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Abstract

:

To better understand the effects of host selection on gut acetogens and their potential role in syngas fermentation, the composition and hydrogenotrophic features of acetogen populations in cow and sheep rumens, rabbit ceca, and horse feces were studied. The acetogens detected in horses and rabbits were more phylogenetically diverse than those in cows and sheep, suggesting that the host species plays an important role in shaping gut acetogen populations. Acetogen enrichments from these animals presented good capacities to use hydrogen, with acetate as the major end product. Minor propionate, butyrate, and isovalerate were also produced. During 48 h of incubation, acetogen enrichments from horse consumed 4.75 moles of H2 to every 1 mole of acetate—significantly lower than rabbits, cows, and sheep (5.17, 5.53, and 5.23 moles, respectively) (p < 0.05)—and produced significantly more butyrate (p < 0.05). Enrichments from cows and sheep produced significantly higher amounts of propionate when compared to rabbits or horses (p < 0.05); enrichments from sheep produced the highest amounts of isovalerate (p < 0.05). These short chain fatty acids are important precursors for the synthesis of biofuel products, suggesting that gut contents of herbivores may be promising sources for harvesting functional acetogens for biofuel production.
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1. Introduction


Acetogenic bacteria are a group of obligate anaerobic bacteria that can convert two molecules of carbon dioxide (CO2) into acetate via the Wood–Ljungdahl pathway (WLP) [1]. Acetogenesis plays an important role in the global carbon cycle, with nearly 1013 kg of acetate being formed in anaerobic habitats annually [2]. Acetogens are facultative autotrophs that can survive by oxidizing various substances, including organic ones such as pentoses, hexoses, alcohols, formic acid, and methyl groups, as well as inorganic substrates such as hydrogen (H2) and carbon monoxide (CO) [3]. Due to their metabolic flexibility, acetogens are widely distributed in various habitats including the guts of herbivores and termites, the intestines of humans, deep subsurface samples, marine sediments, and freshwater [4]. The WLP that is naturally present in acetogens is suggested to be the most effective known pathway to convert CO2 into organic compounds; thus, autotrophic acetogens are attractive catalysts for the utilization of syngases (CO, or CO2 + H2) to produce organic commodities such as biofuels and chemicals [5,6,7,8], which have both ecological and economic benefits.



Acetate is the main end product of acetogenesis, but many other natural products such as butyrate, butanol, 2,3-butanediol, and ethanol can also be produced [9,10,11,12]. With the technological development of metabolic engineering and gene modification, products other than acetate can also be produced under special conditions. Through the optimization of the growing conditions (regulating H2 pressure or pH) or culture methods (using batch-operated stirred-tank bioreactors), A. woodii has been used for acetate production, with the maximum acetate production reaching 7.4 g L−1 d−1 [13]. Using genetic engineering technology, Clostridium ljungdahlii has been used for the production of butyrate, butanol, and acetone [14,15,16], and Moorella thermoacetica has been used to produce lactate [17]. However, even though acetogens are quite phylogenetically diverse, the strains that have been used for commercial production were limited because isolation of pure acetogen strains in vitro is not easy work, and full genomic information for most acetogens is still not available [18]. Until now, only Moorella thermoacetica, Acetobacterium woodii, and Clostridium ljungdahlii were the model acetogen organisms that have been studied in detail [19]. Developing new acetogen products has always been proposed.



Considering the eating habit of herbivores, vegetation is their primary food source. Fermentation of the structural carbohydrates mainly depends on the activity of gut microorganisms, which can convert the fiber to volatile fatty acid (VFA), with the production of H2 and CO2 [20]. The accumulation of H2 would inhibit the oxidation of reduced nicotinamide adenine dinucleotide (NADH), resulting in the accumulation of lactic acid and reduction of further fermentation [21]. To maintain a balanced fermentation environment, H2 utilizing microorganisms continuously account for H2 disposal in the gut. Acetogens and methanogens are both important H2 utilizing gut microorganisms, and methanogens have a greater thermodynamic advantage compared to acetogens when competing for H2 and have been proven to be the dominant H2 utilizing candidates in ruminants [22,23,24]. However, functional gene analysis indicated large and diverse acetogen populations exist in the rumens of bovines [25] and lambs [26]. Lower energy losses from methane production per unit of body mass were found in rabbits and horses than ruminants [27,28]. In spite of a much higher ratio of acetate to propionate production that was found in the rabbit cecum when compared to rumens (17.8 vs. 2.81) [29], it is likely that larger amounts of H2 were used to synthesize acetate than methane in the hindgut of monogastric herbivores. Acetogenesis is proposed to be the dominant H2 disposal method in the hindgut of monogastric herbivores [24,30], which is characterized by a more homogeneous environment with already pre-digested plant materials, high concentrations of free amino acids, lower pH, and sometimes the lack of protozoa and fungi (protozoa has a symbiotic relationship with methanogen) [31]. Acetogens prefer readily available and easily fermentable carbohydrates [32], and acetogenesis can be stimulated through the presence of high concentrations of free amino acids [33]. Thus, acetogens that are more efficient at syngas fermentation may be more present in the monogastric herbivores such as rabbits and horses.



Developing the animal gut contents, which contain large numbers of microorganisms, for the efficient conversion of syngas to desired organic products, can greatly advance the sustainable production of biofuels and chemicals. These microorganisms may solve the problem of the increased accumulation of animal wastes and associated pollutions caused by the development of concentrated animal feeding operations (CAFOs) [34]. The knowledge of the acetogen distribution in the guts of different host species and their potential role in syngas conversion will help us to better understand the host selection process and, in the future, develop new acetogen products using animal wastes. Therefore, the composition of acetogen populations in the rumens of cows and sheep, the ceca of rabbits, and the feces of horses and their ability to convert H2 and CO2 to short chain fatty acids (SCFAs)—which serve as important precursors for the synthesis of various biofuel products such as polyvinyl acetates, ethanol, and butanol—was studied.




2. Results


2.1. Comparison of the Acetogen Communities


The deduced amino acid sequences for acsB from the horse feces, rabbit cecum, cow and sheep rumens clustered into 61, 25, 15 and 8 operational taxonomic units (OTUs), respectively. The observed OTU number, Chao1 richness estimate, and Shannon diversity index were all higher in the horse feces and the rabbit cecum than the cow and sheep rumens (Figure 1). The evenness was highest in the horse feces, where there were 30 ACS OTUs accounting for more than 1% of the ACS sequences detected in the horse (from high to low: OTU 15, 22, 17, 31, 34, 21, 24, 33, 30, 28, 41, 16, 25, 48, 49, 27, 35, 45, 23, 38, 39, 20, 29, 32, 46, 50, 52, 26, 47, and 60). This was followed by rabbit with 17 ACS OTUs accounting for more than 1% of the ACS sequences detected (from high to low: OTU 75, 82, 80, 85, 33, 84, 94, 87, 79, 96, 77, 81, 86, 89, 95, 97, and 38), sheep with 8 OTUs accounting for more than 1% of the ACS sequences detected (from high to low: OTU 0, 98, 6, 1, 3, 10, 99, and 100), and cow with 6 OTUs accounted for more than 1% ACS sequences detected (from high to low: OTU 0, 1, 6, 3, 5, and 8) (Table S1).



The structure of the acetogen population was also analyzed with beta diversity measures using principal coordinates analysis (PCoA). The rumen acetogens of cow and sheep clustered separately from those of the horse feces and rabbit cecum along the PCoA1, which explained 56.5% of the total variation. The acetogen populations in the horse feces and rabbit cecum also clustered separately along the PCoA2, which explained 41.8% of total variation (Figure 2).



The between-group similarity was further analyzed using a heat map, and obvious differences were found in the ACS OTUs between the host animals. There were no shared ACS OTUs in the rumen of cow and sheep compared with the cecum of rabbit, and only 1 ACS OTU was shared between the rumen and feces of horse. Cows and sheep, both being ruminants, also showed obvious differences in acetogen communities, and even though 5 ACS OTUs were shared between cows and sheep, there were 10 unique ACS OTUs belonging to cows and 3 unique ACS OTUs belonging to sheep. When comparing the monogastric herbivores, rabbit and horse, there were only 2 shared ACS OTUs; 23 and 59 unique ACS OTUs belonged to rabbit and horse, respectively (Figure 3).




2.2. Phylogenetic Analysis of Acetogen Communities


All the ACS OTUs classified in the rumen of cow and sheep, cecum of rabbit, and feces of horse were included in the maximum likelihood tree (Figure 4). The acetogen populations observed across all host species were phylogenetically affiliated at 41 different places in the maximum likelihood tree. The ACS sequences detected in the rumen of cow and sheep clustered at 7 different places and were phylogenetically assigned to the Ruminococcaceae (OTU 3), Lachnospiraceae (OTU 0, 1, 12, and 9 unique cow OTUs), and Clostridiaceae (OTU 10, 1 unique cow OTUs and 3 unique sheep OTUs) families. The ACS sequences detected in the cecum of rabbit and feces of horse clustered at 11 and 26 different places, respectively, and were phylogenetically assigned to the Blautia group (OTU 33, 3 unique rabbit OTUs and 3 unique horse OTUs), Ruminococcaceae (7 unique horse OTUs), Lachnospiraceae (OTU 12, 21 unique horse OTUs and 13 unique rabbit OTUs), Clostridiaceae (OTU 38, 25 unique horse OTUs and 6 unique rabbit OTUs) and Eubacteriaceae (2 unique horse OTUs) families (Figure 4).



The most abundant ACS OTU in the rumen of cows and sheep was OTU 0, which accounted for 75.58% and 35.35% of all the ACS sequences detected in the rumen of cows and sheep, respectively, and was phylogenetically affiliated with the Lachnospiraceae family, with an 85% similarity to Acetitomaculum ruminis. The most abundant ACS OTU detected in the ceca of rabbits was OTU 75, which accounted for 27.52% of all the ACS sequences detected and was phylogenetically affiliated with the Blautia group, with an 89% similarity to Blautia hydrogenotrophica. The most abundant ACS OTU in the feces of horse was OTU 15, which accounted for 10.51% of all the ACS sequences detected and was also phylogenetically affiliated with the Blautia group, showing a 75% similarity to Blautia producta (Figure 4).




2.3. Relative Abundances of Acetogens and Methanogens


The relative abundance of the mcrA gene that targeted methanogen populations was significantly higher (p < 0.05) in the rumens of cows when compared to the ceca of rabbits and feces of horses (Figure 5). The relative abundance of the fhs gene targeting acetogen populations showed no significant difference (p > 0.05) among all the host animals (Figure 5).




2.4. Hydrogenotrophic Characteristics of Gut Acetogen Enrichments


From the growth curves of acetogen enrichments, the maximum cell densities (OD600) were observed at 48 h of incubation for all the host animals studied. Acetate was the major end product, and no methane was detected (Figure 6). Minor amounts of propionate, butyrate, and isovalerate were also produced (Table 1).



During 48 h of incubation, acetogen enrichments from cow and sheep consumed significantly higher amounts of H2 and produced significantly higher amounts of acetate when compared to rabbit and horse (p < 0.05) (Figure 7). Acetogen enrichments from horses consumed 4.75 moles of H2 for 1 mole of acetate, significantly lower than rabbits, cows, and sheep (5.17, 5.53, and 5.23 moles, respectively) (p < 0.05) (Figure 7). Acetogen enrichments from horses produced significantly more butyrate (0.70 mM) compared to other enrichments (p < 0.05) (Table 1). Acetogen enrichments from cows and sheep produced significantly more propionate (0.84 mM and 0.86 mM) when compared with rabbits and horses (0.69 mM and 0.71 mM) (p < 0.05) (Table 1). Production of isovalerate was significantly higher in acetogen enrichments from the sheep (0.42 mM) (p < 0.05) (Table 1).





3. Discussion


Due to the limited database of acetogens, most of the detected ACS amino acid sequences lack representatives [25], suggesting that many novel acetogen strains exist in horse feces, rabbit cecum, and cow and sheep rumens when compared to the published acetogen strains used in microbial production platforms. These novel acsB sequences detected can also greatly expand the database of ACS amino acid sequences for acetogens. The dominant acetogen detected in the rumen of cows and sheep was affiliated with the Lachnospiraceae family, with a high similarity to Acetitomaculum ruminis, which was first isolated from the rumen by Greening and Leedle [35]. This isolate showed a good capacity for the utilization of H2 and CO2 or CO. The dominant acetogens in the feces of horses and the ceca of rabbits were both affiliated with the Blautia group, in which the known strains Blautia hydrogenotrophica, Blautia coccoides, and Blautia schinkii can utilize H2 and CO2 to synthesize acetate as the main product [36,37]. In addition, the minimum doubling time of Blautia product with H2 and CO2 or CO as substrate is only 5 or 1.5 h [38,39], suggesting that guts of herbivores are a promising resource for harvesting novel acetogen strains with potential industrial applications.



The true extent of acetogen biodiversity in the gut of herbivores is not known because most acetogen organisms cannot be cultured ex vivo. However, there was a clear host-specific effect on the gut acetogen community in the host animals used in our study. The higher richness (the number of different species present) and evenness (the frequencies of the different units making up a population) of acetogen populations in horse and rabbit compared to ruminants suggested that the monogastric herbivores own a more diverse acetogen community than ruminants, which is consistent consistent with previous reports that reductive acetogenesis is a more important hydrogen disposal method in the hindgut when compared to the rumen [24,30]. In addition, cows and sheep, as ruminants, showed a rather different acetogen community when compared to rabbits and horses, characterized by phylogenetically different distributed ACS OTUs. Because of the limited database of known acetogens, the acetogen strains distributed in the host animals studied could not be accurately classified. However, from the maximum likelihood tree that was constructed based on a previously reported tree topology of the 16S rRNA gene and the ACS amino acid sequences, the ACS sequences detected in the rabbit cecum and horse feces phylogenetically affiliated more broadly, including the Ruminococcaceae, Blautia group and Lachnospiraceae, Clostridiaceae, and Eubacteriaceae families, than the rumens of cows and sheep that mainly contained the Lachnospiraceae, Clostridiaceae, and Ruminococcaceae family. This suggests that host species or organ function may be an important driver of acetogen community composition. Similar results were obtained from the studies of bacterial communities in the cow and hoatzin, which were clustered primarily by functional environment (foreguts cluster separately from hindguts) and then by the host [40]. In previous studies on fecal bacteria, the 16S rRNA gene also revealed that the microbiota of mammals is specific and rather stable for their particular host species [41,42,43]. These differences at or below the family level of acetogen populations in the guts of cow, sheep, rabbit, and horse perhaps also contribute to their different hydrogenotrophy. Using the RNA stable isotope probing (RNA-SIP) techniques, previous studies indicated that the novel ACS sequences, closely related to the Blautia spp., could be associated with CO2 and H2 metabolism and may play a key role in the kangaroo foregut, in which acetogenesis is the predominant H2 disposal method with little amounts of methane produced [44]. Acetogen strains performing mixotrophic growth (using H2 and organic substrates simultaneously for growth) may be more competitive with methanogens because mixotrophic growth is energetically more favorable than methanogenesis in some situations [45]. Although the diets provided for cattle, sheep, and rabbits had a similar roughage ratio (about 55%), the commercial diet of horses had a lower crude fiber content (about 10%) according to the product description. The different contents of diets may also partly account for the differences in acetogen communities detected among these animals. Through analyzing the fecal microbial communities from 33 mammalian species, Muegge et al. (2011) found that diet is an important driver of the functional capacity of the gut, and can lead to a convergence of microbial communities among phylogenetically un-related hosts [46].



As gut fermenters, various microorganisms that are responsible for the efficient fiber digestion exist in the guts of cow, sheep, rabbit, and horse. Methanogens and acetogens are two important H2 disposal candidates in the guts of herbivores, which play important roles in the final stage of organic matter decay, reducing CO2 into methane or acetate, the latter providing significant energy benefits to host animals [47]. The target genes of fhs and mcrA used in our study are reported to be the best targets for quantifying acetogens and methanogens currently [48,49,50]. Large amounts of acetogens and methanogens were observed in the rumens of cows and sheep, the ceca of rabbits, and the feces of horses in our study. The rumens of cows harbor a significantly higher abundance of methanogens than the ceca of rabbits and the feces of horses, which is consistent with previous studies showing that methanogens are the dominant hydrogen disposal organism in rumen. A higher abundance of methanogens in the rumen when compared to the cecum of rabbits and horses was also observed in the study of Abecia et al. [29] and Morvan et al. [51], respectively. No significant difference in acetogen abundance was observed among all the host animals studied, suggesting an important role for reductive acetogenesis in their gut. In the study of Morvan et al. [51], larger amounts of acetogens were detected in the cecum of horses compared to the rumen of cows and sheep. Perhaps different sampling sites, experimental methods, diets, and host animals can explain this difference. In their study, the cecal contents were used as a sample, and the horses were fed with a high forage diet (70% hay); in addition, they used the counting method to estimate the microbial numbers.



Even though the molecular analysis indicated the potential acetogen communities were rather different in the different host animals, the acetogen enrichments from all the gut systems presented good potent hydrogenotrophic activity that rapidly consumed exogenous H2 and CO2 with acetate as primary end product. The ratio of H2 consumption to acetate production was slightly higher than what would be expected based on the stoichiometry of the acetyl-CoA pathway of reductive acetogenesis (4H2 + 2CO2→CH3COOH + 2H2O), probably because some H2 and CO2 were consumed for the formation of cell carbon, new biomass, and for the synthesis of minor other end products [52]. Currently, using acetogens, especially bacteria of the genus Clostridium and Acetobacterium for chemolithoautotrophic production of acetate, is of special interest because acetate is an important bulk chemical and serves as the precursor for the production of ethanol, polyvinyl acetates, etc., which are promising and widely used biofuels. Acetobacterium woodii is the most popular acetogen organism for acetate production until now, and many studies have been conducted to improve its acetate production ability for industrial applications [13,53]. Acetobacterium woodii was first isolated from marine sediment and could consume 6 moles H2 and produce 1 mole acetate [54]. The acetogen enrichments from the rumens of cows and sheep, the ceca of rabbits, and the feces of horses in our study can consume an average of every 5.53, 5.23, 5.17, and 4.75 moles for H2 to synthesize 1 mole of acetate during the 48 h of incubation, respectively. This suggests that enriching potential acetogens from the gut contents of herbivores is a good, promising method in acetate production, and it is much easier to operate than isolating pure acetogen strains. Except for acetate, other SCFA products such as butyrate, propionate, and isovalerate were also produced from the acetogen enrichments in our study. Butyrate is an important precursor to produce butanol that is of great value as a biofuel [55] and is also widely used in food supplements and flavorings [56,57], as well as acts as a feedstock for the production of cellulose acetate butyrate [58]. Cellulose acetate butyrate is a thermoplastic that has various applications such as in paints [59] and polymers. Propionate is generally regarded as a safe three-carbon chemical with varieties of applications, for example, it can be used as a food preservative or herbicide because of its antimicrobial properties [60] and can be used in the manufacture of cellulose derived plastics [61]. Other forms of propionate, such as propionate salts, can be used as perfume in the cosmetics industry, and citronellyl or geranyl propionate can be used as flavor enhancers in the food industry [62]. Through modifying the growth conditions or using a genetic engineering approach, some acetogen strains have been reported to produce other dominant products rather than acetate from syngas fermentation. Acetogen organism C. ljungdahlii has been modified for the production of ethanol, butanol, 2,3-butanediol, and acetone [10,14,15]. Moorella thermoacetica has been modified to produce lactate [17], and Butyribacterium methylotrophicum can produce comparable amounts of butyrate to acetate at molar levels by modifying growth conditions [63]. In our study, during 48 h of growth, significantly higher amounts of propionate were produced from the acetogen enrichments of cows and sheep. The acetogen enrichments from horse feces produced significantly higher amounts of butyrate, and they also consumed the lowest amounts of H2 to produce considerable amounts of acetate. Considering the ease of sampling, developing horse feces isolates for acetate or butyrate production may be of great value. Due to the gut contents of herbivores presenting good capacity for the conversion of syngas into SCFAs, they may be good sources for harvesting functional acetogens for biofuel production. It is also a good way to treat animal wastes for both environmental and economic benefits.




4. Materials and Methods


4.1. Sampling


All the experimental protocols in this study were approved by the Animal Care Committee of Zhejiang University (Hangzhou, China), and complied with the university’s guidelines for animal research. Rumen contents were collected from six ruminally fistulated lactating Chinese Holstein cattle raised in Hangzhou Zhengxing Animal Husbandry Co., Ltd., China fed with a mixed diet containing 28.00% alfalfa, 10.00% Chinese wild rye hay, 17.00% silage corn stalk, 27.00% corn, 5.00% wheat bran, 5.00% soybean meal, 4.00% cottonseed meal, 1.50% calcium salt, 1.00% baking soda, 0.50% salt, and 1.00% vitamin premix, and four ruminally fistulated Hu sheep aged four months raised in the experimental ranch of College of Animal Sciences, Zhejiang University, China fed with a mixed diet containing 55.00% Chinese wild rye hay, 20.25% ground corn grain, 9.00% cottonseed cake, 6.75% soybean meal, 6.75% bran, 0.90% salt, 0.45% baking soda, and 0.90% phosphor-calcium powder. Cecal contents were collected from six New Zealand White rabbits aged six months bought from the University of Chinese Medicine in Hangzhou fed with a mixed diet containing 12.00% corn, 18.00% bran, 8.00% soya bean cake, 31.00% forage meal, 10.00% malt root, 16.00% chaff, 0.80% powder, 0.50% salt, and 3.70% commercial additives, the performance of euthanasia by intravenous injection of 100 mg/kg (body weight) phenobarbital sodium (Sigma, Saint Louis, MO, USA) and removal of cecum were undertaken by a trained animal technician (license number: 15128, issued by Zhejiang University Laboratory Animal Center, Hangzhou, China). Fresh feces were collected from four Australian horses aged four years raised at Bojun Horse Club, Hangzhou, China fed with a commercial diet provided by Beijing Red Runm Technology Company, Ltd (Beijing, China). All the fresh samples from each host species were well mixed respectively, and immediately put into an anaerobic glycerol preservation solution, 100 µL of Titanium Ⅲ nitrilotriacetate was added to ensure an absolutely anaerobic environment. Ice boxes were used to transport the samples to the lab and saved at −80 °C.




4.2. Total DNA Extraction and Real-Time Quantitative PCR


Total DNA was extracted from 0.1 grams of each of the stored samples using the cetyltrimethylammonium bromide (CTAB) method described by Gagen et al. [25]. Potential acetogens and methanogens were amplified by the primers (Table 2) targeting the genes of formyltetrahydrofolate synthetase (fhs) [48] and the methyl coenzyme-M reductase A (mcrA) [49], respectively. The primers reported by Denman and McSweeney [64] were used to amplify the 16S rRNA gene from total bacteria. Real-time PCR analysis was run on the ABI 7500 (Life Technologies, Tuas Biomedical Park, Singapore) system using SYBR green as dye, and followed the cycle conditions as described before [65]. The abundance of target genes (fhs and mcrA) per gram of each sample was calculated as follows: relative quantification of target = 2−ΔCt = 2−(ΔCt target−ΔCt total bacteria).




4.3. Analysis of Acetogen Community


A partial acetyl-CoA synthase gene (acsB) amplicon library was prepared from each of the DNA samples as described by Yang et al. [65]. Briefly, subunit B of the acetyl-CoA synthase gene (acsB) was amplified from each extracted DNA sample using the TaKaRa PCR Kit (TaKaRa, Dalian, China) with 1.0 ng of template DNA per reaction. Amplification was performed on an ABI 9700 PCR System using the protocols as described by Gagen et al. [25]. The PCR products were separated from the primers and primer dimers by electrophoresis on a 1.5% agarose gel and purified using the QIAquick gel extraction kit (QIAGEN, Shanghai, China). The amplicons were then used for the construction of a clone library using the pGEM-T Easy® vector (Promega Corporation, Madison, WI, USA) and Escherichia coli DH5α competent cells (TaKaRa, Dalian, China) according to the manufacturer’s instructions. In total, 265, 101, 166, and 304 clones were sequenced with the T7 primer from the cow, sheep, rabbit, and horse samples, respectively (Beijing Genomic Institute, Beijing, China). The obtained sequences that passed quality control (258, 99, 149, and 295) were aligned in Mega version 4.0 [66] to strictly select the sequences that had a length of approximately 216 bp containing the forward and reverse primers of acsB. The translate tool in ExPASy was then used to translate the nucleotide sequences into amino acid sequences in a specific open reading frame [67]. The ACS amino acid sequences obtained were aligned and length-based filtered again, finally clustered into OTUs at a limit distance of 0.035 using the CD-HIT program [68]. Additional analysis of OTUs was performed in the R packages phyloseq [69], DEseq [70], ggplot2 [71], and gplots [72]. RAxML version 7.0.3 [73] and ARB [74] were used to construct maximum-likelihood trees of the deduced ACS amino acids following methods reported by Gagen et al. [25]. The obtained ACS amino acid sequences were shown in the Supplementary Materials (ACS sequences file).




4.4. Enrichment Culture for Potential Acetogens


Enrichment culture medium was modified from the AC11.1 medium of Greening and Leedle [35] and contained (per L): Na2HPO4-12H2O 18 g, 2-bromoethanesulfonic acid (BES) 2 mM, minerals2 38 mL, minerals3 38 mL, trace elements 1 mL, NaHCO3 6 g, yeast extract 0.5 g, l-cysteine HCl 0.25 g, and 1 mL of resazurin solution (0.1%) as an indicator [75]; the final pH was adjusted to 6.8. The medium was prepared using standard anaerobic techniques [76] and dispensed in an anaerobic chamber with an atmosphere of 95% CO2 and 5% H2 (COY Laboratory Products Inc., Ann Arbor, MI, USA) as 9.9 mL aliquots in 27 mL Balch tubes (Bellco, Vineland, NJ, USA), sealed with butyl rubber stoppers (Bellco), and sterilized by autoclaving at 121 °C and 100 kPa for 20 min.



Approximately 0.1 g of rumen content from cow and sheep, cecal content from rabbit, and feces from horse was inoculated separately, pressured with H2 and CO2 at a ratio of 4:1 to 120 kPa, and then incubated horizontally at 39 °C. After 2 days of incubation, 100 µL of each culture was used as inoculum into 9.9 mL of fresh medium and incubated as described above. Headspace gas pressures in the cultures were measured regularly using a pressure transducer connected to a computer. Gas was supplemented as necessary, and cultures were grown in this manner for 7 days to enrich the hydrogen utilizers. Then, 100 µL of each culture was pooled again and transferred into fresh medium as before, and all experiments were performed in triplicate. H2 and methane in the headspace and the concentrations of short-chain fatty acids (SCFA) in the culture were determined by gas chromatography (GC-2010, Shimadzu, Kyoto, Japan) for three consecutive days after inoculation using the procedure described by Gagen et al. [77].




4.5. Statistical Analysis


Data for the relative abundance of the fhs and mcrA genes, moles of hydrogen consumption, and SCFA production were analyzed by one-way analysis of variance in R 3.2 with individual animals as experimental units and host species as the main effect. Tukey multiple range tests were used to do multiple comparisons means among different host species groups. Significance was declared if p < 0.05.





5. Conclusions


Large and diverse acetogen populations exist in the gut of herbivores, but they are distributed differently in the ruminants compared to the monogastric herbivores. Host selection perhaps plays an important role in shaping the acetogen community. Gut acetogen enrichments showed good abilities for syngas fermentation, with the production of SCFAs, which serve as important precursors for the synthesis of various biofuel products. The gut contents or wastes of herbivores are good sources for developing new acetogen products. To develop animal contents or wastes for bulk biofuel and chemical production, many efforts have to be made to explore suitable fermentation conditions or methods in the future.
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Figure 1. Alpha diversity measures of the deduced ACS amino acid sequences recovered from the rumens of cows and sheep, the ceca of rabbits, and the feces of horses. Observed = Observed OTU numbers; Chao1 = Chao estimator; Shannon = Shannon diversity index. 
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Figure 2. Covariation of the community structure of potential acetogens in the rumens of cows and sheep, the ceca of rabbits and the feces of horses using principal coordinate analysis (PCoA). The PCoA plot shows that the samples from different host species span their first two principal components, principal coordinate 1 (56.5% of variance) and principal coordinate 2 (41.8% of variance). 
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Figure 3. Assessment of differentially expressed ACS genes in the rumens of cows and sheep, the ceca of rabbits, and the feces of horses in a heat map format. A heat map showing all the ACS sequences detected in the rumens of cows and sheep, the ceca of rabbits, and feces of horses. The color scale ranges from blue (high expression) to white (low expression). 
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Figure 4. Phylogenetic analysis of deduced ACS amino acid sequences presented in the rumens of cows and sheep, the ceca of rabbits, and the feces of horses with reference ACS sequences (GenBank accession numbers were shown after the species names). Bootstrap values of ≥75% were shown at nodes as closed circles. The scale bar represents 10% sequence divergence. The number of ACS OTUs that presented in the rumens of cows and sheep, the ceca of rabbits and the feces of horses, as well as the dominant OTUs, which were indicated in brackets. 
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Figure 5. The relative abundance of fhs and mcrA genes in the rumens of cows and sheep, the ceca of rabbits, and the feces of horses. The relative abundance was expressed as the ratio of the target gene to the 16S rRNA genes in total bacteria. Groups with different superscripts means they significantly differ (p < 0.05). 
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Figure 6. Acetate and hydrogen profiles of acetogen enrichment cultures from horse feces, rabbit cecum, and cow and sheep rumens under autotrophic conditions. Optical density (dashed line), acetate (squares), and hydrogen (triangles) profiles of acetogen enrichment cultures from horse feces, rabbit cecum, and cow and sheep rumens during growth on modified AC11.1 medium with only H2:CO2 provided as substrates. Error bars represent standard error of mean. 
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Figure 7. Different hydrogen consumption and acetate production characteristics of acetogen enrichment cultures from horse feces, rabbit cecum, and cow and sheep rumens during 48 h of incubation. Groups with different superscripts mean they differ significantly (p < 0.05). 
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Table 1. By-products synthesized during 48 h of incubation.
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	Species
	Propionate
	Butyrate
	Isovalerate





	Rabbit
	6.86 b
	6.30 c
	0 d



	Horse
	7.12 b
	7.02 a
	4.00 b



	Cow
	8.38 a
	6.85 b
	3.49 c



	Sheep
	8.59 a
	6.90 b
	4.17 a



	SEM
	0.075
	0.016
	0.016







a–d Values with different superscripts in the same column differ significantly (p < 0.05). The data are the means.
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Table 2. Primers used in this study.
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Target

	
Forward/Reverse

	
Primer Sequences

	
Size (bp)






	
16S rRNA of TB

	
F

	
CGGCAACGAGCGCAACCC

	
130




	
R

	
CCATTGTAGCACGTGTGTAGCC




	
fhs

	
F

	
GTWTGGGCWAARGGYGGMGAAGG

	
250




	
R

	
GTATTGDGTYTTRGCCATACA




	
mcrA

	
F

	
TTCGGTGGATCDCARAGRGC

	
140




	
R

	
GBARGTCGWAWCCGTAGAATCC




	
acsB

	
F

	
CTBTGYGGDGCIGTIWSMTGG

	
216




	
R

	
AARCAWCCRCADGADGTCATIGG








TB: total bacteria; fhs: formyltetrahydrofolate synthetase; mcrA: methyl coenzyme-M reductase A; acsB: subunit B of acetyl-CoA synthase. 
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