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Abstract 

The global food system is undergoing a structural 
shift as plant-based meat alternatives transition from niche 
vegetarian products to technologically sophisticated platforms 
capable of replicating the sensory attributes of animal-derived 
meat. This chapter examines the core scientific and 
engineering principles underpinning this transformation, 
including high-moisture extrusion for fibrous protein 
architecture, precision fermentation of leghemoglobin for 
flavour catalysis, and lipid structuring for mouthfeel 
replication. It further evaluates the agricultural sustainability 
implications of these technologies and situates them within 
the Indian agronomic context by analyzing jackfruit and mung 
bean as regionally relevant, functionally viable raw materials 
for meat-analog production. 

Introduction 

Rising concerns over the environmental footprint of 
intensive animal agriculture, coupled with growing consumer 
interest in health-conscious and ethically oriented diets, have 
accelerated demand for protein alternatives that do not rely on 
conventional livestock. Animal-derived products supply 
approximately 40–58% of dietary proteins but occupy 77% of 
agricultural land and account for 12–20% of human-induced 
greenhouse gas emissions (Poore & Nemecek, 2018; Smetana 
et al., 2023). Plant-based meat alternatives have evolved far 
beyond early textured vegetable protein products. 
Contemporary formulations employ food engineering, 
biochemistry, and post-harvest processing to construct edible 
matrices that mimic the appearance, aroma, texture, and taste 
of beef, poultry, and pork (Schmid et al., 2022). The 
technological pipeline spans agricultural raw material 
selection, thermomechanical protein texturization, flavor 
chemistry, and fat encapsulation (McClements & Grossmann, 
2021). This chapter provides a structured overview of the 
scientific foundations of plant-based meat technology, with 
particular attention to developments relevant to Indian 
agriculture. 

Protein Architecture: High-Moisture Extrusion 

The sensory identity of meat is anchored in its 
fibrous, anisotropic texture. Animal muscle consists of aligned 
bundles of myofibrils surrounded by connective tissue, 
yielding a characteristic chew and directional tear. Replicating 
this structure from plant sources requires controlled 
denaturation and alignment of globular seed proteins into 
long, layered fibers. The dominant industrial approach is high-
moisture extrusion (HME), a continuous thermomechanical 
process in which protein–water blends containing more than 
40% moisture are subjected to heat, pressure, and shear within 

a twin-screw extruder, then forced through a cooling die to 
form fibrous meat-like structures (Zhang et al., 2022). During 
extrusion, proteins unfold, aggregate, and phase-separate 
under mechanical stress, generating anisotropic layers that can 
be sliced or shredded to simulate whole-muscle or ground-
meat formats (Sui et al., 2024). The cooling die is critical: by 
reducing temperature at the outlet, it sets the aligned protein 
network before relaxation can occur, locking in directional 
fiber orientation (Sui et al., 2024). 

Ingredient formulation significantly influences 
extrusion outcomes. Soy protein concentrate and wheat gluten 
remain staple ingredients because gluten provides elastic 
networks that support fiber formation (Beniwal et al., 2021). 
However, diversifying protein sources is an active priority. 
Recent investigations demonstrate that multi-protein systems 
can sustain fibrous integrity while broadening nutritional 
profiles and reducing dependence on single-crop 
monocultures (Li et al., 2026). The extrusion process 
effectively functions as a post-harvest manufacturing step, 
converting harvested legumes and grains into value-added 
food matrices through controlled engineering parameters (Sha 
& Xiong, 2020). 

Flavor Chemistry and Heme Technology 

Texture alone cannot satisfy consumer expectations. 
The characteristic flavor of cooked meat originates primarily 
from the Maillard reaction, a thermally induced chemical 
cascade between amino acids and reducing sugars that 
produces hundreds of volatile flavor compounds responsible 
for roasted, savory, and caramelized aromas (Lamas, 2021). In 
animal muscle, heme—an iron-containing porphyrin—acts as 
a potent catalyst for this browning reaction, accelerating both 
color development and aromatic intensity. 

Plants do not synthesize muscle heme, but certain 
legumes harbor leghemoglobin within root nodules. Through 
precision fermentation, the gene encoding soy leghemoglobin 
is inserted into yeast and cultivated in industrial bioreactors, 
producing bio-identical heme at scale (Lamas, 2021). When 
integrated into plant-based formulations, this heme analog 
triggers the Maillard reaction during cooking, generating the 
seared crust, umami depth, and pinkish juices associated with 
medium-rare beef (IJFMR, 2025). Beyond catalysis, heme 
contributes metallic, iron-like flavor notes that mask vegetal 
off-notes commonly present in raw pulse proteins, thereby 
improving palatability and consumer acceptance (IJFMR, 
2025). Complementary strategies include the addition of yeast 
extracts, targeted amino acids, and reducing sugars to fine-
tune the flavor bouquet so that it closely approximates grilled 
or roasted animal meat (IJFMR, 2025). 
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Fat Encapsulation and Mouthfeel Engineering 

Animal adipose tissue contributes more than flavor; it 
governs mouthfeel. During mastication, intramuscular fat 
melts gradually, lubricating fibers and creating a perception of 
juiciness and richness. In plant-based systems, this behavior 

must be engineered using plant-derived oils such as coconut, 
sunflower, or cocoa butter, structured with emulsifiers and 
hydrocolloids to prevent premature leakage during cooking 
(McClements & Grossmann, 2021). Formulators map the 

solid-fat content and melting curves of these lipids against 
beef tallow, tuning the formulation so that fat releases 
gradually during chewing rather than pooling in the pan. 

Advanced approaches encapsulate oils within discrete alginate 
or starch matrices, creating fat pockets that rupture upon 
mastication and echo the marbling of conventional cuts. This 
lipid structuring is indispensable for transforming dense 

protein extrudates into products that feel indulgent rather than 
dry. 

Environmental and Agricultural Sustainability 

The sustainability case for plant-based meat rests on 

differential resource efficiency. Life-cycle assessments indicate 
that plant-based meat substitutes exert, on average, 
approximately 50% lower environmental impact than 

conventional meat production across metrics including 
greenhouse gas emissions, land use, and eutrophication 
potential (Smetana et al., 2023). Heller and Keoleian (2018) 
reported that plant-based patties carry a 77% smaller climate-

change burden than beef patties, with concomitant reductions 
in water consumption and acidification. However, the calculus 
is nuanced: complex ingredient supply chains spanning 
multiple continents can offset some gains. Smetana et al. 

(2023) emphasized that the impact of meat substitutes is 
determined by the level of processing and the inclusion of 
minor components like spices and preservatives, which can 

add 13–26% to resource demand. Optimizing regional 
sourcing, minimizing processing energy, and integrating crop 
cultivation with existing agricultural infrastructure remain 
essential for realizing the full sustainability potential of these 

products. 

Regional Spotlight: Jackfruit and Mung Bean in Indian 

Agriculture 

India's agronomic diversity offers crops that are 

culturally familiar and functionally suited to meat-analog 

development. Jackfruit (Artocarpus heterophyllus) and mung bean 

(Vigna radiata) exemplify this potential. Unripe jackfruit 

possesses a neutral flavor and a fibrous, shreddable texture 

that closely resembles pulled pork or chicken. As plant-based 

diets expand across the subcontinent, jackfruit has 

transitioned from a seasonal fruit to a mainstream whole-food 

meat alternative in curries and biryanis. Nutritionally, raw 

jackfruit provides approximately 95 kcal, 1.7 g protein, 1.5 g 

fiber, and significant vitamin B6 per 100 g. While its protein 

content is modest relative to pulses, its distinctive morphology 

and low calorie density make it an excellent carrier for spiced 

preparations, especially when protein is fortified with legume 

isolates. 

Mung bean offers complementary advantages as an 

extrusion-ready protein source. Seetapan et al. (2023) 

demonstrated that mung bean protein can form meat analogs 

with favorable texture and rheology through high-moisture 

extrusion. Li et al. (2026) found that 20% mung bean protein 

substitution in soy-wheat blends produced a dense, layered 

fibrous network with optimal rehydration properties, 

stabilized by hydrogen bonds and disulfide interactions. Given 

mung bean's short growing season, nitrogen-fixing capacity, 

and established cultivation across India, its integration into 

formal meat-analog supply chains could reduce import 

dependence while supporting smallholder livelihoods. 

Future Directions 

The technology trajectory points toward 

hybridization and localization. Precision fermentation is 

expanding beyond heme to generate functional animal-free 

proteins that may be combined with plant fibers for improved 

nutrition. Concurrently, plant breeders are selecting varieties 

for protein functionality, oil composition, and amino acid 

balance, merging agricultural biotechnology with food 

processing objectives. In India, developing regional extrusion 

infrastructure and training farmers in food-grade pulse quality 

standards will be critical for anchoring supply chains 

domestically. Price parity and clean-label simplicity remain the 

final commercial hurdles; streamlining ingredient decks 

through improved raw material functionality will determine 

whether these products achieve mass-market penetration or 

remain urban novelties. 

Conclusion 

Plant-based meat alternatives represent a 

convergence of post-harvest engineering, flavor chemistry, 

and sustainable agricultural strategy. High-moisture extrusion 

provides the structural backbone, precision-fermented heme 

unlocks authentic flavor, and structured lipids complete the 

sensory experience. Environmentally, these products offer 

measurable reductions in resource intensity compared with 

conventional livestock, though realizing their full potential 

depends on regionalized sourcing and energy-efficient 

processing. For Indian agriculture, native crops such as 

jackfruit and mung bean present viable pathways to localize 

production and support farmer incomes. As these 

technologies mature, the future of meat will increasingly be 

shaped by crop science, fermentation biotechnology, and the 

deliberate engineering of agricultural supply chains. 

References 

Beniwal, A. S., Singh, J., Kaur, L., Hardacre, A., & Singh, H. 
(2021). Meat analogs: Protein restructuring during 

https://agritechpublication.com/


https://agritechpublication.com                                 ISSN: 3048-8249               Article ID: FTT2025021103 

 

                                                   FoodTech Today e-Magazine: Volume 2, Issue 11 (June, 2026)   9 

thermomechanical processing. Comprehensive Reviews in 
Food Science and Food Safety, 20(2), 1221–1249.  

Dekkers, B. L., Boom, R. M., & van der Goot, A. J. (2018). 
Structuring processes for meat analogues. Trends in 
Food Science & Technology, 81, 25–36. 
https://doi.org/10.1016/j.tifs.2018.08.011 

Heller, M. C., & Keoleian, G. A. (2018). Beyond Meat's Beyond 
Burger life cycle assessment: A detailed comparison between a 
plant-based and an animal-based protein source. Center for 
Sustainable Systems, University of Michigan. 

Lamas, M. (2021, March 25). How scientists make plant-based foods 
taste and look more like meat. The Conversation. 
https://theconversation.com/how-scientists-make-
plant-based-foods-taste-and-look-more-like-meat-
156839 

Li, K., Zhao, Y., Wang, S., Zhang, Y., & Sui, X. (2026). 
Structural, textural, and functional properties of 
plant-based meat analogs prepared by high-moisture 
extrusion of soy–wheat–mung bean multi-protein 
system. Foods, 15(5), Article 824. 
https://doi.org/10.3390/foods15050824 

McClements, D. J., & Grossmann, L. (2021). The science of 
plant-based foods: Constructing next-generation 
meat, fish, milk, and egg analogs. Comprehensive Reviews 
in Food Science and Food Safety, 20(4), 4049–4100. 
https://doi.org/10.1111/1541-4337.12771 

Poore, J., & Nemecek, T. (2018). Reducing food's 
environmental impacts through producers and 
consumers. Science, 360(6392), 987–992. 
https://doi.org/10.1126/science.aaq0216 

Schmid, E. M., Farahnaky, A., Adhikari, B., & Torley, P. J. 
(2022). High moisture extrusion cooking of meat 

analogs: A review of mechanisms of protein 
texturization. Comprehensive Reviews in Food Science and 
Food Safety, 21, 4573–4609.  

Seetapan, N., Raksa, P., Limparyoon, N., Srirajan, S., 
Makmoon, T., Israkarn, K., Gamonpilas, C., 
Methacanon, P., & Fuongfuchat, A. (2023). High 
moisture extrusion of meat analogues using mung 
bean (Vigna radiata L.) protein and flour blends: 
Investigations on morphology, texture and rheology. 
International Journal of Food Science & Technology, 58(4), 
1922–1930. https://doi.org/10.1111/ijfs.16334 

Sha, L., & Xiong, Y. L. (2020). Plant protein-based alternatives 
of reconstructed meat: Science, technology, and 
challenges. Trends in Food Science & Technology, 102, 51–
61. https://doi.org/10.1016/j.tifs.2020.05.022 

Smetana, S., Ristic, D., Pleissner, D., Tuomisto, H. L., 
Parniakov, O., & Heinz, V. (2023). Meat substitutes: 
Resource demands and environmental footprints. 
Resources, Conservation and Recycling, 190, Article 106831. 
https://doi.org/10.1016/j.resconrec.2022.106831 

Sui, X. N., Zhang, T. Y., Zhang, X., & Jiang, L. Z. (2024). 
High-moisture extrusion of plant proteins: 
Fundamentals of texturization and applications. 
Annual Review of Food Science and Technology, 15, 175–
198. https://doi.org/10.1146/annurev-food-072023-
034346 

Zhang, J. C., Chen, Q. L., Kaplan, D. L., & Wang, Q. (2022). 
High-moisture extruded protein fiber formation 
toward plant-based meat substitutes applications: 
Science, technology, and prospect. Trends in Food 
Science & Technology, 128, 202–216. 
https://doi.org/10.1016/j.tifs.2022.08.008  

 

* * * * * * * * * 

https://agritechpublication.com/

