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Abstract

:

3-Hydroxypropionaldehyde (3-HPA, reuterin) is a broad-spectrum natural antimicrobial agent used in the food industry and other fields. The low yield from the industrial production of 3-HPA using Lactobacillus reuteri and the spontaneous conversion of 3-HPA to acrolein have limited its more widespread use. We isolated L. reuteri BR201 as a biocatalyst for 3-HPA production and confirmed the effect of each factor in the two-step procedure for 3-HPA bioconversion. After initial cultivation for 8 h (late exponential phase), this isolate produced 378 mM of 3-HPA in 1 h at a concentration of OD600 nm 100, 30 °C, and an initial glycerol concentration of 500 mM. This is the highest reported biocatalytic yield of 3-HPA from a glycerol aqueous solution without additives. We confirmed that 4 mM of 3-HPA had antimicrobial activity against five pathogens. The degradation of 3-HPA to acrolein was greater at high temperatures, and there was little degradation when 3-HPA was maintained at 4 °C for 4 weeks. Our results may be useful for future applications of 3-HPA.
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1. Introduction


3-Hydroxypropionaldehyde (3-HPA, reuterin), which has hydroxy and aldehyde functional groups, has many industrial uses and can be used as a platform for the synthesis of acrolein, 3-hydroxypropionic acid (3-HP), 1,3-propanediol (1,3-PDO), malonic acid, acrylamide, and acrylic acid [1,2,3]. The food industry [4,5] and healthcare industry [1] use 3-HPA as an antimicrobial agent. In 1960, Sobolov and Smiley first reported that 3-HPA was a metabolite of glycerol that was produced in lactobacilli [6]. The name ‘reuterin’ is derived from Lactobacillus reuteri [7], the heterologous fermentative lactic acid bacteria (LAB) that produce this compound. There is a report that reuterin occurs as an equilibrium mixture of monomeric, hydrated monomeric, and cyclic dimeric forms of 3-HPA [8].



L. reuteri is utilized in a variety of fermented foods, such as sourdough, meat, and dairy products [1,9], and is also a natural inhabitant of gastrointestinal and urogenital tracts of humans and other animals [2,10]. In 2008, the US Food and Drug Administration (FDA) granted L. reuteri the status of ‘generally regarded as safe’ (GRAS) [11]. 3-HPA is an intermediate in the conversion of glycerol to 1,3-PDO in L. reuteri. This pathway is important because it regenerates NAD+ from the NADH that is produced by glucose metabolism and contributes to improved growth [12]. L. reuteri can naturally convert glycerol to 3-HPA, but it cannot directly use 3-HPA as a carbon source for growth [13]. Therefore, the bioconversion of 3-HPA by L. reuteri may be considered a two-step process: (i) proliferation of cells during cultivation and (ii) conversion of glycerol into 3-HPA by resting cells. There are several available methods of 3-HPA bioconversion, but they have disadvantages of low titers and conversion rates [3,7,14] or the need for additional refining processes [15,16]. The advantage of using a two-step process with L. reuteri is that the final purification procedure is very simple.



3-HPA can undergo spontaneous dehydration to acrolein in aqueous solutions [17], and acrolein is now included in the definition of reuterin [17,18]. Acrolein consumption is widespread because it is generated from overheated vegetable and animal fats that occur in cooked, fried, and charred foods, and is also present in beer, wine, rum, and breads. However, acrolein has long been considered a harmful substance, and WHO working group suggested the “tolerable oral acrolein intake” should be limited to 7.5 μg per day per kg body weight [19]. Thus, the spontaneous conversion of 3-HPA to acrolein is an obstacle that prevents the more widespread use of 3-HPA in different applications.



The purpose of the present study was to develop a method for the efficient bioconversion of glycerol to 3-HPA by L. reuteri, and to evaluate its chemical stability. Thus, L. reuteri BR201 (isolated from infant feces) used to study a two-step bioconversion process, by first determining the cell stage when 3-HPA bioconversion occurred, and then confirming the effect of bioconversion conditions (cell density, temperature, glycerol concentration, conversion time) for 3-HPA production. We also measured the antimicrobial activity of the resulting 3-HPA, and the effect of temperature on the degradation of 3-HPA to acrolein in aqueous solution over 4 weeks.




2. Results and Discussion


2.1. Isolation and Identification L. reuteri BR201


L. reuteri is known to produce 3-HPA, but there are differences among strains [7]. Thus, we attempted to isolate a new strain of this species that more efficiently produced 3-HPA from glycerol. We identified several potential LAB isolates from infant feces based on color, using MRS agar containing 20 g/L glycerol and 0.3 g/L bromocresol purple. We analyzed these isolates using the matrix-assisted laser desorption ionization (MALDI) Biotyper system (Bruker Daltonik, Bremen, Germany), and tested them for growth and glycerol utilization in MRS medium containing 20 g/L glycerol at anaerobic conditions. L. reuteri BR201 grew faster than all the other isolates and produced more 3-HPA. The identity of this isolate was confirmed using 16S rRNA analysis. The NCBI BLAST results showed high similarity (>99%) to L. reuteri JCM 1112T (AP007281). The 16S rRNA sequence of L. reuteri BR201 into the NCBI nucleotide sequence database (accession No. MZ269211) and L. reuteri BR201 strain also deposited it at the Korea Collection for Type Cultures (accession No. KCTC 14343BP). Figure 1 shows the relationship with other Lactobacillus strains using the neighbor-joining method. The results shown that L. reuteri BR201 was closest to L. reuteri JCM 1112T (bootstrap value: 100%), and the phylogenetic tree indicated that L. reuteri BR201 was included in a monophyletic group containing other Lactobacillus sp. strains.




2.2. The Effect of Cell Growth for 3-HPA Bioconversion


We used a two-step procedure to produce 3-HPA using L. reuteri. The first step was promotion of cell growth using batch culture, and the second step was conversion of glycerol into 3-HPA using resting cells as biocatalytic.



Thus, we first grew cells by batch cultivation in MRS medium containing 20 g/L glycerol and 18 g/L glucose to activate genes that function in glycerol metabolism [3]. These results indicated that cells consumed all of the carbon source after 8 h, and the cell growth at this time reached OD600 nm 8.8 (Figure 2). The bioconversion glycerol to 3-HPA had a similar tendency, in that it increased during the exponential phase (6 h, 324.1 mM) and the late exponential phase (8 h, 325.6 mM). However, because cell proliferation during the late exponential phase was about 1.62-fold greater than during the exponential phase, it was possible to produce a 1.62-fold more 3-HPA using the same amount of cultivation broth. Cells were in the stationary phase at 10 h, and the bioconversion of 3-HPA was 20% (w/w) lower at that time. As shown in Table 1, the same amount of cells were present at the late exponential phase (8 h) and the stationary phase (10 h), but less glycerol was consumed at the stationary phase. This appears to be due to a decrease in cell activity from 8 h to 10 h. Similarly, Lüthi-Peng et al. reported that the L. reuteri ATCC 53608 strain produced the most 3-HPA during the late exponential/early stationary phase [3]. They also found that as cell age increased, the amount of viable cells and cell activity decreased [3]. Because cells most effectively produced 3-HPA during the late exponential phase, our subsequent experiments used cells harvested at this time.




2.3. The Effect of Cell Density


We first examined the effect of different cell density on the production of 3-HPA under basic bioconversion conditions (Figure 3a). The results indicated that 3-HPA bioconversion occurred at all tested cell density (OD600 nm 20~200) under the basic bioconversion conditions. The bioconversion of 3-HPA was the highest (325.1 mM) when the cell density was OD600 nm 100. As cell density increased above this level, the production of 1,3-PDO increased and there was no change in the amount of residual glycerol. In agreement, Lüthi-Peng et al. also reported that 3-HPA production decreased when the cell density increased above certain level [3]. L. reuteri metabolizes glycerol into 3-HPA and 1,3-PDO using vitamin B12-dependent glycerol dehydratase (dhaB) and 1,3-propanediol oxidoreductase (dhaT) [20]. In the case of dhaT, NADH is used as a coenzyme. The NADH generated during the cell growth step of LAB is used as a coenzyme to convert 3-HPA to 1,3-PDO by dhaT during 3-HPA bioconversion. Therefore, a higher cell density leads to greater total NADH and an increased level of 1,3-PDO. Our results demonstrated that when the cell density was high, the amount of 3-HPA decreased because the bioconversion of 1,3-PDO increased. We therefore used a cell density of OD600 nm 100 for subsequent experiments.




2.4. The Effect of Temperature


We next examined the effect of different temperatures on the bioconversion of 3-HPA (Figure 3b). The results indicated a temperature of 30 °C led to the greatest bioconversion of 3-HPA (338.3 mM). On the other hand, the production of 1,3-PDO was the highest (64.2 mM) at 37 °C. Similarly, Doleyres et al., studied the L. reuteri ATCC 53608 strain and reported that the optimal temperature for 3-HPA production was 30 °C [14].



To confirm the effect of temperature on the bioconversion of 3-HPA and 1,3-PDO, we also measured the enzymatic activities of dhaB and dhaT at different temperatures (Figure 4). The results indicated the activities of both enzymes were highest at 37 °C. Furthermore, dhaB activity was only 3% lower at 30 °C, but dhaT activity was approximately 14% lower at 30 °C. This lower dhaT activity at 30 °C corresponds to the reduced production of 1,3-PDO at this temperature and corresponds to our measurements of these metabolites (Figure 3b). The effect of temperature on dhaT in L. panis PM1 strain was similar [21], in that the specific activity was greater at 37 °C than at 30 °C regardless of pH [21]. We used a temperature of 30 °C for subsequent experiments.




2.5. The Effect of Substrate Concentration


We next examined the effect of substrate concentration on the bioconversion of 3-HPA (Figure 3c). The results indicated that 3-HPA bioconversion was the highest (378 mM) when the glycerol concentration was 500 mM. The consumption of glycerol was also the greatest (431.8 mM) when the glycerol concentration was 500 mM, with reduced levels at higher concentrations presumably due to substrate inhibition. Previous studies of different strains of L. reuteri reported that a glycerol concentration above 250~400 mM, decreased 3-HPA due to substrate inhibition [3,7,14]. However, our results indicated that L. reuteri BR201 had stable enzyme activity even at a glycerol concentration of 500 mM. Therefore, L. reuteri BR201 is highly suitable for producing high concentrations of 3-HPA. We used a glycerol concentration of 500 mM for subsequent experiments.




2.6. The Effect of Conversion Time


We next examined the effect of conversion time on the bioconversion of 3-HPA (Figure 3d). The results indicated that a bioconversion time of 1.0 h led to the highest bioconversion of 3-HPA (378.4 mM). There was no significant difference in 3-HPA as the bioconversion time increased further. The 3-HPA bioconversion was very rapid, in that about 90% of this product was produced within 0.5 h. The dhaB enzyme, which converts glycerol to 3-HPA and uses vitamin B12 as a cofactor, is eventually inactivated because the cells cannot regenerate coenzyme B12; instead the catalytic cycle is interrupted by the formation of 5’-deoxyadenosine and the catalytically inactive cobalamin [22], and the altered cofactor remains tightly bound to the active site [23]. A dhaB-reactivating factor in Klebsiella reactivates the inactivated enzyme-bound cyanocobalamin in the presence of free vitamin B12, adenosine triphosphate (ATP), and Mg2+ by mediating the exchange of the tightly bound altered cofactor for a free intact cofactor [24]. A previous study also reported reactivation of dhaB by vitamin B12 and ATP in L. reuteri [25]. In particular, L. reuteri can produce vitamin B12 via glucose metabolism [26,27,28]. However, during the bioconversion of 3-HPA from aqueous glycerol, this species is unable to produce vitamin B12 and ATP because it lacks the ability to use glycerol as a carbon source to produce vitamin B12 and ATP [20,27]. This explains the negligible effect of increasing the bioconversion time (Figure 3d).



There are several previous studies on the bioconversion of 3-HPA using L. reuteri. Although some studies show higher 3-HPA conversion yield than L. rueteri BR201, no group reported production of more than 300 mM 3-HPA from a single batch. To the best of our knowledge, L. reuteri BR201 produced more 3-HPA than any other isolate without the use of additives (Table S1). It will be a good candidate for the industrialization of 3-HPA derived from lactic acid bacteria.




2.7. Antibacterial Activity and Stability of 3-HPA


We tested the antibacterial activity of the 3-HPA that was produced under the 378 mM 3-HPA production conditions, using criteria in the United States Pharmacopeia (USP) Chapter 51 (Table 2). The results indicated the minimal inhibitory concentration (MIC) of 3-HPA was 2~3 mM for the three bacteria, and was 4 mM for two fungi. These results are similar to those of previous studies [29,30,31].



3-HPA is widely used as a food preservative because of its high antibacterial activity [18,31,32]. When using 3-HPA as a food preservative and in other applications, it is essential to consider safety. In particular, 3-HPA undergoes spontaneous dehydration in aqueous solutions into acrolein, a toxic substance [1] Therefore, we measured the effect of temperature and time on the amount of 3-HPA degradation into acrolein using an initial 3-HPA concentration of 4 mM and a pH below 4.0 (Table 3). The initial 4 mM 3-HPA aqueous solution contained 11.6 µM (0.65 mg/L) acrolein. At 4 °C, there was very little production of acrolein after 4 weeks. At 25 °C, there was a small amount of acrolein increasing after 4 weeks, but this increase was not statistically significant. However, at 37 °C and 50 °C, there was a significant acrolein production by week-2, and this level then remained relatively constant until week-4. Similarly, Engels et al. reported no acrolein production at pH 4.0 and 4 °C, and that the conversion of 3-HPA to acrolein was reversible, with 3-HPA being favored [17].



3-HPA is an aldol with hydroxyl and aldehyde functional groups. The process of 3-HPA dehydration and conversion to acrolein is an aldol condensation reaction, a reaction that is more rapid at high temperatures [33,34]. This explains our finding of little or no production of acrolein at 4 °C, but significant production at 37 °C and 50 °C. Therefore, storage of 3-HPA at a concentration where it functions as an antibacterial (4 mM) should be below room temperature to prevent degradation into acrolein.





3. Material and Methods


3.1. Materials and Growth Media


De Man, Rogosa, and Sharpe (MRS; Difco, Sparks, MD, USA) agar and broth were used for cultivation of L. reuteri; tryptic soy broth (TSB; Difco) was used for cultivation of bacteria; and Sabouraud dextrose broth (SDB; Difco) was used for cultivation of fungi. Acrolein was purchased from Fluka (Buchs, Switzerland); 2,4-dinitrophenylhydrazine (DNPH), acrolein-2,4-DNPH, D,L-tryptophan, bromocresol purple, and sulfuric acid were purchased from Sigma (St. Louis, MO, USA); And HPLC water, acetonitrile, hydrochloric acid, and glycerol were purchased from Daejung Chemicals (Siheung, Korea). All materials were used as received, without pretreatment.




3.2. Isolation of L. reuteri Strain


Lactobacillus reuteri BR201 was isolated from infant feces. First, 1 g of infant feces samples were serially diluted in 10 mL of 0.22 μm filtered PBS buffer (pH 6.8). Then, 100 µL samples diluted in 105~107 were spread on MRS agar containing 20 g/L glycerol and 0.3 g/L bromocresol purple. The agar plates were incubated at 37 °C for 24 h in an anaerobic chamber (Shellab, Cornelius, OR, USA). The primary isolation was performed by colorimetric method using bromocresol purple. The identification of the Lactobacillus reuteri strains among the primary screening strains were conducted using the MALDI Biotyper system [35].




3.3. Identification of L. reuteri BR201 by 16S rRNA Analysis


Genomic DNA of L. reuteri BR201 was extracted using a genomic DNA mini kit (Invitrogen, Waltham, MA, USA). The 16S rRNA gene of L. reuteri BR201 was amplified using two universal primers, 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′) by PCR. The nucleotide sequence of amplified PCR fragment was confirmed by Solgent (Daejeon, Korea). The result was compared with available 16S rRNA gene sequences on NCBI GenBank and EzTaxon [36]. Phylogenetic analysis was conducted by MEGA6 using the neighbor-joining method [37,38]. The bootstrap value for 1000 replicates was calculated for each branch [39].




3.4. Cultivation of L. reuteri BR201


Seed cells for batch cultivation were prepared using 50 mL conical tube containing 30 mL MRS broth with 20 g/L glycerol. The conical tube was statically incubated at 37 °C for 12 h, and subsequent cultivation was performed in 5-L fermentor (Kobiotech, Incheon, Korea) at an inoculation concentration of 1% (v/v). Batch cultivations were conducted in a 5-L fermentor that contained 3 L MRS broth with 20 g/L glycerol. All cultivation experiments were conducted with 100 rpm and without aeration at 37 °C. The pH was maintained at 5.5 ± 0.1 using 6 M NaOH. Cell growth was measured by absorbance at OD600 nm. All results are presented as averages from three independent experiments.




3.5. Cultivation Metabolite Analysis


The concentrations of residual carbon sources and metabolites were determined using an Agilent 1200 series high-performance liquid chromatography (HPLC) system (Agilent Technologies, Santa Clara, CA, USA) that had an Aminex HPX-87H column (300 × 7.8 mm; Bio-Rad, Hercules, CA, USA) and a refractive index detector (RID). As the mobile phase, 2.5 mM H2SO4 was used, and the flow rate was 0.6 mL/min. The temperatures of the column oven and the RID cell were 65 °C and 45 °C, respectively [40].




3.6. 3-HPA Bioconversion


Cells resulting from 8 h of cultivation in a 5 L fermentor were used for 3-HPA bioconversion. The cultivation broth was first centrifuged to obtain resting cells. Then, the resting cells were washed with 1/2 volume DW, resuspended in an aqueous glycerol solution, and transferred to a constant temperature incubator. Unless otherwise noted, the conditions used for of 3-HPA bioconversion were cell density OD600 nm 100, glycerol concentration of 400 mM, bioconversion temperature of 37 °C, and bioconversion time of 1 h. For 3-HPA bioconversion, the effects of cell density, bioconversion temperature, glycerol concentration, and bioconversion time were then determined. After different experimental treatments, the bioconversion solution was centrifuged to remove the cells and passed through a 0.22 µm filter. Quantification of the 3-HPA was determined using the acrolein coloring method [41]. In particular, a 100 µL of sample was thoroughly mixed with 75 µL of a 10 mM DL-tryptophan solution (dissolved in 0.05 mM HCl), and 300 µL of HCl 37% (w/v). Mixtures containing samples and standards were incubated for 20 min in a water bath at 37 °C, and OD560 nm was then measured [14]. The enzymatic activities of dhaB and dhaT were measured as previously described [28].




3.7. Measurement of Antimicrobial Activity


Five microbes were used for antibacterial activity tests, as described in Chapter 51 of the USP (Antimicrobial Effectiveness Testing). There were threee bacteria (Escherichia coli ATCC 8739, Pseudomonas aeruginosa ATCC 9027, Staphylococcus aureus ATCC 6538), one yeast (Candida albicans ATCC 10231), and one mold (Aspergillus niger ATCC 16404). These experiments were performed after subculturing twice in TSB (bacteria) or SDB (fungi). The minimum inhibitory concentration (MIC) was used as an indication of antimicrobial activity [42], and the concentration of 3-HPA in these tests ranged from 0 to 5 mM. For bacteria, 1 × 107 CFU/mL were inoculated into TSB medium containing 3-HPA and incubated at 37 °C for 3 days. For fungi, 1 × 105 CFU/mL were inoculated into SDB medium containing 3-HPA and incubated at 30 °C for 3 days.




3.8. Acrolein Analysis


The concentration of acrolein in the 3-HPA solution was analyzed using the modified 2,4-DNPH derivatization method [43,44,45]. A 20 µL sample was added to 100 µL of citric acid/sodium citrate buffer (8:2), 400 µL of acetonitrile (ACN), 280 µL of DW, and 200 µL of 10 mM 2,4-DNPH in ACN at 25 °C. This solution was placed on a shaker (250 rpm) and derivatized for 1 h. The derivatization solution was passed through a 0.45 µm Teflon filter, and the concentration of acrolein-2,4-DNPH was determined using an Agilent 1200 series HPLC system (Agilent Technologies) that was equipped with a diode array detector and a ZORBAX eclipse plus C18 column (250 × 4.6 mm, 5 µm; Agilent Technologies). The mobile phase was a water/acetonitrile mixture (4:6, v/v), the flow rate was 1.0 mL/min, the mobile phase was degassed for 1 h before use, the column temperature was 30 °C, and the diode array detector measured OD360 nm (Figure S1).





4. Conclusions


We isolated L. reuteri BR201, an excellent biocatalyst for 3-HPA bioconversion, and determined effect of bioconversion conditions (cell density, temperature, substrate concentration, time) for the bioconversion of 3-HPA without additives. This strain produced 378 mM of 3-HPA under confirmed conditions. Our assessment of the antimicrobial activity of the resulting 3-HPA indicated it was effective against bacteria and fungi at low concentrations (4 mM). Moreover, storage of the resulting 3-HPA aqueous solution at a low temperature led to minimal degradation into acrolein. These results suggest that LAB-derived 3-HPA has potential for use in various industrial applications.
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Figure 1. The neighbor-joining phylogenetic tree of Lactobacillus reuteri BR201 based on 16S rRNA gene sequences. The number at each branch represents the bootstrap value (%) for the node calculated from 1000 replicates. Bar: 0.01 substitutions per nucleotide. 
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Figure 2. Batch cultivation of Lactobacillus reuteri BR201 and bioconversion of 3-hydroxypropionaldehyde during different growth phases. Open triangles, residual glycerol; open squares, residual glucose; open circles, cell growth; gray bars, 3-hydroxypropionaldehyde concentration. All results are averages from three independent experiments. 
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Figure 3. 3-hydroxypropionaldehyde bioconversion at a different cell density (a), bioconversion temperatures (b), glycerol concentrations (c), and bioconversion times (d). Red bars, residual glycerol; white bars, 3-hydroxypropionaldehyde; blue bars, 1,3-propanediol. All results are averages from three independent experiments. 
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Figure 4. The Effect of temperature on the relative enzyme activity of vitamin B12-dependent glycerol dehydratase, dhaB (a) and 1,3-propanediol oxidoreductase, dhaT (b). All results are averages from three independent experiments. 
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Table 1. The Effect of cultivation time on the levels of residual glycerol, 3-hydroxypropionaldehyde, and 1,3-propanediol by L. reuteri BR201.
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	Cultivation Time (h)
	Regidual Glycerol (mM)
	3-HPA (mM)
	1,3-PDO (mM)





	4
	137.5 ± 2.1
	214.2 ± 2.6
	37.8 ± 0.2



	6
	14.1 ± 0.1
	324.1 ± 3.8
	59.9 ± 0.6



	8
	11.4 ± 0.1
	325.6 ± 4.3
	61.8 ± 0.5



	10
	195.9 ± 1.2
	168.5 ± 2.7
	34.2 ± 0.4
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Table 2. The Effect of 3-hydroxypropionaldehyde concentration on antibiotic activity.
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Pathogen

	
Response * at Different 3-HPA Concentration (mM)




	
0

	
1

	
2

	
3

	
4

	
MIC (mM)






	
E. coli ATCC 8739

	
++

	
+

	
+

	
−

	
−

	
3




	
S. aureus ATCC 6538

	
++

	
+

	
−

	
−

	
−

	
2




	
P. aeruginosa ATCC 9027

	
++

	
+

	
−

	
−

	
−

	
2




	
C. albicans ATCC 10231

	
++

	
+

	
+

	
+

	
−

	
4




	
A. niger ATCC 16404

	
++

	
+

	
+

	
+

	
−

	
4








* ++: growth; +: inhibition of growth; −: no growth.
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Table 3. The Effect of temperature and time on the production of acrolein from 3-hydroxypropionaldehyde in aqueous solution.
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Temperature (°C)

	
Acrolein (mg/L)




	
0 Days

	
7 Days

	
14 Days

	
21 Days

	
28 Days






	
4

	
0.65 ± 0.02

	
0.67 ± 0.04

	
0.68 ± 0.05

	
0.69 ± 0.04

	
0.69 ± 0.03




	
25

	
1.04 ± 0.11

	
1.42 ± 0.08

	
1.54 ± 0.06

	
1.66 ± 0.12




	
37

	
11.36 ± 0.37

	
14.43 ± 0.32

	
15.82 ± 0.14

	
15.96 ± 0.18




	
50

	
12.77 ± 0.42

	
15.19 ± 0.28

	
16.54 ± 0.24

	
16.58 ± 0.11
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