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The locations of highly conserved amino acid sites in theTABLE 2
variable region of Ipmyb1 were determined on the basis of

Results of codon-based models for detecting Bayesian posterior probabilities that a given site should be
selection for binding domain assigned to particular discretized categories that approximate

the � -distribution in model M7. In particular, because our
analyses indicated that �20% of sites have � � 0, we desig-Model l a � b Parameters c

nated the 20% of sites with the highest posterior probabilities
M0 (single � ) � 442.31 0.235 � � 0.235 associated with the category � � 0 as highly conserved sites.

To test whether the spatial distribution of these sites was non-
M1 (neutral) � 442.53 0.273 � 0 � 0 (p0 � 0.73) random, we employed a runs test (Siegel 1956). To test

� 1 � 1 (p1 � 0.27) 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 RohlfM2 (selection) � 442.31 0.235 � 0 � 0 (p0 � 0.00)
1969). To categorize each site as either acidic or nonacidic,� 1 � 1 (p1 � 0.00)
we reconstructed the site�s ancestral amino acid state using� 2 � 0.235 (p2 � 1.00)
parsimony. These reconstructions were unambiguous with re-
spect to categorization of the ancestral state as either acidicM3 (discrete) � 442.31 0.235 � 0 � 0 (p0 � 0.00)
or nonacidic, although 19 sites representing insertions were� 1 � 0.008 (p1 � 0.00)
omitted from the analysis.� 2 � 0.235 (p2 � 1.00)

Because most insertions and deletions in Ipmyb1 are con-
�ned to one or a very few closely related sequences (FigureM7 (� ) � 442.32 0.236 � � 30.54; � � 99 3), it was straightforward to distinguish insertions from dele-
tions and to unambiguously assign 17 of 18 deletions to a

M8 (� 	 � ) � 442.32 0.236 p0 � 1.00; � � 30.54; particular lineage. To determine whether deletions tended to
� � 99 avoid conserved sites we simulated sets of random deletions.

p1 � 0.00; � � 30.55 Speci�cally, each replicate of the simulation randomly placed
17 deletions on the presumed ancestral state of the gene (alla Log-likelihood of data. deletions and insertions removed). The size distribution ofb Mean dN/dS ratio for entire domain.
the deletions was the same as that for the 17 observed dele-c pi , the proportion of codons that falls in each category.
tions. The number of conserved sites, as de�ned above, in-
cluded by the deletions was then tabulated. A total of 10,000
replicate simulations were run to provide a frequency distribu-the species are well characterized, we assumed the tree topol-
tion of the number of included conserved sites. The criterionogy in Figure 2. Preliminary maximum-likelihood reconstruc-
for signi�cant avoidance of conserved sites was whether thetion of the sequence tree recovered the same tree topology
proportion of replicates with a number of included conservedas in Figure 2, con�rming that this topology is appropriate and
sites less than or equal to the observed number was 
 0.05.that the genes examined are orthologous. We �rst determined

Analysis of amino acid substitutions: To determine whetherwhether the average dN/d S ratio, or � , differed among branches
the nature of amino acid substitutions among the speciesby comparing constant-site models, in which all codons within
examined differed from that expected under neutrality, wethe sequence are assumed to have the same value of � . A
compared the magnitude of observed changes in physico-model in which � was constrained to be the same on all
chemical properties with those expected if amino acid substitu-branches was compared to a free model, in which � was esti-
tions were not constrained to be substitutions involving similarmated independently for each branch. We then determined
amino acids. Because most of the amino acid substitutionsthe pattern of variation among amino acid sites, and whether
observed were con�ned to one species or a small group ofsome sites were subject to positive selection, by comparing
related species, it was possible to determine, using parsimonyconstant-branch models, in which the mean value of � is
criteria, the ancestral and derived codons for 83 of 87 of theassumed to be the same for all branches. In this analysis, a
observed amino acid substitutions. Using the ancestral codons,series of nested models (Table 2) were compared using the
we then simulated substitution under neutrality by allowingstandard likelihood-ratio criterion for signi�cance (Hocking
each codon to mutate randomly to a new codon specifying a1985). Model M0 represents the null hypothesis that all amino
different amino acid. One complete simulation chose a newacid positions exhibit the same � . Model M1 (neutral model)
amino acid corresponding to each of the 87 observed aminorepresents the hypothesis that all amino acid positions are
acid substitutions. For the four substitutions for which theeither completely constrained (� � 0) or neutral (� � 1).
ancestral codon could not be determined unambiguously, weModel M2 (selection model) is similar to M1, except that it
randomly chose among the possible ancestral codons as theallows for an additional category of amino acid sites that may
initial codon. For each simulation, we then calculated thebe positively selected (� � 1). Model M3 (discrete model)
mean absolute value of the change in each of three physico-assigns each amino acid position to one of three categories,
chemical properties (composition, polarity, and volume ofthe � for each category being unconstrained and estimated.
Grantham 1974) and of the Grantham distance (a combina-If models M2 and/or M3 describe the data signi�cantly better
tion of change in these three properties; Grantham 1974)than models M0 and M1, and if at least one of the estimated
associated with each amino acid substitution. One thousandvalues of � is � 1, positive selection is indicated. Models M7
simulations were conducted to determine the expected fre-(� -model) and M8 (� 	 � -model) are similar in that they
quency distribution for mean change for each of the fourmodel the distribution of � among amino acid positions as a
measures. To ascertain whether the degree of transition/trans-� -distribution and estimate the parameters of that distribu-
version bias in�uenced the outcomes of the simulations, wetion. M8 differs from M7 in including an additional category
conducted 1000 simulations for several values of the transi-of sites that are not part of the � -distribution. For these sites,
tion/transversion ratio: 2.0, 3.0, 3.56 (the empirically esti-a common � is estimated. A test of whether M8 �ts the data
mated value), and 4.0. We asked whether the observed meansigni�cantly better than M7 thus constitutes another test of

whether positive selection has acted. of each of these measures differed signi�cantly from the mean
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Figure 3.�Amino acid alignment of
variable-region sequences. Amino acid ab-
breviations in boldface type in the I. pur-
purea reference sequence indicate highly
conserved sites. Dots indicate amino acids
that do not differ from the I. purpurea
reference sequence. Dashes indicate inser-
tions/deletions.

expected under neutrality by determining whether the ob- mented by the software DnaSP (Rozas and Rozas 1999).
Coalescent simulations involving both extremes of free recom-served mean lay outside the 99% con�dence region of the

frequency histogram. (We use a 99% con�dence region to bination and no recombination were performed to evaluate
the signi�cance of these statistics. A McDonald-Kreitman testcorrect for multiple comparisons and maintain an overall type

I error of 5%). A signi�cantly lower mean would indicate that of nonneutral divergence was performed, also with DnaSP,
using a single sequence from I. purpurea for calculating �xedamino acid substitutions are constrained to those involving

physicochemically similar amino acids. Alternatively, a signi�- differences between species. This species was used instead of
the more closely related I. triloba or I. lacunosa because thesecantly higher mean would suggest the repeated operation

of positive selection in favoring nonconservative amino acid two exhibited very little sequence divergence from I. trifida.
Comparable analyses with other species used as an outgroupsubstitutions.

A nonsigni�cant deviation in this analysis may re�ect either produced very similar results. Finally, to determine whether
there is any evidence for positive selection in the form of a recenttrue neutrality of amino acid substitutions or a combination

of constraint favoring conservative substitutions at some sites selective sweep, we compared silent-site variation between Ipmyb1
and CHS-D with an HKA test (Hudson et al. 1987) as imple-and positive selection favoring more radical substitutions at

other sites. We attempted to distinguish between these two mented in DnaSP. In this test, I. purpurea was again used to assess
divergence.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. RESULTSBy contrast, under a combination of constraint and positive
selection, the variance is expected to be larger than that pre- Cloning and characterization of an I. purpurea myb tran-
dicted by the simulations. To determine the signi�cance of the scription factor: To clone and characterize the I. purpureaobserved variance from the simulation mean, we determined

�oral myb gene, we utilized a �oral color polymorphismwhether the observed mean lay in the upper 1% tail (to main-
common in populations of this species throughout thetain an overall probability of type I error of 5%).

Patterns of intraspeci�c variation: Patterns of intraspeci�c southeast United States (the W locus; Epperson and
variation in the Ipmyb1 gene from I. trifida were compared Clegg 1988). Homozygotes of one allele at this locus
to expectations under neutrality using standard population- produce pigmented �owers, while homozygotes of thegenetic approaches. Deviations of allele frequency spectra

other allele produce white �owers with pigmented rays.from neutrality were assessed using Tajima�s D- and Fu and
Li�s D- and F-statistics (Tajima 1989; Fu and Li 1993) as imple- In white �owers, six core structural genes of the anthocy-
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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
reference sequence.

anin pathway are greatly downregulated (Tiffin et al. factor controlling expression of anthocyanin genes in
the �owers of I. purpurea. Although the segregation anal-1998), indicating that this locus likely corresponds to a

transcription factor. ysis is consistent with the alternate hypothesis that Ip-
myb1 is a separate locus in linkage disequilibrium withUsing PCR with degenerate primers, followed by

cDNA library screening, we obtained from purple (WW ) W, we believe the geographic sampling argues against
this hypothesis, since in such samples past recombina-plants a 1072-bp clone, designated Ipmyb1, including

the entire coding region of a gene with similarities to tion would likely have broken up an association between
the two genes.plant R2, R3 myb transcription factors. The deduced

amino acid sequence corresponding to this gene has Interspeci�c variation in Ipmyb1: To characterize the
molecular evolution of the variable region of Ipmyb1,an N-terminal R2, R3 myb domain that is 86% identical

at the amino acid level with the An2 anthocyanin regula- we cloned and sequenced a 510-bp portion of this region
from 13 Ipomoea species (Figure 3). In this sample, ator of Petunia (Quattrocchio et al. 1999). Moreover,

a BLAST search revealed that this region exhibits higher total of 40 sites were variable (28 nonsynonymous, 12
synonymous). For comparison, we also cloned and se-similarity to An2 than to any other gene in the GenBank

database, suggesting Ipmyb1 and An2 may be orthologs. quenced the binding domain from 6 of these species
(Figure 4). In this sample, there were a total of 10 variableCloning and sequencing from genomic DNA indicated

that this gene possesses two introns, the �rst �100 bp sites (4 nonsynonymous, 6 synonymous). With these
sequences, we �rst asked whether there was evidencein length and the second �320 bp (Figure 1). These

two introns correspond in position to introns 1 and 2 for heterogeneity among lineages in � . For the binding
domain, the log-likelihoods for models with global andcommonly found in plant R2R3-myb genes (Romero et

al. 1998). local � �s were � 442.3 and � 437.6, respectively, and
were not signi�cantly different (d.f. � 8, P � 0.2), pro-Using primers designed from the 5� - and 3� -untrans-

lated portions of the Ipmyb1 sequence, we isolated a viding no reason to reject the null hypothesis that � was
constant across all lineages. Analysis of variable regionsecond clone, ipmyb1, from white (ww) plants. The se-

quence of this clone is identical to that of Ipmyb1, except sequences also revealed no evidence for differences in
� among branches. For the entire set of 13 sequences,for the presence of two deletions (Figure 1). The larger

deletion produces a frameshift and a premature stop the log-likelihoods for the global and local � -models
were � 1625.9 and � 1618.5, respectively (d.f. � 23, P �codon, such that 95 bp at the 3� end of the Ipmyb1 gene

are radically altered. 0.3). A similar analysis using subsets consisting of 6 of
the 13 sequences, including the subset correspondingAll of seven alleles sampled from homozygous purple-

�owered plants from North Carolina and Georgia were to that of the binding-domain analysis, also revealed no
indication of heterogeneity among lineages (data notidentical to Ipmyb1, whereas all six alleles sampled from

white-�owered plants from these two states were identi- shown). It thus appears that both the binding domain
and the variable domain of Ipmyb1 have evolved at ancal to ipmyb1. In addition, segregation analysis of 12

homozygous purple- and 12 white-�owered F2 plants approximately constant rate.
We next examined whether there was detectable se-from two crosses between homozygous purple and white

parents demonstrated that these alleles cosegregated lection on codons within either domain. For the binding
domain, models M0�M3, M7, and M8 of PAML all gaveperfectly with �ower color. Similarly, alleles from 36

homozygous purple- and 38 white-�owered progeny de- virtually identical results. In particular, the log-likeli-
hoods for all models were indistinguishable, and eachrived from self-fertilization of heterozygous parents col-

lected in Georgia also cosegregated perfectly with �ower estimated the average � to be �0.235 (Table 2). Both
the selection model (M2) and the discrete-categorycolor. These observations indicate that Ipmyb1 corre-

sponds to the functional (pigment-producing) allele at model (M3) indicated that all codons had a common
� of 0.235, with no codons that were absolutely con-the W locus and that Ipmyb1 is thus the myb transcription
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consistent with all codons being either rigidly con-
strained or neutral.

Models M7 and M8 lead to a very similar conclusion.
In M7, the �t � -distribution shows sharp peaks at � �
0 and � � 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 � 
 0.10, and the remainder have � � 0.99. The
model M8, which allows for an additional category of
sites possibly under selection, shows no improvement
in �t over M7 (� � 0.90, d.f. � 2, P � 0.5). Moreover,
the � -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
unidenti�ed 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 wereFigure 5.�Estimated probability density distribution of �
identi�ed by their Bayesian posterior probabilities asfrom model M7. The distribution function is a � -distribution
the most likely conserved sites (Figure 3). These siteswith parameters corresponding to the maximum-likelihood

�t to the data. (A) Binding domain. (B) Variable domain. 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

strained (� � 0) or evolving neutrally (� � 1). Similarly, number of runs is 55, z � � 0.98, P � 0.3). Apparently
the estimated parameters of the � -models (M7 and M8) the entire variable region performs important func-
yield a narrow distribution of � -values centered on 0.235 tions, although the identity of every amino acid within
(Figure 5A), and the discretized approximation to the that region is not critical.
� -distribution indicates that, for all codons, � is between A second possible explanation is that the variable
0.177 and 0.299. This analysis indicates that the binding domain functions primarily in transcription activation.
domain is subject to substantial selective constraint, but In general, activation domains of eukaryotic transcrip-
reveals no evidence for positive selection. tion factors can often be exchanged without loss of

A similar analysis reveals that the distribution of � -values function, indicating that the overall con�guration of
among codons in the variable region is markedly bi- that domain is not highly functionally constrained
modal, with �20�25% of the codons subject to very (Ptashne 1988). The basic requirement for an activa-
strong purifying selection (� � 0) and the remainder tion domain appears to be the presence of negatively
evolving essentially neutrally (� � 1) (Table 3). The charged, acidic amino acids, which are usually dispersed
neutral model (M1) �ts substantially better than the along one face of a secondary structure such as an � -helix
single-� -model (M0) (� � 8.18), despite no difference (Ptashne 1988). This requirement predicts that there
in degrees of freedom, and estimates that 26% of sites should be a number of highly conserved sites, represent-
are highly conserved, while 74% are evolving neutrally. ing acidic amino acids and sites crucial for their proper
Despite additional parameters, neither the selection orientation, while most other sites should be subject to
model (M2) nor the discrete model (M3) shows any little constraint. The distribution of acidic amino acids
improvement of likelihood over the neutral model, pro- among conserved and nonconserved sites in Ipmyb1 is
viding no evidence for positive selection on any codons. consistent with this prediction: acidic amino acids are
Moreover, in the selection model, the freely estimated found at 27% of the highly conserved sites (9 of 33),
� for the third category of codons, 1.41, is barely larger but only at 5.4% of the nonconserved sites (6 of 112;
than the value of 1.0 expected under neutrality and is G � 10.5, d.f. � 1, P � 0.0012). Additionally, 87.7%
easily explained by stochastic variation in the estimate (13 of 15) of sites occupied by acidic amino acids are
of � . Similarly, in the discrete model, one estimated � absolutely conserved, while only 55.1% (65 of 118) of
is 0, while the other two are again close to 1.0 and sites occupied by nonacidic amino acids are absolutely

conserved (Fisher�s exact test, P � 0.016).consistent with neutrality. These three models thus are
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APPENDIX

Data on accessions of Ipomoea trifida used in this study

Accession no. Collection area Speci�c location

PI 540715 Bolivar, Columbia 10� , 25 min N; 75� , 30 min W
PI 540718 Atlantico, Columbia 10� , 40 min N; 74� , 58 min W
PI 540719 Atlantico, Columbia 10� , 58 min N; 74� , 50 min W
PI 540730 Magdalena, CO 9� , 50 min N; 74� , 50 min W
PI 561543 Venezuela Carabobo, Valencia, 10 km SE Valencia-Tocuyito
PI 561544 Venezuela Aragua, Maracay, La Morita-Maracay
PI 543815 Costa Rica 3 km E of entrance to Playa Ocotal
PI 543818 Costa Rica 8.7 km from Playa Naranjo near Santa Rosa National Park
PI 543819 Costa Rica 0.5 km from Laguna Escondida, near Santa Rosa National Park
PI 543828 Canas, Costa Rica
PI 561547 Escuintla, Guatemala 5 km SW Escuintla-Siquinala
PI 561548 Escuintla, Guatemala 15 km NE Escuintla-Siquinala
PI 618966 Michoacan, Mexico 19� , 21 min N; 102� , 15 min W
GRIF 6198 Chiapas, Mexico Villa�orea; 16� , 30 min N; 93� , 10 min W
GRIF 6199 Oaxaca, Mexico 3 km NW Pinotepa Nac-Acapulco; 16� , 21 min N; 98� , 16 min W
GRIF 6200 Guerrero, Mexico 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 PI543819, from
which only one plant was sampled.


