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Chapter 16

New Sources of Animal Proteins:
Cultured Meat

M.J. Post* and J.-F. Hocquette***

*Maastricht University, Maastricht, The Netherlands; **INRA, UMRI1213 Herbivore, Saint Genées
Champanelle, France; "Clermont Université, VetAgro Sup, UMRI1213 Herbivore, Saint Geneés
Champanelle, France

1 INTRODUCTION

Mankind has been consuming meat perhaps for 1.5 million years and it has
greatly benefited us. Over time however, the cultural and nutritional necessi-
ties have changed and they will continue to change. The current balanced view
of the people in developed nations on meat consumption is that although the
vast majority of consumers eat meat, it comes at a high price. It is recognized
that livestock meat production puts pressure on crop output and comes with
an appreciable burden on the environment through greenhouse gas emission
(FAO, 2011) At the same time, societal acceptance of intensified livestock
breeding and herding with perceived deterioration of animal welfare is dwin-
dling. It is also questionable if we can increase livestock meat production with
the same livestock farming systems to match the projected 70% increase in
demand over the coming decades.

Against this background, several alternative protein sources as well as alter-
native meat production systems are being explored. Alternative protein sources
are of vegetable, grain, fungal, algal, or insect origin. The nutritional value and
the life cycle of these nonmeat proteins vary tremendously, but they have in
common that neither of them produces the same tissue that consumers recog-
nize as meat even if some efforts are continuously made to mimic the taste and
shape of meat. Success of these alternatives therefore depends on the extent
to which they can replace meat as a staple and highly appreciated part of the
diet. Culturing meat from skeletal muscle and fat tissue precursor cells aims to
reproduce a muscle tissue which may be transformed into meat through alterna-
tive, production methods that are potentially more resource efficient and envi-
ronmentally friendly according to some authors. However, such a disembodied
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production method also faces the challenge of public acceptance, as it may not
be perceived as being natural, healthy, or safe. The context of the discussion in
this chapter is the production of a biomimetic, that is, meat that is the closest
possible match to livestock beef.

The uncertainties of the future of meat consumption and production and the
uncertainties linked with alternative protein sources dictate comprehensive mul-
tidisciplinary research and development in every possible solution to a problem
that is both tangible and serious.

In this chapter, we discuss alternative production methods of meat and cul-
turing beef in particular. The choice for beef is rational as this meat is least
efficiently produced through livestock and is also associated with the highest
green house gas emission per kilogram.

2 TECHNOLOGY

Techniques to culture tissue including skeletal muscle have quite recently been
developed in a new medical field called regenerative medicine. The goal of this
endeavor is to replace dysfunctional of dysmorphic tissue by newly cultured
and fully functional tissue from patient’s own cells. The originating cells may
be stem cells, typically adult stem cells that are tissue specific, or can be derived
from tissues that consist of cells that retain replicative capacity.

To grow de novo muscle tissue and perhaps other components of meat, such
as fat and connective tissue, three basic components are required:

1. tissue specific cells with replicative capacity,

2. a biomaterial that at least temporarily keeps cells in a tissue configuration,
and

3. a bioreactor to feed the tissue and to provide mechanical and biochemical
stimuli for optimal differentiation of the tissue culture.

The same conditions also apply to culturing meat for the purpose of con-
sumption.

Meat consists mostly of skeletal muscle cells and because mature skel-
etal muscle cells no longer proliferate, stem cells are the only possible source
of replication-competent precursors. Fortunately, after the discovery of myo-
blasts in skeletal muscle, it was proven that they are the bona fide muscle
stem cells in that they can self-renew and repair damaged muscle tissue (Seale
et al., 2000). Since then, it has been shown that this group of cells, identified
on the basis of Pax7 and CD56 positivity, is in fact a heterogeneous group
(Motohashi and Asakura, 2014). The practical implication of this heteroge-
neity is as yet unknown. By well-described and relatively simple methods,
myoblasts can be harvested from a fresh piece obtained by a transcutaneous
needle biopsy of a cow muscle (Fig. 16.1). By very finely mincing the tissue
and by brief and light enzymatic digestion, muscle cells with their myoblasts
attached are plated under standard culture conditions. After a couple of days,
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FIGURE 16.1 Process of culturing meat. /, 2, Taking stem cells through a needle biopsy; 3, ex-
panding number of cells through proliferation; 4, making tissues from myotubes that self-assemble
around a central column so that they can attach to each other; 5, putting together a patty using
standard food technology.
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the myoblasts migrate through the basal membrane of the muscle fiber and
will start to proliferate. Depending on the purity of the biopsy, 95% of the
eventual cell population consists of CD56 positive myoblasts. Myoblasts can
be replicated by standard cell culture methodology using serum-supplemented
medium as “feed.” Medium is a fluid that contains all necessary nutrients
and vitamins for cells to grow. Myoblasts have sufficient but limited replica-
tive capacity with a maximum of 45 doublings being reported in human cells
(Hughes et al., 2015).

As myoblasts depend on attachment to a surface for their survival and
growth, they are traditionally cultured in large numbers on the plastic bottom
of culture flasks.

Once a sufficient number of myoblasts are obtained, the cells can be used in
batches of 2 million cells to form a multicellular tissue in the form of a muscle
fiber, the basic building block of a muscle and therefore of meat. To this end,
the cells are submerged in a gel or scaffold that gives temporary support and al-
lows the cells to merge and to connect to each other. By providing anchor points
to the nascent tissue, the cells will align in between the anchor points and start
to build up tension. This tension is the result of contractile proteins, but at the
same time it is the strongest stimulus for the cells to express these proteins, thus
entering a virtuous cycle. After approximately 3 weeks the muscle fibers are
mature and can be harvested. They will be 2-3 cm long but less than 1 mm in
diameter when they are harvested. Subsequently, the fibers are assembled into a
patty to create a hamburger or any other presentation of minced meat. Standard
food technology, including salt, seasoning, breadcrumbs, egg white powder, and
a binder are used to make a firm patty that can be handled and cooked.
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The current technology has several disadvantages including limited scal-
ability, repetitive handling with associated risk of contamination, and last but
not least, inefficient use of resources, such as feedstock, disposable materials,
energy, water, and manpower.

3 TECHNICAL CONDITIONS FOR FEASIBILITY

To turn cultured beef as proof of concept into a consumer product (Fig. 16.2)
with the ambition to reduce resources, environmental and animal welfare im-
pact, several conditions need to be met. The product can no longer contain
animal materials other than the bovine myoblasts, cell production needs to be
scaled to industrial proportions, tissue production will be automated, regulatory
approval should be attained, and consumer acceptance has to be studied and
guided. For the cultured beef to solve the environmental issues, production has
to be resource and energy efficient.

3.1 Eliminating Animal-Derived Materials

Some of the currently used materials to make cultured beef are still animal
derived and therefore not sustainable. They need to be replaced by either plant-
based or synthetic biomaterials. In particular, fetal bovine serum (FBS) is tra-
ditionally used to culture cells. Ever since Burrows and Carrel were successful
in cultivating mammalian tissue using serum (Carrel and Burrows, 1911), it has
been a staple in cell culture. It is largely unknown which components of serum

/ \J
/ Scaling/automation cell and tissue production

Sustainable sourcing

Mimicking (fat, protein ...)
Regulatory approval

Gaining acceptance

FIGURE 16.2 From proof of concept to a consumer product.
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are required to sustain in vitro cell growth, but it is most likely a specific balance
between growth factors and growth inhibitors, in addition to metabolic regula-
tors (Mannello and Tonti, 2007). There are several equally pressing reasons to
eliminate FBS from the cell culture process. It is ill defined with significant
batch-to-batch variability; the donor may have carried diseases; procurement
is morally questionable and finally, there will not be enough serum around to
sustain commercial meat production, especially if cultured meat will lead to
decimation of livestock. A host of so-called serum-free culture media has been
developed that is more or less specific to certain cell types. Some of them are
chemically defined, indicating that their composition is completely documented
and reproducible. For myoblasts, no serum-free medium is available yet. We
have tested numerous conditions with existing serum-free media in combination
with extra growth factors or cytokines, so far with limited success. It might be
anticipated that it is particularly difficult to design a suitable serum-free me-
dium for myoblasts, as these are typically grown in medium supplemented with
30% serum. Nevertheless, by building on the experience and success with de-
veloping serum-free medium for other cell types, it is likely that the same will
eventually be true for myoblasts.

The other animal-derived material in cultured beef is bovine collagen mixed
with Matrigel. This gel is used as temporary support for differentiating myo-
blasts to align, compact, and form a muscle fiber and is often referred to as
matrix or scaffold (Langelaan et al., 2010). As for serum, this collagen/Matrigel
mixture cannot be used for cultured beef production sustainably. It is a limited
resource and batch-to-batch reproducibility is not guaranteed. Myoblasts, very
similar to other mesenchymal cells, bind to and interact with specific extracel-
lular proteins to solidify as a tissue. If mounted in a matrix of extracellular pro-
teins and sugars, the cells will compact the matrix by assembling the proteins
and sugars thereby effectively squeezing out excess water. Requirements for a
synthetic or natural substitute of the animal-derived material are that there is
a seemingly unlimited supply, that they are biocompatible and nontoxic when
traces end up in the end product, that they form a gel of appropriate mechanical
strength to support the cells in forming tissue and finally, and perhaps most im-
portantly, are functional in that cells can interact and bind to compact the tissue.
A large number of biobased and synthetic materials potentially fulfill three of
these requirements. They typically consist of polymeric sugar chains that lack
binding sites to which myoblasts can adhere. To solve the latter, the sugars are
functionalized with short peptides such a cyclic arginine-glycine-aspartic acid
(cRGD) thereby providing binding partners for cell membrane bound integrins
(Sandvig et al., 2015). A wide array of such proteins are available to further op-
timize integrin-mediated binding and interaction of cells to a matrix of polymer
sugar chains. Examples are alginate, derived from saltwater algae, chitins from
shellfish, and cellulose from plants or trees. Alginates for instance are already
widely used in food applications as binder or to make gels. Its vast supply from
a natural source will secure the availability for large-scale meat production.
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Preliminary experiments in the laboratory of Maastricht University suggest that
functionalized alginate has similar compacting properties as the collagen/Matri-
gel mix (unpublished data).

Synthetic biomaterials that are biocompatible and degradable include poly-
lactic acid, polyglycolic acid, and polyurethanes. No food application using
these materials has been described yet. For appropriate cell interaction they too
would need to be functionalized with small peptides.

Given the wide range of possibilities and the encouraging success with some
biomaterials, it seems likely that this problem can be solved in the foreseeable
future.

3.2 Mimicry

The premise for cultured meat is that the consumer continues to expect meat
as a readily available and affordable food choice and not a meat substitute with
perceived lower quality. To what extent can cultured meat mimic livestock pro-
duced meat? Although this question directs primarily to sensory factors of meat,
such as color, flavor, and tenderness, it is likely that the biochemical and struc-
tural composition of the engineered tissue needs to be similar to the natural
product.

The color of currently formed muscle fibers is yellow, not pink or red. Cul-
turing the cells at ambient oxygen conditions apparently suppresses myoglobin
expression, responsible for most of meat’s red color (USDA, 1998). Many stud-
ies have shown that myoglobin expression can be increased by culturing bovine
muscle fibers under low oxygen conditions (Kanatous and Mammen, 2010).
The results of Maastricht University in bovine myoblasts confirm those obser-
vations (unpublished results). Further metabolic studies on heme and iron incor-
poration have not been performed yet. Heme and iron are likely to contribute to
the taste of meat as well.

The flavor of meat is the result of a highly complex composition of proteins,
sugars, and aromates (Mottram, 1998). As the myoblasts are essentially the
same cells as the ones producing livestock beef, we assume that the biochemi-
cal composition of the tissue can be made similar. If that is the case, the taste
should be replicated as well. The proof-of-concept hamburger was made solely
of muscle cells and an occasional fibroblast. Aromates residing in the fat frac-
tion of meat were therefore largely lacking. To complement flavor, but also to
add nutritional value and enhance the texture of meat, adipose tissue needs to be
added to the product. Adipose tissue can be cultured from mesenchymal stem
cells, adipose tissue—derived stem cells or perhaps even from myoblasts (Vettor
et al., 2009). The most common cell source is the mesenchymal stem cell frac-
tion, typically derived from a bone marrow aspirate. The ability to differentiate
along the adipogenic line is one of the defining criterions for mesenchymal stem
cells. A cocktail of dexamethasone, iso-butyl-methyl-xanthine (IBMX) and in-
sulin is used to drive the differentiation. This cocktail is not compatible with
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food production. Adipogenic differentiation involves the activation of several
transcription factors including PPAR-y and C/EBP-f3. The dexa/IBMX/insulin
mix activates these pathways at several levels. As free fatty acids (FFAs) are the
natural ligands for PPAR-y, several FFAs have been tested for their ability to
induce adipogenesis in stem cells. Indeed, some of them have shown promis-
ing activity and are being tested in bovine preadipocytes derived from fat tis-
sue. Maturation of adipose tissue into the typical white adipose tissue takes
2-3 months, much longer than muscle cells need to mature. However, with the
goal of mimicking the entire tissue, adding fat tissue is mandatory. In addition
to flavor, fat tissue contributes to the texture of meat. The proof-of-concept ham-
burger lacked fat and as a consequence had a dry mouth feel according to the
limited number of tasters.

Like taste, texture or mouth feel is also the result of multiple features of
meat, including tissue composition, microscopic and macroscopic tissue archi-
tecture, and ability to retain water and fat when cooked.

The formation of small pieces of muscle, such as in hamburgers or other
forms of processed meat relies on the innate tendency of muscle cells and fibers
to self-assemble in the previously mentioned matrix or scaffold. Histologically,
the alignment and distribution of such self-assembled mature muscle fibers look
very similar to muscle fibers in vivo. The bundles are maximally 1 mm in diameter
and 2.5-cm long with a distinct perimuscular fibrous sheet, resembling perimy-
sium. The secondary structure of these bundles in larger bundles and eventually
a full thickness muscle however cannot be formed on the basis of self-assembly
alone. Such a tissue, a steak in principle, would require additional technology to
provide the macroscopic architecture of the tissue, but more importantly it would
need to contain a perfusable channel system to carry oxygen and nutrients into
the tissue’s center. The technologies to make those structures do exist but have
not been applied yet to meat and will require substantial development.

The tissue-engineered muscle fibers have cross-striations, strongly suggest-
ing that sarcomeres with appropriate actin and myosin complexes have formed.

Other cells may be required to accomplish full mimicry of meat. Skeletal
muscle as our most metabolically active and oxygen demanding tissue during
exercise is a highly vascularized tissue, mostly in the form of capillaries capable
of gas and nutrient exchange. It seems unlikely on the basis of the small contri-
bution of vascular cells to the total protein content of muscle that the vascula-
ture contributes appreciably to taste or texture of meat. However, it is possible
and even likely that vascular cells influence the maturation of skeletal muscle
cells through paracrine activity. As an example, it has been shown that endo-
thelial products enhance proliferation of skeletal myoblasts in vitro (Christov
et al., 2007). Likewise, in heart muscle, enhanced neovascularization induces
hypertrophy through paracrine effects involving a nitric oxide—dependent path-
way (Tirziu et al., 2007).

The same might be true for neural cells. In vivo, muscle is innervated by
sensory and somatic nerve cells that keep muscles in a state of continuous
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activity. Tissue engineered skeletal muscle spontaneously generates motor neu-
ron endplates, but displays much more of these structures when myoblasts are
cocultured with glial cells (Vianney and Spitsbergen, 2011). As a result, force
generation of the artificial muscle upon electric stimulation is greatly increased.

Mutual interaction through a paracrine pathway or cell-cell contact might
also exist between fat cells and skeletal muscle, providing an additional motiva-
tion to add fat tissue to the muscle.

Coculture of cells is experimentally challenging because the number of test
conditions rapidly increase with increasing number of cell-types. It is also a
technical challenge as most cell-types are specific in their nutritional needs.
Finding the optimal medium and the optimal time to introduce new cell types
in the culture requires extensive testing. However, if most cell interactions are
in fact based on paracrine influences, the factors involved might be isolated and
used without using the original cell source in coculture.

Sensory experiments including tasting panels will finally determine the suc-
cess of mimicry. To feed these tasting panels, production needs to be scaled up.

Finally, recreating muscle tissue in all of its complexity may not be suf-
ficient if the aging process after death of the tissue is not similar to livestock
meat. Regarding aging of conventional meat, a long storage time of beef (at
least 14 days) in cooling conditions is recommended to obtain an acceptable
final tenderness and flavor of meat. Many studies have shown that the meat
tenderization process is complex and is based on the extent of proteolysis of
key target skeleton proteins within muscle fibers and the alteration of muscle
structure due the sequential actions of many enzymes. More precisely, after
slaughter of farm animals, muscle fibers go into rigor mortis due to protein
contraction and the muscle is tough. The extent of this process in the case of
cultured beef is still unknown and is likely to be different due to different har-
vest conditions of the muscle, being just ischemia in cultured meat and a se-
quence of death-related events in vivo, such as release of catecholamines and
stress factors. Subsequently, as the aging process occurs in muscle from farm
animals, aerobic metabolism declines with the decreasing oxygen supply and
therefore, glycogen is converted into lactic acid inducing a decline in pH to
5.4-5.8. The pH and temperature should decline within a precise window to
achieve optimal palatability of meat (Thompson, 2002). It is as yet unknown if
this process is reproduced in the ischemic cultured beef. In the case of conven-
tional meat, postmortem protein breakdown is caused by the proteolytic action
of different endogenous muscle enzyme groups during carcass storage. How-
ever, the importance of the different groups of muscle peptidases in this process
is still a matter of controversy. Indeed, the calpain system with its associated
inhibitors (calpastatin) was considered to be the primary system responsible
for meat tenderization and the action of this system is still under study (Lian
et al., 2013). More recently, the onset of apoptosis, which controls the cell death
process and the associated degradation of structural proteins, was thought to be
important as well, but this process is extremely complex with a great number of
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molecular actors involved and it is therefore not completely understood (Ouali
et al., 2013). Researchers are still working to understand these mechanisms to
better predict the quality of conventional meat, and therefore, the only way to
reproduce these events is to create a product that is as close a mimic of livestock
meat as possible.

3.3 Scaling of Production

Myoblasts, like most mesenchymal cells, are contact dependent meaning that they
only survive and grow when attached to a surface. Traditionally, this type of cell
culture is performed in Petri dishes or cell culture flasks, where the cells adhere to
the plastic bottom and are covered with medium. This geometry provides a poor
surface-to-volume ratio, which is inefficient and cannot be scalable to industrial
proportions. In contrast, bacteria and yeast grow in suspension and are typically
cultured in large 25,000 L stirring bioreactors. To grow myoblasts in suspension,
microcarriers are introduced. These are small spheres (100 wm in diameter) that
are suspended in medium and provide the necessary surface for myoblasts. A
large number of microcarriers with specific composition and characteristics are
available and most of them are tested on mesenchymal stem cells. These generally
positive results should be translatable to myoblasts given the similarities between
mesenchymal stem cells and myoblasts. Preliminary experiments focused on this
translation show that myoblasts indeed grow well on microcarriers suspended
in medium in stirrer flasks as well as in a 1.5 L stirring bioreactor (unpublished
results). Optimization with respect to type of microcarriers, seeding density, me-
dium choice, medium change, etc. will require substantial additional work but is
technically feasible (Moritz et al., 2015). From the 1.5 L bioreactor, the process
still has to be scaled to 25,000 L, currently the biggest stirring bioreactor avail-
able. Scaling up from a 1.5 to 5 L has been done for mesenchymal stem cells
(Rafiq et al., 2013) and it is assumed that from there up is mostly determined by
technical adjustments to provide adequate content mixing and temperature con-
trol. The scaled bioreactors from 5 L up to 25,000 L are commercially available,
albeit that they are optimized for bacterial or yeast culture.

Although scaling of cell production is the biggest challenge, subsequent tis-
sue production needs to be scaled as well. Currently, the tissues are assembled
by manual pipetting, which is very laborious, expensive, and susceptible to con-
tamination. Automation in a closed, sterile environment is likely the methodol-
ogy that is required for scaling up this part of the process. In tissue engineering
for medical purposes, similar steps have already been made to the level of a
fully automated cell harvest, cell production, and tissue assembly with full qual-
ity control of every sequence (Groeber, 2015). At the stage of tissue production,
cell density is much higher than in cell production so that less space and me-
dium is required to grow the tissues.

With scaling of cell and tissue production, supply of medium will become
a critical issue. Growth medium for mammalian cells is expensive and the



434 PART | Il New Techniques for Measuring, Predicting and Producing

production is proportioned to the demand for scientific experiments and medi-
cal applications. For large-scale meat production, this supply needs to increase
by orders of magnitude. Components of medium are plant-based or produced
in microorganisms. As an alternative, production of proteins and sugars by al-
gae has been discussed, but not implemented yet. The biotechnology industry
to produce the components has to scale according to the projected increase in
demand when cultured meat production is scaled. From a resource and technol-
ogy point of view this is likely feasible. Potential bottlenecks, such as the avail-
ability of sufficiently qualified personnel, need to be identified and dealt with
in a timely fashion.

3.4 Efficiency

For cultured beef to serve as a solution for threatened food security and envi-
ronmental burden of livestock, the production needs to be more efficient than
a cow. This means that less resources, such as feedstock, fresh water, land, and
energy will be used to produce the same or preferably increased amounts of
beef. Cell culture has not been efficient up until now, mostly because there was
no need for it. The goal of mammalian cell culture was mostly scientific or to
address a medical problem where being green was either ignored or at best han-
dled as secondary objective. Efficiency can potentially be achieved by chang-
ing medium composition, adjusting bioreactor processes, including recycling
of materials and last but not least, by scaling up. Estimates of efficiency of the
current small-scale process are not available and are not very useful. Based on
extensive modeling and using many assumptions, which are discussed in the
scientific community, preliminary life cycle analyses have been performed with
variable outcome, especially when it comes to energy consumption. The most
favorable resource saving came out of one of the earliest studies, where the as-
sumption was that algae products could be used to feed myoblasts in culture to
produce beef. That study resulted in a predicted saving of roughly 90% water
and land usage and 60% energy (Tuomisto and Teixeira de Mattos, 2011). An-
other, more recent study, predicts that culturing meat does not save energy but
may lead to increased energy expenditure while still preserving water and land
supply (Mattick et al., 2015).

The uncertainties in these models are large and we therefore have to wait for
scaled production and improvements in technology, so that these models can
gain a higher level of predictability.

4 NUTRITIONAL VALUE

It is the goal of culturing beef to produce the same tissue as livestock beef,
suggesting that the nutritional value is going to be the same. There will remain
differences though. Skeletal muscle cells and adipocytes are capable of making
many proteins, fatty acids, growth factors, and cytokines. Some of the regular
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constituents, such as vitamin B12 however are not produced by the cells but are
taken up from the environment, in vivo from the blood. An easy fix would be to
add vitamin B12 to the growth medium. There are other factors that are taken
up from the environment that would need to be supplied to the medium to get it
into the tissue. For efficiency reasons, future studies will be directed to which of
those factors are necessary, which are not and which might actually be harmful
to the consumer. Epidemiologic studies point at an association between meat
eating and cardiovascular disease and colon cancer. If the causal factors are in
meat itself—some of them are likely to appear during cooking—can be identi-
fied and if they are not obligatory produced by muscle or fat cells, there is an
opportunity to culture meat devoid of these factors thereby creating a healthier
product.

5 SAFETY

Again under the assumption that cultured beef is very similar to livestock beef,
the product itself should have no particular safety risks. However, the produc-
tion method is radically different and some aspects therefore need to be con-
sidered. On the positive side, the starting sample from which the myoblasts are
harvested is very small and obtained by sterile procedure. Because of its small
size, it can be easily ascertained that it is free of microorganisms and parasites.
During the production phase, the cells and tissues have to be under aseptic con-
ditions or microorganisms will overgrow the culture. Other toxic conditions are
equally unlikely to sustain survival and growth of cells in culture, so the cells
serve as their own coal mine parakeets. A substance, such as phenol that is typi-
cally present in cell culture medium to detect a drop in pH, can easily be omitted
from the medium.

On the negative side, there is a potential for genetic instability of cells due to
the high number of proliferations that are required to expand the cell number. In
other words, cancerous cells might develop and hide in the vast amount of cells
while going unnoticed. Sporadic cancerous cells are probably harmless. They
are dead when the meat is ready to be eaten and even if they would be still alive,
they would be killed in our digestive system. However, it is prudent to regularly
control for presence of gene or chromosome artifacts on a per batch basis, as is
the policy in producing stem cells for medical application. This should be part
of quality control.

6 ACCEPTANCE

Throughout evolution, prehumans and human beings have been eating meat
among other types of food simply because humans are omnivores. At the begin-
ning of their history, humans were scavengers and/or hunters (Speth, 1989),
since their digestive systems were well equipped (and are still well equipped)
to make full use of animal foods. By contrast, human beings have much shorter



436 PART | Il New Techniques for Measuring, Predicting and Producing

digestive systems than herbivores and don’t have the specialized organs to di-
gest cellulose. Therefore, human beings cannot make use of plants and grass.
However, eating meat from herbivores is an efficient way for human beings to
indirectly valorize plants, grass and any type of natural pasture.

Some evidence shows that our prehuman ancestors were eating meat and
that human physiology was adapted to a diet with a regular consumption of
meat as early as 1.5 million years ago (Dominguez-Rodrigo et al., 2012). Since
then, human beings have always more or less consumed meat from different
types of animals, and this consumption was thought to be associated with the
development of a larger and a more elaborated brain. Meat consumption was
also associated with social organization and geographic movements of human
populations, which were always in expansion before sedentary lifestyle. Other
argued that meat has several nutritional advantages (for instance, a good amino
acid profile, and a high level in vitamin B12 unlike plants), which may explain
why humans eat a lot of meat. In fact, it was demonstrated that whenever and
wherever it was ecologically possible, hunter-gatherers used to consume a lot
of animal foods (about 45-65% of energy). More precisely, about 73% of the
worldwide hunter-gatherer people derived >50% of their subsistence from ani-
mal foods, whereas only 14% of these societies derived >50% of their subsis-
tence from plants (Cordain et al., 2000). Today, about 90% of human beings eat
meat and eating meat is often associated to a pleasure. In summary, humanity
has been and is still characterized by a high reliance on animal-based foods.

Throughout history, limited availability, nutritional needs, as well as cultural
factors were thus the main drivers of meat consumption (Fig. 16.3A). Nowa-
days, thanks to the development of the economic world, and especially in de-
veloped countries where meat is readily available, the main factors which affect
any food product purchase and consumption (Fig 16.3B) are sensory factors
(mainly color, tenderness, and flavor in the case of meat), psychological fac-
tors (including cultural factors and lifestyle) but also marketing factors, such
as price, brand, label, and others (Font-I-Furnols and Guerrero, 2014). Among
psychological factors, new issues, such as moral concerns around animal wel-
fare (De Backer and Hudders, 2015) and carbon footprint were raised (Scollan
et al., 2011). Thanks to these contradictory drivers, the meat substitutes market
is developing into consumer’s products which are not meat, but which look
like meat in terms of shape, visual aspect, and nutritional supply. However, for
any type of food of different quality levels, guarantee of hygiene and safety are
the first drivers of purchase and consumption at the consumer level, followed
by price (Hocquette et al., 2013). So, the acceptance of any new food product
(including cultured meat) will primarily depend on these three main factors:
hygiene, safety, and an affordable price.

Once guaranteed safety and an affordable price will be achieved, consumers
will either accept or reject cultured meat depending on psychological and sen-
sory factors. Assuming that sensory quality traits of meat will be totally repro-
duced by cultured meat, some researchers have examined psychological factors,
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FIGURE 16.3 Main factors affecting meat consumption during the human history (A) and since
the development of the economic world (B). In (B) only some examples of factors are given at the
second level (white boxes). The main factors described in (B) can be extrapolated for all types of
meat substitutes including cultured beef. (Part B, adapted from Font-I-Furnols, M., Guerrero, L.,
2014. Consumer preference, behavior and perception about meat and meat products: an overview.
Meat Sci. 98, 361-371.)

referring to the product as “artificial meat.” Initial reactions of consumers about
artificial meat are feelings of disgust and considerations of unnaturalness. After
thinking, consumers cannot see many direct personal benefits but perceive
global societal benefits relating to the environment and global food security.
However, these benefits are perceived as uncertain especially regarding safety
and health, with possible adverse societal consequences dealing with loss of
farming, eating traditions, and rural livelihoods. Further reflection pointed out
concern about risk governance and control, and need for regulation and proper
labeling (Verbeke et al., 2015).

To better understand consumers’ reactions regarding artificial meat, a total of
1890 educated people (mainly scientists and students) were interviewed world-
wide (Hocquette et al., 2015). A majority of the respondents believed that “arti-
ficial meat” was feasible and realistic (between 54% and 75%) and that 48—-81%
think that the meat industry is really facing important problems related to the
protection of the environment, animal welfare or inefficient meat production to
feed humanity. Thirty to 45% of respondents did not think that “artificial meat”
will be the solution to solve the aforementioned problems and 24-42% believe
that artificial meat will be healthy and tasty. Forty-one to 65% of respondents
wished to continue to eat meat while accepting to consume less meat. Only a
minority (from 5% to 11%) would recommend or accept to eat in vitro meat
instead of meat produced from farm animals and 49-64% believed that con-
sumers would not accept artificial meat in the future. It was speculated that the
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apparent contradictory answers expressed the fact that people trust scientists to
develop artificial meat that is potentially useful in the future, but have also con-
cern for their own health because they are not convinced that artificial meat will
be tasty, safe, and healthy enough to be accepted by consumers. More generally,
some authors mentioned that technophobia may be a reason to reject artificial
meat, meat from genetically modified, and meat from cloned organisms even
if they are different products (Bonny et al., 2015a). Cultural factors and fram-
ing of the questions certainly play a role in surveys. In a Dutch survey among
a 15,000 people cross-section of the general population, 23% responded “yes”
and 29% “yes, probably” to the question “would you buy cultured meat at least
once to try, if it were available in the supermarket” (http://www.flycatcherpanel.
nl/news/item/nwsA1697/media/images/Resultaten_onderzoek_kweekvlees.
pdf, published 2013). Although these initial studies are useful and insightful,
it is fair to say that the eventual success can only be determined after market
introduction.

Other authors observed that the only meat substitutes that are currently
widely available to consumers are meat replacement products manufactured
from plant proteins and mycoproteins. In the future, new products may be on the
market, such as cloned and genetically modified meat, meat produced through
agroecological livestock systems (Dumont et al., 2013), proteins from insects
and cultured meat produced from stem cells. Therefore, the market of protein
products is likely to become more complex with many products competing with
each other. Consequently, the future market of cultured meat produced from
stem cells has many new potential competitors (Bonny et al., 2015a). Indeed,
according to one author, “artificial” meat will be considered to be ethical only
if it is more effective at reducing conventional animal meat consumption than
plant-based analogs (Laestadius, 2015).

6.1 Future Possibilities With Cultured Meat

Livestock meat comes in many varieties from different parts of the body. Cul-
tured beef can be as variable and probably even more so than the livestock cor-
relate. While a few companies are preparing the minced product for the market,
further scientific and technical endeavors may focus on culturing whole cuts,
such as a steak. A steak is a more complex structure with feeding channels
(blood vessels), organized fibrous tissue, various degrees of marbling and per-
haps even a bone. Building such a complex structure will involve some sort of
free form fabrication, such as 3D printing. 3D printing of cells and biomaterials
is possible but still needs to be refined to make complex multicell, multimate-
rial tissues. If established one day, the technology is potentially versatile in that
every imaginable macroscopic architecture can be theoretically generated to
mimic the classic pieces of muscles coming from an animal.

Muscle can be cultured from all animals that have myoblasts in their skeletal
muscles. Pork and chicken are the most likely immediate candidates, but fish
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is definitely possible as well. For each of these species, different justifications,
such as animal welfare or maintenance of biodiversity can be formulated to start
culturing their muscle.

Therefore, new products can be envisioned by mixing myoblasts from two
of more species or taking myoblasts from exotic species, hitherto unknown
products can be generated. The very imaginative and fun In Vitro Meat Cook-
book that was launched in 2014 suggest a wide range of new products from
cultured meat, illustrating that our current concept of meat may be challenged in
the future. Perhaps more interesting is the potential creation of healthier muscle
products that contain for instance less fat or more polyunsaturated fatty acids,
such as -3 fatty acids, which reduce the risk of cardiovascular disease.

7 DISCLAIMER

This chapter was written by two authors whose beliefs concerning cultured beef
are totally opposed. Mark Post has previously published more enthusiastic pa-
pers (Post, 2012) while Jean-Frangois Hocquette has taken a more critical stance
(Bonny et al., 2015b; Hocquette, 2016). The aim of the collaboration between
these two views is to describe the state of the art in the most objective way.
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