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Introduction

Biotechnology refers to the field of science

where genetic material, living organisms, cells,

and biological systems can be studied or used to
create products and technologies. For instance,
genetic engineering refers to a powerful set of tools
within the field of biotechnology. By using genetic
engineering in food, agricultural, and environmental
contexts, scientists have been able to develop
new food products, crop varieties, and approaches
to potentially restore ecosystems, among other
examples. Many of these applications aim to
improve or enhance food production, quality, and
environmental conditions.

At the same time, there have been significant
discussions and public debates over the past few
decades about the role of genetic engineering and
its use in different fields. Today, scientists and
regulatory officials continue to work together with
other stakeholders from industry, non-governmental
organizations (NGOs), and members of the public to
understand and address these concerns. This work
also aims to refine approaches to evaluate safety
and ensure sufficient regulatory oversight of genetic
engineering and its use in various products and
within different contexts.

This publication outlines and describes core
concepts related to genetic engineering and its

use in food, agriculture, and the environment. This
information may be particularly helpful for Extension
agents, researchers, community members,
government officials, and others who wish to better
understand genetic engineering and the role it plays
in our society.

This publication aims to discuss the following
questions:

= What is genetic engineering?

= How is genetic engineering used in food and
agriculture?

= How do | know which foods have been
genetically engineered?

= Are genetically engineered foods safe to eat?

» \What other social and ethical considerations
have been discussed for genetically engineered
foods and agricultural products?

* How is genetic engineering used for
environmental purposes?

» \What are the potential risks and ethical concerns
of using genetic engineering for environmental
purposes?

= How is genetic engineering regulated?

* How can | learn more?

This publication concludes with a list of resources
for more information about genetic engineering as
applied in food and agricultural systems and the
environment.

What Is Genetic Engineering?

Genetic engineering refers to a set of techniques
designed to change or alter the genetic makeup of
an organism by introducing, removing, or modifying
specific genes. An organism is a living being

and includes all forms of life, such as bacteria,
plants, animals, and fungi. All organisms possess
genetic material (deoxyribonucleic acid, or DNA)
containing information that controls an organism’s
ability to function, develop, and reproduce, which

is passed on to its offspring. Genes are the parts
of the genetic material of an organism that most
directly codes for inherited traits that are passed on
from one generation to the next. Typically, a gene
contains a specific segment of DNA encoding a
functional product, such as a protein, and can affect
various traits and characteristics of organisms, such
as hair and eye color in animals, as well as flower
color and seed shape in plants, among others. Most
traits are not controlled by only one gene; instead,
they result from many genes acting in concert and
responding to the environment.

Genetic engineering techniques can be used to
introduce a new trait or characteristic to an organism
or to enhance existing traits by directly altering its
genetic material. An organism that is produced
through genetic engineering is called a genetically
engineered organism, also known more commonly
as a genetically modified organism (GMO).
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The term transgenesis refers 1o a genetic
engineering process in which a sequence of DNA
from one species of organism is introduced into

a different species. Most commercially grown,
genetically engineered crops have been developed
using this approach. In some applications, a gene
from a naturally occurring bacterium that codes
for a protein that is toxic to some insect pests was
moved into crops which in turn makes those crops
toxic to the insects. Examples of this are Bt corn
and Bt cotton, which contain a gene from Bacillus
thuringiensis (Bt) that codes for a protein that
controls caterpillars.

Gene editing is a relatively new genetic engineering
method that can edit an organism'’s genetic material
and does not necessarily involve using another
organism’s DNA. When no DNA from another
organism is introduced, this is called a cisgenesis
modification. Among other new techniques, the
CRISPR system is a recently developed gene editing
technique that acts like a pair of “molecular
scissors” to cut an organism’s DNA in a precise
location and either insert a new sequence of DNA,
delete a piece of DNA, or substitute one piece of
DNA for another piece (Figure 1). Genetic
engineering, including CRISPR and other tools, has
been used in a wide range of applications, including
food, agriculture, environmental conservation,
medicine, and industry.

How Is Genetic Engineering Used in Food
and Agriculture?

Genetic engineering is used to enhance food

and agricultural production by increasing yields,
reducing pest and disease damage, improving food
nutrition and quality, and contributing to sustainable
agricultural practices. In plants, genetic engineering
has enhanced crop characteristics, decreased
insecticide use, improved tolerance to herbicides,
and adapted plants to the impacts of climate
change (such as drought and salinity resistance).
For example, a type of corn called DroughtGard®
has been genetically engineered to include a gene
from the Bacillus subtilis bacterium to improve its
tolerance to drought (Bayer, 2023; Nemali et al.,
2014). There are also genetically engineered crops
with improved health and nutritional qualities, such

Figure 1. New genetic engineering techniques, such as CRISPR, can
be used to edit an organism’s DNA to modlify traits or characteristics.
Source: NC State 2021

as rice engineered to have increased beta-carotene
content (Golden Rice), soybean with increased
omega-3 fatty acid content, and potatoes with lower
acrylamide content (NASEM 2016 report).

Today, there are several genetically modified crops
available for purchase in the United States, including
sugar beets, canola, corn, soybean, cotton, alfalfa,
eggplant, potato, summer squash, papaya, and
plum, as well as a few varieties of pineapple and
apples (FDA 2022a; USDA n.d.a) (Figure 2). A
genetically engineered purple tomato with high
antioxidant properties has received USDA approval
and has hit the market recently (Norfolk Healthy
Produce 2023). Other products that are expected to
reach the market in the coming years include gene-
edited, pitless or seedless cherries and mangoes
(Pairwise 2023) and disease-resistant bananas
(FoodIndredientsFirst 2023).

Most genetically modified crops (including corn,
soybean, and alfalfa) are used to feed animals, such
as cows, poultry, and fish. Today, a consumer may
only encounter a few, if any, of the aforementioned
genetically engineered fruits or vegetables during a
trip to the fresh produce aisle of a US supermarket.
This is because items in a supermarket that are
most likely to contain engineered ingredients are
processed foods with flour, sugars, and oils from
engineered corn and soybeans. This may change in
the next decade if engineered fresh produce finds a
bigger market niche.

There are some genetically engineered animals
on the market and others in development. For
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example, AquAdvantage Salmon has been
genetically modified to grow at a faster rate than

its conventional counterpart by using genes from
Chinook salmon and an ocean pout (FDA 2023b).
The Food and Drug Administration (FDA) has
approved AguAdvantage for sale in the United
States. Further, a type of cattle has been recently
produced using gene editing to have a slick hair coat,
which can improve its ability to withstand higher
temperatures (CRISPR Beef Cattle Get FDA Green
Light 2022). It has been reviewed and approved by
the FDA and is expected to reach the US market
soon (FDA 2022a). Other recent developments
include genetically engineered microbes for use in
various applications, including in livestock or directly
in agricultural soils, although most of these are still in
the research and development phases.

How Do | Know Which Foods Have Been
Genetically Engineered?

There are a few different approaches to inform
consumers about whether a food or food product
has been genetically engineered or contains
genetically engineered ingredients.

Food labeling and disclosure laws are
both options, and they tend to vary by
country. Food labeling involves the
presentation of information on food
packaging and includes detailed
information such as product

name, ingredients, nutritional
content, allergens, serving

size, and other information.

Food disclosures are broader

than labeling and include not

only information on a label

but also information provided
through other means such as
online platforms or nutritional

information available in ; y
restaurants.

In the United States, the federal

government passed the National
Bioengineered Food Disclosure Standard
(NBFDS) in 2016. Since January 1, 2022, this
law requires foods that contain genetically

engineered ingredients to include transparent
information for consumers about the food they
purchase and whether they contain genetically
engineered ingredients. This law uses the term
“bioengineered” instead of “genetic engineering,”
although these terms are essentially the same. For
any new bioengineered foods (such as Bt sugarcane)
that are added to an updated list of bioengineered
foods, food manufacturers have until July 1, 2025,
to comply with this law (USDA n.d.b). The United
States Department of Agriculture (USDA) is the
federal agency responsible for implementing

and overseeing the food disclosure standard in

the United States In addition to food labeling
requirements, the FDA and USDA publish lists of
foods that have been genetically engineered on their
websites (FDA 2022a; USDA n.d.a).

There are three general approaches for disclosing a
food containing genetically engineered or
bioengineered ingredients according to the NBFDS:
(1) the list of ingredients on the food package can
contain information indicating
that the food

Eggplant

Summer §
Squash

Pink
Pineapple "2

Alfalfa

Papaya

Figure 2. Examples of genetically engineered crops available in the United States.
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contains bioengineered ingredients (Figure 3A), (2)
the manufacturers may use a symbol or a QR code
that provides a link to a web page with more
information (Figures 3B and 3C), and (3) the food
manufacturers can place a phone number on the
food package that consumers can call or text to
receive information about the bioengineered
content. While food companies may use other terms
such as “genetically modified organism,” “GMO,"
and “genetic engineering” on food labels, they are
required to use "“bioengineered food"” or “contains
bioengineered ingredient(s)” according to this food
disclosure law. In addition, the US food disclosure
law does not require that the manufacturer or food
producer specify which ingredients within the food
are bioengineered.

If a food is labeled as containing bioengineered
ingredients, this means that it contains detectable
levels of genetic material that has been modified
through genetic engineering techniques that could
not be created through conventional breeding
processes. This also extends to gene-edited food
ingredients. In these cases, USDA investigates
each bioengineered food on a case-by-case basis to
determine if it contains “modified DNA" in the final
product. If so, then it requires disclosure according
to the NBFDS rule. Note that animal products
derived from animals that are fed genetically
engineered crops but not genetically engineered
themselves, such as meat, poultry, and eggs, do
not need to be labeled or disclosed. In addition,
food that is sold at very small food manufacturers,
restaurants, food trucks, within trains and airplanes,

A B

** The % Daily Value (DV) tells you how much 2§
nutrient in a serving of food contributes toa B4
daily diet. 2,000 calories a day is used for
general nutrition advice.

Ingredients: Whole Grain Oats, Sugar,

Comn Starch, Honey, Brown Sugar Syrup, !

Salt, Tripotassium Phe , Canola 3

and/or Sunflower Oil, Natural Almond

Flavor. Vitamin E (mixed tocopherols)

(dded to Preserve Freshness.

Vitamins and Minerals: Calcium ]

Carbonate, Vitamin C (sodium ascorbate), §&M

Iron and Zinc (mineral nutrients), A B

Vitamin (niacinamide), Vitamin By

(pyridoxine hydrochloride), Vitamin B

(thiamin mononitrate), Vitamin A (palmitate), B8¥

Vitamin B, (riboflavin), A B Vitamin (folic |

acid), Vitamin By, Vitamin Ds.

CONTAINS ALMOND INGREDIENTS.

DISTRIBUTED BY GENERAL MILLS SALES, INC.,

MINNEAPO MN 55440 USA

Figure 3. Foods that are genetically engineered (also called bioengineered) must be labeled after July 2025,
according to the US NBFDS. The options for labeling foods include (A) listing bioengineered ingredients, (B)
using a bioengineered symbol, or (C) using a QR code that provides an additional link on food packaging.

or present in very small portions of food ingredients
(that is, less than 5%) are exempt from this
disclosure law (USDA n.d.c; National Bioengineered
Food Disclosure Standard 2018).

Are Genetically Engineered Foods Safe to Eat?

Significant research has been conducted over the
past several decades on the safety of genetically
engineered foods and food ingredients for human
consumption. Risk and safety studies focus on
identifying new or different hazards resulting from
engineering or modifying an organism’s genetic
material through genetic engineering techniques.
This research has been conducted by large
scientific bodies of experts, including the World
Health Organization (WHO), Food and Agriculture
Organization of the United Nations (FAQO), US
National Academies of Sciences, and European
Food Safety Authority (EFSA), as well as many other
organizations and individual investigators.

Across these investigations, there has not been
compelling evidence or data to directly link the
consumption of genetically engineered crops

with adverse health effects. These studies have
relied on both short-term and long-term toxicity
investigations using animals, studies of disease

and chronic conditions in people (such as cancer,
obesity, diabetes, and gastrointestinal issues), as
well as investigations into their nutritional value

and allergenicity (for instance, gluten allergenicity).
Further, these research investigations have indicated
that currently marketed, genetically engineered
foods are expected to be
just as safe and nutritious
to consume as their non-
genetically engineered
counterparts.

Similarly, studies that
have focused on the
safety of genetically
engineered foods for
consumption by livestock
animals also show that
they are as safe as

their non-genetically
engineered counterparts
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(NASEM 2016). In addition, the genetically
engineered components of the animal feed do not
transfer to the animal or to any animal products they
produce (such as milk, eggs, and meat).

What Other Social or Ethical Considerations
Have Been Discussed for Genetically
Engineered Foods or Agricultural Products?

Over the past few decades, significant social

and ethical concerns have been raised by the
development and use of genetic engineering,
particularly in food and agriculture products.

One set of these concerns is related to potential
unintended impacts on the environment, such as
the potential for modified or engineered genes to
spread into wild populations, as well as impacts on
biological diversity in ecological systems. The US
Environmental Protection Agency (EPA), USDA, and
FDA are responsible for investigating these potential
Impacts through risk assessment processes in their
respective jurisdictions. A second set of concerns
relates to issues of transparency and consumer
awareness of genetically engineered foods or

food ingredients in the food supply and the ability
of consumers to make informed decisions. For
these reasons, the United States has introduced
the National Bioengineered Food Disclosure
standard that labels foods containing bioengineered
ingredients (see previous section). Concerns about
transparency have also centered on the regulation
and approval of genetically engineered products as
updates to rules in various agencies have increased
the number of genetically engineered products

that are exempt from regulation, and much of the
information leading to approval is not always fully
disclosed. In addition, the developer is primarily
responsible for transparency, which is voluntary.

There have also been ethical concerns regarding
the use of genetic engineering in animals, primarily
regarding their treatment and well-being. For these
reasons, among others, several groups have not
accepted the use of genetic engineering in food and
agriculture products.

How Is Genetic Engineering Used for
Environmental Purposes?

In addition to applications in food and agriculture,
genetic engineering has been proposed to help
solve environmental challenges. Genetic engineering
may help conserve and restore biological diversity,
develop plants and animals that are more resilient

to climate change, create biofuels and bioplastics,
reduce greenhouse gas emissions, manage invasive
species, and create trees that can absorb more
carbon dioxide from the atmosphere, among other
examples.

Gene drives are a tool of genetic engineering that
can help spread certain genetic traits in a population
and may be used for environmental conservation
purposes. Rather than relying on the normal rules
of genetic inheritance, gene drives use another
type of genetic “super” inheritance that increases
the probability of inheriting a gene, which in turn
increases the prevalence of specific genes across
a population. For example, in normal inheritance,
a gene has an equal probability (50-50) of being
passed on from parent to their offspring. Gene
drives can increase that likelihood to greater than
95% (Figure 4).

Some biologists and conservationists are interested
in using gene drives for environmental conservation
purposes, including the management of invasive
species and biodiversity conservation. For example,
researchers and conservation groups (such as Island
Conservation) are developing gene drive systems in
mice to help eradicate invasive mice populations that
threaten biodiversity and native ecosystems on
islands (Godwin et al. 2019; Hay and Guo 2022). In
these cases, invasive mice and other rodents
threaten endemic species on islands, resulting in a
loss of biodiversity. This is particularly concerning
because many islands contain species that are found
nowhere else on Earth (Barnhill-Dilling et al. 2019).
Traditional control measures, such as rodenticides,
have not proven effective enough and cannot be
used on a large percentage of islands where invasive
mice are impacting local ecosystems and human
communities. Rodenticides are broad-spectrum
toxicants, which means that they often have
unintended effects on other species, including

A Guide to Understanding Genetic Engineering and Its Applications in Food, Agriculture, and the Environment | 5



Normal inheritance

Wild type %T Altered gene

\
Ay

# #
f\‘% f,\f.\ ﬁ\Tf\f/\ f‘\f.\
A PN A PN
7‘& 7w 7N 7R )‘fk 7N 7%

Inheritance in gene drive organisms

Wild type )‘QT Altered gene

\

Figure 4. Overview of super-Mendelian inheritance used in gene drives. Adapted from Grieger et al. 2024.

negative impacts on the very species conservation
groups are trying to protect (Barnhill-Dilling and
Delborne 2021). Therefore, researchers are exploring
the use of gene drives for more effective, long-term
solutions to eradicating invasive mice populations on
islands and restoring ecological biodiversity.
Currently, gene drive mice are being developed in
laboratories, and meanwhile, other stakeholders,
such as the international consortium Genetic
Biocontrol of Invasive Rodents (GBIRd) are exploring
potential ecological impacts and public perceptions
of using these gene drives (geneticbiocontrol.org).

Other examples of using genetic engineering to help
solve environmental challenges include genetically
engineered corals that are heat-resistant in response
to warming marine environments (Hobman et al.
2022; Cornwall 2019), CRISPR-mediated gene
editing to create more efficient biofuels production
(Lakhawat et al. 2022), and genetically engineered
crops for better utilization of nutrients such as
nitrogen and phosphorus (Lebedev et al. 2021;
Gaxiola et al. 2011), among other examples.

What Are the Potential Risks or Ethical
Concerns of Using Genetic Engineering for
Environmental Purposes?

Similar to concerns raised about the use of genetic
engineering in other applications, its use to help solve
environmental challenges has also raised a number of
health, environmental, social, ethical, and regulatory
concerns. For example, concerns have been raised

about genetically engineered trees regarding the
potential of engineered or modified genes to escape
to sexually compatible trees and unintended effects
on other environmental organisms. There are also
issues raised about the proprietary aspects of
genetically engineered trees, including ownership,
control, and regulation (Pinchot 2014).

Some broader concerns about the use of genetic
engineering are focused on the possible increased
use of agrochemicals (like fertilizers and pesticides),
the use of environmental resources such as

water and land use, and the impacts that genetic
engineering may have on climate change with a
possible increase in greenhouse gas emissions
(Kuzma 2023). At the same time, and as mentioned
above, many proponents of genetic engineering
suggest that there may be environmental benefits
to many of these agricultural and environmental
applications, including using fewer agrochemicals
and potentially decreasing greenhouse gas
emissions (Brookes 2022).

In addition, other concerns have been raised related
to the development and release of gene drive
organisms. These include potential unintended
effects on other non-target species, the ability

for engineered or modified genes to transfer to
other sexually compatible species, unintended
environmental effects, and ethical and regulatory
implications (Kormos et al. 2022; Hartley et al. 2022).
Concerns have also been raised about how effective
the technology is and how to ensure it can be
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stopped if needed, along with many ethical concerns
focused on island-based nations being testing sites
for the technology.

How Is Genetic Engineering Regulated by
Government Agencies?

Genetic engineering regulation varies by country.

In the United States, products developed using
genetic engineering are regulated by three different
government agencies under the Coordinated
Framework for Regulation of Biotechnology,
established in 1986 (US Office of Science and
Technology Policy 2017). These agencies include
the US EPA, FDA, and USDA. Each agency is
tasked with specific responsibilities related to the
safety and regulatory approval of products that have
been genetically engineered or contain genetically
engineered components under their jurisdiction
(Figure B). The FDA is tasked with regulating human
and animal food and feed, ensuring food and feed
are safe for consumption. The US EPA regulates
pesticides, including substances known as plant-
incorporated protectants (PIPs) that may be present
in some genetically engineered crops, ensuring
that these products do not pose unintended or
unreasonable risks to humans, animals, or the
environment. The USDA (specifically the Animal
and Plant Health Inspection Service, or APHIS)
safeguards plant and animal health, including
protecting agriculture and agriculturally

Important resources by ensuring that

harmful side effects on agricultural
systems or the environment. Together, y
USDA, FDA, and EPA are responsible

genetically engineered crops do not have //

for ensuring genetically engineered - USEPA |
\ Pesticides or /

biopesticides /

organisms do not present risks to
human health or the environment.
These agencies also continuously
update their oversight and
guidance as the technologies

and products change. They

Innovation for a Sustainable, Safe, and Secure
American Bioeconomy, which includes genetic
engineering and calls for changes in its oversight.

The regulation of genetically engineered organisms
that are not related to food or agricultural products,
such as trees or gene drive mice, also falls under
the jurisdiction of these agencies, depending on
existing laws and statutes as part of the Coordinated
Framework for the Regulation of Biotechnology.

Summary

Genetic engineering is a powerful set of
biotechnology tools that allow for the deliberate
modification of an organism'’s genetic makeup by
introducing, removing, or altering specific genes to
introduce new traits or enhance existing ones. New
gene editing technigues, such as CRISPR, have
been developed in recent years.

Today, there are more than a dozen food and
agricultural products on the US market that have
been directly genetically engineered. In addition,
genetic engineering has been proposed to help
solve different environmental challenges, including

USDA-APHIS\\

Plants with potential \
plant-pest risks

Non-browning
Artic® apple

/
_—
v

USFDA |
Crops for food /
or animal feed

also consider input from the
White House, such as the
recent Executive Order on
Advancing Biotechnology

Bt maize resistant
to European corn
borer

USDA, EPA, and FDA

Virus-resistant
papaya

and Biomanufacturing

Figure 5. US regulatory agencies and their responsibilities in regulating genetically engineered crops.
Adapted from NASEM, 2016.
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restoring the environment, conserving biodiversity,
and adapting to the effects of climate change.

While genetic engineering has potential benefits,
concerns continue to be raised about its safety,
oversight, and regulation. Today, three regulatory
agencies in the United States, the USDA, FDA,

and EPA, are responsible for regulating genetic
engineering through the Coordinated Framework for
Regulation of Biotechnology.

How Can | Learn More?

The following resources may be particularly helpful
and informative for learning more about genetic
engineering and its applications in food, agriculture,
and the environment. Additional references are
included in the subsequent section.

= National Academies of Sciences, Engineering,
and Medicine (NASEM). 2022a. "Are All
Crops That We Eat Genetically Improved?”
nationalacademies.org/based-on-science/are-all-
crops-that-we-eat-genetically-improved

= NASEM. 2022b. “Foods Made with
GMOs Do Not Pose Special Health Risks.”
nationalacademies.org/based-on-science/foods-

made-with-gmos-do-not-pose-special-health-risks

»= The United Website for Biotechnology
Regulation. 2024. “About the Coordinated
Framework.” US Department of Agriculture
(USDA), US Food and Drug Administration
(FDA), and Environmental Protection Agency
(EPA). usbiotechnologyregulation.mrp.usda.gov/
biotechnologygov/about/about

= US Department of Agriculture (USDA). 2024.
“Biotechnology Frequently Asked Questions
(FAQs).” usda.gov/topics/biotechnology/
biotechnology-frequently-asked-questions-fags

= US Environmental Protection Agency (EPA).
2023. "Genetically Modified Organisms.”
WWW.epa.gov/regulation-biotechnology-
under-tsca-and-fifra/genetically-modified-
organisms#:~:text=EPA%20regulates %20
the%20safety %200f, GMO %20and %20
non%2DGMO%20crops.

= US Food and Drug Administration (FDA).
2023. "Agricultural Biotechnology: Feed Your

Mind.” fda.gov/food/consumers/agricultural-
biotechnology
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