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Abstract Precision genetics and breeding have the
potential to meet the agricultural needs and goals of the
world in the 21st century. These needs include increasing
the efficiency of production of animals and improving their
products with minimal impact on the environment. The
USA is the major innovator in genomic science and the
acknowledged leader in formulating policies to regulate
genetic applications in medicine and agriculture. However,
governments worldwide have been exceedingly reluctant
to support the introduction of genetically modified (GM)
animals into agriculture. Regulatory policies have stag-
nated due to legal guidelines that could not anticipate the
needs and solutions that are evident today. This must
change if we are to maintain planetary integrity. I propose a
new, market-based regulatory model for GM livestock that
has both a strong scientific foundation and has worked for
10000 years. The model is similar to that for information
technology in which specific algorithms drive computer
and cell phone applications. Genome engineers write
genetic algorithms that drive the traits in biological
organisms. Accordingly, GM products should be viewed
in terms of their use and public benefit rather than by
limitations to the genetic programing coming from a few
highly vocal groups. Genetic algorithms (Genapps) of the
21st century will include not only introduction of synthetic
genes, but also complete natural and synthetic biochemical
pathways to produce agricultural products that are
maximally efficient, healthy to humans and animals, and
sustainable in an era of changing climates while avoiding
environmental degradation.
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1 Introduction

All enduring entities such as buildings, countries and belief
systems are based on solid foundations. Agriculture has
been the most enduring entity in the history of the world
because over the past 10000 years humans have devised
methods of increasing efficiency in the quality and quantity
of crops and animals by selective breeding of available
stocks. In the mid-twentieth century agriculture was
failing. Global hunger was addressed by Borlaug[1] who
spearheaded the first Green Revolution through systematic
hybridization of the major crops (Fig. 1(a)). The Green
Revolution was based on blindly mixing thousands of
alleles of unknown genes with each other, planting the
seeds without any regulation, taking what emerged, and
looking for increases in crop yields in diverse environ-
ments without any thought to genetic details. This worked
until the Green Revolution began falling behind what is
necessary to adequately feed the world (Fig. 1(b))[2,3].
Borlaug predicted that biotechnology and genetic engi-
neering would be the basis for a second Green Revolu-
tion[1,4] that would be needed to double the world’s food
supply by 2050 from that in 2009[5,6]. Likewise, the U.S.
National Academy of Sciences Committee called for
a 10-fold genetic improvement in livestock, poultry,
and aquaculture populations by 2030[7]. Higher produc-
tivity is vital for sustainable global crop and animal
agriculture[8–10].
Today, agriculture is challenged not only by increasing

numbers of people (Fig. 2(a)) demanding increasing
standards of living that include better diets and more
energy consumption per individual (Fig. 2(b)), but also
global climate change due to increases in atmospheric CO2

resulting from greater energy consumption and increased
agricultural activity (Fig. 2(a)). Genome engineering of
crops and animals can contribute to solving anticipated
world hunger and environmental degradation[11,13–18].
However, this is unlikely due to current regulations of
genetically modified (GM) agricultural products that were
enacted decades ago. Over this time two activities
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flourished. First, unspoiled lands, e.g., the Amazon
rainforest, have been turned over to agriculture[19,20].
Second and concurrently, the scientific community
expanded its understanding of genetic mechanisms to the
point of enabling reliable, precision changes in whole
genomes[21,22] through a process called genome editing
(GE). With an accuracy equivalent to changing a single
character in 1000 books, GE is poised to increase the
agricultural productivity of livestock and crops[23–30],
especially in China[31–33]. Clearly, this is the time to
reform the regulation of GM and GE agricultural products.
Accordingly, there are discussions to revise regulations on
GM agricultural products in the USA[34–39] and several
other countries[40,41].

2 Proposed revision of regulatory policies
for GM animals for the 21st century

Two general ways to regulate GM animals are shown in
Fig. 3. The first way is the traditional way for agriculture
that has endured for more than 10000 years with
extraordinary gains in productivity (Fig. 3(a)). More
importantly, this method has worked for 70 years world-
wide for hybridized crops. A market-based regulatory
pathway lets consumers determine the value of a given line
of animal. Design and sales of animals are based on the
criteria of breeders and distributors, who have a deep
understanding of valuable versus inferior traits and genetic
effects that would lower the value of an animal. In contrast,

Fig. 1 (a) Norman Borlaug (source: University of Minnesota with permission). (b) Yields of major coarse grains showing all grains
except corn/maize (red line) with a best fit quadratic and total yields of corn/maize (green line) that is used predominantly for production of
ethanol, feed for livestock, and high fructose corn syrup. The orange line shows the averaging of yields when corn is added to the other
grains. (Graph is provided by Dr. Deepak Ray[2] with permission).

Fig. 2 The world is changing. (a) World population and atmospheric CO2 levels, adapted from Kaplan et al.[11]. (b) Projections of global
daily caloric intake per person and global energy usage, adapted from Graham-Rowe[12].
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Fig. 3(b) shows the current state of affairs wherein
governments have effectively stifled innovative applica-
tions of GM technology to animals by, in essence, invoking
the precautionary principle. This blocks the release of a
product if there could be unanticipated consequences. The
Precautionary Principle that heeds the concerns of
extremely vocal people with little scientific understand-
ing[42] has always dominated deliberations and decisions.
Of course, everyone’s view must be acknowledged by

regulators. Accordingly, in the market-based regulatory
model (Fig. 3(a)), government registration is essential,
mainly to certify that the products do not have any evident
feature that would compromise the health of consumers
beyond what is currently allowed. This concept is
congruent with current policies of the U.S. Department
of Agriculture’s Food Safety and Inspection Service
(USDA-FSIS) that does ante-mortem inspections of all
animals to ensure that only healthy animals enter the food
chain[43]. Due to their need to be reproduced, lines of GM
animals that are defective in an unanticipated way would
be withdrawn at economic loss to the breeders and farmers
in the same way that flawed hybrid variants from the Green
Revolution never make it to the table.
The market-based approach is actually more risk-free

compared to pre-release regulation. Agricultural markets
are highly competitive. Those in the animal and plant
genetics businesses know the value of every trait in their
variants and they recognize deficiencies quickly. GM
animals will not be released to the public until herds are
developed, which requires rounds of reproduction during
which each animal is scrutinized for overall value and
fitness. The abilities of experienced users are respected by
giving them the freedom to introduce major improvements
and diversity in their products to meet 21st century needs.
Given the huge success of the Green Revolution, we can

realistically consider a scientifically sound, more efficient

way to approach the regulation of GM animals that
supports innovation. Genome engineers essentially write
genetic algorithms using A, G, C, and T just as computer
programmers manipulate 0 and 1 (Fig. 4). People are used
to “apps” evolving in number and quality to improve their
lives (Fig. 4(b)). Bad apps are withdrawn[45] because
negative publicity kills any product. Just as with computer
applications, genome programmers have the ability to
produce useful Genapps that will appeal to different groups
of consumers who have their own particular needs.
The problem is that everyone seems to have been

conditioned over decades of questionable discourse that
GM foods are tainted. Superficially it would seem better to
be overcautious than endanger people with a new
technology that affects the food they eat. However, current
regulations of GM agricultural products that stress
genomic purity are irrelevant to consumer safety. To
understand why, we must look at what spawned govern-
ment regulation of GM (transgenic) animals.

3 How we got to the current regulatory
policies for GM animals

The story starts 60 years ago with the discovery of
restriction endonucleases[46] that were harnessed to con-
struct recombinant DNAs. The history of genetic engineer-
ing with an emphasis on animals has been reviewed[47].
Briefly, as recombinant DNA technology developed,
concerns were raised about misuse of powerful genetic
technologies. The concerns stemmed from previous
worries of scientists following the atomic bomb blasts
that ended World War II. The potentially destructive
consequences of atomic energy raised questions as to
whether the technology should have been developed and
deployed in the first place, a concern emphasized by the

Fig. 3 Models for regulation of genetically modified (GM) animals. (a) Proposed regulatory pathway. Producers sell GM animals to
breeders who then sell to farmers and ranchers with minimal governmental registration to assure the public that the products are
transparent. The outcomes are evaluated by the public markets. Good products are amplified as sales increase; if a bad product enters the
market, correction is swift. (b) Current regulatory pathway. GM animals must pass review by government regulators before release to
consumers. The criteria for passage are ill-defined, slow to change and hence expensive, time-consuming and uncertain. The result has
been few new products, no new improvements and citizen uncertainty about safety.
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Bulletin of the Atomic Scientists that featured a doomsday
clock on its cover. Another perturbing memory was that of
Simian Virus 40 (SV40) that causes cancer in primates; it
was revealed to be a contaminant in early polio vaccines in
the USA[48]. As it turned out, the virus did not productively
replicate in humans (phew!). The public was pretty much
unaware of the concerns of scientists. However, Michael
Crichton’s book and film, The Andromeda Strain, did put
the public on edge about recombinant DNA. All of these
influences resulted in the Asilomar Conference on the
northern California coast[49] that issued a detailed set of
recommendations to limit recombinant DNA research.
This was a scientific endorsement of the better safe than
sorry position.
Twenty years later it was clear that all of the terrifying

scenarios were unrealistic[50]. We found that there are
major differences in the way genetic information is
regulated and processed in bacteria compared to plants
and animals, analogous to the differences in information
processing in Apple versus MS Windows computers. As a
result, effective expression of bacterial genes in plant and
animal cells is extremely unlikely outside a molecular
biology laboratory and vice versa. The consequences of
failure to understand these basic differences, as well as the
astonishing plasticity of genomes, led to the stifling of
applications of precision genetics to agriculture that exists
today.
Regulation in the USA was impaired further by the

division of oversight for different GM organisms (Fig. 5).
Although the concerns seemed to be the same, from the
beginning policies differed greatly between the agencies.
The Office of Science and Technology Policy established a
Coordinated Framework for Biotechnology Regulation[51]

to avoid writing new laws, which take considerable time
and rarely emerge from Congress as initially planned.

Accordingly, the U.S. Department of Agriculture (USDA)
regulates plants under the Plant Protection Act and is
required to consider whether a genetic modification results
in the creation of a new plant pest. Similarly, the U.S.
Environmental Protection Agency (EPA) regulates pesti-
cides and consequently GM insects. The U.S. Food and
Drug Administration (FDA) got GM animals. It had to find
a legal umbrella to do so. Under the New Animal Drug
rubric, FDA considers GM animals, and more specifically
any genetic modification they contain, as a drug. A New
Animal Drug Approval is a file established by FDA after
the “drug” is approved. The New Animal Drug must
adhere to pharmaceutical standards as defined Guidance
for Industry on Regulation of Genetically Engineered
Animals Containing Heritable recombinant DNA Con-
structs; Availability (Docket No. FDA-2008-D-0394) in
the January 16, 2009. In essence, a transgenic fish was to

Fig. 4 Algorithm-based applications drive progress. (a) Evolution of the iPhone over a decade. (b) Exponential growth in applications
for the iPhone over 11 years (adapted from Statista[44], © Statista 2020). (c) Imaginary icon showing biological apps based on genetic
algorithms.

Fig. 5 Regulatory overlap of GM organisms by U.S. agencies.
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be treated like an aspirin, i.e., a precise chemical
formulation.
Life may be based on chemical reactions, but animals

are not simple, definable chemical formulations that are
unchanging over generations. Consequently, figuring out
how to fit living animals into a drug category has been
problematic for both developers and regulators; it is a
modern version of the harrowing Greek myth of Procrustes
in which people were forcefully fitted into inappropriate
beds. The result has been that only one GM food animal,
Aquabounty’s growth-enhanced salmon, has emerged
from a politicized, regulatory morass[52,53].
The differences between USDA and FDA regulations of

GM products are staggering. Generally speaking, FDA is
concerned with the safety of the consumer who eats a GM
product that is potentially contaminated with suspect DNA
sequences whereas USDA is concerned with potential
environmental contamination by the crop holding the
genetic modification. Genetic engineering of plants[54]

came years after that in mice[55–58]; the first transgenic fish
came even later[59]. The rapid progress in genetic
engineering of animals was the result of (1) strong
financial support by the U.S. National Institutes of Health
(NIH) to develop advanced medical therapies, including
human gene therapy, and (2) the relative ease in
introducing transgenic DNA into animal cells compared
to the difficult procedures required in plants. However,
despite the scientific challenges of genetic in engineering
of plants, and the far greater propensity of transgenic
pollen and seed to spread in the wind, planting of GM
crops[60] has monotonically increased over two decades to
encompass about 14% of all arable land (Fig. 6(a)).
Transgenic crops are a huge part of the U.S. bioeconomy
(Fig. 6(b)). The GM agricultural sector is comparable to
GM-based biomedical applications (biologics). GM ani-
mals are missing from the figure because there are none
except fluorescent pets, GloFish. GM animals have

immense potential to contribute globally to food security,
and global economies while helping to save the environ-
ment.
The consequences of delaying approval of GM animals

is not just about the loss of improved agricultural animals,
but is of greater concern for the future. The number of
large-animal, genome-engineering students in U.S. uni-
versities is minimal. There are few fellowships and
incentives in animal genomic engineering because there
no jobs. It will take the USA years to catch up applying
technologies its scientists invented and developed. It is not
a matter of intellectual property theft; it is a matter of
failure to capitalize on investments U.S. citizens have
already made in precision genetics[63].
The USDA has tried to adapt to advances in genome

engineering[64,65]. USDA does not currently regulate or
have any plans to regulate plants that could otherwise have
been developed through non-GM breeding techniques.
This position allows introducing deletions, single basepair
mutations and insertions from compatible plant relatives
into recipient plant genomes. This seems dramatically
enlightened compared to FDA policies; but it could
actually be considered minimal in terms of the collective
understanding of what GM has to offer agriculture. For
instance, regulatory guidance documents[64,65] direct that
only one change be made at a time based on abilities to
detect genetic mutations that occur with a 10–6 chance in
nature. To make two such changes, stacking of traits would
occur at a rate of 10–6 � 10–6 = 10–12. Since these odds are
considered highly unlikely in the real world, two or more
changes at the same time are not given an automatic pass. It
is allowable to perform the genetic steps in sequential
generations, which appears to be based on a belief that
natural is safer. It’s not. For instance, irradiating
germplasm in animals and plants is not regulated[66]

because it has historical precedent. In fact, early geneticists
used X-rays to induce mutations in fruit flies (Drosophila

Fig. 6 Contribution of GM crops to world agriculture and the U.S. economy. (a) The steady adoption over the past 20 years of GM crops
worldwide (source: International Service for the Acquisition of Agri-Biotech Applications (ISAAA)[61]). (b) U.S. biotechnology revenues
(extrapolated) from 1980 to 2017 based on Carlson[62]. The bars are data, while shaded areas are a numerical model pinned at 0 USD
revenues in 1980 (1996 for GM crops).
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melanogaster) that resulted in monsters; the double-thorax
flies with a double set of wings and the antennapedia
mutation that resulted in legs sprouting from the eyes
(Fig. 7); precision genetics will not produce such animals.
A further example of governments attempting to satisfy the
public is the National Bioengineered Food Disclosure
Standard enacted by Congress in order to introduce a
comprehensive labeling policy rather than a plethora of
different laws in various states. The financial consequences
of the federal law will be hundreds of millions of dollars
even though the agencies have no expectations that the
disclosures on food will have any value to the con-
sumer[68]. These examples demonstrate the difficulties
governmental agencies have in accommodating divergent
public opinions on GM organisms.

Nevertheless, there is hope. Recent Pew Center
polls[69,70] show that the fear of genetic engineering is
decreasing with nearly half of Americans approving GM
food animals. In contrast, only about a quarter of those
polled approve of the use of GM technology in pet fish,
GloFish, which is ironic given that an estimated 50 million
to 100 million have been sold in the United States and
Canada. There appears to be an inverse relationship
between a person’s level of scientific knowledge and
their level of opposition to GM foods[42,70].
In contrast to USDA, FDA regulations do not appear to

respect the tremendous gains of genetic information
scientists have achieved over the past three decades that
have addressed essentially all of the concerns of the 1970s
and 1980s. Specifically, the recent FDA revision of
Guidance #187 for Industry – Regulation of Intentionally
Altered Genomic DNA in Animals, dated January 2017[71]

states that all GM animals, even those with precision
changes of defined sequences (i.e., GE) will be “deemed
unsafe” due to their “adulterated” genomes. This position

is a belief and not founded in scientific fact. It is also
insulting to scientists who spend years thinking about what
they believe will both solve current problems and best
make the world a better place. This initial position that
genome modifications in animals are likely to be
deleterious and/or contaminating needs changing to
accommodate GM animals that will benefit the people,
the animals themselves, and the environment.

4 Are there recognized food-safety issues
with GM animals?

The principal public concerns in the 1980s over all GM
products, plants and animals, were (1) they were unnatural
and potentially unsafe, (2) transgenes might escape and
thereby reduce natural diversity, (3) the engineering might
lead to suffering of the animals, and (4) scientists were
playing God, while a few greedy mega-corporations had
total control of GM products, and others.
What has emerged over recent decades is that transgenic

foods are safe by every measure. That makes sense; the
diversity of human consumption is vaster than what any
individual consumes. Humans eat nearly everything that
walks, slithers, flies, crawls or swims. Most people enjoy
eating “foreign” foods because of their exotic tastes, which
are often due to spices that are the most contaminated,
feces-ridden, urine-soaked ingredients we ingest[72]. The
fear of a foreign gene in food is an emotional issue and
should be taken in the context of how many genes we eat.
For instance, 100 g (about a quarter pound) of meat or fish
contain approximately 1015 genes, about which very little
is known. Rightfully, the concern should be about the GM
animal in its entirety rather than the DNA sequence in its
genome. This is what the genome engineers and breeders
understand and the regulatory agencies should be certify-
ing.
Regarding the other three issues, (1) the possibility of

escape of transgenes into the environment is nearly
impossible from agricultural animals due to their high
level of containment. In crops unwanted introgression of
transgenes into wild plants has been observed[73,74] but the
consequences have been small compared to the benefits
(Fig. 6). (2) Concerns of pain and suffering of animals
engineered with only productivity in mind have been
addressed[75]. Recently, improved animal welfare in cattle
was the principal goal in two genome engineering
projects— one that obviated the pain associated with
dehorning by introduction of the polled allele[76] and the
second that increased tolerance to heat and humidity by
introgression of the slick allele[77]. (3) Ethical issues
related to playing God are not addressable by scientists
except to note that humans employ technologies in every
aspect of their lives that allow us to transcend natural
limitations. The other social issue, concerns of a very few
international corporations controlling the GM and GE

Fig. 7 Example of a classical Antennapedia[67] developmental
mutant found from X-ray mutagenesis of Drosophila melanoga-
ster. (source: CC BY SA 3.0).
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market, is valid. The costs of developing a new GM
product are much lower than the costs in time and money
of meeting regulatory standards required to bring a product
to market. That is, excessive, misplaced fears of GMOs
have led to excessive regulatory controls that only rich
companies can surmount. Revising regulatory policies in
accord with current scientific understanding of risks and
benefits would help dispel fears of GM products being
totally controlled by mega-corporations and allow many
small companies to enter the bioeconomy.

5 Regulatory concerns

FDA has particular concerns with recombinant DNA
expression cassettes that may be introduced randomly into
GM animal genomes. The following were issues in the
1980s: (1) insertional mutagenesis that might affect the
activity of a resident gene and imprecision of control of
expression of transgenes and unstable expression of the
transgene due to epigenetic effects, (2) effects of
prokaryotic DNA sequences accompanying the transgene,
and (3) concerns that transgenes could spread to other
organisms. Although GE avoids issues that may derive
random integration, it is important to be proactive and
address concerns of any form transgenesis in GM animals
because future introduction of whole pathways into animal
genomes will be needed to achieve environmental goals
such as significantly reducing greenhouse gases from
agricultural products.

5.1 Concerns of insertional mutagenesis and instability of
transgene expression

The concerns of insertional mutagenesis mis-regulation by
endogenous genetic control elements was exacerbated by
the results of gene therapy for boys with X-linked severe
combined immunodeficiency disease[78]. Within a couple
of years, the problem was generally solved[79,80] with few
further severe adverse insertional incidences for mono-
genic diseases[81,82]. The issue of instability of transgene
expression is not an issue as this would be equivalent to
reversion of phenotype, in which case breeding of the
animal would no longer be continued.

5.2 Concerns of plasmid and prokaryotic DNA sequence
contamination

The second issue, extraneous DNA contamination by
plasmids and marker genes in GM animal genomes, may
appear to be a potentially serious problem but it is not, as is
best addressed by human studies. Generally, animal model
systems are employed in biomedical studies before clinical
trials in humans. However, for understanding natural
chromosomal dynamics in vertebrates, human genomes are
the best models because they have been the most

intensively studied. The most astonishing finding has
been the plasticity of genomes[83]. Initial human genome
sequencing revealed that about 45% of the human genome
was composed of easily identifiable transposable ele-
ments[84]. Later studies indicate that up to two-thirds of the
human genome may be derived from invading viruses and
transposons[85,86]. Although nearly all of the nearly 2.5
million transposons in human genomes are inactive, a few
are not and these are linked to insertional mutagenesis in
humans[87–89]. Surprisingly, high rates of mobilization of
L1 transposons in human neuronal tissues[90,91] have been
reported. Transposable elements are not the only desta-
bilizers in genomes. Deletions and duplications, collec-
tively termed copy number variations (CNVs), may total
5%–9% of the human genome[92,93]. Genomes of verte-
brate animals are similar to those in humans; a recent report
identified 3538 CNV regions in the porcine genome[94].
Importantly from a regulatory point of view, plant

genomes are just as unstable, if not more so, than human
genomes. Transposable elements were first elucidated by
Barbara McClintock in her studies of variably colored
kernels in maize[95]. Nearly 85% of the reference maize
genome is transposable elements[96]. This vast reservoir of
mobile elements contributes to an immense diversity
between lines of maize[97]. Thus, the exhaustive Borlaug
field testing of hybridized maize genomes unknowingly
resulted in genotypes that are far more diversified than
thought previously. Regardless, many products of the
global hybridizations were expanded because they were
superior in select environments. There are several 21st
century lessons from the Green Revolution. (1) Blind
genetic manipulations of complex genomes have a half-
century history of producing beneficial agricultural
diversity that suggests precision genomic changes should
be beneficial and safe as well. (2) Superficial examination
of genomic changes brings a false sense of security in a
regulatory arena. (3) A GM product is best evaluated on
the basis of its phenotype rather than its genotype— it is
the phenotype that consumers and regulators really care
about.
The issue of the presence of prokaryotic DNA in GM

animal genomes is another example of where regulatory
policy is much ado about nothing. The basis for the
concern of vector DNA, generally plasmids, and selectable
marker genes for antibiotic resistance, appears to be about
their potential expression in GM host cells. Since antibiotic
genes in the environment are a concern[98,99], the question
becomes what happens when people consume such genes
from a GM animal (or plant). The answer from two
decades ago in the context of transgenic fish[100] is that
antibiotic resistance will not be passed on to the consumer
for three reasons. (1) Bacterial and plasmid genes are not
sufficiently expressed in animal cells for the reasons
discussed earlier in the context of bacterial and animal/
plant genetic processing systems. (2) Expression of
selectable marker genes is restricted to the cell in which
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they reside; if a cell is consumed by a human, the
expression stops as a consequence of digestive processes.
(3) Uptake of whole genes from either bacteria, animals or
plants by human cells does not happen except through viral
infection or elaborate laboratory procedures. If it were
otherwise, human genomes would be destabilized by the
greater than 1015 genes people consume daily.
Plasmids are not bad— people intentionally ingest

uncountable numbers of plasmids. For example, sour-
dough breads and yogurts contain lactococci that are used
in the manufacture of foods because they harbor particular
plasmids that confer specific flavors[101]. Moreover,
bacteria and their plasmids contribute to human micro-
biomes[102–104]; the human gut is considered an antimi-
crobial resistance reservoir[105]. Recent studies of plasmids
in human microbiomes suggest that plasmids and the genes
they carry are actively swapped[106–108] via natural
processes that happen between bacterial cells but not
between bacterial and human cells. Note that antibiotic
resistance can be passed to humans through physician-
prescribed fecal microbiota transplantation, an emerging
therapy for certain bowel disorders[109]. In summary, we
are swamped with plasmids and the microorganisms that
harbor them. In general, outside of hospital environments
where antibiotics are prevalent and patients are in various
states of disability, few people have problems with
plasmids in food.
Misunderstanding trumping science is common, as

recently dramatized when a plasmid sequence was found
in the genomes of GM polled dairy cows[110,111]. The net
genetic consequence was the addition of about 3000
basepairs to a cow’s diploid genome that contains roughly
3 billion basepairs of junk DNA, i.e., an addition of only
one millionth (0.0001%). Although overlooking the
presence of plasmid sequence was deemed inexcusable,
in fact the plasmid had no discernible effect on the GM
animal and its polled offspring[111]. Nevertheless, a
firestorm erupted from the news[112]. However, the real
story is that a well-intentioned GM animal welfare project
faced public condemnation as a result of outdated and
over-restrictive regulations. A great step in animal welfare
and ethics was derailed by a pointless detail of regulatory
concerns.

5.3 Concerns of transgene spread

The third regulatory concern is that transgenes in GM
animals might spread to other organisms, as exemplified by
the mandate that the carcasses of GM animals be
incinerated. Incineration is required due to the mistaken
thought that transgenes can wander from one genome to
another. This obviously does not happen. We are totally
unafraid of animal and plant remains being discarded in
dumps around the world. We know there are no health
concerns of the discarded genomes other than spread of
virulent agents such as infectious viruses and parasites. We

know this because genes in dead organisms do not enter
human genomes, even at doses of 1015 per meal.
In summary, there are no scientifically based safety

concerns that would result from intelligent introduction of
new traits into GM livestock. The costs of generating new
animal genomes coupled with the costs of establishing a
herd are such that intense scrutiny before and after the
engineering will occur to avoid unimaginable adverse
consequences being released to the public and the
environment.

6 The costs of regulatory failure to approve
GM animals are mounting

Recent outstanding reviews of the failure of regulation of
GM animals cover both the problems and losses to
agriculture and the public[38,113,114]. The fundamental
knowledge generated from transgenic animal mod-
els[38,115–117] has supported engineering of improved
livestock; e.g., improvements in dairy milk[118,119]. Pigs
have been engineered with the fat-1 gene that encodes an
enzyme that converts omega-6 fatty acids of bacon into the
omega-3 form found in fish[120,121]; it’s not clear what the
product tastes like. To address the problem of environ-
mental pollution in the pork industry, a phytase transgenic
pig was engineered that allows pigs to digest the
phosphorus in the pig diet[122].These GM animals were
engineered by investigators with noble motives but, due to
the genetically modified organism (GMO) tag, none of
these animals was commercially viable. The same
reluctance to the GMO label is evident by Florida orange
farmers who have seen a 72% decline in the production of
oranges by citrus greening[123] yet they refrain from
developing GM plants that would retard the disease. GE
may be a solution for the Fusarium fungus strain TR4 that
is severely devastating some Cavendish banana crops[124].
The anti-GMO sentiment gains support by regulatory
hurdles that suggest safety concerns, even when there are
none.

7 How can regulatory agencies and the
public be sure GM animals are safe?

The world needs GM animals to provide nutrition with
minimal environmental encroachment[125]. These products
must be considered safe to the public to bring them into the
market. Regulatory agencies do not validate products but
they can certify that products do not have any apparent
risks beyond those of progenitors of GM products. No one
can prove a negative and agencies should not pretend that
genetic engineers can.
Current methods of assessing risk are intrinsically

flawed, ironically by the desire to approach risk assessment
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in a rigorous scientific manner. Figure 8 illustrates the
problem. The scientific method is to break a problem down
into parts that can be tested using controlled procedures
that assure reproducibility. This sounds good. However,
the natural world is characterized by innumerable
confounding interactions and variables that are poorly
understood. In the laboratory, financial constraints restrict
the variables and conditions that can be tested. Hence, only
a few of the myriad variables are examined and that
inevitably leads to irrelevant results and publications that
do not adequately address risk. This works out for the
scientists who get academic credit and further grants to run
more highly controlled experiments that produce more
excellent papers. Regulators avoid having to make
unpopular decisions because the risks remain unresolved.
A shining example is illustrated by early laboratory tests at
Cornell University that suggested that Bacillus thuringien-
sis toxin-expressing GM maize killed monarch butter-
flies[127]. This Nature report caused a firestorm of letters
from school children and others who bemoaned the
extinction of America’s favorite insect. This incident led
many to condemn Monsanto Corporation as a company
intent on increasing earnings at the expense of the
environment[128]. Two years later a series of reports from
studies conducted in several USA midwestern states
showed that butterflies were not impacted[129–133]. In
fact, an unanticipated result emerged— organic farms
close to GM crop fields increased their productivity
compared to distal organic farms[134]. Another example
of misunderstanding is that of GM fish. They have been a
subject of scrutiny because they are difficult to track. A
theoretical paper suggested that the escape of a growth-
enhanced fish could lead to the demise of natural salmon
stocks[135,136] despite clear indications that this speculative
extreme concern would not happen in nature[137]. The
theory has been field tested with farmed Norwegian
Atlantic salmon where the dire consequences have not
occurred despite thousands of growth-enhanced salmon
escaping from Norwegian net pens[138–140]. In nature only
about 1/1000 to 1/10000 fish eggs reach sexual maturity.
Realistically evaluating the risks of transgenic fish in the

laboratory is impossible because of fiscal limitations on
numbers of fish and their environmental conditions.

8 Summary

The damage from misplaced regulatory concerns lasts to
this day. The inflammatory rhetoric by groups against GM
products led to a delay of more than a decade of Golden
Rice[141,142]. The United Nations estimates that 250
million people suffer from vitamin A deficiency of
whom an estimated 250000–500000 children are blinded.
Many die within 12 months of losing their eyesight
because various NGOs lobbied poor African countries to
ban GM Golden Rice fortified with vitamin A. The
problem persists even though a consortium of more than
100 Noble Prize winners condemned Greenpeace in
particular and other NGOs in general for their position
that amounted to crimes against humanity[143].
It does not have to be this way[144]. There are current

efforts to revise regulations on GM agricultural products in
the USA with the 2015[145], 2017[71] and 2019[39]

Executive Orders on Modernizing the Regulatory Frame-
work for Agricultural Biotechnology Products. Similar
efforts are ongoing in several other countries[40,41]. Many
of these focus on the advances in precision GE, which
serves to separate GE from recombinant DNA-based
technologies[35,37,38]. Alas, this approach is far too limited.
It will solve a current issue but will retard future
applications of more sophisticated genetics. Genome
engineering is still in its infancy, equivalent to when the
Apple App Store had about one hundred choices rather
than the millions today. Regulatory policy makers are stuck
in innumerable process-oriented meetings that involve
hundreds of individuals and organizations that are
dependent on stagnation as they focus on legal minutiae
while missing what the future portends, e.g., the 2019
Organization for Economic Co-operation and Develop-
ment conference on GE[146]. If changes in regulatory
policies of Genapps are to be made, they need to be

Fig. 8 The futile cycle of risk assessment of GM animals. Regulatory agencies put out Requests for Applications to solve complex
problems. Scientists write proposals in which a complex problem is broken down into specific sub-problems that can be studied in a
laboratory environment where in as many variables as possible are controlled to ensure reproducibility. The results of the studies are
published in elite journals because the problems they address are important[126]. However, the experimental constraints of budgets,
numbers of subjects, and control of environmental variables limit the applicability of the results to real-world issues. Hence, the problems
remain unsolved for another cycle of inconclusive experimentation.
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effective for decades, not just in response to scientific
advances that occur every few years.
There are four stages of future GM animal development.

(1) the recombinant DNA stage[114] wherein alterations are
made by near random introduction of genetic sequences-
we are largely past that stage; (2) the GE (current) stage
wherein small, single-locus changes are made, generally
deletions, knockout mutations[147,148] or introgression[74]

of existing DNA sequences from a related line or species;
(3) the synthetic gene[149,150] stage of the sort that might be
most useful for disease resistance – this stage is awaiting
go-ahead signals from regulatory agencies who understand
the urgency with diseases such as African swine fever and
avian influenza; and (4) the novel biochemical pathway
stage that will be required to confer whole new phenotypes
on top of existing structures, e.g., introduction of
nutraceuticals into plants and animals for improved health
(akin to the Golden Rice story). The latter changes will
require far more regulatory latitude. We should anticipate
these needs now if we are to maintain planetary integrity.
The regulatory revisions I suggested earlier for GM
animals will accomplish this goal— they are:
� Stop regulatory scrutiny by FDA of GM animals as

new animal drugs— the concept is scientifically mean-
ingless and unsupportable.
� Extend FDA discretionary authorization to allow

agricultural GM animals into the marketplace in keeping
with their policies on permitting the sales of GloFish.
� Maintain USDA-FSIS surveillance of GM animals.
� Most importantly, let the marketplace determine the

GM alterations that have the most value for consumers.
This action will recognize that geneticists, producers and
breeders have the deepest insights into both the merits and
deficits of genetic changes. These groups also have the
most to lose by any misguided genetic changes that will
not appeal to consumers.
GM is a powerful technology that can revolutionize the

world in medicine and agriculture. As in gene therapy and
molecular medicine, we have an obligation to exploit
genetic technologies for the good of mankind[151–153]. That
will require greater efforts to bring the public into
conversations through open science-based forums such
as those sponsored by the Genome Writers Guild[154], a
society committed to building a better future for humanity.
This is what we all want and this is what regulatory
agencies should enable and support.
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