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High nutritional value Andean seeds—tarwi (Lupinus mutabilis), cañihua (Chenopodium pallidicaule), and quinoa (Chenopodium quinoa)—were subjected to solid-state fermentation with Levilactobacillus brevis DSM 1269. This strain can convert L-glutamic acid into the neurotransmitter GABA. Fermented tarwi exhibited the highest GABA production, at 4 mg/g sample, which correlates with its higher protein content compared to fermented quinoa and cañihua, at 1 mg/g and 0.3 mg/g, respectively. Seeds kept at room temperature before fermentation produced higher concentrations of GABA compared to seeds kept at 4 °C. Autoclaving, a mandatory step for fermentation, resulted in a decrease in L-glutamic acid in tarwi seeds and an increase in quinoa and cañihua seeds. Additionally, fermentation produced lactic acid and acetic acid, together with an increase in the content of free essential amino acids, including threonine, histidine, methionine, isoleucine, leucine, valine, and lysine. This work demonstrated, for the first time, the functional valorisation of tarwi, cañihua, and quinoa through the production of bioactive metabolites and the enhancement of essential free amino acids via fermentation with L. brevis.
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1 Introduction

Fermentation is an ancient process originally developed to extend the shelf life and improve the sensory properties of food (1). Today, fermentation is a biotechnological tool used for developing new food products with enhanced nutritional and functional properties (2). Lactic acid bacteria (LAB) strains are of interest in food matrices fermentation because they can improve the physicochemical and sensory properties, also can produce enzymes and bioactive metabolites such as peptides, exopolysaccharides, bacteriocins, vitamins, short-chain fatty acids (SCFAs), γ-amino butyric acid (GABA), and other metabolites (3–5). Additionally, many LAB strains are considered probiotics, conferring beneficial effects on human health.

Fermentation also affects the proteins and amino acid profile (6). It is particularly interesting for improving the nutritional and functional value of plant proteins. Some LAB strains express proteases that can release peptides and free amino acids from the food matrices, increasing the content of free amino acids. On the other hand, the content of free amino acids can also decrease if the strain utilises them in its own metabolism (7). Therefore, quantifying the free amino acid profile before and after fermentation provides insights into the microorganism’s activity towards proteins. A desirable amino acid profile can include the increment of essential amino acids or precursors of bioactive metabolites, for example, tryptophan that later can be converted into serotonin, or glutamic acid, which can be converted into GABA.

GABA is a non-protein amino acid that has gained interest due to its numerous health benefits for humans (8). GABA is the primary inhibitory neurotransmitter in the mature central nervous system (9). It has also been proven to prevent and treat diseases, including diabetes, depression, anxiety, and chronic insomnia (10–13). Another important property of GABA is its role as a mediator in the gut–brain axis (14).

Levilactobacillus brevis has been studied by many authors as an efficient GABA-producing strain. It produces GABA primarily as a mechanism to tolerate and survive acidic conditions within its environment (15). For example, L. brevis strains isolated from Chinese pickles (LBG-29 and LBG-24) could be utilised to enhance beverage functionality due to their high GABA production (>300 mg/L) (8). Another study demostrated the production of GABA in soybean via fermentation with Levilactobacillus brevis NPS-QW 145, resulting in 2.3 g/L of GABA, which can be used to produce a yoghurt-like product with enhanced GABA levels (16). Studies have also shown that L. brevis CRL 2013 does not possess antibiotic resistance genes and virulence markers in its genome, making it safe for probiotic applications (17).

Seeds, such as beans, rice, and sesame, are natural sources of GABA (18). However, in seeds with low or undetectable GABA levels, its content can be increased through two primary approaches: germination or fermentation. In this study, three Andean seeds with undetectable GABA levels —tarwi (Lupinus mutabilis), cañihua (Chenopodium pallidicaule), and quinoa (Chenopodium quinoa) — were selected for GABA enhancement via fermentation with L. brevis. These seeds are attractive due to their high nutritional value and sustainable production conditions, including high protein content and diverse amino acid profile (19, 20). For these seeds, very little literature is found; for example, quinoa was fermented with L. plantarum and subjected to an additional cold stress treatment, which improved GABA production (21). In comparison, cañihua and tarwi have only been reported to produce GABA by germination (22).

Solid-state fermentation (SSF) is considered a sustainable biotechnology that utilises low amounts of water to transform solid plant-based substrates into bioactive compounds (23). SSF is well-known in the food industry as a method for producing metabolites, enzymes, and organoleptic properties such as flavour and colour (24). SSF has also been studied for GABA production; for example, a recent study showed that SSF of hemp by Lactobacillus casei and Bacillus subtilis can produce a GABA-enhanced drink, yielding a product with 102.45 mg/100 mL of GABA, compared to 79.84 mg/100 mL of GABA produced by germination (25). Recently, GABA was produced in tarwi, cañihua, and quinoa Real seeds by enzymatic treatment with L. brevis glutamate decarboxylase (GAD), GadA, and GadB, where the highest yield was obtained in tarwi seeds by GadB; 2.46 mg/g of dry sample in 1 mL reactions (26).

In this context, the production of GABA by fermentation of tarwi, cañihua, and quinoa with L. brevis is reported for the first time. Alongside GABA, short-chain fatty acids (SCFAs) were also quantified as an indication of fermentation extent. Additionally, the quantification of soluble free amino acids was performed both before and after fermentation, considering the autoclavation step.



2 Materials and methods


2.1 Chemicals

De Man, Rogosa and Sharpe (MRS) Broth media, MRS agar, NaClO, L-glutamic acid, γ-aminobutyric acid (GABA), dansyl chloride, acetic acid, sulphuric acid, sodium phosphate dibasic heptahydrate, sodium phosphate monobasic monohydrate, ammonium acetate (LC–MS and HPLC grade), acetonitrile (LC–MS and HPLC grade), short-chain fatty acids standards; acetic acid, formic acid, propionic acid and butyric acid, lactic acid, amino acid standard AAS18 (Supelco). All reagents were purchased from Sigma Aldrich at analytical grade.



2.2 Bacterial strain

Levilactobacillus brevis DSM 1269 was purchased from Leibniz Institute DSMZ—German Collection of Microorganisms and Cell Cultures GmbH.



2.3 Bacterial strain stock preparation

The MRS broth was prepared in 51 g/L distilled water according to the manufacturer (Sigma-Aldrich). Subsequently, 25 mL of the medium was dispensed into a 40 mL Wheaton serum bottle. The medium was then deprived of oxygen by bubbling it with N2 for 5 min, and the bottle was closed with rubber stoppers. The bottle was sterilised in an autoclave.

Under sterile conditions, 1 mL of the medium was transferred from the Wheaton serum bottle to a 1.5 mL Eppendorf tube. A freeze-dried bacterium strain was resuspended in the medium and then transferred to the Wheaton serum bottle using another syringe. Following the recommendations for handling freeze-dried bacterial strains from Leibniz Institute DSMZ—German Collection of Microorganisms and Cell Cultures GmbH.

The bacterium was incubated at 30 °C for 24 h. Then, using a sterile syringe on the sterile bench, 100 μL of a bacterial sample was taken for cultivation on an agar plate. The plate was incubated at 30 °C for 24 h in an anaerobic chamber. Several colonies were observed on the plate and kept at 4 °C.



2.4 Seeds sampling

Cañihua (Chenopodium pallidicaule) seeds were collected from Chojñacota, Gualberto Villarroel Province (coordinates: 17°29′41.469″S 68°03′53.368″W), with an altitude of 3,770 (m.a.s.l.). Tarwi (Lupinus mutabilis) seeds were collected from Carabuco—Puerto Mayor de Carabuco, Camacho Province (coordinates: 15°44′00″S 69°01′00″W), with an altitude of 3,904 (m.a.s.l.). Both collection sites are within the Department of La Paz, Bolivia. Finally, a sample of commercial quinoa available in Swedish supermarkets was added to the study.



2.5 Seeds disinfection

Before disinfection, the moisture of the seeds was determined in triplicate, using a moisture analyser (Radwag MAC 110/WH, Poland).

For disinfection, 20 g of each seed was washed with 60 mL of 1% NaClO (v/v) for 30 min. It was washed three times with ultra-pure water (Milli-Q) and left overnight in 200 mL of Milli-Q water. The next day, the seeds were rewashed twice with Milli-Q water.

The seeds were then divided into two groups: one kept at room temperature (approximately 20 °C) for 24 h and the second at 4 °C for 24 h. Then, both groups were freeze-dried and ground into flour. The samples were named cañihua treated at 4 °C (C-4), cañihua treated at room temperature (C-RT), and the same for tarwi and quinoa: T-4, T-RT, Q-4, and Q-RT, respectively. These prior treatments of the seeds were tested because a previous work determined that a cold stress treatment on the seeds enhances GABA production through fermentation of quinoa seeds (21).



2.6 Fermentation

Each fermentation was conducted in duplicate due to the limited availability of raw samples and the high analytical demand of LC–MS/HPLC quantification. However, we highlight that all analytical measurements were performed in duplicate for each replicate, and the results showed high consistency between duplicates, indicating good reproducibility.

The fermentation setting consisted of using 2 g of each previously freeze-dried sample in Wheaton serum bottles with 25 mL of Milli-Q water. Then, the bottles were deprived of oxygen by bubbling them with N2 for 5 min and then closed with rubber stoppers. The bottles were sterilised in an autoclave.

Then, 200 μL of the bacterial stock (L. brevis, 25 CFU/μL) was introduced to the sterile bottles. The fermentation took place for 48 h at 30 °C. These parameters were determined as optimal for GABA production by L. brevis fermentation in the literature (21, 27).

To determine the impact of autoclaving on the conversion of L-glutamic acid into GABA, controls were performed using the same amounts, both with and without autoclaving. Then, both control groups were left for 48 h at 30 °C.

Given that solid-state fermentation was performed, the OD does not directly demonstrate the bacterial growth. It can demonstrate the presence of particles in solution (metabolites), which are products of fermentation. Therefore, the fermentation was determined by quantifying SCFAs, lactic acid, and GABA, which were measured in the aqueous fraction.



2.7 Derivatisation of amino acids and GABA for HPLC analysis

To quantify free amino acids and GABA by HPLC, performing derivatization before analysis is essential. The method was used previously in the group (26). In Eppendorf tubes, an aliquot of 150 μL of each sample was taken. Then, 300 μL of 0.1 M sodium bicarbonate buffer (pH 9.8), 150 μL of 10 mg/mL dansyl chloride in acetonitrile, and 900 μL of water were added. The tubes were incubated for 40 min at 80 °C. Finally, 150 μL of 20 μL/mL acetic acid was added to stop the reaction, and the tubes were centrifuged for 5 min at 12,000 rpm.

The supernatants were filtered through 0.2 μm pore size polytetrafluoroethylene (PTFE) membrane filters and stored at −20 °C until analysis by LC–MS and HPLC.



2.8 Identification of amino acids and GABA by liquid chromatography-mass spectrometry (LC–MS)

A liquid chromatography-mass spectrometry system, Dionex Ultimate 3,000 UHPLC (Thermo Fisher Scientific, Rockford, Illinois, United States), LTQ-Velos pro mass spectrometer using ESI in positive mode, connected to a UV detector at a wavelength of 275 nm equipped with a Kinetex 2.6 μm EVO C18 100 Å column 100 × 2.1 mm (Phenomenex, Torrance, California, United States), was used to identify amino acids and GABA. Two mobile phases were used: 30 mM ammonium acetate (A) and acetonitrile (B). A gradient between the solvents was employed; the separation starts with 18% of B. After 13 min, it increases to 22%, then when the total time reaches 16.5 min, B increases to 16.5%, and at a total time of 20.5 min, B increases to 30%. At a total time of 24 min, B decreases to 18%, and finally, at a total time of 27 min, B decreases to 10%. The method was based on a previous work (26) with modifications. Ten microliters of the sample were injected, the flow was maintained at 0.3 mL/min during the analysis, and the column temperature was set at 30 °C.



2.9 Quantification of amino acids and GABA with HPLC

After the identification of all amino acids and GABA by LC–MS, their quantification was performed using the same method described in section 2.8 in a high-performance liquid chromatography (HPLC) Vanquish (Thermo Fisher Scientific, Waltham, Massachusetts, United States) system connected to a UV detector at a wavelength of 275 nm equipped with the Kinetex 2.6 μm EVO C18 100 Å column 100 × 2.1 mm (Phenomenex, Torrance, California, United States).



2.10 Statistical analysis of amino acid profile and GABA production

Principal component analysis (PCA), heat maps, and dendrograms were performed on the soluble amino acid profiles of samples, including control groups and fermented samples, using Python (version 3.11) within a Jupyter Notebook environment. Cohen’s d test was applied to GABA production in fermented samples. Visualizations of the PCA, heat maps, and dendrograms were created using matplotlib (version 3.8.0) and seaborn (version 0.13.0).



2.11 Short-chain fatty acids (SCFAs) analysis

A high-performance liquid chromatography (HPLC) Vanquish (Thermo Fisher Scientific, Waltham, Massachusetts, United States) system connected to an RI detector, equipped with an Aminex HPX-87H column 300 mm × 7.8 mm (Bio-Rad), was used to quantify short-chain fatty acids (SCFAs), lactic acid, and ethanol. One millilitre of each sample was mixed with 20 μL of 20% (v/v) sulphuric acid and incubated for 15 min at 4 °C. The samples were filtered through 0.2 μm pore size PTFE membrane filters and stored at 4 °C. Lactic acid and SCFAs were separated using 5 mM sulphuric acid at a flow rate of 0.5 mL/min, while the column compartment was maintained at 40 °C (28). Standards of lactic acid, acetic acid, propionic acid, and butyric acid in concentrations of 0.1, 1, 2, 5, and 10 mg/mL were prepared in Milli-Q water and analysed under the same conditions as the samples.




3 Results

The initial moisture content of the samples was: tarwi, 5.8% ± 0.08; cañihua, 7.4% ± 0.3; and quinoa, 9.28% ± 0.61.


3.1 Identification of amino acids and GABA by LC–MS

The identification of amino acids and GABA was based on their derivatization with dansyl chloride, and the molecular weight of the derivatised amino acids was determined using LC–MS. Table 1 shows the molecular weights identified.


TABLE 1 Dasyl-derivatised amino acids detected by LC–MS.

	Amino acid
	Dansyl amino acid theoretical MW (g/mol)
	Retention time (min)
	Positive ion polarity (M + H) signal

 

 	L-aspartic acid 	366.35 	7.4 	366.83


 	L-glutamic acid 	380.35 	8.05 	380.9


 	L-cysteine 	473.55 	10.43 	472.59


 	L-histidine 	388.45 	10.63 	388.42


 	L-serine 	338.35 	10.82 	338.7


 	L-threonine 	252.35 	11.38 	352.74


 	Glycine 	308.32 	11.53 	308.83


 	L-alanine 	322.34 	12.06 	322.76


 	L-arginine 	407.45 	12.49 	407.66


 	L-proline 	348.35 	13.53 	348.23


 	L-valine 	350.45 	15.33 	350.69


 	L-lysine 	379.45 	15.84 	379.41


 	L-methionine 	382.45 	16.86 	382.1


 	L-isoleucine 	364.45 	19.16 	364.72


 	L-leucine 	364.45 	19.82 	362.67


 	L-phenylalanine 	398.45 	22.42 	398.23




 



3.2 Pretreatment influence on free glutamic acid concentration

Tarwi samples behave differently from cañihua and quinoa when autoclaved (Figure 1). In tarwi seeds, a higher concentration of glutamic acid is observed when the samples are not autoclaved in both RT and 4 °C pretreatments: 2.71 mg/g and 3.69 mg/g, respectively, compared to the autoclaved control samples: 0.9 mg/g at RT and 2.07 mg/g at 4 °C. Indicating a loss of glutamic acid in the autoclaving process. However, cañihua and quinoa exhibit higher concentrations of free glutamic acid after autoclaving.

[image: Bar graphs A and B depict glutamic acid content in Tarwi, Canihua, and Quinoa. Graph A compares room temperature (RT) treatments: RT autoclaved, RT without autoclave, and fermented. Graph B compares treatments at four degrees Celsius: autoclaved and without autoclave, as well as fermented. Both graphs show significant variation in glutamic acid levels across different processing treatments, with RT and cold autoclave samples generally exhibiting higher glutamic acid content compared to fermented processes.]

FIGURE 1
 Effect of autoclaving on soluble free glutamic acid content. (A) Pretreatment at room temperature, concentration of glutamic acid in mg/g in controls with and without autoclave, and fermented samples. (B) Pretreatment at 4 °C, glutamic acid content in controls with and without autoclave and fermented samples. Results from one replicate of controls and duplicates of fermentation, expressed as average ± standard deviation.


Comparing the concentration of free glutamic acid with both pretreatments, for tarwi, the pretreatment at 4 °C produces a higher concentration of free glutamic acid, 3.69 mg/g. In contrast, cañihua and quinoa have higher free glutamic acid concentrations when pretreated at RT (around 20 °C) and autoclaved: 0.26 mg/g and 0.75 mg/g, respectively.

Finally, after fermentation, the concentration of free glutamic acid decreases in all cases, indicating that glutamic acid could be transformed into GABA; fermented tarwi produced 4.03 mg/g at RT and 3.64 mg/g at 4 °C, fermented cañihua produced 0.97 mg/g at RT and 0.89 mg/g at 4 °C. Finally, quinoa produced 0.3 mg/g of GABA with RT pretreatment, but no GABA was produced in fermented samples pretreated at 4 °C (Figure 2).

[image: Bar graph comparing GABA content in Tarwi, Canihua, and Quinoa at room temperature and four degrees Celsius. Tarwi has the highest GABA levels, with slightly higher values at room temperature compared to refrigeration. Canihua shows lower GABA content, followed by Quinoa with the least. Room temperature is represented by blue bars, and four degrees Celsius by orange bars. Error bars indicate variability.]

FIGURE 2
 Production of GABA in three Andean seeds by fermentation with L. brevis. Two treatments, RT and 4 °C, were compared before the fermentation. Results from duplicates of fermentation.




3.3 Production of GABA by fermentation with L. brevis

GABA was produced in all fermentation products except for quinoa samples pretreated at 4 °C. Cohen’s d test shows that GABA production in tarwi and cañihua with room temperature prior treatment has a large effect size (d > 0.8), compared to the 4 °C previous treatment of the seeds (Figure 2).



3.4 Change in amino acid profile after fermentation with L. brevis

The amino acid profile was determined in all samples, with both prior treatments (RT or at 4 °C).

Fermentation had different effects on the amino acid composition of every seed. For example, in fermented tarwi, most free amino acids are present in similar amounts regardless of the prior thermal treatment; only a few show differences: cysteine, histidine, threonine, glycine, and proline were higher with prior RT treatment, and aspartic acid and valine were higher in seeds kept at 4 °C before fermentation. The control samples (autoclaved and non-autoclaved) also had the highest concentrations when kept at 4 °C compared to RT (Figure 3). It is also noted that autoclaving decreases the concentration of amino acids compared to non-autoclaved samples. While in cañihua after fermentation, when the seeds were kept at 4 °C previously, aspartic acid, cysteine, and isoleucine were found in higher amounts, while for histidine, glycine, valine, phenylalanine, and leucine, with a previous treatment at RT, were found in higher amounts (Figure 4). For quinoa, alanine is completely consumed during fermentation. Seeds previously treated at 4 °C showed higher amounts of aspartic acid, glutamic acid, cysteine, valine, methionine, and isoleucine. Glycine and proline were higher in seeds kept at RT before fermentation (Figure 5).

[image: Bar chart showing concentrations of various amino acids in milligrams per gram across different conditions, depicted in distinct colors. Alanine and Glutamic acid have the highest concentrations, exceeding 10 mg/g. Data includes Control and Fermented conditions, differentiated by temperature and acidity levels.]

FIGURE 3
 Amino acid profile of Tarwi samples. T RT A, room temperature pretreatment autoclaved; T RT, room temperature pretreatment w/o autoclaving; T 4 A, 4 °C pretreatment autoclaved; T 4, 4 °C pretreatment w/o autoclaving. Results from one replicate of controls and duplicates of fermentation samples, expressed as average ± standard deviation.


[image: Bar graph showing amino acid concentrations in Canihua under various conditions, such as Control and Fermented. Each bar represents a different condition, with concentrations measured in milligrams per gram for amino acids including alanine, arginine, aspartic acid, cysteine, and others. Error bars indicate variability.]

FIGURE 4
 Amino acid profile of cañihua samples. C RT A, room temperature pretreatment autoclaved; C RT, room temperature pretreatment w/o autoclaving; C 4 A, 4 °C pretreatment autoclaved; C 4, 4 °C pretreatment w/o autoclaving. Results from one replicate of controls and duplicates of fermentation samples, expressed as average ± standard deviation.


[image: Bar graph showing amino acid concentrations in milligrams per gram under different conditions: Control and Fermented at various temperatures. Glutamic acid and Alanine have notably high concentrations, especially in the Fermented conditions. Error bars indicate variability. A legend details the color-coded conditions.]

FIGURE 5
 Amino acid profile of quinoa samples. Q RT A, room temperature pretreatment autoclaved; Q RT, room temperature pretreatment w/o autoclaving; Q 4 A, 4 °C pretreatment autoclaved; Q 4, 4 °C pretreatment w/o autoclaving. Results from one replicate of controls and duplicates of fermentation samples, expressed as average ± standard deviation.


The conversion of glutamic acid into GABA was clear. In tarwi, there is almost no glutamic acid after fermentation, and the highest amount of GABA produced by fermentation was 4 mg/g. The same behaviour was observed in cañihua, where almost all glutamic acid was consumed during fermentation, and GABA is produced. On the other hand, a considerable amount of glutamic acid remained in quinoa samples after fermentation, and GABA production was very low. However, no GABA is present in the samples fermented (T 4).

Another interesting result is the influence of autoclaving on the amino acid composition of the seeds. In tarwi seeds, autoclaving resulted in a decrease in the concentration of most amino acids. In cañihua seeds, the opposite effect was observed; most of the amino acids increased in concentration after autoclaving. Finally, in quinoa seeds, there was no clear tendency, unlike in the other seeds; almost half of the amino acids decreased in concentration, while the other half increased in concentration.

PCA was used to explore the amino acid profiles with prior thermal treatments and fermentation (Figure 6). For tarwi (Figure 6A), PC1 was affected mainly by glutamic acid, serine, alanine, arginine, valine, isoleucine, leucine, and phenylalanine. PC2 captured additional variation, with methionine, threonine, proline, and glycine showing a strong influence, while cysteine and lysine showed a lesser extent. The heat map (Figure 7A) supports that the main increase with prior RT treatment is in threonine and proline, as well as aspartic acid, when the seeds are treated at 4 °C. Fermented samples (T RT and T 4) formed distinct clusters separate from control groups; this was also confirmed in the dendrogram (Figure 8A). The dendrogram also shows that autoclaving affected the controls when a prior 4 °C treatment was applied.

[image: Bar charts labeled A, B, and C compare lactic and acetic acid concentrations after pretreatment at room temperature and 4°C. Lactic acid consistently shows higher concentrations than acetic acid across all conditions. Error bars indicate variability in data.]

FIGURE 6
 Principal component analysis (PCA) of amino acid profiles across fermentation treatments. (A) tarwi, (B) cañihua, (C) quinoa, and (D) all fermented samples. All plots were made in Python (v3.11) using matplotlib (v3.8.0) and seaborn (v0.13.0).


[image: Four heatmaps labeled A, B, C, and D display amino acid concentrations in different samples: Tarwi, Canihua, Quinoa, and all fermented samples, respectively. Color gradients range from blue (low concentration) to red (high concentration), highlighting differences across sample types like Control, T RT, T4, and others. Each heatmap includes amino acids like aspartic acid, glutamic acid, and leucine on the x-axis, with sample identifiers on the y-axis. Numeric values overlaid on the cells indicate specific concentration levels.]

FIGURE 7
 Heat maps of controls. RT, room temperature prior treatment; 4, 4 °C; A, autoclaved control; (A) Tarwi, (B) Cañihua, (C) quinoa, and (D) all fermented samples. All plots were made in Python (v3.11) using matplotlib (v3.8.0) and seaborn (v0.13.0).


[image: Four dendrograms labeled A, B, C, and D illustrate hierarchical clustering. A) Dendrogram Tarwi, B) Dendrogram Cañihua, C) Dendrogram Quinoa, and D) Dendrogram of all fermented samples. Each groups samples based on control and experimental variations, indicating relationships and similarities among them.]

FIGURE 8
 Dendrograms of controls; RT, room temperature prior treatment; 4, 4 °C; A, autoclaved control; (A) Tarwi, (B) Cañihua, (C) Quinoa, and (D) all fermented samples. All plots were made in Python (v3.11) using matplotlib (v3.8.0) and seaborn (v0.13.0).


For cañihua, PC1 was primarily influenced by hydrophobic and branched-chain amino acids, including isoleucine, aspartic acid, leucine, valine, and serine. This axis separates samples based on the polarity and hydrophobicity of their amino acids. In the PCA plot (Figure 6B), this separation is evident along PC1, where both controls (RT prior thermal treatment) cluster distinctly from fermented samples, suggesting that fermentation alters the abundance of these amino acids. PC2 was highly influenced by proline, histidine, alanine, and lysine. These amino acids may reflect structural or charge-related shifts during fermentation. PC2 distinguishes both controls (kept at 4 °C) from the other groups, indicating that it may enhance amino acids associated with protein rigidity and aromaticity. These observations are confirmed with the dendrogram (Figure 8B), where autoclaved controls cluster differently from the non-autoclaved ones (independently of the prior treatment). The heat map (Figure 7B) supports that the main increase resulting from fermentation is in proline.

PCA analysis of quinoa fermentation reveals that PC1 is influenced by lysine, alanine, serine, glycine, methionine, and isoleucine. In the PCA plot (Figure 6C), both control groups (RT) cluster at the positive end of PC1, suggesting higher levels of lysine, alanine, and serine. In contrast, both fermented samples shift toward the negative end, indicating fermentation-induced changes in the hydrophobic amino acid content. PC2 is dominated by cysteine, aspartic acid, leucine, and serine. These patterns suggest that PC2 captures variation in sulphur-containing and acidic amino acids. Then, the heat map (Figure 7C) confirms that arginine and isoleucine are the amino acids that increase the most with fermentation after a 4 °C treatment, and proline when the seeds have undergone prior RT treatment. The dendrogram (Figure 8C) suggests that the fermented samples cluster differently from all controls, but the controls are slightly affected by autoclavation, as they form a separate cluster that is still very similar to the non-autoclaved samples.

Finally, the PCA of tarwi, cañihua, and quinoa fermented samples shows that PC1 was primarily driven by glycine, serine, arginine, and threonine, with a high reduction of glutamic acid, reinforcing its conversion into GABA. In the PCA plot (Figure 6D, Table 2), fermented samples kept at RT before fermentation cluster toward the positive end of PC1, showing higher glycine, serine, arginine, and threonine. While fermented samples kept at 4 °C before fermentation shifted leftward, suggesting a reduction in these components over time. PC2 was shaped by valine, phenylalanine, and proline, indicating that this axis captures variation in hydrophobic and aromatic amino acids. Glutamic acid again contributed highly, reinforcing its inverse relationship with fermentation-driven changes. Similarly, PCA (Figure 6D) and the dendrogram (Figure 8D) indicate that all fermented samples cluster differently, depending on the seeds.


TABLE 2 Loadings for PCA analysis for each fermented sample

	Amino acid
	Tarwi
	Cañihua
	Quinoa



	PC1
	PC2
	PC1
	PC2
	PC1
	PC2

 

 	Aspartic acid 	−0.13 	0.15 	0.34 	−0.06 	−0.11 	0.44


 	Glutamic acid 	0.35 	−0.13 	0.21 	−0.32 	0.19 	0.28


 	Cysteine 	0.26 	−0.31 	0.26 	0.07 	−0.19 	0.46


 	Histidine 	0.16 	−0.01 	0.08 	0039 	−0.26 	−0.29


 	Serine 	0.33 	−0.03 	−0.31 	−0.19 	0.2 	−0.35


 	Threonine 	−0.19 	0.37 	 	 	 	


 	Glycine 	0.19 	0.28 	0.2 	0.28 	−0.35 	−0.11


 	Alanine 	0.31 	−0.25 	0.22 	−0.36 	0.26 	0.29


 	Arginine 	0.3 	0.26 	0.29 	−0.26 	−0.28 	0.19


 	Proline 	−0.06 	0.34 	0.04 	0.42 	−0.27 	−0.14


 	Valine 	0.3 	0.25 	−0.32 	−0.13 	−0.3 	−0.11


 	Lysine 	0.27 	−0.31 	0.18 	−0.32 	0.35 	0.01


 	Methionine 	0.19 	0.38 	0.25 	0.17 	−0.35 	−0.05


 	Isoleucine 	0.31 	0.25 	0.35 	0.12 	−0.33 	0.1


 	Leucine 	−0.23 	−0.16 	0.3 	−0.19 	0.13 	−0.36


 	Phenylalanine 	−0.2 	−0.09 	0.29 	0.18 	 	





T RT, T4, C RT, C4, Q RT, and Q4.
 



3.5 Production of short-chain fatty acids (SCFAs)

In all three seeds, lactic acid and acetic acid were produced. The product of fermentation from cañihua seeds shows the highest levels of those acids (Figure 9).

[image: Bar charts labeled A, B, and C showing the concentration of lactic acid and acetic acid under different pre-treatment conditions. Panel A and C indicate concentrations at room temperature and 4 degrees Celsius, with higher lactic acid levels in blue and lower acetic acid levels in orange. Panel B shows similar conditions but with overall higher concentrations. Error bars are included for variability.]

FIGURE 9
 Production of short-chain fatty acids (SCFAs) by fermentation of seeds with L. brevis. (A) SCFAs produced by fermentation on tarwi seeds. (B) SCFAs produced by fermentation on cañihua seeds. (C) SCFAs produced by fermentation on quinoa seeds. Results expressed as average ± standard deviation.





4 Discussion

The production of fermented foods and beverages using LAB has become a significant area of interest for both research and industry, as the metabolites produced can enhance food quality and offer health benefits. One of these metabolites is γ-aminobutyric acid (GABA). Many LAB strains have been studied for their capacity to produce GABA, and several authors have concluded that L. brevis is the most efficient strain (29). GABA production can vary depending on conditions such as pH, temperature, and the composition of the medium (30).

Fermentation by L. brevis of various food matrices to produce GABA has been previously studied. For example, black soybean milk fermented by L. brevis FPA 3709 at 37 °C for 48 h achieved a final GABA concentration of 5.42 mg/mL (31). Black raspberry was also fermented by L. brevis GABA100 at 37 °C for 15 days, with a final GABA concentration of 2.42 mg/mL (32). Soybean and rice seem to be the most extensively studied food matrices for GABA enrichment (33). Other notable groups that appear to have potential for GABA enrichment include legumes and cereals. Heating and cooling have been tested as pretreatments to see their effect on GABA production by fermentation. Interestingly, on the one hand, a heat drying treatment at 40 °C resulted in increased GABA production in immature soybean seeds, reaching a level of up to 4.48 mg/g (34).

On the other hand, cold stress, if applied to the seeds before fermentation, is efficient in enhancing GABA production in quinoa seeds (21), these authors conclude that the higher GABA produced may be attributed to an adaptive response of the cells to cold, which leads to acidification of the cell membrane, due to the depletion of H+ caused by decarboxylation during the synthesis of GABA. However, our results show that GABA production in the three seeds, tarwi, cañihua, and quinoa, with a room temperature treatment of the seeds before fermentation, is higher than that of the prior treatment at 4 °C. However, no heating pretreatments were studied. Recently, in our research group, GABA was produced enzymatically from Andean seeds (26). The production of GABA in tarwi was higher through fermentation compared to the small-scale enzymatic reaction, but lower compared to the large-scale enzymatic reactions (Table 3). Fermented cañihua produced more GABA by enzymatic treatment than fermentation. However, keeping the seeds at 4 °C did show a positive effect, as evidenced by the increased concentration of certain amino acids after fermenting quinoa and canihua seeds. The most significant difference is observed in cysteine concentration after fermentation of both seeds with the pretreatment at 4 °C compared to RT pretreatment. In fermented tarwi seeds, the same effect is observed in almost all amino acids, but not for threonine, proline, and isoleucine.


TABLE 3 Comparison of enzymatic and fermentation production of GABA in Andean seeds with L. brevis.

	Seed
	GABA mg/g of ground seed
	Process to obtain GABA/conditions
	Scale (volume)
	Reference

 

 	Tarwi 	2.46 	Enzymatic conversion by L. brevis GadB at 37 °C, pH 7 for 14 h. 	1 mL 	(26)


 	14.22 	Enzymatic conversion by L. brevis GadA at 37 °C, pH 7 for 14 h. 	100 mL 	(26)


 	4.03 	Fermentation with L. brevis for 48 h at 30 °C. With room temperature pretreatment. 	25 mL 	Present work


 	Cañihua 	0.27 	Enzymatic conversion by L. brevis GadA at 37 °C, pH 7 for 14 h. 	1 mL 	(26)


 	0.97 	Fermentation with L. brevis for 48 h at 30 °C. With room temperature pretreatment. 	25 mL 	Present work


 	Quinoa 	0.41 	Enzymatic conversion by L. brevis GadB at 37 °C, pH 7 for 14 h. Pretreatment with pancreatin. 	1 mL 	(26)


 	0.3 	Fermentation with L. brevis for 48 h at 30 °C. With room temperature pretreatment. 	25 mL 	Present work





Enzymatic production was previously performed in the group, and fermentation was conducted in the present study. Both studies used the same seed samples.
 

Short-chain fatty acids (SCFAs) and lactic acid are also important products of LAB fermentation. In this study, only lactic and acetic acid were produced through fermentation by L. brevis, with higher concentrations of lactic acid than acetic acid being observed. Other studies have identified a group of sugars that, when present in the culture medium, consistently produce more lactic than acetic acid, regardless of the L. brevis strain (35). These sugars are D-glucose, D-galactose, D-mannose, and D-mannitol, suggesting that some of these sugars may be present in the seeds used in this study, which could lead to a higher production of lactic acid than acetic acid in all cases. Acetic acid has been found to enhance the production of anti-inflammatory mediators, including IL-10, transforming growth factor-β (TGF-β), and annexin A1 (36). Lactic acid has demonstrated various bioactive capacities, including its critical role in modulating inflammation in a model of small intestine injury caused by indomethacin (37). It has also been shown to contribute to maintaining intestinal barrier function (38).

Little is known about the effect of autoclaving on the free amino acid profile before fermentation, especially in Andean seeds. Early studies reported a 10% decrease in lysine after autoclaving chickpea and pulses but no change in other amino acids (39). Another study also found a decline in lysine when autoclaving blends of soybean, white beans, sesame, and peanut (40). However, recent work found no change in the amino acid profile when cheese whey permeates are autoclaved (41). In the present work, autoclaving affected the amino acid profiles of tarwi, cañihua, and quinoa in distinct ways.

Some free amino acids have increased in the soluble phase after the fermentation of the Andean seeds. Tarwi’s fermentation product shows that threonine was produced. This essential amino acid is a crucial component of gastrointestinal mucin and serves as a nutritional modulator that influences the intestinal immune system through complex signalling networks (42). Other essential amino acids increased in concentration after the fermentation of tarwi by L. brevis, including histidine, isoleucine, leucine, methionine, and valine. In fermented cañihua, glycine is not observed in the controls of soluble amino acids but is present after fermentation. This non-essential amino acid has also been suggested as a conditionally essential amino acid, as it has been observed that glycine supplementation is needed in metabolic disorders such as obesity and type 2 diabetes (43). Glycine is not only a building block of proteins, but it is also required for many metabolic processes, and it has a broad spectrum of anti-inflammatory, cytoprotective, and immunomodulatory properties (44). Other essential amino acids that increased in concentration after the fermentation of cañihua by L. brevis are histidine, phenylalanine, isoleucine, and methionine. In fermented quinoa, glycine and isoleucine are produced during the fermentation. Isoleucine is an essential amino acid and together with leucine and valine it comprises 17% of the human skeletal muscle and is used to support protein synthesis (45). Methionine, histidine, and valine are other essential amino acids that are increased in concentration by quinoa fermentation.

Besides the beneficial effects of free amino acids, they can also influence the taste of fermented food. They have been classified into four groups: amino acids that contribute umami taste (aspartic acid and glutamic acid), amino acids that contribute to sweetness (serine, alanine, glycine and threonine), amino acids that contribute to bitterness (arginine, histidine, tyrosine, leucine, valine, methionine, isoleucine, phenylalanine, lysine and proline), and finally cysteine is considered tasteless (46). In this sense, fermented tarwi exhibits an increase in the concentration of free amino acids that contribute to bitter taste, but only one that could contribute to its sweet taste. Fermented cañihua and quinoa have an increase in concentration of two bitter-contributor amino acids and one sweet-contributor. It can be concluded that the amino acid profile in fermented products may contribute to an increased bitterness.

In this exploratory study, a limitation is that fermentations were conducted in duplicate due to restricted seed availability and the high analytical demand of LC–MS/HPLC analyses. Nevertheless, all analytical measurements were performed in duplicate for each replicate, and results were consistent, indicating good reproducibility. Future work will include larger-scale fermentations with additional replicates to strengthen statistical robustness. In addition, the study of organoleptic properties of fermented Andean seeds aims to develop nutritional and functional fermented foods, extend their shelf life, and enhance their palatability.



5 Conclusion

This study explores the enhancement of the functional value of Andean seeds through fermentation with L. brevis DSM 1269. As an environmentally friendly technique, it enables the production of bioactive compounds such as lactic acid, acetic acid, and GABA, while also increasing the production of essential amino acids, including threonine, histidine, methionine, isoleucine, leucine, valine, and lysine. In this sense, these results could lead to scaling up the process and potentially applying it to formulate novel, fermented, plant-based foods with enhanced properties.
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