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Regulating transgenic crops sensibly: lessons from 
plant breeding, biotechnology and genomics
Kent J Bradford1, Allen Van Deynze1, Neal Gutterson2, Wayne Parrott3 & Steven H Strauss4

The costs of meeting regulatory requirements and market 
restrictions guided by regulatory criteria are substantial 
impediments to the commercialization of transgenic crops. 
Although a cautious approach may have been prudent initially, 
we argue that some regulatory requirements can now be 
modified to reduce costs and uncertainty without compromising 
safety. Long-accepted plant breeding methods for incorporating 
new diversity into crop varieties, experience from two decades 
of research on and commercialization of transgenic crops, 
and expanding knowledge of plant genome structure and 
dynamics all indicate that if a gene or trait is safe, the 
genetic engineering process itself presents little potential 
for unexpected consequences that would not be identified 
or eliminated in the variety development process before 
commercialization. We propose that as in conventional 
breeding, regulatory emphasis should be on phenotypic 
rather than genomic characteristics once a gene or trait has 
been shown to be safe.

Although plantings of a few transgenic crops developed through the use 
of recombinant DNA techniques continue to increase in area globally1, the 
costs and uncertainties that result from the rapidly proliferating national 
and international regulations covering transgenic crops significantly 
impede further development of additional crops and traits2,3. Transgenic 
crops face a daunting array of pre-commercialization regulatory require-
ments and post-commercialization market restrictions that tradition-
ally bred crops do not4,5, even though similar phenotypic traits may be 
involved in both cases6. The cost of meeting regulatory requirements for 
major globally traded crops (recently estimated at $20–30 million per 
product7) limits commercialization of transgenic crops to a few multi-
national corporations and to traits that have a large economic payback. 
High regulatory costs effectively block academic and government research 
institutions and small businesses from commercializing transgenic crops5 
and discourage the establishment of new biotechnology firms and the 
flow of venture capital that finances them7. Regulatory costs, along with 
intellectual property acquisition, have contributed to the consolidation 
of multinational agricultural biotechnology companies8.

Regulatory costs also play a role in the growing disparity between 
the expanding global adoption of the large-market transgenic maize, 
soybean, cotton and canola crops1 and the so-called ‘small-market’ or 
‘specialty’ crops, for which field trials and commercial releases of trans-
genic food crops have all but stopped3. In 2003, fruits, vegetables, land-
scape plants and ornamental crops accounted for more than $50 billion 
in value in the United States, representing 47% of the total US farm 
crop income9. Of this, the only transgenic commodities currently mar-
keted are small amounts of virus-resistant papayas and squash, insect-
resistant sweet corn, and blue carnations, even though numerous exam-
ples of useful transgenic traits have been researched and developed10,11. 
Although market acceptance and intellectual property issues are also 
serious limitations12,13, regulatory hurdles clearly present significant 
challenges that are delaying or preventing commercial release of trans-
genic specialty crops3,14.

Comprehensive discussion of regulatory requirements for transgenic 
crops at the national and international levels is a broader topic than can 
be covered here, and recent studies have addressed them in detail4,15. 
Sensible proposals for regulatory modifications based on potential for 
ecological spread and impact were made years ago16. Specific recom-
mendations were recently made for how regulations could be stream-
lined considering biological novelty and likely effect on fitness of specific 
genes, and the growing familiarity of a number of transgenic tools17–19. 
Here, we propose some specific changes in regulatory approaches based 
on extensive experience with conventionally bred crops, the first genera-
tions of transgenic crops and the growing knowledge of the complexity 
of genome structure and dynamics20. Our goal is to rationalize regula-
tory requirements so that they are congruent with science-based risk 
factors, focus scrutiny in safety assessments where it is most important 
and allow the commercialization of safe transgenic varieties that can 
provide health and/or economic benefits to consumers or farmers in 
developed and developing countries. We believe that certain regulatory 
requirements that were prudent for the initial phases of commercial 
development of biotech-derived crops actually are not necessary today to 
ensure a safe food supply. Instead, we propose stratifying various kinds 
of genetic constructions and experiments into risk classes that will be 
subject to different, and more proportionate, regulatory requirements.

Deregulate the transgenic process
It seems obvious that the phenotypes of transgenic plants and their 
safety and behavior in the environment, not the method used to 
produce them, should be the main focus of regulatory concern. 
Environmental and toxicological issues will be influenced by the 
expressed traits rather than the genes per se, particularly as DNA and 
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most encoded enzymes themselves do not appear to pose threats. 
Thus, the product not the process should be evaluated. Although 
this rational ‘product’ not ‘process’ principle has been repeatedly 
supported in US National Research Council reports21–23, and is offi-
cial US government policy24, it has not been translated into regu-
latory practice by the US Department of Agriculture (USDA) and 
Environmental Protection Agency (EPA), nor by other international 
biosafety protocols15. Instead, transgenic plants are subjected to an 
array of additional requirements before release into the environment, 
even though similar traits developed through ‘conventional’ breed-
ing (e.g., mutation-derived herbicide resistance6) are exempt from 
these requirements. The complex genomic manipulations used in 
conventional breeding (e.g., wide crosses between species, mutagen-
esis, protoplast fusion, somaclonal variation, ploidy manipulation) 
are seldom characterized at the molecular level before variety release. 
The long history of safe and beneficial use of this array of methods 
for generating genetic variation argues that the method of modify-
ing genomes per se should not drive the regulatory process. Instead, 
the traits and the phenotypes that they produce, whether developed 
through traditional or transgenic breeding, should be the focus of 
risk analyses.

Rationalize the basis for transgenic regulation
The legal authority in the United States for the USDA Animal and 
Plant Health Inspection Service (APHIS) to regulate transgenic 
crops derives from its mandate to protect the agricultural environ-
ment against pests and diseases. Since some components of transgenic 
plants often contain DNA from pathogens, such as Agrobacterium 
tumefaciens or cauliflower mosaic virus, APHIS has construed this to 
create a new category of “regulated article” for plants containing such 
DNA, even though the components used (e.g., vector or promoter 
DNA) are unable to cause disease15. This is a tenuous platform on 
which to base the regulatory process, and extensive study and experi-
ence indicate that at least the following two types of DNA sequences 
should be exempt:

Agrobacterium DNA. Agrobacterium DNA transfers naturally to 
plant genomes and some is known to be stably integrated into plant 
genomes. For example, the tobacco genome contains genes from 
Agrobacterium rhizogenes25.

Plant viral DNA. DNA from plant viruses used as promoters/termi-
nators or other functional elements, or when used in nonfunctional 
form to suppress viral genes (and thus impart disease resistance) 
should be exempt. Viral DNA sequences by themselves do not 
appear to pose a hazard, and many have become incorporated into 
the genomes of plants. For example, plantain bananas contain the 
genome of the banana streak virus, rice contains sequences of the rice 
tungro bacilliform virus and tomato has sequences from tobacco vein-
clearing virus25. In addition, viruses are ubiquitous in plant foods. 
It has been estimated that about 14–25% of oilseed rape in the field 
is infected with cauliflower mosaic virus in the United Kingdom26; 
similar numbers have been estimated for cauliflower and cabbage. 
Historically, humans have been consuming cauliflower mosaic virus 
and its 35S promoter at much higher levels than those in uninfected 
transgenic plants. Unsupported claims that the 35S promoter is 
unstable, prone to transfer and insertion into the DNA of other cells, 
thereby causing cancer in humans27, have been extensively rebutted by 
the scientific community and are without merit28. Given the extensive 
exposure of humans to plant viruses and their DNA in most foods, 
there is no justification for using the presence of small segments of 
viral DNA resulting from genetic engineering as the basis for calling 
all transgenic plants containing them “regulated articles.”

Exempt selected transgenes and classes of transgenic 
modification from regulation
In addition to the above, several kinds of transgenes and methods of 
modification have been widely used in genetic engineering of many 
crop species. These have been intensively studied, and in some cases 
transgenic crops incorporating them are in extensive commercial use. 
Because of their familiarity and known safety, regulatory burdens should 
be reduced or eliminated when these genes and methods are used. Some 
examples include:

General gene suppression methods such as antisense, sense suppres-
sion or RNAi (RNA interference). The effects of gene suppression are 
similar to the diverse forms of reduced function alleles that are common 
in wild populations, and to the natural processes of microRNA inhibi-
tion of gene expression during development29. These mechanisms are 
useful for inducing viral and bacterial pathogen resistance, and similar 
processes of viral resistance are known to occur in wild species.

Nontoxic proteins that are commonly used to modify develop-
ment. For example, expression of barnase and barstar under tis-
sue-specific promoters is deregulated for inducing or restoring male 
sterility. Similar uses of these transgenes for other purposes should 
have a low regulatory burden.

Selected, well known marker genes that impart antibiotic resis-
tance. The product of the nptII gene (providing resistance to kanamycin 
and related antibiotics) was classified as Generally Recognized as Safe 
(GRAS) during deregulation of the Flavr Savr tomato30,31. A working 
group of the British Society for Antimicrobial Chemotherapy recently 
made a strong general argument for the safety of virtually all antibiotic 
resistance genes in plants32: “The Working Party finds that there are no 
objective scientific grounds to believe that bacterial AR [antibiotic resis-
tance] genes will migrate from GM [genetically modified] plants to bac-
teria to create new clinical problems…. Use of these genes in GM plant 
development cannot be seen as a serious or credible threat to human 
or animal health or to the environment.” This view largely echoes that 
of Flavell et al.33 and the US Food and Drug Administration in their 
“Guidance for Industry” issued in 1998 (ref. 34).

Selected marker genes that impart reporter phenotypes. Strong 
arguments have been made for the safety of the β-glucuronidase reporter 
gene35, which was present in commercially released transgenic papaya36. 
The same is true of green fluorescent protein37, which seems to be an 
ecologically neutral marker38.

Create regulatory classes in proportion to potential risk
Consistent with previous risk-based stratification proposals16, we seek 
regulations that treat classes of transgenic organisms differently based 
on the true risk associated with the traits and gene functions, rather than 
on the method of introduction of the trait. The establishment of classes 
based on scientific criteria16,17 would promote efficiency by enabling 
companies, public institutions and regulators to focus on important 
issues associated with new traits, not on the method of genetic change 
or unimportant linked genes or sequences. We recommend three risk 
classes, as previously suggested18:

Low risk. Exemptions or reduced regulatory oversight of low-risk 
transgenic organisms are warranted during field testing and commer-
cial use where the imparted traits are functionally equivalent to those 
manipulated in conventional breeding, and where no novel biochemi-
cal or enzymatic functions are imparted; in short, where genetic engi-
neering brings about directed changes in expression of functionally 
homologous genes to achieve a commercially useful trait (what one 
of us has termed “genomics-guided transgenes”38). Where scientific 
considerations suggest that the modified traits are likely to be “domes-
ticating” and thus retard spread into wild populations (e.g., sterility, 
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dwarfism, seed retention, modified lignin), we believe that exemptions 
are warranted at the field-testing stage, and in most cases at the com-
mercialization stage (assuming domestication genes do not directly 
impact endangered or threatened species). The recent US National 
Research Council report on bioconfinement39 suggested that many 
transgenic traits will require no confinement; we believe that transgenes 
for domestication traits in plants are good examples of those where 
regulation is unwarranted for most species and geographies. For cases 
where there is ambiguity, exemptions granted at the field-testing stage 
could be re-reviewed before commercial deregulation.

Moderate risk. Plant-made pharmaceutical/industrial proteins 
(PMP/PMIP), plants with novel products that have very low human and 
environmental toxicity, or that are grown in nonfood crops and have low 
nontarget ecological effects (including, we expect, most plants used for 
phytoremediation), are candidates for less stringent regulation. In gen-
eral, the moderate category should not be viewed as a permanent status, 
and transgenic varieties in this moderate risk class should be transferred 
to the low or high risk categories after ecological and/or toxicological 
studies have been conducted. Continued oversight may be appropriate 
for plants with novel pest management traits such as herbicide tolerance 
and pest resistance where monitoring of potential development of weed 
or pest resistance to the management traits is needed.

High risk. Careful regulation of high-risk plants producing PMP/
PMIP is appropriate during field tests and commercial production where 
their transgene products have a documented likelihood to cause sig-
nificant harm to humans or the environment. Plants with the ability to 
accumulate high levels of heavy metals or other environmental toxins 
might also be placed in this category, if their release could present a 
hazard for herbivores or their prey.

Eliminate the event-specific basis of transgenic regulation
Regulation of transgenic crops is currently based on specific ‘events’ 
(that is, specific transgenic insertions into the host genome). Each time 
a transgene is inserted into a genome, a separate regulatory data package 
must be submitted for that event. The rationale for event-specific regula-
tion is that the insertion sites for transgenes cannot currently be targeted 
and therefore can occur randomly in the genome. Some insertions might 
inactivate or alter the expression of endogenous genes or interact with 
different genetic backgrounds40, thereby resulting in unexpected conse-
quences. In addition, different insertion events often vary in transgene 
expression levels, patterns or stability41. The regulatory premise is that 
these uncertainties significantly exceed those encountered with con-
ventional breeding methods such as introgression or mutagenesis and 
thus constitute a safety concern that is not otherwise addressed during 
normal variety development.

Transgenic ‘events’ are analogous to other genetic modifications. 
Extensive experience with mutation breeding, in which random genetic 
changes are induced throughout the genome, does not support undue 
concern over unexpected consequences of transgene insertions. Over 
2,200 crop varieties have been commercialized that had an irradia-
tion-induced mutation step in their pedigrees, and other methods of 
inducing random mutations have also been used extensively42. In these 
cases, subsequent selection has been almost entirely made on the basis 
of phenotypic characteristics, generally without any knowledge of the 
underlying genomic changes causing the phenotype. Multiple mutations 
with diverse pleiotropic (that is, collateral) effects can be induced by 
irradiation or chemical mutagenesis, providing ample opportunity for 
unexpected consequences to occur43. However, instances of increases 
in toxins or other harmful constituents in released varieties due to 
either introgression or mutation are extremely rare44,45. Even in the 
few cases where potential toxins were present at unexpectedly high levels 

in conventionally bred cultivars, they were toxins known to be present 
in those species (e.g., solanine in potato or psoralens in celery), rather 
than entirely novel compounds, and would be detected using standard 
phenotypic screens.

Other intensive breeding methods that are routinely used, such as 
intervarietal hybrids, wide interspecies crosses, inbreeding, ploidy 
modification and tissue culture, produce abundant pleiotropic effects 
on gene structure and trait expression in plants46. The dwarfing genes 
that provided the foundation of the ‘green revolution’ varieties in wheat 
and rice had multiple pleiotropic effects47. These effects are routinely 
sorted through during conventional breeding. Loss-of-function alleles 
that may be generated by the transgenic process are common in breed-
ing populations, and events such as transposon and retroviral move-
ment caused by the transformation process are also common, and can 
induce changes in gene expression at distal sites in the genome. As in 
conventional breeding, we believe that developers of transgenic varieties 
should be encouraged to utilize, rather than avoid, both the random and 
the expected effects produced during genetic engineering to accelerate 
overall rates of crop improvement.

In a commercial transgenic variety development program, hundreds 
of individual transformants are screened phenotypically to identify the 
few that have the most desirable expression of a transgenic trait. This 
process parallels the breeding of cultivars by introgression of genes from 
related wild species through sexual crosses. In fact, conventional breed-
ing programs generally evaluate populations with much wider ranges 
of phenotypic variation than is observed in transgenic programs, and 
genetic traits can be expressed in the progeny that are not evident in the 
parents from which they are derived48. It is now possible to determine 
the actual genetic regions that have been transferred through crossing 
and introgression. For example, the introgression of traits from wild spe-
cies of tomato into cultivated varieties through sexual crosses resulted in 
chromosomal segments of variable sizes (encoding dozens to hundreds 
of unknown genes) being transferred to different varieties49,50. However, 
despite variation in the specific molecular environments in which the 
introgressed genes were present, the commercial varieties all exhibited 
the desired phenotype. These findings likely apply to virtually all sexually 
introgressed genes, since introgression relies upon random recombina-
tion to exchange the introduced DNA for that of the recurrent parent.

A given gene inserted into a specific genotype could have different 
interactions in other genetic backgrounds, possibly resulting in unex-
pected consequences. Yet, such variable trait expression within a popula-
tion, technically referred to as ‘penetrance,’ is routinely observed during 
recurrent selection for desired traits in conventional plant breeding pro-
grams, a practice with over 100 years of safe application. Currently, the 
cost of meeting regulatory requirements ensures that only one or very 
few specific transgenic events that achieve deregulation will be back-
crossed into other varieties of the same species. The genetic recombina-
tion involved in this process guarantees that the original insertion event 
will end up in different genetic contexts and backgrounds. Nonetheless, 
the cumulative experience of crossing specific herbicide-tolerance and 
insect-resistance transgenes into hundreds of soybean, maize, cotton 
and canola varieties planted on tens of millions of hectares annually 
indicates that such background effects are not a hazard when combined 
with standard genotypic and phenotypic selection protocols used in 
plant breeding.

Although not explicitly required in the United States51, site-specific 
sequence data for the entire inserted DNA, along with adjacent genomic 
sequences near the insertion site, have generally been submitted to regu-
latory agencies. Such information is required for event-specific track-
ing purposes as part of the European Union’s traceability and labeling 
requirements for post-marketing surveillance. Some have recently called 
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for expanding this to require sequencing of a “large stretch of flank-
ing DNA” up to several thousands of bases long and have argued for 
regulatory rejection if even a single base pair is changed relative to the 
same sequence in the recipient variety52. However, characterization of 
sequences adjacent to insertion sites is of little value for predicting trait 
expression or product safety. Even if adjacent sequences predict inser-
tion into a protein coding region, without further study it would not 
be known whether this is an actively expressed gene or a pseudogene, 
whether it is a member of a redundant gene family, or whether it actu-
ally encodes a protein. Even if an insertion changed the expression of 
a native protein, its developmental, toxicological and environmental 
significance would generally be impossible to predict from sequence data 
alone. The only sure guide, as for introgressed genes, is the phenotype 
of the plant.

Genomic science does not support event-specific regulation. Recent 
genome mapping and sequencing results support the contention that 
site-specific characterization has little value in a regulatory context. 
Such studies have revealed that genomes are highly dynamic and phe-
notypically robust to changes at genic and genomic scales. Total DNA 
content, the number of genes, and gene order can vary considerably 
even among varieties of the same species53–55. For example, different 
varieties of maize, chili pepper and soybean can differ by as much as 
42%, 25% and 12%, respectively, in their DNA contents56–58. For soy-
bean, this means that different varieties vary by over 100 million base 
pairs of DNA, dwarfing the few thousand base pairs that transgenes add 
to genomes. In maize, significant differences in sequence collinearity 
occur among varieties while retaining phenotypic function54,59. Closely 
related crops, such as maize, sorghum and rice, have genomic regions 
with differing arrangements of essentially the same sets of genes60. Small 
insertions and deletions in maize occur on average every 85 base pairs 
in noncoding regions, and the frequency of point mutations (single 
nucleotide polymorphisms) in maize breeding germ plasm is as high as 
1 every 5 to 200 base pairs61. As a result of a large number of deletions 
that affect gene families in maize, even different individual plants do 
not have the same number of genes54,55. Transposable elements move 
into and out of genes, where they can alter gene expression or serve as 
sites of chromosome breakage or rearrangement62. Retrotransposons 
continuously insert themselves between genes63 and are likely to have 
resulted in improvements in plant adaptation through both evolution 
and breeding64,65. Even different individuals of the same species dif-
fer in the number of transposons and retrotransposons they contain54. 
Such differences underscore the futility of attempting to define a stan-
dard genome for a species or even a variety against which to compare 
changes due to transgene insertion. It is even more unlikely that genomic 
sequence analyses could usefully predict the ecological consequences of 
transgenic plants in agronomic or natural environments66.

Event-based regulation has adverse consequences. Event-based 
regulation promotes the use of as few insertions as possible followed 
by backcrossing to transfer the trait into other varieties. This is theoreti-
cally feasible in many seed-propagated crops, but it can be commercially 
and practically daunting. Although backcrossing has become efficient 
for major crops such as maize or soybean, the comprehensive DNA-
based marker systems necessary for efficient backcrossing of many other 
crops simply do not exist. As a consequence, most varieties developed 
in backcrossing programs inevitably lag behind the improved variet-
ies that use forward breeding approaches. The lifespan of many crop 
varieties has also decreased significantly over the past decade, resulting 
in rapid turnover of the top varieties. Therefore, by the time a single 
transgenic event is deregulated, enters a backcrossing program and 
the transgenic version of the desired variety is recreated, the variety 
may no longer be commercially viable. A tragic example is the delay 

in release of Golden Rice, which produces β-carotene to help alleviate 
vitamin A deficiency67. Release of Golden Rice awaits deregulation of a 
single event and backcrossing into locally adapted varieties, rather than 
simultaneously transforming the required genes into a range of vari-
eties. Thus, restrictive event-specific regulatory policies act to reduce 
biological diversity by forcing backcrossing of single events rather than 
use of diverse genetic backgrounds.

In vegetatively propagated trees and vines, including fruits and nuts 
that employ highly heterozygous varieties and long generation times, 
backcrossing to transfer an engineered trait is effectively impossible. 
Existing varieties adapted to local climatic conditions and market 
preferences will each need to be transformed. Similarly, multiple acces-
sions of forest trees adapted to different ecological zones would each 
need to be transformed to provide varieties that are adapted to the 
diverse environments they will occupy for many years. The requirement 
for complete deregulation data packages for each new event-variety-
provenance combination, even after the trait itself has been shown to 
be safe for a given species, discourages biological diversity and creates 
financial and practical hurdles.

Regardless of these consequences of event-specific regulation for 
the variety development and commercialization process, marketing of 
GM products has been the biggest casualty of this regulatory approach. 
Individual events must be evaluated and approved or deregulated in 
each national or international jurisdiction, which can make one variety 
legal and a second one a ‘contaminant’ simply by virtue of where the 
same transgene has incorporated into the genome. This, in turn, has 
engendered a burgeoning bureaucratic infrastructure of product chan-
neling, identity preservation, commodity testing and auditing based 
upon individual transgenic events that bears no relationship to true 
risk or hazard. As this approach to regulation becomes entrenched into 
international agreements such as the Cartagena Protocol, marketing of 
GM products will continue to be confronted with market barriers that 
have no foundation in science or safety.

Eliminate event-specific regulation. We recommend a regulatory 
approach that would require an initial evaluation of the specific pro-
tein/trait/phenotype that results from the transgene in a given species, 
but a much reduced regulatory package or simply notification for addi-
tional events using the same protein/trait/phenotype in that or related 
species. The US EPA has established general clearances for some plant-
incorporated protection genes and proteins, though it still requires event-
specific registration and evaluation of each new transgenic variety. 
Limited molecular genetic characterization of specific events would 
routinely be done by a developer to uniquely identify a transgenic allele 
for use in quality assurance or stewardship programs. This is analo-
gous to traditional breeding, where molecular knowledge of the genetic 
composition of a variety is not required before release, but genetic 
fingerprinting may be useful for other purposes. Different events will 
have some variation in intensity and cell/tissue specificity of transgene 
expression68, However, the variance seen among transformants dur-
ing initial screening is greatly reduced by subsequent selection for a 
specific trait. Nonetheless, in cases where such variations in expression 
could have nontarget ecological or toxicological effects of consequence, 
such as where novel pest resistance toxins or high risk PMP/PMIPs 
(as defined above) are expressed, characterization of the transgene for 
initial deregulation or registration should include data spanning the 
range of expression anticipated among multiple commercially relevant 
events. Since unknown mutations and chromosomal translocations can 
occur during the transformation and regeneration process52,69, it is 
prudent to expect that transgenic varieties will be grown and evaluated 
for at least three generations before commercial release, as is routinely 
done for conventional varieties. For vegetatively propagated species, 
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this might mean two or three cycles of propagation and evaluation 
rather than sexual generations, as appropriate to the species. However, 
we see no reason to regulate the exact nature or number of generations, 
propagation cycles or field trials for additional transgenic events at the 
national or international level, except as such requirements exist for 
traditionally bred crops, as for inclusion on approved national variety 
lists. Applying the distinctness, uniformity and stability criteria for new 
varieties is best left to regional or national variety evaluation boards, 
breeding companies and local regulatory agencies based on field experi-
ence for specific crops.

Conclusion
We have discussed a number of reasons to substantially modify regula-
tory data requirements for transgenic crops. Our intent is to give specific 
advice to regulatory agencies on approaches that are highly discriminat-
ing based on product rather than process, as has been urged by several 
high-level scientific panels. We believe that regulation of transgenic crops 
should be comparable to and compatible with traditional breeding when 
similar traits and uncertainties are involved, be updated to reflect experi-
ence from nearly two decades of research and commercial experience 
with transgenic crops and be brought in line with the rapid advances in 
knowledge of plant genomes. We believe that such changes would reduce 
costs, open transgenic-based innovations to a broader array of private 
and public entrepreneurs and thus facilitate the production of improved 
crops based on the genomics revolution in biology.

COMPETING INTERESTS STATEMENT
The authors declare competing financial interests (see the Nature Biotechnology 
website for details)

Published online at http://www.nature.com/naturebiotechnology/

1. James, C. Preview: Global Status of Commercialized Biotech/GM Crops: 2004 (The 
International Service for the Acquisition of Agri-biotech Applications, ISAAA Briefs 
No. 32, 2004). http://www.isaaa.org

2. Kalaitzandonakes, N. Another look at biotech regulation. Regulation 27, 44–50 
(2004).

3. Redenbaugh, K. & McHughen, A. Regulatory challenges reduce opportunities for 
horticultural biotechnology. Calif. Agric. 58, 106–119 (2004).

4. Pew Initiative on Food and Biotechnology. Issues in the Regulation of Genetically 
Engineered Plants and Animals (Washington, DC, 2004). http://pewagbiotech.org/
research/regulation/Regulation.pdf

5. Pew Initiative on Food and Biotechnology. Impacts of Biotech Regulation on Small 
Business and University Research: Possible Barriers and Potential Solutions 
(Washington, DC, 2004). http://pewagbiotech.org/events/0602/proceedings.pdf.

6. Clearfield Production System (BASF Corporation, Research Triangle Park, NC, 2003). 
http://www.clearfieldsystem.com.

7. McElroy, D. Sustaining biotechnology through lean times. Nat. Biotechnol. 21, 996–
1002 (2003).

8. Kalaitzandonakes, N. Strategies and structure in the emerging global seed industry. 
Biofutur 215, 38–42 (2001).

9. Economic Research Service. Farm income and costs: 2003 farm income esti-
mates (Washington, DC, 2003). http://www.ers.usda.gov/Briefing/FarmIncome/
2003incomeaccounts.htm

10. Gianessi, L. Biotechnology expands pest-management options for horticulture. Calif. 
Agric. 58, 94–95 (2004).

11. Clark, D., Klee, H. & Dandekar, A. Despite benefits, commercialization of transgenic 
horticultural crops lags. Calif. Agric. 58, 89–98 (2004).

12. James, J.S. Consumer knowledge and acceptance of agricultural biotechnology vary. 
Calif. Agric. 58, 99–105 (2004).

13. Graff, G.D., Wright, B.D., Bennett, A.B. & Zilberman, D. Access to intellectual prop-
erty is a major obstacle to developing transgenic horticultural crops. Calif. Agric. 58, 
120–126 (2004).

14. Jaffe, G. Withering on the Vine: Will Agricultural Biotech’s Promises Bear Fruit? 
(Center for Science in the Public Interest, Washington, DC, 2005). http://cspinet.
org/new/pdf/withering_on_the_vine.pdf.

15. Miller, H.I. & Conko, G. The Frankenfood Myth: How Protest and Politics Threaten the 
Biotech Revolution (Praeger Publishers, Westport, CT, 2004).

16. Barton, J. Crandon, J., Kennedy, D. & Miller, H. A model protocol to assess the risks 
of agricultural introductions. Nat. Biotechnol. 15, 845–848 (1997).

17. Strauss, S.H. Regulation of biotechnology as though gene function mattered. 
BioScience 53, 453–454 (2003).

18. Strauss, S.H. Genomics, genetic engineering, and domestication of crops. Science 

300, 61–62 (2003).
19. Strauss, S.H., Merkle, S. & Parrott, W. Comments on proposed revisions to USDA 

regulations - 7 C.F.R. PART 340. Environmental Impact Statement; Introduction of 
Genetically Engineered Organisms. http://www.cropsoil.uga.edu/~parrottlab/APHIS/
index.htm

20. Federoff, N.V. & Brown, N.M. Mendel in the Kitchen. A Scientist’s View of Genetically 
Modified Foods (Joseph Henry Press, Washington, DC, 2004).

21. National Research Council. Field-Testing Genetically Modified Organisms: Framework 
for Decision (National Academy Press, Washington, DC, 1989).

22. National Research Council. Genetically Modified Pest-Protected Plants: Science and 
Regulation (National Academy Press, Washington, DC, 2000).

23. National Research Council. Environmental effects of transgenic plants. The scope and 
adequacy of regulation (National Academy Press, Washington, DC, 2002).

24. Office of Science and Technology Policy. Exercise of federal oversight within scope of 
statutory authority: planned introductions of biotechnology products into the environ-
ment. Federal Register 57, 6753–6762 (1992).

25. Harper, G., Hull, R., Lockhart, B. & Olszewski, N. Viral sequences integrated into plant 
genomes. Annu. Rev. Phytopathol. 40, 119–136 (2002).

26. Hardwick, N.V., Davies, J.M.L. & Wright, D.M. The incidence of three virus diseases 
of winter oilseed rape in England and Wales in the 1991/02 and 1992/93 growing 
season. Plant Path. 43, 1045–1049 (1994).

27. Ho, M.-W., Ryan, A. & Cummins, J. Cauliflower mosaic viral promoter—a recipe for 
disaster? Microb. Ecol. Health Dis. 11, 194–197 (1999).

28. Hodgson, J. Scientists avert new GMO crisis. Nat. Biotechnol. 18, 13 (2000).
29. Carrington, J.C. & Ambros, V. Role of microRNAs in plant and animal development. 

Science 301, 336–338 (2003).
30. Redenbaugh, K. et al. Safety Assessment of Genetically Engineered Fruits and 

Vegetables: A Case Study of the Flavr Savr Tomato (CRC Press, Inc., Boca Raton, FL, 
1992).

31. Fuchs, R.L. et al. Safety assessment of the neomycin phosphotransferase II (NPTII) 
protein. Bio/Technology 11, 1543–1547 (1993).

32. Bennett, P.M. et al. An assessment of the risks associated with the use of antibi-
otic resistance genes in genetically modified plants: report of the Working Party of 
the British Society for Antimicrobial Chemotherapy. J. Antimicrob. Chemother. 53, 
418–31 (2004).

33. Flavell, R.B., Dart, E., Fuchs, R.L. & Fraley, R.T. Selectable marker genes: safe for 
plants? Bio/Technology 10, 141–144 (1992).

34. FDA. Guidance for Industry: Use of Antibiotic Resistance Marker Genes in Transgenic 
Plants (US Food and Drug Administration, Center for Food Safety and Applied 
Nutrition, Office of Premarket Approval, College Park, MD, 1998).

35. Gilissen, L.J.W., Metz, P.L.J., Stiekema, W.J. & Nap, J.-P. Biosafety of E. coli β-gluc-
uronidase (GUS) in plants. Transgen. Res. 7, 157–163 (1998).

36. Gonsalves, D. Control of papaya ringspot virus in papaya: a case study. Annu. Rev. 
Phytopath. 36, 415–437 (1998).

37. Richards, H.A. et al. Safety assessment of green fluorescent protein orally adminis-
tered to weaned rats. J. Nutr. 133, 1909–1912 (2003).

38. Stewart, C.N. Jr. The utility of green fluorescent protein in transgenic plants. Plant 
Cell Rep. 20, 376–382 (2001).

39. National Research Council. Biological confinement of genetically engineered organ-
isms (The National Academy Press, Washington, DC, 2004).

40. Alonso, J.M. et al. Genome-wide insertional mutagenesis of Arabidopsis thaliana. 
Science 301, 653–657 (2003).

41. Schubert, D. et al. Silencing in Arabidopsis T-DNA transformants: the predominant 
role of a gene-specific RNA sensing mechanism versus position effects. Plant Cell 
16, 2561–2572 (2004).

42. van Harten, A.M. Mutation Breeding. Theory and Practical Applications (Cambridge 
University Press, Cambridge, UK, 1998).

43. National Research Council. Safety of Genetically Engineered Foods: Approaches to 
Assessing Unintended Health Effects (National Academies Press, Washington, DC, 
2004). http://books.nap.edu/catalog/10977.html

44. Haslberger, A.G. Codex guidelines for GM foods include the analysis of unintended 
effects. Nat. Biotechnol. 21, 739–741 (2003).

45. Kuiper, H.A., Kleter, G.A., Noteborn, H.P.J.M. & Kok, E.J. Assessment of the food 
safety issues related to genetically modified foods. Plant J. 27, 503–528 (2001).

46. Ozcan, H., Levy, A.A. & Feldman, M. Allopolyploidy-induced rapid genome evolution 
in the wheat (Aegilops-Triticum) group. Plant Cell 13, 1735–1747 (2001).

47. Sakamato, T. & Matsuoka, M. Generating high-yielding varieties by genetic manipula-
tion of plant architecture. Curr. Opin. Biotechnol. 15, 144–147 (2004).

48. Tanksley, S.D. The genetic, developmental, and molecular bases of fruit size and shape 
variation in tomato. Plant Cell 16, S181–S189 (2004).

49. Ho, J.Y. et al. The root-knot nematode resistance gene (Mi) in tomato: construction 
of a molecular linkage map and identification of dominant cDNA markers in resistant 
genotypes. Plant J. 2, 971–982 (1992).

50. Young, N.D. & Tanksley, S.D. RFLP analysis of the size of chromosomal segments 
retained around the Tm-2 locus of tomato during backcross breeding. Theor. Appl. 
Genet. 77, 353–359 (1989).

51. USDA. Guide for Preparing and Submitting a Petition for Genetically Engineered 
Plants (US Department of Agriculture, Washington, DC, 1996). http://www.aphis.
usda.gov/brs/user.html#agro

52. Wilson, A., Latham, J. & Steinbrecher, R. Genome scrambling – myth or reality? 
Transformation-induced mutations in transgenic crop plants (EcoNexus, Brighton, 
UK, 2004).

53. Arumuganathan, K. & Earle, E.D. Nuclear DNA content of some important plant spe-
cies. Plant Mol. Biol. Rep. 9, 208–219 (1991).

PERSPECT I VE
©

20
05

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

eb
io

te
ch

no
lo

gy



444 VOLUME 23   NUMBER 4   APRIL 2005   NATURE BIOTECHNOLOGY

54. Fu, H.H. & Dooner, H.K. Intraspecific violation of genetic colinearity and its implica-
tions in maize. Proc. Natl. Acad. Sci. USA 99, 9573–9578 (2002).

55. Song, R. & Messing, J. Gene expression of a gene family in maize based on noncol-
linear haplotypes. Proc. Natl. Acad. Sci. USA 100, 9055–9060 (2003).

56. Graham, M.J., Nickell, C.D. & Rayburn, A.L. Relationship between genome size and 
maturity group in soybean. Theor. Appl. Genet. 88, 429–432 (1994).

57. Mukherjee, S. & Sharma, A.K. Intraspecific variation of nuclear DNA in Capsicum 
annuum L. Proc. Indian Acad. Sci. USA 100, 1–6 (1990).

58. Rayburn, A.L., Auger, J.A., Benzinger, E.A. & Hepburn, A.G. Detection of intraspecific 
DNA content variation in Zea mays L. by flow cytometry. J. Exp. Bot. 40, 1179–1183 
(1989).

59. Ilic, K., San Miguel, P.J. & Bennetzen, J.L. A complex history of rearrangement in an 
orthologous region of the maize, sorghum, and rice genomes. Proc. Natl. Acad. Sci. 
USA 100, 12265–12270 (2003).

60. Song, R., Llaca, V. & Messing, J. Mosaic organization of orthologous sequences in 
grass genomes. Genome Res. 12, 1549–1555 (2003).

61. Ching, A. et al. SNP frequency, haplotype structure and linkage disequilibrium in elite 
maize inbred lines. BMC Genet. 3, 19 (2002).

62. Wessler, S.R. Plant transposable elements. A hard act to follow. Plant Physiol. 125, 

149–151 (2001).
63. San Miguel, P., et al. Nested retrotransposons in the intergenic regions of the maize 

genome. Science 274, 765–768 (1996).
64. Ceccarelli, M., Giordani, T., Natali, L., Cavallini, A. & Cionini P.G. Genome plasticity 

during seed germination in Festuca arundinacea. Theor. Appl. Genet. 94, 309–315 
(1997).

65. Shirasu, K., Schulman, A.H., Lahaye, T. & Shulze-Lefert, P. A contiguous 66-kb barley 
DNA sequence provides evidence for reversible genome expansion. Genome Res. 10, 
908–915 (2000).

66. Ellstrand, N.C. Dangerous Liaisons? When Cultivated Plants Mate with Their Wild 
Relatives (Johns Hopkins University Press, Baltimore, MD, 2003).

67. Hoa, T.T.C., Al-Babili, S., Potrykus, I. & Beyer, P. Golden indica and japonica rice lines 
amenable to deregulation. Plant Physiol. 133, 161–169 (2003).

68. Landsmann, J., van der Hoeven, C. & Dietz-Pfeilstter, A. Variability of organ-spe-
cific expression of reporter genes in transgenic plants. in Transgenic Organisms and 
Biosafety (eds. Schmidt, E.R. & Hankeln, T.) 223–230 (Springer-Verlag, Berlin, 
1996).

69. Jain, S.M. Tissue culture-derived variation in crop improvement. Euphytica 118, 
153–166 (2001).

PERSPECT I VE
©

20
05

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

eb
io

te
ch

no
lo

gy



NATURE BIOTECHNOLOGY   VOLUME 23   NUMBER 7   JULY 2005 785

Regulatory regimes for transgenic crops
To the editor:
In presenting their justifications for reducing 
the regulatory burden on transgenic food 
crops (Nat. Biotechnol. 23, 439–444, 2005), we 
feel that Strauss and colleagues significantly 
misrepresent the implications and rationale 
of our report Genome Scrambling-Myth or 
Reality? Transformation-Induced Mutations 
in Transgenic Crop Plants1. Unlike their 
characterization of our work, we did not 
specifically “argue for rejection if even a single 
base pair is changed.” In full, our relevant 
recommendations were that “transgenic lines 
containing genomic alterations at the site of 
transgene insertions be rejected” and that “the 
insertion of superfluous DNA be considered 
unacceptable.”

Leaving aside the fact that a single base 
pair change may result in serious phenotypic 
consequences, these recommendations are 
best viewed in context. As documented in 
the report, thorough analysis reveals that all 
particle bombardment transgene insertion 
events include extensive rearrangements 
or loss of host DNA as well as insertion 
of superfluous DNA. Furthermore, a 
large fraction of even apparently simple 
Agrobacterium tumefaciens–mediated 
transgene insertion events also result in 
large-scale host DNA 
rearrangement or deletion 
and superfluous DNA 
insertion2. For example, 
loss of 76 kbp of host 
DNA3 and duplication/
translocation of up to 40 
kbp of host DNA have 
been reported at T-DNA 
insertion sites4.

Widespread use of 
transgenic crops carrying 
insertion-site mutations 
of this magnitude 
will, in our opinion, 
lead sooner or later to 
harmful consequences. Nevertheless, detailed 
inspection has shown that mutations such as 
these would almost certainly pass unnoticed 
through both the molecular and phenotypic 
characterization stages of the regulatory 

systems of both the European Union and the 
United States5–8.

We do agree with Strauss and colleagues 
that analysis of the phenotype is the one 
true measure of safety. However, rigorous 
assessment only at the phenotypic level is time 
consuming, expensive and, more importantly, 
of unproven effectiveness9. In this context, 
our recommendations for the detection 
and elimination of transformation-induced 
mutations from commercial crop plants are 
conceived as a straightforward and effective 
way to reduce the probability of unexpected 
deleterious phenotypes arising in transgenic 
crop plants and of protecting consumers and 
others from an unnecessary risk.

Allison Wilson, Jonathan Latham & 
Ricarda Steinbrecher

EcoNexus, PO Box 3279, Brighton, BN1 1TL, UK. 
e-mail: a.wilson@econexus.info.
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To the editor:
In the April issue (Nat. Biotechnol. 23, 
439–444, 2005), Strauss and colleagues 
argue that the methods used to produce 
food crops should not be the focus of 
regulatory oversight, only the phenotypic 
traits of the resultant plants as defined in 
terms of standard agricultural practice. 

They propose that any risk 
and safety assessments of 
crops produced by genetic 
engineering (GE) should 
be based only upon the 
nature of the introduced 
genes. They also claim 
that transgenic crops 
face a “daunting” array of 
regulatory requirements. 
However, safety testing 
requirements in the 
United States are largely 
voluntary and in my view 
inadequate (for a review 
of regulations from my 

perspective, see ref. 1). Safety concerns 
related to the GE process itself as well as its 
unintended consequences are set aside by 
Strauss and colleagues as irrelevant, for they 
claim that the products of genetic events 

that occur naturally and with standard plant 
breeding techniques are fundamentally 
the same as those that occur with GE. 
Are these arguments a valid reflection of 
what is known about the precision and 
consequences of the GE process compared 
with naturally occurring  genomic variation?

The basic assumption underlying the 
concept of a one-to-one relationship 
between the transgene and the resultant 
phenotype is that the GE process is relatively 
precise. However, none of the current 
transgene insertion techniques permits 
control over the location of the insertion 
site or the number and orientation of the 
genes inserted. Indeed, over one-third of 
all Agrobacterium tumefaciens–mediated 
insertion events disrupt functional DNA2,3.
These and related transformation and cell 
culture–induced changes in chromosomal 
structure have been recently documented 
in great detail4. For example, translocations 
of up to 40 kb5, scrambling of transgene 
and genomic DNA6, large-scale deletions of 
over a dozen genes7 and frequent random 
insertions of plasmid DNA8 can all be caused 
by the procedures used to make transgenic 
plants. In fact, the most commonly used 
transformation procedure is sometimes itself 
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used as a mutagen9 and can activate dormant 
retrotransposons that are mutagenic10. 
Moreover, mutations linked to the 
transgene insertion site cannot be removed 
by additional breeding as long as there is 
selection for the transgene itself. Collectively, 
these data indicate that the GE process itself 
is highly mutagenic.

Some modern breeding technologies 
introduce new traits into plants via chemical 
or radiation mutagenesis or by wide cross-
hybridizations that overcome natural 
species barriers. Mutagenesis was used in 
the United States during the middle part of 
the past century, but food crops made by 
this technique now constitute less than a few 
percent of US production, with sunflowers 
being the major representative11. However, 
plants produced by wide crosses, such as 
those between quackgrass and bread wheat 
to yield a widely planted grain that has all 
of the chromosomes of wheat and an extra 
half genome of the quackgrass, although 
unique, are fundamentally different from 
those produced by either mutagenesis or GE. 
In wide crosses and other forms of ploidy 
manipulation, there are clearly changes in 
gene dosage, and proteins unique to only 
one parent can be produced in the hybrid, 
but there is no a priori reason to assume 
that mutations are going to occur simply 
because there is a change in chromosome 
or gene number. Although the extent and 
suddenness of all of these modern breeding 
technologies are unlike anything known 
to occur during the course of evolution 
or with traditional breeding, only GE and 
mutagenesis introduce large numbers of 
mutations. Any new cultivars derived by the 
latter two methods should be subjected to 
similar regulatory requirements.

Strauss and colleagues correctly state 
that plants normally contain the same A. 
tumefaciens and viral DNA sequences that 
are used to create GE transfection constructs, 
but fail to point out that with GE these pieces 
of DNA are part of a cassette of genes for 
drug resistance, commonly along with strong 
constitutive viral promoters (e.g., cauliflower 
mosaic virus promoter), which are used to 
express foreign proteins at high levels in all 
parts of the plant—hardly a natural event. 
They incorrectly imply that changes in 
ploidy, gene copy number, recombination 
and high genomic densities of transposable 
elements in normal plants continually lead 
to mutations and changes in gene expression 
similar to those caused by GE.

Ploidy is notoriously unstable in plants, 
but changes involve moving around large 
blocks of intact genes while maintaining their 

regulated expression pattern. It should also 
be remembered that recombination is not the 
same as random mutagenesis, for there has 
been tremendous selective pressure for alleles 
to express functionally similar proteins. 
The statement that “retrotransposons 
continuously insert themselves between 
genes” is incorrect, for these high-
copy number elements are very rarely 
transpositionally active in normal modern 
food plants12, have evolved and rearranged 
in the distant past13, but can be activated by 
tissue culture or by mutagenesis10. In fact, 
their discovery by Barbara McClintock was 
facilitated by the use of mutagenized corn12.

In contrast to Strauss and colleagues’ 
proposal that regulatory efforts should 
focus on the expression of the transgene, I 
believe that the potential negative impact 
on nutritional content or increase in 
dangerous metabolites are the major hazards 
associated with highly mutagenic plant 
transformation techniques. Although it is 
widely recognized that the breeding of some 
crops can produce varieties with harmful 
characteristics, millennia of experience have 
identified these crops, and breeders test new 
cultivars for known harmful compounds, 
such as alkaloids in potatoes14,15. In contrast, 
unintended consequences arising from the 
random and extensive mutagenesis caused by 
GE techniques opens far wider possibilities 
of producing novel, toxic or mutagenic 
compounds in all sorts of crops. Unlike 
animals, plants accumulate thousands of 
nonessential small molecules that provide 
adaptive benefits under conditions of 
environmental or predator-based stress16. 
Estimates are that they can make between 
90,000 and 200,000 phytochemicals with up 
to 5,000 in one species17. These compounds 
are frequently made by enzymes with low 
substrate specificity18 in which mutations can 
readily alter substrate preference19,20.

There are many examples of unpredictable 
alterations in small-molecule metabolism 
in transgenic organisms. In a yeast strain 
genetically engineered to increase glucose 
metabolism, the transformation event 
caused the unintended accumulation of a 
highly toxic and mutagenic 2-oxoaldehyde 
called methylglyoxal21. In a study of just 
88 metabolites in three groups of potatoes 
transformed with genes for bacterial and 
yeast enzymes that alter sucrose metabolism. 
Roessner et al.17 found that the amounts 
of the majority of these metabolites were 
significantly altered relative to controls. In 
addition, nine of the metabolites detected 
in these transgenic potatoes were not 
detected in conventional potatoes. Given 

the enormous pool of plant metabolites, 
the observation that 10% of those assayed 
are new in one set of transfections 
strongly suggests that undesirable or 
harmful metabolites may be produced and 
accumulate22. Contrary to the suggestions of 
Strauss and colleagues, Kuiper et al.23 strongly 
recommend that each transformation 
event should be assayed for these types of 
unintended events by metabolic profiling.

A well-documented horticultural example 
of unintended effects is the alteration 
in the shikimic acid pathway in Bacillus 
thuringiensis (Bt) toxin corn hybrids derived 
from Monsanto’s MON810 and Syngenta’s 
Bt11 plants as well as glyphosate-tolerant 
soybeans. Stem tissue of both groups of 
plants has elevated levels of lignin, an 
abundant nondigestible woody component 
that makes the plants less nutritious for 
animal feed24,25. Components of this same 
biochemical pathway also produce both 
flavonoids and isoflavonoids that have a high 
nutritional value, and rotenone, a plant-
produced insecticide that has been associated 
with Parkinson disease26. Isoflavonoids 
are abundant in legumes like soy beans, 
and rotenone is synthesized directly from 
isoflavones in many legume species27. 
Because of the promiscuity of many plant 
enzymes and the large and varied substrate 
pools of phytochemical intermediates, it 
is impossible to predict the products of 
enzymes or regulatory genes mutated during 
the transformation event22. Although I am 
not aware of any testing of GE soybeans for 
rotenone, it has been shown that glyphosate-
tolerant soybeans sprayed with glyphosate 
have a reduced flavonoid content28.

The safety testing of GE crops need not 
be as extensive as that done with drugs, food 
additives or cosmetics. Many suggestions 
have been put forward (e.g., see refs. 
1,4,23,29) including those by the World 
Health Organization30. I believe that the 
most important safety tests include metabolic 
profiling to detect unexpected changes in 
small-molecule metabolism23 and the Ames 
test to detect mutagens31. Molecular analysis 
of the gene insertion sites and transformation-
induced mutations4 should also be performed 
along with both multigenerational feeding 
trials in rodents to assay for teratogenic 
effects and developmental problems, and 
allergenicity testing performed according 
to a single rigorous protocol30. The animal 
studies are of particular importance for 
crops engineered to produce precursors to 
highly biologically active compounds, such as 
vitamin A and retinoic acid, molecules that 
can act as teratogens at high doses32.
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In summary, Strauss and colleagues state 
that there is a low risk from the consumption 
of transgenic plants “where no novel 
biochemical or enzymatic functions are 
imparted.” The question is, of course, how 
can one know if a novel and potentially 
harmful molecule has been created unless 
the testing has been done? How can one 
predict the risk in the absence of an assay? 
Because of the high mutagenicity of the 
transformation procedures used in GE, 
the assumptions made by Strauss and 
colleagues and by the US Food and Drug 
Administration33 about the precision and 
specificity of plant genetic engineering are 
incorrect. Nonetheless, it appears that the 
position of Strauss and colleagues and the 
agbiotech industry, as well as the current 
US regulatory framework for the labeling 
and safety testing of transgenic food crops, 
is to maintain the status quo and hope for 
the best.

The problem is that there are no 
mandatory safety testing requirements for 
unintended effects1 and that it may take 
many years before any symptoms of a disease 
arising from a transgenic product to appear. 
In the absence of strong epidemiology or 
clinical trials, any health problem associated 
with an illness caused by a transgenic food is 
going to be very difficult, if not impossible, 
to detect unless it is a disease that is unique 
or normally very rare. Therefore, although 
GE may enhance world health and food 
crop production, its full potential may 
remain unfulfilled unless rigorous prerelease 
safety testing can provide some assurance 
to consumers that the products of this new 
technology are safe to eat.

David Schubert

Cellular Neurobiology Laboratory, The Salk 
Institute, 10010 N. Torrey Pines Road, La Jolla, 
California 92037, USA. 
e-mail: schubert@salk.edu.
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Strauss and colleagues respond:
Wilson et al. claim on the one hand that 
their report “did not specifically ‘argue 
for rejection if even a single base pair 
is changed,’” while recommending that 
“transgenic lines containing genomic 
alterations at the site of transgene 
insertion be rejected.” In addition, in their 
original report, they further state that 
they “recommend that both the transgene 
insertion event (including all transferred 
DNA and a large stretch of flanking DNA) 
and the original target site be sequenced 
and compared as the only known way 
to definitively determine whether gene 
sequences have been disrupted.” In the 
context of their discussion, even a single 
base pair change is clearly considered to be 

a “genomic alteration,” so we believe that we 
have accurately represented the implications 
and rationale of their position.

Regarding the possibility that 
some genomic changes occur due to 
transformation, we never denied that this 
occurs, and in fact cited their study as a 
source for our statement that “unknown 
mutations and chromosomal translocations 
can occur during the transformation and 
regeneration process.” Where we differ 
with Wilson et al. is in their opinion 
that such mutations will “lead sooner or 
later to harmful consequences.” There 
is no documentation of such harmful 
consequences in their report for products 
that have undergone phenotypic screening 
for commercial release.

A central point of our Perspective was 
that a very large number of genomic and 
gene differences already exist within crop 
cultivars, and even among individual plants 
within a cultivar, without producing any 
harmful consequences (for another striking 
example, see ref. 1). Thus, the assumption 
of the inevitability of harmful consequences 
from genomic differences associated with 
gene transfer ignores the ubiquity of 
extensive genome sequence variation within 
existing food crops.

Although Wilson et al. agree with us that 
“analysis of the phenotype is the one true 
measure of safety,” they nonetheless state 
that phenotypic analysis is of “unproven 
effectiveness” and suggest that genomic 
sequence data would be more reliable or 
effective. Both of these arguments are flawed. 
First, phenotypic analysis has been extremely 
effective in the development of many 
thousands of commercial cultivars in a wide 
range of crops for several generations. Second, 
how Wilson et al. propose to distinguish the 
toxicologically silent genomic differences that 
are abundant in crop plants from ones that 
might actually have phenotypic consequences 
is addressed neither in their original report 
nor in their comment.

In his letter, Schubert raises several 
issues, many of which have been addressed 
extensively in published literature. For 
completeness, we address these issues here in 
summary fashion:

Alleged lack of precision in genetic 
engineering (GE). The lack of precision 
due to random gene insertion and genomic 
alteration is often raised as a criticism of GE. 
However, conventional breeding is based on 
essentially random induction or assembly 
of mutations, followed by selection among 
a multitude of unpredictable and often 
imprecise natural recombinations between 
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genomes. The expression profile of genes 
is often changed in ways that are not well 
understood, and with multiple phenotypic 
consequences (that is, pleiotropy), by 
inbreeding and wide crosses, as further 
discussed below. This lack of ‘precision’ 
has not prevented plant breeding from 
developing improved crops, as the focus has 
been primarily on the resulting phenotypes, 
not on their genomic basis. Similarly, 
ancillary genomic changes accompanying GE 
may occur, but are irrelevant so long as the 
expected and desired phenotype is produced 
without unacceptable side effects.

Basic research versus cultivar 
development. Schubert cites extensive 
“unintended effects,” but many of these 
result from failing to distinguish between 
the use of transgenes in basic research and 
the development of improved cultivars using 
GE. Unexpected changes in phenotypes, 
usually due to overexpression or knockouts, 
are a routine part of basic research using 
GE. However, these events are not subjected 
to the phenotypic, biochemical and often 
molecular selection demanded in breeding 
of competitive crop varieties. Breeders, 
whether working with conventional 
methods or transgenes, conduct years 
of intensive laboratory, greenhouse and 
field screens so phenotypically abnormal, 
unstable or undesirable genotypes or events 
are discarded.

Prevalence of mutagenized cultivars. 
Schubert states “mutagenesis was used in 
the United States during the middle part of 
the past century, but food crops made by 
this technique now constitute less than a few 
percent of US production, with sunflowers 
being the major representative,” citing ref. 
2. This is a rather disingenuous summary 
of the cited paper, which documents the 
extensive use and enormous economic 
impact of the more than 2,275 varieties of 
175 species that have been derived either 
as direct mutants or from their progenies. 
Many currently popular varieties of 
numerous crops contain mutagenized 
progenitors in their pedigrees. The 
widespread production and consumption of 
mutation-derived varieties without ill effect 
over the past 50 years is evidence that these 
do not need to be regulated differently from 
varieties developed via other methods.

Wide crosses and ploidy manipulation. 
Schubert goes on in his letter to argue that 
conventional breeding is inherently safer 
than GE, stating that “in wide crosses and 
other forms of ploidy manipulation, there are 
clearly changes in gene dosage, and proteins 
unique to only one parent can be produced 

in the hybrid, but there is no a priori reason 
to assume that mutations are going to 
occur simply because there is a change in 
chromosome or gene number.” Rather than 
relying on a priori assumptions, a large 
body of evidence indicates that complex 
and as yet poorly understood genetic 
changes often accompany wide crosses and 
ploidy manipulation, including gain and 
loss of DNA, gene silencing, translocations, 
epigenetic modifications and mobilization 
of transposable elements (e.g., refs. 3–6). 
Schubert’s statement that “only GE and 
mutagenesis introduce large numbers of 
mutations” is grossly incorrect. In addition, 
introgression of genes via wide crosses 
most often occurs via recombination and 
substitution of chromosomal segments, not 
via increases in ploidy, as Schubert claims.

Dangerous nature of genetic changes? 
Schubert writes that “Strauss and colleagues 
correctly state that plants normally contain 
the same Agrobacterium tumefaciens and viral 
DNA sequences that are used to create GE 
transfection constructs, but fail to point out 
that with GE these pieces of DNA are part of 
a cassette of genes for drug resistance along 
with strong constitutive viral promoters…
which are used to express foreign proteins at 
high levels in all parts of the plant—hardly 
a natural event.” This argument has several 
problems. First, strong promoters are not 
restricted to viral DNA; plants also naturally 
contain many strong, near-constitutive 
promoters (e.g., ref. 7), and some of these 
are now used to aid plant transformation 
(e.g., refs 8,9). Second, the viral promoters/
enhancers Schubert is concerned about act 
over very limited distances on a genomic 
scale, and thus have very limited potential to 
cause random increases of gene expression. 
The fourfold repeated cauliflower mosaic 
virus enhancer element (the source of its 
constitutive promoter activity) influences 
gene expression predominantly over 5 
kb10, or about the size of a single genomic 
locus in plants. Third, the use of tissue-
specific, plant-derived promoters, rather 
than constitutive promoters, is becoming 
increasingly common in GE programs (e.g., 
refs 11,12). Fourth, those transgenic crops 
that express antibiotic resistance genes 
(not all transgenic crops do) express only 
those genes whose expression is already 
widespread in bacteria found in the human 
gut (e.g., refs 13–15). Finally, with respect to 
drug resistance marker genes generally, an 
in-depth review recently concluded “
that there are no objective scientific 
grounds to believe that bacterial AR 
[antibiotic resistance] genes will migrate 

from GM plants to bacteria to create new 
clinical problems16.”

Retrotransposons. Schubert claims that 
our statement that “retrotransposons 
continuously insert themselves between 
genes” is incorrect because these high copy 
number elements are transpositionally 
inactive in normal modern food plants. 
The latter statement is not supported by 
experimental results. Expressed sequence 
tag databases reveal that retrotransposon 
RNA is present in plants17–19, from which 
it can only be inferred that their expression 
continues. The rate of transposition is 
likely to be highly variable depending on 
species, developmental stage and inducers, 
such as environmental and genomic stress. 
Common non-GE procedures such as 
tissue culture, which is used routinely for 
dihaploid production and propagation, are 
known to substantially increase the rate of 
transposition (e.g., ref. 20), and many tissue 
culture–derived, non-GE varieties have been 
in the food supply for some time.

Screening for unexpected molecules. 
The high diversity of “nonessential small 
molecules that provide adaptive benefits 
under conditions of environmental or 
predator-based stress” that Schubert 
refers to are also produced in complex and 
unpredictable ways during normal crop 
management, shipping, storage, processing 
and food preparation. Cheeses, plant-derived 
beverages and many other processed foods 
are known to contain vast numbers of 
biochemicals of diverse types (e.g., refs. 21), 
the great majority of which have never been 
tested for safety. Should all the molecules 
produced by each new type of cheese be 
subject to detailed toxicological assessments? 
This also underlines the general, rather than 
specific, basis of human adaptation to diverse 
plant chemistries. Human digestive systems 
routinely deal with vast numbers of natural 
chemicals present at low concentrations in 
food, many of which can be shown to be 
mutagenic at high concentrations22.

The nucleic acid or proteomic tests 
of large numbers of gene expression 
products that were proposed by Schubert 
are extremely sensitive and extremely 
expensive. They may detect hundreds or 
even thousands of changes in a novel variety, 
whether conventionally bred or produced 
using GE, if compared with their progenitors 
under a full range of growth environments, 
stresses and developmental stages. How 
would such data be interpreted with respect 
to risk? Simply obtaining more data via 
mandated mass spectrometry, microarray 
evaluations or the like, without a means to 
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evaluate them with respect to benefit/risk of 
whole foods, does not add to knowledge and 
safety but to chaos and controversy.

Schubert backs up his argument by 
noting that Kuiper et al.23 called for 
metabolic profiling of each transgenic 
event. However, coauthors of that paper 
now agree24 that “further research 
is required to validate profiling 
methodologies...The safety assessment of 
[genetically modified] GM crops should 
focus primarily on the intended novel 
traits (target gene(s) and product(s)). 
Unintended effects occur in both GM and 
non-GM crops; however, GM crops are 
better characterised. It may be suggested 
that the two should be treated the same in 
safety assessments, bearing in mind that 
safety assessments are not required for non-
GM crops. Profiling techniques should not 
at present be an official requirement24.”

Finally, because random mutations 
and alterations in gene expression occur 
widely in all plants during breeding, if 
perturbations of biosynthetic pathways 
could readily give rise to important 
toxins from commonly grown crops their 
effects should already be widely observed. 
Experience indicates, however, that 
phenotypes and metabolic pathways tend 
to be highly buffered from the effects of 
mutations. This is likely to be the reason 
that most loss-of-function mutations show 
only minor, if any, phenotypic changes. 
For example, in a screen for insertional 
inactivation in Arabidopsis thaliana, only 
3% of the T-DNA insertions among a 
population of 55,000 events showed a 
visible phenotype25. This buffering appears 
to be due to the immense number of 
interactions and feedback mechanisms in 
higher organisms26, which can occur at 
the levels of gene expression, enzymatic 
pathways, cellular processing and 
multicellular development.

Unintended changes in plant composition. 
To support his contention that unintended 
consequences can arise from GE, Schubert 
cites one study that found higher lignin 
levels in transgenic Bt maize. However, 
those results were not reproduced in a 
more extensive study27. Numerous studies 
document the equivalent performance 
of animals fed silage from Bt and non-
Bt corn28–30 (reviewed in ref. 31), which 
would not be expected were their lignin 
compositions substantially altered.

Likewise, Schubert cites the claim that 
isoflavone levels are altered in transgenic 
soybeans. This claim has been roundly 
criticized because it did not compare 

soybeans of the same genetic background 
or grown in the same environment, two 
factors that are known to have a large effect 
on isoflavone content (see http://www.
soybean.com/gmsoyst1.htm). The example 
of isoflavone variability in soybean also 
illustrates the fallacy behind testing for 
metabolites; merely finding a difference in 
the amounts of metabolites is biologically 
irrelevant without additional information 
on the beneficial versus deleterious effects of 
specific metabolites in whole plants and on 
the range of metabolite levels that can occur 
within different genotypes grown under a 
wide range of environmental conditions24.

Value of mutagenicity tests. Schubert 
suggests use of the Ames test, apparently 
to examine whether “unexpected changes 
in small-molecule metabolism” are of 
mutagenic significance. However, it is 
widely known that this high-dose test gives 
a greatly inflated rate of false discovery of 
nontoxic minor compounds in food (e.g., 
approximately half of the compounds in 
coffee do not pass this test22). The results of 
these tests are also known to be very poor 
predictors of the potential for mammalian 
carcinogenicity32. Compounds that are 
harmful at the high concentrations used 
in such tests may even be beneficial to 
health at low concentrations. Given the 
hundreds of metabolites that may be altered 
via conventional or GM breeding (not to 
mention by environmental conditions, or 
the presence of pathogens or insects), it is 
exceedingly unlikely that screening them via 
the Ames test would contribute to the goal of 
producing more healthful foods.

Our article attempted both to put 
recombinant DNA modification in a 
genomic context with respect to traditional 
breeding methods and the diversity of wild 
progenitors and to propose a regulatory 
framework where the benefits from use 
of gene transfer approaches are not lost 
amidst excessive attention to collateral 
genomic changes. Unintended genomic 
changes can be significant for all forms of 
breeding, including gene transfer. Yet the 
preponderance of scientific research, and 
experience from plant breeding and applied 
biotechnology, suggests that the effects of 
these genomic changes on food safety are 
modest and manageable by paying attention 
to plant phenotypes. The technical and 
ethical challenge is to distinguish important 
risks from trivial ones so the many tangible 
benefits that can be provided by GE are 
not stifled by burdensome regulatory 
requirements that do not enhance safety of 
the food supply.
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