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Reduction of greenhouse gas emissions is important to limit climate change. Because ruminant animals emit greenhouse gases, the worldwide plant-based alternative market is an emerging trend for eating less meat and dairy products. To produce plant-based dairy products such as yogurt alternatives, certain lactic acid bacterial species, which are used for cow's milk fermentation, are often used. Substrate changes from cow's milk to plant-based milk caused nutritional changes, and unsaturated fatty acids are more enriched in plant-based milk alternatives than in cow's milk. Unsaturated fatty acids can lead to the formation of aldehydes, some of which are off-flavors; therefore, substrate changes have the potential to alter the suitable lactic acid bacterial species used for fermentation to control flavor formation, such as aldehyde compounds. However, differences in the effect of the fermentation processes on aldehyde compounds have not been evaluated among lactic acid bacterial species. In this study, we comprehensively evaluated the effect of lactic acid bacterial fermentation on aldehyde compounds in synthetic medium and plant-based milk alternatives using 20 species of lactic acid bacteria. Heterofermentative lactic acid bacteria such as strains belonging to Limosilactobacillus had a strong aldehyde-reducing ability, likely from differences in alcohol dehydrogenase function. Because the odor detection threshold of ethanol compounds was lower than that of their equivalent aldehyde compounds, our findings are valuable for the fermentation of plant-based milk alternatives with lactic acid bacteria with the goal of decreasing off-flavors derived from aldehyde compounds.
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Introduction

Climate change is one of the greatest concerns to humankind. To limit climate change, global action is needed to reduce greenhouse gas (GHG) emissions in many sectors, including the food sector. The role of the food sector involves reducing GHG emissions in agriculture and across the food chain and dietary changes within the population toward environmentally sustainable diets. One of the main dietary changes to reduce GHG emissions is to eat less meat and dairy products from ruminant animals, which emit GHGs (Macdiarmid, 2022). Under these circumstances, the worldwide plant-based alternative market is continuously growing, while one of the food trends in the dairy industry is the demand for alternative plant-based products. Plant-based dairy alternatives are not an entirely new product category, as they have been part of many food cultures historically, such as soy milk in China and tiger nut milk in Spain (Vaikma et al., 2021). A previous study defined plant-based milk alternatives as fluids that result from the size reduction of plant material extracted in water and further homogenization of such fluids, resulting in a particle size distribution in the range of 5–20 μm, which imitates cow's milk in appearance and consistency (Sethi et al., 2016). The plant-based milk alternatives are generally classified into five categories: cereal-based (e.g., oat milk, rice milk, corn milk, spelt milk), legume-based (e.g., soy milk, peanut milk, lupin milk, cowpea milk), nut-based (e.g., almond milk, coconut milk, hazelnut milk, pistachio milk, walnut milk), seed-based (e.g., sesame milk, flax milk, hemp milk, sunflower milk) and pseudocereal-based (e.g., quinoa milk, teff milk, amaranth milk).

In addition, plant-based yogurt alternatives, which are produced from plant-based milk alternatives, have been sold in many different countries, and several papers have discussed plant-based yogurt alternatives (Wu et al., 2021; Gupta et al., 2022). Boeck et al. (2021) reviewed the plant-based yogurt alternatives and indicated the lactic acid bacteria used for their fermentation. To produce plant-based yogurt alternatives, Streptococcus thermophilus (S. thermophilus), Lactobacillus delbrueckii subsp. bulgaricus (L. delbrueckii subsp. bulgaricus) and Lactobacillus acidophilus (L. acidophilus), have often been used for fermentation. These species are also used for fermentation of cow's milk because cow's yogurt has been traditionally manufactured using S. thermophilus and L. delbrueckii subsp. bulgaricus (Hamann and Marth, 1984), and acidophilus milk has been manufactured using L. acidophilus (Young and Nelson, 1978). There are many nutritional changes due to substrate changes from cow's milk to plant-based milk alternatives (Verduci et al., 2019). For example, the fatty acid profile differs from cow's milk to plant-based milk alternatives. While saturated fatty acids are dominant in cow's milk, unsaturated fatty acids such as oleic acid (C18:1) and linoleic acid (C18:2, ω-6) are dominant in plant-based milk alternatives (Martínez-Padilla et al., 2020). It is known that unsaturated fatty acids can lead to the formation of aldehydes as secondary oxidation products, and some of these aldehydes are known to be compounds that cause off-flavors in cow's milk (Huang et al., 2022). Therefore, plant-based milk alternatives rich in unsaturated fatty acids need to require even more attention to off-flavor formation than the cow's milk. The nutritional changes due to substrate changes from cow's milk to plant-based milk may alter the suitable lactic acid bacterial species used for fermentation for flavor formation, such as aldehydes. Previous report indicated that aldehydes such as hexanal, trans-2-nonenal and trans, trans-2,4-nonadienal were reduced by a few lactic acid bacterial strains (Vermeulena et al., 2007), however, there are few reports that have comprehensively evaluated lactic acid bacteria fermentation properties and their effect on aldehydes with using many lactic acid bacterial species. In this study, we evaluated the effect of aldehyde compounds, some of which are known as off-flavors in milk, on lactic acid bacterial fermentation. A total of 20 species, including 6 genera of lactic acid bacteria, all of which were classified into the genus Lactobacillus in the past (Zheng et al., 2020), were used for this evaluation. Here, we used rice, which is the most important crop in Asia. In recent report about plant-based materials for milk alternatives (Pua et al., 2022), nutritional compositions of carbohydrate, fiber, total protein, and total fat contents in the rice were showed as 80 %, 1.3 %, 7.1 % and 0.7 %, respectively, and the rice had a higher ratio of carbohydrate than the other plant-based materials. In additions, the rice is known as low allergenic food material than the other plant-based material (Pantoa et al., 2020), and is gluten-free food material (Rai et al., 2018), which is beneficial for people with celiac disease.



Materials and methods


Bacterial strains and culture conditions

Lactic acid bacterial strains were obtained from the JCM (Japan Collection of Microorganisms, Ibaraki, Japan) and AGCC (Asahi Group Culture Collection, Ibaraki, Japan) (Table 1). Bacterial cultures were subcultured in de Man, Rogosa and Sharpe broth (Becton, Dickinson and Company, Sparks, MD) containing 0.05% L-cysteine hydrochloride (Nacalai Tesque, Inc, Kyoto, Japan) (MRSc broth) and incubated anaerobically at 37 °C for 16 h.


TABLE 1 Strain names and sources of lactic acid bacteria used in this study.
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Chemical reagents and materials

The chemical reagents trans, trans-2,4-dinitrophenyl-hydrazine hydrochloride (DNPH), trans, trans-2,4-decadienal butylated hydroxytoluene (BHT), 2-methylpropanal, benzaldehyde, 3-methylbutanal, 2-methylbutanal, hexanal, 2,4-nonadienal, trans, and trans-2,4-decadienal were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Hexanal-d12 was purchased from Sigma–Aldrich (MO, USA). Acetaldehyde, ethanol, acetic acid, hexane and LC–MS grade acetonitrile were obtained from Fujifilm Wako Pure Chemical Corporation (Osaka, Japan).



Sample collection using synthetic medium

Each aldehyde compound, which is acetaldehyde, hexanal or benzaldehyde, was used as a test compound in an experiment using synthetic medium. For experimental evaluation, cultivation method for anaerobic condition was performed as previously described (Prasad et al., 1998) with minor modifications. Briefly, the precultures of MRSc broth were inoculated with 5% v/v into MRSc broths containing test compounds, and the culture broths were incubated anaerobically at 37 °C for 16 h. MRSc broths containing test compounds without bacterial inoculation were also incubated as a negative control. After incubations, the optical density of the broth at 600 nm (OD 600) was measured by a microplate reader (Synergy HTX, Agilent Technologies, Santa Clara, CA). Then, the culture broths were centrifuged at 8,000 × g for 5 min, and the supernatants were collected. The supernatants were frozen at −20 °C until use.



Sample collection using a saccharified liquid of rice

A saccharified liquid of brown rice was obtained from Kikkoman Co., Ltd. (Chiba, Japan.) as a food product. The liquid of brown rice was diluted 1.67 times with water and sterilized at 95 °C for 15 min. For assuming industrial incubation, we used static condition, which was used in previous study (Sugahara et al., 2021). The precultures of MRSc broth were inoculated with 5% v/v into a saccharified liquid of brown rice. The liquid without bacterial inoculation was also incubated as a negative control. All of the liquid was incubated statically at 37 °C for 16 h. After incubation, the cultures were frozen at −20 °C until use.

For the study using the saccharified liquid of white rice, white rice powder (Oryza sativa subsp. japonica) and water were mixed by weight at a ratio of 3:7, and 0.03% v/v amylase (BAN 480 L, Novozymes Japan Ltd., Chiba, Japan) was added. After incubation at 60 °C for 6 h, the liquid was sterilized at 95 °C for 15 min. The precultures of MRSc broth were inoculated with 5% v/v into a saccharified liquid of white rice. The liquid without bacterial inoculation was also incubated as a negative control. All of the liquid was incubated statically at 37 °C for 16 h. After incubation, the cultures were frozen at −20°C until use.



Quantification of acetaldehyde, ethanol and acetic acid

Acetaldehyde, ethanol and acetic acid concentrations in the samples were determined by enzymatic analysis using an F-kit (Roche Diagnostics, Mannheim, Germany) as previously described (Ishiguro et al., 2014).



Sample preparation for aldehyde quantification using the LC–MS/MS method

Sample preparation was performed as previously described (Douny et al., 2016) with some modifications. For preparing standards, 440 μl of standard solutions dissolved in 50% ethanol, 220 μl of water and 220 μl of ethanol were mixed. For preparing samples, 440 μl of sample solution and 440 μl of ethanol were mixed. Then, 80 μl of BHT solution (1 mg/ml in ethanol) and 40 μl of hexanal-d12 solution (25 μg/ml in 50% ethanol) as an internal standard were added to each solution. After vortexing for 15 s, the solutions were centrifuged at 3,700 × g for 10 min. Then, 325 μl of the supernatant was mixed with 325 μl of DNPH solution [0.05 M in acetonitrile/acetic acid/water 8:1:1 (v/v)], and the reaction was carried out for 2 h at 60°C. After derivatization with DNPH, 1 ml of water was added to the reacted solution, and the solution was vortexed. The DNPH derivatives formed in the solution were extracted with 4 x 1 ml hexane. The solvent containing the DNPH derivatives was then evaporated to dryness in a centrifugal evaporator, and 1000 μl of 0.03% acetic acid solution/acetonitrile 60/40 (v/v) was added. The solution was vortexed and transferred to an injection vial.



Aldehyde compound quantification using LC–MS/MS

LC–MS/MS analysis was performed as previously described (Douny et al., 2016) with some modifications. We used the Nextera HPLC System (communication bus module: CBM-20A; pump: LC-30AD; autosampler: SIL-30AC; degasser: DGU-20A5R; column oven: CTO-20AC, Shimadzu, Kyoto, Japan) connected to a Sciex Triple quad 6500+ mass spectrometer (AB SCIEX, Concord, Canada). The Sciex Triple quad 6500+ (temperature: 500 °C; curtain gas: 30 psi; collision activated dissociation gas: 8 psi; ion source gas 1: 30 psi; ion source gas 2: 70; entrance potential:−10 V) was used with the parameters described in Table 2.


TABLE 2 Optimized multiple reaction monitoring transition and parameters for seven aldehydes and the internal standard (IS).
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Separation was achieved on an Atlantis T3 C18 column (3 μm, 2.1 x 150 mm) with an Atlantis guard column T3 C18 (3 μm, 2.1 x 10 mm), both from Waters Corporation (MA, USA). The solvent flow was 0.25 ml/min, the column temperature was set at 40 °C, and the injection volume was 1 μl. The mobile phase was 0.03% acetic acid solution (solvent A) and acetonitrile (solvent B). The gradient elution conditions included a change from 40 to 48% solvent B in 2 min, and the conditions were held for 37 min. Then, the conditions were a change from 48 to 100% in 4 min, with a hold for 8 min. After that, the condition of solvent B was decreased to 40% in 4 min and maintained for another 6 min reconditioning. The analysis with the mass spectrometer was performed in MS/MS mode with negative ionization.




Results


Acetaldehyde metabolism in lactic acid bacterial strains

The growth ability of lactic acid bacterial strains in MRSc broth with or without 0.05% acetaldehyde was measured as OD 600 values to evaluate the acetaldehyde metabolizing ability associated with bacterial growth (Figure 1A). The OD 600 levels in some strains (L. acidophilusT, Lactobacillus crispatusT, Lactobacillus delbrueckii subsp. delbrueckiiT, Lactobacillus delbrueckii subsp. lactisT, Lactiplantibacillus plantarumT, Lacticaseibacillus caseiT, Lacticaseibacillus paracasei subsp. paracaseiT) showed significant differences between the MRSc broth with and without 0.05% acetaldehyde. Acetaldehyde, ethanol and acetic acid concentrations in the supernatants of the 23 type strains after cultivation in MRSc broth with 0.05% acetaldehyde are shown in Figures 1B–D. The acetaldehyde levels in the supernatants of all strains were significantly lower than the level in the negative control. The levels in the 6 strains (Levilactobacillus brevisT, Fructilactobacillus fructivoransT, Limosilactobacillus fermentumT, Limosilactobacillus mucosaeT, Limosilactobacillus orisT and Limosilactobacillus reuteriT) were close to zero. The ethanol levels in the supernatants of 7 strains (Ligilactobacillus salivariusT, Levilactobacillus brevisT, Fructilactobacillus fructivoransT, Limosilactobacillus fermentumT, Limosilactobacillus mucosaeT, Limosilactobacillus orisT and Limosilactobacillus reuteriT) showed significantly higher levels compared to the negative control. The levels of the supernatant of the 6 strains (Levilactobacillus brevisT, Fructilactobacillus fructivoransT, Limosilactobacillus fermentumT, Limosilactobacillus mucosaeT, Limosilactobacillus orisT and Limosilactobacillus reuteriT) were notably higher than those of the other supernatants. The acetic acid levels in the supernatants of all strains did not show significantly higher levels compared to the negative control.
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FIGURE 1
 Acetaldehyde metabolism in lactic acid bacterial strains. Data are shown as the mean ± SD (n = 3). (A) White bars indicate the OD 600 values after cultivation in MRSc broth. Black bars indicate OD 600 values after cultivation in MRSc broth with 0.05% acetaldehyde. P values were calculated using Welch's t test between the levels in the MRSc broth and the MRSc broth with 0.05% acetaldehyde. *p < 0.05, **p < 0.01. (B) Black bars indicate acetaldehyde concentrations after cultivation in MRSc broth with 0.05% acetaldehyde. P values compared with the negative control were calculated using Welch's t test. *p < 0.05, **p < 0.01. (C) Black bars indicate ethanol concentrations after cultivation in MRSc broth with 0.05% acetaldehyde. P values compared with the negative control were calculated using Welch's t test. *p < 0.05, **p < 0.01. (D) Black bars indicate ethanol concentrations after cultivation in MRSc broth with 0.05% acetaldehyde. P values compared with the negative control were calculated using Welch's t test. *p < 0.05.




Ability of lactic acid bacterial strains to decrease hexanal and benzaldehyde

Hexanal and benzaldehyde concentrations in the supernatants of the 23 type strains after cultivation in MRSc broth with 0.05% hexanal or benzaldehyde are shown in Figures 2A,B. Although the acetaldehyde level of the supernatants of all strains was significantly lower than the level in the negative control, the hexanal level in the supernatant of the 7 strains (L. acidophilusT, L. delbrueckii subsp. bulgaricusT, Lactobacillus gallinarumT, Lactobacillus gasseriT, Lactobacillus helveticusT, Lacticaseibacillus paracasei subsp. paracaseiT, Lacticaseibacillus paracasei subsp. toleransT) showed no significant difference compared to that in the negative control. The benzaldehyde level in the supernatant of the 8 strains (L. acidophilusT, L. delbrueckii subsp. bulgaricusT, Lactobacillus gallinarumT, Lactobacillus gasseriT, Lactobacillus helveticusT, Ligilactobacillus salivarius T, Lacticaseibacillus paracasei subsp. paracaseiT, Lacticaseibacillus paracasei subsp. toleransT) showed no significant difference compared to that in the negative control. To evaluate the decrease in hexanal and benzaldehyde in high-concentration environments, we selected 6 strains (Levilactobacillus brevisT, Fructilactobacillus fructivoransT, Limosilactobacillus fermentumT, Limosilactobacillus mucosaeT, Limosilactobacillus orisT and Limosilactobacillus reuteriT) as high-decreasing strains and Lactobacillus gasseriT as a low-decreasing strain. Hexanal and benzaldehyde concentrations in the supernatants of the seven selected strains after cultivation in MRSc broth with 0.2% hexanal or benzaldehyde are shown in Figures 2C,D. The hexanal and benzaldehyde levels in the supernatant of the four strains (Limosilactobacillus fermentumT, Limosilactobacillus mucosaeT, Limosilactobacillus orisT and Limosilactobacillus reuteriT) were significantly lower than those in the supernatant of Levilactobacillus brevisT.
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FIGURE 2
 Hexanal and benzaldehyde decreasing ability in lactic acid bacterial strains. Data are shown as the mean ± SD (n = 3). (A) Bars indicate hexanal concentrations after cultivation in MRSc broth with 0.05% hexanal. P values compared with the negative control were calculated using Welch's t test. *p < 0.05, **p < 0.01. (B) Bars indicate benzaldehyde concentrations after cultivation in MRSc broth with 0.05% benzaldehyde. P values compared with the negative control were calculated using Welch's t test. *p < 0.05, **p < 0.01. (C) Bars indicate hexanal concentrations after cultivation in MRSc broth with 0.2% hexanal. P values compared with the negative control were calculated using Welch's t test. *p < 0.05, **p < 0.01. (D) Bars indicate benzaldehyde concentrations after cultivation in MRSc broth with 0.2% benzaldehyde. P values compared with the negative control were calculated using Welch's t test. *p < 0.05, **p < 0.01.




Aldehyde compound levels in the saccharified liquid of brown rice after cultivation

To evaluate the decreasing aldehyde compounds in Limosilactobacillus, which had a high ability to reduce aldehyde compounds in this study, we used nine strains belonging to Limosilactobacillus, and Lactobacillus gasseriT was used as a low-ability strain. Seven aldehyde compound (trans, trans-2,4-decadienal, trans, trans-2,4-nonadienal, 2-methylbutanal, 2-methylpropanal, 3-methylbutanal, benzaldehyde, hexanal) levels in the saccharified liquid of brown rice after cultivation were quantified (Figures 3A–H). Except for trans, trans-2,4-nonadienal levels, all aldehyde compound levels in the culture of 8 strains belonging to Limosilactobacillus were significantly lower than in the negative control. In addition, the total levels of seven aldehyde compounds in the culture of 8 strains belonging to Limosilactobacillus also showed significant differences compared to the negative control. The 3-methylbutanal level in the culture of Lactobacillus gasseriT was significantly higher than that in the negative control.
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FIGURE 3
 Aldehyde compound levels in the saccharified liquid of brown rice after cultivation. Data are shown as the mean ± SD (n = 3). Bars indicate aldehyde compound levels [(A) trans, trans-2,4-decadienal, (B) trans, trans-2,4-nonadienal, (C) 2-methylbutanal, (D) 2-methylpropanal, (E) 3-methylbutanal, (F) benzaldehyde, (G) hexanal, (H) total of seven aldehyde compounds] in the saccharified liquid of brown rice after cultivation. P values compared with the negative control were calculated using Welch's t test. *p < 0.05, **p < 0.01.




Aldehyde compound levels in the saccharified liquid of white rice after fermentation

Each of seven aldehyde compound levels in the saccharified liquid of white rice after fermentation was also measured (Figures 4A–H). Unlike the saccharified liquid of brown rice, the aldehyde compound levels, trans, trans-2,4-decadienal, trans, trans-2,4-nonadienal, 2-methylbutanal, 2-methylpropanal, 3-methylbutanal and benzaldehyde did not show a significant difference in the culture of some strains belonging to Limosilactobacillus. The hexanal level and total levels of seven aldehyde compounds in the culture of eight strains belonging to Limosilactobacillus showed significantly lower levels compared to the negative control. The 2-methylbutanal, 2-methylpropanal and 3-methylbutanal levels in the cultures of Lactobacillus gasseriT and Limosilactobacillus reuteriT were significantly higher than those in the negative control. The benzaldehyde level and total levels of seven aldehyde compounds in the culture of Lactobacillus gasseriT were significantly higher than those in the negative control.
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FIGURE 4
 Aldehyde compound levels in the saccharified liquid of white rice after cultivation. Data are shown as the mean ± SD (n = 3). Bars indicate aldehyde compound levels [(A) trans, trans-2,4-decadienal, (B) trans, trans-2,4-nonadienal, (C) 2-methylbutanal, (D) 2-methylpropanal, (E) 3-methylbutanal, (F) benzaldehyde, (G) hexanal, (H) total of seven aldehyde compounds] in saccharified liquid of white rice after cultivation. P values compared with the negative control were calculated using Welch's t test. *p < 0.05, **p < 0.01.





Discussion

In the present study, it was considered important to evaluate the lactic acid bacterial fermentation properties of the effect on aldehyde compounds in plant-based milk alternatives because aldehyde compounds are known to cause off-flavors in cow milk. Therefore, we evaluated the ability of lactic acid bacterial strains to decrease aldehydes by using synthetic medium with aldehyde compounds, and we found that heterofermentative lactic acid bacterial strains had a strong ability to decrease aldehyde compounds. The strains belonging to the genus Limosilactobacillus, which is known as heterofermentative lactic acid bacterium, also showed a high ability to decrease aldehyde compounds in plant-based milk alternatives.

It is known that lactic acid bacteria have alcohol dehydrogenases (Halloum et al., 2015), and a previous study indicated that some lactic acid bacterial strains produce acetic acid through acetaldehyde metabolism (Nosova et al., 2000). Therefore, we analyzed acetaldehyde, ethanol and acetic acid levels in the supernatants of the synthetic medium after fermentation (Figure 1). The bacterial growth in some strains was influenced by the addition of 0.05% acetaldehyde to MRSc broth (Figure 1A). Because 0.5 of the OD600 level was approximately considered to be 500 million cells (Dimov et al., 2007), it was assumed that all bacterial strains were capable of growing in the broth. The acetaldehyde levels were decreased by lactic acid bacterial fermentation with bacterial growth (Figure 1B). The results for belonging to the genera Levilactobacillus, Fructilactobacillus and Limosilactobacillus, which showed acetaldehyde levels close to zero, indicated an obvious increase in ethanol levels (Figure 1C). Because all strains showed constant or decreased acetic acid levels (Figure 1D), it was suggested that acetaldehyde decreased in the genera Levilactobacillus, Fructilactobacillus and Limosilactobacillus because of alcohol dehydrogenase. A previous study, which showed core and pangenomes of 174 type strains of lactic acid bacteria, indicated that alcohol dehydrogenase was present in most heterofermentative lactobacilli but absent in most homofermentative lactobacilli (Zheng et al., 2015). Because the genera Levilactobacillus, Fructilactobacillus and Limosilactobacillus were defined as heterofermentative organisms, our results are consistent with the core and pangenomic analysis. In additions, previous report indicated that Limosilactobacillus reuteri and Fructilactobacillus sanfranciscensis, which are heterofermentative lactic acid bacteria, promptly reduced aldehydes, but Latilactobacillus sakei, which is homofermentative lactic acid bacterium, did not promptly (Vermeulena et al., 2007). The phenotypic result supports our results.

Although all strains decreased the acetaldehyde level in the synthetic medium with acetaldehyde, 7 strains and 8 strains did not decrease the level in the synthetic medium with hexanal and benzaldehyde, respectively (Figures 2A,B). This result suggested that middle-chain aldehydes and aromatic aldehydes were more difficult to reduce than short-chain aldehydes. Furthermore, benzaldehyde might be more difficult to reduce than middle-chain aldehydes from the result of Ligilactobacillus salivariusT. A previous study indicated that alcohol dehydrogenase derived from lactic acid bacteria had the ability to convert aldehyde compounds to alcohol compounds (Halloum et al., 2015). There is a possibility that alcohol dehydrogenase has different effects on compound structure, and it was thought that the high decrease in hexanal and benzaldehyde levels in the genera Levilactobacillus, Fructilactobacillus and Limosilactobacillus was derived from alcohol dehydrogenase. Previous studies indicated that the odor detection thresholds of hexanal, hexanol, benzaldehyde and benzyl alcohol were 0.019, 4.865, 0.35 and 10 mg/kg, respectively (Eriksson et al., 1976; Buttery et al., 1987). In addition, the value of the odor detection threshold in aldehyde compounds such as 2-methylpropanal, 2-methylbutanal and 3-methylbutanal showed higher values than in their equivalent ethanol compounds such as 2-methyl-1-propanol, 2-methyl-1-butanol and 3-methyl-1-butanol (Abraham et al., 2012). From these insights, a strong decreasing ability in the genera Levilactobacillus, Fructilactobacillus and Limosilactobacillus was thought to be useful for reducing off-flavors derived from aldehyde compounds in plant-based milk alternatives when aldehyde compounds were considered off flavors. In addition, we evaluated which strains used in this study had the highest decrease in aldehyde compounds among the Levilactobacillus brevisT, Fructilactobacillus fructivoransT, Limosilactobacillus fermentumT, Limosilactobacillus mucosaeT, Limosilactobacillus orisT and Limosilactobacillus reuteriT by using synthetic medium with 0.2% hexanal or benzaldehyde (Figures 2C,D). The results suggested that strains belonging to genus Limosilactobacillus were suitable for reducing aldehyde compounds in the lactic acid bacterial strains evaluated in this study.

To evaluate the reduction ability of aldehyde compounds in plant-based milk alternatives, we used the saccharified liquid of brown and white rice as brown and white rice milk (Figure 3, 4). In brown rice milk, all aldehyde compound levels except for those of trans, trans-2,4-nonadienal were decreased by fermentation with Limosilactobacillus (Figures 3A–H). In white rice milk, the total 7 aldehyde levels were decreased by fermentation with Limosilactobacillus, and some aldehyde compounds, such as 2-methylbutanal, 2-methylpropanal, 3-methylbutanal and benzaldehyde, were increased by fermentation with Lactobacillus gasseriT. A previous study indicated that 2-methylbutanal, 2-methylpropanal, 3-methylbutanal and benzaldehyde were produced from the lactic acid bacterial fermentation of branched-chain amino acids and phenylalanine (Yvon and Rijnen, 2001). Because some aldehyde compounds, such as 2-methylbutanal, 2-methylpropanal, 3-methylbutanal and benzaldehyde, were produced by lactic acid bacterial fermentation, the concentrations of these aldehyde compounds were increased by lactic acid bacterial fermentation in some cases. However, strains belonging to Limosilactobacillus had a strong aldehyde-reducing ability, and it is thought that this ability was the reason that aldehyde levels were maintained at a low level. Previous study indicated that an alcohol dehydrogenase derived from Levilactobacillus brevis LB19 reacted different rate with different substrate such as propionaldehyde, butyraldehyde and valeraldehyde (Halloum et al., 2015), therefore, there is possibility that the difference between production rates from the amino acids and the reduction rate by the alcohol dehydrogenase may affect the aldehydes concentrations after fermentation. In addition, the levels of aldehyde compounds in brown rice milk were the same between the negative control and that fermented by Lactobacillus gasseriT, and the levels of aldehyde compounds in white rice milk were increased by fermentation with Lactobacillus gasseriT. The results suggested that the different fermentation substrates showed increased levels of off-flavors. In this study, the ability to decrease aldehyde compounds in plant-based milk alternatives was not evaluated in the other heterofermentative lactic acid bacterial strains such as strains belonging to Levilactobacillus or Fructilactobacillus, at least strains belonging to genus Limosilactobacillus were found to strongly reduce aldehydes in plant-based milk alternatives compared with homofermentative lactic acid bacteria.



Conclusion

In conclusion, we evaluated the ability of lactic acid bacteria to decrease aldehyde compounds in synthetic medium and plant-based milk alternatives, and we found that heterofermentative lactic acid bacteria such as Limosilactobacillus had a strong aldehyde-reducing ability, and the ability was highly likely to be derived from differences in the function of alcohol dehydrogenase. We believe that our findings will be valuable for off-flavor suppression in the fermentation of plant-based milk alternatives with lactic acid bacteria, and that heterofermentative lactic acid bacteria would make a small but beneficial contribution to reducing greenhouse gas emissions by improving sensory properties of the fermented plant-based milk alternatives.
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