GM crop plants may be able to hybridize with sexually compatible species and have an impact on the environment through the production of hybrids and their progeny. There are four basic elements in determining the likelihood and consequences of gene flow in this way: first, the distance of pollen movement from the GM crop; second, the synchrony of flowering between the crop and pollen recipient species; third, the sexual compatibility between crop and recipient species; and fourth, the ecology of the recipient species.

There is now extensive literature on the distance of pollen movement in different crops30. Some projects are engaged in mathematical modeling of pollen movement, and the general conclusion from the work to date is that pollination declines sharply with distance from the pollen source, but the distance at which pollination is zero is very difficult to determine. The distance viable pollen can travel is influenced by the pollen dispersal mechanism (wind, insects, etc.) and by pollen longevity, both of which are determined by plant species. Pollination distances of many kilometers have been recorded in some species31
The sexual compatibility of crops with weeds and feral species has been reviewed by Ellstrand et al.32. He gives various examples of crops that can hybridize with weeds in some countries, including oilseed rape, barley, wheat, and beans. In the United Kingdom, the probability of hybridization with weeds is considered minimal for wheat, low for oilseed rape and barley, and high for sugar beet33.

The possibilities of hybridization between oilseed rape and related species have been reviewed by Scheffler et al.34, 35. Several detailed studies of hybridization between oilseed rape and particular weed species have also been undertaken. Oilseed rape can hybridize with hoary mustard, with wild radish33, and with other wild brassicas species3, 34, 35.

The consequences of the transfer of novel genes from GM crops to weeds depend on the nature of the novel gene and the biology and ecology of the recipient weed species. The transfer of herbicide tolerance is unlikely to confer any competitive advantage to hybrids outside agricultural areas. The transfer to weed species of characteristics such as resistance to particular pests and diseases or tolerance to stressful conditions (such as drought or salt tolerance) could potentially give weed species a selective advantage. In this context, Ramachandran et al.36 have investigated the competitive ability of an insect-resistant transgenic oilseed rape variety as compared with non-transgenic oilseed rape in seed mixtures. The transgenic variety was competitively superior when the two varieties were subject to diamondback moth selection pressure in greenhouse experiments and in field plots. In a similar study, Stewart et al.37 have shown, under certain conditions, the likelihood of increased fitness in oilseed rape varieties expressing Bt transgenes.

Some of the modifications made by GM plant breeding are likely to have direct parallels in conventional plant breeding. Therefore, experience of the impact of hybridization between conventional crop varieties and weed species in conventional agriculture may be highly instructive in regard to the interpretation of the impact of hybridization between GM crops and weed species. However, some possible future genetic modifications in GM plant breeding, such as salt tolerance or cold tolerance, could potentially produce novel crop types whose impact on the environment will need to be assessed with particular care.

It is generally assumed that there is likely to be an environmental impact only if the novel trait acquired confers greater environmental fitness on the crop plant or its sexually compatible relative. This is not necessarily the case. A gene that confers reduced fitness on a plant in a wild habitat could adversely affect wild sexually compatible natural populations through recurrent pollination by a GM crop38.

Another matter of importance is the potential of crops carrying different herbicide-tolerance genes to become multiply tolerant to several herbicides by pollination between adjacent crops. In several closely studied examples in Canada, farmers have detected oilseed rape plants tolerant to three different herbicides39. Two of the tolerances were acquired from GM crops and the third from conventional breeding. Various studies are ongoing in Europe to define management practices that will minimize the likelihood of this occurring. Unless agronomics and weed control measures are managed well, the development of multiple tolerance in "volunteer" crop plants (from seeds remaining viable in agricultural soil) may also impact the environment by necessitating the use by farmers of less environmentally friendly (and possibly outdated) herbicides.
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Transgenic crops—why gene flow matters
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Several key challenges face researchers attempting rigorous empirical assessment of gene flow from genetically modified (GM) crops to related commercial crops, weeds, and wild relatives. A workshop held recently at Ohio State University (Columbus, OH)* brought together plant population ecologists, evolutionary biologists, weed ecologists, crop scientists, and molecular biologists to discuss progress in the field and appropriate methods for studying questions related to gene flow, with an emphasis on crops and related species in North America. Clearly, there is a paucity of interdisciplinary research on the ecological and agronomic effects of gene flow, and increased public investment in this type of research is sorely needed.

Gene flow from crops to wild or weedy relatives is often cited as a potential risk in the commercialization of transgenic crops1-4. Although crops and weeds have exchanged genes for centuries, genetic engineering raises additional concerns because it not only enables introduction into ecosystems of genes that confer novel fitness-related traits, but also allows novel genes to be introduced into many diverse types of crops, each with its own specific potential to outcross. Most cultivated plants mate with one or more wild relatives in some portion of their geographic range, and many crops are known to naturalize and persist as feral weed populations5, 6. This means that newly introduced genes could potentially disperse into nearby populations, bringing along new phenotypic traits such as resistance to insects, diseases, herbicides, or harsh growing conditions. Enhanced understanding of this process—and, more importantly, of the impact of crop gene introgression into populations growing on roadsides, field margins, or uncultivated areas—is needed as GM crops continue to be adopted.

Most government agencies that regulate GM plants ask for information about gene flow and its consequences, but it's often difficult to find peer-reviewed publications with relevant data. To some extent, the problem can be traced to a lack of funding (and interest) from government programs that sponsor competitive agricultural research grants. Also, GM crop research is relatively new, and the pace of commercialization has outstripped the rate at which multiyear, multisite field studies have been carried out and published (one of the only long-term projects of this kind did not include GM crops that were likely to pose ecological risks7, making it irrelevant to the issues at hand). To complicate matters further, few biotechnology companies are willing to fund independent risk assessment research or provide precommercial transgenic cultivars for study.

Discussions at the Ohio meeting clarified several issues that should help direct future research8. First, a gene is a gene, and our limited experience from environmental studies confirms that transgenes disperse and become incorporated into the genomes of other species in the same manner as other crop genes.

Second, gene flow can be surprisingly widespread. New cases of crop-to-wild gene flow are still being discovered (such as wheat to jointed goatgrass), and crop alleles can persist in weed populations for decades. It is now evident that certain crops (such as oilseed rape) can pass genes to a wild relative even when those genes are carried on unshared (nonhomologous) chromosomes. Some commercially important grass species can hybridize with nearby congeners and then switch to asexual seed production (apomixis), allowing crop genes to spread widely, even when F1 hybrids are sterile.

Third, certain crop types will require new approaches to risk assessment. For trees and other long-lived species, for instance, gene flow is best studied by a combination of empirical studies and simulation models because multigeneration field studies are not feasible.

Fourth, a range of possible fitness costs and benefits have been associated with particular GM traits. Under some conditions, single or multiple transgenes will not have any detectable effect on the survival or reproduction of wild or weedy species. If there are effects, they may be difficult to detect unless weed populations are released from strongly limiting factors (such as drought stress, salinity, or herbivores). Data presented at the meeting indicated that in wild sunflowers at least, a Bacillus thuringiensis (Bt) gene for lepidopteran resistance can result in an unexpectedly large boost in seed production.

Fifth, when novel genes spread to free-living plant populations, they have the potential to create or exacerbate weed problems by providing novel traits that allow these plants to compete better, produce more seeds, and become more abundant.

Showing that a GM trait can enhance a plant's evolutionary fitness prompts several questions. What is the effect on population size and dispersal dynamics of the weed? What is the effect on genetic diversity of wild relatives, above and beyond the "genetic swamping" that already occurs as a result of gene flow from some conventionally bred crops? And what is the likelihood that weeds carrying GM traits could have negative effects on non-target species, trophic interactions, or the diversity of ecological communities?

For most questions about the ecological and agronomic consequences of gene flow, our ability to quantify and predict these outcomes is still rudimentary. It is much easier to rule out unwanted scenarios for certain low-risk crop plants, such as soybean in the United States, than to demonstrate that higher-risk crops such as Bt sunflower pose serious environmental risks. When there is good scientific evidence to support the potential of gene flow to exacerbate weed problems or threaten biodiversity, a prudent solution is to delay commercialization.

It is currently impossible to prevent gene flow between sexually compatible species in the same area. Pollen and seeds disperse too easily and too far to make containment practical. This makes the need for environmental studies all the more urgent. Clearly, industry and science can no longer afford to neglect this area of research. Until such studies are carried out, it is unwise to presume that gene flow doesn't matter.

*The Scientific Methods Workshop on Ecological and Agronomic Consequences of Gene Flow from Transgenic Crops to Wild Relatives, March 5–6, Ohio State University, Columbus, OH.
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Selectable marker genes are required to ensure the efficient genetic modification of crops. Economic incentives and safety concerns have prompted the development of several strategies (site-specific recombination, homologous recombination, transposition, and co-transformation) to eliminate these genes from the genome after they have fulfilled their purpose. Recently, chemically inducible site-specific recombinase systems have emerged as valuable tools for efficiently regulating the excision of transgenes when their expression is no longer required. The implementation of these strategies in crops and their further improvement will help to expedite widespread public acceptance of agricultural biotechnology

The genetic modification of plants potentially offers substantial improvements to agricultural practices, food quality, and human health. The success of these endeavors is determined both by the ability to deliver foreign DNA into the host plant and by the efficiency with which shoots or somatic embryos can be regenerated from transformed cells. Currently, the poor transformation efficiency of most crops necessitates the use of selectable marker genes to identify transgenic plants (Table 1). These conditional dominant genes either confer resistance to an antibiotic or herbicide that kills non-transformed cells or confer a metabolic advantage on transformed cells in the presence of a nontoxic selective agent. Genes that permit identification of transgenic plants in the absence of a selective agent, including regeneration-enhancing genes such as ipt1, 2, are defined here as screenable markers. The use of such genes in "marker-free" transformation is currently a feasible alternative to marker-based selection for species that can be regenerated by organogenesis or somatic embryogenesis3. As the continued expression of selectable markers in field grown plants is usually unnecessary, and may even be highly undesirable, several strategies have been developed to remove selectable markers after they have served their function.
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	Several other reviews on marker removal have been published recently4-6. Here we place particular emphasis on a most recent development—the use of inducible site-specific recombinase systems for efficient transgene deletion strategies—and suggest possible approaches toward their improvement.

The rationale for marker elimination
The success of agricultural biotechnology, like that of any market-driven enterprise, relies ultimately on both consumer demand and the rate at which new products can be released commercially. The inclusion of marker genes in genetically modified (GM) crops has caused public concerns about the medical implications of consuming GM food and the environmental implications of growing GM crops (see Dale p. 567). Although it remains highly contentious that such concerns are warranted, the extreme difficulty of proving that selectable markers are indeed harmless has prevented unanimous public acceptance of plant biotechnology. Besides minimizing public concerns, strategies to eliminate marker genes also reduce the need for time-consuming and expensive safety evaluations. This reduces the cost of developing and marketing new GM products and expedites the commercial release of new products. In the foreseeable future, it is likely that regulatory legislation will strongly favor the absence of superfluous transgenic material in GM crops.

The majority of nuclear-encoded markers have no impact on plant growth or development in the absence of the selection agent. Usually, their continued presence neither compromises plant productivity nor is of any agronomic value (except with respect to herbicide resistance). However, the expression in a plastid of tens of thousands of copies of a marker gene in each cell of a transplastomic line7 may be less innocuous. In cases where the marker protein may constitute as much as 10% of total soluble cellular protein8, this is likely to incur a substantial metabolic burden. The absence of alternative technologies to ensure homoplasmic transformation without the use of selectable markers further underscores the importance of adopting effective strategies to eliminate chloroplast selectable markers once they have served their function in identifying transplastomic lines.
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	The advent of functional genomics and genome-wide expression profiling provides additional motivation for the development of rapid and efficient transgene removal mechanisms9. These technologies promise to identify the multigenic basis of many agriculturally important traits. As current transformation protocols severely limit the number of genes that can be introduced simultaneously, re-transformation of a single line is the only rational approach toward selectively introducing multiple genes for complex traits such as productivity or stress tolerance. Co-incorporation of a different marker with each gene or set of genes is incompatible with safety concerns, expensive, and time consuming. Tissue culture regimes for transformant selection would have to be optimized for different species or varieties and the possible food safety and environmental impacts of different markers would have to be assessed on a case-by-case basis. There are also a limited number of constitutive promoters commonly used to express marker genes, and the repeated introduction of these promoters could conceivably activate gene-silencing mechanisms with adverse effects on the expression of novel genes of interest. Gene excision mechanisms permit the recycling of a single marker by its removal after each transformation step.

Finally, the development of effective strategies to precisely excise genetic elements might also find other valuable biotechnological applications. For example, inducible excision of an intervening DNA fragment between a promoter and a transgene could be used to regenerate lines expressing transgenes that affect embryo, seed, or seedling viability10. Recombinase-mediated excision of an antisense copy of a gene required for pollen viability restored male fertility in Arabidopsis thaliana11. This may provide a valuable approach to the production of commercially important hybrid seed and plants. Conversely, separation of a pollen- or tapetum-specific promoter and a "suicide" transgene by an excisable element could prevent possible gene flow into nontransgenic plants by cross-pollination. In GM crops engineered for tolerance to predation that is limited to inedible organs, it may be preferable to limit expression of anti-predation transgenes to organs not intended for human or animal consumption. Localized induction of a tightly regulated, chemically induced transgene excision mechanism might be preferable in instances where there are no stringently regulated tissue-specific promoters available for selective ablation of transgene expression in one plant organ but not in another12.
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	Sexual crosses or re-transformation of primary transformants
Irrespective of the application, any strategy for targeted gene elimination should aim to be both rapid and 100% efficient. Procedures that avoid an additional round of transformation or sexual crosses of the primary transformants are both quicker and less labor-intensive. Furthermore, cross-pollination is not compatible with breeding programs for crops that are vegetatively propagated or have long generation times, and repeated passage through tissue culture increases the incidence of somaclonal variation. Where gene excision strategies employ gene products that modify DNA, rapid activation and inactivation of the elimination mechanism is needed to avoid unwanted secondary consequences arising from prolonged interaction with the host's genome. In early studies, plants were co-transformed with selectable markers and genes of interest on separate Agrobacterium tumefaciens tumor-inducing DNAs (T-DNAs) and marker-free plants were subsequently isolated through segregation from lines in which the two genes had integrated into unlinked loci6.

Apart from time considerations, inefficiencies in this approach arise from the difficulty of controlling parameters such as the frequency of co-transformation and the extent to which the two foreign genes are linked. A more recent variation of this approach involves the use of double right-border binary vectors carrying two copies of the T-DNA right border flanking a selectable marker, followed by the gene of interest and one copy of the left-border sequence13. Provided that a large number of transformants are screened, it should be possible to separate two types of T-DNA inserts (one containing the selectable marker and gene of interest, and the other containing only the gene) by segregation.

Other multi-step approaches to dissociate the selectable marker and desired gene have employed transposable elements, intrachromosomal recombination, or site-specific recombination. The non-autonomous Ds transposable element in maize can be modified so that virtually any DNA sequence bound by specific DNA repeats can be excised from one location and transposed to other sites in the presence of the Ac transposase. Flanking either the selectable marker or the transgene of interest with Ds sequences and subsequently introducing Ac into the primary transformants confers mobility on the target and thereby dissociates the co-incorporated genes. The selectable marker and transposase can be removed from the gene of interest by segregation. A second transposon-based strategy in which the marker is flanked with Ds elements exploits the occasional failure of transposons to reintegrate into the genome following their excision1. However, this approach is limited by the low frequency of this phenomenon.
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	Recently, a much simpler method based on chromosomal recombination between the 352 bp bacteriophage-[image: image38.png]


 attachment (attP) regions (see "Principles of site-specific recombinases used in plants"; Fig. 1) was shown to remove selectable markers from tobacco14. This two-step regeneration protocol should produce marker-free plants more quickly than do procedures involving re-transformation or cross-pollination, and should also avoid potential problems associated with expression of Flp site– or R site–specific recombinases (discussed below). However, the overall efficiency of this process appears to be low and many deletions in genes of interest occur through illegitimate recombination14. Furthermore, the success of this approach in tobacco was not dependent on the expression of the [image: image39.png]


proteins Int (integrase) and IHF (integration host factor) normally required for recombination at these sites. Therefore, the mechanistic basis of the phenomenon is not yet understood and it is not yet known how applicable the system may be in other crops.

Site-specific recombinase-based systems
The ability of microbial site-specific recombinases to cleave DNA at specific sites and ligate it to the cleaved DNA at a second target sequence has enabled their widespread use in manipulating DNA in higher eukaryotes (see "Principles of site-specific recombinases used in plants"). The excision of intervening DNA that accompanies recombination between recognition sites in a direct (head-to-tail) repeat (Fig. 2A) has been exploited to eliminate unwanted transgenic material from the nuclear genome of plants by expression of genes encoding the Cre10, 15-18, Flp4, 11, 19, or R20, 21 recombinases. Formally, the product sites generated by excisive recombination are themselves substrates for integrative recombination. However, re-insertion of the elimination cassette is not detected15, 20 for two reasons: first, excision is an intramolecular event, whereas integration requires interaction between unlinked sites; and second, the excised circle cannot replicate autonomously and is probably rapidly lost in vivo.
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	An understanding of other potential consequences of recombinase expression in a heterologous system (Fig. 2B, C) is relevant to their judicious use in plants. Unlike most recombinases, Cre, Flp, and R do not require modification or host-specific factors in order to function in plants. The use of site-specific recombinases may also be a valuable precautionary measure in avoiding a common source of transgene silencing. Transformation protocols for certain species tend to incorporate multiple copies of the same gene at a single locus. These complex integration patterns can be resolved to a single gene copy by flanking the gene of interest with inverted recombination sites. Flanking the cassette containing the selectable marker and recombinase gene with direct repeats ensures simultaneous elimination of the selectable marker22.

Until recently, recombinase-mediated gene excision in plants was restricted to the elimination of nuclear genes. Introduction of plastid-targeted Cre into the nuclear genome by either Agrobacterium-mediated transformation or pollination can also eliminate selectable markers from the plastome23, 24. However, the occurrence of frequent DNA deletions in plastid DNA from clones transformed with Agrobacterium, and to a lesser extent in those derived from crossing with a Cre-expressing line23, 24, highlights a major limitation of Cre-based systems that has previously been revealed in yeast and mammalian systems. In vitro studies indicate that Cre is capable of catalyzing recombination between certain naturally occurring "pseudo-loxP sites" sequences that can be highly divergent from the loxP consensus sequence25. It was subsequently demonstrated that prolonged exposure to Cre caused chromosomal rearrangement in spermatids26 and that markedly reduced proliferation of Cre-expressing cultured mammalian cells was dependent on Cre activity and associated with numerous chromosomal aberrations27. Data regarding the presence of cryptic FRT or RS sites or the infidelity of Flp- or R-recombinase activities in higher eukaryotes do not appear to be available.
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	Although there seem to be no reports of chromosomal aberrations in plants where Cre activity is restricted to the nucleus, this might be attributed to a failure to assess genomic stability over several generations of Cre-expressing lines. Indeed, crinkled leaves and reduced fertility have been observed in certain lines expressing high levels of Cre, but these phenotypes do not appear to result from heritable genetic changes9. The presence of cryptic gix sites in plant genomes might account for the failure to regenerate plants that constitutively express the Gin recombinase from bacteriophage Mu9.

An obvious approach to restricting the duration of recombinase expression in the plastid to the time required for gene excision is to limit Cre expression by placing it under the control of the tightly regulated XVE-inducible system28. As discussed below, regulated Cre expression has been shown to efficiently excise nuclear genes15. Alternatively, it may be possible to restrict the toxicity of Cre in plastids by exploiting the efficient RecA-type system of homologous recombination in plastids. In transplastomic tobacco plants, the flanking of a selectable marker with direct repeats enabled its specific elimination using the native plastid homologous recombination apparatus8, 29.

Another approach to prevent excessive exposure to recombinase and simultaneously avoid the long generation times required to introduce and remove stably incorporated recombinase genes is transient exposure of plants to agrobacteria that express the recombinase. Transcription arising from unintegrated T-DNA molecules can be sufficient to eliminate the selectable marker without integration of Cre or Flp genes into the genome16, 19, 30. Theoretically, the use of two different conditional-lethal dominant markers (Table 2) could facilitate selection of plants that had undergone excision without insertion of the T-DNA bearing the recombinase gene.

Drawbacks of this approach are its extremely low efficiency16 and also that a significant percentage of the infected lines (around two-thirds in the case of tobacco16) that undergo Cre-mediated excision have been transformed with the T-DNA bearing the Cre variant. As it seems that plant host factors are responsible for T-DNA ligation–integration reactions31, the manipulation of agrobacteria to limit the integration of recombinase genes seems unrealistic. One approach to circumvent this problem might exploit the demonstration that fusions between Cre and the agrobacterium VirE2 and VirF proteins retain recombinase activity and can be transported into plant cells independently of T-DNA transfer32. Alternatively, transient Cre expression without T-DNA integration may be feasible in species capable of T-DNA uptake, but with a low susceptibility to T-DNA incorporation. The main limitation of these approaches toward transient exposure to recombinases is that the additional regeneration step required is likely to yield a high frequency of chimeric plants incapable of transmitting the desired trait to their progeny.
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	Chemically regulated promoters
The germinal inheritance of site-specific recombinase–mediated deletions is essential in biotechnological applications involving sexually propagated crops. Where this has been investigated for the FLP-FRT and R-RS systems, most studies have indicated either very limited or no transmission of the recombined state to the next generation33.

Caution is certainly warranted in distinguishing between the removal of transgenes from somatic cells and DNA recombination in germ-line cells. The identification of even a very high frequency of GM lines in which transgene elimination has occurred may be misleading if only a small fraction of the cells within each line have indeed lost the selectable marker and recombination has not occurred in gametes or their L2 progenitor cells. In addition, when providing FLP recombinase in trans and then segregating out, increasing the frequency of transmission of the enzyme to progeny appears to be best facilitated by selecting parent lines that facilitate early recombination before seed maturation34.

However, chemically regulated marker gene excision strategies that provide the trait gene, the selectable marker, the recombinase gene, and its recognition sites within a single vector have now simplified such multi-step procedures. Prevention of recombinase expression in the absence of its inducer is also likely to limit unintentional damage to native DNA sequences and to ensure that the selectable markers are eliminated only after all transformants have been identified. Flanking the recombinase gene with its own recognition sites ensures that the recombinase will excise the gene directing its own synthesis as soon as the critical level of expression required for excision is reached, thereby avoiding excessive recombinase activity. An unintended basal rate of recombinase gene expression will prevent regeneration of transgenic plants owing to the loss of the marker gene.

Thus far, the efficacy of two variations of this self-deleting system of recombinase expression has been demonstrated in several plant species15, 20, 21. Using the glutathione-S-transferase (GST)–MAT (multi-autotransformation) vector system20, tobacco transformants are selected by "marker-free" screening involving ipt-mediated regeneration in the absence of exogenous cytokinin. Excision of both the R and the ipt genes is regulated by placing R recombinase under control of the maize GST-II-27 promoter, which is induced by the herbicide antidote "Safener." Marker-free plants are generated at a frequency of approximately 14%; no data are available on germline transmission. The same approach with slight modification has been subsequently applied to the generation of marker-free transgenic rice, aspen, and snapdragon plants21.
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	In the CLX (Cre/loxP DNA excision) system shown to function in Arabidopsis15, Cre expression is placed under the control of the [image: image76.png]


-estradiol-inducible XVE hybrid transactivator. Inclusion of both transcription units required for recombinase activity and antibiotic resistance within loxP sites ensures that a negative feedback loop restricts cre expression to the level required for excision. [image: image77.png]


-estradiol-induced excision of the transcriptional units encoding cre, the XVE transactivator, and the kanamycin resistance marker activates a downstream green fluorescent protein gene by bringing it into proximity with the G10-90 promoter15. An intron within the cre gene prevents its expression in Escherichia coli during cloning, thereby preventing excision of genetic material contained between the loxP sites. Using this system, excision of the elimination cassette occurred in all 19 primary transformants. However, by far the most significant feature of the CLX system is that an estimated 29–66% efficiency is reported for recombination within L2 progenitor cells in the shoot apical meristem of primary transformants15, with the potential for further improvement of this frequency. This system (represented as a generic transformation cassette in Fig. 2A) therefore ensures inheritance of the excision event in a significant percentage of the progeny of lines exposed to inducer. The CLX system seems to be the most suitable target for future refinement efforts aimed at optimization for use in different crops.

Fine-tuning contemporary transgene elimination strategies
A limitation encountered when using site-specific recombinases to excise DNA is that every elimination event leaves a residual recognition sequence at the recombination site. Removal of these elements might be prudent in instances where gene "stacking" and several marker elimination steps have resulted in multiple copies of the same recombination site distributed throughout the genome. Residual recombinase recognition sequences may be sites of chromosomal rearrangements upon subsequent exposure to the recombinase. In certain instances (e.g., the generic vector system depicted in Fig. 2A) where the recognition sequence may be transcribed, multiple copies of the same element might activate gene silencing mechanisms and thereby counteract the engineering of the desired trait. In cases in which the excision event activates a gene of interest by bringing it into proximity with a promoter15, one approach to avoid the possibility of gene silencing would be to place the recombination site immediately adjacent to the TATA box of the promoter. As transcription normally begins approximately 30 nucleotides downstream of TATA sequences, transcription of only a few nucleotides at the distal end of the recombinase recognition site would be unlikely to activate gene silencing mechanisms. This approach would not address the possibility that intermolecular or intramolecular recombination between residual sites might generate chromosome deletions, inversions, or translocations.
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	The most obvious solution to this problem is the sequential use of different recombinases. The recent demonstration that directed evolution strategies can be used to modify recombinase substrate specificities35-37 extends the potential of this approach. Although functionality of an autoregulatory chemically inducible Flp/FRT system has not been demonstrated, it should be functional in crops and may benefit from recent advances in optimizing Flp expression in plants11, 34, 38. Mutant Int proteins no longer require accessory factors from [image: image87.png]


phage to perform excisive recombination in human cells39, but their efficacy in plants remains to be tested. Placing different recombinases under the regulation of a range of chemical-inducible systems currently available28 will further extend the range and flexibility of different approaches to gene excision. In particular, the use of registered agrochemicals as inducers should expedite the approval of inducible DNA excision cassettes for agricultural use while minimizing the costs of the technology.

Depending on the efficacy of the system in different species, inclusion of a negative selectable marker (Table 2) in the elimination cassette might be desirable in scaled up operations to select for efficient excision. The incorporation of one or more internal ribosome entry site(s)41 would make the CLX system amenable to activation of multiple transgenes following removal of the elimination cassette.

A more sophisticated approach toward avoiding residual recombination sites is to use tailor-made recombinases35-37 designed to recognize unique sites within the genome of the crop to be modified. The success of this strategy depends on the availability of methods for efficient gene targeting in higher plants. An additional benefit of combining recombinase-based gene excision strategies with new approaches to ensure the precise integration of foreign DNA is that excisive recombination may itself be sensitive to position effects if target genes lie in a chromatin configuration inaccessible to the recombinase. Currently, the only known way to increase homologous recombination by several orders of magnitude is the induction of genomic double strand breaks41. A recent suggestion for achieving gene targeting in plants with the use of both a site-specific recombinase and a site-specific endonuclease41 could be modified to ensure the simultaneous elimination of "used" components, leaving only a residual recombinase recognition site with the gene of interest. FokI–zinc finger chimeric nucleases42 and group II introns modified to insert into specific loci44 might also be useful in creating the next generation of transformation vectors capable of both gene targeting and the subsequent elimination of unnecessary foreign DNA.

Although such proposals remain highly speculative, it is worth considering that crop improvement in the post-genomic era will most likely be limited more by the availability of suitable transformation technologies than by the rate of gene discovery. Irrespective of whether or not transformation efficiencies can be enhanced to a level at which the use of selectable markers becomes unnecessary, refinements in the technology to precisely excise foreign genetic material will continue to form an integral part of strategies to improve transformation rates and to safeguard against the unintended spread of genes encoding novel traits.
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