

  fermentation-08-00068




fermentation-08-00068







Fermentation 2022, 8(2), 68; doi:10.3390/fermentation8020068




Article



Controlling the Formation of Foams in Broth to Promote the Co-Production of Microbial Oil and Exopolysaccharide in Fed-Batch Fermentation



Yan-Feng Guo 1,†[image: Orcid], Meng-Qi Wang 2,†, Yi-Lei Wang 1,*, Hong-Tao Wang 2 and Jian-Zhong Xu 2,*[image: Orcid]





1



College of Agriculture and Bioengineering, Heze University, 2269 University Road, Heze 274015, China






2



The Key Laboratory of Industrial Biotechnology, Ministry of Education, School of Biotechnology, Jiangnan University, 1800# Lihu Road, Wuxi 214122, China









*



Correspondence: wangyilei@hezeu.edu.cn (Y.-L.W.); xujianzhong@jiangnan.edu.cn (J.-Z.X.); Tel./Fax: +86-530-5662087 (Y.-L.W.); +86-510-85329312 (J.-Z.X.)






†



These authors contributed equally to this work.









Academic Editor: Thaddeus Ezeji



Received: 5 January 2022 / Accepted: 30 January 2022 / Published: 7 February 2022



Abstract

:

A large amount of foam is generated in the production of microbial oil and exopolysaccharide (EPS) by Sporidiobolus pararoseus JD-2, which causes low efficiency in fermentation. In this study, we aimed to reduce the negative effects of foams on the co-production of oil and EPS by controlling the formation of foams in broth. As we have found, the formation of foams is positively associated with cell growth state, air entrapment, and properties of broth. The efficient foam-control method of adding 0.03% (v/v) of the emulsified polyoxyethylene polyoxypropylene pentaerythritol ether (PPE) and feeding corn steep liquor (CSL) at 8–24 h with speed of 0.02 L/h considerably improved the fermentation performance of S. pararoseus JD-2, and significantly increased the oil and EPS concentrations by 8.7% and 12.9%, respectively. The biomass, oil, and EPS concentrations were further increased using a foam backflow device combined with adding 0.03% (v/v) of the emulsified PPE and feeding CSL at 8–24 h, which reached to 62.3 ± 1.8 g/L, 31.2 ± 0.8 g/L, and 10.9 ± 0.4 g/L, respectively. The effective strategy for controlling the formation of foams in fermentation broth reported here could be used as a technical reference for producing frothing products in fed-batch fermentation.
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1. Introduction


Microbial oil, a type of biodiesel, can be obtained from renewable raw materials, by oleaginous microorganisms, with many advantages, e.g., short production time and low pollution of the environment [1,2,3]. However, high production cost limits the broader application of microbial oils [4]. In order to decrease the production cost of microbial oil, many strategies have been applied: (1) genetic modification of the biosynthetic pathway of microbial oil in oleaginous microorganism [5,6]; (2) use of the cheaper raw materials as feedstock [7,8]; (3) optimization of the medium components and culture methods [9,10,11]; (4) mixed culture of oleaginous yeast and oleaginous microalgae [12,13]; (5) co-production of microbial oil and high value-added products, e.g., exopolysaccharide (EPS) [14]. In 2010, we obtained an oleaginous yeast (i.e., Sporidiobolus pararoseus JD-02, CCTCC M2010326), which could be used to co-produce microbial oil, carotenoid, and EPS [4,15,16]. Carotenoid and EPS, as high value-added products, have been widely used in the food industry, pharmaceutical industry, and chemical industry [17,18]. In previous studies, we tried to increase the production of microbial oil, carotenoid, and EPS by optimization of media components and culture conditions [4,15,16], and by limitation of ammonia-nitrogen supply [11]. Although these methods were used to increase the production of these value-added products with a satisfactory result, large amounts of foams led to an increase in the escape of fermentation broth and a decrease in the utilization rate of equipment. Therefore, how to control the formation of foams in fermentation broth has become the key problem, which when solved will be beneficial to increase the utilization rate of feedstock and equipment, as well as to cut production cost.



Foams are comprised of thousands of bubbles in liquid caused by mechanical or chemical factors [19]. Foaming is considered a “general nuisance” in industrial fermentation because the fermentation process provides the essential conditions for foam formation [20]. There are two essential conditions for foam formation and stability: the external force and the property of solution [21]. Many factors affect the stability and formation of foams: the air entrapment in solution (e.g., gas flow rate and stirring frequency), the compositions and viscosity of media (e.g., pH, concentration of proteins and sugars, as well as presence of surfactant), the growth state of microbial cells (e.g., logarithmic phase, stable phase, and death phase), and the concentration of metabolites and surface-active substances (e.g., cresotic acid, rhamnolipid, and saponin) [19,22,23,24]. The final foam volume depends on the complex interplay of four processes: bubble formation, bubble–atmosphere coalescence, bubble breakup into tiny bubbles, and bubble–bubble coalescence to increase bubble size [21]. A small amount of bubbles helps to increase media oxygen transfer, but excessive foam leads to a decrease in the utilization rate of equipment and to an increase in the escape of fermentation broth [19]. In order to relieve the negative effects of foams, foam control systems are widely used in industrial fermentation. For example, reasonably adjusting the media components and the culture conditions can be used to prevent the formation of foams [11,19,25]. The most common strategy is to use antifoaming equipment or antifoaming agents to crush the pre-existing foams, and thus avoid the abundant accumulation of foams [26,27]. In addition, Zaky et al. has reported that seawater can also be used to control the formation of foams in the production of biofuel [28,29]. Although these methods on controlling foams have achieved positive results, foaming results from complex interactions among the aforementioned factors. Therefore, the best foam control method is still needed to optimize and achieve the best efficiency of an industrial fermentation process (i.e., high carbon yield, final titer, and productivity).



The aim of the work presented here was to control the formation of foams in a medium, and thus promote the co-production of microbial oil and EPS by S. pararoseus JD-2 in fed-batch fermentation. To do this, the relationships between foams and the key factors involved in foaming were first discussed. Subsequently, different strategies were used to control the formation of foams in fed-batch fermentation, including screening of defoamers, optimization of adding ways of CSL, as well as use of foam backflow devices. After controlling the formation of foams according to the strategies reported in this study, S. pararoseus JD-2 produced 31.2 ± 0.8 g/L of oil and 10.9 ± 0.4 g/L of EPS in fed-batch fermentation. The effective strategy for controlling the formation of foams in fermentation broth reported here could be used as a technical reference for producing frothing products in fed-batch fermentation.




2. Materials and Methods


2.1. Strain and Culture Conditions


Strain S. pararoseus JD-2 (CCTCC M2010326) was used as a fermentation strain for co-producing microbial oil and EPS, which was isolated from bean-based sauce [15]. The YPD medium (Yeast extract 10 g/L, Peptone 20 g/L, Dextrose 20 g/L) was used for activating S. pararoseus JD-2. Unless stated otherwise, S. pararoseus JD-2 was cultivated at 28 °C and pH 6.0 for 72 h.



The fed-batch fermentation was performed in a 7-L fermenter (KF-7 l, Korea Fermenter Co., Inchon, Korea) containing 3 L of the medium with an inoculum size of 10% (v/v), and the inoculum was obtained from a seed culture grown to logarithmic phase (about 10 h). The seed medium was prepared according to the description reported by Wang et al. [11]. The initial culture medium used for fermentation consisted of (per liter): 120 g glucose, 20 g corn steep liquor (CSL; purchased from Shandong Shouguang Juneng Golden Corn Co., Ltd., Shouguang, China), 1.2 g (NH4)2SO4, 1 g K2HPO4, and 0.1 g Na2SO4. The dissolved oxygen level and temperature were set at 20% and 28 °C, respectively. The 800 g/L sterile glucose solution was used to maintain the glucose concentration at ~15 g/L by adjusting the feeding rate. Additionally, the medium was adjusted to pH 6.0 with 20% (m/v) NaOH.




2.2. Extraction of Microbial Oil and EPS


A sample was taken from the fermenter and then centrifuged at 10,000 rpm for 20 min (Sorvall LYNX4000, ThermoFisher Scientific, Waltham, MA, USA). The cell pellets were used to extract microbial oil and the culture supernatants were used to extract EPS. The entire processes of extracting oil and EPS were referred to in previous reports [11,16].




2.3. Analyzing the Performance of Defoamer


Analyzing the performance of defoamer was based on the principle of the previous methods reported by Tamura et al. [30]. Then, 300 mL of fermentation broth was added into a graduated cylinder (range 1000 mL) and then blew air with a speed of 1 L/min. The schematic diagram of the foam forming device is presented in Figure 1a. The time it took foams to reach 700 mL was used to reflect the foaming ability of broth. Subsequently, 300 μL of defoamer with 10 times more dilution was added into the foam forming device, and the time of foam fading away was used to reflect the defoaming ability of the defoamer.



In order to analyze the antifoaming ability of defoamer, 300 mL of fermentation broth and 300 μL of defoamer with 10 times more dilution were added into a graduated cylinder (range 1000 mL) and then blew air with speed of 1 L/min. The time that that foams reached 400 mL was used to reflect the antifoaming ability of defoamer. In addition, different strategies were used to enhance defoaming ability of defoamer, e.g., defoamer plus soybean oil with 1:1.5, defoamer plus Tween 80 with 100:1, and mixed defoamer with 1:1.




2.4. The Mode of Corn Steep Liquor (CSL) Feeding


Four modes of CSL feeding were performed in fed-batch fermentation by S. pararoseus JD-2 (Table 1). The total CSL in the medium at different modes of CSL feeding was identical, and the total CSL was added into the fermentation medium at different incubation times and with different concentrations and feeding rates. It should be noted that the initial concentration of CLS in the media is inconsistent at different modes of CLS feeding, from 5 g/L to 20 g/L.




2.5. Analytical Methods


Then, 200 μL of samples were taken from the shake flasks or fermenter every 4 hours. These samples were used to measure the biomass using a spectrophotometer at 600 nm after 25 times more dilution, and to analyze the concentration of microbial oil and EPS. According to our previous description [11,16], the concentration of microbial oil and EPS was detected by weight after extraction. The analyses of biomass and concentration of microbial oil and EPS were performed in triplicate.




2.6. Statistical Analysis


The experiments in this study were independently carried out at least three times, and data are expressed as mean and standard deviation (±SD). Student’s t test was used to compare statistical difference among the groups of experiment data.





3. Results and Discussion


3.1. The Relationships between Foams and the Key Factors Involved in Foaming in Fed-Batch Ferementation by S. pararoseus JD-2


As mentioned earlier, many factors affect the stability and formation of foam, e.g., the air entrapment in solution, the compositions and viscosity of the media, and the growth state of microbial cells [19,22,23,24]. In order to discuss the relationships between foams and the key factors involved in foaming, the cell growth state, the air entrapment, and the properties of broth were investigated. The foam formation occurred before 36 h of the whole fermentation period in fed-batch fermentation, especially before 24 h (Figure 2). As shown in Figure 2a, S. pararoseus JD-2 was at the early stable growth phase before 36 h, indicating that cell growth state is positively associated with foam formation. Similar results were also found in previous studies, in which the foam volume increased with the increase in cell growth rate [31,32]. Since S. pararoseus JD-2 is an aerobe [15], more oxygen was needed to maintain the cell growth with high rate. Therefore, the fast agitation speed and the high ventilatory capacity were needed to meet the oxygen supply at the early stable growth phase (Figure 2b). Based on the previous results reported by Conceicao et al. [33], static submerged cultivation was beneficial to surfactant production because of the decrease in foam formation. Therefore, air entrapment is also positively associated with foam formation (Figure 2b). Vardar-Sukan pointed out that the concentration of salts, proteins, and sugars in media affects foam formation [19], and this may be why foams were observed to have rapidly formed at a high concentration of protein (Figure 2c). In addition, the foam volume increased with the increase in EPS concentration and apparent viscosity of broth (Figure 2c). The results reported by Dai et al. indicated that the high viscosity of pre-hydrolysate causes the serious foam formation during air-aerated and agitated processes [34]. It should be noted that foams gradually faded away despite the high apparent viscosity after 40 h (Figure 2c). This is possibly because of the reduced agitation speed and ventilatory capacity. This theory is supported by previous results reported by Gong et al. [35], in which reducing aeration eases foaming at the later stages of fermentation.




3.2. Optimization of Defoamer to Enhance Defoaming Ability and to Improve Efficiency of Fermentation Process


As mentioned above, foam formation is positively associated with the cell growth state, the air entrapment, and the properties of broth (Figure 2). Foam formation seems inevitable in agitated submerge fermentation, especially for producing biosurfactant, e.g., rhamnolipids [20,36]. However, excessive foams can do great harm to the normal fermentation process and to the best fermentation efficiency [19]. Therefore, natural or synthetic defoamers were usually used to prevent the formation of foam and/or to crush the pre-existing foams [19,20]. In order to obtain the best defoamer used to avoid the abundant accumulation of foams in fermentation by S. pararoseus JD-2, we investigated the defoaming and antifoaming abilities of one natural defoamer and three synthetic defoamers. As is expected, different defoamers showed the different defoaming abilities and antifoaming abilities (Figure 1b). Among these test defoamers, polyoxyethylene polyoxypropylene pentaerythritol ether (PPE) showed the greatest defoaming capacity and the longest foam-inhibiting time, and the natural defoamer (i.e., soybean oil) showed the worst defoaming abilities and antifoaming abilities (Figure 1b). PPE, as a safe food additive, has been widely used in industrial fermentation because of the high thermal stability, the chemical stability, and the best defoaming capacity [37]. It should be noted that the defoaming abilities and antifoaming abilities could be enhanced using three synergistic methods, i.e., carrier addition method (i.e., PPE plus soybean oil with 1:1.5), emulsifying method (i.e., PPE plus Tween 80 with 100:1), and combination method (PPE plus Polyoxypropylene oxyethylene glycol ether (GPE) with 1:1) (Figure 1c). As shown in Figure 1c, the emulsified PPE using Tween 80 showed the shortest time of defoaming and the longest time of foam-inhibiting. Emulsification promotes the substance into the other incompatible substance in liquid [38], and this may be why the emulsified PPE showed the best defoaming abilities and antifoaming abilities. Therefore, the emulsified PPE was used as the preferred defoamer for defoaming and antifoaming during fermentation by S. pararoseus JD-2 in the next study.



Although addition of defoamer can avoid the abundant accumulation of foams, defoamer negatively affects dissolved oxygen level in fermentation broth, thus restricting the fermentation performance of production strains [39]. Furthermore, the addition of the defoamer will be detrimental to the extraction and purification of target products [40]. These findings are confirmed once again in our results. As can be seen from Figure 1d, the biomass, microbial oil, and EPS concentrations obviously decreased during the addition of more than 0.3% (v/v) of the emulsified PPE. The addition of 0.03% (v/v) of the emulsified PPE in fermentation broth resulted in 51.5 ± 1.7 g/L of biomass, 25.6 ± 1.2 g/L of oil, and 9.5 ± 0.6 g/L of EPS, which is the best condition for cultivation of S. pararoseus JD-2 (Figure 1d). Thus, 0.03% (v/v) of the emulsified PPE was used to control foam formation in fed-batch fermentation by S. pararoseus JD-2 in the next study.




3.3. The Effects of the Mode of Corn Steep Liquor Feeding on Fermentation Performance of S. pararoseus JD-2


The concentration of proteins in media is one of the key factors in foam formation [19]. Corn steep liquors (CSL), one of the most commonly used complex organic nitrogen sources, are rich in proteins, sugars, inorganic salts, and vitamins [41]. Therefore, we investigated the effects of CSL on fermentation performance of S. pararoseus JD-2. The effect of the pH of CSL on foam formation was first investigated. The foaming time increased with the increase in pH, whereas the time of the disappearance of foams decreased with the increase in pH (Table 2). As far as we know, protein solubility is closely associated with the pH in solution [42]. We speculated that the proteins in CSL decreased with the increase in pH because of the protein deposition, thus limiting the formation of foams. Given the importance of protein and the optimized pH for cell growth, the best pH in CSL was set at 6.



Next, four modes of CSL feeding were investigated to further improve the fermentation performance of S. pararoseus JD-2 (Table 1). The modes of CSL feeding significantly affected the fermentation performance of S. pararoseus JD-2, including escape volume, biomass, microbial oil, and EPS concentrations (Figure 3). The highest escape volumes (i.e., 1.3 L) were found during one-time addition of the overall CSL (i.e., Mode I). By contrast, only 0.3 L broth escaped from the fermenter during feeding CSL at 8–24 h with speed of 0.02 L/h (i.e., Mode IV), which was down by 76.9% as compared with one-time addition (Figure 3a). In addition, the biomass (i.e., 58.0 ± 1.1 g/L vs. 52.4 ± 1.2 g/L), microbial oil concentration (i.e., 27.5 ± 1.2 g/L vs. 25.3 ± 1.0 g/L), and EPS concentration (i.e., 10.5 ± 0.8 g/L vs. 9.3 ± 0.7 g/L) in Mode IV were increased by 10.7%, 8.7%, and 12.9% as compared with in Mode I, respectively (Figure 3b–d). Similar results were also found in Liu’s reports, in which feeding trypsin resulted in lower formation of foams and higher L-glutamic acid production [43]. Interestingly, although there were no escape volumes during feeding CSL at 24–36 h with a speed of 0.03 L/h (i.e., Mode II), the biomass, microbial oil, and EPS concentrations were obviously inferior to the other three modes (Figure 3b–d). This is probably due to the nutrient deficiencies for cell growth in the early fermentation stage.




3.4. Using the Foams Backflow Device to Increase the Utility Ratio of Feedstock in Fed-Batch Fermentation by S. pararoseus JD-2


As mentioned above (Figure 3a), there is still fermented liquid leakage in Mode IV. In order to increase the utility ratio of feedstock in fed-batch fermentation by S. pararoseus JD-2, a foam backflow device was used to recycle the foams during fed-batch fermentation at the condition of feeding CSL at 8–24 h with speed of 0.02 L/h. The schematic diagram of the foam backflow device is shown in Figure 4a. The excess foams were entered into the collection bottle of the device and crushed, and then the liquor in the collection bottle was pumped into the fermenter by a peristaltic pump. As a control, the fermentation progress at the condition of the one-time addition of the overall CSL combined with the foam backflow device was also investigated. As can be seen from Table 3, using the foam backflow device was beneficial to increase biomass, microbial oil, and EPS concentrations. As compared with only feeding CSL at 8–24 h with speed of 0.02 L/h, the biomass, microbial oil, and EPS concentrations were increased by 7.4%, 13.5%, and 3.8% at the condition of feeding CSL at 8–24 h with speed of 0.02 L/h combined with foams backflow device, respectively. Our results are consistent with the previous results [36,44,45]. In addition, Anic et al. pointed out that application of foam adsorption increased the rhamnolipid yield from glucose feed [36]. It is worth noting that using the foam backflow device has no significant effect on the increase in biomass and products yielded during excess foams formation. As can be seen from Figure 4b, the cell growth was obviously inhibited at the condition of one-time addition of the overall CSL combined with the foam backflow device. One of the main reasons may be nutrient deficiencies because of the large amounts of fermented liquid leakage. Therefore, how to improve the efficiency of foam breakers is also important for controlling the formation of foams in fed-batch fermentation [45].





4. Conclusions


Foaming is considered a “general nuisance” in industrial fermentation because excessive foaming can lead to a decrease in the utilization rate of equipment and to an increase in the escape of fermentation broth. In this study, we pointed out that foam formation in fed-batch fermentation by S. pararoseus JD-2 is positively associated with the cell growth state, the air entrapment, and the properties of broth. We found that different defoamers and modes of CSL feeding show the different effects on the formation of foams. The addition of 0.03% (v/v) of the emulsified PPE using Tween 80 in fermentation broth showed the best defoaming abilities and antifoaming abilities. In addition, feeding CSL at 8–24 h with speed of 0.02 L/h resulted in only 0.3 L of fermented liquid leakage, and increased biomass, microbial oil and EPS concentrations. The foam backflow device once again proved beneficial for fed-batch fermentation. Under such efficient foam-control, S. pararoseus JD-2 produced 31.2 ± 0.8 g/L of microbial oil and 10.9 ± 0.4 g/L of EPS, which increased by 23.3% and 17.2%, respectively, in comparison to uncontrolled foaming.
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Figure 1. The effects of defoamers on defoaming, antifoaming and fermentation performance of S. pararoseus JD-2. (a) Simple foam forming device. (b) The antifoaming abilities of different defoaming:the DSA-5 represents the defoamer for bean products. (c) Effects of different synergistic methods on PPE defoaming ability (d) Effect of defoamer on S. pararoseus JD-2 fermentation. The data represent mean values and standard deviations obtained from three independent cultivations. 
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Figure 2. Causes of severe foaming in fed-batch fermentation by S. pararoseus JD-2. (a) The relationship between defoamer and frothing. (b) The relationship between ventilation and frothing. (c) The relationship between the properties of broth and frothing. The dark histograms represent the high of foams excess of fermenters. The data represent mean values and standard deviations obtained from three independent cultivations. 
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Figure 3. Effects of CSL feeding method on the fermentation of S. pararoseus JD-2. (a) The volumes of broth leakage in different modes of CSL feeding. (b) The biomass in different modes of CSL feeding. (c) The microbial oil concentration in different modes of CSL feeding. (d) The EPS concentration in different modes of CSL feeding. The data represent mean values and standard deviations obtained from three independent cultivations. 
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Figure 4. Effect of foam backflow device on the fermentation of S. pararoseus JD-2. (a) Foam backflow device. ① Fermenter, ② Antifoaming paddle, ③ Stirring paddle, ④ Exhaust pipe, ⑤ Collection bottle, ⑥ Solution without foams, ⑦ Off-gases, ⑧ Feeding pipe, ⑨ Peristaltic pump. (b) Effect of foam backflow device on cell growth of S. pararoseus JD-2. The data represent mean values and standard deviations obtained from three independent cultivations. 
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Table 1. Methods of feeding organic nitrogen source in S. pararoseus fed-batch fermentation.
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	Mode
	Loading Volume

(L)
	Initial Defoamer Concentration

(%)
	Initial CSL Concentration

(g/L)
	Time of CSL Feeding

(h)
	Speed of CSL Feeding 1

(L/h)





	I
	3.0
	0
	20
	—
	—



	II
	2.7
	0.1
	10
	24–36
	0.03



	III
	2.7
	0.1
	5
	8–24
	0.02



	IV
	2.7
	0.1
	10
	8–24
	0.02







1 The concentration of CSL used feeding in Mode II, Mode III, and Mode IV is 110 g/L, 155 g/L, and 110 g/L, respectively.
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Table 2. The foaming ability and bubble-holding ability of corn steep liquor with different pH.
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	pH of CSL 1
	Time of Foaming (s) 2
	Time of Defoaming (s)





	4
	23
	120



	5
	30
	100



	6
	55
	50



	7
	*
	5



	8
	*
	3







1 The concentration of CSL is 20 g/L. 2 “*” represents no foaming.
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Table 3. Effect of foam return device on the fermentation of S. pararoseus JD-2.
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	Feeding Mode
	Biomass

(g/L)
	Microbial Oil (g/L)
	EPS

(g/L)





	Mode I plus foam backflow device
	52.2 ± 1.6
	25.6 ± 0.7
	9.1 ± 0.3



	Mode IV plus foam backflow device
	62.3 ± 1.8
	31.2 ± 0.8
	10.9 ± 0.4
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