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ABSTRACT

Genes that have undergone positive or diversifying selection are likely to be associated with adaptive
divergence between species. One indicator of adaptive selection at the molecular level is an excess of
amino acid replacement fixed differences per replacement site relative to the number of synonymous
fixed differences per synonymous site (o = K,/ K;). We used an evolutionary expressed sequence tag (EST)
approach to estimate the distribution of  among 304 orthologous loci between Arabidopsis thaliana and
A. lyrata to identify genes potentially involved in the adaptive divergence between these two Brassicaceae
species. We find that 14 of 304 genes (~5%) have an estimated o > 1 and are candidates for genes with
increased selection intensities. Molecular population genetic analyses of 6 of these rapidly evolving protein
loci indicate that, despite their high levels of between-species nonsynonymous divergence, these genes do
not have elevated levels of intraspecific replacement polymorphisms compared to previously studied genes.
Ahierarchical Bayesian analysis of protein-coding region evolution within and between species also indicates
that the selection intensities of these genes are elevated compared to previously studied A. thaliana nuclear

loci.

HE genetic architecture of species differences has
been the subject of intense study in the last few
years (ORR and COYNE 1992; HaAaG and TrRUE 2001; Wu
2001). There has been a concerted effort to identify
genes responsible for adaptive differences between spe-
cies to examine the genetic mechanisms thataccompany
evolutionary diversification (Haac and Truk 2001) and
even speciation (Wu 2001). Adaptive morphological
and physiological differences between species should
leave a signature of positive selection at the molecular
level and permit an analysis of evolutionary divergence
at both the molecular genetic and the phenotypic levels
(HaaG and Trur 2001). By investigating loci whose
sequences have been shaped by positive selection, it may
be possible to unravel the evolutionary genetic mecha-
nisms that underlie adaptive divergence between species
and the origins and evolution of species differences.
One indicator of adaptive selection at the molecular
level is an excess of amino acid replacement fixed differ-
ences per replacement site relative to the number of
synonymous fixed differences per synonymous site (w =
K,/K; LI et al. 1981, 1985; HUGHES and YEAGER 1998).
Purifying selection on amino acid variation, for exam-
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ple, causes a decrease in the rate of amino acid fixation
and thus an inferred o < 1. If most amino acid variation
is neutral, such as in pseudogenes, o ~ 1 (L1 et al. 1981).
Strong diversifying or positive selection operating on
amino acid variation is associated with ® > 1 (HuGHES
and YEAGER 1998; AN1siMovA et al. 2001). Empirically,
the distribution of w varies radically among different
classes of genes: in plant Brassicaceae species, the mean
w is ~0.14 (TrrFIN and HAHN 2002), while for many
mammalian pseudogenes w has been shown to cluster
around 1.0 (BUusSTAMANTE et al. 2002a). In contrast, val-
ues of ® > 1 have been observed in gamete recognition
protein-coding genes (SWANSON and VACQUIER 1995),
loci associated with host-parasite interaction (HUGHES
1991), and genes involved in adaptation to specific envi-
ronments (MESSIER and STEWART 1997). The elevated
values of w in these latter genes, which encode rapidly
evolving proteins, are believed to arise from selection
for divergence in protein structure and function.
Identifying genes with increased values of w will be
facilitated by evolutionary genomic approaches that per-
mit investigators to sample and compare large numbers
of genes between species genomes to search for those
loci characterized by rapid evolution (ENDO et al. 1996;
SWANSON et al. 2001; TirFIN and HanN 2002). Although
whole-genome sequences are not generally available
from two closely related species, rapidly evolving pro-
teins can be identified using expressed sequence tags
(ESTs). An evolutionary EST approach has been used,
for example, in demonstrating that genes encoding ac-
cessory gland-specific proteins in Drosophila species
evolve faster than other loci in the genome, possibly as a
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result of selection pressures associated with mate choice
and intersexual genomic conflict (SWANSON et al. 2001).

Our objective is to examine whether an evolutionary
EST approach can identify genes with increased selec-
tion intensities in the Arabidopsis genome. Expressed
sequence tags from developing inflorescences of Arabi-
dopsis lyrata were compared to the whole-genome se-
quence of the model plant A. thaliana to estimate the
distribution of nonsynonymous and synonymous substi-
tution differences between these two Brassicaceae spe-
cies. Fourteen genes with w > 1, which encode rapidly
evolving proteins, were identified between these two
plant taxa. These genes have accelerated rates of non-
synonymous substitutions that may be associated with
adaptive evolution since the divergence of these two
species ~5.2 MYA (KocH et al. 2000). Molecular popula-
tion genetic analysis of six of these rapidly evolving
protein loci confirms that the selection intensities on
protein sequence change in these genes are significantly
higher than those in previously studied Arabidopsis nu-
clear loci.

MATERIALS AND METHODS

Isolation and sequencing of expressed sequence tags: Seeds
from individuals of a population of A. lyrata in Karhumaki,
Russia were obtained from Outi Savolainen and Helmi Kuitti-
nen. Total RNA was extracted from the A. lyratainflorescences
using the RNeasy plant mini kit (QIAGEN, Valencia, CA) and
a cDNA library constructed in the plasmid vector pCMV-PCR
using the PCR cDNA library construction kit (Stratagene, La
Jolla, CA). Plasmid DNA from cDNA clones was isolated using
the REAL Prep96 BioRobot kit (QIAGEN) with the BioRobot
9600 (QIAGEN) and sequenced from the 5" end using an ABI
Prism 3700 96-capillary automated sequencer (Perkin-Elmer,
Norwalk, CT). Sequences were edited on the basis of Phred
(EWING et al. 1998) quality scores, with a Phred scoring thresh-
old of 20. Ambiguous base calls were visually confirmed against
the chromatograms. These EST sequences are deposited in
GenBank (accession nos. BQ834040-BQ834596 and BQ839827—
BQ839830).

Analyses of ESTs: A. thaliana sequences homologous to the
high-quality A. lyrata EST sequences were identified by BLAST
analysis against the A. thaliana whole-genome coding database
found at The Arabidopsis Information Resource database
(http:/www.arabidopsis.org), using a maximum expected
value (E) of ¢”. The GenBank nonredundant nucleotide se-
quence database was also searched to find the closest matching
A. thaliana genomic bacterial artificial chromosome (BAC)
clone sequence. The top matches from each database were
visually aligned with their matching A. lyrata EST sequence.
Calculations were made on the basis of pairwise comparisons
between the A. lyrata EST and A. thaliana coding region geno-
mic DNA sequence. EST-based nonsynonymous and synony-
mous distances were calculated using the modified NE1 and
Gojosorr (1986) method as implemented in MEGA 2.1
(KuMAR et al. 1993). A software package was developed to carry
out a permutation analysis of nonsynonymous/synonymous
substitution ratios for genes incorporating a modified Nei-
Gojobori method (ZHANG et al. 1998). Since there are several
possible sources of sequence error in the experimental acquisi-
tion of the EST sequence data, we refer to these estimates of
nonsynonymous and synonymous substitutions as K¥ and

K¥, respectively. In general, K¥ = K, + € and K¥ = K + ¢,
where € is an error term that reflects the empirical error in
sequence determination. Sequence comparisons using dupli-
cate ESTs suggest that € ~ 0.2% (M. BARRIER, unpublished
results), although this may be an overestimate since some of
these differences may arise from allelic variation.

Isolation and sequencing of alleles: Six genes with K/
K¥ values >1 were chosen for molecular population genetic
analysis. Primers were designed to amplify 1- to 2-kb regions
of these genes on the basis of the A. thaliana sequences in the
selected comparisons (see Table S1 at http:/www.genetics.
org/supplemental/). Leaf tissue from 10-13 A. thaliana eco-
types was obtained from single-seed propagated material pro-
vided by the Arabidopsis Biological Resource Center (see Ta-
ble S2 at http:/www.genetics.org/supplemental/). DNA was
isolated from these A. thaliana ecotypes as well as 2-5 A. lyrata
individuals (see above), using the DNeasy plant mini kit (QIA-
GEN). PCR of A. thaliana samples was performed with Tag
DNA polymerase (Eppendorf, Madison, WI), using standard
protocols. A. thalianasamples were sequenced directly via cycle
sequencing with primers in both directions. PCR of A. lyrata
samples was performed with the error-correcting 7go polymer-
ase (Roche, Indianapolis), using the manufacturer’s amplifi-
cation protocol. The error rate of error-correcting polymer-
ases is <1 in 7000 bp (OLSEN et al. 2002). Amplified A. lyrata
products were cloned into pCR4Blunt-TOPO vector using the
Zero Blunt TOPO PCR cloning kit (Invitrogen, San Diego).
Plasmid miniprep DNA was isolated using the QIAprep mini-
prep kit (QIAGEN) and sequenced via cycle sequencing. DNA
sequencing was conducted with a Prism 3700 96-capillary auto-
mated sequencer (Perkin-Elmer). GenBank accession num-
bers for these population data are AY140430-AY140446 and
AY140459-AY140531.

Molecular population genetic data analysis: Sequences of
A. thaliana and A. lyrata populations were aligned and visually
corrected. All polymorphisms were visually checked against
chromatographs or via resequencing. Analysis of polymor-
phism and divergence was carried out using DnaSP 3.5 (Rozas
and Rozas 1999). A. thalianaspecies-wide silent site nucleotide
diversity,  (NEI 1987), and 6 (WATTERSON 1975) were esti-
mated. The McDonald-Kreitman test (McDoNALD and KrREIT-
MAN 1991) was performed to test for neutral evolution in
the protein-coding region. A hierarchical Bayesian method
is utilized to analyze McDonald-Kreitman-type tables for 12
previously studied (BUSTAMANTE et al. 2002b) and 6 rapidly
evolving A. thaliana protein genes to estimate selection coeffi-
cients for replacement changes under a Poisson random field
model (SAWYER and HARTL 1992). Details of the analytical
approach utilized here are described in the accompanying
APPENDIX.

RESULTS AND DISCUSSION

Expressed sequence tags in A. lyrata: A small collec-
tion of ESTs were isolated and sequenced to obtain
genes expressed in developing inflorescences in A. lyr-
ata. From a cDNA library of ~2800 colonies, 768 clones
were sequenced. From this sequence collection, 561
good-quality sequences of at least 200 bp in length were
subjected to further analysis. A. thaliana orthologs to
these A. lyrata ESTs were identified by BLAST searches
of the whole-genome A. thaliana coding sequence data-
base; 78 of the sequences did not match a clear A.
thaliana ortholog and were not considered further.
Ninety-five duplicate EST matches for A. thaliana coding
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FiGure 1.—Comparison of functional classifications of genes in the A. thaliana genome and the A. lyrata evolutionary ESTs.

sequences were also eliminated. The GenBank nonre-
dundant nucleotide database was also searched for A.
thaliana BAC clone sequences containing genes homol-
ogous to the A. lyrata EST sequences. By aligning the
genomic BAC clone sequence with the A. lyrata and A.
thaliana coding sequences, the boundaries of noncod-
ing regions were located. After eliminating 84 sequence
alignments with <150 bp of coding sequence, 304
unique ESTs remained for further analysis (see Table S3
at http:/www.genetics.org/supplemental/). Although
these ESTs represent coding region fragments, we sub-
sequently refer to these as genes.

The A. lyrataEST sequences were assigned to different
functional categories using the classifications of the or-
thologous A. thalianasequences from the TAIR database
(ArAaBIDOPSIS GENOME INITIATIVE 2000). Unclassified
genes and those whose classifications were ambiguous
were not included in this comparison. Of the >25,000
sequences in the A. thaliana coding sequence database,
only slightly >4000 have thus far been unambiguously
classified (AraBiDOPSIS GENOME INITIATIVE 2000).
Eighty-seven of the 304 unique A. lyrata ESTs matched
an A. thaliana coding sequence that has yet to be classi-
fied. In determining the count for each functional cate-
gory, multiple categories listed for a single sequence
were each counted as an equal fraction of the sample
count. On the basis of this analysis, the range of func-
tional categories represented by the 304 unique ESTs
appears to be representative of those observed for the
entire A. thaliana gene set (see Figure 1).

Distribution of nucleotide substitution rates between
A. thaliana and A. lyrata: Comparisons of the coding
sequences of the 304 ESTs from A. lyrata with the whole
genome sequence from A. thaliana allow us to compare
the distribution of the rates of nucleotide substitution
between these two species. The distributions of both
synonymous and nonsynonymous substitutions are
shown in Figure 2. The mean length of aligned coding
sequences is 111 * 2.19 codons. The distribution of the
number of synonymous nucleotide substitutions ranges

from 0.000 to 0.552 synonymous substitutions per synon-
ymous site. The distribution of K¥ has one mode be-
tween 0.10 and 0.15 and has a long tail. The mean
synonymous substitution distance is 0.119 * 0.004 (see
Figure 2A), which is comparable to estimates observed
in previous comparisons of A. thaliana/A. lyrata loci. If
we assume a divergence time of 5.2 MYA for the two
species (KocH et al. 2000), this indicates that the average
synonymous mutation rate for Arabidopsis nuclear
genes is ~1.1 X 1078 substitutions/site/year.

The distribution of the number of nonsynonymous
substitutions between the two species differs from that
observed for synonymous substitutions. The nonsynony-
mous distance distribution has a mode of <0.050 non-
synonymous substitutions/nonsynonymous site, and the
frequency decreases with increasing nonsynonymous
substitution distances until ~0.150 (see Figure 2B). The
range of Ki¥ is 0.000-0.159 nonsynonymous substitu-
tions/nonsynonymous site, with a mean of 0.025 *
0.002. As expected, the mean K < K¥, which reflects
that action of purifying selection that prevents many
nonsynonymous mutations from reaching fixation be-
tween species. The mean rate of nonsynonymous substi-
tutions in nuclear genes between the two species is
0.24 X 107% substitutions/site/year, which is approxi-
mately fivefold lower than the average synonymous mu-
tation rate.

The distribution in evolutionary rates between species
assumes that the comparisons are for orthologs between
the two species. Identifying the correct orthologs be-
tween species will be confounded by gene duplications
immediately at or prior to the most recent common
ancestor of A. thalianaand A. lyrata, followed by deletion
of one of the duplicate gene copies in the A. thaliana
genome. Itis unclear what the rate of gene duplication/
deletion is within these species genomes.

Variation in selective constraints among Arabidopsis
genes: The historical action of selection on a gene can
be inferred from the relative ratio of nonsynonymous
to synonymous substitutions, w = K,/K (L1 et al. 1981,
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1985; HuGHES and YEAGER 1998; AN1SIMOVA et al. 2001).
The evolutionary EST data can be used to estimate the
distribution of the selection parameter w* between A.
thaliana and A. lyrata. The value of w* K*/K¥* is
ascertained for each of the 304 orthologous pairs be-
tween the two species, corrected for sequencing errors.
The estimates of w* range from 0.00 to 2.59; the distribu-
tion is similar to that of K3 in that the most genes have
a low w* value, and the distribution decreases with in-
creasing w* (see Figure 2C). The mean value of w*,
obtained by bootstrap resampling of K and K pair
values 100,000 times (BUSTAMANTE et al. 2002a),is 0.213
[95% confidence interval (C.I.): 0.187 = w* = 0.241].
This is higher than previous estimates of w ~ 0.14 for
a set of comparisons between A. thaliana and Brassica
rapa (TIFFIN and HAHN 2002) and w ~ 0.18 for four
gene comparisons between A. thaliana and A. lyrata
(LAWTON-RAUH et al. 1999).

Of the 304 orthologous gene pairs in this evolutionary
EST study, 37 genes (12%) have w* = 0. These represent
genes whose encoded proteins are under very strong
selective constraint. At the other extreme, 14 genes
(~5%) have w* values >1, suggesting that these genes
may have accelerated rates of nonsynonymous substitu-
tions associated with higher selection intensities on
amino acid replacement changes. These loci include
genes that encode RNA and zinc-finger helicases, exten-
sin-like proteins, and zinc-finger transcription factors.
More than half of these rapidly evolving protein loci (8
out of 14 genes) encode hypothetical or putative pro-
teins of unknown function. Genes with ® > 1 have a
higher mean K¥ (0.075 = 0.011) and a lower mean
K¥ (0.042 = 0.009) than genes that comprise the entire
EST data set. The increased w estimates for these genes
thus stem from having both elevated absolute levels of
nonsynonymous substitutions and lower levels of synon-
ymous substitutions.

It is possible that identifying 14 loci with w* > 1 may
not represent genes subject to gene-specific selection
mechanisms, but may simply be due to stochastic sam-
pling from a set of 304 loci. To test this possibility, we
approximated the distribution of K3/ K under the null
hypothesis that all genes evolved according to some
common evolutionary process such as selection. To ap-
proximate this null distribution, 1000 data sets were
simulated, each of which consisted of 304 simulated
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gene pairs. The 304 simulated gene pairs were gener-
ated by sampling the aligned A. thaliana and A. lyrata
codons from the EST data set without replacement. The
lengths of the 304 simulated genes matched the lengths
of the 304 genes in the actual EST data set. For every
pseudodata set, the o* ratio was separately estimated
for all 304 simulated genes, and the number of these
304 o* estimates that exceeded 1 was then counted.
None of the 1000 simulated data sets yielded as many
as 14 genes with w* > 1 (P < 0.001; see Figure 3). In
fact, 10 was the highest number of genes with K¥/K¥
estimates >1 and this occurred only once. The mean
number of genes with w* > 1 under this null hypothesis
was 2.121 with a sample standard error of 0.047. This
indicates that finding 14 genes with w* > 1 by chance
in a set of 304 loci is improbable under the null hypothe-
sis that the action of evolutionary forces is homogenous
across all loci.

Molecular population genetics of Arabidopsis loci
that encode rapidly evolving proteins: One other ap-
proach to confirm the roles of positive or diversifying
selection in the evolution of rapidly evolving protein
genes is to examine the levels and patterns of nucleotide
variation at these loci within and between species (McDoON-
ALD and KrerTmaN 1991; Scamip and AQuapro 2001).
If the elevated levels of replacement differences between
species arise from neutral processes, we should also ob-
serve a comparable increase in intraspecific replace-
ment polymorphisms. Moreover, molecular population
genetics also provides methods of selection analysis that
determine whether genes are evolving according to the
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predictions of the neutral theory or have been subject
to adaptive selection (NIELSEN 2001).

Analysis of within-species nucleotide diversity in A.
thaliana was undertaken for six genes identified from
the evolutionary EST analysis as having o* > 1 (see
Table 1). These genes have a range of w* from 1.28 to
2.03 and were chosen to encompass the range of high
o* values. These sampled genes include the Arabidopsis
NAC2 transcriptional activator (XIE et al. 2000) and a
locus homologous to the human p55.11 protein-coding
gene (BOLDIN et al. 1995). Four others are hypothetical
or putative proteins predicted in the A. thaliana genome
annotation and represent genes of unknown function.
All these genes are found in the A. thaliana EST se-
quence database, indicating that they are expressed in
the developing plant. The genome annotation of the
correct reading frame for one gene (AT2G04410) is
ambiguous; we have relied on the original genome an-
notation to identify the reading frame for this locus and
this choice does not significantly affect our results.

Alleles of each of these genes were isolated and se-
quenced from 10-13 ecotypes in A. thaliana and 2-5
individuals from a Russian population of A lyrata. The
latter sample was included to provide an interspecific
comparison; the sample sizes from the A. lyrata popula-
tion were too small to permit a meaningful assessment of
diversity for these genes in this species. The sequenced
portions range in size from ~0.4 to 1.6 kb and include
exon sequences that encompass the protein-coding re-
gions that display the high w* values observed in the
evolutionary EST analysis. The number of codons ana-
lyzed in these molecular population genetic data sets
ranges from 84 to 341 codons. For four of the six genes,
the amount of coding sequence assayed in the molecular
population genetic analysis was ~1.5-6 times greater
than the size of the sequenced ESTs. The other two had
coding sequence lengths nearly equal to the length in
the evolutionary EST analysis. Levels of within-species
nucleotide diversity at silent sites, r, for these six rapidly
evolving protein genes ranged from 0.0003 to 0.0140
in A. thaliana, with a mean of 0.0050 * 0.0022 (see
Table 1). This is slightly lower but comparable to the
mean of ~0.007 observed for other previously studied
A. thaliananuclear genes (M1YASHITA et al. 1998; PURUG-
GANAN and SuppiTH 1998; AGUuaDpE 2001; OLSEN et al.
2002). The mean value for silentsite 6 is 0.0057 =
0.0023.

The mean o estimates for the regions sequenced in
this population genetic survey are all, except for the
unknown gene AT2G04410, <1 (see Table 1). This re-
duction in w values compared to those obtained in the
EST study may arise from the longer lengths of coding
sequences analyzed for most of the genes in the molecu-
lar population genetic study and underlying heteroge-
neities in selective constraint across these loci. All of
the o values, however, are greater than the mean for
A. thaliana genes. Moreover, the mean K| from this ex-

TABLE 1

Nucleotide variation levels of Arabidopsis thaliana genes encoding rapidly evolving proteins

Length
(codons)

Length

EST length

0 (silent)

T (silent)

(bp)

Kr

3

n

EST o

Function® (codons)

Gene ID”

Gene

0.0086
0.0024
0.0047
0.0005
0.0146
0.0036

0.0067
0.0021
0.0038
0.0003
0.0140
0.0029

200
4
117
319
142
8

917
1574
363
1470
991
1011

0.30
0.43
0.30
0.60
0.41
2.62

0.177
0.097
0.048
0.087
0.110
0.015

0.053
0.042
0.014
0.052
0.045
0.038

13
10
10
11
12
13

1.33
2.03
1.50
1.28
1.63
1.49

59

56
100
12
140

60

Hypothetical

Hypothetical
Putative

NAC2
p55.11-like
Unknown

AT3G22060
AT5G04410
AT4G28470
AT1G67140
AT4G15950
AT2G04410

* Arabidopsis genome sequence gene reference number.

"Homologies or functional classifications.

‘K, K, and K,/ K values estimated for the entire sequenced region in the sequence variation analysis.
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TABLE 2

Replacement and synonymous changes at rapidly
evolving A. thaliana genes

Fixed
Polymor- differ-
phisms ences
Length
Gene Gene ID* (codons) R S R S
1 AT3G22060 200 6 4 19 24
2 AT5G04410 341 1 0 27 22
3 AT4G28470 117 0 2 3 5
4 AT1G67140 319 8 0 23 18
5 AT4G15950 142 7 8 12 8
6 AT2G04410 84 2 0 5 2

“ Arabidopsis genome sequence gene reference number.

panded sequence region is 0.09 = 0.02 substitutions/
site, which is close to the mean for the entire data set
(mean KF = 0.119 = 0.004). Permutation analysis indi-
cates that the mean K of the genes in the molecular
population genetic study is not significantly different
from the mean K, of the EST data set (P < 0.22). Thus,
the molecular population genetic analysis is based on
sequence information whose synonymous substitution
rate is comparable to the mean for A. thaliana genes.

Elevated levels of fixed replacement differences
among rapidly evolving Arabidopsis protein genes: The
relative levels of within- to between-species polymor-
phisms in nucleotide sites that encode a gene’s products
provide information on the selective forces that act in
protein-coding regions (McDoNALD and KREITMAN
1991; BUSTAMANTE et al. 2002b). Levels of within-species
replacement and synonymous polymorphisms as well as
fixed differences between A. thaliana and A. lyrata in
six rapidly evolving protein genes are shown in Table
2. The levels of evolutionary change observed for these
six rapidly evolving protein loci can be compared with
the levels and patterns of nucleotide variation observed
among 12 other previously studied A. thaliana genes
(BUSTAMANTE et al. 2002b). In this study, the latter genes
represent a set of Arabidopsis nuclear loci chosen with-
out regard to their rates of protein evolution. The pre-
viously studied genes have a mean K, of 0.020 * 0.014
and a mean K of 0.148 * 0.014. These genes have w
values ranging from 0.03 to 0.30.

The posterior distributions of the interspecies diver-
gence time, ¢, between A. thaliana and A. lyrata are com-
parable between the two gene classes (for the method,
see the APPENDIX). For the previously studied gene class,
the mean of the posterior distribution for { equaled
8.6 in multiples of twice the effective population size
with 95% highest posterior credibility interval (CI) of
[6.9 = = 11.2]. Using data for the rapidly evolving
protein genes only, the posterior distribution of ¢, has
mean 9.5 and 95% highest posterior (HP) CI of [7.0 =
, = 13.9]. Using all of the data, we get 95% HPCI of

[7.41 = ¢ = 11.22] for ¢ with the posterior distribution
having a mean of 9.16. The similarity in interspecies
divergence time estimates suggests that the data from
both gene classes compare loci of similar divergence
times and are thus likely orthologous, and not paralo-
gous, between A. thaliana and A. lyrata. This also indi-
cates that the levels of synonymous substitutions be-
tween the two gene classes give comparable estimates
of divergence time, indicating that the levels of interspe-
cific synonymous divergence are comparable between
both gene classes.

As expected, there is a significant elevation in the
levels of fixed replacement differences between A. thali-
ana and A. lyrata in these six rapidly evolving protein
genes. Among these loci, a total of 89 of the 168 coding
region differences between these two species (~53%)
result in amino acid replacements in the encoded pro-
teins. In contrast, only 123 of 373 fixed differences
(~33%) in previously studied Arabidopsis nuclear
genes are replacement differences. The contrast in rela-
tive levels of replacement to synonymous fixed differ-
ences between these two gene classes is significant (Fish-
er’s exact test, P < 2 X 1079),

By comparison, the relative levels of within-species
replacement to synonymous nucleotide polymorphisms
within A. thaliana do not differ significantly between
the rapidly evolving protein loci and previously studied
nuclear genes. Among the genes in this study, 24 of the
38 intraspecific coding region polymorphisms (~63%)
are replacement polymorphisms. Among 12 previously
studied A. thaliana nuclear genes, 108 of 212 polymor-
phisms (~51%) are replacement changes. The relative
levels of within-species replacement to synonymous site
polymorphisms are not significantly different between
the two gene classes (Fisher’s exact test, P < 0.22).
These results indicate that while the rapidly evolving
protein loci have increased levels of fixed replacement
differences this is not accompanied by a significant in-
crease in relative levels of intraspecific replacement
polymorphisms.

Rapidly evolving protein genes display elevated selec-
tion intensities in protein-coding regions: Selection in
a specific protein-coding gene is conventionally de-
tected in a test of homogeneity (the McDonald-Kreit-
man test) that examines within- and between-species
replacement to synonymous nucleotide changes (McDON-
ALD and KrREITMAN 1991). Despite the overall increase
in between-species fixed replacement differences be-
tween A. thaliana and A. lyrata in these six rapidly evolv-
ing protein genes, none of these individual genes show
evidence of positive selection (Fisher’s exact tests, P <
0.10-1.00).

Although none of these individual genes show evi-
dence of positive selection, each gene contains informa-
tion regarding the selective forces that act on amino
acid replacements (BUSTAMANTE et al. 2002b). Using the
cell entries from a conventional McDonald-Kreitman
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contingency table it is possible to estimate the four pa-
rameters in a Poisson random field model (6° for synony-
mous sites, O® for replacement sites, ¢ for interspecies
divergence time, and vy for replacement sites selection
coefficient; BUuSTAMANTE et al. 2002b). For a set of
McDonald-Kreitman-type tables from the same species
pairs, we can also model variation in selection among
genes. This information can be analyzed using a hierar-
chical Bayesian framework to describe the probability
distribution of the selection intensity, v, for each individ-
ual Arabidopsis gene (BUSTAMANTE ef al. 2002b; see
APPENDIX). These selection intensities can be consid-
ered as the relative levels of selection on amino acid
replacements with respect to synonymous site changes.
Variation in selection among genes is modeled as nor-
mally distributed with unknown mean, p, and variance,
a?, for both the rapidly evolving protein and the pre-
viously studied gene classes.

The Markov chain Monte Carlo (MCMC) sampling
scheme described in the APPENDIX was used to draw
from the joint posterior probability distribution of sev-
eral parameters in the model given the data in the
McDonald-Kreitman tables for all 18 genes. These in-
clude the mean and variance parameters for previously
studied (p;, o) and rapidly evolving protein loci (o,
0y), the scaled species divergence parameter (¢), the
vectors of mutation rates at synonymous sites (6°) and
replacement sites (6%), and the vector of selection coef-
ficients (y). At completion of the sampling scheme, we
have 10,000 quasi-independent vectors for each parame-
ter in the model drawn from the joint probability distri-
bution of the parameters given the data.

The distribution of the sampled values of vy for each
locus [V, vi@, ..., v for 1 = i = 18] within and
between the two classes of Arabidopsis genes provides
several striking results. The means of the y draws for
each gene in the class of previously studied Arabidopsis
loci ranged from —2.285 to +0.941. Six of these loci
have 95% HPCIs that are entirely <0 (see Figure 4).
These negative selection intensities suggest that most
amino acid replacements are slightly deleterious and
persist due to the inbreeding associated with the pre-
dominant selfing observed in this species (BUSTAMANTE
et al. 2002b). In contrast, the means of the y samples
for the rapidly evolving protein loci ranged from —0.823
to 0.856. Three of the six rapidly evolving protein genes
(50%) have vy < 0. Only one of these genes, which
encodes a protein of unknown function, has a 95%
HPCI <0. Three genes have y > 0, although the 95%
HPCIs for all of these also encompass 0.

The posterior distribution of w, the average selective
effect of amino acid replacement changes for rapidly
evolving protein genes, shows a shift in the positive
direction (see Figure 5). The previously studied Arabi-
dopsis loci have a posterior mean for the average selec-
tive effect of amino acid replacements () of —0.9622.
We find that the posterior probability that w; > 0, P(p, =
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FiGUure 4.—Selection intensities y of A. thaliana nuclear
genes. The open and solid circles are -y values for previously
studied and rapidly evolving A. thaliana protein genes, respec-
tively. The bars indicate the 95% highest posterior credible
intervals of vy estimates. The genes from left to right are AP3,
PgiC, PI, AP1, ChiA, CAL, TFLI, FAHI, hypothetical gene
(AT1G67140), Adhl, F3H, unknown gene (AT2G04410), puta-
tive gene (AT4G15950), hypothetical gene (AT3G22060),
LFY, p55.11-ike gene(AT4G28470), NAC2, and CHI.

0), is 0.02. In contrast, the posterior distribution for
(the average selective effect of amino acid replacement
in the rapidly evolving protein genes) has a mean of
+0.1201 and P(wy = 0) ~ 0.56. The posterior mean of
the difference between the average selective effects
(M — pe) is —1.0823. This analysis indicates that amino
acid replacement changes in these rapidly evolving pro-
tein genes are more beneficial (or less deleterious) than
those found in previously studied nuclear loci.
Evolution of rapidly evolving protein genes in the
genome: Approximately 5% of the inflorescence-
expressed genes examined in this evolutionary study
have values of w* > 1 between A. thaliana and A. lyrata
orthologs and are potential candidates for genes associ-
ated with adaptive divergence between these two spe-
cies. The high proportion of genes with w* > 1 suggests
that rapidly evolving protein-coding loci may represent
a significant portion of genes in eukaryotic genomes.
This proportion, however, is higher than that observed
in a similar analysis between A. thaliana and B. rapa, two
species that last shared a common ancestor ~35 MYA
(TrrFIN and HauN 2002). On the basis of 218 coding
sequences from a floral EST-based B. rapa data set, no
gene was identified with o > 1. A larger study using
3595 gene sequences across all species represented in
DNA databases also indicates that the number of genes
that have o > 1 is <0.5%, suggesting the number of
genes in this class may be very low (ENDO et al. 1996).
In these two studies, however, the comparisons were
between distantly related taxa. It is likely that the ability
to identify genes with w > 1 may be facilitated by using
more closely related species, where the signature for
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Ficure b.—Distribution of selection coeffi-
cients for A. thaliananuclear genes. y, (solid line)
and p, (dotted line) are the selection coefficient
distributions for previously studied and rapidly
evolving A. thaliana protein loci.
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accelerated nonsynonymous substitution, possibly aris-
ing from positive selection, may be more readily appar-
ent. Indeed, a study of male accessory gland ESTs from
closely related Drosophila species has identified 11% of
genes with w > 1 (SwANSON et al. 2001).

Molecular population genetic analysis confirms the
increased selection intensities associated with genes that
display accelerated rates of nonsynonymous evolution.
In previously studied A. thaliana nuclear genes, most
replacement changes are slightly deleterious and their
estimated selection intensities are generally negative
(BUSTAMANTE et al. 2002b). Many A. thaliana nuclear
loci studied to date possess high levels of within-species
replacement polymorphisms (PURUGGANAN and Sup-
pITH 1998), few of which go to fixation and contribute
to differences between A. thaliana and A. lyrata. In con-
trast, the class of rapidly evolving protein genes that
were identified in this evolutionary EST study as having
accelerated rates of nonsynonymous evolution generally
possesses higher selection intensities on amino acid re-
placements. This is evident in the shift of the distribu-
tion of selection coefficients, w, toward positive values
compared to the distribution of previously studied A.
thaliana genes (see Figure 5).

Positive selection associated with the fixation of pro-
tein sequence variants may explain the increased selec-
tion intensities on these genes. The increase in selection
intensities for rapidly evolving protein genes may also
arise, however, from neutral evolutionary forces on re-
placement polymorphisms, leading to increased fixa-
tion of amino acid changes. This is underscored by the
distribution of selection coefficients, pw,, for the rapidly
evolving protein gene class, which while shifted to the
positive direction is nevertheless centered near p = 0
(see Figure 5). All the rapidly evolving protein genes
used in the molecular population genetic study, how-
ever, are expressed in both species and there are no
premature stop codons in these loci. This suggests that

+4.0

if neutral evolution underlies the increased selection
intensities in these rapidly evolving protein loci, they do
not appear to be associated with pseudogene formation.

It is likely that both neutral evolution and positive
selection may be responsible for the rapidly evolving
protein genes identified in this evolutionary EST study.
Nevertheless, evolutionary ESTs do appear to provide
a general genomic approach to identify loci associated
with increased selection intensities on protein sequence,
some of which may underlie adaptive evolution between
these species. It should be noted that while some of the
loci with w* > 1 identified in this evolutionary EST
study may be associated with adaptive divergence, this
may underestimate the role of positive or diversifying
selection in shaping gene structure and function in the
genome. The criteria of w* > 1 as an indicator of selec-
tion can be overly stringent, as it requires that amino
acid fixations occur throughout the gene and does not
recognize adaptive fixation of small numbers of replace-
ment changes. Moreover, it does not identify genes in
which the selective force acts on regulatory regions of
the gene, which is believed to be a major factor in
adaptive divergence between species (DOEBLEY and
Lukens 1998; SuceNa and STERN 2000).

The function of the genes that encode rapidly evolv-
ing proteins remains largely unknown. Of the three
genes in the molecular population genetic analysis that
have selection intensities >0, one encodes a previously
unknown protein while the other two are homologous
to known genes in A. thaliana or other eukaryotic organ-
isms. One gene is NAC2, which belongs to a family of
transcription factors required in Arabidopsis develop-
ment (XIE et al. 2000). The other gene encodes a protein
homologous to the human p55.11 protein that binds
to the tumor necrosis factor p55 receptor (BOLDIN et
al. 1995). The precise functions of these genes in Arabi-
dopsis remain to be elucidated. Expression studies as
well as phenotypic analysis of T-DNA insertion mutants
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for these genes may permit an assessment of their func-
tions and may also provide clues as to the traits that are
the targets of selection in the divergence between A.
thaliana and A. lyrata.
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APPENDIX

It has been shown (SAwyER and HarTL 1992) that
under the assumptions of the Poisson random field set-
ting, the sampling distributions for the number of poly-
morphic sites within species, S, and fixed differences
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between two species, K, are independent Poisson-distrib-
uted random variables with rates

2y

E(S) = 67— 5 (F(v, m) + Fy, m) (AT)

B(K) = 0— 2y

— (GO, m) + Gy, m) + 1), (A2)
where v is the scaled selection coefficient for new muta-
tions (2N,s), 0 is the scaled mutation rate (4N.-w), ¢
is the scaled time since species divergence (number of
generations since divergence/2N,), N, is the effective
population size, and n and m are the sample sizes from
the two species. The functions F(y, n) and G(y, n)
are as previously described (SAWYER and HARTL 1992;
BUSTAMANTE et al. 2002b).

Using the cell entries from a conventional McDonald-
Kreitman table (McDoNALD and KrRerTMAN 1991), it is
possible to estimate four parameters in such a model:
0° (mutation rate for silent sites), 6% (mutation rate
for replacement sites), ¢, and <y (selection intensity for
replacement sites) assuming silent sites are neutral (i.e.,
v = 0 for all silent sites). For a set of such tables from
the same species pairs, it is also possible to model varia-
tion in selection among genes by specifying a distribu-
tion for y and estimating the parameters of this hyperdis-
tribution given the data in all of the tables. A convenient
form to use is the normal distribution since selection
coefficients can be either positive or negative. It should
also be noted that the species divergence time is a shared
parameter across all the tables in such an analysis.

Hierarchical model: The analysis we present is based
on a description of the joint and marginal posterior
probability distributions of the following model, de-
scribed in three parts.

Part 1: Lety be the vector of selection coefficients, with
Yi, - - -, Yo being the set of previously studied loci
(BUSTAMANTE et al. 2002b) and vyys, . . . , Y3 represent-
ing rapidly evolving protein loci. 6* and 6° are the
corresponding vectors of mutation rates at replace-
ment and silent sites. Denote the mean and variance
of the distribution of vy among previously studied
genes as i and o1 and use Wy and o3 for the analogous
quantities for the rapidly evolving protein genes.

Part 2: Set a truncated uniform prior distribution for ¢
on (0, T), where T is chosen on the basis of prior
information on the upper bound for the species diver-
gence time. We used 7 = 100, corresponding to an
upper bound of between 20 and 200 million years
ago.

Part 3: Assume a normal conjugate prior probability
distribution for the mean and variance parameters
for each of the two classes of genes so that

2
m@w%mo) (A3)
Ko

o7 ~ Inv — x*(v, 03), (A4)

where W, Ko, vV, and o are parameters of the prior
distributions for w; and o2, Inv — x? refers to an inverse
x? distribution, and i € {1, 2} indexes the two sets of
hyperparameters for both classes of genes. The notation
is borrowed from GELMAN et al. (1997). Note that if k,
and v, are chosen to be small and aj to be large, the
prior distribution will be uninformative. In our runs we
used w, = 0, o3 = 100, k, = 0.001, v, = 0.001.

Results for conditional posterior distributions: The
joint posterior distribution of interest p(y, 6%, 65, 4 Wi,
o1, ny, of|data) can be approximated using a Markov
chain Monte Carlo sampling scheme similar to that im-
plemented in BUSTAMANTE et al. (2002b) using the fol-
lowing results:

Result 1: The conditional posterior distribution of |
o1, v depends only on the entries in vy that are mem-
bers of the class ¢ and can be shown to be normally
distributed as

6%y ~ N((KO/G?)MO + (/o) 1
il07,s KO/O‘? +ﬂ/0‘2 ’ K()/O'? +\ﬁ/0-12 7
(AD)

where v; is the arithmetic average of the entries in vy
for class ¢ and J; is the number of genes in the class.

Result 2: The marginal posterior distribution of o7 con-
ditional on v, which depends only on the sample
variance of the entries in y that are members of the
class i and the parameters of the prior distribution,
has an inverse x* distribution with parameters v; and
0'}21 as given in GELMAN et al. (1997).

Result 3: Using independent Gamma prior distribu-
tions with parameters o, and 3, for each of the muta-
tion rates yields independent Gamma posterior distri-
butions conditional on ¢ and vy with parameters o, +
K+ Sand

Bo + T (. m) + Fy, )

+ t+ Gy, n) + G(y, m)).

The mean of this distribution is o/ and the variance
is a/B2 As such, if ay and B, are chosen to be small,
the prior will be uninformative. For all our analysis,
we used o = 3 = 0.001.

Result 4: The posterior distribution p(¢|6%, 6%, vy, data)
is proportional to the likelihood function at the point
(2, OX, 0%, ) if t < Tand 0 otherwise.

Result 5: The joint conditional posterior distribution
Pp(y|O}, 05, ¢, w, 0%, data) factors into the product of
the individuals’ conditional distributions p(y|6%, 67,
t, w, 03, K&, S¥, data). Furthermore the conditional
posterior dlstrlbutlon p(y]|9R, , LW, o, KR, SY) for
a given gene jin class iis proportlonal to the product
of the likelihood for the gene given 6%, 67, v, and ¢,
and the probability density of a normal distribution
with mean p; and variance o7, at the point v;.
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Markov chain Monte Carlo algorithm: Given the
model and results outlined above, it is then possible to
sample from p(y, 0%, 6%, ¢, py, o1, py, od|data) using the
following algorithm (METROPOLIS et al. 1953) for each
chain. The algorithm we employ in this analysis has the
following steps.

Step 1: Initialize y by drawing a value for y;for 1 = j=
Ji + Jindependently from a normal distribution with
mean near 0 and a reasonably large variance. We used
several starting values for the mean in the range [—5,
5] and the variance in the range [1, 100].

Step 2: Using the values in vy, update of for i € {1, 2}
by sampling from the conditional distribution of
o?|y, which is inverse-x? distributed as detailed above.

Step 3: Using the values in y and o? for i € {1, 2}, update
; by sampling a new value from a normal distribution
with the updated parameters in Result 1 above.

Step 4: Update ¢ by using Metropolis sampling.

a. Sample a proposal value ¢ from a U(t — 3, t + J))
distribution.

b. If p(¢|6%, 65 v data) > p(t|O%, 65, y|data), set ¢ =
. Otherwise, set ¢ = ¢ with probability propor-
tional to the ratio of these two quantities.

Step 5: Update each +y;in vy by using J; + J; independent
Metropolis steps as follows.

a. Sample a proposal value vy; from a U(vy;,
9).

b. If p(y/|0F, 67, ¢, wi, of, S§, K > p(y|6F, 63, ¢, w,
ai, S§, KY), sety; = . Otherwise, set y; = ] with
probability proportional to their ratio.

Step 6: For each gene, draw a value for 6} and 67 using
the result that the posterior distribution for 0}y, ¢ is

a Gamma distribution with parameters as described

in Result 3 above.

Step 7: Repeat steps 2-6.

We used the above algorithm to approximate the joint
posterior distributions using 10 different starting points
(2.e., 10 different chains) run for 10,000 steps each after
an initial 2000-step burn-in and retention of draws every
10 steps (for a total of 10,000 draws for each parameter
in the model). For the Metropolis step for updating ¢,
we used a proposal distribution with 8, = 1.0, which
gave a rejection rate of ~26.36% for the 100,000 draws
retained after the initial burn-in. To measure conver-
gence we used a VR statistic that was below 1.01 for all
parameters in the model before samples were retained
(conventionally one retains after 1.2 or less), illustrating
that the 10 chains had converged well before we re-
tained our samples.






