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Abstract

:

Medium chain carboxylates (MCCs) are important precursors for biodiesel production. Using chain elongation to produce MCCs is an emerging bioenergy technology. In this study, batch tests were conducted to investigate fermentative MCC production through chain elongation from acetate, propionate, n-butyrate, and ethanol. The effect of the acid/ethanol ratio on MCC production by mixed culture was investigated. Better MCC production, especially n-caproate production, was achieved at optimal acid/ethanol ratios of 1:4, 1:3, and 1:2 with acetate, propionate, and n-butyrate as the electron acceptor, respectively. The n-caproate concentration was high, up to 41.54 mmol/L, and the highest n-caproate production efficiency was 57.96% with the n-butyrate/ethanol ratio of 1:2. The higher concentration of ethanol might stimulate the growth of chain elongation bacteria to promote chain elongation. The highest MCC production efficiency with different electron acceptors corresponded to less carbon loss and a higher chain elongation degree. In addition, with the optimal acid/ethanol ratio, the substrate was maximally utilized for chain elongation. The microbial community analysis confirmed the carbon balance analysis with the maximum relative abundance of 52.66–60.55% of the n-caproate producer Clostridium_sensu_stricto_12 enriched by the optimal acid/ethanol ratios with different volatile fatty acids (VFAs) as electron acceptors.






Keywords:


chain elongation; acid/ethanol ratio; electron acceptor; MCC production; carbon balance; Microbial community












1. Introduction


The energy crisis is a noticeable problem in the world. Numerous countries are finding new energies to cope with the extreme consumption of fossil fuels. Anaerobic digestion with methane output as the main energetic component has been studied by many researchers [1,2,3,4,5]. However, the lower energy density and economic value of methane limits its practical application [6]. Thus, in recent years, the renewable biochemical production platform called the carboxylate platform has been proposed and caught the attention of many researchers [7,8]. The carboxylate platform aims to produce carboxylic acids from biomass fermentation, which is of greater economic value than methane. These products include the intermediate fermentation products of biomass, volatile fatty acids (VFAs), such as acetate (C2), propionate (C3), and n-butyrate (C4), as well as their chain elongation products, medium-chain carboxylates (MCCs), such as n-valerate (C5), n-caproate (C6), n-heptanoate (C7), and n-caprylate (C8). The MCCs can be used as antimicrobials and corrosion inhibitors, or as precursors of many important biochemicals, including biodiesel and bioplastic [9,10] with higher added value or higher energy density than methane and VFAs [11]. Therefore, converting VFAs into MCCs is beneficial for the maximum utilization of energy in biomass wastes.



As an emerging bioenergy technology in the carboxylate platform, carbon chain elongation has become more and more attractive in environmental research and industrial application [12,13,14]. The chain elongation of short-chain carboxylates (SCCs) to MCCs commonly occurs via a reverse β oxidation pathway with ethanol as a source of carbon, energy, and reducing equivalents [15,16]. Steinbusch et al. [17] suggested that not only the nature of the electron donor, but also the ratio of the electron donor to electron acceptor might influence the production and component structure of chain elongation products. Therefore, several studies have been completed on the effect of the acetate/ethanol ratio on the chain elongation to achieve a higher MCC production with n-caproate as the targeted production. Yin et al. [18] conducted batch tests at different acetate/ethanol ratios (8:2, 7:3, 5:5, 3:7, 2:8) with a pure chain elongation bacteria culture, and found that the highest n-caproate concentration of 3.11 g/L was achieved at an acetate/ethanol ratio of 3:7. Liu et al. [19] evaluated an acetate/ethanol ratio from 2:1 to 1:3 and showed that with an acetate/ethanol ratio of 1:3, the highest n-caproate concentration of 3.03 g/L was achieved with an unacclimatized inoculum. The inoculums may also influence the optimal acetate/ethanol ratio.



On the other hand, the natural fermentation broth of biomass is normally a mixture of VFAs, mainly composed with acetate, propionate, n-butyrate, and so on [20,21,22], therefore, the optimization of the acid/ethanol ratio on a mixed chain elongation fermentation with several VFAs as the electron acceptor is important. The usage of different single acids provides a diversity of MCC products [23], which indicates a significantly varied production and component structure of chain elongation products with different VFAs as the electron acceptor corresponding to different acid/ethanol ratios. However, there is little research aimed at investigating the effect of propionate or the n-butyrate/ethanol ratio on the n-caproate production. Ge et al. [24] proposed that an n-butyrate/ethanol ratio of 1:2 was an optimum ratio, however, this is only a speculation without experimental verification. In addition, a systematic evaluation of the effect of the acid/ethanol ratio on the mixed culture elongation reaction with different VFAs as the electron acceptor is still needed.



Therefore, in this paper, the acid/ethanol ratios of 2:1, 1:1, 1:2, 1:3, and 1:4 with acetate, propionate, and n-butyrate as the electron acceptor was studied under an open culture. The n-caproate was selected as the target product because of its high production and the high proportion of even-carbon substrates in the fermentation broth [12]. The aims of this paper were to investigate the performance of chain elongation at different acid/ethanol ratios with different single acids as the electron acceptor. According to the experimental results, the carbon balance during chain elongation was analyzed and the optimal acid/ethanol ratio for different electron acceptors was estimated. The microbial community analysis was conducted to explore the effect of the ethanol ratio on the enrichment of functioned bacteria with different electron acceptors and to further clarify the mechanism of community variation. This research provides a novel insight of the acid/ethanol ratio effect on chain elongation with diverse electron acceptors under mixed culture, which is beneficial for efficient MCC production, improving economic efficiency, and the sustainability of biomass utilization.




2. Materials and Methods


2.1. Open Culture Inocula


Initial inoculation sludge was the granular sludge from an internal circulation reactor for anaerobic fermentation of high concentration organic wastewater in Beijing. The inoculation sludge was then acclimatized for chain elongation at 35 °C for almost two months. Acetate and ethanol were added as the electron acceptor and donor in an acetate/ethanol molar ratio of 1:3 with an initial addition of 50 mmol/L acetate and 150 mmol/L ethanol, and the n-butyrate was the main product. After that, the inocula were centrifuged at 11,600 g for 15 min. The supernatant was discarded to avoid interference to the substrate, and the solid was used as the open culture inocula.




2.2. Medium


The medium for batch chain elongation in each bottle contained ~100 mL working solution with different concentrations of VFAs and ethanol as substrates, including pure acid (0.3134, 0.4845, and 0.5484 mL for acetate, propionate, and n-butyrate, respectively), pure ethanol (0.1751–1.4008 mL for different acid/ethanol ratios), and 100 mL mineral stock. The mineral stock contained 3600 mg/L NH4H2PO4, 600 mg/L MgCl2, 150 mg/L KCl, 200 mg/L CaCl2·2H2O, 4000 mg/L K2CO3, and 1 mL trace element solution [17]. The initial acid (acetate, propionate, and n-butyrate, respectively) concentration was set as 60 mmol/L. In addition, 1 g/L yeast extract was added to improve the growth of MCC-producing bacteria [25]. Then, 10 g/L 2-Bromoethanesulfonate (2-BrES) was added to inhibit acetoclastic methanogenesis [26].




2.3. Batch Chain Elongation Experiments


Batch experiments were conducted in 300 mL glass bottles with 100 mL working volume and 200 mL headspace. Fifteen experimental groups were implemented using acetate, propionate, and n-butyrate as the electron acceptor and ethanol as the electron donor with the acid/ethanol molar ratios of 2:1, 1:1, 1:2, 1:3, and 1:4, respectively, with the initial ethanol concentrations of 30, 60, 120, 180, and 240 mmol/L, respectively. The initial inocula/substrate ratio was 1:4 based on volatile solids (VS). Thus, each bottle contained 100 mL medium and inoculum sludge from 7.48 to 24.52 mL, respectively. After inoculation, the system pH was adjusted to 6.5–7.0 with 2 mol/L NaOH or HCl, and the bottles were flushed with nitrogen gas for 3 min to remove oxygen before fermentation. All bottles were incubated at 35 °C in a rotating shaker with a rotation speed of 140 r/min for 12 d. Every day, 2 mL liquid was taken out for the analysis of pH change, substrate degradation, and MCC formation. All experiments were performed in duplicate. The reported results were the average values with standard deviations.




2.4. Chemical Analysis


The pH of the liquid samples was measured by an on-line pH meter M200 with a sensor of InPro3250i/SG/120 (Mettler Toledo, Switzerland). The liquid sample was centrifuged at 11,000 g for 15 min, and the supernatant was diluted with ultrapure water to 10% (v/v) for fatty acid analysis. Fatty acids and ethanol were analyzed by gas chromatography (GC-2018, Schimadzu (China) Co., China) with a WondaCap-WAX column (30 m × 0.25 mm × 0.25 μm, Schimadzu, China) and a flame ionization detector (FID). Then, 1 mL filtered aqueous samples (0.45 µm + 0.22 µm) were placed in a vial together with 100 µL freshly prepared 3% phosphoric acid. Prepared sample of 0.5 µL were injected by an auto injector (AOC-20i, Schimadzu, China) at 250 °C with a split ratio of 35. The oven temperature was held at 90 °C for 1 min, increased by 10 °C/min from 90 to 240 °C, and then was kept at 240 °C for 10 min. The carrier gas was nitrogen with a column flow rate of 1.6 mL/min. FID temperature was set at 250 °C, and the flow rate of hydrogen and synthetic air was set as 40 and 400 mL/min, respectively.




2.5. High Throughput Sequencing of the Microbial Community


To analyze the composition of the microbial community during chain elongation fermentation, the centrifuged solids of the sludge samples were stored at −80 °C before DNA extraction. The sludge samples were collected at the end of the rapid reaction phase in the different chain elongation systems. Microbial DNA extraction was performed using the E.Z.N.A. soil DNA kit (Omega Bio-tek, Norcross, GA, USA). The V4-V5 region of the bacteria 16S ribosomal RNA gene were amplified by PCR using primers 515F (5’-GTGCCAGCMGCCGCGG-3’) and 907R (5’-CCGTCAATTCMTTTRAGTTT-3’) [19]. PCR reactions were performed in triplicate with the 20 μL mixture containing 5 × FastPfu Buffer of 4 μL, 2.5 mmol/L dNTPs of 2 μL, each primer (5 μmol/L) of 0.8 μL, FastPfu Polymerase of 0.4 μL, and template DNA of 10 ng. After purification and quantification of PCR products, amplicon sequencing was conducted using an Illumina MiSeq PE250 platform (Shanghai Majorbio Bio-pharm Technology Co. Ltd., Shanghai, China) [27].




2.6. Evaluation of Chain Elongation Performance


When the chain elongation reaction reached a stable phase, several metrics were used to evaluate the effect of chain elongation, MCC production, and carbon balance with different electron acceptors at different acid/ethanol ratios.



The total MCC production efficiency is the ratio of the carbon equivalent quantity (Ceq) of the total MCCs produced to that of the initial carbon source added, which is calculated as Equation (1) [19]:


Total MCC production efficiency = CeqMCCs/(Ceqethanol + CeqSCCs)added



(1)




where CeqMCCs is the Ceq of the total MCCs produced, which is broadly defined as including n-butyrate in this study. Ceqethanol and CeqSCCs represent the Ceq of ethanol and the SCCs, respectively.



To evaluate the specific MCC production, including every individual MCC product, the specific MCC production efficiency was defined as the ratio of Ceq of the specific MCC produced to that of the initial carbon source added, as Equation (2):


Specific MCC production efficiency = Ceqspecific MCC/(Ceqethanol + CeqSCCs)added



(2)




where Ceqspecific MCC is the Ceq of the specific MCC produced. The sum of the specific MCC production efficiency is equal to the total MCC production efficiency.



The residual carbon efficiency characterizes the extent to which the substrate was not converted to longer chain products, which is the ratio of Ceq of the total residual substrate to that of the initial carbon source added, as shown in Equation (3):


Residual carbon efficiency = (Ceqethanol + CeqSCCs)residual/(Ceqethanol + CeqSCCs)added.



(3)







To evaluate the specific organic residual, including every individual VFA substrate, the specific residual organic efficiency was defined as the ratio of Ceq of the specific organic residual to that of the initial carbon source added, as Equation (4):


Specific residual organic efficiency = Ceqspecific residual organic/(Ceqethanol + CeqSCCs)added



(4)




where Ceqspecific residual organic is the Ceq of the specific organic residual.



The lost carbon efficiency represents the net loss of the carbon source in the chain elongation system, being calculated as the ratio of Ceq of the lost carbon to that of the initial carbon source added in Equation (5):


Lost carbon efficiency = 1 − [(Ceqethanol + CeqSCCs)residual + CeqMCCs]/(Ceqethanol + CeqSCCs)added.



(5)









3. Results and Discussion


3.1. Effect of the Acetate/Ethanol Ratio on Chain Elongation


3.1.1. Performance of Chain Elongation with Different Acetate/Ethanol Ratios


The concentration variations of substrates and products along the 12 day chain elongation period are shown in Figure 1. The chain elongation with different acetate/ethanol ratios all can be divide into lag phase, rapid reaction phase, and stable phase. However, the duration of these three phases was different for different acetate/ethanol ratios. The lag phase with the acetate/ethanol ratios of 2:1, 1:1, 1:2, and 1:3 was 3 d, and was shortened to 2 d with the decrease of the acetate/ethanol ratio to 1:4. The rapid reaction phase with the acetate/ethanol ratios of 2:1 and 1:1 was the shortest at 1 d, and was prolonged to 2 d with the increase of the acetate/ethanol ratio to 1:2, 1:3, and further increased to 4 d with the acetate/ethanol ratio of 1:4. It could be speculated that within a certain range, a higher proportion of added ethanol resulted in a shorter lag phase and a longer rapid reaction phase for chain elongation with acetate as the electron acceptor. The higher concentration of ethanol might stimulate the growth of chain elongation bacteria to promote chain elongation and increase the reaction degree. In the lag phase, the substrate concentration varied in scope, in which the ethanol concentration decreased slowly, and the acetate concentration increased slightly. There was almost no MCC produced in this stage, while the microbes adapted to the new environment, synthesized, and stored enough enzymes, energy, and intermediate metabolites for their growth. In the rapid reaction phase, the acetate and ethanol were consumed rapidly, producing a large amount of n-butyrate and a small quantity of n-caproate through the chain elongation process. During the stable phase, the composition of the system tended to be steady because of substrate deficiency. Furthermore, in the rapid reaction phase, a more rapid increase of n-butyrate production was observed than that of n-caproate, which may be derived from the rule of adding two carbons at one time and the regulation of acetate elongation to n-butyrate and the latter elongation to n-caproate [28].




3.1.2. Comparison of Chain Elongation with Different Acetate/Ethanol Ratios


We choose the highest reaction degree in the stable phase (day 12, day 12, day 12, day 6.5, and day 12 for acetate/ethanol ratios of 2:1, 1:1, 1:2, 1:3, and 1:4, respectively) to compare the chain elongation performance with different acetate/ethanol ratios, as shown in Figure 2. It was found that the consumption of ethanol increased with the decrease of acetate/ethanol ratios from 2:1 to 1:4. The consumption of acetate and the total production of fatty acid increased with the decrease of the acetate/ethanol ratio from 2:1 to 1:3, and then decreased slightly from 1:3 to 1:4. Among the MCC products, the largest n-butyrate production of 60.03 mmol/L was achieved with the acetate/ethanol ratio of 1:3, while the largest n-caproate production of 20.09 mmol/L was achieved with the acetate/ethanol ratio of 1:4. The increase of n-caproate production with the decrease of acetate/ethanol ratio from 2:1 to 1:4 indicated that a higher acetate/ethanol ratio was more conducive to the conversion of n-butyrate to n-caproate, which accorded with the results of other research [29,30,31], therefore, 1:4 was the optimal acetate/ethanol ratio for acetate chain elongation. However, the chain elongation with acetate as the electron acceptor did not have a high conversion efficiency to n-caproate. The accumulation of n-butyrate might be attributed to the low partial pressure of hydrogen in the chain elongation system [17].





3.2. Effect of the Propionate/Ethanol Ratio on Chain Elongation


3.2.1. Performance of Chain Elongation with Different Propionate/Ethanol Ratios


The concentration variations of substrates and products along the 12 days chain elongation period are shown in Figure 3. The chain elongation with propionate as the electron acceptor also presented the lag phase, rapid reaction phase, and stable phase. The lag phase with the propionate/ethanol ratio of 2:1 was 7 d, and was shortened to 6 d with the propionate/ethanol ratio of 1:1, and was the shortest with the propionate/ethanol ratios of 1:2, 1:3, and 1:4. The rapid reaction phase in all experiment groups was about 2 d. A higher proportion of added ethanol resulted in a shorter lag phase with propionate as electron acceptor. In the lag phase, there was an obvious decrease of ethanol and propionate concentrations with continuous production of acetate. Similar to the "production of hydrogen and acetate" in the anaerobic digestion process, ethanol and propionate were converted into acetate, carbon dioxide, and hydrogen by acetogens. This process is known as substrate oxidation and was the major reason for the substrate conversion almost without MCC generation in the lag phase [32]. The rapid reaction phase of propionate chain elongation could be further divided into the propionate elongation phase and acetate elongation phase, and these two reaction phases overlapped each other. In the propionate elongation phase, propionate and ethanol were consumed rapidly to produc n-valerate; in the acetate elongation phase, similar to the chain elongation with acetate as the electron acceptor, acetate and ethanol were consumed as substrates to produce n-butyrate and n-caproate simultaneously (Figure 3). Therefore, the main products with propionate as the electron acceptor were not only n-valerate, but also n-butyrate and n-caproate, which accorded with the results from Bornstein and Barker [29]. Obviously, the acetate produced from propionate oxidation promoted the even-carbon chain elongation.




3.2.2. Comparison of Chain Elongation with Different Propionate/Ethanol Ratios


The highest reaction degree in the stable phase (day 12, day 12, day 10, day 10, and day 10 for propionate/ethanol ratios of 2:1, 1:1, 1:2, 1:3, and 1:4, respectively) was chosen to compare the chain elongation performance with different propionate/ethanol ratios, as shown in Figure 4. Similar with the chain elongation of acetate, the consumption of ethanol increased with the decrease of the propionate/ethanol ratio from 2:1 to 1:4. The consumption of propionate and the total production of fatty acid increased with the decrease of the propionate/ethanol ratio from 2:1 to 1:3, and then decreased slightly from 1:3 to 1:4. The production of n-valerate (about 23 mmol/L) was similar with the propionate/ethanol ratios of 1:2 and 1:3; while the production of the target product n-caproate (about 20 mmol/L) was similar with the propionate/ethanol ratios of 1:3 and 1:4. Both the largest production of the main products n-valerate (23.97 mmol/L) and n-caproate (21.44 mmol/L) were achieved with the propionate/ethanol ratio of 1:3. What is more, the chain elongation with propionate as the electron acceptor realized the effective conversion from n-butyrate to n-caproate with the propionate/ethanol ratio of 1:3. The best chain elongation performance suggested that 1:3 was the optimal propionate/ethanol ratio for chain elongation with propionate as the electron acceptor. In addition, as shown in Figure 4b, there was a small amount of n-heptanoate produced (1.61 mmol/L for the propionate/ethanol ratio of 1:3).





3.3. Effect of the n-Butyrate/Ethanol Ratio on Chain Elongation


3.3.1. Performance of Chain Elongation with Different n-Butyrate/Ethanol Ratios


As shown in Figure 5, the chain elongation with n-butyrate as the electron acceptor also presented a lag phase, rapid reaction phase, and stable phase. The lag phase with the n-butyrate/ethanol ratios of 2:1 and 1:1 was 6 d, and was shortened to 4 d with the n-butyrate/ethanol ratios of 1:2, 1:3, and 1:4. The rapid reaction phase with all n-butyrate/ethanol ratios was about 2 d. A higher proportion of added ethanol corresponded to a shorter lag phase with n-butyrate as the electron acceptor. In the lag phase, the acetate was continuously generated, while the concentration of ethanol and n-butyrate decreased, almost without any chain elongation (Figure 5). This phenomenon is similar to that with propionate as the electron acceptor, where both ethanol oxidation and propionate or n-butyrate oxidation occurred. In the rapid reaction phase, the n-butyrate and ethanol were rapidly consumed to produce a large amount of n-caproate through chain elongation. It is worth noting that the concentration of acetate generated in the lag phase slightly decreased from day 5 to day 6 with the n-butyrate/ethanol ratios of 1:2 and 1:3, indicating that the chain elongation of acetate also occurred in these reaction systems, which could be named as acetoclastic caprogenesis. It is obvious that the acetate elongation to n-butyrate might be driven by the n-butyrate reduction due to the n-butyrate elongation to n-caproate, which indicated a better chain elongation effect with the n-butyrate/ethanol ratios of 1:2 and 1:3.




3.3.2. Comparison of Chain Elongation with Different n-Butyrate/Ethanol Ratios


The highest reaction degree in the stable phase (day 12, day 9, day 10, day 8, and day 9 for n-butyrate/ethanol ratios of 2:1, 1:1, 1:2, 1:3, and 1:4, respectively) with different n-butyrate/ethanol ratios is shown in Figure 6. Different from the chain elongation of acetate and propionate, both the consumption of ethanol and n-butyrate increased with the decrease of n-butyrate/ethanol ratios from 2:1 to 1:3, and then decreased slightly from 1:3 to 1:4. The same variation trend was also observed in the total production of fatty acids and n-caproate. The largest production of targeted n-caproate of 49.36 mmol/L was achieved with the n-butyrate/ethanol ratio of 1:3. Compared to 1:3, the similar n-caproate production of 41.54 mmol/L was achieved with the n-butyrate/ethanol ratio of 1:2 but consumed less ethanol, indicating that a higher n-caproate production efficiency might be achieved with the ratio of 1:2. What is more, the chain elongation with n-butyrate as the electron acceptor realized the effective conversion from n-butyrate to n-caproate with the n-butyrate/ethanol ratios of 1:2, 1:3, and 1:4. In addition, as shown in Figure 6b, there was a small amount of n-caprylate production (2.35 and 4.75 mmol/L for the propionate/ethanol ratios of 1:3 and 1:4, respectively).





3.4. Evaluation of the Carbon Balance in Chain Elongation Systems


3.4.1. Chain Elongation Carbon


In this study, total MCC production efficiency was used to evaluate the performance of overall chain elongation. Meanwhile, the specific MCC production efficiency was applied to evaluate the conversion to specific MCC products, as shown in Figure 7. In the chain elongation with acetate as the electron acceptor, the highest total MCC production efficiency and n-butyate production efficiency were achieved with the acetate/ethanol ratio of 1:3, while the n-caproate production efficiency with the acetate/ethanol ratios of 1:2 and 1:4 was similarly high with 24.99% and 24.08%, respectively. In the chain elongation with propionate as the electron acceptor, the highest n-valerate production efficiency was achieved with the acetate/ethanol ratio of 1:1, while both the highest total MCC production efficiency and n-caproate production efficiency were achieved with the propionate/ethanol ratio of 1:3, which accorded with the best performance of chain elongation. In the chain elongation with n-butyrate as the electron acceptor, the n-caproate production efficiency with the n-butyrate/ethanol of 1:2 was the highest with 57.96%, which is equal to the total MCC production efficiency. Considering the relatively higher n-caproate production and the highest n-caproate production efficiency, 1:2 was the optimal n-butyrate/ethanol ratio. This conclusion confirmed the proposal by Ge et al. [24]. Overall, the total MCC production efficiency increased first with the increase of initial ethanol concentration; after reaching the peak value, it was reduced with the subsequent increase of the initial ethanol concentration. Therefore, the extra ethanol addition was detrimental to the carbon conversion efficiency for the total MCC production. Furthermore, it can be observed in Figure 7 that both the variation of n-butyrate production efficiency with acetate as the electron acceptor and the variation of n-caproate production efficiency with propionate and n-butyrate as the electron acceptor were consistent with the total MCC production efficiency. Therefore, the extra ethanol addition was also detrimental to the main MCC production.




3.4.2. Residual and Lost Carbon


Less than 100% of the carbon took part in the chain elongation, moreover, some carbons were consumed by competition processes. To further clarify the reasons for the reduction of the total MCC production efficiency with the extra ethanol addition, the carbon was divided into three parts: total MCC production efficiency, residual carbon efficiency, and lost carbon efficiency (Figure 8). The lost carbon was turned into carbon dioxide via substrate oxidation and to methane via subsequent hydrotrophic methanogenesis. The lost carbon efficiency increased with the increase of initial ethanol concentration, which indicated that higher ethanol addition promoted the ethanol oxidation process. The loss of ethanol decreased the MCC production efficiency because of the insufficient electron donor. This is the reason why the optimal acetate/ethanol ratio of 1:4 under the open culture system is smaller than that with pure bacteria culture [18], because it is necessary to ensure sufficient ethanol utilization for chain elongation.



The residual carbon efficiency characterized the degree of chain elongation from another aspect, because the variation of total production efficiency went against with the variation of the residual carbon efficiency. The relatively lower residual carbon efficiencies of 8.03%, 14.83%, and 26.07% with an acetate/ethanol ratio of 1:3, propionate/ethanol ratio of 1:3, and n-butyrate/ethanol ratio of 1:2 manifested the better chain elongation realization with sufficient ethanol addition under the corresponding optimal acid/ethanol ratio. The highest MCC production efficiencies with different electron acceptors were consistent with less carbon loss and higher chain elongation degree.



To further clarify the chain elongation degree, we divided the residual carbon efficiency into several parts as the compositions of residual organics. As shown in Figure 9, the residual electron acceptor (acetate, propionate, and n-butyrate) efficiency basically decreased with the increase of initial ethanol concentration, and the residual electron donor (ethanol) efficiency increased with the increase of initial ethanol concentration with acetate, propionate, and n-butyrate as the electron acceptor. It seems that the absence of ethanol resulted in the residual electron acceptor with a higher acid/ethanol ratio than the optimal one, and the extra addition of ethanol resulted in the residual electron donor. Therefore, with the optimal acid/ethanol ratio, the substrates were maximally utilized for chain elongation. What is more, the residual ethanol efficiency from the extra ethanol increased from acetate to n-butyrate as the electron acceptor (Figure 9). From this phenomenon, it can be speculated that the longer the carbon chain length of the electron acceptor, the less carbon there is from ethanol for n-caproate production, thus, the more ethanol carbon there is as residual. This finding powerfully explained why the highest n-caproate production efficiency was achieved with an acid/ethanol ratio increase with acetate, propionate, and n-butyrate as the electron acceptor (the optimal acid/ethanol ratios of 1:4, 1:3, and 1:2, respectively). In addition, a small amount of propionate production in the even-carbon chain elongation with acetate as the electron acceptor might be derived from the degradation of the inocula and yeast extraction, and the total carbon efficiency higher than 100% with the acetate/ethanol ratio of 2:1 (Figure 8) might be due to the small amount of VFAs produced from the biodegradation of macromolecular organics [19].





3.5. Microbial Community Analysis


The microbial samples were collected almost at the end of the rapid reaction phase. For the chain elongation with acetate as the electron acceptor, the sample collection was on the day 4, day 4, day 5, day 5, and day 6.5 with the acetate/ethanol ratios of 2:1, 1:1, 1:2, 1:3, and 1:4, respectively; with propionate as the electron acceptor, collection was on the day 9, day 8, day 8, day 8, and day 9, respectively; and with n-butyrate as the electron acceptor, collection was on the day 8, day 8, day 6, day 6.5, and day 6, respectively. Figure 10 shows the phylogenetic classification of microbes at phylum (Figure 10a) and genus (Figure 10b) level. Generally, the bacterial communities were composed of eight phyla, higher than 96.7% of the total sequences. Among them, three phyla Firmicutes, Bacteroidetes, and Proteobacteria mainly dominated in the chain elongation systems with acetate (76.25–82.22%), propionate (75.6–84.4%), and n-butyrate (74.7–85.3%) as the electron acceptor. The total relative abundances of these three phyla were quite similar with different electron acceptors, while they varied obviously with different acid/ethanol ratios, for example, 61.6–64.2% and 67.2–70.1% with the acid/ethanol ratios of 2:1 and 1:1, respectively (Figure 10a). The population distribution at the phylum level with different acid/ethanol ratios indicated that the stimulation of ethanol had a great influence on the transformation of the microbial community.



Genera with relative abundances higher than 2% in each sample (a total of 16 genera) are displayed in Figure 10b, and five recognized genera, Clostridium_sensu_stricto_12 (19.9–60.6%), Sporanaerobacter (3.9–8.1%), Proteiniphilum (1.9–8.9%), Lachnospiraceae_NK3A20_group (2.2–5.5%), and Syntrophobacter (1.8–4.2%) predominated in all fifteen chain elongation systems. Clostridium_sensu_stricto_12 was obviously enriched in all systems, which accounted for most of the bacteria with an abundance of 20.7–53.1%, 19.9–52.7%, and 25.2–60.6%, when the acetate, propionate, n-butyrate were used as the electron acceptor, respectively. Clostridium_sensu_stricto_12 was reported to have the ability of chain elongation to n-butyrate and n-caproate [33], and the well-known n-caproate producing species C. kluyveri belongs to Clostridium_sensu_stricto_12 [34]. Therefore, the n-caproate production from the chain elongation reaction was derived from the enrichment of Clostridium_sensu_stricto_12. The research by Yang et al. [34] reported that ethanol is an important factor to this type of n-caproate producer. To further clarify the effect of ethanol on Clostridium_sensu_stricto_12, the relative abundance of this genus in different systems was compared. As shown in Figure 10b, with acetate as the electron acceptor, the relative abundance of Clostridium_sensu_stricto_12 basically increased with the decrease of acetate/ethanol ratios from 2:1 to 1:4, and reached the highest of 53.1% at the acetate/ethanol ratio of 1:4 (Figure 10b). With both propionate and n-butyrate as the electron acceptor, the relative abundance of Clostridium_sensu_stricto_12 first increased to the peak and then decreased with the decrease of acid/ethanol ratios from 2:1 to 1:4, and the peaks were 52.7% and 60.6% at the acid/ethanol ratio of 1:3 and 1:2 with propionate and n-butyrate as the electron acceptor, respectively. The optimal acid/ethanol ratio for the highest relative abundance gradually increased with acetate and n-butyrate as the electron acceptors (1:4, 1:3, and 1:2); this regulation is the same as the variation regulation of the optimal acid/ethanol ratio for the n-caproate production, which indicated that it is the optimal acid/ethanol ratio with the higher n-caproate production rather than the higher ethanol addition that favored a higher relative abundance of n-caproate producers. One reasonable explanation for this conclusion is that the longer the carbon chain of MCCs, the stronger reducibility the chain elongation products, and the more ATP is released, which is advantageous for chain elongating bacteria [8,35]. It is worth noting that this conclusion was obtained with a low ethanol concentration (<300 mmol/L) and no inhibition to microbes [19].



Furthermore, there was an obvious decrease of genus Clostridium_sensu_stricto_1 when the acid/ethanol ratio varied from 2:1 to 1:4 with all three electron acceptors (Figure 10b). It has been reported that the chain elongation intermediate, n-butyrate, is a genus-specific product from macromolecular organic fermentation of Clostridium_sensu_stricto_1 [34]. The lack of ethanol may require more n-butyrate as the electron acceptor to fulfill the need of the n-caproate production, thus, some n-butyrate was directly produced with such bacteria. The enrichment of proteolytic bacteria Proteiniphilum might be attributed to the addition of 1 g/L yeast extraction, which could use proteins and amino acids as a fermentative substrate to produce carbon dioxide, hydrogen, and SCCs [36]. The enrichment of Lachnospiraceae_NK3A20_group, responsible for the dehydrogenation of fatty acids [37], may also be connected with the macromolecule organic degradation and further conversion into SCCs, such as acetate and n-butyrate, especially for the acetate production in Figure 2a.



There were also some acetogenic genera, such as Petrimonas [38] and Syntrophobacter, the relative abundance of which was relatively lower with the optimal acid/ethanol ratio (Figure 10b). Syntrophobacter, as a syntrophism bacteria, can form a syntrophism system only with hydrotrophic methanogens to conduct the oxidation of ethanol, propionate, or n-butyrate to acetate and hydrogen [39,40]. The relative abundance of substrate oxidation bacteria Syntrophobacter was almost inversely correlated with the n-caproate production efficiency (also the relative abundance of Clostridium_sensu_stricto_12) with different acid/ethanol ratios. It is obvious that the extra ethanol and residual carbon boosted the competition bacteria, then decreased the proportion of chain elongation bacteria, which could be another reasonable explanation for the higher relative abundance of n-caproate production under the optimal acid/ethanol ratio.





5. Conclusions


The better performance of MCCs, especially the n-caproate production, supported the optimal acid/ethanol ratios of 1:4, 1:3, and 1:2 with acetate, propionate, and n-butyrate as the electron acceptor, respectively. There are similar regulations with acetate, propionate, and n-butyrate as the electron acceptor: the higher concentration of ethanol stimulated the growth of chain elongation bacteria to promote chain elongation and increase the reaction degree. The highest MCC production efficiency with different electron acceptors were consistent with less carbon loss and higher chain elongation degree. In addition, with the optimal acid/ethanol ratio, the substrate was maximally utilized for chain elongation. The microbial community showed that a higher n-caproate production was achieved with the optimal acid/ethanol ratio rather than the higher ethanol addition, which was beneficial to a higher relative abundance of n-caproate producers.
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Figure 1. Concentration variation of main substrates and products along chain elongation with acetate/ethanol ratios of 2:1 (a), 1:1 (b), 1:2 (c), 1:3 (d), and 1:4 (e). 
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Figure 2. Substrate consumption (negative values) and product formation (positive values) (a), and fatty acid product distribution (b) with acetate as the electron acceptor at the maximum reaction degree. 
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Figure 3. Concentration variation of main substrates and products along chain elongation with propionate/ethanol ratios of 2:1 (a), 1:1 (b), 1:2 (c), 1:3 (d), and 1:4 (e). 
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Figure 4. Substrate consumption (negative values) and product formation (positive values) (a) and fatty acid product distribution (b) with propionate as the electron acceptor under the maximum reaction degree. 
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Figure 5. Concentration variation of main substrates and products along chain elongation with n-butyrate/ethanol ratios of 2:1 (a), 1:1 (b), 1:2 (c), 1:3 (d), and 1:4 (e). 
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Figure 6. Substrate consumption (negative values) and product formation (positive values) (a) and fatty acid product distribution (b) with n-butyrate as the electron acceptor under the maximum reaction degree. 
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Figure 7. Specific medium chain carboxylate (MCC) production efficiency at different acid/ethanol ratios with acetate, propionate, and n-butyrate as the electron acceptor, respectively (Total MCC production efficiency is equal to the sum of each specific MCC production efficiency). 
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Figure 8. Lost carbon efficiency, residual carbon efficiency, and total MCC production efficiency at different acid/ethanol ratios with acetate, propionate, and n-butyrate as the electron acceptor. 
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Figure 9. Specific residual organic efficiency at different acid/ethanol ratios with acetate, propionate, and n-butyrate as the electron acceptor (Residual carbon efficiency equal to the sum of each residual organic efficiency in the chain elongation system). 
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Figure 10. Bacterial abundance in chain elongation systems on phylum level (a) and on genus level (b). 
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