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Abstract. To characterize the coding-sequence diver-
gence of closely related genomes, we compared DNA
sequence divergence between sequences from a Brassica
rapa ssp. pekinensis EST library isolated from flower
buds and genomic sequences from Arabidopsis thaliana.
The specific objectives were (i) to determine the distri-
bution of and relationship between K, and K|, (ii) to
identify genes with the lowest and highest K:K| values,
and (iii) to evaluate how codon usage has diverged be-
tween two closely related species. We found that the
distribution of K,:K, was unimodal, and that substitution
rates were more variable at nonsynonymous than syn-
onymous sites, and detected no evidence that K, and K,
were positively correlated. Several genes had K,:K val-
ues equal to or near zero, as expected for genes that have
evolved under strong selective constraint. In contrast,
there were no genes with K,:K, >1 and thus we found no
strong evidence that any of the 218 sequences we ana-
lyzed have evolved in response to positive selection. We
detected a stronger codon bias but a lower frequency of
GC at synonymous sites in A. thaliana than B. rapa.
Moreover, there has been a shift in the profile of most
commonly used synonymous codons since these two
species diverged from one another. This shift in codon
usage may have been caused by stronger selection acting
on codon usage or by a shift in the direction of muta-
tional bias in the B. rapa phylogenetic lineage.
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Introduction

There is a wide variation in the rates at which individual
genes diverge between species—some genes are highly
conserved and others diverge rapidly (Li 1997; Hughes
1999). However, little is known about the patterns of
genomewide sequence divergence. One reason for this is
that most analyses of sequence evolution have focused
on individual genes or small gene families that have been
investigated because of their biological functions, phe-
notypic effects, or expected evolutionary histories. Be-
cause investigations of individual genes have provided
data on only a tiny fraction of the total number of genes
within a genome, they may not provide an accurate de-
scription of genomewide DNA sequence divergence. A
more robust picture of genomic divergence, one that may
be useful for discerning the relative effects different evo-
lutionary forces have had in causing that divergence,
may be attained by examining large numbers of genes
that have been selected without prior interest in their
biological function or evolutionary histories (Charles-
worth et al. 2001).

Differences in selection and mutation both contribute
to the variation in rates of interspecific gene divergence.
Analysis of individual genes or small groups of genes
have identified loci that appear to have diverged in re-
sponse to positive selection (Yang and Bielawski 2000)
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and others that have evolved under varying levels of
selective constraint (Rausher et al. 1999). The relative
effects of positive selection and selective constraint (of-
ten referred to as “negative selection” or “purifying se-
lection”) in determining the rate of divergence between
gene sequences can be assessed by the ratio of substitu-
tions at replacements sites (K,) to substitutions at syn-
onymous sites (K,) (Hughes 1999; Yang and Bielawski
2000). A K,:K ratio <1 is consistent with a history of
negative selection, although it does not rule out positive
selection, and a K,:K| ratio >1 indicates strong positive
selection, although it does not mean that negative selec-
tion is not also acting (Yang and Bielawski 2000). Al-
though K :K values have the advantage of being easy to
calculate, it is recognized that the sensitivity of K, :K|
ratios to detect positive selection is low and that the
criterion of a KK, ratio >1 as evidence for positive
selection may be overly stringent (Hughes 1999). Nev-
ertheless, the distribution of K,:K for a large number of
genes may be useful for identifying the relative strengths
of the evolutionary forces acting on individual genes—
those with the lowest K:K values are likely to be evolv-
ing under the strongest selective constraint, whereas
those with the highest may be evolving in response to
positive selection or relaxed constraint (Charlesworth et
al. 2001). Although the distribution of K,:K values for
large numbers of Drosophila, nematode, and mammalian
genes has been examined (Wolfe and Sharp 1993;
Makalowski and Boguski 1998; Wheelan et al. 1999),
the distribution of K,:K, values has not been identified
for any pair of plant species.

While K,:K, provides insight into the forces of selec-
tion acting on nonsynonymous sites, it implicitly as-
sumes that selection is not acting on synonymous sites.
However, selection acting to increase translational effi-
ciency or translational accuracy may cause adaptive
change at synonymous sites. Evidence for selection act-
ing on synonymous mutations comes from the wide-
spread nonrandom use of synonymous codons [“codon
bias” (Ikemura 1981, 1985; Shields et al. 1988; Akashi
1994, 1995; Moriyama and Powell 1997)]. If the strength
or effectiveness of selection acting on codon usage dif-
fers between closely related species, then selective forces
acting on synonymous sites may also contribute to inter-
specific genome divergence. Moreover, interspecific dif-
ferences in the strength or direction of mutational bias,
which may also cause differences in codon usage
(Sueoka 1988; Eyre-Walker 1991), may also contribute
to divergence at synonymous sites. Differences in codon
bias between closely related Drosophila species have
been detected (Akashi 1996; Rodriguez-Trelles et al.
1999), but codon usage in closely related plant species
has not been compared.

Genomewide sequence comparisons would ideally be
examined using entire genome sequences; however,
complete genome data are not yet available for closely
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related eukaryotic species. In the absence of complete
genome data, expressed sequence tag (EST) data offer an
opportunity to examine large numbers of coding se-
quences that have been sequenced without bias to their
function or expected evolutionary history. To character-
ize the pattern of DNA sequence divergence and codon
bias between two closely related plant species, we com-
pared sequences from 218 Brassica rapa ssp. pekinensis
(Chinese cabbage) flower tissue expressed sequence tags
to genome sequences from A. thaliana. These species
were chosen because they are model dicot species and
because preliminary investigations revealed that the se-
quences of these species have diverged considerably but
are not so different as to cause difficulty with sequence
alignment. The species themselves are estimated to have
diverged from one another approximately 35 million
years ago (Lagercrantz 1998). Our specific objectives
were (1) to determine the distribution of K :K and iden-
tify genes with the lowest and highest K,:K values and
(i) to determine how selective and mutational forces
between these species have contributed to changes in
codon usage and thus interspecific sequence divergence.

Materials and Methods

The data were obtained by searching the Arabidopsis thaliana se-
quences in GenBank for homologues of 310 sequences from a Brassica
rapa subsp. pekinensis flower bud cDNA library [S.W. Ryu, C.O. Lim,
and M.J. Cho, National University of Korea, 1999 (unpublished); ac-
cession numbers AT001683—-AT002257]. The EST data set available
from GenBank contained 395 sequences but 85 of these ESTs were not
included in the analyses because BLASTN revealed that they had sig-
nificant similarity to other ESTs within the same data set. When re-
dundant ESTs were detected, only the longest sequence was included in
analyses. The GenBank database was initially searched using BLASTN
(Altschul et al. 1990), and only B. rapa sequences that exhibited sig-
nificantly similarity (E values <1 x 1077) to 150 bp or more of an A.
thaliana sequence were analyzed further. B. rapa sequences with no
significant matches in the genomic database were also used to search
the database of A. thaliana ESTs. If more than one A. thaliana sequence
exhibited significant similarity to the B. rapa sequence, then we as-
sumed that the A. thaliana sequence with the greatest similarity is
orthologous, and only this sequence was analyzed. BLASTN searches
were initially conducted during July 2000. B. rapa sequences that did
not show significant similarity to A. thaliana in this initial search were
used to search GenBank again during April 2001. In addition,
BLASTX and TBLASTX were used to search GenBank with all se-
quences for which a significant Arabidopsis homologue was not de-
tected using BLASTN. These amino acid sequence-based algorithms
detected homologues for 17 ESTs for which BLASTN detected no
homologue.

For significant matches, open reading frames were identified using
BioEdit (Hall 1999) and untranslated regions were removed. Because
many of the sequences contained multiple open reading frames and
because calculation of K :K,, and measures of codon bias required
accurate identification of coding regions, open reading frames were
compared against the GenBank database using BLASTp (Altschul et al.
1990). None of the analyzed sequences contained complete protein
coding sequences. Open reading frames that did not exhibit a signifi-
cant match with previously identified putative or actual proteins were
excluded from further analyses. EST sequences may contain sequenc-
ing errors; however, because errors should be distributed among syn-
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onymous and nonsynonymous sites at equal frequencies and because
K, and K, are measures of substitution per site, sequencing errors are
not expected to bias strongly the results of our analyses.

To assess differences in mutational bias the sequences from 15
genes of full length that were available from both B. rapa and A.
thaliana were examined. These genes were (A. thaliana/B. rapa acces-
sion numbers) 2-Cys peroxiredoxin (X97910/AF052202), amino alco-
hol phosphotransferase (AF091843/AF183933), acidic endochitinase
(AB006069/AF207563), acyl-ACP thioesterase (236912/U17098),
cinnamyl-alcohol dehydrogenase (AL161595/AF207555), 4-couma-
rate-CoA ligase (AL161549/AF207574), w-3 fatty acid desaturase
(D26508/AF056572), glutathione reductase (D89620/AF008441),
oxoacyl-ACP reductase (X64464/AF179864), protease inhibitor II
(AC005936/L.31937), stearoyl-ACP desaturase (AC002333/X60978),
Cu/Zn superoxide dismutase (X60935/AF071112), terminal flower 1
(D87519/AB017529), thionin (L41245/AF090836), and thioredoxin
(Z35474/AB010434). The untranslated regions (not including poly-A
tails) and/or introns of these genes were used to analyze interspecific
changes in GC content in regions thought to be under no selective
pressure for nucleotide comparison.

Sequence Analysis

K, (the number of nonsynonymous differences divided by the number
of nonsynonymous sites) and K, (the number of synonymous differ-
ences divided by the number of synonymous sites) were calculated
using DNAsp 3.50 (Rozas and Rozas 1999). DNAsp uses the method
of Nei and Gojobori (1986) to identify synonymous and nonsynony-
mous sites and a Jukes—Cantor correction is applied to correct for
multiple hits. The magnitude of codon bias in each sequence was
estimated as the effective number of codons (ENC) (Wright 1990).
ENC values range between 20 and 61 and are inversely related to codon
bias. ENC values of 20 indicate that only a single codon is used for
each amino acid, whereas an ENC of 61 indicates that all synonymous
codons are used at equal frequencies. We used the ENC to estimate
codon bias because it does not presuppose any knowledge of a set of
optimal codons and because this metric is relatively unbiased when
short sequences are analyzed (Wright 1990; Comeron and Aguade
1998). Nevertheless, calculating the ENC on short sequences can lead
to estimates greater than 61. We set the ENC equal to 61 for all
sequences with calculated ENC values greater than 61 (20 sequences
had an ENC >61 in one or both species). For each sequence we also
calculated the percentage of GC at synonymous sites (GCy,,), a mea-
sure thought to be positively correlated with codon bias in most species,
including the plant species Zea mays and A. thaliana (Fennoy and
Bailey-Serres 1993; Chiapello et al. 1998). Paired ¢ tests in which the
homologous sequences were paired were used to test whether ENC and
GC,,, differed significantly between species. The ¢ tests and correla-
tions between K, K, ENC, and GC,,, were calculated using SAS (SAS
Institute 1989).

syn

Results and Discussion

Comparison of the Arabidopsis and Brassica Genomes

Two-hundred eighteen, or approximately 70% of the 310
unique B. rapa ESTs, had significant similarity to hypo-
thetical or known open reading frames at least 150
nucleic acids long in the A. thaliana genome. The aver-
age length of these 218 sequences was 235 bp. Many of
the remaining sequences had significant similarity to A.
thaliana sequences but the regions of similarity were
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Fig. 1. Distributions of (A) the ratio of substitutions at nonsynony-

mous to those at synonymous sites (K,:K}), (B) K, and (C) K| of 218
coding sequences from Brassica rapa ssp. pekinensis and A. thaliana.

shorter than 150 bp. Many of the sequences that were not
significantly similar to Arabidopsis sequences were also
not significantly similar to any other sequences in Gen-
Bank, including numerous Brassica EST sequences. For
this reason we suspect that these ESTs contain 5" UTR
regions of genes or noncoding contaminants. However, it
is possible that significant homologues of these se-
quences were not detected because these sequences have
been subject to strong positive selection and are no
longer similar enough to Arabidopsis sequences for ho-
mologues to be detected using BLAST.

Divergence at Synonymous and Nonsynonymous Sites

The 218 sequence pairs had mean values of K, K, and
K, K, of 0.058, 0.474, and 0.14 and ranged from O to
0.48, 0.076 to 1.88 (K, was saturated in one sequence;
this sequence was removed from the analyses), and 0 to
0.87, respectively (Fig. 1). The coefficient of variation
(CV), a measure of the variability of a sample relative to
the sample mean, of K, and K, was 1.06 and 0.49, re-
spectively. A Z test (Zar 1996) indicated that the vari-
ability in K, was significantly higher than in K (Z = 5.6,
p < 0.01; to meet assumptions of normality samples were
square root transformed prior to conducting the Z test).
This pattern is similar to what has been found in mam-
malian systems (Wolfe and Sharp 1993). Although the
CV at synonymous sites was significantly less than the
CV at nonsynonymous sites, there was still a wide range
in the rates at which synonymous substitutions accumu-
late, perhaps reflecting intergene differences in mutation
rates or the relative strength of selection acting on codon
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Fig. 2. Relationship between substitutions at nonsynonymous and
those at synonymous sites. The estimated correlation between K, and
K, was not significantly different from zero.

usage (Sharp and Li 1989). Regardless of the mecha-
nisms, the large variation in K, suggests that estimated
times of species divergence or gene duplication events
that are based on one or few genes may produce mis-
leading results and these estimates should be viewed
with caution.

In contrast to the significant positive correlations be-
tween K, and K, found between some Drosophila (Aka-
shi 1994), bacterium (Sharp and Li 1987), mammal
(Wolfe and Sharp 1993), and plant species (Alvarez-
Valin et al. 1999), and between duplicated A. thaliana
genes (Lynch and Conery 2000), we detected no evi-
dence that the correlation between K, and K, from A.
thaliana and B. rapa ssp. pekinensis was significantly
different from zero (r = 0.097, p = 0.14) (Fig. 2). A
positive correlation between K, and K, may result from
intergenic differences in mutation rates (Ohta and Ina
1995), tandem mutations (mutations changing adjacent
nucleotides simultaneously) (Wolfe and Sharp 1993), or
correlated selective constraints on synonymous and non-
synonymous sites (Mouchiroud et al. 1995). The lack of
correlation between K, and K| suggests either that these
mechanisms are not operating in either Arabidopsis or
Brassica or that other forces, such as mutational bias (see
below), are strong enough to mask their effects.

Several sequences had K,:K values equal to zero, or
only slightly greater than zero, suggesting that these
genes have evolved under high selective constraint. The
five sequences with the lowest K,:K values (all <0.005)
showed significant similarity to 40S ribosomal protein
S10, histone H3, an unidentified 40S ribosomal protein,
sec61 translocation protein, and a heat-shock protein; all
are housekeeping genes that typically evolve slowly (Li
1997).

There were no sequences with K:K; >1, and thus we
found no strong evidence that positive selection has con-
tributed to the interspecific sequence divergence of any
of these genes. Nevertheless, because K,:K > 1 is rec-
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ognized as a very stringent criterion (Hughes 1999),
identifying genes with the highest K :K, values may be
useful for identifying genes that may have evolved in
part in response to positive selection (Charlesworth et al.
2001). The sequences with the highest K,:K values had
significant similarity to a cold-regulated protein (K,:K|
= 0.59), a guanine-binding protein (K,:K; = 0.61),
lipid-transfer proteins (two sequences: K,:K, = 0.60 and
0.75), and an anther-specific protein with a high similar-
ity to putative cysteine-rich antifungal proteins (K,:K, =
0.87). Although these high K,:K, values may reflect re-
laxed selective constraint, both lipid transfer proteins
(Garcia-Olmedo et al. 1987) and antifungal proteins may
be involved in plant defense against pathogens and may
therefore be expected to evolve in response to positive
selection.

Although we detected no evidence that positive selec-
tion has been an important force in causing divergence
between the A. thaliana and B. rapa genomes, there are
several reasons why the finding should be interpreted
with caution. First, we examined only a small fraction of
the nearly 26,000 open reading frames in A. thaliana
(Arabidopsis Genome Initiative 2000), and if positive
selection is rare, there is a high probability that we did
not analyze enough genes to identify any that have
evolved in response to strong positive selection. Based
on samples from a wide range of taxa it has been esti-
mated that less than 0.5% of genes have experienced
positive selection strong enough to result in K,:K values
>1 (Endo et al. 1996; Liberles et al. 2001). If the fre-
quency of positively selected genes in B. rapa and A.
thaliana is similar, then it is likely our sampling was not
extensive enough to detect genes that have diverged in
response to selection. Second, as discussed above, K :K,
ratios, although an easy-to-apply screen, are an insensi-
tive method for detecting positive selection (Hughes
1999; Yang and Bielawski 2000). Third, we analyzed
only genes expressed in flower buds and expressed at
levels high enough to be sampled from the EST library.
As such, some genes, including regulatory genes that
may be expressed at low levels but may be important for
phenotypically important evolutionary changes (Doebley
and Lukens 1998; Davidson 2001; Barrier et al. 2001),
may not have been included in our analyses. Finally,
identifying homologous sequences using BLAST
searches may have resulted in ascertainment bias—those
genes that have diversified in response to selection may
no longer exhibit similarity significant enough to be
identified with BLAST. This ascertainment bias would
have biased our data set toward more conserved se-
quences.

Codon Bias and Shift in Codon Usage

Our analyses produced surprising results regarding the
relative strength of codon bias in the two species, with
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Fig. 3. Distribution of GC content at synonymous sites and effective

number of codons (ENC) of 218 coding sequences from Brassica rapa
ssp. pekinensis and A. thaliana. The white bars represent B. rapa data;
the gray bars, A. thaliana data.

the ENC and GC content giving conflicting pictures of
the strength of codon bias. The ENC, which is inversely
related to the codon bias, was lower in A. thaliana than
B. rapa (Fig. 3b). This difference was marginally sig-
nificant when analyses were conducted on all data (p =
0.075), but the ENC was significantly lower in A.
thaliana (ENC,,,,) than in B. rapa (ENCg,,,) When only
sequences exhibiting some codon bias (ENC < 61) were
analyzed (ENC,,,, < ENCg,,; t = 1.98 r < 0.05), in-
dicating stronger codon bias in A. thaliana. Although
codon bias, as measured by ENC, was on average higher
in A. thaliana, GC content at synonymous sites (GCi,,),
which is often thought to be positively correlated with
codon bias (Fennoy and Bailey-Serres 1993; Chiapello et
al. 1998), was significantly higher in B. rapa (Fig. 3a) (¢
= 6.93, p < 0.0001). This difference was also highly
significant when only sequences with an ENC <61 were
analyzed (p < 0.0001). As expected, ENC was negatively
and significantly correlated with GCy, in B. rapa (r =
-0.29, p < 0.0001). However, ENC and GC,,,, were not
significantly correlated in A. thaliana (r = —0.006, p >
0.90).

The significant correlation between codon bias and
GC,,, in B. rapa, and the lack of a significant relation-
ship in A. thaliana can be explained if the most com-
monly used codons in A. thaliana end in A or T nucleo-
tides and those from B. rapa end in G or C. To explore
this hypothesis we used data from the Codon Usage
Tabulated from GenBank database (Nakamura et al.
2000; www.kazusa.or.jp/codon) to compare synonymous
codon usage among 97 coding sequences from B. rapa,
29,765 coding sequences from A. thaliana, and 666 cod-
ing sequences from Lycopersicon esculentum (the num-
ber of sequences represents the number available during
October 2000). Lycopersicon esculentum is more dis-
tantly related to B. rapa and A. thaliana than either of
these species are to one another and thus can be used as
an outgroup to infer whether a shift in codon usage has
occurred along the evolutionary lineage leading to B.
rapa, the lineage leading to A. thaliana, or both. This
analysis revealed that the most commonly used codons in
A. thaliana and L. esculentum ended in A or T for all
amino acids but lysine (Table 1). In contrast, in B. rapa

eight of the most commonly used codons ended in C or
G, including six of nine codons that are twofold degen-
erate. Moreover, for all amino acids, synonymous codons
that ended in C were used more frequently in B. rapa
than in A. thaliana or L. esculentum and those ending in
G were used more frequently in B. rapa for all amino
acids but leucine (Table 1). Using parsimony criteria for
ancestral state reconstruction, the differences between
codon usage in A. thaliana and that in B. rapa, as de-
tected in the Codon Usage Tabulated from GenBank da-
tabase (Nakamura et al. 2000), appear to have evolved
along the lineage leading to B. rapa.

The shift in codon usage in the B. rapa lineage is
consistent with the effects of both weak selection acting
on synonymous sites and mutational bias. Evidence for
weak selection comes from the fact that the profile of
most commonly used codons more closely matches the
profile of optimal codons in B. rapa than in A. thaliana
[assuming that the optimal codons that have been iden-
tified in A. thaliana (Miyashita et al. 1998) are also op-
timal in B. rapa]. Although there is no standard defini-
tion of “optimal” codons (sometimes called “favored” or
“preferred” codons) for eukaryotic organisms, optimal
codons are often identified as those most commonly used
in a small subset of the most highly biased genes (Akashi
1995; Miyashita et al. 1998). Because highly expressed
genes and highly conserved genes show the greatest use
of optimal codons, these codons are presumably the ones
that are favored by weak selection for translational effi-
ciency and translational accuracy (Sharp and Li 1987). In
A. thaliana, the most common codons always end in A or
T, while the optimal codons (defined as the most over-
represented codons in a sample of 268 high-biased
genes) often end in G or C (Miyashita et al. 1998). Only
5 of 17 codons (one amino acid has no defined optimal
codon) are both the most common and optimal in A.
thaliana (Table 1). In contrast, 13 of the 17 defined
optimal codons for A. thaliana are the most commonly
used codons in B. rapa. Although in some unicellular
organisms (Ikemura 1985) and Drosophila (Akashi
1995), the optimal codons are identical to the most com-
monly used codons (unpublished data), a lack of corre-
spondence between the most common and optimal
codons may not be unusual. For example, in C. elegans,
only four optimal codons are also the most commonly
used (Stenico et al. 1994; unpublished data).

More effective selection in B. rapa is consistent with
expectations based on these plants’ mating systems.
Brassica rapa reproduces largely through outcrossing,
while A. thaliana reproduces through selfing. Selfing is
expected to reduce recombination rates and weak selec-
tion acting on codon usage should be less effective with
low recombination (Hill and Robertson 1966; Kliman
and Hey 1993). If selection is more effectively shaping
codon usage in B. rapa, then it is somewhat surprising
that codon bias is stronger in A. thaliana. However, be-
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Table 1. Synonymous codon usage in Arabidopsis thaliana, Brassica
rapa, and Lycopersicon esculentum®

Amino Arabidopsis Brassica Lycopersicon Amino Arabidopsis Brassica Lycopersicon
acid Codon thaliana rapa esculentum acid Codon thaliana rapa esculentum
Gly GGG 0.16* 0.18 0.14 His CAT 0.62 0.50 0.66
GGA 0.37° 0.32 0.36 CAC 0.38* 0.50 0.34
ggg 8:?3” g?g 8:? Z Pro ccG 017 021 0.09
CCA 0.34 0.32 0.41
Glu GAG 0.48* 0.58 0.44 CCT 0.38* 0.33 0.39
GAA 0.52 0.42 0.56 CCC 0.11 0.14 0.11
Asp GAT 0.68 0.60 0.71 # Frequencies are based on all sequences present in GenBank in Octo-
GAC 0.32% 0.40 0.29 bt 2000, q P
Val GTG 0.26 0.29 0.25 ® For each amino acid, the most frequently used codon is in boldface
GTA 0.15 0.10 0.16 (due to rounding error, the reported frequencies may be equal).
GTT 0.40 0.34 0.43 “ Asterisks designate those codons that exhibit the greatest increase in
GTC 0.19% 0.28 0.16 frequency of use with increased codon bias in A. thaliana (Miyashita et
Ala GCG 014 0.15 0.07 al. 1998).
GCA 0.27 0.24 0.32
GCT 0.43* 0.41 0.46
GCC 0.16 0.19 0.15 cause we estimated codon bias using the ENC, a measure
Arg AGG 020 023 025 of codon usage that does not take into account optimal
AGA 0.35 0.34 0.35 codons [e.g., F, the frequency of optimal codons (Ike-
CGG 0.09 0.11 0.06 mura 1985)], the difference in codon bias may be
CGA 0.12 0.11 0.11 strongly influenced by mutation bias. In particular, the
CGT 0.16 0.14 0.16 greater codon bias we detected in A. thaliana may reflect
cece 0.07 0.07 0.07 mutational bias toward suboptimal codons ending in A or
Ser AGT 0.16 0.16 0.18 T rather than weak selection acting in B. rapa.
?gg 8.1(3) 8'3 8' (1)3 To investigate the possibility that mutational bias con-
TCA 0121 0: 18 0:26 tributes to the difference in codon usage, we examined
TCT 0.28* 0.23 0.26 GC content in the intron and untranslated regions of 15
TCC 0.12 0.16 0.12 homologous genes from A. thaliana and B. rapa. Be-
Lys AAG 0.51% 0.57 0.50 cause these regions are not expected to experience selec-
AAA 0.49 0.43 0.50 tion for nucleic acid use, differences in GC content
Asn AAT 0.53 043 0.62 should reflect differences in mutational bias. In 12 of
AAC 0.47% 0.57 0.38 these genes, the GC content in noncoding regions is
lle ATA 0.4 0.2 0.23 higher in B. rapa than A. thaliana and a binomial test
ATT 0.41% 035 0.51 rejects the null hypothesis that noncoding regions in B.
ATC 0.34* 0.43 0.26 rapa have a GC content equal to that in A. thaliana (p <
Thr ACG 015 0.16 0.09 0.01). These results suggest that a change in mutation
ACA 0.31 0.29 0.35 bias is at least partially responsible for the shift in codon
ACT 0.34 0.26 0.40 usage that has occurred since the divergence of these two
ACC 0.20% 0.29 0.16 species.
Cys TGT 0.60 0.53 0.61
TGC 0.40 0.44 0.39
Tyr TAT 0.53 0.40 0.58 Conclusion
TAC 0.47* 0.60 0.42
Leu TTG 0.22 0.21 0.26 To gain insight into the forces responsible for differences
TTA 0.14 0.10 0.15 in DNA coding sequences in closely related plant spe-
CTG 0.11 0.10 0.10 . . . .
CTA 011 0.09 o1 cies, we examined the divergence and codon bias of 218
CTT 0.26* 0.27 0.27 homologous sequences from Arabidopsis thaliana and
CTC 0.17 0.23 0.12 Brassica rapa ssp. pekinensis. Although there was wide
Phe TTT 0.53 042 0.59 variation in the rate at which these sequences have
TTC 0.47% 0.58 0.41 evolved, we detected no strong evidence that positive
Gl CAG 043+ 048 0.3 selection has contributed to divergence of the genes we
CAA 0.57 0.52 0.61 examined. In contrast, it is possible that weak selection

in B. rapa has caused codon use to evolve to correspond
more closely to the profile of optimal codons. Although
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the shift in codon use is consistent with the expectation
that weak selection is more effective in the outcrossing
B. rapa than the predominantly selfing A. thaliana, the
shift appears to have been at least partially the result of
an interspecific difference in the direction or strength of
mutational bias. Shifts in synonymous codon usage also
have been detected between species in the Drosophila
saltans species group (Rodriguez-Trelles et al. 1999),
suggesting that shifts in the profile of the most com-
monly used codons may not be uncommon. Moreover, if
the shift in synonymous codon usage has been caused by
changes in mutation pressure, then our results suggest
that mutational bias may be an important factor in caus-
ing intergenome sequence divergence.
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