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Genetic similarity among ecotypes of Arabidopsis thaliana estimated
by analysis of restriction fragment length polymorphisms
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Abstract. Genetic similarity was estimated among a
sample of 28 ecotypes of Arabidopsis thaliana. Twenty-
five previously mapped genomic clones were used as
probes in Southern hybridizations to detect restriction
fragment length polymorphisms (RFLPs). A total of 62
polymorphic restriction fragments were classified as to
their presence or absence for each genotype. The gene-
tic similarity between each pair of ecotypes was cal-
culated as the ratio of concordant to total bands
scored. The mean genetic similarity among the 28
ecotypes was 0.69 and ranged from 0.32 to near 1.0. No
relationship was observed between genetic similarity
and geographical origin of the 28 ecotypes. The eco-
type most distantly related to the other 27 was Nieder-
zenz, with a mean genetic similarity of 0.55+13. A
bootstrap procedure was used to generate 200 random
samples of bands of size n (n = 8§, 12, 16,...,55), and the
coefficient of variance (CV) was estimated for each
sample. The plot of the first two principal components
provided a description of the relative genetic similarity
among ecotypes. The results provide information use-
ful to investigators interested in sampling the genetic
variation among Arabidopsis ecotypes.
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Introduction

Arabidopsis has become the model system for plant
molecular biologists because of its small size, short life
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cycle, small genome, and low level of interspersed
repetitive DNA. Although thousands of accessions of
Arabidopsis have been collected, much current re-
search has focused on the utilization of only a very few
ecotypes, e.g., Niederzenz, Columbia, and Landsberg
(Chang et al. 1988). To our knowledge, only one previ-
ous study has capitalized upon the wide genetic vari-
ation available in Arabidopsis (Langridge and Griffing
1959). Genetic variation may exist among ecotypes
that could prove useful in extending the possibilities of
Arabidopsis as a model species in plant molecular
biology research. Knowledge of the relative genetic
similarity among ecotypes is useful because it permits
characterization of germ plasm resources and provides
more efficient sampling of genetic diversity.

Seed of many Arabidopsis ecotypes has been in-
creased under varying environmental conditions in
different laboratories at different times; hence it is
possible that selection, migration (seed mixtures), or
genetic drift (sampling errors) may have resulted in
populations that are sufficiently divergent genetically
to affect the reproducibility of experimental results. In
addition, damage to storage facilities during World
War II (M. Koornneef, personal communication) has
raised questions regarding the purity and origin of
some accessions stored in European repositories.

The genetic similarity between two populations is
directly proportional to the concordance between their
base pair sequences. In lieu of direct sequence data,
indirect measures which reflect underlying base pair
differences are commonly used for determining related-
ness among ecotypes. In cultivated plants, pedigrees
can be used to estimate the coefficient of parentage;
however, this information is not commonly available
in Arabidopsis. Phenotypic information on quantita-
tive, morphological, or biochemical characteristics



also can be used to estimate genetic similarity (Doebley
et al. 1990; Miller and Tanksley 1990; Smith 1984;
Smith et al. 1990). However, environmental effects as
well as genotype by environmental interactions can
result in the failure of the phenotype to accurately
represent the genotype. RFLP (restriction fragment
length polymorphism) maps have been developed for
Arabidopsis (Chang and Meyerowitz 1986; Nam et al.
1989) and provide an opportunity to characterize Ara-
bidopsis germ plasm. RFLP information has been used
to determine the probable progenitor of maize (Doeb-
ley et al. 1990), to demonstrate phylogenetic relation-
ships in the genus Lycopersicon (Miller and Tanksley
1990), and to estimate genetic similarity relative to
known pedigrees among elite maize hybrids (Smith
et al. 1990).

The objective of the research presented here was to
use RFLP molecular markers to estimate genetic simi-
larity among a sample of Arabidopsis ecotypes. The
term “Ecotype” refers to a population that has main-
tained it’s identity through isolation or selection in a
specific environment.

Materials and methods

Plant material

Seeds of 28 Arabidopsis thaliana (L.) ecotypes representing a wide
range of geographical diversity were obtained from several
sources, including: Dr. A. Kranz, Arabidopsis Information Ser-
vice, Frankfurt, Germany; Dr. R. Last, Boyce Thompson Insti-
tute, Ithaca, NY, and Dr. E. Meyerowitz, Cal Tech, Pasedena,
Calif. Seeds of each ecotype were produced through two cycles of
bulk increase in a Conviron growth chamber at 22 °C with a 20-h
photoperiod. The names, geographical origins, and other avail-
able information regarding the ecotypes are provided in Table 1.
The most common laboratory strains of Arabidopsis. Columbia
and Landsberg, were included as standard references. Pheno-
typic differences (size of leaves, length of flower stalk, leaf surface,
etc) were observed among the 28 ecotypes.

Isolation and treatment of plant DN A

DNA was extracted from 30 plants of each of the 28 ecotypes
after 4 weeks of growth in a conviron chamber at 22 °C with a
12-h photoperiod. Lyophilized plant material was extracted with
a CTAB (mixed alkyltri-methyl-ammonium bromide) buffer at
60 °C (Saghai-Maroofet al. 1984). This was followed by a chloro-
form/octanol extraction and then an extraction with 1/10th vol.
of 109% CTAB in 0.7 M NaCl. The supernatant fluid was precipi-
tated with buffer containing SmM Tris (pH 8.0), 10 mM EDTA,
and 19, CTAB, followed by a precipitation in 959 ethanol.
RNase was included in the restriction enzyme digestions. Five
micrograms of DNA were digested with either BgiIl or EcoRI
and hybridized after Southern blotting with lambda clones
containing mapped RFLP markers.

RFLP markers

Twenty-five lambda clones containing Arabidopsis RFLP
markers were received from the laboratory of Dr. E. Meyerowitz
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and subsequently grown from single plaques to high titer stocks
in E. coli ¢600 by the plate lysate method (Sambrook et al. 1989).
The phage stocks were purified from the lysate by DEAE
chromatography (White and Rosenzweig 1989). DNA was puri-
fied following PEG precipitation of the phage and phenol extrac-
tion. The intact phage DNA was labeled with [32P] with T7
polymerase (Stratagene Prime-It Kit) and hybridized to South-
ern blots of EcoRI and Bygill digestions.

Genetic similarity analyses

A total of 62 polymorphic restriction fragments (bands) were
scored. Each band was treated as a unit character, and the
genotype was scored for the presence (1) or absence (0) of a band.
From 1 to 4 polymorphic bands were scored for each of the 25
probes. Genetic similarity between each pair of ecotypes (378)
was calculated using a method similar to that reported by Nei
and Li (1979), i.e.,

GS(XY) = C(XY)/NEY)
where GS(XY) is the measure of genetic similarity between lines

Xand Y, C(XY)is the number of concordant bands between lines
X and Y, and N(XY) is the total number of bands scored.

Table 1. Arabidopsis ecotypes included in RFLP characteriz-
ation of genetic similarity

Name Origin® Source®
An-1 Belgium, E4-5/N51-52 ALS. 1777
Rsch-4 USSR, E34/N56-57 ALS. 1795
Mt-0 Libya, E38/N46 ALS. 2263
En-2 Germany, E8-9/N50 ALS. 2590
Np-0 Germany, E11-12/N52-53 ALS. 2254
Wil-2 USSR, E25/N55 ALS. 1783
Ct-1 Italy, E15/N37-38 ALS. 2225
Eil-0 Germany, E12-13/N51-52 A.LS. 2635
Edi-0 Scotland, E3/N56 ALS. 1791
Lip-0 Poland, E19-20/N50 ALS. 1830
Tsu-0 Japan, E36-37/N34-35 ALS. 958
Bla-12 Spain, E3/N42 ALS. 1818
Sv-0 Denmark ALS. 1518
Nw-4 Germany, E8-9/N50-51 ALS. 1741
No-0 Germany, E13-14/N51 ALS. 1687
As-0 Germany, E10/N51 ALS. 2128
Sf-2 Spain, E3/N41-42 ALS. 2166
Oy-0 Norway ALS, A2226
Ita-0 Ithaca, NY Last

Co-4 Portugal Last

Ms-0 USSR, E38/N356 Last
Landsberg Landsberg, Poland Meyerowitz
Columbia Selection from Landsberg ALS. 1986
La-0 Selection from Landsberg ALS. 2061
Ni Niederzenz Last

Be-0 also known as Bensheim Last

C-24 see Valvekens et al. (1988) Last

Rld Selection from Rsch-4 Last

* Geographical origin and coodinates, if known.

® A.LS., Arabidopsis Information Service, Frankfurt, Germany;
Last, Rob Last, Boyce Thompson Institute, Ithaca, NY;
Meyerowitz, Elliot Meyerowitz, Cal Tech, Pasadena, Calif.
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To estimate the variance of genetic similarity values, 200
random bootstrap samples each of size n (n = 8, 12, 16, 20, 26, 33,
44 and 55) were drawn from the data set (Efron and Tibshirani
1986). The genetic similarity between all pairs of genotypes (378)
was calculated for each bootstrap sample. The variance was
standardized to the coefficient of variance (CV) by dividing the
variance by the bootstrap sample mean.

Results

The genetic similarity values for each pair of ecotypes
(378) are approximately normally distributed about a
mean of 0.69 and ranged from 0.32 to near 1.0 (Fig. 1).
The original data and the matrix of genetic similarity
values are too lengthy to be presented here, but are
available from the authors. The first and second princi-
pal components of the genetic similarity matrix
accounted for 70.3%, and 6.5%; of the variance, respect-
ively (Fig. 2). No distinct clusters of ecotypes were
observed in the plot of the first two principal compo-
nents. Moreover, no correspondence was observed
among the relative positions of the 28 ecotypes on the
principal component plots and their geographical ori-
gin. Of the 378 pairs of ecotypes, the 2 most distantly
related are Ct-1 and No-0, which have a genetic simi-
larity of 0.32. Ni (Niederzenz) is an outlier in the
principal component plot and has a mean genetic
similarity value of 0.55 + 13 with the other 27 ecotypes.
Genetic similarity contrasts with Niederzenz rank
among the most distantly related comparisons, includ-
ing Columbia (0.41), No-0 (0.38), Landsberg (0.36), and
La-0 (0.36). Two selections from Landsberg, La-0 and
Columbia, are grouped in close proximity relative to
the other ecotypes. The genetic similarities between
La-0 and both Landsberg and Columbia are 0.91 and
0.62, respectively. Rld is a selection from Rsch-4; the
genetic similarity between these two ecotypes is 0.96.
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Fig. 1. Distribution of Nei-Li genetic
similarity values among 28 Arabidopsis
ecotypes

o

w
o

N
[$2]

N
o
T

—
(8,
v

S

Coefficient of variation

20 30 40 50
Number of bands in sample

10 60

Fig. 2. Relationship between the mean coefficient of variation
for genetic similarity among 28 Arabidopsis ecotypes and the
number of RFLP bands scored. Each data point represents the
mean of 200 bootstrap samples

The relationship between the coefficient of variance
(CV) for genetic similarity and the number of bands
sampled is illustrated in Fig. 3. Inspection of the plot
indicates that CVs as low as 109 for estimating genetic
similarity among the genotypes in this study could be
achieved by sampling as few as 55 bands. Nevertheless,
because of missing data, genetic similarity between
some ecotypes was estimated with less precision than
for others. Ecotypes Ct-1, Sv-0, Sf-2, Ita-0, and Rid had
only 25, 16, 44, 37, and 28 scored bands, respectively.
Thus, comparisons involving these ecotypes should be
interpreted with caution, as the CVs for genetic similar-
ity involving these ecotypes will range from approxi-
mately 12% to over 209 (Fig. 3).
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Fig. 3. Plot of first and second principal
components of genetic similarity among
28 Arabidopsis ecotypes. The numbers in
parentheses represent the percentage of
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Discussion

RFLPs are due to insertions/deletions or base pair
substitutions at the nucleotide level. Therefore, com-
parison of RFLP patterns can provide an estimation of
genetic relationships between ecotypes. Studies of
maize (Melchinger et al. 1990; Smith et al. 1990), tom-
ato (Miller and Tanksley 1990), and Brassica oleracea
(Nienhuis et al. 1993) have demonstrated that relation-
ships measured by RFLPs are highly correlated with
known genetic relationships or pedigrees.

Little is known regarding the genetic relationships
among Arabidopsis ecotypes or how artificial selection
within heterogenious populations might have resulted
in different ecotypes. Thus, little correlative genetic or
pedigree information is available. Nevertheless, it is
known that Columbia was selected from a phenotypi-
cally variable Landsberg population (G. P. Redei, per-
sonal communication). The genetic similarity between
Landsberg and Columbia is 0.62. Thus, the genetic
similarity between a selection from a population and
the population per se is comparable to the mean gene-
tic similarity value among the 28 ecotypes in this
sample. Moreover, a genetic similarity of 0.62 repre-
sents differences at 23 of the 62 bands scored; therefore,
the development of Columbia through selection within
Landsberg apparently resulted in changes at numerous
loci. Two other ecotypes for which some pedigree
information is available are Rsch-4 and Rld, (the latter
is a selection from Rsch-4); the genetic similarity be-
tween these two ecotypes is 0.96. Niederzenz is the
most distantly related relative to the other ecotypes
included in this study; therefore, populations resulting
from crosses with Niederzenz would be expected to
have high levels of RFLP polymorphism. This agrees

1.0 variation accounted for by each princi-

pal component

with the high levels of polymorphism observed in the
Columbia x Niederzenz population used by Chang
et al. (1988) to map RFLP probes.
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