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Abstract It has been argued that downstream enzymes in
metabolic pathways are expected to be subject to reduced
selective constraint, while upstream enzymes, particularly
those at pathway branch points, are expected to exhibit
more frequent adaptive substitution than downstream
enzymes. We examined whether these expectations are met
for enzymes in the anthocyanin biosynthetic pathway in
Ipomoea. Previous investigations have demonstrated that
downstream enzymes in this pathway have substantially
higher rates of nonsynonymous substitution than upstream
enzymes. We demonstrate here that the difference in rates
between the most upstream enzyme (CHS) and the two
most downstream enzymes (ANS and UFGT) is explained
almost entirely by differences in levels of selective con-
straint. Adaptive substitutions were not detected in any of
these genes. Our results are consistent with suggestions that
constraint is greater on enzymes with greater connectivity.
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Introduction

Proteins vary over several orders of magnitude in the rate
of amino acid substitution (Li et al. 1985), and accounting
for this variation has been a major objective of the study of
molecular evolution. At one extreme, very rapid, repeated
substitution often occurs in reproductive proteins, which
typically exhibit dN/dS ratios of >1 (Whitefield et al.
1993; Wyckoff et al. 2000; Swanson et al. 2001; Lu 2002).
At the other extreme, histones and other proteins believed
to be under extreme constraint exhibit low substitution
rates and dN/dS ratios close to 0. The vast majority of
proteins, however, exhibit both intermediate substitution
rates and dN/dS ratios between 0 and 1 (Li 1997). While
evolutionary rate variation among this class of proteins is
typically ascribed to differences in degree of selective
constraint [i.e., differences in the strength of purifying
selection (Kimura 1977; Li 1997; Hirsh and Fraser 2001;
Hahn and Kern 2005; Lemos et al. 2005; Lin et al. 2007)],
it may also be due to variation in the frequency of adaptive
substitution. Because very few studies have attempted to
distinguish explicitly between these two possibilities,
however, especially for genes exhibiting dN/dS ratios <1,
very little is know about the relative contribution of dif-
ferential constraint and differential adaptation to variation
in evolutionary rates (Flowers et al. 2007)

A number of recent investigations have suggested that
both the degree of constraint and the rate of adaptive sub-
stitution in proteins, and hence the overall rate of
substitution, are likely influenced not just by intrinsic
properties of particular proteins, but also by their network
properties. Such properties include position in a metabolic
network (Eanes 1999; Rausher et al. 1999; Cork and Puru-
gganan 2004; Flowers et al. 2007), level of expression (Pal
et al. 2001), number of interacting protein partners (Fraser
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et al. 2002; Hahn et al. 2004), and, for enzymes, number of
other enzymes sharing the same metabolic reactants or
products (Vitkup et al. 2006). While each of these properties
has been shown to correlate with rate of protein evolution, it
is seldom demonstrated directly that differences in evolu-
tionary rates are due to differences in constraint rather than
differences in rates of adaptive substitution.

Metabolic pathways constitute a convenient type of
network for examining how position of an enzyme in a
network influences both constraint and rate of adaptive
substitution (Flowers et al. 2007). In metabolic pathways,
the magnitude of the selective advantage of a mutation is
expected to be proportional to its effect on flux through the
pathway because the phenotype is expected to be propor-
tional to flux. And because the probability of fixation of an
adaptive mutation is approximately proportional to its
selective advantage (Hedrick 2000), it has been argued that
that natural selection primarily targets enzymes with the
greatest control on flux (Hartl et al. 1985; Eanes 1999;
Watt and Dean 2000). Although we are unaware of any
formal theoretical analysis of the evolution of relative flux
control among pathway enzymes, it has been argued that in
branching pathways, flux allocation is controlled primarily
by enzymes at pathway branch points (LaPorte et al. 1984;
Stephanopoulos and Vallino 1991; Eanes 1999). If this is
true, then adaptive substitutions are expected to be more
common in enzymes at major pathway branch points than
in downstream enzymes. This expectation has recently
received some empirical support (Flowers et al. 2007).

A corollary of this argument is that slightly deleterious
mutations should be more strongly selected against in
enzymes at branch points than in downstream enzymes. As
a consequence, slightly deleterious nonsynonymous muta-
tions are expected to accumulate at a higher rate in
downstream genes. In effect, differential flux control
among pathway enzymes is expected to cause downstream
enzymes to be under reduced selective constraint.

In this report, we test these expectations using three
enzymes in the anthocyanin biosynthetic pathway. Antho-
cyanins constitute the largest class of floral pigments. The
anthocyanin pathway consists of seven core enzymes (Van
der Meer etal. 1993; Shirley 1996). Many of these
enzymes, especially the upstream enzymes, are also
responsible for the production of other flavonoid com-
pounds, which are important both physiologically and
ecologically for plants (Shirley 1996). By contrast, the two
most downstream enzymes are responsible for only the
production of anthocyanin pigments. Thus, alteration of
upstream pathway enzymes is likely to be associated with a
greater magnitude of deleterious pleiotropy than alteration
of the downstream genes (Rausher et al. 1999; Lu and
Rausher 2003). This phenomenon, along with the more
general argument presented above, suggests that upstream
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enzymes are likely to be subject to greater selective con-
straint than downstream enzymes in this pathway.

Here we examine three anthocyanin-pathway enzymes:
chalcone synthase (CHS), anthocyanidin synthase (ANS),
and UDP flavonoid:3-O-glucosyltransferase (UFGT). CHS
is the first committed enzyme in the anthocyanin pathway,
which branches off the general phenylpropanoid pathway
(Van der Meer et al. 1993). It is thus a branching enzyme
in the sense of Flowers et al. (2007). By contrast ANS and
UFGT are the two most downstream enzymes in the
anthocyanin pathway.

Previously, we have reported that nonsynonymous sub-
stitution rates, as well as dN/dS ratios, are substantially
higher in the two downstream enzymes than in CHS (Ra-
usher et al. 1999; Lu and Rausher 2003). This pattern is
consistent with the expectation that selection is relaxed in
the downstream enzymes, but could also be explained by a
higher rate of adaptive substitution in the downstream
enzymes than in CHS. In a previous analysis (Lu and Ra-
usher 2003), we attempted to distinguish between these two
possibilities using codon-based tests of selection (Yang
et al. 2000). We were unable to detect differences in
positive selection between the downstream enzymes and
CHS, suggesting that rate differences are caused by dif-
ferences in the magnitude of selective constraint, although
we provided no direct evidence of differential constraint.
However, the ability to accurately detect positive selection
using these methods may often be quite poor (Kosakovsky
Pond and Frost 2005; McClellan et al. 2005). In particular,
if adaptive substitutions are distributed across many amino
acid sites such that dN/dS is not elevated above 1 for any
site, these tests will not reveal positive selection. In this
situation, alternative tests may have greater power to detect
positive selection.

Here we extend our examination of the causes of evo-
lutionary rate variation in anthocyanin enzymes by
applying an alternative approach for distinguishing
between differential constraint and differential positive
selection. Specifically, we conduct two types of tests. The
first examines within-species variation and asks whether
there is direct evidence for differential constraint between
CHS and the two downstream enzymes. The second asks
whether these enzymes exhibit evidence of adaptive sub-
stitution and whether the rate of adaptive substitution
differs among the enzymes.

Materials and Methods
Species Examined

Ipomoea trifida (Convolvulaceae) is a perennial vine that is
widely distributed throughout central and northern South



J Mol Evol (2008) 67:137-144

139

America. Because this species is closely related to culti-
vated sweet potato, I. batatas, numerous accessions are
available from these regions. We sampled two greenhouse-
grown plants from each of 15 accessions. These accessions
constituted 15 of the 16 whose collection locations are
given by Chang et al. (2005) (we did not use accession PI
543819 in this study). Four accessions were from Colombia,
two from Venezuela, three from Costa Rica, two from
Guatemala, and four from Mexico. One copy of the gene for
each enzyme examined was obtained from each of two
plants from each accession. In addition, one copy of each
gene was obtained from [ purpurea for determining
between-species divergence (Chang et al. 2005). This spe-
cies has more extensive and more intense floral
pigmentation than I. trifida, indicating that some evolu-
tionary divergence in anthocyanin production in flowers has
occurred.

Enzymes Examined

Coding-region sequences were obtained for three genes
coding for enzymes in the anthocyanin pathway: chalcone
synthase (CHS), the most upstream enzyme in the pathway,
which exhibits a low dN/dS ratio of 0.034 in Ipomoea (Lu
and Rausher 2003); anthocyanidin synthase (ANS), the
penultimate enzyme in the pathway (dN/dS = 0.197); and
the most downstream enzyme, UDP-glucose flavonoid:3-
oxy-glucosyltransferase (UFGT; dN/dS = 0.277). ANS and
UFGT are single-copy genes in Ipomoea, whereas the copy
of CHS examined, CHS-D, is one member of a five-
member family of chalcone-synthase-like genes in Ip-
omoea. 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 and is necessary for
floral pigmentation in I. purpurea (Fukada-Tanaka et al.
1997; Durbin et al. 2003). CHS-D sequences were those
reported previously (Lu and Rausher 2003). ANS and
UFGT sequences were newly obtained for this report.

Cloning and Sequencing

Based on known sequences of ANS and UFGT from I. tri-
fida (Lu and Rausher 2003), we designed a PCR primer pair
for each gene. The pair for ANS was P32 (CAACT
GTTCCCAGCAGGGTG) and P42R (TTCATCAGGTT
TGGGCGTGTCAGC), while the pair for UFGT was 3F
(ACAGCCGAAGAAACCATTTC) and 42R (GCGTTTG
CGCCGGGTAACTTT). These primers amplified an
~1073-bp segment of the 1134-bp coding region of ANS
and an ~ 1036-bp segment of the 1370-bp coding region of
UFGT. Genomic DNA was isolated for PCR using the
DNeasy Plant Mini Kit (Qiagen) as per the manufacturer’s
instructions. PCR reactions were performed using the high-

fidelity Plantinum Pfx DNA polymerase (Invitrogen). PCR
fragments were cloned into the pcr-Blunt II-TOPO vector
(Invitrogen) and sequenced off the vector using the Big Dye
protocol (Applied Biosystems). Sequence data were col-
lected by an ABI 3700 automated sequencer (Applied
Biosystems). Sequences were deposited in GenBank
(accession numbers EU852739-EU852798).

Analysis of Differential Constraint

If upstream enzymes are subject to greater constraint than
downstream enzymes, two patterns ought to be observed.
First, the amount of nonsynonymous variation within a
species should be greater for the downstream enzymes, while
the amount of synonymous variation should be similar for all
enzymes. Second, the allele-frequency spectrum for
nonsynonymous variation should exhibit fewer sites with
intermediate frequencies in the upstream enzymes, com-
pared to downstream enzymes, while synonymous
polymorphisms should exhibit a neutral frequency spectrum.

To examine the first pattern, we calculated the average
number of pairwise differences per site (7), and from this
the dN/dS ratio, separately for synonymous and nonsyn-
onymous variation, using DnaSP (Rozas et al. 1999). To
examine the second pattern, we calculated Tajima’s D
statistic separately for both types of variation. The number
of sites, the number of segregating sites, and n for each
type of variation were calculated for each enzyme using
DnaSP; these numbers were then used to calculate D using
the formula given by Tajima (1989). Coalescent simula-
tions using 1000 runs, as implemented by DnaSP, were
used to determine whether D was significantly negative, as
would be expected under purifying selection.

Analysis of Positive Selection

To determine whether any of the three enzymes exhibited
evidence of positive selection, we performed a standard
McDonald—Kreitman (1991) test on each gene, as imple-
mented by DnaSP, using published sequences from 1.
purpurea for the estimation of divergence. Significance of
the test results was determined by a two-way G-test and, in
cases involving reduced samples, a Fisher exact test (Sokal
and Rohlf 1969). To determine whether enzymes differed
in the extent of positive selection, we used a three-way
G-test (Bishop et al. 1975), in which the factors were (1)
synonymous versus nonsynonymous substitutions, (2)
polymorphism versus divergence, and (3) enzyme, to
ascertain whether the magnitude of adaptive substitution
differed for the three enzymes. In this analysis, a significant
three-way interaction indicates that the excess number of
nonsynonymous differences between species, relative to
that expected under neutrality, differs for the three
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enzymes. Analyses were performed using (1) all poly-
morphisms and (2) only polymorphisms for which the
frequency of the mutant allele was >0.068. This frequency
threshold was chosen based on preliminary analyses of the
dN/dS ratios for different frequency classes as representing
the most likely classes with elevated ratios. The latter
analysis was undertaken to correct for effects of deleterious
nonsynonymous alleles segregating at low frequencies (Fay
et al. 2001; Shapiro et al. 2007) (see Results). Mutations
were polarized based on I. purpurea sequences.

We also performed an HKA test (Hudson et al. 1987) for
nonsynonymous substitutions using the program HKA by J.
Hey (http://lifesci.rutgers.edu/ ~ heylab/HeylabSoftware.htm).
This test asks whether nonsynonymous divergence differs
from neutrality for any of the genes examined, as would be
expected if one or two of the genes experienced more
frequent adaptive substitution.

Analysis of Geographic Substructure

Because the I trifida accessions were distributed widely
across central and northern South America, and because
among-population differentiation can influence the results
of the tests described above, we also used AMOVA, as
implemented by Arlequin (Excoffier et al. 2005), to
determine the degree of geographic structuring of variation
in the genes for the three enzymes. Two comparisons were
performed. One comparison divided the accessions into
two geographic regions (Central America, including
accessions from Mexico, Guatemala, and Costa Rica; and
South America, including accessions from Colombia and
Venezuela). The second comparison divided the accessions
into three regions (Mexico, the rest of Central America,
and South America). In this analysis, accessions were
nested within region, and individuals were nested within
accessions. AMOVA was used to calculate the proportion
of variation associated with differences between regions

(Fcr). In addition, we used DnaSP to determine the num-
bers of synonymous and nonsynonymous fixed differences
between regions for each gene.

Results
General Characteristics of Sequence Variation

Of 30 sequences sampled from I. trifida, there were 25
unique haplotypes for CHS, 27 for ANS, and 26 for UFGT.
The average pairwise number of differences (synony-
mous + nonsynonymous) was 15.6, 14.9, and 19.1 for the
same genes, respectively. The total number of segregating
sites (and total number of sites) was 70 (867), 66 (1032),
and 112 (991), respectively. The dN/dS ratios for diver-
gence between I. trifida and I. purpurea are 0.062, 0.261
and 0.277 for CHS, ANS, and UFGT respectively.

Analysis of Differential Constraint

Two patterns of nucleotide variation within I. trifida indi-
cate that the downstream enzymes ANS and UFGT are
subject to less constraint than the upstream enzyme CHS.
First, the dN/dS ratios for polymorphisms in ANS and
UFGT are 5.5 and 8 times higher, respectively, than the
corresponding ratio for CHS (Table 1). This pattern arises
because while the average pairwise difference per site for
synonymous sites (7g) is similar for all three enzymes, the
corresponding values for nonsynonymous sites (m,) are
substantially higher for the downstream enzymes than for
CHS (Table 1).

Second, the allele frequency spectra of these enzymes,
as reflected in Tajima’s D statistic, also exhibit a pattern
consistent with relaxed constraint on the downstream
enzymes. Purifying selection results in a negative value for
D because it prevents slightly deleterious mutations from

Table 1 Synonymous and nonsynonymous variation in three anthocyanin-pathway enzymes for 15 accessions of Ipomoea trifida

Gene Site type No. polymorphic sites No. sites® ° dN/dS* Tajima’s D Conf int! p
CHS Syn 59 211.94 0.068 0.027 —0.119 (—1.60, 1.85) 0.52
Nonsyn 11 655.06 0.002 —1.821 (—1.69, 1.88) 0.014
ANS Syn 36 238.00 0.043 0.15 0.0424 (—1.64, 1.89) 0.73
Nonsyn 30 793.92 0.006 —1.193 (=1.73, 1.74) 0.11
UFGT Syn 59 235.65 0.047 0.220 —0.948 (—1.68, 164) 0.180
Nonsyn 43 751.35 0.01 —1.028 (—1.65, 1.75) 0.15

Note: Syn, synonymous; nonsyn, nonsynonymous. Significant values of Tajima’s D statistic indicated in boldface

? Average number of synonymous or nonsynonymous sites in enzyme

° Average pairwise differences per site

C ats
Ratio 7yonsyn /Tsyn

4 Confidence interval for Tajima’s D statistic based on coalescent simulations
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rising to intermediate values. Moreover, as the strength of
purifying selection increases, D becomes more negative.
Because in both CHS and ANS synonymous and nonsyn-
onymous polymorphisms exhibited significantly different
D values, we analyzed these two classes of substitution
separately. For synonymous polymorphisms in 1. trifida, D
is generally low and does not deviate significantly from
neutrality for any of the enzymes (Table 1). For nonsyn-
onymous polymorphisms, although D is negative for all
three enzymes, it is most negative for CHS, intermediate
for ANS, and least negative for UFGT. Additionally, only
for CHS is D significantly different from zero. This pattern
suggests that purifying selection is strongest on CHS.

Analysis of Positive Selection

A McDonald—Kreitman analysis of each enzyme individu-
ally provides no evidence of positive selection on any of the
enzymes (Table 2). None of the tests were statistically
significant (by either G-test or Fisher’s exact test), sug-
gesting that most amino acid substitutions between species
were neutral. This conclusion is also supported by a three-
way M-K test that analyzes all three proteins simulta-
neously (Table 3). The three-way interaction is not
significant, indicating no difference among enzymes in the
proportion of nonsynonymous fixed differences that are due
to positive selection. Finally, the site-type (synonymous
versus nonsynonymous) X variation-type (polymorphism
versus fixed difference) effect is also very far from signif-
icant, indicating that even when the data from all three
proteins are pooled, there is no detectable positive selection.

The significant Tajima’s D statistic for nonsynonymous
variation in CHS, as well as its near significance for ANS
and UFGT, suggests that slightly deleterious nonsynony-
mous alleles may be segregating at a low frequency at these
loci. Because this type of segregation may reduce the
power to detect significance in an M-K test, we performed
a modified M—K analysis, in which both synonymous and
nonsynonymous sites at which alleles are segregating at a
low frequency are eliminated from the data before per-
forming the test (Fay et al. 2001; Shapiro et al. 2007). In

Table 3 Three-way G-test for differences among three anthocyanin-
pathway enzymes in frequency of adaptive substitution

Source df*  With all Without low-frequency
polymorphic sites® polymorphic sites®
G p G p
ExSxV 2 0.11 ns 1.53 ns
E xS 2 34.56 <0.0001 31.41 <0.0001
SxV 1 0.03 ns 1.67 ns
V x E 2 6.24 <0.05 3.71 ns

Note: E, enzyme; S, synonymous versus nonsynonymous; V, variable
within species versus fixed difference between species

# Includes all polymorphic sites in analysis

" Includes only polymorphic sites with mutant frequency >0.068
¢ Degrees of freedom

4 G-statistic

CHS and ANS, the ratio of number of nonsynonymous
sites to number of synonymous sites was more than four
times higher for segregating sites with mutants at a fre-
quency of <0.068 than for segregating sites with mutant
frequencies >0.068 (Table 4). This difference is highly
significant for both enzymes, indicating that sites with
mutant alleles segregating at a frequency of <0.068 should
not be included in the M—K analysis. For consistency, we
also eliminated this class of sites from the data for UFGT,
even though it did not exhibit a significantly elevated ratio
in this protein (Table 4).

The modified M—K test remained nonsignificant for all
three enzymes (Table 2). Moreover, the three-way inter-
action in the three-way test also remained nonsignificant by
either G-test or Fisher exact test (Table 3). Adjusting for
segregating, slightly deleterious mutations thus does not
alter our original conclusion that there is no detectable
history of positive selection acting on any of the enzymes.

Finally, an HKA test using only nonsynonymous poly-
morphisms and divergent sites was also not significant
(;(2 = 0.333, df = 2, p > 0.84). This result is consistent
with an absence of variation among the genes in the fre-
quency of adaptive substitutions.

Table 2 McDonald-Kreitman analysis for three anthocyanin pathway enzymes in I. trifida

CHS ANS UFGT

Polym Adj Fixed Polym Adj Fixed Polym Adj Fixed
Nonsynonymous 11 2 10 30 10 20 43 21 23
Synonymous 59 36 52 36 25 23 59 31 26
G-statistic 0.004 2.93 0.012 2.66 0.307 0.44

(ns) (ns) (ns) (ns) (ns) (ns)

Note: ns, nonsignificant. The outgroup was I. purpurea. Polym, number variable sites within /. trifida; Adj, number of variable sites with mutant
frequency >0.068; Fixed, number of sites with fixed differences between species
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Table 4 Number of segregating sites and ratios of number of
nonsynonymous segregating sites to number of synonymous segre-
gating sites for mutations in different frequency classes

Enzyme Site Frequency of mutant allele P

type <0.07 0.07- 034~ 0.68- >0.07
0.33 0.67 0.99

CHS n 9 1 0 1 2 0.009
s 22 17 12 7 36
n/s 041 0.06 0 0.14 0.06

ANS n 20 3 4 3 10 0.003
s 11 11 7 7 25
n/s 1.82 027 0.57 0.43 0.4

UFGT n 21 11 0 10 21 0.48
s 28 18 0 13 31
n/s 0.75 0.61 - 0.77 0.68

? n, nonsynonymous; s, Synonymous

b Probability that n/s is equal for sites with frequency <0.07 and sites
with frequency >0.07

Table 5 Among-region proportions of variation (F) for three
anthocyanin-pathway genes in I. trifida, as calculated by AMOVA

2 regions 3 regions
CHS 0.096 0.113
ANS 0.244 0.234
UFGT 0.060 0.145

Analysis of Geographic Substructure

Because unaccounted-for population structure can bias
estimates of both within and between species diversity, we
assessed the degree to which the three genes exhibited
geographic structure. Whether the accessions were divided
into two or three regions, there was significant geographic
differentiation for all three genes (Table 5). However, the
proportion of variation ascribable to between-region dif-
ferences was low and similar for CHS and UFGT, and
somewhat higher for ANS. Despite this differentiation,
there were no fixed differences between any of the regions
at any of the genes.

Discussion

Enzymes of the anthocyanin pigment pathway in angio-
sperms exhibit an interesting evolutionary pattern:
downstream enzymes evolve more rapidly than upstream
enzymes (Rausher et al. 1999; Lu and Rausher 2003). The
pattern of divergence between I. trifida and I. purpurea
reported here is consistent with this pattern: dN/dS for
divergence is more than four times higher for ANS and
UFGT than for CHS.

@ Springer

One explanation for this pattern is that constraint is
higher for upstream enzymes than for downstream
enzymes. One reason for expecting this pattern of relative
constraint is that flux control in branching pathways is
believed to normally reside primarily in the most upstream
enzymes, with downstream enzymes exerting relatively
little control over flux (LaPorte et al. 1984; Stehanopoulos
and Vallino 1991; Eanes 1999). Consequently, deleterious
mutations with similar effects on enzyme kinetic properties
are expected to have greater deleterious fitness effects for
the most upstream enzyme and, thus, are less likely to be
effectively neutral and fixed by genetic drift. A second
reason for expecting greater constraint in upstream
enzymes is that in the anthocyanin pathway, downstream
enzymes are responsible only for the production of
anthocyanins, whereas upstream enzymes are involved in
the production of several other types of flavonoids that
serve a variety of physiological and ecological functions
(Shirley 1996). An alternative explanation for more rapid
evolution of downstream enzymes, however, is that they
have evolved faster because they have undergone more
frequent adaptive change, perhaps as a mechanism for fine-
tuning the amounts and types of anthocyanins produced by
a particular plant.

Our results implicate differential constraint and argue
against differential adaptive change as explanations for
more rapid evolution of downstream enzymes. In particu-
lar, two of our results provide direct evidence for
differential constraint. First, within the species I. trifida,
segregating nonsynonymous variation is much lower for
the upstream enzyme CHS than for the downstream
enzymes ANS and UFGT. This is precisely the pattern
expected if upstream genes experience greater selective
constraint, which means that purifying selection is stronger
on upstream genes. Second, purifying selection, reflected in
Tajima’s D statistic, appears to be stronger on CHS than on
the other two genes.

Alternative explanations for these results can be ruled
out. For example, both the reduced variation and the value
of Tajima’s D for CHS might conceivably be due to a
recent selective sweep in that gene. If that were true,
however, we would expect also to see low variation and a
low D at synonymous sites, which we do not. Similarly, a
recent population expansion could have produced the
generally negative D values for nonsynonymous variation.
However, such a demographic event is expected to influ-
ence all variation similarly (Hahn et al. 2002) and should
have produced equally negative D values for synonymous
variation, which was not observed. Moreover, population
expansion cannot account for the large differences among
the genes in the amount of nonsynonymous variation.

Unaccounted-for geographic divergence could also
conceivably explain some of the patterns we observed.
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Divergence artificially increases D. Therefore, if down-
stream enzymes experience greater amounts of adaptive
divergence, their D values could appear higher than for the
upstream enzyme. Moreover, a greater amount of divergent
fixation of alternate alleles between areas could make the
apparent amount of nonsynonymous polymorphism in the
species as a whole greater for downstream enzymes. We
believe, however, that these effects are probably of minor
importance in our study. We did detect significant diver-
gence between regions for all three genes, but the degree of
divergence was not large. Because the magnitude of
divergence did not differ for CHS and UFGT, the effect of
divergence on calculated nonsynonymous variation and on
D would likely be very similar and, thus, could not account
for the observed differences in these two parameters for the
two enzymes.

While our results provide substantial evidence for dif-
ferential constraint among upstream and downstream
enzymes, they provide no evidence that differences in the
rates of adaptive substitution contribute to the observed
differences in evolutionary rates. When tested individually,
all three enzymes exhibited essentially equal dN/dS ratios
for segregating variation and for fixed differences between
species, the expectation under neutrality. And when tested
simultaneously in a single analysis, no evidence for posi-
tive selection, or for differences among the genes in the
frequency of positive selection, was obtained. Finally, a
comparison of divergence versus polymorphism across
genes (HKA test) using only nonsynonymous substitutions
revealed no heterogeneity among genes of the type
expected if they had experienced different levels of adap-
tive substitution. These results do not mean that there have
been no adaptive substitutions in any of these enzymes,
only that they account for, at most, only a small fraction of
the nonsynonymous changes. It is thus difficult to envision
how differential adaptive substitution could account for the
more rapid evolution of downstream enzymes.

One potential limitation to our analysis is that geo-
graphic differentiation can reduce the power of the M-K
test to detect positive selection when data from across the
range of a species are pooled. In particular, fixed differ-
ences between regions due to positive selection will be
counted in the analysis as within-species polymorphisms,
artificially raising the dN/dS ratio for within-species vari-
ation, to which the dN/dS ratio for divergence between
species is compared. We believe, however, that our anal-
ysis does not suffer from this limitation. Although we did
detect geographic substructuring in our data, there were no
fixed differences between regions that would inflate the
dN/dS ratio for polymorphisms. Moreover, because
between-region divergence was similar for all three genes,
any effect of substructuring on the M—K test is likely to
have been similar for the three genes and, thus, should not

contribute to our failure to find differences in rates of
positive substitution among the genes.

Even though the overall rate of nonsynonymous substi-
tution appears to be higher for ANS and UFGT than for
CHS, it is nevertheless possible that the rate of adaptive
substitution is higher for the upstream enzyme. Such a
pattern is again expected if enzymes at pathway branch
points have the greatest control over flux (Flowers et al.
2007). Our analysis of adaptive substitutions fails to support
this pattern. However, we detected little evidence of positive
selection in any of the three enzymes examined, which may
simply mean that there has been little historical opportunity
for more frequent adaptive substitutions in CHS.

Conclusion

Our results are consistent with the expectation that down-
stream enzymes in metabolic pathways are less constrained
than upstream enzymes (Rausher et al. 1999; Vitkup et al.
2006; Flowers et al. 2007) and, thus, with the more general
proposition that system properties influence the degree to
which particular enzymes are evolutionarily constrained. It
is of course possible that the enzymes differ in constraint
because of differences in intrinsic properties, such as struc-
ture and composition, and that constraint is just by chance
higher in the upstream genes. Differentiating between these
hypotheses will constitute a significant challenge.
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