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In recent years, there has been increasing interest in how changes in agricultural practice associated with the introduction of particular genetically modified (GM) crops might indirectly impact the environment. There is also interest in any effects that might be associated with recombinant and novel combinations of DNA passing into the environment, and the possibility that they may be taken up by microorganisms or other live biological material. From the current state of knowledge, the impact of free DNA of transgenic origin is likely to be negligible compared with the large amount of total free DNA. We can find no compelling scientific arguments to demonstrate that GM crops are innately different from non-GM crops. The kinds of potential impacts of GM crops fall into classes familiar from the cultivation of non-GM crops (e.g., invasiveness, weediness, toxicity, or biodiversity). It is likely, however, that the novelty of some of the products of GM crop improvement will present new challenges and perhaps opportunities to manage particular crops in creative ways.
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	Debates about the commercial introduction of GM crops in some parts of the world have led to questions about their potential impact on the environment. Could they affect non-target insects, outcross to produce uncontrollable weeds, or have adverse effects on wildlife? To what extent could they benefit the environment by reducing certain chemical inputs into agriculture or providing raw materials currently obtained from non-renewable sources? Although it is acknowledged that agriculture inevitably has an impact on the environment, what is a reasonable trade-off between crop production, wildlife, and consumer concerns?

The assessment of the environmental impact of GM crops is a fundamental part of the international regulatory process undertaken before GM crops can be grown under field conditions experimentally or commercially. As a consequence, it has been the subject of research over the past 15 years1. In 2001, 52.6 million hectares (130 million acres) of GM crops were grown commercially, and there has been extensive experience of GM crops in commercial agriculture in over ten countries2.

The objective of this review is to outline what is known about the different kinds of environmental effects of GM crops and to discuss the principles and questions that have emerged from the assessment of environmental impact so far. To consider the present state of knowledge is timely, not least because Europe is in intense discussions about whether to commercialize GM crops, some of which have been in the regulatory pipeline for several years. The literature on the topic is extensive, so we will illustrate the nature of potential environmental impacts with examples. We also aim to identify gaps in knowledge and provide signposts to areas where further research is needed.

One of the most challenging issues in assessing environmental effects is in deciding what constitutes an acceptable or unacceptable environmental impact. Discussions of this type tend to step outside the realms of science into value judgments about the relative importance of different living things. A question often asked is: should the environmental impacts of GM crops be compared with those from conventional, organic, or integrated farm management practices? This is a fascinating and important area of debate, but it is outside the scope of this review. For our purpose here, environmental impacts will be compared against a baseline of non-GM conventional agricultural practice that is the predominant form of agriculture internationally.
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	We concentrate on the scientific analysis of environmental impact and do not discuss socioeconomic or ethical issues. The primary questions about environmental impact are the same regardless of the method of plant breeding used: what is the nature of the genetic change, how is the genotype and phenotype of the crop modified, and what is the environmental consequence of that change? We have divided the topic to consider two issues: direct effects of the crop on the environment, and indirect effects on the environment by changing agricultural practice (Fig. 1). The fate and impact of naked DNA in the environment is also considered (see "Fate of free DNA in the environment").

Toxicity to living things
Non-target effects are defined as undesirable effects of a novel gene (usually conferring pest or disease resistance) on "friendly" organisms in the environment. Identifying a resistance gene and targeting its product to appropriate plant tissues so that it acts only against the pest, without adverse effects on friendly organisms, is challenging. This is particularly true where the benign or beneficial organism is related to the pest to be controlled and shares similarities in physiology. Targeting the pest without undesirable side effects is a potential problem for all methods of control, whether chemical or biological.

The use of toxins by plants for defense against pests and diseases is a common phenomenon in nature. Some natural defense substances can be highly toxic, such as glycoalkaloids in deadly nightshade (Atropa belladonna) and ricin, found in the caster bean (Ricinus communis). Transgenic pest-protection strategies generally depend on the transfer and expression of novel or natural defensive plant genes3. The most extensively studied examples of engineered resistance are based on the use of delta endotoxins of the bacterium Bacillus thuringiensis (Bt). Bt is a naturally occurring ubiquitous soil bacterium that produces a toxin lethal to certain insects.

One of the most significant studies of non-target impacts has been on the effects of Bt insecticidal proteins on the monarch butterfly in the United States. A laboratory study published in 1999 suggested that "Bt maize" was a potential hazard to monarch butterfly larvae consuming milkweed leaves (Asclepias spp.) with pollen from corn containing a Bt gene sprinkled on the milkweed leaf surface4. This initial study did not assess the ecological consequences of these findings. It measured the toxicological response of monarch larvae to the toxin, but did not investigate the level of exposure of the insect to the toxin in natural field conditions. This report generated worldwide interest and, in consequence, a collaborative research program was established in 1999 (ref. 5). The research focused on acute and toxic effects of Bt corn pollen and the degree to which monarch larvae would be exposed to toxic amounts of Bt pollen by feeding on milkweed plants found in and around cornfields. The authors of this study reported that, although Bt pollen does have some toxic effects on butterfly larvae, the pollen densities likely to be encountered are low and pose negligible risk to the monarch.
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	It has been observed, however, that the toxic properties of the Bt maize pollen differ among Bt maize lines. The transformation events with the highest expression of Bt have the greatest adverse effect on the monarch6. It is likely that in the future, greater attention will be given to gene promoters of Bt and transformation events that lead to negligible or no Bt expression in pollen. An ideal pest resistance mechanism is sharply targeted so that it inhibits the pest of interest and has limited non-target effects on other herbivores and organisms in the environment. Assessments may need to be made of the possibility that the ecological niche vacated by a primary crop pest could be filled by a secondary herbivorous pest.

Other laboratory and field studies have looked at the effects of GM Bt crops on pest predators or parasites. In most cases, these studies measured the development and survivorship of insect predators reared on herbivore prey that had ingested corn leaves expressing Bt toxins. Research by Hilbeck et al.7, 8 reported the following: first, lacewings reared on Ostrinia nubilalis (European corn borer, ECB) or Spodoptera littoralis that had ingested corn leaves expressing Bt Cry1Ab toxin showed increased mortality and delayed development; and second, high concentrations of Cry1Ab in an artificial diet fed directly to lacewing larvae were toxic. These laboratory studies also emphasize the difficulties of conducting ecologically relevant laboratory experiments. The dose of toxin used in the final experiment was 30-fold higher than that found in most corn tissues in the field. Moreover, exposure in the field is not continuous as the predator has a choice of other insects or eggs to feed on. In the case of the ECB/lacewing study, the larvae in the field died soon after eating Bt corn plants. Any surviving larvae would normally feed inside the corn plant for most of their lives and would therefore not be available for consumption by lacewings9.

Caution must be used when drawing conclusions from results of small sets of laboratory studies that test non-target species under unnatural conditions or focus on hazard alone, without considering the level of exposure that occurs under natural conditions. The type of effect on natural enemies of plants depends as much on the specific attributes of the resistance mechanism as it does on the details of the interactions among the target and non-target species—that is, their host/prey interaction, and the plants on which this interaction occurs10.
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	The issue of baseline environmental impact is particularly relevant here because there is good evidence that the pesticidal sprays used on maize may be more harmful to the monarch butterfly than is Bt corn pollen11. In evaluating the use of Bt crops and their possible environmental damage, it is important to take into account the environmental damage caused by the use of pesticides in agriculture generally. It is argued that millions of birds and billions of insects, both harmful and beneficial (including pollinators and biological control agents), are killed each year in the United States alone as a result of pesticide use.

Widespread use of chemical pesticides to control primary pests often disrupts the natural controls that prevent the outbreak of secondary pests by destroying natural insect enemies. If the planting of GM pest-resistant crop varieties eliminates the need for broad-spectrum insecticidal control of primary pests, naturally occurring control agents are more likely to suppress secondary pest populations, maintaining a diversity and abundance of prey for birds, rodents, and amphibians.

It has also been proposed that the incorporation of resistance to potato leaf roll virus may preclude the need to spray against the aphid vector of the virus3. It is expected that as a consequence of allowing the number of aphids to increase, the number of natural control beetles (ladybirds) would also increase. This kind of application of disease resistance may have a direct benefit in increasing the numbers of natural pest predators in agro-ecosystems.

The fate and consequences of insecticidal toxins in soil is also an important consideration. It has been shown that Bt plants exude Bt toxins from their roots during their entire life cycle, and that the toxins are also released from dead plant material incorporated into the soil after harvest12. Bacillus thuringiensis is a ubiquitous soil-borne bacterium that naturally releases Bt toxins into soil. But Bt toxins from crop sources are likely to result in the additional exposure of soil organisms to these toxins. Saxena and Stotzky13 investigated the effect on soil organisms of Cry1Ab toxin released from roots and from crop residues. They found that the toxin was present in the guts and casts of tested earthworms. But there were no significant differences in mortality or weight of these organisms or in the total number of other soil organisms (including nematodes, protozoa, bacteria, and fungi) between the soil rhizosphere of Bt and non-Bt crops.
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	The Bt toxin can bind to elements within the soil (such as clay particles or humic acids), become stabilized14, and remain active for possibly hundreds of days9. As the toxin needs to be ingested to be active against insects, it is likely that toxins bound to soil particles would potentially threaten only those organisms that feed on soil, such as earthworms. The Bt Cry proteins have been tested against a wide variety of terrestrial and aquatic invertebrates, including earthworms, collembola, daphnids, insect predators and parasites, spiders, and honeybees. In most cases, no adverse effects were observed, even when test populations were exposed to toxin concentrations over 500–1,000-fold greater than those they would be expected to encounter under field conditions6.

The studies determining rates of degradation of Cry proteins in soil were mostly carried out in soil microcosms. But Head et al.15 have also investigated the fate of Bt toxins in soil under field conditions. Their study measured the level of Cry1Ac protein in soils collected from inside and outside fields where Bt cotton had been grown and the crop subsequently incorporated into soil by post-harvest tillage for three to six consecutive years. The amount of protein was evaluated using enzyme-linked immunosorbent assay and insect bioassays. Data showed that the amount of Cry1Ac protein in the soil was below the level of detection for both test methods and did not result in detectable biological activity.

Persistence or invasiveness of crops
It is also important to determine whether newly introduced traits make a crop more likely to be more persistent (weedy) in agricultural habitats or more invasive in natural habitats. The definition of weeds, invasive plants, and colonizers, together with their ecological characteristics, have been discussed by Williamson16. The characteristics that define plants of these kinds remain obscure. Luby and McNichol17 and Baker18 stated that weediness arises from many different characters and that the addition of one gene is unlikely to cause a crop to become a weed. Both Fitter et al.19 and Williamson et al.20 oppose this statement and suggest that small genetic changes can cause large ecological alterations. Despite the debate, there is consensus that if a crop species has very few weedy characteristics, the addition of one or a few genes would be unlikely to cause the crop to become a weed problem. Special attention must be given to crops that already have weedy characteristics or in which added genes might be expected to improve crop competitiveness in agricultural or natural habitats21.
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	Many plant species can be found both as a crop and as a weed22. A change in habitat may potentially result in the evolution of a weed from a cultivated plant or from a feral plant that is closely related to a cultivated species19. Various authors3, 21, 23, 24 have observed examples of this in and around cultivated land.

As a high proportion of current GM crops carry tolerance to a particular herbicide, these crops have been the most extensively studied. The current scientific evidence indicates that, in the absence of herbicide applications, GM herbicide-tolerant crops are no more likely to be invasive in agricultural fields or in natural habitats than their non-GM counterparts21, 25-29.

The GM crops produced to date show little evidence of enhanced persistence or invasiveness. But the kinds of GM crops used in agriculture so far, in biological terms, have been limited. Some of the biological changes possible, such as changes in tolerance to extremes of temperature, water, soil salinity regimes, the introduction of pest or pathogen resistance, and changes in seed dormancy and propagation characteristics, could potentially have significant effects on persistence and invasiveness. It is important, therefore, that we continue with a rigorous case-by-case assessment of GM crops, accompanied by relevant underpinning research.

Gene flow from crops to related species
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.
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	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.
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	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.

Reduced efficiency of pest, disease, and weed control
Changes in agronomic practice associated with the introduction of particular GM crops could also have potential impacts on the environment. These include the increased use of broad-spectrum herbicides, the more frequent sowing of a crop (e.g., winter sowing instead of spring), or the increased use of minimal cultivation agriculture. Some of the indirect effects may be beneficial to the environment; for example, minimal cultivation generally reduces soil erosion and favors earthworms; here, however, we focus on potential negative effects on the environment.

Weeds resistant to herbicides can develop by evolution and selection from within weed populations continually sprayed with the same herbicide (rather than by gene flow from a herbicide tolerant crop). Weed species have historically displayed a remarkable ability to evolve tolerance to particular herbicides. Several studies have demonstrated that tolerance to a particular herbicide is often more likely to develop by evolution from within the weed gene pool rather than by gene flow from herbicide-tolerant crops40, 41. Glyphosate tolerance was considered to be highly unlikely to evolve in weed species in this way. However, there is now a well-characterized example in annual ryegrass in Australia42 and a recently published example in horseweed in the United States43.
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	Farmers and plant breeders have for many years struggled to keep ahead of a pest's ability to adapt to the techniques used to control it. Experience with chemical pesticides has proved challenging, as pests evolve resistance to chemical pesticides44, 45. Pests have also historically overcome resistance introduced into crop plants by traditional breeding programs46. More recently, several studies have shown that pests can also adapt to Bt toxins produced by biopesticide sprays containing B. thuringiensis under field and laboratory conditions47. Pest resistance to GM Bt crops has been observed under laboratory conditions48 but not, to our knowledge, under field conditions to date.

It is possible that the widespread use of Bt crops could lead to the evolution of several important insect pests that are resistant to the Bt biopesticide. This could potentially make it necessary to resort to less environmentally acceptable chemical pesticides. This is of particular concern to organic farmers because they use the Bt bacterium as a permitted pesticide. Several strategies for resistance management have been proposed to delay adaptation to Bt crops by pest populations44. The most widely used is the "high-dose refuge" strategy, which has been implemented in North America49. The implementation of effective resistance-management practices is crucial to obtain the greatest benefits from pest-resistant transgenic crops and to allow the continued effective use of Bt biopesticides. An important part of good resistance management is to sow a refuge area of the crop, an area of the total crop that is deliberately susceptible to the pest. Where resistance to Bt in insects is controlled by recessive genes, the presence of refuge plants reduces the probability of the evolution of insects with resistance to the Bt toxin.

The next generation of GM pest-resistant varieties is likely to contain additional insecticidal genes. This pyramiding strategy is expected to delay the evolution of resistance much more effectively than the presence of a single insecticidal toxin and may require smaller refuges50. The cotton variety sGK containing two insecticidal genes, cry1A and CpT1 (cowpea trypsin inhibitor), is being planted commercially in China. Other stacked Cry1Ac and Cry2AB Bt varieties are also being developed. Cross-resistance among the toxins is a potential risk to the use of pyramids, and Roush50 suggests that 100% mortality of susceptible insects on the GM crop is more critical to delaying the onset of resistance.
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	It is important to emphasize that a recent survey conducted by US maize growers51 has shown that, in the year 2000, almost 30% of the farmers failed to comply with the refuge protocols designed to prevent or delay the emergence of insects resistant to Bt toxins. This rate of non-compliance could well increase the risk of plant resistance breakdown. There is to date no reported evidence of insect resistance to Bt crops under field conditions in the United States, although Bt-resistant insects have been observed in areas where Bt biopesticides are sprayed on crops49.

Effects on wildlife biodiversity
The widespread introduction of GM herbicide-tolerant crops may cause a shift in weed populations and thus reduce weed species diversity and ecosystem complexity in the GM field and on neighboring farms. Herbicides are widely used in conventional agriculture and few weeds are normally observed in many non-GM crops following standard herbicide treatments. It is argued, however, that because the currently available GM herbicide-tolerant crops confer tolerance to broad-spectrum herbicides such as glufosinate and glyphosate, their extensive use may reduce the diversity of weeds in agricultural habitats.

It is debatable how broadly applicable these herbicides will be in practice and it is unclear what their precise impact will be on weed populations in comparison with the range of herbicides (some relatively persistent) currently used in conventional agriculture. The Farm Scale Evaluations currently being carried out in the United Kingdom and due to report in 2003 are designed specifically to compare the impact on wildlife biodiversity of GM herbicide-tolerant crops with conventional crops of the same type52.

The precise impact of the introduction of herbicide-tolerant crops will depend on the rotational and agronomic practices adopted to manage them. The adoption of different herbicide-use programs may have different effects on plant and animal biodiversity in fields and field margins53-55. Radosevich et al.56 predicted that shifts in weed species composition and abundance would be exacerbated with the consecutive use of the same herbicide, providing favorable conditions for growth of particular weeds, insects, and diseases. Weeds exhibit considerable plasticity and thus are able to adapt to a wide range of cultivation practices. Experience with conventional agriculture has shown that weed species composition will vary within the same crop, among different fields, and at different times of year52. Thus, weed population shifts are natural ecological phenomena in crop management and should not be viewed as exclusive to GM crops. The effect of changes in herbicide programs on plant and animal biodiversity in field and field margins are being investigated in the United Kingdom27.
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	Effects on soil and water
It is sometimes argued that the use of herbicides will increase with the widespread introduction of GM herbicide-tolerant crops and that this will contribute to the contamination of soil and groundwater and have undesirable effects on plant and animal diversity. However, no significant change in the overall amount of herbicide use has been observed with the adoption of herbicide-tolerant crops in the United States57. A small but significant decrease in herbicide use has been reported in the United States since the introduction of GM soybeans58, 59. An analysis by US soybean growers reported by Trewavas and Leaver60 shows that 7.2 million pounds of other herbicides have been replaced by 5.4 million pounds of glyphosate. This substitution resulted in the replacement of herbicides that are at least three times more toxic and that persist nearly twice as long as glyphosate57. Furthermore, the Canola Council of Canada61 reported the results of a study that shows that herbicide-tolerant oilseed rape eliminated the use of >6000 tones of herbicide in the 2000 growing season.

Another important benefit of the use of herbicide-tolerant GM crops in the US is that they facilitate zero-till agronomic systems, which contributes to a reduction in soil erosion. There are, however, still active discussions on the significance of these kinds of data and on the long-term impact of the use of broad-spectrum herbicides52.

Future perspectives
In considering the impact of agriculture on the environment, the variables are numerous. However, there is extensive experience to draw upon in past studies of the environmental impact of conventional agricultural crops. It is important to examine the different potential impacts of GM crops within the context of this wider knowledge. As a consequence of the discussions about the commercialization of GM crops in some parts of the world, questions are being asked that were rarely considered for conventionally bred crops. This is true even though the products of many methods of conventional plant breeding (e.g., induced mutation and hybridization with wild relatives) carry a high level of unpredictability. The questions currently being asked of GM crops frequently demand a degree of forensic precision that would be impossible to apply to the products of more traditional breeding.
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	To minimize potential adverse effects of pest and disease resistance in GM plants on benign and beneficial organisms, it is important to target an appropriate level of gene expression to the parts of the plant where the resistance mechanism is needed. Targeting pest or disease control to the primary pest or disease is a demanding prospect, whether using chemical or biological approaches. To improve targeting of gene expression, the range of tissue-specific gene promoters needs to be diversified. It is also important that assessments of the impact of resistance mechanisms are collected from ecologically relevant in vivo agricultural environments. Laboratory experiments are important in establishing the principles that might influence non-target effects on friendly organisms, but care needs to be exercised in extrapolating their significance to the wider environment. Field experiments for this purpose are not trivial and often require several years of data in different locations to gather meaningful data.

It is rarely possible to make generic judgments about the persistence or invasiveness in the environment of GM crops or their progeny. The novel genes inserted into GM crops to date have been restricted in their likely biological impact. In the regulatory process, all classes of GM crop, especially novel genetic changes, must be assessed on a case-by-case basis in the context of the geographical locations where they are to be grown. The plant characteristics that need particular attention are those that significantly improve tolerance to biotic and abiotic stresses. Changes in breeding system and seed characteristics also have the potential significantly to alter survival and invasiveness. Most studies to date on gene flow have concentrated on the likelihood of a novel gene being transferred to a related wild or weedy plant species. However, further studies are needed on the ecology of potential gene recipient populations to assess the consequences of the transfer of a particular transgenic plant character, such as resistance to disease or pests, or an increase in cold tolerance.

Management of resistance mechanisms for pests and diseases is often difficult, regardless of the mechanism of control used. The spread of corn blight (Helminthosporium maydis) across the United States in 1970 is a dramatic example of what can happen if the genetic basis of resistance is allowed to become too narrow. The experience with Bt crops has demonstrated the importance of the management of resistance in Bt maize crops. One of the significant features of GM technology is that it can make possible the use of similar pest- or disease-resistance mechanisms in a diverse range of crops. This could potentially lead to intense selection pressures on pests and diseases to overcome resistance.
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	The diversity of resistance mechanisms used commercially in GM crops has, to date, been limited; it would benefit from using a wider range of different approaches operating in the same crop (transgene pyramiding) and in different crops. The same principle of resistance management also applies to herbicide-tolerant crops. In this case, the use of different herbicide-tolerance genes in different varieties of the same crop species (e.g., oilseed rape) can lead by gene flow to volunteer crop plants and weeds becoming tolerant to several herbicides. This could make it necessary to resort to the use of herbicides that are environmentally less acceptable. In the future, it will likely be even more important to identify ways of encouraging or enforcing good management of pest, disease, and weed control strategies in agriculture.

Another issue related to gene flow is whether novel DNA sequences in GM plants (in themselves) impact the environment in ways different from the tons of DNA passing into the environment from other sources. While many of the DNA sequences introduced into GM plants are already present in nature, the combinations and quantities of particular DNA sequences may change under exploitation of GM crops. However, the proportion of the DNA with novel combinations of sequences will always be a minute proportion of the whole (e.g., one novel gene construct introduced into a wheat plant with about 80,000 resident genes). To ascertain the significance of the presence of novel DNA combinations in the wider environment, it would be important to establish the approximate background levels of particular genes at present. There have been few studies directly comparing survival of identical genes encoded in organisms of GM and non-GM origins. Conclusions are therefore derived by extrapolation from field and microcosm studies that may not necessarily have been conducted identically. A systematic analysis of these issues would therefore be helpful.

In considering the fate and possible impact of novel DNA sequences in the environment through manure, compost, animal feed, and crop remains deposited in soils, the critical issue is whether the DNA survives long enough to be transferred to other organisms. If this happens in nature, the most likely route is through competent bacteria. However, our knowledge of the incidence of bacterial competence under field conditions is limited. Furthermore, techniques used to detect DNA give little indication of the functional capabilities of the DNA to act as a source of transforming DNA. If a DNA fragment does not retain functional integrity, it is unlikely to have any environmental impact.

We mentioned at the outset the question of how to determine the significance of an environmental impact. It can be difficult to obtain objective data on environmental impact that is a true reflection of what happens in an agricultural habitat. Even more difficult is the decision of whether a particular impact is acceptable or unacceptable. The problem is illustrated by the question: if a particular GM crop is found to reduce earthworm numbers (e.g., by 50%) and this is considered an unacceptable environmental impact, would it follow that conventional agricultural practices with a similar impact on earthworms should be restricted?

Discussions about baselines for comparison of GM crops have in some countries grown out of concerns that some conventional agricultural practices have had a significant negative impact on the environment. In the United Kingdom, for example, where over 70% of the land area is farmed in some way, there is clear evidence of a significant reduction of certain species of farmland birds over the past 30 years. The case-by-case analysis of the environmental impact of GM crops as part of regulatory assessment has considerable merit, but it can lack vision about indirect effects on the environment that may be associated with the introduction of particular crops.

There is the possibility that if GM crops provide a new dimension of control over pests, diseases, and weeds in a poorly targeted way, they will drive agriculture farther toward monoculture and the excessive control of the agricultural environment. In this scenario, control would be exploited primarily to maximize crop productivity at the expense of supporting a diversity of wildlife food chains (such as those of insects, seeds, weeds, or birds) and habitats in the environment. These impacts on the environment as we have discussed are not restricted to GM crops, but one of the biggest challenges for the future is to manage the introduction and widespread commercialization of GM crops in a way that favors the environment. It will be necessary to provide incentives that will require GM crops to be combined with agronomic practices that nurture crop diversity, sound crop rotation, soil fertility, and wildlife biodiversity, and that minimize the impact of agriculture on the environment.
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Fate of free DNA in the environment 

A novel DNA sequence encoding a trait could, in theory at least, enter the wider environment by several means. For example, plant DNA is present in soil or compost as a result of decaying plant residues. If a crop were GM, then the soil residue could also contain DNA encoding the novel trait. Similarly, the application of manure from animals eating a diet containing fodder from a GM plant could provide a route for the transfer of novel genes. Possible wider environmental impacts could also include the release of novel DNA in animal-derived products, for example, meat and milk used in the preparation of animal feed from GM crops.

To gain perspective when assessing the potential environmental impact of DNA from GM crops, it is important to consider the amount of DNA in the environment from non-GM origins. Pollen, leaves, and fruit alone result in thousands of tons of DNA per year being released into the environment62, in addition to the contribution from decaying plant and animal matter and release from microbes. It is important to emphasize that many of the genes being incorporated into GM crops are also present naturally in the environment63. The amount of DNA derived from GM crops as a proportion of the total is therefore likely to be small, even if such crops are grown on a commercial scale.

The longevity of DNA in soil depends on various factors, including soil type and the presence of soil nucleases that degrade DNA. Laboratory microcosm experiments show the degradation of all but 0.1% of the target DNA sequence from transgenic tobacco within 40 days64. A separate study involving the addition of free plasmid DNA to a microcosm showed the degradation of the polymer to below the limit of detection within five days. In addition to questions about the relevance of microcosm studies to the field situation, such studies also do not demonstrate the transforming capacity of the DNA for competent bacteria, on which its possible environmental impact depends.

The persistence of DNA in soil in the field seems to vary. Trace amounts of DNA from a transgenic tobacco trial were detected for several months in the field65, whereas less than 0.4% of the target sequence of a different trial remained after two weeks63, and small amounts of DNA remained on a site of transgenic sugar beet after two years. None of these studies, however, detected incorporation of a foreign gene into indigenous soil bacteria.

Few studies have investigated the persistence of DNA in compost, although bacteria carrying plasmids have been detected66 and gene transfer has been observed67. Similarly, there is a paucity of data on the survival of DNA in manure, although intact plasmids surviving in pig manure have been reported68-70, making DNA transfer following uptake at least theoretically possible.

The possible presence of genes in manure depends largely on the survival of DNA as it passes through the digestive tract of an animal fed a diet containing GM material. Limited studies to date have found no evidence of plant-derived DNA in manure from chickens or cattle fed grain or silage from Bt maize71. This may be due to degradation of the gene by nucleases in the animal gut72, 73.

Transfer of genes via animal feed derived from GM crops must also be considered in terms of possible wider environmental impact. On the basis of evidence to date, survival through the entire gastrointestinal tract seems unlikely. For example, transgenic DNA from glyphosate tolerant soybeans incubated in simulated gastric fluid was completely degraded within 15 seconds74.

Even if "free" DNA does persist in the gut long enough to be taken up by bacteria, the possibility of gene transfer with other gut microbes should be considered. We know of no in vivo studies of this in ruminants, but gene transfer has been observed between cultured rumen bacteria in the laboratory75-77. It is, however, difficult to extrapolate these studies to what happens in vivo, but the nuclease activity in the rumen78 will cause DNA degradation, making the survival of intact genes in the rumen unlikely.

There is no evidence suggesting that functional genes are incorporated into meat products from animals fed GM feed. This is worthy of consideration, as decaying carcasses, for example, could be a possible source of the transfer of novel genes into the environment. Although plant-derived, non-transgenic DNA was detected in the meat from chickens on a diet of whole, unprocessed Bt maize, the Bt transgene was not found in the meat. Eggs and milk are another possible route for of gene transfer, but the evidence to date shows no transgenic material in either of these products resulting from animals fed on GM material65.

We have also considered the possibility of gene transfer in the preparation of animal feed. Aside from the obvious issues of segregation at the point of harvest and processing, DNA survival during feed preparation is also an important issue. It seems that only feed that has undergone heat processing, chemical expulsion, or extrusion contains DNA degraded to the point that it can no longer act as a source of functional genes79, 80.

Silage is an important animal feed, and will also contain intact plant genes79. Fragments of transgenic DNA persisted in silage made from Bt maize for up to 106 days while shorter, nonfunctional fragments survived for up to 7 months after ensilage81. The possibility of effluent from silage fermentation containing functional genes is low; plasmid DNA was undetectable after exposure to silage effluent for just 30 seconds. Further studies on the survival of non-GM maize chromosomal DNA in silage effluent showed degradation of the DNA after one minute82.
And also the gene containment techniques
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The potential of genetically modified (GM) crops to transfer foreign genes through pollen to related plant species has been cited as an environmental concern. Until more is known concerning the environmental impact of novel genes on indigenous crops and weeds, practical and regulatory considerations will likely require the adoption of gene-containment approaches for future generations of GM crops. Most molecular approaches with potential for controlling gene flow among crops and weeds have thus far focused on maternal inheritance, male sterility, and seed sterility. Several other containment strategies may also prove useful in restricting gene flow, including apomixis (vegetative propagation and asexual seed formation), cleistogamy (self-fertilization without opening of the flower), genome incompatibility, chemical induction/deletion of transgenes, fruit-specific excision of transgenes, and transgenic mitigation (transgenes that compromise fitness in the hybrid). As yet, however, no strategy has proved broadly applicable to all crop species, and a combination of approaches may prove most effective for engineering the next generation of GM crops.
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	Concerns about the environmental impact of GM crops currently limit their widespread acceptance. Many of these concerns focus on the premise that such transfer could potentially result in the emergence of "superweeds" that are resistant to herbicides or the introduction of undesired traits into related crop plants. A discussion of data concerning the ability of specific GM plants to hybridize with sexually compatible species is beyond the scope of this review. However, it is clear that gene flow depends on several variables: the specific crop, its location, the presence of outcrossing wild relatives/sexually compatible crops, the competitive nature (advantages and disadvantages) of the introduced trait, and the environmental consequences of neutral traits. Two mechanisms are responsible for the movement of genes among crops and their wild relatives/related crops: dispersal in viable pollen or dissemination in seed (that later germinates and produces viable pollen).

The potential for gene flow through pollen depends on such variables as the amount of pollen produced, longevity of pollen, dispersal of pollen (as by wind or animals), plant/weed density, dormancy/rehydration of pollen, survival of pollen from toxic substances secreted by pollinators, the distance between crops and weeds, and whether these plants are sexually receptive to the crop.

Following pollination and reproduction, dispersal of seeds from GM plants may also occur among weedy relatives during harvest, transportation, planting, and reharvest, giving rise to mixed populations. If these GM seeds germinate, grow, and reproduce, there is a risk that interbreeding with a sexually compatible weedy species could produce a fertile hybrid. Additional crossing with the weed species (introgressive hybridization; see "Definitions") could then result in new weeds that have acquired the GM trait. This again depends on the persistence of the crop among weeds and probability of forming mixed stands.

With the availability of current molecular technologies, the opportunity exists to alter gene flow by interfering with flower pollination, fertilization, and/or fruit development. In the following review, I discuss the various technologies currently under development for addressing gene flow among crops and weeds. In each case, I summarize the limitations and efficacy of the approach based on the available data (see Table 1).
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	Maternal inheritance
Maternal inheritance of cytoplasmic organelles is shared by plant (chloroplasts) and animal (mitochondria) systems. Several explanations have been offered to explain this phenomenon. It promotes the invasion of a population by selfish cytoplasmic factors that are overrepresented within an individual1. In addition, maternal inheritance of cytoplasmic factors is an evolutionary mechanism to prevent sexual transmission of disorders or pathogens associated with males; only the nucleus (not cytoplasm) is allowed to penetrate the ovule during fertilization2. It may also be an extension of the general suppression of male nuclear genes that takes place in plants after fertilization3.

The use of chloroplast genetic engineering to promote maternal inheritance of transgenes is highly desirable in those instances involving a potential for outcross among GM crops or between GM crops and weeds. The prevalent pattern of plastid inheritance found in the majority of angiosperms is uniparental-maternal and chloroplast genomes are maternally inherited in most crops. However, there are exceptions: species such as tobacco have been reported to have [image: image145.png]


0.1–0.5% pollen transfer of chloroplast traits4, and paternal inheritance has been noted in a few higher plants5, 6 (although these reports are several decades old and should be reexamined using modern tools). Furthermore, triazine resistance (conferred by the mutant chloroplast psbA gene) is also paternally inherited in rare instances (such inheritance is <0.5% and requires examination of large sample sizes and semidominant nuclear markers2).

Maternal inheritance of the chloroplast genome is achieved in plants during the development of the generative cells that form sperm cells, which then fuse with the female gametes during fertilization. The generative cells are the result of unequal divisions during pollen formation and do not receive any chloroplasts7. In some species, chloroplast DNA is degraded during generative and sperm cell formation, resulting in physical exclusion of chloroplast DNA during sexual fusion.

Maternal inheritance of transgenes and prevention of gene flow through pollen in chloroplast transgenic plants have been successfully demonstrated in several plant species, including tobacco and tomato8, 9. Although chloroplast genomes of several other plant species, including potato, have been transformed, maternal inheritance has not been demonstrated in these studies. However, more than 30 transgenes have been stably integrated into chloroplast genomes to confer desired plant traits or for the use of transgenic chloroplasts as biofactories to produce functional biopharmaceuticals or edible vaccines or biopolymers10, 11.
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	Unlike many other containment strategies, the maternal inheritance approach has already been tested in the field. Scott and Wilkinson12 studied plastid inheritance in natural hybrids collected from two wild populations growing next to oilseed rape along 34 km of the Thames River in the United Kingdom and assessed the persistence of 18 feral oilseed rape populations over a period of three years. They analyzed several variables that would influence the movement of chloroplast genes from crops to wild relatives, including the mode of inheritance of plastids and incidence of sympatry (the occurrence of species together in the same area), to quantify opportunities for forming mixed populations and persistence of crops outside agriculture limits for introgression. Despite some 0.6–0.7% sympatry between the crop and weed species, mixed stands showed a strong tendency toward rapid decline in plant number, seed return, and ultimately extinction within three years. Thus, Scott and Wilkinson concluded that gene flow should be rare if plants are genetically engineered via the chloroplast genome.

In addition to its potential for gene containment, chloroplast engineering offers several other advantages. For example, gene expression from the chloroplast confers tissue specificity, occurring predominantly where functional plastids are located. For situations in which the target pests feed mainly on leaves rather than roots, the presence of transgenic plastids and high levels of insecticidal protein in leaf tissue may be highly beneficial. This technique is also valuable when using leaves as biofactories for foreign protein manufacture. It is also possible to engineer multiple genes via the chloroplast genome in a single transformation event13 and to use antibiotic-free selectable markers14. Chloroplast genetic engineering avoids the position effects and gene silencing that are often observed in nuclear transformation, as well as harmful transgene products that cause pleiotropic effects; all of these problems can be overcome by compartmentalization within plastids10, 11.

Thus, maternal inheritance of chloroplast genomes is a promising option for gene containment. Although plastid transformation remains to be achieved in several major crop species, chloroplast genetic engineering has now been shown to confer resistance to herbicides8, insects15, disease16, and drought17, as well as to produce antibodies10, biopharmaceuticals10, and edible vaccines18. A recent report from the European Environment Agency (Copenhagen, Denmark) recommends chloroplast genetic engineering as a gene-containment approach19.
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	Male sterility
Interfering with the development of reproductive structures in crops through mutagenesis or genetic engineering is another strategy for interrupting gene flow. There are many points in the pollination/fertilization process that could be targeted for intervention (see Fig. 1).

Thus far, studies have focused on interfering with the anther, the plant's male reproductive organ that produces pollen grains containing sperm cells. The tapetum is one of several specialized cell/tissue types composing the anther that surrounds the pollen sac in early development, but is not present as an organized tissue in the mature anther. It is thought to have an important function in the formation of pollen, in that it synthesizes several proteins that aid in pollen development or become components of pollen.

Many male-sterility mutations interfere with tapetal cell differentiation and/or function, indicating that this tissue is essential for the production of functional pollen. Mariani et al.20 have exploited this feature, using the 5' region of a tobacco tapetum-specific gene (TA29) to drive expression of recombinant [image: image164.png]


-glucuronidase or ribonuclease genes (RNase T1 and barnase) within the tapetal cells of transgenic tobacco and oilseed rape plants. Expression of RNase genes selectively destroys the tapetum during anther development, preventing pollen formation and producing male-sterile plants.

Male sterility is also the basis of the Barstar Barnase system used in the Plant Genetic Systems (Ghent, Belgium) glufosinate (Bar-gene)-tolerant rapeseed. In this system, cauliflower mosaic virus (CaMV) 35S promoter–directed expression of the ribonuclease barnase from Bacillus amyloliquefaciens inhibits pollen formation and results in male sterility of the transformed plants. Linkage of the barnase gene with the (Streptomyces hygroscopicus) bar marker gene, which encodes a phosphinothricin acetyltransferase enzyme that inactivates glufosinate, permits identification of the male-sterile line before crops begins to flower. GM rapeseed containing the Barstar Barnase system composes [image: image165.png]


10% of the commercially cultivated crop in Canada and is one of the few GMOs cleared for agricultural use in Europe.

These two examples suggest that male sterility, induced by destruction of the tapetum by transgene-encoded ribonucleases, could allow gene containment. However, while interfering with pollen development may be effective in preventing gene flow in many cases, under exceptional circumstances it is possible that a GM crop engineered to be male-sterile could be fertilized by pollen from wild relatives and serve as a female parent for hybrid seed. If this hybrid were to survive, germinate, grow, and reproduce, it could produce viable pollen containing the GM trait that could cross-pollinate weeds.
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	One possible advantage of male-sterility strategies is that they could be used to enhance the shelf-life of many flower species (Easter lilies, roses, and carnations), because fertilization initiates the process of floral degeneration and fruit set. Several promoters are now under development that can be induced by the application of exogenous chemicals2 (see later). For crops (e.g., oilseed rape) in which intervarietal introgression must be eliminated, such promoters could be used to switch ribonucleases on or off, creating fertility restorer mechanisms that would make pollen infertility reversible21. Alternatively, the crop could be propagated by cross-pollination from a nontransgenic crop or by artificial seed (somatic embryos or transgenic parthenocarpy—i.e., fruit without seeds). It is important to note that such strategies may pose significant logistical problems for producers and farmers.

Seed sterility
Genes in the embryo and endosperm involved in seed formation and germination may also be targeted to achieve gene containment. One way of accomplishing this is with a system dubbed "terminator technology," which was patented several years ago by the United States Department of Agriculture (USDA; Germantown, MD), Cornell University (New York, NY), Purdue University (West Lafayette, IN), and Iowa State University (Ames, IA), and licensed to Delta & Pine Land Seed Company (Scott, MS), which was subsequently bought by Monsanto (St. Louis, MO).

Although little has been published in the scientific literature describing the technology, Odell et al.22-24 outline the components of the seed-suicide mechanism, which is triggered by a specific exogenous stimulus, such as the antibiotic tetracycline (temperature or osmotic shock can also be used). Using the "Tet on" repressor system, the site-specific recombinase Cre is induced and excises a "spacer" sequence, bounded by lox sites, between the cytotoxic ribosome-inhibitor protein (RIP), which is under the control of the seed-specific late embryonic abundance (LEA) promoter. In the absence of tetracycline-induced Cre, the spacer acts as a safety catch to prevent RIP from being activated. When tetracycline is applied to the seed before sale, Tet repression is suppressed and the recombinase gene is switched on. Cre removes the spacer, allowing expression of RIP to proceed from the LEA promoter and resulting in the specific destruction of seed tissues. Another variant, described in a patent by Tomes25, uses a similar strategy to manipulate tryptophan synthesis so that abnormal levels of the plant hormone auxin indole acetic acid (IAA) are induced. Elevated levels of IAA lead to seed abortion and sterility.
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	Koivu et al.26 have also described a system termed "recoverable block of function" (RBF). The RBF system consists of a "blocking" sequence linked to the transgene of interest and a recovering sequence, all in one transformable construct. In nature, hybrids of transgenic plants with their wild relatives carrying the RBF die or are unable to reproduce because of the action of the blocking construct. In tobacco, for example, a transgene can be linked to barnase (blocking construct) under the control of a germination-specific promoter (e.g., the vacuolar cysteine proteinase sulfhydryl endopeptidase (SH-EP)), and barstar (recovering construct) under the control of a heat-shock promoter. Under natural conditions, the recovering construct does not act because the heat-shock promoter is not induced and the seeds are made sterile. Fertility can be restored by inducing the heat-shock promoter through temperature or osmotic shock.

There are several drawbacks to the terminator system. First, it is important that all three genes (encoding Cre, RIP, and Tet) remain linked together. If during reproduction they do not segregate together and the Tet repressor passes on to one plant while Cre and RIP pass on to another, all the seeds produced by the latter plant would commit suicide. Though of low likelihood, it is important that the GM trait of interest is physically linked to the terminator construct, otherwise a recombination event could disrupt the linkage. Second, it will be difficult to ascertain whether all the seeds treated with the tetracycline inducer have triggered the gene switch (i.e., whether tetracycline has penetrated all of the seeds). And third, the LEA promoter may be subject to silencing. Even if LEA-silenced seeds were treated with tetracycline, Cre expressed, and the spacer sequence excised, no RIP would be produced at the end of the life cycle, and there would be a possibility for introgression of a GM trait.

Cleistogamy and apomixis
Progress in understanding the molecular basis of processes that control flowering, especially in such systems as Arabidopsis and Antirrhinum spp., may also open up the possibility of manipulating genes involved in flower development to engineer crops with reduced risk of gene transfer.

In certain plants, self-pollination and fertilization occurs with the flowers remaining unopened—a process termed cleistogamy. It has been suggested that crops engineered to exhibit cleistogamy would have a minimal risk of gene spread. Very little work has thus far focused on this approach, and our knowledge of genes in flower development remains rudimentary. Thus, although several genes involved in flower development have recently been identified in model plants, including APETALA and LEAFY, identification of genes that could be useful for engineering the cleistogamy phenotype remains remote. An additional limitation of this approach is that even if cleistogamy could be engineered into certain crops carrying a GM trait, it might prove ineffective. In rice that exhibits cleistogamy, for example, genes readily move between cultivated and feral forms of weedy rice, despite predominant self-pollination.
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	Another option would be to engineer crops to produce seeds without fertilization. This process, termed apomixis, occurs naturally in a few plant species. In apomixis, the seed is actually of vegetative origin and not produced from sexual pollination. Because many apomictic plants produce no viable or compatible pollen, it is possible that the method could be used to create GM plants with reduced risk of gene transfer without compromising seed or fruit production. The apomictic embryo is formed in the ovule through sporophytic (from the integument or nucellus) or gametophytic (from the megaspore mother cells or nucellar cells) pathways. Irrespective of origin, generation of fertile seeds can be dependent on fertilization for the formation of endosperm. However, autonomous apomicts develop an endosperm independently of fertilization of polar nuclei. Apomixis fixes a maternal genotype, because the male gametophyte makes no contribution to the genetic makeup of the embryo and meiosis is not necessary. Therefore, in addition to gene containment, this process is very helpful to fix a superior plant variety. Apomixis has already been employed to achieve hybrid vigor without sexual crosses27. However, it is known to occur only in a few cultivated crops. Koltunow et al.27 discuss various molecular strategies for the generation of genetically identical seeds without fertilization, including isolation of genes controlling the apomictic process and transferring this trait to a much wider variety of crop species.

Genome incompatibility
Many cultivated crops have multiple genomes. Only one of these crop genomes is compatible for interspecific hybridization with weeds. For example, the D genome of wheat is compatible with the D genome of Aegilops cylindrica (bearded goatgrass), a problem weed in the United States; in contrast, it would be much harder to achieve interspecific hybridization of the weed with durum wheat, which has an AABB tetraploid B genome2, provided ploidy level is not an issue. Similarly, there is possibility for gene transfer from the B genome of Brassica juncea (Indian or brown mustard) to many Brassica weeds with wild species; however, thus far most genetic engineering has been carried out Brassica napus, which has the AACC tetraploid genome and is thus unlikely to be compatible. The risk of transgenic traits spreading into weeds can be reduced drastically by releasing only those transgenic lines with incompatible genomes. However, the approach is not likely to work in all crops.
	 


	


















 
 



 
	[image: image200.png]



	[image: image201.png]



	In general, much more information is required to determine the genes responsible for compatibility of weeds and specific crops. With the availability of such information, it might become possible to engineer crops that have a reduced likelihood of outcrossing with weeds through incompatibility mechanisms. It will also be important to assess the fertilities of interspecific and intraspecific hybrids of crops and weeds on a case-by-case basis. Of course, although genome compatibility approaches might provide a solution to gene flow from a GM crop, they also raise the problem of how one would cross-pollinate the GM crop itself if no sexually compatible weed or related crop were available nearby.

Temporal and tissue-specific control
Chemically inducible promoters may also prove to be a useful tool for gene containment strategies. For example, a chemical could be used to induce transient expression of a gene conferring herbicide resistance before a field is sprayed with herbicide2. Clearly, genetic isolation may be possible by restricting expression of a foreign gene to those times when the crop is not flowering. Although several such promoters are currently available (see ref. 28), on the whole most inducible systems are not yet ready for commercialization (an exception might be Syngenta's (Greensboro, NC) alcohol dehydrogenase system). In addition, the approach may not be applicable for traits, such as insect or pathogen resistance or production of a biopharmaceutical, that may need to be present throughout the life cycle of a transgenic plant. Nevertheless, such a system may prove useful for crops with GM traits that are required only for specific time periods.

An alternative approach to switching on a foreign gene only when a crop is not in flower would be physically to remove the gene before flowering occurs. Keenan and Stemmer29 suggest that this could be achieved by using chemically inducible or fruit-specific promoters to activate expression of a site-specific recombinase, such as Cre, that would excise a foreign gene before flowering. Such systems would induce Cre expression and result in the removal of a gene flanked by two lox sites in either the seed (using a seed-specific promoter) or the entire plant (using a chemically inducible promoter).

Practical application of chemical inducers or tissue-specific promoters for gene containment will require resolution of several problems. For example, incomplete penetration of plant reproductive tissues by the chemical inducer could lead to residual levels of target genes. Transient expression using inducible promoters (rather than chemically induced excision) would also not physically remove foreign genetic material from the GM crop seed. In the system of Keenan and Stemmer, the presence of residual loxP sequences after excision would also present a problem for regulators that discriminate against GM material and non-GM material in the food chain (extraneous loxP sequence is unlikely to have deleterious ecological consequences). Finally, continued presence of foreign proteins with long half-lives, even after removal of foreign genes, may also present problems for regulators who discriminate on the basis of process.
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	Transgenic mitigation
Another approach for containing gene spread would be to compromise the fitness of weeds that by introgression have acquired positive survival traits from crop genes30. This approach, termed transgenic mitigation (TM), is based on the premises that (1) tandem constructs act as tightly linked genes, and their segregation from each other is exceedingly rare; (2) TM traits are neutral or positive for crops, but deleterious for weeds; and (3) even mildly harmful TM traits will be eliminated from weed populations because such plants compete strongly among themselves and have a large seed output. Examples of processes that might be targeted by TM include seed dormancy, seed ripening and shattering, and growth.

Weed seeds typically exhibit secondary dormancy, with those from one harvest germinating throughout the following season and in subsequent years, thereby maximizing fitness (and preventing all weeds from being controlled by single treatments) while reducing sibling competition. Abolition of secondary dormancy is neutral to the crop, but deleterious to weeds. Steber et al.31 have identified an Arabidopsis mutant that is insensitive to abscisic acid and totally lacks secondary dormancy. If this or similar genes associated with dormancy could be identified/engineered or mutated, it might be possible to achieve TM by using this approach.

Another characteristic of weedy plants is that they disperse their seeds over a period of time, and most of their ripe seeds shatter to the ground, ensuring continuity. As a result, uniformly ripening and anti-shattering genes are harmful to weeds but neutral for crops, whose seeds ripen uniformly and do not easily shatter; in fact, anti-shattering genes are even advantageous for oilseed rape, which still has shattering and volunteer weed problems. Only weed-free "certified" seed is sown, thereby eliminating transgenic weed seed. Although the details of the process are still unclear, it is thought that the changing hormone balance in the abscission zone of a seed influences shattering propensity. Cytokinin overproduction may delay shattering. A SHATTERPROOF gene has been recently isolated from Arabidopsis that prevents seed shattering by delaying valve opening on the silique32. This may be an ideal strategy for the closely related oilseed rape.
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	Dwarfing has been especially valuable in generating "green revolution" varieties of rice and wheat and brought self-sufficiency to India and China. However, the dwarfing trait is disadvantageous for weeds, because they can no longer compete with the crop for light. Genetically engineered height reduction is possible by preventing biosynthesis of gibberellins33. In addition, a defective gibberellic acid receptor gene has been isolated that confers gibberellin instability by competing with the native receptor, thereby inducing dwarfing34.

Putting the TM approach (whatever trait is used) into practice will require considerable effort. This is because organizing tandem constructs of tightly linked nonsegregating genes will require multigene engineering. In addition, this approach does not address gene flow from a GM crop to other crops or to wild relatives that are not considered weeds and "need" to be protected from "genetic contamination" for biodiversity.

Conclusions
There is currently a paucity of data on the environmental impact of specific GM traits. Nevertheless, it is likely that for the near future, regulatory restrictions will dictate that gene-containment systems will have to be developed for future GM crop releases. At present, no effective gene-containment method is available for all GM crops, and considerable investment and research are needed to develop the technologies outlined earlier.

This review has summarized a selection of molecular approaches that have potential for gene containment. It has not attempted to discuss the use of spatial and temporal management systems to minimize gene flow, such as "isolation zones" (i.e., areas between GM crops and other crops that are de-vegetated or planted with a non-insect-pollinated crop that discourages insect pollinators from leaving a GM crop), "crop barriers" (a non-GM crop planted around the borders of the same GM crop that serves to dilute GM pollen, increase the distance that GM pollen has to travel to outcross, and buffer the GM crop in the center from foraging insect pollinators), or other types of vegetation barriers. Clearly, such approaches will have to take into account changing weather and environmental conditions that might promote long-distance pollen dispersal19. For a certain number of years following harvest, land-use restrictions may also be necessary to allow monitoring, removal, and destruction of plants arising from volunteer seeds.
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	It is clear that the characteristics of seed and pollen production, dispersal, and potential outcrossing must be determined for each specific crop in each specific environment. Different crop species have different rates of autogamy and outcrossing, and some crops have hybridizing wild relatives only in certain geographic locations. It will also be important to allay concerns that crops engineered with altered pollination, flowering, or male-sterility patterns for the purpose of gene containment will not affect the wider biodiversity of insects, birds, and other wildlife in existing ecosystems.

If molecular approaches are to become more powerful, effort must be directed toward determining the contribution and coordination of structural and regulatory genes involved in the formation of pollen, pollen germination, and production of embryo and endosperm in crops. At present, the identity of many key seed- and pollen-specific genes remains unknown, and the role of epigenetic processes, such as chromatin remodeling and DNA methylation, in imprinting is unclear.

As described earlier, several biological containment measures have been developed to control gene flow through pollen or seed. Some are more advanced than others. Male sterility has already been commercially exploited in canola. It is very effective at preventing outcrossing from GM crops to weeds or related non-GM crops. However, seeds produced from male-sterile GM crops by cross-pollination from weeds may pose problems, because seeds of such hybrids will produce fertile pollen that would carry the GM trait. Also, pollen is not produced in a crop that makes the seed, making it less desirable for the farmer because it would require either cross-pollination from a non-GM crop or propagation by artificial seed. Maternal inheritance is a promising approach for transgene containment, with added advantages of high levels of transgene expression, rapid multigene engineering, lack of position effects, and gene silencing. Currently, chloroplast genetic engineering has been shown to be efficacious in tobacco as a bioreactor for production of biopharmaceuticals, monoclonals, or biopolymers or to confer desired plant traits. It has been used in potato and tomato to confer desired plant traits or to accomplish oral delivery of biopharmaceuticals or edible vaccines. However, this technology should be extended to all major crops if it is to reach its full potential.

Seed-sterility technology is still at the exploratory stage. The terminator technology should be tested in the field. Unresolved questions remain about proper segregation of multiple genes, consequences of gene silencing, and the presence of transgenic pollen. Such questions may be resolved by field tests. Cleistogamy or apomixis do not present these disadvantages, but genes are not readily available for engineering these traits into desired crops. Strategies for genome incompatibility may effectively block outcrossing or seed production. Paradoxically, in such approaches fertile seeds would have to be produced by artificial pollination of crops because no sexually compatible feral or non-GM crops or weeds will be around. Chemically inducible promoters are useful only for traits that are transiently required (such as herbicide resistance). Excision of genes using chemically inducible fruit-specific promoters is a better option, provided such treatment is complete to avoid any residual effect. Transgenic mitigation, unfortunately, does not address gene flow between crops or preserve biodiversity. None of these approaches has been tested in transgenic crops.

It is clear that no single strategy will be suitable for all crops and that a combination of the aforementioned approaches will be necessary for effective transgene containment. It is encouraging to note that most biotechnology companies are engaged in research and development to improve the next generation of GM crops, utilizing these new approaches.

Received 9 April 2002; Accepted 10 May 2002.
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And the letter that started it all

Terminator no solution to gene flow


Hope Shand
 

ETC Group (formerly Rural Advancement Foundation International; RAFI), Carrboro, NC 27510 e-mail: hope@etcgroup.org
To the editor:
In their commentary "Liabilities and economics of transgenic crops" in the June issue (Nat. Biotechnol. 20, 537–541, 2002), Smyth et al. make a compelling case that the inability to control gene flow is the Achilles heel of the biotech industry. The authors offer two examples in which the inability to manage gene flow has had "disastrous consequences." Rather than placing the liability firmly on the industry and regulatory bodies that brought these products to market, however, they reach the astonishing conclusion that "plants and people [farmers who save proprietary seed] cannot be trusted to do what markets require." 

Unfortunately, the authors' shortsighted solution is to promote the terminator technology (genetic seed sterilization) as an environmental control mechanism. The authors fail to mention that 1.4 billion poor people depend on farm-saved seed as their primary seed source. The promotion of terminator seeds as a "green" solution to pollution by genetically modified (GM) crops is the Trojan Horse of agbiotech. If terminator wins market acceptance under the guise of biosafety, it will be used as a monopoly tool to prevent farmers from saving and reusing seed. The goal of terminator is now, and has always been, to maximize seed industry profits.

After more than 130 million acres of GM crops have been planted worldwide, we are told that we can prevent leaky genes by adopting an untested GM technology that has been widely condemned as an immoral application of agricultural biotechnology. This is illogical and dangerous. Unwanted gene flow is a serious problem that must be addressed, but food security for poor people and Farmers' Rights must not be sacrificed to solve industry's genetic pollution problem.

It is erroneous to suggest that agriculture is dependent on genetic seed sterilization as a method for minimizing genetic pollution from GM plants. In his article entitled "Molecular strategies for gene containment in transgenic crops" (Nat. Biotechnol. 20, 581–586, 2002) Henry Daniell reviews alternative strategies for gene-containment approaches. Clearly, much more research is needed. In the meantime, it is unacceptable to suggest that farmers and society should adopt an untested, immoral GM technology to fix the defects in biotech's first- and second-generation products.

