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Abstract

:

Population growth, climate change, and increasing human impact on land and aquatic systems all pose significant challenges for current agricultural practices. Genetic engineering is a tool to speed up breeding for new varieties, which can help farmers and agricultural systems adapt to rapidly changing physical growing conditions, technology, and global markets. We review the current scientific literature and present the potential of genetically modified organisms (GMOs) from the perspectives of various stakeholders. GMOs increase yields, lower costs, and reduce the land and environmental footprint of agriculture. The benefits of this technology are shared among innovators, farmers, and consumers. Developing countries and poor farmers gain substantially from GMOs. Agricultural biotechnology is diverse, with many applications having different potential impacts. Its regulation needs to balance benefits and risks for each application. Excessive precaution prevents significant benefits. Increasing access to the technology and avoidance of excessive regulation will allow it to reach its potential.
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1. Introduction


Genetic engineering (GE) has the potential to address some of the major challenges of our time, including food security, climate change adaptation, and environmental sustainability. It provides new tools and capacities to increase agricultural productivity, reduce its environmental footprint, feed growing populations in developing countries, and empower disadvantaged groups. At the same time, genetic engineering in agriculture has encountered fierce resistance by various ideological groups and powerful corporations and governments: the European Commission instituted a mandatory GMO label on food products; many of its members, including France and Germany, have banned the growing of GMOs entirely; India, while allowing for GE cotton to be grown, has refused to authorize GE rice varieties [1,2,3,4,5]. This has led to a regulatory system that constrains the introduction of new varieties based on transgenic technologies, particularly in developing countries that would benefit most from them.



This article aims to review current knowledge on GE in agriculture and its potential implications for sustainable development, defined as “development that meets the needs of the present without compromising the ability of future generations to meet their own needs” [6]. The literature on the economics of sustainable development suggests that GE can play an important role in strategies towards this goal in agriculture, mainly by increasing yield per unit of output, reducing the use of pesticides and other chemicals, using land more efficiently, and reducing greenhouse gas emissions in the process of growing food. GE technologies that contribute to improved enzymes and more efficient fermentation are important contributors to the bioeconomy and recycling of agricultural residues [7]. We will argue that much of the criticism of genetic engineering is unfounded, both on the natural science and the social science aspects. With sound regulation, we can overcome most concerns regarding GE in agriculture in order to allow the sustainable and equitable utilization of biotechnology.



We present the current evidence on GE impact for sustainability in the following structure. After a short overview of the technologies and their capabilities, we investigate the dimension of potential health effects of GMOs to humans, which seems to motivate much of the debate on the topic. In short, scientific consensus is that their consumption is at least as safe as conventional crop consumption, and no evidence that agricultural biotechnology poses unique or new risks has been found to date. In fact, evidence does exist of increased food safety in some cases. Following the health discussion, we touch on the dimension of environmental risks and opportunities posed by GMOs. We then proceed to explore existing evidence that biotechnology can actually increase productivity and improve the welfare of the poor, while reducing the environmental footprint of agriculture at the same time. We review findings on the impact of agricultural biotechnology both at the farm and aggregate levels, showing that it can enhance crop biodiversity, reduce greenhouse gas emissions from agriculture, and reduce other environmental side effects of current practices. This is followed by a discussion of the distributional effects and the political economy of GMOs, showing that the gains from agricultural biotechnology are shared between farmers, consumers and companies. Access to the benefits of a GE technology may be over-constrained by intellectual property considerations, and we find that access to technologies can be improved. However, in most situations, intellectual property constraints can be overcome to introduce new applications in orphan crops and crops that are consumed by the poor.



The major constraint for the utilization of biotechnology has been regulatory. The strict regulations of agricultural biotechnology were initially justified by high levels of uncertainty surrounding new technologies. However, we will show that this precautionary approach comes at a price, and that a more appropriate regulatory approach given current experience with these technologies should better balance benefits, costs and risks. As a last point, we discuss the topic of GMO labelling and its implications for the adoption rate of biotechnology and by extension for the potential of biotechnology to improve the sustainability of agriculture.




2. What Is Agricultural Biotechnology?


Nearly all food crops humans consume at present are different than their earliest natural ancestor. They have been manipulated and modified for millennia. Gathering and replanting seeds, farmers selected the plants more resistant to droughts and pest, and the ones yielding more than others. Mendel’s discovery of the rules of inheritance ushered in an era of systematic genetic selection. As scientific capabilities improved, scientists have aimed to expand genetic variation artificially through methods like mutagenesis (use of radiation to produce new mutants) and more precise breeding programs. However, the transmission of hereditary traits was still confined within the species, usually within close varieties, as it used the plants’ own reproductive mechanisms. The scope of traditional breeding was thus limited. The discovery of DNA in the 1950s opened new avenues for biologists. It provided understanding of the mechanisms behind the changes in properties of various species, and provided new tools for genetic improvement. Scientists were challenged with mapping their genomes, and linking performance and properties of organisms with their genetic makeup [3].



Agricultural scientists developed multiple approaches to take advantage of new scientific knowledge. They developed the use of molecular markers to identify properties of genetic materials of different organisms. They developed GE technologies, in particular transgenic methods (using agrobacterium or other methods) to transfer genes that convey certain traits among species. More recently, they developed technologies to edit genes, which means inserting or eliminating genes as well as transforming genes. The pool of potential new traits, traditionally limited by plant reproduction, is now much wider.



We believe GE technologies are an essential step in the evolution of crops. In a world with a rapidly increasing population to feed, facing increasing challenges posed by climate change, and with the desire to reduce the footprint of agriculture, crop varieties need to constantly change to face new realities and constraints. GE technologies are a way of achieving this, expanding the capabilities of agriculture while potentially reducing its monetary and environmental costs. One major advantage of GE is that it reduces the time it takes to develop a desired trait or variety. This is especially important in the context of climate change, where the speed of plant breeding may reduce the costs of adaptation.



Much of the social concern regarding GE technologies is about the safety of transgenic procedures and their unexpected side effects. Scientific developments and the regulatory process aim to minimize, or even eliminate, these side effects. We could not find evidence of mishaps with transgenic varieties that caused clear environmental or health damage. However, nothing is fool-proof, and a rational and robust regulatory regime will always have a role in the evaluation of new biotechnologies as they emerge.



While the concern about the safety of transgenic methods is understandable, it is important to compare the methods of genetic engineering with their alternatives. GE technologies are much more precise than traditional breeding or mutagenesis [8,9,10]. In traditional breeding, new varieties are developed by targeting observed phenotypes (expressions of genetic traits). Genetic changes and their phenotypical expressions are achieved through planned breeding, but the genotype (the actual genetic composition) of the new varieties is not controlled for. With GE, slight modifications are performed internally to control a specific aspect of plant performance. A desired phenotype is specified and targeted, and a precise genetic change is made specifically to achieve it, while the rest of the genotype is left unaltered. This means that the chances of unintended gene expressions in GMOs are lower than in varieties created via traditional breeding techniques.



GE applications are usually divided into three “generations”. The first-generation traits are mostly utilized for pest control, either through resistance to pests (arthropods or fungi) or tolerance to herbicides. The second generation include traits that improve properties of crops (e.g., longer shelf life, enhanced nutritional value) or improve their capacity to withstand abiotic stresses (e.g., drought or flood tolerance). Third generation traits encode for the bio-synthesis of useful chemicals by plants. Two subgroups of these products are plant made pharmaceuticals (PMPs), such as proteins, reagents, and antibodies; and plant made industrial products (PMIPs) such as silk protein, elastin and collagen, bio-degradable plastic precursors, and fossil fuel alternatives [11,12,13]. A very small proportion of lab-proven traits are currently in commercial use. While Bennett et al. [13] identify more than one hundred traits, the costly regulations of agricultural biotechnology have prevented scientists from investing in field trials of many varieties with desirable traits.



Gene editing, or genome editing, is a relatively new form of GE that relies on species-specific nucleases (SSNs) to insert, knock out, or modify specific genes. It relies on a set of tools that include zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and clustered regularly interspaced short palindromic repeats (CRISPR) associated systems [9]. Of these, CRISPR-Cas9 is the most recent development and has been shown to be versatile as well as simpler and less expensive to implement than its predecessors [14]. Unlike ZFNs and TALENs, CRISPR has been shown to be efficient at modifying multiple genes in a single plant; this greatly increases the potential of the technology for engineering advantageous traits, such as pest resistance [9].



Gene editing has already been demonstrated on major crops, including—as of 2015—barley, maize, rice, soybean, sweet orange, tomato, and wheat [15]. Traits currently under investigation include, among others, herbicide resistance, drought tolerance, improved nutritional content, salt resistance, and resistance to biotic stress [16]. Because it is more precise and predictable than earlier technologies that relied on the introduction of transgenes, gene edited crops may prove to be more acceptable to the public than were earlier GMOs [10]. However, important questions remain regarding regulatory frameworks and public acceptance.




3. Human Health


We begin the review of the impacts of GE on sustainability with the dimension of human health. While discussions of sustainable development do not typically emphasize health concerns, they are a critical component of any debate on the traits of a food-related technology. Opponents of genetic engineering have frequently raised concerns about the impacts of GMOs on human health [17]. These concerns broadly fall into two categories: concerns about the consumption of GMOs, and concerns about the cultivation of GMOs. Both concerns seem unfounded by scientific literature.



Despite frequent claims to the contrary by anti-GMO advocacy groups, after decades of production, there is no clear evidence of harm to the health of consumers that has resulted from the consumption of GMO products. In a review of 1,783 studies on the safety of genetically engineered crops published over a 10-year period, Nicolia et al. [18] found no reports of significant hazards that were directly linked to GM crops. Similar conclusions are consistently drawn by other reviews [17,19]. Of the small number of studies that have purported to show risks to human health, all have either been retracted or have been shown to have methodological or other flaws [20]. To put the purported health risks of GMOs in a broader perspective, in 2012, food-borne illnesses in the USA led to 128,000 hospitalizations and 3000 deaths; in contrast, to date there have been none reported that have been linked to the consumption of GMOs [19].



A good example of the potential health benefit of GE crops is with Bt-maize. Bt crops are engineered to include a gene that encodes the production of Bt toxins, low toxicity insecticides naturally produced by the soil-dwelling bacterium Bacillus thuringiensis and used by conventional and organic growers by means of spraying. They are lethal to larvae of specific species, and only by ingestion. Thus, Bt crops target crop pests that attack them, resulting in less need for the use of more toxic insecticides which could remain on the food. Consumers benefit even further: increased pest-protection attributes serve to reduce levels of mycotoxins, metabolic byproducts of some fungi which attack the plants through the pest inflicted wounds [21]. One type of mycotoxins, aflatoxin, is a carcinogen that has been particularly associated with liver cancer. One study in China of goods sold in local markets found average levels of aflatoxin in several crops that were higher than what would be accepted by the FDA in the USA, and maximum levels that were more than fifty times higher than the FDA limit [21,22]. Reductions in mycotoxin levels are likely to be particularly important to people in developing countries who are more likely to purchase food from lightly-regulated local markets such as the ones studied in China [22]. In a recent meta-analysis, encompassing 21 years of research, Pellegrino et al. [23] conclude that Bt maize is healthier than its close non GE varieties, as no negative effects have been documented and the levels of aflatoxin on produce are lower.



There are some cases where GMO crops can lead to options for consumers that are actually healthier than traditional varieties. As mentioned before, these are “second generation” GMOs. One example is a soybean variety that was engineered to have lower levels of trans-fats [24]. Scientists have also created corn with 169 times more beta-carotene, six times more Vitamin C, and twice as much folate; and cassava with 30 times more beta-carotene and four times more iron [25]. Perhaps the most famous example of genetic engineering for improved nutritional content is Golden Rice, a variety of rice that has been developed to produce beta-carotene. Rice being a main staple in many poor countries, this type of rice could greatly reduce the incidence of Vitamin A deficiency-related illness, such as blindness and infant mortality [4]. The potential for Golden Rice and the regulatory process that has delayed its use will be discussed further below in the section on regulation.



Anti-GMO advocacy campaigns, targeting companies and product lines, often cause them to engage in ingredient-avoidance [26]. This can increase costs to consumers, and in some cases, lead to a less healthful product. For example, in cases where products are enhanced with vitamins or minerals where certified non-GMO alternatives are expensive or not available [26]. Ingredient avoidance can also be the result of complex verification and regulatory environment that surrounds GMOs in the marketplace [17].



Regarding the arguments on the production side, GMO crops generally see a decrease in total pesticide applications as measured by environmental impact quotient, or EIQ [27]. The EIQ is a commonly-used measure of that compares pesticides across multiple attributes in order to generate a single value to reflect overall toxicity [28,29]. Pesticides vary greatly in their toxicity, and health impacts are much better understood by aggregate toxicity measures that reflect those differences, rather than by simply measuring volumes of pesticides applied. First-generation GMOs have also served to shift the types of pesticide used, with the largest change being to increase the relative share of crop area produced using glyphosate. Evidence suggests that the switch from other herbicides to glyphosate has benefits for the health of growers even apart from any overall reduction in total amounts used [28].



There are different ways of evaluating pesticide toxicity. One distinction is between acute toxicity—representing the harm resulting from a single elevated dose—and chronic toxicity, representing the harm resulting from long-term exposure to repeated small doses. From the perspective of pesticide applicators, the individuals more directly affected by these compounds, chronic toxicity is likely the more important of those two measures. Judged by its chronic toxicity to mammals, glyphosate is a relatively safe compound with lower levels of chronic toxicity than 90% of commonly used US herbicides [28]. The same analysis concluded that a reduction in glyphosate use or its discontinuation (as was recently proposed in Europe) would result in higher overall toxicity because it would likely be replaced by herbicides with higher toxicity.



Surveys in China have shown that farmers who adopted Bt cotton reduced their exposure to dangerous pesticides [30,31]. This benefit likely affected millions of individual growers. In South Africa, the adoption of Bt cotton led to lower rates of accidental poisoning by pesticide, largely as a result of reduced requirements for pesticide applications [32]. For similar reasons of reduced requirements for pesticide application, it has been projected that the adoption of Bt rice in China could have significant positive effects on farmer health [33].




4. Farm-Level Impacts


At the farm level, GMO crops have the potential to improve the sustainability of agriculture by reducing herbicide, pesticide, and fertilizer use, by reducing greenhouse gas emissions, by enabling sustainable practices such as no-till production systems, and by increasing yields, thus leading to less need for conversion of natural ecosystems into cropland.



Qaim and Zilberman [34] suggest that first-generation GMOs reduce pest damage and allow plants to reach their potential output in optimal conditions. Yield gains from first-generation GMOs are expected to be significant in areas with high susceptibility to pests. Furthermore, reduced pest damage may provide incentive to additional investment in other inputs, such as fertilizer, leading to further yield gains. This means more food can be grown with existing land resources. Klümper and Qaim [35] completed a meta-analysis of 147 studies on pesticide use, yield, and farmer profits. They found that on average, GM crops increased yield by 21.6%, reduced pesticide quantity by 36.9%, reduced pesticide cost by 39.2%, and increased farmer profits by 68.2%. There is heterogeneity in the results, as apparently some of the early GMO varieties had traits introduced to varieties less appropriate for the location they were planted. However, the effects in general are impressive. The empirical evidence confirms that the farmers who benefitted the most from GMOs were in fact the poorer farmers in developing countries who had fewer options for pest management and who were more vulnerable to outbreaks.



Besides the yield increases, which help support growing populations in developing countries, the main beneficial effect of GMOs in terms of sustainability is probably the decline in pesticide use. We consider the personal health benefits of reduced pesticide use for consumers and farm workers in the health section above. However, pesticides have long been a major environmental concern as well. Rachel Carson’s “Silent Spring” [36], a cornerstone in the American environmental movement, dealt mostly with the highly toxic pesticides used in the 1950s. GE technologies allow significant reductions in pesticide and herbicide use, compared with traditional crops, and lower the environmental impact of agriculture. Two major “first generation” traits can be discussed in this context: insect resistance (IR) resulting from the aforementioned Bt trait, and herbicide tolerance (HT) with respect to the herbicide glyphosate.



A systematic survey of pesticide use on three major GMO crops in the USA—HT soybeans, HT maize, and IR maize—found that, relative to farmers planting conventional varieties, farmers who adopted GMOs reduced the total quantities of pesticides applied in the cases of HT maize and IR maize, but increased total quantities in the case of HT soybeans [27]. Looking at EIQ, the overall effect of GMO on pesticide applications becomes unambiguously positive for the three main crops cultivated in the USA. Farmers who adopted HT soybean and maize used herbicides representing lower total EIQ than those who planted conventional varieties, while those who adopted IR maize used insecticides at a level that also represented a lower EIQ than the levels used on conventional varieties [27,37].



Two concerns regarding HT and IR are resistance build-up for glyphosate and the potential negative effects of Bt toxins on non-pest species. The latter effect seems to be minimal, as the toxins are transferred by ingestion of plant parts and are quite specific to pest families. Bees are unaffected by it [38]. As for the former, resistance to pesticides is not unique to GMOs and there are hundreds of non-GMO examples of herbicide resistance developing in weeds [39]. In the case of glyphosate, despite first being used in the USA market in 1974 and having its use become widespread following the introduction of the first glyphosate-tolerant crops in 1996, glyphosate maintains its effectiveness against most weeds, and 90% of farmers of cotton, maize, and soybean in the USA choose to continue to plant a glyphosate tolerant crop and to use glyphosate [40]. As weed resistance does inevitably increase, however, there are strategies that can be used to maintain effectiveness of HT varieties, even in the presence of resistance. Refuges can be designed with an understanding of population dynamics so as to optimize the balance between resistance build-up and yields [41]. Weed management and selective herbicides can also be part of a strategy to maintain effectiveness of HT [42,43]. Even if resistance leads to the gradual reduction in some of the environmental benefits of first-generation GMO crops, those crops nonetheless show environmental benefits over a significant period of time. The best opportunity in extending these benefits lies in continuing research into new traits [44]. Gene editing using CRISPR, because of its specificity and relative accessibility, provides a particularly promising avenue for extending and expanding benefits that first-generation GMOs have shown in reducing pesticide use.



One more concern, both on the farm and aggregate level, is about the potential loss of crop diversity with GMOs. The reduction of variety scope, which could lead to monoculture, is dangerous for any crop. If all available varieties are similar, they could be more susceptible for a new pest. Moreover, a limited choice of varieties might lower the average efficiency of the crop. To evaluate that concern, Krishna et al. [45] completed repeated surveys with 341 farmers using a four-visit panel design. Their findings showed that despite an initial decline in varietal diversity following the introduction of transgenic varieties, by the end of the study period (in 2008), with 90% adoption of transgenic varieties, the level of varietal diversity had returned to the level it had been prior to adoption. In this case, it was found that the main limiting factor on diversity was simply the number of available transgenic varieties. As gene editing technologies enable cheaper and easier creation of new varieties, the likely impact of genetically engineered crops on agricultural biodiversity will likely decline. It is worthwhile to mention that similar concerns were raised with traditionally bred varieties initially released during the “green revolution” in the 1970s. However, research institutes ended up introducing about 8,000 high yielding varieties to suit most growing conditions [17].



Shiva [46] suggests that one of the dangers of GE in agriculture is that over-reliance on genetic solutions can crowd out other solutions to pests and other challenges in agriculture. A diversity of approaches to agricultural sustainability will almost certainly have more success than a reliance on any one technology. However, this argument is all the more reason for arguing that genetic engineering should not be overly restricted to the point that it is prevented from making the fullest possible contribution to agricultural sustainability.




5. Aggregate Effects


A vast body of literature, reviewed above, recognizes the positive effects of GMO variety introduction on yields and farmer income. This increase in yields aggregates to a larger supply, which means that the same amount of food and fiber can be grown using less resources such as land, water, and chemicals. However, higher supply can also lower global food prices, increasing demand and to some extent attenuate or even reverse these effects. To study these aggregate effects, the individual yield studies need to be incorporated into a larger framework that integrates supply and demand forces.



To conduct this analysis, one first needs to estimate the impacts of GMOs on aggregate supply. This can be done by simply aggregating estimated benefits in a meta-analysis approach or by statistical estimation of a shift of supply due to GMOs. After estimating the supply effect, analysis needs to integrate supply and demand to assess impacts on prices and welfare. This second stage can be done either by partial analysis that only considers the impact on grain markets, or by general equilibrium analysis that assess the impact throughout the economy.



Brooks and Barfoot [47] use multiple estimates of impacts of GMOs on yield and growing costs at different locations, aggregate them, and assess the impact of GMOs on the farm sector using partial analysis. They estimate the effect of GM technology on global farm income to be $18.8 billion in the year 2012, and $116.6 billion from 1996 to 2012. This represents a 6% increase in the value of global production of maize, canola, soybeans, and cotton.



It is important to distinguish between the impact of GMOs at the intensive and extensive margin. The intensive margin effect occurs when farmers switch from conventional to GMO varieties, thus increasing yields and production due to the modified traits. The extensive margin effect occurs when GMO varieties allow for the expansion of the effective production area, either by the genetic traits themselves (e.g., drought tolerance) or by the economic gains they bring, overcoming costly obstacles that prevented expansion of cropland before. There is a concern that GE crops are contributing to deforestation. Increased soy acreage is blamed for deforestation in Argentina and Brazil [48,49]. However, it is hard to tell the share of GE technology’s responsibility in this process, which is driven primarily by growing world demand. The yield effect of GE, rather, is likely to attenuate deforestation caused by increased demand. Evidence suggests that some of the effects that GMO crops have at the extensive margin is in fact the result of double-cropping on plots of land that were already cultivated rather than bringing new land into cultivation [50,51]. GMO crops engineered with herbicide resistance enable planting earlier in the growing season by reducing the need for pre-emergence weed control; this in turn provides the additional time needed to plant a second crop in the same season [52]. To the extent that this is the case, the introduction of GMO crops could have a significant benefit for the agricultural land footprint by greatly increasing annual productivity without expanding the area of land cultivated [53].



Barrows et al. [51] estimate statistically the impact of GMOs on yields and then derive impacts on aggregate supply taking into account the extensive margin effect. They integrate the supply effect with demand estimates and obtain partial equilibrium effects on outputs and prices. They estimate the average effect on prices of soybeans, cotton, and corn to be 33%, 18% and 13% lower than what their respective prices would have been without GM technologies. Much of these gains are due to extensive margin effects, which mostly apply in land already used for agriculture. At the same time, they translate the land savings from current GM penetration rates to GHG emissions savings, finding that GM is responsible for a decrease in emissions comparable to one eighth of all automobile emissions in the US. Other ecosystem service benefits from these land savings are not presented, but surely are positive as well.



Mahaffey et al. [5] use a computable general equilibrium (CGE) approach. In this approach, different market parameters are used as inputs for a computerized model of global agricultural markets and trade, and an equilibrium is computed numerically. Comparing scenarios of global ban on GMOs and increased GMO penetration, they calculate the loss in welfare (profits plus consumer benefits) from a global ban on GMOs. The total welfare loss from a global GMO ban is estimated by Mahaffey et al. to be $9.8 billion yearly. They note that, while the ban is predicted to increase food prices around the world, increases would be sharper in poorer countries, where the average expenditure on food is already higher. India, for example, would see a food price increase of 2.2%. Another interesting finding in this study is about the potential environmental effects of a global GMO ban. The main environmental effect, driven by the lower yields of conventional crops, is the expansion of cultivated area at the expense of forests. This alone results in a 13.8% increase in GHG emissions from agriculture.



The potential savings in land use, as emphasized by Mahaffey et al. [5], is one of the significant contributions of GMOs in terms of sustainability. As GM crops are more productive, they could in theory carry an incentive to transform more natural areas to cultivated fields. However, Mahaffey et al. [5] results predict a lower total land use with GM, probably as the increased yields depress prices enough to prevent the expansion of cultivated land. Yet, GE technology does allow for an extensive margin effect without expanding the total cultivated area, by means of double cropping. Herbicide tolerant traits allow treating crops with herbicide to prevent unwanted weeds from growing with the crop. This means some time-consuming (and carbon-emitting) practices, such as tilling, can be skipped. The result is a longer period of time where fields are available for productive use, allowing double-cropping: growing two crops on the same plot of land in the same year. This practice, in fact doubling the growing area and allowing more food to be grown at a given year, is now common among soy growers in Argentina and Brazil. In fact, up to 70% of cultivated area in Argentina were dedicated to soy in the early 2010s, creating a desire for some diversification by double cropping with maize [53]. Research has shown that double cropping has the potential not only to raise yields but also to reduce yield variability in the Northern Pampa areas, where this practice takes place [54].




6. Distributional Effects and Political Economy Factors


As with many productivity-enhancing technologies, GE technology has the potential to generate positive gains in aggregate. However, any new technology can create winners and losers even while increasing the total surplus. We look at the distributional effects on the micro and macro level. We find this analysis important in terms of sustainability, even though it only marginally touches classic environmental issues. Sustainable agricultural practices, we believe, should benefit all parties involved for its continuity.



On the micro level, many critics of GM technologies claim that it has few or marginal (if positive at all) benefits for farmers, and that most of the gains are kept in the hands of a few corporations based in developed countries. The main “culprit”, according to some activists, is the publicly traded company Monsanto, which has made major investments in agricultural biotechnology beginning as early as 1996 [3].



Most economists dealing with GE technology view the subject differently. The NRC [38] survey studies show that the economic gains of GMOs are distributed between farmers, consumers and seed companies. Uptake rates of GM crops—in the US and virtually any other country where they are allowed—are seen by economists as evidence of their evident economic benefits for farmers. As mentioned in the farm-level impact section, Klümper and Qaim [34] find an average increase of 68% in farmer profits as a result of GM crop adoption, while the total production costs are raised by merely 3%. This result is the complex effect of both yield increase and decrease in other costs, especially pesticide costs. Farmers using GM crops enjoy other benefits, which are harder to estimate with dollar figures. For example, lowering yield instability and reduced adverse health effects by noxious pesticides have been observed in China and South Africa [32].



A common claim by GM opponents is that farmer gains are eroded because they are contractually forbidden from sowing seeds from the plants they grow. This is not always true, as national patent laws do not usually hold overseas and local enforcement level varies. For example, Monsanto sued a Canadian farmer growing their patented canola seeds without purchasing them. The company won the case, yet was awarded no compensation [3]. In India, some amount of “piracy” is observed, where GM varieties have been hybridized with local varieties [17]. Yet, to acquire certified GM seeds, one usually needs to purchase them from a legitimate dealer. Again, the fact that some farmers choose to purchase GM seeds year after year suggests that, even when the cost of annual seed purchase is considered, farmers still consider themselves better off with GM crops. Finger et al. [55] find that, while seed costs in GM crops are higher than in conventional ones, the total profitability of GM crops is still mostly higher.



The “must buy seed” claim also fails to acknowledge that many non-GM commercial varieties are first generation hybrids, for which seeds need to be bought from dealers as well. Moreover, sowing self-grown seeds is not a free alternative to buying seed. When the seeds themselves are the marketed products, for example in cereals, sowing self-grown seeds implicitly means buying them at market price. For GM varieties, a theoretical market price (absenting a company exercising some degree of market power) would be the downstream price of the seeds themselves (e.g., corn kernels). Even when the end product is not the seed itself, as with cotton, using self-grown seeds means taking up the extra costs and risks involved in self-storage (preparing seeds for storage, potential loss to pests, water damages, theft, etc.). Purchasing restrictions for GM varieties, while potentially alien to a traditional, autarkic agricultural systems, are neither a new phenomenon nor a major source of loss to farmers.



One clear loser from GM technologies are some chemical companies based in developed countries. Graff and Zilberman [2] argue that European bans of most GM crops cannot be entirely explained by consumer preferences. They make the point that Europe seems more tolerant to research techniques such as cloning and stem cell research, which are controversial in the US. Therefore, “fear of science” is unlikely to be the reason for this policy. They claim that other political factors might be in play. Mainly, they suggest that facing public outcry about pesticide risks in the 1970s, European firms heavily invested in developing safer chemical solutions for pest control and other agricultural inputs, while US firms invested in life science technologies that led to most GM varieties. GM crop adoption lowers the market share of European corporation in the crop protection markets, which dropped from 55% in 1991 to 47% ten years later. A sign of the changing reality is that Bayer, a major European chemical company, is in the process of purchasing Monsanto. The European Commission recently announced the conditional approval of this merger [56].



A transition to an agricultural system with stronger economies of scale could take many farmers out of business, especially in developed countries. This process has been in place even with an effective GM ban: the average farm size in France and Germany has increased by 31% and 32% respectively over the first decade of the 21st century (data from agricultural censuses in Eurostat [57,58]), although the average farm size in the USA is still three times larger [59]. It has been suggested that GM crops are seen as a proxy to this transition or as factors which would accelerate it, raising opposition from smaller farmers with great political power [2].



On the macro level, it would seem like the potential gains from GM technologies are far greater in developing countries than in the developed world. The yield effects seem much higher in developing countries [34,52], while lower food prices benefit the poor, for whom food costs constitute a relatively larger share of the daily budget [60]. Mahaffey et al. [5], estimating the cost of a global ban on GMOs, surprisingly find that the largest winners of such ban would end up being two major GMO growers: the USA and Brazil. Other GMO exporting regions, such as Canada and South America, also see positive gains from a GMO ban. The authors explain this result by noting that major GMO growers are also major exporters. With a ban on GMOs, world prices increase. As the exporting countries are likely to make most of their gains from producing, the increased consumer price only slightly attenuates their gains due to profit increases, as export prices rise. On the other hand, major importers, such as China, the Middle East and North Africa, India, and Europe, see negative gains from a GMO ban: they are not large exporters of food, so rising export prices are irrelevant for their profits; yet they are food importers, hit by increased prices for food, animal feed, and fiber.




7. Environmental Effect, Biodiversity and Sustainable Development


Given the relatively inelastic demand for food, the positive effect that GE technologies have on yield are associated with a reduced agricultural footprint in terms of the use of land, energy, water, and chemical inputs. Having discussed the effect of GMOs on reducing pesticide use earlier, we focus here on the effects on land use and carbon emissions. Barrows et al. [51] estimate for the year 2010 that maintaining similar output for corn, soy, and cotton without GE crops would have required at least an additional 13 million hectares of cropland. Other research suggests that a global ban on GMOs would increase total cropland by 3.1 million hectares with 0.6 million coming from deforestation [5]. That can be compared to an opposing scenario where GMO adoption worldwide is brought to a level equivalent to the level in the USA: under that scenario, global cropland area actually declines by 0.8 million hectares [5].



Reducing the land footprint of agriculture—particularly that part of the footprint that comes at the expense of tropical forests—has a large impact on greenhouse gas emissions. Taking the three estimates above—ranging from 3.1 million to 20 million hectares of additional cropland that would result from eliminating GM crops—and coupling them with a common estimate of greenhouse gas emissions from land cover change of 351 metric tons per hectare of converted land [61]—we can conclude that GMOs have averted emissions equivalent to between 1.1 Gt and 7.0 Gt of carbon dioxide. Those estimates are equivalent to 19–135% of one year’s emissions of the USA—which were 5.17 Gt in 2016 [62]—although this is an estimate of a one-time conversion rather than an annual value.



In addition to reducing emissions from land cover change, GE technology can positively affect other components of agricultural emissions, particularly by reducing energy and fossil fuel use and by enabling reduced tillage and no-tillage agricultural practices. Traditionally, tillage and herbicides are used to prevent unwanted weeds growing in the field. Herbicides are toxic to most plants, and must be applied in absence of the crop. Herbicide resistant crops allow for herbicide application at the presence of the crop. Herbicide eliminates the weeds, and the GM crop is left unharmed. Prior to the introduction of herbicide resistant varieties of canola, the primary herbicides used for the crop required tillage for their effectiveness [43]. Following the introduction of herbicide resistant canola varieties, from 1995 to 2006, herbicide application rates on canola in western Canada decreased by 53% while the percentage of farmers using zero- or low-tillage rose to 64% [43]. Similar patterns were observed in the USA where between 1995 and 2009, the area of soy under no-till management increased by 65%, with most growers stating in a survey that herbicide tolerant soy was the most important reason for their shift to no-till practices [13,37]. As a result of the shift to no-till practices in soy production in the USA, fuel consumption per acre decreased by 11.8% and total greenhouse gas emissions declined by 4.8 Mt. Globally, the shift to no-till practices that resulted from the adoption of herbicide tolerant crops is estimated to have led to the sequestration of soil carbon equivalent to 17.6 Mt of carbon dioxide.



In the farm-impact section, we discussed the potential problem with monoculture. In terms of agricultural biodiversity in general, genetic engineering in fact offers pathways for the preservation of heirloom varieties that might be otherwise lost and for the maintenance of crop biodiversity more broadly [52]. The decreasing costs of inserting a trait into a crop variety—a trend accelerated by the introduction of technologies such as CRISPR-GE—will not necessarily reduce diversity in crop varieties. Experience with soy has in fact shown that much of varietal diversity has been maintained [63]. In some cases, genetic engineering may be able to conserve agricultural diversity that would otherwise be lost, for example by providing pest resistance to varieties that would have otherwise been abandoned because of levels of pest damage [52].



One of the most advanced and most promising examples of the use of genetic engineering to assist in species rehabilitation is that of the American chestnut. After the introduction of the fungus Cryphonectria parasitica in 1876, American chestnuts were decimated in their home range with the loss of an estimated three billion trees [64]. To date, the continued presence of the fungus in the landscape has prevented American chestnuts from re-colonizing their home range of eastern North America—an area where they were once perhaps the most dominant and ecologically-important tree species. In recent years, a team of researchers has developed a transgenic variety of the American chestnut with an introduced wheat gene that allows the tree to produce an enzyme that breaks down the harmful oxalic acid produced by the C. parasitica fungus [64]. Field trials suggest that this tree may resist the fungus as effectively as do species of Asian chestnut that evolved alongside the fungus. Further research is needed and regulatory hurdles remain, but this work raises the possibility of the American chestnut eventually being re-established in its home range. Work on the American Elm—similarly wiped out of its range in eastern North America by an introduced fungal pathogen—provides another example of the potential role of genetic research in species recovery efforts [65].



GE could be a powerful tool for biodiversity conservation more broadly. Projections have been made that by 2050, 15–40% of living species could be committed to extinction, primarily as a result of habitat loss and changing conditions under climate change [66]. The change in climate predicted to 2100 would require rates of species adaptation that are 10,000 times higher than adaptation rates typically observed in nature when species are observed to adapt to new conditions [67]. Assisted adaptation may be one of the most viable options remaining to enable the survival of certain species under a changing climate [68]. Scientists may be able to deliberately introduce genes into wild populations that would assist species in their adaptation to changing conditions. Of course, these kinds of deliberate interventions are not to be taken lightly. Proper research and regulation would be necessary for such interventions. Yet, in some cases, such as a small endangered population susceptible to a new pathogen, genetic technologies could in theory save species from extinction.



One additional environmental concern regarding GMOs is the potential drift of introduced traits to wild populations. This could happen by cross pollination of GE crops with wild relatives, or by mechanisms of horizontal gene transfer (HGT). The former is quite unlikely in most cases, as commercially grown crops are usually genetically distant from their wild neighbors, but has been shown to happen. Some current regulation and practices aim to lower the incidence rate of these events [38]. The latter seems to be very rare among eukaryotes, and Keese [69] describes HGT as presenting “negligible risks to human health or the environment”. In fact, the revolutionary aspect of GE is indeed overcoming the extreme difficulty of HGT to increase the potential pool of traits available in crops. The main question is, what are the potential threats from such a scenario? Anti-resistance build-up practices can address multiple drift problems that may arise from agricultural practices. When it comes to impacts on wildlife, the current insect resistance trait, coding for Bt toxins, has been shown to only hurt specific families of pests. Areas where Bt crops are grown do not show a decrease in the number of insects and arthropods in general, in spite of significant Bt plants presence [38]. Future GE traits need to be evaluated for such potential outcomes, yet the current experience does not show significant ecological damages from GMOs.




8. Intellectual Property


Private companies have property rights on some biological innovations, including crop varieties and traits that are offered to farmers. Even though large seed companies, selling unique hybrid seeds, have existed since the 1930s, intellectual property rights on biological innovations were only recognized in the USA in 1980 and then started spreading globally through international trade agreements [70]. Is this modern practice of agricultural innovation a sustainable one?



Available GM varieties are the product of a long research and innovation process. Innovation involves the creation of basic knowledge on genetics and the technologies for genetic manipulation, continuing with the discovery of various genes and their phenotypical expressions, integrating the agronomic understanding of the challenges plants face in the field and potential mechanisms to deal with them, successful application of one or multiple genes to deal with this challenge, field testing, compliance with safety regulations, and adoption by farmers [71]. The costs of this process are shared between governments and the private sector, where governments mostly fund basic research, and private sector companies deal with the application and commercialization. This is sometimes referred to as the “educational–industrial complex” [72].



The need to assert these property rights comes from the heavy investment required to create new varieties. The innovation is not the seed itself, but a new genetic trait or traits that add to its value to the farmer. Unlike hybrid seeds, which grow to be useful plants but have less efficient descendants, GM traits are largely hereditary. Thus, GM innovations can essentially be copied for free by planting the seeds produced. Property rights are therefore essential for cost recovery of the innovation process, as well as proper profits to motivate further innovations [52].



Private sector investment in agricultural R&D has been increasing faster than public investment for the past three decades and became a majority in OECD countries in the year 2000. At the same time, R&D investments in seed and biotechnology surpassed the traditional R&D investments in machinery and chemical products [70]. These increased investments have led to a greater variety of GM crops available at present, and likely would not have happened without the assertions of property rights on GM traits. At the same time, GM seeds cost more than conventional ones, increasing farmers’ expenditures but overall increasing profitability as well [34].



A few concerns regarding intellectual property rights and GMOs can be addressed by proper regulation. Mainly, the concern is that property rights limit the potential scope and implementation of new GM variety development. Introducing a new GM variety can require the licensing of up to 40 patents and licenses, making the process very expensive and bureaucratically hard for smaller companies [52]. A related problem stems from the nature of the property right itself. Some rights include terms for non-excludability, meaning that anyone can use the technology while guaranteeing royalty payments from marketed products developed with it. Others, such as the essential technology of using agrobacterium to transfer genes to plants, are held exclusively by companies like Monsanto. This limits the availability of potential innovations, resulting in “orphan” crops which see less investment, a condition that might specifically hurt developing countries [70,73]. Thus, setting proper property rights mechanisms for development technology, balancing firms’ incentive to create these innovations while ensuring the broad use for research, is important for increasing the spread of GM crops: in particular, a mechanism such as a clearing house that would allow free and low-cost access to intellectual property for the development of varieties that serve the poor or orphan crops [2]. Indeed, some institutions, such as the Public Intellectual Property Resource for Agriculture (PIPRA) or African Technology Foundation (ATF) aim to serve this purpose. However, the main constraints for the introduction of biotechnology are regulations.




9. Labelling and Consumer Choice


The discussion of labelling is essential for the sustainability debate, as labelling and consumer choice end up determining a product’s market penetration. Thus labelling policies can promote—or handicap—the gains of GE in terms of sustainability. The scientific consensus is that food consisting partly or entirely of GM crops is at least as safe as food consisting of conventional crops [17]. However, there seems to be a significant consumer desire to know if food products contain GM components. This has led to various food products to be labeled “GMO-free”, and the commonly used and regulated “USDA organic” label also ensures the lack of GM components in a product. Some people find these voluntary labels insufficient, and demand mandatory labeling of food products containing GMOs. However, economists are concerned about labels which play on misguided beliefs and information gaps among consumers, as they might distort purchasing choices from products that are better for general welfare and the environment. The share of more sustainable agricultural practices, using GM crops, could be higher if not for these distortions. The issue of GMO labels is hotly debated, and different regulatory approaches exist for it.



In the EU, labeling of products containing above a miniscule amount of GMO “traces” are subject to special labeling [74]. This type of regulation often crates absurdities. For example, refined products such as sugar have no trace of GM protein or DNA. Thus, conventional refined sugar and refined sugar from GM sugar beet are chemically identical [75]. Sugar products derived from GM sugar cane has been authorized for sale in the EU based on a risk assessment panel [76]. Yet, they require a mandatory GM label, even though they pose no additional risks to regular sugar. A consumer mostly concerned about potential negative health effects from GMO consumption might still avoid the product, forgoing economic and environmental benefits. On the other hand, “raw” GM corn (including GM protein and DNA) is in fact used for animal feed in the EU, yet meat and dairy products from GM fed animals do not require labeling as the meat and dairy do not contain “traces” of GMOs, certainly not above the mandated threshold level [77].



In the US, voluntary labeling is the norm. California, the leading US state in organic production, has seen two legislative initiatives for mandatory GMO labeling in recent years, both rejected by a narrow margin. Proposition 37, a state-wide ballot measure (referendum) proposing such labeling on food products sold in California, was rejected by a majority of 51.4% of voters in 2012. Zilberman et al. [78] state that once the discourse started including the option for voluntary labelling, and once the estimated consumer costs of the labelling were published, support for the proposition shrunk from about 60% to the minority it had on the ballot. Organic growers were the major financial supporters of the mandatory labelling campaign, which also enjoyed more volunteers. Biotech companies, as well as retails chains, were against it. Two years later, a similar parliamentary measure (Senate Bill 1381) was rejected by a small majority in the California Senate.



Supporters of these initiatives claimed that consumers have a right to know the ingredients of purchased food. Some economists, while supporting this claim, think that voluntary labels are sufficient for allowing informed consumer choice, and that mandatory labeling would be inefficient and unfair. The main issue is that wrong perceptions of GM foods make labeling misleading, and that mandatory labels exacerbate this phenomenon. Mandatory labels perpetuate debunked beliefs regarding GMOs, and limit their potential benefits both in human welfare and in environmental benefits.



Scientific evidence seems to suggest that people have negative misperceptions about GMOs, and that these misperceptions play a role in their food choices [79]. Mandatory labeling thus pushes consumers to make less than optimal choices. Moreover, government mandated GMO “warnings”, without proper and objective informing of the public on the potential benefits from GMOs, perpetuates these misconceptions and might actually be misleading.



Zilberman [80] argues that mandatory labeling is an appropriate policy when a food ingredient might be unhealthy or dangerous in large amounts, such as alcohol. As evidence points that GM crops are at least as healthy than conventional ones, he argues that non-GMO food preferences are equivalent to other non-health related preferences such as eating only kosher or halal food, buying “fair trade” products, etc. In these cases, most people would seem to agree that mandatory labeling should not be the norm. Moreover, he argues that many people are misinformed about the safety of GM food and its potential social and environmental benefits, making the warning style labeling of GM foods even more inefficient by reducing the share of GM foods that would have been bought with complete information.



Consumer misinformation is taken seriously in countries such as Belgium and Sweden, where regulations do not allow for “negative labels” (such as “free of X”), except for potential allergens such as nuts or gluten. This regulation, taking into account that negative labels are frequently irrelevant and misleading to the average consumer, also prohibit “GMO free” labels in these countries [77].



The concerns of Belgian and Swedish regulators are backed by empirical findings. Perception and information seem indeed to play an important role in consumer choice, and the framing and labeling of foods are crucial. The plethora of ever-evolving food packaging and commercials are evidence that food producers are aware of this fact. Heiman and Zilberman [81] show how negative framing creates stronger resistance to biotechnology. Huffman and McCluskey [82] survey studies showing that customers have a higher willingness to pay for second-generation GMOs, where traits are designed to enhance the nutritional value of food, but this sometimes comes with some conditions such as the added trait coming from the same species. McFadden and Huffman [83] show that when people are fully informed, they are in fact willing to pay more for potato products labeled “biotech” when the chemical composition of the potato has been designed to have lower rates of toxic Acrylamide formation when baked or fried. In the real world, however, complete information is not the rule. Labeling regulations thus need to acknowledge this fact and its consequences for the environment.




10. Regulation


Regulation of research and implementation of GE varieties are debated around the world. Some people fear the unintended risks of GMOs, pushing for more restrictive policies. DeFrancesco [19] poses the question “How safe does transgenic food need to be?” in her article of the same title. In it, she highlights the tension between the necessity of regulations to reduce the risk of harm and the concern that overly stringent regulations will prevent society from benefiting from advantageous developments in agriculture. Striking this balance between risk and benefit is fundamentally a social decision rather than a scientific one. However, we believe that the available science suggests that decisions surrounding GMOs to date have erred too far in the direction of risk avoidance, particularly given the lack to date—after more than 20 years of commercial production—of concrete harm that is directly attributable to GMOs.



Opponents of GMOs have frequently invoked the precautionary principle (PP) to advocate for limitations or bans on GMOs. The PP asserts that, when a new technology is being considered, the onus should be on the proponents of the technology to prove the absence of any risk of harm from the technology rather than the onus being on opponents of the technology to prove the presence of a risk of harm. However, it is impossible to prove a negative—i.e., to conclusively prove the absolute absence of risk—meaning that, in its strongest form, the PP effectively stifles any new innovation [1].



These questions of the regulation of genetic engineering have been given new life by the introduction of new gene editing technologies such as CRISPR and related technologies. These technologies make possible the editing of plant genomes with more precision than before. In many cases, they are also able to modify genomes without introducing transgenes, thus resulting in a plant that is not distinguishable from a plant that was developed using conventional breeding techniques. This blurs the boundaries surrounding what counts as a GMO and poses novel questions for regulators and for public acceptance. As these boundaries become blurred, thresholds for regulations can potentially be drawn at differing points along a spectrum of techniques [15]. At present, this spectrum of potential regulatory approaches can be seen in differences between those countries that have taken a process-based approach to regulation that renders any products produced by gene editing techniques potentially subject to regulations. These jurisdictions include the EU, Australia, and New Zealand. The more permissive regulatory regimes are those that take a product-based approach–this is the approach that has been taken by Argentina, Canada, and the USA. Using a product-based approach potentially excludes many gene edited products from being subject to regulation [15,84].



A reasonable strategy in the regulation of new technologies is to begin stringently and then become more permissive as experience allows. This is the approach advocated by Araki and Ishii [15] regarding newly emergent CRISPR technologies. However, there is a risk of regulatory frameworks becoming ossified at a particular level of rigor. This seems to have partly been the case with more traditional GMO varieties that, unlike CRISPR, have already been in the human food chain for more than two decades. Any regulatory framework must balance the risk of harm against the costs of delay. With an emerging technology when the risks are less known, it is reasonable that the balance would be tilted towards more stringent regulations. However, over time, knowledge of potential risks—or relative lack thereof—increases while the cost of delayed benefits mounts. As those twin processes occur, the balance may shift such that a more permissive regulatory framework is more socially-beneficial.



An excellent example of regulatory delay imposing large costs that may not be justified by improved public safety is that of Golden Rice. Golden Rice is a rice variety that can synthesize beta-carotene, thus providing a potential avenue to address Vitamin A deficiency via an abundant staple food. Despite having been available for commercialization since 2002, Golden Rice has not yet been approved for commercialization in any country (although the Philippines in 2017 began the approval process). A 10-year delay in the approval of Golden Rice may have resulted in millions of people losing their eyesight as a result of Vitamin A deficiency [85]. Converted into monetary terms, and considered together with GM corn, rice, and wheat, the potential benefits that are foregone for each year of delay is between $27 and $82 billion. Similarly, Wesseler et al. [4] consider a subset of forgone benefits due to delays in GM variety approval in African countries, including regular economic benefits of more efficient production as well as the cost of stunting due to malnutrition. The 10 year costs range between $16.7 and $479 million for different crops in different countries. These values are the baseline against which the argument of precaution must be measured: given that we will never have perfect information, is the value of the information gained during the course of that one year of delay worth a comparable amount?




11. Conclusions


Agricultural biotechnology provides a set of tools that increases capabilities of agriculture to adapt to climate change and to lower its environmental footprint. It is not a silver bullet, but rather part of a portfolio of approaches to sustainability. Agricultural biotechnology increases the precision and speed of plant breeding, and can expand the genetic material available to farmers. GE consists of several tools that may result in many applications, and each of these applications needs to be evaluated independently. However, regulations should be efficient and balance benefits and risks.



We are at the early stages of application of GE, and applications in agriculture have been heavily regulated. Yet, we have already seen that this technology increases yields, consumer welfare and farmers’ income, and reduces emissions and the environmental costs of agriculture. Moreover, GE has the potential to increase crop biodiversity and may play a role in bringing back dormant or nearly extinct varieties or species. Inherently, the knowledge behind GE is a public good. Intellectual property regulations may serve to enhance investment in the technology, but at the same time constrain access to its applications. We review mechanisms to expand access to these biotechnologies, especially for developing varieties benefiting the poor.



The main constraints for adoption of GE technology are actually regulatory. Existing regulations that practically ban utilization of the technology with certain crops in different parts of the world have been found to hurt the poor. Regulations should be designed to balance risks and benefits, as excessive precaution delays the valuable benefits of the technology. Consumers and farmers should be further educated about the properties and merits of GE technology.



GE is in its infancy. It enhances human capability to deal with challenges posed by climate change, food security and environmental protection. It will be a major mistake to abandon GE technologies or heavily restrict their progress because of perceived risks. Instead, society should nurture these technologies and carefully evaluate and utilize them to the benefit of humanity and the environment.







Author Contributions


D.Z. completed the initial framing of this paper. All authors were involved in reviewing literature and all shared in the writing. All authors read and approved the final manuscript.




Acknowledgments


We gratefully acknowledge the financial support of the Innovative Genomics Institute of the University of California, Berkeley, and the University of California, San Francisco. Thanks to Lucy Shim and Ben Gordon for editorial assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Van Den Belt, H. Debating the precautionary principle: “Guilty until proven innocent” or “innocent until proven guilty”? Plant Physiol. 2003, 132, 1122–1126. [Google Scholar] [CrossRef] [PubMed]

	



Graff, G.D.; Zilberman, D. Explaining Europe’s resistance to agricultural biotechnology. Agric. Resour. Econ. Update 2004, 7, 1–5. [Google Scholar]

	



Thompson, R.P. Agro-Technology: A Philosophical Introduction; Cambridge University Press: Cambridge, UK, 2011. [Google Scholar]

	



Wesseler, J.; Kaplan, S.; Zilberman, D. The Cost of Delaying Approval of Golden Rice. Agric. Resour. Econ. Update 2014, 17, 1–3. [Google Scholar]

	



Mahaffey, H.; Taheripour, F.; Tyner, W. Evaluating the Economic and Environmental Impacts of a Global GMO Ban. In Proceedings of the Agricultural & Applied Economics Association Annual Meeting, Boston, MA, USA, 31 July–2 August 2016. [Google Scholar]

	



WCED. Our Common Future; Oxford University Press: Oxford, UK, 1987. [Google Scholar]

	



Lin, Y.; Tanaka, S. Ethanol fermentation from biomass resources: Current state and prospects. Appl. Microbiol. Biotechnol. 2006, 69, 627–642. [Google Scholar] [CrossRef] [PubMed]

	



Voytas, D.F. Plant genome engineering with sequence-specific nucleases. Annu. Rev. Plant Biol. 2013, 64, 327–350. [Google Scholar] [CrossRef] [PubMed]

	



Samanta, M.K.; Dey, A.; Gayen, S. CRISPR/Cas9: An advanced tool for editing plant genomes. Transgen. Res. 2016, 25, 561–573. [Google Scholar] [CrossRef] [PubMed]

	



Gao, W.; Xu, W.-T.; Huang, K.-L.; Guo, M.-Z.; Luo, Y.-B. Risk analysis for genome editing-derived food safety in China. Food Control 2018, 84, 128–137. [Google Scholar] [CrossRef]

	



Spök, A.; Twyman, R.M.; Fischer, R.; Ma, J.K.C.; Sparrow, P.A.C. Evolution of a regulatory framework for pharmaceuticals derived from genetically modified plants. Trends Biotechnol. 2008, 26, 506–517. [Google Scholar] [CrossRef] [PubMed]

	



Moschini, G. Pharmaceutical and industrial traits in genetically modified crops: Coexistence with conventional agriculture. Am. J. Agric. Econ. 2006, 88, 1184–1192. [Google Scholar] [CrossRef]

	



Bennett, A.B.; Chi-Ham, C.; Barrows, G.; Sexton, S.; Zilberman, D. Agricultural biotechnology: Economics, environment, ethics, and the future. Annu. Rev. Environ. Resour. 2013, 38, 249–279. [Google Scholar] [CrossRef]

	



Globus, R.; Qimron, U. A technological and regulatory outlook on CRISPR crop editing. J. Cell. Biochem. 2017, 119, 1291–1298. [Google Scholar] [CrossRef] [PubMed]

	



Araki, M.; Ishii, T. Towards social acceptance of plant breeding by genome editing. Trends Plant Sci. 2015, 20, 145–149. [Google Scholar] [CrossRef] [PubMed]

	



Kamburova, V.S.; Nikitina, E.V.; Shermatov, S.E.; Buriev, Z.T.; Kumpatla, S.P.; Emani, C.; Abdurakhmonov, I.Y. Genome Editing in Plants: An Overview of Tools and Applications. Int. J. Agron. 2017. [Google Scholar] [CrossRef]

	



Herring, R.J.; Paarlberg, R. The political economy of biotechnology. Annu. Rev. Resour. Econ. 2016, 8, 397–416. [Google Scholar] [CrossRef]

	



Nicolia, A.; Manzo, A.; Veronesi, F.; Rosellini, D. An overview of the last 10 years of genetically engineered crop safety research. Crit. Rev. Biotechnol. 2014, 34, 77–88. [Google Scholar] [CrossRef] [PubMed]

	



Defrancesco, L. How safe does transgenic food need to be? Nat. Biotechnol. 2013, 31, 794–802. [Google Scholar] [CrossRef] [PubMed]

	



Xia, J.; Song, P.; Xu, L.; Tang, W. Retraction of a study on genetically modified corn: Expert investigations should speak louder during controversies over safety. Biosci. Trends 2015, 9, 134–137. [Google Scholar] [CrossRef] [PubMed]

	



Wu, F. Mycotoxin reduction in Bt corn: Potential economic, health, and regulatory impacts. Transgen. Res. 2006, 15, 277–289. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Liu, X.-M. Contamination of aflatoxins in different kinds of foods in China. Biomed. Environ. Sci. 2007, 20, 483–487. [Google Scholar] [PubMed]

	



Pellegrino, E.; Bedini, S.; Nuti, M.; Ercoli, L. Impact of genetically engineered maize on agronomic, environmental and toxicological traits: A meta-analysis of 21 years of field data. Sci. Rep. 2018, 8, 3113. [Google Scholar] [CrossRef] [PubMed]

	



Pollack, A. In a Bean, a Boon to Biotech. New York Times, 15 November 2013. [Google Scholar]

	



Scientific American Editorial Board. Labels for GMO foods are a bad idea. Scientific American, 1 September 2013. [Google Scholar]

	



Brookes, G.; Miller, H.I. A “genetically engineered” label: Way more expensive than you think. J. Commer. Biotechnol. 2015, 21, 13–15. [Google Scholar] [CrossRef]

	



Perry, E.D.; Ciliberto, F.; Hennessy, D.A.; Moschini, G. Genetically engineered crops and pesticide use in U.S. maize and soybeans. Sci. Adv. 2016, 2, e1600850. [Google Scholar] [CrossRef] [PubMed]

	



Kniss, A.R. Long-term trends in the intensity and relative toxicity of herbicide use. Nat. Commun. 2017, 8, 14865. [Google Scholar] [CrossRef] [PubMed]

	



Kniss, A.R.; Coburn, C.W. Quantitative evaluation of the Environmental Impact Quotient (EIQ) for comparing herbicides. PLoS ONE 2015, 10, e0131200. [Google Scholar] [CrossRef] [PubMed]

	



Huang, J.; Hu, R.; Fan, C.; Pray, C.E.; Rozelle, S. Bt cotton benefits, costs, and impacts in China. AgBioForum 2002, 5, 153–166. [Google Scholar]

	



Pray, C.E.; Huang, J.; Hu, R.; Rozelle, S. Five years of Bt cotton in China—The benefits continue. Plant J. 2002, 31, 423–430. [Google Scholar] [CrossRef] [PubMed]

	



Bennett, R.; Buthelezi, T.J.; Ismael, Y.; Morse, S. Bt cotton, pesticides, labour and health: A case study of smallholder farmers in the Makhathini Flats, Republic of South Africa. Outlook Agric. 2003, 32, 123–128. [Google Scholar] [CrossRef]

	



Tan, T.; Zhan, J.; Chen, C. The Impact of Commercialization of GM Rice in China. Am. J. Agric. Environ. Sci. 2011, 10, 296–299. [Google Scholar]

	



Qaim, M.; Zilberman, D. Yield effects of genetically modified crops in developing countries. Science 2003, 299, 900–902. [Google Scholar] [CrossRef] [PubMed]

	



Klümper, W.; Qaim, M. A meta-analysis of the impacts of genetically modified crops. PLoS ONE 2014, 9, e111629. [Google Scholar] [CrossRef] [PubMed]

	



Carson, R. Silent Spring; Houghton Mifflin: Boston, MA, USA, 1962. [Google Scholar]

	



Brookes, G.; Barfoot, P. Global impact of biotech crops: Environmental effects, 1996–2010. GM Crops Food 2012, 3, 129–137. [Google Scholar] [CrossRef] [PubMed]

	



National Research Council. The Impact of Genetically Engineered Crops on Farm Sustainability in the United States; National Academies Press: Washington, DC, USA, 2010. [Google Scholar]

	



Heap, I. Herbicide Resistant Weeds. In Integrated Pest Management: Pesticide Problems; Pimentel, D., Peshin, R., Eds.; Springer Netherlands: Dordrecht, The Netherlands, 2014; Volume 3, pp. 281–301. ISBN 978-94-007-7796-5. [Google Scholar]

	



Duke, S.O. The history and current status of glyphosate. Pest Manag. Sci. 2018, 74, 1027–1034. [Google Scholar] [CrossRef] [PubMed]

	



Devos, Y.; Meihls, L.N.; Kiss, J.; Hibbard, B.E. Resistance evolution to the first generation of genetically modified Diabrotica-active Bt-maize events by western corn rootworm: Management and monitoring considerations. Transgen. Res. 2013, 22, 269–299. [Google Scholar] [CrossRef] [PubMed]

	



Frisvold, G.B.; Reeves, J.M. Resistance management and sustainable use of agricultural biotechnology. AgBioForum 2010, 13, 343–359. [Google Scholar]

	



Smyth, S.J.; Gusta, M.; Belcher, K.; Phillips, P.W.B.; Castle, D. Changes in herbicide use after adoption of HR canola in Western Canada. Weed Technol. 2011, 25, 492–500. [Google Scholar] [CrossRef]

	



Wesseler, J.; Scatasta, S.; Hadji Fall, E. The Environmental Benefits and Costs of Genetically Modified (GM) Crops. In Genetically Modified Food and Global Welfare; Carter, C.A., Moschini, G., Sheldon, I., Eds.; Emerald Group Publishing: Bingly, UK, 2011; pp. 173–199. [Google Scholar]

	



Krishna, V.; Qaim, M.; Zilberman, D. Transgenic crops, production risk and agrobiodiversity. Eur. Rev. Agric. Econ. 2016, 43, 137–164. [Google Scholar] [CrossRef]

	



Shiva, V. Stolen Harvest: The Hijacking of the Global Food Supply; Zed Books: London, UK, 2000. [Google Scholar]

	



Brookes, G.; Barfoot, P. Economic impact of GM crops: The global income and production effects 1996–2012. GM Crops Food 2014, 5, 65–75. [Google Scholar] [CrossRef] [PubMed]

	



Barona, E.; Ramankutty, N.; Hyman, G.; Coomes, O.T. The role of pasture and soybean in deforestation of the Brazilian Amazon. Environ. Res. Lett. 2010, 5, 24002. [Google Scholar] [CrossRef]

	



Gibbs, H.K.; Rausch, L.; Munger, J.; Morton, D.C.; Noojipady, P.; Soares-Filho, B.S.; Barreto, P.; Micol, L.; Walker, N.F. Brazil’s Soy Moratorium. Science 2015, 347, 1–2. [Google Scholar] [CrossRef] [PubMed]

	



Trigo, E.J.; Cap, E.J. The impact of the introduction of transgenic crops in Argentinean agriculture. AgBioForum 2003, 6, 87–94. [Google Scholar]

	



Barrows, G.; Sexton, S.; Zilberman, D. The impact of agricultural biotechnology on supply and land-use. Environ. Dev. Econ. 2014, 19, 676–703. [Google Scholar] [CrossRef]

	



Barrows, G.; Sexton, S.; Zilberman, D. Agricultural biotechnology: The promise and prospects of genetically modified crops. J. Econ. Perspect. 2014, 28, 99–120. [Google Scholar] [CrossRef]

	



Monzon, J.P.; Mercau, J.L.; Andrade, J.F.; Caviglia, O.P.; Cerrudo, A.G.; Cirilo, A.G.; Vega, C.R.C.R.C.; Andrade, F.H.; Calviño, P.A. Maize—Soybean intensification alternatives for the Pampas. Field Crop. Res. 2014, 162, 48–59. [Google Scholar] [CrossRef]

	



Andrade, J.F.; Poggio, S.L.; Ermácora, M.; Satorre, E.H. Productivity and resource use in intensified cropping systems in the rolling pampa, Argentina. Eur. J. Agron. 2015, 67, 37–51. [Google Scholar] [CrossRef]

	



Finger, R.; El Benni, N.; Kaphengst, T.; Evans, C.; Herbert, S.; Lehmann, B.; Morse, S.; Stupak, N. A meta analysis on farm-level costs and benefits of GM crops. Sustainability 2011, 3, 743–762. [Google Scholar] [CrossRef]

	



European Commission. Press Release: Mergers—Commission Clears Bayer’s Acquisition of Monsanto, Subject to Conditions. 2018. Available online: http://europa.eu/rapid/press-release_IP-18-2282_en.htm (accessed on 7 May 2018).

	



Eurostat. Agricultural Census in France. 2012. Available online: http://ec.europa.eu/eurostat/statistics-explained/index.php/Agricultural_census_in_France (accessed on 7 May 2018).

	



Eurostat. Agricultural Census in Germany. 2012. Available online: http://ec.europa.eu/eurostat/statistics-explained/index.php/Agricultural_census_in_Germany (accessed on 7 May 2018).

	



USDA. Farms and Land in Farms: Numbers, Acreage, Ownership, and Use; 2012 Census of Agriculture: Highlights; USDA: Washington, DC, USA, 2014. [Google Scholar]

	



Muhammad, A.; Seale, J.L., Jr.; Meade, B.; Regmi, A. International Evidence on Food Consumption Patterns: An Update Using 2005 International Comparison Program Data; USDA: Washington, DC, USA, 2011. [Google Scholar]

	



Searchinger, T.; Heimlich, R.; Houghton, R.A.; Dong, F.; Elobeid, A.; Fabiosa, J.; Tokgoz, S.; Hayes, D.; Yu, T.-H. Use of U.S. croplands for biofuels increases greenhouse gases through emissions from land-use change. Science 2008, 319, 1238–1240. [Google Scholar] [CrossRef] [PubMed]

	



U.S. EPA. Inventory of U.S. Greenhouse Gas Emissions and Sinks; United States Environmental Protection Agency: Washington, DC, USA, 2018. [Google Scholar]

	



Zilberman, D.; Ameden, H.; Qaim, M. The impact of agricultural biotechnology on yields, risks, and biodiversity in low-income countries. J. Dev. Stud. 2007, 43, 63–78. [Google Scholar] [CrossRef]

	



Powell, W. The American Chestnut’s Genetic Rebirth. Sci. Am. 2014, 310, 68–73. [Google Scholar] [CrossRef] [PubMed]

	



Newhouse, A.E.; Schrodt, F.; Liang, H.; Maynard, C.A.; Powell, W.A. Transgenic American elm shows reduced Dutch elm disease symptoms and normal mycorrhizal colonization. Plant Cell Rep. 2007, 26, 977–987. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, C.D.; Cameron, A.; Green, R.E.; Bakkenes, M.; Beaumont, L.J.; Collingham, Y.C.; Erasmus, B.F.N.; Ferreira De Siqueira, M.; Grainger, A.; Hannah, L.; et al. Extinction risk from climate change. Nature 2004, 427, 145–148. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Quintero, I.; Wiens, J.J. Rates of projected climate change dramatically exceed past rates of climatic niche evolution among vertebrate species. Ecol. Lett. 2013, 16, 1095–1103. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, M.A. Gene tweaking for conservation. Nature 2013, 501, 485–486. [Google Scholar] [CrossRef] [PubMed]

	



Keese, P. Risks from GMOs due to horizontal gene transfer. Environ. Biosaf. Res. 2008, 7, 123–149. [Google Scholar] [CrossRef] [PubMed]

	



Pray, C.E.; Fuglie, K.O. Agricultural research by the private sector. Annu. Rev. Resour. Econ. 2015, 7, 399–424. [Google Scholar] [CrossRef]

	



Sunding, D.; Zilberman, D. Chapter 4 The agricultural innovation process: Research and technology adoption in a changing agricultural sector. Handb. Agric. Econ. 2001, 1, 207–261. [Google Scholar] [CrossRef]

	



Graff, G.; Heiman, A.; Zilberman, D. University research and offices of technology transfer. Calif. Manag. Rev. 2002, 45, 88–115. [Google Scholar] [CrossRef]

	



Graff, G.D.; Cullen, S.E.; Bradford, K.J.; Zilberman, D.; Bennett, A.B. The public—Private structure of intellectual property ownership in agricultural biotechnology. Nat. Biotechnol. 2003, 21, 989. [Google Scholar] [CrossRef] [PubMed]

	



European Commission. Regulation (EC) No 1830/2003 of the European Parliament and of the Council of 22 September 2003 Concerning the Traceability and Labelling of Genetically Modified Organisms and the Traceability of Food and Feed Products Produced from Genetically Modified Organisms and Amending Directive 2001/18/EC. 2003. Available online: http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:32003R1830 (accessed on 25 April 25 2018).

	



Klein, J.; Altenbuchner, J.; Mattes, R. Nucleic acid and protein elimination during the sugar manufacturing process of conventional and transgenic sugar beets. J. Biotechnol. 1998, 60, 145–153. [Google Scholar] [CrossRef]

	



Naegeli, H.; Birch, A.N.; Casacuberta, J.; De Schrijver, A.; Gralak, M.A.; Guerche, P.; Jones, H.; Manachini, B.; Messéan, A.; Nielsen, E.E.; et al. Assessment of Genetically Modified Sugar Beet H7-1 for Renewal of Authorisation under Regulation (EC) No 1829/2003 (application EFSA-GMO-RX-006). EFSA J. 2017, 15, e05065. [Google Scholar] [CrossRef]

	



ICF. GHK State of Play in the EU on GM-Free Food Labelling Schemes and Assessment of the Need for Possible Harmonisation; ICF: Brussels, Belgium, 2013. [Google Scholar]

	



Zilberman, D.; Kaplan, S.; Kim, E.; Waterfield, G. Lessons from the California GM Labeling Proposition on the State of Crop Biotechnology. In Proceedings of the 2013 AAEA & CAES Joint Annual Meeting, Washington, DC, USA, 4–6 August 2013; Edward Elgar Publishing Ltd.: Zottery, UK, 2014. [Google Scholar]

	



McFadden, B.R.; Lusk, J.L. Cognitive biases in the assimilation of scientific information on global warming and genetically modified food. Food Policy 2015, 54, 35–43. [Google Scholar] [CrossRef]

	



Zilberman, D. The Logic and Consequences of Labeling Genetically Modified Organisms. Agric. Resour. Econ. Update 2012, 15, 5–8. [Google Scholar]

	



Heiman, A.; Zilberman, D. Information framing and consumer choices of genetically modified food. Agric. Resour. Econ. Update 2012, 15, 9–11. [Google Scholar]

	



Huffman, W.E.; McCluskey, J.J. The Economics of Labeling GM Foods. AgBioForum 2014, 17, 6. [Google Scholar]

	



McFadden, J.; Huffman, W. Consumer demand for low-acrylamide-forming potato products: Evidence from lab auctions. Am. J. Potato Res. 2017, 94, 465–480. [Google Scholar] [CrossRef]

	



Waltz, E. Gene-edited CRISPR mushroom escapes US regulation. Nature 2016, 532, 293. [Google Scholar] [CrossRef] [PubMed]

	



Zilberman, D.; Kaplan, S.; Wesseler, J. The loss from underutilizing GM technologies. AgBioForum 2015, 18, 312–319. [Google Scholar]







© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  sustainability-10-01514


  
    		
      sustainability-10-01514
    


  




  





media/file0.png





