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Abstract: In this study, Limosilactobacillus fermentum PTCC 1638 and Lacticaseibacillus rhamnosus PTCC
1637 were used alone and in combination to ferment quinoa seeds, and the effect of fermentation
(37 ◦C; 24 h) on the pH, total phenols, tocopherols, vitamin C, antioxidant activity, and enzymes
inhibition (α-amylase and α-glucosidase; antidiabetic effect) was investigated. The results showed
that with the increase in the fermentation time, the bacterial population, total phenols, antioxidant
activity, and enzymes inhibition increased, which showed the greatest increase for the co-culture of
L. rhamnosus and L. fermentum compared to the pure culture of each strain. Due to the increase in the
fermentation time, the tocopherol isomers (α, β, γ, and δ), vitamin C, and pH decreased, and the
largest decrease was related to the co-culture of the strains, followed by L. rhamnosus and L. fermentum.
The results of this study showed that the co-culture and pure culture of bacteria can have different
effects on the physicochemical properties and bioactive compounds of quinoa seeds.
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1. Introduction

Today, the increasing consumer awareness of healthy diets and changing eating habits
due to the fact of urbanization has led to the creation of large food markets for the produc-
tion of new functional foods with a beneficial effect on health [1,2]. In this regard, there
has been a great interest in using pseudocereals such as quinoa to formulate new foods.
Quinoa is a grain-like food crop that belongs to the family Amaranthaceae. The botanical
name of this seed is Chenopodium quinoa Willd., although it is also known as Inca rice or
vegetable caviar [3]. Currently, quinoa seed is grown in Peru, Bolivia, Chile, Argentina,
and Colombia. However, efforts are being made to introduce this valuable seed to Africa,
North America, Europe, and Asia [4]. Due to the fact of its high nutritional value, it is
called “the mother of all edible grains”. Quinoa is a good source of vitamins (C, E, B6, B2,
and B1), minerals (calcium, iron, phosphorus, zinc, etc.), dietary fibers, essential fatty acids
(Omega-3-6-9), proteins, and other nutritious compounds [5]. It has recently been reported
that the consumption of one serving of this seed (approximately 40 g) meets a notable
portion of the recommended daily allowance (RDA) for minerals, essential amino acids,
mainly vitamins, and essential nutrients [6]. The various biological properties of quinoa
seed have been reported, including antioxidant, antiviral, antifungal, anti-inflammatory,
anticancer, hypoglycemic, hypocholesterolemic, diuretic, and antithrombotic activities [6,7].
In addition, this crop is naturally gluten-free and has recently been suggested as an alter-
native to common grains (e.g., barley and wheat) for people with celiac disease. Celiac
disease, which is also called gluten-sensitive enteropathy or celiac sprue, is known as a
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gluten intolerance disease and is one of the inherited immunodeficiency disorders. Peo-
ple who are allergic to gluten in food are prohibited from consuming gluten-containing
products and face a major problem in choosing food [3].

The fermentation process is considered one of the most effective methods to enhance
the functional and nutritional properties of food products [8]. Typically, the fermentation
process improves nutritional quality, increases bioactive compounds, increases antioxidant
activity, and changes chemical compounds. The fermentation process improves the nu-
trient content of foods through the biosynthesis of vitamins, amino acids, and essential
proteins and increases the bioavailability of micronutrients by destroying antinutritional
factors [9]. The health-promoting impacts of lactic acid bacteria (LAB) have attracted the
attention of various researchers in the food and pharmaceutical industries [10]. LAB are
considered fastidious microorganisms, since they need nucleic acid bases, free amino acids,
and vitamins to grow. In addition, these bacteria have special proteolytic systems that allow
the transport of peptides and further degradations by different intracellular peptidases [11].
The fermentation of grains by LAB can lead to an increase in the release of organic acids
as well as the production of amino acids and small peptides [12]. The peptides produced
during the fermentation process can have properties, including antioxidant, antimicrobial,
and antihypertensive properties [5]. The health promotions of quinoa seed as a result of fer-
mentation by fermenting microorganisms (e.g., Bifidobacterium species, Rhizopus oligosporus,
Lactobacillus rossiae, and Lactiplantibacillus plantarum) have been indicated [4,13–15]. Among
these studies, quinoa seed fermentation has mostly been performed with pure culture, and
there is little information about the use of mixed cultures for quinoa fermentation and its
health-promoting attributes. In this sense, the aim of the present study was to investigate the
impact of fermentation by the mixed cultures of two Lactobacillus species (L. fermentum and
L. rhamnosus) on the total phenols, tocopherols, antioxidant, α-glucosidase, and α-amylase
inhibitions activities of quinoa seed.

2. Materials and Methods
2.1. Preparation of the Strain

Limosilactobacillus fermentum PTCC 1638 and Lacticaseibacillus rhamnosus PTCC 1637
were bought from Iranian Research Organization for Science and Technology, Tehran, Iran.
The strains were reactivated in the MRS broth (Oxoid, UK) at 37 ◦C for 20–22 h, and the
cell pellets were harvested using centrifugation (Hettich, Germany) at 3500× g for 15 min
at 4 ◦C.

2.2. Fermentation Process

Quinoa seeds (maturity stage) were purchased from a shop in Shiraz, Fars province,
Iran. After cleaning, the seeds were milled and then sieved (0.5 mm). A mixture of quinoa
flour and sterile distilled water (1/5 (w/v)) was poured into 250 mL Erlenmeyer flasks and
then autoclaved (121 ◦C; 15 min). After cooling to 37 ◦C, L. fermentum and L. rhamnosus
were added to the samples in pure or mixed form (L. fermentum + L. rhamnosus), and the
fermentation process was allowed to take place for 24 h at 37 ◦C. The inoculums were
~5.2–5.4 log CFU/mL for the pure and mixed fermentation. At the defined times during the
fermentation process, the pH and microbial cells enumeration of the flour suspension were
determined, and to measure the other parameters, approximately 100 mL of the suspension
was dried at 55 ◦C and stored in plastic bags in a desiccator at 4 ◦C until the experiments.

2.3. Microbial Cells Enumeration

MRS agar (Oxoid, UK) was utilized to count the viable cells and peptone water
(HiMedia, India) was applied to obtain the appropriate dilutions. The colonies were
counted after incubation of the plates at 37 ◦C for 72 h.

2.4. pH Determination

The pH of the samples was measured with a pH meter (EZDO, Taiwan) [16].
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2.5. Preparation of the Extracts

The fermented quinoa flour samples (3 g) were mixed with 30 mL of 80% ethanol and
then shaken for 25 min at 200 rpm using a shaker (Jeiotech, Korea). After, centrifugations
(4500× g; 20 min) were performed, and the supernatants were collected. This process was
repeated again. Finally, all supernatants were filtered through a 0.22 µm PVDF filter and
kept at −18 ◦C for further analysis.

2.6. Total Phenolic Content

For the determination of the total phenolics of the extract, 0.5 mL of the extract was
added to 2.5 mL of Folin–Ciocalteu reagent (10%). After 4 min, 2 mL of Na2CO3 (7.5% w/v)
was mixed with the mixture and subsequently placed in the dark for 60 min. As a final
point, the absorbance was determined at 765 nm. The results are expressed as the gallic
acid equivalent (GAE) per 100 g on a dry weight basis (dw) [16].

2.7. HPLC Analysis of the Tocopherols

The content of tocopherols in the samples was measured with a high-performance
liquid chromatography (HPLC) (Waters, Alliance system, USA) with a Spherisorb column
(250 mm; 4 mm i.d., Waters, USA) packed with silica and a fluorescence detector operating
at λexc = 292 nm and λem = 330 nm. Hexane–isopropanol (98.5:0.5, v/v) was utilized as the
mobile phase, with a flow rate of 1 mL/min [17].

2.8. HPLC Analysis of Vitamin C

The vitamin C of the flour extract was determined using an HPLC (Knauer, Azura,
Germany) with a C18 column (15 cm × 4.6 mm, pore size 5 µm). The mobile phase was
aqueous metaphosphoric acid (0.8%, v/v), with a flow rate of 1 mL/min. The detection of
L-ascorbic acid was performed at λ = 245 nm [18].

2.9. DPPH Radical Scavenging Activity

The DPPH solution (0.1 mmol/L) was obtained by means of methanol, and 200 µL of
the solution was mixed with 100 µL of the sample. Afterward, the mixture was incubated
at 37 ◦C for 30 min, and the absorbance was read at 517 nm [19].

2.10. α-Amylase Inhibition

The flour extract (50 µL) was mixed with α-amylase (50 µL) and kept at an ambient
temperature for 10 min. After, the soluble starch solution (50 µL; 1%) was added and
after keeping at room temperature for 10 min, 100 µL dinitrosalicylic acid color reagent
was added to the mixture. After dilution with distilled water, the absorbance was read at
540 nm [20].

2.11. α-Glucosidase Inhibition

The flour extract sample (50 µL) was mixed with α-glucosidase (1 U/mL; 100 µL) and
kept at 37 ◦C for 10 min. Afterward, 50 µL p-nitrophenyl-α-glucopyranoside (5 mmol/L)
was added and kept at 37 ◦C for 5 min. Finally, the absorbance was measured at 405 nm [21].

2.12. Statistical Analysis

The results were carried out in triplicate, and the data are presented as the mean ± SD.
Analysis of variance (ANOVA) and comparison of treatments means (Duncan post hoc test,
p < 0.05) were carried out using the SPSS package program (v. 20.0).

3. Results and Discussion
3.1. Microbial Growth Analysis and pH

The alterations in the viable cell counts and pH of the quinoa seeds over 24 h of
fermentation at 37 ◦C are presented in Figure 1. According to Figure 1A, the numbers of
bacteria significantly increased (p < 0.05) in all treatments with the elapse of the fermentation
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time. Among the treatment groups, the microbial population in the co-culture group was
significantly higher (p < 0.05) than that of the monoculture groups. In addition, the data
showed that the growth of L. fermentum was greater than L. rhamnosus. After 24 h of
fermentation, the initial number of cells (5.2–5.4 log CFU/mL) increased to 7.7 log CFU/mL
in the L. rhamnosus pure culture, 8.1 log CFU/mL in the L. fermentum pure culture, and
8.9 log CFU/mL in the binary co-culture of L. fermentum and L. rhamnosus. The achieved
data revealed that the mixed co-culture stimulated the growth of Lactobacillus species.
These results concur with our previous study [10] in which mixed cultures indicated higher
viable cells compared to single cultures of the L. plantarum strains. It has been observed
that in mixed cultures, metabolic interactions can stimulate microbial growth in which a
compound produced by one organism may later be metabolized by another. Moreover, the
production of specific compounds such as vitamins by other organisms may cause growth
stimulation [22]. It has been shown that Leuconostoc strains metabolize and diminish the
acetaldehyde secreted by strains of Lactococcus [23]. In contrast, growth inhibition may
occur in mixed cultures due to the fact of competition for nutrients [24].

According to Figure 1B, the pH values notably (p < 0.05) decreased in all fermented
seed groups over 24 h of fermentation. In addition, the mixed culture resulted in a greater
decrease in the pH value compared to the monoculture groups. These findings are consis-
tent with the results shown in Figure 1A regarding the growth enhancement. The decrease
in the pH of the fermented quinoa was probably due to the production of organic acids from
the fermentation of carbohydrates by Lactobacillus strains [13]. Along this line, Akpinar-
Bayizit et al. [25] reported that one of the most important reasons for pH reductions during
the fermentation process is the activity of bacteria and the production of acids (especially
lactic acid). Similarly, lower pH values have been reported in mixed cultures of yeast and
L. reuteri compared to a pure culture of L. reuteri during the fermentation of cereals [22].

3.2. Bioactive Compounds

The alterations of the bioactive compounds, including vitamin C, total phenols, and
tocopherols, in the quinoa samples over 24 h of fermentation are depicted in Figures 2–4.
As can be seen in Figure 2, the amount of total phenols in all of the fermented sam-
ples showed an increasing trend and reached its highest level after 24 h of fermentation.
The highest content of total phenols was observed in the co-culture group, followed by
the L. fermentum pure culture and L. rhamnosus pure culture groups. The initial amount
of total phenols (56.3 mg/100 g dw) increased to 81.9 mg/100 g dw in the binary mix-
ture, 77.3 mg/100 g dw in the L. fermentum monoculture, and 70.5 mg/100 g dw in the
L. rhamnosus monoculture at the end of the fermentation period. Phenolic compounds
are one of the most significant compounds in plants that are able to remove free radi-
cals; therefore, these compounds are of great interest due to the fact of their antioxidant
properties [26]. Cereals and pseudocereals are good sources of phenolic compounds, such
as derivatives of cinnamic and benzoic acids, quinines, chalcones, anthocyanidins, fla-
vanones, chalcones, amino phenolic compounds, and flavonols [27]. Studies have shown
that acidification throughout fermentation causes the hydrolysis of the glycosylated form of
phenolic compounds (bound phenolics) and the formation of free phenolics [26]. Moreover,
enzymes from fermenting microorganisms (including β-glucosidase, reductases, decar-
boxylases, hydrolases, and esterases) play a significant role in these complex reactions [28].
Rizzello et al. [15] demonstrated that esterases produced by Bifidobacteria species led to the
hydrolysis of the complex form of phenolic compounds, thereby increasing the amount of
free ones. It is also reported that Lactobacillus species synthesize some bioactive compounds
identified as phenolic compounds [29]. A similar increase in total phenols was reported in
wheat, rye, and barley during fermentation by L. rhamnosus [30].
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Figure 1. Impact of fermentation on the viable cell count (A) and pH (B) in quinoa seed fer-
mented by pure and binary mixed cultures of two Lactobacillus species. The error bars re-
veal the standard deviation of each measurement in quinoa seed over 24 h of fermentation.
L. rhamnosus: Lacticaseibacillus rhamnosus monoculture; L. fermentum: Limosilactobacillus fermentum
monoculture; L. rhamnosus + L. fermentum: binary co-cultures of L. rhamnosus and L. fermentum.
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Figure 2. Variations in the total phenols (mg/100 g dw) in quinoa seed fermented by pure and binary
mixed cultures of two Lactobacillus species. The error bars reveal the standard deviation of total
phenols in quinoa seed over 24 h of fermentation. L. rhamnosus: Lacticaseibacillus rhamnosus mono-
culture; L. fermentum: Limosilactobacillus fermentum monoculture; L. rhamnosus + L. fermentum: binary
co-cultures of L. rhamnosus and L. fermentum.

The impact of fermentation on the levels of tocopherol isomers in treated quinoa
seeds are shown in Figure 3. According to the data, fermentation caused a significant
decrease (p < 0.05) in the content of all tocopherol isomers with the elapse of the fermenta-
tion time. The highest and lowest retentions of tocopherols were observed in the mixed
culture (L. fermentum and L. rhamnosus) and the single culture of L. rhamnosus, respec-
tively. The unfermented quinoa grains contained 3.12, 0.14, 4.77, and 0.46 mg/100 g dw
of α-tocopherol, β-tocopherol, γ-tocopherol, and δ-tocopherol, respectively. After 24 h of
incubation, the amount of α-tocopherol, γ-tocopherol, and δ-tocopherol decreased to 0.65,
0.88, and 0.23 mg/100 g dw and 0.43, 0.73, and 0.16 mg/100 g dw in the mixed culture
fermentation and L. rhamnosus monoculture, respectively. In addition, β-tocopherol was
completely lost in all treatments at the end of the fermentation process. Researchers have
attributed tocopherol reduction during fermentation to the temperature of the incubation
and the presence of dissolved oxygen in the fermentation medium. The main reason for this
reduction is the oxidation process, since tocopherols are sensitive to dissolved oxygen as a
result of agitation in the incubation medium. Our findings are in good agreement with the
results of Hubert et al. [31], who indicated a decline in the tocopherol content of soybean
germ during fermentation by lactobacilli. They stated that the oxidation process takes place
in an oxygen-enriched medium in which substrates are exposed to heat or ultraviolet (UV)
light. Similar results were reported for a reduction in tocopherol isomers in Lupinus albus L.
var. Multolupa, quinoa, and chickpea seeds during fermentation [32–34].



Fermentation 2023, 9, 80 7 of 13
Fermentation 2023, 9, 80 7 of 14 
 

 

 

Figure 3. Changes in the levels of tocopherol isomers in quinoa seed fermented by pure and binary 

mixed cultures of two Lactobacillus species. The error bars reveal the standard deviation of each 

measurement in quinoa seed over 24 h of fermentation. The values with the same lowercase letters 

are not significantly different within the same fermentation hour (p > 0.05). Red column: Lacticaseiba-

cillus rhamnosus monoculture; blue column: Limosilactobacillus fermentum monoculture; green col-

umn: binary co-cultures of L. rhamnosus and L. fermentum. 

 

 

a

ab

b

a

b

b

a

a

a

0

0.5

1

1.5

2

2.5

3

3.5

0 12 24

α
-t

o
co

p
h
er

o
l 

(m
g
/1

0
0

 g
 d

w
)

Time (hours)

a

a

a

a

b

a

a

a

a

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0 12 24

β
-t

o
co

p
h
er

o
l 

(m
g
/1

0
0

 g
 d

w
)

Time (hours)

a

ab

ab

a

b

b

a

a

a

0

1

2

3

4

5

6

0 12 24

γ-
to

co
p

h
er

o
l 

(m
g
/1

0
0

 g
 d

w
)

Time (hours)

a

ab

ab

a

b

b

a

a

a

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 12 24

δ
-t

o
co

p
h
er

o
l 

(m
g
/1

0
0

 g
 d

w
)

Time (hours)

Figure 3. Changes in the levels of tocopherol isomers in quinoa seed fermented by pure and
binary mixed cultures of two Lactobacillus species. The error bars reveal the standard devia-
tion of each measurement in quinoa seed over 24 h of fermentation. The values with the same
lowercase letters are not significantly different within the same fermentation hour (p > 0.05).
Red column: Lacticaseibacillus rhamnosus monoculture; blue column: Limosilactobacillus fermentum
monoculture; green column: binary co-cultures of L. rhamnosus and L. fermentum.

The alterations in the vitamin C content of quinoa seeds during fermentation over
24 h were also investigated. With respect to Figure 4, the amount of vitamin C decreased
significantly (p < 0.05) throughout the fermentation time, and the greatest vitamin C loss
was observed in the pure culture of L. rhamnosus. The fermentation of the quinoa seeds
resulted in a 40.54%, 51.35%, and 35.14% loss of vitamin C in the L. fermentum monoculture,
L. rhamnosus monoculture, and binary co-culture treatments, respectively. Vitamin C is
an essential vitamin but a very unstable molecule, and it is easily decomposed by several
factors, including light, alkaline pH, high temperature, oxygen, heavy metals, UV rays, and
storage time [35]. The loss of vitamin C during fermentation has been attributed to factors
including the oxidation process and ascorbate oxidase enzyme produced by fermenting
microorganisms [36,37]. As a result of the oxidation process, ascorbic acid is converted
into dehydroascorbic acid, which then quickly decomposes into 2,3-diketogulonic acid,
with no vitamin C activity [38]. In addition, Urbienė and Mitkutė [39] demonstrated that
the increase in the number of LAB during fermentation did not have a notable impact on
the alterations of vitamin C and considered the oxidation process to be the main cause of
vitamin C loss throughout milk fermentation. It was also reported that pH strongly affected
the degradation of vitamin C, so that vitamin C was most stable at pH 3.5 and least stable
at pH 5.5 [38]. These achievements are consistent with the results of Sangija et al. [40],
who showed a substantial decrease in the vitamin C content of African nightshade during
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controlled and spontaneous fermentation by Leuconostoc mesenteroides and L. plantarum.
Similarly, different researchers detected vitamin C loss after the fermentation of lupini
beans, cowpea, and pigeon pea [34,41,42].
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Figure 4. Changes in the vitamin C (mg/100 g dw) content in quinoa seed fermented by pure
and binary mixed cultures of two Lactobacillus species. The error bars reveal the standard de-
viation of vitamin C in quinoa seed over 24 h of fermentation. The values with the same
lowercase letters are not significantly different within the same fermentation hour (p > 0.05).
Red column: Lacticaseibacillus rhamnosus monoculture; blue column: Limosilactobacillus fermentum
monoculture; green column: binary co-cultures of L. rhamnosus and L. fermentum.

3.3. DPPH Free Radical Scavenging Activity

The antioxidant activity of the fermented quinoa samples (based on DPPH free radical
scavenging) was evaluated, and the results are shown in Figure 5. The DPPH radical
scavenging activities of fermented seeds markedly increased (p < 0.05) as the fermentation
continued. The fermentation treatments carried out with the monoculture of L. fermentum,
the monoculture of L. rhamnosus, and a binary combination of the mentioned bacteria
increased the initial radical scavenging activity (41.2%) to 66.3%, 60.7%, and 72.4%, re-
spectively, after 24 h of incubation. According to the data, the scavenging impact of the
co-culture treatment was greater (p < 0.05) than the pure cultures. Several authors have re-
vealed that fermentation enhances the DPPH radical scavenging ability of okra seeds, white
cabbage, and legumes [37,43,44]. The bioactive components in fermented food products
play an important role in reducing the effect of reactive oxygen species (ROS), including
peroxyl (ROO•), hydroxyl (•OH), and superoxide (•O2

−, •OOH) radicals produced by cells
under oxidative stress [28]. The ROS substances are involved in various pathogenic and
physiological processes, such as apoptosis, cell proliferation, cell signaling transduction,
and other neurological disorders [13]. According to recent studies, protein-derived peptides
and phenolics have been shown to be bioactive compounds in pseudocereals and cereals
that have the ability to neutralize free radicals [27]. On the other hand, the increase in
antioxidant activity during fermentation may be due to the release of isoflavoneaglycones
through the catalytic action of β-glucosidase, as well as the intracellular antioxidants of
fermenting microorganisms [45]. Ayyash et al. [13] attributed the high antioxidant activity
in quinoa grains fermented by Bifidobacterium species to bioactive peptides and free amino
acids generated as a result of microbial protease activity. In addition, Watanabe et al. [46]
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identified peptides, free amino acids, and isoflavoneaglycones as responsible for the antiox-
idant capacities of fermented soybean (tempeh). Previous studies reported the amount of
lactic acid produced and the growth of fermenting microorganisms as the main factors in
the difference in the rate of free radical scavenging ability during the fermentation process.
In other words, the higher the amount of lactic acid produced and the higher the survival of
microorganisms, the greater the decomposition of the cell wall and, finally, more phenolic
compounds are released, thus increasing the antiradical activity [47]. Therefore, higher
microbial growth in the binary combination treatment led to a lower pH, more total phenols
and, finally, more antioxidant activity compared to single culture treatments. Moreover,
it has been found that the increment in antioxidant capacity may be affected by various
factors, including pH, microorganism species, solvent, temperature, fermentation time,
aerobic conditions, type of food, and water content [48].
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Figure 5. Changes in the antioxidant activity of quinoa seed fermented by pure and binary mixed
cultures of two Lactobacillus species. The error bars reveal the standard deviation of DPPH in
quinoa seed over 24 h of fermentation. L. rhamnosus: Lacticaseibacillus rhamnosus monoculture;
L. fermentum: Limosilactobacillus fermentum monoculture; L. rhamnosus + L. fermentum: binary co-
cultures of L. rhamnosus and L. fermentum.

3.4. Enzyme Inhibition Ability

The effect of fermentation on the inhibition rate of α-glucosidase and α-amylase in
quinoa seeds was investigated and shown in Figure 6. As can be seen, the fermentation had
a notable impact on the inhibition of α-glucosidase and α-amylase, where the inhibition
percentage of both enzymes increased (p < 0.05) over 24 h of fermentation. According to
Figure 6A,B, the highest and lowest inhibition rates of α-glucosidase and α-amylase were
observed in the binary co-culture and L. rhamnosus monoculture treatments, respectively.
The initial rate of α-glucosidase (29.4%) and α-amylase (37.4%) reached 50.7% and 53.7%
in the L. rhamnosus pure culture, 56.8% and 57.4% in the L. fermentum pure culture, and
62.3% and 63.3% in the binary co-culture of L. fermentum and L. rhamnosus, respectively, at
the end of the fermentation period. Inhibiting the activity of hydrolyzing enzymes, such
as α-glucosidase and α-amylase, is regarded as an effective strategy for managing and
controlling postprandial hyperglycemia in diabetic patients by decreasing the hydrolysis
rate of dietary polysaccharides [49,50]. Recently, researchers have indicated that some pho-
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tochemical substances, such as polyphenols, terpenes, and flavonoids, possess inhibitory
activity against digestive enzymes [51]. There is limited information on the impact of grain
fermentation on the inhibition of α-glucosidase and α-amylase. Ayyash et al. [13] reported
an increased α-glucosidase inhibition rate in fermented grains, including wheat, quinoa,
and lupin, while they observed increased α-amylase inhibitory activity only in fermented
lupin. They attributed the inhibition of the mentioned enzymes to bioactive peptides,
especially small peptides, which are produced by endogenous proteolytic enzymes secreted
by Bifidobacterium species. Zhang et al. [20] stated that the increase in total phenols and the
biotransformation of active substances by LAB were the main reasons for the inhibition of
digestive enzymes in fermented blueberry juice. In addition, the antihyperglycemic impact
of fermented bitter melon juice has been attributed to aglycones and other phytochemical
compounds [52].
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Figure 6. α-Glucosidase (A) and α-amylase (B) inhibitions of quinoa seed fermented by pure and binary
mixed cultures of two Lactobacillus species. The error bars reveal the standard deviation of each measure-
ment in quinoa seed over 24 h of fermentation. L. rhamnosus: Lacticaseibacillus rhamnosus monoculture;
L. fermentum: Limosilactobacillus fermentum monoculture; L. rhamnosus + L. fermentum: binary co-cultures
of L. rhamnosus and L. fermentum.
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4. Conclusions

In this study, the effect of pure and mixed L. rhamnosus and L. fermentum fermentation
on the physicochemical properties and bioactive compounds of quinoa seeds was inves-
tigated. By increasing the fermentation time, mixed strains compared to pure cultures
increased the enzyme inhibition, phenolic compounds, and antioxidant activity. However,
vitamin C and tocopherols decreased with the increasing fermentation time, especially in
the samples that were fermented with the mixed strains. Based on the results of this study,
pure cultures and mixed cultures can have different behaviors in terms of the effect on
bioactive compounds during the fermentation process. As a result, the use of pure or mixed
cultures can be chosen based on the purpose of the fermentation process. In future research,
other factors affecting fermentation, such as temperature and aeration, can be investigated.
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39. Urbienė, S.-A.; Mitkutė, D. Changes of Vitamin C during Milk Fermentation. Milchwissenschaft 2007, 62, 130–132.
40. Sangija, F.; Martin, H.; Matemu, A. Effect of Lactic Acid Fermentation on the Nutritional Quality and Consumer Acceptability of

African Nightshade. Food Sci. Nutr. 2022, 10, 3128–3142. [CrossRef]
41. Torres, A.; Frías, J.; Granito, M.; Vidal-Valverde, C. Fermented Pigeon Pea (Cajanus cajan) Ingredients in Pasta Products. J. Agric.

Food Chem. 2006, 54, 6685–6691. [CrossRef]
42. Doblado, R.; Frias, J.; Muñoz, R.; Vidal-Valverde, C. Fermentation of Vigna sinensis Var. Carilla Flours by Natural Microflora and

Lactobacillus Species. J. Food Prot. 2003, 66, 2313–2320. [CrossRef] [PubMed]

http://doi.org/10.1016/j.fm.2015.11.018
http://www.ncbi.nlm.nih.gov/pubmed/26919812
http://doi.org/10.3390/molecules24010051
http://doi.org/10.1016/j.indcrop.2015.03.023
http://doi.org/10.1016/j.lwt.2019.05.060
http://doi.org/10.1016/j.lwt.2014.11.013
http://doi.org/10.1016/j.lwt.2020.110590
http://doi.org/10.1039/C8FO00081F
http://www.ncbi.nlm.nih.gov/pubmed/29961787
http://doi.org/10.1016/j.procbio.2006.07.011
http://doi.org/10.1016/j.ijfoodmicro.2019.108471
http://www.ncbi.nlm.nih.gov/pubmed/31841786
http://doi.org/10.1080/10942911003604194
http://doi.org/10.3390/fermentation7010020
http://doi.org/10.1016/j.foodchem.2015.09.021
http://doi.org/10.1016/S0168-1605(02)00187-3
http://doi.org/10.1016/j.foodchem.2009.07.049
http://doi.org/10.1016/j.foodchem.2007.12.081
http://doi.org/10.1007/s11130-016-0567-0
http://www.ncbi.nlm.nih.gov/pubmed/27368410
http://doi.org/10.1016/j.lwt.2008.10.013
http://doi.org/10.1016/j.foodchem.2004.06.049
http://doi.org/10.1016/S0925-5214(00)00133-2
http://doi.org/10.1016/j.foodchem.2016.10.012
http://doi.org/10.1002/fsn3.2912
http://doi.org/10.1021/jf0606095
http://doi.org/10.4315/0362-028X-66.12.2313
http://www.ncbi.nlm.nih.gov/pubmed/14672230


Fermentation 2023, 9, 80 13 of 13
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