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Abstract

:

A primary strategy led by the food industry to improve the sustainability of the agricultural food supply is the development of modern plant-based alternatives. The information provided via marketing and product packaging provides consumers with the expectation that these products provide a similar product experience to conventional products, yet it is not well understood whether these commercial alternative products are comparable to traditional animal-based products. To aid in developing improved plant-based products, this study aimed to compare the quality and physical attributes of commercially available plant-based and dairy yogurts. Using instrumental methods, commercially available yogurt products were analyzed for their pH, titratable acidity, color, water activity, moisture content, and rheology, which included 13 plant-based (almond, cashew, coconut, oat, soy) and 8 whole-milk dairy yogurts. The present study reveals that the plant-based and dairy yogurts had no significant differences in pH, lactic acid, water activity, or moisture content. However, there were significant differences in the color and texture properties between the plant-based and dairy yogurts. Additionally, significant differences were observed across the plant-based yogurt products in terms of their color and texture properties. This highlights the need for additional studies to determine how individual ingredients influence the physical characteristics and textural properties to direct the development of plant-based yogurts. Improving upon the physicochemical properties of plant-based yogurt may encourage more consumers to adopt a more sustainable diet.
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1. Introduction


Across the globe, the food industry is preparing to adapt to the future food supply, which will need to produce food for roughly 10 billion people by the year 2050 [1]. While the agricultural food sector faces multiple challenges to ensure a safe and nutritious food supply, there is growing concern about the sustainability of food production. There is focused interest in creating alternative low-carbon protein sources to meet the rising global demand for food and considering the environmental sustainability of food production [2,3,4]. Many alternative protein sources are available (e.g., tofu), yet these products have not been widely adopted by consumers [2]. The food industry has primarily focused on developing sustainable alternatives that utilize plant-based proteins and ingredients to recreate the functional and sensory properties typically found in animal-based products [5,6]. These alternatives are often called novel plant-based foods, imitation foods, or mimics. The plant-based market is estimated to be worth $28 billion as of 2022 [7]. While all plant-based product categories are expected to continue to grow, the biggest category achievements have been within the plant-based dairy category.



As of 2022, the plant-based milk industry was valued at $2.8 billion, accounting for 35% of all plant-based sales [7]. In terms of all milk sales, plant-based milk accounts for 15% of total sales, demonstrating the potential of the impact of plant-based products [7]. In 2019–2022, there was a 19% increase in plant-based milk sales and, at the same time, a decline in dairy milk sales (4%) [7]. This success could be viewed as plant-based milk successfully transitioning consumers to a more sustainable alternative while demonstrating the potential within other plant-based dairy categories, such as plant-based yogurt. The U.S. market for plant-based yogurt is estimated at $425M [7]. This suggests that plant-based dairy has the potential to be integrated and adopted by consumers; however, plant-based yogurt has not seen the same success in terms of commercial sales compared to plant-based milk [7,8,9]. Therefore, this highlights the opportunity to compare the performance of commercially available plant-based yogurts to investigate potential areas of improvement.



When formulating a modern plant-based product, there are many ways to evaluate its performance and functionality to ensure similar characteristics to conventional products [10,11]. Examining the differences in its physicochemical structure and comparing its performance to conventional and plant-based products (e.g., soy vs. almond) help identify opportunities to improve its functionality as a primary strategy to assess the overall success of different formulations. Of particular interest are the physicochemical attributes that have a role in producing mouthfeel characteristics and correspond to consumer liking. For example, Greis and colleagues (2020) identified that commercial plant-based oat yogurts were perceived as thin and watery, which was negatively associated with liking [12], which is consistent with other findings [13]. A recent study reported that among a cohort of consumers in New Zealand, commercially available plant-based yogurts had low acceptability, driven by high perceptions of sourness and an undesirable appearance (lumpy and non-white) [14]. These results concluded that the discrepancy between the expected and actual sensory profiles was the primary driver of the rejection of these products. These studies suggest functionality differences between plant-based and dairy yogurts warrant a more comprehensive investigation across a wide variety of commercially available plant-based yogurts.



The evidence demonstrates that the textural properties of plant-based yogurt are driven by the ingredients and processing steps [8,15]. From a formulation standpoint, these textural differences are partially due to plant-based yogurts lacking the casein and lactose molecules found in milk, making it a challenge to recreate the traditional gel network formed in dairy yogurt. In the absence of stabilizers, the gelation process is a key component in controlling the textural properties of the finished yogurt product [16]. Compared to animal-based systems, plant-based components have lower inherent gelling strengths; hence, hydrocolloids are used to improve the gelling structures [17]. However, instrumental texture measurement is not the only physical characteristic that is important to measure when assessing performance and functionality. Physical properties such as water activity influence acid production, and subsequently, pH is vital for the growth and viability of the microorganisms responsible for yogurt formation [15,18].



Previous studies have demonstrated differences in the physical characteristics of commercially available plant-based yogurts [19,20,21,22]. Grasso and colleagues (2020) examined six commercially available plant-based yogurts available in Ireland and determined that some plant-based products performed more similarly to dairy yogurts than others. For example, soy, coconut, and cashew were more comparable to dairy than hemp and almond in terms of their textural properties [19]. While this study provides new insights into comparing plant-based and dairy yogurts regarding their physicochemical properties, it has limited ability to generalize across plant-protein yogurts, as the analysis was conducted for one sample per base yogurt (e.g., oat, soy, pea). These findings were further supported by Wang and colleagues (2023) with yogurts prepared in a laboratory setting [21]. These instrumental methods remain the primary method for measuring yogurt performance, at least in experimental research settings [23,24]. Examining these differences provides the food industry with an insight into the limitations of improving and opportunities to improve the functional characteristics of plant-based yogurts, which helps to drive greater consumer acceptance.



This study aims to characterize the physicochemical and rheological properties of commercial plant-based and dairy yogurts to gain insight into the opportunities for the food industry to focus on characteristics dissimilar to that of conventional dairy yogurt. Here, instrumental analysis was conducted to measure the pH, water activity (Aw), moisture content, color, titratable acidity, and rheology of diverse yogurts made from different protein bases. This new knowledge expands on past work and provides new insights into the US product market for plant-based yogurt to support the development of plant-based yogurts that provide a similar eating experience to dairy yogurt.




2. Materials and Methods


2.1. Samples


Commercial yogurts (dairy and plant-based) in the United States were purchased in grocery stores in Amherst, MA, and surrounding towns. The retail stores included Walmart, Target, ALDI, Whole Foods Market, Stop & Shop, Big Y, and Trader Joe’s. A total of 21 yogurts were purchased, with 8 whole-fat dairy yogurts and 13 plant-based with different plant-protein bases: almond (n = 4), cashew (n = 2), coconut (n = 4), oat (n = 2), soy (n = 1). Each yogurt base’s average caloric, fat, and protein contents are reported in Table 1, along with the standard deviation of each component. A list of products and their ingredients can be found in Supplemental Table S1.



All the yogurts were either vanilla-flavored or plain to eliminate potential variability in the physical characteristics due to different flavors or add-ins. We found that whole-milk dairy yogurts contained a similar fat content to the plant-based yogurts; therefore, we only included whole-milk and full-fat dairy yogurts for this study. Greek dairy yogurts were excluded due to their high protein content and the lack of available plant-based alternative equivalents on the market.




2.2. pH


The pH of the yogurt samples was measured using a pH meter (Oakton pH 6+ Handheld, Hanna Instruments model HI1131, Smithfield, RI, USA) at 24 °C. The instrument was calibrated using calibration standards (pHs of 4, 7, and 10).




2.3. Titratable Acidity


The titratable acidity followed AOAC method no. 947.05 [24]. Briefly, the percent lactic acid of the yogurt samples was measured by neutralizing the yogurt samples with NaOH titrant solution using an automatic dairy titrator (Hanna Instruments HI84529U and HI1131, RI, USA). A 3-point calibration procedure was followed using calibration standards of pHs of 4.01, 8.30, and 10.00. Each sample (20 mL) was diluted with 40 mL of deionized water and titrated using a High Range 20 titrant (HI84529-51) until the endpoint was reached.




2.4. Color


The optical properties of the samples were quantified using an instrumental colorimeter (ColorFlex EZ 45/0-LAV, Hunter Associates Laboratory Inc., Reston, VA, USA). The L* value refers to brightness, ranging from 0 (black) to 100 (white). The a* value indicates the degree of redness (positive values) or greenness (negative values), whereas the b* value measures the degree of yellowness (positive values) or blueness (negative values). The Whiteness Index was calculated using Equation (1), given below. Initially, the instrument was calibrated before the samples were analyzed against a white tile background.


Whiteness Index = 100 − [((100 − L*)2 + a*2 + b*2) (1/2)]



(1)








2.5. Water Activity


The water activity of each yogurt sample was measured using a Decagon Devices water activity meter (AQUALAB 4TE, Pullman, WA, USA).




2.6. Moisture Content Analysis


The moisture content was measured using a halogen moisture analyzer (MX-50, A&D Company, Tokyo, Japan). Each sample (3 g) was placed in a metal tin and heated to 105 °C. The weight of the sample, % moisture, and runtime were recorded.




2.7. Rheology


The rheological properties of the yogurt sample were measured using a TA HR 20 Discovery rheometer (TA Instruments, New Castle, DE, USA). Each sample (20 mL) was cooled to 10 °C in a Peltier concentric cylinder, and a conical rotor was used to determine the sample’s shear stress (σ) in Pa. An increasing shear rate (ƞapp) from 0 to 200 s−1 was applied for 200 s, followed by a decreasing shear rate from 200 to 0 s−1, also applied for 200 s [13]. Hysteresis curves were developed for each sample to compare the rheological differences between the yogurt bases. The flow behavior index (n) and consistency coefficient (K) were calculated using the power law equation (Equation (2)):


σ = Kγn



(2)







The dependence of the viscosity on the shear rate for all the samples was fitted to the Ostwald–de Waele equation (Equation (3)), previously applied to yogurt [25], where ηapp, K, γ, and n refer to the apparent viscosity (Pa.s), the consistency index (Pa.sn), the shear rate (1/s), and the flow behavior index (dimensionless), respectively:


ƞapp = Kxγ (n−1)



(3)








2.8. Statistical Data Analysis


Each measurement was carried out in triplicate, with three commercial yogurt samples measured individually. The data for all the parameters measured were first checked for normality. The data were not normally distributed; hence, the Analysis of Variance (ANOVA) test was employed to conclude the equality of the medians between the samples. The post hoc Tukey’s Honest Significant Differences (HSD) test was used to identify significant pairs, defining significant differences between the samples (p < 0.05). All the analyses used R (R Core Team 2021, version 4.1.2, R Foundation for Statistical Computing, Vienna, Austria).





3. Results


3.1. Nutritional Composition


The nutritional content of the yogurts (energy, fat, protein, and carbohydrates) is reported in Table 1. All the nutrients are standardized per 100 g. There were no significant differences in the total energy (Kcal) or the fat and carbohydrate content across all the product bases. The total energy per 100 g of yogurt was between 76.8 and 101.7 (Kcal), with almond yogurt having the highest energy and coconut yogurt having the lowest energy. The fat content ranged from 2.3 to 5.5 g, with almond yogurt having the highest fat content and soy yogurt having the lowest fat content. The carbohydrate content ranged from 9.0 to 12.8 g, with oat yogurt having the highest and dairy having the lowest. The protein content ranged from 0.2 to 4.0 g, with coconut having the lowest and soy having the highest. There were significant differences in the protein content, with coconut having significantly lower protein (0.2 g) than all the other products, with the exception of cashew (2.0 g). All the products had a fiber content of less than 1.7 g.




3.2. pH and Titratable Acidity


The pH and TA values are presented in Table 2. Across the products, the pH values ranged between 3.7 and 4.8. The statistical analysis revealed no significant differences in the pH between the dairy yogurt and all the other plant-based yogurts. However, there were significant differences in the plant-based yogurts, with cashews and oats significantly lower than almonds and soy. The TA of the yogurts ranged between 0.3% and 0.9% (Table 2), revealing that coconut (0.3%) and oat (0.3%) were significantly different from dairy (0.9%). Still, no significant differences were identified between soy, almond, cashew, and dairy (Table 2).




3.3. Color


The results of the color analysis are presented in Table 3. For brightness (L*), dairy yogurt had the highest (91.9), and oat had the lowest (78.2). When comparing all the plant-based yogurts to dairy, only soy and cashew had L* values that were statistically similar to dairy. For the coordinates associated with the presence of green and red colors, dairy exhibited the most negative value (a* at −1.1), indicating the presence of green, while oat showed the most positive value (1.6), indicating the presence of red. Further analysis revealed that cashew, coconut, and soy were not statistically different from dairy yogurt (Table 3). For b* (the coordinates responsible for the presence of the colors blue/yellow), soy had the highest value (17.3), and coconut had the lowest value (7.5), with oat being the only plant-based yogurt significantly different from dairy. The Whiteness Index (WI) of dairy and coconut yogurt had no significant difference. The oat yogurt (72.3) significantly differed from the dairy and other plant-based yogurts. Dairy had the highest WI (86.46), followed by coconut, cashew, soy, almond, and oats.




3.4. Moisture Content and Water Activity


The results for the moisture content (MC) and water activity (Aw) analyses reported no significant differences between product categories (p > 0.05). The MC values ranged between 53.8 and 58.2. The Aw ranged between 0.97 and 0.99, with no significant differences observed between the dairy and plant-based yogurts.




3.5. Rheological Properties


The rheological properties were examined and compared for differences in the flow behavior index (n), consistency coefficient (k), R2, apparent viscosity, and area in the loop (HLA) of the plant-based and dairy yogurts (Table 4). The calculated R2 is used to assess the fit, consistency coefficient (K), and flow behavior index (n) values using the Power Law. The apparent viscosity (ƞapp) was calculated using the Ostwald–de Waele equation. The area in the hysteresis loops (HLAs) were measured to determine the thixotropic properties of the yogurts. The hysteresis loop (the area between the upward and downward curves) measures the extent of structural breakdown during shearing.



The yogurts showed no significant difference for R2, K, n, and ƞapp but significantly differed in the HLA. All the yogurts showed shear-thinning (n < 1) behavior, indicating that the apparent viscosity decreased as the shear rate increased. The dairy yogurts had a significantly greater area in the loop than all the plant-based yogurts (Figure 1 and Table 4).





4. Discussion


4.1. Nutritional Composition


While alternatives to traditional dairy yogurt derived from plants are growing in popularity, questions about their nutritional content persist [26,27]. The preliminary data suggest there are nutritional concerns when diets substitute conventional products with novel plant-based ones [28,29,30]. Within plant-based dairy, prior work has demonstrated significantly less protein compared to conventional dairy [26,31,32]. Comparatively, in this study, of all the plant-based yogurts studied in this work, soy had the highest protein content (4.0 g/100 g), followed by dairy (3.6 g/100 g). According to Clegg and colleagues (2021), soy yogurt had a protein content more than twice that of nut-based yogurts and the lowest fat content [31]. Recent findings confirm these results, which demonstrates the variability in the protein content across plant-based yogurts [33]. The results from the present study align with the available literature suggesting plant-based yogurts may provide similar amounts of protein, except for coconut, since no significant differences were observed. While soy had the highest protein content, it also had the lowest fat content (2.3 g). Even though, in the present study, there were no significant differences in fat or energy (Kcal), prior studies report significant differences in the fat and energy of plant-based yogurt [19,34]. The research conducted by D’Andrea et al., 2023, concluded that while plant-based yogurts have more fiber, less sodium, and less total sugar than dairy yogurts, they also have less protein, calcium, and potassium [26]. Using a comprehensive nutrition score, which considers multiple macro and micronutrients, it determined that almonds have the highest nutritional density, followed by dairy and oat yogurts. Furthermore, the range in values for the nutritional composition is comparable in the present study with the comprehensive nutritional assessment completed by D’Andrea and colleagues (2023). Strategies to improve the nutritional profiles can include fortifying plant-based yogurts with the required nutrients [26]; using blended plant-based milk to produce yogurts [15,35], where the kinds of milk are selected in such a way that they make up for each other’s deficiencies and have nutritional profiles similar to dairy; and also investigating other novel fermented plant-based milks that might have properties and nutritional profiles similar to dairy yogurt.



The nutritional differences extend to other plant-based categories [29,36], such as beef [37,38], cheese [39,40], and milk [31,41]. With this growing support for concerns about the nutritional differences in plant-based foods, the food industry should consider future research to investigate new approaches, such as fermentation, to improve their nutritional profile [42,43] and create plant-based products with similar dietary profiles if consumers intend to replace conventional products with plant-based alternatives.




4.2. The Differences in the Physicochemical Attributes of Plant-Based and Dairy Yogurts


4.2.1. pH and Titratable Acidity


pH plays a crucial quality control step in the manufacturing of yogurt, assessing the acid development of a dairy product and typically identifying the fermentation process’s endpoint [44]. It also serves as an indicator that contamination by bacteria or chemicals has occurred. The pH values varied amongst the plant-based yogurts but were not significantly different from dairy yogurt. This was expected due to the addition of acid regulators like citric acid, malic acid, and tricalcium citrate identified in the ingredient list of the plant-based yogurts. Grasso and colleagues, 2020, suggested that the reason for having a wide range of pH values among plant-based yogurts is to optimize the activity of various gelling agents [19]. These added thickeners affect the viscosity of the yogurt, as the addition of hydrocolloids likely contributes to the viscoelastic properties of yogurts [45].



Lactic acid is responsible for giving yogurts their structure, texture, and sensory attributes. The lactic acid content of the plant-based yogurts was significantly lower than that of the dairy yogurts. As suggested previously, this is likely because yogurt made from plants does not include lactose, so the bacteria cannot form enough lactic acid to help give yogurt its texture [46]. Additional thickeners and stabilizers are often used in plant-based yogurts to overcome the negative impact of lower amounts of lactic acid on the structure.




4.2.2. Color, Moisture Content, and Water Activity


The product’s appearance or color partially influences the consumer acceptability of yogurt [46]. Protein and fat globules’ capacity to scatter and reflect light are connected to yogurt’s brightness, and the size of these molecules is significantly determined by the processing methods and unit operations used [19]. Regarding brightness (L*), cashew and soy were most similar to dairy. However, soy had the highest b* value and the most negative a* value after dairy, confirming the prior work by Tangyu et al., 2019, reporting a more greenish, grayish, or brownish color associated with various types of plant-based milk [42].



The taste, appearance, texture, and shelf life of yogurt are influenced by its moisture content (MC). It is important to maintain the MC to maintain consistency and microbial growth. A possible reason for the high MC in coconut yogurt could be coconut’s very low protein content. This would align with soy having the lowest MC and the highest protein content. Adding various gels and hydrocolloids to plant-based yogurts would also affect their MC. A key indicator of microbial development in yogurts is water activity (Aw). A study by Lucatto and colleagues, 2020, found the water activity of dairy yogurt to be between 0.97 and 0.99 [47]. The observations from the present study align with the literature, with the Aw ranging from 0.980 to 0.991. This shows that the ideal water activity is achievable irrespective of the base used. The water activity is not affected in plant-based yogurts.





4.3. Rheological Properties


The flow behavior index (n) values of all the yogurts demonstrated shear-thinning behavior (n < 1). The dairy-based yogurts had a visibly larger hysteresis loop area (HLA), confirmed using the area calculation under the curve (Table 4). Thixotropic behavior is defined by a loss of structural strength during the shear phase; however, there is a complete structural recovery once the shear is removed. A larger HLA value indicates a weaker thixotropic behavior, meaning a slow structure recovery. It is established that dairy-based yogurts have a low structure recovery, which affects their apparent viscosity [48]. However, compared to the dairy yogurts, the plant-based products had noticeable and much smaller hysteresis loop regions, suggesting a quicker structural repair rate, indicating a thinner textural consistency. As previously suggested, this is caused by the variations in the gelling agents and how they interact within the yogurt matrix [45].



One study found that the hysteresis loops were the largest in soy/coconut yogurts with a higher percentage of coconut milk, meaning their thixotropic properties decreased with an increase in coconut milk concentration [49]. This aligns with the current findings that the soy sample had a smaller HLA than coconut. Another study found that the almond sample had very strong thixotropic behavior [19], contrasting the present findings, where it had a similar HLA to coconut. In this sense, coconut and almond are most similar to the dairy samples due to their poor structural reversibility. Kosterina and colleagues, 2020, also found that coconut milk increased the viscosity of yogurt, relating the thixotropic behaviors to the apparent viscosity [49]. This aligns with our data since the coconut samples had the highest maximum stress, indicating higher resistance to shear forces and ‘firmness.’




4.4. Limitations and Looking to the Future of Plant-Based Yogurt


This study identified 13 commercially available plant-based yogurts. However, only one soy yogurt was identified due to its limited availability. Additional studies consisting of more soy-based yogurts may reveal variations between products. To reduce waste during analysis, after the textural analysis was conducted, the samples were frozen to preserve their quality; however, it is possible that freezing may have influenced product features. Yet, all products were frozen under the same conditions, and this would have impacted all products similarly.



This study highlights the quality and textural differences between commercial plant-based and dairy-based yogurts. Plant-based yogurts produced from raw plant-based milk form a gel, but compared to dairy, they form weak gel networks. They are known to exhibit shear-thinning properties [50]. The viscosity of raw plant-based yogurts is significantly lower than that of dairy. Hence, hydrocolloids are added to improve their viscosity and gel strength [19]. Among plant-based milks, soy milk had a higher viscosity and gel strength than other plant-based yogurts [50]. Fermented soy protein isolates have been explored for application in plant-based yogurts and found to have a viscosity and gel strength similar to dairy [51].



Another potential solution for addressing the functional differences in these yogurts is creating hybrid or blended yogurts, i.e., yogurt made by combining dairy milk and plant protein. Several studies suggest the benefits of mixing plant protein with dairy yogurt, resulting in more nutritious and well-textured yogurt [52] and potentially improving consumer acceptance and mouthfeel attributes [35,52]. This approach has been considered for other dairy categories, such as cheese, to improve the physicochemical properties and sensory profile [53]; yet, challenges continue to exist in the acceptance of hybrid alternatives [54,55]. However, no hybrid products were identified in our search, and future studies should examine the potential advantages of hybrid yogurt products in terms of their physical properties and consumer acceptance.





5. Conclusions


A primary strategy of modern plant-based alternatives is to create products that mimic conventional animal products. This study aims to contribute to the scientific field of plant-based alternatives by investigating whether the current commercial plant-based yogurts match the functional performance of traditional dairy yogurts. Here, we demonstrate the differences in the physical characteristics of dairy and plant-based yogurts and highlight the properties that were not different, helping to contribute to the body of knowledge on opportunities to improve the physical and functional properties of plant-based yogurts. By examining the impact of various ingredients on yogurt properties and conducting tribological analyses, we lay the foundation for developing more commercially viable plant-based yogurt formulations. Addressing the limitations of modern plant-based alternatives holds promise for enticing more individuals to embrace sustainable dietary choices, thus fostering a more environmentally conscious consumer base.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/foods13070984/s1, Table S1: A list of products and their ingredients.





Author Contributions


Conceptualization, A.A.N. and A.J.K.; methodology, A.A.N. and A.J.K.; formal analysis, A.N. and L.M.; investigation, A.N. and L.M.; data curation, A.N. and L.M.; writing—original draft preparation, A.N., L.M. and R.F.S.B.; writing—review and editing, A.N., L.M., R.F.S.B., A.A.N. and A.J.K.; supervision, A.A.N. and A.J.K. All authors have read and agreed to the published version of the manuscript.




Funding


This work did not receive specific funding. A.A.N. and A.J.K. receive funds from the National Institute of Food and Agriculture, the U.S. Department of Agriculture, the Center for Agriculture, Food and the Environment, and the Department of Food Science at the University of Massachusetts Amherst under project numbers MAS-00529 and MAS-00491. The contents are solely the authors’ responsibility and do not necessarily represent the USDA’s or NIFA’s official views.




Data Availability Statement


The original contributions presented in the study are included in the article/supplementary material; further inquiries can be directed to the corresponding author.




Acknowledgments


The research team acknowledges Brian Morley for his contributions to the data collection.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Gerber, P.J.; Steinfeld, H.; Henderson, B.; Mottet, A.; Opio, C.; Dijkman, J.; Falcucci, A.; Tempio, G. Tackling Climate Change through Livestock: A Global Assessment of Emissions and Mitigation Opportunities; Food and agriculture Organization of the United Nations (FAO): Rome, Italy, 2013. [Google Scholar]

	



Detzel, A.; Krüger, M.; Busch, M.; Blanco-Gutiérrez, I.; Varela, C.; Manners, R.; Bez, J.; Zannini, E. Life cycle assessment of animal-based foods and plant-based protein-rich alternatives: An environmental perspective. J. Sci. Food Agric. 2022, 102, 5098–5110. [Google Scholar] [CrossRef]

	



Gaillac, R.; Marbach, S. The carbon footprint of meat and dairy proteins: A practical perspective to guide low carbon footprint dietary choices. J. Clean. Prod. 2021, 321, 128766. [Google Scholar] [CrossRef]

	



Coluccia, B.; Agnusdei, G.P.; De Leo, F.; Vecchio, Y.; La Fata, C.; Miglietta, P.P. Assessing the carbon footprint across the supply chain: Cow milk vs. soy drink. Sci. Total Environ. 2022, 806, 151200. [Google Scholar] [CrossRef] [PubMed]

	



He, J.; Evans, N.M.; Liu, H.; Shao, S. A review of research on plant-based meat alternatives: Driving forces, history, manufacturing, and consumer attitudes. Compr. Rev. Food Sci. Food Saf. 2020, 19, 2639–2656. [Google Scholar] [CrossRef]

	



Najmi, A.; Javed, S.A.; Al Bratty, M.; Alhazmi, H.A. Modern approaches in the discovery and development of plant-based natural products and their analogues as potential therapeutic agents. Molecules 2022, 27, 349. [Google Scholar] [CrossRef]

	



O’Donnell, M.; Voss, S.; Murray, S.; Gertner, D.; Panescu, P.; Cohen, M.; Carter, M.; Ignaszewski, E.; Pierce, B.; Fathman, L. State of the Industry Report—Plant-Based Meat, Seafood, Eggs, and Dairy; The Good Food Institute: Washington, DC, USA, 2022. [Google Scholar]

	



Montemurro, M.; Pontonio, E.; Coda, R.; Rizzello, C.G. Plant-based alternatives to yogurt: State-of-the-art and perspectives of new biotechnological challenges. Foods 2021, 10, 316. [Google Scholar] [CrossRef]

	



Pandey, S.; Ritz, C.; Perez-Cueto, F.J.A. An Application of the Theory of Planned Behaviour to Predict Intention to Consume Plant-Based Yogurt Alternatives. Foods 2021, 10, 148. [Google Scholar] [CrossRef] [PubMed]

	



Grossmann, L.; Kinchla, A.J.; Nolden, A.; McClements, D.J. Standardized methods for testing the quality attributes of plant-based foods: Milk and cream alternatives. Compr. Rev. Food Sci. Food Saf. 2021, 20, 2206–2233. [Google Scholar] [CrossRef] [PubMed]

	



McClements, D.J.; Weiss, J.; Kinchla, A.J.; Nolden, A.A.; Grossmann, L. Methods for testing the quality attributes of plant-based foods: Meat-and processed-meat analogs. Foods 2021, 10, 260. [Google Scholar] [CrossRef]

	



Greis, M.; Sainio, T.; Katina, K.; Kinchla, A.J.; Nolden, A.; Partanen, R.; Seppä, L. Dynamic texture perception in plant-based yogurt alternatives: Identifying temporal drivers of liking by TDS. Food Qual. Prefer. 2020, 86, 104019. [Google Scholar] [CrossRef]

	



Gupta, M.K.; Torrico, D.D.; Ong, L.; Gras, S.L.; Dunshea, F.R.; Cottrell, J.J. Plant and Dairy-Based Yogurts: A Comparison of Consumer Sensory Acceptability Linked to Textural Analysis. Foods 2022, 11, 463. [Google Scholar] [CrossRef] [PubMed]

	



Jaeger, S.R.; Cardello, A.V.; Jin, D.; Ryan, G.S.; Giacalone, D. Consumer perception of plant-based yoghurt: Sensory drivers of liking and emotional, holistic and conceptual associations. Food Res. Int. 2023, 167, 112666. [Google Scholar] [CrossRef] [PubMed]

	



Dhakal, D.; Younas, T.; Bhusal, R.P.; Devkota, L.; Henry, C.J.; Dhital, S. Design rules of plant-based yoghurt-mimic: Formulation, functionality, sensory profile and nutritional value. Food Hydrocoll. 2023, 12, 108786. [Google Scholar] [CrossRef]

	



Lee, W.-J.; Lucey, J. Impact of gelation conditions and structural breakdown on the physical and sensory properties of stirred yogurts. J. Dairy Sci. 2006, 89, 2374–2385. [Google Scholar] [CrossRef]

	



Ercili-Cura, D.; Miyamoto, A.; Paananen, A.; Yoshii, H.; Poutanen, K.; Partanen, R. Adsorption of oat proteins to air–water interface in relation to their colloidal state. Food Hydrocoll. 2015, 44, 183–190. [Google Scholar] [CrossRef]

	



Fajardo-Lira, C.; García-Garibay, M.; Wacher-Rodarte, C.; Farrés, A.; Marshall, V.M. Influence of water activity on the fermentation of yogurt made with extracellular polysaccharide-producing or non-producing starters. Int. Dairy J. 1997, 7, 279–281. [Google Scholar] [CrossRef]

	



Grasso, N.; Alonso-Miravalles, L.; O’Mahony, J.A. Composition, Physicochemical and Sensorial Properties of Commercial Plant-Based Yogurts. Foods 2020, 9, 252. [Google Scholar] [CrossRef]

	



O’Neil, J.M.; Kleyn, D.H.; Hare, L.B. Consistency and compositional characteristics of commercial yogurts. J. Dairy Sci. 1979, 62, 1032–1036. [Google Scholar] [CrossRef]

	



Wang, X.; Kong, X.; Zhang, C.; Hua, Y.; Chen, Y.; Li, X. Comparison of physicochemical properties and volatile flavor compounds of plant-based yoghurt and dairy yoghurt. Food Res. Int. 2023, 164, 112375. [Google Scholar] [CrossRef] [PubMed]

	



Yang, M.; Li, N.; Tong, L.; Fan, B.; Wang, L.; Wang, F.; Liu, L. Comparison of physicochemical properties and volatile flavor compounds of pea protein and mung bean protein-based yogurt. LWT 2021, 152, 112390. [Google Scholar] [CrossRef]

	



Brückner-Gühmann, M.; Banovic, M.; Drusch, S. Towards an increased plant protein intake: Rheological properties, sensory perception and consumer acceptability of lactic acid fermented, oat-based gels. Food Hydrocoll. 2019, 96, 201–208. [Google Scholar] [CrossRef]

	



Pachekrepapol, U.; Kokhuenkhan, Y.; Ongsawat, J. Formulation of yogurt-like product from coconut milk and evaluation of physicochemical, rheological, and sensory properties. Int. J. Gastron. Food Sci. 2021, 25, 100393. [Google Scholar] [CrossRef]

	



Mathias, T.D.S.; de Carvalho Junior, I.C.; de Carvalho, C.W.P.; Sérvulo, E.F.C. Rheological characterization of coffee-flavored yogurt with different types of thickener. Alim. Nutr. 2011, 22, 521–529. [Google Scholar]

	



D’Andrea, A.E.; Kinchla, A.J.; Nolden, A.A. A comparison of the nutritional profile and nutrient density of commercially available plant-based and dairy yogurts in the United States. Front. Nutr. 2023, 10, 1195045. [Google Scholar] [CrossRef] [PubMed]

	



Boeck, T.; Sahin, A.W.; Zannini, E.; Arendt, E.K. Nutritional properties and health aspects of pulses and their use in plant-based yogurt alternatives. Compr. Rev. Food Sci. Food Saf. 2021, 20, 3858–3880. [Google Scholar] [CrossRef]

	



Tso, R.; Forde, C.G. Unintended consequences: Nutritional impact and potential pitfalls of switching from animal-to plant-based foods. Nutrients 2021, 13, 2527. [Google Scholar] [CrossRef]

	



Nolden, A.A.; Forde, C.G. The nutritional quality of plant-based foods. Sustainability 2023, 15, 3324. [Google Scholar] [CrossRef]

	



Sridhar, K.; Bouhallab, S.; Croguennec, T.; Renard, D.; Lechevalier, V. Recent trends in design of healthier plant-based alternatives: Nutritional profile, gastrointestinal digestion, and consumer perception. Crit. Rev. Food Sci. Nutr. 2023, 63, 10483–10498. [Google Scholar] [CrossRef]

	



Clegg, M.E.; Ribes, A.T.; Reynolds, R.; Kliem, K.; Stergiadis, S. A comparative assessment of the nutritional composition of dairy and plant-based dairy alternatives available for sale in the UK and the implications for consumers’ dietary intakes. Food Res. Int. 2021, 148, 110586. [Google Scholar] [CrossRef]

	



Craig, W.J.; Brothers, C.J. Nutritional content and health profile of non-dairy plant-based yogurt alternatives. Nutrients 2021, 13, 4069. [Google Scholar] [CrossRef]

	



Soumya, M.; Suresh, A.; Parameswaran, R.; Nampoothiri, K.M. Physico-chemical and organoleptic evaluation of probiotic plant-milk yogurt-type beverages as a functional alternative to dairy yogurts. Biocatal. Agric. Biotechnol. 2024, 57, 103060. [Google Scholar]

	



Qureshi, A.; Salariya, A.; Rashid, A.; Parveen, R. Preparation and nutritional evaluation of oat fiber based yogurt. Pak. J. Biochem. Mol. Biol 2012, 45, 64–67. [Google Scholar]

	



Greis, M.; Nolden, A.A.; Kinchla, A.J.; Puputti, S.; Seppa, L.; Sandell, M. What if plant-based yogurts were like dairy yogurts? Texture perception and liking of plant-based yogurts among US and Finnish consumers. Food Qual. Prefer. 2023, 107, 104848. [Google Scholar] [CrossRef]

	



Katidi, A.; Xypolitaki, K.; Vlassopoulos, A.; Kapsokefalou, M. Nutritional quality of plant-based meat and dairy imitation products and comparison with animal-based counterparts. Nutrients 2023, 15, 401. [Google Scholar] [CrossRef]

	



Van der Weele, C.; Feindt, P.; van der Goot, A.J.; van Mierlo, B.; van Boekel, M. Meat alternatives: An integrative comparison. Trends Food Sci. Technol. 2019, 88, 505–512. [Google Scholar] [CrossRef]

	



Cole, E.; Goeler-Slough, N.; Cox, A.; Nolden, A. Examination of the nutritional composition of alternative beef burgers available in the United States. Int. J. Food Sci. Nutr. 2021, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Craig, W.J.; Mangels, A.R.; Brothers, C.J. Nutritional profiles of non-dairy plant-based cheese alternatives. Nutrients 2022, 14, 1247. [Google Scholar] [CrossRef] [PubMed]

	



Fresán, U.; Rippin, H. Nutritional quality of plant-based cheese available in Spanish supermarkets: How do they compare to dairy cheese? Nutrients 2021, 13, 3291. [Google Scholar] [CrossRef] [PubMed]

	



Sethi, S.; Tyagi, S.K.; Anurag, R.K. Plant-based milk alternatives an emerging segment of functional beverages: A review. J. Food Sci. Technol. 2016, 53, 3408–3423. [Google Scholar] [CrossRef] [PubMed]

	



Tangyu, M.; Muller, J.; Bolten, C.J.; Wittmann, C. Fermentation of plant-based milk alternatives for improved flavour and nutritional value. Appl. Microbiol. Biotechnol. 2019, 103, 9263–9275. [Google Scholar] [CrossRef] [PubMed]

	



Samtiya, M.; Aluko, R.E.; Puniya, A.K.; Dhewa, T. Enhancing micronutrients bioavailability through fermentation of plant-based foods: A concise review. Fermentation 2021, 7, 63. [Google Scholar] [CrossRef]

	



Soukoulis, C.; Panagiotidis, P.; Koureli, R.; Tzia, C. Industrial yogurt manufacture: Monitoring of fermentation process and improvement of final product quality. J. Dairy Sci. 2007, 90, 2641–2654. [Google Scholar] [CrossRef]

	



Greis, M.; Sainio, T.; Katina, K.; Nolden, A.A.; Kinchla, A.J.; Seppä, L.; Partanen, R. Physicochemical properties and mouthfeel in commercial plant-based yogurts. Foods 2022, 11, 941. [Google Scholar] [CrossRef]

	



Awasthi, Y.; Singh, N. A comparative study on assessment of physiochemical properties of blended plant based yoghurt alongside commercial dairy yoghurt. Foods 2020, 9, 252. [Google Scholar]

	



Lucatto, J.N.; da Silva-Buzanello, R.A.; de Mendonça, S.N.T.G.; Lazarotto, T.C.; Sanchez, J.L.; Bona, E.; Drunkler, D.A. Performance of different microbial cultures in potentially probiotic and prebiotic yoghurts from cow and goat milks. Int. J. Dairy Technol. 2020, 73, 144–156. [Google Scholar] [CrossRef]

	



Lee, W.J.; Lucey, J.A. Formation and Physical Properties of Yogurt. Asian-Australas. J. Anim. Sci. 2010, 23, 1127–1136. [Google Scholar] [CrossRef]

	



Kosterina, V.; Yakovleva, A.; Koniaeva, V.; Iakovchenko, N. Development of formulation and technology of non-dairy soy-coconut yogurt. Agron. Res. 2020, 18, 1727–1737. [Google Scholar]

	



Bhanu, D.; Lydia, O.; Sandra, E.K.; Peter, J.S.; Sally, L.G. Physicochemical and rheological properties of commercial almond-based yoghurt alternatives to dairy and soy yoghurts. Future Foods 2022, 6, 100185. [Google Scholar]

	



Wu, J.; Cheng, J.; Adhikari, B.; Xue, F. Physicochemical properties of soybean protein isolate-based gel produced through probiotic fermentation. Future Foods 2023, 8, 100242. [Google Scholar] [CrossRef]

	



Canon, F.; Maillard, M.-B.; Famelart, M.-H.; Thierry, A.; Gagnaire, V. Mixed dairy and plant-based yogurt alternatives: Improving their physical and sensorial properties through formulation and lactic acid bacteria cocultures. Curr. Res. Food Sci. 2022, 5, 665–676. [Google Scholar] [CrossRef]

	



Genet, B.M.; Sedó Molina, G.E.; Wätjen, A.P.; Barone, G.; Albersten, K.; Ahrné, L.M.; Hansen, E.B.; Bang-Berthelsen, C.H. Hybrid Cheeses—Supplementation of Cheese with Plant-Based Ingredients for a Tasty, Nutritious and Sustainable Food Transition. Fermentation 2023, 9, 667. [Google Scholar] [CrossRef]

	



Banovic, M.; Barone, A.M.; Asioli, D.; Grasso, S. Enabling sustainable plant-forward transition: European consumer attitudes and intention to buy hybrid products. Food Qual. Prefer. 2022, 96, 104440. [Google Scholar] [CrossRef]

	



Grasso, S.; Rondoni, A.; Bari, R.; Smith, R.; Mansilla, N. Effect of information on consumers’ sensory evaluation of beef, plant-based and hybrid beef burgers. Food Qual. Prefer. 2022, 96, 104417. [Google Scholar] [CrossRef]








[image: Foods 13 00984 g001] 





Figure 1. The hysteresis loops of yogurt samples. Comparative shear rate–stress plots for yogurts as a function of increasing shear rate from 0 to 200 s−1 and reducing shear rate from 200 to 0 s−1 at 10 °C. 






Figure 1. The hysteresis loops of yogurt samples. Comparative shear rate–stress plots for yogurts as a function of increasing shear rate from 0 to 200 s−1 and reducing shear rate from 200 to 0 s−1 at 10 °C.



[image: Foods 13 00984 g001]







 





Table 1. The mean and standard deviation of the nutritional content of dairy and plant-based yogurts reported per 100 g.
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	Base (n)
	Energy (Kcal)
	Fat (g)
	Protein (g)
	Carbohydrates (g)





	Dairy
	86.0 ± 19.0 a
	3.9 ± 0.7 a
	3.6 ± 0.6 a
	9.0 ± 3.8 a



	Soy *
	93.3 ab
	2.3 a
	4.0 a
	14.0 a



	Oat
	97.4 ± 13.0 ab
	3.5 ± 2.5 a
	3.0 ± 1.5 a
	12.8 ± 0.1 a



	Almond
	101.6 ± 17.5 b
	5.5 ± 1.6 a
	2.3 ± 0.8 a
	11.5 ± 2.3 a



	Cashew
	83.3 ± 14.1 ab
	4.3 ± 0.4 a
	2.0 ± 0.0 ab
	9.3 ± 4.7 a



	Coconut
	76.8