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Over the past decade, there has been growing interest in the development and

production of plant-based and cell-based alternatives to farmed meat. Although

promoted for their capacity to avoid or reduce the environmental, animal welfare,

and, in some cases, public health problems associated with farmed meat production

and consumption, little research has critically evaluated the broader potential

public health and food systems implications associated with meat alternatives. This

review explores key public health, environmental, animal welfare, economic, and

policy implications related to the production and consumption of plant-based meat

substitutes and cell-based meats, and how they compare to those associated

with farmed meat production. Based on the limited evidence to date, it is

unknown whether replacing farmed meats with plant-based substitutes would

offer comparable nutritional or chronic disease reduction benefits as replacing

meats with whole legumes. Production of plant-based substitutes, however, may

involve smaller environmental impacts compared to the production of farmed

meats, though the relative impacts differ significantly depending on the type of

products under comparison. Research to date suggests that many of the purported

environmental and health benefits of cell-based meat are largely speculative. Demand

for both plant-based substitutes and cell-based meats may significantly reduce

dependence on livestock to be raised and slaughtered for meat production, although

cell-based meats will require further technological developments to completely remove

animal-based inputs. The broader socioeconomic and political implications of replacing

farmed meat with meat alternatives merit further research. An additional factor to

consider is that much of the existing research on plant-based substitutes and

cell-based meats has been funded or commissioned by companies developing these
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products, or by other organizations promoting these products. This review has revealed a

number of research gaps that merit further exploration, ideally with independently funded

peer-reviewed studies, to further inform the conversation around the development and

commercialization of plant-based substitutes and cell-based meats.

Keywords: meat alternative, meat substitute, meat analog, cellular meat, seafood alternative, greenhouse gas

emissions, land use, water footprint

INTRODUCTION

Interest in plant-based substitutes and cell-based meats—
collectively referred to as meat alternatives hereafter—has grown
rapidly over the past decade. While some consumers choose
to avoid meat from farmed animals (hereafter “farmed meat”)
or animal foods altogether, a growing number of people
are replacing a share of their meat intake with “plant-based
substitutes” that seek to approximate the texture, flavor, and/or
nutrient profiles of farmed meat using ingredients derived from
pulses, grains, oils, and other plants and/or fungi. These products
may soon be joined by “cell-based meats” (also referred to
as “cultured meat,” “in-vitro meat,” “lab-grown meat,” “cellular
meat,” “cultivated meat,” or “clean meat”) grown from animal
stem cells using tissue engineering techniques, which currently
remain for the most part in the prototype stage of development.

The global market for plant-based substitutes is projected to
reach $85 billion (USD) by 2030, up from $4.6 billion (USD)
in 2018 (Gordon et al., 2019). At the same time, while cell-
based meat is not yet commercially available, research and
development are proceeding rapidly. One think tank estimates
that demand for beef and dairy products in the U.S. will shrink
by 80–90% by 2035, driven largely by a projection that the
cost of “modern protein foods” (including certain plant-based
substitutes and cell-based meats) will be five times cheaper than
existing animal proteins (Tubb and Seba, 2019). Although these
estimates are speculative, and not necessarily supported by other
industry experts, they emphasize the disruptive potential of meat
alternatives on the animal agriculture sector.

Meat alternatives are often promoted as a means of mitigating
the environmental, animal welfare, and, in some cases, public
health problems associated with farmed meat production
and consumption while appealing to mainstream consumers
through existing supply chains. Growing scientific consensus
has established that substantial shifts toward plant-forward diets,
particularly in high meat-consuming countries, are essential
for meeting climate change mitigation targets (Bajželj et al.,
2014; Hedenus et al., 2014; Bryngelsson et al., 2016) and
remaining within planetary boundaries (Willett et al., 2019).
At the same time, there has been increased attention to the
negative public health (Casey et al., 2015; Godfray et al., 2018)
and animal welfare [Pew Commission on Industrial Animal
Farm Production (PCIAFP), 2008] impacts of industrial food
animal production, the prevailing model of meat production
in the U.S. and increasingly in other parts of the world (Lam
et al., 2019). A growing body of evidence has also associated red
and processed meat consumption with certain chronic diseases

and early mortality (Micha et al., 2012; Pan et al., 2012).
Taken together, these concerns have driven efforts to reduce
consumption of meat from farmed animals. Acknowledging that
farmed meat production is not homogenous, in cases where
the bulk of evidence is applicable only to meat from industrial
food animal production, we use the term “conventional meat” to
exclude more agroecological alternatives.

Seafood alternatives are also being developed to address
concerns about the depletion of many of the world’s wild
fisheries [Food and Agriculture Organization of the United
Nations (FAO), 2014] and the environmental impacts and
constraints associated with many forms of farmed fish (i.e.,
aquaculture) production (Fry et al., 2016). There is almost no
research examining the production or consumption of seafood
alternatives, but we assume that many of the implications may
be inferred from research on terrestrial meat alternatives since
they are derived from similar ingredients. Thus, unless otherwise
indicated, the terms “meat alternatives,” “plant-based substitutes,”
and “cell-based meats” include seafood alternatives for simplicity
of reading.

To date, few studies have critically evaluated the purported
benefits of meat alternatives. To address this gap, this review
explores the potential public health, environmental, animal
welfare, economic, and policy implications associated with the
production and consumption of plant-based substitutes and
cell-based meats, and how they compare to those associated
with farmed meat. Our findings are based on the best available
evidence in the peer-reviewed academic literature, and in some
cases, selected reports and other gray literature. We note
limitations and research debates whenever possible.

The subsequent sections are laid out as follows: overview of
concerns and considerations regarding farmedmeat and seafood;
discussion of the promises of meat and seafood alternatives;
public health, environmental, animal welfare, economic,
and policy implications associated with meat alternatives;
conclusion; and suggested steps for further research. Appendix
A (Supplementary Material) provides detailed methods of the
literature search used for this review.

BACKGROUND: CONCERNS AND
CONSIDERATIONS REGARDING FARMED
MEAT AND SEAFOOD

Below we summarize some of the key public health and food
systems concerns and considerations associated with farmed
meat and seafood production and consumption in order to
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inform the evaluations of meat alternatives that purportedly
attempt to mitigate some of these concerns in the subsequent
sections. Livestock production systems have the potential for
both positive (e.g., nutrient recycling) and negative (e.g., nutrient
pollution) outcomes; the former include contributions of grazing
systems to protein security and ecosystem services, which we
discuss below, as well as to landscape aesthetic, gastronomic
heritage, and other social and cultural factors (Ryschawy et al.,
2019) that are beyond the scope of this review.

Public Health
Epidemiologic studies have linked Western dietary patterns that
are high in the consumption of animal products, processed
foods, refined sugars, and fats with escalating rates of chronic
diseases. Red and processed meat consumption, in particular, has
been associated with increased risks of heart disease and type 2
diabetes (Micha et al., 2012), stroke (Kaluza et al., 2012), certain
cancers (particularly colorectal) (IARC Working Group on the
Evaluation of Carcinogenic Risks to Humans, 2018), and all-
cause mortality (Pan et al., 2012; Larsson and Orsini, 2014; Zheng
et al., 2019). A nascent body of exploratory literature suggests that
the consumption of certain compounds in animal foods (e.g., L-
carnitine, found primarily in red meat) may promote the growth
of intestinal microbiota that produce metabolites associated with
an increased risk for cardiovascular disease and inflammatory
bowel disease (Koeth et al., 2013, 2019).

In these studies, the term “redmeat” includes beef, pork, lamb,
and veal, and “processed meat” includes meats preserved using
high levels of salt and/or chemical preservatives (e.g., bacon, hot
dogs, sausage); these health risks are not necessarily documented
for unprocessed versions of white meats such as chicken and
turkey (Micha et al., 2012). While several studies have modeled
potential population-level health benefits of reduced red and
processed meat consumption (Smed et al., 2016; Springmann
et al., 2016, 2018), it is important to recognize that animal-source
foods, including meat, can be a valuable source of protein and
bioavailable micronutrients, especially for young children and in
the absence of accessible plant-based alternatives (Semba, 2016).

In contrast to the health concerns associated with red
and processed meat consumption, regular consumption of
seafood—particularly “oily” fish and certain mollusks rich in
omega-3 fatty acids—has been associated with many health
benefits, including a reduced risk of cardiovascular disease in
adults and improved cognitive development during gestation
and infancy (Mozaffarian and Rimm, 2006). That said, there
is not enough seafood available globally for everyone to
consume at the recommended levels to reap the noted
health benefits, even accounting for the growth of aquaculture
(Thurstan and Roberts, 2014).

While food safety concerns are not exclusively tied to animal
foods, many of the bacterial pathogens responsible for foodborne
illness—such as Salmonella, Escherichia coli, Campylobacter, and
Listeria—live in the guts of animals. Pathogens of animal origin
can enter the food supply via multiple pathways, such as if
manure is transported via runoff onto nearby produce fields
or contaminates water sources used for irrigation (Solomon
et al., 2002; Erickson and Doyle, 2012). More directly, if animals’

digestive tracts are accidentally severed during processing and
slaughtering, the spilled contents may contaminate meat with the
potential for widespread cross-contamination. These concerns
are heightened by the potential presence of antibiotic-resistant
pathogens on meat (Waters et al., 2011), a hazard linked to
the misuse of antibiotics in industrial food animal production
(Silbergeld et al., 2008; Haskell et al., 2018).

Beyond risks to consumers, workers in industrial food
animal production operations may be exposed to zoonotic
pathogens—including antibiotic-resistant strains—and wide a
range of airborne hazards (Fitch et al., 2017); an estimated
one in four workers in indoor confinement operations suffer
from some form of respiratory illness (Donham et al., 2007).
Aquaculture workers may similarly contend with bacterial,
respiratory, injury and other occupational hazards (Myers,
2010). Although not exclusive to the farmed meat and seafood
industries, animal slaughtering and meat processing workers are
often required to perform strenuous labor for long hours under
hazardous conditions, and face high rates of injury and illness
(Fitch et al., 2017).

Neighbors living close to industrial food animal production
operations face elevated risks of respiratory outcomes, stress,
negative moods, and infection with zoonotic pathogens,
including methicillin-resistant Staphylococcus aureus (Casey
et al., 2015). More than just an unpleasant smell, strong odors
from industrial operations can interfere with daily activities,
social gatherings, and overall quality of life, and have been
implicated in adverse physical and mental health outcomes
(Horton et al., 2009; Wing et al., 2013). Communities may
additionally face health risks associated with waterborne bacterial
and chemical hazards originating from nearby operations
(Burkholder et al., 2007).

Environmental
Livestock production accounts for an estimated 14.5 percent
of global greenhouse gas (GHG) emissions from human
activities (Gerber et al., 2013). Meat and dairy from ruminant
animals (e.g., cattle, goats), farmed crustaceans (e.g., shrimp,
prawns), and trawled lobster are particularly GHG-intensive
(Clune et al., 2017; Poore and Nemecek, 2018; Kim et al.,
2019). Some research suggests that under specific soil, climate,
and animal density conditions, well-managed grazing livestock
may sequester carbon, thus lowering the GHG footprints of
ruminant products (Tichenor et al., 2017); however, other
research contends that this effect is time-limited, reversible, and
potentially outweighed by other GHGs generated by grazing
systems (Garnett et al., 2017).

The estimated amount of land devoted to livestock production
ranges from 2.5 (Mottet et al., 2017) to 3.7 billion ha (Foley
et al., 2011)—roughly half to three-quarters of global agricultural
land—while animal foods account for only 18% of calories
and 25% of protein in the global food supply (Mottet et al.,
2017). This is in part due to the amount of forage and feed
required to produce an equivalent amount of calories and protein
from meat as could be provided directly from plants grown
for human consumption, with the caveat that animal proteins
generally are more bioavailable to humans and have all essential
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amino acids in sufficient amounts (Cassidy et al., 2013). Beef
is particularly land-intensive compared to other meats (Poore
and Nemecek, 2018), in part because cattle have a slower
reproductive cycle and are less efficient at converting feed tomeat
(Nijdam et al., 2012).

Despite the relatively large land footprint of farmed animals,
there are two important and related considerations regarding
the contributions of grazing ruminants to land use and protein
security. First, in contrast to poultry, pork, and increasingly
farmed fish (Fry et al., 2016)—which are fed crops grown
on land that could otherwise be used to grow crops for
direct human consumption—ruminant animals can graze on
land that is unsuitable, e.g., too rocky or too hilly, for
crop production. Of the 2.5 billion ha devoted to livestock
production, 1.3 billion ha are non-arable grasslands (Mottet
et al., 2017). Thus, reducing beef production and consumption
would not necessarily free up a proportional amount of
land to feed people or other livestock (Peters et al., 2016).
Second, farmed animals, particularly grazing ruminants, can
convert plants that are inedible to humans into human-edible
proteins. Grassland-based systems in the United Kingdom,
for example, were found to provide 1.1 kg protein from beef
and 1.4 kg protein from milk per kg of human-edible plant
protein from feed and forages. By contrast, poultry, pork,
and grain-fed beef provided only 0.5, 0.4, and 0.3 kg protein,
respectively, per kg human-edible plant protein (Wilkinson,
2011; Peyraud and Peeters, 2016). Grassland production systems
thus present an opportunity to contribute to protein security;
grain-fed systems, however, remain the predominant model
of livestock production in industrialized countries. Within
the US, for example, only 1% of the current beef supply
comes from exclusively pasture-based systems, though the
potential exists to produce up to 27–35% of the current beef
supply using exclusively pasture (Hayek and Garrett, 2018). On
average globally, ruminant meat currently relies on cropland
to the same extent per unit of protein as pork and poultry
(Herrero et al., 2015).

With a few exceptions, more inputs into feed production (e.g.,
water, pesticides, fertilizers) are needed to produce the same
amounts of calories and protein in meat compared to plant
foods intended for direct human consumption (Marlow et al.,
2009). Livestock production as an industry also contributes more
to biodiversity loss (Machovina et al., 2015) and disruptions
in nutrient cycles that exacerbate groundwater pollution and
eutrophication (Bouwman et al., 2013) than the production of
crops for human consumption. Eutrophication occurs when
excess nutrient levels (primarily nitrogen and phosphorus)
cause toxic algae blooms that deplete oxygen levels in the
water and kill fish, plants, and other aquatic life. Resource
inputs and the associated impacts may be reduced with
agroecological approaches such as integrated crop-livestock
and/or multi-species farming, and well-managed pasture-based
livestock production systems in general; these approaches
can also provide other ecological services including reducing
dependence on synthetic fertilizers through nutrient recycling,
fostering soil health, and sustaining biodiversity of grassland
ecosystems (Janzen, 2011; Röös et al., 2017; Martin et al.,
2020).

Animal Welfare
Over 9.5 billion terrestrial animals were slaughtered for meat
in the US in 2017 [U.S. Department of Agriculture (USDA),
2019], with global estimates at around 75 billion terrestrial
animals [Food and Agriculture Organization of the United
Nations (FAO), 2020]. Global meat production (in tonnage) has
increased over 4.5-fold from 1961 to 2018, nearly twice the
rate of population growth [Food and Agriculture Organization
of the United Nations (FAO), 2020]. Industrial food animal
production is designed to produce abundant amounts of meat,
eggs, or milk rapidly and at minimal cost. Most operations
raise animals in crowded facilities, often in confined crates
or cages, without outdoor access or the ability to exhibit
their natural behaviors [Pew Commission on Industrial Animal
Farm Production (PCIAFP), 2008]. Animals in many cases are
subject to painful bodily alterations (e.g., debeaking, dehorning,
castration), often without pain relief [Pew Commission on
Industrial Animal Farm Production (PCIAFP), 2008]. Animal
welfare problems may exist on small-scale, organic, or pasture-
based farms, too; such operations do not necessarily have
higher animal welfare standards [Pew Commission on Industrial
Animal Farm Production (PCIAFP), 2008].

Economic
In much of the industrialized world, traditionally diversified
farms have been replaced over the past century with operations
that specialize in producing specific crops or animals at a large
scale, buoyed by mechanization, standardization, and increased
off-farm inputs (e.g., pesticides, pharmaceuticals) (Ikerd, 2008).
Large multi-national corporations have consolidated small
businesses and other corporations to control multiple stages
along the food supply chain, including in the meat processing
and marketing industry (Weis, 2013; Howard, 2016). Such
systems are credited with improving efficiency, reducing costs,
and lowering consumer prices, but are also implicated in the
decline in workers’ wages (Oxfam America, 2015); the loss of
farmers’ and public autonomy over the food system (Ikerd, 2008;
IPES-Food, 2017); and the deterioration of rural communities
and economies (Lobao, 1990; Stofferahn, 2006), including local
property values (Keeney, 2008).

THE PROMISES OF MEAT ALTERNATIVES

A variety of alternatives exist to approximate or even replicate
certain aspects of meat’s texture, flavor, and/or nutrient
profile. These range from natural foods that resemble certain
characteristics—not necessarily nutritional—ofmeat (e.g., pulses,
mushrooms, jackfruit), to products that are not designed to
mimic meat but can be used in similar ways (e.g., tofu,
tempeh, seitan, bean burgers), to more processed products that
are designed to imitate the experience of eating certain meat
products (e.g., meat-like burgers, hot dogs, fish filets) (Lagally
et al., 2017).

Products in the last category have been gaining particular
momentum over the past decade, with new technological
advances aimed at replicating selected characteristics of meat
down to the molecular level. Several products are designed to be
“viscerally equivalent” to farmedmeats in order to appeal to those
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who enjoy meat (Stephens et al., 2018). Most of these plant-based
substitutes use soy, wheat, or pea protein isolates or concentrates
as their primary protein source, though products derived from
fungi (i.e., mycoprotein) and lupin beans also exist. Examples
of common plant-based substitute brands and products include
Gardein Meatless Meatballs, Morningstar Farms Original Chik
Patties, Beyond Meat’s Beyond Burger and Impossible Foods’
Impossible Burger (see Table S3). A rapidly growing number of
companies are also aspiring to produce cell-based meats that are
not only viscerally equivalent but also “biologically equivalent”
to farmed meat through cultivation of animal cells (Stephens
et al., 2018). The technological feasibility of replicating the exact
structure, texture, color, flavor, and nutritional composition of
farmed meat, however, remains in question. Replicating these
characteristics for fresh, unprocessed meat would require several
particularly complex technical feats, including simulating the role
of blood in delivering oxygen and nutrients throughout thicker
pieces of tissue, as well as co-culturing fat, muscle, and connective
tissues (Fraeye et al., 2020).

Meat alternatives are promoted for their environmental,
animal welfare, and in some cases, public health benefits. “Eat
Meat. Save Earth,” is the mission proclaimed on Impossible
Foods’ website (Impossible Foods, 2020), accompanied with
statistics comparing the land, water and GHG emissions
associated with an Impossible Burger and a conventional beef
burger. Popular press echoes these messages about how “Fake
Meat Will Save Us” (Egan, 2019). As one journalist states:
“Farmfree food will allow us to hand back vast areas of land
and sea to nature, permitting rewilding and carbon drawdown
on a massive scale. It means an end to the exploitation of
animals, an end to most deforestation, a massive reduction in
the use of pesticides and fertilizer, the end of trawlers and
longliners” (Monbiot, 2020). Cell-based meat is also purported
to be “healthier, safer, and disease-free” compared to farmed
meat (Arshad et al., 2017). Notably, these claims are most often
compared to beef, which generally has the largest environmental
impacts among animal products.

The extent to which meat alternatives achieve these purported
benefits depends in part on several factors, including the specific
ingredients or inputs used to produce them (Figures 1, 2),
the extent to which consumers accept and incorporate these
products into their diets, and which farmed meats they are
replacing (e.g., beef vs. poultry, conventional meat vs. meat from
agroecological production systems), if any. Thus, in the following
sections, we compare the impacts of meat alternatives to a
variety of farmed meats. Although several literature reviews have
examined trends in consumer perceptions about and theoretical
willingness to try meat alternatives (Hartmann and Siegrist,
2017; Bryant and Barnett, 2018; Weinrich, 2019), the studies
underlying these reviews may be outdated given the influx of
new plant-based substitutes into the market and demonstrated
consumer acceptance in the past few years [International Food
Information Council (IFIC), 2020; McCarthy and DeKoster,
2020]. As cell-based meats enter the marketplace, consumer
perceptions and acceptance may also change. We also recognize
that potential public health, environmental, and animal welfare
benefits associated with meat alternatives would only occur

if demand for those products offsets a share of farmed meat
production, rather than simply adding to the combined total
production of farmedmeat andmeat alternatives (Stephens et al.,
2018). Given the importance of consumption patterns on the
potential benefits associated with meat alternatives, we call for
additional research in Appendix B (Supplementary Material)
to better understand how consumers are incorporating these
products into their diets.

It is worth mentioning that since cell-based meat has not
yet been commercialized, existing research about its production
is based on a few anticipatory life cycle assessments (LCAs)
which assumed hypothetical inputs, production processes, and
technological advances (Tuomisto and Teixeira de Mattos, 2011;
Tuomisto et al., 20141; Mattick et al., 2015b). Some researchers
have noted that several assumptions and simplifications made in
these LCAs are not supported by existing scientific evidence and
should be interpreted carefully (Lynch and Pierrehumbert, 2019;
Thorrez and Vandenburgh, 2019). For instance, the presented
LCAs covered in this review assumed that the cell-based meat
would be grown without fetal bovine serum, a reality that
remains one of the industry’s biggest (see Inputs). Nevertheless,
we include those studies’ results, since it is the most detailed
information about the potential inputs and implications of
cell-based meat production. Given the limitations of existing
research, it is of critical importance that ongoing, independent,
and comprehensive multi-product environmental analyses are
conducted as the technologies and commercial operations for
meat alternatives develop and scale (Mattick et al., 2015a).

Many plant-based seafood substitutes use soy, wheat, or pea
protein isolates as their primary protein source (Table S4) and
are comparable to plant-based terrestrial meat substitutes. Some
products on the market are not designed to mimic seafood
exactly but can be used in similar ways (e.g., products made
from carrots, eggplant, or tomatoes); these are not examined
in this review. Additionally, while the term “seafood” includes
sea vegetables (e.g., seaweed, algae)—some of which may have
high concentrations of protein and micronutrients (Fleurence
et al., 2012)—their impacts are not assessed here. Cell-based
seafood products are also in development, though the regulatory
pathways and markets will likely be different than those of cell-
based terrestrial meats.

Lastly, while this review primarily compares meat alternatives
to the farmed meats for which they are intended to substitute,
meeting dietary protein needs does not necessarily require
consumption of either group of products. Producing and
consuming other protein-rich foods, such asminimally processed
legumes (including soybeans, lentils, beans, and peas) and
insects, should be considered as part of the path forward for
sustainable food systems.

PUBLIC HEALTH IMPLICATIONS

Here we review the array of public health implications associated
with meat alternatives, exploring the nutrition, chronic disease,

1Tuomisto et al. (2014) is not a new LCA, but includes updates on some numbers

reported in a previous study (Tuomisto and Teixeira de Mattos, 2011).
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FIGURE 1 | Potential inputs, processes, and final product(s) to be marketed and consumed as plant-based substitutes, and how these stages correspond to key

implications explored in this paper. Many of the implications listed here are applicable to multiple stages, e.g., GHG emissions occur in the production of inputs,

processing, and retail/consumer stages; however, we listed each implication only with the stage to which it is most relevant or has the greatest impact. The inputs

represent a compilation of ingredients included in plant-based substitutes; most products do not contain all of these ingredients at once. This figure was designed by

the authors using information reported in Joshi and Kumar (2015), Bohrer (2019), and Kyriakopoulou et al. (2019).

and food safety implications associated with consuming them
and the occupational and community health impacts associated
with their production.

Nutrition and Chronic Disease
In general, many plant-based substitutes contain comparable
amounts of calories, protein, and iron as the meats they are

intended to replace (Bohrer, 2019). As ultra-processed foods,
plant-based substitutes have relatively high amounts of sodium
compared to unprocessed meats and may contain ingredients
and additives including flavoring, coloring, and binding agents
(Bohrer, 2019; Curtain and Grafenauer, 2019). Tables S3, S4
highlight key ingredients in plant-based burgers and seafood
substitutes, respectively, from some top retail brands in the
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FIGURE 2 | The potential inputs, processes, and final product(s) to be marketed and consumed as cell-based meats, and how these stages correspond to key

implications explored in this paper. Many of the implications listed here are applicable to multiple stages, e.g., GHG emissions occur in the production of inputs,

processing, and retail/consumer stages; however, we listed each implication only with the stage to which it is most relevant or has the greatest potential impact. Since

no products are currently available on the market, the figure was designed by the authors using hypothetical inputs proposed by Tuomisto and Teixeira de Mattos

(2011) and Mattick et al. (2015b) as well as currently required animal-based inputs (e.g., fetal bovine serum, collagen-based scaffolds) (Stephens et al., 2018; Thorrez

and Vandenburgh, 2019), although we recognize the goal to eliminate the latter eventually.

U.S. market. Several products contain coconut oil; among those
in Table S3 that contain coconut oil, their saturated fat levels
are lower than that of beef, but comparable to or higher than
those of poultry and pork. These ingredients and additives
are not necessarily beneficial or harmful to human health

from a nutrition perspective. For example, despite consumer
perceptions of coconut oil as a health-promoting food, evidence
of its health benefits is lacking, though more robust research is
merited (Lockyer and Stanner, 2016). At the same time, although
consumer desires for “clean labels” have prompted concerns
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about the use of certain binding agents and gums in plant-based
substitutes, research has shown methylcellulose and guar gum
to have similar cholesterol and glucose-lowering effects as other
dietary fibers (Mudgil et al., 2014; Kuczora, 2015; Bohrer, 2019).
See also Food Safety for potential food safety concerns associated
with additives.

Although they may contain similar macronutrient profiles,
replacing meat with a plant-based substitute does not necessarily
reflect a healthy dietary pattern (Hu et al., 2019). A plant-
based burger or hot dog may be served with a refined bun,
few vegetables, and nutrient-poor sides such as fries or chips.
Similarly, seafood substitutes could theoretically be fortified
with omega-3 fatty acids, but it is unknown whether doing
so would provide comparable health benefits to eating whole
unprocessed fish. Furthermore, consumption of ultra-processed
foods is associated with greater caloric intake and weight
gain (Hall et al., 2019) and a range of adverse long-term
health outcomes (Lawrence and Baker, 2019). Further research
is needed to determine whether plant-based substitutes are
replacing processed or unprocessed foods in people’s diets, and
if they can ultimately lead to healthier dietary patterns.

By contrast, dietary patterns rich in whole plant-based
foods such as legumes, whole grains, vegetables and nuts have
been associated with a reduced risk for chronic diseases and
adverse health outcomes (Nelson et al., 2016). While plant-
based substitutes are primarily derived from legumes, it is
unknown whether substitutes derived from plant protein isolates
offer similar nutritional benefits or chronic disease reductions
as whole legumes (Hu et al., 2019). Soy protein isolates
(containing >90% soy protein) or concentrates (70–90% soy
protein), for instance, are primary ingredients in many plant-
based substitutes (Malav et al., 2015). Whole soy foods (e.g.,
edamame, tempeh) and minimally processed soy foods (e.g.,
full-fat tofu and soymilk) are complex foods rich in protein
(including all the essential amino acids), omega-3 fatty acids, and
many biologically active components (most notably isoflavones)
(Omoni andAluko, 2005). Soy food and/or protein consumption,
either in comparison to animal protein intake or in the form of
supplementation, has been associated with improved blood lipid
levels (Anderson et al., 1995; Reynolds et al., 2006), moderately
improved measures of bone health (Zhang et al., 2005; Bawa,
2010), reduced menopausal symptoms (Franco et al., 2016),
reduced risk of type 2 diabetes (Tang et al., 2020), and modestly
decreased breast cancer risk (Fritz et al., 2013). While some
benefits associated with soy consumption were studied using soy
protein isolates or extracts, these lack some of the beneficial
nutritional components found in whole soybeans (Messina
and Messina, 2010), partly as a result of the manufacturing
processes used to extract protein (Erdman, 2000). For that
reason, consuming whole soy foods is generally recommended
over consuming isolated soy components (Michelfelder, 2009;
Messina and Messina, 2010). Further research comparing the
health effects of whole soy foods to plant-based substitutes made
with isolated soy proteins—and likewise, whole peas to plant-
based substitutes made with isolated pea proteins—is merited.

Plant-based diets have also been associated with more diverse
gut microbiomes than omnivorous diets, though this may
largely be due to compounds and characteristics of whole plants

consumed in plant-based diets (Tomova et al., 2019). It is unclear
if or howmeat alternatives would impact the gut microbiome and
associated health outcomes (Hu et al., 2019).

An additional consideration specific to Impossible Foods’
plant-based substitutes relates to the heme iron (in the form
of soy leghemoglobin) content, the ingredient that imparts the
product’s “meaty” flavor and aroma. High levels of heme iron
intake from red and processed meat consumption have been
associated with elevated risk for type 2 diabetes (Bao et al.,
2012), cardiovascular disease (Fang et al., 2015), colorectal cancer
(Bastide et al., 2011; Fonseca-Nunes et al., 2014; IARC Working
Group on the Evaluation of Carcinogenic Risks to Humans,
2018) and lung cancer (Tasevska et al., 2009; Fonseca-Nunes
et al., 2014). Impossible Foods has reported that the heme in
its beef substitute is comparable in amount and, once cooked
and digested, identical molecularly to that found in farmed
beef [GRAS Notice (GRN) No. 737, 2017], suggesting that
consumption of this plant-based substitute may be associated
with similar chronic disease risks as red and processed meat
consumption. That said, consumption of heme iron—the most
easily absorbed form of iron—is associated with a reduced risk
for iron deficiency, a prevalent nutritional concern for women
of childbearing age and pregnant and lactating women globally
(Zimmermann and Hurrell, 2007).

As cell-based meats are not yet commercially available, there
is little information available about their nutritional content.
On the one hand, while developers aspire to replicate the
nutrition profile of farmed meat, many unanswered questions
remain about the technological feasibility of achieving this in
vitro, particularly with regard to the quality and composition
of proteins, amino acids, vitamins, minerals, fatty acids, and
compounds such as taurine and creatine (Fraeye et al., 2020).
On the other hand, some of these attributes could be leveraged
to enhance the nutritional value over that of farmed meat;
proponents have claimed that the quantity and type of fat could
be controlled, and that other functional ingredients, such as
vitamin C or omega 3 fatty acids, could be added to the growth
medium (Post, 2012; Bhat et al., 2019).

Food Safety
Most plant-based substitutes contain at least one major food
allergen among their ingredients, with wheat and soy being
the most common [Food Drug Administration (FDA), 2004].
Individuals allergic to peanuts and soy may also experience
reactions to pea and lupin protein, though this is rare (Lavine
and Ben-Shoshan, 2019). Allergic and gastrointestinal reactions
to mycoprotein-based plant-based substitutes (e.g., Quorn) have
also been reported; though rare, the incidence of adverse
reactions to mycoprotein in the general population is debated
(Jacobson and DePorter, 2018; Finnigan et al., 2019). Individuals
with intolerances to certain food additives and gumsmust also be
careful given their prevalence in plant-based substitutes.

Carrageenan, for example, is a structural ingredient derived
from seaweed that is commonly used in plant-based substitutes
and other processed foods for purposes of thickening, gelling, or
stabilizing. The safety of carrageenan has long been debated, with
attention being focused on its potential to elicit gastrointestinal
inflammation, alterations to intestinal microflora, and other
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related outcomes such as irritable bowel syndrome and colon
cancer (Bixler, 2017; David et al., 2018). Additionally, because
carrageenan is grown in seawater, it has the potential to
accumulate significant concentrations of heavy metals (Almela
et al., 2002; Besada et al., 2009), though no research has
characterized exposures to arsenic, cadmium, lead, and mercury
that result from consumption of carrageenan-containing foods.

Some concerns have also been raised about the safety of
new additives present in some plant-based substitutes, such as
mycoprotein used in Quorn products and soy leghemoglobin
used in Impossible Foods products. See Policy Implications for
a discussion of the approval processes and regulatory debates.

Some propose that if cell-based meat were produced under
sterile conditions, it could reduce the incidence of foodborne
illness (Bhat and Bhat, 2011). By not involving the processing
of whole animal carcasses, cell-based meats would likely reduce
the potential for contamination that exists in farmed meat
handling and processing, such as Escherichia coli contamination
from contact with digestive organs and feces. However, fully
sterile conditions would be near impossible to achieve and thus
antibiotics would likely be required as inputs for the tissue culture
medium in order to inhibit the growth of bacterial pathogens
(Stephens et al., 2018; Thorrez and Vandenburgh, 2019). The
exact nature of antibiotic use in this context is not yet known,
though the quantities and regularity of use would likely be lower
than in industrial livestock operations. Transmission of zoonotic
diseases may decline if cell-based meat production reduced
human-livestock interactions (Bhat and Bhat, 2011; Arshad et al.,
2017), though more research on this potential is merited.

Occupational Health
There is little known about occupational exposure risks incurred
by workers in plant-based substitute manufacturing, though
they are likely less hazardous than those faced by farmed meat
processing workers (see Public Health). One consumer advocacy
group has raised concerns about the use of hexane in processing
soy protein isolates used in plant-based substitutes (Vallaeys et al.,
2010). It may also be used to process pea protein isolates, though
less information on this is available (Tömösközi et al., 2001;
Holt, 2018). Hexane is a neurotoxic and highly explosive solvent
and also a hazardous air pollutant [Environmental Protection
Agency (EPA), 2000]. To our knowledge, no specific information
is available on the amount of hexane used in the production of soy
and pea protein isolates, and on the extent of measures to protect
workers, prevent environmental releases, andmonitor exposures.

Given the level of uncertainty regarding the specific laboratory
processes and regulatory landscape that will emerge for cell-based
meat production (see Regulatory Oversight of Cell-Based Meat),
occupational health and safety implications for cell-based meat
workers remain unclear.

Community Health
Both plant-based substitutes and (hypothetically) cell-based
meats rely on crops that are already significant parts of the
agricultural system, including soybeans, wheat, and corn
(Figures 1, 2). In addition to contributing to nutrient runoff that
can contaminate local groundwater sources, the production of

these crops often involves pesticides associated with long-term
chronic health problems for people who work on and live near
farms (Harrison, 2011). Concerns have also been raised that the
use of low levels of some herbicides in soybean production,
including dicamba; 2,4-D; and glyphosate may induce
multiple-antibiotic resistance in pathogens, compromising
the effectiveness of life-saving medicines (Kurenbach et al.,
2015). Additionally, the heavy use of agricultural fungicides, such
as in the production of peas and soybeans, has been implicated
in the rise of resistance to anti-fungal medicines, which has
particularly serious consequences for immunosuppressed
individuals (Revie et al., 2018). All of this said, because it takes
more soy used as animal feed to produce one conventional meat
burger compared to the amount of soy used as an ingredient
in a plant-based burger, conventional meat often requires more
pesticides to produce than plant-based substitutes (see Pesticide
Use). The relative risks for community health associated with
plant-based substitutes and cell-based meats compared to
conventional meats, and also more agroecologically produced
meats, should be more thoroughly evaluated.

It also remains to be seen whether potential antibiotic use
and waste management practices associated with cell-based
meat production will impact people who work on or live
near production facilities, as they do with industrial food
animal production.

ENVIRONMENTAL IMPLICATIONS

The environmental impacts of meat alternatives depend largely
on two stages of production: (1) the agricultural production
of inputs and (2) the processing of inputs into final products.
For plant-based substitutes, these inputs include primary
ingredients, e.g., soybeans, wheat, peas, fungi, and lupins
(Figure 1). For cell-based meat, inputs provide energy or
nutrients to the cell medium; the specific inputs that will
be used for commercial production are unknown largely
because of their proprietary nature. Hypothetical studies of
cell-based meat development have modeled production using
cyanobacteria (i.e., blue-green algae) or compounds derived
from soybeans and corn as inputs, neither of which are
necessarily viable (Thorrez and Vandenburgh, 2019) but
provide a basis for initial analysis (Figure 2). The following
section will review the GHG, land, water, pesticide use,
eutrophication, and biodiversity implications associated with
the production of meat alternatives compared to farmed
meat production.

Greenhouse Gas Emissions
Based on our review of the literature (Figure 3; see
Supplementary Data for details), the median GHG footprint
of plant-based substitutes was 34, 43, 63, 72, 87, and 93%
smaller than those of farmed fish, poultry meat, pig meat,
farmed crustaceans, beef from dairy herds, and beef from
beef herds, respectively, per 100 grams protein. Among the
animal foods considered in our review, only wild tuna and
insects were less GHG-intensive than plant-based substitutes.
Plant-based substitutes were 1.6, 4.6, and 7.0 times more
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GHG-intensive than the less-processed plant proteins in this
review, i.e., tofu, pulses (excluding peas), and peas, respectively.
Only one study has quantified any environmental impacts
associated with plant-based seafood substitutes (Quorn Foods,
2019); the GHG footprints were comparable to those of
plant-based terrestrial meat substitutes made from similar
ingredients, so we included those figures in the aggregate data
for plant-based substitutes.

The hypothetical GHG footprint of cell-based meat varied
significantly more than that of plant-based substitutes, from
0.9 to 36.3 kg CO2e/100 g protein (median: 5.6 kg CO2e/100 g
protein). This variation was due to different assumptions
embedded in the projections, such as the cell-based meat facility’s
size and the potential density and proliferation rates of cells
(Mattick et al., 2015b). The median GHG footprint per 100
grams protein of cell-based meat was 17, 62, and 78% lower
than those of farmed crustaceans, beef from dairy herds, and
beef from beef herds, respectively, but 1.1 to 6.1 times higher
than those of other animal products and 4.8, 13.4, and 20.6 times
higher than those of tofu, pulses, and peas, respectively. The

hypothetical GHG emissions associated with cell-based seafood
products have not been explored, but would likely be similar to
projections for terrestrial cell-based meat. The industrial energy
requirements for cell-based meat were also higher than poultry
meat in Mattick et al. (2015a) and poultry meat, pig meat, and
beef in Tuomisto et al. (2014).

Given that a large proportion of the GHG footprint of plant-
based substitutes and cell-based meat comes from the energy
required to manufacture the products, these footprints could
theoretically decrease if the energy grid were decarbonized. By
contrast, significant reductions in the GHG-intensity of livestock
production seem unlikely (Goldstein et al., 2017), with the caveat
that emerging technologies to reduce methane from enteric
fermentation may address a share of beef ’s emissions (Maia et al.,
2016; Vyas et al., 2018).

Comparing the climate impacts of plant-based substitutes,
cell-based meats, farmed meats, and seafood is complicated by
varying atmospheric lifespans and global warming potentials
among different GHGs. For example, methane remains in
the atmosphere for a shorter period but has a more potent
warming effect than carbon dioxide. Life cycle assessments
generally standardize the warming potential of different GHGs
(including carbon dioxide, methane, and nitrous oxide) in
terms of carbon dioxide equivalents (CO2e), usually over a
100-year period. This metric, however, obscures the fact that
a significant proportion of the GHG footprint of farmed
beef is comprised of methane from enteric fermentation and
manure decomposition, whereas the GHG footprints of meat
alternatives are largely comprised of CO2 from electricity use,
resulting in a more persistent but less intensive warming effect
(Lynch and Pierrehumbert, 2019). The use of CO2e has raised
debates in the academic and policy world, as the choice of
metric and timeframe under consideration could result in
very different policy priorities for reducing GHG emissions
(Garnett, 2011; Allen, 2015). Over a 100-year time frame, for
example, the GHG footprint of cell-based meat was found to
be between 51 and 97% smaller compared to conventional beef
produced in the Midwest U.S., whereas it was between 92%
smaller to 9% larger using a 500-year time frame (Lynch and
Pierrehumbert, 2019). The long atmospheric lifespan of carbon
dioxide highlights the urgency of decarbonizing the energy grid,
whether for cell-based meat production or any other energy-
intensive activity.

Land Use
The median land use footprint of plant-based substitutes was
41, 77, 82, 89, and 98% smaller than that of farmed fish,
poultry meat, pig meat, beef from dairy herds, and beef from
beef herds, respectively, per 100 grams protein (Figure 4; see
Supplementary Data). Thus replacing a share of farmed meat in
the diet with plant-based substitutes could theoretically free up
cropland to feed more people or provide other ecological services
such as reforestation for carbon sequestration (Albanito et al.,
2016) or the preservation of pasture-based livestock production
systems that provide biodiversity benefits in certain landscapes
(Röös et al., 2017). The median land use footprint of plant-
based substitutes was 32, 52, and 75% smaller than that of
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tofu, peas and other pulses, respectively. These comparisons
are skewed, however, by the fact that the values for less-
processed plant proteins reflect global averages that include
data from low-yielding countries (Poore and Nemecek, 2018),
whereas the LCAs for plant-based substitutes likely assumed
ingredients were sourced frommore efficient production systems
in industrialized countries.

The estimated land required to produce the ingredients
for cell-based meat varied widely (0.1–11.5 m2 per year per
100 g protein; median: 0.6), depending largely on the choice of
feedstock and inputs for the cell cultivation. Models of cell-
based meat production using cyanobacteria (i.e., blue-green
algae) hydrolysate (Tuomisto and Teixeira de Mattos, 2011;
Tuomisto et al., 2014; Smetana et al., 2015) had the smallest land
use requirements. Comparisons which modeled conventional
livestock feeds (Alexander et al., 2017) or soy and corn-derived
inputs (Mattick et al., 2015b) as the nutrients for the cell culture
medium found that the land use requirements for cell-basedmeat
were comparable to those of poultry when comparing based on
protein content.

The land-sparing possibilities associated with meat
alternatives would not necessarily occur with shifts away
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from farmed meat production. If farmed meat consumption
were only reduced in industrialized countries, exports of feed
crops could simply increase—though this could reduce
demand on land clearing for agricultural use in other
environmentally sensitive regions such as South America,
where deforestation is a leading driver of climate change
and biodiversity loss (Tilman et al., 2001; Machovina et al.,
2015). If environmental land-sparing options were desired,
it would be essential to have adequate policies preventing
newly available land from being developed or used for
other industrial purposes. It is also worth considering
how significant changes in land use could impact rural
communities where agriculture is often the economic driver (see
Socio-Economic Implications).

Water Use
Fewer studies have quantified the amount of blue water (i.e.,
freshwater from ground or surface sources) consumed to produce
meat alternatives. Based on our review of the available literature
(Figure 5), per 100 grams protein, the median blue water
footprint of plant-based substitutes was 21 and 42% smaller than
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those of pulses and soy; 76, 77, and 89% smaller than those of
farmed poultry meat, bovine meat, and pig meat; and two orders
of magnitude smaller than those of aquatic animals raised in
ponds, e.g., farmed shrimp and tilapia. The values for pulses
and soy were likely larger than those of plant-based substitutes
in part because the former reflect global averages that include
data from low-yielding countries (Kim et al., 2019), whereas the
LCAs for plant-based substitutes likely assumed ingredients were
sourced frommore efficient production systems in industrialized
countries. By contrast, the median blue water footprint of cell-
based meat was larger than those of all other foods considered
in our review except for those of farmed pig meat and pond-
raised aquatic animals. See Supplementary Materials and Data

for details.

Eutrophication
As highlighted in Table S3, many popular plant-based substitutes
are derived from legumes, which in addition to their food value,
are noted for their ability to improve soil fertility through fixing
atmospheric nitrogen into a form that is usable by plants (Voisin
et al., 2014). Incorporating legumes into crop rotations can
diversify farmers’ production systems and sources of income
and reduce their dependency on synthetic nitrogen fertilizer
(Voisin et al., 2014).

As with fertilized fields, nitrogen can leach from legume-
based cropping systems into surface or ground water, which
can contribute to eutrophication. Limited data exists on how
much plant-based substitutes exacerbate eutrophication, but
existing research suggests they provide significant benefits over
conventional meats. One study found that the average freshwater
eutrophication potential of plant-based substitutes was an order
of magnitude smaller than that of conventional pork sausage
patties, and two orders of magnitude smaller than those of
beef and chicken patties (Fresán et al., 2019). Another study
found that conventional pork production resulted in six times
greater eutrophication potential and required 3.4 times more
fertilizer per unit of protein compared to a pea-based plant-
based substitute (Zhu and van Ierland, 2004). These findings
are comparable to those of other studies that have found that
growing pulses releases 85–94% less reactive nitrogen per unit
of protein than producing seafood or conventional meat (Leach
et al., 2016).

One study that modeled the hypothetical eutrophication
potential of cell-based meat, based on inputs of soy hydrosylate
and glucose and glutamine (both derived from corn), found
it comparable to, or slightly lower than that of, conventional
poultry production (Mattick et al., 2015b). This is expected
given the inputs for the modeled cell culture were similar
to those in poultry feed (e.g., corn, soy), and likely used in
similar quantities based on the fact that poultry and cell-based
meat production required roughly the same amount of land
(Mattick et al., 2015b). For cell-based meat production systems
that grow cyanobacteria as the primary input instead of
corn or soy, nitrogen-fixing species of cyanobacteria could
be selected to reduce the use of synthetic nitrogen fertilizer
(Tuomisto and Teixeira de Mattos, 2011).

Pesticide Use
Limited research has explored the pesticide use associated with
the production of meat alternatives. One study found that
conventional pork production involved 1.6 times more pesticide
use per unit of protein compared to the production of a pea-based
plant-based substitute (Zhu and van Ierland, 2004). Another
study found that conventional meat protein (an average of
different animals) required six times more biocides (pesticides
and disinfectants) to produce than the same amount of a soy-
based plant-based substitute (Reijnders and Soret, 2003).

Conventionally grown soybeans, a common ingredient in
plant-based substitutes as well as conventional animal feed,
are among the most common crops genetically modified to be
tolerant to herbicides such as glyphosate (i.e., “Roundup”); 2,4-
D; and dicamba [U.S. Department of Agriculture Economic
Research Service (USDA, ERS), 2019; U.S. Department of
Agriculture (USDA), 2019]. Soybeans were the leading driver
behind the growth in herbicide use in the U.S. from 1996 to
2011 and have contributed to the rise of herbicide-resistant
“superweeds” (Benbrook, 2012). While the carcinogenicity of
glyphosate to humans has been intensely debated (IARC
Working Group on the Evaluation of Carcinogenic Risks to
Humans, 2015; Williams et al., 2016), growing resistance has
trapped farmers in a costly treadmill requiring them to apply
more and multiple herbicides to control weeds (Benbrook, 2012).

The pesticide use involved in cell-based meat production
depends largely on the inputs used in the culture medium. If
soy and corn-based inputs were used as inputs, as modeled
by Mattick et al. (2015b), it could be assumed that pesticide
use in cell-based meat production would be comparable to
that associated with conventional poultry production (since they
required comparable amounts of land).

Biodiversity and Ecosystem Function
Producing legumes—the primary protein ingredient in most
plant-based substitutes—can improve soil biodiversity and
above-ground vegetative and invertebrate biodiversity, although
the extent depends on management practices including tilling,
chemical pest control, and fertilizer inputs (Williams et al.,
2014). Soil biodiversity in turn promotes resistance and resilience
against disturbance and stress, improves water and nutrient use
efficiencies in crop production, and suppresses soil-borne disease
(Brussaard et al., 2007).

Declining biodiversity of agricultural systems is also a concern
for long-term food security and resilience, threatened in part
by monoculture production systems and genetic uniformity in
crop varieties and livestock breeds in conventional livestock
production (Thrupp, 2000; Jackson et al., 2007). To the extent
to which meat alternatives integrate ingredients other than
soybeans and wheat (which are among the most produced
crops worldwide, for both human foods and livestock feed),
such as peas and lupins from which several plant-based
substitutes are now derived, this could help diversify diets and
foster agrobiodiversity.

Many plant-based substitutes include coconut or palm oil
among their ingredients. Both of these plant-based lipids are
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grown in tropical regions rich in biodiversity, which is threatened
by deforestation and anthropogenic forest disturbance (Barlow
et al., 2016). Oil palm plantations have been a significant
driver of deforestation and the associated biodiversity loss in
Southeast Asia and South America (Vijay et al., 2016). While
coconut plantations have not been implicated in significant
demand-driven deforestation thus far, a massive scaling up of
the plant-based substitute industry could pose biodiversity and
sustainability concerns (Goldstein et al., 2017). That said, these
concerns attributed to plant-based substitutes would also need to
be evaluated in light of existing deforestation for pasture and feed
crop production associated with conventional meat production
(Goldstein et al., 2017).

ANIMAL WELFARE IMPLICATIONS

Meat alternatives, if widely adopted as a replacement for
farmed meat, may greatly reduce dependence on livestock to
be raised and slaughtered for meat production. That said,
several technological challenges remain before animals can be
completely removed from the supply chain of cell-based meat,
including the source of the animal cell line and inputs used.

Source of Animal Cells
The first challenge relates to the source of the animal cell line.
Cell-based meat production can occur in two ways, one of
which requires only one animal and the other which requires a
continuous stream of animals. In the first example, unfertilized
eggs are obtained from a female animal and then fertilized by
sperm in a petri dish (similar to in vitro fertilization) (Welin,
2013). If treated correctly, the embryonic stem cell line can be
used indefinitely (Specht et al., 2018). While recent research
suggests that these pluripotent cells could be manipulated into
muscle fibers, it is a new technology and meat derived from them
would require significant long-term safety testing, would have
to be labeled as a genetically modified organism (i.e., GMO),
and could undergo genetic mutations that might pose safety
concerns or logistical challenges (Bhat et al., 2019; Thorrez and
Vandenburgh, 2019).

Given these factors, the other source of animal cells—
obtaining adult muscle stem cells from a biopsy of a living or
dead animal—is currently the industry standard (Welin, 2013).
Adult muscle stem cells can only replicate about 50–60 times
before they reach their capacity to multiply and would need
to be replaced (Kadim et al., 2015). A biopsy would also be
required each time a new line of meat cells is produced (e.g., for
each product a company develops). Additionally, while in theory
substantially higher amounts of meat could be obtained per
animal compared to animal slaughter for farmed meat (Stephens
et al., 2018), the number or evenmagnitude of animals that would
be implicated in each scenario has not, to our knowledge, been
estimated in the literature. Furthermore, some have claimed that
cell-based meat production could support the propagation of
traditional native livestock breeds for cell harvesting in slaughter-
free herds (Stephens et al., 2018), though it will depend upon
the choices of the companies that commercialize cell-based meat.

Comprehensive animal welfare assessments exploring the well-
being of animals who are raised and undergo biopsies for the
production of cell-based meat should be conducted.

No information is currently available on the extraction of cells
from fish or shellfish to make cell-based seafood, such as whether
they will come from wild or farmed fish, dead or alive. As these
products develop, their animal welfare implications will have to
be considered in the context of the debate over the extent to
which fish or shellfish have the capacity to suffer and feel pain,
and how animal welfare regulations established for terrestrial
animals apply to commercial fishing and aquaculture operations
(Huntingford et al., 2006; Browman et al., 2019).

Inputs
The second animal welfare challenge for cell-based meat
concerns several inputs used that are still animal-derived due to
technological or financial limitations. These include fetal bovine
serum, scaffolds on which to grow the muscle tissue into thick
pieces, and animal-derived hydrogels that are used to mimic
natural tissue (Stephens et al., 2018). Fetal bovine serum (FBS),
for instance, is a universal growth supplement for cell and tissue
culture media extracted from the blood of a live cow fetus after
the mother is slaughtered for meat processing (Gstraunthaler
et al., 2013). While it is a byproduct of the meat industry
(animals are not raised and slaughtered solely to produce FBS),
its use means that cell-based meat production still hinges on
farmed livestock production and raises several animal welfare
concerns. The amount of serum obtained depends on the age
of the fetus, but one 2002 study estimated that 800,000 liters
of FBS were produced annually worldwide for use in culture
media, corresponding to about 2 million bovine fetuses (Jochems
et al., 2002). Demand for FBS has steadily increased worldwide,
primarily due to use in drug and vaccine production and tissue
engineering (Brunner et al., 2010). Serum-free growth media do
exist and extensive research is dedicated to advance the field
(van der Valk et al., 2018; Zhang et al., 2020). While they are
currently prohibitively expensive (Specht et al., 2018; Thorrez
and Vandenburgh, 2019), some prototypes have been shown to
be able to effectively replace FBS, albeit less efficiently (Kolkmann
et al., 2020). Until serum-free media becomes a viable option,
more research into how many animals would be required to
produce enough FBS for cell-based meat production is merited,
though it will likely be far less than the volume of animals
slaughtered for farmed meat production.

While most plant-based substitutes in theory do not contain
animal products, the use of coconut oil in many plant-based
substitutes raises animal welfare concerns. Many large coconut
plantations in Thailand rely on monkeys, either stolen from
the wild or bred on farm to harvest the coconuts. While there
are some coconut oil producers that are “monkey free,” the
continued employment of these highly intelligent animals in
chained working conditions raises ethical dilemmas for the
continued expansion of the coconut industry without specific
standards on this issue (Barclay, 2015; Moyer, 2015). A small
number of plant-based substitutes contain egg or milk protein,
raising concerns about the welfare of laying hens and dairy
cows, though the companies selling these products have recently
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been adding (e.g., Quorn Foods) and/or transitioning to 100%
plant-based products (e.g., Morningstar Farms) (Blythman, 2018;
Forgrieve, 2019).

ECONOMIC IMPLICATIONS

The following section explores how current trends in the
development and production of meat alternatives may affect
industry consolidation; consumer prices; and the economic well-
being of small and mid-sized producers, rural communities, and
less industrialized countries.

Industry Consolidation
Over the past decade, there has been significant investment in
the research and development of meat alternatives (Mouat et al.,
2019). Several of the leading meat processing and aggregation
companies have announced they are developing their own plant-
based substitutes (e.g., Tyson Foods, JBS, Nestle, Cargill, Hormel
Foods, Perdue) or investing in existing ones; Tyson Foods, for
example, was an early investor in Beyond Meat before starting
its own product (Henderson, 2019). Other companies have been
buying up existing plant-based substitute brands, e.g., Kellogg’s
owns Morningstar Farms, and Unilever acquired The Vegetarian
Butcher (Lucas, 2019). Although cell-based meat production was
initially developed by university-based researchers and in a few
cases (e.g., Singapore Food Agency, 2020) driven by public-
private investments, it is now primarily driven by venture-capital
backed companies, some of which have received investment from
large meat processing companies (Stephens et al., 2019).

The investment of agribusiness into the research and
development of meat alternatives raises questions about who
will benefit from the growth of this industry. Some have
suggested that cell-based meat production could provide a
new market opportunity for small businesses—akin to micro-
brewery labs (van der Weele and Driessen, 2013; van der
Weele and Tramper, 2014; Stephens et al., 2018). It is unclear,
however, the extent to which smaller-scale “producers” will have
access to government subsidies and grants or the technical
information needed to produce cell-based meat, especially after
it required so much capital for research and development
(Stephens et al., 2018). The extent of intellectual property
rights that will emerge around cell-based meat is also unclear,
though analogous debates over seed patenting may be relevant
(Barton and Berger, 2001). Some concerns have been raised
that cell-based meats will allow multinational meat companies
to assume more power in the food value chain (van der Weele
and Driessen, 2013). Others have pointed out that since the
vast majority of cell-based meat companies—as well as several
plant-based substitute companies—are owned by agribusinesses
or biotech startups headquartered in industrialized countries
(Mouat et al., 2019), meat alternative industries could perpetuate
economic and political power disparities between the Global
North and South (Hocquette, 2016). It could be argued, however,
that since attitudes toward and expectations about freshness in
meats might be relaxed for meat alternatives (e.g., facilitating
acceptance of frozen products), they could theoretically be
produced further away from consumers than farmed meats and

thus their production could potentially serve as an economic
driver in less industrialized countries. It is also worth noting that
proponents of meat alternatives would likely not disagree with
such critiques, but argue that such products are not intended
to address problems associated with agribusiness consolidation
or globalization.

Socio-Economic Implications
If meat alternatives were to significantly replace farmed meat
production, as some speculate (Tubb and Seba, 2019), it
could have far-reaching socioeconomic effects on producers,
workers, and rural communities. A rapid transformation of
the agricultural marketplace from farmed to cell-based meat
production—and, to a lesser extent, plant-based substitute
production—could entail a significant overhaul in the labor
workforce involved in protein production, from one largely based
on farmers, farmworkers, meat processors, and veterinarians, to
one based on chemists, cell biologists, engineers, and factory
and warehouse workers (Mouat and Prince, 2018; Stephens
et al., 2018). Although farmers and farmworkers would still need
to produce raw ingredients or inputs for meat alternatives, a
significant reduction in livestock production could contribute to
massive layoffs and unemployment in the livestock farming and
meat processing sectors. One report speculates that half of the
1.2 million jobs in U.S. beef and dairy production alone could
be lost by 2030 and that farmland values could collapse by 40–
80% due largely to its projection that “modern protein foods” will
be five times cheaper than existing animal proteins (Tubb and
Seba, 2019). It is unclear howmany new jobs would be created by
either plant-based substitute or cell-based meat industries. The
status of trade agreements and tariffs, which remain a source
of instability in both meat (Keefe, 2018) and crop (CoBANK
Knowledge Exchange, 2019) markets, will also heavily influence
whether livestock and feed crop farmers continue to produce
their products and simply export more to other countries or
industries, raise different animals, grow different crops, or sell
their operations.

The implications of such drastic economic transitions should
be further explored, especially for the well-being of farmers
and farmworkers, who already experience poor mental health
outcomes compared to other professions due to a variety of
factors including financial stress, pesticide exposure, and climate
variabilities (Daghagh et al., 2019). This is especially pertinent
given recent media attention (the scientific literature has not
caught up yet) to a looming economic and suicide crisis
among American farmers considering the persistent agricultural
recession, diminished farm income, rapidly increasing debts,
and extreme flooding events (Harvie, 2017; Weingarten, 2018;
Simpson, 2019). Moreover, if cell-based meat were produced
in cities, it could also further perpetuate rural population loss
and the associated disintegration of rural economies, which are
largely dependent on agriculture (Tuomisto and Teixeira de
Mattos, 2011; Johnson and Lichter, 2019; Pender et al., 2019).
On the other hand, the potential for plant-based substitute and
cell-based meat production to create new jobs in urban areas
and in locations that do not have large agricultural workforces
(e.g., Singapore) and in STEM fields in both the public and
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private sector is also worth analyzing. Although the rise of
meat alternatives is but one of many factors affecting the
agricultural marketplace, research and policies to support farmers
in transitioning their farms to meet new market demands and to
assist workers in relevant job retraining programs is merited.

Affordability/Accessibility
Price remains one of the most significant barriers for widespread
adoption of plant-based substitutes and, especially, cell-based
meats. While plant-based substitutes are becoming a competitive
force in the marketplace, they comprise only a small overall
market share and prices for most products are higher than
those of farmed meats. Some proponents claim that plant-based
substitutes will become cost-competitive with farmed meats as
research and development costs are recouped, farmed meat
processing companies enter the meat alternatives marketplace,
manufacturing operations achieve economies of scale, and raw
material varieties and prices are optimized (Specht, 2019). If
plant-based substitutes do achieve price parity or eventually
prove less expensive than farmed meats, it has been suggested
that widespread market uptake could eventually make farmed
meat a premium product, based on the assumption that plant-
based substitutes would likely continue to replace lower quality
products such as burgers (Bonny et al., 2015).

It also remains to be seen whether cell-based meat will be
able to reach price parity with farmed meats. While the first
cell-based meat burger for human consumption was produced
in 2013 for an estimated $280,000 USD, one company (Biotech
Foods) claims that they have now reduced the cost to 100 euros
per kilogram, while another (Mosa Meat) projects it could be as
low as $10 USD per burger by 2021 (González and Koltrowitz,
2019). The cost of animal-free growth medium is still around
50 times higher than what it would need to be cost-competitive
with farmed meat, and that is only considering the cost of the
growth medium (van der Weele and Tramper, 2014). If it does
not achieve price parity, some have suggested cell-based meat
could remain a niche product for wealthier consumers to avoid
the guilt of consuming animal products (Cole andMorgan, 2013).

Depending on how the farmed meat production market
is affected by the rise of meat alternatives, there could also
be significant impacts on other industries that rely on the
byproducts of farmed meat production, potentially affecting the
cost of vaccines and other therapeutic substances as well as wool,
cosmetics, and some pet food (Mattick et al., 2015a), unless these
products are also replaced by cellular or acellular alternatives.
That said, the costs of therapeutic and biomedical technologies
relying on cell tissue engineering could also be decreased if
affordable large-scale cell-based meat production were attained
(Specht et al., 2018).

POLICY IMPLICATIONS

The introduction of meat alternatives to the U.S. consumer
market has fueled debates at the state and federal policy
level. These debates center on food safety approvals, how to
label plant-based substitute products, and in the case of cell-
based meat, which agency will be responsible for overseeing

production and marketing. Some of these debates stem from
limitations in the existing regulatory framework around food
production, inspection, and marketing, and are not unique
to meat alternatives; however, critics have highlighted their
importance in the context of these products.

Product Approvals
Concerns have been raised about how new ingredients in the
food supply and food production processes are approved (IPES-
Food, 2017), concerns which are relevant for the manufacturing
of meat alternatives. Many food ingredient approval processes
established by the US Food and Drug Administration (FDA)
are voluntary and industry-led. For example, food companies
can declare new substances they plan to use in food products
to be generally recognized as safe (GRAS) based on their
own risk assessments. Companies can voluntarily seek input
from the FDA on their GRAS filings, but FDA notice or
pre-market approval is not required (unlike the typical food
additive safety review process) [Food and Drug Administration
(FDA), 2016]. Some plant-based substitutes include novel food
ingredients that have been introduced to the food supply
through the GRAS process, including mycoprotein in Quorn
products (Marlow Foods Ltd., 2001) and soy leghemoglobin
in Impossible Foods products [GRAS Notice (GRN) No. 737,
2017]. In the case of soy leghemoglobin, a heme protein derived
from genetically engineered yeast, Impossible Foods voluntarily
submitted its GRAS determination to the FDA in 2017 and
went through several rounds of questions and responses with
the agency. During these exchanges, the agency determined that
the reddish-brown color that soy leghemoglobin imparts in the
company’s uncooked beef substitutes qualified the ingredient
as a color additive and thus required FDA approval before
it could be sold to consumers in uncooked forms [Food and
Drug Administration (FDA), 2019a]. In July 2019, the agency
sent a notice saying it had no further questions about the
ingredient’s GRAS status and approved the company’s petition
to use soy leghemoglobin as a color additive [Food and Drug
Administration (FDA), 2019b]. While some commentators have
raised concerns about the process and decision (Storm, 2017;
Lefferts, 2019), others find it sufficient to suggest that soy
leghemoglobin is unlikely to pose a risk for consumers (Clinton,
2017; Johnson, 2017), though, to our knowledge, this has yet
to be assessed in the academic literature. Consumer advocacy
organizations are similarly concerned about the GRAS process in
the context of cell-based meat (Hansen, 2018). A lawsuit was filed
in 2017 challenging the GRAS self-certification process (Case
1:17-cv-03833, 2017).

Regulatory Oversight of Cell-Based Meat
The ontological challenges of deciding whether cell-
based meat is considered “meat” or not have also posed
practical questions in terms of which federal agency will
be responsible for regulating production and inspection
of cell-based meat in the U.S. After much deliberation,
the FDA and USDA Food Safety and Inspection Service
(USDA-FSIS) agreed to jointly regulate “human food
products derived from the cultured cells of livestock and

Frontiers in Sustainable Food Systems | www.frontiersin.org 15 August 2020 | Volume 4 | Article 134

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Santo et al. Meat Alternatives and Food Systems

poultry” in March 2019 [Food and Drug Administration
(FDA), 2019c]. The FDA will oversee the cell culturing
stages of production from initial cell collection up to
cell harvesting, at which point oversight will transition
to the USDA-FSIS for meat production and labeling
(Sancar, 2019). This division of responsibilities has been a
longstanding challenge affecting other food products, but few
as blatantly as cell-based meat. This division will not apply
to cell-based seafood, which falls under the remit of FDA
(Greene and Angadjivand, 2018).

While the joint agreement between FDA and USDA clarified
many of the regulatory responsibilities between the agencies,
some questions remain, stemming in part from the nature
of how regulatory programs are established and funded.
Congress enacts legislation that enables executive agencies to
establish certain programs, creates budgets and appropriates
federal funding for those programs (and the government
generally), and provides oversight to ensure programs are
running efficiently and funding is being spent appropriately.
The development of regulations and programs within agencies
through the enabling responsibility does not always align
perfectly with Congressional appropriations, however, and
conflicts may arise as a result. In the case of the joint agreement
between FDA and USDA, the agreement does not empower
either agency to spend additional resources on regulating
cell-based animal products [Food and Drug Administration
(FDA), 2019c]. Thus, the agencies’ capacities to oversee these
new industries may be limited by funding and personnel
constraints, unless Congress authorizes additional funding
for them.

Given the rapidly evolving technology involved in cell-
based meat production, the regulatory frameworks surrounding
it will likely change (Schneider, 2012; Stephens et al., 2018).
As different types of cell-based meat products, production
methods, and production facilities develop, they may require
different regulatory approaches (Stephens et al., 2018). Other
policy issues have yet to be addressed, including whether
bioreactors will be considered agricultural facilities (which will
affect zoning laws), whether waste will be regulated as an animal
byproduct, the possibility for food fraud and mislabeling of
cell-based and farmed meat products, and how to regulate
cell-based meat produced using animal species not typically
used for food (Stephens et al., 2018). Regulatory pathways
and challenges will also differ between states and countries,
depending in part on the strength and influence of the traditional
agriculture lobby.

Labeling
There has been considerable debate around how meat
alternatives should be labeled, with some livestock industry
representatives concerned that consumers could be misled to
think they are purchasing farmed meat. Federal legislation was
introduced in October 2019 with the intention of limiting the
widespread utilization of the term “meat” for products that are
plant-based (U.S. House, 2019). The legislation would require
labeling any product that does not contain “real” meat to bear
the label “imitation” immediately before or after the name of

the food, and enhance mislabeling enforcement provisions.
This act comes after at least 25 states (O’Connor, 2019) have
passed laws restricting use of the term “meat” or “beef” on
plant-based substitutes or cell-based meat products. Given
the negative connotations of the word “imitation,” in terms
of both quality and flavor, these laws are likely intended to
undermine the marketing of these products, rather than inform
consumers who likely already know the nature of the meat
alternatives they are buying. It is also worth mentioning that
under FDA guidelines, “imitation” applies to any product
that “resembles another food but is nutritionally inferior to
that food,” such as imitation crab used in some sushi [Food
and Drug Administration (FDA), 2019d]. Since some plant-
based substitutes (and theoretically cell-based meat) contain
comparable amounts of all essential nutrients of their farmed
counterparts, it could be legally argued that these products
are not “imitations.” This semantic and legal debate illustrates
an interesting schism in the “meat industry”: the lobbyists
advocating for these laws represent producers who are most
likely to be affected by the rise of meat alternatives, rather than
processing and manufacturing companies who stand to profit
from the new products.

CONCLUSION

Plant-based substitutes and cell-based meats are gaining a
foothold in global markets. This review of the evidence explores
the extent to which the production and consumption of meat
alternatives can mitigate some of the environmental, animal
welfare, and public health problems associated with farmed
meats, per how these products are often promoted. In doing so,
we highlight the complexity of the issues at hand and the need for
cautionary approaches to the rapid adoption of these products.

From an environmental perspective, plant-based substitutes
can provide substantial benefits over farmed beef, to which
they are most often compared by industry and media.
Cell-based meat could provide benefits as well for most
environmental concerns, with a few caveats: the GHG footprint,
blue water footprint, and industrial energy use could be
higher than those of farmed beef in some cases. Compared
to farmed pork, poultry, eggs, and some types of seafood,
the environmental benefits of meat alternatives are generally
less pronounced (in the case of plant-based substitutes) or
potentially non-existent (in the case of cell-based meat), a
nuance that should be more transparent in discussions around
meat alternatives.

From an animal welfare perspective, if meat alternatives
replace even a small share of farmed meat production, this could
substantially reduce the number of animals raised and killed for
human protein consumption, demonstrating the ethical appeal
of these products. Cell-based meat will, however, require further
technological developments to remove all animal-based inputs
including fetal bovine serum.

From a public health perspective, there has been limited
research on nutrition, chronic disease, and food safety
implications associated with consuming meat alternatives,
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TABLE 1 | Level of characterization of public health, environmental, and animal

welfare implications in research to date on meat alternatives.

Implication Topic Plant-based Cell-based

category substitutes meat

Public health Nutrients Moderate None

Chronic disease risk Limited None

Food safety Limited None

Occupational health None None

Community health None None

Environmental GHG emissions Moderate Limited

Water use Limited Limited

Land use Moderate Limited

Nutrient runoff Limited Limited

Pesticide use Limited None

Biodiversity Limited None

Animal welfare Limited Limited

This table classifies the extent to which key public health, environmental, and animal

welfare implications explored in this paper have been characterized in existing academic

literature on meat alternatives. Recognizing that many studies report or review secondary

data, and that a significant proportion of the available environmental impact research on

meat alternatives is from gray literature, designations were made based both on counting

of available studies related to a specific product and implication as well as a qualitative

judgment of the depth and quality to which these topics have been covered in the

literature. Topics were classified based on the following criteria: none (no specific research

on this product and implication), limited (covered by only a few studies), moderate (some

research; more is needed); high (thoroughly researched).

and occupational and community health implications associated
with their production. For example, it is unknown whether
replacing farmed meat with plant-based substitutes would
offer similar nutritional and health benefits as less-processed
plant foods; the relative benefits would depend on the extent to
which plant-based substitutes are replacing red and processed
meat. Meanwhile, many of the purported health benefits of
cell-based meat are largely speculative at this time, given
the level of uncertainty around macro- and micronutrient
content, the scope and nature of antibiotic use, and waste
management practices.

The broader socioeconomic and political implications of
widescale replacement of farmed meat with meat alternatives are
also critical to consider, despite their frequent omission from
most existing research. Meat alternatives are not intended to
address concerns associated with industry consolidation, or the
loss of farmers’ and public autonomy over the food system,
but as products to be offered within existing protein supply
chains that appeal to those who enjoy meat but seek to reduce
environmental, animal welfare, and public health harms. That
said, these products illuminate important economic and political
tensions between livestock producers and processing/marketing
companies, between the workers who may benefit and those
who may lose opportunities from their rise in popularity,
and between consumers who may or may not be able to
access them.

There is no silver bullet solution to addressing the myriad
public health, environmental, and animal welfare challenges
associated with protein consumption. While plant-based

substitutes and cell-based meats may offer many benefits over
some farmed meats, it is critical to remain cautious and nuanced
in discussing their merits rather than assuming that they will
solve our current challenges without any drawbacks. By the
same token, these products should not be dismissed out of
hand as fringe developments in the food system or as simply
“imitations,” but should be approached with the same nuance
as other foods. At the same time, the role of shifting toward
more diverse, unprocessed whole foods (including pulses)
while providing economic support for more agroecological
producers—more than just substituting processed foods within
otherwise unhealthy dietary patterns and inequitable supply
chains—should not be overlooked. Mitigating the systemic
problems of our food system will likely require the food
processing and service industries, producers, and consumers
to think beyond simply replacing one “meat” on a plate
with another.

FUTURE RESEARCH

This literature review has revealed a number of gaps in
the research around plant-based substitutes and cell-based
meats. Table 1 portrays the extent to which key public
health, environmental, and animal welfare implications
explored in this paper have been characterized in existing
academic literature on meat alternatives. It is also worth
mentioning that much of the existing environmental research
on plant-based substitutes and cell-based meats has been
funded or commissioned by companies developing these
products, or by other non-profit organizations promoting
these products (see Appendix in Supplementary Material

Appendix A.2.1). In Appendix B (Supplementary Material),
we highlight a list of specific research needs that should
be further explored, ideally with independently funded
peer-reviewed studies.
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