

  fermentation-08-00018




fermentation-08-00018







Fermentation 2022, 8(1), 18; doi:10.3390/fermentation8010018




Article



Supplementing Glycerol to Inoculum Induces Changes in pH, SCFA Profiles, and Microbiota Composition in In-Vitro Batch Fermentation



Qingtao Gao 1,†, Kai Li 1,†, Ruqing Zhong 1[image: Orcid], Cheng Long 2, Lei Liu 1, Liang Chen 1,* and Hongfu Zhang 1,*





1



The State Key Laboratory of Animal Nutrition, Institute of Animal Sciences, Chinese Academy of Agricultural Sciences, Beijing 100193, China






2



Animal Science and Technology College, Beijing University of Agriculture, Beijing 102206, China









*



Correspondence: chenliang01@caas.cn (L.C.); zhanghongfu@caas.cn (H.Z.)






†



These authors contributed equally to this work.









Academic Editor: Alessandro Robertiello



Received: 24 November 2021 / Accepted: 28 December 2021 / Published: 31 December 2021



Abstract

:

Glycerol was generally added to the inoculum as a cryoprotectant. However, it was also a suitable substrate for microbial fermentation, which may produce more SCFAs, thereby decreased pH of the fermentation broth. This study investigated the effect of supplementing glycerol to inoculum on in vitro fermentation and whether an enhanced buffer capacity of medium could maintain the pH stability during in vitro batch fermentation, subsequently improving the accuracy of short chain fatty acids (SCFAs) determination, especially propionate. Two ileal digesta were fermented by pig fecal inoculum with or without glycerol (served as anti-frozen inoculum or frozen inoculum) in standard buffer or enhanced buffer solution (served as normal or modified medium). Along with the fermentation, adding glycerol decreased the pH of fermentation broth (p < 0.05). However, modified medium could alleviate the pH decrement compared with normal medium (p < 0.05). The concentration of total propionic acid production was much higher than that of other SCFAs in anti-frozen inoculum fermentation at 24 and 36 h, thereby increasing the variation (SD) of net production of propionate. The α-diversity analysis showed that adding glycerol decreased Chao1 and Shannon index under normal medium fermentation (p < 0.05) compared to modified medium (p < 0.05) along with fermentation. PCoA showed that all groups were clustered differently (p < 0.01). Adding glycerol improved the relative abundances of Firmicutes, Anaerovibrio, unclassified_f_Selenomonadaceae, and decreased the relative abundance of Proteobacteria (p < 0.05). The relative abundances of Firmicutes, such as Lactobacillus, Blautia and Eubacterium_Ruminantium_group in modified medium with frozen inoculum fermentation were higher than (p < 0.05) those in normal medium at 36 h of incubation. These results showed that adding glycerol in inoculum changed the fermentation patterns, regardless of substrate and medium, and suggested fermentation using frozen inoculum with modified medium could maintain stability of pH, improve the accuracy of SCFA determination, as well as maintain a balanced microbial community.
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1. Introduction


Dietary fiber (DF) bring benefits to the animals in term of well-being by improving satiety [1,2] and intestinal health by modulating microbiota and metabolites [3,4]. Fiber-rich ingredients contain high amounts of DF resulting in a greater production of short-chain fatty acids (SCFA) [5], which depended on the action of cellulose-utilizing microorganisms colonized in hindgut whereby organization of the enzymes into cellulosomes [6,7]. In turn, recent studies have shown that dietary fiber shapes intestinal microbiota. Zhao et al. [8] reported that different sources of dietary fiber differentially influence microbial composition and SCFA concentrations in the intestines of pig model. Therefore, well know the fermentation characteristics of different fiber ingredient is necessary to guide application.



The in vitro fermentation is a widely used method to characterize the fermentation of fiber-rich ingredients by intestinal or fecal microbes of pigs. The main variation in the in vitro fermentation technique could be attributed to the inoculum and its microbial activity [9]. To improve the fecal microbial survival rates during cryopreservation, glycerol was generally added to the inoculum (final concentration of 10%) in studies of in vitro fermentation [10,11] served as anti-frozen inoculum. However, glycerol is the main substrates used to produce propionate in fermentation [12], which increased the concentration of propionate and decreased acetate production in vitro [13] and in vivo [14]. Therefore, the glycerol fermentation may obscure the fermentation characteristic of dietary fiber substrates, thereby changing the fermentation profile of microorganisms. Additionally, the medium used forin vitro fermentation was mainly prepared according to a previous study [15], which is a mineral buffer solution. In addition, the buffer capacity of the medium may not enough to maintain the pH values of fermentation broth along with fermentation due to the accumulation of SCFA. Bai et al. [16] showed that the pH of fermentation broth was steadily declined when in vitro fermentation using the normal buffer medium. Indeed, similar results were also shown in other in vitro fermentation studies [11,17]. However, since the SCFAs are readily absorbed or metabolized in hindgut fermentation [18], the pH of colon chyme decreases only slightly [19], because the optimal pH for microbiota in the hindgut of pigs is around 7 [16,20]. This indicates that sufficient buffer capacity of medium to maintain the stability of the pH during fermentation is necessary in the future in vitro fermentation study. As for short-chain fatty acid molar ratios in the large intestine of pigs, the production of acetate is generally the highest, makes up ~60% to 75% of the total SCFAs, followed by propionate and butyrate [21,22], with the molar ratio of acetate, butyrate, and propionate typically being 60:30:10 in the pig intestinal tract [23]. However, in previous in vitro fermentation studies, the molar ratio of propionate was higher than acetate (39.5% vs. 35.5% or 47.8% vs. 38.5% for inulin or chicory root fermentation, respectively) [24]. This indicted that the fermentation patterns were affected or changed due to the decreasing pH values of fermentation broth. Therefore, a suitable environmental pH is essential for accuracy and repeatability of fermentation, and the optimization of buffer capacity in the fermentation process is critical.



What is mentioned above indicates that some methodological aspects still need to be investigated before the technique can be used in routine. However, many in vitro studies have focused on assess the fermentation property of different types of fiber-rich feedstuffs using the fermentation method, but considerably fewer have focused on the accuracy and repeatability of the method. Additionally, the substrates using in fermentation study mostly were ingredients or hydrolysis residues that were strikingly low in the degree of similarity to ileal digesta [25,26,27]. Therefore, two ileal digesta derived from growing pigs fed high-fiber content diets were used as substrates. The objective of this study was to explore the effect of supplementing glycerol to inoculum on in vitro fermentation and whether an enhanced buffer capacity of medium could maintain the pH stability during in vitro batch fermentation, subsequently improving the accuracy of short chain fatty acids (SCFAs) determination.




2. Materials and Methods


2.1. Substrates


Two ileal digesta from cannulated pigs fed Barley diet and Wheat shorts diet (5 pigs per diet) were obtained from a previous study [28], and mixed within diet. The composition of ileal digesta substrates was showed in Table 1.




2.2. Preparation of Inoculum and Standardization


To reduce the variation between animals, the inoculum was prepared by mixing the feces of five pigs. Briefly, five barrows (Duroc × Landrace × Large White, bodyweight: 50 kg approximately) were randomly selected from a same litter as the source of fecal inoculum. Animals were fed with a standard corn-soybean meal and without the use of antibiotics in the last three months before feces collection. The feces were collected directly in plastic bags saturated with CO2. An equal amount of feces was taken from each animal and mixed in a bag and prepared duplicates. One part of mixed feces was diluted 5 times (m/v) with pre-warmed buffer solution (PBS) and subjected for 60 s to a mechanical pummeling using a stomacher. The diluted mixture was filtered through four layers of sterile gauze with a 250 µm-mesh screen and then added to 10% glycerin (v/v) which served as anti-freezing fecal inoculum, stored at −80 °C until further in vitro fermentation. Another mixed feces were directly stored at −80 °C, waited for preparation to frozen fecal inoculum same to the above description but without adding glycerin. All the processes were operated in an anaerobic operator which was continuously supplied with CO2.




2.3. Medium Solution


In this study, two different buffering capacities of the medium were used. The normal medium was prepared as previously describe (pH 6.8; Menke and Steingass [15]), which formulated with 8.3 g/L NaHCO3, 0.95 g/L NH4HCO3, 1.35 g/L Na2HPO4, 1.47 g/L KH2PO4, 0.14 g/L MgSO4·7H2O, 0.34 g/L Na2S·9H2O, 80 mg/L NaOH, 1.6 mg/L CaCl2·2H2O, 1.2 mg/L MnCl2·4H2O, 0.12 mg/L CoCl2·6H2O, 0.96 mg/L FeCl3·6H2O and 1.19 mg/L resazurin. For improving the buffering capacity of medium, the concentration of phosphate buffer was modified to 3.30 g/L Na2HPO4, 3.29 g/L KH2PO4 to make the pH of the buffer equal to 6.8 which served as modified medium. The preparation was carried out under a constant stream of CO2, and subsequently, the two media were bubbled for 30 min with CO2.




2.4. Experimental Design and In Vitro Fermentation Procedures


This experiment was conducted using a completely randomized design. Four treatments including anti-frozen or frozen inoculum fermented in standard or enhanced buffer capacity medium were conducted (Figure 1). Each substrate was added to 21 glass bottles (4 for pH, SCFA and 3 for microbiota at 12 h, 24 h and 36 h, respectively). Blank glass bottles without substrates were used as controls (4 replicates at each sampling time). Sampling time were based on the hindgut transit time considered to be on average 36 h (ranging from 24.8 to 48.2 h) for growing pigs fed a high fiber diet [29]. Briefly, substrates were exactly weighted at 0.2 g in 100 mL glass bottles, blended with 60 mL sterile medium and 5 mL inoculum, then the bottles were sealed and incubated at 39 °C in an air-ventilating, temperature-controlled incubator. All steps were operated in the same condition as the inoculum producing process.



At each sampling time, 4 replicates of the fermentation for each treatment were stopped using the ice-water bath. After pH detection, fermentation broth was centrifuged (10,000× g, 10 min, 4 °C), the supernatant and the precipitate were stored at −80 °C until further analysis.




2.5. Sample Detection


2.5.1. Chemical Analysis


Digesta were ground to pass through a 0.42-mm sieve and thoroughly mixed before analysis. Samples were analyzed for DM and CP [30]. Total dietary fiber (TDF), SDF and IDF were analyzed according to AOAC procedures with slightly modified [30]. Neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL) were measured using a modified method [31] with filter bags (Model F57; Ankom Technology, Macedon, NY, USA) and fiber analyzer equipment (ANKOM200 Fiber Analyzer, Ankom Technology).




2.5.2. Measurement of SCFA Production


Fermentation supernatants were analyzed for SCFA production (acetate, propionate, butyrate, isobutyrate, valerate, isovalerate) using the method described by the previous study with slight modifications [3]. Briefly, one milliliter of supernatant was mixed with 0.25 mL 25% (v/v) metaphosphoric acid and kept at room temperature for at least 30 min. Then, the sample was centrifuged at 12,000× g for 10 min at 4 °C and subjected for analysis on a Gas Chromatograph System (Agilent HP6890 Series, Santa Clara, CA, USA). Branched-chain fatty acids (BCFA) were calculated as the sum of i-butyrate, n-valerate, and i-valerate. SCFAs and BCFA were expressed in mmol/g substrate. Productions of SCFA after fermentation were corrected for the amounts produced in the blank bottles.




2.5.3. Microbiota Composition Analysis


Three samples of each treatment for digesta of Barley diet was selected to detect the bacterial community at each time point because the effects of the treatments on the pH and SCFA production were similar among the two digesta. Centrifugation pellets were extracted for total bacterial genomic DNA using a commercial kit (QIAamp® DNA Stool Mini Kit; QIAGEN, Crawley, UK), following the manufacturer’s instructions. For the bacterial 16S ribosomal RNA (rRNA) gene, barcoded amplicons from the V3–V4 region of 16S rRNA genes were generated by a 2-step PCR protocol, and the 16S rRNA gene was sequenced on the Illumina HiSeq sequencing platform, as described previously [32]. The clustering of V3-V4 rRNA reads at 97% nucleotide sequence into operational taxonomic units (OTUs) was performed using UPARSE version 7.1 [33]. OTUs that contained 0.01% of total reads were filtered out. The Ribosomal Database Project classifier (RDP, version 11.1, http://rdp.cme.msu.edu/, accessed on 30 November 2021) was used for taxonomic assignment [34].





2.6. Statistical Analysis


Each bottle was utilized as an experimental unit. One-factor ANOVA and the Duncan multiple comparison method were used to assess group differences in pH, SCFA and α-diversity index measurements using SAS 8.0 (SAS Institute, Inc., Cary, NC, USA). Statistical variations were estimated by the standard deviation (SD). The Bray–Curtis similarity principal coordinates analysis were tested for significant separation using the ANOSIM permutational test (999 permutations) by Majorbio I-Sanger Cloud Platform (www.i-sanger.com, accessed on 30 November 2021). Statistical significance of the relative abundance at the taxonomic levels among the 4 groups was compared using the non-parametric Kruskal–Wallis H test. All statistical significance was set at p < 0.05.





3. Results


3.1. Changes of pH Values in Fermentation Broth during In-Vitro Fermentation


The pH changes were investigated among different medium and inoculum treatments in this study (Figure 2). Anti-frozen inoculum (added glycerol) had a significant lower (p < 0.05) pH value of fermentation broth compared to frozen inoculum at 12 h (Figure 2A,B), 24 h (Figure 2C,D) and 36 h (Figure 2E,F) of fermentation for 2 substrates, regardless of media. However, for anti-frozen inoculum fermentation, the pH of fermentation broth under modified medium was higher than (p < 0.05) that under normal medium counterpart. From the perspective of the time effect (Figure 2G,H), anti-frozen inoculum fermentation under normal or modified medium (N_AF or M_AF group) decreased the pH values of fermentation broth alone with fermentation, and compared with N_AF group fermentation, the M_AF group effectively slowed down the decrease of pH in fermentation broth (p < 0.05), irrespective of substrates.




3.2. SCFAs Profiles during Fermentation among Different Medium and Inoculum Treatments


The amount of SCFAs production was determined at 12, 24 and 36 h of fermentation (Figure 3). The acetic acid production in fermentation of two digesta substrates among the four groups was significantly different at all time points (p < 0.05). For frozen inoculum fermentation, modified medium (M_F group) produced less acetate than normal medium (N_F group) at 12 h of fermentation, but more acetate was produced at 36 h of fermentation (p < 0.05; Figure 3A,B); for anti-frozen inoculum fermentation, modified medium (M_AF group) produced the highest acetate, which was lowest in normal medium (N_AF group) during all fermentation time points (p < 0.05; Figure 3A,B). The concentrations of propionate were greater in normal medium (N_F group) than modified medium (M_F group) under frozen inoculum fermentation at 12 h (p < 0.05; Figure 3D), but there was no significant difference between N_F group and M_F group at 24 h and 36 h (p > 0.05; Figure 3D) during fermentation of barley diet digesta. Moreover, there was no significant difference for propionate production between N_F group and M_F group at all sampling times during fermentation of wheat shorts diet digesta (p > 0.05; Figure 3C); under the anti-frozen inoculum fermentation, normal medium (N_AF group) produced less propionate than modified medium (M_AF group) during fermentation of two digesta with the exception of the barley digesta fermentation at 24 h (p < 0.05; Figure 3C,D). Under frozen inoculum fermentation, modified medium (M_F group) had a lower butyrate and BCFA production than normal medium (N_F group) at 12 h (p < 0.05; Figure 3E–H), but had no longer significant difference at 36 h (p > 0.05; Figure 2E–H) during fermentation of two digesta. Nevertheless, under anti-frozen inoculum fermentation, modified medium (M_AF group) also had a lower butyrate and BCFA production than that in normal medium (N_AF group) both for digesta of barley diet and wheat shorts fermented (p <0.05; Figure 3E–H).



From the results of control groups (without substrates) at 24 h and 36 h during fermentation among different treatments (Figure 4), the concentration of propionic acid was much higher than that of other SCFA in the anti-frozen inoculum (N_AF or M_AF groups). Additionally, frozen inoculum with modified medium (M_F group) fermentation produced lower SCFA than other treatment groups.




3.3. The Changes in the Microbial Composition during Fermentation


The difference in alpha-diversity of microbiota in fermentation among different treatments was presented by Chao 1 and Shannon indexes (Figure 5A,B). At 12 h of fermentation, frozen inoculum decreased Chao 1 index both in normal and modified medium and decreased Shannon index in normal medium fermentation (p < 0.05; Figure 5A,B). At 24 h of fermentation, modified medium with anti-frozen inoculum (M_AF group) had the highest Chao 1 and Shannon indexes among four treatments (p <0.05; Figure 5A,B). However, at 36 h, there was no significant difference for Chao 1 and Shannon indexes between frozen and anti-frozen inoculum under modified medium fermentation (p > 0.05; Figure 5A,B). Moreover, principal coordinate analysis (PCoA) based on Bray-Curtis distance showed clear segregation of microbial communities among different treatments at 12, 24 and 36 h (Figure 5C–E) during fermentation.



To further determine the changes in gut bacterial communities, the bacterial communities at the phylum (Figure 6A) and genus levels (Figure 6B) were analyzed. The results showed Firmicutes and Bacteroidetes were the dominant bacteria among all groups followed by Actinobacteria and Proteobacteria, accounting for almost 97% of the total sequences. Differences in the relative abundance in fermentation broths among the four treatments at each sampling were further identified using the multiple comparison analysis.



On the phylum level, at 12 h of fermentation (Figure 7A–D), adding glycerol improved (p < 0.05) the relative abundance of Actinobacteria decreased (p < 0.05) the Proteobacteria relative abundance compared to frozen inoculum. However, the modified medium (M_A froup) had a higher abundance (p < 0.05) of Bacteroidetes than normal medium (N_A group), and had a trend toward decreased Proteobacteria abundance (p = 0.06) under frozen inoculum fermentation conditions. At 24 h of fermentation (Figure 7E–G), modified medium (M_F group) fermentation with frozen inoculum showed greater (p < 0.05) Firmicutes abundance than normal medium (N_F group), similar to that relative abundance observed in anti-frozen inoculum fermentation (M_AF or N_AF group). In addition, modified medium (M_F group) decreased (p < 0.05) the Proteobacteria population in frozen inoculum fermentation. At 36 h of fermentation (Figure 7H–K), frozen inoculum fermentation had a higher (p < 0.05) Proteobacteria population and a lower (p < 0.05) Actinobacteria abundance compared to anti-frozen inoculum. However, under frozen inoculum fermentation conditions, the modified medium (M_A group) improved the relative abundance (p < 0.05) of Firmicutes and Actinobacteria than normal medium (N_A group).



At the genus levels, a differential analysis and Welch’s Post-hoc test of bacteria among the four treatments at each sampling time was performed. At 12 h of fermentation (Figure 8A), Escherichia-Shigella, a bacterial to the phylum Proteobacteria, was higher (p < 0.05) in the frozen inoculum fermentation (N_F group, M_F group), but modified medium trended to inhibit the relative abundance of Escherichia-Shigella (p = 0.06) under the frozen inoculum fermentation. Prevotella belonging to phylum bacteriodetes trended to improve (p = 0.06) by modified medium than normal medium under frozen inoculum fermentation. Bacterial genera belonging to Firmicutes, such as Streptococcus, Clostridium_sensu_stricto_1, Blautia, Terrisporobacter, etc., were lower in frozen inoculum (N_F group, M_F group) than in anti-frozen inoculum (N_AF group, M_AF group). At 24 h of fermentation (Figure 8B), Escherichia-Shigella was the highest in N_F group and the lowest in M_F group. The abundance of norank_f_Muribaculaceae, belonging to Bacteroidota, was not different between N_F group and M_F group. As for genera belong to Firmicutes, the abundance of Anaerovibrio and unclassified_f_Selenomonadaceae were higher in M_F group than that in N_F group, the Streptococcus, Clostridium_sensu_stricto_1 and Blautia abundance in M_F group were not different with N_AF group, but lower than that in M_AF group. At 36 h of fermentation (Figure 8C), Pseudomonas but not Escherichia-Shigella, belonging to a phylum Proteobacteria, was lower in M_F group than that in N_F group. Bacterial genera belonging to phylum Firmicutes, such as Lactobacillus, Clostridium_sensu_stricto_1, Blautia and Eubacterium_ruminantium_group, were improved (p < 0.05) in M_A group than N_A group fermentation. As for genera belonging to Bacteroidota, Prevotella, Prevotellaceae_NK3B31_group and Prevotellaceae_UCG-001 were lower in M_F group than N_F group, but higher than M_AF group fermentation.





4. Discussion


A deep understanding of fermentation characteristics of fiber-rich foods or ingredients is helpful for feed selection and utilization. Therefore, it is important to improve the accuracy and repeatability of the assessment method. This research aimed to investigate effects of adding glycerol to inoculum fermented in two media on pH, SCFA production and bacterial community during fermentation, in order to improve the accuracy and repeatability of this method. Comparing the results of pH changes, SCFA production, and the microbiota under different treatments showed that the inoculum adding glycerol accounted for a large part of the variability.



The buffer solution medium used by Menke and Steingass [15] offered an appropriate environment to the colonic or fecal microflora. In previous study, the original pH values in the fermentation broth was ranged from 6.7 to 7.0 [25], depending on the inoculum and substrate, which were consistent with pH values measured in pig large intestines [35]. Along with the fermentation, however, accumulation of SCFA would decrease the pH values to a different extent that partly depending on the buffer capacity of medium. Therefore, in some in vitro fermentation studies, culture pH was maintained between 6.7–6.9 using pH controllers [36]. In the present study, frozen inoculum fermentation under normal or modified medium, the pH of fermentation broth was ranged from 6.8 to 7 during fermentation fermenting two digesta substrates, which was consistent with the previous report [25]. However, anti-frozen inoculum fermentation under normal medium, the pH of broth decreased to 5.3 at 24 h of fermentation, and a further decline was observed at 36 h. Bai et al. [11] found a significantly decreased in pH values of fermentation broth during in vitro fermentation with 10% glycerin supplementation, which indicates the buffer capacity of the normal medium was not enough to maintain the pH values in fermentation process. Expectedly, anti-frozen inoculum fermentation under modified medium, the pH of fermentation broth decrease is thought to stop above a pH of around 6.35, indicating the enhancement of buffering capacity of medium was helpful to maintain the pH stability.



Some studies have reported that the SCFAs produced in the hindgut seems to be derived from the fermentation of nondietary substrates including crude microbial and mucin fractions, which interfered with the determination of dietary fiber fermentation [37]. Supportably, adding mucins to an in vitro batch fermentation model of the large intestine shifted short-chain fatty acid molar ratios, which the proportion of propionate increased with the mucin added [38]. In fact, mucus, act as an adhesion site for some bacterial species [39,40], provided nutrients or a mucosal environment for bacteria to fermentation. Glycerol, as a cryoprotectant, can also fermented by fecal microbiota [12]. In this study, adding glycerol to inoculum decreased the acetate production and increased butyrate and BCFA production compared to inoculum without glycerol fermentation in normal medium. However, the total production of propionate concentration raised steeply after 24 h with glycerol added, resulting propionate production had a negative net production at 36 h, which indicated addition of glycerin decreased the accuracy of propionic acid determination. An in vitro fermentation study under difference buffer capacity of medium showed that when pH of medium was 5 or 5.5, the propionate had a higher ratio in SCFA composition compared to pH of medium above 6 [41]. This is in concordance with the results obtained in the present study, which showed that the concentration of propionate production increased with the pH decreased during fermentation. In fact, propionate can be produced from glycerol during in vitro fermentation, and glycerol also can be converted to propylene glycol [42], which could increase propionate and decrease acetate formation [13]. In ruminant researches, the glycerin added in diet fed to beef cattle also increased production of propionate [14]. Meanwhile, another study indicated the concentration of propionic acid increased in dependence of the added glycerol amount and the longer incubation time [43]. Similarly, goats supplemented with glycerol-enriched yeast culture had significantly higher molar proportion of propionate, and significantly lower ruminal pH compared with the control [44]. Therefore, it is speculated that glycerol added in fermentation system may obscure the fermentation characteristic of dietary fiber substrates, thereby changing the fermentation profile of microorganisms.



A stable and optimized pH should be controlled during in vitro fermentation process to promise the maximal microbial activity, since the metabolic activity of microorganisms usually determined fermentable rate in vitro [16]. Therefore, changes in microbial diversity during fermentation is an important indicator to assess the stability of in vitro fermentation system. In addition, differences in the pH and SCFA in the present study were by far more influenced by medium and inoculum than the substrate. Therefore, we selected digesta of Barley diet to analyze the bacterial community at each time point. Chao1 and Shannon indexes were higher in anti-frozen inoculum than frozen-inoculum at 12 h, whereas lower at 36 h under the normal medium fermentation. This is mainly because of the decreased pH (from 6.7 to 5.2) in fermentation broth, which did not suitable for the growth and reproduction of microorganisms. However, under modified medium fermentation, due to the pH was maintained above 6.3 in anti-frozen inoculum, Chao1 index and Shannon index were similar to that in frozen inoculum at 36 h, indicating modified medium was more suitable for microorganism growth by providing a stable pH environment. The result was consistent with the previous report that in vitro fermentation of wheat bran (WB) and oat bran (OB) had a lower pH of fermenters with a lower microbial diversity [16]. Similarly, the results of Bai et al. [11] also showed that the α- diversity (Chao1 and Shannon) were decreased with the decrement of pH throughout the fermentation process. The β-diversity of the microbiota in present study showed clear segregations on the microbial communities among different treatments, indicating that the fermentation in different inoculum and medium treatments influenced the microbial structures. The fermentation of inoculum added glycerol and medium with high buffer capacity had a great impact on the microbiota at the phylum and genus level.



Ramayo-Caldas et al. [45] have reported that the dominant microbial phyla of pig feces are Firmicutes and Bacteroidetes, followed by Proteobacteria and Actinobacteria, which is in agreement with in vitro studies [46,47,48] and also with the current study. The same findings are also observed at genus level that reported by different researchers [11,49], but the abundances are highly variable due to different fermentation substrates or fermentation system. Glycerol usually added to inoculum in study of fecal microbiota transplantation to improve the fecal microbial survival rates during the cryopreservation [50,51]. Our results showed that adding glycerol to inoculum improved Actinoateriota abundance, decreased the abundance of Proteobacteria at 12 h. The modified medium fermentation with frozen inoculum improved Firmcutes and Actinobacteriota at 24 h and/or 36 h, which were similar to anti-frozen inoculum, and inhabited Proteobacteria growth compared with normal medium. The results indicated that glycerol has a distinct bacteria protection effects, but with the progress of fermentation, the decrement of pH caused by glycerol fermentation lead to microbial community disorder. However, modified medium would improve the microflora structure. In addition, a recent study showed that 10% glycerol supplement showed protective effect of fecal microbiota, in which 41.5% living bacteria in fresh fecal suspension remained alive after frozen with glycerol, rather only 7.1% bacteria remained alive after direct frozen [52]. Meanwhile, the microbiota composition in glycerol added inoculum was also similar to that of fresh fecal suspension. In the current study, α-diversity (Chao1 and Shannon index) of fermentation broth was higher in anti-frozen inoculum at 12 h of fermentation, as well as high relative abundance of Firmicutes, such as streptococcus, blautia, etc., was observed in anti-frozen inoculum at 12 h of fermentation. The lower pH condition would alter the composition and metabolic activity of microflora and therefore changed SCFA profiles. An in vitro study showed that the microbial community composition of rumen fluid at different initial pH has a significant difference, fermentation used rumen fluid at initial pH of 6.5 had the maximum utilization rate of fiber, and the rate of fiber degradation declined with the decrease of initial pH [53], indicating that low pH suppresses the growth of cellulolytic bacteria. In this research, alterations in the structure of the dominant microbiota after pH decrement could be a reason for a large amount propionate production.




5. Conclusions


In this study, adding glycerol to inoculum would decrease pH of broth, thereby changing the SCFA profiles, especially increased propionate production that elicited large variation of net concentration of propionate and decreased diversity of microbiota. The modified medium could maintain a pH above 6.3 and maintain the microbial diversity under anti-frozen inoculum. Additionally, modified medium improved the abundance of Firmicutes and Actinobacteria compared with normal medium under frozen inoculum fermentation, indicating modified medium offered a better environment to the fecal microflora. Our results indicated that fermentation using frozen inoculum with modified medium could maintain stability of pH and improve the accuracy of SCFA determination. However, due to lack of in vitro foregut digestion or have a large difference in the digestion degree compare to in vivo, fermentation characteristics of fiber ingredients evaluated by in vitro fermentation were usually inconsistent with in vivo. In this regard, it might be interesting to include a comparison of the ileal digesta composition with the residues after in vitro simulation of gastrointestinal digestion to improve their similarity in future investigations. Additionally, interindividual variability of fecal microbiota and its contribution to the variability of fermentation need further studied.
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Figure 1. Study design. 
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Figure 2. Effect of different treatments on pH of fermentation broth for digesta of Barley diet (A,C,E) and digesta of wheat shorts diet (B,D,F) at each sampling time and pH changes for digesta of Barley diet (G) and digesta of wheat shorts diet (H) over time during fermentation. The results presented as the mean values ± SEM. (n = 4; Different letters mean p < 0.05; * mean p < 0.05. N_AF, normal medium with anti-frozen inoculum; N_F, normal medium with frozen inoculum; M_AF, modified medium with anti-frozen inoculum; M_F, modified medium with frozen inoculum). 
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Figure 3. Changes of SCFAs production in the fermentation broth for digesta of Barley diet (A,C,E,G) and wheat shorts diet (B,D,F,H) at each sampling time during fermentation. The values were corrected for the amounts produced in the blank bottles and presented as the mean values. (n = 4; Different letters mean p < 0.05; BCFAs were calculated as the sum of i-butyrate, n-valerate, and i-valerate). 
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Figure 4. The amount of SCFAs in the fermentation broth for control (without substrate) among different treatments at each sampling time during fermentation. 






Figure 4. The amount of SCFAs in the fermentation broth for control (without substrate) among different treatments at each sampling time during fermentation.



[image: Fermentation 08 00018 g004]







[image: Fermentation 08 00018 g005 550] 





Figure 5. Bacterial diversity during fermentation. Chao1 (A) and Shannon (B) indexes in the fermentation broth at 12h, 24h, and 36h. PCoA analysis during fermentation of 12 h (C), 24 h (D) and 36 h (E). Data are represented as mean (n = 3; Different letters mean p < 0.05). N_AF, normal medium with anti-frozen inoculum; N_F, normal medium with frozen inoculum; M_AF, modified medium with anti-frozen inoculum; M_F, modified medium with frozen inoculum. 
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Figure 6. The microbial composition at the phylum (A) and genus (B) level with an abundance greater than 1% in fermentation broth at 12, 24 and 36 h. (n = 3; N_AF, normal medium with anti-frozen inoculum; N_F, normal medium with frozen inoculum; M_AF, modified medium with anti-frozen inoculum; M_F, modified medium with frozen inoculum). 
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Figure 7. The relative abundance of the predominant bacterial phyla (Firmicutes, Bacteroidetes, Actinobacteria and Proteobacteria) at the time point of 12 h (A–D), 24 h (E–G) and 36 h (H–K) during in vitro fermentation using digesta of Barley. Statistical significance was analyzed by Kruskal–Wallis H test. 
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Figure 8. Several differential genera exhibiting the first 15 bacteria among different treatments at 12 h (A), 24 h (B) and 36 h (C) during fermentation. Statistical significance was determined by Kruskal–Wallis test. 
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Table 1. Chemical composition of feed ingredients (air-dried basis).
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	Item
	DM
	CP
	NDF
	ADF
	ADL
	TDF
	IDF
	SDF





	Digesta of Barley diet
	92.67
	10.70
	38.58
	14.23
	2.55
	46.64
	36.93
	9.71



	Digesta of Wheat shorts diet
	93.31
	8.97
	36.33
	11.86
	3.41
	45.53
	37.92
	7.61







DM, dry matter. CP, crude protein. NDF, neutral detergent fiber. ADF, acid detergent fiber. ADL, acid detergent lignin. TDF, total dietary fiber. IDF, insoluble dietary fiber. SDF, soluble dietary fiber.
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