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Precision fermentation has emerged as a promising platform for
producing food ingredients. However, only a limited number of
precision fermentation-derived ingredients have reached
commercial markets. The concept of the minimum viable
product (MVP) provides a useful framework for accelerating the
practical adoption. MVP in precision fermentation is a food
ingredient that provides a clear value proposition for a defined
target consumer and can be safely and economically produced
by an engineered microorganism. We introduce the Precision
Fermentation Ingredient Pyramid, which can categorize targets
into three tiers based on production volume, market value, and
functional roles. A pipeline integrates market needs, biological
and regulatory feasibility, economic competitiveness, and
scalability for MVP selection. Applying this framework, we
highlight opportunities across ingredient classes, including
single-cell protein, ovalbumin, and p-carotene. Finally, we
highlight the importance of techno-economic analysis for
precision fermentation, particularly in linking strain performance
and downstream processing to process economics.
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Introduction

Precision fermentation uses genetically engineered mi-
croorganisms to produce specific food ingredients by
redirecting cellular metabolism through targeted genetic
modification [1]. As a food-focused application of meta-
bolic engineering and synthetic biology, it has gained
increasing attention as a potential route toward more
sustainable food production [2,3]. Reflecting this mo-
mentum, publications in the field have increased rapidly,
nearly tripling in the past year alone (IFigure 1a). Among
reported targets over the past five years, proteins account
for more than 50% of the molecules studied, and bacteria
have been the most frequently used host microorgan-
isms (Figure 1b,c).

Despite this rapid growth in research, the real-world im-
pact of precision fermentation remains limited, with rela-
tively few products reaching commercial markets [4].
Many studies fail to meet regulatory requirements or
achieve competitive production costs for food applications.
Moreover, most studies focus on specific technical aspects,
such as strain engineering, rather than the full develop-
ment pipeline, including scale-up, downstream processing,
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Publication trends in precision fermentation (a) Annual number of
publications containing the term ‘precision fermentation’ (Topic search: TS
= ‘precision fermentation’) in the Web of Science Core Collection from
2006 to 2025. (b) Distribution of publications (2020-2026) by host
microorganism, based on Web of Science searches using the terms
‘precision fermentation’ and (‘metabolic engineering’ OR ‘synthetic
biology’) AND ‘food’. (c) Classification of publications by target ingredient
class produced via microbial fermentation under the same criteria.

and market considerations [5]. Consequently, there is a
critical need for translational research frameworks that
connect strain engineering with market relevance.

One way to address this gap is to adopt the concept of
the minimum viable product (MVP), defined as the

simplest functional product that demonstrates real-world
value [6]. Prioritizing MVP development broadens eva-
luation beyond biological production capability to in-
clude marketability. While industrial biotechnology
traditionally emphasizes improvements in titer, rate, and
yield (TRY) [7], these metrics alone do not ensure
commercial viability in the food industry, where reg-
ulatory approval, safety, and consumer acceptance are
equally critical.

In this review, we present a systematic framework for
identifying MVP for precision fermentation. MVP in pre-
cision fermentation is a food ingredient that provides a
clear value proposition for a defined target consumer and
can be safely and economically produced by an engineered
microorganism. First, we introduce the Precision
Fermentation Ingredient Pyramid, which categorizes po-
tential MVPs by production volume, market price, and
ingredient function to identify promising opportunities.
Then, we propose a pipeline for MVP selection that in-
tegrates market needs, biological and regulatory feasibility,
economics, and scalability. Finally, we apply this frame-
work to representative case studies spanning three major
food ingredient classes: single-cell protein as a commodity
ingredient, ovalbumin as a functional ingredient, and f-
carotene as a high-value ingredient. Together, these con-
cepts provide a roadmap for defining translational mile-
stones and accelerating the commercialization of precision
fermentation-derived food ingredients.

Precision fermentation ingredient pyramid to
prioritize minimum viable product targets

To support target selection, we propose the Precision
Fermentation Ingredient Pyramid, which organizes po-
tential MVPs by production volume and market price
(Figure 2). At the base of the pyramid, commodity in-
gredients contribute to the majority of food mass and
compete in low-price, high-volume markets represented
by bulk proteins, fats, and carbohydrates. Competitive-
ness in this category requires mature technologies deli-
vering high TRY with optimized downstream processing
(DSP). The middle tier consists of functional ingredients
providing structural properties and physicochemical
stability. Here, the advantage is not necessarily lower
cost per kilogram, but the ability to deliver a specific
functionality not provided by bulk ingredients, enabling
lower inclusion rates [8]. At the top of the pyramid are
the highest value ingredients used at low inclusion rates
but contributing significant value to the final product.
These ingredients provide flavor, color, or bioactive ef-
fects, with value derived from potency and specificity
rather than volume. In this category, precision fermen-
tation enables the production of nature-identical or
complex ingredients that are difficult, costly, or supply-
limited through chemical synthesis or plant extraction.
The price ranges presented in Figure 2 were derived
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Figure 2
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High-Value Ingredients

Production: 100-10,000 tons/year
Price: >$50/kg
Inclusion Rate: 0.01-1% of food

B-carotene, Vanillin, Nootkatone

Flavor and Color

Functional Ingredients

Production: 10,000-100,000 tons/year
Price: $5-50/kg
Inclusion Rate: 0.1-5% of food

Ovalbumin, B-lactoglobulin, Chymosin

Texture and Structure

Commodity Ingredients

Production: >100,000 tons/year
Price: <$5/kg
Inclusion Rate: 5-100% of food

Meat, Wheat, Vegetable oil

Macronutrients and Volume
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Precision fermentation ingredient pyramid. Conceptual framework categorizing food ingredients produced through precision fermentation based on

production volume, market price, and functions in food formulation.

from a survey of representative ingredients within each
category in the United States and are intended to pro-
vide a general reference rather than strict boundaries. An
extended list of potential MVPs across categories is
provided in Table S1.

The pyramid captures the trade-off between market size
and unit value. High-volume ingredients serve larger
markets but compete in highly price-sensitive categories
with tight margins. In contrast, lower-volume in-
gredients serve smaller markets but compete in higher-
margin categories due to their specific functionalities.
Moreover, there are substantial price differences be-
tween low-purity or synthetic products and high-purity
or natural products. Accordingly, targeting the appro-
priate market niche is critical. Early success is more
likely to come from prioritizing targets with clear value
propositions, rather than competing directly with low-
cost bulk ingredients.

A pipeline for precision fermentation
minimum viable product selection

The proposed pipeline for precision fermentation MVP
selection evaluates biological, economic, and production
feasibility in a stepwise manner, beginning with the
target consumer groups (Figure 3). Precision fermenta-
tion MVPs can address diverse societal and market
needs. For example, individuals with dietary restrictions
may benefit from ingredients produced through preci-
sion fermentation, such as vegetarian diets supple-
mented with long-chain polyunsaturated fatty acids [9].
Companies developing alternatives to conventional
foods often rely on bulk plant ingredients to mimic

structure and functionality [10], whereas precision fer-
mentation-derived ingredients can provide more precise
functionality and improved product quality. In addition,
countries with geographic or agricultural constraints can
leverage precision fermentation for more predictable and
sustainable ingredient production, contributing to food
security.

Following market identification, biological feasibility
must be evaluated while considering regulatory frame-
works. Production hosts should ideally have a long his-
tory of safe use in food production. During metabolic
pathway design, it is important to determine whether
the target ingredient can be produced using native me-
tabolic pathways or requires heterologous genes. If het-
erologous genes are necessary, they should not originate
from pathogenic organisms. Under these constraints, the
biologically optimal TRY may not always be achievable.

Because regulatory frameworks vary across regions, bio-
logical feasibility should be evaluated on a region-by-
region basis. In the United States, entitiecs may vo-
luntarily notify the Food and Drug Administration
(FDA) regarding the Generally Recognized as Safe
(GRAS) status for food ingredients produced via preci-
sion fermentation. The FDA then responds with ‘no
questions’ letter regarding the submitted notice [11]. In
Europe, by contrast, entities must obtain approval before
placing a product on the market. The European Food
Safety Authority (EFSA) evaluates the safety of a Novel
Food, defined as a food that was not consumed to a
significant degree in Europe before 1997 [12,13]. For
example, EFSA concluded that 2-fucosyllactose (2-FL.)
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A pipeline for precision fermentation MVP selection. Framework for prioritizing precision fermentation targets by integrating biological feasibility,

market competitiveness, and production feasibility.

produced by engineered Escherichia coli K-12 is “safe
under the proposed conditions of use,” based on the
manufacturing process, composition, and specifications.
EFSA examined results, such as the bacterial reverse
mutation test, the 7z vitro micronucleus test, and a 90-
day oral toxicity study to conclude on the safety of 2-FL.
[14]. Other parts of the world, such as Canada, Australia/
New Zealand, China, and Singapore, have comparable
regulatory frameworks for novel foods and similarly
evaluate safety based on toxicity and potential effects on
human consumption [12].

The next stage evaluates economic feasibility and market
competitiveness. 'T'echno-economic analysis (TEA) eval-
uates the economic performance of emerging technolo-
gies by estimating production costs and the minimum
selling price [5]. These analyses incorporate multiple
variables, including feedstock cost, fermentation perfor-
mance, and DSP. Effective TEA frameworks should offer
a solution space that enables the exploration of multiple
process scenarios under varying assumptions and input
parameters. Platforms like Biorefinery Simulation and
Techno-Economic Analysis Module (BioSTEAM) offer
this flexibility and support sensitivity and uncertainty
analyses [15]. In addition, TEA can help researchers

identify the parameters with the greatest influence on
cost reduction and benchmark new processes against es-
tablished production methods [16]. Doing so, TEA
guides research and development priorities to close the
gap between biological feasibility and economic viability.

Finally, production feasibility at scale must be assessed.
As engineered strains often behave differently at an in-
dustrial scale, strain stability and TRY must be validated
under industrial fermentation conditions [17,18]. Pro-
cesses compatible with existing manufacturing infra-
structure are advantageous, as they reduce capital
investment [19,20]. If scale-up challenges persist, bio-
logical feasibility should be revisited. Technology
Readiness Levels (TRL) are a standardized framework
used to assess the maturity of a technology from early
research to market deployment [21]. In biomanu-
facturing, TRL is typically demonstrated through vali-
dation in increasingly relevant environments, often
progressing from lab-scale to pilot-scale and commercial-
scale production [22]. Therefore, MVP targets with
higher TRL are advantageous, as they provide evidence
that the process can be manufactured at scale. To il-
lustrate this framework, three food ingredients were
evaluated through the proposed pipeline.
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Potential commodity ingredient minimum
viable product

Commodity food ingredients are challenging targets for
precision fermentation due to low prices and thin mar-
gins. One strategy is to improve existing microbial pro-
duction systems. Single-cell protein (SCP), defined as
edible microbial biomass used as a food ingredient or
protein source, represents an established process [23]. A
notable example is mycoprotein produced by Quorn
since 2002 [24]. Fusarium venenatum, a GRAS fila-
mentous fungi, can accumulate protein to 45% of its dry
biomass [25]. In industrial-scale 140 000 L. fermenters,
production rates can reach up to 350 kg of biomass/hour,
and the product can be directly used in food formula-
tions with minimal DSP [26]. The estimated production
cost of biomass is $3.55/kg, which is competitive against
$6.56/kg beef [27]. However, the current industrial
process does not involve genetic modification [26].

"This creates an opportunity for precision fermentation to
enhance nutritional value, improve texture, reduce off-
flavors, and rtailor digestibility through genetic en-
gineering without requiring major process redesign.
Recent advances in F. venenatum support this approach,
including neutral genomic integration sites [28], Cas9-
based genome editing [29], and antibiotic-free en-
dogenous markers [30]. Such modifications primarily
affect product quality rather than the core fermentation
process, increasing market value without disrupting the
favorable economics of mycoprotein production [31,32].

Further opportunities exist to improve fermentation ef-
ficiency and economic competitiveness. Engineering
strategies that alter cell wall composition [33] or reduce
carbon loss through CO2z evolution [34] may enhance
biomass yield and sustainability. While current processes
rely on glucose and ammonium [26], lower-cost feed-
stocks such as agricultural residues or food processing
by-products could reduce production costs [35].

Other filamentous fungi may represent promising SCP
platforms, particularly for solid-state or low-cost fer-
mentation. In this context, Aspergillus oryzae [36] and
Neurospora intermedia [37] are noteworthy alternatives,
given recent advances in genetic engineering tools.
Yeasts such as Saccharomyces cerevisiae also represent
promising SCP platforms, supported by advances in-
cluding improved essential amino acid content [38].
Overall, SCP illustrates how the commodity tier of the
ingredient pyramid can be approached by upgrading a
proven bioprocess into a high-value precision fermen-

tation MVP.

Minimum Viable Products in Precision Fermentation Oh et al. 5

Potential functional ingredients minimum
viable product

Functional ingredients are attractive MVP targets be-
cause their value depends on performance in food for-
mulations.  Precision  fermentation  enables  the
production of specific functional proteins without relying
on animal-derived sources, while outperforming plant-
based substitutes.

Ovalbumin, the major protein in egg white, is widely
used in the food industry for its foaming and gelling
properties, which are important in applications such as
baked goods. Traditionally, these functions are achieved
by incorporating egg whites or egg protein isolates [39].
However, manufacturers developing animal-free pro-
ducts often rely on plant proteins to replicate these
functionalities, which may not fully reproduce the
functional properties of egg proteins and can introduce
undesirable flavors or textures [40]. Therefore, precision
fermentation provides a promising route to produce
nature-identical functional proteins without relying on
animal-derived ingredients.

The biological feasibility of ovalbumin production
through precision fermentation has been demonstrated
across multiple microbial hosts. Because recombinant
protein production requires genetic engineering, reg-
ulatory considerations favor secreted protein production,
which simplifies DSP. A study using §. cerevisiae re-
ported extracellular ovalbumin titers of 8 mg/L., although
most of the protein remained intracellular [41]. Koma-
gataella phaffii, commonly used for secreted protein
production, reached titers of 35 mg/l. [42]. Industrial-
scale production has also been demonstrated by The
EVERY Company (GRAS Notice No. 1104). In this
context, OPENPichia, a license-free K. phaffii strain and
genetic engineering toolkit, can serve as a shared plat-
form for academia and industry, accelerating re-
combinant protein development through increased
collaboration [43]. Higher titers have been reported in
Trichoderma reesei, producing 2 g/l of secreted oval-
bumin. The recombinant protein showed comparable
structural properties and greater foam stability than egg-
derived ovalbumin [40]. Its production potential has
been further supported by DSP strategies [44].

However, the limited availability of detailed TEA makes
it difficult to reliably evaluate the commercial competi-
tiveness of precision fermentation—derived ovalbumin.
Consequently, advancing ovalbumin toward MVP will
require greater emphasis on robust TEA and scale-up
data to evaluate its economic viability.
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Potential high-value Ingredients minimum
viable product

Precision fermentation offers an attractive route for
producing high-value food ingredients that are tradi-
tionally obtained through plant extraction or chemical
synthesis. Compared with these conventional ap-
proaches, biological production can provide ad-
vantages in  sustainability,  scalability, and
stereochemical specificity. Chemical synthesis may
generate unwanted stereoisomers and often requires
environmentally intensive processes. Plant extraction
can also be inefficient and resource-intensive. For
example, 50 kg of carrots are required to obtain only
2 g of B-carotene [45]. These limitations make certain
high-value ingredients particularly suitable targets for
precision fermentation.

B-carotene is used as a natural food colorant and anti-
oxidant in food formulations [46|. Dunaliella salina, a
GRAS microalga, can accumulate p-carotene up to 10%
of dry cell weight (DCW) under natural sunlight with
minimal resources, but p-carotene titers remain low
(0.2 mg/L.) because of slow growth [47,48]. In contrast,
engineered yeast platforms require controlled fermen-
tation and defined feedstocks, such as glucose, but can
achieve substantially higher titers. In §. cerevisiae, titers
of 772.8 mg/l. have been reported [49]. Further im-
provements have been achieved using the oleaginous
yeast Yarrowia lipolytica, which provides high precursor
flux toward isoprenoid biosynthesis and has enabled ti-
ters of 39.5 g/L., corresponding to nearly 50% of DCW
[50]. Notably, oxygen availability has been identified as
a key factor for stable p-carotene production in Y. /ipo-
Wytica, underscoring its importance during scale-up [51].
In addition, streamlined DSP strategies for carotenoid
recovery have been demonstrated in the native car-
otenoid-producing yeast Phaffia rhodozyma (syn. Xantho-
phyllomyces dendrorhous) [52]. Together, these studies
demonstrate the strong biological feasibility for micro-
bial B-carotene production.

However, economic feasibility remains insufficiently
studied. There is one TEA based on P. rhodozyma that
estimated B-carotene production costs at $1559/g,
based on a single fixed point at a low yield (67.9 pg/g
DCW) and expensive medium components such as
glucose, peptone, and yeast extract [53]. Given the
substantially higher TRY values now being reported, a
TEA model that allows variation in key inputs is
needed to reevaluate economic feasibility. For ex-
ample, replacing these conventional medium compo-
nents with low-cost feedstocks, such as molasses and
fish-processing by-products, can reduce media costs by
70% [54]. Although B-carotene is a compelling MVP
target for precision fermentation, the limited available
TEA studies hinder accurate prediction of its market
competitiveness.

Conclusion and prospect

In this review, we introduced the Precision
Fermentation Ingredient Pyramid as a framework for
categorizing potential target ingredients and proposed a
systematic pipeline for identifying MVPs suitable for
precision fermentation. This framework integrates bio-
logical feasibility within regulatory constraints, economic
feasibility evaluated through market competitiveness,
and production feasibility at scale. In addition, we em-
phasize the importance of identifying target consumer
populations and application contexts when selecting
MVPs, ensuring that technological development is
aligned with real market needs. Applying this frame-
work, we highlighted SCP, ovalbumin, and B-carotene as
representatives of the ingredient families spanning
commodity ingredients to high-value ingredients.

These case studies highlight a critical need in the de-
velopment of robust TEA models tailored to precision
fermentation. Many studies demonstrate biological fea-
sibility but lack rigorous economic evaluation, limiting
assessment of commercial potential. Greater academic
engagement in TEA modeling, along with consensus on
key assumptions and benchmarking standards, will be
essential for guiding translational research and enabling
more realistic evaluation of precision fermentation op-
portunities.

More broadly, adopting an MVP-oriented strategy may
shift how precision fermentation research is conducted.
Rather than prioritizing incremental improvements in
individual engineering steps, the field may benefit from
defining translational targets early in the development
process and aligning biological design with market rea-
lities. Integrating strain engineering, process develop-
ment, and techno-economic modeling within a unified
framework will be essential for transforming precision
fermentation from a promising technology into a scalable
platform for sustainable food production.

CRediT authorship contribution statement
Hyunjoon Oh: Conceptualization, Writing — original
draft, Writing — review & editing. Suk-Chae Jung:
Writing — review & editing. Sungjun Kim: Writing —
review & editing. Deven Madhani: Writing — review &
editing. Yong-Su Jin: Conceptualization, Supervision,
Writing — review & editing.

Data Availability

No data were used for the research described in the ar-
ticle.

Declaration of Competing Interest
The authors declare no conflict of interest.

Current Opinion in Biotechnology 2026, 100:103515

www.sciencedirect.com



Acknowledgements

This research is supported by the National Research Foundation, Prime
Minister’s Office, Singapore under its Campus for Research Excellence and
Technological Enterprise (CREATE) programme.

Supporting information

Supplementary data associated with this article can be
found in the online version at doi:10.1016/j.copbio.2026.
103515.

References and recommended reading
Papers of particular interest, published within the period of review, have
been highlighted as:

o of special interest
ee Of outstanding interest

1. Hilgendorf K, Wang Y, Miller MJ, Jin Y-S: Precision fermentation
for improving the quality, flavor, safety, and sustainability of
foods. Curr Opin Biotechnol 2024, 86:103084.

2. BatemanK, Jin Y-S, Miller MJ: Fermentation, but make it precise:
using microbial cell factories to make our food. Biochem (Lond)
2025, 47:3-7.

3. Cho S, Jung SY, Eun H, Lee SY: Precision fermentation for
producing food ingredients. Curr Opin Food Sci 2025, 61:101242.

4. Wood P, Thorrez L, Hocquette J-F, Troy D, Gagaoua M: “Cellular
agriculture”: current gaps between facts and claims regarding
“cell-based meat”. Anim Front 2023, 13:68-74.

5. David LH, Juliano P, Ridoutt B: The role of techno-economic and
life cycle assessment in guiding precision fermentation
towards sustainable food production. Trends Food Sci Technol
2026, 168:105488.

6. Nielsen J, Tillegreen CB, Petranovic D: Innovation trends in
industrial biotechnology. Trends Biotechnol 2022, 40:1160-1172.

7. Bozell JJ, Petersen GR: Technology development for the
production of biobased products from biorefinery
carbohydrates —the US Department of Energy’s “Top 10”
revisited. Green Chem 2010, 12:539-554.

8. Verma K, Duhan P, Pal D, Verma P, Bansal P: Precision
fermentation for the next generation of food ingredients:
opportunities and challenges. Future Foods 2025, 12:100750.

9. Galchenko AV, Baroni L: Omega-3 polyunsaturated fatty acids in
vegetarians (lacto-ovo-vegetarians and vegans): metabolism,
status, and clinical aspects. Food Nutr 2026, 2:100059.

10. Bouma R, Hettinga K, Hase Ueta M, Robaey Z: Beyond intention:
an exploration on how precision fermentation technology for
animal-free cheese may affect the meaning of cheese. Food
Ethics 2026, 11:16.

11. Shams A, Fischer A, Bodnar A, Kliegman M: Perspectives on
genetically engineered microorganisms and their regulation in
the United States. ACS Synth Biol 2024, 13:1412-1423.

12. Han JA, Kim C, Sung JH, Chang H, Ryu S: Trends in the
recognition system and safety assessments of novel foods in
Korea. Food Sci Biotechnol 2025, 34:2685-2695.

13. Le Bloch J, Rouault M, Langhi C, Hignard M, Iriantsoa V, Michelet
O: The novel food evaluation process delays access to food
innovation in the European Union. npj Sci Food 2025, 9:117.

14. EFSA Panel on Nutrition, Novel Foods and Food Allergens (NDA,
Turck D, Castenmiller J, De Henauw S, Hirsch-Ernst Kl, Kearney J,
Maciuk A, Mangelsdorf I, McArdle HJ, Naska A, et al.: Safety of 2’-
fucosyllactose/difucosyllactose mixture as a novel food
pursuant to Regulation (EU) 2015/2283. EFSA J 2019, 17:e05717.

15. Cortes-Pefia Y, Kumar D, Singh V, Guest JS: BioSTEAM: a fast
and flexible platform for the design, simulation, and techno-
economic analysis of biorefineries under uncertainty. ACS
Sustain Chem Eng 2020, 8:3302-3310.

Minimum Viable Products in Precision Fermentation Oh et al. 7

16. LiY, Bhagwat SS, Cortés-Pefia YR, Ki D, Rao CV, Jin Y-S, Guest
JS: Sustainable lactic acid production from lignocellulosic
biomass. ACS Sustain Chem Eng 2021, 9:1341-1351.

17. Abbate E, Andrion J, Apel A, Biggs M, Chaves J, Cheung K, Ciesla
A, Clark-ElSayed A, Clay M, Contridas R, et al.: Optimizing the
strain engineering process for industrial-scale production of
bio-based molecules. J Ind Microbiol Biotechnol 2023,
50:kuad025.

18. Yook S, Alper HS: Bioconversion yields must account for all
carbon: hidden biases from complex media. Trends Biotechnol
2025, 43:1831-1835.

19. Nielsen J, Keasling JD: Engineering cellular metabolism. Cell
2016, 164:1185-1197.

20. Adeyeye SAO, Babu AS, Subudhi A, Adeyeye BR: Precision
fermentation processes for producing novel foods and its
sustainable applications. J Basic Microbiol 2026, 66:€70160.

21. Smanski MJ, Aristidou A, Carruth R, Erickson J, Gordon M, Kedia
SB, Lee KH, Prather D, Schiel JE, Schultheisz H, et al.:
Bioindustrial manufacturing readiness levels (BioMRLs) as a
shared framework for measuring and communicating the
maturity of bioproduct manufacturing processes. J Ind
Microbiol Biotechnol 2022, 49:kuac022.

22. Kedia SB, Baker JC, Carbonell RG, Lee KH, Roberts CJ, Erickson
J, Schiel JE, Rogers K, Schaefer G, Pluschkell S:
Biomanufacturing readiness levels [BRL]—a shared vocabulary
for biopharmaceutical technology development and
commercialization. Biotechnol Bioeng 2022, 119:3526-3536.

23. Yang Z, Li L, Chen Y, Zhu L, Zhu Z, Jiang L: Trends in
customizable single-cell protein production enabled by
synthetic biology: carbon-negative biomanufacturing and
engineered functionalities. J Agric Food Chem 2025,
73:32957-32969.

24. Alves SJF, Pires EBE, Alexandre MA da S, Santos CCA do A, Martin
JGP, Campelo PH, Martins E, Eller MR: Single-cell proteins as
alternative sources of proteins and nutrients. Food Res Int 2025,
214:116631.

25. Lee DJ, Kang AN, Lee J, Kwak M-J, Mun D, Lee D, Oh S, Kim Y:
Molecular characterization of Fusarium venenatum-based
microbial protein in animal models of obesity using multi-omics
analysis. Commun Biol 2024, 7:133.

26. Wiebe M: Myco-protein from Fusarium venenatum: a well-
established product for human consumption. App/ Microbiol
Biotechnol 2002, 58:421-427.

27. Risner D, McDonald KA, Jones C, Spang ES: A techno-economic
model of mycoprotein production: achieving price parity with
beef protein. Front Sustain Food Syst 2023, 7:1204307.

28. Tong S, An K, Chen W, Chai M, Sun'Y, Wang Q, Li D: Identification
of neutral genome integration sites with high expression and
high integration efficiency in Fusarium venenatum TBO1. Synth
Syst Biotechnol 2023, 8:141-147.

29. Wu X, Wang M, Luo S, Zhou Z, Wang Y, Du G, Chen J, Liu X: Dual
* enhancement of mycoprotein nutrition and sustainability via
CRISPR-mediated metabolic engineering of Fusarium
venenatum. Trends Biotechnol 2026, 44:745-765.
This study demonstrates the use of Cas9-based genetic engineering,
transcriptomics, and metabolomics for rational engineering of Fusarium
venenatum, leading to improved nutritional quality and production effi-
ciency. Subsequent life cycle assessment highlights the reduced en-
vironmental impact of mycoprotein production compared to
conventional meat production.

30. Wilson FM, Harrison RJ: CRISPR/Cas9 mediated editing of the
Quorn fungus Fusarium venenatum A3/5 by transient
expression of Cas9 and sgRNAs targeting endogenous marker
gene PKS12. Fungal Biol Biotechnol 2021, 8:15.

31. Wu X, Zhou Z, Luo S, Wang Y, Yang M, Chen Y, Du G, Chen J, Liu
X: Cell wall engineering-guided strategy for high-efficiency
biosynthesis of nutrient-fortified Fusarium venenatum
mycoprotein. Bioresour Technol 2025, 436:133005.

32. Wu X, Luo S, Zhou Z, Wang Y, Du G, Chen J, Liu X: Tuning
Fusarium venenatum mycelium structure through genetic

www.sciencedirect.com

Current Opinion in Biotechnology 2026, 100:103515


https://doi.org/10.1016/j.copbio.2026.103515
https://doi.org/10.1016/j.copbio.2026.103515
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref1
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref1
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref1
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref2
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref2
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref2
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref3
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref3
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref4
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref4
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref4
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref5
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref5
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref5
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref5
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref6
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref6
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref7
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref7
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref7
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref7
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref8
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref8
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref8
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref9
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref9
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref9
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref10
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref10
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref10
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref10
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref11
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref11
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref11
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref12
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref12
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref12
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref13
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref13
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref13
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref14
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref14
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref14
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref14
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref14
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref15
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref15
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref15
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref15
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref16
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref16
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref16
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref17
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref17
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref17
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref17
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref17
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref18
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref18
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref18
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref19
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref19
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref20
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref20
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref20
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref21
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref21
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref21
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref21
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref21
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref21
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref22
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref22
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref22
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref22
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref22
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref23
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref23
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref23
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref23
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref23
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref24
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref24
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref24
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref24
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref25
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref25
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref25
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref25
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref26
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref26
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref26
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref27
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref27
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref27
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref28
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref28
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref28
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref28
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref29
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref29
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref29
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref29
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref30
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref30
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref30
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref30
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref31
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref31
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref31
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref31
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref32
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref32

8 Food Biotechnology

modification for customized texture and digestibility of chicken
breast analogues. Food Res Int 2025, 221:117498.

33. Hong R, Tong S, Chai M, Chen W, Liu X, Chen Y, Li D: Enhancing
mycoprotein yield: metabolic modulation of chitin synthase in
Fusarium venenatum. J Agric Food Chem 2024, 72:27274-27283.

34. Tong S, Chen W, Hong R, Chai M, Sun Y, Wang Q, Li D: Efficient
mycoprotein production with Low CO2 emissions through
metabolic engineering and fermentation optimization of
Fusarium venenatum. J Agric Food Chem 2024, 72:604-612.

35. Sahoo KK, Hao S, Aquino JMI, Wang K: An emerging biorefinery
of mycelial food products from sustainable feedstocks. Trends
Food Sci Technol 2026, 170:105614.

36. Maini Rekdal V, van der Luijt CRB, Chen Y, Kakumanu R, Baidoo
ee FEEK, Petzold CJ, Cruz-Morales P, Keasling JD: Edible mycelium
bioengineered for enhanced nutritional value and sensory

appeal using a modular synthetic biology toolkit. Nat Commun

2024, 15:2099.
This study establishes a modular synthetic biology toolkit for Aspergillus
oryzae, including a Cas9 system, neutral loci, and tunable promoters,
and demonstrates its application to enhance nutritional and sensory
properties by overproducing ergothioneine and heme. Notably, the en-
gineered strain was formulated into imitation meat patties and exhibited
a color change upon cooking, highlighting the potential to integrate
engineered edible biomass into food products.

37. Maini Rekdal V, Villalobos-Escobedo JM, Rodriguez-Valeron N,
Olaizola Garcia M, Prado Vasquez D, Rosales A, Sérensen PM,
Baidoo EEK, Calheiros de Carvalho A, Riley R, et al.: Neurospora
intermedia from a traditional fermented food enables waste-to-
food conversion. Nat Microbiol 2024, 9:2666-2683.

38. Lee TH, Do S-H, Lee H-J, Lee K-J, Shin J, Park Y-C, Kim S-K:
Adaptive laboratory evolution with ethionine identifies novel
genetic determinants for enhanced protein and methionine
accumulation in Saccharomyces cerevisiae. J Biol Eng 2026,
20:65.

39. Rostamabadi H, Chaudhary V, Chhikara N, Sharma N, Nowacka M,
Demirkesen |, Rathnakumar K, Falsafi SR: Ovalbumin, an
outstanding food hydrocolloid: applications, technofunctional
attributes, and nutritional facts, a systematic review. Food
Hydrocoll 2023, 139:108514.

40. Aro N, Ercili-Cura D, Andberg M, Silventoinen P, Lille M, Hosia W,
Nordlund E, Landowski CP: Production of bovine beta-
lactoglobulin and hen egg ovalbumin by Trichoderma reesei
using precision fermentation technology and testing of their
techno-functional properties. Food Res Int 2023, 163:112131.

41. Jin KC, Seo S-O, Kim S-K: Animal-free production of hen egg
ovalbumin in engineered Saccharomyces cerevisiae via
precision fermentation. Int J Biol Macromol 2024, 271:132479.

42. Garcia-Calvo L, Kummen C, Rustad S, Renning SB, Fagerlund A: A
toolkit for facilitating markerless integration of expression
cassettes in Komagataella phaffii via CRISPR/Cas9. Micro Cell
Fact 2025, 24:97.

43. Claes K, Van Herpe D, Vanluchene R, Roels C, Van Moer B,

J Wyseure E, Vandewalle K, Eeckhaut H, Yilmaz S, Vanmarcke S,
et al.: OPENPichia: licence-free Komagataella phaffii chassis
strains and toolkit for protein expression. Nat Microbiol 2024,
9:864-876.

This study establishes an open-access Komagataella phaffii chassis

(OPENPichia) derived from a type strain and distributed under permis-

sive licensing. The study also provides a modular gene expression

toolkit, enabling broader adoption of recombinant protein production
platforms for both academic and industrial applications.

44. Nadar CG, Fletcher A, Ebert BE, Hine D, Hill J, Klein T, Wubbolts M,
Yadav S: Harnessing agro-industrial by-products for food
protein production: ex-ante process design for precision
fermentation using Trichoderma reesei. Future Foods 2025,
12:100829.

45. Bogacz-Radomska L, Harasym J: p-Carotene —properties and
production methods. Food Qual Saf 2018, 2:69-74.

46. Lourenco-Lopes C, Carreira-Casais A, Fraga-Corral M, Garcia-
Oliveira P, Soria A, Jarboui A, Barral M, Otero P, Simal-Gandara J,
Prieto MA: Carotenoids as Natural Colorful Additives for the
Food Industry. Natural Food Additives. IntechOpen; 2021.

47. Zhou T, Park Y-K, Ledesma-Amaro R: Advances in the
biosynthesis of -carotene and its derivatives in yeast.
Bioresour Technol 2025, 435:132936.

48. Yeh H, Yu P-Y, Lee M, Ching CTS, Nan F-H, Yao C-L, Lin Y-K:
Maximizing beta-carotene production from Dunaliella salina
using different concentrations of ferrous sulfate and potassium
nitrate under in situ and induced cultivation conditions. Future
Foods 2025, 12:100753.

49. Sun L, Atkinson CA, Lee Y-G, Jin Y-S: High-level g-carotene
production from xylose by engineered Saccharomyces
cerevisiae without overexpression of a truncated HMG1
(tHMG1). Biotechnol Bioeng 2020, 117:3522-3532.

50. Ma, Liu N, Greisen P, Li J, Qiao K, Huang S, Stephanopoulos G:
Removal of lycopene substrate inhibition enables high carotenoid
productivity in Yarrowia lipolytica. Nat Commun 2022, 13:572.

51. Worland AM, Xu VA, Duran MF, Gitman P, Hunter-Cevera K, Klemm
. C, Sun Y, Sanchis DR, Ledesma-Amaro R, Pomraning KR, et al.:
Staying productive under pressure: systems evaluations of -
carotene production in Yarrowia lipolytica under continuous
fermentation. Trends Biotechnol 2026, 44:154-169.
This study examines the challenges of scaling p-carotene production in
Yarrowia lipolytica from laboratory to continuous industrial fermentation.
It demonstrates that oxygen limitation and high dilution rates accelerate
the emergence of fast-growing, low-producing subpopulations, leading
to rapid loss of production. Interestingly, using canola oil as a substrate
increased heterogeneity of the population, but maintained the yield due
to the persistence of a subpopulation of high producers.

52. Mussagy CU, Farias FO, Bila NM, Giannini MJSM, Pereira JFB,
Santos-Ebinuma VC, Pessoa A Jr: Recovery of p-carotene and
astaxanthin from Phaffia rhodozyma biomass using aqueous
solutions of cholinium-based ionic liquids. Sep Purif Technol
2022, 290:120852.

53. Mussagy CU, Dias ACRV, Santos-Ebinuma VC, Shaaban Sadek M,
o Ahmad M, de Andrade CR, Haddad FF, dos Santos JL, Scarim CB,
Pereira JFB, et al.: Is the carotenoid production from Phaffia
rhodozyma yeast genuinely sustainable? a comprehensive
analysis of biocompatibility, environmental assessment, and
techno-economic constraints. Bioresour Technol 2024,
397:130456.
This study provides a comprehensive evaluation of carotenoid produc-
tion from Phaffia rhodozyma. It assesses product quality, environmental
impact through life cycle assessment of the entire process including
downstream processing, and market competitiveness via techno-eco-
nomic analysis. This work can serve as a model pipeline for evaluating
societal impact and supports the need for a holistic approach in preci-
sion fermentation.

54. Bubphasawan S, Sansatchanon K, Promdonkoy P, Watcharawipas
A, Tanapongpipat S, Khamwachirapithak P, Runguphan W,
Kocharin K: Sustainable f-carotene production by engineered
S. cerevisiae using sucrose and agricultural by-products.
Bioresour Bioprocess 2025, 12:96.

Current Opinion in Biotechnology 2026, 100:103515

www.sciencedirect.com


http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref32
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref32
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref33
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref33
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref33
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref34
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref34
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref34
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref34
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref35
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref35
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref35
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref36
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref36
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref36
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref36
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref36
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref37
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref37
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref37
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref37
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref37
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref38
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref38
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref38
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref38
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref38
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref39
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref39
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref39
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref39
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref39
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref40
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref40
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref40
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref40
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref40
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref41
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref41
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref41
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref42
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref42
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref42
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref42
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref43
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref43
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref43
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref43
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref43
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref44
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref44
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref44
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref44
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref44
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref45
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref45
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref46
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref46
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref46
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref46
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref47
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref47
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref47
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref48
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref48
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref48
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref48
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref48
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref49
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref49
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref49
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref49
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref50
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref50
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref50
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref51
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref51
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref51
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref51
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref51
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref52
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref52
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref52
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref52
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref52
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref53
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref53
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref53
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref53
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref53
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref53
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref53
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref54
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref54
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref54
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref54
http://refhub.elsevier.com/S0958-1669(26)00080-7/sbref54

	Minimum viable products in precision fermentation: defining translational milestones for food biotechnology
	Introduction
	Precision fermentation ingredient pyramid to prioritize minimum viable product targets
	A pipeline for precision fermentation minimum viable product selection
	Potential commodity ingredient minimum viable product
	Potential functional ingredients minimum viable product
	Potential high-value Ingredients minimum viable product
	Conclusion and prospect
	CRediT authorship contribution statement
	Data Availability
	Declaration of Competing Interest
	Acknowledgements
	Supporting information
	References and recommended reading




