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Abstract

:

The majority of non-dairy starter cultures on the market are originally isolated from milk and therefore do not provide the most optimal fermentation for plant matrices. Developing plant-derived starter cultures is essential for creating high-quality, tasty dairy alternatives. This study aims to isolate and characterize bacterial strains with the potential to be used as non-dairy starters from plant sources via backslopping evolution. A natural consortium of macerated plants was inoculated into two oat and two pea commercial drinks and backslopped for seventeen cycles to evolve the bacterial consortium at 25 °C, 34 °C, and 42 °C. The results showed that the initial natural consortium contained less than 1% lactic acid bacteria, and after the seventeenth cycle, lactic acid bacteria dominated in all investigated consortia. Oat Od1-25 and Od2-42 and pea Pd1-34 and Pd1-42 samples were selected for strain isolation based on amplicon-based metagenetic analysis of 16S rRNA gene sequencing and sensory properties. The strain isolation was performed using an out-plating technique, and colonies were identified by MALDI-TOF mass spectrometry. Altogether, eleven lactic acid bacteria species of plant origin were obtained. The strains belonged to the Leuconostoc, Enterococcus, Lactobacillus, and Lactococcus genera.
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1. Introduction


The increasing global population has led to rising demand for high-protein foods. Research has shown that it is rather difficult to use traditional dairy and meat products to feed the rising population from an ecological perspective [1]. The higher demand for animal-based protein will increase the conversion of forests, wetlands, and natural grasslands into agricultural lands because of the need to produce more animal feed [2]. That, in the end, will increase the production of greenhouse gas emissions and decrease biodiversity and other important ecosystem services [3].



Current consumption trends emphasize the importance of conserving natural resources and protecting global ecosystems. Therefore, developing sustainable and health-supporting plant-based dairy alternatives has become indispensable. A key component in this effort is selecting suitable native crops for production to help reduce the carbon footprint [3]. Among Scandinavian crops, oats and peas are some of the most commonly used in plant-based dairy alternatives. However, certain challenges arise in translating dairy product manufacturing processes to dairy-alternative production [3]. For example, these Scandinavian crops have a strong background flavor, often perceived as an astringent by some consumers [4]. Fermentation offers a promising approach to reduce these sensory issues.



Artisan food fermentation uses well-investigated starter cultures that have a long historical background. The group of lactic acid bacteria (LAB) plays a central role in that process [5,6,7]. These organisms are a group of bacteria that produce lactic acid by utilizing carbohydrates. Also, LAB produce acetic acid, ethanol, aroma compounds, bacteriocins, exopolysaccharides, and several enzymes, which are important to ensure the end-product shelf-life [8], microbial safety, texture, and pleasant sensory profile [7]. The main species used in food fermentation are from the genera Lactococcus, Lactobacillus, Streptococcus, Leuconostoc, Pediococcus, Enterococcus, Oenococcus, Bifidobacterium, and Weisella [9].



Traditional yoghurt is made through the fermentation of cow’s milk by using LAB-based starter cultures. Conventional yoghurt starter cultures are Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus thermophilus; additionally, in fermented probiotic cow’s milk production, Lactobacillus casei, Lactobacillus acidophilus, Lactobacillus rhamnosus, Lactobacillus johnsonii, Bifidobacterium lactis, Bifidobacterium bifidum, Bifidobacterium brevis, are used [7]. Rapid acidification causes the pH to drop to 4.5, which in turn results in changes in the casein structure, through which the gelation of yoghurt appears [8]. Due to this process, the yoghurt obtains a good creamy texture.



Most non-dairy starter cultures on the market are isolated from the native microbiota of traditional dairy products. Additionally, fermented end products may contain many additives such as protein extracts, inulin, thickeners, and emulsifiers [8,10]. All these additives impact the fermentation process by providing new substrates for microbes, potentially altering the usual metabolic pathway and leading to the production of unpleasant aroma compounds. Despite being non-dairy, these alternatives are fermented using the same dairy-based starter cultures [11]. Product development has found that these dairy cultures are not proficient in creating appealing aroma, taste and texture profiles, nor reducing undesirable flavors from raw materials in fermented plant-based products [8]. One option to solve this issue is to select autochthonous cultures that originated from plants. The most common plant-associated LAB species are Lactobacillus plantarum, Leuconostoc mesenteroides, Leuconostoc citreum, and Weissella cibaria [12,13]. However, there are also representatives from Enterococcus and Streptococcus species [13].



Previous studies have shown that autochthonous species have more potential in non-dairy product formulation than allochthonous species [12,14,15]. Thus, Di Cagno et al., 2009 [16] showed that tomato juice fermented with autochthonous species had a shorter lag phase, higher total antioxidant activity during storage, and a positive odor effect due to the synthesized volatile compounds than allochthonous species. Therefore, isolation and investigation of autochthonous species could be a turning point in non-dairy product production. Furthermore, Kütt and colleagues demonstrated that in the final stages of fermentation, the indigenous species L. plantarum from mixed cultures of dairy and non-dairy sources started to dominate the consortium in an oat-based matrix [11]. This could be because L. plantarum originates from botanical sources and is well-adapted to plant-based environments [17]. The main goal of this research was to isolate novel non-dairy starter culture candidates adapted through backslopping in oat- and pea-based drinks, and characterize the chemical, microbial, and growth changes during the backslopping procedure coupled with sensory descriptive analysis. In our study, the autochthonous species were not only identified but also evolved through backslopping cycles to find the strongest starter candidates for plant-based dairy alternatives development. Additionally, the current study investigates the time and temperature effects to find the most suitable lactic acid species, indicating their repetition robustness and possible scalability.




2. Materials and Methods


2.1. Collection and Preparation of Floral Mash for Culture Isolation


The oat florets were collected from local South Estonia farmers. The pea pods and plant leaves (horseradish, blackcurrant) were collected from a garden located in southwest Estonia. The collected plant materials were preserved under +4 °C conditions. Then, the collected floral materials were blended with tap water and crushed in a Vorwerk Thermomix® TM6® blender cooker (Thermomix; Vorwerk & Co., Wuppertal, Germany). The ratio between solid material and tap water was 2:5. Then, the solid parts of the floral mash were extracted through muslin cloth and the liquid part was used for inoculation.




2.2. Backslopping Procedure


The experimental plan of the study is shown in Figure 1. The backslopping (Bs) was conducted at 25 °C, 34 °C, and 42 °C. A total of 1% floral mash was inoculated into plant drinks [oat drink 1 (Od1), oat drink 2 (Od2), pea drink 1 (Pd1), pea drink 2 (Pd2)]. The pasteurized plant drinks were purchased from the local grocery. The list of ingredients is presented in Table S1. Samples cultivated at 25 °C were reinoculated every 48 h, and samples fermented at 34 °C and 42 °C were reinoculated every 16 h. Three 1 mL aliquots were taken after every Bs point for further analyses.




2.3. Microbial Cell Isolation, PMAxx Treatment, and Genomic DNA Extraction


Microbial cells from fermented oat and pea drink samples were isolated aseptically. For that, 10 mL of each sample was diluted in 40 mL of sterile 0.85% NaCl solution, vortexed thoroughly, and centrifuged at 300× g for 10 min at 4 °C (Hettich ROTANTA 460R, fixed-angle rotator). If the supernatant contained bigger floating particles or aggregates after the first centrifugation step (some pea drink 1 samples), the supernatant was filtered through folded (pleated) filter paper. To pellet the microbial cells, the supernatant was transferred to a new 50 mL tube and centrifuged at 5000× g for 15 min at 4 °C (Hettich ROTANTA 460 R, fixed-angle rotator). The pellet was washed in 1 mL of sterile 0.85% NaCl solution and then transferred to a 2 mL tube.



For determination of the total bacterial community (viable and non-viable bacteria), the cell suspension was centrifuged at 10,000× g for 10 min at 4 °C (Thermo Scientific MicroCL 21R Centrifuge, Thermo Scientific™, Waltham, MA, USA), the supernatant was aspirated, and the pellet containing the microbial cells was stored at −20 °C until gDNA extraction. For the discrimination of viable bacterial consortia, the cell suspension was centrifuged at 5000× g for 10 min at 4 °C (Thermo Scientific MicroCL 21R Centrifuge), the supernatant was aspirated, the pellet was resuspended in 400 μL sterile 0.85% NaCl solution, and PMAxx treatment was performed as published by Ref. [18]. After PMAxx treatment, cells were pelleted as described above and stored at −20 °C until gDNA extraction.



For gDNA extraction, cell pellets were resuspended in 250 μL 1 × PBS and subjected to gDNA extraction using the Quick-DNA Fungal/Bacterial Miniprep Kit (Zymo Research, USA) according to the manufacturer’s instructions. The concentrations of the extracted DNAs were quantified by a Qubit™ 3 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) using the Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific).




2.4. 16S rRNA Gene Amplicon Sequencing and Data Processing


Amplicon libraries targeting the V4 region of the 16S rRNA gene by the primer pair 515F/806R were prepared according to Illumina’s dual indexing protocol as published in Ref. [19]. Multiplexed and normalized libraries were sequenced with the MiSeq Sequencing System (Illumina, San Diego, CA, USA) using the MiSeq V2 Reagent Kit and 300 cycles of the paired-end sequencing protocol. DNA sequence data were analyzed as published before in Refs. [19,20,21] using the open-source BION-meta program (https://github.com/nielsl/mcdonald-et-al, accessed on 21 December 2024, Danish Genome Institute, Copenhagen, Denmark) according to the author’s instructions.




2.5. Isothermal Microcalorimetry Study


The 48-channel isothermal microcalorimetry (IMC) TAM IV (TA Instruments, New Castle, DE, USA) and 24-channel IMC TAM III (TA Instruments, New Castle, DE, USA) were used to determine the growth of consortia during the backslopping experiment. The IMC protocol was published before by Refs. [22,23].



The experiment was conducted at 25 °C, 34 °C, and 42 °C. The ampoules were filled with pasteurized plant drinks, and 1% inoculum was added under aseptic conditions. Samples cultivated at 34 °C and 42 °C were fermented for 16 h, and fermentation at 25 °C lasted 48 h. After baseline collection, the filled ampoules were inserted in the IMC for 30 min. Ampoules were kept in an equilibration position for 15 min and then lowered into a measuring position. After lowering the samples, it took an additional 45 min to stabilize the signal. Data were not collected during the first hour. The data were acquired by TAM Assistant Software V2.0.105 (TA Instruments, New Castle, De, USA) and analyzed in Microsoft Excel 2021 (Microsoft Corporation, Redmond, WA, USA).




2.6. Determination of Metabolic Products in Plant Matrices


The determination of metabolic products in plant matrices was performed as published by Ref. [11]. For free amino acid identification, fermented plant drinks were centrifuged at 14,000× g for 20 min at room temperature (Hettich ROTANTA 460 R, fixed-angle rotator). The supernatant was filtered through a 3 kDa molecular weight cut-off filter (Amicon® Ultra-0.5, Merck KGaA, Darmstadt, Germany) and diluted with 2 parts ultrapure water before analysis. Prior to injection, free amino acids were derivatized with AccQ•Fluor Reagent (Waters Corp., Milford, MA, USA) according to the manufacturer’s procedure. Analysis of free amino acids was performed on an ultra-performance liquid chromatography (UPLC) system (Acquity UPLC; Waters Corp, Milford, MA, USA), including a binary solvent manager, a sample manager, and a photodiode array (PDA) detector (Waters Corp, Milford, MA, USA), controlled by Waters Empower™ 3.0 software (Build 3471, Waters Corp., Milford, MA, USA). Separations were performed on a Waters Acquity UPLC AccQ•Tag Ultra Column (2.1 × 100 mm, 1.7 μm particle size) operated at +55 °C. The injection volume was 1.5 μL, the amino acids were eluted at a flow rate of 0.3 mL/min, and absorbance was recorded at 260 nm. The running time was 25 min. Empower software (Waters Corp., Milford, MA, USA) was used for data processing.



The organic acids of fermented plant drinks were measured by a Waters 2695 HPLC system (Waters Corporation, Milford, MA, USA). For that, 13-mm Philic PTFE 0.2 μm Non-sterile Millex-LG filters (Millipore, Darmstadt, Germany) were used to filter the plant drink samples. An HPX-87H column (BIO-RAD Hercules, Hercules, CA, USA) was used, and the system was eluted isocratically with 0.005 M of H2SO4 at 0.6 mL/min at 35 °C. A Waters 2487 dual absorbance detector (Waters Corporation, Milford, MA, USA) and a Waters 2414 refractive index detector (Waters Corporation, Milford, MA, USA) were used for the detection and quantification of analytes. Empower software 3 (Build 3471 FR5 SR4, Waters Corporation, Milford, MA, USA) was used to perform the data analysis.




2.7. Strain Isolation


The isolation was carried out from the last backslopping cycle of selected fermented drinks on agar plates according to Figure 2. For that, MRS (De Man–Rogosa–Sharp) agar (NEOGEN Culture Media) was used and incubated either at 25 °C, 34 °C, or 42 °C. Additionally, trypticase soy yeast extract medium (M92) was used at 34 °C and 42 °C. All plates contained cycloheximide in concentration at 50 mg/L to inhibit the growth of yeast species and 10 g/L sucrose (Table S2). After incubation, based on colony formation, five to twenty colonies from each agar plate were picked and sent to MALDI-TOF MS identification.




2.8. MALDI-TOF Mass Spectroscopy


MALDI-TOF-MS (Bruker MALDI Biotyper, Billerica, MA, USA) was used to identify isolates at the species level. The analysis was conducted at Tallinn University of Technology in the Department of Chemistry and Biotechnology. Fresh colony biomass was spread on the two spots of the target plate and covered with 1 μL of formic acid (70%), followed by matrix solution (HCCA, Bruker Daltonics, Billerica, MA, USA). Each series of MALDI measurements was preceded by a calibration step with the bacterial test standard (BTS; Bruker Daltonics, Billerica, MA, USA) to validate the run. Identifications were obtained by comparing the mass spectra to the Bruker MSP database using the Bruker Compass software (https://www.bruker.com/en/products-and-solutions/mass-spectrometry/ms-software/biopharma-compass.html, Bruker Daltonics, Billerica, MA, USA) at the default settings. The identification scores equivalent to or higher than 2 were considered for the identification on the species level.




2.9. Data Visualization and Statistical Analysis


The 16S and HPLC graphs were generated using R studio version 4.3.3 (29 February 2024 ucrt, R Foundation for Statistical Computing, Vienna, Austria) and the tidyverse package suite version 2.0.0. Within tidyverse, ggplot2 3.5.0 was used for data visualization, dplyr 1.1.4 was used for data manipulations, and readxl 1.4.3 was used for reading Excel files. For quantitative descriptive analysis, free amino acids analysis was interpreted using principal component analysis (PCA) and visualized with R studio version 4.3.1 (16 June 2023 ucrt, R Foundation for Statistical Computing, Vienna, Austria). The libraries used to create PCA graph were readxl (v 1.4.1), ggbiplot (v 0.55), factoextra (v 1.0.7), and FactoMineR (v 2.9).





3. Results and Discussion


3.1. The Initial Consortium


To obtain bacterial strains with enhanced adaptability to plant-based environments, we isolated bacteria from supporting plant materials, including oat florets, pea pods, and leaves from horseradish and blackcurrant. Two types of commercial plant-based beverages—oat and pea—were selected as matrices for evolutionary adaptation due to the relevance of these crops to the Nordic market and their potential for future applications. To enrich the final consortia with the most adaptable cultures, we applied backslopping technology. The microbial compositions before and after backslopping cycles were analyzed using 16S metabarcoding. Both standard and PMAxx-modified 16S rRNA NGS were employed to distinguish between total and viable microbial consortia (Figure 3) [18]. The initial microbial composition was assessed following maceration of the plant material.



The composition of total and viable mash microbiota turned out to be similar and diverse, where the majority of consortia were represented by regular plant inhabitants. The largest proportion of the initial inoculum was formed by Curtobacterium flaccumfaciens, followed by Sphingomonas spp (Figure 3). C. flaccumfaciens is a well-known bean pathogen [24]. Sphingomonas spp. are plant tissue inhabitants that can control plant pathogens and promote plant growth [25]. Neorhizobium galegae and Pantoea ananatis were determined in the PMA-treated sample but not in the sample prepared by the standard method. Before enrichment by backslopping, the lactic acid bacteria (LAB) population was less than 0.1%. The PMA-treated sample showed that Enterococcus spp. were dominant, with Enterococcus faecium prevailing in the standard sample. Also, Lactobacillus spp., Lactobacillus delbrueckii, and Ligilactobacillus aviarius were detected among viable bacteria but not in the standard sample. Thus, the initial consortia contained many viable environmental bacteria, and the LAB species proportion was particularly low, with Enterococcus spp. dominance.




3.2. The Variation in Consortia Composition During Backslopping


Next, we performed the laboratory evolution of initial plant bacterial consortia in oat and pea drinks by backslopping propagation for 17 cycles. In order to diversify and stabilize the adapted microbiota, the backslopping was carried out under different temperature regimes (25 °C, 34 °C, and 42 °C). A temperature of 25 °C was selected to obtain LAB that produce diacetyl, the main aroma component that gives dairy products a milky and creamy aroma [26]; additionally, 34 °C was the optimum chosen to enrich the microbiota with strains of mesophilic bacteria, and 42 °C was chosen to isolate thermophilic species [27]. Even though backslopping is a commonly used inoculation procedure based on the addition of a small part of previously fermented product into a fresh similar environment [28], this technology is not often used for bacterial strain evolution and novel complex starter culture generation.



The dynamic changes in the proportion of viable bacteria during backslopping cycles at different temperatures were monitored by 16S rRNA metabarcoding (Figure 4, Figure 5 and Figure 6), starting from the microbial composition of the macerated floral mass combined with the microbial biomass from the plant-based drinks (zero time-point), with subsequent numbers indicating each backslopping (Bs) cycle.



The fluctuations in microbiota composition were affected by both the fermentation temperature and the specific formulation of the plant-based drink. Even similar matrices from different commercial beverages promoted the growth of various bacteria species. Thus, during fermentation and backslopping at 25 °C, L. lactis initially dominated in oat drink 1 at 25 °C (Od1-25), but from the 8th Bs cycle onward, L. pseudomesenteroides and L. mesenteroides began to prevail, with the latter becoming dominant by the end of the experiment. Oat drink 2 at 25 °C (Od2-25) displayed greater initial diversity than oat drink 1, though L. lactis was slightly more abundant. By the middle of the experiment (8th Bs cycle), L. pseudomesenteroides and L. citreum started to prevail, with L. pseudomesenteroides ultimately overtaking the consortia.



The pea samples were less diverse than the oat samples, showing minimal changes in bacterial composition. L. lactis dominated throughout the experiment in both pea drink 1 (Pd1-25) and pea drink 2 (Pd2-25) samples at 25 °C. The only notable difference appeared in E. faecalis abundance, which showed a slight increase in Pd1 in the 8th Bs cycle, while in Pd2, this increase occurred earlier in the 4th Bs cycle. By the 17th Bs stage, the bacterial microbiota had stabilized, with L. lactis continuing to dominate in the pea matrices, while more complex consortia developed in the oat drinks.



The bacterial distribution at backslopping at 34 °C (Figure 5) differed from that at 25 °C. New species such as Escherihia-Shigella coli, Vagococcus entomophilus, and others were more abundant. At the same time, L. lactis prevailed here for the oat drink matrix. The dynamics of consortia stabilization were also different compared to the lower fermentation temperature. For Od2, Pd1, and Pd2, the stable consortia formed already during the first cycles of backslopping, while Od1 continued to evolve even after the 12th Bs cycle. For this sample, the composition was highly diverse in the middle of the experiment, with E. coli having a slightly higher abundance than others. Similarly to the beginning of the experiment, the L. lactis started to dominate over others. Od2 fermented at the same temperature as Od1 showed the same results at the beginning of the experiment. Further, from the 2nd Bs cycle to the end of the experiment, L. lactis was the dominant species. The pea samples exhibited different dominant species than the oat samples. In pea drink 1 fermented at 34 °C (Pd1-34), Bacillus cereus and E. faecium were the most abundant species in the beginning. By the 8th Bs point, the B. cereus abundance was decreased, L. lactis increased, and E. faecium abundance was still high. At the end of the experiment, E. faecium still dominated, but the second place in terms of abundance was shared with L. lactis, E. coli, and Weisella confusa. In Pd2 fermented at 34 °C (Pd2-34), E. faecalis dominated throughout the experiment.



In general, the samples fermented at 42 °C in all environments were less diverse than samples fermented at 25 °C and 34 °C, except sample Od2 (Figure 6). In oat drink 1 fermented at 42 °C (Od1-42), the two most abundant species—E. faecium and E. coli—were prevalent throughout the experiment. E. faecium dominated at the beginning and end of the experiment, and E. coli dominated in the middle. Od2-42 had a highly diverse composition. L. lactis seems to have prevailed at the beginning of the experiment. Three species—E. faecium, L. johnsonii, and E. coli—were most abundant from the 4th Bs point till the end of the experiment. In pea drink 1 fermented at 42 °C (Pd1-42), E. coli was most abundant in the beginning. Interestingly, E. faecium was the only species detected in the sample from the 8th Bs point till the end. However, E. faecium was the dominant species throughout the experiment. The same trend happened as in Pd1 from the 8th Bs point. Different incubation temperatures contributed to the emergence and dominance of specific bacterial species during the backslopping adaptation process. Notably, L. lactis and Leuconostoc spp. were more prevalent at lower temperatures, whereas Enterococcus species were more abundant at higher fermentation temperatures. The pattern may be explained by the creation of optimal growth conditions for each species. Despite the historical use of lactococci in the production of a wide range of dairy-based fermented products, plant-based isolates of these bacteria may offer desirable traits, potentially enhancing the flavor and aroma of traditional dairy products [29]. Moreover, their plant origin suggests potential for incorporation into plant-based matrices, opening new avenues for environmentally sustainable foods.



The dominance of E. faecium in 42 °C samples can likely be attributed to this species’ high competitiveness, supported by bacteriocin production and resilience across a wide range of temperatures and pH levels [30]. However, although E. faecium strains may possess beneficial probiotic properties, strains of both E. faecium and E. coli can also exhibit virulence, raising safety concerns [30,31]. While LAB are generally recognized as safe (GRAS), the isolated microorganisms might carry potential risks and need to be further analyzed. Risk management for potential active novel starter cultures is regulated by the European Commission (EC) and assessed by the European Food and Safety Authority (EFSA) [32]. Therefore, it is essential to evaluate Enterococcus spp. in silico and thoroughly assess their antibiotic resistance, virulence characteristics, and biogenic amine production potential to ensure their safety before using them as starter cultures.




3.3. Establishment of Microbial Consortia During Prolonged Backslopping Propagation at Different Temperatures


In parallel with the metagenetic sequencing of samples, the consortia stability was measured by isothermal microcalorimetry (IMC). IMC is a unique method with high sensitivity which measures the heat production or absorption by metabolically active microorganisms in hermetically sealed ampoules [23] and thereby describes fine changes in their composition.



According to IMC, consortia Od1-25 and Od2-25 achieved stability by the 8th cycle (Figure S1), while the pea drinks stabilized four cycles earlier. At 34 °C, all plant drinks reached stability by the fourth cycle (Figure S2). For consortia cultivated at 42 °C, stability was also observed during the fourth cycle, except for Pd1-42, which settled on the eighth cycle (Figure S3). However, IMC was not the most reliable indicator to determine the evolved consortia stability because of the inconsistencies with the 16S NGS results. IMC graphs showed that the consortia stabilized many cycles before consistency was detected using the 16S NGS (Figure 4, Figure 5 and Figure 6). This discrepancy may be due to IMC’s measurements of the heat generated by total cell numbers, rather than the actual composition of consortia members [23,32]. Therefore, this method is more suitable for the determination of the growth of a single species or less diverse consortia or control of consortia growth in chemically defined media.




3.4. Changes in Free Amino Acids Metabolism During Backslopping Propagation


One of the important functions of novel plant starters is to modify the sensory, nutritional, and chemical properties of fermented food. Among others, plant-based food is poor in essential amino acids [33], and fermentation could improve this health-beneficial property [34,35]. To evaluate the changes and increases in the free amino acids (FAA) concentration during the backslopping propagation, the FAA analysis was performed (Figure 7).



A principal component analysis of the measured FAA concentration revealed that Od1 and Od2 non-fermented plant drinks were mostly similar to fermented drinks. At the same time, Pd1 and Pd2 non-fermented plant drinks significantly differed from fermented samples. The Pd1 and Pd2 at 34 °C and 42 °C clustered together. This means that fermentation is more beneficial to the pea matrix than to the oat plant drinks. When comparing these results with the metagenetic profile, it was found that the predominant bacteria in pea drinks at high fermentation temperatures belong to the Enterococcus genus. Thus, most probably, these species have an impact on amino acid metabolism during pea protein fermentation. Previous studies have shown that Enterococci produce several aminopeptidases to release essential amino acids from casein [36], which is important for cheese ripening. A similar mechanism could be involved in the case of pea proteins.



In more detail, the amino acid concentrations of Gly, Glu, and Thr were higher at 34 °C and 42 °C in Od1 samples than in blank (non-fermented) matrices (Table S3). Additionally, Od1-42 contained more Tyr after fermentation. Od1-25 had lower concentrations of FAA than the non-fermented Od1-25. The amino acids His, Ser, Gly, Thr, and Pro showed higher concentrations in Od2 fermented samples than in blank samples at all temperatures. Also, there were some differences between temperatures. Additionally, some FAA increased at different temperatures, such as Arg and Glu at 25 °C, Asp at 34 °C, and Ala at 42 °C.



The pea matrices were more diverse at different temperatures, and in some cases, the fermentation influenced the opposite to oat matrices (Table S3). All amino acids were increased at the end of backslopping in Pb1-25 except Gln and Met. Asn, Gln, Arg, Glu, Lys, Met, and Trp decreased at 34 °C and other amino acids increased. At 42 °C, all amino acids had higher concentrations at the end of fermentation except Arg and Trp. The fermentation affected matrix Pb2 differently than the Pb1 matrix. At 25 °C, most of the FAA concentrations were increased after backslopping except Arg and Ala, which showed opposite results. At 34 °C and 42 °C, almost half of the FAAs were decreased compared to the beginning. Interestingly, the amino acid methionine was not detected at all during the Bs experiment at 34 °C and 42 °C.



Overall, the concentration of free amino acids increased in pea-based matrices and decreased in oat-based matrices throughout the backslopping experiment. The concentrations of essential amino acids Ile, Leu, Phe, and Trp rose in all pea drinks by the end of fermentation, while only Pd1 backslopping at 25 °C showed increases in His and Lys concentrations. Additionally, Met levels rose in Pd1 drinks at all fermentation temperatures.



Previous studies have shown that fermentation enhances the proteolytic activity of pea-based but not oat-based matrices [34,35]. Kütt et al., 2023 reported that Glu, Asn, and Asp concentrations decreased, while His and Ser levels increased after fermentation in oat drinks. On the other hand, our results show an increase in the Glu concentration in Od1 at 34 °C and 42 °C. Another difference from published results was the observed increase in Thr release [34]. Kaleda et al., 2020 found that fermentation elevated levels of Ala, Cys, His, Ile, Leu, Lys, Phe, Pro, Ser, Tyr, and Val while decreasing Arg, Asn, and Asp in a pea–oat protein blend, where the pea protein content was twice as high as the oat protein content. Consistent with this, our results also showed a decrease in Arg concentration in pea matrices at 34 °C and 42 °C. All mentioned studies used LAB species such as Streptococcus thermophilus, Lactobacillus acidophilus, and Lactobacillus delbrueckii subsp. bulgaricus for fermentation [11,34,37], which were not present in the microbial communities in our study.




3.5. Chemical and Prelimenary Sensory Analysis


In addition to free amino acid analysis, we performed pH and organic acid measurements, essential tests for evaluating the food fermentation process. The pH values of selected Bs points remained below 5, with the lowest observed value being 4.0 (Table S4), showing successful acidification of the matrices. For dairy alternative products such as yoghurt, shelf-life is shorter at pH 4.6 compared to pH 4.2 or lower [11].



The observed pH decrease during backslopping was supported by an increase in organic acid concentrations. Measured levels of acetic and lactic acids showed that acid concentration changes differed according to temperatures and environments. In general, the lactic acid concentration was higher than acetic acid, pointing out the dominance of LAB in the fermentation environment. The most significant increase in acetic acid concentration was observed in oat drinks at 25 °C, potentially linked to the high abundance of Leuconostoc species in both drinks, as these bacteria can produce acetate [38].



For all samples, the lactic acid levels slightly increased during the backslopping cycles, with the most substantial change occurring in Od2. Interestingly, at 25 °C, the lactic acid concentration sharply decreased in all drinks at the 8th Bs point, then increased steadily until the end of the experiment (Figure S4). The largest decreases were detected in Od1 and Od2. At the same time, the acetic acid concentration continued to rise in Od1, while Od2 showed similar fluctuations as lactic acid. These drastic changes in acid concentrations coincided with shifts in microbial composition (Figure 4). Specifically, in drinks fermented at 25 °C, L. lactis showed a marked decline from the 8th Bs in Od1 and disappeared entirely in Od2, while Leuconostoc species became dominant in both drinks from this point onward.



At 34 °C, the lactic acid concentration increased consistently in all drinks, while the acetic acid concentration remained stable or showed minimal changes (Figure S4). From a microbiological perspective, the microbial composition at this temperature was more diverse, with fewer drastic shifts (Figure 5), correlating with less dynamic alteration in organic acid profiles.



At 42 °C, lactic acid concentrations remained stable in Od1 and Pd2 throughout the backslopping process, while Od2 and Pd1 gradually produced more lactic acid with each Bs cycle (Figure S4).



Sensory evaluation is one of the most important parameters for the food industry during new product development. Consumers tend to choose food according to positive perceptions and familiar tastes. Thus, for the final decision-making and selection of samples for further strain isolation, preliminary sensory analysis was performed. It quickly provided additional knowledge regarding positive evaluation of the backslopping process and information about potential sensory perception and the successful course of the study. The sensory evaluation was conducted after each backslopping cycle by half of the panel members. The evaluators characterized the odor, taste, and texture of the samples. The sensory parameters changed throughout the backslopping process, and the most promising drinks were obtained from the 17th (last) Bs cycle in Od1-25, Pd1-34, Pd1-42, and Od2-42 (Table S5). In general, Pd2 had an unpleasant taste, odor, and texture despite having the highest concentration of sugar. The other combinations were perceived as too bitter and sour, and the textures were watery. Od1-25 had a sour cream-like odor, a good sour–sweet balance, and a texture similar to cow-based yoghurt. The next sensorially best sample was Pd1-42. It had a sweet and caramelly odor, tasted like cow milk-based yoghurt, and had an oat porridge-like texture. Pd1-34 had a sweet and caramelly odor, a watery texture, and a similar taste to mild unflavored plant-based yoghurt. Od2-42 also had a good sour–sweet balance, but the texture was the least similar to real cow milk-based yoghurt. It was sensorially described as an oat drink which had a good sour–sweet balance. The caramel and sweet odor in all Pd1 samples came from the plant-based drink due to the addition of natural flavorings (Table S1). Other plant-based drinks did not contain additional flavors (Table S1). The consortia of the most promising plant-based drinks described above were selected for strain isolation following identification by MALDI-TOF MS.




3.6. Strain Isolation


Sensory characteristics such as taste, odor, and texture (Table S5), along with bacterial profiles identified through 16S rRNA sequencing, were used to select candidates for strain isolation. Four samples (Od1-25, Pd1-34, Pd1-42, and Od2-42) from the last backslopping cycle (Bs17) were chosen as promising candidates for plant-based starter cultures. Bacterial strain isolation was performed using a standard outplating technique, and colonies were identified by MALDI-TOF mass spectrometry. To maximize diversity in candidate selection, we used two different growth media, MRS and M92 (common for LAB), and tested all previous incubation temperatures and under both aerobic and anaerobic conditions (Figure 2).



In this study, a total of 65 isolates were analyzed by MALDI-TOF MS; out of them, eight isolates could not be identified. The most abundantly identified species were L. lactis, L. mesenteroides, and E. faecium (Table 1). All these LAB species are mostly used in industrial dairy fermentation as main starter contributors [39], where a part of consortia are responsible for antimicrobial activity [40] or expressing probiotic properties [41]. They are generally recognized as safe (GRAS) and may be beneficial to a host’s health [41].



More specifically, isolates from Od1-25 fermentation grown on MRS medium contained 30% L. mesenteroides followed by 15% L. pseudomesenteroides and 10% L. citreum, although 45% of the sample composition could not be identified by the MALDI-TOF MS approach (Table 1). Bacterial isolates from the Pd1-34 fermentation on MRS medium included L. lactis, E. faecium, and W. cibaria in equivalent proportions (16.7%), along with 8.3% L. garvieae, while 41.7% of the isolates were not identified. The results for Pd1-34 on M92 medium differed from those on MRS medium; L. garvieae was the most abundant at 40%, followed by E. faecalis and L. lactis with 20% each, and E. faecium at 10%, with 10% remaining unidentified. The majority of Od2-42 isolates on MRS consisted of E. faecium (60%), along with 30% Lb. johnsonii and 10% E. faecalis. In contrast, Od2-42 isolates on M92 contained 30% E. faecalis and E. coli, followed by 20% E. faecium, with 20% of isolates remaining unidentified. Only E. faecium was isolated from Pd1-42 on M92 medium.



When comparing the MALDI-TOF MS results with 16S sequencing data, bacterial isolates from Od1-25 on MRS and Pd1-42 on M92 showed the same bacterial species and proportions across both approaches. These findings suggest that extreme conditions, such as lower or higher fermentation temperatures, which favor a narrower range of species, may be more selective [42]. Greater differences appeared when incubation was performed at an intermediate temperature (approx. 35 °C) on different media (MRS and M92). These results were expected, as certain species preferentially grow on MRS while others thrive on M92 [43]. Nevertheless, all major species identified on both media via agar plates were also detected in 16S rRNA gene sequencing (Table 1). For example, in Pd1-34 incubated at 34 °C on MRS, the dominant species were E. faecium, L. lactis, and W. cibaria, whereas on M92, L. garvieae predominated. All these species, however, were confirmed by 16S sequencing. Comparing MALDI-TOF MS and 16S sequencing highlights the complementary strengths of each method: 16S sequencing, though more costly, is highly selective and capable of identifying even trace bacterial species within a sample. Conversely, plate incubation combined with MALDI-TOF MS allowed us to isolate and identify preferred species, paving the way for developing non-dairy starter cultures tailored for plant-based products.



Overall, by exposing the initial plant inoculum to different temperatures and matrices, we diversified the final consortia and increased the potential to isolate unique strains with distinctive characteristics. Backslopping selected the LAB species that were able to survive and evolve over several cycles, indicating the robustness and potential scalability of these strains. The propagation of these species must continue in the future in plant-based feedstocks in order to be able to dominate in the environment and not lose their abundance in the starter composition. To evaluate and characterize possible functional properties of the isolates, whole genome sequencing was performed on several selected strains. We sequenced 11 genomes, including those from the Leuconostoc, Enterococcus, Lactobacillus, and Lactococcus genera (strain list in Table S6). The next step will be high throughput in silico genome mining based on comparative genomic evaluation to identify starter cultures with desirable technological properties, such as utilization of available carbohydrates, production of proteolytic enzymes, or synthesis of exopolysaccharides. Additionally, safety-related traits including the absence of antibiotic resistance genes, intact prophage regions, or biogenic amine production genes will be assessed.





4. Conclusions


This study demonstrated the potential of traditional backslopping technology in plant-based matrices to adapt and evolve lactic acid bacteria of plant origin, yielding promising candidates for non-dairy starter cultures. By applying this technique, we successfully enriched LAB populations from an initial consortium of plant-associated and soil bacteria derived from horseradish, blackcurrant leaves, oat florets, and green peas. Although LAB initially represented less than 0.1% of the microbial population, they became the dominant species in all oat and pea drinks by the final backslopping cycle, with one to three LAB species prevailing in each consortium. In this way, future culture development can benefit from different natural floral consortia, where thousands and thousands of microbial species grow that are best suited to ferment the plant-based matrices. This study is the first of its kind to demonstrate how novel dairy alternatives should be fermented with autochthonous lactic acid species and exhibit potential starter culture survival and evolution through backslopping cycles.



Using 16S sequencing, we tracked LAB species throughout backslopping propagation in oat and pea matrices at different temperatures and isolated LAB from four endpoint drinks (Od1-25, Pd1-34, Pd1-42, and Od2-42) that exhibited favorable sensory properties. Eleven LAB species, belonging to the Leuconostoc, Enterococcus, Lactobacillus, and Lactococcus genera, were successfully isolated and identified via MALDI-TOF MS analysis, followed by whole-genome sequencing.



These results highlight backslopping as an effective method for bacterial stain enrichment and adaptation from natural plant sources, advancing the development of functional non-dairy starter cultures. Future work should focus on genomic analysis of the strains to assess safety factors, including virulence and antibiotic resistance profiles, and to identify functional traits that enhance product quality. These foundational data will support the design and modulation of effective starter consortia for innovative, plant-based fermentation applications.
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Figure 1. The floral mash was added to the oat and pea drinks and backslopped for 17 cycles. During the experiment, the sensory parameters were evaluated, and the growth of bacteria was monitored by isothermal microcalorimetry TAM III and TAM IV. The microbial composition was detected with next-generation sequencing (NGS). Four samples from backslopping were selected for strain isolation based on the 16S rRNA sequencing and aroma characteristics. The isolated strains were detected with MALDI-TOF. 
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Figure 2. The process of strain isolation. The backslopping endpoint (Bs 17) used for species isolation is indicated in the green box. Green box names indicate: oat drink 1 cultivated at 25 °C (Od1-25), oat drink 2 cultivated at 42 °C (Od2-42), pea drink 1 cultivated at 34 °C (Pd1-34), and pea drink 1 cultivated at 42 °C (Pd1-42). The yellow boxes show the selected agar media for isolating colonies. The blue boxes show the incubation temperature of agar plates. 
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Figure 3. Bacterial composition of the inoculum. Standard DNA sequencing methodology (Inoc) and DNA sequencing methodology modified with PMAxx treatment (Inoc.PMA) for detection of viable bacteria species. Less than 0.1% of the detected species were LAB, and they are enlarged on the right side of this figure. 
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Figure 4. The dynamics in the microbial composition according to 16S rRNA NGS from backslopping over 17 cycles at 25 °C. The 0 signifies the macerated floral mass composition with the microbial biomass from the plant-based drinks, and further numbers indicate the backslopping points. Graphs names indicate: oat drink 1 cultivated at 25 °C (Od1-25), oat drink 2 cultivated at 25 °C (Od2-25), pea drink 1 cultivated at 25 °C (Pd1-25), and pea drink 2 cultivated at 25 °C (Pd2-25). 
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Figure 5. The dynamics in the microbial composition according to 16S rRNA NGS from backslopping over 17 cycles at 34 °C. The 0 signifies the macerated floral mass composition with the microbial biomass from the plant-based drinks, and further numbers indicate the backslopping points. Graphs names indicate: oat drink 1 cultivated at 34 °C (Od1-34), oat drink 2 cultivated at 34 °C (Od2-34), pea drink 1 cultivated at 34 °C (Pd1-34), and pea drink 2 cultivated at 34 °C (Pd2-34). 
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Figure 6. The dynamics in the microbial composition according to 16S rRNA NGS from backslopping over 17 cycles at 42 °C. The 0 signifies the macerated floral mass composition with the microbial biomass from the plant-based drinks, and further numbers indicate the backslopping points. Graphs names indicate: oat drink 1 cultivated at 42 °C (Od1-42), oat drink 2 cultivated at 42 °C (Od2-42), pea drink 1 cultivated at 42 °C (Pd1-42), and pea drink 2 cultivated at 42 °C (Pd2-42). 
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Figure 7. Principal component analysis using the free amino acids concentrations (mM) collected at the end of fermentation. Concentrations (mM) were centered and scaled. Each sample is encoded by the matrix followed by the Bs stage and temperature. Green, blue, purple, and red colors refer to oat drink 1 (Od1), oat drink 2 (Od2), pea drink 1 (Pd1), and pea drink 2 (Pd2) plant-based matrices, respectively. Standard deviations are shown (n = 2). 
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Table 1. The species identified according to MALDI-TOF-MS from the last backslopping point (Bs17) compared with 16S NGS results.
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Matrix

	
Temp, °C

	
Cultivation Media

	
MALDI-TOF MS

	
16S




	
Species

	
Count

	
%

	
Species

	
%






	
Od1-25

	
25

	
MRS

	
Leuconostoc mesenteroides

	
6

	
30.0

	
Leuconostoc mesenteroides

	
48.7%




	
Leuconostoc pseudomesenteroides

	
3

	
15.0

	
Leuconostoc pseudomesenteroides

	
22.7%




	
Leuconostoc citreum

	
2

	
10.0

	
Lactococcus lactis

	
11.4%




	
Unidentified

	
9

	
45.0

	
Vagococcus entomophilus

	
6.4%




	

	
0

	
0,0

	
Escherichia-Shigella coli

	
6.4%




	

	

	

	
Leuconostoc citreum

	
2.2%




	

	

	

	
Raoultella ornithinolytica

	
0.8%




	

	

	

	
Lactococcus unclassified

	
0.4%




	

	

	

	
Other

	
1.0%




	
Pd1-34

	
34

	
MRS

	
Enterococcus faecium

	
2

	
16,7

	
Enterococcus faecium

	
53.9%




	
Lactococcus lactis

	
2

	
16.7

	
Escherichia-Shigella coli

	
16.2%




	
Weissella cibaria

	
2

	
16.7

	
Lactococcus lactis

	
13.5%




	
Lactococcus garvieae

	
1

	
8.3

	
Weissella confusa

	
12.3%




	
Unidentified

	
5

	
41.7

	
Lactococcus garvieae

	
2.5%




	

	

	

	
Escherichia-Shigella unclassified

	
1.2%




	
M92

	
Lactococcus garvieae

	
4

	
40.0

	
Lactococcus unclassified

	
0.1%




	
Lactococcus lactis

	
2

	
20.0

	
Latilactobacillus unclassified

	
0.1%




	
Enterococcus faecalis

	
2

	
20.0

	
Other

	
0.3%




	
Enterococcus faecium

	
1

	
10.0

	

	




	
Unidentified

	
1

	
10.0

	

	




	
Od2-42

	
42

	
MRS

	
Enterococcus faecium

	
6

	
60.0

	
Enterococcus faecium

	
39.3%




	
Lactobacillus johnsonii

	
3

	
30.0

	
Lactobacillus johnsonii

	
24.1%




	
Enterococcus faecalis

	
1

	
10.0

	
Escherichia-Shigella coli

	
21.3%




	
Unidentified

	
0

	
0.0

	
Enterococcus faecalis

	
7.9%




	

	

	

	
Lactococcus garvieae

	
4.8%




	
M92

	
Enterococcus faecalis

	
3

	
30.0

	
Escherichia-Shigella unclassified

	
1.8%




	
Escherichia coli

	
3

	
30.0

	
Latilactobacillus unclassified

	
0.4%




	
Enterococcus faecium

	
2

	
20.0

	
Lactobacillus unclassified

	
0.2%




	
Unidentified

	
2

	
20.0

	
Other

	
0.3%




	
Pd1-42

	
42

	
M92

	
Enterococcus faecium

	
5

	
100.0

	
Enterococcus faecium

	
98.9%




	
Unidentified

	
0

	

	
Enterococcus dispar

	
0.9%




	

	

	

	
Enterococcus saccharolyticus

	
0.1%




	

	

	

	
Lactococcus lactis

	
0.1%




	

	

	

	
Other

	
0.1%
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