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A Viewpoint on the Frontiers in Science Lead Article 


Hybrid alternative protein-based foods: designing a healthier and more sustainable food supply





Key points

 

	The numerous possibilities for the formulation of hybrid products—each involving distinct considerations related to functionality, nutrition, cost, sustainability, sensory attributes, and consumer acceptance—illustrate the vast opportunity for the development of hybrid protein alternatives, such as the cost reduction of hybrid cultivated meats.

	Innovating and developing successful hybrid products will require a high degree of creativity, interdisciplinary collaboration, and sustained investment from both public and private stakeholders.

	New product development should consider consumer perception, using intuitive labels like “blended” rather than “hybrid” to better convey the combination of multiple protein sources into a unified, palatable product.

	The very nature of hybrid products blurs the line between plant-based meat alternatives and conventional meat; this cultural shift could pave the way toward a plant-based diet.








Introduction

Alternative proteins such as mycelium-derived products, single-cell proteins, and cultivated meat have been introduced over the past few decades as standalone replacements for animal- or livestock-derived proteins. For instance, the first cultivated meat hamburger, presented in 2013, was composed entirely of cultivated protein; it was not a hybrid product (1). At the time, it cost €250,000 to produce and required large amounts of plastic for cell culture dishes, which was acceptable for a prototype. The philosophy among cultivated meat pioneers was to offer consumers a product identical to conventional meat, but without the negative environmental and animal welfare impacts. Achieving this was thought to require not only “pure” products but also high-quality ones composed of fully mature muscle and fat tissue indistinguishable from meat. While this level of fidelity may be less critical for ground products such as hamburgers, it is essential for whole-cut meat replacements such as ribeye steaks. A prevailing assumption was also that consumers would more readily accept pure meat alternatives than hybrid products, although no data were available to support that notion. Over time, however, the drive to develop affordable, market-ready products led to compromises in product purity. Abandoning purity led to the blending of plant protein-based products with cultivated cells, the latter being added to enhance taste. Furthermore, the level of muscle or fat differentiation was also reduced to meet cost and scalability targets. Some companies have even moved away from using meat-specific cells (2). For example, the observation that undifferentiated avian fibroblasts could enhance the flavor of a plant-protein base was unexpected but supports the case for hybrid approaches. With advancements in cell culture scale-up, reduced cost of medium components, and assuming a certain scale of production and inclusion rate of cultured avian cells in plant protein-based products, Pasitka et al. (2) demonstrated that a cost-effective hybrid product is now within reach.





Hybrid meat alternatives

In their thoughtful and comprehensive lead article in Frontiers in Science, Kaplan and McClements (3) explore the current landscape of hybrid products, evaluate their advantages and drawbacks, and outline pathways for future development. The review underscores the breadth of options that can and should be explored, given the diversity of plant-protein bases and alternative protein additives, and thus, they recommend leveraging artificial intelligence (AI) tools.

Formulating successful hybrid products requires a nuanced understanding of each alternative protein source. Kaplan and McClements (3) begin by reviewing the characteristics, benefits, and limitations of these ingredients. Clearly, plant-based sources offer the widest range of existing ingredient solutions by leveraging decades of industry experience and agricultural optimization. Not only do botanical sources differ widely, but different processing techniques yield a broad range of products with varying purities, polysaccharides and lipid content, flavors, pigments, and preservatives.

In contrast, novel mycelium-based ingredients remain much more limited, with only a few fungal strains commonly used to produce textured meat analogues (4). Most producers obtain mycelium from submerged fermentation (or liquid fermentation) practices, allowing for better control of the process. These processes yield a fibrous biomass often referred to as mycoprotein, which is nutritious and high in protein but has been observed to lack the techno-functional properties needed to structure a pure mycelium product with sensory properties like meat. Thus, the future of mycelium-derived meat analogues will almost certainly rely on hybridization with other protein sources, as reviewed by Kaplan and McClements (3). On the other hand, the fungal kingdom extends well beyond the handful of strains currently used by the food industry, probably due to regulatory constraints (4). Therefore, the possibilities for mycelium-based products have not been exhausted yet, and hyphae-related structural differences within different taxonomical groups of fungi may reveal new desirable functionalities.

Cultivated meat is the most recent addition to alternative proteins. The enthusiasm for cultivated meat is based on the belief that it can provide sustainable, ethical products that match meat nutritionally and organoleptically. Especially for ground meat products, taste is an important driver toward market adoption of cultivated meat that indeed can be replicated. The most secure method is to cultivate a product that has a similar composition and structure to conventional meat. This assumption has scientific support: meat flavor development is driven by complex reactions, but these are only partially understood. We do know, however, that non-odor active molecule precursors such as simple sugars, amino acids, and phospholipids are responsible for flavor development (5). Heat-induced oxidation of these active molecules, as well as a cascade of cross-reactions, leads to the formation of volatile products that induce human-specific perception of meat aroma. At the same time, the umami flavor, which originates from 5′-nucleotides, glutamic acid, and aspartic acid, is another important taste component strongly associated with this aroma.

Interestingly, recent findings suggest that full differentiation into muscle and fat cells is not necessary to replicate key flavor attributes. In fact, undifferentiated cells, and possibly even non meat-specific cells, can contribute to meat-like flavors. Unfortunately, this evidence largely comes from private companies only, and no independent academic confirmation has been published yet. Older studies report that phospholipids that make up the cell membrane play a crucial role in the formation of animal-specific flavor. This is caused by the unique composition of the animal cell membrane and the favorable oxidation of unsaturated fatty chains (6). However, the taxonomic kingdom specificity of these phospholipids and their role in flavor is still poorly understood. The complexity of meat flavor and our limited knowledge necessitate an empirical approach for developing meat-matching flavors. Starting with animal cells remains the most promising route, given their compositional similarity to the tissue being replaced. Moreover, cultivating cells at different levels of differentiation could help close knowledge gaps in meat flavor science.

Current cultivated meat products that have passed regulatory approval and reached small-scale markets are hybrid products with variable percentages of cultivated cells, mostly undifferentiated and composed of fibroblasts. Blending—and therefore diluting—cultured animal cells with plant-based substrates enables larger-scale introduction at relatively low prices and could be viewed as a strategic compromise. Hybrid products with structured and cultivated meat composed of fully differentiated muscle and fat have yet to receive regulatory approval and subsequent market introduction. There are no indications that these products face consumer acceptance issues, although surveys suggest that hybrid products are less accepted than pure plant-based meat substitutes and that cultivated meat hybrids score lower than plant-based hybrids (7). Nonetheless, hybrid products expand consumer choice. In fact, a desire for variety appears to be a key driver for consumers to purchase meat alternatives (8). We predict that an increasing array of hybrid products will further blur the cultural dichotomy between plants and meat, thereby weakening the symbolic associations with meat (9).

Among the other alternative proteins reviewed by Kaplan and McClements (3), recombinant proteins are particularly notable for their functional roles as ingredients within meat or hybrid products. Some, such as transglutaminase, are already used widely. These proteins typically add little nutritional or caloric value to the hybrid. Although currently expensive to produce, costs are expected to decrease once processes transition from pharmaceutical to food-grade conditions.

Kaplan and McClements (3) also highlight the potential for novel hybrid combinations that leverage complementary attributes of various alternative protein sources. Table 1 summarizes the organoleptic, sustainability, processing, and consumer acceptance characteristics of different sources: these can be combined strategically to optimize hybrid products. More complex hybrids, i.e., those integrating plant proteins for structure, mycelium for nutrition and neutral flavor, and cultivated meat for aroma, are plausible. The neutral taste profile of mycelium is particularly helpful in mitigating undesirable plant off-notes such as bitterness or beany flavors. One example of research in this area is the European Union-funded PLENITUDE project (10).


Table 1 | Characteristics of various potential protein sources in hybrid products.
	Ingredients
	Flavor contribution
	Structure contribution
	Sustainability considerations
	Process development status
	Production cost
	Consumer acceptance



	Plant-based
	Consists mostly of neutral flavors, but proteins introduce undesired beany, bitter, and astringent off-flavors
	Ingredient dependent, but can build good structures through textured or functional proteins and binders
	Very sustainable, although with a strong ingredient dependency
	Well-developed, large-scale production ongoing
	Associated with low production costs
	Good, except for the negative perception of ultra-processed ingredients and E numbers*


	Conventional meat
	Positive flavor contribution; considered the standard
	Positive flavor contribution; considered the standard
	Not sustainable; depends on the animal and farming techniques
	Well-developed, large-scale production ongoing
	Associated with low production costs
	Good, widespread acceptance; often integrated within culture


	Mycelium-based
	Rather neutral flavor, with some mycelium-specific off-flavors
	Good impact from the fibrous structure
	Overall, it is considered sustainable, especially as side streams from other biorefinery processes can be used as feed material
	Partially developed; commercial production ongoing
	Production costs are low enough for market entry, but not as low as plant-based or conventional meat products
	Medium consumer acceptance


	(Cultivated) animal cells
	A strong, positive flavor addition is expected
	No positive impact on structure has been reported; however, successful muscle differentiation should introduce a strong structural contribution
	Anticipatory life cycle assessments predict an improvement from conventional beef, but the actual impact is still unknown
	Currently under development; limited production ongoing
	Scaled-up production costs are expected to be relatively high, pending future techno-economic analyses
	Still unknown, as products are yet to penetrate markets; however, acceptance studies hint there should be no issues in acceptance


	Insect-based
	Mild flavor with off-notes; flavor profile not in the direction of meat
	Insect-based products do not positively impact structure, unless proteins are further processed into functional ingredients
	Considered more sustainable than conventional beef
	Currently under development; limited production for human consumption ongoing
	Associated with medium production costs
	Poor acceptance, so products are processed into, for example, flours, to disguise the insect origin


	Recombinant proteins
	Some recombinant proteins such as myoglobin are claimed to have a positive impact on flavor
	Specific proteins may have a positive structural impact, such as transglutaminase
	Dependent on the process, normally has medium to good sustainability impacts
	Some proteins are developed and under large-scale production, while others are in preliminary phases
	Relatively high production prices occur for precision fermentation; these become cheaper scaling up
	Relatively good acceptance, dependent on how the context is framed to consumers





*E numbers are codes assigned to food additives that are approved for use in foods within the European Union and the European Free Trade Association.







The role of AI

Kaplan and McClements (3) also emphasize the potential of data-driven tools in accelerating hybrid protein development. With growing datasets on individual components and their functional properties, AI can help predict successful combinations and even suggest novel hybrids not yet tested. Combining such a database with metabolic models and in silico digestion and absorption simulations could further refine formulation strategies. Two important factors must be considered to successfully create this hybrid component database. First, we must address knowledge gaps about the properties needed for flavor, structure, scalability, cost-efficiency, and consumer acceptance. Second, these data must be publicly accessible. Since most current data are proprietary, a shift toward more open, socially responsible data sharing is needed— one that also recognizes that collective progress can benefit individual companies as well.





Concluding remarks

The numerous possibilities for the formulation of hybrid products—each involving distinct considerations related to functionality, nutrition, cost, sustainability, sensory attributes, and consumer acceptance—highlight the vast area of opportunity in this field. Innovating and developing successful products will require a careful balancing of these factors, as well as a high degree of creativity, interdisciplinary collaboration, and sustained investment from both public and private stakeholders. More specifically, successful new product development also needs to engage with how consumers perceive these products. For example, the term “hybrid” may carry unintended connotations or cause confusion. A more intuitive label, such as “blended,” might better reflect the process of combining various protein sources into a cohesive and palatable product, at least for those that are truly blended after synthesis and not co-synthesized.
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