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ABSTRACT
An z1.9-kb region encompassing the CHI gene, which encodes chalcone isomerase, was sequenced in

24 worldwide ecotypes of Arabidopsis thaliana (L.) Heynh. and in 1 ecotype of A. lyrata ssp. petraea. There
was no evidence for dimorphism at the CHI region. A minimum of three recombination events was inferred
in the history of the sampled ecotypes of the highly selfing A. thaliana. The estimated nucleotide diversity
(uTOTAL 5 0.004, uSIL 5 0.005) was on the lower part of the range of the corresponding estimates for other
gene regions. The skewness of the frequency spectrum toward an excess of low-frequency polymorphisms,
together with the bell-shaped distribution of pairwise nucleotide differences at CHI, suggests that A. thaliana
has recently experienced a rapid population growth. Although this pattern could also be explained by a
recent selective sweep at the studied region, results from the other studied loci and from an AFLP survey
seem to support the expansion hypothesis. Comparison of silent polymorphism and divergence at the
CHI region and at the Adh1 and ChiA revealed in some cases a significant deviation of the direct relationship
predicted by the neutral theory, which would be compatible with balancing selection acting at the latter
regions.

DNA sequences accumulate information that can re- because of purging (Husband and Schemske 1996).
veal the important factors contributing to the evo- On the other hand, mutations of small deleterious effect

lutionary dynamics of a species. Thus far, most data of can easily become fixed in small populations due to
nucleotide variation are from Drosophila species, while drift (Lynch and Walsh 1998). In fact, drift is thought
only a few data sets are on sequence variation in plants. to play an important role in inbreeding species not only
Compared to obligatorily outcrossing animals, plants because of the smaller effective population sizes but
provide an additional variable, breeding system, which also because inbreeding species may go through severe
affects the level and pattern of genetic variability in bottlenecks through their ability to establish a new pop-
many ways. The level of neutral genetic variability in an ulation from a single seed.
inbreeder is expected to be low as compared to a simi- Arabidopsis thaliana is highly inbreeding (Abbot and
lar, outcrossing species. Theoretically, the smaller effec- Gomez 1989). It inhabits sandy or rocky soil, road sides,
tive population size of the inbreeder (Pollak 1987), and other disturbed areas. Due to its life history traits,
together with the effects of background selection A. thaliana is vulnerable to rapid colonization and ex-
(Charlesworth et al. 1993) and hitchhiking (Hedrick tinction cycles. This can result in the observed lack of
1980) should result in comparatively reduced levels of variability in populations at the pheripheral areas of
variability. In case of balancing selection acting at a its distribution (Kuittinen et al. 1997). A. thaliana is
locus, the signal in an inbreeder should be strong due thought to have gone through rapid expansion over
to the genome-wide reduced variation caused by back- the world from its suggested center of distribution in
ground selection (Nordborg et al. 1996). Reduced mi- Central Himalaya (Price et al. 1994). This is supported
gration and the maintenance of allele combinations at by the lack of association between the geographical ori-
different loci (Allard et al. 1968) as well as the relatively gin and genetic distance between ecotypes (e.g., Ull-
high probability of ultimate survival of new favorable rich et al. 1997). On the basis of dimorphism of alleles
recessive mutations (Pollak 1987) contribute to the at different loci, it has been speculated that before the
great potential for local adaptation of inbreeding spe-

expansion two isolated A. thaliana populations were
cies. The selfing mode of reproduction also has an effect

fused or that there has been introgression from anotheron the distribution of deleterious mutations. Inbreeding
species (Innan et al. 1996). Some selective scenariosspecies should be free of strongly deleterious mutations
could also explain the observed results.

Products of the flavonoid pathway, flavonoids and tan-
nins, are pigments in flowers, leaves, fruits, and seeds.
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tion because of the low frequency of polymorphic sites in thesorbants. Some of these compounds are involved in
analyzed set of sequences. The significance of pairwise linkagesymbiotic relationships between plants and microorgan-
disequilibrium was tested with Fisher’s exact test, excluding

isms (Chapple et al. 1994). CHALCONE FLAVANONE noninformative sites (singletons).
ISOMERASE (CHI) codes for the second enzyme in the The expected numbers of pairwise nucleotide differences

were calculated assuming no recombination. This was donebranch leading from the general phenylpropanoid
for situations of both constant population size (Wattersonpathway to flavonoid and tannin biosynthesis. While in
1975; Slatkin and Hudson 1991; Rogers and Harpendingmany plants CHI is encoded by a small gene family, in
1992) and of allowing the population to grow or decline (Rog-

A. thaliana it is a single-copy gene (Shirley et al. 1992). ers and Harpending 1992). The value of u after population
CHI seems to be one of the key enzymes involved in growth or decline was set to infinity to enable us to estimate

the initial value of u and 2ut from the data (Rogers 1995).protection against ultraviolet-B (UVB) light, as mutants
The smoothness of the pairwise difference distribution wasat this gene are among the flavonoid mutants most
quantified with the raggedness statistic (Harpending 1994)sensitive to elevated levels of UV-B (Li et al. 1993). Mu-
and its value was tested with computer simulations using the

tants at CHI have reduced levels of both leaf flavonoids coalescent algorithm.
and sinapate esters, products of an earlier branch from Tajima’s (1989) and Fu and Li’s (1993) tests were applied

to the data using the total number of mutations to contrastthe general phenylpropanoid pathway, suggesting a link
whether the sample was in mutation-drift equilibrium. Signifi-between these two branches (Li et al. 1993). There is
cant nonzero values of the test statistics can appear due to anatural variation in the production of flavonoids (Ziska
recent bottleneck or expansion, or if selection is acting at

et al. 1992) and in the sensitivity to UV-B between plants the locus. Under a constant-rate neutral model the levels of
from different elevations (Sullivan et al. 1992). A. thali- polymorphism and interspecific divergence at a given locus

should be directly related as both measures are dependentana occurs in areas with variable levels of natural UV-B
on the neutral mutation rate. The Hudson, Kreitman, andirradiation, such as high and low elevations and differ-
Aguadé test (HKA test; Hudson et al. 1987) was performedent latitudes, and thus variation at the CHI gene might
to test this prediction. For the interspecific comparison, the

be contributing to the adaptive phenotypic variation. sequence of A. lyrata ssp. petraea was used.
Here we study the level and pattern of nucleotide varia- All the analyses, except for construction of a neighbor-join-

ing tree, were performed using the DnaSP software versiontion at the CHI gene in a sample of natural A. thaliana
3.0 package (Rozas and Rozas 1997).ecotypes to ascertain the relevant evolutionary factors

influencing the population dynamics of this annual
selfing weed.

RESULTS

Twenty different haplotypes were found in the sample
MATERIALS AND METHODS

of 24 ecotypes. One haplotype was present three times
and another two were present twice in the sample. ThereSequencing: A. thaliana ecotypes were obtained from the

Nottingham Stock Center or collected from the field. The were 41 nucleotide, 7 indel and 1 A/T repeat polymor-
ecotypes were randomly sampled from a wide range of geo- phisms (Figure 1). The number of singletons was 21
graphical origins (Table 1). One seed from each of 23 acces-

after removing the redundant haplotypes from the anal-sions was used. Seeds were grown and DNA was extracted
ysis. In the COL-2 ecotype there was a coincidental du-from the leaves. The CHI gene region was amplified with

primers designed from a published sequence of the Landsberg plication of a 10-bp sequence and deletion of 59 bp.
erecta (Ler) laboratory line (GenBank accession no. M86358). There were only five polymorphic sites in the coding
The analyzed region corresponds to bases 51–1974 of the Ler region. Of the 3 nonsynonymous polymorphisms, 2 in-
sequence, including the complete coding region (741 bp),

volved a conservative amino acid change (Ile/Val and610 bp of the 59 flanking region, three introns (426 bp), and
Leu/Val, respectively), while the third one was a change147 bp of the 39 flanking region. The amplified fragment was

purified with Qiaquick (QIAGEN, Chatsworth, CA) columns in the stop codon. The rare variant of this last polymor-
and used as a template for direct cycle sequencing with fluo- phism caused the extension of the translated region by
rescent dideoxy terminators according to the manufacturers’ two residues (Arg and Glu). Only the Leu/Val polymor-
instructions (Pelkin-Elmer, Norwalk, CT; Amersham, Bucking-

phism segregated at intermediate frequencies in thehamshire, England). Both strands were sequenced and the
sample. The levels of both total and silent nucleotidealleles were aligned manually. The published Ler sequence

was included in the analyses. The A. lyrata ssp. petraea [syn. polymorphism were low (Table 2). The level of synony-
Arabis petraea (L.) Lam] sequence corresponding to bases 440– mous polymorphism was similar to that in the introns.
1934 of the Ler sequence was obtained in a similar manner. These estimates were, however, lower than those for
The newly determined sequences will appear in the EMBL,

both the 59 and 39 flanking regions. In contrast, diver-GenBank, and DDBJ sequence databases under accession nos.
gence estimates for the noncoding regions (59 and 39AJ287299–AJ287322.

Analyses: A neighbor-joining tree was constructed with the flanking and introns) were rather similar (Table 2),
TREECON version 1.3b program (Van de Peer and De but lower than synonymous divergence in the coding
Wachter 1994) using the number of nucleotide differences region.
as a distance measure and no outgroup. The minimum num-

The minimum number of recombination events inber of recombination events was calculated according to Hud-
the history of the set of sequences was three. No associa-son and Kaplan (1985). Their method uses the four-gamete

test and assumes no homoplasy. This is a reasonable assump- tion between geographical origin and proximity in the
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TABLE 1

Names and origins of ecotypes used in this study

Name Origin, country Longitude/latitude Accession no.a

CAN-0 Canary Islands, Spain W15–16/N28 N1064
CHA-0 Champex, Switzerland E7/N46 N1068
COL-2 Landsberg, Germanyb E11/N48 N907
CON Condara, Khurmatov, Tadjikistan E68–75/N36–40 N916
CVI-0 Cape Verdi Islands, Portugal W23–25/N15–17 N902
ED1 Eden, Sweden E18–19/N63–64
GR-5 Graz, Austria E15–16/N45–47 N1206
GRAN1 Granollers, Spain E2–3/N41–42
GRAP1 Graponne, France E4–5/N45–46
ITA-0 Ibel Tazekka, Morocco W4/N35 N1244
KAS-1 Kashmir, India E74–80/N34–36 N903
Ler Landsberg, Polandc E11/N48
LU1 Lulep Istjak, Sweden E16–17/N66
ME-0 Mechtshausen, Germany E9–10/N51–52 N1364
MH-0 Muehlen, Poland E20–21/N53–54 N904
MR-0 Monte/Tosso, Italy E9–10/N44–45 N1372
PER-1 Perm, Russia E56/N58 N1444
RI-0 Richmond, BC, Canada W123/N49–50 N1492
RUB-1 Rubezhnoe, Ukraine E38–39/N49–50 N927
RV1 Ruds Vedby, Denmark E11–12/N55–56
TV1 Tvärminne, Finland E23–24/N59–60
TUL-0 Turk Lake, FL, USA W80–81/N25–26 N1570
WLP1 Wilp, Netherlands E5–6/N52–53
YO-0 Yosemite, CA, USA W119–120/N38 N1622

a Accession number at the Nottingham Arabidopsis Stock Center.
b Selected from La-0 by Redei and taken through single seed by Shauna Somerville.
c Selected from La-0 after X-ray mutagenesis.

neighbor-joining tree could be observed except for the Figure 4 presents a comparison of the level of silent
polymorphism in A. thaliana and the degree of silentidentical haplotypes (CON and KAS-1; YO-0, RI-0, and

TUL-0; Ler and WLP1) that originated from nearby divergence between A. thaliana and A. lyrata ssp. petraea
in the different functional regions. The relationshipregions (Figure 2). Tests of linkage disequilibrium re-

vealed a significant association in 27 of the 171 pairwise between the level of polymorphism in A. thaliana and
the degree of divergence between the two species doescombinations (16%). Only four pairwise combinations

were significant when the Bonferroni correction for not follow the expectation of a constant-rate neutral
model, as revealed by the HKA test (Table 3).multiple comparisons was applied.

The observed distribution of pairwise nucleotide dif-
ferences was compared to the distributions expected

DISCUSSIONunder the assumptions of either constant population
size or population growth/decline (Figure 3). The grad- Weak support for dimorphism: Previous studies of
ually declining curve expected with constant population nuclear genes in A. thaliana had revealed dimorphism
size is an average of what is expected in a large number characterized by the presence of two groups of se-
of populations, i.e., a single population is not expected quences where blocks of variants are shared within a
to follow that curve, but rather to have several peaks. group and fixed between groups. The neighbor-joining
In contrast, if a population has experienced a rapid tree based on CHI sequences was bifurcated with a
growth the distribution tends to have one peak “wave” rather low (34%) bootstrap value at the basal branching
(Rogers and Harpending 1992). The raggedness sta- point, and the branches leading to the first nodes in
tistic, r 5 0.0145, gives support for one peak as P(r , the tree were short. Among the alleles at CHI, three
robs) 5 0.032. Concordant with this result, Tajima’s test recombination events could be inferred by the four-
and Fu and Li’s tests indicated an excess of singletons as gamete test. If there were dimorphism, the two parental
expected under the rapid growth hypothesis. However, types should be in the two different groups and the
none of these tests were significant: Tajima’s D was recombinants should be distributed among the groups.
20.98 (P . 0.10) and Fu and Li’s D* and F* were 20.94 However, parental and recombinant types could not

be identified based on partitioning of polymorphisms.(P . 0.10) and 21.12 (P . 0.10), respectively.
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Figure 1.—Sequence polymorphisms. According to the four-gamete test, recombinations have occurred between sites 100 and
130, sites 151 and 291, and sites 587 and 1112. In, insertion; D, deletion. A dot represents the same nucleotide as Ler ; a hyphen
represents the absence of the corresponding insertion or nucleotide(s). In2 5 CTTTGATTTT. Three haplotypes were represented
by more than one ecotype: Ler 5 WLP1, RI-0 5 YO-0 5 TUL-0, CON 5 KAS-1. The horizontal line dividing the ecotypes into
two groups reflects the bifurcation of the neighbor-joining tree.

Concordantly, the division of the ecotypes in the two diate class was evident in the analysis. Thus, there is
no support for dimorphism at least with homogenousgroups by the neighbor-joining procedure could not be

tracked easily from the table of polymorphisms. In fact, frequencies.
The occurrence of dimorphism at Adh1 and ChiA wasthere were no sites or groups of sites that would give

nearly the same partitioning as the neighbor-joining explained either by balancing selection or by historical
events like the fusion of two divergent populations orprocedure (Figure 1). In all other published data sets,

it had been possible to identify sites that divided the introgression from another species (Innan et al. 1996;
Kawabe et al. 1997). If the latter cases are true, thesequences in two parental classes. However, in CAL,

AP3, and PI, the dimorphism involved only a few sites other allele type at CHI has disappeared due to drift or
selection at CHI or another linked locus. This would bethat in the case of AP3 extended over a short distance

(Purugganan and Suddith 1998, 1999), and in fact in concordance with the relatively low levels of variation
found in the CHI region but, on the other hand, per-the overall patterns of nonrandom associations resem-

bled that found in the CHI gene region. In Adh1 and haps a more extreme Tajima’s D value would be ex-
pected in that case. Another explanation would be fre-ChiA the dimorphism was clear (Innan et al. 1996;

Kawabe et al. 1997). quent recombination breaking nonrandom associations
after the putative introgression. However, with only oneKawabe et al. (1997) suggested that the whole ge-

nome of A. thaliana could be dimorphic. The frequen- base population, drift combined with low levels of re-
combination might also be able to produce the kindscies of the two allele classes at the nuclear loci do not

seem homogenous, as the ratio varies from 5:3 at Adh1 of patterns observed, at least at genes other than Adh1
and ChiA.(blocks 1 and 6 from Innan et al. 1996) to 13:2 at ChiA

(Kawabe et al. 1997). In an amplified fragment length Variance in the distribution of pairwise nucleotide
differences: The smooth bell-shaped distribution of thepolymorphism (AFLP) study of a worldwide sample of

A. thaliana, Miyashita et al. (1999) found that the fre- pairwise number of nucleotide differences at CHI and
the excess of rare variants are concordant with thequency distribution of AFLP bands followed that ex-

pected under a stochastic model with one basal popula- expansion model. However, the distribution of pairwise
nucleotide differences can be affected not only bytion, except for a high occurrence of singletons and a

low frequency of fixed bands. No excess of any interme- expansion but also by recombination and selection. Se-
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TABLE 2

Summary of nucleotide polymorphism and divergence at the CHI region

Total Total 59 39 Syn. and
coding Nonsyn. Syn. noncoding flanking Introns flanking noncoding Total

No. of sites 741 563.4 177.6 1088 515 426 147 1265.6 1829
S 5 3 2 31 21 6 4 33 36
p 0.0015 0.0011 0.0029 0.0058 0.0087 0.0025 0.0051 0.0054 0.0040
u 0.0018 0.0014 0.0030 0.0079 0.0114 0.0038 0.0073 0.0072 0.0053
K 0.0845 0.0494 0.1962 0.1009 0.0808 0.1123 0.0992 0.1193 0.0927

Nonsyn., nonsynonymous; syn., synonymous; S, number of segregating sites; K, average proportion of nucleotide differences
between A. thaliana and A. lyrata ssp. petraea.

lective sweeps and recombination both reduce the vari- geographical associations were found, similar to the pre-
vious studies. This, together with the negative Tajima’sance of the pairwise nucleotide differences, while bal-

ancing selection would increase the variance. Expansion D values found in all the studied regions, can be taken
as strong evidence for the recent expansion hypothesis.should affect all genes equally, so the same kind of

“wave” should be seen in all genes. In contrast, effects Also, an extensive AFLP study (Miyashita et al. 1999)
revealed a starlike phylogeny of the different ecotypes,of selection and recombination could differ from region

to region resulting in variable patterns of nucleotide supporting a recent expansion. If expansion is taken as
a fact, and the wavelike distribution of pairwise differ-polymorphism. For CAL, PI, and AP3, the unimodal

distribution of the number of pairwise nucleotide differ- ences found for AFLP fragments and for the CHI, CAL,
PI, and AP3 genes is due to it, Adh1, ChiA, and ChiBences seems also concordant with the expansion hypoth-

esis, but not for Adh1, ChiA, and ChiB with multimo- could be considered outliers.
A high level of recombination in the selfing A. thali-dal distributions (Figure 3). Although the discordancy

among the pictures of the four genes would not support ana: A selfing species can be considered as a group of
homozygous lines. The outcrossing rate of A. thalianaexpansion, other aspects of the data seem to favor that

hypothesis. For the CHI region, identical haplotypes is lower than 0.3% (Abbot and Gomez 1989), and it is
thus a true selfer. The level of effective recombinationwere found in nearby locations: three identical haplo-

types originated from America, two from India and Tad- in a highly selfing species would generally be expected
to be low, because of the rare occurrence of doublejikistan, and two from The Netherlands and Germany,

indicating strong recent founder effects. Otherwise, no heterozygotes. However, in A. thaliana each additional

Figure 2.—A neighbor-joining
tree of the 24 ecotypes based on the
CHI gene region sequences. The
bootstrap values $30% are given next
to the node they refer to. The unit
for branch length is number of nucle-
otide differences.
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Figure 3.—Observed (columns) and expected distribution of the number of pairwise nucleotide differences under the
assumption of constant population size (dotted line) or the assumption of population growth/decline (solid line) at seven loci.
Distributions for Adh1, ChiA, CAL, PI, AP3, and ChiB were produced from sequences reported in Innan et al. (1996), Kawabe
et al. (1997), Purugganan and Suddith (1998, 1999), and Kawabe and Miyashita (1999). For each region, both the raggedness
statistic r and its associated P value are given. ns, not significant. *0.01 , P , 0.05.
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highest values are found at the CHI and PI regions.
Estimation of the recombination parameter is sensitive
to violations of the mutation-drift equilibrium assump-
tion due to bottlenecks, expansion, and population sub-
division. As all these processes affect equally all genes,
the differences between estimates of the recombination
parameter among different genes in A. thaliana should
reflect differences either in the recombination fre-
quency or in selection. The homogeneity of the scaled
RM values in the different regions suggests that the ob-
served differences among genes would rather be due
to differences in selection than in the recombination
frequency. With the current data the possibility of differ-
ences in recombination cannot be excluded either.
However, there would be no a priori reasons to expect
different recombination rates at the different loci stud-

Figure 4.—Level of silent (pSILENT) polymorphism (open ied, because none of them seems to be located in abars) within A. thaliana compared to the silent (KSILENT) diver-
region of low recombination such as centromeric orgence (shaded bars) between A. thaliana and A. lyrata ssp.
telomeric regions.petraea, in different functional regions of the CHI gene.

The question arises of why there is so much recombi-
nation in a selfing species like A. thaliana. Either the

sequence data set is showing that there has been recom- observed recombinations just accumulate over the his-
bination in the history of the sampled sequences. torical time and the number in the present sample is not

At the CHI region, the minimum number of recombi- higher than what would be expected, or the frequency
nation events (RM) inferred with the four-gamete test of recombinants has been increased because of some
in the history of the sample was three. Also, in other evolutionary process. One possible explanation could
genes (Adh1, ChiA, CAL, PI, AP3, ChiB) several recombi- lie in the frequent fixation of slightly deleterious muta-
nations had been inferred (Table 4). The power to tions in the small A. thaliana populations. If slightly
detect recombination events is dependent on the num- deleterious (partly) recessive mutations become fixed,
ber of informative sites, which varies in the different one would expect some heterosis when crossing plants
regions. After scaling with the number of informative from different populations. There is indeed some evi-
sites, RM is very similar among the different regions dence of heterosis in A. thaliana (Griffing 1989). The
studied in A. thaliana, indicating homogeneity in recom- excess of nonsynonymous polymorphism detected in
bination frequency. On the other hand, the estimated some genes also supports the abundance of slightly dele-
recombination parameter, or C value (C 5 4Nc ; Hud- terious mutations in this species (Kawabe et al. 1997;
son 1987), and the 4Nc/4Nm ratio, which indicates the Purugganan and Suddith 1999). In that case, individ-
number of recombination events per mutation event uals resulting from rare outcrossing would be heterozy-
(Hudson et al. 1994), vary considerably between the gous for the slightly deleterious mutations derived from

the parental lines. Among the progeny of these hetero-different regions studied in A. thaliana (Table 4). The

TABLE 3

Summary of the results of HKA tests

Divergence between
Segregating sites A. thaliana and A. lyrata ssp.
within A. thaliana petraea/lyrata P value

CHITOTAL 20 136.25
Adh1CODING

a 19 49.60 0.0639
ChiACODING

a 44 46.88 0.0003***
CHISILENT 18 108.71
Adh1SYNONYMOUS

a 13 33.12 0.1103
ChiASYNONYMOUS

a 25 23.94 0.0004***
CHISYNONYMOUS 2 25
Adh1SYNONYMOUS

a 13 33.12 0.0348*
ChiASYNONYMOUS

a 25 23.94 0.0012**

* 0.01 , P , 0.05; ** 0.001 , P , 0.01; *** P , 0.001.
a The numbers of segregating sites and divergence for Adh1 and ChiA were taken from Kawabe et al. (1997).



870 H. Kuittinen and M. Aguadé

TABLE 4

Recombination in different regions

No. of RM/no. of
Gene informative informative C per
region Location RM sites sites C 5 4Nc/gene nucleotide u 5 4Nm/gene 4Nc/4Nm

CHI III-85 cM 3 20 0.15 132 0.0688 7.4 17.8
ChiA V 2 19 0.11 0.001 0.0000 18.7 0.00005
Adh1 I-113 cM 6 37 0.16 3.3 0.0014 18.7 0.18
CAL I-46 cM 3 25 0.12 53.2 0.0242 16.2 3.3
PI V-28 cM 1 9 0.10 * — 10.7 —
AP3 III-81 cM 1 9 0.10 38.6 0.0231 10.7 3.6
ChiB III-19 cM 5 60 0.08 1.3 0.0006 19.6 0.066

RM, minimum number of recombination events in the history of the sample. * .10,000.

zygous individuals, recombinants with fewer slightly del- this case the McDonald-Kreitman test (McDonald and
Kreitman 1991) has very little power due to the loweterious mutations would be favored. This might lead

to a higher level of observed recombination. However, number of polymorphisms (five) in the coding region
of CHI.if that were the main reason for the relatively high im-

pact of recombination in a selfer, a similar increase The synonymous divergence between A. thaliana and
A. lyrata was 0.11, 0.12, and 0.15 for AP3, CAL, and PI,would be expected in other selfing species. However,

in Hordeum vulgare with an estimated outcrossing rate respectively (Purugganan and Suddith 1998) and 0.15
for Adh1 (Savolainen et al. 2000). The average propor-of 1.6% (Brown et al. 1978) the recombination parame-

ter C for the Adh1 region was zero (Cummings and tion of nucleotide differences at synonymous sites be-
tween A. lyrata and A. thaliana was somewhat higher forClegg 1998). The discrepancy could be due to differ-

ences in the fixation probability of slightly deleterious CHI (0.19) than for these other nuclear genes. However,
the ratio of replacement to synonymous divergence atmutations, e.g., through differences in population size

or other life history traits, or differences in the outcross- CHI (0.25) was within the range observed for AP3, CAL,
and PI (0.148–0.271; Purugganan and Suddith 1998).ing rate. Overall, the surprisingly high impact of recom-

bination in a selfing species remains an interesting ques- Rausher et al. (1999) have estimated nonsynonymous
replacement rates at CHI between one monocot andtion.

Level and pattern of polymorphism and divergence: two dicot species. Divergence in the Zea-Ipomoea/An-
tirrhinum comparison was 0.290 (nonsynonymous sub-The level of variability at the CHI region, measured as

total and silent nucleotide polymorphism, was at the stitutions per nonsynonymous site); this results in a rate
of 1.2 3 1029 considering 120 million years as the diver-lower part of the range of variation at the regions studied

thus far in A. thaliana. At the CHI region, the levels of gence time between monocots and dicots. The rate esti-
mated from the divergence between Ipomoea and Antir-synonymous and intron polymorphism were equally low

and lower than in the flanking areas. This is in contrast rhinum (0.197) would be 2.5–2 3 1029, considering
40–50 million years as their divergence time. The exactwith the general pattern observed in different species

of Drosophila, where the level of synonymous polymor- divergence time of A. lyrata and A. thaliana is not known.
It has been estimated as 3.8–5.8 million years based onphism is usually higher than in introns or in 59 or 39

flanking areas (Moriyama and Powell 1996). Introns the rates of synonymous substitutions at Adh1 and CHS
in the genus Arabis, calibrating the rates with the fossiland 59 and 39 flanking regions are considered to be

relevant in the regulation of gene expression, leading pollen records of the genus Rorippa (Marcus Koch,
personal communication). Assuming 6 million years asto higher selective constraints at these regions than at

synonymous sites. However, at the CHI gene, only a the divergence time, the rate of nonsynonymous substi-
tution estimated from the A. lyrata/A. thaliana compari-short regulatory sequence, probably mediating the re-

sponse to UV light, has been identified z150 bp up- son, 4 3 1029, would be twofold higher than in deeper
lineages. On the other hand, the estimated per yearstream of the initiation codon (Li et al. 1993).

In previous studies an excess of nonsynonymous poly- rate of synonymous substitutions (1.6 3 1028), given
the 6-million year divergence time between A. lyrata andmorphism had been found (Kawabe et al. 1997; Purug-

ganan and Suddith 1998, 1999), which was attributed A. thaliana, is similar to that in the Ipomoea-Antirrhi-
num comparison (1.4–1.8 3 1028). Thus, there seemsto the fixation of mildly deleterious mutations in small

populations. In our data set, no significant excess of to be heterogeneity among the nonsynonymous substi-
tution rates between lineages, although these results arereplacement polymorphisms was detected. However, in
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and C. Somerville. Cold Spring Harbor Laboratory Press, Cold ing radiation on a plant genome: analysis of two Arabidopsis
transparent testa mutations. Plant Cell 4: 333–347.Spring Harbor, NY.

Purugganan, M. D., and J. I. Suddith, 1998 Molecular population Slatkin, M., and R. R. Hudson, 1991 Pairwise comparisons of mito-
chondrial DNA sequences in stable and exponentially growinggenetics of the Arabidopsis CAULIFLOWER regulatory gene: non-

neutral evolution and naturally occurring variation in floral ho- populations. Genetics 129: 555–562.
Sullivan, J. H., A. H. Teramura and L. H. Ziska, 1992 Variationmeotic function. Proc. Natl. Acad. Sci. USA 95: 8130–8134.

Purugganan, M. D., and J. I. Suddith, 1999 Molecular population in UV-B sensitivity in plants from a 3,000-m elevational gradient
in Hawaii. Am. J. Bot. 79: 737–743.genetics of floral homeotic loci: departures from the equilibrium-

neutral model at the APETALA3 and PISTILLATA genes of Arabi- Tajima, F., 1989 Statistical method for testing the neutral mutation
hypothesis by DNA polymorphism. Genetics 123: 585–595.dopsis thaliana. Genetics 151: 839–848.

Rausher, M., R. Miller and P. Tiffin, 1999 Patterns of evolutionary Ullrich, H., K. Lättig, A. Brennicke and V. Knoop, 1997 Mito-
chondrial DNA variations and nuclear RFLPs reflect differentrate variation among genes of the anthocyanin biosynthetic path-

way. Mol. Biol. Evol. 16: 266–274. genetic similarities among 23 Arabidopsis thaliana ecotypes. Plant
Mol. Biol. 33: 37–45.Rogers, A. R., 1995 Genetic evidence for a pleistocene population.

Evolution 49: 608–615. Van de Peer, Y., and R. De Wachter, 1994 TREECON for Win-
Rogers, A. R., and H. Harpending, 1992 Population growth makes dows: a software package for the construction and drawing of

waves in the distribution of pairwise genetic differences. Mol. evolutionary trees for the Microsoft Windows environment. Com-
Biol. Evol. 9: 552–569. put. Appl. Biosci. 10: 569–570.

Rozas, J., and R. Rozas, 1997 DnaSP version 2.0: a novel software Watterson, G. A., 1975 On the number of segregating sites in
package for extensive molecular population genetics analysis. genetical models without recombination. Theor. Popul. Biol. 7:
Comput. Appl. Biosci. 13: 307–311. 256–276.

Savolainen, O., C. H. Langley, B. P. Lazzarro and H. Freville, Ziska, L. H., A. H. Teramura and J. H. Sullivan, 1992 Physiological
2000 Contrasting patterns of nucleotide polymorphism at the sensitivity of plants along an elevational gradient to UV-B radia-
alcohol dehydrogenase locus in the outcrossing Arabidopsis lyrata tion. Am. J. Bot. 79: 863–871.
and the selfing A. thaliana. Mol. Biol. Evol. 17: 645–655.

Shirley, B., S. Hanley and H. M. Goodman, 1992 Effects of ioniz- Communicating editor: A. G. Clark


