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cases genetically via reporter and selectable marker genes
carried by the insertion (6–10). These features can be combined with conventional mutagenesis to provide a comprehensive strategy for probing plant gene function.
Transposable elements mutagenize genes by insertion into
coding and regulatory regions (11). This can lead to loss-offunction, and occasionally gain-of-function, phenotypes that
reflect the function of the target gene in its normal chromosomal context. In many cases, loss-of-function mutations can
be used to reveal essential genes, provided they lead to
recessive lethality so that they can be maintained in heterozygous diploids (12, 13). Two examples of gene disruption
systems in plants are discussed below, in maize and A. thaliana.
Each has been demonstrated to provide an efficient and
practical method for assessing gene function, and the relative
merits are discussed. First, though, the scale of the problem is
explored in a brief review of plant genes and plant genomes.
Plant Genes and Genomes. The Arabidopsis genome comprises '120 Mb of DNA that encodes roughly 20,000 genes.
Physical mapping and systematic sequencing have revealed
that most genes reside in '105 Mb of ‘‘euchromatic’’ DNA,
with '15 Mb of highly repeated sequences comprising centromeric satellite, nucleolar organizers, and other highly reiterated regions (1). Transposons are relatively rare and are
found dispersed among genes. Transcription units occupy 2.5
kb of every 4.5 kb on average.
The maize genome is a segmental allotetraploid, so all
unique genes have been duplicated at some time in the distant
past (14). Many of these new copies have evolved unique
functions over time, however, so maize behaves as a diploid
organism in many respects. Small scale sequencing and mapping of repeats suggests that maize may have '5–10 times
lower gene density than in Arabidopsis (15–17). Because the
duplicated maize genome is 20 times the size of the Arabidopsis
genome, these ‘‘back-of-the-envelope’’ calculations lead to the
prediction that most genes in maize will be represented by an
ortholog in Arabidopsis. This prediction has been borne out; it
is generally accepted that any gene in maize can be used to
identify at least one homolog in Arabidopsis.
Most of the additional DNA found in maize can be attributed to high copy repeated sequences that are interspersed
between genes (18). Recently, these repeats have been found
to be nested retrotransposons that comprise a small number of
families of highly re-iterated transposons of conserved structure and therefore relatively recent origin (19–21). Similar
observations have been made in other cereals including wheat
(22–24). These transposons are heavily methylated, when
compared with genes (25).

ABSTRACT
Transposable elements provide a convenient
and f lexible means to disrupt plant genes, so allowing their
function to be assessed. By engineering transposons to carry
reporter genes and regulatory signals, the expression of target
genes can be monitored and to some extent manipulated. Two
strategies for using transposons to assess gene function are
outlined here: First, the PCR can be used to identify plants
that carry insertions into specific genes from among pools of
heavily mutagenized individuals (site-selected transposon
mutagenesis). This method requires that high copy transposons be used and that a relatively large number of reactions
be performed to identify insertions into genes of interest.
Second, a large library of plants, each carrying a unique
insertion, can be generated. Each insertion site then can be
amplified and sequenced systematically. These two methods
have been demonstrated in maize, Arabidopsis, and other
plant species, and the relative merits of each are discussed
in the context of plant genome research.
The rapid accumulation of sequence data from chromosomal
DNA and expressed sequence tags means that a large number
of plant genes have been discovered for which a function has
yet to be established (1, 2). In Arabidopsis thaliana, for
example, only 2% of the genes identified by genomic sequencing can be assigned a genetic function on the basis of mutation.
Homology searches can be used to indicate likely functions in
many of the remaining genes, but the phenotypic role of
individual gene family members is usually obscure without
assessing gene function by genetic analysis.
A number of strategies have been proposed to probe gene
function. In yeast, targeted gene disruption is the primary tool
for this purpose (3, 4) because of the high levels of homologous
recombination in haploid and to some extent diploid yeast,
which makes gene disruption an exquisitely precise and efficient process. Although there have been recent successes in
gene replacement in Arabidopsis, this method is still laborious,
involving the generation of hundreds or thousands of transgenic plants for every gene assayed (4). Gene silencing via
sense or antisense suppression also has been a popular method
over the last 10 years (5). However, this method requires that
several independent transgenic lines be generated for every
gene. Important to note, essential genes cannot be downregulated in this way because suppression would lead to
dominant lethal phenotypes that cannot be maintained. Chemical, radiation, and transposon mutagenesis offer the most
versatile methods for assessing gene function. Transposon and
T-DNA [portion of the Ti (tumor-inducing) plasmid that is
transferred to plant cells] insertions offer the additional advantage of tagging the target gene molecularly and in many
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Multicopy and Single-Copy Insertional Mutagenesis. Insertional mutagenesis represents a powerful way to determine the
function of plant genes identified in systematic genome and
expressed sequence tag sequencing projects. Essentially, two
types of approach can be considered: (i) the use of plants with
high copy numbers of highly active transposons per genome
and (ii) the use of plants with a single copy of a given
transposon per genome. In each case, the object is to recover
at least one informative insertion per gene. High-copy methods
have the advantage that relatively small populations of plants
need to be maintained for complete genome coverage. Singlecopy methods require much larger populations, but they have
a number of other advantages. First, single-copy transposons
can be used to integrate reporter genes into the genome,
allowing gene expression to be observed at each integration.
Multicopy reporter gene insertions would have mixed patterns
of expression. Second, single-copy transposons also can be
used to integrate genetic and physical markers into the genome, allowing their use in map-based genomic strategies.
Finally, single-copy transposon insertions can be sequenced
directly thus reducing the number of manipulations required to
isolate insertions in every gene. These aspects of single- and
multicopy systems are explored below with respect to transposon systems in maize and Arabidopsis.
Site-Selected Transposon Mutagenesis in Maize. Transposons have been used widely to generate populations of
model organisms (libraries) that can be searched for those
individuals with transposon insertions in any given sequence
(26–32). Searches are performed by amplifying DNA from
these populations by using specific primers from the transposon and from the gene. Positive pools are rescreened by sib
selection to identify individuals that have the desired insertion.
To have a 95% probability of finding an insertion into any gene
in Drosophila, Arabidopsis, or C. elegans (which have similar
genome sizes and gene densities) such a library needs to
contain '100,000 insertions (32). Even so, most insertions are
into noncoding regions and have no phenotypic effect. Secondary insertions or deletions must be generated at the locus
by remobilizing the transposon to disrupt gene function (28–
30).
Similar methods have been developed for isolating insertion
alleles in maize (30). For example, we used the Robertsons’
Mutator system of transposons as insertional mutagens. These
transposons exist in hundreds of copies per genome, subdivided into six classes that share 200-bp terminal inverted
repeats but are otherwise unrelated. Transposition is facilitated by the MuDR autonomous transposon that encodes genes
required for the transposition of the other Robertson’s Mutator
transposon (Mu) elements (33, 34).
We used Mutator to isolate null alleles of the maize gene
hcf106, which encodes a chloroplast protein involved in membrane biogenesis (35). The reference allele at the hcf106 locus
has a Mu1 element inserted in the promoter region, which
results in a form of epigenetic instability (36). We reasoned
that deletions and insertions into the locus would likely be
more stable than the original allele (33, 34). We used a PCR
strategy to isolate derivatives of hcf106 by screening twodimensional pools of seedlings by using primers from the Mu1
element and from the hcf106 gene (30).
Three new alleles were identified. The first allele had a
200-bp deletion that removed the first exon of the gene. The
second and third alleles, however, had new insertions, of Mu1
and dMuDR, respectively, inserted at the same location in the
first intron of the hcf106-mum1 and wild-type genes, respectively. The two derivative alleles were no longer subject to
epigenetic instability (30).
This method can be used to isolate insertions in any DNA
sequence in the maize genome, even those that might be lethal
or those that might have no phenotypic consequence. Another
advantage is that germinal excisions are very rare in Mutator
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lines (33, 34), so new alleles are typically stable in this sense.
A major disadvantage is that many (perhaps most) insertions
will fall in introns and other flanking regions. These insertions
typically confer weak or undetectable phenotypes. In these
cases, our method can be used to generate deletion and
secondary insertion alleles in order to stabilize and enhance
any mutant phenotype (30).
Our results show that new insertions into maize genes can be
obtained from a very small sample size (2 insertions into 1,500
potential chromosomes screened). Pioneer Hi-Bred (Des
Moines, IA) has developed a large collection of pooled Mu
lines to enable PCR screening of a standard array of Mu
families, each corresponding to a self-pollinated parent plant
(R. Meeley and S. Briggs, personal communication). This
centralized collection is a very useful resource, provided
screening procedures are used that conserve DNA samples
and seed stocks after multiple screens. However, our results
show that a few thousand Mu seedlings can be screened
efficiently to obtain Mu insertions into genes identified by
sequence alone. By self-pollinating the plants after DNA has
been collected, the DNA pools can be screened repeatedly
with primers from different genes. It is thus feasible for
individual laboratories to perform site-selected mutagenesis
on a manageable scale (30).
Enhancer and Gene Trap Mutagenesis in Arabidopsis. Gene
traps and enhancer traps are reporter genes that are not
normally expressed unless they are integrated near or within a
chromosomal gene. Enhancer traps are equipped with a
minimal promoter that can respond to nearby enhancers, and
gene traps are equipped with a splice acceptor so that integration within introns leads to readthrough transcription and
splicing (37–39). In each case, the expression of the reporter
gene closely mimics that of the chromosomal gene. Large
collections of enhancer trap and gene trap lines, each carrying
a unique reporter gene insertion somewhere in the genome,
have been established in Drosophila and in the mouse. They are
being used extensively for both developmental biology and
genomic research (40, 41).
We have devised a system for gene trap and enhancer trap
transposon mutagenesis in Arabidopsis (12, 42). We are using
Dissociation transposons (Ds) from maize that we have engineered to carry a uidA [b-glucuronidase (GUS)] reporter gene
and an NPTII kanamycin resistance gene. In our DsE (enhancer trap) construct, the reporter gene is preceded by the
246 region of the CaMV 35S promoter, which has been shown
to have no detectable transcriptional activity unless it is in the
vicinity of an enhancer. In our DsG (gene trap) construct, the
reporter gene is preceded by a triple splice acceptor and by a
short intron so that insertion into chromosomal introns leads
to reporter gene expression via alternate splicing in each
reading frame (12, 42). Additional splice donor sites in the end
of Ds means that reporter gene expression also can result when
the DsG element is inserted into an exon (43). The elements
are mobilized by crosses to transgenic plants carrying Activator
transposase gene (Ac) transposase driven by the 35S promoter
from CaMV. This results in high frequencies of transposition
early in development (44, 45). Transposed elements are selected by using a positive marker within the Ds element (the
NPTII gene) and a negative marker adjacent to it (the iaaH
gene). Positive–negative selection on naphthalene acetamide
and kanamycin results in seedlings that have retained the Ds
element but lost the donor site from whence it came (42, 46).
Because selection depends on recombination between the
transposed element and the donor site, the transposed element
is almost always unlinked to the donor locus. We have found
that 90% of gene trap lines carry a single transposed element
at essentially random locations in the genome (42). The other
lines have multiple elements (5%) or insertions that disrupt the
negative marker gene on the T-DNA (5%). Each line is
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referred to as an ET (enhancer trap) or GT (gene trap) line
depending on the transposon.
The bacterial gene uidA (gusA) that encodes GUS has been
the reporter of choice for plant studies and is used in our
system (42, 47). Although there is very little background in
plant tissues, GUS is inhibited by oxidative catalysts that
prevent diffusion of the indigo reaction products before dimerization, requiring a compromise between sensitivity and precision. Nonetheless, the huge variety of very specific patterns
that we have observed indicates that GUS is an efficient and
reliable marker gene. Recently, Haseloff and colleagues have
shown that modified forms of the green fluorescent protein
can be equally sensitive in Arabidopsis (48). Green fluorescent
protein is much more challenging to use in large scale screens
that involve nontransparent tissues, but the extraordinary
versatility of this marker in following reporter gene expression
makes it very appealing.
Screening of nearly 2,000 lines has revealed that 32% of gene
trap insertions exhibit reporter gene expression in seedlings,
with an additional 10% exhibiting reporter gene expression
specific to floral and reproductive tissues (P. Springer, Q. Gu,
D. Bush C. Yordan, and R.A.M., unpublished results). Only
half of all gene trap insertions in genes will be in the appropriate orientation to result in reporter gene expression, so
'80% of all gene trap insertions lie within genes (allowing 5%
artifactual insertions into selectable marker genes). Similarly,
45% of enhancer trap insertions give rise to reporter gene
expression in seedlings, but up to 80% give rise to reporter
expression somewhere in the plant. These numbers seem high,
but in fact they are not inconsistent with gene density estimates
derived from genome sequencing (one 2.5-kb gene every 4.5
kb, or 55%), with only a slight bias for insertions into genes (a
bias that has been observed for transposon insertions in many
organisms). We have recovered a very wide range of expression patterns, including genes expressed in specific cell-types,
genes expressed in cells undergoing cell division or cell death,
and genes expressed in prepatterns that predict rather than
reflect morphogenesis in the plant. A few examples are shown
in Fig. 1.
Systematic Insertion Site Sequencing: Multicopy vs. SingleCopy Libraries. As described above, libraries of plants that
have one or more transposon insertions per plant can be
readily screened for insertions into genes of interest by siteselected mutagenesis. This approach involves pooling the
plants and doing hundreds of PCRs for each given gene.
However, if most of the genes in a given genome are to be
targeted in this way, it is considerably more efficient to obtain
insertion site sequences systematically instead. Each sequence
only requires a handful of PCRs to obtain in this way (see
below). The database of sequences can then be screened by
computer for insertions into genes of interest.
In principle, both multicopy transposon libraries and singlecopy libraries can be used to develop insertion site sequence
databases of this sort. The relative merits of each method are
explored below, taking the Mutator system in maize and the
gene trap system in Arabidopsis as examples. Of course, the
principles apply equally to other multicopy and single-copy
approaches in each species.
Mutator insertion sites in maize can be sequenced in a
systematic way. Individual PCR products from multiple elements are obtained by one of a number of anchored PCR
approaches and are displayed by gel electrophoresis. Individual bands are excised, and the products are purified for
sequencing. The idea is to build up a catalog of insertions into
recognizable genes so that affected families can be examined
for the phenotypic consequences of a given insertion. However, a number of problems might be anticipated. First, somatic
transpositions that are not transmitted germinally also will lead
to PCR products. These will not be represented in the progeny
of selected families. Second, each plant carries several hundred
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insertions and typically a handful of visible mutations. Sorting
through the mutations to determine which phenotype is caused
by which insertion takes several generations and multiple PCR
reactions. Finally, many insertions are into introns and noncoding regions that are difficult to recognize in the absence of
systematic whole-genome sequencing. Amplification of cDNA
by rapid amplification of cDNA end and PCR might be
preferable in this case.
The multicopy approach may be necessary in large genomes
like maize when plant growth space is limiting because a small
library of plants can harbor a large number of elements.
However, in Arabidopsis, single-copy approaches have a number of distinct advantages as illustrated below.
A Gene Trap Tag Database. The gene trap collection we are
developing in Arabidopsis represents a library of individual
insertions carried by individual plants whose progeny are
maintained as a separate seed packet and is thus an example
of a single-copy insertion library. During selection of the
transpositions, DNA is prepared from each individual plant
and then subjected to amplification by using TAIL (thermal
assymetric interlaced) PCR (13, 49). This PCR procedure uses
seminested primers from within the transposon and arbitrary
degenerate primers to amplify genomic sequences flanking
each insertion. By using a combination of different primers, it
is possible to amplify '95% of all insertion sites by following
a hierarchical tiered procedure by using a minimal number of
PCRs. These products are sequenced directly without further
resolution on gels. The seed from each plant is stored and
catalogued, and the sequence is entered into a gene trap tag
database. By comparing the sequence to known genomic and
transcribed sequences from Arabidopsis, insertions into genes,
and their relative orientation, can be identified readily.
The high frequency of insertions that give rise to reporter
gene expression means that preselecting lines on the basis of
their staining patterns, even if all tissues were screened systematically, only enriches for insertions into genes by '25%.
Furthermore, mapped insertions in genes and nongenic regions are extremely powerful tools even without the bonus of
having the expression pattern determined via the enhancer and
gene trap. This is because, unlike in maize, the complete
Arabidopsis genome sequence is going to be determined and
publicly available within the next few years. Thus, even very
short insertion site sequences can be used to precisely map
each insertion in the genome with nucleotide precision. The
context of each insertion thus can be determined by using
standard sequence analysis of the surrounding region.
So far, we have sequenced a few hundred insertions selected
in this way. The results are very encouraging concerning the
range of sequences that are obtained. Approximately 15%
match Arabidopsis expressed sequence tags, and 5–10% match
genomic sequence currently in the database. These frequencies
are in line with expectations on the basis of how much of the
genome is represented in public databases. An additional 25%
of the sequences match a protein sequence when they are
translated, with matches at various levels of significance. We
have recovered a few instances of two independent insertions
into the same gene. Although this is not yet evidence for
insertional bias, these biases are expected, so some regions of
the genome may need to be mutagenized in a more directed
fashion.
Eventually, the gene trap database can be used to infer the
function and in many cases the pattern of gene expression
associated with most of the genes in the Arabidopsis genome.
A major challenge in the future will be in systematically
screening these lines for phenotypes associated with gene
disruption. One advantage of a sequence-based database is
that gene redundancy can be addressed directly. That is,
combinations of insertions in different members of a multigene
family can be made by crossing individual lines together. This
approach can be further refined by combining insertions in
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FIG. 1. Examples of reporter gene expression (blue) in various gene trap and enhancer trap lines illustrating cell type-specific expression,
expression in prepatterns, and subcellular gene trap localization. Seedlings were grown in continuous light for 7 days, stained for GUS activity,
cleared in 70% ethanol, and mounted for differential interference contrast microscopy in 25% glycerol (12, 42). (A) Nuclear staining (arrow) in
roots from heterozygous proliferay1 plants. (B) Meristem staining in the shoot. (C) GUS expression at the basal boundaries of leaf primordia. (D)
GUS expression in columella initials in the root. (E) GUS expression in root cap cells. (F) GUS expression in immature trichomes. (G) GUS
expression in trichome accessory cells.

genes that are expressed in similar tissues and might therefore
be expected to have overlapping roles. For example, an
enhancer trap insertion in the AGL8 (agamous-like) MADS
box transcription factor gene is expressed early during inflorescence development and late during development of the
fruit, in agreement with RNA expression studies (50) Homozygous fruitfull-1 mutant plants have a null mutation in the
AGL8 gene and only have a fruit phenotype (Q. Gu, C.
Ferrandiz, M. Yanofsky, and R.A.M., unpublished work).
However, when combined with mutations in related MADS
box genes expressed in the early inflorescence, a redundant
role for this gene in meristem identity is uncovered (C.
Ferrandiz, Q. Gu, R.A.M., and M. Yanofsky, unpublished
observations).
Lethal Insertions. Transmission studies using deficiencies
indicate that at least 1 gene every 100 kb is essential to the
haploid Arabidopsis gametophyte andyor the early diploid
embryo (51). This means that Arabidopsis has 1,000–2,000
essential genes, compared with 2,000 in haploid yeast (3, 4).
Essential genes are required for cell growth and division, so
almost all are expected to have a function elsewhere in the
diploid plant body (12). However, adult functions of essential
genes cannot be assessed if homozygous mutants do not
survive to maturity. Gene traps and enhancer traps can give
some indication of these adult functions because of reporter
gene expression in viable heterozygotes. Somatic mosaics and
secondary screens then can be performed to confirm these
roles. The ability to identify essential genes with roles in later
development has proven to be one of the most important
applications of enhancer traps in Drosophila developmental
biology (40, 52).
Lethal insertions in Arabidopsis can be lethal either to the
diploid embryo or to the haploid gametophyte. They are
identified by opening self-pollinated siliques from heterozy-

gous transposants under a dissection scope and looking for
white (rather than green) seed or unfertilized ovules, respectively (12). Only a proportion of lethal mutations recovered in
our screen are caused by the transposon (unpublished results).
These exhibit segregation distortion for the kanamycin resistance gene contained within the Ds element (12). Lethal
mutations caused by the transposon can be confirmed readily
by transposon-mediated reversion. Each transposant with reduced seed set is test-crossed to plants carrying Ac. F1 plants
are then examined for the presence of occasional branches
with full seed set (12). This mosaicism reflects somatic excision
of the Ds element and is a very strong indication that the lethal
phenotype is caused by Ds insertion (12). The prolifera gene,
and other genes involved in cell division cycle control, are good
illustrations of essential genes that have roles throughout
development (12). PROLIFERA encodes a homolog of the
CDC47 (MCM7) DNA replication licensing factor from yeast
and mammalian cells. It was identified as a lethal mutation
caused by the insertion of DsG into the last intron of the gene.
In viable heterozygotes, the resulting reporter gene fusion is
located in the nucleus as expected for a DNA replication factor
(Fig. 1 A) and is expressed widely in dividing cells (12).
Remobilization: Mosaics and Local Mutagenesis. Unlike
T-DNA and other types of insertional mutagen, transposons
can be remobilized by re-introduction of the relevant transposase. The resulting reversion of the mutation can be used to
confirm that it is caused by the transposon. Remobilization of
transposons also can be used to generate phenotypic mosaics.
That is, homozygous mutants that carry Ac will have somatic
sectors that have lost the Ds transposon and so have restored
gene function. This can be a very important analytical tool in
determining the site of action of a given gene, in combination
with its expression pattern.
Even a large collection of arbitrarily selected insertions is
unlikely to represent disruption of every gene in the Arabi-
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dopsis genome. In cases in which a transposon has integrated
near, but not within, a desired gene, it can then be used as a
‘‘launch pad’’ for local mutagenesis. This is because AcyDs
transposons, in common with most eukaryotic invert-repeat
transposons, have a pronounced preference to integrate within
a few centimorgans of their starting location after transposition (53, 54).
We demonstrated this technique inducing new DsG transpositions around the prolifera gene on the short arm of
chromosome 4 (C. Yordan, J. Montagu, D. Bush, P. Springer,
and R.A.M., unpublished work and ref. 46). Excision frequencies are so high (44, 45) that local transpositions can be
recovered by selecting for the transposon (kanamycin) and
against Ac (napthalene acetamide). Approximately onequarter of the selected plants have one or more transposed
elements, and the remainder retain the parental element.
Pooling strategies similar to those described for maize (30)
allow the recovery of transposons into nearby regions by virtue
of PCR-mediated site-selection. This remobilization strategy
allows launch pads to be used to disrupt genes that have been
mapped genetically to any given region of the genome.
Using an Insertion Library in Positional Cloning. Once a
catalog of 1–2,000 insertions has been mapped, it is possible to
use them to map any new mutation at a very fine scale (40).
Typically, most new mutations are mapped to a 10- to 20-cM
interval of the genome by using molecular markers, soon after
they are first isolated. Once our program is complete, such a
10- to 20-cM interval will have approximately 20 transposons
mapped within it. Each of these insertions carries a dominant
genetic marker, the kanamycin resistance gene. The new
mutation can be crossed to these insertion lines, and kanamycin-resistant seedlings carrying the mutation can be selected in
the F2. These progeny will have undergone recombination
between the mutation and the Ds element. This procedure will
allow the new mutation to be mapped to an interval between
two transposons whose physical positions in the genome are
known. The recombination breakpoints will allow rapid positional cloning of the new mutation, and the transposons
themselves can be used to tag the mutation via a short range
transposition.
Transposable elements are powerful mutagens for functional genomics in plants. Multicopy transposons can be used
effectively in plants with large genomes to heavily mutagenize
and recover insertions into genes of interest. Single-copy
transposons, on the other hand, allow the use of enhancer and
gene trap reporter genes to monitor patterns of gene expression as well as gene disruption. Furthermore, libraries of
single-copy insertions can be sequenced systematically and
screened for mutant phenotypes. These libraries represent the
most economical method for systematic function search in
plant genomes. In the case of A. thaliana, the comparison of
gene trap tag sequences with genomic and expressed sequence
tag databases will allow the location of every insertion to be
determined with nucleotide precision, allowing their use as
tools in positional cloning as well as in wide scale gene
disruption. By examining reporter gene expression patterns in
viable heterozygotes, the role of essential genes can be assessed
in later development even if insertions are homozygous or
haploid lethal. By combining insertions in homologous genes,
the function of redundant genes can be assessed also.
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