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Gene-edited farm animals, including cows, sheep, pigs and chicken are in the development pipeline.

Executive Summary

In the face of environmental degradation and
biodiversity loss from industrial agriculture, it is
critical to transition to sustainable and ecological
farming systems.! But a new wave of research on
genetically engineered animals is leading us in
the opposite direction — by designing animals
to better fit within industrial systems rather than
addressing the underlying health, animal welfare
and environmental problems associated with
these systems.? A growing body of scientific
evidence is finding that genetically engineered
animals may present even more food safety,
environmental and animal welfare issues for an
already problematic industrial animal farming
system.

The AguAdvantage salmon was the first
genetically engineered animal approved for
human consumption. Since its approval in 2015,
concerns about engineering animals have only
deepened. Emerging scientific literature reveals
that genetic engineering techniques, including
new gene editing techniques like clustered

regularly interspaced short palindromic repeats,
or CRISPR, are not as precise or predictable as
initially thought, and can result in unintended
physical and genetic mutations that may be
inhumane, risky for the health of animals and
consumers and environmentally unsustainable.
Gene editing techniques may be subject to little
to no regulatory oversight or safety assessment.

This report provides insight on health,
environmental, ethical and consumer concerns
raised by the proliferation of research on
genetically engineered animals. We highlight
potential risks related to gene editing
applications in livestock agriculture as reported
in peer-reviewed scientific studies. We
emphasize gaps in research and data analysis
about how unintended genetic errors resulting
from gene editing may impact animal welfare,
human health and the environment. We also
raise questions about whether gene-edited
livestock are necessary, and what a more
sustainable, ethical and healthy path for our food
system could look like.
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The impetus of genetic engineering is to design animals that
survive better in factory farms.

Engineering Animals for Factory Farms

The multitude of problems associated with
factory farming are unlikely to be addressed and
may be exacerbated by the use of genetically
engineered farm animals in these systems.

In response to the problems created by
concentrated animal feeding operations, or
CAFOs, and instigated by the availability of new
genetic engineering techniques such as CRISPR,
researchers are developing a new generation of
genetically engineered farm animals. The goals
of these experiments generally fall into three
categories: increased yield (e.g., “super-muscly”
animals), increased cost-effectiveness in raising
animals (e.g., disease resistance) and changes in
the composition of the milk, meat or eggs (e.g.,
nutrition).

Examples of genetically engineered animals

in development include “super-muscly” cows,
sheep and pigs;® pigs resistant to the respiratory
disease PRRSV;* and gene-edited chickens
engineered to potentially produce non-allergenic
eggs.® Some scientists argue that genetically
engineered animals, such as pigs engineered

to resist certain diseases, can improve animal
welfare, however, the impetus is to design
animals that will more easily survive in the
cramped and filthy conditions common in
CAFOs.

Other research explores the potential of gene
drives for farm animals, a genetic engineering
technology being developed to drive a desired
trait though a herd or population. Although no
gene drive system has yet been field tested or
deployed,® studies suggest that — like previous
impacts from genetically modified organisms, or

GMOs — organisms might evolve to be resistant
to gene drives,” and the technology could give
rise to off-target effects, which may have severe
health, welfare and ecological implications for
animals or ecosystems.®

Feeding the nearly 10 billion animals raised
annually in U.S. factory farms requires a
staggering amount of land, genetically
engineered seed and toxic pesticides, fertilizer,
fuel and water.? Industrial animal agriculture is

a leading cause of climate change, accounting
for 16.5 percent of global greenhouse gas
emissions.’ Raising billions of animals in
confinement also generates massive amounts of
noxious manure that pollute our air and water —
especially in nearby communities. Routine use
of antibiotics in animal agriculture that allow
animals to survive the unsanitary conditions
common in factory farms contributes to the rise
of antibiotic resistance, one of our most pressing
public health problems.

Gene-edited super-muscly animals will magnify welfare
concerns currently associated with conventionally bred
doubled-muscled animals.

Gene Editing and Unintended
Consequences

Scientific studies have shown that the

genetic engineering of animals via gene

editing techniques like CRISPR and other

new technologies can create unintended
consequences and potentially harmful effects
on animal health, from enlarged tongues to
induced tumors. Yet development of genetically
engineered animals is moving forward, funded
by private companies or government grants, but
with little public awareness.

Scientists from the Wellcome Sanger Institute
in the UK published a study in Nature

@ Genetically Engineered Animals: From Lab to Factory Farm ¢ Friends of the Earth

23/1)2114/s1epueljlibe| :abew|



Biotechnology that found new genetic
engineering techniques like CRISPR may cause
“genetic havoc” in cells. Researchers found
large deletions and rearrangements of DNA
near the target site that were not intended

by researchers.” Chinese scientists at Nanjing
Agricultural University found that gene editing
resulted in rabbits having enlarged tongues. And
Dr. Kui Li, a scientist from the Chinese Academy
of Agricultural Sciences, found some gene-
edited pigs had an extra spinal vertebra.”?

These studies are just a few of the growing
body of science demonstrating that gene
editing techniques like CRISPR may not be

as “precise” in their outcomes as researchers
hope. For example, gene editing could cause
genes not meant to be targeted to malfunction,
and this could lead to health problems or

other unintended outcomes in the genetically
engineered animal.®

Food Safety Implications

Animal genomes are complex. Any genetic errors
created by altering DNA could disrupt how
genes function. This could potentially produce
altered or novel proteins, which in turn could
impact food safety. Indeed, one scientific study
by Kapahnke and others, published in Cell in
2016, used a laboratory culture of human cells
and found an altered protein produced in error
from the gene editing process.” Because food
allergens are mostly proteins, unintentionally
altered proteins could have significant
implications for food safety.

Animal Health and Welfare Implications

Genetic engineering of animals could magnify
ethical and welfare concerns related to how
animals are bred and the conditions in which they
are raised.” As part of the genetic engineering
process, animals are often cloned.” Cloning can
lead to birth defects, spontaneous abortions
and early postnatal death.” Even if cloning is not
involved, the genetic engineering process raises
welfare issues because the animals may suffer
from genetic abnormalities that could cause
genes to malfunction and create subsequent
health problems in the animal.’®

Health problems may arise in response to
mutations at the cellular level as well. Two

Friends of the Earth ¢ Genetically Engineered Animals: From Lab to Factory Farm

independent studies, one by the biotech
company Novartis and the other by the
Karolinska Institute, published in Nature
Medlicine in 2018 described that cells genetically
engineered with CRISPR “have the potential

to seed tumors,” or may initiate tumorigenic
mutations.” There is further concern that

gene editing for certain traits can perpetuate
problematic animal management practices. For
example, a frequently-reported trait of gene-
edited animals is resistance to various diseases,
which could encourage keeping even larger
numbers of animals in the close confinement and
unsanitary, inhumane conditions that perpetuate
disease in the first place.

Genetically engineered animals could exacerbate the problems
of factory farms.

Environmental Implications

Industrial animal agriculture contributes

to significant levels of air, water and soil
contamination. It is also a large contributor to
greenhouse gas emissions. There is an urgent
need to shift to models of animal farming that
have inherently fewer environmental and health
impacts.2° However, instead of instigating this
shift, the advent of genetically engineered farm
animals will likely further entrench the paradigm
of unsustainable, industrial agriculture and may
exacerbate environmental problems associated
with factory farms. In addition, genetically
engineered animals may raise concerns about
potential escape and crossbreeding with non-
genetically engineered animals. Animals like
pigs, goats, horses and rabbits may become
feral when they escape from captivity,? leading
to wild populations of genetically engineered

animals.
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Consumer Rejection

Societal concerns such as animal welfare
suggest that many people are likely to have even
more concerns about genetically engineered
animals than genetically engineered crops.

This suggests that they are likely to reject
genetically engineered animals on ethical and
welfare grounds, regardless of their trust in the
regulatory system to address food safety and
environmental concerns. A recent poll found that
a majority of U.S. adults believe that engineering
animals “to increase protein production” is
“taking technology too far.”?? Partially in response
to consumer concerns, more than 80 U.S.
grocery store chains have committed to not
selling genetically engineered salmon, the first
genetically engineered animal to enter the U.S.
market and approved for human consumption.??

Lack of Adequate Oversight and
Assessment

Currently, the U.S. Food and Drug Administration
(FDA) oversees the food safety aspects of
genetically engineered animals,?* but there are
no specific regulations or guidance that cover
related environmental impacts.?®> The U.S. has
approved one genetically engineered animal for
human consumption, the genetically engineered
salmon, and regulates it as an “animal drug.”

It was approved despite many scientists and
environmental groups raising serious concerns
regarding the risks of escape of the genetically
engineered salmon, potential negative impacts
on wild salmon populations and concerns
regarding food safety. One concern is that gene-
edited animals could evade regulatory oversight
in the U.S under enforcement discretion and
follow the lead of Australia, which allows some
gene editing techniques to be used in plants
and animals and marketed as food without
government regulation.?®

Change the Farm, Not the Animal

A growing body of science is demonstrating

that genetic engineering of animals may lead to
unintended consequences for food safety, animal
health and welfare and the environment. Many of
the “solutions” offered by genetically engineered
(including gene-edited) animals are in response
to problems caused by current industrial

livestock farming systems. However, genetically
engineering animals will not address the root
problems associated with factory farming, and
in fact may entrench an unsustainable and
inhumane model of livestock production.

While proponents claim there may be welfare
and ecological benefits associated with some of
the engineered traits, such as disease resistance
or hornless cattle, these potential benefits are
within the frame of intensive animal farming
practices. However, small and mid-scale, high-
welfare, diversified, ecologically regenerative and
organic livestock production systems avoid many
public health, animal welfare and environmental
problems inherent in industrial animal agriculture.
In addition, they have been shown to generate
important ecological benefits, including carbon
sequestration, soil fertility, water savings and
reduced dependence on pesticides and fossil
fuels.?

Recent reports by the United Nations warn
that to avoid ecological catastrophe, we need
to rapidly transition away from industrial
agriculture and reduce consumption of factory
farmed meat and dairy.?® Based on the studies
which exemplify the uncertainty and risks from
gene editing, U.S. FDA regulations need to
effectively regulate all gene-edited animals to
ensure the safety of animals, consumers and the
environment. Rather than creating genetically
engineered animals to fit into factory farms, it
is critical to develop sustainable and ecological
animal agriculture systems that support

animal welfare, preservation and restoration of
biodiversity and public health.

The real solution to problems derived from factory farming is
ecological agricultural systems.

@ Genetically Engineered Animals: From Lab to Factory Farm ¢ Friends of the Earth



Rather than addressing problems with CAFOs, animals are being genetically engineered to fit these systems.

Introduction

Intensively (or factory) farmed meat, egg and
dairy production, in which large numbers of
animals are kept in closely confined indoor
conditions known as Concentrated Animal
Feeding Operations (CAFQOs), poses serious
threats to the environment, public health and
animal welfare.?® Now there is potential for a
new type of intensively farmed animal: the
genetically engineered animal. New genetic
engineering techniques, such as gene editing,
have increased the technical feasibility of
commercial production of genetically engineered
animals. These genetically engineered animals
may facilitate the redesign of animals to
better fit within industrial systems rather than
addressing the underlying health, animal welfare
and environmental problems associated with
CAFOs.3° Genetically engineered animals

may also exacerbate or add new food safety,
environmental and animal welfare issues for an
already problematic intensive animal farming
system. Recent newspaper reports on gene-
edited animals cite aborted pregnancies,
“enlarged tongues” and extra vertebrae as
unintended results of gene editing?®, but what
other impacts might also occur? Like all types
of genetic engineering, gene editing has
unexpected and unpredictable outcomes. Would
such genetically engineered animals be safe to
eat? Would genetically engineered animals be
acceptable to consumers?

To date, there are no commercially available
genetically engineered farm animals in the
U.S. and elsewhere, and only very few other
commercial genetically engineered animals,
e.g. the AQuAdvantage salmon. As this report
describes, many new genetically engineered
animal traits are in the development pipeline.
These threaten to bring many more genetically
engineered animals to our farms and dinner
plates.

This report gives an overview of the status of
genetically engineered farm animals and current
areas of research, such as gene drives for farm
animals. Drawing from the published scientific
literature, it details the concerns with genetically
engineered farm animals and identifies gaps in
current scientific knowledge. The report outlines
the genetic errors that can be created by the
gene editing processes — even by small changes,
often called genetic “tweaks” to the DNA of an
animal — and how these might affect the health
and welfare of the animals, as well as consumer’s
health. It questions whether there is a need for
genetically engineered animals in agriculture,
especially given the ethical, health and welfare
concerns. Finally, the report discusses the

need for regulatory oversight requiring health,
welfare and environmental safety assessments
of genetically engineered, including gene-
edited, animals and the lack of broad public
dialogue about the use of gene-edited animals in
agriculture.

Friends of the Earth ¢ Genetically Engineered Animals: From Lab to Factory Farm @



Gene editing is likely to increase concerns for animal welfare.

Current problems with the
intensive farming of animals

In the last 50 years, the landscape of animal
agriculture in the U.S. has changed dramatically.??
The idyllic image of diversified family farms
where animals and crops coexist has been
replaced with large-scale intensive ‘factory’
farms where large numbers of animals — often
tens of thousands — are kept confined indoors in
conditions that often prioritize profit over animal
well-being.®®* The vast majority of animals raised
for food are produced within this dominant
model, broadly referred to as CAFOs.** CAFOs
are a by-product of the industrialization of
agriculture designed for more streamlined
processing and product uniformity.*®

The intensive animal farming model has had
negative consequences for animal, human and
environmental health.?¢ Close quarters, large
qguantities of manure and the widespread
application of antibiotics and synthetic
hormones all contribute to the mounting threats
of the system. In the U.S., approximately 335
million tons of animal waste per year®” containing
compounds such as ammonia, nitrogen and
phosphorus as well as pathogens and other

odorous compounds?®*® has contributed to air,
water and land pollution.*® Animal agriculture

is also a leading cause of climate change,
accounting for 16.5 percent of global greenhouse
gas emissions.*°

Industrial animal farming also contributes to
the growing threat of antibiotic resistance in
humans. Resistance to antibiotics kills at least
23,000 Americans each year, according to the
Centers for Disease Control and Prevention.# In
2011, around 70 percent of medically important
antibiotics in the U.S. were sold for use in

farm animals, not in human medicine.*?> The
routine use of antibiotics in farm animals, to
pre-empt the spread of animal diseases and

to accelerate animal growth, allows bacteria

to develop resistance to antibiotics.** Both
antibiotics and antibiotic resistant bacteria can
escape from farms into the environment through
feces, air, water, soil, meat and even workers.*#
Once antibiotics are in the environment, they
contribute to the development of antibiotic-
resistant bacteria.*®

Animals on intensive farms are subject to
problematic conditions and practices. For
example, pregnant pigs are kept in gestation
crates where they are unable to turn around or
lie down, and broiler chickens?® raised for meat
have been selectively bred over generations for
hyper-production so that many struggle to move
or even stand. There are minimal federal laws
regulating the treatment of the nearly 10 billion?
animals raised on farms for food in the U.S.48

In response to the current problems created

by intensive animal farming and facilitated

by the availability of new genetic engineering
techniques, such as gene editing, researchers
are developing a new generation of genetically
engineered farm animals. These include pigs
resistant to certain diseases and cows without
horns (see Gene editing in farm animals).
However, current problems in animal farming
could be exacerbated by the commercialization
of genetically engineered farm animals. For
example, animals genetically engineered to

be resistant to various diseases could further
facilitate the crowded and unsanitary conditions
common in CAFOs, and the spread of other,
additional diseases.

@ Genetically Engineered Animals: From Lab to Factory Farm ¢ Friends of the Earth
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Genetically engineering techniques use cloning or microinjection of genetic material into an egg cell— both of which are problematic.

What is a genetically engineered
animal?

Genetic engineering is very different from
conventional (often called selective) breeding.
Genetic engineering does not rely on mating to
obtain desired traits. Instead, researchers directly
alter the genetic material (usually DNA) of an
organism using laboratory techniques. It is this
direct alteration of genetic material by humans
that defines genetic engineering in the U.S.4°
and underpins the definition of a genetically
modified organism in the United Nations®°® and
the European Union®.

Standard (or first generation) genetic
engineering — as devised in the 1970s — inserts
genes (made up of DNA) at a random location
into an organism’s own DNA, or genome. The
inserted genes generally confer a trait (e.g. a
growth hormone in the case of the genetically
engineered AquAdvantage salmon)>. If those
genes are from a different organism (often called
“foreign” genes), then the resulting genetically
modified organism (GMO) is transgenic.

For example, the genetically engineered
AguAdvantage salmon (see Status of genetically
engineered animals) is transgenic because genes
from other species of fish have been inserted.>®

Genetic engineering does not always result in
the desired outcomes. The insertion of genes at
random sites of an animal’s genome has been

described as “ham-fisted”>* and the expression
of the inserted genes is unpredictable®®.
Consequently, although there are exceptions,
such as the genetically engineered
AquAdvantage salmon, first-generation genetic
engineering techniques have not, in general,
been successful in producing healthy genetically
engineered animals that expressed the new trait
consistently over multiple generations®¢. However,
in the last few years, new (or second-generation)
techniques of genetic engineering, such as gene
editing, have increased the technical feasibility
of producing commercial genetically engineered
animals (see What is gene editing?).

What is gene editing?®’

Gene editing (also called genome editing) is

a set of new genetic engineering techniques,>®
principally used for altering the genetic material
of plants and animals. Gene editing has only
recently become commercially feasible, with
the most talked about technique, clustered
regularly interspaced short palindromic repeats
(CRISPR)®%°, developed around 20126°¢ All gene
editing techniques use a synthetic molecular
guide with the goal of changing DNA while

it is present in the organism, i.e., in situ. With
gene editing, as with first-generation genetic
engineering techniques, the change in the
organism’s genetic material is not achieved
through the breeding process as it would be

Friends of the Earth ¢ Genetically Engineered Animals: From Lab to Factory Farm @



How gene editing works

The molecular scissor
complex docks onto the
target site and cuts
through the DNA.

“Molecular scissors”
(nucleases) are
guided to a location
(the target site) on
an organism's DNA.

The DNA is now
“edited.” However, in
reality, gene editing is
prone to creating
unintended changes
and errors that can
lead to unexpected
effects in the
gene-edited organism.

The repair of DNA is

then initiated and occurs
either with (SDN2) or
without (SDN1) a
synthetic repair template.
Alternatively, genes can
be inserted (SDN3).

in conventional breeding. Instead, the genetic
material is changed directly and artificially, by
humans using laboratory techniques. This means
that gene editing, like other forms of genetic
engineering, produces GMOs.

Gene editing differs from standard or first-
generation genetic engineering techniques in
that, with gene editing, genes do not necessarily
have to be inserted into the organism to produce
a new trait. Instead, genetic material, usually a
nuclease (enzyme) that cuts DNA,%? is introduced
into the organism. This nuclease cuts the
organism’s DNA. The cut to the DNA activates
the cell repair mechanisms which repair the DNA.
There are many possible changes to the DNA that
CRISPR can achieve, depending on how the DNA
is repaired.®®* Without any controls on DNA repair,
gene editing can be used to disrupt a target
gene or genes (to “knock out” genes). However,
a synthetic DNA repair template is often

used to direct a particular change in the DNA.
Alternatively, genes conferring a particular trait
can be inserted using gene editing during the
DNA repair.®* The resulting gene-edited organism
may or may not produce a novel protein as part
of the novel trait, as most current commercialized
GMOs do — it may knock out a gene instead. In
fact, many, if not most, of the current genetically
engineered animals under development using
gene editing have knocked-out genes, with

relatively few containing inserted genes.

Developers hope that, because genetically
engineered animals can be produced by gene
editing without inserted genes (e.g. from a
different species), they may be more acceptable
to consumers and be viewed more leniently

by regulators than first-generation genetically
engineered animals.®®* Genetic changes
introduced by the gene editing are often referred
to by the developers as “tweaks”.®¢ However,
these “tweaks” can cause substantial genetic
errors that could affect food safety (see Genetic
errors created by the genetic engineering
process).

Gene editing techniques, in particular CRISPR,
are reported to give more predictable results
than first-generation genetic engineering
techniques for animals, increasing the technical
feasibility of producing genetically engineered
animals.®” This has resulted in a deluge of “proof
of concept” studies of genetically engineered
animals created by gene editing (see Gene
editing in farm animals). However, there are
concerns regarding genetic errors with gene-
edited organisms®® (see Genetic errors created
by the genetic engineering process), particularly
in combination with other commonly used
techniques such as animal cloning (see Cloning
as part of the genetic engineering process).

Genetically Engineered Animals: From Lab to Factory Farm ¢ Friends of the Earth



Cloning as part of the genetic engineering process

Unlike plants, which can entirely regenerate
from single cells, animals can only develop
from an embryo. Hence, genetically engineered
animals can only be developed by cloning
methods or by the direct manipulation of the
fertilized egg cell (zygote) by microinjection.

Although cloning is often used as part of the
genetic engineering process®, genetically
engineered animals are different from cloned
animals. With cloned animals, the aim is to
create an identical copy of a whole animal,
made by copying genetic information within a
single cell from an adult animal. The DNA from
a cell of an adult donor animal is transferred
into an egg cell, which is then implanted into
the womb of an adult female.”® In the womb,
the embryo develops into an animal that is
genetically identical to the donor animal (i.e. a
clone). The world’s first cloned animal — Dolly
the sheep — was produced in 1996.7" At the
stage of DNA transfer, the DNA can be altered
(genetically engineered), in which case the
embryo will carry the genetic modification
and become a genetically engineered animal.
Similar concerns regarding animal welfare

and food safety apply to both clones and
genetically engineered animals, especially as
genetically engineered animals are also often
clones.”

With cloning, the DNA from a cell of an adult
donor animal is transferred into an egg cell,
which is then implanted into the womb of an
adult female. The concept is that the embryo
develops into a genetically identical animal to
the donor animal, unless the transferred DNA
has been genetically engineered, in which case
it will also carry the genetic modification.”®

Cloning typically achieves a success rate of
only about 10-25 percent,” meaning that most
embryos transferred into host’s womlbs do not

result in a full-term pregnancy and are aborted.

For example, a study on gene-edited, cloned
cattle found that, of 147 genetically engineered
embryos resulting in 50 pregnancies, only 23
calves were born and only just over half (13)

Friends of the Earth ¢ Genetically Engineered Animals: From Lab to Factory Farm

survived longer than 6 months.”> A similar
study on cloned, gene-edited cattle found

that out of 83 pregnancies, 20 calves were
born, with 11 calves surviving longer than

three months.”® For those cloned animals that
survive, birth defects are common.”” Defects
include premature death, pneumonia, liver
failure and obesity. For example, a study on
cloned mice found that up to 4 percent of the
genes were malfunctioning during pregnancy.’®

Although the U.S. Food and Drug
Administration (FDA) has concluded that
products from cloned animals are safe to
eat,”® the problems of birth defects, abortions
and early postnatal death, in addition to the
necessary use of euthanasia in cloned animals®°®
has led to a high level of concern regarding
their welfare (see Ethical and welfare concerns
for genetically engineered animals).f' Indeed,
animal welfare concerns are so prominent that,
in 2015, the European Union voted to ban the
cloning of all farm animals, their descendants
and products derived from them — including
imports into the EU.82

Using microinjection to genetically engineer
animals means that cloning is not necessary.
With microinjection, either the genes to

be inserted (the transgene) or the gene
editing complex are injected into embryos.
Microinjection can give rise to genetic
“mosaicism” where, if the embryo is already
more than one cell, some of the cells will be
genetically engineered, and some not.® If
mosaicism occurs, the genetic engineering may
not be effective and the engineered change to
DNA might not be transmitted to offspring of
the genetically engineered animal.8* Although
mosaicism is more of a technical difficulty
than a food safety, animal health/welfare

or environmental concern, it represents a
stumbling block for the gene editing of animals
without resorting to cloning. This means that,
despite advances in microinjection, cloning

is still widely used to created gene-edited
animals.8®
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AquAdvantage salmon is the only genetically engineered
animal approved as food, but this could soon change.

Status of genetically engineered
animals

Currently, there are no commercialized
genetically engineered farm animals (e.g. pigs,
sheep, cows, chickens) anywhere in the world. In
the EU, no genetically engineered farm animals,
or their products, have been approved for
marketing, nor have there been any applications
for marketing genetically engineered animals in
the EU.2® The only genetically engineered animal
approved for human consumption is a genetically
engineered salmon, called the AquAdvantage
salmon, approved only in the U.S. and Canada®
and currently only for sale in Canada®. The
salmon was approved in the U.S. in 2015.%° It
was only approved after long deliberations, as
many scientists® and environmental groups®’
raised serious concerns regarding the risks of
escape of the genetically engineered salmon
and potential negative impact on wild salmon
populations, and concerns regarding food safety.
Despite the FDA’s approval, 80 grocery retailers
with nearly 16,000 stores in the U.S. have made
commitments to not sell genetically engineered
salmon.®?

The FDA, which oversees both the environmental
and food and drug aspects of genetically
engineered animals, has previously approved

a few applications for genetically engineered
animals. Prior to the genetically engineered
salmon approval, these approvals have not been
for food use, but for drug production, e.g. a goat
engineered to produce a human pharmaceutical
in its milk®3, also approved in the EU%4, and

a chicken engineered to produce a human
pharmaceutical in its eggs®®. In 2003, the FDA
decided that a novelty genetically engineered
fish (GloFish), marketed as a pet, was not a food
or drug, and saw “no reason to regulate these

particular fish” as the GloFish did not “pose

any more threat to the environment than their
unmodified counterparts”.®® However, there was
no risk assessment upon which to base the FDA’s
claim.

The landscape of genetically engineered animals
may be about to change, as new genetic
engineering techniques, such as gene editing,
appear to be technically more successful in
creating genetically engineered animals than
first-generation genetic engineering techniques.

This report focuses on genetically engineered
farm animals in agriculture. However, several
other types of genetically engineered animals
are either under consideration or in development,
which are not detailed in this report. These
include:®”

¢ More genetically engineered “pharm”
animals to produce particular drugs or
pharmaceuticals

¢ Other species of genetically engineered fish,
e.g. trout

¢ Genetically engineered animals for research
purposes, e.g. “knock out” mice with certain
genes disabled

¢ Animals that have been genetically
engineered to be sources for cells, tissues
or organs for transplantation into humans
(xenotransplantation)

¢ Novel genetically engineered pets, similar to
the Glofish. For example, micro-pigs or koi
carp engineered with altered size, patterns
and colors

¢ ‘De-extinction’ animals, created by genetically
engineering modern species to closely
resemble their extinct counterparts, e.g.
genetically engineered pigeons which are
designed to be similar to extinct passenger
pigeons®®

¢ Mosquitoes that have been genetically
engineered to be “self-limiting” (in that
the offspring do not reach adulthood), in
order to reduce populations of mosquitoes.
Pilot projects by a company, Oxitec, have
taken place in Brazil, Panama and the
Cayman Islands®?, although the trial in the
Cayman Islands has ceased because it was
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not successful in reducing the size of the
mosquito population™®, Oxitec has also
applied to release the genetically engineered
mosquitoes in Florida, U.S.'", while Target
Malaria is planning releases of self-limiting
mosquitoes in Burkina Faso in Africa,'°? and
possibly other African countries such as Mali
and Uganda'®3,

If dehorning of cattle is unnecessary, then so too is gene
editing to produce hornless cattle.

Gene editing in farm animals

Gene editing, particularly CRISPR/Cas, has been
applied to several farm animals in experimental
proof of concept studies (see examples below).1%4
The goals of the gene editing generally fall into
three categories: increased yield, increased cost
effectiveness in raising animals (e.g. disease
resistance that facilitates living in overcrowded
and unsanitary conditions) and changes the
composition of the milk, meat or eggs (e.g.
changed nutrition).

Potential gene-edited animals for increased

yield include:

¢ “Super-muscly” cows, sheep, goats and
pigs to produce a higher yield of meat per
animal'©>

¢ Increased wool and hair length in sheep'™®
and goats'®’

Potential gene-edited animals for increased

effectiveness include:

¢ Hornless (polled) cattle™®

¢ Pigs resistant to different diseases, e.g.
porcine reproductive and respiratory
syndrome virus (PRRSV)'®°, African swine
fever™ or transmissible gastroenteritis virus
(TGEV)™

¢ Cows with human genes inserted into them
to increase antibacterial properties of their
milk, reducing susceptibility to mastitis

¢ Cows with increased resistance to
tuberculosis™

Potential genetically engineered animals for

changed nutrition include:

¢ Gene-edited chickens that could potentially
produce eggs without a certain egg white
protein that some people are allergic to.™
However, the eggs produced by the gene-
edited chicken have yet to be tested

¢ Pigs engineered to produce high levels of
omega-3 fatty acids, potentially providing
health benefits™

Most, if not all, of the examples of gene-edited
animals are proof of concept studies. Proof of
concept studies report only that the intended
genetic change has been achieved. However,
such studies don’t mean that they will be on
the market anytime soon, or even at all. For
example, the study of the genetically engineered
pig with high omega-3 acids was published in
2007, but there have not been any applications
for commercial production. There’s a great deal
of difference between a research study and a
commercial venture.

As yet, there have been no applications to
regulators to commercialize animal products
from gene-edited farm animals anywhere in the
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world. However, some countries, such as China,
are investing heavily into developing gene-edited
animals."™ For example, the gene-edited sheep
and goats with increased wool and hair length
were developed by Chinese scientists, supported
by a grant from the Chinese Agriculture Ministry
in the case of sheep."” Similarly, gene-edited
super-muscly sheep and goats, cows with
reduced susceptibility to mastitis and cows
resistant to tuberculosis have all been developed
by Chinese scientists, supported by government
grants.”™®

Some private companies are also investing in
gene editing for farm animals. For example, a

UK company, Genus, has funded much of the
research to date on gene-edited pigs resistant

to PRRSV™, and a U.S. company, Recombinetics,
has led development of gene-edited hornless
cattle™. Genus and Recombinetics have also
collaborated to produce super-muscly sheep and
cattle.”

Proof of concept studies rarely assess any
unexpected effects created by the genetic
engineering process, nor assess food safety or
any potential environmental effects. In short,
although the desired change may be achieved
through genetic engineering, there is no, or
very little, information on what else might have
inadvertently changed in the organism in these
proof of concept studies.

Gene editing for disease resistance would make it easier to
raise pigs in unsanitary, crowded conditions common in factory
farms.

Are genetically engineered
animals necessary in agriculture?

In many cases, the types of genetically
engineered traits for agricultural proposals

will be ones that are sought after only within

a paradigm of intensive livestock farming,

e.g. super-muscly animals. Therefore, it is
critical to ask questions about what problems
genetically engineered animals are seeking

to solve, and whether there are less risky and
more sustainable and humane solutions to that
problem.

Many of the examples of gene-edited farm
animal proposals, as described in Gene editing
in farm animals, are intended to maximize profits
in animal farming. For example, super-muscly
animals increase the amount of meat from an
individual animal, but there are already animal
welfare issues with conventionally bred “double-
muscled” farm animals. (See Ethical and welfare
concerns for genetically engineered animals)'??

Proposals for gene-edited pigs that are resistant
to diseases such as PRRS are trying to treat

the symptoms of intensive farming, rather than
addressing the root cause of the problem. In
pigs, PRRS is a modern disease, dating from the
late 1980s, and is associated with keeping pigs
in industrial farms with a high stocking density.’?®
Infection is affected by husbandry practices such
as early age of weaning.’** In addition, the gene
editing approach may not produce long-term
resistance to the PRRS virus, because there are
many strains of the virus, and the virus keeps

It is critical to ask questions
about what problems genetically
engineered animals are seeking to
solve, and whether there are less risky
and more sustainable and humane
solutions to that problem.

evolving to overcome resistance.’?®

Other gene-edited pig applications propose to
make pigs that are rich in omega-3. However, this
can be achieved without genetic engineering.

A Scandinavian firm has produced a pig rich in
omega-3 naturally, simply by adding (non-GMO)
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rapeseed oil to the pig’s diet.”® The genetic
engineering of pigs to be enriched with omega-3
has been criticized as unnecessary for reasons
beyond food safety issues: omega-3 is available
in many foodstuffs (such as rapeseed oil); there
are welfare issues associated with unnecessary
research on animals; the proposed genetic
engineering avoids addressing conventional,
intensive pig farming problems; and genetically
engineered pigs will not move food systems
toward a healthier natural diet.™”

“Offering us GM [genetically modified] pork
to provide us with a plentiful nutrient is an
obvious attempt to drum up a need that
Jjustifies the science... We are altering the
genome of an animal to enable consumers
to continue with their self-destructive eating
habits. What does this say about us if that is
reason enough to manipulate sentient life?
Fiester (2006)'%®

Another proposed application of genetic
engineering is dehorned cattle. The practice

of physically dehorning and disbudding cattle

is performed in order to protect animals and
handlers from accidental injury while cattle are
packed into small, contained spaces whether on-
farm or during transport (such as in trailers).’®
Alongside incurring additional costs for farmers,
dehorning is painful for the animals and raises
animal welfare concerns.”° It is questionable
whether the practice of dehorning is necessary,
as it is associated with the close packing of
cattle.”

If hornless cattle are required, there are
alternatives to genetic engineering. For example,
cattle can be, and have been, bred to be

without horns using conventional (selective)
breeding.’®? However, this is seen as problematic

Many of the ‘solutions’ offered by
genetically engineered (including
gene-edited) animals are in response
to problems caused by current
intensive animal farming systems. A
more ecological (and humane) way of
farming would address the root cause,
which is intensive animal farming.

for the popular dairy breed in Europe and the
U.S., the Holstein, mainly because the genetic
makeup of polled cattle results in lower milk
production™3. However, this genetic gap in milk
production levels is closing™* due to advanced
conventional breeding methods, such as marker-
assisted selection and genomic selection.™®® Such
advanced conventional breeding techniques are
currently being used to breed hornless cattle in
Australia.'s®

Intensive farming practices for cattle cause
numerous problems, and are linked to disease,
for example, to a higher risk of tuberculosis in
cattle.”® Research has shown that the risk of
herd infection for tuberculosis doubles with
herds of 150 cattle or more, compared to those
with 50 or fewer cattle. Fewer hedgerows and
the use of silage, typical of more intensive
farming practices, were among the list of
additional factors that contributed to increased
risk of tuberculosis infection. As with hornless
cattle, genetic engineering is unable to address
the root causes of this problem. In addition

to moving away from intensive cattle farming
practices, cattle resistant to tuberculosis are
being developed through advanced conventional
breeding techniques such as marker-assisted
selection.’s®

Recent advances in conventional animal
breeding show that genetically engineered
animals are not necessary in agriculture. As

gene editing is a relatively new area of research
for scientists, many of the current studies are
performed to show what is technically possible,’®
not necessarily what is needed.

Many of the “solutions” offered by genetically
engineered (including gene-edited) animals

are in response to problems caused by current
intensive animal farming systems. While some
proponents propose there may be welfare
benefits associated with some of the engineered
traits, such as disease resistance or hornless
cattle, this welfare benefit is within the frame

of intensive animal farming practices.° For
example, increased incidents of mastitis during
lactation are found in CAFOs, and it’s thought
this is because the animals are exposed to more
bacteria because of poor cleanliness.” A more
ecological (and humane) way of farming would
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address the root cause, which is intensive animal
farming.

Large herds or flocks kept in confined areas,
e.g. within CAFOs, are more vulnerable to the
rapid spread of animal diseases.*? In the case
of ruminants, allowing animals to graze on
well-managed pastures will help to prevent the
poor health that can arise from high-density,
sometimes unhygienic conditions in CAFOs,
thereby reducing the need for antibiotics. ™ In
the case of chickens and pigs, healthier, less
stressed animals that are allowed to be free
range in farming systems optimized for animal
welfare farming systems will manifest fewer of
the health problems so common in intensive
farms.#4

Ethical and welfare concerns for
genetically engineered animals

There are already considerable ethical*® and
welfare® concerns regarding the raising of farm
animals in CAFOs (see Current problems with
the intensive farming of animals). As explained
below, genetic engineering could magnify these
concerns in two principal ways: the effect the
new trait has on animal welfare and the physical
process of genetic engineering.

The physical process of genetic engineering
raises ethical concerns related to farm animals,
regardless of whether cloning is used or not.¥”
Ethical concerns that have been documented in
respect to the genetic engineering of animals
include: the treatment of animals solely as
instruments for human benefit and interests;
infringement of the integrity of the animal by
causing fundamental alterations to its DNA and
the patenting of genetically engineered animals
as technological products.

During the genetic engineering process, large
numbers of animals are required as “mothers” for
implantation of genetically engineered embryos.
It is estimated that an average of 24 embryos are
needed to produce one gene-edited pig using
microinjection instead of cloning.™® This is five
times fewer animals than required by cloning,'#®
but still subjects many animals to dangerous
procedures™®. This is compounded by the fact
that although research institutions are federally
regulated, protections for animals in research or

Genetic engineering of animals
can perpetuate poor animal
management, particularly in
intensive farming operations.

agriculture are minimal,”™ enforcement by United
States Department of Agriculture (USDA) is lax™>?
and animals have no recourse under the law.

Genetic engineering of animals can perpetuate
poor animal management, particularly in
intensive farming operations (see Are genetically
engineered animals necessary in agriculture?),
compounding existing welfare concerns. For
example, gene editing for disease resistance
could facilitate the raising of pigs in less hygienic
conditions, or cattle without horns could be kept
in more crowded enclosures.’®3

“It could be argued that benefits of GM
[genetic modification] or genome editing
for animal welfare are only relevant if animal
management is not downgraded as a
consequence; for example, if more resistant
animals are kept in less hygienic stables or
polled animals are kept in more crowded
enclosures” Eriksson et al. (2018)'>

The introduced trait may itself cause, or increase,
existing welfare problems in genetically
engineered animals. For example, concerns
already exist over the welfare of (conventionally
bred) “double-muscled” pigs and cattle, which
may have problems calving and have high
mortality rates.’™ Such problems could also
occur in other gene-edited super-muscly farm
animals.

“Many ethical concerns can be expected to
arise by promoting double-muscling through
genome editing. Difficult delivery abounds
in Belgian Blue cattle because the active
expression of MSTN starts in pregnancy

and frequently necessitates Caesarean
section. Belgian Blue calves can suffer from
leg problems (due to their heavier weight),
breathing complications, and enlarged
tongues. Some people would consider that

The introduced trait may itself cause,
or increase, existing welfare problems
in genetically engineered animals.
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If genetic engineering of animals affects their health or welfare,
it could affect nutritional aspects of their meat, eggs and dairy
products.

animals that are destined to acquire double-
muscling through genome editing lose their
“ourpose as a creature.” Ishii (2017)%¢

In addition to welfare issues arising from the
introduced trait, welfare issues can arise from
any genetic errors created by the gene editing
process, for example those caused by off-target
effects (see Genetic errors created by genetic
engineering processes). These genetic errors
could cause malfunctioning of one or more

parts of the cell machinery and lead to health
problems in the genetically engineered animal.”™
Importantly, such genetic errors can occur as an
unintended consequence of genetic engineering,
even if genes (e.g. from a different species) are
not inserted into the animal, as might be the
case with gene-edited animals (see What is gene
editing?). For example, researchers found that
gene editing for super-muscly animals resulted
in rabbits, pigs and a goat having enlarged
tongues and pigs having an extra spinal vertebra
(see Unexpected effects with gene editing: on-
target), even though no DNA had been inserted.

“Some off-target mutations could be
deleterious mutations that negatively affect
animal health; this may lead to concerns over
animal welfare. For example, missed off-
target mutations could affect animal health
if such unintended genetic changes lead to
tumor formation due to mechanisms such as
the disruption of a tumor suppressor gene. As
the history of cloned animals suggests, the
investigation of off-target mutations seems

vital to the use of genome editing in livestock
breeding from the viewpoint of animal
welfare.” Daley et al. (2010)®

If animals are in sub-optimal health, e.g. as

a result of poor welfare, this can affect the
composition of their meat, eggs and dairy
products. A long-term U.S. study found that
pasture-grazed meat is healthier for people than
grain-fed meat as it has less overall fat, a more
desirable fatty acid profile, with a better ratio

of omega-3 fatty acids to omega 6 fatty acids,
higher in precursors for vitamins A and E and
certain cancer-fighting antioxidants.’® Similarly,
studies in the UK found that organic meat and
milk are more nutritious than their conventionally
(non-GMO) produced counterparts, for example
containing 50 percent more beneficial omega-3
fatty acids,®® primarily because the animals
were pasture-grazed. Therefore, if genetic
engineering of animals affects their health and
welfare, either directly because of the genetic
engineering process, or indirectly, e.g. because

Like the GMO salmon, food from gene-edited farm animals
could soon be given the green light but without any safety
assessment.

it further intensifies animal farming, it could
affect nutritional aspects of meat, eggs and dairy
products derived from genetically engineered
animals.

Consumer acceptance of
genetically engineered animals

“Technology that was already controversial
in a crop context is perceived as even
more problematic when applied to sentient
organisms, such as farmed livestock.” Ishii
(2017)*

There is already widespread consumer rejection
of genetically engineered crops around the
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world, as demonstrated by the labeling of GMO-
derived food in 64 countries'™? and the calls

for labeling of food derived from GMOs in the
U.S."®* In Europe, GMO-derived food is absent
from shops'™4, with the cultivation of genetically
engineered crops banned in nearly two-thirds
of EU countries'™®. A recent poll found that a
majority of U.S. adults believe that engineering
animals “to increase protein production” is
“taking technology too far.”'®® Societal concerns
such as animal welfare suggest that many
people are likely to have even more concerns
about genetically engineered animals'™’ than for
genetically engineered crops'™® and are likely to

Societal concerns such as
animal welfare suggest that many
people are likely to have even more
concerns about genetically engineered
animals than for genetically
engineered crops and are likely to
reject genetically engineered animals
on ethical and welfare grounds.

reject genetically engineered animals on ethical
and welfare grounds, regardless of their trust in
the regulatory system to address food safety
and environmental concerns.®®

Could gene drive systems be
applied to farm animals?

Gene editing techniques have facilitated the
possibility of “gene drives.” Gene drive systems
enable biased inheritance of a genetic element
so that offspring within a population have an
increased chance of inheritance of a given
trait.””° This means a few gene-edited organisms
could potentially “drive” new genes through
populations of a species, even the entire global
population. As yet, no gene drive system has
been field tested or deployed.””" It’s not known
whether gene drive systems would actually work
in real situations, as organisms might evolve to
be resistant to them'?, although researchers are
currently working on ways this resistance could
be overcome'3. However, serious concerns have
already been voiced regarding the potential
adverse effects of gene drive systems on

For farm animals, a hypothetical
gene drive system intended to
drive a desired trait though a
herd or population of a farm
animal has been outlined.

biodiversity, ecological and agricultural systems
and the humans that depend on them (see
Concerns regarding gene drive systems in farm
animals).”*

Although the main focus of research on gene
drive systems is on mosquitoes,'”® agricultural
insect pests'”® and invasive species,'”” a gene
drive-type mechanism has recently been
developed for mammals'®. For farm animals, a
hypothetical gene drive system intended to
drive a desired trait though a herd or population
of a farm animal has been outlined (Fig. 1)"°.
The intention is that a gene drive system

could increase the speed of spreading a gene-
edited trait through a population compared to
spreading the gene-edited trait through selective
breeding. For example, computer scenarios with
pigs showed that the gene drives spread a trait
through pig populations 1.5 times more quickly
than with gene editing alone.™®°

Concerns regarding gene drive systems in
farm animals

Although still at the hypothetical stage, risks
identified with gene drive systems intended
to drive a particular trait through a herd

or population of farm animals include the
following:™®

¢ The gene chosen to spread may turn out
not to confer the desired trait. This could
occur because of the wrong choice of gene,
unforeseen environmental changes that
influence gene expression or changes in the
genetic background. All these aspects could
have adverse effects on the animals that
gained the trait.

¢ Accidental spread of gene drives from a
farmed population to a natural population,
which could affect biodiversity and
potentially entire ecosystems

¢ The genes inserted to perform the gene
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drive could mutate and no longer produce
the desired effect, but could give rise to
off-target effects instead (see Unexpected
effects with gene editing: off target).

Scientists and others are already warning'®?

that the consequences of gene drives could be
severe should any unexpected effects from the
gene editing process (e.g. from off-target effects,
see Unexpected effects with gene editing: off
target)'® or other, e.g. ecological, unintended
consequences arise™®. Although the primary
focus of these discussions is currently gene drive
systems in insects, the concerns also extend to
farm animals. A global agreement at the United
Nations Convention on Biological Diversity™® in
2018 agreed that, prior to any gene drive release
(including experimental releases), a thorough
risk assessment must be carried out and safety
measures put in place to prevent potential
adverse effects. Governments must also seek

or obtain the approval of potentially affected

indigenous peoples and local communities prior
to considering any release of gene drives. The

decision also acknowledges that more studies
and research on impacts of gene drives are
needed to develop guidelines to assess gene
drive organisms before they are considered for
release.

genome editing with gene drives.
a

Edited
Gene

Fig. 1: How gene editing combined with gene drive system could drive a trait through a herd of
animals, from Gonen et al 20178, (a) Inheritance with genome editing and (b) inheritance with
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Complexity of Animal Genomes

The old notion in molecular
biology of “one gene,
one function” became invalid.

Animal genomes are complex. Genomes
contain genes, made up of DNA, which are
“read” and processed by the cell components
(e.g. MRNA)®” to produce proteins, but each
gene can contribute to multiple proteins. One
of the big surprises of the DNA sequencing of
the human genome in the early 2000s was the
small number of genes it contained for such

a complex organism.’®® The implication of a
relatively small number of genes in humans
means that genes must be able to code for
multiple proteins.’® The old notion in molecular
biology of “one gene, one function” became
invalid.™®°

It is now known that genes achieve the
production of multiple proteins from a single
gene by a process called “alternative splicing.”™
During the alternative splicing process, parts
(exons) of a gene are read to produce a
protein. By skipping different exons, different
proteins are produced. In this way, genes
produce multiple proteins. Alternative splicing
is regulated by the cell and is essential to its
proper functioning.’®? It occurs not only in
humans, but in all multi-celled animals and
plants, but to a greater extent in animals than

higher plants.’®® This means that any disruption
to alternative splicing could have a greater
effect in animals compared to plants.

Unintended “‘Skipping’

Genetic engineering, including gene editing,
can change the way genes are alternatively
spliced. If genes are inserted during the
genetic engineering process, in addition to
the intended function of the inserted gene,
the exons in the inserted genes could be read
along with exons from the animal’s own genes,
to unintentionally produce an altered, or even
an entirely novel protein. Gene editing (such
as CRISPR) is known to cause unintended
exon skipping (see Fig. 2) and, in experiments,
has produced unintended proteins'®* (see
Unexpected effects with gene editing:
on-target). As allergens are proteins, the
disruption to alternative splicing is of concern
as it can compromise animal health and welfare
and can also affect food safety (see Concerns
for food safety and consumer’s health).

Disabling even a single gene (often called

a “genetic tweak”)®> can have important
consequences. Genetically engineered
animals used for laboratory research, e.g. mice
or zebrafish, with a certain gene disabled
(‘knocked out’) do not always behave as
expected.’®® This is because of a multitude

of factors, including interactions between
genes, persistence of some of the supposedly
eliminated genetic material and the existence
of multiple pathways for a trait, which can
compensate for the disabled gene.’®” For
example, one concern regarding gene-edited
PRRS-resistant pigs is that the gene that has
been knocked out (CD7163) is known to have
important other functions, e.g. in defending
against infections and regulation of blood
composition.’®”® More insight regarding these
other functions of the gene would be needed
before any assurances could be given that
knocking out this gene wouldn’t compromise
the health and welfare of the gene-edited pig,
or its safety as a food product.
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Genetic errors created by genetic
engineering processes

Second-generation genetic engineering, using
gene editing techniques, is promoted as being
more precise than first-generation genetic
engineering, which suffered from technical
difficulties.”®® Although precision may have
improved beyond the random insertion of

genes in first-generation genetically engineered
animals, the reality is that gene editing can
produce genetic errors. These genetic errors can
result in unexpected and unintended effects in
the resulting GMO. These could cause changes in
the protein and composition profiles that could
affect food safety (see Concerns for food safety
and consumer’s health). So far, most of the proof
of concept papers have only examined gene-
edited animals for changes in their DNA (and

Fig. 2:

sometimes only for the intended, rather than
any unintended change to DNA). None of these
studies have carefully examined the gene-edited
animal for possible production of unintended or
altered proteins.

Genetic errors in first-generation
genetically engineered animals

The insertion of DNA can cause sections of the
animal’s own DNA to become rearranged,?°° as
has often happened with standard genetically
engineered crops.?®’ Although these genetic
errors have been observed in genetically
engineered plants, they are far less well known
in animals because detailed studies have largely
not been performed. However, unexpected
effects can occur. One study trying to eliminate
a known allergen in cow’s milk through genetic
engineering involving gene insertion found it

Disruption of the alternative splicing mechanism

can produce abnormal proteins in gene-edited animals

exons

1 /o \
B
DNA

/ splicing \
2

DT
X @ =

A) During normal gene expression, multiple proteins
can be produced from one gene by alternative splicing

normal
proteins
produced

1) Parts (exons) of a gene (DNA) can be ‘read’ alternatively,
omitting different exons.

2) These give rise to different sequences of mMRNA (intermediary
product between genes and proteins)

3) In turn, different proteins are produced. In this way, several
proteins can be produced from one gene.

1 zexons&
B — B
DNA

/ splicing \
2

——
g v Ny

B) Gene editing can unintentionally disrupt alternative
splicing, leading to the production of abnormal proteins

abnormal
(altered)
proteins

produced

1) Gene editing is known to cause unintended exon skipping.

2) This changes the way genes are alternatively spliced.

3) Unintended exon skipping can lead to the production of
new or altered proteins. This abnormal protein may be
inactive, or it could be active in a way that affects the
genetically modified animal’s health and welfare, or could be

Far from being “precise”, gene editing can unintentionally alter additional genes leading to unexpected effects.
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also affected levels of all the other milk proteins,
and one calf was even born without a tail,
although the exact cause of this unexpected
effect is not known.?9?

Unexpected effects with gene editing:
off-target

With gene editing, although genes may not be
inserted, genetic errors can still be generated.
One of the main ways that gene editing can be
imprecise and create genetic errors is by causing
“off-target” effects — changes to other genes
that were not intended. Most studies looking

at potential gene-edited animals in farming
consider off-target effects to be both a major
challenge and a major concern.?°® With gene
editing, off-target effects have been detected in
animals such as pigs?°4, as well as model animals
used in research, such as rats and mice?°°.
However, the implications of these off-target
effects to animal welfare or food safety have
rarely been examined.

The detection of off-target effects can be
confounded by genetic variation, meaning that
some off-target effects may go undetected.?°®
Off-target effects could unintentionally alter
important genes, causing changes in chemistry
or protein production — both of which are
important for animal welfare (see Ethical and
welfare concerns for genetically engineered
animals) and food safety (see Concerns for food
safety and consumer’s health).

“Due to off target mutations, there may be
loss of function of a gene, adverse events,
even fetal abnormalities.” Rodriguez (2017)2%7

Unexpected effects with gene editing:
on-target

Studies on gene-edited animals or laboratory
cell cultures have found that CRISPR can
inadvertently cause extensive deletions and
complex re-arrangements of DNA.2°® These
deletions and re-arrangements of DNA by
CRISPR may cause parts of the gene (exons) to
be “missed” when the DNA is read, altering the
alternative splicing process (see Complexity of
animal genomes).?°® This misreading of DNA has

the potential to produce altered proteins. Indeed,

one of the studies, using a laboratory culture of
human cells, found an altered protein produced

in error by the misreading of DNA caused by the
gene editing process.?® The authors concluded:

“Although most indel [insertion or deletion]
mutations are likely to produce a true
knockout, we have here shown that at least
in some cases, they may result in altered
splicing and even expression of an aberrant
protein.” Kapahnke et al. (2016)2"

The multi-functional aspects of genes in animals
(see Complexity of animal genomes) means
that “tweaking” one gene can have unintended
consequences. Indeed, unexpected effects from
on-target alterations have been identified in
gene-edited animals and have impacted animal
health. In particular, gene-edited super-muscly
animals are associated with abnormalities that
lead to severe health problems. These have
commonly led to aborted pregnancies, stillbirths
and infant deaths.

Examples of unexpected effects in gene-edited
animals that impact animal health include early
death in gene-edited super-muscly pigs due to
increased susceptibility to stress and umbilical
hernia (damage in the navel area that can cause
the small intestine to bulge through).?? The
study’s authors recommended further studies to
determine how super-muscly gene edits affect
the health of pigs. Another study found that

all gene-edited super-muscly pigs of a certain
breed died after only four days, and some had

“remarkably enlarged tongues”?. A further study

found enlarged tongues in nearly half of gene-
edited rabbits and also in a gene-edited goat,
the only gene-edited goat to survive longer
than eight months.?* The tongue is a muscle,
and it appears that the super-muscly trait is
expressed in tongue muscle. Other unexpected
effects have been seen in gene-edited pigs.
Super-muscly pigs were found to have an extra
vertebra compared to control (non gene-edited)
pigs. Although pigs can have slightly different
numbers of vertebrae, the underlying mechanism
of this change isn’t known, but is thought likely
to be associated with the muscly gene.?’®

Health problems also exist in conventionally bred
well- or double-muscled animals. For example,
Porcine Stress Syndrome (PSS) can develop in
either heavily muscled or lean breeds.?® However,
there are a greater number of incidents of
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abnormalities such as enlarged tongues and
infant death with gene-edited animals,?” and
these have been attributed to gene editing,?®
especially if both copies of the gene are edited
(homozygous knock outs), e.g. in the offspring of
two gene-edited parents.?™®

“[The muscly gene] Mstn KO caused
abnormalities in gene edited animals, which
suggested that Mstn KO may not be an

ideal way to improve the muscle mass in
rabbits, and also in animals, such as pigs and
goats... This safety issue must be studied
further before applied to animal reproduction
processes.” Guo et al. (2016)%2°

Interference with gene regulation caused
by gene editing

In addition to altering an organism’s DNA,

gene editing may have unintended impacts on
an organism’s ability to express or suppress
other genes. Within an organism, genes are
switched on (expressed) and off in different
parts of the organism at different times as the
organism grows, functions and reproduces. In

addition, genes interact with each other, either
suppressing or reinforcing their expression. The
orchestration of gene function in an organism is
part of a complex regulatory network. However,
the precise way that this regulatory network
operates is intricate and still poorly understood,
as exemplified by recent advances in our
knowledge of how gene expression is regulated
(see, e.g. Complexity of animal genomes).??

There have already been reports of an
unexpected response from the cell regulatory
network during gene editing. For example, in
experiments with human cells, the cuts in DNA
created by CRISPR were unexpectedly found

to kill cells or stop them from growing.??? The
lack of understanding about how genomes are
regulated means it is not possible to predict the
nature and consequences of all the interactions
between altered genetic material (whether
intentionally or unintentionally altered) and other
(unedited) genes within the organism. Thus,
gene edits to DNA may unintentionally affect the
operation of the organism’s genetic regulatory
network. This could result in the organism’s own
(unedited) genes not being expressed as they
should be. For example, they could be over or
under expressed or expressed at the wrong time
or wrong place, leading to unexpected effects.

In summary, gene editing can cause unexpected
effects in a number of different ways: through
genetic errors caused by the insertion of DNA

(if inserted) or the gene editing process (both
off-target and on-target effects) and through
interference with gene regulation. These can give
rise to food safety, environmental and animal
welfare concerns.

Gene editing can cause unexpected
effects in a number of different
ways: through genetic errors caused
by the insertion of DNA (if inserted)
or the gene editing process (both
off-target and on-target effects)
and through interference with gene
regulation. These can give rise
to food safety, environmental
and animal welfare concerns.
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Food safety and environmental
concerns of genetically
engineered farm animals

There are considerable concerns regarding the
environmental and food safety of genetically
engineered farm animals intended for human
consumption. These concerns are in addition
to the concerns regarding animal welfare (see
Ethical and welfare concerns for genetically
engineered animals).

Broadly, the concerns fall into two categories:
those related to the novel trait and those related
to the genetic engineering process. The novel
trait conferred by the genetic engineering
process could have impacts on food and
environmental safety. For example, the increased
antibacterial properties in milk from cows that
have been genetically engineered to reduce
susceptibility to mastitis might affect or impair
human gut bacteria. Hence, the effect of the

The lack of foreign genes and novel
protein doesn’t make gene-edited
animals safe to eat. Disabling a gene
could disrupt protein production,
potentially resulting in the production
of unintended novel or altered
proteins and affecting food safety.

novel trait needs to be carefully considered.
However, the overarching concern related to
food and environmental safety of all genetically
engineered organisms (both plants and animals
and including gene-edited organisms) is that
they can exhibit unexpected and unpredictable
effects as a result of the genetic engineering
process (see Unexpected effects with gene
editing: on-target). Any unexpected or
unpredictable effects could result in unintended
alterations to physiological processes in the
genetically engineered animal, potentially
altering the composition and chemistry of the
edible parts of animals, or how it interacts with
the environment. Very few studies have looked at
the food or environmental safety of genetically
engineered animals, so this area needs more
scientific research.

Concerns for food safety and consumer’s
health

The U.S. FDA recognizes that one of the primary
concerns regarding the food safety of GMOs is
that any novel or altered proteins created by the
genetic engineering process (whether intentionally
or inadvertently created) might give rise to
allergies when eaten by people.?>® All allergens
are proteins, so any new or altered proteins must
be carefully examined.??* In addition, the FDA is
also concerned with whether the genetic change
has altered any physiological processes in the
genetically engineered animal that might result
in an increased food consumption risk.??> For
example, the changes in the protein profile in milk
from genetically engineered cows??® would need
to be evaluated to see if they posed any food
consumption risk. However, neither issues such as
the overall nutritional value of food derived from
the genetically engineered animal products nor
the implications of how peoples’ eating habits
may change (and how this might be important
for consumers’ health) are explicit in the FDA
guidance.

Genetically engineered animals produced by
first-generation genetic engineering techniques
had genes inserted into them in order to produce
a novel product (usually a protein), e.g. the
AquAdvantage genetically engineered salmon
contains a gene from Chinook salmon that
produces a growth hormone (a type of small
protein).??’” This gives rise to food safety concerns
regarding whether the new protein produced
might be allergenic, whether there might be any
adverse effects on consumers from the growth
hormone and whether the nutritional profile has
been altered in any way.??®

Many of the examples of gene-edited animals
listed (see Gene editing in farm animals) have a
gene that has been disabled (or knocked out)

by the gene editing process, e.g. cattle without
horns and tuberculosis-resistant cattle. Such
gene-edited animals with knocked-out genes are
not intended to produce a novel protein. However,
the lack of foreign genes and novel protein
doesn’t make gene-edited animals safe to eat.

As described earlier (see Complexity of animal
genomes), disabling a gene could disrupt protein
production, potentially resulting in the production
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of unintended novel or altered proteins and
affecting food safety.

Gene editing is prone to creating genetic errors
in the resulting GMO (see Unexpected effects
with gene editing: off-target, Unexpected effects
with gene editing: on-target and Interference
with gene regulation caused by gene editing).
These genetic errors can give rise to unexpected
and unpredictable effects in the resulting

GMO. For example, CRISPR has been shown to
produce an unintended protein in human cells
from the misreading of DNA (see Unexpected
effects with gene editing: on-target).??°

The concerns over food safety of genetically
engineered animals mean that they need to be
scrutinized extremely carefully before being
marketed to consumers. However, there are
concerns that the FDA could approve the
marketing of genetically engineered animals
without reviewing any food or environmental
data. (see Regulation of genetically engineered
animals in the U.S.).

SAFE TO EAT?

Genetic engineering
can create altered
proteins, potentially
creating new allergens

SAFE FOR THE ANIMAL?

Genetic engineering can impact the health
of the animal

Cloning, often used in the genetic
E-l?, engineering process can result in birth
defects and premature deaths

svv Genetically engineered traits may perpetuate
IAO factory farming

SAFE FOR THE ENVIRONMENT?

@ Unknown environmental impacts

animals might need a protein-rich diet,

Super-muscly genetically engineered
requiring more feed

$
(Y

l.:.i.‘ Genetically engineered traits may perpetuate
5O factory farming

Contamination of food from experimental
genetically engineered animals

Although there are very few genetically
engineered animals commercially available
(see Status of genetically engineered animals),
the contamination of food or animal feed with
experimental genetically engineered animals
has occurred. There have been four recorded
incidents, all occurring between 2001-2005,
where experimental genetically engineered
pigs entered into the food or feed supply
unauthorized.?®© These were either accidentally
commingled with non-genetically engineered
farm animals at the slaughterhouse, sometimes
due to mislabelling or — in one case — were
deliberately stolen. These experimental GMOs
had undergone no food safety assessment
whatsoever.

Environmental issues associated with
genetically engineered farm animals

The environmental risks associated with
genetically engineered farm animals are not
well defined because there are, as yet, no
commercially available genetically engineered
farm animals and very few studies on what the
potential risks might be have been performed.
However, risks include escape into the wider
environment, the use of antibiotic marker
resistance genes (if used) and the further
intensification of animal agriculture.

Escape of genetically engineered animals
into the wider environment

Although, in general, genetically engineered
farm animals may not have the same potential as
genetically engineered plants, fish or insects to
escape and form feral populations (i.e. to form
populations living in the wild, but derived from
farm escapes)?! pigs, goats, horses or rabbits are
all described as having a high ability to become
feral with a moderate likelihood of escape from
captivity?32. If such genetically engineered
animals were to escape from the farm
environment, this could result in them joining
existing escaped (feral) or wild populations or
forming new populations. The genetic trait could
spread through these populations, which could,
potentially, act as a gene pool — transferring the
genetic trait back to farm animals via mating.
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This could result in unauthorized genetically
engineered farm animals, possibly without

the farmer’s knowledge. These unauthorized
genetically engineered farm animals could
then end up on peoples’ plates, or even spread
their genes through the herd, again without
the farmer’s knowledge. Some genetically
engineered animal species could also exchange
genes with wild populations, with unknown
consequences for biodiversity and the
environment.

Use of antibiotic resistance marker genes

The use of antibiotic resistance marker genes
raises concerns for the future use of antibiotics.
Antibiotic resistance marker genes are
sometimes inserted alongside the functional
genes during the transgenic genetic engineering
process to let researchers know the inserted
genes have been integrated. Although the

use of these types of genes in genetically
engineered animals is diminishing, if they are
used, they could lead to antibiotic resistance in
bacteria, leading to a reduction in the efficacy of
antibiotics for some bacterial infections.?33

Impacts of farming genetically
engineered animals on the environment

One of the main environmental concerns of
genetically engineered farm animals is that they
further embed the paradigm of unsustainable
industrial agriculture. This has already been seen
with genetically engineered herbicide-tolerant
crops, e.9. Roundup Ready crops tolerant to

the herbicide glyphosate, which make up nearly
90 percent of genetically engineered crops
globally?*4. Genetically engineered herbicide-
tolerant crops are designed for ease of use in
monoculture crop systems, leading to fields
clear of all vegetation apart from the genetically
engineered herbicide-tolerant crop. In the case
of Roundup Ready genetically engineered crops,
this leads to increases in the use of glyphosate?®®
and diminished biodiversity in agricultural
fields?36.

The farming of gene-edited animals could
change the type of feed required. For example,
conventionally bred double muscle cows have a
reduced capacity for feed intake, cannot utilize
low energy foods efficiently and are often fed

high-energy diets.?” Gene-edited super-muscly
cows might be expected to have similar dietary
demands. Higher energy diets typically use
increased quantities of crops such as soya and
corn, with less input from pasture grass. That is,
they are animals more suited to intensive CAFO
operations.

If gene-edited farm animals become widespread,
this could increase the availability of cheaper
meat, fueling increased meat consumption, and
hence increased demand for animal feed.?*®
Increased demand for animal feed would

lead to an increased need for resources such

as crop land, water, fertilizers and pesticides,
adding to existing pressure on ecosystems,
biodiversity and the climate.?®®* A common focus
of gene editing in animals is to develop disease
resistance, allowing large herds of animals to

be kept in the intensive conditions that spread
disease in the first place. Just like genetically
engineered crops, genetically engineered
animals are largely designed for unsustainable,
industrial agricultural systems. Many studies
have concluded there is an urgent need to shift
to more ecological ways of farming,?*° with less
of an environmental and social impact. However,
instead of instigating this shift, genetically
engineered animals could further embed the
paradigm of unsustainable industrial agriculture.

In contrast to intensive CAFOs, when managed
responsibly, small and mid-scale high-welfare
animal production (including intensive and
holistic grazing systems) can generate

important ecological benefits, including carbon
sequestration, water savings and reduced
dependence on fossil fuels.?4' In addition,
sustainable animal farming methods support the
integration of farm animals with crop production,
using manure to improve soil fertility and animals
to control weeds, thus decreasing dependence
on fossil fuel-intensive fertilizers and pesticides.
On well-managed pastures, animal waste
provides vital organic nourishment for soils and
crops, producing less methane (a greenhouse
gas) than manure stored in vats on intensive
farms.?*? Rotational and holistic grazing systems
can also capture and store more water below the
ground.?43
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Many studies have concluded there
is an urgent need to shift to more
ecological ways of farming, with less
of an environmental and social impact.
However, instead of instigating this
shift, genetically engineered animals
could further embed the paradigm of
unsustainable industrial agriculture.

Regulation of genetically
engineered animals in the U.S.

Patents on genetically engineered
animals

The issue of patents on genetically engineered
animals has not yet been fully addressed,
especially for gene-edited animals.?*4 For
genetically engineered crops, the company that
developed the crop generally holds a patent on
the genetically engineered crop and all seed
produced from it. This has caused problems for
farmers, who have been sued for saving seed.?#*
With a gene-edited cow, would the farmer or the
developer own the offspring? Would this be the
same if no novel DNA has been inserted? Could
farmers be sued for the usual practice of raising
offspring for meat? Aside from the ethical issues
of patenting animals and other lifeforms,?*¢ the
legal issues remain challenging.

Environmental and food safety oversight
of genetically engineered animals in the
U.S.

In the U.S,, the FDA should oversee both the
environmental and food safety aspects of
genetically engineered animals. However, there
are no specific regulations or guidance that
cover the environmental aspects of genetically
engineered animals.?*” Instead potential
applicants are requested to contact the FDA

as the risk assessment would “depend on the
animal product, claim, and conditions of use” 248
By contrast, the European Food Safety Authority
(EFSA) of the EU has issued comprehensive
guidance for the environmental risk assessment
of genetically engineered animals?*°, despite
the fact that no applications to commercialize
genetically engineered animals have been made
in the EU. An environmental risk assessment

would be required for all genetically engineered
(including gene-edited) animals, whether
intended for food or not, according to the

EU GMO regulations?®*°. No guidelines exist

for the food safety assessment of genetically
engineered animals in the EU and, most likely,
would only be developed if there was an
application to market a genetically engineered
animal as food.

The FDA has examined the one genetically
engineered animal intended for food, the
AguAdvantage salmon?® and this included

both an environmental and food safety risk
assessment. However, the FDA approval

was lambasted as the “first-ever approval of
laboratory-created food animal [that] violated
laws and ignored risks to wild salmon and fishing
communities.” %2

For gene-edited animals, the FDA has

recently launched its new Plant and Animal
Biotechnology Innovation Action Plan.?>® This
new plan aims to “avoid unnecessary barriers
to future innovation in plant and animal
biotechnology”. It plans, in 2019, “to clarify the
FDA’s regulatory approach to the regulation

of intentional genomic alterations in animals,
including through genome editing.” It will
include an option to “exercise enforcement
discretion” regarding data requirements,?>*
meaning that an approval to market genetically
engineered animals could go ahead without the
FDA reviewing any food or environmental data.
Already, pressure is building from the developers
of gene-edited animals, with requests to the
FDA to make them largely free of regulatory
oversight,?®® and, in June 2019, Trump signed

an executive order which directs federal

) W=
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agencies, including the FDA, to “streamline” the
regulations for genetically engineered organisms.
The result may be that genome-edited animals
will be able to enter the food chain with little or
no regulatory oversight.2%¢

There is already an example of how genetically
engineered animals could evade regulatory
oversight. The lack of a request for an
environmental risk assessment for the Glofish
(see Status of genetically engineered animals)
exposed a gap in the U.S. regulatory system for
genetically engineered animals?®’. This regulatory
gap could persist, as the FDA may exert
“enforcement discretion,” meaning that future
non-food genetically engineered animals, such
as pets, are not likely to require any data to be
submitted prior to marketing approval.?>®

The ability for the FDA to exert “enforcement
discretion” is of serious concern, as the USDA
has already decided that it will not regulate
gene-edited plants?®® that are not classified as
plant pests, nor developed from plant pests
and could have been developed by standard
(conventional) breeding techniques.?®® This
policy has led to about 30 genetically modified
organisms, mostly plants, bypassing the USDA
regulatory system between 2011 and 2017.2¢’
The concern is that gene-edited animals could
similarly evade regulatory oversight in the U.S
under enforcement discretion. This particularly
applies to knockout gene-edited animals, with
or more genes disabled, as these could, at
least theoretically, have been developed by
conventional breeding. In Japan and Australia,
these types of gene-edited plants and animals
appear likely to go unregulated,?®? setting a
dangerous precedent. However, it is clear that
even the “tweaking” (knocking out) of a single

gene in animals can result in genetic errors that
could impact food safety.

Given all the proof of concept studies on
gene-edited animals (see Gene editing in

farm animals), there could be one or more
applications to market genetically engineered
farm animals. It’s essential that all genetically
engineered animals, including those produced

by gene editing, are subject to robust regulatory
oversight. Otherwise, food from gene-edited
animals could end up on our plates in the near
future without any meaningful safety assessment.

In addition to regulatory oversight, societal
concerns such as ethics and the welfare of
genetically engineered animals also need to
also be considered. So far, there is a disjunction
between the academic, regulatory and public
debates concerning genetically engineered
animals.?®® Social sciences and workers in the
fields of ethics and philosophy are unrepresented
in the academic and regulatory debates, which
also lack comparison with alternatives to gene-
editing, such as ecological farming methods.?%*

It’s essential that all genetically
engineered animals, including those
produced by gene editing, are subject
to robust regulatory oversight.
Otherwise, food from gene-edited
animals could end up on our plates
in the near future without any
meaningful safety assessment.
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Conclusion

Scientific studies are increasingly demonstrating
that the genetic engineering of animals may
result in negative impacts related to food safety,
animal health and welfare, and the environment.
This report details two primary concerns.

First, that gene editing technologies are less
precise than purported, leading to unintended
conseguences. Second, that many emerging
applications of these genetic engineering
technologies could result in further entrenching
the intensive animal farming model, rather

than generating true solutions to the serious
animal welfare, public health and environmental
problems it creates.

Emerging science shows that genetic
engineering technologies are not as precise or
predictable as imagined. Studies are finding
CRISPR may cause genetic disruption, such as
off-target effects, large unintended deletions
and rearrangements of DNA, and interference
with gene regulation. One concern for food
safety is that gene editing animals can result

in unexpected effects and impacts on protein
production that could result in new allergies.
Despite this, the U.S. FDA is proposing a

new plan that could substantially weaken the
regulations surrounding genetically engineering,
and, in particular, gene-edited animals, meaning
they could evade regulatory oversight. If this
were to happen, food from gene-edited animals
could end up on consumers’ plates without a
meaningful safety assessment. And although
still hypothetical, gene drive systems for farm
animals — a genetic engineering technology
being developed to drive a desired trait though

a herd or population — could have unpredictable

consequences, ranging from genetic errors
arising from the gene editing process (e.g. off-
target effects) to impacts on wildlife.

Given the uncertainties and risks from gene
editing, it is critical that robust oversight
and regulation of all gene-edited animals be
established to ensure the safety of animals,
consumers and the environment.

Of the many genetically engineered food animals

under development, many of the traits being
researched would facilitate engineering animals
to better fit intensive factory animal farming.

Some examples are “super-muscly” animals and
pigs resistant to the respiratory disease PRRSV.
Traits that appear to offer solutions — such as
disease resistance or hornless cattle — will in fact
engineer animals to withstand the unsanitary
and crowded living conditions of factory farms,
raising serious ethical and welfare concerns.

We need true solutions to the problems posed by
industrial animal agriculture. Decades of research
demonstrate that agroecological models of
production, including diversified organic and
well-managed pasture-based systems, provide

a host of benefits. These include higher animal
welfare, improved nutritional profiles of the food
produced, reduced risk of antibiotic-resistant
bacteria, carbon sequestration, soil fertility, water
savings and reduced dependence on pesticides
and fossil fuels. These ecosystem benefits are
increasingly important in light of recent reports
by the United Nations that emphasize the

need to rapidly transition away from industrial
agriculture and reduce consumption of factory
farmed meat and dairy.

It is increasingly clear that genetic engineering
of farm animals is unnecessary. Instead of
creating genetically engineered animals to fit
into factory farms, we must develop sustainable
and ecological animal agriculture systems that
support animal welfare, preserve and restore
biodiversity and protect public health.

T TR

Sustainable and ecological agriculture, without genetic
engineering, can support animal welfare and enrich biodiversity
while protecting public health.
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