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Introduction: Goat milk (GM) is highly valued for its rich nutritional content, easy digestibilityand low allergenic potential, making it an excellent alternative in the dairy industry.Quinoa, an Andean pseudo cereal, offers significant nutritional benefits, including high protein, fiber, and antioxidant properties. This study aims to assess the impact of adding quinoa flour (QF) on the fermentation, physicochemical and sensory properties of goat milk yogurt (GMY), addressing a research gap regarding the use of roasted quinoa flour (RoQF) in GMY production.

Methodologie: White and red quinoa flours, both roasted and unroasted, were incorporated at 0.5, 1, and 1.5% in the yogurt. The analysis focused on fermentation time, lactic acid production, pH, macronutrient composition, product stability, and sensory evaluation.

Results and discussion: The inclusion of 1% quinoa flour (QF) significantly increased the yogurt’s macronutrient content (p ≤ 0.05) compared to the control test, where protein content was 4.01 and fat content was 3.94 (g/100 g). Protein content increased by 0.1 to 0.17 (g/100 g), reaching 4.18; 4.15; 4.15 and 4.11 (g/100 g) for goat milk yogurt with white quinoa flour (GMYWQF), goat milk yogurt with red quinoa flour (GMYRQF), goat milk yogurt with roasted white quinoa flour (GMYRoWQF) and goat milk yogurt with roasted red quinoa flour (GMYRoRQF), respectively. Similarly, fat content increased by 0.03 to 0.09 (g/100 g) reaching 3.98, 4.03, 3.97, and 3.98 (g/100 g) for GMYWQF, GMYRQF, GMYRoWQF, and GMYRoRQF, respectively. These changes led to reduced fermentation time, minimizing it to 4 h, by promoting faster lactic acid production and lowering the pH more efficiently compared to the control test, indicating more efficient fermentation. Sensory analysis revealed that QF significantly improved the texture and flavor of the yogurt (p ≤ 0.05), with roasted quinoa flour (RoQF) further significantly enhancing consumer acceptability (p ≤ 0.05), by reducing the strong flavor of GM. Additionally, QF significantly improved yogurt stability, enhancing texture and shelf life (p ≤ 0.05). These findings emphasize the value of QF as an ingredient in GMY: significantly (p ≤ 0.05) increasing the protein content and improving texture, resulting in a more stable product with reduced Syneresis; Roasting the QF further significantly (p ≤ 0.05) enhances its sensory qualities, effectively decreasing the goat flavor, which is often less favored by some consumers, thus increasing overall acceptability. These advantages have important implications for refining dairy product formulations.
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1 Introduction

Quinoa (Chenopodium quinoa) is an annual plant of the Amaranthaceae family, has been cultivated as a staple food for many years in the Andean region (Guardianelli et al., 2022). Known for its ability to thrive in a wide range of soil and climatic conditions, quinoa has earned its place as a “pseudo-cereal” due to its grain-like properties, despite being botanically unrelated to true cereals (Zhang et al., 2022). In recent years, quinoa has gained global recognition for its exceptional nutritional profile, making it a valuable addition to a wide variety of food products. It is rich in high-quality proteins, essential fatty acids, dietary fiber, vitamins, and minerals, as well as a remarkable balance of all nine essential amino acids (Navruz-Varli and Sanlier, 2016). In addition, quinoa itself is gluten-free, making it an ideal source of protein for those who suffer from celiac disease or follow a gluten-free diet (Zhang et al., 2024). Beyond its nutritional value, quinoa also boasts several functional properties that contribute to its growing utilization in the food industry (Adetunji et al., 2021). These include its high water retention capacity, gelation ability, and emulsifying properties, which have opened new avenues for its incorporation into value-added food products such as gluten-free baked goods, beverages, and dairy alternatives (Valcárcel-Yamani et al., 2012). Yoghurt is an important dairy product that is very popular all over the world (Pappa et al., 2024). It is rich in many nutrients, including various minerals, vitamins, fatty acids and high-quality protein (Paszczyk and Tońska, 2025). Unlike milk, yogurt offers additional benefits due to the fermentation process, which not only enhances digestibility but also provides probiotics that support gut health (Fernández-García et al., 2023). Over the years, there has been increasing interest in fortifying yogurt with functional ingredients to improve its nutritional profile and appeal to health-conscious consumers. Ingredients such as fruit powders, vegetable oils, antioxidants, dietary fibers, minerals, probiotics, and vitamins have been successfully incorporated into yogurt to boost its health benefits (Ahmad et al., 2022). Many different ingredients are added to yogurts, including popular fruits, fruit seed extracts, vegetables, nuts, muesli and spices, in order to attract consumer attention, reduce the sour taste and enhance the health-promoting effect (Cais-Sokolińska and Walkowiak-Tomczak, 2021). Among the various types of milk used in yogurt production, goat milk has garnered particular attention due to its unique nutritional properties, which some consumers find more appealing than those of cow’s milk (Nayik et al., 2022). Goat milk is lower in lactose, higher in certain minerals, and contains a different protein structure, which may offer potential health benefits, particularly for individuals with lactose sensitivity or digestive issues (El-Shafei et al., 2020). However, the use of goat milk in yogurt production presents certain challenges. Goat milk is known to have lower viscosity, increased sensitivity to Syneresis, and reduced gel strength compared to cow’s milk, which can affect the texture and overall quality of the yogurt (El-Shafei et al., 2020; Zine-eddine et al., 2021a,b).

The consumption of goat milk (GM) and goat milk products remains limited in many regions, despite their significant nutritional benefits (Ningtyas and Haskito, 2020). The use of GM in the human diet is less widespread, which could be attributed to its distinct organoleptic characteristics, including its strong odor, pronounced flavor, and slightly salty taste. The fatty acid composition of goat milk contains a higher proportion of medium-chain fatty acids, such as caproic (C6:0), caprylic (C8:0), and capric (C10:0), which are partly responsible for its characteristic goaty flavor. This distinctive flavor and aroma limit the market opportunities for this milk (Yang et al., 2023; Zine-eddine et al., 2021a,b). Furthermore, GM has lower viscosity, increased sensitivity to Syneresis, and reduced gel strength compared to cow’s milk, which can influence the texture and stability of yogurt (Costa et al., 2022).

In this context, the addition of QF to GMY holds great potential to counteract these specific challenges. Quinoa flour’s high water retention capacity, emulsifying properties, and gelation ability are expected to enhance the viscosity, reduce syneresis, and improve both the texture and overall sensory characteristics of GMY (Casarotti et al., 2014; Elslmawy et al., 2023). Furthermore, the incorporation of roasted quinoa flour (RoQF) may further boost sensory properties by enhancing flavor and reducing antinutritional compounds, contributing to better consumer acceptance of GMY.

Several studies have shown that incorporating QF into various food products improves their nutritional properties while offering health benefits (Abd Elmontaleb and Abbas, 2022; Balakrishnan and Schneider, 2022; Casarotti et al., 2014; Codină et al., 2016; Ismail and Rayan, 2022; Yang et al., 2023). Additionally, research on the roasting process of quinoa has demonstrated that roasting reduces antinutritional compounds while enhancing the sensory properties of products, such as taste and texture (Castro-Alba et al., 2019; Dong et al., 2021; Kheto et al., 2022; Repo-Carrasco-Valencia et al., 2010; Sharma et al., 2022).

However, despite these promising results regarding the benefits of roasted quinoa flour (RoQF), most studies have focused on its use in products like cakes, cupcakes, and other baked goods, with limited application in dairy products (Dong et al., 2021; Kheto et al., 2022; Sharma et al., 2022; Younis et al., 2024). There have been some studies examining the use of cow’s milk yogurt with QF (Akkoyun and Arslan, 2020; Alkobeisi et al., 2022; El-Menawy et al., 2023; Elslmawy et al., 2023; Ismail and Rayan, 2022; Rafiq, 2021), as well as another exploring GMY with extract of quinoa(El-Shafei et al., 2020), but none have utilized RoQF in their formulations, and especially not in goat milk yogurt. This highlights a significant gap in the research, as the use of QF in GMY has not been widely explored.

Considering the potential benefits of supplementing GMY with QF, we hypothesized that the addition of both roasted and unroasted QF would positively affect the physicochemical properties (such as chemical composition, texture, acidification, syneresis, during storage and sensory characteristics of the final product). Therefore, the aim of this study is to evaluate the effects of incorporating QF (Unroasted and roasted; White and red) at different concentrations (0.5, 1, and 1.5 g per 100 mL), on fermentation, physicochemical and sensory properties of GMY.



2 Materials and methods


2.1 Goat milk

Fresh GM from an Alpine breed, obtained from a farm in Béni Mellal, Morocco, was used for yogurt production. The milk samples were stored at 4°C until analysis.



2.2 Physicochemical analysis of raw goat milk

100 mL of fresh GM at 16°C was used to determine the studied physico-chemical parameters. Milko-Scan (Foss 5000 combi, Foss Electric, Hillerod, Denmark) was used for the milk composition analysis. The milk acidity was determined by a method described by Guiraud (2003), which involves acid–base titration using sodium hydroxide (NaOH) and phenolphthalein as a color indicator. The milk acidity results are reported in lactic acid %. Additionally, the pH of the milk was measured with a HI 2211 pH/ORP pH meter (Alia et al., 2023).



2.3 Quinoa flour production

The white quinoa seeds (WQS) cultivated in the regional center of agricultural research of Tadla, national institute of agricultural research (INRA), and the red quinoa seed (RQS) commercialized were washed with cold water to remove saponins, one portion of WQS and RQS was dried at room temperature for 24 h, and the other was roasted in an oven in a temperature at a temperature of 120°C for 5 min. The dried Quinoa seeds (QS) and roasted quinoa seeds (RoQS) were ground in a blender to obtain QF. The flour was then packed and stored until further use in goat milk yogurt (GMY) production. Using the AOAC approach (Paez et al., 2016), QF was analyzed for moisture and macronutrient composition (fat, ash, protein).



2.4 Preparation of yogurt

The GM milk was subjected to heat treatment at 60°C for 30 min in a water bath. After cooling to 45°C, different concentrations of QF were added: white quinoa flour (WQF), red quinoa flour (RQF), roasted white quinoa flour (RoWQF), and roasted red quinoa flour (RoRQF), at concentrations of 0.5, 1, and 1.5%, respectively. Several preliminary trials were conducted to determine the most suitable concentrations for optimal physicochemical and sensory properties. These trials included percentages ranging from 0.5% to 5%. Based on a sensory analysis checklist, we eliminated the percentages that exhibited a strong taste and color, retaining the concentrations of 0.5, 1, and 1.5%. A control test was performed in which 8% sugar was added to the milk to enhance the sweetness of the yogurt. The mixture was then blended for 2 min to ensure proper homogenization. The milk was subsequently inoculated with a starter culture containing Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus thermophilus at a concentration of 1.2%. The inoculation levels were adjusted to 107 CFU/mL for each strain to ensure optimal fermentation without affecting the texture or taste of the yogurt. The inoculated milk was incubated at 45°C, and fermentation was considered complete when the pH dropped below 4.5, indicating the production of lactic acid. The resulting yogurts were transferred to airtight 50 mL transparent plastic cups, labeled according to the QF concentration, and stored at 4°C. These containers were chosen for their ability to minimize moisture loss and prevent contamination, ensuring proper storage conditions for the yogurt. Finally, physicochemical and sensory analyses were conducted on the products to evaluate their characteristics.



2.5 Physicochemical properties of yogurt


2.5.1 Determination of pH and acidity titratable during fermentation

pH and acidity were measured every hour (T0, T1, T2… T7) during the fermentation of the prepared samples. This monitoring was performed for all the samples: GMYWQF, GMYRQF, GMYRoWQF, and GMYRoRQF with concentrations of 0.5, 1, and 1.5% until a pH of 4.6 was reached. A blank sample was prepared to compare the results obtained.

pH was measured using a digital pH meter (Ins Mask Model number: IS12BL) following the method described by AOAC (2005). The pH meter was standardized with buffer solutions having pH 4.00 and pH 7.00 before use. To check the pH of the sample, it was transferred to a beaker, mixed thoroughly, and the electrode of the pH meter was dipped into the sample. The pH was then noted (Saeed et al., 2021).

Acidity was determined by the method mentioned in AOAC (2005). A well-mixed homogeneous 10 mL yogurt sample was taken in a beaker and diluted with 20 mL distilled water. Then, 2–3 drops of phenolphthalein were added as an indicator into the beaker and titrated against N/10 sodium hydroxide (0.1 N NaOH) solution until a pink color appeared as the endpoint and was retained for 30 s (Alia et al., 2023).



2.5.2 Approximate composition

The approximate composition of the final products was analyzed following the methods established by the Association of Official Analytical Chemists (Paez et al., 2016): The protein content was determined using the micro-Kjeldahl method, while fat content was assessed by the Gerber method. Moisture and ash content were measured by drying the samples at 105°C and by incineration at 550°C, respectively.



2.5.3 Viscosity apparent

The rheological measurements were performed using a Brookfield rotational viscometer (model DV-II+Pro) (Brookfield Lab., Middleboro, MA, United States). The measurements were carried out at 81°C with the RV spindle (No. 4) rotating at 100 rpm. For each yogurt sample, three readings were taken. The rheological behavior of the yogurt samples was characterized with the help of the power law (Ostwald-de-Wael) model, as developed from the data obtained in the viscometer (Codină et al., 2016; Zine-Eddine et al., 2022).



2.5.4 Stability of yogurts during refrigerated storage

The pH and total acidity of yogurt samples were recorded on the 1st, 7th, and 14th days during storage at 5°C (Curti et al., 2017).



2.5.5 Syneresis

After storing the yogurt samples for 24 h at 46°C, Syneresis was assessed using the centrifugation technique. A 10 mL glass tube containing about 5 g of yogurt was centrifuged for 15 min at 3500 rpm. Syneresis was determined as the proportion of the released whey over the initial gel weight (Codină et al., 2016).




2.6 Sensory analysis


2.6.1 Sensory evaluation

The yogurt samples were subjected to sensory evaluation. This evaluation was conducted by trained panelists, specifically trained to identify a set of characteristics: color homogeneity, creaminess, gel firmness, fatty layer, quinoa flavor, artificial flavor, goat milk (GM) flavor, cream flavor, unpleasant flavor, legume taste, sour taste, sweet taste, and bitter taste. The sensory evaluation was carried out on a scale of 1–9, where the intensity increased with the number (Alia et al., 2023).

The sensory panel training followed the guidelines outlined in ISO 8586:2012: “Sensory analysis: General guidelines for the selection, training, and monitoring of assessors.”

The sensory panel consisted of 10 assessors, primarily students and researchers from the Higher School of Technology, Sultan Moulay Slimane University, aged between 25 and 45 years, with a balanced gender representation (5 males, 5 females). All panelists were selected based on their previous experience in sensory evaluation, ensuring that they had the necessary expertise to perceive and describe the sensory attributes relevant to yogurt. The selection method was based on identifying candidates who demonstrated the ability to detect and differentiate sensory nuances in food products, with preference given to individuals who had previously participated in sensory evaluations as part of their studies or research. Prior to the evaluation, the panel underwent two training sessions. The first session, lasting 2 h, focused on familiarizing the panelists with key sensory attributes such as texture, flavor, and appearance. The second session, also 2 h in duration, involved practical exercises where the panelists evaluated a range of yogurt samples to practice identifying and describing sensory characteristics. This approach helped ensure that the panelists had a solid understanding and consistency in their evaluations. The panel calibration was conducted through regular meetings throughout the study, during which panelists compared samples and discussed differences in sensory characteristics. Comparative tastings of yogurt samples with varying levels of quinoa flour (QF) and goat milk (GM) were performed to refine the panelists’ understanding of each attribute and align their evaluations. Sensory attributes, including “quinoa flavor” and “GM flavor,” were clearly defined for the panelists at the beginning of the training, and standardized reference materials were used to help distinguish subtle differences in flavor, texture, and appearance. To ensure the reliability of the results, the consistency of the panel was monitored by assessing inter-panelist variability during the training and calibration sessions, where ratings for the same sample were compared. This process helped identify and minimize inconsistencies, and statistical analysis was conducted to evaluate the level of agreement among the panelists and ensure the reproducibility of the sensory evaluations (Höhl and Busch-Stockfisch, 2015).

The results were expressed as an average score for each characteristic. The samples were evaluated: GMYWQF, GMYRoWQF, GMYRQF and GMYRoRQF for different percentages of added QF: 0, 0.5, 1, and 1.5%. To remove any aftertaste, mineral water was supplied in between samples.



2.6.2 Global acceptance

For the acceptance test, civil servants, teachers, researchers, and students from the Béni Mellal Higher School of Technology (Sultan Moulay Slimane University, Morocco) took part in the consumer test. These participants evaluated the samples and gave them a mark on a scale of 1–9.




2.7 Statistical analysis

The data analysis involved conducting a one-way multivariate ANOVA and a Tukey test at a significance level of 0.05, using Minitab’s statistical package, version 18 (Minitab, Inc.).




3 Results and discussion


3.1 Chemical composition of fresh goat milk and quinoa flour

The physicochemical characteristics of the fresh GM used in yogurt production are shown in Table 1.



TABLE 1 Physicochemical compositions of goat milk (GM) samples.
[image: Table1]

The physicochemical characteristics of the fresh GM used in yogurt production in this study are consistent with those reported in the literature (Zine-eddine et al., 2021a,b). Numerous studies have highlighted the potential of GM for yogurt production (Costa et al., 2022; Ningtyas and Haskito, 2020). Moreover, incorporating QF with GM can improve both the nutritional profile and sensory properties of the resulting yogurt.

The proximate physicochemical composition of WQS cultivated (unroasted and roasted), RQS commercialized (unroasted and roasted) and GM samples is shown in Table 2.



TABLE 2 Physicochemical compositions of quinoa flour (QF).
[image: Table2]

The data in the table reveal significant differences (p ≤ 0.05) in the nutritional composition of quinoa samples based on their variety (white, red) and processing method (roasted, unroasted). The moisture content is highest in the commercialized RQF (11.34%), followed by the WQF (9.34%), while the RoQF varieties have lower moisture levels (5.34% for RoWQF and 7.34% for RoRQF). This decrease in moisture after roasting is typical, as roasting leads to water evaporation. Ash content, which reflects mineral concentration, is highest in the WQF (6.44%) and lowest in RoRQF (4.66%). In terms of fat, the RQF contains the highest fat content (6.4 g/100 g), WRoQF varieties, especially ROWQF, have lower fat levels (2.65 g/100 g). The fat content in RoRQF (4.53 g/100 g) remains relatively high compared to RoWQF. Protein content is highest in WQF (18.91 g/100 g), with roasted quinoa samples showing a reduction in protein levels, particularly in RoRQF, which has the lowest protein content (10.3 g/100 g). These variations suggest that WQF is a better source of protein, while RQF offers higher fat content. Roasting appears to reduce the moisture, fat, and protein content of quinoa, especially in RQF, which may affect its texture and nutritional profile when used in food products.

Studies have highlighted the nutritional value of quinoa, whose composition can vary from one study to another due to several factors, such as the specific variety of quinoa cultivated, climatic conditions, and storage practices, as noted in previous research (El-Hakim et al., 2022; Li et al., 2021; Sekhavatizadeh et al., 2021). Furthermore Kheto et al. (2022), Sharma et al. (2022), Younis et al. (2024) reported that roasting influences the macronutrient composition, particularly proteins and lipids, which could explain the results obtained in our study.



3.2 Physicochemical analysis


3.2.1 Effect of adding QF on fermentation parameters

The evolution of pH (Figure 1) and acidity (Figure 2) was tracked throughout the fermentation process in all of the samples examined in order to demonstrate the impact of QF addition on the metabolism of lactic acid bacteria. When the control sample’s pH hit 4.6, the lactic fermentation process was terminated.

[image: Figure 1]

FIGURE 1
 pH changing during fermentation time (every hour) in yogurt samples with different level (0.5, 1, and 1.5%) of: white quinoa flour (GMYWQF), red quinoa flour (GMYRQF), roasted white quinoa flour (GMYRoWQF) and roasted red quinoa flour (GMYRoRQF). The trend line, based on the control (0%), shows a gradual decrease in pH, with a notable drop observed in the samples enriched with 1.5%QF, followed by those with 1%.


[image: Figure 2]

FIGURE 2
 Changing in titratable acidity during fermentation time (every hour) in yogurt samples with different level (0.5, 1, and 1.5%) of: white quinoa flour (GMYWQF), red quinoa flour (GMYRQF), roasted white quinoa flour (GMYRoWQF) and roasted red quinoa flour (GMYRoRQF). The trend line, based on the control (0%), shows a gradual increase in acidity, with a notable rise observed in the samples enriched with 1.5%QF, followed by those with 1%.


The data presented, illustrating the variations in pH and titratable acidity of yogurt enriched with QF, roasted or unroasted, at different concentrations (0.5, 1, and 1.5%) compared to a control sample without any quinoa addition, show significant differences in the fermentation profiles of the samples. As the QF concentration increased, the fermentation time gradually decreased. After 1 h of incubation, the pH of the 1.5% QF-enriched samples (GMYWQF, GMYRQF, GMYRoWQF, and GMYRoRQF) was lower than that of the control (pH = 6.65), with values of 6.02, 6.01, 6.00, and 6.01, respectively. After 2 h of fermentation, the pH of the 1% QF-enriched samples (GMYWQF, GMYRQF, GMYRoWQF, and GMYRoRQF) was also lower than the control (pH = 6.15), with values of 5.78, 5.88, 5.58, and 5.20, respectively. After 4 h of fermentation, the yogurt samples enriched with 1.5 and 1% QF reached a pH of 4.6 and an acidity of 80°D, while the samples with lower quinoa concentrations (0.5%) and the control required approximately 5 h or more to reach similar levels of pH reduction and acidity increase.

Interestingly, the results show similar trends between both roasted and unroasted quinoa samples, as well as between white and red quinoa varieties, suggesting that the variety of quinoa and its roasting process have little to no significant impact on the fermentation dynamics in yogurt production. These results indicate that quinoa has a notable impact on the activity of the yogurt starter culture, accelerating the fermentation process and promoting faster acidification. These findings are consistent with previous studies (Akkoyun and Arslan, 2020; Alkobeisi et al., 2022; Casarotti et al., 2014; Codină et al., 2016; Elslmawy et al., 2023) who suggested that quinoa-enriched samples exhibited a greater decrease in pH and a higher increase in acidity compared to the control sample during the fermentation process. This accelerated acid production observed in the samples can likely be attributed to the beneficial nutritional properties of quinoa, particularly its high content of amino acids and essential minerals, which are known to support the growth and metabolic activity of lactic acid bacteria. Amino acids serve as energy sources for the bacteria, while minerals act as cofactors for enzymes involved in lactose degradation, thus enhancing bacterial efficiency in producing lactic acid. As a result, this leads to a faster decrease in pH and a more rapid increase in acidity, optimizing the fermentation process (Akkoyun and Arslan, 2020; Elslmawy et al., 2023). Additionally Elslmawy et al. (2023) demonstrated that modifying the carbohydrate composition of milk enhances the acidification rate of yogurt starters.

Therefore, the addition of QF (unroasted and roasted), regardless of its variety or roasting process, could serve as an effective means of optimizing the fermentation process in yogurt production, as hypothesized in this study, potentially offering a more efficient way to control the acidity and texture of the final product.



3.2.2 Approximate composition of yogurt samples

The table below presents the physicochemical composition of various prepared products. The results reveal a significant difference between the samples (p ≤ 0.05).

In our study, we examined the effects of incorporating QF at three concentrations: 0.5, 1, and 1.5%. At the 0.5% level, yogurt enriched with WQF contained 0.74% ash, 3.96% protein, 4.1% lipids, while the yogurt with RQF showed 0.73% ash, 3.97% protein, and 4.08% lipids. Notably, the RoQF exhibited slightly lower values: the RoWQF had 0.73% ash, 3.95% protein, and 4.03% lipids, while the RoRQF contained 0.73% ash, 3.96% protein, and 4.06% lipids.

Increasing the QF content to 1% resulted in further nutritional improvements. The yogurt with WQF showed 0.77% ash, 3.98% protein, and 4.19% fat, while the yogurt with RQF contained 0.76% ash, 4% protein, and 4.16% lipids. Once again, the roasted varieties presented lower values: the RoWQF produced 0.76% ash, 3.96% protein, and 4.15% fat, while the RoRQF showed 0.75% ash, 3.98% protein, and 4.11% fat.

At the 1.5% level, the yogurt demonstrated further improvements, with the WQF yielding 0.8% ash, 4% protein and 4.21% fat. The yogurt with RQF contained 0.79% ash, 4.03% protein and 4.24% fat. However, as observed at lower concentrations, the RoQF varieties exhibited slightly lower nutritional values: the RoWQF had 0.78% ash, 3.97% protein, and 4.22% fat, while the RoRQF yielded 0.77% ash, 4% protein, and 4.16% fat.

These results confirm that the addition of QF significantly improves the nutritional composition of yogurt (p ≤ 0.05), as reported by many studies (Akkoyun and Arslan, 2020; Balakrishnan and Schneider, 2022; El-Shafei et al., 2020; Elslmawy et al., 2023; Ismail and Rayan, 2022; Mabrouk and Effat, 2020). This improvement is mainly attributed to quinoa’s composition, particularly its high protein and fat content, as discussed in the previous section. However, roasting quinoa leads to a slight decrease in some nutritional qualities, which aligns with other research indicating that roasting can reduce quinoa’s nutritional value (Dong et al., 2021; Kheto et al., 2022; Sharma et al., 2022; Younis et al., 2024). Overall, our findings support the positive impact of QF on yogurt’s nutritional profile and validate our hypothesis that quinoa supplementation enhances yogurt’s nutritional composition, with roasting having a minor but noticeable effect on nutrient retention.

The information shown in Table 3, details the apparent viscosity of GMY enriched with different concentrations of QF.



TABLE 3 Chemical composition and viscosity characteristics of goat milk yogurts (GMY) enriched with quinoa flour (QF).
[image: Table3]

As hypothesized, higher viscosities were recorded in the yogurt samples supplemented with QF. Furthermore, our findings indicate that increasing the QF content leads to a rise in the yogurt’s viscosity. The treatments GMYWQF, GMYRQF, GMYRoWQF and GMYRoRQF; at 1 and 1.5%, exhibited the highest viscosity values. These results are consistent with other studies (El-Shafei et al., 2020; Elslmawy et al., 2023; Mabrouk and Effat, 2020), which attributed this increase to several factors: the rise in apparent viscosity is associated with the excellent binding characteristics of QF and the presence of starch granules rich in amylopectin, which serve as thickeners in frozen and fermented product. Heating starch above its gelatinization temperature in the presence of water makes granules absorb and bind water, swell and disrupt their structure, and thus change their rheological properties. The gelatinization temperature of quinoa starch ranges from 57 to 64°C and heating both milk and quinoa that contain starch at 85°C for 20 min prior to the starter inoculation was adequate for starch gelatinization to occur in milk. In this mechanism, the swelling of starch granules and leaching of amylose and amylopectin in the continuous phase might have increased the viscosity of yoghurts. Moreover Codină et al. (2016) stated that due to its high content of fiber, QF up to 1.0% addition contributes to an increase in apparent viscosity of yogurt samples, probably due to the fact that QF can bond water in samples and consequently increase apparent viscosity, this may be a benefit, as yogurt may retain its stability for a longer period of time.



3.2.3 Stability of yogurts during refrigerated storage

Figures 3, 4 presented illustrate the changes in pH and acidity of yogurt over a 15 day storage period, with varying concentrations of QF added (0, 0.5, 1, and 1.5%) and different types of QF (white, red, roasted, and unroasted).

[image: Figure 3]

FIGURE 3
 pH changing goat milk yogurt enriched with different percentages (0.5, 1, and 1.5%) of: white quinoa flour (GMYWQF), red quinoa flour (GMYRQF), roasted white quinoa flour (GMYRoWQF) and roasted red quinoa flour (GMYRoRQF) during storage (1, 7, and 14 days) at 4°C. The trend line, based on the control (0%), shows a gradual decrease in pH, with a slight decrease observed in the 1.5% samples compared to the lower concentrations.


The yogurts enriched with QF at concentrations of 0.5, 1, and 1.5% (both with white and red quinoa, whether roasted or unroasted) exhibited a notable decrease in pH and an increase in acidity at the 1 and 1.5% quinoa levels, with the changes being more pronounced compared to the 0.5% concentration. However, no significant differences were found between these higher concentrations, indicating that adding quinoa up to 1.5% remains acceptable in terms of product stability. This decrease in pH and the corresponding increase in total acidity during storage can be attributed to the increased consumption of residual lactose by lactic acid bacteria, as the lactic acid bacteria continue to consume the residual lactose during storage, the acidity increases gradually over time, which explains the continued decrease in pH, as suggested by El-Shafei et al. (2020).
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FIGURE 4
 Acidity changing of goat milk yogurt enriched with different percentages (0.5, 1, and 1.5%) of white quinoa flour (GMYWQF), red quinoa flour (GMYRQF), roasted white quinoa flour (GMYRoWQF) and roasted red quinoa flour (GMYRoRQF) during storage(1, 7, and 14 days) at 4°C. The trend line, based on the control (0%), shows a progressive increase in acidity, with a slight increase observed in the 1.5% samples compared to the other concentrations.


According to Casarotti et al. (2014) adding up to 3% QF to fermented milk had no effect on the fermentation kinetics during the 28 day storage period. However, research of Curti et al. (2017) suggested that while a 1% quinoa addition enhances product stability, higher concentrations, such as 5% and beyond, may cause syneresis, which adversely impacts the yogurt’s texture and stability.

Importantly, the results were consistent for both WQ and RQ, as well as for roasted and unroasted varieties, indicating that the type and treatment of quinoa (roasted or unroasted) do not significantly influence the overall stability of the product.



3.2.4 Syneresis

Syneresis is a physical defect that is observed after keeping yoghurt for a particular time, it is undesirable, affecting consumers’ acceptance, as it may result in water leakage it (Pappa et al., 2024). Figure 5 illustrates the Syneresis observed in various yogurt samples prepared with different quinoa percentages and types, including raw, white, roasted, and unroasted quinoa.
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FIGURE 5
 Syneresis changing of goat milk yogurt enriched with different percentages of: white quinoa flour (GMYWQF), red quinoa flour (GMYRQF), roasted white quinoa flour (GMYRoWQF) and roasted red quinoa flour (GMYRoRQF) during storage (1, 7, and 14 days). Syneresis was higher in the control sample compared to the products with QF.


In this study, yogurts enriched with QF at concentrations of 1 and 1.5%, whether made with white or RQ and either roasted or unroasted, showed no whey separation. This indicates a significant improvement in product stability compared to the control sample and the 0.5% quinoa enriched samples. The absence of syneresis suggests that the presence of starch and fiber in QF could reduce free water molecules due to their water binding properties (Abugoch James, 2009). In contrast, the 0.5% quinoa enriched samples, regardless of whether they were roasted or unroasted, exhibited some degree of whey separation. This suggests that lower concentrations of QF may not provide sufficient structural reinforcement to fully prevent syneresis. This finding is in agreement with Alkobeisi et al. (2022), who observed the lowest Syneresis values in the control, 100% QF and 75% QF samples. Furthermore, it aligns with studies Codină et al. (2016) showing that higher concentrations of QF (such as 3 and 5%) lead to syneresis formation. The differences between our results and those of previous studies may be partly attributed to the type of milk used. While previous studies used cow’s milk, which has a different protein composition, our study used GM. GM may interact differently with quinoa components, potentially enhancing yogurt stability at lower quinoa concentrations. These results support the idea that QF enhances yogurt stability, and syneresis can be minimized at higher concentrations. However, as the shelf stability of yogurt is also influenced by other factors such as microbial growth and texture changes over time, further research could explore how quinoa-enriched yogurt maintains its texture and overall quality during extended storage periods. This would provide more detailed insights into the long-term shelf life of quinoa-enriched yogurt and help evaluate its potential for commercial production.




3.3 Sensorial analysis


3.3.1 Sensory evaluation

A useful criterion for assessing the acceptability and quality of yogurt is sensory (Barrantes et al., 1996). Table 4 shows the application of the Tukey method for data regrouping and a 95% confidence level to an ANOVA analysis of response to sensory characteristics for 16 different types of yogurt based on GM and QF.



TABLE 4 Sensory analysis results of goat milk yogurt enriched with white and red quinoa (roasted and unroasted) at different concentrations.
[image: Table4]

The sensory evaluation results revealed significant differences (p ≤ 0.05) across the various yogurt samples fortified with QF, particularly in terms of homogeneity, firmness, creaminess, texture, flavor and taste. These differences were influenced by the concentration of quinoa added (0.5, 1, and 1.5%) and whether the quinoa was roasted or unroasted. The sensory attributes of the yogurt were closely related to the changes in physical properties like viscosity, which in turn were affected by QF addition.



3.3.2 Homogeneity

In terms of homogeneity, the yogurt samples containing 1.5% quinoa (both roasted and unroasted white and red) were the least homogeneous, while samples containing 0.5% QF and the control samples (without quinoa) showed the highest levels of homogeneity. This suggests that adding higher concentrations of QF, particularly 1.5%, may disrupt the uniform texture of the yogurt, while lower concentrations or the absence of quinoa allow for a smoother, more uniform product. The addition of higher quinoa levels may pose challenges for effective homogenization, likely due to the larger particle sizes or varying properties of quinoa flour at higher concentrations which could also affect other sensory attributes such as firmness and creaminess.



3.3.3 Firmness and texture

Regarding firmness, yogurts with 1.5% QF (whether roasted or unroasted) were firmer than those with 1% quinoa, while samples with 0.5% quinoa and the control samples had lower firmness scores. The increase in firmness can likely be attributed to the higher protein content in quinoa it helps to strengthen the gel matrix of the yogurt, improving its overall texture and firmness compared to the control samples or those with lower quinoa concentration. This, in turn, affects the creaminess of the yogurt, as a firmer texture may alter the creamy sensation in the mouth, making it feel denser and less smooth (Alkobeisi et al., 2022).



3.3.4 Creaminess and viscosity

When it comes to creaminess, control samples and those with 0.5% RoWQF and RQF were found to be the creamiest, while samples with 1 and 1.5% quinoa were less creamy. This trend was also observed with both roasted and unroasted quinoa. The decrease in creaminess at higher quinoa concentrations can likely be explained by the viscosity changes observed in the previous results. As quinoa concentration increases, its effect on the viscosity of the yogurt becomes more pronounced, leading to a denser, less creamy texture. Higher quinoa levels (1 and 1.5%) may increase the viscosity of the liquid phase, altering the mouth feel and resulting in a less creamy product. In contrast, lower quinoa concentrations (0.5%) allow for a softer, creamier texture due to the more fluid consistency.



3.3.5 Flavor and taste

The quinoa flavor varied significantly between samples. The yogurt samples with 0.5% quinoa, had the least pronounced quinoa flavor, while those with 1.5% RoWQF and RoRQF had a much stronger quinoa flavor. Yogurts containing 1% quinoa displayed a moderate quinoa flavor, falling between the 0.5 and 1.5% samples. Compared to control samples, those with higher quinoa concentrations (1 and 1.5%) exhibited less goat milk flavor and cream flavor. The increase in quinoa flavor at higher concentrations is likely due to the more pronounced flavor profile of quinoa at these levels. In particular, roasting quinoa intensifies its flavor, likely through the Maillard reaction and the caramelization of sugars during roasting (Castro-Alba et al., 2019; Fayle and Gerrard, 2002). The lower quinoa concentration (0.5%) results in a more subtle flavor, which might be less detectable to consumers, especially those who are sensitive to quinoa’s characteristic taste.

The taste of quinoa varies depending on the concentration in the samples. Yogurts containing 0.5% quinoa (white and red; unroasted and roasted) have a more subtle quinoa taste, while those with 1.5% roasted (RoWQF and RoRQF) quinoa have a much stronger quinoa taste. Yogurts with 1% quinoa display an intermediate taste, falling between the 0.5 and 1.5% samples. The addition of roasted quinoa not only masks the acidity but also imparts a subtle sweetness to the yogurt, which is reflected in the increased sweetness scores, with higher values for certain formulations 1 and 1.5%. This sweetness enhances the overall enjoyment of the tasting, making the yogurt even more pleasant to the palate.

In correlation with the physicochemical results, these findings are likely due to the enhancement of starter culture growth, which increases the production of lactic acid and other flavor compounds, as well as the high protein content of quinoa, which positively influences the texture of the final product. The addition of QF to GMY overall improved the sensory characteristics in terms of firmness, texture, and creaminess. Furthermore, the roasting process significantly enhanced the yogurt’s acceptability, especially in terms of taste and flavor, by masking the often undesirable goat milk flavor. These findings are consistent with those reported by Alkobeisi et al. (2022), Castro-Alba et al. (2019), Curti et al. (2017), Elslmawy et al. (2023), and Mabrouk and Effat (2020) who also found that the addition of QF improved yogurt stability and increased its consumer acceptability. Roasting QF before adding it to yogurt not only enhances the taste but also improves its overall sensory appeal, making the yogurt more palatable to a broader range of consumers, including those who might find the goat milk flavor too strong. Thus, the hypothesis that the addition of QF to GMY would improve its sensory attributes, stability, and overall quality is confirmed. The inclusion of QF at higher concentrations (1%) leads to improved texture, firmness, and overall acceptability, while the roasting process enhances the yogurt’s flavor and reduces undesirable goat milk flavor.



3.3.6 Acceptance global of final product

The results presented in Figure 6 illustrate the levels of acceptance of participants towards GMY fortified with varying concentrations of QF, with the mean values represented by a 95% confidence interval.
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FIGURE 6
 Interval plot of participants’ acceptance of GMY enriched with QF (95% CI of the mean). The plot highlights trends in consumer acceptance, with the highest acceptance observed in GMYRoWQF and GMYRoRQF both containing 1.5% QF, followed by those with a 1% concentration. GMY: goat milk yogurt “control”; GMYWQF: goat milk yogurt with white quinoa flour; GMYRQF: goat milk yogurt with red quinoa flour; GMYRoWQF: goat milk yogurt with Roasted white quinoa flour; GMYRoRQF: goat milk yogurt with Roasted red quinoa flour.


Statistical analysis revealed a significant difference (p < 0.05) in the participants’ responses. Among the different types of fortified yogurt, the one containing 1.5% RoRQF was the most preferred by the participants, followed by yogurt enriched with 1.5% RoWQF. Yogurt fortified with 1% RoRQF and yogurt enriched with WQF were also favored, though to a lesser extent. Yogurt with 1% RoWQF and 0.5% RoRQF came next in terms of preference, WQF and RQF, as well as the control sample.

Previous studies have suggested that adding QF to yogurt, whether made from goat or cow milk, can enhance its organoleptic properties. For instance, research by El-Shafei et al. (2020) demonstrated that products containing quinoa permeate extract received high overall acceptability across all levels of supplementation. Similarly, Mabrouk and Effat (2020) found that the incorporation of QF into set yogurt improved the product’s sensory quality, organoleptic profile, and nutritional value, which could increase consumer appeal. These findings are consistent with studies by Akkoyun and Arslan (2020), Alkobeisi et al. (2022), and Elslmawy et al. (2023), which indicated that the addition of QF positively affected yogurt stability and consumer acceptability. Furthermore, the inclusion of quinoa malt or powder in milk makes the beverage more nutritious and enhances its acceptability among a broader range of consumers.

Others studies examined the effect of dry roasting on the quality of QS found that dry roasting improved the sensory attributes and overall acceptability of the final product (Kheto et al., 2022; Sharma et al., 2022; Younis et al., 2024). This increased acceptability is likely due to the degradation of ant-nutrients such as phytates and saponins that remain in QS during the roasting process, as they are broken down under heat (Castro-Alba et al., 2019). This aligns with our hypothesis, which posited that roasting quinoa would enhance the sensory properties of the yogurt by reducing the undesirable goat milk flavor, improving the overall texture, and increasing consumer acceptability. This improvement in sensory properties opens up interesting prospects for the dairy industry by offering an innovation that meets the growing consumer demand for products that are both tasty, nutritious, and functional, benefiting from the richness of quinoa and the characteristics of GM while masking the undesirable goaty flavor.




3.4 Limitations of this study

Several limitations should be considered in this study, including potential variability in QF composition, which can affect the consistency and nutritional profile of the product. Additionally, fermentation conditions, such as temperature and time, can influence the final outcome, and any variations in these factors could lead to inconsistent results. Consumer acceptance testing is also subject to subjective preferences, with different demographics possibly reacting differently to the sensory characteristics of the product. Lastly, scaling up production could introduce new challenges that were not addressed in the study’s controlled conditions. Further research is needed to overcome these limitations.




4 Conclusion

In this study, we assessed the impact of adding QF to GMY production. The results showed that incorporating 1% QF significantly enhanced the yogurt’s macronutrient content, increasing protein content by 0.17 g/100 g and fat content by 0.09 g/100 g, compared to the control sample. This addition also led to a reduction in fermentation time to 4 h, indicating a more efficient fermentation process. Sensory evaluations revealed that QF improved yogurt texture and flavor, with RoQF further enhancing consumer acceptability by reducing the strong goat milk flavor. Additionally, QF improved the yogurt’s stability, reducing syneresis and enhancing both texture and shelf life. These findings fill a significant gap in the literature by demonstrating that QF, especially when roasted, can improve both the nutritional and sensory qualities of GMY, offering an innovative solution for the dairy industry to meet consumer demands for functional, clean-label products. This innovation presents new opportunities for the dairy sector by offering a nutritious, stable, and consumer-preferred product, strengthening its position in the evolving functional food market.
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Yogurt type Homogeneity  Gel firmness Fatlayer ~ Flavorof  Goat Milk Cream Taste of Acidic

quinoa flavor flavor quinoa taste

GMY 0 902078 63594071 5214088 19409 Mels 575058 554071 192405 42066 45"+ 151
GMYWQF 05 854 £0.85 7300 41,05 504235 1F2128 43705231 4.2V +3,04 43904 105 374235 144015 444254
1 78 4122 681 4220 570 %194 x4 44792241 417P2.47 45404287 5.1%4284 2274122 39%268

15 8542070 81990 40,87 5941185 174099 5279204 51%0 1223 544216 7292131 132067 43' a2
GMYR,WQF 05 874 £048 640,94 594099 360135 45795097 6544097 641 £084 4472096 224139 56084
1 68791 41.03 64779 £.0.96 472067 474£094 760 +0.84 347 4096 3404096 76" 084 17%£0.67 4205139

15 84V 0,69 85%+0.70 53 £067 157 £070 824078 299+ 110 29110 82%+078 15%£0.70 544047
GMYRQF 05 739D 1,56 594218 370 231 15% 070 3692254 504258 34404227 254158 12740.42 4102228
1 7540 4 1,08 624147 43"+ 188 219 40,87 3294 168 4290542 30 301156 372163 1572052 43'194

15 839 10,82 85V +0.52 479 £200 157415 580 £0.78 439041 25 34404171 754052 1164031 5104172

GMYRRQF 05 T & 1,05 5.8"+091 5942110 152094 46795084 41904 19 ARV 1163 56704084 15%£070 5744205
1 641 £0.96 65 4070 3702116 152081 59 10,87 479 10,82 3704116 654052 15%£0.70 4442135

15 6.9 £0.73 82V £ 0,63 705081 174091 7.6V £ 0.84 31105 420 41,03 74N £0.84 15%£052 5244063

One-way ANOVA analysis of sensory attributes response as a function of quinoa flour (QF) concentration in goat milk yogurt (GMY) using Tukey test for clustering information and 95% confidence level. Means that do not share the same letter in the same column are
considered as significantly diferent.

GMY, goat milk yogurt “control’s GMYWQE, goat milk yogurt with white quinoa flour; GMYRQE, goat milk yogurt with red quinoa flour; GMYR,WQE, goat milk yogurt with Roasted white quinoa flour; GMYR,RQF, goat milk yogurt with Roasted red quinoa flour.
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Parameter Concentrati Dry matter Ash T. Proteins Crud fat Viscosity
Control 0 1197 £0.01 0714001 4.01'£0.005 3.94°+0.005 12,000

GMYWQF 05 1242 £ 001 07344001 4192005 396"+ 0.01 30,700°+ 1.2

1 1286°+0.01 076" £ 0.005 4.18%+0.005 3.98"+0.005 50,500+ 1.2

15 13.35" £ 0.06 083 £0.05 421°£0.005 41°£0.1 70,500 £ 0,01

GMYRQEF 05 12421+ 0005 0724 £0.01 4.08% £0.005 3.98°£0.01 30,600° £ 0.6

1 12.86°+ 0,005 0.75%£001 415%£0,005 403" £ 0.06 50,300+ 0.6

15 13.30 £ 0.005 0.79* +0.005 4.2°£0.005 4.02*£0.01 70,400° £ 1.2

GMYRWQF 05 1244 £ 0.01 0724 £0.01 4.02'£ 0005 3.94°£0.01 30720 £0.6

1 1291°£ 0,005 0.76%¢+0.01 415+ 0005 3.97°40.005 50,507 +7.2

15 133001 078 0,005 4220005 3.98"£0.005 70594+ 12

GMYR,RQF 05 1242 £0.01 07244001 405940005 3.97°+0.01 30,601+ 1.2

1 12.88° £ 0,005 0754001 411 £0.005 3.98"£0.01 50340+ 1.2

15 13.36" £ 001 0.78% £0.005 415 £0.005 4°£005 70460° £ 0.6

Values are expressed as mean + SEM (1 = 3). Ordinary one-way ANOVA using post hoc testing (Tukey'stest) at the 5% threshold. Means followed by a different letter in the same column are
significantly different (p < 0.05). Goat milk yogurt (control), GMYWAQE, goat milk yogurt with white quinoa flour; GMYRQE, goat milk yogurt with red quinoa flour; GMYROWGQE, goat milk
yogurt with roasted white quinoa flour; GMYR,RQE, goat milk yogurt with roasted red quinoa flour; on different levels (0.5, 1, and 1.5%).
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Variable Moisture (%) ASH (%) Crude fat (/100 g DW) Proteins (g/100 g DW)
‘White quinoa flour (WQE) 9342071 644£0.09° 452£0.18" 1891+0.09°

Red quinoa flour (RQF) 1134£0.14 589+0.11° 64+03° 156+04°

Roasted White quinoa flour (RoOWQF) 5342083 521£0.1° 265402° 14.11£007¢

Roasted Red auinoa flour (RoORQF) 7.34£043¢ 466+ 0.19¢ 453£0.1" 103£03¢

Values are expressed as mean  SEM (n = 3). Ordinary one-way ANOVA using post hoc testing (Tukey'stes) at the 5% threshold. Means followed by a different ettr in the same column are
significantly different (p < 0.05).
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