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We analyzed sequence variation for chalcone synthase (Chs) and alcohol dehydrogenase (Adh) loci in 28 species
in the genera Arabidopsis and Arabis and related taxa from tribe Arabideae. Chs was single-copy in nearly al taxa
examined, while Adh duplications were found in several species. Phylogenies constructed from both loci confirmed
that the closest relatives of Arabidopsis thaliana include Arabidopsis lyrata, Arabidopsis petraea, and Arabidopsis
halleri (formerly in the genus Cardaminopsis). Slightly more distant are the North American n = 7 Arabis (Boech-
era) species. The genus Arabis is polyphyletic—some unrelated species appear within this taxonomic classification,
which has little phylogenetic meaning. Fossil pollen data were used to compute a synonymous substitution rate of
1.5 X 108 substitutions per site per year for both Chs and Adh. Arabidopsis thaliana diverged from its nearest
relatives about 5 MYA, and from Brassica roughly 24 MYA. Independent molecular and fossil data from severa
sources all provide similar estimates of evolutionary timescale in the Brassicaceae.

Introduction

Molecular analyses of evolution and ecology ben-
efit from the availability of model systems which pro-
vide breadth and depth of biological understanding and
a valuable experimental resource with which to address
conceptual issues. For example, for Drosophila, a large
community of functional and evolutionary geneticists
benefit from many experimental tools and a vast litera-
ture. Genomic studies of Arabidopsis now afford similar
resources for the plant kingdom (Bevan and Murphy
1999; Somerville and Somerville 1999). Consequently,
Arabidopsis and Arabis and their wild relatives provide
an increasingly popular model system for molecular
studies of ecology and evolution. Analyses of genetic
variation (van Treuren et al. 1997; Karkkainen et al.
1999), comparative genetic maps (de Haan et al., per-
sonal communication), and phylogenetic studies of wild
relatives are becoming available (Price, Palmer, and Al-
Shehbaz 1994; Galloway, Mamberg, and Price 1998;
Kaoch, Bishop, and Mitchell-Olds 1999; Koch, Haubold,
and Mitchell-Olds 2000). Here, we use sequence data
from two nuclear genes to address several aspects of the
evolution of wild relatives of Arabidopsis thaliana.

As a step toward this Arabidopsis-Arabis model
system, this paper has three goals: (1) to examine the
robustness of inferred phylogenetic relationships using
data from two nuclear genes; (2) to estimate the diver-
gence time between A. thaliana and its wild relatives;
and (3) to estimate synonymous substitution rates of
severa genes, which might provide a molecular clock
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useful for future estimation of divergence times of spe-
cies and aleles.

The Brassicaceae (Cruciferae, or mustard family)
comprises approximately 340 genera and 3,350 species,
including the economically important Brassica crops and
the model organism A. thaliana. Recently, Koch, Bish-
op, and Mitchell-Olds (1999) analyzed sequence data
from the nuclear ribosomal DNA internal transcribed
spacer (ITS) and showed that published phylogenies
based on Adh, Adc, and plastidic loci (such as ndhF) are
largely congruent with a comprehensive ITS phylogeny
of 33 taxa representing major lineages of Arabideae. The
genera Arabidopsis and Arabis are both polyphyletic—
some distantly related species appear within these tax-
onomic classifications, which should be revised (Gal-
loway, Mamberg, and Price 1998; Al-Shehbaz, O’ Kane,
and Price 1999).

The oldest fossil evidence of Brassicaceae occurs
in Oligocene deposits (22-34 MYA,; Cronquist 1981).
Yang et al. (1999) combined sequence data from NADH
subunit 4 (nad4) with the estimated divergence time be-
tween maize and wheat to infer the age of the Brassica-
Arabidopsis divergence at approximately 14-20 Myr.
Since Brassica and Arabidopsis lineages separated fairly
early in crucifer evolution (Koch, Bishop, and Mitchell-
Olds 1999; Koch, Haubold, and Mitchell-Olds 2000),
this provides congruent fossil and molecular evidence
suggesting that early crucifer evolution occurred on the
order of 30 MYA. Here, we seek independent estimates
for species divergence times within the Brassicaceae,
especialy between A. thaliana and its close relatives.

Such analyses also estimate K, the synonymous
nucleotide substitution rate. Plausible estimates for the
rate of nucleotide substitution can be used to address
many questions of evolutionary interest. For example,
K, estimates for Adh have been used to calculate times
for speciation and domestication of maize (Hilton and
Gaut 1998), the time for a surge of retrotransposition
that doubled the size of the maize genome during the
last several million years (SanMiguel et al. 1998), and
the age of molecular polymorphisms at the A. thaliana
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Adh locus (Innan et al. 1996). On the other hand, syn-
onymous substitution rates may be heterogeneous within
and among loci and may not be neutral (Comeron, Kreit-
man, and Aguade 1999; Llopart and Aguade 1999).

In this study of crucifer evolution, we used two
well-known nuclear genes encoding the enzymes chal-
cone synthase (CHS; EC 2.3.1.74) and a cohol dehydro-
genase (ADH; EC 1.1.1.1) as molecular marker loci.
Chalcone synthase participates in plant secondary me-
tabolism by catalyzing the condensation of three mole-
cules of malonyl-CoA and one molecule of p-coumaryl-
CoA to yield chalcone, a precursor in biosynthesis of
flavonoids. In contrast, alcohol dehydrogenase is part of
the primary metabolism and catalyzes the reduction of
acetaldehyde to ethanol under anoxia. Both genes are
members of multigene families in some plant taxa (Gaut
and Clegg 1991; Clegg, Cummings, and Durbin 1997).
However, previous analysis of Adh in Brassicaceae pro-
vided little evidence for gene duplication in crucifers,
with the exception of the genus Leavenworthia (Char-
lesworth, Liu, and Zhang 1998). In the absence of se-
quence information from closely related taxa, it is not
possible to decide whether the gene duplication in Leav-
enworthia occurred before or after the origin of this tax-
on. Leavenworthia belongs to subtribe Cardaminae. If
the duplication is older than Leavenworthia, it should
also be found in related genera from subtribe Carda-
minae of tribe Arabideae, e.g., Cardamine, Rorippa, or
Nasturtium.

Chs belongs to multigene families in plant taxa
such as petunias (Koes, Spelt, and van den Elzen 1989),
I pomoea species (Durbin et al. 1995), and legumes (Ry-
der et al. 1987; Wingender et al. 1989; An et al. 1993;
Junghans, Dalkin, and Dixon 1993; Howles, Arioli, and
Weinman 1995). Different gene copies indicating mul-
tiple paralogs for Chs have been reported for Snapis
(Durbin et al. 1995). However, like its close relatives
Brassica and Raphanus (Warwick and Black 1991),
there is strong evidence that Snapis consists of ancient
polyploids (Sadowski et al. 1996; Cavell et al. 1998). In
A. thaliana, which has a diploid genome without exten-
sive duplication, Chs is thought to be single-copy (Cain
et al. 1997). With only limited gene duplication, both
Adh and Chs are candidate loci for construction of gene
trees for Arabidopsis and its relatives.

Materials and Methods
Plant Material

The majority of taxa sequenced in this study be-
longed to the genera Arabidopsis and Arabis and are
listed in table 1. Several taxa from related genera were
added, a process guided by phylogenetic analysis based
on ITS DNA seguence variation (Koch, Bishop, and
Mitchell-Olds 1999). In most cases, plant material was
used from individuals which were self-pollinated for two
to three generations in order to obtain homozygous
plants. Plants from North American Arabis came from
wild-collected seeds, but these species are largely selfing
in nature. The selfing approach was not possible for
Cardamine amara, Arabidopsis petraea, Arabidopsis

lyrata, and Arabidopsis halleri because of the self-in-
compatibility system. Two individuals per population or
seed sample were analyzed. In the case of Arabidopsis
blepharophylla, only one individual has been investi-
gated. For Arabis alpina populations from Europe and
Africa, we analyzed 10 individuals per population, re-
sulting in 30 individuals in total. Detailed accession data
for these taxa were published in Koch, Bishop, and
Mitchell-Olds (1999) and can be viewed at http://
Vanilla.ice.mpg.de/haubol d/koch00.html.

DNA Amplification and Sequencing

Total DNA was obtained from leaf tissue from sin-
gle individuals by a modified CTAB procedure (Mum-
menhoff and Koch 1994). Polymerase chain reaction
(PCR) was carried out using a Robocycler Gradient 96
(Stratagene), and conditions were optimized for each
primer pair. The PCR cycling scheme was 5 min at
95°C; 35 cycles of 1 min at 95°C, 1 min at 51-60°C
(depending on primer combination), and 2 min at 72°C;
15-min extension at 72°C, and a final hold at 4°C. The
oligonucleotide sequences used to amplify coding se-
quences for Adh were ADH-FOR1 (5'-accaccggacagat-
tattcg-3') in exonl and ADH-REV7 (5'-tcaagcacccatggt-
gatgatgc-3') in exon 7, and those used for Chs were
CHS-FOR1 (5'-cttcatctgeccgtccatctaacc-3') (promoter
specific) and CHS-REV5 (5'-ggaacgctgtgcaagac-3') in
exon 2. Primer locations are shown in figure 1.

PCR reactions (50 wl) were performed under the
following conditions: 50 ng template DNA, 2 ng/pl
primer, 2.5 mM MqgCl,, and 2 U/50ul Tag DNA poly-
merase. All PCR products were purified from an agarose
gel using the Boehringer PCR product purification kit
and cloned either into the pGEM-T cloning vector (Pro-
mega) or into the TA kit pCR Il cloning vector (Invi-
trogen). From each DNA sample, we performed three
independent PCR reactions. From each PCR reaction,
three independent cloned PCR products were sequenced
separately to detect possible DNA sequence variation.
Because we worked in most cases with highly inbreed-
ing taxa, we expected to find little allelic variation
among these nine clones (at least in diploid taxa).

For each gene, both strands were cycle-sequenced
using the Tag DyeDeoxy Terminator Cycle Sequencing
Kit (ABI Applied Biosystems). Products of the cycle-
sequencing reactions were run on an ABI 377XL auto-
mated sequencer (ABI Applied Biosystems). Cloned
PCR products were sequenced using universal t7 for-
ward (5'-gtaacgatttaggtgacactatcg-3') and M13-48 re-
verse (5'-agcggataacaatttcacacagga-3’) primers. Addi-
tional internal primers were designed for Adh (each in
both orientations) (ADH-FOR2 [REV2] [5'-atcaa-
gattctcttcacttc-3'], ADH-FOR3 [REV 3] [5'-acatgtgt-
gatcttctcagg-3'], ADH-FOR4 [REV4] [5'-gttgtggttta-
tccactggttag-3'], ADH-FOR5 [REV5] [5'-aagaa-
aggtcaaagtgttge-3'], and ADH-FORG6 [REV 6] [5'-gecat-
gattcaagcatttgaatg-3']) and for Chs (each in both
orientations) (CHS-FOR2 [REV?2] [5'-gaccgacctcaag-
gagaag-3'], CHS-FOR3 [REV3] [5'-cgtggtggtcga-
agtccctaaget-3'], and CHS-FOR4 [REV4] [5'-gactgga-
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Table 1
Accession Data for Taxa Under Study
Species? Chromosome No.P Locus GenBank Accession No.
Aethionema grandiflora (Botanic Garden, Jena, Germany) .. .. 2n=2x =12 Chs AF112082
Arabidopsis griffithiana ................. ... ... ... ... 2n = 4x = 32 Chs-1/Chs-2 AF112092, AF112093
Adhl AF110440
Arabidopsis halleri ssp. halleri ........................... 2n = 2x =16 Chs AF112095
Adhl AF110442
Arabidopsis lyrata ssp. petraea Germany ................... 2n=2x = 16 Chs AF112103
Adhl AF110452
A. lyrata ssp. petraea SWEDEN ................cccvvunn.. 2n=2x = 16 Chs AF112104
Adhl AF110453
Arabidopsis Iyrata . ......ooui 2n=2x = 16 Chs AF112100
Adhl AF110449
Arabidopsis thaliana (C24 like) ...............cccovvinn.. 2n =2x = 10 Chs AF112086
Adhl AF110456
Arabisalpina EUROPE ........ ...t 2n=2x = 16 Chs AF112084
Adhl AF110425
A alpina AFRICAL ... oo 2n=2x = 16 Chs AF112083
Adhl AF110428
A alpina AFRICAZ2 ... o 2n=2x = 16 Chs —
Adhl AF110426, AF110427
Arabis blepharophylla ........... ... ... .. 2n=2x = 16 Chs AF112087
Adhl AF110431
Adh2 AF110433
Adh3 AF110432
Arabis divaricarpa ... 2n=2x =14 Chs AF112090
Adhl AF110438
Arabis drummondii MULE® .............. ... ... ... ...... 2n=2x =14 Chs AF112088
Adhl AF110436
A. drummondii TETONC . ... 2n=2x =14 Chs AF112089
Adhl AF110437
Arabisglabra ........ ... 2n=2x = 12 Chs AF112091
Adhl AF110439
Arabis hirsuta EUROPE ............. ... ... ... ... ...... 2n = 4x = 32 Chs AF112096
Adhl AF110442
Adh2 AF110444, AF110445
Arabis jaquinii . ... 2n=2x = 16 Chs AF112097
Adhl AF110446
Arabislignifera ... 2n = =14 Chs AF112098
Adhl AF110447
Arabislyalli ... ... 2n = =14 Chs AF112099
Adhl AF110448
Arabis parishii . ... 2n = =14 Chs AF112101
Adhl AF110450
Arabis pauciflora .......... .. 2n=2x =14 Chs AF112102
Adhl AF110451
ArabiS PrOCUMTENS . .o v ettt e 2n = 4x = 32 Chs AF112105
Adhl AF110454
Adh2 AF110455
Arabisturrita ... 2n=2x =16 Chs AF112107
Adhl AF110457
Aubrietadeltoidea ............. .. 2n=2x =16 Chs AF112109
Adhl AF110425
Barbarea vulgaris ... 2n=2x = 16 Chs AF112108
Adhl AF110458
Brassica oleracea (Helgoland, Germany) ................... 2n = “6x" = 18 Adhl AF110434
Capsellarubella .........cco i 2n=2x = 16 Chs AF112106
Adhl AF110435
Cardamine amara ... ......uuieteeiin et 2n=2x = 16 Chs AF112085
Adhl AF110430
Halimolobus perplexa var. lemhiensis . ..................... 2n=2x =14 Chs AF112094
Adhl AF110441

a Additional accession data are available on request and summarized in Koch, Bishop, and Mitchell-Olds (1999).
b Most chromosome numbers of identical accessions and individuals are reported in Koch, Bishop, and Mitchell-Olds (1999).
¢ Arabis drummondii MULE and A. drummondii TETON represent two different populations.
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chalcone synthase
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Fic. 1.—Structure of Chs and Adh genes and positions of the primers used for this study.

actccctcttctgga-3']). Approximate primer positions are
shown in figure 1.

|sozyme Electrophoresis

Native acrylamide gel electrophoresis was per-
formed by the method described in Koch, Huthmann,
and Hurka (1998) using a lithium hydroxide-borate acid
electrode buffer and a Tris citric acid gel buffer (Scan-
dalios 1969). Electrophoresis was carried out for 8 h at
75 V. Gels were stained for alcohol dehydrogenase ac-
tivity as described by Soltis et al. (1983).

We used the GCG software package (Wisconsin
Package, version 9.1-unix 1997, Genetics Computer
Group, Madison, Wis.) to estimate isoelectric points of
Adh proteins from DNA segquence information and com-
pared those values with the observed migration rates.

Data Analysis
Phylogenetic Analysis

Introns and promoter regions were removed man-
ually, and the remaining coding sequences were aligned
using CLUSTAL V (Higgins, Bleasby, and Fuchs 1992).
The lengths of the resulting alignments were 1,143 bp
and 1,188 bp for Adh and Chs, respectively. Phyloge-
netic distances were computed using Kimura's (1980)
two-parameter model, and the resulting distance matri-
ces were subjected to the neighbor-joining algorithm as
implemented in PHYLIP (Felsenstein 1995). One thou-
sand bootstrap samples were analyzed to assess confi-
dence of nodes on the origina neighbor-joining tree.
Parsimony analysis was conducted with unordered Fitch
parsimony. The analyses were run using PAUP 4.0* beta
version (Swofford 1999) under HEURISTIC, TBR, and
STEEPEST DESCENT with random addition of taxa.
The bootstrap option of PAUP (1,000 replicates) and a
decay analysis (Donoghue et al. 1992) were used to as-
sess relative support in the unweighted analysis.

Trees were rooted using Aethionema grandiflora as
an outgroup in the data sets. The family Brassicaceae is
a well-defined family (Schulz 1936), and previous stud-
ies indicate that the genus Aethionema is the sister taxon

to the rest of the family (Zunk et al. 1996; Galloway,
Mamberg, and Price 1998). For the overal Adh anal-
ysis, including several database sequences, we used
Brassica oleracea as an outgroup because the A. gran-
diflora Adh sequence was assembled from three cloned
genomic fragments and might not represent one single
locus.

Adh sequence analysis was carried out in two dif-
ferent ways. First, only those taxa for which Chs se-
quence data were also available were analyzed. Second,
we added all published Adh sequences from crucifers to
estimate a comprehensive evolutionary tree (Miyashita
et al. 1998 [A. thaliana ecotypes Ci-0 and Landsberg,
A. lyrata ssp. kawasakiana, Arabidopsis suecica, Ara-
bidopsis korshinskii, Arabidopsis griffithiana adhl-2,
Arabis glabra adhl-2, Arabidopsis wallichii, Arabidop-
sis himalaica, Arabis hirsuta ASIA, Arabis stelleri];
Charlesworth, Liu, and Zhang 1998 [alleles from Leav-
enworthia stylosa as representatives for their Adhl,
Adh2, and Adh3]; Miyashita, Innan, and Terauchii 1996
[Arabidopsis halleri ssp. gemmifera)).

Estimation of Substitution Rates

Overall substitution rates were computed using Ki-
mura’s (1980) two-parameter model. Rates of synony-
mous (K¢ and nonsynonymous (K,) substitutions were
calculated according to Li’s method (1993) as imple-
mented in the 1i93 program (Wolfe 1993).

In order to obtain the number of mutations per year,
the divergence time between C. amara and Barbarea
vulgaris was set to 6 X 10° years. Hence, the number
of synonymous mutations per year was calculated as g
= K¢(B. vulgaris, C. amara)/(2 X 6 X 10-6), where K
is the synonymous substitution rate calculated according
to Li (1993). A 95% confidence interval for . was com-
puted using the following simulation approach: A ran-
dom K, value was drawn from anormal distribution with
mean K, and standard deviation SD(KJB. vulgaris, C.
amara]), where the standard deviation of K, was deter-
mined according to Li (1993). The random K value was
divided by two times a random variable drawn from a
normal distribution with mean 6 X 10° and standard
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deviation 106/1.96. The latter distribution models our
conviction of being 95% sure that the divergence time
for B. vulgaris and C. amara is between 5 and 7 Myr,
with a mean of 6 Myr. This procedure was repeated
1,000 times, the resulting mutation rates were sorted,
and the top and bottom 2.5% of the distribution were
removed to obtain a confidence interval for p. An anal-
ogous simulation procedure was used to calculate a con-
fidence interval around the divergence time for a given
pair of taxa.

The significance of correlations between matrices
of substitution rates or ratios of terminal branch lengths
was estimated using the Mantel permutation test (Mantel
1967). The order of taxa in the input matrices was per-
muted 10,000 times, and a correlation coefficient was
computed for each new comparison. Two-tailed statis-
tical significance was calculated as the frequency of ob-
taining a correlation coefficient whose absolute value
was greater than or equal to the absolute value of the
original point estimate (Manly 1994).

Test for Recombination

Recombination was investigated by the maximum
chi-squared method of Maynard Smith (1992) as imple-
mented by Ross (1997). In this approach, one examines
the distribution of segregating sites between two puta-
tive recombinant haplotypes using a dliding point that
partitions the alignment into two regions. The observed
distribution of segregating sites is then compared with
the distribution expected if the segregating sites were
randomly distributed, in order to find the point of max-
imum discrepancy between random and observed dis-
tribution. This represents a putative breakpoint for ho-
mologous recombination (Maynard Smith 1992). Only
polymorphisms at third codon positions were included
in the analysis.

Results
Chalcone Synthase

Genomic PCR products included a large proportion
of the 5" promoter region which has been intensively
analyzed in A. thaliana (Feldbriigge et al. 1997 and ref-
erences therein). For all isolated DNA clones, we found
structurally identical promoter regions, a good indica-
tion that our primers amplified one specific Chs locus
corresponding to A. thaliana Chs. Additional functional
analysis of these promoters (unpublished data) showed
that they all have similar light-regulated expression pat-
terns as expressed in A. thaliana. Since we mostly
worked with inbreeding, diploid taxa and never obtained
multiple PCR products, it is probable that only orthol-
ogous copies were isolated. In contrast, polyploidization
has generated duplicate loci in tetraploid taxa. However,
at least Arabis procurrens and A. hirsuta are thought to
be of recent autoploid origin (Manton 1937; Titz 1970,
1976, 1978), leading to very similar gene copies at pu-
tative duplicated loci. The history of polyploidization in
tetraploid A. griffithiana is unknown. Therefore, the two
Chs copies identified might have descended from either

Adh and Chs in Arabidopsis and Arabis 1487

an old autotetraploid or a more recent alopolyploid
origin.

Of the 28 accessions sequenced, only A. griffithi-
ana yielded two Chs sequences (fig. 2). Because A. grif-
fithiana plants were propagated over three generations
via single-seed descend, the material we used should be
homozygous. Moreover, the stock center from which we
obtained seeds of A. griffithiana propagates these plants
via selfing. The two distinct sequences differed at 2.00%
of their nucleotides. This level of sequence divergence,
combined with the fact that A. griffithiana is tetraploid,
suggests that these Chs sequences may represent two
duplicated loci.

Putative alelic variation was detected in Arabis
drummondii populations from Mule and Teton, with two
different Chs sequences (m = 0.51%, Kimura two-pa-
rameter distance). Similarly, the German and Swedish
populations of A. petraea harbored distinct Chs sequenc-
es (w = 0.76%), as did populations of A. alpina from
Africa and Europe (7 = 0.48%). Finally, we conducted
apilot study of allelic diversity in Chsin 10 individuals
from three populations of A. alpina from Africa and
Europe but found no genetic variation.

Alcohol Dehydrogenase

For Adh, we were not able to design primers lo-
cated in the 5" promoter region. Therefore, in contrast
to Chs, orthology could not be inferred based on pro-
moter similarity. Hence, we inferred whether sequences
were likely to be orthologous or paralogous based on
breeding system, history of self-poallination, ploidy level,
and degree of divergence among sequences. When two
sequences are very similar (w < 1.0%), they are likely
to represent alleles at a single locus, whereas higher lev-
els of divergence (w > a few percent) typically char-
acterize diverged loci within a gene family. Between
these extremes, additional experimentation isrequired to
distinguish allelic polymorphism from locus duplication.
Although we found a few examples of species having
several moderately diverged sequences, in these instanc-
es, a clear distinction between alleles and loci is not
central to the research goals of this paper. We refer to
such observations as ““genes’ or ‘‘ sequences,” so as not
to imply whether they actually represent alleles or loci.

Arabis alpina harbored the highest number of Adh
sequences, with three putative alleles (m = 0.76%) in
the two African populations studied (fig. 3). Among the
10 individuals investigated for population AFRICA2, 3
individuals had the alele Adhl-1 (AF110426; table 1),
and the remaining 7 individuals carried the alele Adhl-
2 (AF110427). A third allele was detected among indi-
viduals from the European population. The two popu-
lations of A. drummondii and of A. petraea that carried
different Chs genes also had different Adh sequences (w
= 2.46% and 0.97%, respectively).

For some European Arabis (A. procurrens and A.
hirsuta) and for North American A. blepharophylla, we
found three structurally different Adh sequences. These
taxa form a monophyletic clade on the basis of a mo-
lecular analysis of ITS sequence variation (Koch, Bish-
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Aethionema grandifiora

Arabis paucifiora

59 99

100 Sinapis alba

Raphanus sativus

| Barbarea vulgaris

Z L Cardamine amara

Arabidopsis thaliana

100

83

100

100 100 Arabidopsis petraea GER
B [ Arabidopsis lyrata
v Arabidopsis petraea SWE

99

Arabidopsis halleri ssp. halleri

100 Arabidopsis griffithiana Chs-1

98 Arabidopsis griffithiana Chs -2

Arabis glabra

Capsella rubella
(e]e] Halimolobus perplexa

Arabis lignifera

100 Arabis parishii
Arabis drummondii MULE
C Arabis drummondii TETON
Arabis lyallii
Arabis divaricarpa

Arabis turrita

100 Arabis hirsuta

100 Arabis blepharophylia

Arabis procurrens

55 Arabis jaquinii

Aubrieta delfoidea

100 r Arabis alpina EUROPE

L. arabis alpina AFRICA

distance scale 0.1

Fic. 2—Neighbor-joining distance tree based on Chs sequences. Bootstrap support is given along the branches. Estimates for ages of the

ancestral nodes appear in table 4 and in the text.

op, and Mitchell-Olds 1999). Apart from normal Adhl
with six introns, we found additional Adh loci in the
same individuals lacking al introns (Adh2) and one Adh
sequence lacking introns 4, 5, and 6 (Adh3). These se-
quences probably represent additional loci. However, it
should be born in mind that these loci are not ortholo-
gous to Adhl, Adh2, and Adh3 of Leavenworthia, which
aso had introns (Charlesworth, Liu, and Zhang 1998;
fig. 4).

Adh2 lacked all introns in A. procurrens, A. ble-
pharophylla, and A. hirsuta from Europe. Tetraploid A.
hirsuta had two different Adh2 sequences (m = 0.88%)
found within single individuals. The genetic distance be-
tween Adhl and Adh2 of A. hirsuta was higher (7w =
2.28%) than that between its two Adh2 genes. In the
case of A. blepharophylla, Adh3 lacked introns 4—6
(Adh2 vs. Adh3: w = 0.63%). As in A. hirsuta, diver-

gence between A. blepharophylla Adh2/Adh3 and Adhl
was high (7 = 2.15%), and in A. procurrens, the dis-
tance separating Adh2 and Adhl reached = = 3.86%. In
addition, our Brassica Adh sequence lacked intron 6, a
feature not found in any other taxon analyzed, indicating
an additional independent intron deletion. When pub-
lished Adh sequences were included in the analysis, we
found additional intraspecific variation within A. glabra,
A. griffithiana (possibly representing two different loci),
and A. hirsuta from Europe and Asia.

Duplicated Adh loci have previously been de-
scribed by Charlesworth, Liu, and Zhang (1998), who
found three distinct loci with numerous alleles from dif-
ferent Leavenworthia species. Different Adh loci dif-
fered in the number of introns, which is similar to our
findings in Arabis. They refer to these loci as Adhl (al
introns present), Adh2 (no intron 4), and Adh3 (missing
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Fic. 3.—Neighbor-joining distance tree using Adh sequences from this study. Bootstrap support is given along the branches. Estimates for

ages of the ancestral nodes appear in table 4 and in the text.

al introns). In our full Adh analysis, we included one
alele as a representative from each locus and found that
Adh2 and Adh3 from Leavenworthia differ from Arabis
Adh loci (fig. 4). Therefore, Adh2 and Adh3 of Leav-
enworthia and Arabis are not orthologous and presum-
ably arose by independent duplication events.

All of the Adh sequences appeared to code for
functional proteins, since none contained stop codons or
insertions/deletions. In order to further investigate the
relationship between nucleotide sequence and enzyme
phenotype, we subjected taxa with more than one Adh
locus to isozyme electrophoresis. In each case, we de-
tected only a single band. Relative to A. thaliana (R, =
100), we observed migration rates of Ry = 100 for A.
hirsuta EUROPE, R, = 95 for A. procurrens, R = 90
for A. jaquinii, and Ry = 103 for A. blepharophylla (ta-
ble 2). These single bands of Adh activity could indicate
that there was only one highly expressed Adh locus or
that products from more than one locus comigrated on
the gel. We distinguished between these two possibilities
by computing the expected migration rates for these two
proteins (table 2). The difference in net charge between
A. hirsuta alele pairs Adhl/Adh2-1 and Adhl/Adh2-2
was 1 and 4, respectively (table 2). Since differencesin

net charge of 1 or more are easily detected with our
experimental protocol, activities of enzymes encoded by
Adh2-1/Adh2-2 in A. hirsuta must be low or absent. The
same argument applies to Adh2 from A. procurrens,
which is distinguished from Adhl by a charge difference
of 1.5. For A. blepharophylla, allozyme electrophoresis
did not yield additional information about gene expres-
sion, as the products from al three loci had the same
net charge.

Comparative Phylogenetic Reconstruction

We computed parsimony and distance trees for Adh
and Chs. Of the 1,188 bp of the aligned Chs gene, 733
sites were invariant (61.7%); of the remaining 455 var-
iable sites, 316 sites (26.6%) were phylogenetically in-
formative. Fitch parsimony resulted in 10 most-parsi-
monious trees of 1,196 steps (consistency index [CI] =
0.55, retention index [RI] = 0.72). The strict consensus
tree is shown in figure 5, along with the values from
bootstrap and decay analyses. Of the 1,143 bp of the
aligned Adh gene, 716 sites were invariable (62.6%); of
the remaining 427 variable sites, 257 sites (22.5%) were
informative. Fitch parsimony yielded 16 most-parsimo-
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Fic. 4.—Neighbor-joining distance tree with additional crucifer Adh sequences from DNA databases. Bootstrap support is given along the
branches. Estimates for ages of the ancestral nodes appear in table 4 and in the text.

nious trees of 1,010 steps (Cl = 0.56, RI = 0.74). The
strict consensus tree is shown in figure 6, along with the
values from bootstrap and decay analyses.

In both cases, the strict consensus tree from parsi-
mony analysis was congruent with the phylogeny com-
puted with the neighbor joining algorithm. The distance
trees for Chs and Adh are shown in figures 2 and 3 to
demonstrate relative branch length.

The gene phylogeny based on Adh showed four
major groups of taxa: (1) B. oleracea as the most basal
group, followed by (2) Arabis pauciflora, followed by
the two large crown clades containing (3) A. thaliana
and (4) A. alpina (figs. 4 and 6). In contrast, the gene
phylogeny based on Chs contained only two of these
major clades, with Snapis alba and A. pauciflora now
congtituting a clade with A. thaliana (figs. 2 and 5).
Snapis alba and Raphanus sativus are very closely re-

lated to B. oleracea (Warwick and Black 1991, 1997).
Notice, however, that on both phylogenetic trees the
bootstrap support and decay values for the basal groups
were low, indicating that the trees were not highly re-
solved at this level of the analysis.

In addition to the disagreement about the branching
order near the root, there was one difference between
crown groups. According to Adh, A. deltoidea groups
with A. alpina, away from A. jaquinii (fig. 6). In con-
trast, according to Chs, A. deltoidea groups with A. ja-
quinii, away from A. alpina (fig. 5). This incongruence
is well supported by bootstrapping and decay analysis
on both trees and may indicate lineage sorting, conver-
gent evolution, or an ancient intergenic recombination
event (Syvanen 1994).

Intergenic recombination might have occurred if A.
deltoidea arose by hybridization between the ancestors
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Table 2

Results from Native Acrylamide Gel Electrophoresis to
Compare Putative Allozymes with Respect to Calculated
Migration Behavior (estimated from DNA sequences) and
Observed Migration Distances

Iso-
VALUE
ELEC- NET R

TRIC CHARGE Ob-
PoinT  (pH 8.0) served Expected?

Arabis blepharophylla Adhl .. 5.81 -135 103 ~100

TAXON

A. blepharophylla Adh2 ... ... 5.81 -135 103 *b

A. blepharophylla Adh3 ...... 581 —-135 *b

Arabis hirsuta Adhl ......... 6.07 —13 100  ~100
A hirsuta Adh2-1 ........... 566 —14 100  >100
A hirsuta Adh2-2 ........... 524  —-17 100  >100
Arabisjaquinii ............. 6.21 -12 90 ~90
Arabis procurrens Adhl ... ... 6.25 -125 95 ~100
A. procurrens Adh2 ......... 5.96 -14 95 >100
Arabidopsis thaliana ........ 6.10 -13 94 ~94
Arabisturrita .............. 6.44 -95 67 ~70
Barbarea vulgaris ........... 6.16 -125 92 ~92
Cardamineamara ........... 6.39 -11 83 ~80

aThose isozymes with the highest probability of being expressed and trans-
lated as active proteins are listed in bold type.
b Not distinguishable from A. blepharophylla isozymes from the Adhl locus.

of A. alpina and other European Arabis species. During
constitution of A. deltoidea, intragenic recombination
might have occurred between parental Chs copies, giv-
ing rise to a recombinant Chs sequence in A. deltoidea.
Because only a minor part of the gene (exon 1 with 294
bp, approximately 25% of the entire coding region) re-
sembles A. alpina, whereas the mgjor part (exon 2) re-
sembles progenitors of other European Arabis, A. del-
toidea clusters in phylogenetic analysis basal to A. pro-
currens and its relatives. We investigated this further
using the maximum chi-squared method (Maynard
Smith 1992) to search for recombination points between
sequences. No breakpoints were found in Adh (data not
shown). However, when the Chs sequences for A. del-
toidea and A. alpina were compared, a single potential
insertion point was found between nucleotides 294 and
297 (P = 0.002). The same putative recombination point
was identified by comparisons between either of the two
A. alpina genes and members of the A. deltoidea clade
(A. deltoidea, A. jaquinii, A. procurrens, A. blepharo-
phylla, and A. hirsuta). Sliding-window analyses of the
distribution of substitutions between pairs of Chs se-
guences from the A. alpina and A. deltoidea clades re-
vealed a region of high diversity at the 3’ end of the
gene (data not shown).

Biogeography and Genetic Variation

For some populations, the distribution of Adh genes
was correlated with geographic origin. For A. alpina, al
four sequences grouped to a single clade. It has previ-
ously been speculated that African populations of A. al-
pina have been separated from European populations
since the Tertiary (Plantholt 1995). The Adhl genes of
European Arabis species were distinct from those of
Asian and North American taxa, as indicated by high
bootstrap support (fig. 6). This included Adhl from

Adh and Chs in Arabidopsis and Arabis 1491

Asian A. hirsuta, which differed from the Adhl gene
found in the corresponding European population. This
taxon might bridge the European—North American dis-
junction via Asia and is reported to be distributed in the
United States with numerous morphologically divergent
subspecies (Rollins 1941). No geographic structuring of
genetic variation was found for Arabidopsis lyrata from
the United States and Asia or A. petraea from Europe.
These two taxa are thought to be conspecific (Koch,
Bishop, and Mitchell-Olds 1999), and these Adh se-
guences were nested among one another (fig. 3). The
intercontinental digunction of A. blepharophylla in
North American versus European Arabis was correlated
with the presence of a new Adh3 locus, lacking introns
4-6, in A. blepharophylla. This intronless Adh gene was
not observed in any European Arabis. Adh3 of A. ble-
pharophylla is most closely related to Adh2 from the
same species.

Relative Substitution Rates

The mean numbers of substitutions per base were
0.087 for Adh and 0.111 for Chs. If substitutions are a
function of time only, the numbers of substitutions in
Adh and Chs should be perfectly correlated. In accor-
dance with this expectation, the correlation between sub-
stitution matrices for Adh and Chs was 0.87 (P < 10-4).
However, gene phylogenies for Adh and Chs also sug-
gest possible heterogeneity of substitution rates (figs. 2
and 3). Therefore, we tested the null hypothesis of equal
rates of evolution. To examine rate heterogeneity be-
tween two terminal branches, let

.+ d. — d

jo ij io
where 7;; is the ratio of the lengths of two terminal
branches, dj; is the distance between the ith and the jth
taxa, and d,, is the distance between the ith taxon and
the outgroup (Gaut et al. 1996), in this case A. grandi-
flora. We used the method of Muse and Gaut (1994) to
test the null hypothesis that the two terminal branches
are of equa length, i.e, that f;; = 1. Notice that F; is
undefined if d; + di, = d,, i.e., as the terminal branch
leading to the jth taxon becomes very short; notice also
that 7;; is negative if d; < |d, — d,, i.e, if one of the
terminal branches has a negative length. Since negative
branch lengths are difficult to interpret biologically, we
excluded all comparisons that returned negative values
of 7j; in any of the four f;; matrices computed for syn-
onymous and nonsynonymous substitutions at Adh and
Chs (table 3).

Chalcone Synthase

Although the ratios of branch lengths varied widely
for Chs, none of the comparisons showed significant rate
heterogeneity for synonymous substitutions (table 3). In
contrast, three comparisons for nonsynonymous substi-
tutions were significant: A. glabra EU/S. alba, African
A. alpina/Swedish A. petraea, and S. alba/Swedish A.
petraea. In general, it appeared that Chs had evolved
more rapidly in S, alba than in other crucifers.
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Fic. 5.—Strict consensus tree of 10 most-parsimonious trees from Fitch parsimony analysis based on Chs sequences. Bootstrap support

(above branches) and decay indices (below branches) are indicated.

Alcohol Dehydrogenase

At synonymous sites, the relative rates of evolution
were quite homogeneous (table 3), with A. turrita caus-
ing all three significant deviations from homogeneity. At
synonymous sites in Chs and Adh, only 3 of 156 com-
parisons of relative synonymous rates were significant.
This is <5%; hence, there is no evidence for heteroge-
neity of synonymous rates. In general, A. turrita and A.
glabra seemed to evolve more slowly than the other taxa
(table 3). At Adh nonsynonymous sites, 10 of the 78
comparisons were significant (table 3). In particular, B.
vulgaris had an elevated rate of Adh evolution, while
that of A. procurrens was reduced in all comparisons
(table 3).

Correlating Substitution Patterns at the Chs and Adh
Loci

The ratios of branch lengths provided a starting
point to further probe the evolutionary dynamics at Chs

and Adh by testing for correlations between the f;-ma-
trices. If the number of substitutions is a function of
mutation rate, then synonymous and nonsynonymous ;-
matrices for a given locus should be correlated. Thiswas
the case for Adh (r = 0.29, P = 0.03) but not for Chs
(r = —0.13, P = 0.34), which may indicate that the
substitution process has reached saturation at Chs but
not at Adh. In order to test for genomewide evolutionary
dynamics, the f;;-matrices were compared between loci,
but no significant correlations were found (not shown).

How Old Is the Arabis Clade?

Results of the relative-rate test allowed us to focus
on a subset of taxa with homogeneous rates of evolution.
To estimate divergence times among these taxa, we used
information from Pliocene deposits of Rorippa pollen to
calibrate the rates of synonymous substitution for Adh
and Chs. Rorippa is a close relative of Cardamine and
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FiG. 6.—Strict consensus tree of 16 most-parsimonious trees from Fitch parsimony analysis using Adh sequences from this study. Bootstrap
support (above branches) and decay indices (below branches) are indicated.

Barbarea (Franzke et al. 1998). Mai (1995) cited exten-
sive Rorippa pollen deposits in geological samples from
the Pliocene (2.5-5.0 MYA). It follows that Barbarea
and Cardamine diverged before the Pliocene, about 6
MYA (node Z; figs. 2 and 3). Assuming that Barbarea
and Cardamine diverged 6.0 MYA (hode Z), we esti-
mated synonymous substitution rates and their 95% con-
fidence intervals as 1.0 X 1078 < 1.5 X 108 < 2.0 X
108and 9.9 X 10° < 15 X 108 < 2.1 X 108 mu-
tations per site per year for Chs and Adh, respectively.
Therefore, the last common ancestor of A. thaliana and
North American Arabis is between 9.0 and 11.0 Myr
old (node A; table 4). Furthermore, A. thaliana diverged
from its closest congeners about 5.1-5.4 MYA (node B;
table 4), the North American Arabis diverged about 0.8—
2.2 MYA (node C; table 4), and segregating alleles of
Adh in A. thaliana diverged 1.5 MYA based on data
from the Landsberg and Columbia ecotypes (node D in
fig. 4, table 4).

We also estimated that the age of the last common
ancestor of the crucifers excluding A. grandiflora is be-
tween 23.1 and 25.9 Myr (node Y; table 4). Notice, how-
ever, that node Y connects different taxa in the Adh and
Chs trees.

Discussion
Overview of Arabidopsis Relatives

Our analysis of two nuclear genes verifies previous
work regarding the closest relatives of Arabidopsis and
several more distant clades. Data from ITS Adh, Chs,
NdhF, matK, and Adc confirm that the closest known
relatives of A. thaliana include outcrossing diploid spe-
cies (A. lyrata, A. petraea, and A. halleri) and several
other taxa previously classified in the genus Cardami-
nopsis (Price, Palmer, and Al-Shehbaz 1994; Galloway,
Malmberg, and Price 1998; Koch, Bishop, and Mitchell-
Olds 1999). Slightly more distant is a strongly supported
clade containing the North American n = 7 Arabis (or
Boechera) species. The evolutionary relationships of
these species groups are supported by several indepen-
dent analyses; hence, the basic features of these phylog-
enies are established with a high level of confidence.
The genus Arabis is polyphyletic—some species that are
very distantly related appear within this taxonomic clas-
sification, which has little phylogenetic meaning. Com-
parison of data from several genes cannot determine the
relative branching order of the Arabidopsis, Brassica,
and A. alpina clades, which diverged early in the history
of the Brassicaceae.
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Table 3
Results of Relative-Rate Tests
1 2 3 4 5 6 7 8 9 10 11 12 13

Chs, synonymous substitutions

1. Arabidopsis thaliana .... —

2. Capsellarubella ....... 3281 —

3. Barbarea vulgaris ... ... 1665 0716 —

4. Arabis procurrens .. .... 0.927 0539 0663 —

5. Arabis glabra EUROPE  4.968 0.928 1.382 2022 —

6. Arabispumilla......... 0.749 0398 0488 0.186 0373 —

7. Arabis blepharophylla .. 0.721 0.392 0.505 0.105 0.350 0.802 —

8. Arabis alpina AFRICA 1368 0.817 1005 1938 0.834 2822 3010 —

9. Snapisalba ........... 1380 0.695 0908 1389 0.716 1626 1757 0925 —

10. Arabisturrita.......... 2027 1056 1.394 4394 1094 8780 11.136 1.358 1.476

11. Halimolobus perplexa ... 12121 3577 2371 2.395 3:237 3460 3542 1501 1830 1281 —
12. Arabis lyalli SWEDEN 5429 0.633 0975 1434 0595 1794 1879 0983 108 0739 028 —
13. Aubrieta deltoidea . . . . .. 0.817 0485 0620 0.69 0458 1151 1294 0428 0.659 0.251 0.380 0604 —

Chs, nonsynonymous substitutions

1. A thaliana ............ —

2. Corubdla............. 1162 —

3. B.wlgaris ............ 0.618 0617 —

4. A. procurrens.......... 0.765 0.753 1110 —

5. A glabra EUROPE .... 1024 0.890 1608 1304 — 0.036

6. A pumilla ............ 0931 0905 1362 1865 0927 —

7. A blepharophylla ...... 0.619 0583 0.840 0371 0597 0.313 —

8. A alpina AFRICA ..... 0.373 0398 0.707 0.694 0.384 0573 0942 — 0.038

9. Saba ............... 0422 0436 0677 0634 0436 0522 0795 0874 — 0.017

10. A turrita ........... L. 0513 0487 0668 0.337 0475 0.299 0560 0.824 0987 —

11. H. perplexa ........... 0.755 0457 1465 1223 0746 1016 1558 2248 2076 1894 —

12. A. lyalli SWEDEN ..... 3246 2155 2336 1740 2271 1427 2115 4838 3033 2575 3487 —

13. A deltoidea ........... 0.899 0877 1.409 1325 089% 0942 2063 1729 1885 3388 0949 0685 —
Adh, synonymous substitutions

1. A thaliana ............ —

2. Corubdla............. 1156 —

3. B.wlgaris ............ 1008 0.89%5 —

4. A. procurrens.......... 1561 1362 1571 — 0.013

5 Aglabra ............. 0.613 0514 0662 0452 —

6. A pumilla ............ 1450 1275 1431 0620 1989 —

7. A blepharophylla ...... 1162 1.039 1163 0.147 1665 0.363 —

8. A alpina AFRICA ..... 2462 2045 2446 2630 3197 2803 6.028 — 0.028

9. Brassica oleracea .. .... 1363 1261 1354 0997 1673 1036 1192 0715 —

10. A turrita ... 0.720 0647 0740 0248 1042 0275 0456 0206 0567 — 0.029

11. H. perplexa ........... 0.702 0483 0741 0476 1130 0525 0655 0.332 0599 1033 —

12 Allyalli ... 0.795 0.744 0857 0545 1529 0603 0.748 0345 0691 1250 1290 —

13. A deltoidea ........... 1890 1577 1806 1525 2488 1767 2674 0671 1172 3455 2143 2155 —
Adh, nonsynonymous substitutions

1. A thaliana ............ —

2. Corubdla............. 1173 —

3. B.wulgaris ............ 0.642 0445 —  0.003 0.012 0.010 0.024 0.027

4. A procurrens.......... 1944 1998 3216 —  0.040 0.041 0.016

5 Aglabra ............. 0815 0629 1431 0379 — 0.020

6. A pumilla ............ 1812 1723 2805 0.798 2497 — 0.040

7. A blepharophylla ...... 2274 1742 3181 0822 2661 0.99% —

8. A alpina AFRICA ..... 1480 1347 2458 0758 1769 0.858 0813 —

9. B.oleracea ........... 1029 0856 1990 0491 1159 0559 0450 0.605 —

10. A turrita ........... .. 1415 1237 3054 0623 1816 0731 0655 0827 1390 —

11. H. perplexa ........... 0927 0773 1589 0455 1.066 0502 0.386 0.626 0901 0.663 —

12 Allyalli ... 0.724 0494 1352 0.306 0.806 0.363 0.349 0547 0730 0486 0832 —

13. A. deltoidea ........... 1791 1481 2701 0.760 2036 0891 0820 1120 2170 1396 2008 2070 —

NoTe—The lower triangle of each matrix shows the relative rates of the termina branches leading to the pair of taxa concerned. For example, at Chs,
synonymous sites in C. rubella evolve 3.281 times as fast as they do in A. thaliana. The top triangle of each matrix quotes the probability values for those relative-
rate tests for which P < 0.05. The corresponding rate ratio is shown in bold type in the lower triangle. The rates were computed according to Li (1993), and the
relative-rate test was carried out according to Muse and Gaut (1994).

Age and Substitution Rates from close relatives of Cardamine and Barbarea is com-

Estimation of substitution rates, species divergence Mon in geplogical samples from the Pliocene (2.5-5.0
times, and the ages of segregating polymorphisms ree  MYA; Mai 1995). Therefore, we assume that Carda-
quires a known time point from the fossil record. Pollen mine and Barbarea diverged about 6.0 MYA. This pro-
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Table 4
Divergence Computed from Synonymous Substitution
Rates at the Chs and the Adh Loci

DIVERGENCE TIMES
NoDE Chs Adh
70<110< 174 57 <9.0< 146

B ...... 31<51<83 33<54<90
C...... 02<08<17 10<22<40
D...... Not available 06<15<28
Y ... 175 < 25.9 < 40.2 153 < 231 < 36.8

Note.—Listed is the lower 95% confidence limit, followed by the mean,
followed by the upper 95% confidence limit, expressed in Myr.

vides estimated substitution rates for Chs and Adh, lead-
ing to inferred divergence time for the species in this
study. Using independent fossil dating and a different
gene, Yang et al. (1999) obtained very similar dates for
the Brassica-Arabidopsis divergence (see below). These
similar estimates from independent analyses suggest that
our estimates for substitution rates and divergence times
are reasonable.

Estimates of divergence times are problematic, as
they rely on the assumption of a molecular clock. Even
if this assumption is justified, computation of the vari-
ance in divergence times is not straightforward (San-
derson 1998). We tested the hypothesis of uniform evo-
lutionary rates for each pair of taxa and used only those
pairs in further analyses where the null hypothesis was
not rejected (table 3). In order to assess the confidence
attached to our time estimates, we considered the fol-
lowing three sources of error: (1) uncertainty in the di-
vergence time of the pair of reference taxa, (2) uncer-
tainty in the Kq value of the reference taxa (B. vulgaris
and C. amara in this case), and (3) uncertainty in the
K, value of the target taxa. We used a simulation ap-
proach to model the influence of all three factors si-
multaneously on the distribution of the diversity times.
This enabled us to provide confidence intervals with our
time estimates (table 4).

We estimated a synonymous substitution rate of 1.5
X 108 at Chs. This is dightly higher than the rates of
8 X 109 calculated by Durbin et al. (1995) for |pomoea
and 6 X 10 °to 9 X 10°° estimated by Wolfe, Sharp,
and Li (1989) for maize versus barley. Our synonymous
substitution rate for Adh (1.5 X 10-8) is aso higher than
the values found by Morton, Gaut, and Clegg (1996) for
pams (2.6 X 10-°) and by Gaut et a. (1996) for grasses
(7.0 X 1079). Using information from six nuclear genes,
Wolfe, Sharp, and Li (1989) estimated the average syn-
onymous substitution rate at 5 X 102 to 7 X 10-° sub-
stitutions per site per year among members of the grass
family. Despite the great uncertainty associated with dat-
ing speciation events in the fossil record, the similar
dating obtained by Yang et a. (1999) and that from our
analysis suggest that synonymous substitution rates for
Adh and Chs in the Brassicaceae exceed estimates ob-
tained from studies in monocots.

From the substitution rates obtained in our study,
we attempted to date several important nodes on the
gene trees for Chs and Adh (table 4). We estimate that
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the last common ancestor of A. thaliana and its nearest
relatives occurred approximately 5 MYA, while the
most recent common ancestor of polymorphic A. thali-
ana Adh alleles occurred roughly 1.5 MYA. This con-
trasts with the finding of Innan et a. (1996), who cal-
culated the age of the last common ancestor of the A.
thaliana Adh alleles at 6.3 Myr based on an assumed
substitution rate of 10-°. This is likely to be an under-
estimate, because Innan et al. (1996) included intron se-
guences in their analysis, whereas we calculated a syn-
onymous substitution rate of 1.5 X 10-8 from our Adh
data.

We estimate that the crucifer lineages analyzed in
this study (excluding A. grandiflora) originated about 24
MYA (table 4; node Y in figs. 2 and 3). This result
corresponds to findings obtained from divergence time
estimates of the mitochondrial gene for NADH subunit
4 (nad4) among cruciferous plants by Yang et al. (1999),
who calculated the average distance between the Bras-
sica clade and Arabidopsis to be 14-20 Myr. This value
broadly overlaps with our estimates for a Brassica-Ar-
abidopsis split (node Y in figs. 2 and 3; notice that these
nodes connect different taxa in the two trees). However,
the basal branching pattern is not well supported in ei-
ther tree, and branches with low bootstrap support
should be collapsed. Further rough extrapolation leads
to the estimation that the most recent common ancestor
of A. grandiflora and the rest of the Brassicaceae is ap-
proximately 30—60 Myr old (node X in figs. 2 and 3),
which agrees with the oldest findings of Brassicaceaein
the Oligocene (22-34 MYA; Cronquist 1981).

Allelic Variation and Gene Duplication

Patterns of diversity differed strongly at Chs and
Adh. In diploid taxa, Chs was essentialy a single-copy
gene, with polyploid A. griffithiana providing the one
exception to this rule (fig. 2). In contrast, many taxa
contained more than one Adh sequence, which differed
not only in the level of nucleotide diversity, but also in
intron number. This contrasts with the situation in A.
thaliana, which only has one Adh locus, but agrees with
the observation that many plant species have several
Adh loci (e.g., Trick et a. 1988; Yokoyama and Harry
1993). The sequence diversity observed at Adh might
indicate that (1) polyploidization of taxa such as A. hir-
suta took place after speciation of European Arabis, and
(2) locus duplication leading to Adh2 in European Ar-
abis occurred prior to or during the evolution of this
group, because Adhl and Adh2 are similar among the
taxa studied (fig. 4).

With regard to intron number, Adh2 lacked al in-
tronsin A. procurrens and European A. hirsuta. Thefirst
observation of a plant Adh locus devoid of al introns
was recently made in Leavenworthia, which contains
three Adh loci that differ in number of introns; Adh3 has
no introns and Adh2 has lost intron 4 (Charlesworth,
Liu, and Zhang 1998). Intron-free copies of genes that
usually contain introns have probably arisen through re-
verse transcription involving an mRNA intermediate
(Charlesworth, Liu, and Zhang 1998). Since the closest
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relatives of Leavenworthia, C. amara and B. vulgaris,
only have a single copy of Adh, the extra gene copies
in Leavenworthia probably arose after the origin of this
genus. All five species of Leavenworthia studied by
Charlesworth, Liu, and Zhang (1998) have three Adh
loci, whereas we found three loci solely in A.
blepharophylla.

Charlesworth, Liu, and Zhang (1998) established
by acetate gel electrophoresis that the intron-free copy
of Adh in Leavenworthia codes for functiona protein.
We investigated the expression of Adh through poly-
acrylamide gel electrophoresis and found that only Adhl
has detectable enzyme activity in A. hirsuta and A. pro-
currens. If the intron-free Adh2 were a pseudogene, it
would presumably accumulate deleterious mutations
quickly, including internal stop codons. The fact that
this has not occurred suggests that Adh2 in A. hirsuta
and A. procurrens may be expressed, albeit at levels
below the sensitivity of our electrophoresis setup or in
tissues or environmental conditions that were not as-
sayed here.

Comparison Between Genes

We analyzed rates of evolution at more than one
locus because comparison between rates can give in-
sights into the evolutionary process. For example, the
generation time hypothesis posits that species with short
generations will have higher substitution rates than spe-
cies with longer generations. This effect should influ-
ence multiple loci. Selection, on the other hand, often
acts on individual loci and may cause heterogeneity of
evolutionary rates among loci. Within taxa, we found no
significant correlations between loci for either synony-
mous or nonsynonymous substitutions, indicating that
species-specific evolutionary factors do not influence the
evolution of these two genes.

The inferred phylogenetic position of A. deltoidea
differed according to whether Chs or Adh was used for
the input data (figs. 2 and 3). In principle, incongruen-
cies between gene trees may be due to lineage sorting,
recombination, or convergent evolution. Sorting of an-
cient polymorphism into different lineages is an unlikely
explanation because of the nonrandom distribution of
polymorphisms within the Chs sequences. Recombina
tion and convergent evolution are distinguished by pos-
iting neutrality in the case of recombination and selec-
tion in the case of convergent evolution. In order to
minimize the effect of selection on our analysis, we con-
sidered only the distribution of substitutions in third co-
don positions in the maximum x-sgquared test (Maynard
Smith 1992). We still found significant deviation from
randomness in the distribution of the substitutions,
which was best explained by recombination or gene
conversion.
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