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Abstract

Concerns surrounding the environmental, economic, and ethical consequences of meat
production and industrial agriculture have prompted substantial research and capital investment
into the production of meat alternatives. Alternative meat production encompasses a variety of
technological approaches including plant-based meats, cell-based or cultivated meats, meat
alternatives relying on fungal protein sources, and hybrids thereof; each of which offers unique
advantages and disadvantages and has been associated with a myriad of claims supporting it as
the preferred alternative to animal-derived meats. As part of XPRIZE Foundation’s Feed the
Next Billion competition, we developed a framework for evaluating meat alternatives by
measuring their structural, nutritional, and organoleptic properties while also assessing safety and
their purported environmental and economic benefits compared to animal-derived meats. The
framework is technologically agnostic and can be used to evaluate meat alternatives of all types.
The output of the framework enables a data-driven comparison to animal-derived meat and/or
other alternative meats, allowing a range of stakeholders (e.g., food startups, investors,
government) to assess technological readiness, competitive advantage, and impact potential. This
framework can assist this nascent industry as it moves towards standardizing approaches to
evaluating the quality, safety and proposed benefits of meat alternatives.
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Introduction

Climate changes, population growth, and increasing demand for meat coinciding with
economic development ! have placed existing agricultural systems under incredible strain. These
pressures have renewed efforts to examine the health and sustainability challenges associated
with traditional livestock farming 2. Examples of the complex interplay between agricultural
systems and human health include the proliferation of antimicrobial resistance stemming from
the overuse of antibiotics and the emergence of zoonotic diseases °, such as avian influenza *.
Agriculture is also a significant contributor to global anthropogenic greenhouse gas (GHG)

56 with a recent study finding that rapid phase-out of animal agriculture has the

emissions
potential to stabilize GHG levels 7 and help achieve the goals of The Paris Agreement ®. These
are challenges, along with deforestation °, fresh water use '°, and biodiversity loss !, that risk
being exacerbated by increased livestock production. They are also motivations behind the
burgeoning field of ‘alternative proteins’ or ‘cellular agriculture’, which seeks to develop
complementary approaches to producing animal meat or protein rich alternatives that can serve
as faithful replacements for animal origin (AO) products. Environmental modeling has predicted
or shown that these alternatives can serve as a more sustainable source of dietary protein

compared to traditional animal agriculture '*!3

, while providing other benefits such as a
reduction in antibiotic usage and improvements to animal welfare '*.

The history meat alternatives dates as far back as the 6™ century !° and includes a variety
of plant-based examples such as tofu, tempeh and seitan. Life cycle assessments have found that
many plant-based meat alternatives have a lower environmental impact than animal-derived

sources of dietary protein '*; however, these products generally do not closely replicate the

organoleptic qualities of conventional meat. Academic and industry led efforts have focused on
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developing meat alternatives that more closely replicate these qualities, as exemplified by Dr.
Mark Post’s cell-based hamburger !¢ and the commercialization of Beyond Meat and Impossible
Food’s plant-based burgers, sausages, and nuggets. These examples are representative of the
majority of those currently available to consumers — alternative products that aim to replicate
ground or minced meats. More recently, whole-cut alternative meat products have come to
market including plant-based salmon in parts of the EU and hybrid chicken alternatives
composed of plant-based and cell cultured ingredients in Singapore !”. Release of these products
has coincided with economic modelling highlighting outstanding technical challenges

surrounding certain approaches to alternative meat production %!

, and consumer adoption
remains heavily impacted by pricing, organoleptic qualities, and product familiarity 2.
Combined with a number of companies in the industry missing projected release dates for their

t 22, it is clear that

own meat alternatives 2! and declining sales of existing products on the marke
alternative meat production requires substantial innovation, investment, and maturation before
the proposed benefits to environmental sustainability and human health can be achieved.

In effort to promote innovation and accelerate technological maturation of alternative
meat production, the XPRIZE Foundation launched Feed the Next Billion (FTNB), a USD $15
million prize competition focused on incentivizing competing parties to develop structured
chicken breast or fish fillet alternatives. The alternative meats produced were tasked with
replicating or outperforming conventional chicken or fish across a variety of metrics including
access, environmental sustainability, animal welfare, nutrition, taste, and texture. The
competition was solution/technology agnostic and invited submissions incorporating a variety of

alternative protein sources including plant-based, cell-based or cultivated (henceforth referred to

as ‘cell-based’), mycoprotein and single-celled protein (SCP), or hybrids of these alternatives.


https://doi.org/10.1101/2024.11.18.624184
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.18.624184; this version posted November 20, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

The multi-year competition curated a set of established methodologies to assess the
characteristics of the competition submissions which form the foundation of a framework that
was developed for evaluating meat alternatives. This framework was designed to
comprehensively assess meat alternatives using methodology that was robust, reproducible, and
cost effective. The results obtained through application of this testing framework were used as
the basis for determining advancement throughout the various stages of the competition. We
successfully applied our framework to plant-based, cell-based, and mycoprotein-based chicken
and fish alternatives. Importantly, the framework allowed for meaningful assessment of meat
alternatives compared to the animal-based product they aimed to replicate, as well as to other
alternative products in the competition. Furthermore, assessment was possible across different
product types (i.e., alternative chicken breast vs. alternative fish fillet) and product technology
(i.e., plant-based vs. cultivated), resulting in a generalized approach to evaluating meat
alternatives.

XPRIZE Feed the Next Billion Framework

The framework was designed to assess both product and process level parameters of meat
alternatives (Figure 1). The portfolio of tests included within product level assessment employs
methodologies with an established history of use in food analysis. Collectively, these tests
measured the size, structural and physical characteristics, and nutritional profile of the meat
alternatives within the competition. Additional product level assessment looked at the sensory
characteristics and organoleptic properties of meat alternatives using consumer sensory panels,
as well as an assessment about product versatility with respect to preparation and cookability.

Throughout the competition, all AOR products were subjected to the same testing framework,
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resulting in generation of a baseline data set used to make comparisons between meat
alternatives and the animal-derived products they sought to imitate.

Process level assessment focused on two main areas, the environmental sustainability and
economic feasibility of the meat alternatives. Broadly speaking, this assessment included a
screening-level life cycle assessment (LCA), and a techno-economic assessment (TEA) based on
data specific to the processes used to produce the meat alternatives. These assessments
incorporated information related to ingredients and processing aids, manufacturing and storage,
as well as distribution, market launch strategies and regulatory considerations. For the
environmental and economic assessment, existing data related to AOR products was gathered
from available databases and used for comparison where appropriate.

A key component of this framework that considered product and process level factors
was food safety. Process level factors were considered upstream elements and were reviewed
throughout the duration of the competition. This review focused on risk identification, mitigation
and management to ensure samples were safe for consumer testing without requiring a formal
regulatory filing. Product level factors encompass more traditional food safety testing to ensure
the absence of microbial and chemical contamination that could acutely compromise food safety.

Product Level Assessment

Structure and Physical Characteristics

The texture, mouthfeel and overall organoleptic properties (consumer experience) of
animal meat are influenced by the structure and physical characteristics of the tissue or food
matrix, which in turn, is dependent on factors such as the species, tissue type, post-mortem
handling %, and food processing. Producing structured meat alternatives is inherently more

challenging than ground or unstructured alternatives 2*. In the case of plant- and fungal-derived
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Figure 1. Framework Overview

proteins, the manufacturing process typically involves techniques, such as extrusion, to modify
texture and mimic the fibrous nature of muscle ?° . For cell-based alternatives, mimicking the
microstructure of meat can involve controlling cell differentiation (e.g., myogenesis) and other
approaches conscripted from the field of tissue engineering . Faithfully replicating the
properties of whole-cut meat is seen as critical for the success of alternative meats; whole-cut
meat products account for the largest proportion of retail sales by dollar volume, and are
preferred by consumers over ground products . For these reasons, XPRIZE Feed the Next

Billion required submissions to replicate whole-cut chicken or fish, and relied on a collection of
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robust, well characterized approaches for characterizing the macrostructure of meat to assess
performance.

Size
Assessing the mass of submissions ensured they conformed with the standard serving size

(85-115g) of conventional meat. This requirement was implemented to increase the challenge
associated with developing whole-cut or fillet alternatives while promoting development of
products that aligned with consumer expectations. Mass measurements were undertaken using a
laboratory scale, with a minimum of 15 samples measured (out of a total of 200+ samples).
Submissions were not required to have a uniform mass, but all samples needed to be a minimum
of 85 g within the competition to be considered compliant.

Submissions were also required to have a minimum thickness of 1 cm. The
implementation of this parameter was to disincentivize the development of thin, elongated
submissions that met the mass requirements but would otherwise be considered “atypical”
compared to AORs. Structured cell-based meat samples that have thickness akin to conventional
cuts of meat are still in development 2, though proof-of-concept studies show promise for future
development of thicker, structured cell-based meats 2°. The minimal thickness requirement was
also included to ensure submissions were compatible with other testing methodologies utilized
within this framework (discussed below).

Colorimetric testing

Visual appearance is a major determinant of purchase intent for meats with color being
one of the major parameters used to gauge quality *°, safety, freshness 3!, and consistency 2. This
is exemplified by certain industry practices, such as the addition of carotenoids to the diets of
farmed salmon to imbue them with the pink-red coloration typical of wild salmon 33, Color is

also an important indicator of the cooking process where it is used as a proxy for food safety and
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desired organoleptic properties *°. Within this framework, color was assessed before and after
cooking and compared to AOR samples in the equivalent state. Colorimetric similarity to AORs
prior to cooking did not strongly correlate with similarity post cooking. This could be due to the
heat labile nature of certain components used in alternative meat development and highlights a
need for continued development in the field.

Water holding capacity (WHC)

Water holding capacity (WHC) refers to the ability of meats and meat alternatives to
retain their internal fluid *°. Several approaches to determining WHC exist, and a common
approach applies low-speed centrifugal force to samples and measures the amount of fluid
released. WHC has traditionally been used as an indicator of meat quality, with the internal water
content contributing to perceived “juiciness” of meats during chewing *°. WHC has also been
shown to correlate with visual acceptability of meat products, highlighting its importance as a
tool for assessing overall quality .

WHC is a key characteristic of meat quality, and it has been applied as a tool for
evaluating meat alternatives in recent years *°. Though the correlation between WHC and cook
loss is imperfect, it can nonetheless be an indicator of the ability of foods to retain moisture
during the cooking process. For XPRIZE Feed the Next Billion, WHC was assessed on each
submission AOR prior to cooking and post cooking. Structural changes that occur during the
cooking process, due in part to heat-induced protein denaturation, are known to impact the WHC
of animal-based meats 3”. In contrast to the observations during colorimetric testing, WHC
testing showed a strong correlation between results obtained prior to cooking and post cooking.
Submissions that produced WHC values similar to their respective AORs in pre-cooked state

were more likely to have similar WHC to the AOR in a post-cooked state (Table 1).
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Table 1. Pre and post cook correlation of WHC testing results of meat alternatives (results

have been anonymized)

Competition WHC, relative to | WHC, relative to
Ranking AOR (pre-cook) | AOR (post cook)

1 Submission 1 Submission 1

2 Submission 2 Submission 2

3 Submission 3 Submission 4

4 Submission 4 Submission 3

5 Submission 5 Submission 6

6 Submission 6 Submission 5

Texture Profile Analysis (TPA)
TPA, also known as the double compression test, utilizes a texture analyzer to compress

standard sized cores cut from a given sample. The output of this test is a force/time curve, from
which several characteristics are derived including cohesiveness, springiness, chewiness,
hardness, and resilience **. TPA is intended to test samples under conditions that replicate the
chewing process, and compared to Warner-Bratzler Shear Force testing, has correlated better
with sensory analysis 3. TPA has been used widely in the field of meat science, including for

t40

texture analysis of whole-cut *° and ground meat products . It can be used to analyze the texture

of uncooked and cooked samples and has been successfully used to assess meat alternatives +*,

including cell-based meat 43

. Meat texture contributes significantly to the overall sensory
experience, indicating it will be an important parameter to optimize for meat alternatives. TPA

allowed for comparison of submissions to their AOR across specific parameters that influence

overall texture.
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Warner-Bratzler Shear Force (WBSF)
WBSF has traditionally been used to assess meat tenderness, which is considered an

indicator of product quality and a contributor to the sensory experience. WBSF testing has been
applied to whole muscle meat products *°, sausages and other ground meat products **, as well as
meat alternatives *°, highlighting its utility in assessing textural parameters. WBSF has been

described as measuring the hardness of meat *°

, and in our testing, we saw strong correlation
between WBSF results and the hardness results obtained through TPA.
Nutrition

XPRIZE Feed the Next Billion prioritized nutritional equivalence as a key performance
indicator throughout the competition. Nutritional assessment generally followed the US Food
and Drug Administration (FDA) Nutrition Facts label and considered key macronutrients (e.g.,
protein, fat) as well as an analysis of micronutrients. The competition framework promoted
development of submissions that replicated or improved upon the nutritional profile of
conventional chicken or fish. Improvement could be through increasing the quantity of desirable
nutrient (e.g., protein, polyunsaturated fats) or eliminating anti-nutritional factors such as
mercury found in marine and some freshwater fish 47
Protein content and quality

Meat is a major source of dietary protein, and its protein content is a significant factor
influencing consumer choice *8. The XPRIZE Feed the Next Billion framework measured protein
content and protein quality during its assessment. Standardized AOAC methodology ** was used
to determine the protein content per serving size, which was compared to the respective AOR for
each submission. The FTNB framework utilized in vitro Protein Digestibility Corrected Amino
Acid Score (PDCAAS) testing to determine protein quality of each of the competition

submissions to facilitate comparison to AORs *°. While PDCAAS does not account for anti-
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nutritional factors !, it remains a well-established approach to gauging protein quality.
Assessment of protein quality is especially important in the context of alternative proteins. Many
sources of plant-based proteins contain limited amounts of essential amino acids >? necessitating
the use of amino acid supplements or blending two or more plant protein sources with
complementary amino acid profiles > to overcome these limitations and achieve a complete
protein source.
Fats

Fats are a critical macronutrient found in meat and an important contributor to the
flavour, texture and overall organoleptic profile. The fat content in meat varies widely, and some
sources of animal-based meat are sought after for their high content of desired fats. Fish
consumption is recommended in part due to its high content of polyunsaturated fatty acids
(PUFAs) °*. When developing meat alternatives, the specific fat profile needs to be taken into
account to ensure nutritional equivalence while meeting consumer expectations. The XPRIZE
Feed the Next Billion framework assessed total fat (g/serving size) for each of the submissions,
while also requiring that submissions aiming to replicate fish AOR contain comparable levels of
PUFAs.
Carbohydrates

Meat typically contains very low levels of carbohydrates making true nutritional
equivalence difficult to achieve for some types of meat alternatives. Plant-based protein sources
often contain carbohydrates, and sugars have been used in meat alternatives to imbue them with
the ability to brown during cooking or for flavor enhancement. For the FTNB competition,
submissions were subjected to sugar profiling by ion chromatography *. Sugar levels above 0.5

g per serving size were considered as having the potential for “added sugars”. Dietary fibre was
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also assessed within the FTNB framework; however, deviation from the AOR with respect to
fibre was not considered when determining overall nutritional equivalence. The inclusion of fibre
has been shown to provide structural advantages when using extrusion technology > and dietary
guidelines encourage fibre intake >*. Indeed, it has been argued the presence of fibre in meat
alternatives improves their overall nutritional profile compared to conventional meat >’.

Sodium

58—60, and

The high sodium content of plant-based foods has been a major criticism to-date
for meat alternatives to offer nutrition that replicates or outperforms conventional meat, the
sodium content will need to align with dietary recommendations. Accordingly, submissions were
encouraged to match the sodium content of their AOR. Further guidance was provided for
submissions to keep sodium content below 300 mg/serving size and thereby under the threshold
(20% of daily value) where foods become categorized as ‘high in sodium’ by many dietary
guidelines.

Micronutrients and cholesterol

Micronutrient assessment focused on minerals included on the US FDA Nutrition Facts
label as well as vitamin D and vitamin B12. Iron, potassium and calcium are important dietary
components, with deficiencies contributing to adverse health effects such as anemia ' and loss of
bone density %%, Vitamins B12 and D are essential vitamins and products of animal-origin are a
major dietary source of them ®. The FTNB framework included these micronutrients to foster
the development of meat alternatives that were nutritionally complete and able to fully replace
their respective AORs from a nutritional standpoint.

Cholesterol was assessed for submissions incorporating animal cells in their product

formulation. Submissions were required to keep cholesterol levels below 110% of the AOR to be
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considered nutritionally equivalent. The baseline amounts of cholesterol found in cell-based
foods have not been well established, and guidelines surrounding cholesterol content will require
adjustment as more data becomes available.

Product Versatility

Meat is well regarded for its ability to withstand a myriad of preparation techniques. For
a meat alternative to replicate or outperform an AOR, it must display comparable levels of
cooking versatility and be capable of maintaining a cohesive structure and appearance across a
range of culinary applications. The FTNB framework assessed versatility by subjecting
submissions to multiple cooking techniques by culinary professionals. The cooking preparation
methodologies assessed included dry heat cooking, moist heat cooking, dry heat cooking in
combination with breading, and denaturation methodology incorporating the use of acid
marination. The texture and performance of the submissions under each of the cooking
techniques was rated as well as the overall ease of use of the product from the standpoint of a
chef or individual using the meat alternatives in meal preparation. The rationale behind selection
of the preparation conditions tested was based on common uses of chicken and fish. These meats
are commonly breaded and cooked using dry and moist heat methods. Acid marination is another
popular preparation technique applied to chicken and fish; however, it was also included to
assess the stability of competition submissions under low pH conditions. Meat alternatives
commonly incorporate binding and/or gelling agents such as methylcellulose and carrageenan
that can be critical for their structure and texture . The stability and functionality of these agents
can be compromised at low pH due to acid hydrolysis %, potentially impacting the versatility of
meat alternatives under acidic conditions.

Sensory Profile
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Many of the in vitro tests used evaluated specific aspects of meat alternatives that are
important for the sensory experience; however, a consumer tasting panel is the ultimate measure
of sensory performance and by extension, consumer acceptance. Achieving a sensory profile
desirable to consumers and comparable to the AOR will be critical for widespread adoption of
meat alternatives . Sensory analysis was therefore a fundamental aspect of the FTNB
framework as it allowed for an assessment of submission performance under intended-use
conditions. Sensory analysis also provides feedback from potential adopters of meat alternatives,
allowing for product iteration and improvement based on key findings.

Within the FTNB framework, sensory profile analysis was performed using a 100-person
consumer panel comprised of a proportional distribution of gender, age, income and nationality.
Prior to undertaking the consumer panel, all submissions were subjected to food safety testing in
accordance with local regulations (see ‘Food Safety’ for full description of safety testing and
considerations within the FTNB framework). All participants selected for the consumer panel
self-identified as non-rejectors of the AOR (i.e., consume chicken or fish with some regularity)
and communicated a willingness to consume meat alternatives. The taste testing was blinded, and
the competition submissions were evaluated ‘as-is’, as well as incorporated into recipes. Sensory
testing followed a sequential monadic approach, and tasters were asked to rate competition
submissions and AORs for overall liking, visual appearance and aroma, texture and mouthfeel,
and taste and aftertaste. Tasters rated performance in each of these attributes using a scale of 1 to
7 (Very Poor - Excellent). In addition to the sensory attributes evaluated, tasters were also asked
to make a holistic assessment of each of the submissions after the blinded taste test was

completed. This involved grading the samples for how similar they were to their respective
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AORs using a five-point scale (Not close at all — Very close), as well as declaring purchase intent
for the alternative meat products, ranging from Not Likely to Very Likely.

Comparison between the results of sensory analysis and of the structure and physical
characteristics testing showed that TPA was the best predictor of performance in “texture and
mouthfeel” compared to other tests analyzed (Table 2). We found that similarity to AOR in
“Springiness” was the best correlator of performance in the texture attribute of sensory analysis,
though additional analysis using larger data sets is required to statistically validate this
observation and determine if it can be used as a reliable predictor of sensory performance for
alternative meat products.

Table 2. Correlation between TPA-Springiness and texture assessment according to

consumer sensory panel (results have been anonymized).

Competition Springiness, Overall texture,
Ranking relative to AOR sensory
(cooked) evaluation
1 Submission 1 Submission 1
2 Submission 2 Submission 2
3 Submission 3 Submission 3
4 Submission 4 Submission 4
5 Submission 5 Submission 6
6 Submission 6 Submission 5

Process Level Assessment

Screening Life-Cycle Assessment (LCA)
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Traditional and anticipatory LCAs of these products have indicated they have potential to
substantially reduce land use, water use, and GHG emissions '2, while also helping to mitigate
public health concerns related to zoonotic disease and antimicrobial resistance. The scale of the
environmental benefit is influenced by several factors including the specific type of meat
alternative (i.e., plant-based meat vs. cell-based meat) '3, specific production or formulation
variables (i.e., plant protein source ®’, growth media %) as well as the species of animal meat
(i.e., chicken vs. beef %) and the production system (i.e., intensive vs. extensive '°) used for
comparative studies. LCAs have consistently found net environmental benefits associated with
substituting beef and other ruminant meats with alternative meats '>7!"3. When compared to
chicken and fish, the results are more nuanced with alternative meat products offering
environmental benefits in some categories but drawbacks in other impact areas 7>. For example,
alternative meats compare favourably to traditional chicken in land use but worse in energy use
73

The FTNB framework incorporated screening-level LCAs to model the environmental
footprint and overall sustainability of submissions. The results of the screening level LCA were
used to compare the environmental footprint of meat alternatives across the measured impact
categories to their respective AORs. Critically, the screening level LCAs were based on
empirical data allowing for comparisons reflective of the highly specialized submissions and the
processes used to produce them. Screening LCA data was also used to identify key product or
process level ‘hot spots’ — major contributors to impact in specific categories. Hot spot
identification allowed for product reformulation or process modification to help mitigate the
environmental footprint of competition submissions ahead of final judging. Common process

level hot spots identified included reliance on energy grids powered by non-renewables as well
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as transportation of ingredients. Product level hot spots included specific food ingredients and
equipment required for cultivation of cells and/or microbes. The ability of competing teams to
incorporate screening LCA results into their product and process design allowed for refinement
with a focus on environmental sustainability. Product iterations that incorporated feedback from
the screen LCA showed marked sustainability improvements.

Techno-Economic Assessment (TEA)

The XPRIZE FTNB framework utilized techno-economic analysis to assess the
commercial viability of submissions. This assessment looked at the supply chain, manufacturing
and production processes, and organization structure of each of the competing teams. The input
data was then used to model the technological and market readiness of each competitor. Process
flow diagrams overviewing production were included and used to analyze system elements and
boundaries. Competing teams were also asked to provide a go to market strategy including plans
for scaling production of their meat alternatives. This information was used to forecast the
profitability potential and the market impact of each of the submissions. Finally, the degree of
uncertainty associated with the analysis was assessed and included in the overall economic
evaluation of each competing team. TEA resulted in identification of ‘hot spots’ that could
compromise or limit the economic viability of submissions. Economic hot spots included process
and product level considerations, and teams were able to iterate and improve in response to hot
spot feedback. The inclusion of economic modelling within the FTNB framework helped with
assessing the potential of submissions to achieve the overall goal of the competition. Economic
modelling also proved helpful from a product formulation standpoint, allowing teams to make

decisions to maximize performance across all framework criteria.

Food Safety
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Alternative meat products are increasingly incorporating novel ingredients (e.g.,
recombinant proteins) and/or new manufacturing processes not previously applied in food
production (e.g., cell culture for cell-based meat). These factors lead to many (but not all)
alternative meat products being classified as novel foods. Consequently, the global regulatory
environment for alternative meats remains nascent and food safety has been a salient topic for
the field. Recent efforts led by the Food and Agriculture Organization of the United Nations
(FAO) ™ have highlighted some unique food safety considerations associated with emerging
technologies such as precision fermentation, single celled protein, and cell-based meat. XPRIZE
FTNB featured submissions using a wide range of approaches to producing meat alternatives,
creating a need for a bespoke approach to food safety to ensure submissions adhered to existing
food safety regulations and best practices, while also accounting for the unique food safety
concerns associated with novel foods. The FTNB framework approached food safety to account
for process and product level considerations.

Input-related safety concerns

All submissions to the FTNB competition were required to disclose a full list of
ingredients detailing the supplier, country of origin, and declaring any known allergens. What
qualifies as a known allergen is country-dependent 7, so teams were required to declare any
ingredients listed as known allergens in the United States, Canada and their country of origin.
Based on this list, follow up documentation or testing was required to account for the specific
food safety concerns associated with different approaches to solution development. Food safety
risks associated with plant-based proteins and other ingredients include heavy metal and
mycotoxin contamination ’®. To account for these, quality control (QC) documentation from

plant-based protein/ingredient suppliers was required asserting the ingredients were free of
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mycotoxin and heavy metal contamination. In instances where supplier documentation was
insufficient, could not be provided, or was outdated, the competition submissions were subjected
to standardized laboratory testing for heavy metals and mycotoxins.

Assessment of ingredient and input lists involved categorizing them as having received
approval from a national regulatory agency or lacking it. Regulatory approval was defined as
ingredients having received Generally Recognized as Safe (GRAS) or Qualified Presumption of
Safety (QPS) status or having a prolonged history of use in food applications. For these
ingredients, links to a curated GRAS/QPS inventory and supplier QC documentation was
included as part of the food safety review. For ingredients lacking regulatory approval, teams
were required to perform a self-GRAS assessment and include supportive literature or
documentation providing evidence of the safety of the specific ingredient. This information was
reviewed by food safety, legal and food regulation experts prior to advancement in the
competition.

The review of input-related safety concerns was an iterative process undertaken at
multiple stages throughout the competition. This approach was beneficial to teams and to the
competition, as any food safety concerns were identified proactively, allowing time for
adjustment, product reformulation, or additional testing or disclosure. As the field of alternative
meat continues to mature, we anticipate a commitment to food safety from the onset of product
development will greatly enhance product quality and expedite navigation of regulatory
requirements.

Post-production product related safety concerns
Post-production food safety involved implementing best practices for the transport,

storage and handling of competition submissions, as well as employing standardized food safety
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testing for detection of foodborne pathogens. Samples were transported frozen and competing
teams were required to provide instructions for safe thawing and handling. All samples were
cooked prior to serving, according to guidelines for their respective AORs. Chicken breast, and
competition submissions aiming to replicate chicken breast, were heated to an internal
temperature of 75 °C, while submissions replicating fish AORs were heated to an internal
temperature of 63 °C.

Prior to advancing to sensory evaluation, all submissions underwent testing for common
foodborne pathogens (E. coli, L. monocytogenes, S. aureus, and Salmonella sp.) at an accredited
facility. Testing for these foodborne pathogens is a common requirement of national food
regulations globally and was important to assert the safety of submissions post-production. One
of the proposed advantages of meat alternatives is that, by decoupling meat production from
animal agriculture, the risk of certain foodborne pathogens (e.g., E. coli) commonly found in
animal gastrointestinal tracts should be significantly lower ”’. These pathogens can also be
introduced during manufacturing and handling so while the risk may be lower for meat
alternatives compared to animal-based meat, testing for them will continue to be important.

The specific pathogen profile of meat alternatives has yet to be established so the FTNB
framework included ACC testing to account for this. We anticipate refinement of the food safety
testing portfolio as additional information emerges on food safety risks associated with meat
alternatives.

Safety concerns specific to cell-based meat production

There are limited examples of cell-based meat products being sold to the public and the

regulatory framework is only now taking shape. There are also unique food safety concerns

stemming from the expansion of animal cells in vitro that need to be considered. The FTNB
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framework incorporated a wide range of approaches for assessing food safety of cell-based
products.
Mpycoplasma and other adventitious agents

Adventitious agents are broadly defined as bacteria, fungi, and viruses that can
contaminate biomanufacturing processes. These can have a negative impact on yields and
productivity but given the intended usage of cells grown for cell-based meat, adventitious agents
represent a food safety concern. Proactive mitigation through good manufacturing processes and
proper maintenance of sterility are at the forefront for reducing the risk of adventitious agents;
however, formalizing and standardizing diagnostic testing will be an important control as
adoption of cell-based foods increases.

Biocontrol procedures are well established in cell banking and were required of cells used
in the competition "®7°. Cell banks were required to test for bacteria, viruses and Mycoplasma
using real time PCR and through measurement of reverse transcriptase activity or other assays 5.
In instances where commercial cell lines were utilized, competing teams were able to provide
QC documentation from the supplier asserting acceptable results for parameters related to
adventitious agents. Regular testing on working cell banks was required to ensure they remained
free of Mycoplasma contamination by monitoring using PCR-based Mycoplasma detection kits
and microscopy.

Serum

Substantial efforts are underway to eliminate the reliance of cell-based meat production
on animal sera 3'"8; however, cell lines can be recalcitrant to serum-free adaptation and cell-
based meat manufacturing can still incorporate serum. For FTNB, any serum used was required

to be bovine spongiform encephalopathy/transmissible spongiform encephalopathy (BSE/TSE)
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certified. Transmissible encephalopathies are an enigmatic class of prion-based adventitious
agents. Animal sera is a possible source of BSE/TSE, representing a food safety risk for cell-
based foods 8. Requiring the use of TSE/BSE-Free serum was aimed at mitigating this risk as
methods for detection are primarily designed to detect prions in tissues or tissue homogenates
from livestock.

Transparency and disclosure related to genetic modification
Genetic modification is a common strategy to establish immortalized cell lines *° and has

also been implemented as a tool to enhance the proliferation, nutritional properties *¢, and
amenability to serum-free growth 87 for cell lines with applications in cell-based meat
manufacturing. There are a variety of approaches to genetic modification, many of which
incorporate the use of exogenous genes that could create additional food safety concerns (e.g.,
SV-40-mediated immortalization 3%). Genetic modification also introduces additional complexity
from a regulatory standpoint, with certain countries prohibiting its use in food production.
XPRIZE FTNB strived to be solution agnostic and applied this policy to the use of
genetic modification. Teams choosing to use genetically modified cell lines were required to
disclose the nature of genetic modification to enable a risk-based assessment. Disclosure
included: methodology used for genetic modification, specific genomic regions targeted,
source(s) of any exogenous DNA, and supporting sequencing data which were reviewed by a
panel of experts. No teams utilizing genetic modification proceeded to sensory evaluation.

Cell line characterization — tumorigenicity and invasion studies using humanized mouse
models
High rates of proliferation, anchorage-independent growth, and immortality are all highly

desirable properties of cell lines intended for use in cell-based meat production. They are also
hallmarks of oncogenic phenotypes *°, indicating rigorous cell line characterization is required

before any cell lines are used for cell-based meat production. This is especially true of
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spontaneously immortalized cell lines, where the specific genetic changes that are responsible for
immortalization can be difficult to pinpoint. A key outcome of the XPRIZE FTNB competition
was the identification of a knowledge gap and the need for more research to enable data-driven
risk assessment of meat alternatives produced using cell lines exhibiting these phenotypes. A
FAO assessment found associated risks to be extremely low 74; however, until comprehensive
data becomes available, empirical risk assessment is needed to proactively alleviate consumer
concerns. As part of this risk assessment, the FTNB framework recommends characterizing cells
for tumorigenicity and invasion using humanized mouse models **!. Tumorigenicity assays are
routinely performed on master cell banks and should be part of the safety assessment for any cell
lines used in the production of cell-based meat. Continued monitoring of master and working cell
banks was recommended using adjunctive approaches such as high-throughput sequencing to
characterize genetic stability.

Cost Breakdown of the FTNB Framework

The FTNB framework was designed to be both modular and scalable, making it
accessible to a wide range of potential end-users. Testing relies on well-established, standardized
methodology that can be conducted in-house or by contracting a commercial testing lab. The cost
of structural and physical characteristic testing and nutrition testing allows for the framework to
be applied multiple times throughout product development, allowing for iterative improvement.
Process level assessments and food safety are components of the framework that can be
incorporated during later stages of product development, once a product and process has reached
a level of maturity warranting such investment. A full cost breakdown of the FTNB framework is

outlined in Table 3. These costs are reflective of testing conducted throughout FTNB for each
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competing team. Testing was conducted in the USA and UAE (see Methods for details) and
actual costs may differ depending on location, service provider and scope of work.

Table 3. Cost breakdown of the FTNB framework (per product assessed)

Testing Parameter Cost (USD)
Structure and Physical $1,500.00
Characteristics
Nutrition $4,500.00
Screening LCA $20,500.00
TEA $8,000.00
Sensory Evaluation $16,500.00
Food Safety Testing $1,100.00
Total $52,100.00
Discussion

Agricultural systems are increasingly strained which is exacerbating the sustainability
challenges associated with traditional livestock farming, including deforestation, biodiversity

92,93 and

loss, GHG emissions and antibiotic usage. The health and productivity of fisheries
ocean communities are similarly challenged by increasing intensity of harvest and exploitation. A
growing community of researchers have begun working on technology-based solutions to these
challenges in the form of meat alternatives. There are a variety of approaches to producing meat
alternatives, each with its own profile of proposed benefits and drawbacks. Studies focusing on

consumer acceptance of meat alternatives suggest the market and potential for positive impact

exist; however, they also indicate widespread consumer adoption is contingent on meat
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alternatives achieving near-parity with conventional meat in terms of taste, performance, and
price 4%,

XPRIZE Feed the Next Billion encouraged development of meat alternatives capable of
replicating or outperforming conventional meat across a wide range of criteria. Evaluating the
performance of competition submissions to determine if the standard of ‘replicate or outperform’
was achieved required the curation of a framework to systematically and holistically evaluate
meat alternatives. We developed the framework (Table 4) to assess product and process
dependent factors, allowing for comparison between meat alternatives and their AOR, as well as
for direct comparisons between different alternative meat products. The framework is based on
well established approaches to assessing meat quality and nutrition, allowing for testing results
on meat alternatives to be meaningfully compared to the existing trove of meat science data
available in academic literature. This feature of the framework was intentional and aimed at
making the framework accessible to start ups, companies, researchers, investors, and any other
stakeholders working in the field of alternative meat and cellular agriculture.

The modular approach to constructing this framework and to assessing meat alternatives
in comparison to their AOR allows for it to be incorporated as a part of iterative product
development. Most of the testing focused on product level assessment could be incorporated
during the initial stages of product development, allowing for short feedback loops to guide
reformulation focused on optimizing for structure, nutrition, sensory and versatility. After
achieving desired outcomes in these criteria, incorporating the process level aspects of the
framework allow for key insight into product sustainability and unit economics.

The framework described here was used throughout the Feed the Next Billion

competition, allowing for selection of teams advancing through various stages and ultimately to
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the competition finals. This test case suggested the framework enabled meaningful comparisons

between meat alternatives and conventional meat. Correspondingly, we believe the framework

represents a starting point and opportunity for the field of alternative proteins to move towards a

more standardized approach to evaluation. We anticipate that the framework will be refined as

additional data reveals which aspects have the strongest predictive power for consumer appeal

and ultimately commercial success. Application of this framework and future versions of it will

help improve data quality in the field, helping to better substantiate claims made regarding

product quality, sustainability benefits, and economic viability.

Table 4. The XPRIZE Feed the Next Billion Framework

PRODUCT LEVEL ASSESSMENT

Size measurement

STRUCTURE AND Colorimetric testing
PHYSICAL Water-holding capacity
CHARACTERISTICS Texture profile analysis
Warner-Bratzler shear force testing
Protein: Protein content, amino acid profile, PDCAAS
Fat: Total fat, fatty acid profile
NUTRITION PROFILE

Carbohydrates: sugar profile, total dietary fiber

Micronutrients and cholesterol: elements, vitamin D, vitamin B12, cholesterol

FOOD SAFETY

Aerobic colony count (ACC) testing

Pathogen-specific testing: E. coli, S. aureus, Salmonella sp., Listeria monocytogenes

Mpycoplamsa testing (cell-based only)

SENSORY EVALUATION | Consumer sensory panel
PRODUCT VERSATILITY Versatility testing by culinary professionals
Ingredient supplier quality control documentation
é E FOOD SAFETY Regulatory status of ingredients and processing aids
E % Mitigation of adventitious agents (cell-based)
% S ENVIRONMENTAL Screening life cycle assessment: GHG emissions, BWC consumption, primary energy demand,
8 4 ASSESSMENT water scarcity, land occupation
g < ECONOMIC EVALUATION Techno-economic assessment
Methods

Structure, physical characteristics and nutrition
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Structural and physical characteristics and nutrition testing for all competition
submissions and chicken and fish fillet references (termed ‘animal-origin references’ (AORs)

was conducted by Eurofins National Food Lab USA. A list of methodology is included in Table

5.

Table 5. Testing methodology

Test Methodology

Colorimetric Hunter Lab ColorQuest XE. Mode:
RSIN-Reflectance Specular Included

Water-holding capacity Chan, et al *

Texture profile analysis

TPA used a 1-inch cylinder probe on
samples cut to 1 cm diameter and 1 cm
target height. Samples were compressed
to a test distance of 5 mm over 5 seconds,
with all testing performed in triplicate.

Warner-Bratzler Shear Force

Blade — thickness of 1 mm, height of 125
mm and width of 70 mm. Samples were
cut to 2.5 cm with a target height of 1 cm.
Samples were cut in half using a test
distance of 30 mm and a speed of 2
mm/sec.

Protein content

AOAC 968.06 and 992.15 ¥

Protein quality via protein digestibility
corrected amino acid score (PDCAAS)

AOAC 994.12; followed by a human
digestion simulation. ¥

Fatty Acid Profiles

AOAC 996.06; Official Methods and
Recommendation Practices of AOCS: Ce
2b-11; Ce 1h-05; Ce 2-66

Sugar Profile AOAC 2018.16 ¥

Total Dietary Fibre AOAC 991.43 %

Elements AOAC 948.27,985.01 and 2011.14 %
Vitamin D Huang, et al *’

Vitamin B12 AOAC 952.20 and 960.46 *°

Product versatility

Product versatility testing was performed by the International Center for Culinary Arts
(ICCA) Abu Dhabi. Sixteen culinary professionals assessed submissions for: performance using
a dry heat cooking method (e.g., grilling), performance using a moist heat cooking method (e.g.,

steaming), performance during dry heat cooking in combination with breading, texture after
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cooking with dry heat method, texture after cooking with moist heat method, texture after
exposure to acid marination, and overall opinion of ease of use. Each assessment category was

scored using a five-point scale (1 - poor; 5 - excellent).

Sensory evaluation
Sensory evaluation was conducted using consumer sensory panels performed by Ipsos

(UAE). Panels consisted of 100 consumers that were non-rejectors of AOR and willing to try
meat alternatives °®. Blinded tasting proceeded via a sequential monadic approach 1%,
Consumers tasted samples (AOR and meat alternative) ‘as-is’, then prepared in a recipe. In
between tastings, consumers were asked to cleanse their palate using unsalted crackers and
water. After each tasting, consumers evaluated products for overall opinion, overall tase, overall
aroma and overall texture using a seven-point scale (1 — very poor; 7 — excellent). Purchase
intent data was also collected using a five-point scale (1 — not likely to purchase; 5 — very likely
to purchase). Purchase intent data was for research purposes only and not used for evaluating
competitors in FTNB.

Environmental assessment
To assess the environmental impacts from production of competition submissions,

screening level life cycle assessments (LCAs) were performed by WSP USA Inc. in alignment
with [SO standards 14040 and 14044. The goals of the screening LCA were to assess the GHG
emissions, land occupation, water use, water scarcity and energy use from cradle-to-gate of 1 kg
of product. GHG emissions were assessed including their contribution to global warming
potential over a 100-year period, reported as kgCO-e. Energy use was assessed as primary
energy demand (PED) from non-renewable resources and expressed in megajoules. Blue water
consumption (BWC) measured the amount of surface or ground water consumed for production,

while water scarcity was assessed using the AWARE method '°!.
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Economic evaluation
Economic feasibility of FTNB entrants was assessed using a techno-economic assessment

and business case analysis developed and performed Pi Innovations (USA). A list of parameters
analyzed is included in Table 6.

Table 6. Economic and business case parameters evaluated

Parameter Description

Technological readiness assessment Assessment of development-to-launch
trajectory and timelines

System elements and boundaries Analysis of process flow diagrams and
product-specific information

Cost assessment and market analysis Evaluation of complete costs, including labor,

for product launch to market. Comparison of
financials to respective AOR

Profitability assessment Conducted a profitability forecast with market
launch

Uncertainty and sensitivity scenario analysis | Scenario analysis (likelihood and impact) to
identify critical process factors

Market impact assessment Analyzed potential for global impact,
including offset in AOR production and
consumption

Food Safety

Food safety testing was performed by the Abu Dhabi Quality & Conformity Council
Testing Laboratory. Aerobic colony count, Escherichia coli and Staphylococcus aureus testing
were performed by using Petrifilm 1'%, Testing for Listeria monocytogenes and Salmonella sp.
) 105,106,

was via Vitek immunodiagnostic assay (VIDAS
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