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Arabidopsis thaliana and Plant 
Molecular Genetics 

Elliot M. Meyerowitz and Robert E. Pruitt 

It is worth understanding the molecu- 
lar genetics of plants not only because 
such understanding has practical value in 
the improvement of crops but also be- 
cause studies of plants offer an opportu- 
nity to gain insight into various basic life 
processes unique to plants. Plants do not 
use the same hormones as animals; nor 
do they use hormones in the same way 
that animals use them. Most or all of the 
cells in a plant may both produce and 
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respond to plant hormones at some time. 
Plants respond to stress differently than 
animals. Plants also respond to light in 
diverse and subtle ways, with photosyn- 
thesis being only one of the responses of 
plants to light that are not found in 
animals. Even the basic developmental 
processes of plants have features that 
distinguish them from those of animals. 
Among these features are the absence of 
cell migration in plant development and 
the fact that each flowering plant has 
certain parts (the meristems) that remain 
embryonic and can produce adult or- 
gans, including germ cells, throughout 
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the life of the plant. Further, individual 
differentiated cells taken from the vege- 
tative parts of plants can dedifferentiate 
and regenerate to form entire, fertile 
plants. 

Although it is sensible and necessary 
to study crop plants for purposes of crop 
improvement, the crop plants now used 
for basic classical and molecular genetic 
studies have disadvantages for some of 
the types of experimentation used in this 
work. Classical genetics depends on re- 
searchers being able to raise many suc- 
cessive generations of organisms in large 
numbers. Typical crop plants have gen- 
eration times of several months, and 
they require a great deal of field space 
for growth in large numbers. The genet- 
ics of some of these plants is also made 
more difficult by polyploidy or allopoly- 
ploidy. The ease with which recombi- 
nant DNA work can be done with any 
organism depends in part on the size 
of the organism's nuclear genome; the 
smaller the genome, the less work is 
required to screen recombinant DNA 
libraries and thus to isolate any par- 
ticular gene. The genomes of the plants 
presently used for recombinant DNA 
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work are large, being similar in size to 
those found in mammals (Table 1). In 
addition, the plants generally used for 
recombinant DNA work contain large 
amounts of dispersed repetitive DNA 
(I), which makes it very difficult or im- 
possible to perform such procedures as 
genomic blot analysis with genomic 
clones and chromosome walking. Arabi- 
dopsis thaliana provides a system with- 
out these specific disadvantages, and it 
offers the possibility of doing some types 
of molecular genetic experiments more 
rapidly, more easily, and at less expense 
than other plants currently permit. 

Classical and Biochemical Genetics 

Arabidopsis is a flowering plant that 
has been used in classical genetic work 
for over 40 years (2) and that has an 
extensive genetic and ecological litera- 
ture. The plant is a member of the mus- 
tard family, along with some more famil- 
iar plants, such as cabbages and radish- 
es. It is a harmless weed of no food or 
other economic value. Nonetheless, the 
literature on the plant indicates that for 
several reasons, Arabidopsis may be of 
considerable value in molecular genetic 
research. The plant is well suited to 
classical genetic work: it has a genera- 
tion time of only 5 weeks; it can produce 
more than 10,000 seeds per plant; and it 
is of such small size that dozens can be 
grown in a small pot, and tens of thou- 
sands can be grown in a small room (3). 
It requires only moist soil and fluores- 
cent light for rapid growth. The small 
flowers contain both anthers and pistils, 
and the plant typically self-fertilizes. 
Self-fertilization allows new mutations to 
be made homozygous with minimal ef- 
fort. When desired, cross-fertilization 
can be simply and rapidly effected, 
thereby making possible the crosses nec- 
essary for genetic mapping and for the 
production of multiple mutant stocks. 
Mutagenesis can be performed by soak- 
ing seeds in chemical mutagens such as 
ethyl methanesulfonate or by irradiating 
of seeds soaked in water. The mutagen- 
ized seeds are planted, grown to maturi- 
ty, and allowed to self-fertilize, thereby 
producing seeds that are homozygous for 
new mutations. 

Various mutations have been identi- 
fied, including visible mutations useful 
as markers in genetic mapping, with phe- 
notypes affecting every part of the plant. 
These include mutations affecting the 
wax coat of the epidermal cells (eceri- 
ferum mutants) (4) and the trichomes 
normally found on leaves and stems (dis- 
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torted trichomes and globra mutants) 
(3, as well as those mutations causing 
more easily visible effects, such as 
changes in flower morphology (agamous 
apetala and pistillata mutants) (6) and 
growth habit (erecta and cornpacta mu- 
tants) (6, 7). Other mutations affect the 
embryonic development of Arabidopsis 
and lead to embryonic lethality; the stage 
at which developmental arrest occurs 
depends on the specific gene mutated 
(8). Many leaf-color mutants exist, in- 

a1 glycine decarboxylase, mitochondria1 
serine transhydroxymethylase, and ser- 
ine-glyoxylate aminotransferase (13). 
Mutations that affect the activity of ni- 
trate reductase and of alcohol dehydro- 
genase have also been characterized 
(14). 

In addition, mutations have been ob- 
tained that appear to disrupt the normal 
action of several of the plant growth 
regulators. Koornneef and his collabora- 
tors have recovered mutations that cause 

Summary. Arabidopsis thaliana is a small flowering plant with various properties 
that make it an excellent organism for experiments in molecular genetics. These 
properties include having a small nuclear genome, a near absence of dispersed 
repetitive DNA, and a generation time of 4 to 5 weeks. In addition, mutations that 
affect hormone synthesis and response, many different enzyme activities, and 
numerous developmental processes have been identified and characterized. 

cluding two that give variegated plants. 
Plants homozygous for the immutans 
mutation have leaves that are variegated 
white and green; the degree of this varie- 
gation depends both on the particular 
allele of the immutans mutation and on 
the intensity of the light falling on the 
plant at the time a given leaf develops. 
This recessive mutation is inherited from 
both white and green sectors (9). Plants 
homozygous for the chloroplast mutator 
mutation also have leaves that bear 
white and green sectors. In this case the 
white sectors are attributable to the fail- 
ure of the chloroplasts to develop nor- 
mally. Although plants heterozygous for 
the chloroplast mutator mutation do not 
produce aberrant chloroplasts, chloro- 
plasts that heterozygous plants maternal- 
ly inherit from homozygous chloroplast 
mutator plants continue to be of abnor- 
mal structure. In fact, from these out- 
crossed chloroplast mutator strains it is 
possible to isolate stable homoplastidic 
lines of Arabidopsis in which all the 
chloroplasts have the same abnormal ap- 
pearance. It has been proposed that the 
nuclear chloroplast mutator mutation 
acts by causing errors during chloroplast 
DNA replication (10). 

Biochemical mutants of various types 
have also been isolated. Mutations in 
several genes give rise to plants that for 
growth require thiamine or the thiamine 
precursors 2,5-dimethyl-4-aminopyrimi- 
dine or 4-methyl-5-hydroxyethylthiazole 
(11, 12). Somerville and Ogren have 
characterized biochemical mutations 
that affect photorespiration and photo- 
synthesis. These include nuclear muta- 
tions that result in the absence of activity 
of chloroplast glutamate synthase, phos- 
phoglycolate phosphatase, mitochondri- 

absence of gibberellins or of abscisic 
acid, as well as mutations that confer 
resistance to high levels of exogenous 
abscisic acid. The mutations that affect 
gibberellins fall into five complementa- 
tion groups. Three of these contain al- 
leles that, when homozygous, prevent 
germination unless the seeds are treated 
with exogenous gibberellins (15). A mu- 
tant strain lacking abscisic acid has been 
used by Karssen et al. to examine the 
relative effects of maternal and embryo- 
derived abscisic acid on seed dormancy 
(16). Mutations that result in resistance 
to high levels of a synthetic auxin have 
also been recovered, and some alleles of 
these mutations produce plants with 
agravitropic roots (17). One of these mu- 
tations is dominant and produces a plant 
with a dwarf rosette and inflorescence 
when heterozygous, but is lethal when 
homozygous. 

More than 75 of the known mutations 
have been assembled into a genetic link- 
age map by Koornneef et al. (6). This 
genetic map consists of five linkage 
groups, in concordance with the haploid 
chromosome number of five. The loca- 
tion of the centromeres on the genetic 
map has been determined by the use of 
strains that are trisomic for one arm of a 
chromosome (6, 18). Arabidopsis stocks 
containing many of the mutations on the 
genetic map in combinations suitable for 
mapping specific chromosome regions, 
together with many strains collected 
from the wild, are available from a cen- 
tral international seed collection (19). 

In addition to growing them in soil, it 
is possible to grow whole Arabidopsis 
plants on sterile, biochemically defined 
media; both solid and liquid media have 
been used (11, 20). Arabidopsis cells 
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Table 1. Haploid genome size in various flowering plants and the number of lambda clones that 
must be screened to have a 99 percent chance of isolating a single-copy sequence from these 
genomes. The genome sizes are calculated from kinetic complexity measurements (38). The 
library sizes are calculated assuming a random nuclear DNA library with an average clone 
insert length of 20 kb; 4.6 genome equivalents must be screened for a 99 percent probability of 
isolating any individual unique sequence. 

Plant Haploid genome size 
(in kilobase pairs) 

Number of 
lambda clones 

in complete 
library 

Arabidopsis 
Mung bean 
Cotton 
Tobacco 
Soybean 
Pea 
Wheat 

have also been grown in tissue culture, 
and plants have been regenerated from 
such cells (21). Some types of biochemi- 
cal mutations have been isolated by se- 
lection of cultured cells; it may also be 
possible to use biochemical selections to 
assay transformation of cells in culture. 

Molecular Genetics: Genome Size and 

Organization 

Three lines of evidence indicate that 
Arabidopsis has a small genome. Micro- 
spectrophotometry of Feulgen-stained 
nuclei gives an estimate of 0.2 pg, or 
approximately 2 x 10' base pairs (bp), 
for the quantity of DNA in the Arabidop- 
sis haploid genome. This is the smallest 
published size for an angiosperm genome 
(22). A second line of evidence indicating 
that Arabidopsis has a small genome is 
based on the proportionality of genome 
size and nuclear volume. This relation- 
ship implies that Arabidopsis has a hap- 
loid genome size of roughly 10' bp (23). 
These estimates indicate that the Arabi- 
dopsis genome is small enough to greatly 
simplify the task of screening recombi- 
nant DNA libraries to isolate genes. 

We have performed a more detailed 
analysis of the Arabidopsis genome to 
verify its small size and to determine the 
fraction and nature of repetitive se- 
quences present. Our initial study was a 
reassociation analysis of DNA extracted 
from whole plants (24). This gave an 
estimated genome size of 7 x 10' bp, a 
size only five times larger than that of the 
yeast genome (25) and much smaller than 
that of other flowering plants (Table 1). 
Our analysis also showed that the whole- 
plant DNA contains 10 to 14 percent 
very rapidly reannealing sequences (ei- 
ther highly repeated sequences or invert- 
ed repeat sequences) and 23 to 27 per- 
cent middle repetitive sequences. By us- 
ing a labeled tracer containing cloned 
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chloroplast sequences, we demonstrated 
that almost all the middle repetitive se- 
quences are from the chloroplast 
genome-and thus that Arabidopsis has 
far less nuclear repetitive DNA than 
other angiosperms (I) (Table 2). 
Leutwiler et al. have also examined the 
degree of cytosine methylation in Arabi- 
dopsis and have found that only 4.6 
percent of the cytosines derived from 
whole-plant DNA are present as 5-meth- 
ylcytosine; this is the lowest value 
known for a flowering plant (24). 

More recently, we have used recombi- 
nant DNA techniques to examine ran- 
dom segments of genomic DNA (26). We 
have subjected randomly selected 
recombinant lambda phage to a variety 
of experimental manipulations to deter- 
mine if they contain unique or repetitive 
sequences (or both) and to characterize 
the nature of the repetitive sequences 
that are contained in the clones. These 
experiments confirm and extend our pre- 
vious analysis. A majority of the 50 
clones analyzed contain only unique se- 
quences, and most of the clones that 
contain repetitive sequences are derived 
either from the chloroplast genome (four 
clones) or from the nuclear DNA that 
codes for the large ribosomal RNA's 
(eight clones). There are approximately 
570 copies of the ribosomal DNA per 
haploid genome, each ribosomal DNA 
repeat unit is about 10 kilobase pairs (kb) 
in length, and the repeats are largely 
arranged in tandem array. In addition, 
there are two clones that appear to con- 
tain duplicated sequences, one clone that 
contains a low copy number repeat unit 
that is apparently conserved in all copies 
(this may represent a fragment of mito- 
chondrial DNA), and three clones that 
contain both repeated sequences and 
unique sequences interspersed with each 
other. These results indicate that the 
Arabidopsis nuclear genome consists of 
predominantly unique sequences and 

that most of the  nuclear repetitive DNA 
is ribosomal DNA. The experiments 
show that much of the nuclear DNA of 
Arabidopsis is organized as extremely 
long blocks (averaging 120 kb) of unique 
sequences. 

These two sets of experiments demon- 
strate that Arabidopsis has a remarkably 
small and simple genome. This fact, tak- 
en together with the results from all of 
the previous work on Arabidopsis, indi- 
cates that the plant does represent a very 
good model system for basic research in 
plant molecular biology. 

Molecular Genetics: Specific Genes 

We have started to do additional work 
in studying individual genes from Arabi- 
dopsis to provide material for analysis of 
the mechanisms by which gene expres- 
sion is regulated by both developmental 
and environmental stimuli. So far, we 
have examined three different genes or 
gene families, and this work has led us to 
two generalizations that emphasize the 
utility of Arabidopsis for experiments in 
molecular cloning. The first generaliza- 
tion is that it is possible to cross-hybrid- 
ize genes cloned from a wide variety of 
flowering plants with the homologous 
gene or genes from Arabidopsis. This 
perhaps is not surprising because fossil 
evidence indicates that the first major 
radiation of the angiosperms took place 
only 1 x 10'to 1.5 x 10'years ago. Our 
second generalization is that proteins 
that are encoded by multiple genes or 
large gene families in other plants are 
encoded by single genes or small gene 
families in Arabidopsis. 

The first gene we examined was the 
one that encodes the large seed storage 
protein (27). We cloned this gene from a 
recombinant library containing genomic 
DNA by using a complementary DNA 
clone encoding the 12s seed storage pro- 
tein of Brassica napus (28). In Arabidop- 
sis this protein is encoded by a single 
gene, which indicates that the heteroge- 
neity observed in other storage protein 
gene families is not required in this plant. 
Further, the fact that there is only one 
gene coding for this protein makes it 
clear that the tissue- and time-specific 
regulation of the protein is attributable to 
the activity of only one gene and also 
that experiments to understand this regu- 
lated gene expression need to deal only 
with this single sequence and not with a 
large family of similar genes as in other 
plants. 

A second series of experiments in- 
volved the cloning of the genes encoding 
the light-induced chlorophyll d b  binding 
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protein of Arabidopsis (29). Chlorophyll 
a/b binding protein, or light-harvesting 
chlorophyll protein, is a nuclear-coded 
component of the light-harvesting anten- 
na complex of the chloroplast thylakoid 
membranes. These genes were isolated 
from an Arabidopsis genomic library by 
using as a probe a genomic clone from 
the tiny aquatic monocot Lemna gibba 
(30). There are three genes encoding this 
protein in Arabidopsis, and they are all 
located in a small gene cluster of less 
than 6000 bp. The three genes of the 
Arabidopsis chlorophyll aib binding pro- 
tein family contrast with the much larger 
number in the homologous families in 
other plants. One example is Petunia; 
the thorough studies of Dunsmuir et al. 
have shown that there may be as many 
as 16 or more members of this gene 
family, divided into at least five major 
subclasses (31). 

Perhaps even more surprising is the 
fact that it has been determined by DNA 
sequencing that all the Arabidopsis 
genes encode an identical product after 
the transit peptides of the three proteins 
are removed. As with the seed storage 
protein, therefore, there does not appear 
to be any protein heterogeneity for the 
chlorophyll aib binding protein encoded 
in the genome of Arabidopsis. Any mod- 
el for this gene family in Arabidopsis 
must recognize that the purpose of the 
multiple genes is not to provide a series 
of variant proteins of slightly different 
function. 

G. An (32) has taken advantage of the 
small number of Arabidopsis chlorophyll 
a/b binding protein genes; because there 
are only three copies, it is possible in a 
short series of experiments to test all of 
the upstream regulatory regions of the 
genes for function and light inducibility. 
An has fused two of these regions to 
bacterial chloramphenicol acetyltrans- 
ferase genes and has used Agrobacter- 
ium Ti-plasmid constructs to introduce 
the fusion genes to tissue culture cells of 
tobacco. In some instances each of the 
two Arabidopsis DNA fragments has 
conferred light-inducibility on the bacte- 
rial gene. 

One final example of a specific Arabi- 
dopsis gene that has been cloned and 
characterized is the gene that codes for 
alcohol dehydrogenase (Adh) (33). A 
classical genetic study of alcohol dehy- 
drogenase allozymes had already dem- 
onstrated that there is only a single alco- 
hol dehydrogenase gene in Arabidopsis, 
in contrast to the two or three such genes 
in many other plants (34). The Arabidop- 
sis gene was isolated from a recombinant 
library by cross-hybridization with a la- 
beled maize Adh 1 gene fragment. The 
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Table 2. Average size of single-copy DNA sequences interspersed with repetitive sequences 
and total amount of repetitive DNA in various plant genomes. The data for Arabidopsis are 
from (24) for amount of repetitive DNA and from (26) for size of unique DNA stretches; the 
unique sequence size is from measurements of random cloned fragments. The data for the other 
plants are from reassociation analysis (38). 

Plant 

Arabidopsis 
Mung bean 
Cotton 
Tobacco 
Soybean 
Pea 
Wheat 

Average size in 
predominant class of 

single-copy sequences 
(in kilobase pairs) 

120 
>6.7 

1.8 
1.4 

<3 
0.3 
1 

Amount of repetitive 
DNA in haploid 

genome 
(in kilobase pairs) 

gene appears to be single-copy, in confir- 
mation of the earlier genetic results; 
DNA sequencing shows that the Arabi- 
dopsis gene shares more than 70 percent 
nucleic acid homology with the maize 
Adh 1 gene. The proteins coded by the 
Arabidopsis gene and the maize Adh 1 
gene have slightly more than 80 percent 
identity of their amino acids. Further, 
the structure of the Arabidopsis gene and 
that of the maize gene are strikingly 
similar. Both the maize Adh 1 and Adh 2 
genes contain nine intervening se- 
quences at identical positions (35). The 
Arabidopsis gene has six intervening se- 
quences; the positions of all six are coin- 
cident with the corresponding positions 
of six of the maize introns. 

The existing evidence, therefore, leads 
to two conclusions. The first is that 
Arabidopsis genes will cross-hybridize 
with homologous genes from other an- 
giosperms, both monocots and dicots; 
the second is that genes found in large 
gene families in other plants can exist 
either in small families or in single copy 
in Arabidopsis. The practical importance 
of the first conclusion is that genes of 
interest can be simply cloned from the 
extraordinarily small Arabidopsis 
genome and then used as probes for the 
isolation of the homologous genes from 
plants of economic value. The impor- 
tance of the second conclusion is that 
genes found in gene families can be more 
easily and more thoroughly studied in 
Arabidopsis than in other angiosperms. 

The Future of Arabidopsis Research 

For Arabidopsis to be truly useful as a 
tool for molecular genetic research, two 
additional techniques must be devel- 
oped. First, it must become possible to 
clone genes about which no more is 
known than their mutant phenotype. 
Second, it must become possible to take 
cloned genes that have been modified in 

vitro and introduce them back into the 
plant to assay their in vivo function. 
Development of the second of these 
techniques is currently being pursued by 
many laboratories using various meth- 
ods. Arabidopsis is known to be suscep- 
tible to infection by Agrobacterium tu- 
mefaciens, and it is known that Ti-plas- 
mid strains of Agrobacterium cause typi- 
cal tumors on Arabidopsis (36). It will 
very likely prove possible to introduce 
cloned sequences into the Arabidopsis 
genome by using the same methods cur- 
rently used in the transformation of other 
plants. If a method can be found that 
works efficiently enough, the small 
genome of Arabidopsis may be used to 
advantage in isolation of genes by so- 
called shotgun transformation. 

Gene isolation would involve transfor- 
mation of mutant plants or plant cells 
with a complete random recombinant 
library derived from wild-type DNA 
cloned in a Ti-plasmid-based vector, fol- 
lowed by assay of individual transformed 
cells or plants for complementation of 
the mutant phenotype by the edpression 
of the introduced DNA. Using a cbsmid 
vector with a capacity of 20 to 25 kb, it 
would require approximately 3000 trans- 
formation events to introduce one 
genome equivalent of wild-type DNA 
into a set of mutant plants or cells and 
14,000 transformation events to inti-o- 
duce the 4.6 genomes necessary to have 
a 99 percent chance of recovering any 
specific gene. Even with an efficient 
technique, these are large numbers of 
transformation events unless the gene of 
interest has a phenotype that can be 
selected directly. 

An alternative approach would be to 
use a procedure of successive isolations 
of overlapping cloned segments starting 
from a known cloned genetic location 
and proceeding to any nearby genetic 
locus. The Arabidopsis genome is unique 
among those of flowering plants in its 
suitability for this sort of process, owing 
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