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Objective: γ-aminobutyric acid (GABA) is a neurotransmitter inhibitor that has 
beneficial effects on various health conditions such as hypertension, cognitive 
dysfunction, and anxiety. In this study, we investigated a novel yogurt naturally 
enriched with GABA using a Levilactobacillus brevis strain isolated in our 
laboratory; the specific optimum yogurt production conditions for this strain 
were determined.

Methods: We isolated an L. brevis strain and used it to produce yogurt naturally 
enriched with GABA. We  explored the optimal conditions to enhance GABA 
yield, including fermentation temperature, inoculation amount, L-monosodium 
glutamate (L-MSG) concentration, fermentation time, and sucrose content. 
We also performed mixed fermentation with Streptococcus thermophilus and 
evaluated the quality of the yogurt.

Results: Following optimization (43°C, 8% inoculation amount, 1.5  g/L  L-MSG, 
and 8% sucrose for 40  h of fermentation), the GABA yield of the yogurt increased 
by 2.2 times, reaching 75.3  mg/100  g. Mixed fermentation with S. thermophilus 
demonstrated favorable results, achieving a GABA yield akin to that found in 
some commercially available functional foods. Moreover, the viable microbe 
count in the GABA-enriched yogurt exceeded 1  ×  108  cfu/mL, which is higher 
than that of commercial standards. The yogurt also exhibited a suitable water-
holding capacity, viscosity, 3-week storage time, and favorable sensory test 
results.

Conclusion: This study highlights the potential of naturally enriched GABA 
yogurt as a competitive commercial yogurt with beneficial health effects.
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1 Introduction

Health has become an increased focus in many people’s lives because of the COVID-19 
pandemic. Studies have reported that severe or fatal outcomes among patients with 
hypertension risk have increased since 2020 (1–4). Furthermore, the WHO reports an increase 
in the proportion of relational “sub-health” symptoms with potential lifestyle changes after the 
pandemic, including sleep problems, cognitive dysfunction, fatigue, low immunity, and obesity 
(5–7). Notably, many of the reported symptoms are related to diet.
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In a concerted action, European Union experts described 
functional foods as those that have been demonstrated to beneficially 
affect one or more target functions in the body, relevant to either an 
improved state of health and well-being and/or a reduction of risk of 
disease (8). Functional foods could potentially offer a solution to 
improve above symptoms. Yogurt, a traditional food with reported 
health benefits, has been included in nearly every national dietary 
guideline (9–12). Yogurt is easily digestible and particularly suitable 
for lactose intolerant individuals as it is rich in amino acids, and its 
lactose is converted to lactic acid. Yogurt also contains diverse 
peptides related to glucose regulation, lipid storage, and obesity 
treatment (13, 14), as well as abundant whey proteins characterized by 
the highest antioxidant potential among all proteins within food 
products (15). Notably, some microbes found in fermented dairy 
foods survive digestion in the gastrointestinal tract and help maintain 
microbial balance (16–18). In addition to the microbes, the active 
substances produced during fermentation, especially those from 
microbes naturally existing in the human body, can be beneficial and 
help to maintain physiological activities. Yogurt functions are 
differentiated by various active substances. Functional yogurts with 
plant-sourced components from rice, pepper, and papaya reportedly 
have a low glycemic index, low fat content, and metabolism-related 
benefits (19–21). Meanwhile, yogurt fermented from unconventional 
media, such as goat milk, can provide functional flavor substances 
(22). Benefits related to intestinal barrier dysfunction, osteoporosis, 
and hyperglycemia have also been reported for yogurt containing 
different active substances (23, 24). Although functional yogurt 
studies have been performed for various molecules, active amino acids 
represent the most absorbable functional substances for the 
human body.

γ-aminobutyric acid (GABA) is a non-protein amino acid and a 
major neurotransmitter involved in rapid inhibitory synaptic 
transmissions that naturally occur in the central nervous system of 
mammalian brains (25–28). Inadequate levels of GABA lead to 
primary insomnia and potential depressive disorders (29, 30), and 
consequently, GABA intake could help improve sleep quality (31, 32). 
In addition, GABA is associated with motor learning behavior and 
learning-related activities in the human brain and is utilized for 
neuromodulation cascading improvement treatment in individuals 
(33, 34). Furthermore, GABA is recognized as a beneficial food for 
blood pressure control, immunity improvement, and weight loss (35–
37). Therefore, yogurt rich in GABA could be  an ideal and safe 
treatment method for sub-health.

Although GABA can be  chemically synthesized, during the 
associated processes, it becomes mixed with isomers and by-products, 
which are costly to thoroughly purify and unsafe as an ingredient for 
food-grade products. Moreover, although GABA extracted from food, 
such as rice, beans, and tea, is safe, it is constrained by scale because 
the GABA content in each food is limited, and plants have long growth 
cycles (38–40). Both production methods face common challenges as 
the purification and homogeneity procedures from “GABA compound 
production” to “GABA yogurt” are issues that must be solved and 
require extra cost. The direct addition of GABA to milk can result in 
a large number of whey deposits and influence yogurt texture (41). 
Microorganisms, especially those separated from foods, could be used 
as safe and affordable ways to produce GABA. While GABA is 
produced by different lactic acid bacteria (LAB) (42–45), most studies 
on GABA microbial cultivation have focused on glucose yeast extract 

peptone medium or DeMan, Rogosa, and Sharpe medium (MRS) 
fermentation, and little attention has been paid to milk medium 
fermentation. Consequently, GABA fermentation directly by LAB in 
milk remains a promising method for achieving GABA-enriched 
yogurt, warranting further investigation.

In addition, the quantity of GABA and the quality of yogurt are 
affected by multiple factors. The fermentation medium is essential for 
yogurt quality (46–48), and fermentation temperature and time can 
influence GABA yield (49, 50). Other factors, such as the sources of 
LAB, can also impact the GABA output of yogurt (51). In the present 
study, we produced a GABA-enriched yogurt using a Levilactobacillus 
brevis strain isolated in our laboratory. We  then investigated and 
optimized multiple production factors while assessing the quality and 
physical properties of the yogurt. Consequently, we determined the 
optimum fermentation parameters for competitive GABA-enriched 
yogurt production.

2 Materials and methods

2.1 Materials

Milk powder was purchased from Nestlé Co., Ltd. (Beijing, 
China), and sucrose was purchased from Taikoo Sugar Co., Ltd. 
(Shanghai, China). MRS medium, M17 medium, L-monosodium 
glutamate (L-MSG), and agar were acquired from Sangon Biotech Co., 
Ltd. (Shanghai, China). Chromatography-grade methanol was 
acquired from Oceanpak Alexative Chemical Ltd., (Goteborg, 
Sweden). Sodium acetate and tetrahydrofuran were purchased from 
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). GABA-
producing L. brevis CGMCC 1306 was isolated from fresh milk in our 
laboratory. Streptococcus thermophilus ATCC 14485 was purchased 
from the Guangdong Microbiological Culture Collection Center.

2.2 Methods

L. brevis CGMCC 1306 was isolated from fresh milk in our 
laboratory and was found to produce GABA. The methods in this 
study is appropriate for strain culture and GABA determination. 
Yogurt making and quality evaluation methods are also included in 
this study.

2.2.1 Bacterial culture
L. brevis CGMCC 1306 strain was streaked on fresh MRS agar 

plates for single colony growth, transferred to MRS broth, and grown 
anaerobically at 37°C for 48 h. Streptococcus thermophilus ATCC 
14485 was transferred from commercial agar plates to M17 medium 
and grown anaerobically at 37°C for 48 h. Agar (1.8% w/v) was added 
to the corresponding medium if a solid medium was required.

2.2.2 Enumeration of viable cells in yogurt
The method used was based on national food safety standards 

with modifications (52). A 25 g yogurt sample was mixed with 225 mL 
of normal saline for dilution. Next, 10 mL of the mixture was added to 
90 mL of normal saline, and this step gradient was continued for 
normal dilution. The MRS agar plates were spread with 100 μL of the 
corresponding diluents and anaerobically grown at 37°C for 48 h. 
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Single colony numbers were then obtained, and the unit of viable 
count was described as cfu/mL.

2.2.3 Preparation of GABA-enriched yogurt and 
multiple factor evaluation

A 10% (w/v) milk powder, with 1.5 g/L L-MSG as a substrate, and 
8%(w/v) sucrose were dissolved in sterilized distilled water, 
homogenized and pasteurized in a water bath at 95°C for 15 min, and 
then cooled to 43°C. Subsequently, 8% (v/v) L. brevis CGMCC 1306 
was added to the milk mixture and incubated at 43°C for 40 h. 
Multiple factors were tested to optimize the GABA yield in the yogurt, 
and the yogurt was stored at 4°C for 3 weeks continuously to evaluate 
yogurt storage stability based on commercial yogurt shelf life and 
storage conditions in the market. The water holding capacity (WHC), 
viscosity, and GABA stability tests were then conducted. The designed 
factors were as follows: fermentation time was from 8 to 48 h; 
fermentation temperature was 31, 34, 37, 40, 43, and 46°C; L-MSG 
concentration was 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 g/L; sucrose content 
was 2, 4, 6, 8, and 10%; and the inoculation amount was 2, 4, 6, 8, and 
10%. Mixed fermentation was studied using a 0.25:1, 0.5:1, 1:1, 2:1, 
3:1, and 4:1 ratio between L. brevis CGMCC 1306 and S. thermophilus 
ATCC 14485.

2.2.4 Determination of GABA content
GABA concentration was determined using high-performance 

liquid chromatography (HPLC; LC-2030, SHIMADZU, Japan). The 
sample was pretreated before the HPLC test via centrifugation at 
8000 rpm for 3 min (Centrifuge 5,424, Eppendorf, Germany). The 
supernatant was mixed with 0.5 mol/L NaHCO3 and 8 g/L dansyl 
chloride–acetone solution and then reacted for 1 h at 30°C in the dark. 
The mixtures were filtered and measured with a chromatographic 
column (Hypersil ODS2 C18, Elite, China) using a gradient elution 
procedure with mobile phases A and B. The mobile phase A was 
ethanol, and mobile phase B was a complex of tetrahydrofuran, 
methanol, and 0.05 mol/L sodium acetate (5:75:420, v/v/v) (53).

2.2.5 WHC test
The WHC assesses casein coagulate compactness and represents 

the yogurt texture. The yogurt samples were gently stirred to 
homogeneity and centrifuged for 10 min at 1250 × g at 4°C. The WHC 
(% w/w) was evaluated by weight change after whey was expelled 
according to Equation (1) (54) as follows:

 WHC  Y W) Y= −100( /  (1)

where Y is the weight of the yogurt sample, and W is the weight 
of whey expelled.

2.2.6 Rheological studies in the yogurt
The viscosity of the yogurt was measured at different fermentation 

periods using a viscometer (DV2T; Brookfield, United States). The 
samples previously incubated at 4°C were adapted to 25°C for 30 min 
and fitted with LV-1 rotor at 30 rpm.

2.2.7 Sensory evaluation
The appearance, odor, taste, acidity, texture of the fermented milk, 

and overall acceptance were estimated by 40 professionally trained 
panelists, with scores ranging from 1 to 9. The two control groups 

were commercial yogurts purchased from the market. The quantitative 
scoring rules are described in Table 1. The method was modified based 
on Han’s method, and a commercial yogurt was used as a control 
group (55).

2.2.8 Statistical analysis
All data are represented as mean ± SD. Data analysis was 

performed using Origin 8.5. Statistical significance was determined 
using IBM SPSS Statistics 27. Duncan’s test was used to analyze the 
statistical significance variability between samples using analysis of 
variance with a significance level of 95% (α = 0.05). The experiments 
were conducted in triplicate.

3 Results and discussion

3.1 Yogurt preparation and factor 
optimization

3.1.1 Effects of fermentation time on GABA 
production and microbe growth dynamics

Total fermentation time is essential to yogurt production because 
it determines the microbial growth stage and GABA production. It 

TABLE 1 Sensory evaluation scoring criteria for yogurt.

Item Yogurt scoring 
criteria

Score

Appearance Milky white, glossy, and 

homogenic

7–9

Faint yellow, relatively 

uniform, and glossy

4–6

Dark and inhomogeneous 1–3

Odor Obvious pleasant smell that 

is sustained and no 

abnormal sour smell

7–9

Pleasant smell and normal 

sour smell

4–6

There is an unpleasant smell 1–3

Taste and acidity Smooth and soft, sweet and 

sour balance, not grainy

7–9

Soft, sour, and slightly grainy 4–6

Coarse, extremely sour, and 

unusual taste

1–3

Texture Uniform and stable, without 

or with little whey expelled

7–9

Generally uniform and 

stable, with a small amount 

of whey expelled

4–6

Inhomogeneous and loose, 

with a large amount of whey 

expelled

1–3

Overall acceptance Overall good 7–9

Acceptable 4–6

Not recommended to taste 1–3

https://doi.org/10.3389/fnut.2024.1404743
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Zhu et al. 10.3389/fnut.2024.1404743

Frontiers in Nutrition 04 frontiersin.org

also influences the yogurt texture as the coagulation level of casein in 
milk is affected by the acidifying procedure during the fermentation 
ending point. GABA production, microbe growth dynamics, and 
acidifying procedure compared with fermentation time are shown in 
Figure  1. The data of the present study indicated that GABA 
accumulated continuously in the early stage of fermentation (< 24 h), 
whereas GABA yield was comparatively stable at 32–40 h with 
33.3 mg/100 g. Microbial growth demonstrated a similar trend to 
GABA production before 24 h, as cells began to decay from 24 h to 
48 h. The acidifying procedure was maintained throughout 
fermentation, and the final yogurt pH decreased to 4.5 at the end of 
fermentation. Therefore, fermentation time significantly affected 
GABA yield (p < 0.05).

In the early fermentation period, the resources were intensively 
utilized for biomass increase, and GABA yield was limited. However, 
it plateaued after 32 h of fermentation as shown in Figure 1A, as the 
residual microbes aimed to maintain basic physiological activity 
instead of synthesizing GABA, which led to slight increases in 
GABA yield. Yogurt pH decreased persistently but slowly owing to 
the LAB growth, and the final pH was 4.5 shown in Figure 1A. This 
pH was higher than that of commercial yogurts, which normally 
ranges from 4.1 to 4.3. This result was attributed to GABA 
production, which is H+ consuming, thus neutralizing the pH 
decrease resulting from the growth of the LAB. This characteristic 
could help prevent yogurt over-acidification and, thus, improve shelf 
life. As expected, L. brevis CGMCC 1306 displayed good growth 
characteristics, even in the initial stage (< 8 h) of fermentation, the 
viable cell number reached 1.65 × 107 cfu/mL (Figure 1B), which is 
on par with commercial yogurt. After 24 h, the nutrient levels in the 
milk gradually decreased and could not support the high level of cell 
growth; consequently, the number of microorganisms began to 
decline. Meanwhile, cell growth and decreased pH mutually 
promote each other. That is, LAB converts the lactose in milk to 
lactic acid, decreasing the pH and creating a relatively acidic 
environment to help LAB grow. The procedure stimulated and 
induced glutamic acid decarboxylase (GAD) activity to gradually 

catalyze L-MSG to GABA, verifying the GABA accumulation trend. 
Therefore, 40 h of fermentation was recommended to achieve 
sufficient GABA yields and an appropriate pH during 
yogurt production.

3.1.2 Effect of fermentation temperature on 
GABA production, microbial growth, and pH

Fermentation temperature influences microbial growth and 
exopolysaccharide (EPS) formation, affecting the acidity procedures 
of different LAB stains, which may influence the yogurt texture and 
GABA yield (56). The GABA yield, yogurt pH, and microbe growth 
are shown in Figure  2. GABA yield was the highest at 43°C and 
microbial growth was limited by high temperature. The pH at the 
different fermentation temperatures ranged from 4.4 to 4.9. The results 
indicate that fermentation temperature significantly affected GABA 
yield (p < 0.05).

The GABA yield increased at <43°C and decreased at >43°C 
(Figure 2A). Two reasons reliably explain the climbing trend. First, 
the increased temperature aided microbial growth and 
proliferation. Second, the optimum catalytic temperature for 
glutamic acid decarboxylase (GAD), which transforms L-MSG into 
GABA, is >40°C. The higher temperatures caused cell aging and 
increased the portion of crosslinking between the casein micelle 
branched chains within the microcavity inner surface of yogurt, 
reducing the WHC (57, 58). Moreover, the irregular inner structure 
could lead to the irregular distribution of microbes, potentially 
increasing GABA mass transfer resistance. This also explains the 
microbial growth trend (Figure  2B). The final pH is a delicate 
balance between GABA production which is H+ consuming and 
microbial physiological activity which is H+ generating. The 
influence of fermentation temperature on yogurt pH was not 
obvious (Figure 2A). The optimal yogurt production temperature 
selected was 43°C, which is the same as that for commercial yogurt, 
indicating that GABA-enriched yogurt could potentially 
be manufactured in dairy plants without additional equipment and 
energy costs.

FIGURE 1

Effect of fermentation time on GABA yield, acidity, and microbial growth in yogurt. (A) Effect of fermentation time on GABA yield (histogram) and 
acidity (orange line). (B) Effects of fermentation time on microbial growth (purple line). Data are expressed as the mean  ±  SD. Different lowercase letters 
above error bars indicate significant differences (p  <  0.05, analysis of variance, ANOVA, α  =  0.05, Duncan’s test).
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3.1.3 Effects of L-MSG on GABA production, 
microbial growth, and pH

L-MSG, a substrate of GAD, can be catalyzed into GABA by 
LAB. Although some LAB can synthesize GABA using a precursor 
substance within the cell, the resulting GABA production is 
limited. The addition of L-MSG into the fermentation liquid is 
necessary to achieve sufficient GABA production. GABA 
production, microbial growth, and pH compared with L-MSG 
concentration are shown in Figure  3. The data indicated that 
GABA yield increases sharply with an L-MSG concentration of 
<1.5 g/L, and there is a slight decrease with >1.5 g/L. Therefore, 
the L-MSG concentration significantly affected GABA yield 
(p < 0.05).

GABA yield exhibited a continuous and rapid increase when the 
L-MSG addition was <1.5 g/L (Figure 3A). This result was attributed 
to the abundance of microbes compared with the substrate in the 
microenvironment, and GAD and microbes could adequately leverage 
the substrate (Figure  3B). As GABA synthesis precursor, L-MSG 
could improve carbon flux in the GABA metabolic pathway, thus 
regulating catalysis. The increase in substrate concentration 
stimulated a GAD catalysis reaction to move in the forward direction, 
converting L-MSG to GABA. When the L-MSG addition reached 
1.5 g/L, the substrate became excessive compared to GAD. When the 
GAD is fully loaded, feedback inhibition reduced enzyme activity, 
resulting in slight decreases in GABA yield (59). Therefore, 
1.5 g/L L-MSG was identified as the optimal concentration for 
yogurt production.

FIGURE 2

Effects of fermentation temperature on GABA yield, acidity, and microbial growth in yogurt. (A) Effect of fermentation temperature on GABA yield 
(histogram) and acidity (orange line). (B) Effect of fermentation temperature on microbial growth (purple line). Data are expressed as the mean  ±  SD. 
Different lowercase letters above error bars indicate significant differences (p  <  0.05; ANOVA, α  =  0.05, Duncan’s test).

FIGURE 3

Effect of the L-MSG concentration on GABA yield, acidity, and microbial growth. (A) Effect of the L-MSG concentration on GABA yield (histogram) and 
acidity (orange line). (B) Effect of the L-MSG concentration on microbial growth (purple line). Data are expressed as the mean  ±  SD. Different lowercase 
letters above error bars indicate significant differences (p  <  0.05; ANOVA, α  =  0.05, Duncan’s test).
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3.1.4 Effects of sucrose on GABA production and 
pH

Sucrose can be used by microbes as an additional energy source 
and provides flavor to yogurt. Adding sucrose could potentially 
improve the robustness and persistence of LAB fermentation. The 
effects of 2–12% sucrose additions on GABA yield, microbial growth, 
and pH were analyzed (Figure 4). The data revealed that 6–8% sucrose 
additions are suitable for GABA production, as the GABA yield 
reached 56.9 mg/100 g, and microbial growth exhibited a similar 
trend. Sucrose content significantly affected GABA yield (p < 0.05). 
The exogenous carbohydrate supplement could help LAB growth and 
GABA production, and this is in line with previous studies (60). 
Sucrose is an easy-to-use carbohydrate for bacteria that can 
be decomposed into glucose, readily supplying carbon resources. The 
addition of sucrose promoted LAB growth, thus complementing the 
rapid lactose consumption in milk. Although the GABA yield 
increased notably with 6–8% sucrose additions, it declined with 
additions exceeding >8%. This could attributed to the inhibition of 
microbial growth by high osmotic pressure caused by the high sugar 
concentration. Consequently, 6–8% sucrose additions were deemed 
optimal for yogurt production.

3.1.5 Effects of inoculation amount on GABA 
production and pH

The inoculation amount determined the viable microorganism 
cell numbers during fermentation, particularly within the initial 
fermentation period. Meanwhile, the viable LAB abundance reflected 
the GABA production capacity. To determine the optimum microbial 
quantity for GABA production, different inoculation amounts were 
evaluated, and microbial growth and acidity were monitored 
(Figure  5). GABA yield increased with the inoculation amounts, 
reaching a peak with the 8% addition. The microbial growth increased 
within the tested range, and the inoculation amount significantly 
affected GABA yield (p < 0.05).

The increase in biomass resulted in notable increases in GABA 
yield with low inoculation levels (< 8%; Figures 5A,B). This result was 

attributed to the fact that increasing the inoculation amount could 
improve the conversion efficiency during this period, with sufficient 
viable cells leveraging L-MSG and transforming it to GABA. However, 
when the inoculation amount reached 8%, a slight decrease was 
observed. This result was attributed to the high cell concentration, 
which led to L-MSG being outcompeted by the excessive microbes in 
the microenvironment, hindering its conversion within the inner cells. 
Moreover, the behavior of the excessive microbes shifted from GABA 
production to competing for nutrition to ensure survival. 
Consequently, 8% was selected as the optimum inoculation amount 
for yogurt production.

3.1.6 Mixed fermentation with Streptococcus 
thermophilus

In commercial yogurt, mixed fermentation is often used to 
improve the sensory and nutritional characteristics of the yogurt. 
Thus, the GABA production of L. brevis CGMCC 1306 under mixed 
fermentation conditions was evaluated. It was fermented with different 
proportions of S. thermophilus ATCC 14485. The GABA yield and 
acidity results are shown in Figure 6A. The data demonstrated that 
L. brevis CGMCC 1306 exhibited good GABA production when the 
ratio between S. thermophilus ATCC 14485 and L. brevis CGMCC 
1306 was 0.5:1. GABA production was significantly enhanced by 
mixed fermentation, reaching nearly 75.3 mg/100 g. The pH at the 
fermentation endpoint was 4.1–4.4, which is lower than with pure 
fermentation. Therefore, mixed fermentation significantly affected 
GABA yield (p < 0.05).

The GABA yield with mixed fermentation may be closely related 
to the symbiotic effects between S. thermophilus and L. brevis (61). 
Ratios of 0.5:1 and 0.25:1 were deemed suitable for GABA production, 
as the GABA yields achieved maximum values of 75.3 mg/100 g 
(Figure 6A). At these ratios, the S. thermophilus cells grew rapidly and 
produced formic acid, folic acid, and carbon dioxide. The acidic 
environment created by S. thermophilus cells could accelerate the 
speed of L. brevis growth. Simultaneously, L. brevis could massively 
hydrolyze proteins in milk into peptides or various amino acids, 

FIGURE 4

Effect of sucrose content on GABA yield, acidity, and microbial growth. (A) Effect of sucrose content on GABA yield (histogram) and acidity (orange 
line). (B) Effect of sucrose content on microbial growth (purple line). Data are expressed as the mean  ±  SD. Different lowercase letters above error bars 
indicate significant differences (p  <  0.05; ANOVA, α  =  0.05, Duncan’s test).
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aiding S. thermophilus growth and thus promoting GABA production. 
In this way, the two strains maintained a valuable symbiotic 
relationship. When the ratio was >1:1, the biomass in the fermentation 
liquid became too high, and the cells began to compete for the 
nutrition in the milk, resulting in reduced GABA production. Owing 
to the strong acidification ability of S. thermophilus, the yogurt pH 
with mixed fermentation was lower than with pure fermentation with 
one strain at the fermentation ending point. The large, strong casein 
coagula agglomerated by lower pH also increased the mass transfer 
resistance for GABA diffusion, which reduced the GABA yield. In 
conclusion, a ratio between S. thermophilus ATCC 14485 and L. brevis 
CGMCC 1306 of 0.5:1 was identified as optimal for GABA-enriched 
yogurt mixed fermentation.

3.2 Yogurt evaluation

3.2.1 WHC
WHC demonstrates the ability of macromolecular substances to 

combine with water in the yogurt, which indicates the stability of the 
system. The WHC was tested throughout the fermentation and storage 
periods for the GABA-enriched yogurt to estimate yogurt syneresis. 
The relationship between WHC and time is shown in 
Figure  6B. Throughout the fermentation period, the WHC was 
affected by fermentation time. However, during the storage period, 
there were no significant results with time.

The WHC began to increase when casein precipitation was 
observed, rising from 43.9% at 24 h of fermentation to 48.1% at 40 h 

FIGURE 5

Effect of inoculation amount on GABA yield, acidity, and microbial growth. (A) Effect of inoculation on GABA yield (histogram) and acidity (orange line). 
(B) Effect of inoculation on microbe growth (purple line). Data are expressed as the mean  ±  SD. Different lowercase letters above error bars indicate 
significant differences of p  <  0.05 (ANOVA, α  =  0.05, Duncan’s test).

FIGURE 6

Effect of mixed fermentation on GABA yield, acidity, and water-holding capacity (WHC) curve. (A) Effect of mixed fermentation (S. thermophilus ATCC 
14485 combined with L. brevis CGMCC 1306) on GABA yield (histogram), acidity (orange line), and (B) the WHC curve during fermentation and storage 
time. The fermentation period was 24–40  h, and the storage period was 40–504  h. Data are expressed as the mean  ±  SD. Different lowercase letters 
above error bars indicate significant differences (p  <  0.05; ANOVA, α  =  0.05, Duncan’s test).
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TABLE 2 Sensory test results for GABA-enriched and commercial yogurts.

Item GABA-
enriched 

yogurt

Commercial 
yogurt 1

Commercial 
yogurt 2

Appearance 8.23 ± 0.20a 8.24 ± 0.15a 8.30 ± 0.24a

Odor 7.85 ± 0.42a 7.95 ± 0.34a 7.82 ± 0.37a

Tasty and 

Acidity

7.38 ± 0.23b 7.66 ± 0.19a 7.68 ± 0.20a

Texture 8.12 ± 0.31a 8.11 ± 0.36a 8.15 ± 0.31a

Overall 

Acceptance

7.90 ± 0.24a 8.02 ± 0.34a 7.96 ± 0.30a

Data are expressed as the mean ± SD. Different lowercase letters at the upper right corner of 
the numbers indicate significant differences (p < 0.05, ANOVA, α = 0.05, Duncan’s test).

of fermentation, and remained relatively stable during the 3-week 
storage period. With increased fermentation time, LAB growth and 
the pH of bulk liquid decreased, and the weight of the casein 
coagulates increased, causing an increase in the WHC. After 
fermentation, the yogurt was stored at 4°C, and the whey was slightly 
expelled but remained stable during the storage period (62). The 
WHC was comparable to that of commercial yogurt, indicating that 
the GABA-enriched yogurt exhibited good stability.

3.2.2 Viscosity
Viscosity is another characterization of the yogurt texture. The 

casein in milk coagulates due to the acidification process during milk 
fermentation, which alters yogurt viscosity (Figure  7A). The data 
showed an increase in viscosity during yogurt fermentation and 
storage time, ultimately reaching 620 cp.

The coagulum in the yogurt consisted mainly of casein, and the 
connections between coagulated casein contributed to the increased 
viscosity. Moreover, EPS produced by microbes during fermentation 
also contributed to the increased viscosity. The viscosity of the GABA-
enriched yogurt was comparable to that of some commercially 
available yogurts and showed stability during the storage period.

3.2.3 Sensory assessment of the GABA-enriched 
yogurt

Sensory tests can provide an overall description of a yogurt. 
Appearance, odor, taste, acidity, texture, and overall acceptance were 
tested in this study (Table 2).

The data showed that overall acceptance was not significantly 
different between GABA-enriched yogurt and commercial yogurt. The 
appearances and textures of the three types of yogurt tested received 
similar rankings. The odor of commercial yogurt was slightly better than 
that of GABA yogurt, but not significantly. The taste and acidity of the 
two commercial yogurts were rated equally and were considered better 
than those of the GABA-enriched yogurt. The chosen commercial 
yogurts were common and popular in the market. These results indicated 

that GABA-enriched yogurt was competitive with commercial yogurt in 
terms of its sensory characteristics, and it is expected that the health 
benefits conferred by GABA would further improve its ranking.

3.2.4 GABA storage stability
The storage stability of the GABA-enriched yogurt was tested 

(Figure 7B). The data indicated robust stability, as during the 3-week 
storage period, the GABA content was maintained at 75 mg/100 g. This 
provides further evidence of the robustness of the GABA-
enriched yogurt.

Overall, the target yogurt with a pH of 4.37 ± 0.06 and acidity 
89 ± 2 °T, fermented with naturally accumulated GABA, exhibited 
competitive sensory quality and stability compared to commercial 
yogurt. This yogurt might be effective for improving sleep quality, 
hypertension, and anxiety. Moreover, the potential applications for 
GABA-enriched yogurt could be  expanded, given its inability to 
develop drug resistance.

The GABA-enriched yogurt provides a comprehensive nutrition 
product for the dairy industry. This novel yogurt provides triple 

FIGURE 7

GABA-enriched yogurt consistency and GABA storage stability test. (A) GABA viscosity changes during fermentation and the storage period. (B) GABA 
stability test during the storage period. Data are expressed as the mean  ±  SD. Different lowercase letters above error bars indicate significant differences 
(p  <  0.05; ANOVA, α  =  0.05, Duncan’s test).
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benefits for human health: viable LAB benefits intestinal health, 
GABA provides additional functions, and the yogurt is nutrient-rich. 
Moreover, for traditional dairy manufacturers, the optimized yogurt 
production condition described in this study could be achieved using 
existing equipment without extra processing investment. The only 
additional material required for fermentation compared with 
conventional yogurt is L-MSG, the cost of which is negligible 
compared with other materials. Furthermore, GABA-enriched yogurt 
as a new competitive functional food with broad applications could 
provide manufacturers with a wider range for independent pricing to 
achieve optimum returns.

In this study, mixed fermentation was beneficial to GABA 
production, suggesting an opportunity for further GABA yield 
increases in future investigations. In addition, mixed fermentation 
could improve the taste of yogurt by increasing the flavor substances 
under the symbiotic effects between two or even three strains. 
Furthermore, additional sugar resources could be considered as extra 
energy sources for LAB cell growth and GABA production since 
sucrose has proven beneficial for GABA yield.

4 Conclusion

In this study, a novel GABA-enriched yogurt fermented by a new 
strain L. brevis CGMCC 1306 was developed using multiple factors 
and evaluated. The yogurt naturally gathered GABA during 
fermentation without extra cost from processing, and specific 
production condition for this strain was determined. Factors such as 
fermentation time, temperature, substrate concentration, sucrose 
level, and inoculation amount were assessed and found to significantly 
influence the GABA yield. Moreover, mixed fermentation was 
investigated to explore the symbiosis between the target LAB and 
S. thermophilus. Optimal fermentation conditions were determined to 
be  a fermentation time of 40 h, at 43°C, with 8% inoculation, 
1.5 g/L L-MSG, and 8% sucrose. Mixed fermentation of LAB and 
S. thermophilus at a 0.5:1 ratio maximized symbiosis and effectively 
stimulated GABA production, resulting in a GABA yield of 
75.3 mg/100 g. The yield doubled compared to the original GABA 
yield prior to optimization and exceeded the effective dose per 100 g 
of yogurt. The resulting yield was in the same range as that of some 
commercially available GABA-enriched functional food products 
(35). The viable count in yogurt was over 1 × 108 cfu/mL, which meets 
the commercial standard. The yogurt was also found to exhibit suitable 
characteristics, including those related to taste and storage stability. 
These results provide a solid foundation for the manufacturing of 
naturally GABA-enriched yogurt. A feasibility study related to yogurt 
additives and the behavior of GABA-enriched yogurt on human 
health should be further considered in the scope of future research.

Data availability statement

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

Author contributions

FZ: Conceptualization, Data curation, Formal analysis, 
Methodology, Writing – original draft. SH: Validation, Writing – 
review & editing. LM: Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This study was 
funded by the 2022 Zhejiang Provincial Higher Education Institution 
Domestic Visiting Engineer University-enterprise Cooperation 
Project (grant number FG2022007), National Natural Science 
Foundation of China (grant number 31971372), Zhejiang 
Pharmaceutical University Scientific Research Project (grant 
number XY2020010).

Acknowledgments

The authors gratefully acknowledge everyone who contributed to 
this paper.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher's note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
 1. Pagdanganan CDP, Juangco J. Hypertension as a prognostic factor in the prediction 

of mortality in patients with COVID-19: a systematic review and meta-analysis. Eur 
Heart J. (2021) 42:ehab724.2393. doi: 10.1093/eurheartj/ehab724.2393

 2. Du Y, Zhou N, Zha W, Lv Y. Hypertension is a clinically important risk factor for 
critical illness and mortality in COVID-19: a meta-analysis. Nutr Metab Cardiovasc Dis. 
(2021) 31:745–55. doi: 10.1016/j.numecd.2020.12.009

 3. Mahamat-Saleh Y, Fiolet T, Rebeaud ME, Mulot M, Guihur A, El Fatouhi D, et al. 
Diabetes, hypertension, body mass index, smoking and COVID-19-related mortality: a 
systematic review and meta-analysis of observational studies. BMJ Open. (2021) 
11:e052777. doi: 10.1136/bmjopen-2021-052777

 4. Pranata R, Lim MA, Huang I, Raharjo SB, Lukito AA. Hypertension is associated 
with increased mortality and severity of disease in COVID-19 pneumonia: a systematic 

https://doi.org/10.3389/fnut.2024.1404743
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1093/eurheartj/ehab724.2393
https://doi.org/10.1016/j.numecd.2020.12.009
https://doi.org/10.1136/bmjopen-2021-052777


Zhu et al. 10.3389/fnut.2024.1404743

Frontiers in Nutrition 10 frontiersin.org

review, meta-analysis and meta-regression. J Renin-Angiotensin-Aldosterone Syst. (2020) 
21:1470320320926899. doi: 10.1177/1470320320926899

 5. Coronavirus disease (COVID-19): Post COVID-19 condition. Questions and 
answers. Available at: https://www.who.int/news-room/questions-and-answers/item/
coronavirus-disease-(covid-19)-post-covid-19-condition, [Accessed 14 April 2023]. 
Geneva: World Health Organization.

 6. Word Health Statistics. Geneva: World Health Organization. p. 44–50 (2022).

 7. Word Health Statistics. Geneva: World Health Organization. p. 10–16 (2023).

 8. Roberfroid MB. Concepts and strategy of functional food science: the European 
perspective. Am J Clin Nutr. (2000) 71:1660S–4S. doi: 10.1093/ajcn/71.6.1660S

 9. Gómez-Gallego C, Gueimonde M, Salminen S. The role of yogurt in food-based 
dietary guidelines. Nutr Rev. (2018) 76:29–39. doi: 10.1093/nutrit/nuy059

 10. Hobbs DA, Givens DI, Lovegrove JA. Yogurt consumption is associated with 
higher nutrient intake, diet quality and favourable metabolic profile in children: a cross-
sectional analysis using data from years 1–4 of the national diet and nutrition survey. 
UK Eur J Nutr. (2019) 58:409–22. doi: 10.1007/s00394-017-1605-x

 11. Panahi S, Fernandez MA, Marette A, Tremblay A. Yogurt, diet quality and lifestyle 
factors. Eur J Clin Nutr. (2017) 71:573–9. doi: 10.1038/ejcn.2016.214

 12. Vorster HH, Wentzel-Viljoen E, Vermaak M. ‘Have milk, maas or yoghurt every 
day’: a food-based dietary guideline for South Africa. S Afr J Clin Nutr. (2013) 26:S57–65.

 13. Mitchell E, Comerford K, Knight M, McKinney K, Lawson Y. A review of dairy 
food intake for improving health among black adults in the US. J Natl Med Assoc. (2024) 
116:253–73. doi: 10.1016/j.jnma.2024.01.018

 14. Manzanarez-Quin CG, Beltran-Barrientos LM, Gonzalez-Cordova AF, Vallejo-
Cordoba B. Invited review: potential anti-obesity effect of fermented dairy products. J 
Dairy Sci. (2021) 104:3766–78. doi: 10.3168/jds.2020-19256

 15. Stobiecka M, Król J, Brodziak A. Antioxidant activity of milk and dairy products. 
Animals. (2022) 12:245. doi: 10.3390/ani12030245

 16. Oozeer R, Leplingard A, Mater DDG, Mogenet A, Michelin R, Seksek I, et al. 
Survival of Lactobacillus casei in the human digestive tract after consumption of 
fermented milk. Appl Environ Microbiol. (2006) 72:5615–7. doi: 10.1128/AEM.00722-06

 17. Veiga P, Pons N, Agrawal A, Oozeer R, Guyonnet D, Brazeilles R, et al. Changes of 
the human gut microbiome induced by a fermented milk product. Sci Rep. (2014) 
4:6328. doi: 10.1038/srep06328

 18. Rezac S, Kok CR, Heermann M, Hutkins R. Fermented foods as a dietary source 
of live organisms. Front Microbiol. (2018) 9:1785. doi: 10.3389/fmicb.2018.01785

 19. You M, Peng Z, Jiang Y. The properties of the rice resistant starch processing and 
its application in skimmed yogurt. Int J Biol Macromol. (2024) 265:131087. doi: 
10.1016/j.ijbiomac.2024.131087

 20. Jooyandeh H, Alizadeh Behbahani B. Development of a probiotic low-fat set 
yogurt containing concentrated sweet pepper extract. Food Sci Nutr. (2024) 1–11. doi: 
10.1002/fsn3.4114

 21. Bajya SL, Bunkar DS, Goyal SK. Foodomics-based metabolites profiling of the 
Greek yogurt incorporated with unripened papaya peel powder. Food Chem Mol Sci. 
(2024) 8:100199. doi: 10.1016/j.fochms.2024.100199

 22. Rehman H, Saipriya K, Singh AK, Singh R, Meena GS, Khetra Y, et al. A 
metabolomics approach to establish the relationship between the techno-functional 
properties and metabolome of Indian goat yoghurt. Food Secur. (2024) 13:913. doi: 
10.3390/foods13060913

 23. Aleman RS, Page R, Cedillos R, Montero-Fernández I, Fuentes JAM, Olson DW, 
et al. Influences of yogurt with functional ingredients from various sources that help 
treat leaky gut on intestinal barrier dysfunction in Caco-2 cells. Pharmaceuticals. (2023) 
16:1511. doi: 10.3390/ph16111511

 24. Bankole AO, Irondi EA, Awoyale W, Ajani EO. Application of natural and modified 
additives in yogurt formulation: types, production, and rheological and nutraceutical 
benefits. Front Nutr. (2023) 10:1257439. doi: 10.3389/fnut.2023.1257439

 25. Roberts E, Eidelberg E. Metabolic and neurophysiological roles of gamma-
aminobutyric acid. Int Rev Neurobiol. (1960) 2:279–332. doi: 10.1016/
s0074-7742(08)60125-7

 26. Paul SM. Psychopharmacology: Fourth generation of Progress. New York: Raven 
Press. p. 87–94 (1995).

 27. Olsen RW, DeLorey TM. Basic neurochemistry: Molecular, cellular and medical 
aspects. New York: Lippincott Williams & Wilkins (1999).

 28. Bravo JA, Forsythe P, Chew MV, Escaravage E, Savignac HM, Dinan TG, et al. 
Ingestion of Lactobacillus strain regulates emotional behavior and central GABA 
receptor expression in a mouse via the vagus nerve. Proc Natl Acad Sci USA. (2011) 
108:16050–5. doi: 10.1073/pnas.1102999108

 29. Plante DT, Jensen JE, Schoerning L, Winkelman JW. Reduced γ-aminobutyric acid 
in occipital and anterior cingulate cortices in primary insomnia: a link to major depressive 
disorder? Neuropsychopharmacology. (2012) 37:1548–57. doi: 10.1038/npp.2012.4

 30. Winkelman JW, Buxton OM, Jensen JE, Benson KL, O’Connor SP, Wang W, et al. 
Reduced brain GABA in primary insomnia: preliminary data from 4T proton magnetic 

resonance spectroscopy (1H-MRS). Sleep. (2008) 31:1499–506. doi: 10.1093/
sleep/31.11.1499

 31. Harrison NL. Mechanisms of sleep induction by GABA(a) receptor agonists. J Clin 
Psychiatry. (2007) 68:6–12.

 32. Deschaux O, Froestl W, Gottesmann C. Influence of a GABA (B) and GABA(C) 
receptor antagonist on sleep-waking cycle in the rat. Eur J Pharmacol. (2006) 535:177–81. 
doi: 10.1016/j.ejphar.2006.01.066

 33. Stagg CJ, Bachtiar V, Johansen-Berg H. The role of GABA in human motor 
learning. Curr Biol. (2011) 21:480–4. doi: 10.1016/j.cub.2011.01.069

 34. Steenbergen L, Sellaro R, Stock AK, Beste C, Colzato LS. γ-Aminobutyric acid 
(GABA) administration improves action selection processes: a randomised controlled 
trial. Sci Rep. (2015) 5:12770. doi: 10.1038/srep12770

 35. Inoue K, Shirai T, Ochiai H, Kasao M, Hayakawa K, Kimura M, et al. Blood-
pressure-lowering effect of a novel fermented milk containing γ-aminobutyric acid 
(GABA) in mild hypertensives. Eur J Clin Nutr. (2003) 57:490–5. doi: 10.1038/sj.
ejcn.1601555

 36. Abdou AM, Higashiguchi S, Horie K, Kim M, Hatta H, Yokogoshi H. Relaxation 
and immunity enhancement effects of γ-aminobutyric acid (GABA) administration in 
humans. Biofactors. (2006) 26:201–8. doi: 10.1002/biof.5520260305

 37. Oh SH, Moon YJ, Soh JR, Cha YS. Effect of water extract of germinated brown rice 
on adiposity and obesity indices in mice fed a high fat diet. JFN. (2005) 10:251–6. doi: 
10.3746/jfn.2005.10.3.251

 38. Wang Y, Liu S, Yang X, Zhang J, Zhang Y, Liu X, et al. Effect of germination on 
nutritional properties and quality attributes of glutinous rice flour and dumplings. J Food 
Compos Anal. (2022) 108:104440. doi: 10.1016/j.jfca.2022.104440

 39. Yang R, Feng L, Wang S, Yu N, Gu Z. Accumulation of γ-aminobutyric acid in 
soybean by hypoxia germination and freeze–thawing incubation. J Sci Food Agric. (2016) 
96:2090–6. doi: 10.1002/jsfa.7323

 40. Salman S, Yılmaz C, Gökmen V, Özdemir F. Effects of fermentation time and 
shooting period on amino acid derivatives and free amino acid profiles of tea. LWT Food 
Sci Technol. (2021) 137:110481. doi: 10.1016/j.lwt.2020.110481

 41. Liu M, Wang Y, Jiang L, Xia Q, Qiu Y, Fan L, et al. Effect of γ-aminobutyric acid 
on the physicochemical, rheological and sensory properties of yoghurt. Int J Dairy 
Technol. (2015) 68:503–10. doi: 10.1111/1471-0307.12261

 42. Jin YH, Hong JH, Lee J-H, Yoon H, Pawluk AM, Yun SJ, et al. Lactic acid fermented 
green tea with Levilactobacillus brevis capable of producing γ-aminobutyric acid. 
Fermentation. (2021) 7:110. doi: 10.3390/fermentation7030110

 43. Phuengjayaem S, Kuncharoen N, Booncharoen A, Ongpipattanakul B, 
Tanasupawat S. Genome analysis and optimization of γ-aminobutyric acid (GABA) 
production by lactic acid bacteria from plant materials. J Gen Appl Microbiol. (2021) 
67:150–61. doi: 10.2323/JGAM.2020.10.002

 44. Harnentis H, Nurmiati N, Marlida Y, Adzitey F, Huda N. γ-Aminobutyric acid 
production by selected lactic acid bacteria isolate of an Indonesian indigenous fermented 
buffalo milk (dadih) origin. Vet World. (2019) 12:1352–7. doi: 10.14202/
vetworld.2019.1352-1357

 45. Kim J, Yoon YW, Kim MS, Lee MH, Kim GA, Bae K, et al. Gamma-aminobutyric 
acid fermentation in MRS-based medium by the fructophilic Lactiplantibacillus 
plantarum Y7. Food Sci Biotechnol. (2022) 31:333–41. doi: 10.1007/s10068-022-01035-w

 46. Ahmed S, Noor A, Tariq M, Zaidi A. Functional improvement of synbiotic yogurt 
enriched with Lacticaseibacillus rhamnosus and aloe vera gel using the response surface 
method. Food Prod Process Nutr. (2023) 5:38. doi: 10.1186/s43014-023-00153-0

 47. Ohmori T, Tahara M, Ohshima T. Mechanism of gamma-aminobutyric acid 
(GABA) production by a lactic acid bacterium in yogurt-sake. Process Biochem. (2018) 
74:21–7. doi: 10.1016/j.procbio.2018.08.030

 48. Weng BB, Yuan HD, Chen LG, Chu C, Hsieh CW. Soy yoghurts produced with 
efficient GABA (γ-aminobutyric acid)-producing Lactiplantibacillus plantarum 
ameliorate hyperglycaemia and re-establish gut microbiota in streptozotocin (STZ)-
induced diabetic mice. Food Funct. (2023) 14:1699–709. doi: 10.1039/d2fo02708a

 49. Yilmaz-Ersan L, Sahin S, Ozcan T, Akpinar-Bayizit A, Usta-Gorgun B, Ciniviz M, 
et al. Interaction of probiotic activity, antioxidative capacity, and gamma-amino butyric 
acid (GABA) in chestnut milk-fortified yogurt. Food Processing Preservation. (2022) 
46:e17266. doi: 10.1111/jfpp.17266

 50. Shan Y, Man CX, Han X, Li L, Guo Y, Deng Y, et al. Evaluation of improved 
γ-aminobutyric acid production in yogurt using Lactobacillus plantarum NDC75017. J 
Dairy Sci. (2015) 98:2138–49. doi: 10.3168/jds.2014-8698

 51. Hussin FS, Chay SY, Zarei M, Meor Hussin AS, Ibadullah WZW, Zaharuddin ND, 
et al. Potentiality of self-cloned Lactobacillus plantarum taj-Apis362 for enhancing 
GABA production in yogurt under glucose induction: optimization and its 
cardiovascular effect on spontaneous hypertensive rats. Food Secur. (2020) 9:1826. doi: 
10.3390/foods9121826

 52. National Food Safety Standard of the People's Republic of China. Microbiological 
testing of food - Testing of lactic acid bacteria. The health administrative departments 
under the State Council of the People's Republic of China. (2016). p. 1–8.

https://doi.org/10.3389/fnut.2024.1404743
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1177/1470320320926899
https://www.who.int/news-room/questions-and-answers/item/coronavirus-disease-
https://www.who.int/news-room/questions-and-answers/item/coronavirus-disease-
https://doi.org/10.1093/ajcn/71.6.1660S
https://doi.org/10.1093/nutrit/nuy059
https://doi.org/10.1007/s00394-017-1605-x
https://doi.org/10.1038/ejcn.2016.214
https://doi.org/10.1016/j.jnma.2024.01.018
https://doi.org/10.3168/jds.2020-19256
https://doi.org/10.3390/ani12030245
https://doi.org/10.1128/AEM.00722-06
https://doi.org/10.1038/srep06328
https://doi.org/10.3389/fmicb.2018.01785
https://doi.org/10.1016/j.ijbiomac.2024.131087
https://doi.org/10.1002/fsn3.4114
https://doi.org/10.1016/j.fochms.2024.100199
https://doi.org/10.3390/foods13060913
https://doi.org/10.3390/ph16111511
https://doi.org/10.3389/fnut.2023.1257439
https://doi.org/10.1016/s0074-7742(08)60125-7
https://doi.org/10.1016/s0074-7742(08)60125-7
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1038/npp.2012.4
https://doi.org/10.1093/sleep/31.11.1499
https://doi.org/10.1093/sleep/31.11.1499
https://doi.org/10.1016/j.ejphar.2006.01.066
https://doi.org/10.1016/j.cub.2011.01.069
https://doi.org/10.1038/srep12770
https://doi.org/10.1038/sj.ejcn.1601555
https://doi.org/10.1038/sj.ejcn.1601555
https://doi.org/10.1002/biof.5520260305
https://doi.org/10.3746/jfn.2005.10.3.251
https://doi.org/10.1016/j.jfca.2022.104440
https://doi.org/10.1002/jsfa.7323
https://doi.org/10.1016/j.lwt.2020.110481
https://doi.org/10.1111/1471-0307.12261
https://doi.org/10.3390/fermentation7030110
https://doi.org/10.2323/JGAM.2020.10.002
https://doi.org/10.14202/vetworld.2019.1352-1357
https://doi.org/10.14202/vetworld.2019.1352-1357
https://doi.org/10.1007/s10068-022-01035-w
https://doi.org/10.1186/s43014-023-00153-0
https://doi.org/10.1016/j.procbio.2018.08.030
https://doi.org/10.1039/d2fo02708a
https://doi.org/10.1111/jfpp.17266
https://doi.org/10.3168/jds.2014-8698
https://doi.org/10.3390/foods9121826


Zhu et al. 10.3389/fnut.2024.1404743

Frontiers in Nutrition 11 frontiersin.org

 53. Márquez FJ, Quesada AR, Sánchez-Jiménez F, Núñez de Castro IN. Determination 
of 27 dansyl amino acid derivatives in biological fluids by reversed-phase high-
performance liquid chromatography. J Chromatogr. (1986) 380:275–83. doi: 10.1016/
s0378-4347(00)83656-7

 54. Sodini I, Montella J, Tong PS. Physical properties of yogurt fortified with various 
commercial whey protein concentrates. J Sci Food Agric. (2005) 85:853–9. doi: 10.1002/
jsfa.2037

 55. Han X, Zhang L, Yu P, Yi H, Zhang YC. Potential of LAB starter culture isolated 
from Chinese traditional fermented foods for yoghurt production. Int Dairy J. (2014) 
34:247–51. doi: 10.1016/j.idairyj.2013.09.007

 56. Harwalkar V, Kalab M. Relationship between microstructure and susceptibility to 
syneresis in yogurt made from reconstituted nonfat dry milk. Food Microstruct. (1986) 
5:287–94.

 57. Lucey JA, Munro PA, Singh H. Rheological properties and microstructure of acid 
milk gels as affected by fat content and heat treatment. J Food Sci. (1998) 63:660–4. doi: 
10.1111/j.1365-2621.1998.tb15807.x

 58. Schellhaass S, Morris HA. Rheological and scanning electron-microscopic 
examination of skim milk gels obtained by fermenting with ropy and non-ropy strains 
of lactic-acid Bacteria. Food Struct. (1985) 4:279–87.

 59. Komatsuzaki N, Shima J, Kawamoto S, Momose H, Kimura T. Production of 
γ-aminobutyric acid (GABA) by Lactobacillus paracasei isolated from traditional 
fermented foods. Food Microbiol. (2005) 22:497–504. doi: 10.1016/j.fm.2005.01.002

 60. Li H, Qiu T, Huang G, Cao Y. Production of gamma-aminobutyric acid by 
Lactobacillus brevis NCL912 using fed-batch fermentation. Microb Cell Factories. (2010) 
9:85. doi: 10.1186/1475-2859-9-85

 61. Sieuwerts S, Molenaar D, van Hijum SA, Beerthuyzen M, Stevens MJ, Janssen PW, 
et al. Mixed-culture transcriptome analysis reveals the molecular basis of mixed-culture 
growth in Streptococcus thermophilus and Lactobacillus bulgaricus. Appl Environ 
Microbiol. (2010) 76:7775–84. doi: 10.1128/AEM.01122-10

 62. Nguyen HTH, Ong L, Kentish SE, Gras SL. Homogenisation improves the 
microstructure, syneresis and rheological properties of buffalo yoghurt. Int Dairy J. 
(2015) 46:78–87. doi: 10.1016/j.idairyj.2014.08.003

https://doi.org/10.3389/fnut.2024.1404743
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1016/s0378-4347(00)83656-7
https://doi.org/10.1016/s0378-4347(00)83656-7
https://doi.org/10.1002/jsfa.2037
https://doi.org/10.1002/jsfa.2037
https://doi.org/10.1016/j.idairyj.2013.09.007
https://doi.org/10.1111/j.1365-2621.1998.tb15807.x
https://doi.org/10.1016/j.fm.2005.01.002
https://doi.org/10.1186/1475-2859-9-85
https://doi.org/10.1128/AEM.01122-10
https://doi.org/10.1016/j.idairyj.2014.08.003

	Production and quality evaluation of a novel γ-aminobutyric acid-enriched yogurt
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Methods
	2.2.1 Bacterial culture
	2.2.2 Enumeration of viable cells in yogurt
	2.2.3 Preparation of GABA-enriched yogurt and multiple factor evaluation
	2.2.4 Determination of GABA content
	2.2.5 WHC test
	2.2.6 Rheological studies in the yogurt
	2.2.7 Sensory evaluation
	2.2.8 Statistical analysis

	3 Results and discussion
	3.1 Yogurt preparation and factor optimization
	3.1.1 Effects of fermentation time on GABA production and microbe growth dynamics
	3.1.2 Effect of fermentation temperature on GABA production, microbial growth, and pH
	3.1.3 Effects of L-MSG on GABA production, microbial growth, and pH
	3.1.4 Effects of sucrose on GABA production and pH
	3.1.5 Effects of inoculation amount on GABA production and pH
	3.1.6 Mixed fermentation with Streptococcus thermophilus
	3.2 Yogurt evaluation
	3.2.1 WHC
	3.2.2 Viscosity
	3.2.3 Sensory assessment of the GABA-enriched yogurt
	3.2.4 GABA storage stability

	4 Conclusion
	Data availability statement
	Author contributions

	References

