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Abstract

Rice, with its small genome size and well-characterized molecular information, is an ideal model plant for cereal genomics
research. Sequence of the rice (Oryza sati�a) genome will be determined by the International Rice Genome Sequencing Project
(IRGSP) in the near future. Therefore, a large population of mutant plants should be required for adequately assigning function
to the abundant sequence information. Here we summarize strategies as well as the progress that has been made in producing gene
tags that may be invaluable for understanding the functional genomics of rice. © 2001 Elsevier Science Ireland Ltd. All rights
reserved.
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1. Introduction

During the last decade, both expressed sequence
tags (ESTs) and whole-genome sequencing
projects have increased tremendously the amount
of molecular information available for the
genomes of Arabidopsis and rice (Oryza sati�a).
Recently, plant biologists have used sequence in-
formation to uncover the functions of many genes.
Various mutants, such as gene knockouts or null
mutations, are invaluable for providing the biolog-
ical variability that is essential when assigning
functions to the large quantity of sequence
information.

Rice has become a model for monocot plants
because of the accumulation of molecular infor-
mation for this species [1–4]; efficiency in transfor-
mation [5]; its small (430 Mb) genome [6]; and the

economical importance of this crop [7]. Its gene
content is comparable to that of other grass
plants, such as wheat, maize, barley, rye, and
sorghum [8]. Because of the conservation of gene
sequences and order among cereals, the structural
and functional analyses of rice have broad practi-
cal implications for these other economically im-
portant crops. Thus, genomic information for rice
should be widely applicable when developing
products and technologies in both the rice and
non-rice sectors.

Recent studies have demonstrated that results
obtained from Arabidopsis experiments cannot
simply be applied to highly diverse species such as
rice [9,10]. For example, whereas Arabidopsis
LEAFY (LFY) regulates the formation of floral
meristems, RFL, a LFY homolog of rice, appears
to be involved in panicle branch initiation [9].
Studying the co-linearity remaining between two
small regions of Arabidopsis Chromosome 1 and
rice has shown that conservation of gene orders is
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no longer identifiable when using comparative
mapping [10]. More than 45 000 rice ESTs are
currently available to the public. However, only
25% of them show significant homology to known
genes, and the function of most of the genes is
undetermined. Functional genomics approaches
are needed; insertional mutagenesis on the genome
scale should provide a high throughput system for
future work. In this review we summarize recent
research as well as strategies for gene tagging in
rice.

2. T-DNA tagging

In Arabidopsis, a model dicot species, a number
of genes have been isolated from T-DNA-tagged
lines [11]. The Arabidopsis knockout facility at the
University of Wisconsin recently established a
population of 60 480 T-DNA-tagged lines [12].
This is a significant step toward the production of
genome-wide mutations. T-DNA insertion in Ara-
bidopsis probably is a random event, with the
inserted sequences being stable through multiple
generations [11]. Recently, this T-DNA tagging

strategy has been employed in rice [13]. We have
now generated approximately 30 000 fertile rice
lines that have been tagged by T-DNA using
pGA2144 (Fig. 1A) ([13], unpublished data). Anal-
ysis of randomly selected transgenic plants has
indicated an average of 1.4 loci of T-DNA inserts
per line. Therefore, approximately 42 000 tags are
estimated to have been generated.

T-DNA tagging efficiency can be estimated us-
ing the following formula, if insertion occurs ran-
domly on the chromosomes:

P=1− (1− (L/C))nf,

where P is the probability of finding an inser-
tion within a given gene, L is an average length for
a gene, C is the haploid genome size, n is the
number of T-DNA tagging lines, and f is the
average number of loci inserted per line. Consider-
ing that: (1) the rice haploid genome size is 4.3×
108 bp; (2) an average length for a rice gene is 3.0
kb; and (3) the mean number of T-DNA insertion
loci per line is 1.4, our current tagged lines would
provide 25% probability of finding an insertion
within a given gene. Therefore, 471 000 tagging
lines would be required for establishing a popula-

Fig. 1. (A) Map of the T-DNA tagging vector pGA2144. The gene trap of T-DNA consisted of three putative splicing acceptor
and donor sites and the GUS gene. RB and LB represent the right and left borders of T-DNA, respectively. GUS, �-glucuronidase ;
Tn, nopaline synthase (nos) terminator; hpt, hygromycin phosphotransferase ; T7, transcription termination region of Gene 7 of the
pTiA6; pTubA1, the promoter of the rice �-tubulin gene OsTubA1 [14]; Tub-In1, the first intron of OsTubA1; I, the OsTubA1
intron 3 carrying three putative splicing acceptor and donor sites; (B) Different outcomes of transgenic plants. Thin arrow
indicates the direction of GUS gene transcription.
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tion in which a T-DNA insertion could be found
within a given gene at 99% probability.

The number of tagging lines necessary for satu-
rating all the rice genes may be smaller than the
estimated value because T-DNA insertions have
been found to occur preferentially in gene-rich
regions in rice [15,16]. Nuclear DNAs isolated
from a pool of independent transformants of both
Arabidopsis and rice were fractionated by prepara-
tive centrifugation in Cs2SO4 density gradients in
the presence of 3,6-bis(acetatomercurimethyl)-1,4-
dioxane (BAMD) [16]. Hybridization of the GUS
sequence present in the T-DNA with the Cs2SO4/
BAMD fractions showed that the signals were
localized in fractions, which corresponds to gene-
rich regions in both species. Because genes occupy
most of the Arabidopsis genome, the T-DNA ap-
pears to be integrated essentially everywhere in the
genome. In contrast, integration of the T-DNA in
rice was detected only in the gene space, i.e. tran-
scriptionally active regions that correspond to 100
Mb, or 25% of its entire genome. This is approxi-
mately the size of the Arabidopsis genome.

If rice contains 30 000 genes that are randomly
distributed on its chromosomes, one gene should
be found every 14 kb [17]. However, DNA se-
quencing analyses have revealed that the distance
between genes is shorter. For example, the com-
plete sequence of 340 kb DNA around the Adh1–
Adh2 region on Chromosome 11 has shown 33
putative genes, which corresponds to one gene per
10.3 kb [18]. Within the 7 Mb area of the genomic
sequences on Chromosomes 1, 2, 3, and 8 (as pub-
lished in the DDBJ/EMBL/GenBank databases),
1370 putative genes have been identified either
functionally or by exon prediction algorithms.
This corresponds to one gene every 5.3 kb. Be-
cause the Rice Genome Project (RGP) used EST
markers to analyze DNA sequences of PAC
clones, the gene-rich regions may have been se-
lected preferentially [19]. This suggests that gene
density differs significantly in rice chromosomes,
probably due to uneven distribution of repetitive
DNA that constitutes at least 50% of the genome
[20].

One great difficulty in establishing a population
of tagged lines is obtaining enough seeds from the
first generation. In our experiments with 10 743
primary transgenic plants, 39% bore fewer than 50
seeds and only 50% yielded more than 100 [13].
Yin and Wang [21] had similar results from their

analysis of 2633 transgenic rice plants. Although
the majority of the transgenic plants became fully
fertile in the next generation, 22% of the lines
showed less than 50% fertility. Reduced fertility is
probably due, in part, to the lethal effects of
T-DNA insertion. However, a considerable num-
ber of lethal mutations likely are induced during
the T-DNA transformation process. Chromosome
rearrangement or modification might also occur
during transformation. Nevertheless, those lines
that show low fertility must be individually am-
plified before being used for further analysis.

T-DNA-tagged lines are useful resources for
studying gene function. First, they can be used to
identify mutants whose function is altered by T-
DNA insertion. Because most mutations are reces-
sive, their phenotypes are easily detected in a
segregating population. However, because rice
plants are relatively tall and wide, compared with
Arabidopsis, they need more growing space. There-
fore, such a forward screening of phenotypes can
be employed only for limited lines and times. In
analyzing 1600 lines at the T2 generation, we
observed various mutant phenotypes during the
vegetative stages (unpublished data). The most
common characteristics were the dwarf phenotype
(7.0%) and leaf-pigment mutations (9.5%), such as
albino, pale green, chlorina, striped, or zebra
(transverse green and chlorotic bands). Spotted
leaves (1.0%) and leaf-morphology mutations
(1.2%) were also found. Seedling mortality was
1.1%. The T-DNA-tagged population also carried
low frequencies of mutants in the reproductive
organs, e.g. depressed paleae, filamentous flowers,
extra glumes, and long sterile glumes. About 1.8%
of the lines were completely sterile, and flowering-
time mutations included early- (0.2%) and late-
(0.1%) flowering phenotypes.

One must determine whether these phenotypes
induced by the rice transformation are due to the
T-DNA insertion. Once the mutant phenotype
co-segregates with T-DNA, the sequence flanking
T-DNA can then be isolated by PCR-based meth-
ods, such as thermal asymmetric interlaced (TAIL)
PCR [22], adapter-ligated PCR [23], inverse PCR
[24], a universal biotinylated adapter amplification
procedure [25], a panhandle PCR [26], or a plas-
mid rescue system [27].

Second, the T-DNA insertional line can be iden-
tified in a given gene via PCR-based screening
[12,28]. Using a gene-specific primer and a primer
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located near the end of the T-DNA, a DNA
fragment flanking the inserted T-DNA can be
amplified and its sequence then determined. Be-
cause screening of individual lines requires great
effort, DNA pools of a large number of lines are
commonly used for the reverse genetic approach.
For example, in Arabidopsis at least 200 copies of
a T-DNA insert were required in a complex pool
of DNA to ensure that the insert DNA was reli-
ably detected by PCR. The efficiency was attenu-
ated when more than 125 ng of pooled DNA was
used. These limitations, therefore, set the maxi-
mum useful pool size at �2350 lines per pool [12].
Because the rice genome is about four times larger
than Arabidopsis genome, a pool of 500 lines
should be sufficient for PCR-based screening of
the knockout mutations in rice.

Third, random sequence analysis of the frag-
ments flanking T-DNA can help identify gene
function. Flanking sequences from Ds insertions
of 931 independent transgenic lines in Arabidopsis
have been characterized [29]. Likewise, direct-se-
quence characterization of 761 Mutator-tagged
fragments in maize has shown that random se-
quencing of transposon-tagged fragments is capa-
ble of producing significant numbers of interesting
transposon-tagged genes and mutant plant lines
[25]. Construction of such a database will be valu-
able for determining gene function on a large
scale. Developing efficient methods for finding the
DNA sequences that are flanked by T-DNA will
facilitate this approach.

Finally, T-DNA tagging lines can be used for
screening mutants caused by endogenous transpo-
sons. One such element is a retrotransposon,
Tos17, that is activated during tissue-culture stress
[[30], see below]. Our T-DNA tagged lines possess
an average of four new copies of Tos17 (unpub-
lished data).

3. Transposon tagging

Transposon tagging has become a powerful tool
for isolating new genes since the controlling ele-
ment was first recognized by McClintock [31]. A
number of genes have been isolated using endoge-
nous transposons as tags [32]. The first successful
cloning of a plant gene was achieved via the Ac/Ds
(Activator–Dissociation) transposon system [33].
Other transposon systems, such as En/Spm (En-

hancer/Suppressor-mutator) and Mu (Mutator),
have been used for cloning several genes of maize
[26,34].

The maize Ac/Ds system has been tested for
gene tagging in rice. First, the autonomous Ac
element was cloned between a promoter and the
hygromycin phosphotransferase-coding region. The
construct was then introduced into rice chromo-
somes by direct transformation. Transposition of
the Ac element was proven by recovering hy-
gromycin-resistant plants [35,36]. Enoki et al. [37]
analyzed the behavior of 559 plants from four
transgenic rice families through three successive
generations; 18.9% of the plants contained newly
transposed Ac insertions. They tested a PCR-
based, three-dimensional matrix of gene knock-
outs in 6000 Ac plants. Of the 14 randomly
selected genes, two knockouts were identified, one
of which encodes the rice cytochrome P450
(CYP86) gene. Molecular analysis of Ac transmis-
sion to the progeny revealed that their germinal
transmission was detected in nine of the 12 inser-
tions, evidence that some Ac transmissions oc-
curred in somatic tissues that would not transmit
to the progeny. Sequence analysis of 99 flanking
regions over the 5� region of Ac indicated that it
preferentially transposed into protein-coding
regions.

The non-autonomous Ds element has been
transposed in the presence of Ac transposase via
the direct gene transfer method [38,39]. Germinal
transposition of Ds was observed at high fre-
quency in the R2 progeny when a transgenic plant
containing the Ds element was crossed with a
transgenic plant carrying Ac transposase under the
control of the cauliflower mosaic virus (CaMV)
35S promoter. A wide spectrum of mutations,
affecting growth, morphogenesis, flowering time,
and disease resistance, was observed in the Ds
population [40]. Whether these mutations are due
to Ds must still be determined. The frequency of
Ds transposition significantly declined in subse-
quent generations, even in the presence of Ac
transposase. However, transposition could be re-
covered in certain lines through protoplast
regeneration.

Similar Ac/Ds gene tagging systems have been
developed for rice by employing the Agrobac-
terium-mediated gene delivery method [41,42].
This method mediates transfer of one to a few
copies of T-DNA into plant cell chromosomes,
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thereby making the transgene more stable com-
pared with the direct gene transfer method [43]. As
many as 80% of the Ds elements have been excised
from the original integration sites in the presence
of Ac transposase activity that was provided in
trans. The germinal excision frequency was no
more than 40% [42]. Repetitive ratoon culturing
caused new transposition, at about 30% frequency,
thereby demonstrating that the procedure is one of
the strategies capable of producing a large popula-
tion of mutants [41].

Linkage analysis of the empty donor site and
the transposed Ds insertion site revealed that four
of five insertion sites were linked to the donor site
[42]. This indicates that most of the transposition
events occurred in a tightly linked site, as had been
reported for Arabidopsis [32,44]. In that species,
the physical map positions of 356 Ds insertions
showed significant preference for transposition to
the regions adjacent to the nucleolus organizer
regions [29]. For any given gene, insertions prefer-
entially occurred at the 5� end of a gene. There-
fore, the short-range and highly preferential
transposition system can be effectively utilized for
the targeted mutagenesis of closely linked genes.

In contrast, transpositions of another mobile
element, En/spm, were well distributed over differ-
ent chromosomes and were not clustered in a few
genomic locations in Arabidopsis [45]. However,
the tendency of the En/Spm element to amplify
can potentially complicate interpretation of phe-
notypes and molecular analyses. Ac/Ds in con-
junction with Spm/dSpm has been proposed for
use in developing a four-element system for di-
rected tagging of crop-specific alleles [46]. In the
first step, stocks carrying Ds within dSpm would
be crossed to a line with Spm to facilitate random
transposition of the transposon. In the second
step, individual lines would be crossed to a line
with Ac to induce local transpositions of the Ds
element. This four-element system would, there-
fore, exploit the natural tendency of unlinked
jumps of dSpm and linked jumps of Ds.

Unfortunately, the Ac element in this system
would undergo frequent excision from the target
gene, causing variegation. To overcome this, a
self-stabilizing Ac derivative has been developed
that undergoes autonomous transposition but is
stable after integration [47]. Charng et al. [48]
have designed an inducible transposon system us-
ing an element that contains a PR-1a pro-

moter::transposase fusion (PR-1a::Tpase).
Treatment with salicylic acid (SA) induces expres-
sion of transposase, resulting in the transposition
of Ds in somatic tissues. Germinal transposition
events also have been observed after SA treatment
of flowers. Development of inducible transposable
element systems will also be valuable for rice.

4. Retrotransposon tagging

Another effort toward gene tagging in rice in-
volves introducing tobacco retrotransposon Tto1,
and demonstrating its autonomous transposition
through reverse transcription [49]. A transposable
element, Tag1, from Arabidopsis has also been
analyzed in rice [50]. There, transcription and exci-
sion behavior of Tag1 were similar in both rice
and Arabidopsis. However, the excision was tissue-
specific only in rice.

A survey of 73 000 sequence-tagged-connectors
(STC), corresponding to nearly 50 Mb of the rice
genome, showed that retroelements are randomly
distributed with respect to potential genes [51].
Retrotransposons are both functionally and struc-
turally different from well-characterized transpos-
able elements such as Ac and Spm. These
retrotransposons are believed to be involved in
gene duplication as well as regulation of gene
expression. Transposition of some retroelements
can be induced by stresses caused by pathogen
infection, cell culture, and wounding [30,52].

Such endogenous elements in the rice genome
have provided excellent tools for gene tagging.
One such element is Tos17, which is activated
during tissue culture and amplified up to 30 copies
[30]. A gene knockout system using Tos17 has
been developed for identifying insertional muta-
tions in a number of genes. After screening 550
plants that were mutagenized by Tos17, Sato et al.
[28] have identified a mutation in the homeobox
gene OSH15. Rice phytochrome A (phyA) mutant
lines have also been isolated from Tos17-induced
mutant population using a three-dimensional
DNA-pooling system [53]. By screening for
viviparous mutants, Agrawal et al. [54] have iden-
tified Tos17 insertions in the rice zeaxanthin epox-
idase gene (OsABA1) and in a novel OsTATC
gene, which shows a weak homology with bacte-
rial Sec-independent translocase TATC. More
than 32 000 Tos17 insertion lines have been pro-
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duced and over 8600 independent sequence flank-
ing insertion sites have been determined [55].
Analysis of insertion points in the rice genome
sequence have revealed that insertions in the genic
regions (exon and intron) were two-fold higher
than in the intergenic region. This suggests that
Tos17 prefers the genic region for target sites. In
addition, hot spots of Tos17 insertions were ob-
served, with some of them being clustered. This
may reduce the efficiency of genome-wide gene
disruption.

5. Activation tagging

Conventional strategies, such as T-DNA muta-
genesis or transposon tagging, are not efficient for
analyzing the function of redundant genes. Like-
wise, neither T-DNA tagging nor transposon tag-
ging will identify the genes that are required
during multiple stages of a life cycle and whose
loss of function results in early embryonic or
gametophytic mortality [27]. Fewer than 10% of
the genes tagged in the Arabidopsis genome are
likely to generate a visible phenotypic change.
Therefore, complementing technologies are needed
for assessing the function of the remaining genes.

One such technique is the activation-tagging
system developed in Arabidopsis and successful for
cloning several genes [27,56–58]. This system uses
T-DNA vectors that contain multimerized CaMV
35S transcriptional enhancers positioned near the
right T-DNA border [59]. A transposon-mediated
activation-tagging system has also been developed,
using the Ds element that carries the tetramerized
CaMV 35S enhancer [60]. From the T-DNA acti-
vation-tagging pools of Arabidopsis, Weigel et al.
[27] have characterized over 30 dominant mutants
with various phenotypes. Analysis of a subset of
the mutants has shown that the tagging vector
causes over-expression of the gene immediately
adjacent to the inserted enhancer.

Gain-of-function mutagenesis in rice by activa-
tion tagging requires a strong enhancer element.
Our current research demonstrates that the CaMV
35S enhancer element has enhancer activity in rice
cells (unpublished data). We have developed the
binary vector, pGA2715, that carries the tetramer-
ized 35S enhancers and the hygromycin-resistant
gene. This vector is being used for generating
activation-tagging pools for rice.

6. Entrapment tagging

An entrapment tagging system allows for moni-
toring gene activity by creating fusions between
tagged genes and a reporter gene, such as �-glu-
curonidase (GUS) and green fluorescent protein
(GFP). Insertion of the promoterless reporter will
not only destroy normal gene function but also
activate expression of the reporter gene (Fig. 1B).
Three entrapment systems are available: enhancer,
promoter, and gene trap [61]. The devices for
entrapment can be transferred into plant cells as a
part of T-DNA or transposons [32,61,62]. This
approach has been successfully applied to genes
that are difficult to identify by traditional meth-
ods. Some examples include regulatory sequences
that drive reporter gene expression in nematode
feeding structures [63]; molecular markers for em-
bryogenesis [64]; or regulatory sequences that me-
diate guard-cell-specific expression [65].

Activation of a reporter gene in a promoter trap
vector can be as high as 30% [32]. In rice, at least
5% of the T-DNAs and 10% of the transposed Ds
elements become activated in various tissues, e.g.
roots, leaves, flowers, and seeds [13,41]. If reporter
gene activation by certain environmental condi-
tions or by chemicals such as growth substances is
included, total tagging efficiency is higher. Some
of the tags have displayed tissue- or organ-specific
reporter expression, while others have exhibited
ubiquitous expression patterns. One must study
whether these lines will manifest any mutant phe-
notypes in organs where the reporter has been
activated, and whether the phenotypes co-segre-
gate with the inserted reporter gene.

The GUS gene has frequently been used for
gene trapping in plants because of the accurate
detection of its gene product and tolerance for the
N-terminal translational fusions in its enzyme ac-
tivity. However, one problem with the GUS assay
is the destructive nature of its staining and
destaining procedures [66]. Non-invasive and non-
destructive reporter genes, such as GFP or luci-
ferase, have not yet been widely used for gene
trapping in plants. Recently, a visualization system
with a charge-coupled device camera, band-pass
filters, and a light source was used to demonstrate
that green fluorescence emitted from GFP could
be visualized in the calli, dry seeds, roots, and
seedlings of transgenic rice plants [67]. Such an
efficient visualization system should facilitate use
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of a non-destructive visual selection marker for
entrapment tagging in rice. We are currently in-
vestigating the efficiency of GFP expression in
rice plants transformed with the vector pGA2717
that carries the promoterless GFP next to the
left T-DNA border (unpublished data).

A new genomic DNA-based signal sequence
trap method, the signal-exon trap (SET), may
help identify genes that encode secreted and
membrane-bound proteins [68]. SET is based on
the coupling of an exon trap to the translation
of captured exons, thus allowing the screening of
exon-encoded polypeptides for signal peptide
function. This system may be helpful in the dis-
covery of novel members of known secretory
gene clusters as well as for other positional
cloning approaches.

7. Prospects

As Syngenta and Myriad Genetics announced
the completion of the rice genome sequence on
January 26, 2001 [69], the International Rice
Genome Sequencing Project (IRGSP) decided to
produce a complete sequence of the rice genome
in the shortest time possible. The working draft
of the rice genome that had been achieved by
Monsanto in April 2000 would be a tremendous
help to this sequencing project, thereby accelerat-
ing its completion. Therefore, entire sequences of
the rice genome should soon be publicly avail-
able. This will produce a number of genes of
which their possible identification is simply theo-
retically. One of the most efficient means for ob-
taining information on the function of a gene is
by creating a loss-of-function mutation and
studying the phenotype of the resulting mutant.
A large population of mutagenized rice plants
would be invaluable for assigning function to
their uncharacterized genes.

With the increasing availability of rice genome
sequences from public databases, it is worthwhile
to construct a database for the flanking se-
quences. The introduction of effective methods
for analyzing sequences adjoining the insertion
would facilitate development of this database.
These methods would also be extremely valuable
for future gene discovery and functional genom-
ics.
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