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Abstract

Meeting the challenge of routine gene targeting (GT) in higher plants is of crucial interest to researchers
and plant breeders who are currently in need of a powerful tool to specifically modify a given locus in a
genome. Higher plants have long been considered the last lineage resistant to targeting technology. How-
ever, a recent report described an efficient method of T-DNA-mediated targeted disruption of a non-
selectable locus in rice [Terada et al., Nat Biotechnol 20: 1030-1034 (2002)]. Though this study was an
obvious breakthrough, further improvement of GT frequencies may derive from a better understanding
of the natural mechanisms that control homologous recombination (HR) processes. In this review, we
will focus on what is known about HR and the factors which may hamper the development of routine
GT by HR in higher plants. We will also present the current strategies envisaged to overcome these limi-
tations, such as expression of recombination proteins and refinements in the design of the transforma-

tion vector.

Introduction

The plant science community currently suffers
from a strange paradox; while tremendous efforts
are being invested in the genome sequencing of
higher plants, knowledge of gene function
remains limited. In rice (Oryza sativa), the staple
food crop for a vast majority of the world’s pop-
ulation and model species for monocotyledonous
and cereal plants, draft genome versions of the
two agriculturally important sub-species, indica
and japonica, were published in April 2002 (Goff
et al., 2002, Yu et al.,, 2002). Thanks to the
International Rice Genome Sequencing Project
(IRGSP at http://rgp.dna.affrc.go.jp/IRGSP/), a
highly accurate sequence of the japonica’s cv.
Nipponbare 12 chromosomes will also be
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completed by the end of 2004 (Delseny, 2003).
However, of the 60,000 computer-predicted genes
in the rice genome, roughly half of them have
been assigned an uncertain role on the basis of
their sequence while only about 100 have been
ascribed a precise and verified function (Cyrano-
ski, 2003).

In an attempt to assign a precise function to a
given gene, large insertional mutant libraries have
been developed in higher plants over the last
decade. Insertional mutagenesis, involving the
random insertion of transposable elements or T-
DNA into the host genome to act as a molecular
tag of the interrupted gene, has proven to be a
valuable tool to address gene function through
detailed analysis of mutant phenotypes. System-
atic isolation and sequencing of genomic DNA
flanking the insertion sites (known as FSTs or
Flanking Sequence Tag) offers the opportunity to
rapidly characterise plants altered in a candidate
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gene sequence. This approach is notably most
useful in fully sequenced genomes such as in Ara-
bidopsis thaliana (Krysan et al., 2002; Marsch-
Martinez et al., 2002; Raina et al., 2002; Sessions
et al., 2002; Alonso etal., 2003), in which
approximately 296,000 FSTs are now publicly
available, thus nearly saturating the genome with
insertion sites (March 15th 2004 update, http://
www.arabidopsis.org/links/insertion.jsp).

With 125 Mbp and 26,422 genes, the Arabid-
opsis genome shows very limited synteny with the
420-466 Mbp and 60,000 predicted genes of the
rice genome (Schoof & Karlowski, 2003). In con-
trast, almost all cereal genes are present in rice
with a highly conserved macro-colinearity
between genomes (Ware & Stein, 2003). For
these reasons, there has been a need to specifi-
cally develop mutant libraries in rice. Chemically
or physically mutagenized populations harbour-
ing alterations from point mutations up to sev-
eral kilobase deletions have been created (Leung
et al., 2001) and their use for PCR-based identifi-
cation in DNA pools of a mutant line altered in
a target candidate sequence has been undertaken
using the recently developed TILLING (Till
et al., 2003) or Delete-a-Gene (Li et al., 2001)
methodologies. In parallel, several T-DNA (Jeon
et al., 2000; Jeong et al., 2002; An et al., 2003;
Wu et al., 2003; Sallaud et al., 2004), transposon
(Izawa et al., 1997; Chin et al., 1999; Greco
et al., 2001, 2003; Kohli etal, 2001; Up-
padhyaya et al., 2002; Kolesnik et al., 2004) and
retrotransposon (Hirochika, 2001; Miyao et al.,
2003) tagging populations have been generated.
FST databases are now emerging in several coun-
tries and will be accessible through a common
portal at http://www.iris.irri.org/IRFGC;.

Despite their widespread use, libraries gener-
ated by chemical, physical or insertion mutagene-
sis also have drawbacks that can be common to
all mutagens or specific to a given type. Since
mutagenesis relies on the random creation of
lesions throughout the genome followed by
screening for a specific mutation, large collections
of lines have to be generated and propagated in
order to increase the chance of disrupting a partic-
ular gene. This fact, coupled with the growth char-
acteristics of the rice plant, means seed increase
has to be accomplished under field conditions,
which may be difficult for transgenic materials.
Considering that the number of lesions created in

a single plant is variable, an observed mutant phe-
notype may not be correlated to a labelled tag or
could be the result of several lesions. Backcrosses
with a wild type parent are then often needed to
clean up the genetic background from extra
lesions and may prove to be tedious, especially in
chemical and physical mutagenesis.

To bypass these limitations, the ability to target
DNA integration at a given locus is of major inter-
est to functional genomic projects. It would allow
specific modification or disruption of endogenous
genes, providing a tool for more detailed analysis
of gene function. Such a technique would also per-
mit the locus-specific integration of a transgene
into a predetermined site of the host genome,
avoiding the accidental inactivation of an endoge-
nous gene localised at the insertion site or the
unexpected expression profiles of the transgene
itself, the so-called position effect (reviewed by
Mengiste & Paszkowski, 1999; Vergunst & Hoo-
ykaas, 1999; Britt & May, 2003; Hanin & Pasz-
kowski, 2003). Furthermore, one can expect an
enormous effort in the next decade in sequencing
alleles at loci (coding sequences but also regulatory
regions) of interest among genetic resources of
crop plants, as well as in establishing association
between allele version and the agronomic value of
a given trait. From this perspective, developing a
method allowing precise and targeted allele
replacement in cultivars may become a molecular
breeding method which would considerably
enhance plant improvement efficiency.

Unfortunately, the natural propensity of DNA
to recombine within homologous areas of the gen-
ome (i.e., homologous recombination or HR) and
therefore direct DNA integration (i.e., gene target-
ing or GT) happens rarely in higher eukaryotes.
Currently, this technique is applied routinely to
organisms whose genomes preferentially use HR
to mediate DNA integration, such as prokaryotes
(Weller et al., 2002), yeast (reviewed by Paques &
Haber, 1999) and the moss Physcomitrella patens
(reviewed by Schaefer, 2001, 2002). The cytoplas-
mic genomes of higher eukaryotes are also amena-
ble to targeted modifications due to their
prokaryotic origins (Ruf et al., 2001; Inoue et al.,
2002). On the contrary, preferred pathways have
to be bypassed in higher eukaryote nuclear ge-
nomes where DNA mostly integrates in a random
manner, even with long stretches of homology
shared within genomic template. So far, the use of



stem cells and positive/negative selection systems
as well as the development of cloning technology
have permitted GT in mice and other mammalian
species whereas the recent success of nuclear trans-
fer in zebrafish has been a first step towards gene
knockouts in fish (Bradey et al., 1984; Lee et al.,
2002; reviewed by Sedivy & Dutriaux, 1999;
Clark et al.,, 2000; Dennin & Priddle, 2003).
Moreover, an alternative to the traditional cell cul-
ture based approach has been developed in Dro-
sophila melanogaster involving a GT system which
operates within the cells of intact animals (Rong &
Golic, 2000; reviewed by Gong & Rong, 2003).

In higher plants, since the first report of tar-
geted reconstruction of a transgene in the tobacco
genome (Paszkowski et al., 1988), GT events have
been described at several loci but only in dicotyle-
donous plants and always with a very low fre-
quency ranging from 107 to 107® (Lee et al., 1990;
Offringa et al., 1990; Miao & Lam, 1995; Risseeuw
et al., 1995, 1997; Kempin et al., 1997; Reiss et al.,
2000; Hanin et al., 2001). However, a recent report
described an efficient method of T-DNA-mediated
targeted disruption of a non-selectable locus (the
waxy gene) in rice based on a large homologous
region of 13 kb and highly expressed, duplicated
diphtheria toxin gene-based counter-selectable
markers (Terada et al., 2002; reviewed by lida &
Terada, 2004). The GT events represented roughly
1 GT event in 1500 potential transformants and 1
GT event for 99 escapes, resulting in an observable
frequency of 1%.

Although this method may be applicable to
other genomic loci and transferable to other plant
species for which well-established transformation
systems already exist, a better understanding of
the natural mechanisms that trigger HR processes
may improve GT frequencies and may reveal why
there is such a difference in GT success rate among
organisms. In this review, we will first focus on
what is known about HR and the inefficiency of
GT and then on strategies for enhancing GT fre-
quencies in higher plants.

Natural features of somatic

recombination

homologous

HR is most commonly known as the process
resulting in DNA recombination during meiosis.
In mitotic cells, however, HR is a basic mecha-
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nism to repair DNA damage and more precisely
to repair DNA double-strand breaks (DSBs)
(reviewed by Britt, 1999; Tuteja et al., 2001). If
left unrepaired, DNA DSBs can affect cellular
metabolism and lead the cell through anarchic
development or even to cell death. Nevertheless,
DSBs sometimes play a crucial role in biological
processes such as DNA replication (Barnes &
Rio, 1997) or meiosis, through the activity of the
Spoll protein (Smith & Nicolas, 1998; Grelon
et al., 2001). The vital rearrangement of the
V(D)J region for antibody production in verte-
brate immune systems is also processed via DSB
formations (Roth, 2003).

While HR mediates a precise repair by the
copying of homologous templates (e.g., homolo-
gous chromosomes or sister-chromatids), poten-
tially lethal DNA DSBs can also be repaired by
illegitimate recombination (IR) via non-homolo-
gous end joining (NHEJ), where essentially any
two ends can fuse (reviewed by Puchta & Hohn,
1996; Gorbunova & Levy, 1999; van den Bosch
et al., 2002; Pastwa & Blasiak, 2003; Dudas &
Chovanec, 2004) (Figure 1). Thus, this random
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Figure 1. The three different DSB repair pathways. Repair
by HR (a): the break is repaired by copying the information
on a homologous template (in gray) resulting in the retrieval
of the original sequence. Repair by IR via non-homologous
end joining (b): the break is repaired by simple ligation of
two double-stranded DNA ends. Basically, any two ends can
fuse, a process leading to frequent genome rearrangements,
Repair by SSA (c): the break is repaired by the annealing of
complementary 5’-protruding sequences located on the DNA
ends. As in IR, the repair is said to be non conservative as
there is a loss of genetic information. Each color represents a
distinct DNA molecule.
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rejoining of broken ends is often associated with
chromosomal instability and a loss of genetic
information. HR-mediated repair between non-
allelic loci can also lead to genome rearrange-
ments but spontaneous recombination between
ectopic sites is considered to be quite rare in
plants and animals (Puchta, 1999). Single-strand
annealing (SSA), a third path of repair, requires
the presence of repeated sequences on both sides
of a break (Figure 1). After exonuclease degrada-
tion of the 5’-ends, repair occurs by annealing of
the two complementary sequences, a process
leading to the loss of the genetic information
contained between these repeats.

With respect to the species preferential DSB
repair pathway, HR but also IR mediates trans-
gene integration. This second aspect explains the
inefficiency of GT in higher plants (see above)
which use HR as a minor pathway of repair.
Thus, despite the fact that transgene integration
processes are still unclear in plants (reviewed by
Makarevitch et al., 2003; Kohli et al.,, 2003;
Tzfira & Citovsky, 2003; Somers & Makarevitch,
2004), transgenic DNA would be preferentially
integrated by end joining whether or not sharing
homology within the host genome.

Homologous recombination molecular mechanisms

Several distinct pathways have been described for
the repair of DSBs and/or transgene integration.
However, the genomic rearrangements often
observed in higher plants after these processes
have occurred can only be explained by a combi-
nation of different mechanisms common to HR
and IR. Thus, a description of recombination
mechanisms as a whole is necessary. Moreover,
as the published material is mainly focused on
DNA repair, recombination mechanisms will be
described in this section as DSB repair events.
After a DSB occurs within a genome, two
options exist for the newly-formed double-
stranded ends: if not simply ligated to another
end, free 3’-ends are formed via exonuclease-cata-
lyzed digestion of the released 5’-ends. The sim-
ple ligation of double-stranded ends without
single-strand formation is however considered to
be rare in plants (Gorbunova & Levy, 1999). For
example, a recent study reported 7 simple liga-
tions of T-DNA ends out of 67 plant genomic/

T-DNA junctions analysed (Windels et al., 2003).
Other reports proved that NHEJ-mediated repair
is commonly achieved through the annealing of
3-5 bp micro-homology localised on both
extremities involved in the repair (Takano et al.,
1997; Brunaud et al., 2002; Windels et al., 2003).
One difference between NHEJ and SSA in plants
would then be the length of homology: whereas
NEH] is carried out at micro-homological sites
within a few bp, SSA requires larger size of
homology; the common feature being the loss of
the genetic information contained between the
repeats. Nevertheless, SSA-mediated repair was
proposed in higher plants to explain extrachro-
mosomal (Puchta & Hohn, 1991) as well as intra-
chromosomal HR events at closely linked
chromosomal direct repeats (Lowe et al., 1992;
Siebert & Puchta, 2002), but not GT.

Often associated with deletions, rejoined
breaks in plants are also prone to DNA insertion
at the repaired site (Gorbunova & Levy, 1997;
Takano et al., 1997, Salomon & Puchta, 1998;
Kirik et al., 2000; Chilton & Que, 2003; Tzifira
et al., 2003; Windels et al., 2003). This frequent
outcome was first demonstrated in the tobacco
genome where up to 1.2 kb of filler DNA was
found after sequence analysis of end junctions
(Gorbunova & Levy, 1997). Introduction of filler
DNA can be best explained by the Synthesis-
Dependent Strand Annealing (SDSA) mechanism
where DSB-induced free 3’-termini invade a
double-stranded template and prime DNA
synthesis, generating long stretches of single-
stranded DNA (Lin et al., 1984). After displace-
ment of the molecule from the template, end
joining or SSA then process the repair, resulting
in the insertion of newly synthesized DNA at the
junction. Template switching during DNA syn-
thesis may be responsible for the complex DNA
pattern often obtained at the repaired site. How-
ever, filler DNA can also be explained by IR-
mediated insertion of extrachromosomal DNA
such as transposable elements and transgenes
(Salomon & Puchta, 1998; Chilton & Que, 2003;
Tzifira et al., 2003) or, for insertions of a few
base pairs, by a misannealing in end joining at
micro-homological sites (Windels et al., 2003).

Similar to SDSA is the One-Sided Invasion
(OSI) mechanism, which describe events where
only one single-stranded 3’-end invades a tem-
plate (Belmaaza & Chartrand, 1994). Thus, if a



3’-termini invades a homologous template and
synthesis proceeds without a template switch,
OSI or SDSA-mediated repair can lead to a HR
event (Puchta, 1998) (Figure 2). Moreover, since
the two DNA ends of a targeting vector can
react independently, it was also proposed to
explain some observed outcomes of GT experi-
ments that one end would serve in a OSI-medi-
ated HR event while the other end would
integrate by NHEJ (Hohn & Puchta, 2003).

The HR events can be also explained through
the classical DSB repair (DSBR) model of

Szostak (Szostak et al., 1983) (Figure 2). In this
model, both single-stranded 3’-ends invade a
homologous template and prime DNA synthesis
prior to the formation of two Holliday junctions.
Depending on their cleavage orientation, Holli-
day junctions can then be resolved by either
gene-conversion, where the two DNA molecules
retain their flanking sequences, or by crossing-
over, where they exchange them. Alternatively,
displacement of the newly synthesized strands
from the homologous template before Holliday
junction formation can lead to a SDSA-mediated
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Figure 2. HR-mediated DSB repair mechanisms via the DSBR model of Szostak or SDSA/OSI. When a DNA DSB occurs within
a genome (a). If not simply ligated to another end, free 3’-ends are formed via exonuclease-catalyzed digestion of the released 5'-
ends (b). These 3’-protruding ends are then used as primers for DNA synthesis on a homologous template such as a homologous
chromosome, a sister chromatid or any DNA sequence available sharing homology (c). In the DSBR model of Szostak, Holliday
junctions (HJ) are formed (d). Resolved by either gene-conversion, where the two DNA molecules retain their flanking sequences,
or by crossing-over, where they exchange them (e). Alternatively, displacement of the newly synthesized strands from the homolo-
gous template prior to HJ formation and without re-annealing on a non-homologous template leads to a SDSA or OSI mechanism
depending on whether both or only one single stranded 3’-end(s), respectively, is(are) involved in the repair process (f). The break
is then repaired by IR, resulting in the retrieval of the original sequence in the broken molecule and no changes of the homologous
template (g). No genetic information is lost during these processes. The broken DNA molecule is represented in blue whereas the

homologous template is in gray.
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HR event (Prado & Aguilera, 2003). The DSBR
model associated with crossing-over was pro-
posed as a possibility to explain gene knockouts.

In summary, the literature shows that DSB
repair is an error-prone mechanism in higher
plants. The prevalence of IR-mediated repair
almost inevitably produces deletions which are
often associated with DNA insertions (such as
transgenes) and chromosomal rearrangements.
Mechanistically, end joining at micro-homologi-
cal sites, SSA and SDSA/OSI appear to be the
prominent paths of repair. HR-mediated DSB
repair is therefore a minor process (Puchta, 1999;
Gisler et al., 2002) that can be explained either
by SDSA/OSI or DSBR (Puchta et al., 1996). It
is possible that SDSA/OSI functions as a HR
repair in somatic cells, whereas DSBR occurs
mostly during meiosis, when the fidelity of the
exchange is assured by the pairing of homologs
(Zickler & Kleckner, 1999). Moreover, SDSA/
OSI-mediated repair may be a safer option than
DSBR in somatic cells as it reduces the risks
associated with crossover events such as translo-
cations.

Why is GT so inefficient in higher plants?

The consequence of the preferential DSB repair
pathway in higher plants is that natural
frequencies of GT by HR remain very low, rang-
ing from 107 to 107 (Paszkowski et al., 1988;
Lee et al.,, 1990; Offringa et al., 1990; Miao &
Lam, 1995; Risseeuw et al., 1995, 1997; Kempin
et al., 1997; Reiss et al., 2000; Hanin et al., 2001;
Terada et al., 2002). Thus, the main question to
address is why the recombination machinery is so
efficient in some organisms, such as yeast or the
moss Physcomitrella patens, but not in higher
plants.

Based on the observation that GT frequencies
above 1% in eukaryotic cells seem to be
restricted to primitive and/or unicellular organ-
isms (Schaefer, 2001), Schaefer and Zryd (1997)
correlated the efficient targeted integration of
transgenes in these organisms with their constant
or part-time haploid state throughout their life-
cycle. Haploid organisms, with only one copy of
their genome, would have to repair DSBs by HR
in order to maintain genome integrity. However,
both haploid and diploid strains of yeast inte-

grate exogenous DNA by HR with as little as 50
bp of homology shared within their genome
(reviewed by Paques & Haber, 1999). Moreover,
in the model dicot plant Arabidopsis, the com-
mon transformation procedure consisting of
Agrobacterium-infiltration of female gameto-
phytic cells (Bechtold et al., 2000) does not
enhance GT frequency (Hanin et al., 2001).
Thus, a high ratio of GT vs. random integration
might not be a question of ploidy but, perhaps,
of cell-type.

Mouse embryonic stem cells or chicken DT
40 pre-B cells are known for their ability to natu-
rally carry out GT with higher frequencies than
other animal cell-types (reviewed by Capecchi,
1989; Winding & Berchtold, 2001). As both of
these cells can be considered undifferentiated
(i.e., they are not the final outcome of the cell
lineage), it may be possible that a high frequency
of GT is correlated with this so-called undifferen-
tiated state. For instance, in the “Rong and Gol-
ic” targeting system developed for Drosophila
(Rong & Golic, 2000), the difference in the germ-
line targeting efficiency in favour of females
could relate to its undifferentiated state; whereas
male germ-cells differentiate to start spermato-
genesis, female germ-cells remain undifferentiated
until oogenesis occurs (reviewed by Lin, 1997). In
addition, the P. patens protoplasts used for trans-
formation are obtained from a culture of chloro-
nema cells, one of the two cell-types generated
once a haploid spore has germinated; chloronema
cells differentiate into caulonema from which
leafy buds will emerge (Hohe et al., 2004). In
multi-cellular organisms, undifferentiated cells
would have to repair DSBs by HR in order to
preserve genome integrity in the cell-lines, organs
or organisms that they will be transformed into
whereas differentiated cells would accumulate
repair-errors until death without threatening, to
a certain limit, the whole organism. On the con-
trary, DSB repair by HR would be a survival
necessity in unicellular organisms. Considering
that all of the eukaryote cell-types known to
undertake GT are the precursors of cell linecage
development (e.g., chicken pre-B cells and Dro-
sophila female germline) or of an entire organism
(e.g., mice embryonic stem cells and P. patens
chloronema cells), one can speculate that this
particular state is correlated to a high GT fre-
quency. Targeting experiments in microspores or



meristematic tissues may answer this question in
higher plants (for a review on plant stem cells,
see Byrne et al., 2003).

The connection between cell-cycle phases and
HR frequency has also been identified as a condi-
tion for efficient GT in certain organisms. In ver-
tebrate cells, it was demonstrated that end
joining DSB repair plays a dominant role during
Gl/early S phase while HR repair is preferen-
tially used in late S/G2 phase (Takata et al.,
1998). In yeast, the kinetics of recombination first
appeared to be cell-cycle independent (reviewed
by Paques and Haber, 1999) but a recent study
showed that IR activity is predominant in Gl
(Karathanasis & Wilson, 2002). Furthermore,
Reski (1998) proposed that the high ratio of tar-
geted vs. random integration of transgenes in
P. patens is correlated to the fact that chloronem-
a cells (i.e., the transformed cells) are specifically
arrested most often at the G2/M boundary of the
cell-cycle (Schween et al., 2003). Cell-cycle arrest
in G2 (ie., after DNA replication) would
increase the chance of meeting a homolog, espe-
cially in haploid organisms that possess only one
copy of their genome. At the same time, this the-
ory would explain the inefficiency of GT in
higher plants where cells are known to be pre-
dominantly arrested in G1/S.

Can the higher plant protein machinery be respon-
sible for low efficiency?

Over the past two decades, the study of yeast
mutants has lead to the characterisation of pro-
teins involved in DNA repair and recombination.
These mutants mostly fall into two general clas-
ses: those involved primarily in HR, such as
rad51-52-54-55-57-59, or IR, such as ku, lig4 and
xrecd (reviewed by Paques & Haber, 1999). The
IR pathway in vertebrate cells also requires a
DNA protein kinase catalytic subunit for which
no homologue has been found in yeast (Pastwa
& Blasiak, 2003). However, one protein complex
encoded by the rad50, mrell and xrs2 genes has
been implicated in both repair pathways. All of
these proteins seem to be evolutionarily con-
served and homologs have been found in several
species. For example, the Rad50, Rad51 and
Mrell proteins are highly conserved among
eukaryotes and have also been identified in prok-
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aryotes and archaea (Symington, 2002). Thus,
although several theories have been speculated to
explain the inefficiency of GT in higher plants,
only functional analysis of homologs involved in
recombinational processes may unravel such an
issue (progress on DNA repair and recombina-
tion protein in plants has been reviewed by Ray
& Langer, 2002).

Surprisingly, while there is strong evidence
that Rad52 is essential for any repair by HR in
yeast (Sugawara et al., 2003; Wolner et al., 2003;
Lisby et al., 2003; reviewed by Symington, 2002),
this protein has never been found in plants. Ray
and Langer (2002) postulated a correlation
between this absence and the low levels of HR
commonly obtained in plant somatic cells. How-
ever, Rad52 homologs have been discovered in
animals, which are known to perform GT at low
levels with the exception of some characterised
cell-lines (see above). Moreover, homologs of
most other proteins involved in HR have been
cloned in plants and somatic GT events do occur
despite the absence of Rad52 (Paszkowski et al.,
1988; Lee et al., 1990; Offringa et al., 1990; Miao
& Lam, 1995; Risseeuw et al., 1995, 1997; Kem-
pin et al., 1997; Reiss et al., 2000; Hanin et al.,
2001; Terada et al., 2002). It is also possible that
Rad52 function is accomplished by an unknown
component in plants and animals.

More generally, recent studies tend to contra-
dict the idea that emerged in the late 1990s that
HR and IR compete for available DNA ends by
the fixation of either the Rad52 protein or the
Ku70/80 heterodimer, respectively, to the extrem-
ities of a DSB (van Dyck et al.,, 1999; Haber,
1999). An in vitro assay has demonstrated that
whereas Ku proteins preferentially bind to free
DNA ends, Rad52 preferentially attaches itself to
single-stranded DNA but not necessarily at a
strand extremity (Ristic et al., 2003). As the
authors concluded, it is therefore unlikely that
these proteins compete as gatekeepers between
HR and IR.

In addition, it was shown in yeast that end
joining at micro-homological sites (i.e., the com-
mon form of IR in plants, see above) is Ku70
independent (Ma et al., 2003). Similarly, Ku80
seems not to be implicated in T-DNA integration
in Arabidopsis (Gallego et al., 2003). Ku proteins
might then only be required for the simple liga-
tion of double-stranded ends but not for end
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joining at micro-homological sites. Moreover,
considering that DNA ligase IV, a crucial
enzyme for NHEJ T-DNA insertion in yeast,
also seems not to be required in Arabidopsis (van
Attikum et al., 2001, 2003), IR-mediated T-DNA
integration mechanisms may be species-specific.
T-DNA insertion mechanisms would depend on
the prevalence of simple ligation vs. end joining
at micro-homological sites to repair a DSB. By
contrast, Friesner and Britt (2003) reported that
Ku80 and DNA ligase IV mutant plants are
defective in T-DNA integration. Thus, this issue
is still controversial in plants.

A recent study also demonstrated that even if
the Rad50-Mrell-Xrs2 tri-proteic complex is
required for random T-DNA integration by IR
in yeast (van Attikum et al., 2001), these proteins
do not participate in HR-targeted integration
events (van Attikum & Hooykaas, 2003). In
other words, this means that Rad50, Mrell and
Xrs2, which were thought to be implicated in
both recombination processes, are not involved
in GT. Other reports have proved the importance
of this complex in DNA repair (Daoudal-Cotte-
rell et al., 2002; Trujillo et al., 2003) and the
study of the Arabidopsis rad50 null mutant
showed an 8- to 10-fold increase of the mitotic
intrachromosomal recombination level (Gherbi
et al., 2001). Considering the hypothesis that
inhibition of IR would result in a stimulation of
HR, mutants of these proteins may increase GT
frequency in higher plants. We recently cloned
and characterised the homolog of the rad50 gene
in rice cv. Nipponbare (see Genbank accession
number AY277897; Cotsaftis and Guiderdoni,
unpublished data) and identified a mutant for
this gene in the T-DNA insertion line library cre-
ated in our laboratory (Sallaud et al., 2004). This
mutant line is very valuable for the investigation
of the role of Rad50 in GT efficiency.

Finally, other proteins have been studied in
an attempt to determine the key factors that reg-
ulate HR. Markmann-Mulisch et al. (2002)
proposed that the unique organisation of the
P. patens rad51 gene (i.e., duplicated and intron-
less) among multicellular organisms could be
related to the high GT frequency observed in this
species as introns could serve regulatory func-
tions (see also Ayora et al., 2002). It was also
demonstrated that SMC-like proteins (Structural
Maintenance of Chromosome) play a role in the

HR pathway (Mengiste et al., 1999) and that the
over-expression of the MIM gene (i.e., coding for
a SMC protein) is associated with higher level of
intrachromosomal recombination in Arabidopsis
(Hanin et al., 2000). Thus, the chromatin struc-
ture at the target loci may have a role in GT effi-
ciency.

To summarize, recently published results have
provided some new insights into the mechanisms
of DNA repair and recombination, but only the
isolation and characterisation of plant gene
mutants involved in those mechanisms will help
to further understand GT processes. Neverthe-
less, in P. patens, DNA molecules integrate 10
times more efficiently by HR (10 in 10° cells)
than by IR (1 in 10° cells) (Schaefer & Zryd,
1997). Thus, the reported absolute HR frequency
in the cells used for transformation does not dif-
fer much between this moss and higher plants
but the absolute frequency of IR appears to be
much lower in Physcomitrella. The answer to the
question “Why is GT so inefficient in higher
plants?”” might not then be a question of the inef-
ficiency of HR but more of the important effi-
ciency of IR.

Towards efficient GT in higher plants

‘Increasing the frequency of GT involves not
only maximising the frequency of HR but also
improving selection techniques for the identifi-
cation of rare recombinants’ (Mengiste & Pasz-
kowski, 1999). Indeed, the only report
displaying a high frequency of GT (~1%) in
higher plants used the hygromycin resistance
gene as a disruptive gene (i.e., a positive
selection gene) and duplicated highly expressed
diphtheria toxin gene-based counter-selectable
markers (i.e., a negative selection gene) at both
ends of an ends-out configuration trans-
formation vector (Terada et al., 2002) (Fig-
ure 3(a)).

Placed in the target construct outside the
region of homology, negative selection genes
allow the -elimination of randomly inserted
clones, leading to an increase of the GT fre-
quency (Figure 3(b)). Coding sequence deletion
and silencing of the counter-selectable marker,
however, limit their potential by generating
escapes (e.g., the 99% escapes in the experiment cited
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Figure 3. (a) Representation of the targeting vector used by Terada et al. (2002) for the disruption of the waxy locus. The hygro-
mycin resistance gene (Hpt), in green, is used as the disruptive gene and two negative selection diphtheria toxin genes (DT-A), in
blue, are placed at both ends of the transformation vector. Promoters are represented by red triangles. In gray are the regions of
homology shared with the chromosomal target on the transformation vector. (b) Two different strategies for the enrichment of rare
knockout events by GT using an ends-out configuration targeting vector (such as a T-DNA). In the positive-negative selection sys-
tem, both markers are independent expression units while the positive selectable marker in the promoter-less strategy is under con-
trol of the native promoter of the targeted gene X after a GT event occurs. Thus, the targeting vector in the promoter-less strategy
does not have to share homology with the promoter region of the gene to be targeted while this genomic region may or may not
be included in the positive-negative selection system. The disruptive positive selectable marker is represented in green and the nega-
tive selection gene is in blue. (c) The promoter-less positive/negative selection vector is designed to further ameliorate these strate-
gies. The vector is based on the promoter-less positive selection system with the addition of a negative selection gene driven by a

strong promoter at the vector extremity that is homologous with the

above). Moreover, targeting events accompanied
by random insertions of the targeting vectors or
transient expression of the negative selection gene
are lost. Despite these drawbacks, positive/nega-
tive selection systems have proved their useful-
ness to enrich GT frequencies in rice (Terada
et al., 2002, 2004; reviewed by lida & Terada,
2004) as well as in mammalian somatic cells
(reviewed by Sedivy & Dutriaux, 1999).

In the specific case of HR-mediated knockouts
(as opposed to HR-mediated locus-specific modifi-
cations), another enrichment method relies on the
use of a promoter-less positive selectable marker
whose expression is made conditional on recombi-
nation at the homologous target site (Figure 3(b)).
In other words, expression of the selectable marker
is placed under control of the promoter of the gene
to be targeted itself while no expression is sup-

3’ region of the gene to be targeted.

posed to be found during an IR event, leading to
the non-selection of these events. In this method,
particular care has to be given to the location of
the start codon of the target gene: if placed before
the positive selection gene in the transformation
vector, the two gene sequences have to be aligned
in the same reading frame. Sufficient distance also
has to be left between the promoter of the target
gene and the selectable marker to allow efficient
HR. Despite generation of escapes that are recov-
ered when an ectopic promoter allows sufficient
expression of the selectable marker during an IR
event, it has been demonstrated that promoter-less
transformation vectors can achieve enrichments of
20- to 250-fold over a positive/negative selection
system in mammalian somatic cells (reviewed by
Sedivy & Dutriaux, 1999). This strategy, however,
has never been attempted in higher plants.
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To further enhance knockout efficiencies, a
valuable approach would be to design an ends-
out targeting vector based on the promoter-less
positive selection system by adding a negative
selection gene driven by a strong promoter at the
vector extremity which is homologous with the 3’
region of the gene to be targeted (Figure 3(c)).
Such a vector, which could be called a promoter-
less positive/negative selection vector, would
combine the advantages of both previous systems
and may allow the observation of higher GT fre-
quencies as both selective agents would select for
GT events.

The length of sequence homology between the
targeting vector and the target locus has also
been suggested to affect GT efficiency. For
instance, targeting efficiency was positively corre-
lated in an exponential manner to the extent of
homology in mouse embryonic stem cells (Deng
& Capecchi, 1992). In yeast, a homology increase
of only 200 bp on one end of the disruption vec-
tor increased GT efficiency (Gray & Honigberg,
2001). On the contrary, targeting experiments in
higher plants using sequence homology ranging
from 0.4 to 22 kb did not show any significant
difference in GT frequency (Mengiste & Pasz-
kowski, 1999). In rice cv. Niponbarre, the natural
frequency found for the disruption of the waxy
gene with a 13 kb homology (~107* Terada
et al., 2002) is in the same magnitude of a gene
reconstruction experiment using the gfp marker
with only 500 bp homology (Cotsaftis & Guider-
doni, unpublished data). It therefore appears that
the extent of homology between the transforma-
tion vector and the target locus does not influ-
ence GT frequency in higher plants. However,
since the absolute number of GT events are
dwarfed relative to the absolute number of IR
events, this observation could simply be due to
biased statistics and only experiments using sys-
tems described above to increase the observed
frequency of GT would address that issue.

Induced DSBs (Puchta et al., 1993; Chiurazzi
et al., 1996; Orel et al., 2003), physiological stres-
ses (such as high salinity concentration (Puchta
et al., 1995) or pathogen infection (Kovalchuck
et al., 2003)), expression of exogenous recombi-
nation proteins (Shalev et al., 1999) or exposure
to DNA damaging agents (Kovalchuck et al.,
2000; Molinier et al., 2004) have also been
reported to enhance intrachromosomal HR level

in higher plant somatic cells. These factors may
then increase GT frequency as well. However,
specifically introducing a DSB at a chosen target
locus remains a challenge and the genomic modi-
fications caused by genetic transformation and
the effects of the external agents listed above
would likely modify other loci. Therefore, the use
of these methods for increasing GT frequency
may not be practical for the characterisation of
knockouts or locus-specific modifications. By
contrast, transient expression of a recombination
protein gene could be an option if it does not
integrate a posteriori. For example, transient
expression of the yeast rad 52 gene could increase
GT efficiency but it may be necessary to reengi-
neer an exogenous version so that it interacts
properly with the corresponding plant-specific
complexes (as proposed by Ray & Langer, 2002).

Finally, the high efficiency of Agrobacterium-
mediated transformation in rice (Sallaud et al.,
2003; Terada et al., 2004) allowed us to set up a
reliable, low-cost and relatively rapid GT test
based on the reconstruction of a 3’-deleted gfp
transgene by HR through two successive rounds
of transformation (Cotsaftis & Guiderdoni,
unpublished data). In this system, the co-culture
of embryogenic calli induced from ~100 seeds
with Agrobacterium routinely yields between 5000
and 10,000 independently transformed cell lines
that can be transformed with a second T-DNA.
The entire process may be completed by one per-
son in about 4 months. Screening for GFP activ-
ity resulting from HR-mediated reconstruction of
an expressed gfp gene can be achieved by exam-
ining the new cell lines under a UV light in a sin-
gle day. Basal GT frequency within a wild-type
Nipponbare was estimated in the first experi-
ments at 2.23 x 107, This test can be used to
observe increased or decreased GT frequency in
mutants altered in recombination processes. It
may also generate data that will enhance our
knowledge of the homologous and illegitimate
recombination processes in rice and other higher
plant species.

Conclusion
Meeting the challenge of routine GT in higher

plants is of crucial interest to researchers and
plant breeders who are currently in need of a



powerful tool to specifically modify a given locus
in a genome. Higher plants have long been con-
sidered to be the last lineage resistant to efficient
targeting technology. Although gene disruption
with an efficiency of 1% has so far been achieved
in a single gene in rice and still has to be tested
on other loci and species, this report was a true
breakthrough which placed GT efficiency in rice
at the same level as in mice. However, increased
knowledge of the HR and IR plant protein
machinery through mutant analyses and experi-
mentation on different plant tissues, as they may
have variable targeting efficiencies (see ‘Why is
GT so inefficient in higher plants?’), may increase
GT frequency further and reduce both the time
and labour needed for experiments where thou-
sands of transformation events are initially
required. Indeed, even a few percent increase
would be valuable.
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