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Abstract

:

ε-poly-l-lysine (ε-PL) has been routinely used as a natural and safe preservative for many years in the food industry. However, most existing production methods struggle to achieve low cost and high production simultaneously. In this work, we present a co-culture fermentation strategy to enhance ε-PL production. Specifically, we screened a strain from five different strains that could be co-cultured with Streptomyces albulus to raise the production of ε-PL. Subsequently, a single factor experiment and response surface design were used to optimize the conditions of co-culture fermentation to further improve the production of ε-PL. Moreover, the optimal fermentation process was successfully verified in a 2-L fermentor with fed batch fermentation. The production of ε-PL reached 27.07 ± 0.47 g/L by 144 h. Compared with single strain (S. albulus) fermentation, the production of ε-PL was increased by 31.47%. At the same time, the amount of bacteria increased by 19.62%, which means that the ε-PL synthesis ability of bacteria had been improved. All the obtained results showed great potential for co-culture fermentation in large-scale ε-PL production and provide a new fermentation strategy for ε-PL biosynthesis.
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1. Introduction


ε-Poly-L-lysine (ε-PL) is an amino acid polymer, when polymerized containing 25–35 lysine monomer units [1]. ε-PL displays a multi-cation characteristic in acidic to slightly alkaline environments due to the presence of many free amino groups in the main chain. Furthermore, ε-PL has strong antibacterial activity against a wide spectrum of microorganisms, including most of the gram-positive and gram-negative bacteria, fungi, yeasts, and some viruses [2]. In addition, this polymer is biodegradable and non-toxic. As a result, ε-PL has been routinely used as a natural and safe food preservative for many years in the food industry in Japan, Korea, the USA, and China [3]. However, high cost of production remains a major hurdle to widespread use of this natural antimicrobial agent and highly functional material.



To meet the growing demand for ε-PL in various fields, numerous studies aimed at improving the production of ε-PL have been performed [4,5,6]. For example, to solve the problem of end-product feedback inhibition during ε-PL production, an in situ product removal method based on resin was used to increase the production of ε-PL to 23.4 g/L in 192 h in a 5-L fermenter [7]. Furthermore, to reduce energy consumption during ε-PL production, an airlift bioreactor [8], immobilized cells with repeated fed-batch cultures [9], and solid-state fermentation [10] have been employed instead of the popular approach of using free cells in a jar fermenter. In addition, pH control had also been used to improve metabolites during fermentation. Kahar et al. [11] reported that no ε-PL was produced when pH was maintained above 5.0 during fermentation, but this pH range was beneficial for cell growth; however, pH in the range of 3.5–4.5 achieved high ε-PL accumulation. Accordingly, a two-stage pH control strategy was developed and enhanced ε-PL production to 48.3 g/L. In the research of Ren et al., a pH shock strategy was used to improve the production of ε-PL [12]; although this strategy can effectively improve the production of ε-PL, it also greatly increases the amount of bacteria, which brings difficulties in the control of dissolved oxygen (DO) in industrial application.



Since then, no new fermentation strategy has been reported to improve the production of ε-PL. The existing fermentation strategies seem to encounter a bottleneck period in the process of continuously improving the production of ε-PL. Therefore, it is necessary to find a new fermentation strategy to improve the industrial productivity of ε-PL. A co-culture fermentation strategy had been used in many food fields to improve the flavor of fermented food [13,14,15], and also to improve the production of products such as L-ornithine [16] and nisin [17]. However, there is no report about the production of ε-PL by co-culture fermentation.



In this study, we first screened a strain that could co-culture with Streptomyces albicans to increase the production of ε-PL. After that, we optimized the inoculation time, inoculation amount, initial fermentation pH and fermentation temperature of the co-culture by single factor optimization. The response surface optimization was further implemented under the optimal single-factor conditions. Finally, we applied the optimal fermentation conditions to the 2 L fermentor for batch fermentation and fed-batch fermentation. Compared with single strain (S. albulus) fermentation, the final production of ε-PL increased significantly. So far, there is no report on the fermentation of co-culture to increase the production of ε-PL. Therefore, this work provides a new fermentation strategy to increase the production of ε-PL and guide the industrial application of this strategy.




2. Materials and Methods


2.1. Microorganism


The strain of Streptomyces albulus IFO 14147 and Corynebacterium glutamicum CICC 10064 was purchased from China Industrial Microbial Culture Collection and Management Center. Escherichia coli, Brevibacterium flavum, Bacillus subtilis and Lactobacillus were stored in our laboratory at −80 °C.




2.2. Culture and Fermentation Media Composition


The BNT agar [18] was used for spore preparation, which was composed of (g/L): glucose, 10; peptone, 2; yeast extract, 1; and agar, 20, with the initial pH of 7.5 adjusted by 1 M NaOH solution and/or 1 M H2SO4.



The M3G [19] as seed medium was used for S. albulus cultivation in this study, which contained (g/L): glucose, 50; yeast extract, 5; (NH4)2SO4, 10; KH2PO4, 1.36; K2HPO4·3H2O, 0.8; MgSO4·7H2O, 0.5; ZnSO4·7H2O, 0.04; FeSO4·7H2O, 0.03, with the initial pH of 6.8 adjusted by 1 M NaOH solution and/or 1 M H2SO4. A 1 mL spore suspension was taken to inoculate a 250 mL shake flask with 50 mL seed medium, and cultivated at 30 °C in a rotary shaker (HYL-C, Qiangle Experimental Co., Ltd., Taicang, China) with 200 rpm for 24 h. Then, 8% of the seeds were transferred to fresh medium and incubated at 30 °C and 200 rpm on a rotating shaker for 72 h. These cultures were used for all fermentations in this study.



Seed medium of E.coli [20], B. flavum [21], C. glutamicum [22], B. subtilis [23] and Lactobacillus [24] refer to previous reports, and the ratio of co-culture (each strain) inoculation was 8%.



The fermentation medium [25] for ε-PL adopted by our previous study was slightly modified as follows (g/L): glucose, 60; (NH4)2SO4, 10; beef extract, 10; KH2PO4, 4; MgSO4·7H2O, 0.8; and FeSO4·7H2O, 0.05, with the initial pH of 6.8 adjusted by 1 M NaOH solution and/or 1 M H2SO4.



All media components were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) at analytical and biochemical grades. All the media were sterilized in an autoclave at 121 °C for 20 min.




2.3. Single Factor Experiment in Co-Culture Fermentation


A single factor experiment was used in the condition optimizations of co-culture fermentation. The inoculum time, inoculum volume, fermentation temperature and initial pH were the main parameters for process optimization. In the present study, the inoculation time for C. glutamicum CICC 10064 was selected as 0, 12, 24, 36 and 48 h after inoculation of S. albulus IFO 14147; the inoculation amount for S. albulus was determined to be 8%, and the range of inoculation amount of C. glutamicum was optimized as 4%, 6%, 8%, 10% and 12%; the fermentation temperature was optimized as 26, 28,30, 32, 34 °C; initial pH was optimized from 6.6 to 7.6, then the fermentation medium were incubated at 30 °C and 200 rpm on a rotating shaker for 72 h.




2.4. Response Surface Design of Co-Culture Fermentation Process


After determining the inoculation time of the co-culture, a three-factor and three-level central composite design with 17 individual design points was adopted for this study [26]. The independent variables and their levels are presented in Table 1. To avoid bias, 17 runs were performed in totally random order. The independent variables, or factors studied, were the inoculation amount (A), the initial fermentation pH (B) and the fermentation temperature (C). The response or dependent variable (Y) was the production of ε-PL (Table 2). Duplicate experiments were carried out at all design points. The effect of these independent variables A, B and C on the response Y was investigated using the second order polynomial regression equation with backward elimination. The analysis of data and the optimizing process were generated using Design-Expert software (Version 8.0.6) for the experimental design and statistical analysis.




2.5. Fermentation in a 2-L Stirred Tank Bioreactor


The fermentation in a 2-L glass stirred tank bioreactor (Biotech-2BG, Baoxing Bio-Engineering Equipment Co., Ltd., Shanghai, China) was performed with a filling volume of 1.4 L. Before the inoculation, the sterilized bioreactor of temperature, aeration rate, and agitation speed was maintained at 30 °C, 0.5 vvm and 200 rpm, respectively, and initial pH was controlled at 6.8 via manual addition of ammonia water (12.5%, w/v). When the system was stable, 300 mL of 24 h-old seed culture was inoculated into the bioreactor. During the fermentation, pH and DO were monitored online by pH and DO electrodes (K8S-225 and InPro6800-12-220, Mettler Toledo, Zurich, Switzerland), respectively. The DO was kept above 30% of air saturation before pH declined to 4.0; afterward, the DO was maintained above 20% of air saturation until the end of fermentation, which was controlled by adjusting the agitation speed from 200 to 800 rpm. When the agitation speed reached 800 rpm, aeration rate was then manually increased stepwise by 0.5 vvm, with a range of 0.5–2.5 vvm. In addition, when the glucose concentration in the fermentation broth was below 10 g/L, the sterilized glucose (90%, w/v) was automatically added and maintained at about 10 g/L to prevent carbon source limitation. Moreover, when the ammonia nitrogen (NH4+-N) concentration was less than 0.5 g/L, the sterilized (NH4)2SO4 solution (40%, w/v) was also automatically added and maintained at about 0.5 g/L for preventing nitrogen source limitation. Those conditions were used throughout this study when fermentations were performed in the 2 L bioreactor.




2.6. Analytical Methods


All samples were centrifuged at 4500× g for 10 min at 20 °C. For determination of the dry cell weight (DCW), the precipitate was collected and washed twice with deionized water, then the washed mycelia were filtered through a pre-weighed filter paper and dried at 105 °C to a constant weight. The supernatant was used for further analysis. The ε-PL concentration was determined using the method described by Itzhaki [27]. Briefly, the supernatant was diluted to ensure that the concentration of ε-PL was maintained between 0.01 and 0.1 g/L, and then 2.0 mL diluent was mixed with 2.0 mL 1 mM methyl orange solution (pH 6.90). After vortex mixing, the precipitation reaction was incubated at 30 °C for 30 min in a shaker at 200 rpm. Subsequently, the mixture was centrifuged at 4500× g for 15 min, and the supernatant was diluted 20-fold and its absorbance was measured at 465 nm. The concentration of glucose was determined using a biosensor (SBA-50B, Biology Institute of Shandong Academy of Sciences, Jinan, China), and NH4+-N was analyzed by a colorimetric method using Nessler reagent [28].




2.7. Statistical Analysis


Each value is a mean of three replications. The results are expressed as mean ± standard deviation (mean ± S.D.). The difference between experimental group and control group in this study was distinguished by statistical analysis with GraphPad Prism 6.0 and p-value < 0.05 was considered significant.





3. Results


3.1. Improving the Production of ε-PL by Co-Culture with S. albulus IFO 14147 and C. glutamicum CICC 10064


In this study, we selected five different strains for co-culture with S. albulus IFO 14147. After the seed solution was prepared, five different strains were inoculated with S. albulus into a 250 mL shake flask with 50 mL fermentation medium by inoculum of 8%, then cultivated at 30 °C in a rotary shaker with 200 rpm for 72 h. The production of ε-PL was determined after the fermentation and shown in Figure 1a. Compared to the single strain fermentation of S. albulus (0.886 g/L), the production of ε-PL showed an increase only in the co-culture of S. albulus with C. glutamicum group ((0.976 g/L) by 14.02% (p < 0.05). We speculate that the other four strains may have developed competitive relationships when co-cultured with S. albulus, or may have metabolized certain products that inhibit the synthesis of ε-PL by S. albulus. Therefore, C. glutamicum CICC 10064 was selected to co-culture with S. albulus IFO 14147 to increase the production of ε-PL. Figure 1b shows that these two strains could coexist in the fermentation broth (C. glutamicum is short rod-shaped and S. albulus is a spherical mycelium), which indicates that the metabolites produced by strains will not inhibit or damage them.




3.2. Single Factor Experiment on Co-Culture Fermentation


3.2.1. Effect of Inoculum Time Conditions on ε-PL Production


It is well known that age represents the physiological state of the seed culture; therefore, inoculation time could significantly influence on the co-culture of different strains. The optimized results are shown in Figure 2a. The highest production of ε-PL (1.13 ± 0.03 g/L) was obtained 12 h after the inoculation of S. albulus IFO 14147. Therefore, the inoculation time of C. glutamicum was determined to be 12 h after S. albulus inoculation.




3.2.2. Effect of Inoculum Volume on ε-PL Production


Inoculum volume plays an important role in fermentation. Especially in co-culture, if the inoculum of one strain is too small, it will cause one of the strains to become a weak strain and it cannot achieve co-growth [16]. As shown in Figure 2b, the highest production of ε-PL was obtained when the inoculation amount of C. glutamicum was 10%.




3.2.3. Effect of Fermentation Temperature on ε-PL Production


The results of the optimization of the fermentation temperature of the co-culture are shown in the Figure 2c. At 12 h after inoculation of S. albulus, and C. glutamicum was inoculated with 10% of the inoculum, the highest production of ε-PL was obtained when the inoculation temperature was 30 °C.




3.2.4. Effect of Initial pH on ε-PL Production


The initial pH might influence mycelial growth. Thus, the effects of initial pH on ε-PL production in co-culture were evaluated, and the results are shown in Figure 2d. With the increase in the initial fermentation pH value, the production of ε-PL gradually increased and reached the highest value at pH 7.4. With the initial fermentation pH continuing to increase, the production of ε-PL would no longer increase, but had a decreasing trend. Therefore the optimal initial fermentation pH was determined to be 7.4.





3.3. Response Surface Design to Optimize the Optimal Fermentation Conditions of Co-Culture


Based on the results of single factor experiments, inoculum volume, fermentation temperature, and initial pH were selected as variables, and optimized by Box–Behnken experimental design [29]. The second-order polynomial equation explains the production of ε-PL obtained by multiple regression analysis, which is shown as follows:


Y = −195.176 + 0.537A + 1.718B + 45.412C − 0.011AB + 0.107BC + 0.028AC − 0.02A2 − 0.04B2 − 3.307C2



(1)




where Y is the production of ε-PL (g/L), A is inoculum volume, B is fermentation temperature, and C is initial pH, respectively.



The results were analyzed by ANOVA and the statistical significance was checked by F test. As shown in Table 3, the F value was 29.18, which implied that the model was statistically significant (p < 0.001). The p value for lack of fit (0.5577) implied that the lack of fit was not significant compared with pure error. The value of R2 (0.9847) and Adj-R2 (0.9651) suggested that the regression equation developed had a goodness of fit and could successfully predict the response and explain more than 95% of the variability in the production of ε-PL. Furthermore, the coefficient of variation (C.V. = 1.92%) indicated a high degree of precision and better reliability of these experimental results.



All the results showed good consistency between the experimental and predicted production of ε-PL, which also implied that the mathematical model was suitable for the production of ε-PL in the present study. The smaller the magnitude of p value, the more significant the corresponding term, which can also help to understand the interaction among the variables [30]. From Table 3, the most significant factors of this model were A, B, AB, A2, B2 and C2. The p values of these were all less than 0.01, followed by BC. Information visualization of the relationship between variables and response were carried out through three-dimensional response surfaces and count plots based on the result of the second-order polynomial function model (Figure 3). As shown in Figure 3a,e, the slope of the surface is steep, and inoculum volume and fermentation temperature (AB) displayed a significant effect on the production of ε-PL. This result suggested that inoculum volume and fermentation temperature might be the crucial factors in promoting the production of ε-PL, followed by fermentation temperature and initial pH (BC). The mutual interaction between inoculum volume and initial pH (AC) was not significant (Figure 3c), which is consistent with results of ANOVA analysis. Moreover, contour shapes (Figure 3b,d,f) indicate that the production of ε-PL changes relatively insignificantly along with variation in initial pH.




3.4. Verification Test with the Optimal Fermentation Conditions of Co-Culture


The second-order polynomial model obtained by the regression analysis was used to calculate the optimal parameters for the highest production of ε-PL, and the optimal predicted values of the variables are as follows: inoculum volume, 10.37%; fermentation temperature, 30.2 °C; and initial pH, 7.40. Under the optimal conditions, the maximum predicted production of ε-PL was 1.482 g/L. The production of ε-PL achieved 1.501 ± 0.013 g/L at optimal conditions with triple validation experiments in the shake flask, and the relative error between the predicted value and the experiment value was only 1.01%, indicating that the production of ε-PL in the experiment was in a good agreement with the model prediction. The production of ε-PL obtained in co-culture with the optimized conditions was 53.79% (p < 0.01) higher than that before optimization (0.976 g/L). The result suggests that co-culture fermentation strategy can be carried out in the fermenter at a large-scale.




3.5. Production of ε-PL with Co-Culture Fermentation Strategy in a 2-L Fermenter


Following optimization of the fermentation parameters, a novel co-culture fermentation strategy was developed and performed in a 2-L jar fermenter; fed-batch fermentation of single S. albulus was also carried out as control group (Figure 4a). As shown in Figure 4b (experimental group), C. glutamicum was inoculated into the fermentor 12 h after the start of fermentation and co-culture with S. albulus. The DO level remained at 30% before the pH was reduced to 4.0, and then remained at 20% (pH reached 4.0) until the end of fermentation. When the glucose concentration in the fermentation broth was below 10 g/L, the sterilized glucose (90%, w/v) was automatically added and maintained at about 10 g/L, and the consumption rate of glucose (CRG) in the experimental group was higher than that in the control group after 72 h of fermentation. In the experimental group, ε-PL steadily accumulated in the culture broth from the start of fed-batch fermentation, and finally reached 27.07 ± 0.47 g/L by 144 h. However, the DCW in the experimental group was only 43.84 ± 0.98 g/L, showing a decrease compared to that in the control group. This means that more glucose was used to synthesize ε-PL, i.e., the ability of bacteria to synthesize ε-PL had been improved.





4. Discussion


When compared with the single-strain fermentation of S. albulus, the co-culture fermentation process exhibited two advantages. First, the DCW in the co-culture fermentation process decreased by 16.39% (Table 4). It has been reported that lower DCW could result in decreased viscosity of the fermentation broth and increased oxygen transfer coefficients [31], so the consumption of aseptic air and power for stirring during fermentation would be reduced, and ultimately decrease the total power consumption. ε-PL fermentation is a high oxygen consumption bioprocess, with power consumption for aseptic air preparation covering over 50% of the cost of ε-PL fermentation [18]. Thus, the lower DCW could reduce the consumption of aseptic air and decrease the cost of fermentation.



In addition, the co-culture fermentation strategy could considerably increase the production of ε-PL. In the novel fermentation process, C. glutamicum was co-cultured with S. albulus after the start of fermentation, and the CRG in co-culture group showed no significant increase compared to that in the control group. However, ε-PL in the experimental group showed higher production after 48 h, and this continued until the end of fermentation. At the end of the fermentation, the production and the yield of ε-PL reached 27.07 ± 0.47 g/L and 0.62 ± 0.06 g/g, compared with the control group, increasing by 31.47% and 58.97% (Table 4). This means that more glucose was used to synthesize ε-PL than bacteria, indicating that the utilization of raw materials had been increased. It is speculated that, in the co-culture fermentation system, the presence of C. glutamicum changes the composition of nutrients in the fermentation broth, and some intermediate metabolites may stimulate or promote the metabolic pathway of L-lysine synthesis in S. albulus, thereby increasing the final production of ε-PL. Thus, the novel co-culture fermentation strategy could be significantly important for rapid and efficient production of ε-PL.



It has been reported that some other fermentation products, nisin and bioethanol, could also be markedly enhanced by co-culture fermentation. It was confirmed that yeast can utilize the metabolic by-products of C. glutamicum, such as residual sugar metabolic intermediates, hetero-acids, and so on, to further improve the L-Ornithine production during the co-culture fermentation process [16]. In the latest report of nisin, the researchers co-cultured Saccharomyces cerevisiae with Lactococcus lactis to improve the production of nisin [17]. He et al. enhanced cellulosic bioethanol fermentation by co-culture of Clostridium and Thermoanaerobacter spp. and pointed out that vitamin B12, which is produced by Thermoanaerobacter spp., could be used as valuable nutrient supplements to optimize the fermentative production of bioethanol [32]. These findings will guide us in studying the mechanism of increasing the production of ε-PL by co-culture fermentation.




5. Conclusions


In conclusion, a novel fermentation strategy was developed by co-culture fermentation to increase the production of ε-PL. Under the optimal conditions, the production and the yield of ε-PL reached 27.07 ± 0.47 g/L and 0.52 ± 0.02 g/g after 144 h of fed-batch fermentation in a 2-L fermenter, which were 31.47% and 13.04% higher, respectively, when compared with single strain fermentation. As a result, the proposed strategy might significantly increase the amount of DCW and the production of ε-PL. The results obtained in this study could be useful for large-scale ε-PL production.
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Figure 1. Co-culture and fermentation of S. albulus IFO 14147 with different microorganisms (a) and picture of co-culture fermentation broth of S. albulus and C. glutamicum (b). (* represent p < 0.05; black arrow: means the mycelial morphology of S. albulus and C. glutamicum). 
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Figure 2. Optimization of fermentation conditions of co-culture for improving the production of ε-PL in flask cultivation level: (a) inoculation time of C. glutamicum, (b) inoculation volume of C. glutamicum, (c) different fermentation temperature, (d) different initial pH. (* represent p < 0.05). 
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Figure 3. Three-dimensional plots and corresponding contour plots of the three variables on the response (production of ε-PL(g/L)) of the second-order polynomial function model. ((a,b) effect of inoculum volume and fermentation temperature; (c,d) effect of inoculum volume and initial pH; (e,f) effect of initial pH and fermentation temperature). 
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Figure 4. Fed-batch fermentation of ε-PL with different fermentation strategies: (a) control group; (b) experimental group. 
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Table 1. The levels of selected fermentation conditions for inoculation.






Table 1. The levels of selected fermentation conditions for inoculation.





	
Parameters

	
Levels




	
−1

	
0

	
1






	
Inoculums volume (%)

	
8%

	
10%

	
12%




	
Fermentation temperature (°C)

	
28

	
30

	
32




	
Initial pH

	
7.2

	
7.4

	
7.6
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Table 2. The response surface design and results.
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	Run No
	A
	B
	C





	1
	−1
	−1
	0



	2
	−1
	1
	0



	3
	1
	−1
	0



	4
	1
	1
	0



	5
	0
	−1
	−1



	6
	0
	−1
	1



	7
	0
	1
	−1



	8
	0
	1
	1



	9
	−1
	0
	−1



	10
	1
	0
	−1



	11
	−1
	0
	1



	12
	1
	0
	1



	13
	0
	0
	0



	14
	0
	0
	0



	15
	0
	0
	0



	16
	0
	0
	0



	17
	0
	0
	0







Note: A is inoculum volume, B is fermentation temperature, and C is initial pH, respectively.
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Table 3. Analysis of variance (ANOVA) of Box–Behnken design experiments for co-culture fermentation.
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	Source
	Sum of Square
	df
	Mean Square
	F Value
	p Value
	Significant





	Model
	0.2796
	9
	0.0311
	50.16
	<0.0001
	**



	A
	0.0096
	1
	0.0096
	15.51
	0.0056
	**



	B
	0.0097
	1
	0.0097
	15.72
	0.0054
	**



	C
	0.0008
	1
	0.0008
	1.36
	0.2825
	



	AB
	0.0077
	1
	0.0077
	12.38
	0.0097
	**



	AC
	0.0005
	1
	0.0005
	0.7847
	0.4051
	



	BC
	0.0073
	1
	0.0073
	11.77
	0.0110
	*



	A2
	0.0231
	1
	0.0231
	47.50
	0.0002
	**



	B2
	0.0930
	1
	0.0930
	181.14
	<0.0001
	**



	C2
	0.0646
	1
	0.0646
	127.18
	<0.0001
	**



	Residual
	0.0043
	7
	0.0272
	
	
	



	Lack of fit
	0.0016
	3
	0.0005
	5.91
	0.7120
	



	Pure Error
	0.0027
	2
	0.0010
	
	
	



	Cor Total
	0.2840
	14
	
	
	
	



	R2
	0.9847
	
	
	
	
	



	Adj-R2
	0.9651
	
	
	
	
	



	C.V.%
	1.92
	
	
	
	
	







Note: A is inoculum volume, B is fermentation temperature, and C is initial pH. * and ** Represent p < 0.05 and p < 0.01, respectively.
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Table 4. Comparison of fermentation parameters in fed-batch fermentation of ε-PL with different fermentation strategies.
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	Parameters
	Control Group
	Experimental Group
	Comparison (%)





	Fermentation time (h)
	144
	144
	0



	ε-PL production (g/L)
	20.59 ± 0.39
	27.07 ± 0.47
	31.47



	DCW (g/L)
	43.84 ± 0.98
	52.44 ± 1.18
	19.62



	Yield (g/g)
	0.46 ± 0.01
	0.52 ± 0.02
	13.04
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