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Abstract

:

Despite being a well-known human pathogen, Klebsiella pneumoniae plays a significant role in the biotechnology field, being considered as a microbial cell factory in terms of valuable chemical biosynthesis. In this work, Klebsiella pneumoniae DSMZ 2026 was investigated for its potential to biosynthesize 1,3-propanediol (PDO) and 2,3-butanediol (BDO) during batch fermentation under controlled and uncontrolled pH levels. The bacterial strain was cultivated at a bioreactor level, and it was inoculated in 2 L of specific mineral broth containing 50 g/L of glycerol as the main carbon source. The process was conducted under anaerobic conditions at 37 °C and 180 RPM (rotations per minute) for 24 h. The effect of pH oscillation on the biosynthesis of PDO and BDO was investigated. Samples were taken every 3 h and specific tests were performed: pH measurement, main substrate consumption, PDO and BDO production. The cell morphology was analyzed on both solid and liquid media. After 24 h of cultivation, the maximum concentrations of PDO and BDO were 28.63 ± 2.20 g/L and 18.10 ± 1.10 g/L when the pH value was maintained at 7. Decreased concentrations of PDO and BDO were achieved (11.08 ± 0.14 g/L and 7.35 ± 0.00 g/L, respectively) when the pH level was not maintained at constant values. Moreover, it was identified the presence of other metabolites (lactic, citric, and succinic acids) in the cultivation media at the beginning of the process, after 12 h and 24 h of cultivation.
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1. Introduction


Among Enterobacteriaceae, Klebsiella spp. are recognized mostly in the medical field as famous opportunistic germs associated with pathogenic infections [1,2]. K. pneumoniae represents a saprophytic pathogen that might affect both plants, animals, and humans [1,3,4], but it can be successfully used for biotechnological applications [5]. In medical terms, K. pneumoniae is a pathogenic strain responsible for multiple nosocomial infections, including pneumonia, urinary tract, and soft tissue infections, and septicemias [6,7,8]. K. pneumoniae cells are able to spread very quickly especially in a hospital environment, the main cause being the unclean hands of personnel [1,6]. The pathogenic potential of the Gram-negative K. pneumoniae is mainly due to the external cell structure. The main virulence factor is the outer cell membrane that consists of a capsule, lipopolysaccharides (recognized as endotoxins in humans), siderophores, and pili. The capsular polysaccharides are acidic structures attached to the peripheral membrane, which play a major role in capsular antigen synthesis and export [9,10,11,12]. In many cases, the capsule is also responsible for biofilm and mucus formation, a very important aspect of the infection settlement [2,10,13,14].



In the biotechnology field, pathogenic bacteria like Klebsiella (e.g., K. pneumoniae, K. oxytoca, K. variicola), Clostridium (e.g., C. butyricum, C. acetobutylicum, C. pasteurianum, C. diolis, C. perfingens), Escherichia (e.g., E. coli) or Bacillus (e.g., B. cereus, B. subtilis) have been studied for more than 100 years to produce important chemical compounds such as diols (1,2-propanediol, 1,3-propanediol, 1,4-butanediol, 2,3-butanediol), organic acids (lactic, acetic, citric, succinic, pyruvic) or alcohols (ethanol, 1-butanol) [15,16,17,18,19,20,21,22,23,24,25,26,27]. For biotechnological approaches and to scale-up the processes at an industrial level in safe conditions, many of the above-mentioned pathogenic strains have been genetically modified for the removal of the virulence factors [20,28,29,30]. In many cases, when pathogenic strains are used for a biotechnological application, specific safety protocols are followed and sterilization steps are involved [31]. Anyway, K. pneumoniae is one of the representative strains used at a large scale for the biosynthesis of PDO and BDO by means of fermentation processes, under both aerobic and anaerobic conditions, starting from glycerol as the main nutrient substrate [15,20,32]. The pathogenic strain of K. pneumoniae is mostly used for PDO biosynthesis at a large scale because of its natural ability to produce the B12 co-enzyme, which is a very important factor for the microbial synthesis of PDO and BDO [17,18,33]. Both PDO and BDO are platform chemical products with industrial applications, like biopolymers, solvents, and fuels [5,20,34,35]. PDO plays an important role in the synthesis of biodegradable plastics, namely for the polytrimethylene-terephthalate (PTT) production [36,37], while BDO appears as a by-product during the biosynthesis of PDO and one of its significant roles is in the production of synthetic rubber [18,20].



Based on our previous publications [17,33], the bacterial strain of K. pneumoniae DSMZ 2026 was chosen for pure glycerol fermentation in order to obtain PDO and BDO. In this study, K. pneumoniae was utilized in a bioreactor batch cultivation under anaerobic conditions, for the production of PDO and BDO. The fermentation process was conducted for 24 h, and the cell viability evolution, pH oscillation, PDO and BDO biosynthesis, other metabolites formation (lactic, citric, and succinic acids), and the substrate consumption were monitored. Moreover, the bacterial morphology of K. pneumoniae DSMZ 2026 on both solid and liquid media was analyzed.




2. Results and Discussion


The viability evolution, pH oscillation, glycerol consumption, PDO, BDO, and other metabolites (lactic, citric, and succinic acids) biosynthesis were monitored during 24 h of batch fermentation, and the results are presented in Table 1, Table 2 and Table 3. For the first trial where pH was maintained at constant values, the maximum concentration of PDO was registered after 18 h of cultivation (30.63 ± 1.99 g/L), while the maximum concentration for BDO was obtained after 24 h (18.10 ± 1.10 g/L) (Table 1). In the case of the batch fermentation where pH was not controlled, maximum metabolites concentration was recorded after 18 h of fermentation for PDO (12.45 ± 0.04 g/L) and BDO (9.75 ± 0.14 g/L). Considering the organic acids biosynthesis (Table 3), it was observed that lactic acid was present at the beginning of the process but it decreased after 12 h, while citric and succinic acids were identified after 12 h and 24 h of cultivation for both trials. According to Table 2, the PDO formation yield in case of the controlled pH trial, the results (0.68 molPDO/molGlycerol) were closed to the theoretical values (0.72 molPDO/molGlycerol) mentioned by scientific literature [17]. When pH was maintained constant, the yields obtained for BDO and other metabolites (organic acids) were significantly under the values of the theoretical yields. In the case of the trial with uncontrolled pH, the yields of PDO, BDO, lactic acid, citric acid, and succinic acid were considerably lower compared to the theoretical yields (Table 2).



Some authors suggested that the PDO production by K. pneumoniae cells was related to neutral pH values, while the BDO biosynthesis was related to lower pH values [38,39]. Moreover, the literature points out that the higher quantities of PDO were produced under anaerobic circumstances, while the aerobic conditions facilitated the BDO biosynthesis as the main product [19,40,41]. The higher concentrations of PDO presented in Table 1 compared with those obtained for BDO in both trials (controlled and uncontrolled pH) might be due only to the anaerobic conditions. In Klebsiella cells, glycerol was metabolized to PDO by the dehydratase system, which was activated under anaerobic conditions [41]. Considering the BDO production from glycerol, the aeration and pH levels were reported to be effective in the case of Klebsiella strains [19].



For both trials with controlled and uncontrolled pH, the substrate was consumed almost entirely after 24 h of cultivation (Figure 1). The pH level influenced the metabolism of the Klebsiella cells by slowing down the assimilation of the substrate and metabolites biosynthesis. The pH decrease affected biomass formation through viability diminution. As previous studies reported [17,46,47], the optimal pH conditions for the microbial growth in case the of Klebsiella strains, were ranging between 6 and 8. A higher pH tolerance (e.g., 8) was related to the genetically modified strains, which were optimized for an elevated metabolite production such as PDO [47], while a lower pH level inhibits cell division [46].



PDO is a three-carbon diol with an important contribution in ecological materials division (e.g., biopolymers, polyesters, composites, coatings), while BDO is a four-carbon diol with a major role in the industry of polymers [34,35,48]. Considering the results obtained for PDO and BDO (Table 1, Figure 1), these were similar to those reported in the literature. For example, Cheng et al. [49] employed a K. pneumoniae strain M5al in batch cultivation at a bioreactor level and achieved 18 g/L PDO and up to 5 g/L of BDO after 18 h of cultivation, while the pH was maintained at 6.8 through the automatic addition of NaOH, and the starting substrate concentration was 40 g/L of glycerol. Da Silva et al. [46] obtained similar results on K. pneumoniae strain GLC29 in batch trials where pH values were maintained between 6.9 and 7.1. They achieved a final PDO concentration of 20 g/L after 9 h of fermentation and 1 g/L of BDO, starting from an initial glycerol concentration of 40 g/L. Kumar et al., [40] tested a mutant strain of K. pneumoniae J2B at a shake-flask level under different aeration circumstances. After 12 h of fermentation, they achieved a maximum concentration of 8 g/L of PDO under anaerobic conditions at a pH value of 5.6 and a starting glycerol concentration of 20 g/L. For the same study, the BDO synthesis was not initiated under the mentioned conditions [40]. Higher PDO concentrations for batch trials were obtained by Zhao et al. [50], who used microencapsulated K. pneumoniae type ZJU 5205. They achieved 63 g/L of PDO after 11 h of cultivation starting from a high initial glycerol concentration of 120 g/L [50]. Impressive amounts of BDO were reported by Durgapal et al. [42], who obtained 26.6 g/L by using K. pneumoniae J2B in a 48 h fed-batch cultivation under increased aeration rate and pH values less than 5. The same study reported a high concentration of PDO of about 58 g/L at constant values of pH at 7 [42].



In order to observe the morphological characteristics, the Klebsiella strain was cultivated on Columbia agar plates and observed under an optical microscope. Placed on solid media and incubated at 37 °C for 24 h, Klebsiella cells developed large (>1 mm), opaque, cream-colored and glistening mucoid colonies (Figure 2B). Under microscope light, individual cells surrounded by a thin halo could be observed (Figure 2C), a structure that constitutes the capsule of the bacteria. According to Evrad et al. [51], the voluminous capsular layer was made of polysaccharides that cover the entire bacterial surface, and its role was to protect de bacteria cell against macrophage phagocytosis in animal and human models [51,52]. Actually, the thin halo observed under microscopic examination represented the capsular layer that gives the pathogenic features to the Klebsiella cells. In biotechnological processes instead, large amounts of capsular polysaccharides induce mucoviscosity [52] and obstruct the separation of bacteria cells from fermentation media during the downstream process. The capsular layer might influence the metabolites excretion in the fermentation medium [51,53]. In our study, the capsule formation did not significantly influence the accumulation of the metabolite in the cultivation broth, but the pH level was a limiting factor for metabolite production.




3. Materials and Methods


3.1. Microorganism and Culture Conditions


In this study, K. pneumoniae DSMZ 2026 obtained from the German Collection of Microorganisms and Cell Culture (DSMZ, Braunschweig, Germany) was used for two experiments: One experiment involved the control of pH during the cultivation, while in the other experiment the pH was not controlled. The cultivation conditions and fermentation broth components were similar to those reported by Menzel et al. [54]. The freeze-dried bacterial strain was activated on Columbia agar plates (peptone special, 23 g/L; starch, 1 g/L; NaCl, 5 g/L; agar, 15 g/L; pH 7.3 ± 0.2) at 37 °C for 24 h, and stored at 4 °C for 3 months.



The bacterial strain was pre-cultured in a mineral broth with the following composition: Glycerol 50 g/L; K2HPO4 3.4 g/L; KH2PO4 1.3 g/L; (NH4)2SO4 2.0 g/L; MgSO4 × 7 H2O 0.2 g/L; yeast extract 2.0 g/L; CaCO3 2.0 g/L; FeSO4 × 7 H2O 5.0 mg/L; CaCl2 2.0 mg/L; ZnCl2 0.14 mg/L; MnCl2 × 4 H2O 0.2 mg/L; H3BO3 0.12 mg/L; CoCl2 × 6 H2O 0.4 mg/L; CuCl2 × 2 H2O 0.04 mg/L; NiCl2 × 6 H2O 0.05 mg/L; Na2MoO4 × 2 H2O 0.07 mg/L. After pre-culture, the bacterial strain was transferred in a bioreactor batch culture containing: Glycerol 50 g/L, KCl 0.75 g/L, NaH2PO4 × H2O 1.38 g/L, NH4Cl 5.35 g/L, Na2SO4 0.28 g/L, MgCl2 × 6 H2O 0.26 g/L, CaCl2 × 2 H2O 0.29 g/L, citric acid × H2O 0.42 g/L, yeast extract 2.0 g/L, ZnCl2 × 6 H2O 3.4 mg/L, FeCl2 × 6 H2O 27 mg/L, MnCl2 × 4 H2O 10 mg/L, CuCl2 × 2 H2O 0.85 mg/L, CoCl2 × 6 H2O 2.35 mg/L, H3BO3 0.5 mg/L, Na2MoO4 × 2 H2O 25 µg/L. All the reagents were of analytical grade, and the pH of the culture broth was adjusted to 7 by adding a few drops of 2 M NaOH before sterilization at 121 °C for 15 min.




3.2. Batch Cultivation at Bioreactor Level


Initially, 200 mL of pre-culture broth was inoculated with a 24 h colony of 109 CFU/mL, as is shown in Figure 3. The pre-culture was maintained in anaerobic conditions at 37 °C for 24 h and 180 RPM. The experiment was performed by using a 5 L bioreactor (B. Braun Biotech International, Melsungen, Germany) filled with 2 L of culture broth bubbled with CO2 before the inoculation in order to remove the oxygen. The inoculum was added into the fermentation media under sterile conditions. The fermenter was fitted with temperature, pH, and rotation speed control. The temperature was maintained at 37 °C and rotations were maintained at 180 RPM for 24 h of cultivation. For one trial the pH was kept constant at 7 by the addition of NaOH 2 M, while for the other one the pH was not maintained constant in order to observe its oscillation influence over the cell viability, PDO, BDO, and organic acids (lactic, citric and succinic acids) biosynthesis. Samples were collected every 3 h during the cultivation for specific tests.




3.3. Testing Methods


Glycerol consumption, PDO, and BDO production were measured by HPLC after the derivatization process [55,56]. The HPLC unit (Agilent 1200, Santa Clara, CA, USA) was equipped with quaternary pump, solvent degasser, auto-sampler, UV-Vis photodiode detector (DAD) coupled with single quadrupole mass detector (MS, Agilent 6110), equipped with electrospray ionization source (ESI) (Agilent Technologies, Santa Clara, CA, USA), and controlled by Agilent ChemStation software. The ESI detection was performed by the following the work conditions: Capillary voltage 3100 V, 350 °C, nitrogen flow 7 L/min, m/z 100–500 full-scan. The compounds separation was done with an Eclipse XDB C18 column (5 μm, 4.6 × 150 mm I.D.) (Agilent Technologies) using the 20 mM NH4HCO2 mobile phase (A), pH 2.8, and (B) ACN/A (90/10, v/v) at a flow rate of 0.3 mL/min at 25 °C.



Lactic, citric, and succinic acids were determined using HPLC (Agilent 1200, Santa Clara, CA, USA) with an Aclaim OA (5 μm, 4 × 150 mm, Dionex, Waltham, MA, USA) reversed-phase chromatographic column coupled with a UVdetector, solvent degasser, quaternary pumps, column thermostat, and manual injector (Agilent Technologies). The chromatographic column was eluted for 10 min with 50 mM NaH2PO4, pH 2.8, with a flow rate of 0.5 mL/min, at 20 °C. The chromatograms were measured at 210 nm.



The viability of the Klebsiella cells was determined by plate counting method proposed by Ziegler and Halvorson [24,56,57]. Microscopic analysis consisting of methylene blue staining was applied in order to observe the bacterial cell morphology and appearance. A loop of fermentation sample collected after 24 h of cultivation was stained with 1mL of methylene blue, dried for 5 min, and examined under the optical microscope light at 400× magnification [58]. The model of the optical microscope used for our experiments was IOR ML-4M.





4. Conclusions


The bacterial strain of K. pneumoniae DSMZ 2026 was used in a batch cultivation process at the bioreactor level to biosynthesize PDO and BDO. K. pneumoniae grew successfully in mineral broth under an anaerobic environment, but metabolites biosynthesis was influenced by the pH alteration. K. pneumoniae was cultivated in 2 L of fermentation broth containing 50 g/L glycerol as the main substrate and maintained at 37 °C for 24 h at 180 RPM. After 24 h of cultivation was obtained 28.63 ± 2.20 g/L PDO and 18.10 ± 1.10 g/L BDO when the pH level was maintained at constant values. When the pH values decreased to 4.51, the concentrations obtained were only 11.08 ± 0.14 g/L PDO and 7.35 ± 0.00 g/L BDO. On solid media after 24 h of incubation at 37 °C, K. pneumoniae developed large, opaque, cream-colored, and glistening mucoid colonies. Under the microscope examination, there were observed individual cells surrounded by light halo constituting the bacterial capsular layer. The capsule formation did not significantly influence the accumulation of the metabolites in the cultivation broth, but the pH level was a limiting factor for the production of the metabolites in K. pneumoniae DSMZ 2026.







Author Contributions


Conceptualization, L.M. and D.C.V.; Methodology, L.M. and D.C.V.; Investigation, L.M. and D.C.V.; Writing-original draft preparation, L.M.; Writing-review & editing, D.C.V. Both authors approved the final version of the manuscript.




Funding


This work was supported by the ProGlyCom project, developed with the support of ANCSI (POC/ID P_37_637, 2016-2020).




Acknowledgments


The authors would like to thank Floricuța Ranga for HPLC analysis, and to Vasile Coman for fruitful discussions and for the linguistic review.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Castaneda, D.D.C.; Ramirez Duran, N.; Espinoza Rivera, I.; Marcela Caro Gonzalez, L.; Pablo Antonio Moreno Perez, M.; Mendieta Zeron, H. Atypical Klebsiella Species in a Third Level Hospital as Cause of Neonatal Infection. Jundishapur J. Microbiol. 2018, 11, e62393. [Google Scholar]

	



Martin, R.M.; Bachman, M.A. Colonization, Infection, and the Accessory Genome of Klebsiella pneumoniae. Front. Cell. Infect. Microbiol. 2018, 8, 4. [Google Scholar] [CrossRef] [PubMed]

	



Huang, M.; Lin, L.; Wu, Y.X.; Honhing, H.; He, P.F.; Li, G.Z.; He, P.B.; Xiong, G.R.; Yuan, Y.; He, Y.Q. Pathogenicity of Klebsiella pneumonia (KpC4) infecting maize and mice. J. Integr. Agric. 2016, 15, 1510–1520. [Google Scholar] [CrossRef]

	



Aygun, F.; Aygun, F.D.; Varol, F.; Durak, C.; Çokuğraş, H.; Camcıoğlu, Y.; Çam, H. Infections with Carbapenem-Resistant Gram-Negative Bacteria are a Serious Problem Among Critically Ill Children: A Single-Centre Retrospective Study. Pathogens 2019, 8, 69. [Google Scholar] [CrossRef] [PubMed]

	



Cho, J.H.; Rathnasingh, C.; Song, H.; Chung, B.W.; Lee, H.J.; Seung, D. Fermentation and evaluation of Klebsiella pneumoniae and K. oxytoca on the production of 2,3-butanediol. Bioprocess Biosyst. Eng. 2012, 35, 1081–1088. [Google Scholar] [CrossRef] [PubMed]

	



Arasu, M.V.; Kumar, V.; Ashok, S.; Song, H.; Rathnasingh, C.; Lee, H.J.; Seung, D.; Park, S. Isolation and characterization of the new Klebsiella pneumoniae J2B strain showing improved growth characteristics with reduced lipopolysaccharide formation. Bioprocess Biosyst. Eng. 2011, 16, 1134–1143. [Google Scholar] [CrossRef]

	



Caneiras, C.; Lito, L.; Melo-Cristino, J.; Duarte, A. Community- and Hospital-Acquired Klebsiella pneumoniae Urinary Tract Infections in Portugal: Virulence and Antibiotic Resistance. Microorganisms 2019, 7, 138. [Google Scholar] [CrossRef]

	



Russo, R.; Kolesnikova, I.; Kim, T.; Gupta, S.; Pericleous, A.; Kadouri, D.E.; Connell, N.D. Susceptibility of Virulent Yersinia pestis Bacteria to Predator Bacteria in the Lungs of Mice. Microorganisms 2018, 7, 2. [Google Scholar] [CrossRef]

	



Podschun, R.; Ullmann, U. Klebsiella spp. as Nosocomial Pathogens: Epidemiology, Taxonomy, Typing Methods, and Pathogenicity Factors. Clin. Microbiol. Rev. 1998, 11, 589–603. [Google Scholar] [CrossRef]

	



Benincasa, M.; Lagatolla, C.; Dolzani, L.; Milan, A.; Pacor, S.; Liut, G.; Tossi, A.; Cescutti, P.; Rizzo, R. Biofilms from Klebsiella pneumoniae: Matrix Polysaccharide Structure and Interactions with Antimicrobial Peptides. Microorganisms 2016, 4, 26. [Google Scholar] [CrossRef]

	



Chhibber, S.; Gondil, V.; Kaur, J. Isolation, characterization, statistical optimization, and application of a novel broad-spectrum capsular depolymerase against Klebsiella pneumoniae from Bacillus siamensis SCVJ30. Biomed. Biotechnol. Res. J. 2018, 2, 125–131. [Google Scholar] [CrossRef]

	



Paczosa, M.K.; Mecsas, J. Klebsiella pneumoniae: Going on the Offense with a Strong Defense. Microbiol. Mol. Biol. Rev. 2016, 80, 629–661. [Google Scholar] [CrossRef] [PubMed]

	



Schembri, M.A.; Blom, J.; Krogfelt, K.A.; Klemm, P. Capsule and fimbria interaction in Klebsiella pneumoniae. Infect. Immun. 2005, 73, 4626–4633. [Google Scholar] [CrossRef] [PubMed]

	



Dorman, M.J.; Short, F.L. Klebsiella pneumoniae: When a colonizer turns bad. Nat. Rev. Microbiol. 2017, 15, 384. [Google Scholar] [CrossRef]

	



Kumar, V.; Park, S. Potential and limitations of Klebsiella pneumoniae as a microbial cell factory utilizing glycerol as the carbon source. Biotechnol. Adv. 2018, 36, 150–167. [Google Scholar] [CrossRef]

	



Mitrea, L.; Călinoiu, L.F.; Precup, G.; Bindea, M.; Rusu, B.; Trif, M.; Ferenczi, L.J.; Ștefănescu, B.E.; Vodnar, D.C. Inhibitory Potential of Lactobacillus plantarum on Escherichia coli. Bull. UASVM Food Sci. Technol. 2017, 74, 2. [Google Scholar] [CrossRef]

	



Mitrea, L.; Trif, M.; Cătoi, A.F.; Vodnar, D.C. Utilization of biodiesel derived-glycerol for 1,3-PD and citric acid production. Microb. Cell Fact. 2017, 16, 190. [Google Scholar] [CrossRef]

	



Oh, B.R.; Lee, S.M.; Heo, S.Y.; Seo, J.W.; Kim, C.H. Efficient production of 1,3-propanediol from crude glycerol by repeated fed-batch fermentation strategy of a lactate and 2,3-butanediol deficient mutant of Klebsiella pneumoniae. Microb. Cell Fact. 2018, 17, 92. [Google Scholar] [CrossRef]

	



Parate, R.; Mane, R.; Dharne, M.; Rode, C. Mixed bacterial culture mediated direct conversion of bio-glycerol to diols. Bioresour. Technol. 2018, 250, 86–93. [Google Scholar] [CrossRef]

	



Jung, S.G.; Jang, J.H.; Kim, A.Y.; Lim, M.C.; Kim, B.; Lee, J.; Kim, Y.R. Removal of pathogenic factors from 2,3-butanediol-producing Klebsiella species by inactivating virulence-related wabG gene. Appl. Microbiol. Biotechnol. 2013, 97, 1997–2007. [Google Scholar] [CrossRef]

	



Böhme, K.; Fernández-No, I.C.; Barros-Velázquez, J.; Gallardo, J.M.; Cañas, B.; Calo-Mata, P. Rapid species identification of seafood spoilage and pathogenic Gram-positive bacteria by MALDI-TOF mass fingerprinting. Electrophoresis 2011, 32, 2951–2965. [Google Scholar] [CrossRef] [PubMed]

	



Bottone, E.J. Bacillus cereus, a Volatile Human Pathogen. Clin. Microbiol. Rev. 2010, 23, 382. [Google Scholar] [CrossRef]

	



Forsberg, C.W. Production of 1,3-Propanediol from Glycerol by Clostridium acetobutylicum and Other Clostridium Species. Appl. Environ. Microbiol. 1987, 53, 639–643. [Google Scholar] [PubMed]

	



Călinoiu, L.F.; Cătoi, A.F.; Vodnar, D.C. Solid-state yeast fermented wheat and oat bran as a route for delivery of antioxidants. Antioxidants 2019, 8, 372. [Google Scholar] [CrossRef] [PubMed]

	



Călinoiu, L.F.; Ştefănescu, B.E.; Pop, I.D.; Muntean, L.; Vodnar, D.C. Chitosan coating applications in probiotic microencapsulation. Coatings 2019, 9, 194. [Google Scholar] [CrossRef]

	



Szabo, K.; Diaconeasa, Z.; Cătoi, A.F.; Vodnar, D.C. Screening of ten tomato varieties processing waste for bioactive components and their related antioxidant and antimicrobial activities. Antioxidants 2019, 8, 292. [Google Scholar] [CrossRef]

	



Trif, M.; Vodnar, D.C.; Mitrea, L.; Rusu, A.V.; Socol, C.T. Design and development of oleoresins rich in carotenoids coated microbeads. Coatings 2019, 9, 235. [Google Scholar] [CrossRef]

	



Przystałowska, H.; Zeyland, J.; Szymanowska-Powałowska, D.; Szalata, M.; Słomski, R.; Lipiński, D.J.M. 1, 3-Propanediol production by new recombinant Escherichia coli containing genes from pathogenic bacteria. Microbiol. Res. 2015, 171, 1–7. [Google Scholar] [CrossRef]

	



Celińska, E. Debottlenecking the 1,3-propanediol pathway by metabolic engineering. Biotechnol. Adv. 2010, 28, 519–530. [Google Scholar] [CrossRef]

	



Tong, I.T.; Liao, H.H.; Cameron, D.C. 1,3-Propanediol production by Escherichia coli expressing genes from the Klebsiella pneumoniae dha regulon. Appl. Environ. Microbiol. 1991, 57, 3541–3546. [Google Scholar]

	



Frommer, W.; Archer, L.; Boon, B.; Brunius, G.; Collins, C.H.; Crooy, P.; Doblhoff-Dier, O.; Donikian, R.; Economidis, J.; Frontali, C.; et al. Safe biotechnology (5). Recommendations for safe work with animal and human cell cultures concerning potential human pathogens. Appl. Microbiol. Biotechnol. 1993, 39, 141–147. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.J.; Zhang, D.J.; Xu, Y.H.; Mu, Y.; Sun, Y.Q.; Xiu, Z.L. Microbial production of 1,3-propanediol from glycerol by Klebsiella pneumoniae under micro-aerobic conditions up to a pilot scale. Biotechnol. Lett. 2007, 29, 1281–1285. [Google Scholar] [CrossRef] [PubMed]

	



Mitrea, L.; Călinoiu, L.F.; Precup, G.; Bindea, M.; Rusu, B.; Trif, M.; Ștefănescu, B.E.; Pop, I.D.; Vodnar, D.C. Isolated Microorganisms for Bioconversion of Biodiesel-Derived Glycerol Into 1,3-Propanediol. Bull. UASVM Food Sci. Technol. 2017, 74, 43–49. [Google Scholar] [CrossRef]

	



Hazeena, S.H.; Nair Salini, C.; Sindhu, R.; Pandey, A.; Binod, P. Simultaneous saccharification and fermentation of oil palm front for the production of 2,3-butanediol. Bioresour. Technol. 2019, 278, 145–149. [Google Scholar] [CrossRef] [PubMed]

	



Martău, G.A.; Mihai, M.; Vodnar, D.C. The use of chitosan, alginate, and pectin in the biomedical and food sector—biocompatibility, bioadhesiveness, and biodegradability. Polymers 2019, 11, 1837. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Y.Q.; Shen, J.T.; Yan, L.; Zhou, J.J.; Jiang, L.L.; Chen, Y.; Yuan, J.L.; Feng, E.; Xiu, Z.L. Advances in bioconversion of glycerol to 1,3-propanediol: Prospects and challenges. Process Biochem. 2018, 71, 134–146. [Google Scholar] [CrossRef]

	



Vivek, N.; Pandey, A.; Binod, P. An efficient aqueous two phase systems using dual inorganic electrolytes to separate 1,3-propanediol from the fermented broth. Bioresour. Technol. 2018, 254, 239–246. [Google Scholar] [CrossRef] [PubMed]

	



Petrov, K.; Petrova, P. High production of 2,3-butanediol from glycerol by Klebsiella pneumoniae G31. Appl. Microbiol. Biotechnol. 2009, 84, 659–665. [Google Scholar] [CrossRef] [PubMed]

	



Biebl, H.; Zeng, A.P.; Menzel, K.; Deckwer, W.D. Fermentation of glycerol to 1,3-propanediol and 2,3-butanediol by Klebsiella pneumoniae. Appl. Microbiol. Biotechnol. 1998, 50, 24–29. [Google Scholar] [CrossRef]

	



Kumar, V.; Durgapal, M.; Sankaranarayanan, M.; Somasundar, A.; Rathnasingh, C.; Song, H.; Seung, D.; Park, S. Effects of mutation of 2,3-butanediol formation pathway on glycerol metabolism and 1,3-propanediol production by Klebsiella pneumoniae J2B. Bioresour. Technol. 2016, 214, 432–440. [Google Scholar] [CrossRef]

	



Zhang, Q.; Xiu, Z. Metabolic pathway analysis of glycerol metabolism in Klebsiella pneumoniae incorporating oxygen regulatory system. Biotechnol. Prog. 2009, 25, 103–115. [Google Scholar] [CrossRef] [PubMed]

	



Durgapal, M.; Kumar, V.; Yang, T.H.; Lee, H.J.; Seung, D.; Park, S. Production of 1,3-propanediol from glycerol using the newly isolated Klebsiella pneumoniae J2B. Bioresour. Technol. 2014, 159, 223–231. [Google Scholar] [CrossRef] [PubMed]

	



Bustamante, D.; Segarra, S.; Montesinos, A.; Tortajada, M.; Ramon, D.; Rojas, A. Improved Raoultella planticola Strains for the Production of 2,3-Butanediol from Glycerol. Ferment. Basel 2019, 5, 11. [Google Scholar] [CrossRef]

	



Prada-Palomo, Y.; Romero-Vanegas, M.; Díaz-Ruíz, P.; Molina-Velasco, D.; Guzmán-Luna, C. Lactic Acid Production by Lactobacillus sp. From Biodiesel Derived Raw Glycerol. Cienc. Tecnol. Y Futuro 2012, 5, 57–65. [Google Scholar]

	



Gao, C.; Yang, X.; Wang, H.; Rivero, C.P.; Li, C.; Cui, Z.; Qi, Q.; Lin, C.S.K. Robust succinic acid production from crude glycerol using engineered Yarrowia lipolytica. Biotechnol. Biofuels 2016, 9, 179. [Google Scholar] [CrossRef] [PubMed]

	



Da Silva, G.P.; de Lima, C.J.B.; Contiero, J. Production and productivity of 1-3 PD from glycerol by Klebsiella pneumoniae GLC29. Catal. Today 2015, 257, 259–266. [Google Scholar] [CrossRef]

	



Zhang, G.; Ma, B.; Xu, X.; Li, C.; Wang, L. Fast conversion of glycerol to 1,3-propanediol by a new strain of Klebsiella pneumoniae. Biochem. Eng. J. 2007, 37, 256–260. [Google Scholar] [CrossRef]

	



Teleky, B.E.; Vodnar, D.C. Biomass-Derived Production of Itaconic Acid as a Building Block in Specialty Polymers. Polymers 2019, 11, 1035. [Google Scholar] [CrossRef]

	



Cheng, K.K.; Zhang, J.A.; Liu, D.H.; Sun, Y.; Liu, H.J.; Yang, M.D.; Xu, J.M. Pilot-scale production of 1,3-propanediol using Klebsiella pneumoniae. Process Biochem. 2007, 42, 740–744. [Google Scholar] [CrossRef]

	



Zhao, Y.N.; Chen, G.; Yan, S.J. Microbial production of 1,3-propanediol from glycerol by encapsulated Klebsiella pneumoniae. Biochem. Eng. J. 2006, 32, 93–99. [Google Scholar] [CrossRef]

	



Evrard, B.; Balestrino, D.; Dosgilbert, A.; Bouya-Gachancard, J.L.J.; Charbonnel, N.; Forestier, C.; Tridon, A. Roles of Capsule and Lipopolysaccharide O Antigen in Interactions of Human Monocyte-Derived Dendritic Cells and Klebsiella pneumoniae. Infect. Immun. 2010, 78, 210–219. [Google Scholar] [CrossRef] [PubMed]

	



Brisse, S.; Passet, V.; Haugaard, A.B.; Babosan, A.; Kassis-Chikhani, N.; Struve, C.; Decre, D. wzi Gene Sequencing, a Rapid Method for Determination of Capsular Type for Klebsiella Strains. J. Clin. Microbiol. 2013, 51, 4073–4078. [Google Scholar] [CrossRef] [PubMed]

	



Lin, T.H.; Huang, S.H.; Wu, C.C.; Liu, H.H.; Jinn, T.R.; Chen, Y.; Lin, C.T. Inhibition of Klebsiella pneumoniae Growth and Capsular Polysaccharide Biosynthesis by Fructus mume. J. Evid. Based Complementary Altern. Med. 2013, 2013, 621701. [Google Scholar]

	



Menzel, K.; Zeng, A.P.; Biebl, H.; Deckwer, W.D. Kinetic, dynamic, and pathway studies of glycerol metabolism by Klebsiella pneumoniae in anaerobic continuous culture: 1. The phenomena and characterization of oscillation and hysteresis. Biotechnol. Bioeng. 1996, 52, 549–560. [Google Scholar] [CrossRef]

	



Imbert, L.; Saussereau, E.; Lacroix, C. Analysis of Eight Glycols in Serum Using LC-ESI–MS-MS. J. Anal. Toxicol. 2014, 38, 676–680. [Google Scholar] [CrossRef]

	



Mitrea, L.; Ranga, F.; Fetea, F.; Dulf, F.; Rusu, A.; Trif, M.; Vodnar, D.C. Biodiesel-Derived Glycerol Obtained from Renewable Biomass—A Suitable Substrate for the Growth of Candida zeylanoides Yeast Strain ATCC 20367. Microorganisms 2019, 7, 265. [Google Scholar] [CrossRef]

	



Ziegler, N.R.; Halvorson, H.O. Application of Statistics to Problems in Bacteriology: IV. Experimental Comparison of the Dilution Method, the Plate Count, and the Direct Count for the Determination of Bacterial Populations. J. Bacteriol. 1935, 29, 609–634. [Google Scholar]

	



Prakash. Methylene Blue Staining. Available online: https://www.protocols.io/view/Methylene-Blue-staining-fd7bi9n (accessed on 13 March 2019).








[image: Pathogens 08 00293 g001 550] 





Figure 1. Batch cultivation of K. pneumoniae DSMZ 2026 into a 5 L bioreactor under (A) controlled and (B) uncontrolled pH. 
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Figure 2. The K. pneumoniae DSMZ 2026 appearance after 24 h of cultivation on liquid media (A), Columbia solid media (B), and under microscopic examination after methylene blue staining (C). The red arrow indicates the capsule of the cell. 
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Figure 3. The batch fermentation steps. 
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Table 1. Results obtained after the cultivation of K. pneumoniae strain DSMZ 2026 under controlled and uncontrolled pH.
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