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Optimized bioconversion of grapeseed oil-based bioactive conjugated linoleic acid by Bacillus coagulans IBRC-M 10807
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Biosynthesizing conjugated linoleic acid (CLA) using food processing by-products offers a practical and efficient method for producing this valuable compound, delivering health benefits, promoting sustainability, and providing economic advantages. Here, we optimized the fermentation conditions for in situ biosynthesis of CLA using Bacillus coagulans IBRC-M 10807, with grapeseed oil by-product providing the linoleic acid precursor, focusing on temperature, pH, incubation time, concentrations of grapeseed oil and yeast extract. The total CLA was measured using a UV–Vis spectrophotometer at 233 nm, and the concentration was evaluated using a standard curve of conjugated linoleic acid. To analyze the isomers and identify the functional groups of biosynthesized CLA, gas chromatography (GC) and Fourier-transform infrared spectroscopy (FTIR) were used, respectively. The results indicated that the maximum amount of CLA production was 225.37 ± 0.74 μg/mL, obtained under optimal conditions: an initial pH of 6.8, a temperature of 44.8°C, an incubation time of 48 h, a grapeseed oil concentration of 1,000 μg/mL, and a yeast extract concentration of 3.88%. Characterization of the produced CLA revealed two main isomers—CLA 1: c-9, t-11 C18:2, and CLA 2: t-10, c-12 C18:2 methyl esters. These results suggest that B. coagulans has high potential to produce CLA as a bioactive compound, offering an excellent opportunity for use in various industries, including nutraceuticals, foods, pharmaceuticals, cosmetics, and animal feeds.
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1 Introduction

Cardiovascular disease is a major global health concern and a leading cause of mortality, but it can be prevented through a healthy and nutritious diet (Sikand et al., 2015; Adefegha, 2018). Recently, functional foods have gained popularity for their high nutritional value and health benefits, including protection against cardiovascular disease (Maqsood et al., 2020; Silva et al., 2020). These foods either naturally contain beneficial compounds or are enriched with various bioactive substances (Ribeiro et al., 2019), making them rich in nutrients like calcium, vitamins, zinc, omega-3 fatty acids, and conjugated linoleic acid (CLA). CLA, with its main isomers cis-9, trans-11 (c-9, t-11) and trans-10, cis-12 (t-10, c-12) in a roughly 3:1 ratio, is recognized as a functional ingredient due to its health-promoting effects (Koronowicz and Banks, 2018; Słowikowski et al., 2020). CLA is a heterogeneous unsaturated fatty acid with conjugated double bonds in various regions of its carbon chain (Trigueros and Sendra, 2015; Basak and Duttaroy, 2020). It has been generally recognized as safe—GRAS (Razmjooei et al., 2020), and exhibits anti-cancer, anti-atherogenic, anti-obesity and anti-inflammatory properties, potentially preventing chronic conditions such as cancer, liver steatosis, and non-alcoholic fatty liver disease. Recent studies suggest CLA can reduce tumor cell growth and inhibit cancer, although its mechanism of action remains unclear (Koronowicz and Banks, 2018). Due to its specific health benefits and biological functions, CLA is used as a functional ingredient (Jalilian et al., 2021). It is predominantly found in animal fats, with CLA content ranging from 0.12 to 0.68% in red meat and from 0.34 to 1.07% in dairy products, relative to total fat (Razmjooei et al., 2020). CLA in these products results from the isomerization of linoleic acid to conjugated linoleic acid by gram-positive bacteria in the gastrointestinal tract of ruminants such as Ruminococcus albus, Butyrivibrio fibrisolvens, and subspecies of Eubacterium (Liu et al., 2017). However, the CLA content in meat and dairy products is too low to confer significant health benefits, making bacterial biosynthesis of CLA an attractive method for commercial production (Razmjooei et al., 2020).

Bacillus coagulans, known for its spore-producing ability, has gained attention for its probiotic potential (Drago and De Vecchi, 2009). The U.S. Food and Drug Administration (FDA) has confirmed its safety for probiotic use, and it is also recognized as a safe species by the European Union Food Safety Authority. Research has demonstrated the safety and health advantages of various B. coagulans strains (Endres et al., 2009). Among these, B. coagulans IBRC-M 10807 is noted for its significant production of exopolysaccharide with antioxidant properties, marking it as a beneficial probiotic (Farajinejad et al., 2023). However, research on utilizing B. coagulans IBRC-M 10807 to enhance the co-production of bioactive compounds such as CLA remains scarce.

Due to the increasing amount of agro-industrial waste, a critical challenge in food bioprocessing, it is essential to explore methods to transform the food industry’s by-products into novel food products and ingredients with enhanced safety, functionality, and consumer appeal. Grapeseed oil, a by-product of the grape juice concentrate industry in West Azerbaijan province of Iran, contains a high percentage of linoleic acid, which is the primary precursor of CLA (Rajabi et al., 2023). Grapeseed oil contains 72–76% (w/w) linoleic acid, significantly higher than other common oils like safflower oil (70–72%), sunflower oil (60–62%), and corn oil (52%) (Cao and Ito, 2003). This high linoleic acid content makes grapeseed oil an excellent candidate for producing conjugated linoleic acid (CLA), particularly through bioconversion processes using bacteria. Despite its potential, this application of grapeseed oil remains largely unexplored. The high availability of linoleic acid in grapeseed oil could lead to efficient and cost-effective CLA production, offering substantial benefits for nutraceutical and functional food industries. Exploring this bioconversion pathway could enhance the economic value of grapeseed oil, a byproduct of the wine and juice industry, and contribute to the development of health-promoting food ingredients. In this study, we optimized CLA production with B. coagulans IBRC-M 10807 using grapeseed oil, extracted from grape seeds, as a pre-source of linoleic acid. Various conditions were tested based on a statistical design to identify the optimal parameters for maximizing CLA yield. By leveraging the high linoleic acid content of grapeseed oil, we aimed to enhance the efficiency of the bioconversion process.

The study aimed to optimize the fermentation condition for in situ biosynthesis of CLA using B. coagulans IBRC-M 10807, with grapeseed oil by-product providing the linoleic acid precursor, focusing on temperature, pH, incubation time, concentrations of grapeseed oil, and yeast extract. Although, there are a lot of study in the literature that already highlight the conversion rate of LA to CLA by different probiotic strains, it is the first study using Sardasht black grape seeds oil as a pre-source for CLA biosynthesize with B. coagulans IBRC-M 10807 as a spore forming probiotic bacterium.



2 Materials and methods


2.1 Materials and microorganisms

Sardasht black grape seeds were obtained from the Pakdis juice factory (Urmia, Iran). The kernels were dried for 2 h at 50°C to reach a moisture content of 6–7% and then stored in airtight packaging for further use. B. coagulans IBRC-M 10807 was obtained in freeze-dried form from the Iranian Biological Research Center (Tehran, Iran). Peptone from casein, glucose monohydrate, sodium chloride, yeast extract, magnesium chloride, calcium chloride, manganese chloride, Tween 80, hexane, chloroform, methanol, sodium sulfate, and isopropanol were purchased from Merck (Darmstadt, Germany). All chemicals are of analytical grade. Conjugated linoleic acid with 99% purity obtained from Sigma-Aldrich (St. Louis, Missouri, USA) was used as standard for determining CLA production.

Bacillus coagulans IBRC-M 10807 was grown for 37 h at 37°C, utilizing Nutrient Yeast Extract Salt Medium (NYSM) including glucose monohydrate (10 g/L), peptone from casein (5 g/L), sodium chloride (5 g/L), yeast extract (2–4%), magnesium chloride (0.2 g/L), calcium chloride (0.1 g/L), and manganese chloride (0.01 g/L), with 1% w/v Tween 80. After cultivation, the cultures were stored at 4°C and underwent three successive sub-culturing cycles within the same medium before each experiment.



2.2 Extraction of grapeseed oil

The Soxhlet method and hexane solvent were used to extract oil from the dried kernels following Baydar et al. (2007). Briefly, dried seeds were ground in a grinder for 2 min, with 15-s intervals to prevent overheating the sample. Four grams of the powdered grape seeds were extracted using a Soxhlet extractor (Büchi Universal Extraction System B-811, Germany) for 6 h with 150 mL of hexane at 60°C.



2.3 Preparation of inoculum

Bacillus coagulans IBRC-M 10807 was cultured in NYSM broth under sterile conditions, and incubated for 24 h at 37°C. The culture medium was centrifuged at 5000 × g for 20 min and washed twice in 0.85% w/v sodium chloride solution. The final pellet containing the bacterial cells was added to sterile saline solution to reach a suspension with 1010 CFU/mL B. coagulans IBRC-M 10807 (Amiri et al., 2020).



2.4 Experimental design to optimize the CLA productions and statistical analysis

NYSM broth was used to produce CLA by B. coagulans IBRC-M 10807. The pH of the culture medium was first adjusted using 1 N hydrochloric acid according to the statistical design, and the media was then sterilized at 121°C for 15 min. Next, grapeseed oil was added to the mixture with a syringe filter (pore size = 0.45 μm). Finally, 1 mL of the suspension containing 1010 CFU/mL of B. coagulans IBRC-M 10807 bacteria was added to 100 mL of NYSM broth and incubated according to the factorial experimental design order to determine the most effective factors of CLA production (Sekhavatizadeh et al., 2019; Amiri et al., 2021a).

For this purpose, five independent variables were evaluated: initial pH (5, 6 and 7), temperature (35, 40 and 45°C), incubation time (18, 33 and 48 h), grapeseed oil concentration (0, 500 and 1,000 μg/mL), and yeast extract concentration (0, 2 and 4%, w/w), as shown in Table 1. Analysis of variance was used to analyze the significance of the differences among variables at α ≥ 0.05. Numerical optimization was used to predict the optimal conditions based on the desirability function. The experimental design, statistical analysis, and numerical optimization were conducted with Design-Expert software version 12 (State-Ease Minneapolis, MN, USA).



TABLE 1 Matrix of fractional factorial design and results of CLA production.
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2.5 Determination of CLA concentration

Briefly, 10 mL of culture medium was centrifuged at 7,500 × g for 5 min at 4°C. Then, 6 mL of isopropanol (Merck, Darmstadt, Germany) was added to 3 mL of the supernatant and vortexed for 3 min. Next, 5 mL of hexane was added and vortexed for another 3 min. The mixture was centrifuged at 2,000 × g for 5 min at 4°C, and the total CLA was measured using a UV–Vis spectrophotometer (80–2088-64, Pharmacia LKB Biochrom, Cambridge, UK) at 233 nm against hexane as a blank. The CLA concentration was evaluated using a standard curve of conjugated linoleic acid at concentration of 0–30 mg/mL (Ribeiro et al., 2018).



2.6 Determination of produced CLA structure

Further characterization analyses were done on optimized sample to show the properties of bio produced CLA.


2.6.1 Isomer profile of produced CLA

Gas chromatography was used to analyze CLA isomers. Fatty acids of CLA were extracted using chloroform and methanol (2:1). The upper phase was washed with 1 mL of normal saline (0.85% w/v) and dried with sodium sulfate. It was then mixed with 1 mL of HCl methanolic solution (10% v/v) and heated at 50°C for 20 min. After cooling to room temperature, methyl esters of fatty acids were extracted with 1 mL of hexane. The sample was kept under nitrogen to prevent oxidation before chromatography. The gas chromatography model GC-2010 (Shimadzu, Kyoto, Japan) with column (Rtx-225, Restek, Bellefonte, PA, USA), crossbond 50% cyanopropylmethyl polysiloxane, 60 m × 0.25 mm/D, 0.25 μm depth fraction, analyzed the CLA isomers. Operating conditions were: starting temperature 70°C, increasing to 220°C at 4°C/min, helium carrier gas flow rate 1 mL/min, and detector and injector temperatures at 260°C (AOAC, 1990; Badee and Hidaka, 2014; Amiri et al., 2021b).



2.6.2 Functional groups of CLA

The Fourier-transform infrared (FTIR) spectrometer model TENSOR 27 (Billerica, Massachusetts, USA) was used to identify the functional groups of biosynthesized CLA. For this, 1 μL of CLA was added to a 100 mg KBr tablet, and the tablet was scanned from 3,500 to 500 cm−1 at a resolution of 4 cm−1 (Ji and Guo, 2018).





3 Results and discussion


3.1 CLA bio-production

Accordingly, the results of this study also showed that initial pH, temperature, incubation time, as well as grapeseed oil and yeast extract concentrations had a significant effect on CLA production by B. coagulans IBRC-M 10807. As such, the total content of CLA was significantly increased by increasing all of the above factors (p < 0.05). The R2 (coefficient of determination) and Adj-R2 (adjusted coefficient of determination) values for Equation 1 were 0.977 and 0.959, respectively.
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Where it is final equation in terms of coded factors: A is Initial pH, B is Temperature (°C), C is Incubation Time (h), D is Linoleic acid (%), and E is Yeast Extract (%).

Previous research has shown that fermentation conditions such as pH, temperature, time and the LA content of the medium affect the in vitro production of CLA (Terán et al., 2015; Hussain et al., 2016; Renes et al., 2017).

According to Figure 1A, the CLA production increased significantly by increasing the initial pH (p < 0.05). This finding is in line with the results of Özer et al. (2016), who showed that the CLA production by Lactobacillus plantarum at pH 6 was more than that produced at pH 5.5 and 5.7. Ye et al. (2013) indicated that near-neutral pH levels have a direct impact on cell growth and nutritional metabolism, which enhances the strain’s isomerizing capability, thereby increasing the conversion of linoleic acid to CLA. Previous research has highlighted that pH is a critical factor influencing the activity of the linoleate isomerase enzyme and the molecular synthesis of CLA, potentially serving as a limiting factor in CLA production (Dahiya and Puniya, 2018; Gorissen et al., 2010; Salsinha et al., 2018).

[image: Figure 1]

FIGURE 1
 The effect of initial pH (A), temperature (B), incubation time (C), grapeseed oil concentration (D) and yeast extract concentration (E) on CLA production by B. coagulans.


In addition to pH, temperature is also one of the most important parameters for enzymatic reactions. In this study, it was shown that increasing the temperature caused an increase in the amount of CLA (Figure 1B). This is in agreement with the research of He et al. (2015), who reported that an increase in the reaction temperature from 20°C to 37°C improved the yield of CLA. However, a further increase in reaction temperature led to a decline in CLA production, which aligns with findings from previous similar studies. These studies suggested that higher fermentation temperatures can reduce linoleate isomerase enzyme activity and inhibit bacterial growth (Gorissen et al., 2010; Kishino et al., 2010).

Incubation time had a significant effect on CLA yield (Figure 1C), as there was a positive correlation (p < 0.05) between incubation time and amount of CLA produced. Hosseini et al. (2015) also showed that CLA1 (cis-9, trans-11) production increased during incubation for up to 72 h, but then decreased after 96 h; the CLA2 (trans-10, cis-12) ratio increased with prolonged time. In addition, Özer and Kiliç (2020) reported that the amount of CLA increased by increasing fermentation time up to 73–79 h for L. plantarum, but similar to others’ findings, a further increase in the fermentation time caused a decrease in CLA production. This might be explained by the fact that high CLA concentration may have a toxic effect and thus inhibit further bacterial growth (Gorissen et al., 2015; Özer and Kiliç, 2020). Substrate concentration of the medium is another important factor that influences CLA yield. As shown in Figure 1D, the CLA production by B. coagulans IBRC-M 10807 increased by increasing the grapeseed oil concentration as the source of LA. This increase could be due to the use of grape seed oil. Although increasing free LA can have an antimicrobial effect, grape seed oil is not a completely pure precursor of free LA. So, it is a suitable precursor that does not have an antimicrobial effect by increasing the concentration to a certain extent. According to the literature, LA up to 1,000 μg/mL has no antimicrobial effect of probiotics (Amiri et al., 2020). On the other hand, grapeseed oil contains about 72–76% of LA, therefore, at the maximum concentration used, it is less than the antimicrobial limit of LA (Cao and Ito, 2003; Amiri et al., 2020). Similarly, Khosravi et al. (2015) found that CLA production significantly increased with the addition of 1–3 mg/mL of substrate to the medium. Wang et al. (2022) reported that the conversion rate of LA to CLA by L. acidophilus gently decreased as LA increased from 0.5 mg/mL to 2.0 mg/mL. In addition, Zhao et al. (2011) stated that the maximum amount of CLA (275.7 μg/mL) was obtained in the mixture containing 2 mg/mL linoleic acid; with the addition of more substrate, CLA production decreased. This may be related to the change in enzyme structure, which affects its function or because of antimicrobial effect of free LA in high concentrations. Yeast extract is rich in nutrients such as peptides and amino acids, therefore it is commonly used as a source of nitrogen to improve bacterial growth and metabolite production (Dahiya and Puniya, 2018). As shown in Figure 1E, the CLA yield increased with increasing concentration of yeast extract. Khosravi et al. (2015) also concluded that the total CLA formation increased at higher concentrations of yeast extract. Furthermore, similar results reported by Hennessy et al. (2009) indicated that the increase in yeast extract caused an increase in bacterial growth and CLA production.



3.2 Numerical optimization

In this study, the conditions of CLA production by B. coagulans were optimized using desirability function. The optimal conditions for CLA production were found to be initial pH of 6.8, temperature of 44.8°C, incubation time of 48 h, grapeseed oil concentration of 1,000 μg/mL, and yeast extract concentration of 3.88% with the desirability value equal to 1.00. Next, five samples were cultivated under these optimized conditions. There was no significant difference (p > 0.05) between actual amount (225.37 ± 0.74 μg/mL) and predicted values (219.48 μg/mL) of total CLA (Figure 2). The transformation efficiency of converting LA into CLA by B. coagulans IBRC-M 10807 was 33.78%. Iorizzo et al. (2024) reported that the transformation efficiency of converting LA into CLA by Lactiplantibacillus plantarum NCUL005 was 26.67%, and Salsinha et al. (2018) reported that the rate of conversion of LA to CLA ranged from 17.00 to 35.90% in MRS broth containing 200 μg/mL LA which are in agreement with the result of present study.
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FIGURE 2
 The interaction of temperature and initial pH on CLA production, and their desirability in optimal conditions.




3.3 GC analysis

Gas chromatography analysis of total fatty acid methyl esters was used to identify the composition of CLA produced by B. coagulans IBRC-M10807. Two main CLA isomers were detected – CLA 1: c-9, t-11 C18:2, and CLA 2: t-10, c-12 C18:2 methyl esters. The main representative CLA isomers are 9c,11 t-18:2 and 10 t,12c-18:2. CLA has been shown to exercise diverse potent health effects such as antiobese, anticarcinogenic, antihypertensive and antidiabetic properties. The health effects of CLA depend on its isomers, for example the 10 t,12c isomer is anticarcinogenic, antiobese and antidiabetic, whereas the 9c,11 t isomer is mainly anticarcinogenic. These results are in accordance with several previous studies (Amiri et al., 2020; Razmjooei et al., 2020). As shown in Figure 3, the amount of CLA 1 is higher than CLA 2. According to prior research, CLA 1 has a stronger anti-inflammatory effect, however CLA 2 is known as an anti-obesity product (Razmjooei et al., 2020).

[image: Figure 3]

FIGURE 3
 GC chromatogram of the CLA isomers from B. coagulans.




3.4 FTIR analysis

An organic molecule is a set of almost independent functional groups whose properties determine the physical and chemical properties of the compound, therefore the analysis of the functional group of organic compounds is important in identifying the compound. In order to determine the functional groups of CLA produced by B. coagulans, Fourier-transform infrared spectroscopy was used (Figure 4). The absorption at 3258.19 cm−1 is due to a hydroxyl group (Costa et al., 2015), while the peak at 2934.53 cm−1 indicates hydrocarbon chain asymmetric fatty acids (Amiri et al., 2020). The produced CLA has a sharp peak at 1896.94 cm−1, which is related to carbonyl ester stretch (He et al., 2016), and the peak at 1084.91 cm−1 indicates the tensile strength of a symmetric C–O ester (Salas-Valerio et al., 2022). The absorption at 1100 cm−1 to 1,300 cm−1 is related to the stretch of the C=O and C=C bonds, and the peak at 946.24 cm−1 is a feature of the cis-trans conjugated bonds. Furthermore, the peak at 778.46 cm−1 is due to methylene vibrations, which indicates high-chain fatty acids in CLA produced by B. coagulans (Amiri et al., 2020). Also, the peaks at 772.97 cm−1 and 772.25 cm−1 are detected in the generated CLA by different probiotic bacteria. These peaks correspond to methylene vibrations, and signify a characteristic feature of long-chain fatty acids, as described by Roach et al. (2002). The obtained results are consistent with the results of Amiri et al. (2020) and indicate the bio-production of CLA isomers with health-giving properties by probiotic B. coagulans IBRC-M 10807 from grape seed oil as a precursor.

[image: Figure 4]

FIGURE 4
 FTIR spectrum of the CLA from B. coagulans.





4 Conclusion

This study determined the effects of fermentation conditions on CLA production using B. coagulans IBRC-M 10807. The results showed that all evaluated factors including temperature, initial pH, incubation time, as well as grapeseed oil and yeast extract concentration significantly affected CLA formation (p < 0.05) and enhanced the production efficiency. This is the first report on the optimal requirements of CLA production containing two main isomers (CLA 1 and CLA 2) using B. coagulans IBRC-M 10807. The findings of this research are promising for the usage of B. coagulans IBRC-M 10807 in producing CLA with high utility in several industrial processes. Moreover, the industrial applications of CLA extend beyond the food sector. CLA is utilized in the production of nutritional supplements, pharmaceuticals, and cosmetics, owing to its purported health properties. By harnessing the efficiency of B. coagulans IBRC-M 10807 in CLA production, these industries can streamline their manufacturing processes, ensuring the availability of high-quality CLA for diverse applications.
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