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Abstract

Arabidopsis thaliana has emerged as a model organism for plant developmental genetics, but it is also now
being widely used for population genetic studies. Outcrossing relatives of A. thaliana are likely to provide
suitable additional or alternative species for studies of evolutionary and population genetics. We have
examined patterns of adaptive flowering time variation in the outcrossing, perennial A. lyrata. In addition,
we examine the distribution of variation at marker genes in populations form North America and Europe.
The probability of flowering in this species differs between southern and northern populations. Northern
populations are much less likely to flower in short than in long days. A significant daylength by region
interaction shows that the northern and southern populations respond differently to the daylength. The
timing of flowering also differs between populations, and is made shorter by long days, and in some
populations, by vernalization. North American and European populations show consistent genetic dif-
ferentiation over microsatellite and isozyme loci and alcohol dehydrogenase sequences. Thus, the patterns
of variation are quite different from those in A. thaliana, where flowering time differences show little
relationship to latitude of origin and the genealogical trees of accessions vary depending on the genomic
region studied. The genetic architecture of adaptation can be compared in these species with different life
histories.

Introduction

Arabidopsis thaliana is the best known plant spe-
cies in terms of its genome and molecular biology
(Arabidopsis Genome Initiative, 2000). Its small
genome and readily available mutants have made
it a favorite organism for developmental and
molecular genetic studies. Recently, the interest in
the population genetics of A. thaliana has in-
creased (Hanfstingl et al., 1994; Innan et al., 1996;

Mitchell-Olds, 2001). At the same time, related
species have begun to be seen also as potential
model organisms. These relatives offer possibilities
to study species with different life histories and the
molecular genetic tools of A. thaliana can be often
readily applied in the relatives (e.g., Kuittinen
et al., 2002a). A. lyrata is a self-incompatible
outcrossing species (Schierup, 1998; Kärkkäinen
et al., 1999), to which the extensive population
genetics theory of random mating populations can
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be applied. In outcrossing species, the different
genes evolve more independently than in selfing
species, where extensive linkage disequilibrium
(LD) of genomes is maintained (Nordborg et al.,
2002). The more independent variation of genes
may make it easier to examine the evolution and
its causes of individual genes. Further, A. thaliana
is a weedy species, and outcrossing relatives may
offer a possibility of studying populations where
the effects of recent population expansions are not
as much confounding in analyses of sequence
variation. Third, for studies of local adaption, it
may well be profitable to also use species that are
not global generalist weeds.

In this paper, we examine the patterns of vari-
ation in one potentially adaptive trait, flowering
time. Based on the life history differences between
A. thaliana and A. lyrata, we can ask several
questions. First, do the more stable, less weedy
populations of A. lyrata show signs of local
adaptation e.g. in flowering time, related to the
environmental conditions. Do the populations of
the outcrossing species have much variation within
the populations, in comparison to the selfing
A. thaliana. (e.g. Charlesworth & Charlesworth,
1995). Third, is the current distribution reflected in
the genetic structure of A. lyrata populations? Do
we find consistent patterns of genetic relationships
between populations, using data from different
parts of the genome. We address these questions
with new data on the variation of flowering time,
and with some new data and new analysis of ear-
lier genetic markers and sequences. We discuss the
implications of the differences between the species
for the study of genetics of adaptation.

Materials and methods

Natural history of Arabidopsis lyrata

Arabidopsis lyrata is among the closest relatives to
A. thaliana based on restriction fragment length
polymorphism (RFLP) studies of cpDNA, and
sequences of rbcL {Price, Palmer & Al-Shehbaz,
1994). Until recently, the two subspecies of
A. lyrata (ssp. lyrata and ssp. petraea) were called
Arabis lyrata and Cardaminopsis petreaea, but
O’Kane and Al-Shebaz (1997) placed the species
(and several others) in the genus Arabidopsis. This
view of the systematics has been confirmed in
many later studies of the Brassicaceae, using both
cpDNA and nuclear sequences (Koch, Bishop &
Mitchell-Olds, 1999; Koch, Haubold & Mitchell-
Olds, 2000, 2001). The proportion of synonymous
substitutions between the two species ranges be-
tween 10 and 15%, and for aminoacid changing
nonsynonymous substitutions the divergence level
is about 1–2%. Koch, Haubold and Mitchell-Olds
(2000) have estimated a divergence time of about
5 MY for these two species based on Adh and Chs
sequences.

The diploid genome size of A. lyrata (Swedish
Mjällom and US Michigan populations) measured
with flow cytometry is 0.46–0.51 pg, compared
with the estimates for A. thaliana of 0.23–0.29 pg
in the same set of measurements (Earle, pers.
comm.). A. lyrata and other close relatives have
eight chromosomes, against the five of A. thaliana
(Jones, 1963). The two species can be crossed
(Mesicek, 1967; Redei, 1974). Nasrallah et al.
(2000) produced viable vigorous offspring from the

Table 1. Comparison of A. lyrata and A. thaliana features

Trait A. lyrata A. thaliana Reference

Outcrossing rate 1.0 0.02 Abbot and Gomes (1989)

Kärkkäinen et al. (1999)

and Schierup (1998)

Life cycle Perennial Annual

Diploid genome size 0.46–0.51 pg 0.23–0.29 Arabidopsis Genome Initiative

(2000), Earle (unpublished)

Chromosome # 8 5 Jones (1963)

Distribution Palearctic, nearctic Worldwide
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hybrid seeds after embryo rescue. In the backcross
offspring of the hybrids, there was no evidence of
crossing over between homeologous segments of
the genomes of the two species (Nasrallah et al.,
2000).

There are important life history differences.
A. thaliana is annual, A. lyrata perennial (See
Table 1). There is a well developed self-incom-
patibility system in A. lyrata (Kusaba et al., 2001),

which gives rise to a fully outcrossing mating
system (Schierup, 1998; Kärkkäinen et al., 1999).
This difference is reflected also in the relatively
large, pollinator-attracting petals of A. lyrata (see
figures in Nasrallah et al., 2000). The species
A. lyrata has a fragmented distribution in Europe,
Japan and North America, with largely unknown
distribution in Russia (Figure 1), references in
Savolainen et al. (2000), whereas A. thaliana is a

Figure 1. Distribution of (a) A. thaliana and (b) A. lyrata.
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widespread weed. It has its origins in Asia and has
spread to Europe (Price, Palmer & Al-Shehbaz,
1994), and has been introduced to other parts of
the world, such as to the USA.

Measuring flowering time variation

We have examined the flowering variation in the
perennial Arabidopsis lyrata. Six populations were
chosen for the study (Plech, Germany 49�39¢N.
Bohemia, The Czech Republic 50�03¢N, Spiterst-
ulen, Norway 61�38¢N, alt. 1100 m, Litldalen,
Norway 62�32¢N, Karhumäki, Russia 62�55¢N,
and Mjällom, Sweden 62�55¢N). The seed samples
were germinated and grown in long (LD, 20 h)
and short (SD, 14 h) daylengths (+20�C). After
6 weeks of growth half of the plants from both
daylengths were vernalized in +4�C, for 4 weeks.
The nonvernalized plants were kept in +15�C to
reduce growth. Both sets of plants received 8 h of
light. After vernalization the plants were moved
back to LD and SD at +20�C. In each of the four
treatments, each population was represented by 12
plants.

We also grew a small set of crosses (12 females
crossed each with four males) from the population
of Karhumäki, Russia. The plants were not ver-
nalized. They were grown under natural light con-
ditions in the spring time in a greenhouse. The date
when the first plant flowered was designated 1.

Statistical analyses

The flowering time data in the different environ-
ments were analyzed using the linear mixed effects
model of R, after logarithmic transformation
(Pinheiro & Bates, 2000; Team R Development
Core Group, 2002). For the purposes of the
analysis, the data from the four northern popula-
tions were combined to form a northern region,
and the two southern populations were likewise
combined to form a southern region. Region,
daylength and vernalization were treated as fixed
factors. The plants were randomized within day-
lengths on six trays. The tray was regarded as a
random factor. The within population family data
were also analyzed with ANOVA in R. Mothers
and fathers were both treated as fixed effects.

The proportions of flowering could not be
transformed to have normal distributions. Hence,
we used a Bayesian generalized linear mixed model

(GLMM) analysis for this kind of data. The
analysis is implemented in the program WIN-
BUGS. Rather than testing significance, the
method results in an estimate of the probability
that the factor in question has an effect (Clayton,
1996; Spiegelhalter, Thomas & Best, 2000).

Genetic markers and sequencing of A. lyrata

The methods for sequencing the alcoholdehydro-
genase gene (Adh) of A. lyrata have been described
by Savolainen et al. (2000). We obtained addi-
tional sequences from plants from Mayodan,
North Carolina (seeds kindly provided by C.H.
Langley) and from Mjällom, Sweden (see Van
Treuren et al., 1997 for description of the loca-
tions). The earlier data of nine polymorphic en-
zyme and five microsatellite loci of Van Treuren
et al. (Saitou & Nei, 1987) were also used for
making genealogical trees of the populations.
Neighbor-joining trees (Saitou & Nei, 1987) were
constructed with the MEGA program version 1.3
(Kumar et al., 2001).

Results

Probability of flowering

We characterize the flowering of the populations
in two ways, first the probability of flowering, and
second, the time to flower formation. The mea-
surements were made in four different environ-
mental conditions, long and short days with and
without vernalization. The Bayesian analysis of
the probabilities showed that the northern and
southern (regions) populations differed (Figure 2,
Table 2). In short days, the southern populations
of Plech and Bohemia were more likely to flower
than any of the four northern populations. The
northern populations were more likely to flower in
long days than in short days. These different
reactions to the conditions showed up as a signif-
icant interaction between region and daylength.
Vernalization effects varied across daylengths and
regions. It increased the probability of flowering in
the northern populations in both short and long
days, but did not have a consistent effect in the
southern populations. This resulted in a significant
interaction between vernalization and daylength.
It should be noted that the results are based on
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rather small samples, and need to be confirmed in
later studies.

Timing of flowering

The shortest flowering times were for southern
populations in long days, less than a hundred days,
while northern populations in short days could
take more than 150 days to flower (Figure 3). In
all environmental conditions, the two southern
populations (Plech, Bohemia) flowered earlier than
the northern populations (for region, p < 0.001).
All populations also flowered more rapidly in the
long days than in the short days. This effect was
similar in all populations, with no interaction for
region and daylength. Vernalization had an overall
effect of speeding up flowering (Table 3), but this

effect was strongest in the northern populations of
Spiterstulen and Litldalen, resulting in a region by
vernalization interaction.

Variation in flowering time within the population

The average flowering time of individual families of
Karhumäki, in long days, with no vernalization
had a range of 25 days (the date when the first plant
flowered was designated 1). In this pilot study,
there were significant differences in flowering
time both between the maternal (F11,316 ¼ 7.29,
p < 0.001) and paternal (F3, 324 ¼ 3.45, p < 0.02)
families. Figure 4 shows large maternal family
influences, probably partly due to maternal effects,
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Figure 3. Flowering time of six populations of A. lyrata in

different environmental conditions. Long days (LD 20:4), short

days (LD 14:10), vernalization – rosette cold treatment during

4 weeks. Days to flowering (means and standard errors of the

mean). (Too few plants flowered in Karhumäki, short days,

vernalization – no result presented).

Table 3. Analysis of variance of flowering time of A. lyrata of

the grouped northern and southern populations in four

different environments

Effect df F p

Region 1 25.78 0.001

Daylength 1 18.49 0.002

Vernalization 1 10.84 0.013

Reg · Dayl 1 0.98 0.320

Reg · Vern 1 3.66 0.050

Dayl · Vern 1 0.058 0.810

Reg · Dayl · Vern 1 0.002 0.966
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Figure 2. Proportion of plants from six different populations

(N – northern, S – southern) flowering in the different day

length – vernalization treatments. Long days (LD 20:4), short

days (LD 14:10), vernalization – rosette cold treatment during

4 weeks.

Table 2. Bayesian generalized linear mixed model analysis of

flowering probability of A. lyrata using WinBUGS 3.1

Node Probability

Region 0.97

Daylength 0.75

Vernalization 0.89

Reg · Dayl 0.98

Reg · Vern 0.67

Dayl · Vern 0.99

Reg · Dayl · Vern 0.79

Names of factors and the probability that the factor has an

effect on probability of flowering.
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but the paternal family differences are evidence for
genetic variation within the population.

Phylogeographic relationships between populations

Isozyme and microsatellite allele frequencies were
available from four different populations (Van
Treuren et al., 1997). In addition, we used the

alcoholdehydrogenase (Adh) sequences of (Savo-
lainen et al., 2000), and some additional sequences
obtained for the current purpose from Sweden and
North Carolina. From these data, we constructed
neighbor-joining trees shown in Figure 5. All data
sets give a similar picture of the grouping of the
North American and European populations.
There is very high bootstrap support for this with
the Adh sequences. The two north American
populations Michigan and Indiana are rather close
to each other based on microsatellites and allo-
zymes, and the Adh sequences show that North
Carolina also is not much diverged from Indiana.

Discussion

We have above described patterns of mainly be-
tween population variation in the outcrossing
Arabidopsis lyrata. In comparing the patterns to
Arabidopsis thaliana, we can test for effects of
the outcrossing mating system, but these are
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Table 4. ANOVA for flowering time variation within A. lyrata

population of Karhumäki

Factor df Mean

square

F p

Mothers 11 229.3 7.29 0.001

Residuals 316 31.4

Fathers 3 128.6 3.45 0.017

Residuals 324 37.2
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counfounded with the effects of demographic dif-
ferences between the species.

Patterns of flowering time variation between
populations

The set of six populations of Arabidopsis lyrata
showed consistent differences between populations
for both the probability to flower in different
conditions and the time to flowering. Southern
populations were more likely to flower and flow-
ered more rapidly than the northern ones. Lati-
tudinal clines in timing of reproduction or growth
are common in many plant species (Mikola, 1982;
Thomas & Vince-Prue, 1999). These patterns are
interpreted as adaptations due to natural selection
by climatic factors. The flowering time of Arabid-
opsis thaliana accessions has also been extensively
studied. In these studies, it is rare that the plants
would not flower at all, rather the lack of flowering
of A. lyrata may correspond to very late flowering
in A. thaliana. Based on the data of Karlson, Sills
and Nienhuis (1993) we have plotted the flowering
time (recorded as leaf number at flowering) of
accessions against the latitude of origin (Figure 6),
which shows that there is no clinal variation. The
data of Nordborg and Bergelson (1999) showed a
similar lack of clinal variation. Johanson et al.
(2000) also did not find a strong relationship of
flowering time with latitude. Stenøien et al. (2002)
also failed to find clinal variation in populations
collected in a south–north transect along the

Norwegian coast, even if the same populations did
show a cline in hypocotyl responses to red and far-
red light. Thus, the early and later flowering of
A. thaliana seems to be a reflection of whether the
plants are winter annuals requiring vernalization
or summer annuals without such a requirement.
The quantitative variation among the genotypes
requiring vernalization does not seem to be
directly related to the length of the growing season
(latitude of origin).

Environmental factors influencing flowering

We also gained some understanding on the factors
controlling the probability to flower by growing
the plants in several environments. The region by
daylength interaction suggests that the southern
and northern populations respond differentially to
daylength, with northern populations more likely
to flower in long days. In this experiment, ver-
nalization had a stronger effect on the time to
flowering rather than the probability to flower. In
A. thaliana, the different accessions or ecotypes
differ considerably with respect to vernalization
response. It is well known that there are winter
annual ecotypes requiring vernalization (e.g.
Stockholm), late flowering summer annuals that
flower faster after a cold treatment (such as Gr)
and early flowering summer annuals which are not
influenced by cold treatment (such as Li-5 )
(Zenker, 1955; Napp-Zinn, 1957). Napp-Zin
(1957) already identified the locus FRI. This gene
has been recently cloned and its role in determin-
ing flowering time differences in the wild between
winter and summer annual ecotypes has been
examined in detail (Johanson et al., 2000).

However, as mentioned, the distribution of
these ecotypes is not related to latitudinal climatic
variation. All populations do eventually flower
even in the absence of vernalization. Interestingly,
a third close relative, A. hirsuta, seems not to
flower at all without a vernalization treatment
(Zenker, 1955). Thus, in the related species the
relative importance of the different pathways may
vary.

The A. thaliana ecotypes also have variable
responses to photoperiod (Karlsson, Sills &
Nienhuis 1993), and in their G · E interactions
(Pigliucci, Pollard & Cruzan, 2003). The photo-
periodic pathway of Arabidopsis thaliana and its
relationship to flowering time control has been
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well described (e.g. Koornneef, Hanhart & van der
Veen, 1991; Suarez-López et al., 2001). Develop-
mental studies of the gene CONSTANS have
shown that it has an important role (Putterill
et al., 1995; Yanovsky & McKay, 2002). Further,
El-Assal et al. (2001) recently demonstrated that
the CRY2 cryptochrome locus is largely responsi-
ble for a flowering time difference between two
early flowering accessions. QTL studies have
identified other loci in crosses between summer
annuals (Jansen et al., 1995). In addition, phyto-
chrome A has been shown to influence flowering
time differences between natural populations of
A. thaliana (Maloof et al., 2001). The initial results
on A. lyrata, in combination with the well
known pathways of A. thaliana, suggest further
studies on the genetic mechanisms governing these
differences.

Variation within populations

We also demonstrated that there are quantitative
genetic differences between families in the Russian
Karhumäki population, when plants were grown
under long days without vernalization. These
findings are consistent with the existence of con-
siderable within population genetic variation, as
has been found earlier for marker genes (Van
Treuren et al., 1997; Schierup, 1998; Clauss,
Cobban & Mitchell-Olds, 2002) and for sequence
variation at the Adh gene (Savolainen et al., 2000).
Arabidopsis thaliana populations have been
examined only rarely for quantitative genetic var-
iation. Early British studies found evidence of
segregating major gene variation (Westerman &
Lawrence, 1970; Jones, 1971b, a), presumably due
to the FRl gene (Johanson et al., 2000). Kuittinen,
Mattila and Savolainen (1997) found that many
marginal populations had no variation for flow-
ering time. Likewise, the within population varia-
tion in microsatellites or isozymes has been found
to be low (Abbott & Gomes, 1989; Todokoro,
Terauchi & Kawano, 1996), as well as in restric-
tion fragment length polymorphism (RFLP)
studies (Bergelson et al., 1998) and studies of se-
quence variation (Stahl et al., 1999; Kuittinen,
Salguero & Aguadé, 2002b).

The reduced level of genetic variation in flow-
ering time and other traits found in at least some
populations could be due to the effects of
the mating system and a reduction of effective

population size, due to background selection or
hitchhiking (Kaplan, Hudson & Langley, 1989;
Charlesworth, Morgan & Charlesworth, 1993;
Charlesworth & Charlesworth, 1995). In addition
to this, the weedy life history of Arabidopsis tha-
liana may also give rise to extinctions and recol-
onizations. The metapopulation structure is
expected to lead to much reduced variation within
populations, beyond the mere effects of selfing
(Ingvarsson, 2002). A. lyrata in turn is a perennial,
and is less likely to suffer frequent population
extinctions.

Population history in the light of distribution
of marker and sequence genetic variation

The small set of populations that was studied in
A. lyrata demonstrated that isozymes (nine loci),
microsatellites (five loci) and sequence variation at
the alcoholdehydrogenase (Adh) locus (1700 nt) all
result in a clear separation of the North American
and European populations. The Adh trees also
show that the variation between populations is
high relative to within population variation, as was
found earlier for isozymes and microsatellites (Van
Treuren et al., 1997). These sets of populations
have evidently been isolated for considerable time.
When we use all our available Adh data (34
sequences from North America, 15 from Europe),
we obtain a net divergence dA of 0.0033 (Nei &
Kumar, 2000). If we use the rate of synonymous
substitution at the Adh locus suggested by Koch,
Haubold and Mitchell-Olds (2000) of 1.5 · 10)8/
bp/year, we obtain a rough estimate of separation
of at least 100,000 years for the North American
and European populations. The European popu-
lations are more similar to each other, as are the
two North American ones.

This pattern is in strong contrast to the situa-
tion found in A. thaliana. Most studies of molec-
ular genetic variation in A. thaliana have been
based on examining a set of accessions collected
from around the world (Hanfstingl et al., 1994;
Innan, Terauchi & Miyashita, 1997; Miyashita,
Kawabe & Innan, 1999; Sharbel, Haubold &
Mitchell-Olds, 2000). Several loci have shown a
pattern of strong dimorphism, with two divergent
haplotypes (e.g. Aguadé, 2001), whereas others
show no such pattern. Evidence of recombination
has been found in all the genes examined to
date (Innan et al., 1996). Gene genealogies of
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accessions from different geographical areas based
on variation at the different loci do not show
geographic consistency. Figure 7 shows examples
of the genealogies for the dimorphic FAH1 and the
nondimorphic CHI based on data of Kuittinen
and Aguadé (2000) and Aguadé (2001). Several
studies (e.g. Sharbel, Haubold & Mitchell-Olds,
2000) suggest that the population has expanded
recently. Thus, there seems to be no one genea-
logical tree of the accessions or populations, an
important feature of A. thaliana.

Implications for studying the molecular basis
of adaptation

Most studies on the genetic basis of quantitative
variation in plants have been on cultivated species,
such as Brassicas (Lagergrantz et al., 1996;
Lagercrantz, 1998), where domestication may have
influenced patterns of variation. A. lyrata and
other relatives of A. thaliana offer many opportu-
nities to the study of adaptation in natural popu-
lation, with variable mating systems and life
histories.

Themating system is one of the key determinants
of plant population genetics (Hamrick & Godt,
1996), and potentially modes of adaptation. Popu-
lation genetics theory has several specific predic-
tions about the expected levels of neutral variation
within and between populations (Charlesworth,
Morgan & Charlesworth, 1993). A comparison of
the closely related species A. thaliana and A.lyrata
allows investigation of the effects of the mating
system of patterns of sequence evolution (Savolai-
nen et al., 2000; Wright, Lauga & Charlesworth,
2002). The mating system effects, however, are also
confounded with other life history traits, for
instance as perenniality and other demographic

aspects, such as the level of migration or the
occurrence of extinction/colonization cycles
(Pannell & Charlesworth, 1999). Variable selfing
and a possible metapopulation structure add com-
plexity to the models (Nordborg & Donnelly, 1997;
Pannell & Charlesworth, 2000; Wakeley & Aliacar,
2001). Interpreting the effects of natural selection
against a background of other evolutionary forces,
such as effects of history, genetic drift, selection at
other linked loci may be easier in random mating
species as the population genetical theory for ran-
dom mating populations with reasonable constant
size is well developed (e.g. Hudson, 1990).

The mating system also influences patterns of
linkage disequilibrium, i.e. statistical association
between alleles at different loci or nucleotide sites.
LD has become an important tool in genetic
mapping of human diseases (Nordborg & Tavaré,
2002; Weiss & Clark, 2002) or loci responsible for
quantitative genetic variation in plants (Thorns-
berry et al., 2001). This technique relies on exam-
ining the association of densely situated single
nucleotide polymorhisms (SNPs) and phenotypic
traits. SNPs close or at the disease/phenotype
causing nucleotide site will be in disequilibrium,
while those further away will show less associa-
tion. Selfing species such as A. thaliana are ex-
pected to have high LD because of little effective
recombination in mostly homozygous individuals
(Allard, Jain & Workman, 1968). Recently,
Nordborg et al. (2002) found that extent in a
global sample A. thaliana, LD decayed over
250 kb, indicating that recombination has oc-
curred over the long time span represented by this
sample. In a local sample, LD extended over whole
chromosomes, as there had been little breakdown
in disequilibrium over the short time span repre-
sented by these collections. Association mapping
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cannot be used within local populations, as the
linkage disequilibrium will be uniformly high
across large parts of chromosomes. Worldwide
samples will have the necessary structure of
declining disequilibrium, but in such a sample the
quantitative traits may be genetically heteroge-
neous (Nordborg et al., 2002). Disequilibrium
within populations of A. lyrata will decline much
more rapidly than in A. thaliana. Then associa-
tions of nucleotide variation with the phenotypic
variation could be studied at a smaller scale, uti-
lizing also the within population phenotypic vari-
ation that has been demonstrated above.
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