites have o = 0, we desig-
nated the 20% of sites with the highest posterior probabilities
associated with the category o = 0 as highly conserved sites.
To test whether the spatial distribution of these sites was non-
random, we employed a runs test (SIEGEL 1956). To test
whether negatively charged, acidic amino acids are more likely
to be in the set of highly conserved sites than in sites that are
not highly conserved, we employed a G-test (SOKAL and ROHLF
1969). To categorize each site as either acidic or nonacidic,
we reconstructed the site’s ancestral amino acid state using
parsimony. These reconstructions were unambiguous with re-
spect to categorization of the ancestral state as either acidic
or nonacidic, although 19 sites representing insertions were
omitted from the analysis.

Because most insertions and deletions in Ipmybl are con-
fined to one or a very few closely related sequences (Figure
3), it was straightforward to distinguish insertions from dele-
tions and to unambiguously assign 17 of 18 deletions to a
particular lineage. To determine whether deletions tended to
avoid conserved sites we simulated sets of random deletions.
Specifically, each replicate of the simulation randomly placed
17 deletions on the presumed ancestral state of the gene (all
deletions and insertions removed). The size distribution of
the deletions was the same as that for the 17 observed dele-
tions. The number of conserved sites, as defined above, in-
cluded by the deletions was then tabulated. A total of 10,000
replicate simulations were run to provide a frequency distribu-
tion of the number of included conserved sites. The criterion
for significant avoidance of conserved sites was whether the
proportion of replicates with a number of included conserved
sites less than or equal to the observed number was <0.05.

Analysis of amino acid substitutions: To determine whether
the nature of amino acid substitutions among the species
examined differed from that expected under neutrality, we
compared the magnitude of observed changes in physico-
chemical properties with those expected if amino acid substitu-
tions were not constrained to be substitutions involving similar
amino acids. Because most of the amino acid substitutions
observed were confined to one species or a small group of
related species, it was possible to determine, using parsimony
criteria, the ancestral and derived codons for 83 of 87 of the
observed amino acid substitutions. Using the ancestral codons,
we then simulated substitution under neutrality by allowing
each codon to mutate randomly to a new codon specifying a
different amino acid. One complete simulation chose a new
amino acid corresponding to each of the 87 observed amino
acid substitutions. For the four substitutions for which the
ancestral codon could not be determined unambiguously, we
randomly chose among the possible ancestral codons as the
initial codon. For each simulation, we then calculated the
mean absolute value of the change in each of three physico-
chemical properties (composition, polarity, and volume of
GRANTHAM 1974) and of the Grantham distance (a combina-
tion of change in these three properties; GRANTHAM 1974)
associated with each amino acid substitution. One thousand
simulations were conducted to determine the expected fre-
quency distribution for mean change for each of the four
measures. To ascertain whether the degree of transition/ trans-
version bias influenced the outcomes of the simulations, we
conducted 1000 simulations for several values of the transi-
tion/transversion ratio: 2.0, 3.0, 3.56 (the empirically esti-
mated value), and 4.0. We asked whether the observed mean
of each of these measures differed significantly from the mean
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expected under neutrality by determining whether the ob-
served mean lay outside the 99% confidence region of the
frequency histogram. (We use a 99% confidence region to
correct for multiple comparisons and maintain an overall type
I error of 5%). A significantly lower mean would indicate that
amino acid substitutions are constrained to those involving
physicochemically similar amino acids. Alternatively, a signifi-
cantly higher mean would suggest the repeated operation
of positive selection in favoring nonconservative amino acid
substitutions.

A nonsignificant deviation in this analysis may reflect either
true neutrality of amino acid substitutions or a combination
of constraint favoring conservative substitutions at some sites
and positive selection favoring more radical substitutions at
other sites. We attempted to distinguish between these two
possibilities by comparing the variance of the change in each
property to the distribution of variances from the simulations.
If substitutions are truly neutral, the observed variance should
be similar to the mean of the simulated variance distribution.
By contrast, under a combination of constraint and positive
selection, the variance is expected to be larger than that pre-
dicted by the simulations. To determine the significance of the
observed variance from the simulation mean, we determined
whether the observed mean lay in the upper 1% tail (to main-
tain an overall probability of type I error of 5%).

Patterns of intraspecific variation: Patterns of intraspecific
variation in the Ipmybl gene from I. trifida were compared
to expectations under neutrality using standard population-
genetic approaches. Deviations of allele frequency spectra
from neutrality were assessed using Tajima’s D- and Fu and
Li’s D- and Fstatistics (Tajima 1989; Fu and L1 1993) as imple-

mented by the software DnaSP (Rozas and Rozas 1999).
Coalescent simulations involving both extremes of free recom-
bination and no recombination were performed to evaluate
the significance of these statistics. A McDonald-Kreitman test
of nonneutral divergence was performed, also with DnaSP,
using a single sequence from /. purpurea for calculating fixed
differences between species. This species was used instead of
the more closely related 1. triloba or I. lacunosa because these
two exhibited very little sequence divergence from I. trifida.
Comparable analyses with other species used as an outgroup
produced very similar results. Finally, to determine whether
there is any evidence for positive selection in the form of a recent
selective sweep, we compared silentsite variation between Ipmyb1
and CHS-D with an HKA test (HupsoN et al. 1987) as imple-
mented in DnaSP. In this test, I. purpurea was again used to assess
divergence.

RESULTS

Cloning and characterization of an I. purpurea myb tran-
scription factor: To clone and characterize the I purpurea
floral myb gene, we utilized a floral color polymorphism
common in populations of this species throughout the
southeast United States (the W locus; ErPPERSON and
CLEGG 1988). Homozygotes of one allele at this locus
produce pigmented flowers, while homozygotes of the
other allele produce white flowers with pigmented rays.
In white flowers, six core structural genes of the anthocy-
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anin pathway are greatly downregulated (TIFFIN e al.
1998), indicating that this locus likely corresponds to a
transcription factor.

Using PCR with degenerate primers, followed by
cDNA library screening, we obtained from purple (WW)
plants a 1072-bp clone, designated Ipmybl, including
the entire coding region of a gene with similarities to
plant R2, R3 myb transcription factors. The deduced
amino acid sequence corresponding to this gene has
an N-terminal R2, R3 myb domain that is 86% identical
at the amino acid level with the An2anthocyanin regula-
tor of Petunia (QUATTROCCHIO et al. 1999). Moreover,
a BLAST search revealed that this region exhibits higher
similarity to An2 than to any other gene in the GenBank
database, suggesting Ipmybl and An2 may be orthologs.
Cloning and sequencing from genomic DNA indicated
that this gene possesses two introns, the first ~100 bp
in length and the second ~320 bp (Figure 1). These
two introns correspond in position to introns 1 and 2
commonly found in plant R2R3-myb genes (ROMERO et
al. 1998).

Using primers designed from the 5'- and 3'-untrans-
lated portions of the Ipmybl sequence, we isolated a
second clone, ipmybl, from white (ww) plants. The se-
quence of this clone is identical to that of Ipmybl, except
for the presence of two deletions (Figure 1). The larger
deletion produces a frameshift and a premature stop
codon, such that 95 bp at the 3" end of the IpmybI gene
are radically altered.

All of seven alleles sampled from homozygous purple-
flowered plants from North Carolina and Georgia were
identical to Ipmybl, whereas all six alleles sampled from
white-flowered plants from these two states were identi-
cal to ipmybl. In addition, segregation analysis of 12
homozygous purple- and 12 white-flowered F, plants
from two crosses between homozygous purple and white
parents demonstrated that these alleles cosegregated
perfectly with flower color. Similarly, alleles from 36
homozygous purple- and 38 white-flowered progeny de-
rived from self-fertilization of heterozygous parents col-
lected in Georgia also cosegregated perfectly with flower
color. These observations indicate that Ipmybl corre-
sponds to the functional (pigment-producing) allele at
the Wlocus and that Ipmyb1 is thus the myb transcription
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FIGURE 4—Amino acid alignment of R2R3
binding-domain sequences. Dots indicate amino
acids that do not differ from the I purpurea

95
reference sequence.

factor controlling expression of anthocyanin genes in
the flowers of I. purpurea. Although the segregation anal-
ysis is consistent with the alternate hypothesis that Ip-
mybl is a separate locus in linkage disequilibrium with
W, we believe the geographic sampling argues against
this hypothesis, since in such samples past recombina-
tion would likely have broken up an association between
the two genes.

Interspecific variation in IpmybI: To characterize the
molecular evolution of the variable region of Ipmybl,
we cloned and sequenced a 510-bp portion of this region
from 13 Ipomoea species (Figure 3). In this sample, a
total of 40 sites were variable (28 nonsynonymous, 12
synonymous). For comparison, we also cloned and se-
quenced the binding domain from 6 of these species
(Figure 4). In this sample, there were a total of 10 variable
sites (4 nonsynonymous, 6 synonymous). With these
sequences, we first asked whether there was evidence
for heterogeneity among lineages in . For the binding
domain, the log-likelihoods for models with global and
local w’s were —442.3 and —437.6, respectively, and
were not significantly different (d.f. = 8, P> 0.2), pro-
viding no reason to reject the null hypothesis that o was
constant across all lineages. Analysis of variable region
sequences also revealed no evidence for differences in
o among branches. For the entire set of 13 sequences,
the log-likelihoods for the global and local w-models
were —1625.9 and —1618.5, respectively (d.f. = 23, P>
0.3). A similar analysis using subsets consisting of 6 of
the 13 sequences, including the subset corresponding
to that of the binding-domain analysis, also revealed no
indication of heterogeneity among lineages (data not
shown). It thus appears that both the binding domain
and the variable domain of Ipmybl have evolved at an
approximately constant rate.

We next examined whether there was detectable se-
lection on codons within either domain. For the binding
domain, models MO-M3, M7, and M8 of PAML all gave
virtually identical results. In particular, the log-likeli-
hoods for all models were indistinguishable, and each
estimated the average w to be ~0.235 (Table 2). Both
the selection model (M2) and the discrete-category
model (M3) indicated that all codons had a common
o of 0.235, with no codons that were absolutely con-
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FIGURE b.—Estimated probability density distribution of o
from model M7. The distribution function is a B-distribution
with parameters corresponding to the maximum-likelihood
fit to the data. (A) Binding domain. (B) Variable domain.

strained (w = 0) or evolving neutrally (w = 1). Similarly,
the estimated parameters of the B-models (M7 and M8)
yield a narrow distribution of w-values centered on 0.235
(Figure bA), and the discretized approximation to the
B-distribution indicates that, for all codons, w is between
0.177 and 0.299. This analysis indicates that the binding
domain is subject to substantial selective constraint, but
reveals no evidence for positive selection.

A similar analysis reveals that the distribution of w-values
among codons in the variable region is markedly bi-
modal, with ~20-25% of the codons subject to very
strong purifying selection (w ~ 0) and the remainder
evolving essentially neutrally (w = 1) (Table 3). The
neutral model (M1) fits substantially better than the
single-w-model (M0) (A = 8.18), despite no difference
in degrees of freedom, and estimates that 26% of sites
are highly conserved, while 74% are evolving neutrally.
Despite additional parameters, neither the selection
model (M2) nor the discrete model (M3) shows any
improvement of likelihood over the neutral model, pro-
viding no evidence for positive selection on any codons.
Moreover, in the selection model, the freely estimated
o for the third category of codons, 1.41, is barely larger
than the value of 1.0 expected under neutrality and is
easily explained by stochastic variation in the estimate
of w. Similarly, in the discrete model, one estimated
is 0, while the other two are again close to 1.0 and
consistent with neutrality. These three models thus are

consistent with all codons being either rigidly con-
strained or neutral.

Models M7 and M8 lead to a very similar conclusion.
In M7, the fit B-distribution shows sharp peaks at w =
0 and w = 1, with very little probability density at inter-
mediate values (Figure 5B). The estimated discrete cate-
gories of this distribution indicate that 30% of codons
have o < 0.10, and the remainder have o > 0.99. The
model M8, which allows for an additional category of
sites possibly under selection, shows no improvement
in fit over M7 (A = 0.90, d.f. = 2, P> 0.5). Moreover,
the w-value associated with this additional category is
only 1.20, again very little different from what is ex-
pected under neutrality. Thus, models M1-M3 and M7
and M8 are all consistent in indicating absence of posi-
tive selection on codons in the variable region and a
markedly bimodal distribution of severity of constraint.

One possible explanation for this pattern of con-
straint is that the variable region contains previously
unidentified domains that are highly conserved, are in-
terspersed with sequences that have no function, and
are evolving neutrally. When the locations of the con-
served codons are plotted, however, this explanation
becomes untenable. Thirty-four amino acid sites were
identified by their Bayesian posterior probabilities as
the most likely conserved sites (Figure 3). These sites
are dispersed across the entire variable region and their
positions do not differ from random expectation based
on a runs test (observed number of runs is 51, expected
number of runs is 55, z = —0.98, P> 0.3). Apparently
the entire variable region performs important func-
tions, although the identity of every amino acid within
that region is not critical.

A second possible explanation is that the variable
domain functions primarily in transcription activation.
In general, activation domains of eukaryotic transcrip-
tion factors can often be exchanged without loss of
function, indicating that the overall configuration of
that domain is not highly functionally constrained
(PrasHNE 1988). The basic requirement for an activa-
tion domain appears to be the presence of negatively
charged, acidic amino acids, which are usually dispersed
along one face of a secondary structure such as an a-helix
(PrasuNE 1988). This requirement predicts that there
should be anumber of highly conserved sites, represent-
ing acidic amino acids and sites crucial for their proper
orientation, while most other sites should be subject to
little constraint. The distribution of acidic amino acids
among conserved and nonconserved sites in Ipmybl is
consistent with this prediction: acidic amino acids are
found at 27% of the highly conserved sites (9 of 33),
but only at 5.4% of the nonconserved sites (6 of 112;
G = 10.5, d.f. = 1, P = 0.0012). Additionally, 87.7%
(13 of 15) of sites occupied by acidic amino acids are
absolutely conserved, while only 55.1% (65 of 118) of
sites occupied by nonacidic amino acids are absolutely
conserved (Fisher’s exact test, P = 0.016).



1974 S.-M. Chang, Y. Lu and M. D. Rausher

TABLE 3

Results of codon-based models for detecting selection for
variable domain

Model I8 w! Parameters®

MO (single w) —1553.47 0.803 = 0.803

M1 (neutral)  —1549.38 0.737 w, = 0 (p = 0.26)
o =1 (p = 0.74)
M2 (selection) —1549.01 0.948 w, = 0 (p = 0.28)
o =1 (p = 0.39)
wy = 1.40 (py = 0.33)
M3 (discrete)  —1548.91 0.852 w, = 0 (p = 0.42)
w, = 1.36 (p, = 0.37)
wy = 1.36 (p, = 0.21)
—1549.47  0.710

M7 (B) a =004 B = 0014

M8 (B + ) ~1549.02 0.844 p, = 0.30; « = 0.001;
B =183

= 0.70; © = 1.20

“ Log-likelihood of data.
"Mean dy/ds ratio for entire domain.
‘ P, the proportion of codons that falls in each category.

Insertions and deletions: Within the binding domain,
there are no insertions or deletions among the se-
quences examined. By contrast, within the variable do-
main, indels are numerous (Figure 3), although none
cause frameshifts or premature stop codons. Because
~20% of the amino acids in the variable region are
highly conserved, and thus presumably perform a cru-
cial function, we would expect that any deletions that
occur in this region would tend to avoid these conserved
codons. We tested this hypothesis using simulations of
random deletions from the presumed ancestral state of
the variable region of IpmyblI to ask how frequently the
observed number or fewer conserved codons would be
deleted by chance. In the genealogy of variable regions
from the species examined in this study, 17 deletions
include 14 conserved amino acid sites. In 10,000 simula-
tions, the average number of conserved sites deleted
was 21.4, and the proportion of runs in which 14 or
fewer conserved sites were deleted was 0.047. It thus
appears that although deletions do eliminate conserved
sites, they do so significantly less often than if deletions
were completely random.

Patterns of amino acid substitutions: The codon-based
analysis described above suggests that at sites within the
variable region of IpmybI that are not rigidly constrained
amino acid substitutions occurred at the same rate as
silent substitutions, implying that there are no con-
straints on nonsynonymous substitutions at these sites.
If this inference is correct, then substitutions should be
random with respect to physicochemical properties of
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F1GURE 6.—Frequency histograms of mean change in amino
acid properties derived from simulations under the assump-
tion that nonsynonymous mutations are neutral. For each
property, 1000 simulations were performed. Arrows indicate
mean of observed amino acid substitutions. Bars above histo-
grams indicate the 1Ist, 5th, 95th, and 99th percentiles of the
cumulative frequency distribution.

amino acids. We tested this hypothesis by simulating
the distribution of the mean value of changes in amino
acid composition, polarity, volume, and a combined
measure incorporating all three properties (Grantham
distance), for the sites that actually exhibited amino
acid substitutions in our data set. Because results from
simulations incorporating different transition/transver-
sion ratios are very similar, we report only those simula-
tions in which the ratio was set to the observed value
(3.56).

For composition and volume, the observed mean
change is slightly greater than the simulation mean (Fig-
ure 6). By contrast, the mean changes in polarity and
in Grantham distance are slightly lower than the simula-
tion means. None of these differences, however, are
statistically significant, since all four observed means fall
within the 95% confidence region for the simulated
mean (Figure 6). These results are consistent with the
hypothesis that the observed amino acid substitutions
were effectively neutral and random with respect to
physicochemical properties. However, a similar pattern
could also be produced if some sites were constrained
to permit only conservative substitutions, while other
sites were positively selected for more radical substitu-
tions. In this situation, the observed variance of change
in a property is expected to be greater than the simu-
lated variance. For composition, volume, and Grantham
distance, the observed variance was greater than the
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mean simulated variance, but none of these differences
were statistically significant (> 0.05 in all three cases).
There is thus little reason to reject the null hypothesis
that the observed amino acid substitutions were random
with respect to physicochemical properties.

Intraspecific variation in Ipmybl: The interspecific,
codon-based analysis of selection described above can
be very conservative in its ability to detect positive selec-
tion. Specifically, it will not detect positive selection, even
if it occurs, if there are no sites at which w is actually
>1, i.e., if advantageous substitutions are scattered
across sites rather than occurring repeatedly at a subset
of sites. In this situation, patterns of intraspecific varia-
tion may be more informative of the operation of selec-
tion.

There is no evidence that the distribution of allele fre-
quencies among the 1. trifida sample differed from neutral
expectations. Considering both synonymous and nonsyn-
onymous polymorphisms, Tajima’s Dstatistic was esti-
mated to be 0.32, with a confidence interval under neutral-
ity as determined by coalescent simulations of (—1.07,
1.08). Fu and Li’s D- and FEstatistics were 0.71 and 0.59,
with confidence intervals of (—1.45, 1.24) and (—1.60,
1.42), respectively (these confidence intervals were de-
termined assuming free recombination and are smaller
than those determined assuming no recombination).
Analyses using only segregating nonsynonymous sites or
only synonymous sites produced similar nonsignificant
results.

To determine the extent to which nonsynonymous
substitutions between species could be ascribed to posi-
tive selection, we compared the ratio of nonsynonymous
to synonymous divergence with the corresponding ratio
of polymorphic sites using a standard McDonald-Kreit-
man test. The outgroup for estimating divergence was
asingle sequence from 1. purpurea. Within I. trifida, there
were 15 polymorphic sites, 9 of them segregating for
nonsynonymous substitutions and 6 for synonymous
substitutions. Between 1. trifida and I. purpurea, there were
19 nonsynonymous and 9 synonymous fixed differences.
While there appears to be a slight excess of fixed nonsyn-
onymous differences, the difference between the ratios
for polymorphism and divergence is not significant
(Fisher’s exact test, P > 0.73). This analysis thus pro-
vides little evidence indicating that nonsynonymous sub-
stitutions in the variable region are not neutral.

A final way in which positive selection could be de-
tected is if a recent selective sweep had left a signature
of reduced variation in the variable region of Ipmybl.
For this gene, synonymous nucleotide diversity in the
L. trifida sample was w = 0.021, while for CHSD, the
comparable value was m = 0.067. There thus appears
to be less diversity in Ipmybl, consistent with the recent
occurrence of a selective sweep. However, this differ-
ence in diversity is not statistically significant, as assessed
by a standard HKA test using 1. purpurea to assess diver-
gence (x? = 0.39, P> 0.50). The result of this analysis

is thus consistent with those of the previous analyses, in
that they provide no evidence for positive selection act-
ing on the variable region of Ipmybl.

DISCUSSION

Evolution of the variable domain: It has frequently
been speculated that evolutionary changes in transcrip-
tion factors contribute substantially to morphological
and physiological differences among species because of
their control over developmental processes (DOEBLEY
and LukeNs 1998; PURUGGANAN 1998; STERN 1998;
CuBas et al. 1999; ARTHUR 2002). Consistent with this
suggestion, a number of investigations have noted that
both plant and animal transcription factors often evolve
rapidly compared to structural genes and that this rapid
evolution is frequently due to high nonsynonymous sub-
stitution rates in certain gene domains (TUCKER and
LUNDRIGAN 1993; WHITFIELD ef al. 1993; PURUGGANAN
and WESSLER 1994; PURUGGANAN et al. 1995; DE BoNO
and HopGKIN 1996; PURUGGANAN 1998; RAUSHER e¢f al.
1999; BARRIER ¢/ al. 2001; REMINGTON and PURUGGA-
NAN 2002). However, because even in these domains
the dy/ds ratio is typically <1, it has been unclear
whether these elevated rates of substitution are due
primarily to relaxed selective constraint or to an in-
creased frequency of adaptive substitutions. Our results
indicate that for one transcription factor, the anthocya-
nin structural gene activator Ipmybl, elevated substitu-
tion rates are due almost exclusively to relaxed con-
straint in the variable domain. This relaxed constraint
appears to take the form of almost complete neutrality
at ~75-80% of the amino acid sites in this domain.
Consistent with the notion that most amino acid substi-
tution in this domain is due to genetic drift, the average
o does not differ detectably across lineages.

Results from five different analyses are consistent in
supporting the conclusion that nonsynonymous substi-
tutions observed in the variable region of Ipmybl do not
differ from neutral expectations and in particular are
seldom caused by positive selection: (1) the between-
species, codon-based analysis failed to detect selection at
any site; (2) analysis of changes in amino acid properties
indicated that both the mean and the variance of
changes in amino acid composition, polarity, and vol-
ume, as well as in Grantham distance, were consistent
with expectations under the assumption of random sub-
stitution; (3) analysis of the allele-frequency spectrum
within 1. trifida revealed no indication that polymor-
phisms within this species were nonneutral; (4) the
McDonald-Kreitman analysis detected no positive selec-
tion, despite 19 fixed nonsynonymous substitutions be-
tween 1. trifida and I. purpurea; and (5) the HKA analysis
failed to provide evidence that a recent selective sweep
had occurred in 1. trifida. While each of these analyses
separately has its limitations, their collective consistency
indicates that very few, if any, of the numerous nonsyn-
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onymous substitutions that have occurred during the
evolution of the variable region of Ipmybl were advanta-
geous. Most appear to have been fixed by genetic drift.

These results argue against the hypothesis that rapid
evolution of Ipmyb1 contributes to differentiation of flo-
ral hue and color patterning among the Ipomoea spe-
cies examined. More generally, they argue against the
hypothesis that rapid evolution of transcription factors
contributes substantially to phenotypic divergence among
species (PURUGGANAN 1998, 2000; REMINGTON and PURU-
GGANAN 2002). This hypothesis also failed to be upheld
by REMINGTON and Puruccanan (2002), who detected
no positive selection on the coding regions of growth-
regulating transcription factors in Hawaiian Silverswords.
By contrast, analyses of HOX gene evolution in vertebrates
have revealed that the non-DNA-binding region of these
genes shows both high rates of nonsynonymous substitu-
tion and evidence of repeated positive selection (VAN
DE PEER et al. 2001; FARES et al. 2003). However, positive
selection observed in HOX genes tends to be associated
with gene duplication and probably reflects adaptive
divergence of function of duplicate copies. By contrast,
the rapid evolution examined here and in studies of the
evolution of many other transcription factors (TUCKER
and LUNDRIGAN 1993; WHITFIELD e/ al. 1993; PURUGGA-
NAN and WESSLER 1994; PURUGGANAN ¢t al. 1995; BAR-
RIER ¢ al. 2001; REMINGTON and PURUGGANAN 2002) is
within asingle ortholog thatis believed to have a conserved
function in activating anthocyanin genes across angio-
sperms (MoL et al. 1998). These observations suggest
that variable domains of transcription factors may often
evolve rapidly primarily because of relaxed constraint
in these domains, but that selection may contribute to
rapid evolution in the period immediately following
gene duplication.

This conclusion naturally leads to the question of
whether the amino acid composition of large, contigu-
ous portions of transcription factor variable domains is
irrelevant to function, i.e., whether large portions of the
domain are notinvolved in specific interactions between
components of the transcription complex. While the
binding domain of R2R3-myb anthocyanin transcription
factors is believed to function in both DNA sequence
recognition and binding to partner myc transcription
factors (GO¥F et al. 1992; SAINZ ef al. 1997; WILLIAMS
and GROTEwWOLD 1997; GROTEWOLD et al. 2000), little
is known about the function of the variable domain,
other than that it contains a transcription-activation re-
gion (GOFF et al. 1991). It is thus possible that large por-
tions of this domain serve only as spacers to link the
activation region to the binding domain. In such a situa-
tion, one would expect to see blocks of unconserved amino
acid sites, corresponding to spacer regions, in the variable
domain. Two types of evidence argue against this possibil-
ity. First, highly conserved amino acid sites are not
clumped, but are scattered throughout the variable re-
gion (Figure 3). Second, deletions, when they occur,
tend to avoid conserved sites. These patterns suggest

that the entire variable region is made up of one or
more functional units in close proximity. Although the
locations of the conserved sites on the three-dimen-
sional structure of an anthocyanin myb gene might sug-
gest possible functions for this region, such a structure
has unfortunately not been determined.

One possibility is that transcriptional activation is the
only function of the variable domain. In anthocyanin
myb transcription factors, this domain is known to facili-
tate transcription activation (GO¥F et al. 1991). In eu-
karyotes, transcription-activation domains tend not to
have specific three-dimensional configurations, but tend
to have acidic, negatively charged amino acids dispersed
along one edge of a-helices or other secondary struc-
tures (PTasHNE 1988). Mutational loss of acidic amino
acids in these regions tends to reduce activation, and
the level of activation seems to be determined primarily
by the number of acidic amino acids present (PTASHNE
1988). These observations suggest that in activation do-
mains acidic amino acids will be subject to strong purify-
ing selection, while a large proportion of the nonacidic
amino acids may be subject to little constraint. Our obser-
vations that acidic amino acids are substantially more
common at conserved sites than at variable sites, and
that a large proportion of sites are evolving neutrally,
are consistent with these expectations and thus suggest
that much of the variable domain of /pmybl may func-
tion primarily in transcriptional activation.

Evolution of the binding domain: In an examination
of the R2R3-myb gene families of rice and of Arabidopsis,
Jia et al. (2003, 2004) found evidence of substantial
positive selection on sites in the binding domains. By
contrast, we detected no evidence of positive selection
having occurred in the binding domain of Ipmybl in
morning glories. Although this difference could be as-
cribed to a small sample size in our study, and thus low
power to detect selection, there is little indication that
any sites exhibited a value of w > ~0.5. Rather, we
suspect the difference between Jia et al’s and our study
is again connected with gene duplication. Jia et al. exam-
ined divergence of paralogs and ascribe the positive
selection they observed to the evolution of divergent
function in different paralogs. This divergence presum-
ably occurred early in the evolutionary history of the
divergent lineages. By contrast, we have examined evolu-
tionary change in orthologous genes. During the period
of divergence of these orthologs, a common function
for the binding domain (activation of anthocyanin struc-
tural genes) has been maintained. Consequently, we
would not expect to see major functional divergence,
and thus substantial positive selection, in this domain,
and our observations are in accord with this expectation.
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APPENDIX

Data on accessions of Ipomoea trifida used in this study

Accession no.

Collection area

Specific location

PI 540715
PI 540718
PI 540719
PI 540730
PI 561543
PI 561544
PI 543815
PI 543818
PI 543819
PI 543828
PI 561547
PI 561548
PI 618966
GRIF 6198
GRIF 6199
GRIF 6200

Bolivar, Columbia
Atlantico, Columbia
Atlantico, Columbia
Magdalena, CO
Venezuela
Venezuela

Costa Rica

Costa Rica

Costa Rica

Canas, Costa Rica
Escuintla, Guatemala
Escuintla, Guatemala
Michoacan, Mexico
Chiapas, Mexico
Oaxaca, Mexico
Guerrero, Mexico

10°, 25 min N; 75°, 30 min W

10°, 40 min N; 74°, 58 min W

10°, 58 min N; 74°, 50 min W

9°, 50 min N; 74°, 50 min W

Carabobo, Valencia, 10 km SE Valencia-Tocuyito

Aragua, Maracay, La Morita-Maracay

3 km E of entrance to Playa Ocotal

8.7 km from Playa Naranjo near Santa Rosa National Park

0.5 km from Laguna Escondida, near Santa Rosa National Park

5 km SW Escuintla-Siquinala

15 km NE Escuintla-Siquinala

19°, 21 min N; 102°, 15 min W

Villaflorea; 16°, 30 min N; 93°, 10 min W

3 km NW Pinotepa Nac-Acapulco; 16°, 21 min N; 98°, 16 min W
10 km NW Poluta-Zorcua; 17°, 56 min N; 101°, 38 min W

Accession numbers are as listed in the GRIN database of the National Plant Germplasm System maintained
by the U.S. Department of Agriculture. Two plants were sampled from each accession except P1543819, from
which only one plant was sampled.



