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Lactobacillus plantarum is a functional probiotic and could be used in yogurt 
fermentation to improve the function and flavor. However, L. plantarum has 
relatively poor acid resistance, and cell viability gradually decreases as pH 
decreases during yogurt fermentation. Therefore, exploring suitable strategies 
to promote the fermentation of L. plantarum for yogurt processing is important. 
In the present study, the effects of quinoa protein hydrolysates (QPHs) on the 
qualities and volatiles of yogurt fermented by L. plantarum were investigated. 
QPH addition significantly promoted bacterial growth and organic acids 
production, subsequently improved the water-holding capacity and viscosity of 
yogurt. QPH addition also increased the overall antioxidant capacity of yogurt, 
but the DPPH radical-scavenging ability of 1% QPH-supplemented yogurt was 
significantly greater than that of 2% QPH-supplemented yogurt. Additionally, 
QPHs promoted the metabolism of L. plantarum and further promoted the 
production of volatile flavor compounds. Fifty-two volatile compounds (mainly 
acids, esters, and ketones) were detected in 2% QPH-supplemented yogurt, 
which was 1.86-fold greater than the number detected in the control samples. 
Some aroma components, such as nonanoic acid and maltol, were significantly 
increased, but undesirable volatiles, such as decanal, were decreased. 
QPH composition analysis indicated that 60.79% of the peptides contained 
hydrophobic amino acids at the N-terminus or the C-terminus, which may 
explain QPHs’ strong antioxidant properties.
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1 Introduction

Yogurt is a common fermented dairy product that plays an important role in the human 
diet due to its unique flavor, high nutritional value, and functional properties (Dan et al., 
2022). Streptococcus thermophilus and Lactobacillus bulgaricus, which improve the quality of 
yogurt, are often used for yogurt fermentation (Dan et al., 2019). However, most S. thermophilus 
and L. bulgaricus strains may lead to galactose accumulation in yogurt, which may result in a 
health burden for humans (especially for patients with galactosemia) (Zhang S. S. et al., 2020). 
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Lactobacillus plantarum is a functional probiotic that has been widely 
studied in recent years, and L. plantarum has also been used in yogurt 
fermentation to promote the production of amino acids and fatty acids 
(Liu et  al., 2022). Studies have shown that the consumption of 
fermented milk containing L. plantarum can improve health via 
regulation of the intestinal flora, immunomodulatory effects, and 
reduced gestational hypertension (Zhang et al., 2017; Choi et al., 2023; 
Yi et  al., 2023). However, L. plantarum has relatively poor acid 
resistance, and cell viability gradually decreases as pH gradually 
decreases during yogurt fermentation. Therefore, exploring suitable 
strategies to promote the growth and fermentation of L. plantarum for 
yogurt processing is important.

Plant protein hydrolysates mainly provide abundant nitrogen 
sources, such as free amino acids and peptides (Ashaolu, 2020), which 
are absorbed by microorganisms to balance nitrogen sources or to 
promote the biosynthesis of intracellular protectants (Li et al., 2021), 
thereby promoting the fermentation and environmental tolerance of 
microorganisms. In recent years, several studies have shown that 
protein hydrolysates have biological activities, including antioxidant 
(Torres-Fuentes et al., 2015), antidiabetic (Al-Bukhaiti et al., 2023), 
and pro-fermentation (Li et al., 2021) activities. Furthermore, the 
addition of plant protein hydrolysates has also been demonstrated to 
enhance the quality and flavor of fermented foods (Ghelich et al., 
2022). Wongsa et al. (2022) reported that the addition of rice protein 
hydrolysate improved the flavor and texture of yogurt and improved 
its functional properties.

Quinoa (Chenopodium quinoa Willd.) is a low-fat, low-calorie 
healthy food with comprehensive nutritional value, and is considered 
by the Food and Agriculture Organization (FAO) of the United 
Nations to be a perfect food that meets all the requirements of the 
human body (Vazquez-Luna et al., 2019). Quinoa is rich in protein, 
with a protein content as high as 23% (Abbasi et al., 2022), which is 
higher than that of traditional cereals (Huang et  al., 2022). The 
essential amino acid content in quinoa protein is greater than those in 
other cereals and beans (López et al., 2018). Recently, researchers have 
identified antioxidant peptides, antihypertensive peptides, and 
antidiabetic peptides from quinoa protein hydrolysates (Abbasi et al., 
2022), and our previous studies demonstrated that quinoa protein 
hydrolysates (QPHs) could significantly improve the antioxidant 
properties and flavor of quinoa beverages (Meng et al., 2022b). Based 
on these studies, QPHs have certain application prospects for 
promoting the fermentation efficiency of lactic acid bacteria (LAB) 
and the function and qualities of yogurt. However, no reports on the 
effect of QPH on the properties and flavor of yogurt are available. 
Therefore, this study investigated the effects of QPH addition on milk 
fermentation to provide a reference for the subsequent development 
of L. plantarum-fermented functional yogurt. In addition, quinoa 
peptides were isolated and purified to provide a reference for the 
application of functional quinoa peptides.

2 Materials and methods

2.1 Materials and chemicals

Quinoa (Chenopodium quinoa Willd.) was provided by the 
Key Laboratory of Coarse Cereal Processing, Ministry of 
Agriculture and Rural Affairs of China (Chengdu, China). 

Lactobacillus plantarum LZBY2-2 was isolated from Tibetan 
highland barley liquor koji and stored at −80°C before use (Meng 
et al., 2022a). Pure milk was purchased from a local supermarket. 
Papain, trypsin, and organic acid standards were purchased from 
Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China). MRS 
culture medium was purchased from Beijing Aoboxing 
Biotechnology Co., Ltd. (Beijing, China). 2,2-Diphenyl-1-
pyridylhydrazide (DPPH) was purchased from Sigma Aldrich 
Chemical Company (St. Louis, MO, United States). 2,2′-Azinobis 
(3-ethylbenzothiazole-6-sulfonic acid ammonium salt) (ABTS) 
was purchased from Shanghai Hualan Chemical Technology Co., 
Ltd. (Shanghai, China). All other chemicals were of analytical 
reagent grade.

2.2 Preparation of quinoa protein 
hydrolysate

Crushed quinoa powder was sifted through a 100-mesh sieve, and 
anhydrous ethanol was added at a ratio of 1:5 (w:v) for degreasing. The 
reaction was conducted at room temperature for 10 h. After samples 
were oven dried, an appropriate amount of degreased quinoa powder 
was weighed, ultrapure water was added at a ratio of 1:10 (w:v), the 
pH was adjusted to 10.0 with 1 M NaOH, and the samples were then 
reacted in a water bath at 45°C for 2 h. The samples were subsequently 
centrifuged at 5000 × g for 20 min, the supernatant was obtained, and 
the pH was adjusted to 4.5 with 1 M HCl. After standing for 30 min, 
the sample was centrifuged again. The precipitate was collected 
and lyophilized.

QPHs were prepared according to a previous study (Zhou et al., 
2023) with slight modifications: 5% (w/v) quinoa protein solution was 
prepared with ultrapure water, the pH was adjusted to 7.5, and 1% 
(w/w) papain and 1% (w/w) trypsin were added. After reacting at 
50°C for 5 h, the enzyme reaction mixture was inactivated by boiling 
for 15 min and then cooled to room temperature. After centrifugation, 
the supernatant was collected and lyophilized. The QPH powder was 
stored in a refrigerator at −18°C for subsequent experiments.

2.3 Preparation of fermented yogurt

Pure milk was mixed with 1 and 2% QPs (w/v) and 1 and 2% 
QPHs (w/v), and then the mixture was pasteurized at 75°C for 20 min 
and quickly cooled to 40°C. The activated L. plantarum was inoculated 
separately according to a total inoculated amount of 4 × 107, fermented 
at 37°C for 12 h, and then stored at 4°C for 12 h. Pasteurized milk 
treated under the same L. plantarum inoculation but without QPs or 
QPHs addition was used as the control.

2.4 Viable LAB counts

Viable cells were counted using the MRS plate counting method. 
One milliliter of each yogurt sample was diluted with 9 mL of sterile 
saline solution. After 2 to 3 consecutive suitable concentrations were 
diluted, 100 μL of solution was pipetted to evenly coat the MRS plates, 
which were subsequently incubated at 37°C for 36 h under 
anaerobic conditions.
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2.5 Titratable acidity and organic acid 
analysis

Ten grams of yogurt sample was weighed and mixed with 20 mL 
of ultrapure water. The mixture was titrated with 0.1 M NaOH solution 
using phenolphthalein as an indicator. The titratable acidity (TA) was 
calculated based on the consumption of NaOH (Chen et al., 2024).

A total of 2.5 g of the sample was accurately weighed and 
centrifuged at 10,000 × g for 10 min, and then the supernatant was 
mixed with acetone at a 1:1 (v/v) ratio, subjected to vibration for 
10 min, and centrifuged again. The supernatant was filtered through a 
0.22 μm membrane. Organic acids were analyzed by a 1260 high-
performance liquid chromatography (HPLC) system (Agilent 
Technology Co., Ltd., Santa Clara, CA, United States) equipped with 
a Hypersil GOLD column (250 mm × 4.6 mm, 5 μm). The mobile 
phases were as follows: A, 95% KH2PO4; B, acetonitrile; and C, 5% 
water. The flow rate was 0.8 mL/min, and the UV measurement 
wavelength was 210 nm. The column temperature was 35°C, and the 
injection sample volume was 20 μL.

2.6 Physical property analysis

Water-holding capacity (WHC) was determined according to the 
method of Rao et al. (2022): a certain amount of quinoa yogurt was 
weighed, which was recorded as m1, and centrifuged at 4,000 × g for 
20 min. The supernatant was removed, and the weight of the sediment 
was recorded as m2. WHC was calculated as in Eq. (1):

 
WHC = ×

m
m

2

1

100%

 
(1)

The viscosity of the yogurt samples was measured using an 
NDJ-5S rotary viscometer (Shanghai Pingxuan Scientific Instrument 
Co., Ltd., Shanghai, China).

2.7 Sensory evaluation

Sensory evaluation was performed according to Abdeldaiem et al. 
(2023) with slight modifications. Ten students majoring in food 
science and engineering who had studied the “food sensory 
evaluation” were randomly selected for sensory evaluation of the 
yogurt from four aspects: color (25), texture (25), taste (25), and odor 
(25). The total score was 100. The experimental process was reviewed 
and authorized by the commission of the College of Food Science and 
Biological Engineering of Chengdu University.

2.8 Antioxidant activity determination

2.8.1 DPPH radical-scavenging ability
Five grams of sample was accurately weighed, and 1:9 (w/v) 

anhydrous ethanol solution was added. After mixing evenly, the 
mixture was centrifuged at 5,000 × g for 20 min, and the supernatant 
was obtained. One hundred microliters of the sample solution and 
100 μL of DPPH (100 μmol/L) were mixed well in a 96-well plate and 
incubated in the dark at room temperature for 30 min. The absorbance 

was measured at 517 nm, and DPPH radical-scavenging activity was 
calculated according to Luo et al. (2023).

2.8.2 ABTS radical-scavenging ability
ABTS solution (7 mmol/L) and K2S2O8 (2.45 mmol/L) were mixed 

and incubated in the dark for 14 h. The mixture was diluted with 
phosphate buffer (0.2 mol/L, pH 7.4) until the absorbance at 734 nm 
reached 0.70 ± 0.02. Then, 100 μL of sample solution and 100 μL of 
ABTS solution were mixed well in a 96-well plate and incubated in the 
dark for 10 min at room temperature. The absorbance was recorded at 
734 nm, and ABTS radical-scavenging activity was calculated 
according to Meng et al. (2022b).

2.9 Volatile compound analysis

The volatiles in yogurt were analyzed by solid-phase 
microextraction-gas chromatography-mass spectrometry (SPME-
GC-MS) according to Chen et al. (2024) with slight modifications: 
5.0 g of yogurt was accurately weighed into a 20-mL headspace 
injection vial, 20 μL of 2-methyl-3 heptanone (72 μg/mL) was added 
as the internal standard, and then the vial was sealed with a cap. After 
equilibrating in a water bath at 40°C for 15 min, a pretreated (250°C, 
20 min) SPME fiber (DVB/CAR/PDMS) was inserted into the 
headspace vial to adsorb the volatiles in the sample headspace for 
30 min. Desorption was conducted at 250°C for 5 min.

The volatiles were analyzed by a GCMS-QP2010 SE (Shimadzu, 
Kyoto, Japan). A stabilwax capillary column (30 m × 0.25 mm × 0.25 μm, 
Restek, Bellefonte, PA, United States) was used. The carrier gas was 
helium at a flow rate of 1.0 mL/min, the sample was manually split, 
and the temperature of the GC-MS injection port was 250°C. The 
heating program was as follows: an initial temperature of 30°C (held 
for 3 min), which was then increased to 90°C at a rate of 3°C/min 
(held for 1 min), increased to 120°C at a rate of 4°C/min (held for 
1 min), and finally increased to 240°C at a rate of 6°C/min (held for 
6 min). The MS instrument was operated in electron impact mode 
with an electron impact energy of 70 eV and an ion source temperature 
of 220°C. The mass spectrometer scan range was 35–500 m/z. 
Qualitative analysis of the volatile compounds were identified by 
matching the instrument’s NIST14.L spectral library to select 
substances with a match higher than 80%. The volatile compounds 
were semi-quantified analysis by determining the ratio of the peak 
area of a specific component to the peak area of an internal standard 
at a known concentration.

2.10 QPH separation and analysis

2.10.1 Ultrafiltration separation
Ultrafiltration separation of QPHs was performed according to 

the method of Wen et  al. (2020) with slight modifications. 
Ultrafiltration membranes with molecular weights of 300 kDa, 10 kDa, 
and 1 kDa (Merck Millipore, Billerica, MA, United States) were used 
to filter hydrolyzed quinoa protein products. Finally, four 
ultrafiltration components with molecular weights of >300 kDa, 
10–300 kDa, 1 kDa–10 kDa, and <1 kDa were prepared. The 
ultrafiltration components were lyophilized. The free radical-
scavenging activities of DPPH and ABTS were measured to select the 
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target components according to the process described in section 2.6. 
The components with the highest antioxidant activity were used for 
subsequent separation and purification.

2.10.2 Purification by gel filtration 
chromatography

The ultrafiltration fraction containing the highest antioxidant 
activity was further separated by a SephadexG-25 gel filtration 
column (12 mm × 80 cm). It was eluted with deionized water at a 
flow rate of 0.5 mL/min and monitored at 280 nm. The fractions of 
each peak were collected and lyophilized, and the free radical-
scavenging activities of DPPH and ABTS were measured to select 
the target components according to the process described in 
section 2.6.

2.10.3 Identification of peptides by LC-MS/MS
The gel filtration fractions with the highest antioxidant activity 

were selected for LC-MS/MS separation and identification, which was 
performed on an EASY nLC-1200 system (Thermo, Waltham, MA, 
United States) coupled with a Q Exactive HF-X quadrupole orbitrap 
mass spectrometer (Thermo). Briefly, a C18 reversed-phase column 
(75 μm × 25 cm, Thermo) was equilibrated with solvent A (2% CAN 
with 0.1% formic acid) and solvent B (80% CAN with 0.1% formic 
acid). The peptides were eluted using the following gradient: 
0–34 min, 5–23% B; 34–39 min, 23–29% B; 39–41 min, 29–38% B; 
41–42 min, 38–48% B; 42–43 min, 48–100% B; and 43–60 min, 
100–100% B. The flow rate of the sample was 300 nL/min. The Q 
Exactive HF-X instrument was operated in data-dependent 
acquisition mode (DDA) to automatically switch between full-scan 
MS and MS/MS acquisition.

Peptides were scored according to the method of Sheng et al. 
(2019) with slight modifications. Specifically, the score is based on 
four factors: the abundance of the MS/MS spectrum, sequencing 
confidence, deviation of peptide mass from theoretical values, and 
specific amino acid content. The total score of the selected sequence 
is based on the Eq. (2):

 Total score A B C D= × + × + × + ×40 20 20 20% % % % (2)

where A is the min–max linear normalized value of abundance in 
the MS/MS spectrum, which was mapped to 60–100; B is the min–
max linear normalized value of sequencing confidence, which was 
mapped to 60–100; C is the min–max linear normalized value of the 
deviation from the theoretical value of the peptide mass, which was 
mapped to 60–100; and D is the min–max linear normalized value of 
the content of a particular amino acid (E, R, D, and G), which was also 
mapped to 80–100. The top 6 peptides with the highest scores were 
selected as the final identified antioxidant peptides.

2.11 Statistical analysis

All tests except peptide identification were conducted in triplicate, 
and the results were expressed as the mean ± standard deviation. Excel 
2021 and one-way ANOVA with IBM SPSS 22.0 software (Armonk, 
NY, United  States) were used for statistical analysis. Principal 
component analysis (PCA) and heatmaps were generated by Origin 
2022 (OriginLab, Northampton, MA, United States).

3 Results and discussion

3.1 Effect of QPH addition on viable 
bacteria counts

The number of viable LAB in yogurt is an important index for 
evaluating the quality of yogurt (Feng et  al., 2019). As shown in 
Figure 1A, compared with the control group, the addition of QPs and 
QPHs significantly promoted L. plantarum growth during yogurt 
fermentation. Although 1% QPH addition did not significantly 
increase the viable bacteria count compared to 2% QP addition, the 
viable bacteria count in the 2% QPH group increased from 
4.2 × 107 CFU/mL to 1.21 × 109 CFU/mL, which was significantly 
greater than that in the 2% QP group. This finding suggests that QPH 
addition promotes the growth of L. plantarum, which is in line with 
the findings of Zhao et al. (2022), who reported that the addition of 
dairy bioactive peptides promotes the growth of probiotics by 
increasing free amino acids and small peptides.

3.2 Effect of QPH addition on the titratable 
acidity of yogurt

TA is the main index used to judge the quality of yogurt, which is 
mainly related to the degree of fermentation of probiotics and sugars 
in the product (Medina et  al., 2023). With increasing yogurt 
fermentation time, organic acids such as lactic acid produced by LAB 
further accumulated, reflecting an increase in product acidity. As 
shown in Figure 1B, the QP group had greater TA values than the 
control groups (p < 0.05). The TA in 1% QPH and 2% QPH group 
reached 91.00 and 102.33, respectively, which is 4.40- and 4.95-fold 
higher than that of control group. The change trend of TA was 
consistent with that of the viable bacteria count, possibly because 
QPHs provide more nitrogen sources (amino acids and peptides) for 
L. plantarum, which promotes the growth and metabolism of 
L. plantarum, thereby increasing the TA of yogurt. Similarly, 
Gheshlaghi et  al. (2021) also reported that sturgeon skin gelatin 
hydrolysate contains a high percentage of small peptides, which 
promote the growth of LAB, ultimately increasing the TA.

3.3 Effect of QPH addition on the organic 
acids of yogurt

Organic acids are extremely important components of yogurt 
quality, aroma, and safety. As shown in Table 1, oxalic acid and citric 
acid were detected in the control sample and the 1% QPH sample. The 
addition of 2% QPs promoted only malic acid production. QPH 
addition obviously increased organic acid production regardless of the 
type or content of organic acids. Lactic acid and citric acid are the 
main organic acids in QPH-supplemented yogurt, and lactic acid 
production is important for flavor development in dairy products 
(Ndhlala et al., 2022). Citric acid is an organic acid found at high levels 
in fresh milk and is one of the reasons for the refreshing taste of fresh 
milk (Garavand et al., 2023); it has been reported to be  the main 
precursor for the production of diacetyl and acetoin, which are used 
by LAB during milk fermentation to impart the desired flavor to 
yogurt (Güzel-Seydim et al., 2000). The above results suggest that 
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QPH addition effectively enhances the metabolism of L. plantarum, 
which results in the formation of large amounts of lactic acid and citric 
acid and small amounts of malic, acetic, and formic acids, thus giving 
yogurt its unique flavor and aroma.

3.4 Effect of QPH addition on the physical 
properties of yogurt

The WHC of yogurt refers to the ability of yogurt to retain all or 
part of its own water, which reflects the density of the gel network and 

the texture of the yogurt (Qu et al., 2021). As shown in Figure 1C, 
compared with that of the control group, the WHCs of the groups 
supplemented with 1% QPHs and 2% QPHs significantly increased, 
and the WHC of the 1% QPH group was greater than that of the 2% 
QPH group. Previously, Wang et al. (2017) reported that excessive 
addition of silkworm pupae peptides beyond a certain concentration 
decreased the WHC of yogurt, which may be related to extensive 
rearrangement of the gel network.

The viscosity of yogurt is an important indicator of its quality. As 
shown in Figure 1D, compared with that in the control group, QP 
addition did not significantly improve the viscosity of yogurt. 

FIGURE 1

Effects of QP and QPH addition on the (A) cell viability, (B) titratable acidity (TA), (C) water-holding capacity (WHC), (D) viscosity, and (E) sensory scores 
of yogurts. The data are reported as the means ± standard deviations of three replicates. The different letters above the bars indicate significant 
differences (p  <  0.05).

https://doi.org/10.3389/fsufs.2024.1432631
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Chen et al. 10.3389/fsufs.2024.1432631

Frontiers in Sustainable Food Systems 06 frontiersin.org

However, the addition of 1% QPHs and 2% QPHs significantly 
increased yogurt viscosity by 190.9- and 160.0-fold, respectively, 
compared to that of the control sample. Varedesara et al. (2021) also 
showed that the addition of grapeseed protein hydrolysate could 
increase yogurt viscosity. In addition, the viscosity of yogurt with 1% 
QPHs was greater than that of yogurt with 2% QPHs. This result may 
be due to the greater number of viable bacteria in the 2% QPH group, 
which ultimately led to a decrease in total solid content, weakened 
protein interactions, and a decrease in yogurt viscosity (Hu et al., 
2020), which is consistent with the WHC trend.

3.5 Sensory evaluation

The sensory scores of the yogurts are shown in Figure 1E. Overall, 
the addition of QPs and QPHs had no effect on the color of the 
yogurts. However, the yogurt with QPH addition scored the highest 
on texture because it has higher solidification characteristics, which is 
consistent with the WHC and viscosity results. In addition, the taste 
and odor scores of yogurts with QPH addition (especially 2% QPH 
group) were higher than that of the other yogurts, indicating that the 
addition of QPH could improve the sensory quality of yogurt and 
makes it more appealing to consumers. Similarly, Chi et al. (2019) 
reported that the addition of papain egg white hydrolysate to yak milk 
positively affected the sensory properties of the resulting yogurt, and 
the addition of moderate amounts of papain egg white hydrolysate 
even improved the sensory properties of yak milk yogurt.

3.6 Effect of QPH addition on the 
antioxidant activities of yogurt

Compared with the control group, the QPH group had a greater 
ability to scavenge DPPH and ABTS radicals (Figure 2), which may 
be due to the strong radical-scavenging ability of various bioactive 
components contained in QPHs. Many previous studies have shown 
that adding substances with bioactive ingredients can improve the 
antioxidant activity of yogurt. For example, Li et al. (2023) reported 
that highland barley hydrolysate could improve the antioxidant 
activities of soy-based yogurt. However, the DPPH radical-scavenging 
ability of the 1% QPH-supplemented yogurt was significantly greater 
than that of the 2% QPH-supplemented yogurt (Figure 2A), which 
may be  attributed to the changes in the TA of the yogurts after 
fermentation, and the amino acid content of the 2% 

QPH-supplemented yogurt may have changed, which may have 
affected the cohesiveness of the yogurt, resulting in lower antioxidant 
activity (Mashayekh et al., 2023).

3.7 Effect of QPH addition on volatile 
compounds in yogurt

According to Figure 3 and Table 2, 83 volatile compounds were 
identified, including 15 acids, 13 alcohols, 5 aldehydes, 15 esters, 21 
ketones, 1 phenol, and 13 hydrocarbons (Figure 3A). PCA was applied 
to assess differences in volatile compounds in different samples, and 
the results are shown in Figure  3B. From the score plots, the 
constructed PCA plots explained 77.8% of the total variance, 49.9% of 
which came from the first principal component (PC1), while 27.9% 
came from the second principal component (PC2). All samples 
occupied relatively independent regions in the PCA distribution 
space, and the yogurt of the 2% QP and 2% QPH groups was far from 
the yogurt of the control group, indicating that the added substances 
caused significant changes in volatile substances (Wang et al., 2023). 
In addition, the distance between the yogurts of the 1% QP and 1% 
QPH groups was shorter than that of the control group, indicating a 
small difference in volatile compounds between the samples. In 
addition, the heatmap (Figure 3C) shows the differences in volatile 
components between the experimental groups, with the yogurts in the 
2% QP and 2% QPH groups clearly showing more volatile compounds.

Acids are key volatile substances in yogurt. Hexanoic acid is the 
main source of flavor and function in fermented yogurt (Dan et al., 
2017). Hexanoic acid was detected in the 1% QP group, which 
contributed spicy, rancid, and flowery flavors to the yogurt (Liu et al., 
2022). Benzoic acid and nonanoic acid, which have a urine flavor and 
a fruity flavor (Fan et al., 2022), respectively, were detected in the 2% 
QPH group (Table  2). The types of alcohols, such as 1-hexanol, 
increased in the QP and QPH groups with increasing QP and QPH 
concentrations, which gave the yogurt a floral green flavor (Wang 
et al., 2023). In addition, 1-nonanol, 2-ethylhexanol and 2,3-butanediol 
were detected in the 1% QP and 2% QP groups, which had citrus 
flavors, rose and green flavors, and buttery flavors, respectively (Chen 
et al., 2017; Xu et al., 2022); these substances provided good flavors to 
yogurt. Aldehydes are mainly formed by the oxidation of unsaturated 
fatty acids. n-Nonaldehyde was detected in the QP and QPH groups 
but not in the control group (Table 2), which imparted fat, citrus, and 
green flavors to the yogurts. Interestingly, we detected only decanal, 
which has fatty flavors (Chen et  al., 2017), in the control group, 

TABLE 1 Organic acids content in yogurt samples.

Samples Organic acids content (mg/g)

Control 1% QP 2% QP 1% QPH 2% QPH

Oxalic acid 0.27 ± 0.03a 0.09 ± 0.00b 0.22 ± 0.04a 0.05 ± 0.00bc 0.02 ± 0.01c

Malic acid — — 0.02 ± 0.00b 0.04 ± 0.02ab 0.06 ± 0.00a

Lactic acid — — — 3.58 ± 0.17b 3.96 ± 0.02a

Acetic acid — — — 0.74 ± 0.16a 0.35 ± 0.02b

Citric acid 0.90 ± 0.16c 0.68 ± 0.21cd 0.44 ± 0.08d 1.45 ± 0.21b 3.72 ± 0.18a

Formic acid — — — 0.04 ± 0.02b 0.27 ± 0.01a

“—” means not detected. The data are reported as the mean value ± standard deviation of three replicates. Values followed by a different letter in the same row are significantly different 
(p < 0.05).
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suggesting that the addition of QPs or QPHs may reduce some 
undesirable odors in yogurt. This may be one of the reasons for the 
high yogurt odor scores with added QPHs.

Esters are important flavor substances in yogurt. Two typical 
flavor substances of the yogurt, delta-dodecalactone and 
(±)-5-decanolide, were detected in the QP- and QPH-supplemented 

yogurts, providing the yogurts with pleasant fruit, sweet, and coconut 
flavors (Wang et al., 2021). In addition, capryl acetate, dodecan-1-yl 
acetate and bis(2-ethylhexyl) (2E)-but-2-enedioate were detected in 
yogurt supplemented with QPHs (Table 2), which enhanced the taste 
and flavor of the yogurt. Ketones often play an important role in the 
formation of fermented yogurt flavors. Acetoin is an important flavor 

FIGURE 2

Effects of QP and QPH addition on the (A) DPPH-scavenging ability and (B) ABTS-scavenging ability of yogurts. The data are reported as the means ± 
standard deviations of three replicates. The different letters above the bars indicate significant differences (p  <  0.05).

FIGURE 3

Effects of QP and QPH addition on the volatile components of yogurt. (A) The number of volatiles, (B) principal component analysis (PCA), and 
(C) heatmap analysis of the volatile components.
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TABLE 2 Relative content of volatile compounds in each sample.

Volatile compounds CAS number Relative content (μg/mL)

Control 1% QP 2% QP 1% QPH 2% QPH

Acids

2-Amino-6-methylbenzoic acid 4389-50-8 81.60 ± 5.28c 49.29 ± 5.42d 129.32 ± 3.81b 154.85 ± 6.37a 158.30 ± 7.45a

n-Decanoic acid 334-48-5 22.68 ± 2.52c 20.30 ± 2.92c 52.85 ± 1.75b 27.50 ± 4.25c 70.07 ± 4.36a

Dodecanoic acid 143-07-7 31.03 ± 5.19b 18.40 ± 2.64c 27.86 ± 1.68b 17.59 ± 1.44c 43.44 ± 5.32a

Tetradecanoic acid 544-63-8 67.22 ± 1.88b 25.34 ± 2.16d 56.27 ± 3.74c 27.35 ± 1.52d 107.74 ± 2.70a

Pentadecanoic acid 1002-84-2 15.18 ± 1.37a 5.63 ± 1.25bc 9.11 ± 2.29b 3.63 ± 1.07c 19.30 ± 2.31a

Oleic acid 112-80-1 48.03 ± 3.22c 23.27 ± 3.72d 89.49 ± 2.05b 40.70 ± 0.55c 157.15 ± 4.77a

Octadecanoic acid 57-11-4 33.86 ± 4.26b 15.15 ± 1.49c 36.33 ± 4.29b 13.53 ± 0.35c 162.04 ± 6.62a

n-Hexadecanoic acid 57-10-3 210.72 ± 8.82b 86.77 ± 3.67c 196.82 ± 7.88b 99.13 ± 7.13c 545.99 ± 1.37a

Formic acid 64-18-6 42.16 ± 3.50a — — 28.20 ± 3.28b —

Acetic acid 64-19-7 79.01 ± 3.06c — 265.04 ± 4.77b 65.52 ± 2.16d 473.00 ± 4.09a

Hexanoic acid 142-62-1 — 8.86 ± 2.60a — — —

Linoleic acid 60-33-3 — — 7.78 ± 1.18a — —

Benzoic acid 65-85-0 — — — — 14.42 ± 3.37a

Nonanoic acid 112-05-0 — — — — 12.32 ± 0.81a

Glycyl-L-proline 704-15-4 — — — — 3.68 ± 0.50a

Alcohols

2-Furanmethanol 98-00-0 62.35 ± 3.88b 7.12 ± 2.35e 31.48 ± 4.13c 18.24 ± 0.49d 134.68 ± 3.68a

1-Dodecanol 112-53-8 9.37 ± 0.41b 3.37 ± 0.18c 9.55 ± 0.44b 2.84 ± 0.18c 15.37 ± 0.42a

1-Hexanol 111-27-3 — 7.40 ± 0.65c 50.97 ± 0.41a — 30.30 ± 0.61b

2,2-Dimethyl-3-pentanol 3970-62-5 — 10.58 ± 0.43b 16.54 ± 4.26a — —

1-Nonanol 143-08-8 — 4.19 ± 0.68b 24.46 ± 3.24a — —

2-Ethylhexanol 104-76-7 — 5.24 ± 0.84b 9.58 ± 2.04a — —

2,3-Butanediol 513-85-9 — — 40.94 ± 1.31a — —

cis-1,2-Cyclohexanediol 1792-81-0 — — — 6.02 ± 0.34a —

3,6-dimethyl-3-heptanol 1573-28-0 — — — 2.96 ± 0.31a —

Glycolaldehyde dimethyl acetal 30934-97-5 — — — — 13.50 ± 0.51a

2-Nonanol 628-99-9 — — — — 9.34 ± 0.79a

2,4-Dimethyl-3-hexanol 13432-25-2 — — — — 41.41 ± 0.43a

1-Tetradecanol 112-72-1 — — — — 3.13 ± 0.73a

Aldehydes

Methylglyoxal 78-98-8 29.51 ± 1.05b — — 16.25 ± 0.31c 50.50 ± 3.21a

Decanal 112-31-2 15.39 ± 0.42a — — — —

n-Nonaldehyde 124-19-6 — 5.35 ± 0.16b 13.39 ± 0.39a 5.01 ± 0.27b —

5-Hydroxymethylfurfural 67-47-0 — — 21.97 ± 0.49a — 17.49 ± 0.35b

(E,E)-2,4-Decadienal 25152-84-5 — — 8.50 ± 2.05a — —

Esters

Butyrolactone 96-48-0 7.40 ± 1.60a — — 2.44 ± 0.07b 4.05 ± 1.56b

2-Hydroxypropane-1,3-diyl 

distearate

504-40-5 8.99 ± 2.17a — 5.23 ± 1.07ab 3.28 ± 0.09bc 7.58 ± 2.60a

(2S)-3-Hydroxypropane-1,2-

diyl dihexadecanoate

761-35-3 — 4.23 ± 0.23a — — —

Methyl 2-furoate 611-13-2 — — 13.51 ± 0.20a — 6.55 ± 2.58b

(Continued)
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TABLE 2 (Continued)

Volatile compounds CAS number Relative content (μg/mL)

Control 1% QP 2% QP 1% QPH 2% QPH

Triacetin 102-76-1 — — 10.41 ± 0.28a — —

Delta-dodecalactone 713-95-1 — 2.64 ± 0.25b 7.23 ± 1.77a 3.02 ± 1.10b 9.99 ± 2.20a

Isopropyl myristate 110-27-0 — — 2.53 ± 0.10a — —

Isoamyl nitrite 110-46-3 — — 37.37 ± 0.38a — —

Capryl acetate 112-14-1 — — — 2.11 ± 0.06a —

Bis(2-ethylhexyl) (2E)-but-2-

enedioate

141-02-6 — — — 7.41 ± 0.41a —

Dodecan-1-yl acetate 112-66-3 — — — — 8.09 ± 0.22a

Adipic acid divinyl ester 4074-90-2 — — — — 1.91 ± 0.02a

Ethyl pipecolinate 15862-72-3 — — — — 2.82 ± 0.12a

Allyl caprate 57856-81-2 — — — — 4.19 ± 0.11a

(±)-5-Decanolide 705-86-2 — 7.54 ± 1.29b 16.33 ± 2.23a 8.75 ± 2.56b 21.24 ± 3.17a

Ketones

1-Hydroxy-2-propanone 116-09-6 25.89 ± 1.19b — 7.91 ± 0.12d 10.82 ± 0.25c 55.65 ± 2.05a

2(5H)-Furanone 497-23-4 13.84 ± 1.51b — 4.40 ± 0.54c 5.98 ± 0.19c 34.69 ± 1.44a

1,3-Cyclopentanedione 3859-41-4 15.96 ± 1.43b — 5.54 ± 0.26c 7.53 ± 0.13c 39.43 ± 1.19a

2-Nonanone 821-55-6 43.83 ± 0.45c 29.55 ± 3.05d 51.42 ± 1.52b 41.79 ± 1.13c 242.37 ± 4.26a

2,3-Dihydro-3,5-dihydroxy-6-

methyl-4-pyrone

28564-83-2 19.69 ± 2.74c — 36.64 ± 0.28b 8.4 ± 0.32d 152.52 ± 2.84a

6,10-Dimethyl-5,9-undecadien-

2-one

689-67-8 6.67 ± 0.19a — 4.89 ± 0.09b — —

2-Heptanone 110-43-0 75.51 ± 0.96b 50.98 ± 5.15d 64.88 ± 1.28c 50.43 ± 6.19d 138.83 ± 1.45a

Acetoin 513-86-0 — — 15.63 ± 1.29b — 27.65 ± 0.81a

1-(1,3-dioxolan-2-yl)-2-

Propanone

767-04-4 — — 9.38 ± 0.29a — —

2-Undecanone 112-12-9 10.81 ± 1.23c 9.24 ± 1.24c 18.80 ± 1.12a 14.62 ± 0.50b 20.48 ± 1.40a

2-Hydroxy-3-methyl-2-

cyclopenten-1-one

80-71-7 — — — 2.39 ± 0.28a —

2-Dodecanone 6175-49-1 — — — 4.06 ± 0.67a —

2,4-Dihydroxy-2,5-dimethyl-

3(2H)-furan-3-one

10230-62-3 — — — — 46.66 ± 1.97a

1,4-Cyclohexanedione 637-88-7 — — — — 6.31 ± 0.35a

2-Hydroxy-3,5,5-trimethyl-

cyclohex-2-enone

4883-60-7 — — — — 6.26 ± 2.16a

6-Amino-2-methyl-5-nitroso-

4(1H)-pyrimidinone

2209-72-5 — — — — 6.41 ± 2.58a

1-Methyl-2-pyrrolidinone 872-50-4 — — — — 8.07 ± 0.52a

1-(3-Thienyl)-ethanone 1468-83-3 — — — — 11.85 ± 0.68a

Dihydro-4-hydroxy-2(3H)-

furanone

5469-16-9 — — — — 87.71 ± 0.60a

2-Tetradecanone 2345-27-9 — — — — 5.81 ± 0.14a

5-Dodecyldihydro-2(3H)-

furanone

730-46-1 — — — — 5.04 ± 0.57a

Phenols

Maltol 118-71-8 26.31 ± 3.44b 4.53 ± 0.27c 22.29 ± 4.86b 10.81 ± 0.35c 146.39 ± 1.11a

(Continued)
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substance in yogurt that give yogurt the desirable flavor (Chen et al., 
2017). Acetoin provides a creamy butter flavor in yogurt (Huang et al., 
2020) and was detected in yogurt supplemented with 2% QPs and 2% 
QPHs, with the acetoin content in the 2% QPH group showing the 
highest acetoin content (27.65 ± 0.81 μg/mL) among all samples. In 
addition, the content of 2-nonanone, which contributes to the floral, 
fruity, and peach flavor of dairy products (Cheng, 2010), in the 2% 
QPH-supplemented yogurt was 242.37 ± 4.26 μg/mL, which was 5.53-, 
8.20-, 4.71-, and 5.80-fold greater than those in the control, 1% 
QP-supplemented, 2% QP-supplemented, and 1% QPH-supplemented 
yogurts, respectively (Table 2), which is the main reasons for the high 
sensory score of the 2% QPH yogurt. Studies have shown that the odor 
of 2-heptanone in dairy products is musty, sweet, moldy, and similar 
to varnish (Dan et al., 2022), and the 2-heptanone contents in the 
QP-supplemented and 1% QPH-supplemented yogurts were 
significantly decreased. However, the 2-heptanone content was 
significantly increased in the 2% QPH-supplemented yogurt. In 
addition, the yogurts supplemented with 2% QPs and 2% QPHs 
showed significant increases in 2-undecanone compared to the control 
group yogurt (Table 2), indicating that the yogurts had a waxy and 
fruity flavor (Sfakianakis and Tzia, 2017). In addition, maltol was 
detected in all the samples, and the 2% QPH-supplemented yogurt 
had the highest maltol content, which imparted a caramel flavor to 
the yogurt.

3.8 QPH classification

The above results revealed that QPHs significantly promoted 
L. plantarum growth and fermentation, improved antioxidant 
properties and flavor of the L. plantarum fermented yogurt. Previous 
studies have indicated that the higher the antioxidant activity of 

protein hydrolysates is, the greater their ability to promote the 
fermentation of probiotics (Noor et al., 2022; Meng et al., 2022b). 
Therefore, using antioxidant performance as an indicator, this study 
further separated and analyzed the composition of QPHs. After 
ultrafiltration, QPHs were divided into four components with different 
molecular weights: QPH-I (<1 kDa), QPH-II (1–10 kDa), QPH-III 
(10–300 kDa), and QPH-IV (>300 kDa). QPH-I, QPH-II, and 
QPH-IV had the highest ABTS radical-scavenging abilities at 
97.08 ± 1.18, 98.65 ± 0.58, 98.48 ± 0.98%, respectively, but QPH-II 
showed the highest DPPH radical-scavenging ability at 68.49% ± 2.36% 
(Figure 4A). Some studies have shown that the antioxidant activity of 
peptides is related to their molecular weight, and low-molecular-
weight peptides may have greater antioxidant activity (Wen et al., 
2019; Ren et al., 2023). Therefore, the ultrafiltration fraction of the 
QPH-II group was selected for further separation and purification.

After isolation and purification by gel chromatography, 5 
subcomponents were obtained, which were named QPH-II-1 to 
QPH-II-5. As shown in Figure 4B, the peak of the QPH-II-2 fraction 
is the highest, and the span of the peak is the narrowest, indicating 
that QPH-II-2 has the highest component content and the most 
concentrated molecular weight. The ABTS radical-scavenging ability 
significantly decreased after gel chromatography separation, but in the 
QPH-II-2 fraction, the DPPH radical-scavenging ability significantly 
increased (Figure 4C); therefore, this fraction was selected for LC–
MS/MS analysis.

3.9 Identification of QPH-II-2 fractions

The QPH-II-2 fractions were identified by LC-MS/MS. A total of 
1,538 peptides with molecular weights ranging from 698.354 to 
3681.886 were detected (Supplementary Table S1). The peptides were 

TABLE 2 (Continued)

Volatile compounds CAS number Relative content (μg/mL)

Control 1% QP 2% QP 1% QPH 2% QPH

Hydrocarbons

Beta-Myrcene 123-35-3 — 23.83 ± 0.19b 47.20 ± 3.96a — —

o-Cymene 527-84-4 — 4.72 ± 1.82b 14.76 ± 2.53a — —

D-Limonene 5989-27-5 — 168.40 ± 5.16b 554.39 ± 11.66a — —

Gamma-Terpinene 99-85-4 — 19.63 ± 1.08b 67.20 ± 1.32a — —

1-Methyl-4-(1-

methylethylidene)-cyclohexene

586-62-9 — 5.42 ± 0.15b 17.06 ± 2.00a — —

(E)-β-ocimene 3779-61-1 — - 32.88 ± 0.37a — —

(Z)-β-ocimene 3338-55-4 — 4.71 ± 0.22b 19.92 ± 1.50a — —

1-Eicosene 3452-07-1 5.30 ± 0.09a — — 2.49 ± 0.28b 3.36 ± 1.04b

Decane 124-18-5 31.42 ± 0.77a — 30.27 ± 0.37a 6.31 ± 0.88c 28.33 ± 0.48b

Dodecane 112-40-3 40.81 ± 2.11a 13.13 ± 0.93d 35.95 ± 2.71ab 18.63 ± 2.15c 34.10 ± 2.43b

Tetradecane 629-59-4 21.50 ± 2.45a 8.98 ± 1.48c 25.73 ± 2.21a 15.50 ± 0.87b 9.60 ± 2.88c

Hexadecane 544-76-3 — 2.00 ± 0.10a — — —

Heptadecane 629-78-7 — 2.20 ± 0.07b — 4.32 ± 0.21a —

“—” means not detected. The data are reported as the mean value ± standard deviation of three replicates. Values followed by a different letter in the same row are significantly different 
(p < 0.05).
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selected based on the abundance of MS/MS spectra of the peptides, 
peptide confidence, peptide mass deviation from theoretical values, 
and specific amino acid content using Eq. 2. Antioxidant peptides 
have been reported to usually be small molecules containing 3–30 
amino acids (Tyagi et al., 2023), and the amino acid compositions of 
peptides can affect their antioxidant properties. In particular, peptides 
containing hydrophobic amino acids or aromatic amino acids may 
have greater antioxidant properties, and a high proportion of 
hydrophobic amino acids may have a positive effect on their 
antioxidant activity (Guan et al., 2018; Liu et al., 2023). As shown in 
Supplementary Table S1, almost all peptides contained hydrophobic 
amino acids (Tyr, Phe, Val, Leu, Ile, Ala, Pro, and Met), and the 
proportion of hydrophobic amino acids in single peptides was greater 
than 50% among the 647 peptides. Hydrophobic amino acid sequences 
may be able to prevent oxidation by making protons available to free 
radicals (Najafian and Babji, 2018). In addition to amino acid 
composition, the N-terminal and C-terminal sequence properties of 
peptide sequences, especially those containing hydrophobic amino 
acid residues, are related to antioxidant peptide activity (Zhang J. et al., 
2020; Zhang S. S. et al., 2020). In this study, 60.79% of the peptides 
contained hydrophobic amino acids at the N-terminus or the 

C-terminus (Supplementary Table S1), which may increase the 
antioxidant activity of the peptides. However, this study also has 
limitations; that is, too many peptides were present in the QPH-II-2 
fraction. To further study the antioxidant and fermentation-promoting 
properties of the peptides, further separation, such as reversed-phase 
HPLC, of the QPH-II-2 fraction is necessary.

4 Conclusion

In this study, the effect of quinoa protein hydrolysates (QPHs) on 
the quality of yogurt fermented by Lactobacillus plantarum was 
evaluated. The addition of QPHs could significantly promote bacterial 
growth and the production of organic acids such as lactic acid and 
citric acid. Subsequently, coagulation was promoted, and the water-
holding capacity and viscosity of the yogurt were thus improved, 
which were approximately 6- and 150-fold of the control group. QPH 
addition also increased the antioxidant capacity, but the DPPH 
radical-scavenging ability of the 1% QPH-supplemented yogurt was 
slightly greater than that of the 2% QPH-supplemented yogurt. Both 
the types and quantities of volatile flavor compounds in 

FIGURE 4

Antioxidant activities of the QPH fractions. (A) The DPPH and ABTS radical-scavenging abilities of the QPH ultrafiltration fractions, (B) Sephadex G-25 
gel filtration chromatography for the QPH-II fraction, and (C) the DPPH and ABTS radical-scavenging abilities of the QPH components separated by 
gel chromatography. The data are reported as the means ± standard deviations of three replicates. The different letters above the bars indicate 
significant differences (p  <  0.05).
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QPH-supplemented yogurt were increased from 28 in the control 
group to 37 and 52  in 1% QPH-supplemented and 2% 
QPH-supplemented group, respectively, and the levels of some aroma 
components, such as nonanoic acid and maltol, were significantly 
increased, but the levels of some undesirable volatiles in yogurt, such 
as decanal, were decreased. In addition, there were 1,538 peptides 
were identified in QPHs, and further analysis indicated that almost all 
peptides contained hydrophobic amino acids, and 60.79% of the 
peptides contained hydrophobic amino acids at the N-terminus or the 
C-terminus, which is a possible reason why QPHs have strong 
antioxidant properties.
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