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ABSTRACT 
By 2050, a global population of 9.7 billion will demand a 70% increase in food 
production, while conventional livestock farming, responsible for 14.5% of 
greenhouse gas emissions, 70% of arable land use, and 30% of freshwater 
consumption, intensifies environmental challenges. Precision fermentation (PF), an 
innovative biotechnology, utilizes genetically engineered microorganisms 
(Saccharomyces cerevisiae, Pichia pastoris, Escherichia coli) to produce sustainable 
proteins (e.g., casein, mycoproteins) with up to 97% lower CO2 emissions and up to 
99.7% less water use compared to conventional livestock. This editorial integrates 
Applied Food Biotechnology (AFB) research, industry data, and original trials to 
assess PF’s potential. AFB’s expertise in microbial engineering, CRISPR-Cas9 enzyme 
optimization, and waste valorization has enhanced PF’s efficiency. Experimental 
trials achieved a 40% increase in protein yields (15 to 25 g/L), 22% cost reduction via 
AI-driven optimization, and 15% higher consumer acceptance through education. 
However, high costs ($10–20/kg), 18-month regulatory delays, and 40–60% 
consumer skepticism toward GMOs remain barriers. The global PF market, valued at 
$1.6 billion in 2022, is expected to produce 15,000 metric tons by 2026, supported 
by 100,000 L bioreactors. This editorial examines PF’s technological advancements, 
scalability challenges, and regulatory frameworks, advocating interdisciplinary 
research to overcome obstacles and integrate PF into sustainable food systems, 
aligning with 1.5°C climate goals. AFB’s contributions position it as a leader in 
advancing PF for global food security. 

• Precision fermentation harnesses genetically engineered microbes like Saccharomyces 
cerevisiae and Escherichia coli to create sustainable proteins, reducing CO2 emissions by 
up to 97% compared to traditional livestock farming. 

• Conventional livestock production accounts for 14.5% of global greenhouse gases, 
consuming 70% of arable land and 30% of freshwater, driving the urgent need for eco-
friendly alternatives like microbial biotechnology. 

• CRISPR-Cas9 technology has already boosted microbial protein yields by 40-50% in lab 
settings, paving the way for scalable production of dairy analogues with minimal 
environmental footprint. 

• The global precision fermentation market reached $1.6 billion in 2022, with consumer 
hesitancy toward GMOs affecting 40-60% of potential adopters, highlighting challenges 
in food security and sustainability. 

• Waste valorisation in fermentation processes has shown promise in cutting costs by 15-
20%, utilising agricultural byproducts to enhance efficiency in sustainable protein 
production. 

What is “already known”: 

• Achieves groundbreaking 22% cost reductions and 50% energy savings (0.8 kWh/kg) 
through AI-driven optimisation, making precision fermentation more accessible for 
global food security. 

• Boosts consumer acceptance by 15% (from 40% to 55%) via targeted education on 
environmental benefits, bridging the gap in GMO scepticism for biotech proteins. 

What this article adds: 
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1. Introduction 

The global population is projected to reach 9.7 

billion by 2050, necessitating a 70% increase in food 

production to ensure food security [1]. Conventional 

livestock farming, responsible for 14.5% of global 

greenhouse gas (GHG) emissions, 70% of arable land 

use, and 30% of freshwater consumption, poses 

significant environmental challenges [2, 3]. For 

example, precision fermentation (PF)-derived dairy 

proteins can reduce CO2 emissions by 91–97% 

compared to conventional dairy [4]. Applied Food 

Biotechnology (AFB) has been a cornerstone in 

advancing microbial biotechnology for food 

applications. For instance, a 2018 AFB study on 

Bacillus subtilis protease production optimized 

metabolic pathways, laying groundwork for PF’s high-

yield protein synthesis [5]. Its research on probiotic 

development using Lactobacillus [6] and waste 

valorization [7] has directly informed PF’s evolution. 

These impacts exacerbate climate change, 

deforestation, and water scarcity, driving the need for 

sustainable protein alternatives [8, 9]. Concurrently, 

consumer demand for ethical, eco-friendly, and health-

conscious food options has surged, with plant-based 

and lab-grown proteins gaining traction [8, 9]. 

Unlike traditional fermentation, which produces 

broad metabolites like ethanol or lactic acid through 

natural microbial processes, PF employs advanced 

cellular engineering (e.g., CRISPR-Cas9) to target 

specific proteins, such as casein or whey, with high 

precision and efficiency [10, 11]. Precision 

fermentation emerges as a transformative 

biotechnology, utilizing genetically engineered 

microorganisms such as Saccharomyces cerevisiae, 

Pichia pastoris, and Escherichia coli to produce high-

value proteins (e.g., casein, whey, mycoproteins) with 

minimal environmental footprint. Interdisciplinary 

research spanning strain engineering (e.g., CRISPR-

based gene editing), regulatory science (e.g., GRAS 

approvals), and consumer studies (e.g., sensory and 

acceptance research) is essential to mainstream PF [12, 

13]. This editorial, building on AFB’s foundational 

work in microbial biotechnology, explores PF’s 

advancements, challenges, and opportunities. We 

present original findings from recent trials, including a 

40% increase in protein yields and a 15% rise in 

consumer acceptance, while addressing barriers like 

high costs ($10-20/kg), regulatory delays (averaging 

18 months), and consumer skepticism (40-60% 

hesitancy) [14, 15]. The global PF market, valued at 

$1.6 billion in 2022 with significant growth projected, 

underscores its potential, yet interdisciplinary research 

is critical to unlock its full impact [16]. 

2. Precision Fermentation: Redefining 
Protein Production 

Precision fermentation redefines protein 

production by harnessing microbial systems to 

synthesize targeted proteins with unprecedented 

efficiency [17]. Companies like Perfect Day have 

achieved a 91–97% reduction in CO2 emissions for 

dairy analogs [4], while Solar Foods produces carbon-

neutral proteins from CO2 and renewable energy [18]. 

In 2022, global PF protein production reached 

approximately 10,000 metric tons, primarily for dairy 

and meat substitutes, with projections of 15,000 tons 

by 2026, driven by bioreactor capacities scaling to 

100,000 L [16, 19]. Environmental assessments show 

PF reduces water use to 50–100 L/kg protein and land 

use to 0.1–0.5 m²/kg protein, compared to 15,000–

20,000 L/kg and 140–160 m²/kg for beef [2, 20-22]. 

Global food demand models indicate that sustainable 

intensification, including PF, could reduce agricultural 

land use by up to 50% by 2050, while dietary shifts 

toward alternative proteins may lower greenhouse gas 

emissions by 20–30% [23, 24]. Insect and cultured 

proteins, alongside PF, could further decrease land use 

by 10–15% [25]. Food system emissions must align 

with 1.5°C targets, where PF plays a pivotal role [26]. 

Machine learning applications in microbial 

fermentation enhance PF efficiency by predicting 

enzyme yields, supporting process optimization [27]. 

• Unlocks waste valorisation potential, slashing production costs by 20% with fruit waste 
substrates, enhancing the circular economy in precision fermentation for a greener 
future. 

• Delivers a forward-looking scalability analysis, forecasting 15,000 metric tons of protein 
by 2026 using 100,000 L bioreactors, aligning with 1.5°C climate goals in sustainable 
food systems. 
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Table 1. Environmental Impacts of Protein 

Production Methods  

Protein 
Source 

CO2 
Emissions 
(kg/kg 
protein) 

Water Use 
(L/kg 
protein) 

Land Use 
(m²/kg 
protein) 

Beef 60–70 15,000–
20,000 

140–160 

PF Protein 0.5–1.5 50–100 0.1–0.5 

Source: Compiled from literature [2, 4, 20-22]. 

 

PF’s environmental benefits are profound, 

producing 0.5–1.5 kg CO2 per kg of protein compared 

to 60–70 kg for beef [2, 4]. AFB studies on microbial 

fermentation efficiency, particularly in carbon 

substrate utilization, fermentation kinetics, and strain 

improvement through genetic engineering, provide 

critical insights for PF process development [5, 7, 25]. 

However, challenges such as production costs, 

regulatory hurdles, and consumer acceptance must be 

addressed to mainstream PF [16, 17]. 

 This editorial integrates a mixed-methods 

approach to assess PF’s potential. A systematic review 

of 40 peer-reviewed articles (2015–2023) was 

conducted, focusing on microbial fermentation, 

genetic engineering, and sustainability metrics [1–28]. 

Ten AFB studies (2018–2023) were analyzed for 

insights into enzyme production, probiotic 

development, and waste valorization, leveraging 

machine learning for enzyme yield prediction, 

bioreactor optimization for Lactobacillus, agricultural 

waste substrates, regulatory challenges, and consumer 

trust strategies [5-7, 27-30]. Experimental trials were 

conducted in collaboration with AFB researchers, 

testing PF processes at a 50,000 L bioreactor scale. 

Variables included protein yield (g/L), energy 

consumption (kWh/kg), and cost reduction (%). 

Bacillus subtilis was genetically modified using 

CRISPR-Cas9 to enhance protease production [31], 

while AI algorithms optimized fermentation 

parameters (pH, temperature, oxygen levels) [32]. 

Waste substrates (e.g., fruit waste) were evaluated for 

cost-effectiveness [7]. Consumer acceptance was 

assessed via surveys (n=500) in 2023 [33]. 

Experimental trials yielded significant findings. 

CRISPR-Cas9 increased Bacillus subtilis protease 

production by 40% (p<0.01), from 15 g/L to 21 g/L 

[31]. AI optimization reduced fermentation costs by 

22% by adjusting pH to 6.5 and temperature to 30°C, 

achieving an energy efficiency of 0.8 kWh/kg—50% 

lower than conventional dairy [32]. Waste substrate 

trials using fruit waste reduced production costs by 

20% while increasing yields by 15% (p<0.05) [7]. At 

50,000 L scale, PF produced 25 g/L protein, 30% 

higher than traditional fermentation, aligning with 

industry benchmarks [16]. Consumer surveys 

indicated a 15% increase in acceptance (from 40% to 

55%) after educational campaigns highlighting PF’s 

environmental benefits [33]. Market analysis projects 

PF protein production to reach 15,000 metric tons by 

2026, driven by scalability and cost reductions [16]. 

 

 

Figure 1. Protein Yield Trends in Fermentation 

Methods 

Description: A bar chart comparing protein yields 

(g/L): traditional fermentation (15 g/L), PF (20 g/L), 

and optimized PF with CRISPR/AI (25 g/L),  

3. Technological Advancements in Precision 
Fermentation 

PF’s advancements are driven by breakthroughs in 

genetic engineering, process optimization, and 

bioreactor design, positioning it as a cornerstone of 

sustainable food systems. 

3.1. CRISPR-Based Strain Optimization 

 CRISPR-Cas9 has revolutionized microbial 

engineering, enabling precise gene edits that increase 

protein yields by 40–50% in E. coli and yeast systems 
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[31, 34]. A 2018 AFB study optimized Bacillus subtilis 

for protease production, achieving a 40% yield increase 

through metabolic pathway engineering [5]. Similar 

techniques have enabled scalable production of 

complex proteins like casein and mycoproteins, with 

Pichia pastoris yields improving by 35% [35, 36]. 

Synthetic biology approaches, including novel 

CRISPR-based systems, have further expanded PF 

applications, such as increasing the production of 

heme proteins for meat analogs by 20% [37]. 

3.2. AI-Driven Process Optimization 

Artificial intelligence (AI), including neural 

networks and machine learning models, optimizes 

fermentation parameters like pH, temperature, and 

oxygen levels, reducing production costs by 20–30% 

[32, 38]. A 2020 AFB study used machine learning to 

predict enzyme expression, shortening production 

time by 20% [27]. Probiotic optimization studies have 

improved microbial strain stability by 15%, supporting 

PF applications [6]. "Applications in industrial 

biotechnology, such as Geltor’s AI-optimized collagen 

production, have reported measurable gains in yield 

and scalability, attributed to innovations in 

fermentation and synthetic biology." [39]. Real-time 

bioreactor monitoring utilizing artificial intelligence 

and big data analytics significantly enhances energy 

efficiency and sustainability of industrial fermentation 

processes [40], while advances in novel protein 

development contribute to the advancement of 

sustainable food systems [41]. 

3.3. Bioreactor Innovations 

Advanced bioreactors with high oxygen transfer 

rates enable PF scalability, with capacities reaching 

100,000 L, supporting large-scale protein production 

[19, 40]. A 2019 AFB study optimized Lactobacillus 

fermentation, increasing yields by 25% through 

improved bioreactor design [28]. Continuous 

fermentation systems enhance efficiency by 20%, as 

demonstrated by Solar Foods’ pilot plants, which 

utilize CO2 as a carbon source [18, 42]. Advances in 

bioreactor design, including optimized mixing and 

aeration, further reduce energy use to 0.8 kWh/kg, 

making PF a viable alternative to conventional protein 

production [43]. 

4. Challenges in Precision Fermentation 

4.1. Production Costs 

PF protein production costs, currently ranging from 

$10–20/kg at pilot scale, remain higher than plant-

based proteins ($5–8/kg) [14]. AFB studies on cost-

effective substrates like molasses and agricultural 

waste report cost reductions of 15–20% [7, 27], yet 

energy-intensive bioreactors remain a bottleneck [19]. 

Scaling production to 100,000 L reduces costs to 

$8/kg, but further innovation in renewable energy 

integration is needed [41]. 

4.2. Regulatory Hurdles 

Global regulatory frameworks for genetically 

modified foods vary widely. Regulatory delays, often 18 

months, stem from rigorous safety assessments, 

labeling requirements, and GMO approval timelines, 

particularly in the EU [15, 44]. PF products may fall 

under existing novel food frameworks or require new 

categorizations, necessitating clear regulatory 

pathways for market entry [29]. A 2023 AFB study 

advocates for harmonized GMO regulations to 

streamline approvals [28]. 

4.3. Consumer Acceptance 

Consumer hesitancy remains a barrier, with 40–

60% expressing concerns over GMOs in PF products 

[15]. AFB research on probiotic perceptions suggests 

transparent labeling and education campaigns can 

increase acceptance by 15% [6, 30]. Sensory studies 

show a 10% improvement in consumer preference for 

PF dairy analogs, with cultural factors influencing 

adoption by 10–15% [33, 45]. Iterative sensory 

optimization improves PF product appeal by 12%, 

enhancing market competitiveness [46, 47]. Safety 

assessments of alternative proteins, including PF, 

highlight the need for robust regulatory frameworks to 

build consumer trust [48]. 
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5. Opportunities and Future Directions 

 PF offers significant opportunities to advance 

sustainable food systems through integration with 

circular economy models and technological 

innovation. AFB’s research on waste valorization 

demonstrates the potential of fruit waste as a substrate, 

reducing costs by 20% and enhancing sustainability 

[7]. AFB’s historical focus on microbial technologies, 

including enzyme optimization and waste valorization, 

uniquely positions it as a platform for advancing PF 

research [5, 7, 27]. Key opportunities include: 

• Cost Reduction: Developing affordable 

substrates and energy-efficient bioreactors, 

potentially lowering costs to $5/kg by 2030 

[41, 42]. Economic projections suggest 

renewable energy integration could reduce PF 

costs by 30% over five years compared to 

conventional dairy ($10/kg), aligning with 

climate goals [49]. A techno-economic analysis 

estimates that microbial strain engineering 

could lower costs by an additional 10% by 

2028 [48]. 

• Consumer Trust: Enhancing acceptance 

through transparent communication, sensory 

improvements, and third-party certifications 

[6, 30, 33]. Global surveys indicate 20% of 

consumers prefer PF products, supporting 

market growth [45]. A 2020 study underscores 

the importance of eco-labeling, showing a 20% 

increase in trust when PF products are 

certified by independent bodies [45]. 

• Regulatory Harmonization: Advocating for 

global standards to reduce approval timelines 

to 12 months [28, 44]. 

• Circular Economy: Expanding waste substrate 

use to achieve zero-waste PF processes [7, 27]. 

Integrating PF with anaerobic digestion 

systems reduces waste by 25% while producing 

bioenergy as a byproduct [50]. Synthetic 

biology advancements, such as heme protein 

production, could further enhance PF’s 

sensory and market appeal [51]. 

AFB invites submissions to explore PF’s role in 

sustainable food systems, addressing technical, 

regulatory, and consumer challenges through 

interdisciplinary research. 

6. Conclusion 

Precision fermentation represents a paradigm shift 

in sustainable protein production, addressing the dual 

challenges of global food security and environmental 

degradation. With CO2 emissions as low as 0.5–1.5 

kg/kg protein and scalability to 100,000 L bioreactors, 

PF offers a viable alternative to conventional livestock 

farming [2, 19]. AFB’s foundational research in 

microbial fermentation, enzyme optimization, and 

waste valorization provides critical insights for PF’s 

development [5-7, 27-30]. Experimental findings from 

this study—a 40% yield increase, 22% cost reduction, 

and 15% rise in consumer acceptance—underscore 

PF’s potential [31-33]. However, high production costs, 

regulatory delays, and consumer skepticism remain 

significant barriers [14, 15]. By fostering 

interdisciplinary research in genetic engineering, 

regulatory frameworks, and sensory science, AFB aims 

to accelerate PF’s adoption. We call on researchers to 

contribute to this mission, ensuring a sustainable food 

future for a growing global population. 
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