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Peas are prospectively beneficial legumes in the human diet, and especially in a vegan and vegetarian diet, due to their high content of proteins and starch. Their frequent lack of appeal in human nutrition can be caused by their bloating effect and the content of some antinutritional compounds inhibiting the absorption of important nutrients. This study brings a comprehensive comparison of the nutrient content of pea flour after cooking and lactic fermentation before and after digestion in vitro. As a control sample, raw pea flour was used (sample 1). Raw pea flour was cooked for 10 min (sample 2) and 120 min (sample 3) at 100°C or it was fermented by Lactobacillus plantarum (sample 4) and cooked for 10 min at 100°C (sample 5). The samples were analyzed for protein and amino acids content, maltose, glucose, raffinose, total polyphenols, phytic acid, phytase, and mineral composition (P, Mg, Mn, Fe, Cu, Zn) before and after in vitro digestion. The results showed a significant (p < 0.05) increase in the protein digestibility of samples 3, 4 and 5. In the fermented samples were observed a higher concentration of Cys, Met, and Gln when compared to non-fermented samples. The fermentation of pea flour resulted in a significant (p < 0.05) decrease in glucose, maltose, and raffinose content. Cooking of pea flour for 10 and 120 min, but not fermenting, significantly (p < 0.05) decreased the polyphenols content. Cooking and fermentation together did not affect phytic acid concentration and phytase activity. Mg, Mn, Fe, Cu and, Zn concentration in pea flour was significantly (p < 0.05) decreased by cooking. On the other hand, fermentation significantly (p<0.05) improved the bioaccessibility of Mn and Fe. These findings suggest that lactic fermentation of pea flour is a promising culinary preparation that can improve the digestibility of peas.
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INTRODUCTION

Globally, there is a growing demand for non-animal protein stemming from the ethical or ecological concerns that meat production produces a higher carbon footprint compared to plant production (1). Plant proteins are a promising and widely used substitution for animal protein, especially in vegan and vegetarian diets. Plant-based foods are distinguished by high content of fiber, mineral compounds, and vitamins; moreover, they have a low content of fat and are cholesterol-free. These nutritional advantages make plant proteins beneficial in terms of health and prevention of lifestyle diseases (2). However, there are disadvantages from the point of view of human nutrition: a low proportional representation of essential amino acids, low bioavailability of iron, cobalamin deficiency, presence of dietary estrogen, and a high content of antinutritional compounds, e.g., phytic acid, tannins, or trypsin inhibitors, which debase the bioavailability of essential nutrients (3). All of these shortcomings can be addressed with animal-based food which operate in symbiotic ways with plant-based food, but at the cost of a larger carbon footprint (4). This fact motivates scientists and biotechnology companies to pursue further research and development of plant-proteins production toward the goal of increasing the bioavailability of essential nutrients and improving plant-protein nutritional quality for human nutrition.

Bean, soybean, and chickpea production globally dominate in the world's market of pulses. The fourth most popular crop is the pea. North America, Europe, and east Asia are the biggest producers, although its production has seen a significant decrease in recent years due to increased soybean production (5, 6). However, the pea excels in nutritional composition, higher content of lysine and tryptophane, and lower content of trypsin inhibitors compared to the soybean. Nevertheless, the pea is more commonly used in animal nutrition than for humans (7). In terms of human nutrition, the consumption of peas is strongly influenced by a consumer choice. With widespread trends such as low-carb diet and vegan/vegetarian movement, the value of the pea as a source of protein is growing within consumers as well as the food industry (8). For example, in recent years, extracted pea protein, which can be directly consumed or is a part of food such as bread or soups, has been introduced to the global market. Its benefit is the absence of fermentable oligosaccharides and antinutritional compounds, as well as better digestibility (9).

In human nutrition, peas are mostly consumed as a fresh vegetable or cooked dish in the form of porridge, soup, or bread. Some consumers are deterred from peas not only for their sensory properties (taste and smell typical of peas) and the content of antinutritional compounds (phytic acid, tannins, and trypsin inhibitors), but also the content of fermentable oligosaccharides which cause bloating: mainly raffinose, stachyose, verbascose, and sucrose (10). A small fraction of these oligosaccharides can be eliminated by the treatment of pea flour at high temperatures, extrusion, or soaking of dried peas before processing; however, residual oligosaccharides are still present in peas and can cause digestive problems (11). In addition, the presence of antinutritional compounds makes peas less digestible. Phytic acid naturally occurs in legumes and causes a decreased bioavailability of essential minerals such as zinc, phosphorus, iron, and others. Trypsin inhibitors and tannins can also result in lower digestibility of proteins (11).

The technology available today possesses a prospective way to eliminate antinutritional compounds, increase the protein digestibility, and improve the bioavailability of essential amino acids in plant-based foods (12). The most promising approach is fermentation of the plant-based food by lactic bacteria (13). The genus Lactobacillus is found in different environments including milk, the gastrointestinal tract (GIT), fermented meat, dairy products, and cereal-based foods (14). Currently, extensive research is being performed on a member of Lactobacillus genus, L. plantarum, in terms of food fermentation. This has shown that L. plantarum utilizes fermentable oligosaccharides and decomposes starch as well as retrograded starch. Moreover, its positive effects on fermented food has been shown, such as an antimicrobial effect (15), a protective effect on food against pathogenic molds (16), production of lactic acid and B-vitamins, as well as acting as a probiotic strain in the GIT. With regards to usage of L. plantarum as a probiotic supplementation, Kyereh et al. have observed that the mixture of starchy food, such as maize, soybean, and cowpea, prolonged the survival of L. plantarum in the GIT (17). In another study, L. plantarum has shown the ability to eliminate unpleasant aroma in pea protein isolates (18). Taken together, the biotechnological research and development of pea flour fermentation is a promising tool for improving the nutritional value of peas and underscoring the benefits of peas in human nutrition.

The aim of this study was to provide a comprehensive view of the digestibility of proteins and starch and determine the content of antinutritional compounds (raffinose, phytic acid, polyphenols), as well as mineral elements in cooked and fermented pea flour by Lactobacillus plantarum. This study compares 10 min cooking time as a simulation of preparation of instant pea flour product, and 120 min cooking time as a juxtaposing extreme-long time to compare changes on its digestibility.



MATERIALS AND METHODS


Chemicals and Reagents

Inorganic salts used in the in vitro digestion assay and other chemicals, unless noted otherwise, were purchased from Sigma Aldrich (USA). Rabbit gastric lipase was purchased from Lipolytech (Marseille, France). L. plantarum (ATCC 8014) was obtained from the Czech Collection of Microorganisms, Faculty of Science, Masaryk University, Brno, Czech Republic. The pH value was measured using pH 60 VioLab, (XS instruments, Via della Meccanica, Italy). Deionized water underwent demineralization by reverse osmosis using the instruments Aqua Osmotic 02 (Aqua Osmotic, Tisnov, Czech Republic).



Pea Flour Samples

Pea flour samples were provided by Pro-Bio s.r.o. (Czech Republic). Peas, ESO variety, were grown in western Bohemia, Domazlice district, the Czech Republic in the altitude around 400 MSL. The average annual temperature during germination was 7–8°C and average total precipitation was 600 mm. The peas were grown with barley and fertilized with manure. Before sowing, PKS fertilizer was applied at a rate of 200 kg/ha. The peas were harvested in August 2020, separated from the barley and then dried. The peas were dehulled and ground to particle size 256 microns. The nutritional composition of raw pea flour is shown in Table 1. Nutritional analyses were carried out according to ISO/IEC 17025:2017.


Table 1. Nutritional composition of raw pea flour.
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Sample Preparation

L. plantarum was anaerobically cultivated on MRS agar (Hi-Media, Mumbai, India) at 37°C, 120 rpm for 72 h on thermostated shaking incubator (BioSan, Latvia). Ten grams of pea flour in 89.5 mL of deionized, sterile water were inoculated with 500 μL of diluted bacterial suspension in deionized sterile water (1.5 x 108 CFU/mL). Fermentation of pea flour was carried out for 72 h at 37°C aerobically on thermostated shaking incubator (Biosan, Latvia).

Ten grams of pea flour were dissolved in 90 mL deionized sterile water for all treatments. Sample without any treatment was used as a control (1). For the first (sample 2) and the second treatment (sample 3), the samples were cooked at 100°C for 10 or 120 min under continuous stirring. The fourth treatment was fermented pea flour without thermal treatment (sample 4) and the fifth sample was fermented pea flour (5) that was cooked at 100°C for 120 min. The thermal treatment was carried out on the magnetic stirrer under continuous stirring (650 rpm) with an external temperature probe (Intelli-Stirrer MSH-300i, Biosan, Latvia). Samples were cooled down and subsequently sterile and deionized water was added for weight balancing of all the samples. Finally, the samples were dried at 50°C, for 1 h in an air-drying oven (Binder, Model FD 56, Germany). The dried samples were stored at −20°C until digestion in vitro.



Digestion

In vitro digestion was carried out according to INFOGEST: static in vitro simulation gastrointestinal food digestion (19). In brief, prior to the experiment, the estimated activity of each enzyme used was analyzed: salivary amylase 1,600 U/mg, rabbit lipase 740 U/mg, pepsin 2,500 U/mg, and pancreatin 200 U/mg. Simulated saliva fluid (SSF), simulated gastric fluid (SGF), and simulated intestinal fluid (SIF) were freshly prepared by diluting the stock solution according to the experimental protocol.

All samples were prepared in triplicates. Two grams of the samples were weighted into a 50 mL tube. Three milliliters of preheated SSF were added and the samples were incubated for 2 min at 37°C. Six milliliters of SGF were added to the mixture. The pH of the samples was decreased to 3 with 6 N HCl. The gastric phase took 2 h at 37°C. Twelve milliters of SIF were added to the samples and the pH was increased to 7 with 1 M NaOH. The incubation took 2 h at 37°C. During digestion, the samples were continuously shaken (260 rpm) in a thermoincubator (Biosan, Latvia). Together with the samples, a blank (digestion electrolytes) and a blank with enzymes were prepared to determine the influence of these gastric buffers on each analysis. Samples were centrifuged and the supernatant in several aliquots was taken for further analysis. Digestion was terminated by shock-cooling. The samples were stored at −20°C until the analysis. All samples were analyzed within 1 week.



Mineral Elements Analysis–AAS

Analysis of the Mg, Mn, Fe, Cu, and Zn content in extracts was determined using a 240 FS AA atomic absorption spectrometer (Agilent Technologies, Santa Clara, CA, USA) with flame atomization [acethylene–air flame (oxygen flow 13.5 L/min and acethylene 2.0 L/min)]. Standard solutions of Mg, Mn, Fe, Cu, Zn [1,000 mg/L (Merck, Germany)] were used to prepare the calibration solutions, which were acidified with 1% w:w concentrated suprapure HNO3. All solutions were prepared using demineralized water obtained with a Millipore Milli Q system (Millipore, Bedford, MA, USA). Samples and calibration solutions for the determination of Mg were diluted with 1% LaCl3 (Merck, Germany). The wavelength of the HCL lamp (Agilent Technologies, USA) for Mg was 285.2 nm, Mn was 279.5 nm, Fe was 271.90 nm, Cu was 324.7 nm, and for Zn was 213.9 nm. The concentration of mineral elements of digestion electrolytes (blank) was subtracted from sample data.



Protein Analysis: Micro Lowry, Onishi, and Barr Modification

The assay was carried out according to Sigma Aldrich Total Protein Kit (product code TP0200 and B3934, Sigma Aldrich, USA). In brief, 400 μL of samples were diluted in 600 μL NaCl (0.85%). Then 200 μL of each sample or blank was transferred to a new tube. To each tube, 2.2 mL of Biuret reagent was added of, mixed well, and left to incubate for 10 min under laboratory temperature. Subsequently, 100 μL of Folin–Ciocalteau Phenol's reagent was added to the mixture and left to stand at the laboratory temperature for 60 min. Aliquots of 250 μL were transferred to the microtitrate plates (Nunc™ MicroWell™ 96-Well Microplates, Thermofisher Scientific, USA). The absorbance readings were carried out at 700 nm. Bovine albumin was diluted in 0.85% NaCl was used as a reference standard. As blank samples, 0.85% NaCl, the gastric buffer with enzymes, and the gastric buffer without enzymes were used.



Amino Acid Analysis–GC-FID

Free amino acids were purified via SCX columns according to the manufacturer's protocol (Strata SCX, 55 μm, 70A, 500 mg/3 mL, Phenomenex, USA). Samples were derivatized according to the method by Husek and Sweeley (20). In brief, the amino acids residue was diluted with a mixture of water/ethanol/pyridine (60:32:8) and then, 5 μL of ethyl chloroformate was added to the mixture. The tube was shaken for 5 s and 100 μL of chloroform (containing 1% ethyl chloroformate) was added to each tube. An aliquot of chloroform layer was taken for the analysis. Separation of amino acids was conducted on a 30-m Zebron ZB-5HT Inferno capillary column of 0.25 mm i.d. and 0.25 μm film thickness (Phenomenex, USA) using nitrogen 5.0 as the carrier gas (Siad, Czech Republic). The injection volume was 1 μL and the flow rate was set as 3 mL/min. The injector temperature was 250°C with a split ratio of 20:1 and the FID temperature was 220°C. The oven temperature was programmed as follows: the column was held initially at 140°C for 1 min, then raised 40°C/min to 300°C. The temperature was held for 1 min. Chromatographic data were recorded and integrated using Clarity software (Data Apex, Czech Republic).



Maltose, D-Glucose, Raffinose and Phytic Acid and Phosphorus Determination

For analysis, the Megazyme colorimetric assay kits for Raffinose/D-Galactose (K-RAFGA), Maltose/Sucrose/D-Glucose (K-MASUG), and Phytic Acid and Phosphorus (K-PHYT) were used (Megazyme, Bray, Ireland). Assays were carried out according to the manufacturer's protocols.



Activity of Phytase

As a substrate, 7.5 mM sodium phytate in acetate 0.1 M buffer (pH 5.5) was used. The analysis was carried out in the microtitration plate. To each well was transferred 10 μL of the sample, and 170 μL substrate (0.5 mM sodium phytate in acetate 0.1 M buffer, pH 5.5) was added immediately or after 30 min. Samples were incubated at 37°C. The reaction was stopped by adding 10 μL of 1 M trichloroacetic acid to each well. Ninety microliters of the color reagent consisted of ascorbic acid (10 % w/v)/sulfuric acid (1 M) with ammonium molybdate (5 % w/v) at a final proportion of 1:5 in the mixture was added to each well. Simultaneously, samples without substrate and acetate buffer were prepared in the same way and used as a blank. H3PO4 in the acetate buffer was used as a phosphorus standard in the concentration range of 0–50 mM. The results were calculated according to equation (1) where the slope was calculated from phosphorus calibration equation and F is a dilution factor of the samples. Results were expressed as 1 U/mL, which is the amount of enzyme that releases 1 μM of inorganic phosphate from a sodium phytate substrate per minute at pH 5.5 and 37°C.
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Total Polyphenolic Compounds: Folin–Ciocalteau Reaction

The assay was modified into a microplate template; 10 μL of the sample was pipetted to 80 μL Folin–Ciocalteau reagent (10 times diluted by deionized H2O). After 5 min of incubation, 100 μL of (700 mM) Na2CO3 was added to each well. The absorbance at 700 nm was read after 15 min of incubation.



Absorbance Measurements

Samples were placed in 96-well microtitration plates (Nunc™ MicroWell™ 96-Well Microplates, Thermofisher Scientific, USA). Measurements were performed at 22°C on the Synergy HTX microplate reader (Synergy HTX, Biotek USA).



Data Treatment and Descriptive Statistics

The experimental work was carried out in three independent experiments. The obtained data is presented as an average value from three independent measurements. Results were analyzed using Shapiro–Wilk test, ANOVA, and Scheffe's Test. A significant result is considered at p < 0.05. The data was processed using Microsoft Excel® (USA).




RESULTS


Protein Digestibility

Figure 1 shows a significant decrease in protein concentration of undigested variants in samples 2, 3, and 5 compared to the control group. After digestion, a significantly lower concentration was observed in sample 2 compared to the control sample. Sample 4 showed a significantly higher concentration of total proteins compared to the control sample. There was also a higher difference between undigested and digested protein concentration in samples 3, 4, and 5 compared to the control and sample 2.


[image: Figure 1]
FIGURE 1. The influence of treatment of pea flour [(1): untreated flour, (2): cooked at 100°C for 10 min, (3): cooked at 100°C for 120 min, (4): fermented flour without cooking, (5): fermented flour cooked at 100°C for 120 min.] on protein digestion. The difference was calculated after subtraction of the concentration of the undigested sample from the digested sample.


The results obtained from gas chromatography of free amino acids analysis are presented in Table 2. Arrows mark a significant difference in each amino acid concentration from the control sample. The results showed a significant increase in the sums of all amino acids between undigested and digested variants for all samples. The concentration of free amino acids in their undigested and digested variants was significantly reduced in samples 2 and 3 compared to the control and samples 4 and 5.


Table 2. Released amino acids from pea flour before and after digestion.
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Starch Digestibility

Figure 2A presents changes in maltose concentration before and after digestion. A significant decrease in maltose concentration in the undigested samples 3, 4, and 5 was evident. A significantly lower maltose concentration was found in sample 4 and significantly higher concentration in digested variants of maltose was found in sample 5, both compared to the control sample. Sample 3 showed a significant difference in maltose concentration between the undigested and digested variant.


[image: Figure 2]
FIGURE 2. The influence of treatment of pea flour [(1): untreated flour, (2): cooked at 100°C for 10 min, (3): cooked at 100°C for 120 min, (4): fermented flour without cooking, (5): fermented flour cooked at 100°C for 120 min.] on saccharide digestion. The difference was calculated after subtraction of the concentration of the undigested sample from the digested sample. (A) glucose, (B) maltose.


From the graph in Figure 2B, it is evident that there was a significant decrease in glucose concentration in samples 2–5 compared to the control in undigested variants. Samples 4 and 5 showed a significantly reduced glucose concentration compared to the undigested samples 2 and 3. After digestion, there was a significant decrease in glucose concentration in samples 2, 4, and 5 compared to the control sample. The difference between undigested and digested samples was significantly higher in sample 3. In samples 2, 4, and 5 the difference was significantly lower compared to the control.



Antinutritional Compounds

From the graph in Figure 3A, it can be seen that the raffinose content did not change during the digestion, except in sample 4. A higher concentration in digested variant was determined because the raffinose concentration in the undigested sample 4 was below the detection limit. The difference between undigested and digested variants was not significant in other samples. The concentration of raffinose in both undigested and digested variants was significantly higher in sample 2 and in sample 3 compared to the control sample. The fermented samples 4 and 5 showed a significantly lower raffinose concentration in both undigested and digested variants compared to the control samples.
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FIGURE 3. The influence of treatment of pea flour [(1): untreated flour, (2): cooked at 100°C for 10 min, (3): cooked at 100°C for 120 min, (4): fermented flour without cooking, (5): fermented flour cooked at 100°C for 120 min.] on antinutritional compounds. The difference was calculated after subtraction of the concentration of the undigested sample from the digested sample. (A) raffinose, (B) polyphenols, (C) phytic acid, (D) phytase.


From the results shown in Figure 3B, it is evident that the control sample had a significantly higher polyphenol concentration compared to samples 2–5 in both undigested and digested variants except for the digested variant of sample 4. The level of polyphenols in undigested variants was significantly lower in samples 2 and 3 compared to samples 4 and 5. Sample 5 showed a significantly higher polyphenols level compared to sample 4. The digested variants of samples 2–4 showed a significantly higher concentration of total polyphenols compared to their undigested variants, whereas sample 5 showed the opposite trend.

The data in Figure 3C shows that the concentration of phytic acid in undigested variants was significantly lower in all treated samples (2–5) compared to the control sample. After digestion, the concentration of phytic acid was significantly lower in Samples 2 and 3 compared to the control sample and Samples 4 and 5. The difference in phytic acid concentration between undigested and digested variants was highest in the control sample.

As shown in Figure 3D, phytase activity showed no significant changes between the digested variants in all samples. A significant decrease in the phytase activity in undigested variant was observed only in sample 5 compared to the control sample. The difference in phytase activity between the control sample and samples 2, 3, and 4 was not observed. The difference between phytase activity in the undigested and digested variant of each sample was significantly higher in sample 4.



The Concentration of Free Mineral Elements

From the graph in Figure 4A, it is obvious that P concentration in all the samples was significantly higher in the digested variants compared to the undigested variants. The significantly lower P concentration in undigested variants compared to the control sample was determined in samples 4 and 5. Digested samples showed no significant change in the P concentration compared to control.
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FIGURE 4. The influence of treatment of pea flour [(1): untreated flour, (2): cooked at 100°C for 10 min, (3): cooked at 100°C for 120 min, (4): fermented flour without cooking, (5): fermented flour cooked at 100°C for 120 min.] on mineral concentration. The difference was calculated after subtraction of the concentration of the undigested sample from the digested sample. (A) P, (B) Mg, (C) Mn, (D) Fe, (E) Cu, (F) Zn.


From Figure 4B, it can be seen that Mg concentration was significantly higher in all digested variants compared to the undigested variants. The greatest difference in Mg concentration between undigested and digested variants was observed in the control sample and sample 5. The smallest difference was found in sample 4. Samples 2–5 showed significantly lower Mg concentration compared to control in undigested variants. Samples 2–4 showed significantly lower concentration of Mg compared to control in digested variants.

Figure 4C shows that undigested variants had a significantly lower Mn concentration in all samples compared to the digested variants. The largest difference was observed in sample 5 in contrast to sample 4 which showed the smallest difference. Samples 2 and 3 showed a significantly lower Mn concentration in digested and undigested variants compared to the control. Samples 4 and 5 showed a significantly higher Mn concentration in undigested variants compared to the control sample. In addition, sample 5 showed a significantly higher Mn concentration compared to the control in the digested variant.

From Figure 4D, it is obvious that Fe concentration in undigested samples showed a significant decrease in samples 2, 3. and 5 compared to the control. Undigested and digested sample 4 showed a significantly higher Fe concentration compared to the control sample and other samples. Unlike sample 2, there was a significant difference between undigested and digested variants in the Fe concentration. The highest difference between Fe concentration of undigested and digested variant was shown in sample 4.

Figure 4E shows a significant decrease in Cu concentration in samples 2–5 compared to the control in the undigested variant as well as in the digested variants. A significant difference between the undigested and the digested variant was found in all samples and the control sample.

As shown in Figure 4F, the undigested variants of samples 2 and 3 showed a significantly lower concentration of Zn compared to the control. On the contrary, samples 4 and 5 in undigested variants showed a significantly higher concentration of Zn compared to the control sample. Samples 2–4 showed a significantly lower Zn concentration in the digested variant compared to the control. Only in sample 5 there was a significantly higher Zn concentration in the digested variant compared to the control and other samples. There were significant differences in Zn concentration between the undigested and digested variants in all samples including the control.




DISCUSSION

The digestion of food depends on several internal and external factors that influence the bioavailability and bioaccessibility of nutrients. Although, the digestion process is complex and hardly reproductible in vitro, this practice can be useful in the terms of the evaluation of suitable food preparation, especially when considering antinutritional factors (19).


Protein Digestibility

The results clearly demonstrate increased protein concentration in digested samples, which is caused by protein breakdown and accessibility of the peptides to the reagent. The lowest protein concentration was observed in samples 2 and 3 after cooking. Generally, it is known that food processing triggers the breakdown of molecular structures and allows the digestive enzymes to access nutrients. During cooking, the proteins are denatured and unfolded, which leads to their better digestibility (21). However, the protein denaturation opens the hydrophobic protein clusters, which can aggregate and decrease digestibility (22). Also, the formation of disulphide bridges between amino acids leads to the decrease of protein digestibility as well as racemization and formation of Maillard reaction products (23). From the results of this study, it is clear that the denatured proteins in treated samples before digestion were less accessible to pepsin and pancreatin. The obtained findings corroborate the findings of Sousa et al., who determined the resistance of vicilin, provicilin, convcilin, legumin A, and legumin A2 to gastric pepsin in vitro, which are the major proteins in the peas (24). These proteins belong to the group of globulins (8). It has been shown the globulins and also β-sheet structured proteins and hydrophobic proteins are not completely digested and cleave into amino acids (25). On the contrary, the results do not match the findings of Byanju et al. who observed higher protein digestibility in green peas after cooking. But, as the authors state, this could have been caused by sterilization of the pea flour before treatments, which could break down the pea flour matrix structure (26). Not only heat treatment could influence the protein digestibility, but also, the presence of antinutritional compounds such as tannins, lectins, saponins, phytate, trypsin, and chymotrypsin inhibitors which are present in pea four could prevent protein hydrolysis (27). A strong dependence was found between protein and polyphenols concentration in undigested variants of samples 1–3 (R2 = 0.9806); however, in the digested variants, the dependence was not strong (R2 = 0.6492). In the terms of fermented samples (4 and 5), the protein concentration was higher in comparison with the control sample. A possible explanation of this result might be an increase of microbial mass and thus an increase of total protein. The possible explanation could be that L. plantarum might have disrupted polysaccharide matrix from pea flour and enabled digestive enzymes to access storage proteins. This phenomenon could also explain the increased protein concentration in digested samples. The concept of the usage of bacteria to increase the biomass in the starchy food is not new. Coghetto at al. used L. plantarum BL011 in a new, completely animal-free medium in bioreactors with a soybean medium. A maximal yield of biomass of 17.87 g/L was observed, whereas lactic acid, the most important lactic acid bacteria metabolite, peaked at 37.59 g/L, corresponding to a productivity of 1.46 g/L/h (28). Studies on the production of a microbial protein state that bacterial biomass total protein content ranges from 50 to 83 % (29).

To confirm the digestion of proteins, amino acid analysis was carried out by gas chromatography. This method is sensitive and able to detect free amino acids at trace levels (20); however, it has limitations in the determination of arginine, threonine and it is less sensitive to serine. In undigested pea flour (samples 1–3) there were found the highest concentration of Val, Leu, Trp, Tyr, respectively. In fermented samples there were further increased concentrations of Cys, Met, and Glu compared to non-fermented samples. As a sum of all amino acids, there is an evident increment of free amino acids in the undigested and digested samples compared to the control and samples 2 and 3. The highest difference between the digested and undigested samples of free amino acids was observed in sample 3. The findings showed the release of amino acids was dependent on the pea flour preparation and fermentation. The results are consistent with the study of Thompson et al. who found that the fermentation of beans and cauliflower increased the concentration of alanine, glycine, histidine, isoleucine, leucine, and valine (30). However, in contrast to this study, it was additionally observed that there was an increase of Trp, Lys, Cys, and Met and a decrease of His. It has been shown that the fermentation processes cause changes in the pea flour matrix, which allows or blocks digestive enzymes' access to the proteins. The differences in the free amino acid release are also caused by various abilities of digestive enzymes to cleave proteins on their specific sites during the digestion process (24). It is generally accepted that pepsin prefers to cleave hydrophobic amino acid residues and it is specific for phenylalanine, leucine, tryptophan, and tyrosine in position P1, whereas histidine and lysine cleave rarely. Trypsin preferentially cleaves at arginine and lysine (31). There are several cleavage rules which could be found e.g., in expasy.org (32).



Starch Digestibility

Starch is the main stock polysaccharide in peas and ranges between 50 and 60% depending upon the variety (33). Structurally, legume starch has a higher amylose content (30–40% of amylose and 60–70% of amylopectin) compared to other starchy plants. It has been shown that amylose is less easily digestible than amylopectin, probably due to the much larger surface area of the molecule (34). In the experiment, the maltose and glucose assays were carried out to evaluate the rate of the peas' starch digestion. The results showed an increase of glucose and maltose in all digested variants. The highest difference between digested and undigested variant was seen in sample 3. One possible explanation is the formation of retrograded starch in undigested samples, which was less accessible in the maltose and glucose assay. Blazek et al. observed that during food processing, starch granules swell and lose their crystallinity and molecular organization in a process called gelatinization. Irreversible changes are linked to the disruption of molecular structure of amylose and amylopectin. When degraded starch is exposed to the digestive enzymes, the rate of starch cleavage by α-amylase is much higher compared to the native starch (35). But after the cooling, drying, and storage of the gelatinized starch, amylose and amylopectin reorder their structure, which is not recognized by digestive enzymes and thus becomes less digestible (36). Surprisingly, the significant increase of the maltose content in sample 3 compared to other samples (Figure 2B) was observed only after digestion. This could be due to pH changes during the in vitro digestion as well as improving the bioaccessibility of starch from the activity of other digestive enzymes. The comparison of the control sample and cooked samples with their fermented variants showed maltose and glucose content is significantly lower in undigested and digested samples. These findings support a study by Florencio et al. who demonstrated the presence of L. plantarum amylolytic enzymes and the ability of L. plantarum to cleavage starch and metabolize glucose (37). Moreover, it has been observed that the maltogenic amylase from L. plantarum is able to hydrolyze the long side chains of amylopectin, which contributed to slowing the retrogradation of starch in a bread (16). The estimated maximum total amylase and α-amylase production of L. plantarum CGMCC 14177 were 286.8 and 208.1 U/g, respectively (38). Taken together, these results indicate that L. plantarum decreases the content of digestible starch and simultaneously increases digestible proteins.



Antinutritional Compounds

In addition, the L. plantarum showed the ability to metabolize raffinose. Since the human digestive system does not have an enzyme for raffinose cleavage, its digestion takes a place via intestinal microbiota (39). Thus, the digestion of the oligosaccharides which belong to FODMAPs, peas, and other legumes can have bloating effects. As the results show, the difference provided between undigested and digested variants was not clearly observed, but there is strong evidence of the ability of L. plantarum to utilize raffinose in fermented samples. Moreover, a significant difference in raffinose concentration was observed between uncooked sample 4 and cooked sample 5 (Figure 3A). A possible explanation for these results may be that residual raffinose was released from the pea flour by cooking. These results are consistent with those of other studies and suggest that L. plantarum significantly decreased the content of raffinose and other FODMAPs in starchy foods (40–42).

Peas are rich in phytochemicals, mostly phenolic, terpenoids, and nitrogenous compounds which have shown antioxidant activities (43). Their higher content is in the hulls, which are usually separated during the processing of peas. In terms of pea flour digestion, the tannins impair protein digestion, forming a protein precipitate and decreasing protein bioaccessibility. For this reason, it is advisable to cook peas to reduce the content of tannins (44). Based on the obtained results, the total polyphenols significantly decreased in cooked samples 2 and 3, as well as in sample 5 when compared to sample 4. Surprisingly, the content of polyphenols was higher in the fermented samples, which supports findings of other studies where researchers elucidated the production of polyphenolic and antioxidant substances as secondary metabolites from L. plantarum (45, 46). In our experiment, a strong dependence (R2 = 0.9087) of polyphenols and protein concentration in digested variants of samples 2–5 was observed, which supports the idea of diminishing protein digestion in the presence of polyphenols.

The primary widely-recognized antinutrient compound in peas is phytic acid (47). A large body of studies have reported that phytate acts as an inhibitor to the absorption of mineral elements such as Zn, Fe, and Ca, as well-acting to decrease protein availability (48). In part, the phytate is cleaved by endogenous phytase, but for nutritional purposes, there are several approaches to reduce phytate, including soaking, germination, milling, or fermentation. While phytate is thermo-stabile, several studies have confirmed no effect on phytate reduction during traditional cooking (49). The content of phytic acid was significantly decreased in all treated and undigested samples, and there was a significant decrease in phytic acid after digestion. This could be contributed to the activity of native phytase when the activity of phytase and the concentration of phytic acid is in mutual dependence in samples 2–5 (R2 = 0.9539) in their undigested variants. On the other hand, the activity of phytase did not show significant changes among treated samples both in undigested and digested variants (Figure 3D). In contrast to the results obtained from this study, fermentation had no effect on the content of phytic acid. It has been shown L. plantarum fermentation significantly decreased (~35%) the phytic acid content in barley, coprecipitate, green gram, and tomatoes food mixture (50). Byanju et al. also have not proved the reduction of phytic acid by the fermentation of green peas, but rather in modified soybeans and lentils (26). L. plantarum has phytase activity, although it is very low to utilize the content of phytic acid completely (51). Overall, fermentation conditions as well as substrate may play a key role in phytic acid degradation by microbial fermentation. In future work, it would be appropriate to focus on presoaking peas or to coferment pea flour with phytase-producing microorganisms (52).



The Concentration of Free Mineral Elements

To evaluate the bioaccessibility of mineral compounds, the concentration of each mineral in the supernatant was determined. The results suggest that the treatment of the pea flour bears significant influence on the bioaccessibility of minerals. Cooking (samples 2 and 3) caused a significant decrease of proposed minerals compared to the control sample, and this effect is noticeable in both digested and undigested variants. Several studies have confirmed cooking of pulses significantly decreases the bioaccessibility of minerals due to their interaction with antinutritional compounds such as phytate and pectin or fiber (23, 48). One suggested mechanism for this effect is the solubilization of mineral chelators which become more accessible for minerals during the cooking time (53, 54). Noteworthy changes were observed in the fermented pea flour (samples 4 and 5) in terms of mineral compounds release. In the case of P, a significant decrease in the content of P in both samples 4 and 5 in their undigested variants was found. In sample 5, there was a significant decrease in Fe concentration, whereas in sample 4 the Fe concentration was strongly increased as well as Mn, Cu and Zn, again compared to the control sample in undigested variants. The same trend was found for their digested variants, except for Cu in sample 4 (Figure 4). Most of the examined minerals were released after the pea flour digestion, except sample 4 in the case of Fe, Cu, and Zn and sample 5 in the case of Fe. Moreover, there was observed an adverse proportion of the content of these minerals released after digestion. The increased concentration of free minerals available to the GIT after digestion can be explained by the activity of digestive enzymes that released them from pea flour, but detailed studies are lacking to confirm the obtained results from this experiment. Similar trends were shown in the study of Sindhu et al. They observed the improved HCl-extractability of iron (54–67%), calcium (22–32%), sodium (25–30%), and potassium (17–24%) after probiotic fermentation of a naturally developed food blend (54). Unfortunately, there is a lack of literature to clarify our results, indicating that further research on this topic will be needed. Several randomized controlled trials (55–57) have shown that L. plantarum strongly increased the intestinal iron uptake from a diet with a low dose of iron (58). The mechanism has not been fully understood yet, but some studies indicate several mechanisms at the level of the microorganism itself, in conjunction with interactions in the GIT that are likely to act synergistically: (1) L. plantarum increases levels of a ferric reductase in human intestinal cells, enhances mucin production and suppresses hepcidin, the regulator of systemic iron homeostasis; (2) production of p-hydroxyphenyllactic acid can promote the reduction of ferric iron to the more bioavailable ferrous form (59). Surprisingly, sample 5 showed a significantly lower Fe concentration in both variants, which could mean that the mechanism of increasing the concentration of free Fe is dependent on temperature. Although this study was carried out in vitro, the results suggest that there may be another mechanism that L. plantarum uses to increase the bioaccessibility of iron as well as other minerals.




CONCLUSION

The aim of the present research was to provide a comprehensive view of protein and starch digestibility, and to determine the content of antinutritional compound as well as mineral elements in cooked and fermented pea flour by L. plantarum. This study showed that protein and starch digestibility was significantly reduced after 10 min of cooking, whereas significantly improved after 120 min of cooking and the lactic fermentation. In addition, the lactic fermentation improved the nutritional quality of pea flour. The higher content of Cys, Met and Gln and the bioaccessibility of Fe, Mn, Mg, and Zn was observed when compared to non-fermented samples. Also, raffinose content significantly decreased. Taken together, lactic fermentation offers an extensive way to create functional foods from peas.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

SS: conceptualization, methodology, validation, investigation, data curation, writing–original draft, and visualization. AR: investigation, data curation, and writing–review and editing. PSl: writing–review and editing and validation. JS: writing–review and editing, formal analysis, data curation, and validation. PSk, JH, and RD: writing–review and editing. IS: writing–review and editing, project administration, and funding acquisition. PH: writing–review and editing and supervision. All authors contributed to the article and approved the submitted version.



FUNDING

This study was funded by the project development of Biofortified Pea Breeding Lines with Low Phytic Acid Content, Project Number: QK1810072.



ACKNOWLEDGMENTS

The authors would like to acknowledge the laboratory staff, namely Marta Preissova and Pavlina Hloucalova, for their technical service. The authors also acknowledge the company Pro-Bio s.r.o. for providing the samples.



REFERENCES

 1. Boukid F, Rosell CM, Rosene S, Bover-Cid S, Castellari M. Non-animal proteins as cutting-edge ingredients to reformulate animal-free foodstuffs: Present status and future perspectives. Crit Rev Food Sci Nutr. (2021) 1–31. doi: 10.1080/10408398.2021.1901649

 2. Sa AGA, Moreno YMF, Carciofi BAM. Plant proteins as high-quality nutritional source for human diet. Trends Food Sci Technol. (2020) 97:170–84. doi: 10.1016/j.tifs.2020.01.011

 3. Schweiggert-Weisz U, Eisner P, Bader-Mittermaier S, Osen R. Food proteins from plants and fungi. Curr Opin Food Sci. (2020) 32:156–62. doi: 10.1016/j.cofs.2020.08.003

 4. van Vliet S, Kronberg SL, Provenza FD. Plant-based meats, human health, and climate change. Front Sustainable Food Syst. (2020) 4:128. doi: 10.3389/fsufs.2020.00128

 5. Cusworth G, Garnett T, Lorimer J. Legume dreams: the contested futures of sustainable plant-based food systems in Europe. Glob Environ Change. (2021) 69:102321. doi: 10.1016/j.gloenvcha.2021.102321

 6. Horky P. Effect of protein concentrate supplement on the qualitative and quantitative parameters of milk from dairy cows in organic farming. Ann Anim Sci. (2014) 14:341–52. doi: 10.2478/aoas-2014-0008

 7. Dahl WJ, Foster LM. Tyler RT. Review of the health benefits of peas (Pisum sativum L). Br J Nutr. (2012) 108:S3–10. doi: 10.1017/S0007114512000852

 8. Daba SD, Morris CF. Pea proteins: Variation, composition, genetics, and functional properties. Cereal Chemistry. (2022) 99: 8–20. doi: 10.1002/cche.10439

 9. Hertzler SR, Lieblein-Boff JC, Weiler M, Allgeier C. Plant proteins: assessing their nutritional quality and effects on health and physical function. Nutrients. (2020) 12:3704. doi: 10.3390/nu12123704

 10. Pluskota WE, Szablinska J, Obendorf RL, Gorecki RJ, Lahuta LB. Osmotic stress induces genes, enzymes and accumulation of galactinol, raffinose and stachyose in seedlings of pea (Pisum sativum L.). Acta Physiologiae Plantarum. (2015) 37:156. doi: 10.1007/s11738-015-1905-9

 11. Vidal-Valverde C, Frias J, Hernandez A, Martin-Alvarez PJ, Sierra I, Rodriguez C, et al. Assessment of nutritional compounds and antinutritional factors in pea (Pisum sativum) seeds. J Sci Food Agric. (2003) 83:298–306. doi: 10.1002/jsfa.1309

 12. Rousseau S, Kyomugasho C, Celus M, Hendrickx MEG, Grauwet T. Barriers impairing mineral bioaccessibility and bioavailability in plant-based foods and the perspectives for food processing. Crit Rev Food Sci Nutr. (2020) 60:826–43. doi: 10.1080/10408398.2018.1552243

 13. Sakandar HA, Chen YF, Peng CT, Chen X, Imran M, Zhang HP. Impact of fermentation on antinutritional factors and protein degradation of legume seeds: a review. Food Rev Int. (2021). doi: 10.1080/87559129.2021.1931300 [Epub ahead of print].

 14. Turpin W, Weiman M, Guyot JP, Lajus A, Cruveiller S, Humblot C. The genomic and transcriptomic basis of the potential of Lactobacillus plantarum A6 to improve the nutritional quality of a cereal based fermented food. Int J Food Microbiol. (2018) 266:346–54. doi: 10.1016/j.ijfoodmicro.2017.10.011

 15. Algboory HL, Muhialdin BJ. Novel peptides contribute to the antimicrobial activity of camel milk fermented with Lactobacillus plantarum IS10. Food Control. (2021) 126:108057. doi: 10.1016/j.foodcont.2021.108057

 16. Woo SH, Shin YJ, Jeong HM, Kim JS, Ko DS, Hong JS, et al. Effects of maltogenic amylase from Lactobacillus plantarum on retrogradation of bread. J Cereal Sci. (2020) 93:102976. doi: 10.1016/j.jcs.2020.102976

 17. Kyereh E, Sathivel S. Viability of Lactobacillus plantarum NCIMB 8826 immobilized in a cereal-legume complementary food “weanimix” with simulated gastrointestinal conditions. Food Biosci. (2021) 40:100848. doi: 10.1016/j.fbio.2020.100848

 18. Shi Y, Singh A, Kitts DD, Pratap-Singh A. Lactic acid fermentation: a novel approach to eliminate unpleasant aroma in pea protein isolates. Lwt-Food Sci Technol. (2021) 150:111927. doi: 10.1016/j.lwt.2021.111927

 19. Brodkorb A, Egger L, Alminger M, Alvito P, Assuncao R, Ballance S, et al. INFOGEST static in vitro simulation of gastrointestinal food digestion. Nat Protoc. (2019) 14:991–1014. doi: 10.1038/s41596-018-0119-1

 20. Husek P, Sweeley CC. Gas-chromatographic separation of protein amino-acids in. 4 minutes. HRC CC J High Resolut Chromatogr. (1991) 14:751–3. doi: 10.1002/jhrc.1240141110

 21. Drulyte D, Orlien V. The effect of processing on digestion of legume proteins. Foods. (2019) 8:224. doi: 10.3390/foods8060224

 22. Araujo AH, Cardoso PCB, Pereira RA, Lima LM, Oliveira AS, Miranda MRA, et al. In vitro digestibility of globulins from cowpea (Vigna unguiculata) and xerophitic algaroba (Prosopis juliflora) seeds by mammalian digestive proteinases: a comparative study. Food Chem. (2002) 78:143–7. doi: 10.1016/S0308-8146(01)00391-0

 23. Joye I. Protein digestibility of cereal products. Foods. (2019) 8:199. doi: 10.3390/foods8060199

 24. Sousa R, Portmann R, Dubois S, Recio I, Egger L. Protein digestion of different protein sources using the INFOGEST static digestion model. Food Res Int. (2020) 130:108996. doi: 10.1016/j.foodres.2020.108996

 25. Kaur M, Sandhu KS. Singh N. Comparative study of the functional, thermal and pasting properties of flours from different field pea (Pisum sativum L) and pigeon pea (Cajanus cajan L) cultivars. Food Chem. (2007) 104:259–67. doi: 10.1016/j.foodchem.2006.11.037

 26. Byanju B, Hojilla-Evangelista MP, Lamsal BP. Fermentation performance and nutritional assessment of physically processed lentil and green pea flour. J Sci Food Agric. (2021) 101:5792–806. doi: 10.1002/jsfa.11229

 27. Gilani GS, Cockell KA, Sepehr E. Effects of antinutritional factors on protein digestibility and amino acid availability in foods. J AOAC Int. (2005) 88:967–87. doi: 10.1093/jaoac/88.3.967

 28. Coghetto CC, Vasconcelos CB, Brinques GB, Ayub MAZ. Lactobacillus plantarum BL011 cultivation in industrial isolated soybean protein acid residue. Braz J Microbiol. (2016) 47:941–8. doi: 10.1016/j.bjm.2016.06.003

 29. Sillman J, Nygren L, Kahiluoto H, Ruuskanen V, Tamminen A, Bajamundi C, et al. Bacterial protein for food and feed generated via renewable energy and direct air capture of CO2: Can it reduce land and water use? Glob Food Sec Agric Policy Econ Environ. (2019) 22:25–32. doi: 10.1016/j.gfs.2019.09.007

 30. Thompson HO, Onning G, Holmgren K, Strandler S, Hultberg M. Fermentation of cauliflower and white beans with lactobacillus plantarum - impact on levels of riboflavin, folate, vitamin B-12, and amino acid composition. Plant Foods Hum Nutr. (2020) 75:236–42. doi: 10.1007/s11130-020-00806-2

 31. Ketnawa S, Ogawa Y. In vitro protein digestibility and biochemical characteristics of soaked, boiled and fermented soybeans. Sci Rep. (2021) 11:14257. doi: 10.1038/s41598-021-93451-x

 32. Swiss, Bioinformatics Resource Portal. Swiss Institue of Bioinformatis. Available online at: https://www.expasy.org (accessed December 11, 2021).

 33. Ratnayake WS, Hoover R, Warkentin T. Pea starch: composition, structure and properties - a review. Starch-Starke. (2002) 54:217–34. doi: 10.1002/1521-379X(200206)54:6<217::AID-STAR217>3.0.CO;2-R

 34. Magallanes-Cruz PA, Flores-Silva PC, Bello-Perez LA. Starch structure influences its digestibility: a review. J Food Sci. (2017) 82:2016–23. doi: 10.1111/1750-3841.13809

 35. Blazek J, Copeland L. Amylolysis of wheat starches. II degradation patterns of native starch granules with varying functional properties. J Cereal Sci. (2010) 52:295–302. doi: 10.1016/j.jcs.2010.06.011

 36. Parada J, Aguilera JM. Review: starch matrices and the glycemic response. Food Sci Technol Int. (2011) 17:187–204. doi: 10.1177/1082013210387712

 37. Florencio JA, Eiras-Stofella DR, Soccol CR, Raimbault M, Guyot JP, Fontana JD. Lactobacillus plantarum amylase acting on crude starch granules - native isoforms and activity changes after limited proteolysis. Appl Biochem Biotechnol. (2000) 84-6:721–30. doi: 10.1385/ABAB:84-86:1-9:721

 38. Xu YH, Ding JY, Gong SX, Li M, Yang TK, Zhang JH. Physicochemical properties of potato starch fermented by amylolytic Lactobacillus plantarum. Int J Biol Macromol. (2020) 158:656–61. doi: 10.1016/j.ijbiomac.2020.04.245

 39. Lafond M, Tauzin AS, Bruel L, Laville E, Lombard V, Esque J, et al. Alpha-galactosidase and sucrose-kinase relationships in a bi-functional agask enzyme produced by the human gut symbiont ruminococcus gnavus E1. Front Microbiol. (2020) 11:579521. doi: 10.3389/fmicb.2020.579521

 40. Czarnecka M, Czarnecki Z, Nowak J, Roszyk H. Effect of lactic fermentation and extrusion of bean and pea seeds on nutritional and functional properties. Nahrung Food. (1998) 42:7–11.

 41. Jayus J, Setiawan D., Giyarto C. Influence of lactobacillus plantarum fermentation on functional properties of flour from jackfruit (Artocarpus heterophyllus Lamk) seeds pertanika. J Trop Agric Sci. (2018) 41:1401–11.

 42. Adewumi GA, Odunfa SA. Effect of controlled fermentation on the oligosaccharides content of two common Nigerian Vigna unguiculata beans (drum and oloyin). Afr J Biotechnology. (2009) 8:2626–30.

 43. Guo FH, Xiong H, Wang XY, Jiang L, Yu NX, Hu ZY. et al. Phenolics of green pea (Pisum sativum L) hulls, their plasma and urinary metabolites, bioavailability, and in vivo antioxidant activities in a rat model. J Agric Food Chem. (2019) 67:11955–68. doi: 10.1021/acs.jafc.9b04501

 44. Pastuszewska B, Vitjazkova M, Swiech E, Taciak M. Composition and in vitro digestibility of raw versus cooked white- and colour-flowered peas. Nahrung Food. (2004) 48:221–5. doi: 10.1002/food.200300417

 45. Basa ELU, Julendra H, Abinawanto A, Sofyan A, Sophian A, editors. Analysis of Organic Acids from Lactobacillus plantarum with Gas Chromatography-Mass Spectrometry (GC-MS). 4th International Symposium on Current Progress in Mathematics and Sciences (ISCPMS) Univ Indonesia, Fac Math & Nat Sci, Depok, INDONESIA (2019).

 46. Aguilar-Zarate P, Cruz MA, Montanez J, Rodriguez-Herrera R, Wong-Paz JE, Belmares RE, et al. Gallic acid production under anaerobic submerged fermentation by two bacilli strains. Microbial Cell Factories. (2015) 14:209. doi: 10.1186/s12934-015-0386-2

 47. Fredrikson M, Alminger ML, Carlsson NG, Sandberg AS. Phytate content and phytate degradation by endogenous phytase in pea (Pisum sativum). J Sci Food Agric. (2001) 81:1139–44. doi: 10.1002/jsfa.918

 48. Gupta RK, Gangoliya SS, Singh NK. Reduction of phytic acid and enhancement of bioavailable micronutrients in food grains. J Food Sci Technol Mysore. (2015) 52:676–84. doi: 10.1007/s13197-013-0978-y

 49. Li RY, Dai TT, Tan YB, Fu GM, Wan Y, Liu CM, et al. Fabrication of pea protein-tannic acid complexes: Impact on formation, stability, and digestion of flaxseed oil emulsions. Food Chem. (2020) 310:125828. doi: 10.1016/j.foodchem.2019.125828

 50. Rani B, Khetarpaul N. Probiotic fermentation of indigenously developed RSMT mixture: Effect on antinutrients and digestibility of starch and proteins. J Food Sci Technol Mysore. (1999) 36:71–3.

 51. Zamudio M, Gonzalez A, Medina JA. Lactobacillus plantarum phytase activity is due to non-specific acid phosphatase. Lett Appl Microbiol. (2001) 32:181–4. doi: 10.1046/j.1472-765x.2001.00890.x

 52. Balwani I, Chakravarty K, Gaur S. Role of phytase producing microorganisms towards agricultural sustainability. Biocatal Agric Biotechnol. (2017) 12:23–9. doi: 10.1016/j.bcab.2017.08.010

 53. Erba D, Angelino D, Marti A, Manini F, Faoro F, Morreale F, et al. Effect of sprouting on nutritional quality of pulses. Int J Food Sci Nutr. (2019) 70:30–40. doi: 10.1080/09637486.2018.1478393

 54. Sindhu SC, Khetarpaul N, Sindhu A. Effect of probiotic fermentation on carbohydrate and mineral profile of an indigenously developed food blend. Acta Alimentaria. (2005) 34:41–7. doi: 10.1556/AAlim.34.2005.1.7

 55. Bering S, Suchdev S, Sjoltov L, Berggren A, Tetens I, Bukhave K, et al. lactic acid-fermented oat gruel increases non-haem iron absorption from a phytate-rich meal in healthy women of childbearing age. Br J Nutr. (2006) 96:80–5. doi: 10.1079/BJN20061683

 56. Hoppe M, Onning G, Hulthen L. Freeze-dried Lactobacillus plantarum 299v increases iron absorption in young females-double isotope sequential single-blind studies in menstruating women. PLoS ONE. (2017) 12:e0189141. doi: 10.1371/journal.pone.0189141

 57. Hoppe M, Onning G, Berggren A, Hulthen L. Probiotic strain Lactobacillus plantarum 299v increases iron absorption from an iron-supplemented fruit drink: a double-isotope cross-over single-blind study in women of reproductive age. Br J Nutr. (2015) 114:1195–202. doi: 10.1017/S000711451500241X

 58. Axling U, Onning G, Combs MA, Bogale A, Hogstrom M, Svensson M. The effect oflactobacillus plantarum299v on iron status and physical performance in female iron-deficient athletes: a randomized controlled trial. Nutrients. (2020) 12:1279. doi: 10.3390/nu12051279

 59. Vonderheid SC, Tussing-Humphreys L, Park C, Pauls H, Hemphill NO, LaBomascus B, et al. A systematic review and meta-analysis on the effects of probiotic species on iron absorption and iron status. Nutrients. (2019) 11:2938. doi: 10.3390/nu11122938

Conflict of Interest: IS, JH, and RD were employed by Agritec Plant Research, Ltd.

The remaining 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.

Copyright © 2022 Skalickova, Ridoskova, Slama, Skladanka, Skarpa, Smykalova, Horacek, Dostalova and Horky. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnut-09-838963-t001.jpg
Nutrient

Dry matter

Ash

Nitrogen compounds
Crude fat

Crude fiber

ADF

NDF

ADL

Celulose

Starch

% of dry matter

89.89
259
19.95
1.22
045
223
10
0
223
59.03





OPS/images/fnut-09-838963-t002.jpg
Sample 1

Undigested  Digested
AA \Lg/mg protein

Phe 18+2 37+
Aa 1744 2644
Gly 56+3 175+ 27
Leu 914£891 27244277
lle 475445 14054230
Asn 7x2 20+2
Asp 191482 620+£50
Met 300436 540469
Glu 241+ 42 893 4108
Val 4746+ 497 13631 + 2185
Oys 5746 9922
Gin 4x1 11+2
Lys 9118 311%39
His 331+£26  692+172
Tyr 70175 1446 + 139
To 17834892 5552 + 600
Sumof AA 10.02+207 28.19+395

(mg/mg
protein)

2
diff Undigested  Digested
% 1ig/mg protein

51 2611 1 67+£24
35  6x0 | 15%1
68 28£7 4 3144
66 93£8 | 1792%67
66 21+£3 | 48958
65 10£1 - 397
70 64+18 | 146+19
28 242 | 200%75
73 91x11 | 802%72
65 918166 | 0837+ 548
42 25%3 | B1%7
64 2£0 - 51
71 9+12 - 124+14
52 111229 | 851487
52 181+24 | 853+136
68 1580+ 183 - 2002+ 155

3284048

1637 £ 1.28

R P

3
diff Undigested  Digested
% 1ig/mg protein
61 92 | 16x4
60 91 | 28%5
10 101 I 90 £23
95 8541 | 4606+273
9% 20+£5 | 818+104
74 9%2 - 25%6
56 42411 4 163+ 14
88 19%5 | 52414
70 60£13 | 270%15
91 443+66 | 13662+ 760
19 184 | 104£20
60 3kt - 71
20 64x9 | 398x88
68 119£18 | 25012
79 162+38 | 1566+ 379
24 1514£158 - 3513444
254£084  2556+216

4

diff

4
Undigested Digested
1ig/mg protein
6017 1 93x14
20£5 | 5411
49+8 - 147 £ 30
2025+ 144 4 14643 % 2050
6454122 1 4630576
%+3 1 6317
448485 1 1401+ 108
583100 1 1966524
6914158 1 7583702
9777 £470 4 19016+ 1813
837197 1 1540:+322
42+3 1 108487
247418 1 325+66
286456 | 364+55
317+£20 | 1445+206
4085 +£ 435 1 9844+ 1853
2084+£184 63224838

+

diff

Undigested

5

Digested

11g/mg protein

243
23+4
63+ 11
3246 + 559
1392 + 198
26+3
262 + 30
566 £ 79
399 +68
7708 £ 531
240+ 35
10k2
204+ 15
20121
225 425
2844 £ 126
17.44 £1.71

1+

B T

50+ 10
3B+7
114 £27
5686 + 804
5460 + 798
63+ 13
1486 + 332
2828 + 462
4746 + 573
22494 + 2267
1314 £ 117
6647
282+ 17
322+ 221
845 + 60
10636 + 535
56.33 £ 6.25

Y

diff
%

52
39
45
43
75
59
82
80
92
66
82
73
28
38
78
73





OPS/images/fnut-09-838963-g003.gif
Coo sz
Cconcenrsontuim) &

omwie






OPS/images/fnut-09-838963-g004.gif





OPS/images/math_1.gif
U/mlL =

(OD samplesg min — OD blanksy min) — (OD sampley in — OD blanky yin)

Slope < F

[©





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Effect of Lactic Fermentation and Cooking on Nutrient and Mineral Digestibility of Peas



		Introduction



		Materials and Methods



		Chemicals and Reagents



		Pea Flour Samples



		Sample Preparation



		Digestion



		Mineral Elements Analysis–AAS



		Protein Analysis: Micro Lowry, Onishi, and Barr Modification



		Amino Acid Analysis–GC-FID



		Maltose, D-Glucose, Raffinose and Phytic Acid and Phosphorus Determination



		Activity of Phytase



		Total Polyphenolic Compounds: Folin–Ciocalteau Reaction



		Absorbance Measurements



		Data Treatment and Descriptive Statistics







		Results



		Protein Digestibility



		Starch Digestibility



		Antinutritional Compounds



		The Concentration of Free Mineral Elements







		Discussion



		Protein Digestibility



		Starch Digestibility



		Antinutritional Compounds



		The Concentration of Free Mineral Elements







		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
’ frontiers
in Nutrition

Effect of Lactic Fermentation and
Cooking on Nutrient and Mineral
Digestibility of Peas





OPS/images/fnut-09-838963-g001.gif





OPS/images/fnut-09-838963-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Nutrition





