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Abstract

:

The use of fecal inoculums for in vitro fermentation models requires a viable gut microbiota, capable of fermenting the unabsorbed nutrients. Fresh samples from human donors are used; however, the availability of fresh fecal inoculum and its inherent variability is often a problem. This study aimed to optimize a method of preserving pooled human fecal samples for in vitro fermentation studies. Different conditions and times of storage at −20 °C were tested. In vitro fermentation experiments were carried out for both fresh and frozen inoculums, and the metabolic profile compared. In comparison with the fresh, the inoculum frozen in a PBS and 30% glycerol solution, had a significantly lower (p < 0.05) bacterial count (<1 log CFU/mL). However, no significant differences (p < 0.05) were found between the metabolic profiles after 48 h. Hence, a PBS and 30% glycerol solution can be used to maintain the gut microbiota viability during storage at −20 °C for at least 3 months, without interfering with the normal course of colonic fermentation.
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1. Introduction


A considerably large number of studies have recognized that gut microbiota is a critical factor for gut health and general host well-being, and plays a key role in the host’s gut development, mucosal immunity, food digestion, nutrient absorption [1], body detoxification, and several immune system interactions [2], not only for humans but also for other mammals and birds [3]. Microbial fermentation is seen as beneficial for the gastrointestinal tract (GIT) and host health, and is directly influenced by dietary components, which may stimulate the growth of one or more gut bacterial species [4].



Today, one of the areas of most interest for the food industry is the assessment of the prebiotic potential and gut health impact of innovative compounds incorporated in food matrices. However, before making these products commercially available, several in vitro, in vivo, and clinical trial studies are required, usually following this order. In vitro methods are considered the most suitable first-stage strategy to screen prebiotic candidates, offering the advantages of being less laborious and time-consuming, and usually raising less ethical problems, when compared to animal in vivo studies or human clinical trials [5,6]. Therefore, in a first stage, validated in vitro models are used to screen the product’s nutritional value, study the compounds digestion throughout the GIT, and evaluate their effect on the host’s gut health, namely disruptions to microbial equilibrium, such as inhibition of pathogenic bacteria growth [7,8].



Colonic fermentation in vitro models use human feces as inoculum to mimic the human gut microbiota and stimulate the fermentation, therefore, this inoculum should be representative of such ecosystems in respect to both microbial species and concentration [4]. The physical–chemical characteristics of the inoculum is one of the major concerns of in vitro studies [9]. Microbial activity variation has been linked to sampling time/day, donors and their diet, storage conditions, inoculum preparation procedures, and concentration used [9], which influences directly the microbial composition, viability, and activity [9,10,11]. The full extent of how fecal inoculum storage affects the microbiota, and which preservation method is the best for maintaining the gut microbiota as balanced and viable, is still fairly unknown [12].



The use of pooled fecal inoculums enables the reduction of inter-donor variabilities, by having a homogeneous and equilibrated mixture. In addition, having pooled fecal inoculums properly preserved and ready to use, eliminates the availability problem, reduces sample processing labor, and offers the possibility of using the same inoculum throughout several sets of experiments, hence, providing more reliable and reproducible results [4]. Moreover, frozen inoculums, enable studying the fermentation pattern of several compounds simultaneously throughout a period, without individual donor limitations. Nevertheless, mechanical damage due to ice particles and disruption of microbial cell membranes can still occur [13]. Additionally, when fecal inoculums are frozen directly, the number of viable bacterial cells (estimated by colony-forming units, CFU) can be reduced by 99.86% [14], due to different susceptibilities, e.g., the temperature of several microbial enzymes and bacteria. For example, fibrolytic gram negative bacteria are more susceptible to damage caused by freezing and thawing [13,15,16,17]. Hence, the use of a cryoprotectant prior to freezing can minimize these problems, enabling the recovery of bacterial cells to fresh equivalents [14]. In sum, the use of a well-preserved fecal inoculum is crucial for reproducing experiments and guarantee the robustness and reliability of in vitro experiments [12].



This work aimed to test the performance of a cryoprotectant solution in a human pooled fecal inoculum stored at −20 °C, by evaluating the bacterial viability and metabolic activity with storage time. The metabolic activity was assessed by investigating the gut bacteria’s capacity to carry out a colonic fermentation effectively (metabolic proof of concept). In addition, the use of a pooled fecal slurry as a fermentation inoculum was also studied, by targeting specific bacteria, e.g., bifidobacteria, acid lactic bacteria (LAB), and enterobacteria, with key roles in the host’s gut health and general well-being.




2. Materials and Methods


2.1. Reagents/Chemicals and Apparatus


The description of all reagents/chemicals and equipment used in this study are described in Appendix A. A summary of the experimental methodology is presented in Figure 1 and a detailed description of the methods/techniques used in this study are presented in the sub-sections below.




2.2. Procedures for Comparison of the Use of Individual and Pooled Inoculum


Fresh human fecal samples from five healthy adult volunteers were obtained within the premises of the Alchemy project (Universidade Católica Portuguesa, Escola Superior de Biotecnologia, Porto, Portugal). All subjects gave their informed consent for inclusion before their participation in the study (see Supplementary Information S1), conducted in accordance with the Declaration of Helsinki. The volunteers had normal omnivorous diet, without any intestinal disorders, had not ingested any antibiotics or other medicines known to affect the microbiota for at least 12 months prior to the study, and were not regular prebiotics or probiotics consumers. In addition, their last hospital admission was dated more than 12 months before the study. Volunteers were two males and three females aged 32.6 ± 4.92 years, with a body mass index (BMI) of 25.47 ± 2.31 kg/m2. Detailed information on the volunteers participating in this study is displayed in Table 1, and information on fecal sample collection is described in Appendix B.



Similar quantities of fecal sample from each donor (D) were pooled together to have a uniform and representative inoculum (pooled inoculum: P fresh). Individual fecal samples from D1 to D5, as well as P fresh, were diluted at 10% (w/w) in a 0.1 M phosphate-buffered saline pH 7.3 (PBS) solution and homogenized, first manually, and further mechanically, with a Mixwel® laboratory blender for 2 min at 460 paddles beats/min (Table 1). Sample pH was measured, using a SevenCompact pH meter, and their microbiological concentration assessed, as described in Section 2.6.




2.3. Sample Processing for Preservation Studies


In order to optimize the best preservation conditions, a new pooled inoculum was prepared and divided into four conditions, according to Table 2. Conditions I and II were mixed at 10% (w/w) with a 0.1 M PBS solution, III was kept undiluted, and IV was mixed at 10% (w/w), with a 0.1 M PBS and 30% (v/v) glycerol solution. All conditions were first homogenized manually, followed by a mechanical homogenization with a Mixwel® laboratory blender for 2 min at 460 paddles beats/min. Conditions II and III were frozen at −20 °C for 15 days, condition IV was frozen up to 90 days, whereas condition I was analyzed fresh (on the same day of preparation). To avoid repeated freezing and thawing cycles, several aliquots of the same fecal inoculum were made for each condition.



Gut bacteria viability of the four conditions was assessed with culture-dependent methods, as described in Section 2.6. Condition I was plated fresh on the same day as preparation, conditions II and III were defrosted and plated after 15 days, III was diluted at 10% (w/w) in a 0.1 M PBS solution, and IV was platted after 15 and 90 days of freezing (Table 2).




2.4. Colonic Fermentations Using Fresh and Frozen Inoculum


To evaluate the effect of storage (i.e., frozen inoculums) on the colonic fermentation performance, two inoculums, fresh (condition I) and frozen (condition IV), named from now on as inoculum A and B, respectively, were used to feed the colonic fermentation vessels. Inoculum B was previously submitted to two-glycerol wash-out cycles with a 0.1 M PBS solution. This step aimed to reduce the interference of glycerol on short-chain fatty acid (SCFA) production during fermentation, as glycerol can be used by gut bacteria as a substrate for propionate and butyrate production, which would interfere with and mislead the results. Inoculum B was first thawed in anaerobic conditions for 1 h, followed by vortexing and centrifugation (4696× g, 5 min at 4 °C). The supernatant was collected, and the pellet re-suspended in a 0.1 M PBS solution (1st glycerol wash-out cycle). The same procedure was repeated twice. After the third centrifugation (two glycerol wash-out cycles), a 0.1 M PBS solution was added to the pellet to make it up to the same initial volume as before the wash-out glycerol cycle and to complete the necessary volume for fermentation, i.e., 10% inoculum inside the fermentation vessel. The collected supernatant and inoculum B were analyzed by high-performance liquid chromatography (HPLC) (details described in Section 2.7) to quantify the glycerol concentration.



Inoculum A was submitted to in vitro batch culture fermentation while fresh, and inoculum B after 90 days frozen at −20 °C. Gut bacteria enumeration (described in Section 2.6) and pH levels were measured before fermentation. The metabolic patterns, i.e., SCFA and lactate production, over the 48 h fermentation period were compared.




2.5. Human Gastrointestinal Tract (GIT) Simulation Model Using Preserved Inoculum


An in vitro GIT simulation model adapted from the INFOGEST protocol was carried out. In a first stage the samples were submitted to gastric and intestinal digestion, followed by intestinal absorption and colonic fermentation, performed using the frozen human fecal inoculums A and B. Three conditions (in duplicates) were tested: (1) digested skim milk powder (SKM), (2) digested SKM supplemented with 0.1% (w/v) fructo-oligosaccharides (FOS), and (3) a blank control, only with fecal slurry (inoculum control—IC). The colonic fermentations were performed using two pH-controlled batch culture fermentation experiments, one using the fresh inoculum (A), and the second one using the frozen inoculum (B).



2.5.1. In vitro Gastrointestinal Digestion Protocol (INFOGEST)


An in vitro digestion method, based on the standardized European INFOGEST protocol with slight modifications, which mimics human in vivo conditions, as described by Brodkorb et al. (2019) [18], was used. SKM, i.e., the food matrix, was prepared according to the manufacturer’s instructions, i.e., 22 g of SKM in 200 mL of distilled water. The digestion protocol used 80 g of the SKM solution and followed the instructions given in the supplementary data 1 and 2 from Brodkorb et al. (2019) [18]. In addition, a dialysis step was added to simulate the nutrient absorption in the small intestine [19,20]. After gastric and intestinal digestion, all samples were transferred to a 1 kDa molecular weight cut-off regenerated cellulose dialysis tubing. The dialysis membranes were submerged in a 10 mM sodium chloride (NaCl) solution, overnight (15–20 h), at room temperature. Unabsorbed nutrients were retained inside the dialysis membrane, whereas the lower molecular weight molecules, representing the absorbed nutrients, were transferred by osmotic pressure into the NaCl solution. The retained substrates were freeze-dried and used as feed substrates in the in vitro batch culture fermentation system.




2.5.2. In vitro Batch-Culture Fermentations (Colonic Fermentation)


Six independent fermentation vessels were utilized simultaneously in two sets of experiments (set 1 and 2). The first one, with the fresh pooled fecal inoculum (inoculum A), was collected and prepared on the same day, and the second one, with the frozen pooled inoculum (inoculum B), was stored at −20 °C for 90 days in the cryoprotectant solution (i.e., 0.1 M PBS + 30% (v/v) glycerol). Sterile stirred batch culture fermentation vessels of 300 mL were set up and aseptically filled with 135 mL sterile basal nutrient medium, according to de Carvalho et al. (2019) [21], and gassed overnight with O2-free N2, and with continuous agitation (Figure 2a). Each condition was assessed in duplicate and the substrates added aseptically (by flaming the entry/sampling port). Vessels (1) and (2) had 1% (w/v) digested SKM, vessels (3) and (4) 1% (w/v) digested SKM supplemented with 0.1% (w/w) FOS (a known prebiotic), and vessels (5) and (6) were the inoculum control (IC) with no substrate added. Once the substrates were properly mixed with the basal media, each vessel was inoculated with 15 mL of fresh (set 1), or frozen (set 2), fecal slurry.



A FerMac 260 pH controller was used to maintain the pH between 6.7 and 6.9 (the pH of the human distal colon) in each vessel [22], and temperature was kept at 37 °C for 48 h with the help of a water bath. Samples (10 mL) were taken aseptically from each vessel, at 0, 6, 24, 30, and 48 h (Figure 2b). Immediately after collection, samples were placed in ice to stop the fermentation, centrifuged at 4 °C, 4696× g for 5 min, and the supernatant collected for SCFA and lactate analysis by HPLC.





2.6. Microbiological Assays


The fresh individual (D1–D5) and pooled inoculums (P fresh), subjected to the different preservation conditions (I–IV), as well as inoculum A and B, were diluted in 0.1% (w/v) peptone water (decimal dilutions) and platted in different culture media, as described in Table 3, using the Miles and Misra technique [23]. Platting and incubation were performed in anaerobic conditions using a Whitley A35 workstation at 37 °C. The gut bacteria enumeration described in Section 2.2 (D1–D5 and P fresh) used a higher number and more selective culture media, to enable a more complete study of the individual vs the pooled samples, whereas in Section 2.3 and Section 2.4 (inoculums submitted to conditions I–IV and inoculum A and B) the focus was to study the concentration of microorganisms present in the pooled inoculums, and evaluate the impact of the sample’s storage.




2.7. Determination of Short Chain Fatty Acids (SCFA), Lactate, and Glycerol/Glycerol Derivatives Produced during In Vitro Fermentation


The supernatants collected after centrifugation were filtered (0.22 μm) and directly analyzed by HPLC, using an Agilent 1260 II series HPLC instrument with a refractive index (RI) detector and diode array detector (DAD) at 220 nm, and an ion-exclusion Aminex HPX-87H column operated at 50 °C. A 5 mM sulfuric acid (H2SO4) mobile phase was used at a flow rate of 0.6 mL/min, with a running time of 30 min and an injection volume of 10 μL. Glycerol, 1-propanol, 2-propanol, 1,3-propanediol, lactate, acetate, propionate, and butyrate were identified and quantified using their corresponding calibration curves.




2.8. Statistical Analysis


Statistical analysis was carried out using TIBCO Statistica 13 software (Palo Alto, Santa Clara, CA, USA). Normality of the distributions was evaluated using Shapiro–Wilk’s test. As the samples followed normal distribution, means were compared considering a 95% confidence interval, using one-way ANOVA coupled with Tukey’s post-hoc test.





3. Results and Discussion


3.1. Differences between Using Individual and Pooled Inoculum


3.1.1. pH Variation


Table 4 presents the pH values for the conditions D1 to D5 and P fresh. The pH of the P fresh inoculum was different from the average pH value of each individual donor and closer to the donor with the most acidic pH value in study (D1). A numerical difference in the pH values was observed between each individual donor, with values ranging from 6.58 to 7.31 (Table 4). Previous studies have reported similar pH value ranges in individual feces of healthy adults [24,25,26]. These values show that the use of individual fecal inoculums may have a relevant impact on the fermentation. On the other hand, P fresh will have the same pH value for all inoculums used in the same set/experiment.



Human colon pH varies from 5 to 7 (ascending colon 5.4–5.9, traverse colon ~6.2, and distal colon 6.6 to 6.9). Despite the similarity in terms of functionality between individual fecal samples, this may not be true in terms of bacterial composition [7], resulting, for example, from the host genotype, nutrition, inflammation, antibiotics consumption, stool consistency, and pH [27,28,29]. Fecal pH, has a selective pressure on gut bacterial populations and their metabolism, especially on the fermentative gut bacteria and their metabolites production (e.g., SCFA). It influences the production of the major end product metabolites, such as propionate and acetate, of which production occurs mostly at neutral pH, and at various pH levels but by different bacteria, respectively [30].




3.1.2. Bacterial Viability and Diversity on Individual and Pooled Inoculum


pH is known to modulate bacterial populations [30], so differences in the composition of bacterial populations among the volunteers were expected, as the fecal pH value for the individual donors varied significantly. To verify the inoculums bacterial population viability and composition, the fresh individual and pooled inoculums were cultivated. The bacterial groups assessed are relevant for human health and for the colonic fermentation process, namely LAB, bifidobacteria, and enterobacteria.



Figure 3, shows the bacterial viable cell counts of fresh individual and pooled inoculum from human donors obtained using the different culture media. As expected, significant differences (p < 0.05) between the bacterial populations of the individual (D1–D5) and P fresh inoculums were observed. However, for all culture media and bacteria types, P fresh inoculum presented an average cell count within the values found for all individual donors (D1–D5). Moreover, for LAB (MRSA), P fresh presented an average viable cell count similar to D5 and D2, and for bifidobacterium (BSMA), P fresh’s viable cell numbers were similar to D3. Columbia blood agar (CBA) media presented the highest bacterial cell count for P fresh, followed by Bifidus selective medium agar (BSMA), de Man, Rogosa, and Sharpe agar (MRSA), violet red bile glucose agar (VRBGA), and MacConkey agar (MCA) (9.23, 8.68, 8.19, 7.11, and 7.10 log CFU/mL, respectively). This pattern was not verified for the individual fecal inoculums (D1–D5), where a difference in the bacterial viability of the studied bacterial groups (LAB, Bifidobacteria, and Enterobacteria) was found. In addition, significant differences were found among the individual donors for the different cell culture media. Hence, the results presented in Figure 3 reinforce the idea that the use of a pooled fecal inoculum enables increasing the bacterial biodiversity and reduces the risk of outlier donors, such as D4 and D5, which may influence the normal course of a colonic fermentation.



There is an evident pattern and pH-dependent gut bacterial composition, as donors D4 and D5 had lower LAB and bifidobacteria, and higher gram-negative and enterobacteria counts, together with the highest pH values (Table 4). This is in accordance with previous findings, where LAB and bifidobacteria were also related to lowering the intestinal pH, and enterobacteria abundance associated with higher values of fecal pH [31,32,33]. Contrarily to what was observed for the individual inoculums, none of the selected bacterial populations stood out for P-fresh inoculum. The use of individual fecal inoculum (i.e., from single donors) or from a pool of the donors is still highly discussed among the experts in this field. Pooled samples are expected to have higher bacterial biodiversity, which make them more representative of the human gut microbiota, with inter-donor variations minimized [34]. This fact was also verified with the pooled fecal inoculum tested in this study, where the average viable cell count in each of the selected media was normalized in regard to the individual inoculums, Figure 3.





3.2. Effect of Preservation on Gut Bacteria Viability and Diversity


Gut Bacteria Viability of the Pooled Inoculums Preserved under Different Conditions (I–IV)


One of the parameters for assessing whether a preservation method, such as the one optimized in this study, is efficient in preserving fecal inoculum, is to evaluate if the bacterial concentration present in the inoculum is viable over time [35]. Hence, the bacteria viability of acid lactic bacteria (LAB), bifidobacteria, Gram negative bacteria, and total/facultative anaerobic bacteria, commonly found in a healthy gut microbiota, was assessed in the pooled fecal inoculums. Although this approach only allows quantifying a small percentage of the bacterial microbiota present (1–10%), it is still considered a valid method to assess bacteria viability in frozen inoculums, due to the relevance of the chosen bacteria (i.e., LAB, bifidobacteria, and enterobacteria) for human health [27,36].



Figure 4 presents the bacterial concentrations in the different tested preservation conditions (I–IV). As expected, the results showed that the use of a cryoprotectant solution minimized the reduction of the bacterial concentration in comparison with the other conditions, directly frozen and frozen in PBS solution. Overall, the fresh inoculum presented more viable bacteria when compared to the frozen inoculum only with PBS, which was the least efficient preservation method. The inoculum frozen with PBS + 30% glycerol had a higher log CFU/mL than the those frozen either directly, or only with PBS. At 15 days, the only differences found between fresh inoculum and frozen with PBS + 30% glycerol, were for MRSA (LAB and bifidobacteria) and MCA (enterobacteria) media (p < 0.05). However, after 90 days there was a significant difference between the fresh and frozen with PBS + 30% glycerol inoculums, in which the reduction was less than 1 log CFU/mL in the frozen inoculum, for all culture media. This decrease in bacterial concentration during the 90 days storage at −20 °C may raise the question of whether the fermentation capacity would be affected. Therefore, in vitro colonic fermentation experiments using fresh and frozen inoculums were performed (see Section 3.3) to ensure that the colonic fermentation would have similar metabolic profiles.



The initial concentration of each group of bacteria, enumerated for the condition “fresh” (in both fresh pooled inoculums used in this study), was similar to the one reported previously by Costello et al. (2015) [36]. The same study also reported a lower bacteria concentration for the “frozen” condition, compared with the “fresh” one, however, less significantly in comparison with the present study. This difference, may well be because a different cryoprotectant concentration and storage temperature were used, i.e., 10% glycerol in PBS, frozen at −80 °C. In fact, previous studies have concluded that the most suitable temperature for long-term storage of fecal samples is −70 °C [37]. Thus, it may be worth investigating this fact further, and verifying if using lower temperatures (e.g., −70 to −80 °C) improves considerably the number of viable bacteria with regard to “fresh” inoculum.



One of the aims of this study was to optimize a preservation protocol for human fecal inoculums to feed in vitro fermentation models. Using frozen, properly preserved, and viable fecal inoculums, experiment labor and time can be substantially reduced, due to the immediate availability of the fecal inoculums. Moreover, more reliable and consistent results can be achieved when using the same inoculum throughout the same or different set of experiments. Although the use of frozen fecal inoculums has been associated with less taxonomic diversity and concentrations of viable bacteria, the advantages of having such inoculums ready to use overcome the disadvantages described in the literature [9,14]. The availability of volunteers is not always guaranteed, and the bacterial composition and activity of repeated donations can be significantly different from day to day, as they are very much dependent on dietary and living practices [12]. Therefore, the use of frozen fecal inoculum would provide flexibility and consistency to in vitro fermentations studies [9]. However, and to the author’s knowledge, there is a lack of suitable approaches regarding the use of well preserved and frozen fecal inoculums. Hence, a cryoprotectant solution (0.1 M PBS solution with 30% (v/v) glycerol) was tested for the storage of human pooled fecal inoculums, to verify if the bacterial concentration and diversity was suppressed, and if the fermentation process was somehow affected by using frozen inoculums instead of fresh ones.



Glycerol is a well-known and widely used cryoprotectant, namely on bacterial culture stock solutions. As the freezing-point of biological fluids and water decreases during the freezing process, glycerol is known to protect the cells against osmotic stress, preventing eutectic crystallization and protecting the membrane vesicles containing enzymes. Moreover, glycerol has been proved to preserve cell viability, and maintain the diversity of bacterial populations [12,38]. PBS, as a hypertonic solution, is commonly used for the homogenization of fecal slurry. However, saline solutions can cause surface lesions on bacteria, and the use of glycerol contributes to suppressing this issue [12]. In the present work, glycerol behaved as a cryoprotectant of bacterial cells, and the method used was shown to be adequate for generating inoculums with sufficient viability and bacterial diversity.



Other cryoprotectant agents, such as inulin, dimethyl sulfoxide (DMSO), and polyethylene glycol 400 (PEG 400) have also been used to preserve (e.g., up to six months) fecal inoculums for in vitro fermentation experiments [39,40]. In both studies, identical metabolic profiles of SCFAs during the fermentation experiments, when using fresh and frozen inoculums, were obtained. Bircher et al. 2018 [40] observed that the use of a saline solution containing 15% glycerol stored at −80 °C for 3 months, maintained the same propionate and butyrate production at 24 h of fermentation, for both fresh and frozen inoculums. On the other hand, Gaci et al. 2017 [39] tested the impact of several cryoprotectants, i.e., DMSO, glycerol, and PEG 400, on the production of SCFAs, and concluded that DMSO was the best cryoprotective agent. However, it is important note that DMSO may be toxic, even at low concentrations, while glycerol is not [14,40]. Furthermore, Parkar et al. 2019 [41] found that fecal material preserved at −80 °C in saline solution with glycerol provided a consistent and stable inoculum for in vitro fermentations, for up to 3 years. These studies used lower storage temperatures and glycerol concentrations, and they did not mention if there was a glycerol wash out step before fermentation, as in the present study.





3.3. Impact of Using Fresh and Frozen Inoculum in Colonic Batch Fermentations


3.3.1. Glycerol Wash-out Confirmation


The HPLC results showed that after the two-glycerol wash-out cycles, with 0.1 M PBS, glycerol concentration significantly decreased, from 3258 mM (before washing the inoculum) to 7.48 mM, (glycerol concentration in inoculum B). Inoculum B was further used to feed the colonic fermentation at 10% (v/v), thus, it is expected that the glycerol concentration in the fermentation vessels decreased 10 times (i.e., 0.7 mM). Moreover, the presence of glycerol was not detected at time point 0 h in any of the fermentation experiments (data not shown), most likely due to the fact that this concentration is under the HPLC detection limits. Thus, it is expected that this low concentration of glycerol, present in inoculum B, would not interfere with the fermentation process or alter the metabolite (e.g., SCFA) production. This fact was further verified when analyzing the metabolic profiles from the fermentation experiments using both inoculums A and B (see Section 3.4), proving that the wash-out procedure applied was efficient in removing most of the glycerol from the fecal slurry before its use in in vitro batch models.



Therefore, despite glycerol’s capacity for preserving inoculum microbiota, the utilization of this cryoprotectant is inadequate, unless the glycerol is removed prior to the start of the fermentation process, as it can interfere with the metabolite production (i.e., SCFA), due to its use by the colonic bacteria [11]. Gut bacteria can use glycerol as a source of energy/nutrients, originating undesired glycerol-derived by-products (e.g., 1,3-Propanediol, 1-Propanol and 2-Propanol), and increasing the SCFA production, namely propionate and butyrate. For this reason, the glycerol wash-out step is crucial prior to fermentation.



The type of substrate present during gut fermentation will have a direct impact on the composition of the gut bacterial population and their metabolism, which is dominantly saccharolytic and/or proteolytic. The metabolites or end-products produced during fermentation include SCFA, mainly acetate, propionate, and butyrate, which represent 90–95% of the total SCFA, and at a smaller scale, branched-chain fatty acids (BCFA), such as isobutyrate and isovalerate, which represent ~5% of total SCFA production [12,42]. These metabolites play a key role in the host’s well-being, as is heavily described in the literature [28,29,42,43,44], with special importance given to the inhibition of pathogenic microorganism growth by reducing the luminal and fecal pH, and directly promoting the growth of symbionts; regulation of glucose and lipid metabolism; reduction of food intake; mineral absorption promotion; stimulation and differentiation of intestinal enterocytes; anti-oxidative functions; reduction of inflammatory disease prevalence; and also contributing to the central nervous system function (gut–brain axis) [12,21,44,45].




3.3.2. pH Variation


The pH value of the inoculum B was 6.59, and similar to the fresh pooled inoculum, as shown in Table 3. Based on these results, it was evident that the pH value was stable in the pooled inoculums upon freezing. Therefore, the use of a pooled fecal inoculum seems to be the most appropriate manner of standardizing gut microbiota populations to be used in gut fermentation experiments.




3.3.3. Gut Bacteria Enumeration of Inoculum A and B


Figure 5 shows the bacterial cell viable numbers present in fresh pooled inoculum (A) and frozen pooled inoculum (B). In both inoculums A and B, the bacterial cell viable counts were statistically different (p < 0.05). The culture media that presented the highest bacterial viability for both inoculums (A and B) was CBA (9.10 and 8.18 log CFU/mL, respectively) followed by MRSA + 0.1% (w/v) cysteine (8.67 and 8.20 log CFU/mL, respectively) and MCA (7.30 and 6.24 log CFU/mL, respectively). This trend was also verified for the pooled inoculums I and IV frozen for 90 days (Figure 4).



Despite the loss of cell viability in inoculum B, the results shown in Figure 5 support the choice of using a frozen pooled fecal inoculum for up to 90 days of storage at −20 °C, as there was still a significant number of viable cells capable of carrying out an effective in vitro colonic fermentation, as proven further (see Section 3.4). Moreover, the results obtained in the present study are in agreement with previous studies [36].





3.4. Human in vitro Colonic Fermentation Using Fresh and Frozen Inoculums


In vitro colonic fermentations were carried for both fresh (A) and frozen (B) inoculums. Figure 6, shows the SCFA and lactate production results of the fermentation experiments. Each set included three conditions (in duplicates): 1) IC (only basal media and fecal inoculum), 2) SKM condition (basal media + 1% digested SKM + fecal inoculum), and 3) SKM + 0.1 (w/w) % FOS with 1% digested SKM + 0.1% (w/w) FOS + fecal inoculum). The IC provided the background information regarding the intrinsic and already stablished gut microbiota metabolite production, without the interference of a nutrient source. In addition, it enabled comparing both the fresh and frozen inoculums used in the present study with other published studies [21,46,47,48,49].



As expected, the condition with the lowest SCFA production was the IC, for both fresh (A) and frozen (B) inoculums, since there was no addition of substrate to feed the gut bacteria. For inoculum A and at 48 h, the concentration for acetate, propionate, and butyrate was 23.48, 3.63, and 2.93 mM, respectively. For the same conditions, inoculum B had a significantly (p < 0.05) lower concentration for acetate and propionate (14.72 and 2.45, respectively), but not for butyrate (1.36 mM). The SCFA produced with the SKM and SKM + FOS 0.1% (w/w) conditions did not present significant differences (p < 0.05) for both inoculums at 48 h. Thus, the gut bacteria kept the same metabolic capacity for frozen as for the fresh inoculum, despite the preservation process. For both conditions with different inoculums, the production of the SCFA was not statistically different between them, with concentrations for acetate, propionate, and butyrate around 55 mM, 15 mM, and 5 mM, respectively. Therefore, the supplementation of FOS at 0.1% (w/w) in SKM did not increase the fermentative potential of the gut microbiota tested. This fact may be due to the lower FOS concentration used, and different results may be expected when increasing the incorporation percentage.



Regarding lactate, it is known that this organic acid usually appears within the first hours of fermentation, and disappears after a certain time (commonly at 24 h), due to its consumption by the gut bacteria [21,49]. Lactate is produced by, e.g., LAB and bifidobacteria and converted to acetate, propionate, and butyrate by other bacteria, namely e.g., Bacteroides and Roseburia, which are propionate and butyrate producing bacteria, respectively. This metabolic process, known as cross-feeding, i.e., the use of metabolic end-products of a given microorganism by others [42,43], limits the accumulation of lactate in the colon and the consequent metabolic acidosis [21]. This cross-feeding process was verified in this study, as lactate was present at concentrations between 10–20 mM (for both inoculums) at 6 h, and disappeared completely after 24 h. Simultaneously, an increase of acetate, propionate, and butyrate concentrations was observed (Figure 6).



For the IC condition, the concentration of acetate, propionate, and butyrate at 24 h, was 21.72, 3.31, and 2.99 mM, respectively, and within the concentration ranges reported in other studies, i.e., 3–25 mM, 1.5–7 mM, and 1.5–5 mM at 24 h, for the same SCFA, respectively [21,46,47,48,49]. On the other hand, no data were found for the use of SKM which could be used for comparison. At 24 h, this condition originated concentrations of acetate, propionate, and butyrate, of 55.44, 14.64, and 6.10 mM, respectively. Shen et al. (2011) [50] reported considerably lower concentrations of acetate, propionate, and butyrate, of approximately 45 mM, 6 mM, and 3 mM, respectively, using 1% of human milk oligosaccharides (HMO). These differences were most likely because SKM is a much richer substrate than HMO, and thus, higher concentrations of these acids are expected. Despite the differences in SCFA concentrations expected for different food matrixes, the molar ratio of acetate, propionate, and butyrate produced, in both fresh and frozen inoculum, was similar to other studies, ranging from 3:1:1 to 10:2:1 [42,43,51,52]. The same trend was observed for all conditions tested.



Different approaches can be used to test the prebiotic potential of a new compound. The most suitable strategy, as a first-stage, is to use in vitro models, such as the fecal batch culture system with pH control used in the present study to screen potential prebiotic candidates [6]. According to the International Scientific Association for Probiotics and Prebiotics (ISAPP), a prebiotic is a “substrate that is selectively utilized by host microorganisms conferring a health benefit”. This definition is applied for both human and animals [6,53]. The inclusion of prebiotics in human and animal nutrition has long been regarded with great interest, due to the proven beneficial impact on gut microbiota modulation, and the subsequent health-promotion effects for the host. Most of the bioactive compounds validated as prebiotics, such as FOS and galacto-oligosaccharides (GOS), which are small to medium chain carbohydrates, have been extensively studied, and are currently well-established prebiotics and commercially available [6,53,54].



The concentration of SCFA present in the distal colon can vary from 20 to 70 mM, depending on the host’s diet, which is the major carbon source available for metabolization by gut microbiota [28,29]. In the present study, the SCFA concentrations after 48 h of in vitro colonic fermentation were within this range.



Food digestion has an important role in nutrient absorption, and in determining what reaches the colon for fermentation. A standardized static in vitro simulation of gastrointestinal food digestion model (INFOGEST) [18] was used. As recommended, SKM was chosen as the food matrix, as it is one of the most complete food matrices in terms of nutrition, containing all the essential nutrients. A reduced fat content (skim) was preferred to avoid the use of complex fat digestion enzymes (i.e., lipases). Moreover, liquid foods do not require oral digestion, as there is no need for mastication. Using a well-studied food matrix will also provide useful information for results comparison. Unlike other in vitro digestion models [18,55], and in accordance with other studies [19,56,57], an additional intestinal absorption step was added to this protocol, in order to mimic as closely as possible the human complete digestive system, including the use of the unabsorbed material retained in the membranes for gut bacteria fermentation. The inclusion of a well-established prebiotic, such as FOS, in the food matrix, (i.e., SKM) will provide the necessary information on what happens when such food components are included in the diet, and this condition was the positive control of the study. The choice of the percentage to be added (0.1% FOS (w/w)) was made to verify the impact of a prebiotic-low dosage supplementation on gut microbiota.



To summarize, the use of a frozen inoculum in an in vitro batch-culture fermentation model did not show significant differences in the production of the main SCFA, i.e., acetate, propionate, and butyrate, when compared with the fresh inoculum.





4. Conclusions


The optimized preservation method (utilization of 0.1 M PBS + 30% (v/v) glycerol solution and frozen at −20 °C for 90 days) described in this study proved to be suitable for the storage of frozen pooled fecal inoculums aimed at feeding in vitro batch culture fermentation models, by maintaining the gut microbiota viability and the capability of carrying out a colonic fermentation process effectively. Pooled frozen inoculums could still be used after 90 days (~3 months) storage, although a significant decrease of viable cells was observed in the frozen inoculum compared with the fresh inoculum, and this reduction was less than 1 log CFU/mL, which was not enough to reduce the bacteria fermentative capacity. Overall, the disadvantages associated to the use of pooled frozen fecal inoculums are overcame by the numerous advantages of having well preserved, ready to use, and viable inoculums for colonic fermentation studies.
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Appendix A. Materials and Methods


Appendix A.1. Reagents/Chemicals Used in This Study







	
1-propanol (Sigma, St. Louis, MO, USA);



	
1,3-propanediol (Sigma, St. Louis, MO, USA);



	
2-propanol (Honeywell Riedel-de Haen, Munich, Germany);



	
Acetic acid glacial (Sigma, St. Louis, MO, USA);



	
Ammonium Carbonate-(NH4)2CO3 (Merck KGaA, Darmstadt, Germany);



	
Bile bovine (Sigma, St. Louis, MO, USA);



	
Bile salts (Sigma, St. Louis, MO, USA);



	
Bile acid assay kit (Sigma, St. Louis, MO, USA);



	
Butyric acid (Sigma, St. Louis, MO, USA);



	
Calcium chloride dihydrate—CaCl2(H2O)2 (Carlo Erba Reagents, Barcelona, Spain)



	
Calcium chloride hexahydrate—CaCl2(H2O)6 (Sigma, St. Louis, MO, USA);



	
Defibrinated sheep blood OxoidTM (Thermo Fischer Scientific, Waltham, MA, USA)



	
Dipotassium hydrogen phosphate-K2HPO4 (Honeywell Fluka, Seelze, Germany);



	
DL-lactic acid (Sigma, St. Louis, MO, USA);



	
Fructo-oligosaccharides from chicory root (FOS) (Megazyme, Bray, Ireland);



	
Glycerol—analytical grade (Fisher Scientific, Loughborough, UK);



	
Hemin (Sigma, St. Louis, MO, USA);



	
Hemoglobin (Sigma, St. Louis, MO, USA);



	
Hydrochloric acid- HCl (Honeywell Fluka, Seelze, Germany);



	
L-cysteine HCl (Sigma-Aldrich, St. Louis, MO, USA);



	
Magnesium chloride hexahydrate-MgCl2(H2O)6 (Panreac, Barcelona, Spain);



	
Magnesium sulfate heptahydrate-MgSO4(H2O)7 (Sigma, St. Louis, MO, USA);



	
Molico skim milk powder-SKM (Nestlé S.A., Vevey, Switzerland);



	
Na-p-tosyl-L-arginine methyl esther hydrochloride—TAME (Sigma, St. Louis, MO, USA);



	
Pancreatin from porcine pancreas (Sigma, St. Louis, MO, USA);



	
Pepsin from porcine gastric mucosa powder (Sigma, St. Louis, MO, USA);



	
Peptone from animal tissue (Sigma, St. Louis, MO, USA);



	
Phosphate buffered saline (Dulbecco A) OxoidTM (Thermo Fischer Scientific, Waltham, MA, USA);



	
Potassium chloride-KCl (Honeywell Fluka, Seelze, Germany);



	
Potassium dihydrogen phosphate-KH2PO4 (Merck KGaA, Darmstadt, Germany);



	
Propionic acid (Sigma, St. Louis, MO, USA);



	
Resazurin sodium salt (Sigma, St. Louis, MO, USA);



	
Sodium chloride-NaCl (Honeywell Fluka, Seelze, Germany);



	
Sodium hydrogen carbonate-NaHCO3 (Panreac, Barcelona, Spain);



	
Sodium hydroxide—NaOH (LabChem, Zelienople, USA);



	
Sulfuric acid—H2SO4 (Honeywell Fluka, Seelze, Germany);



	
Trichloroacetic acid—TCA (Sigma, St. Louis, MO, USA);



	
Tris(hydroxymethyl)aminomethane hydrochloride (Merck KGaA, Darmstadt, Germany)



	
Tween 80 (Sigma, St. Louis, MO, USA);



	
Vitamin K1 (Sigma, St. Louis, MO, USA);



	
Yeast extract (Sigma, St. Louis, MO, USA).









Appendix A.2. Culture Media







	
Bifidus selective medium agar-BSMA (Sigma, St. Louis, MO, USA);



	
Columbia agar base-CBA (Liofilchem, Roseto degli Abruzzi, Italy);



	
de Man, Rogosa and Sharpe agar-MRSA (Biokar Diagnostics, Allonne, France);



	
MacConkey agar-MCA (Biolife, Milan, Italy);



	
Violet red bile glucose agar—VRBGA (Biokar diagnostics, Allonne, France).









Appendix A.3. Apparatus Used in This Study







	
1 kDa molecular weight cut-off regenerated cellulose dialysis tubing Spectra/Por® 6 (Spectrum, New Brunswick, NJ, USA);



	
Agilent 1260 II series HPLC (Agilent, Santa Clara, CA, USA);



	
Alpha 2–4 LSC plus model (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany)



	
Anaerobic cabinet, Whitley A35 workstation (Don Whitley Scientific, Bingley, UK);



	
FerMac 260 pH controller (Electrolab Biotech Ltd., Gloucestershire, UK);



	
Heraeus™ Megafuge™ 16R Centrifuge (Thermo Fischer Scientific, Waltham, MA, USA)



	
Ion-exclusion Aminex HPX-87H column (Biorad, Hercules, CA, USA);



	
Mixwel® laboratory blender (Alliance Bio Expertise, Guipry, France);



	
MR Hei-Tec magnetic stirrer (Heidolph Instruments GmbH & CO. KG, Schwabach, Germany)



	
MST magnetic stirrer (Velp Scientifica, Usmate Velate, Italy)



	
OxoidTM AnaeroGenTM 2.5 L sachet (Thermo Fischer Scientific, Waltham, MA, USA);



	
OxoidTM AnaeroJarTM 2.5 L (Thermo Fischer Scientific, Waltham, MA, USA);



	
Reax top vortex (Heidolph Instruments GmbH & CO. KG, Schwabach, Germany);



	
Refrigerator Beko RSNE445E33WN (Beko, Istanbul, Turkey);



	
SevenCompact pH meter (Mettler Toledo, Urdorf, Switzerland);



	
Synergy H1 Hybrid Multi-Mode Reader (BioTek, Winooski, VT, USA);



	
UV-1900 UV-VIS spectrophotometer (Shimadzu, Kyoto, Japan);



	
Tamper proof specimen 1-L containers (Sigma, St. Louis, MO, USA).










Appendix B. Human Fecal Sample Collection Protocol


The fecal samples were collected in a clean tamper-proof specimen 1 L container. The containers with the feces were placed in the OxoidTM AnaeroJarTM 2.5 L with an OxoidTM AnaeroGenTM 2.5 L sachet, closed until opened inside of the anaerobic cabinet, a Whitley A35 workstation, and used within 2 h of collection. Under the anaerobic cabinet atmosphere (nitrogen 80%, carbon dioxide 10%, hydrogen 10%), fecal content of each donor was sampled in equal amounts, placed into an empty pre-weight tamper-proof specimen 1 L container, and weighed to obtain a pooled fecal inoculum.
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Figure 1. Schematic model of the methodology applied in this study. 
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Figure 2. (a) In vitro Batch-Culture Fermentations Models, (b) Sampling Procedure. 
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Figure 3. Bacterial viable cell counts (log CFU/mL, mean ± SD) of fresh individual (D1–D5) and pooled inoculum (P Fresh) from human donors obtained using different culture media incubated for 72 h at 37 °C in anaerobic conditions. Different letters mark statically significant (p < 0.05) differences between conditions plated at each culture media. 
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Figure 4. Bacterial viable cell counts (log CFU/mL, mean ± SD) of the inoculum mixed at 10% (w/w) with a 0.1 M PBS solution and analyzed fresh (I) or frozen at −20 °C for 15 days (II), kept undiluted and also frozen at −20 °C for 15 days and later diluted at 10% (w/w) with 0.1 M PBS (III), 0.1 M PBS, and 30% (v/v) glycerol solution, and frozen for 15 to 90 days (IV), obtained using different culture media incubated fo 72 h at 37 °C in anaerobic conditions. Different letters mark statically significant (p < 0.05) differences between each condition when plated in each culture media. 
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Figure 5. Bacterial viable cell counts (log CFU/mL, mean ± SD) in fresh pooled inoculum (A) and frozen pooled inoculum (B) obtained using different culture media incubated for 72 h at 37 °C in anaerobic conditions. Different letters mark statically significant (p < 0.05) differences between each condition, in each culture media. 
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Figure 6. Concentration (mM, means ± SD) of the SCFA and lactate produced during 48 h of colonic fermentation using a fresh inoculum (A) and frozen inoculum (B). (a) Lactate; (b) acetate; (c) propionate; (d) butyrate. Different letters mark statically significant (p < 0.05) differences between the same conditions at each sampling time, in each inoculum. FOS—fructo-oligosaccharides; IC—inoculum control; SKM—skimed milk. 
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Table 1. Volunteer Detailed Information (1), Composition of Individual Inoculums (2), and Pooled Inoculum (P-Fresh) (3).
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Donors Information (1)




	
Donor

	
Genre

	
Height (m)

	
Weight (kg)

	
Age (years)

	
BMI * (kg/m2)

	
Dairy Consumption

	
Regular Exercise




	
D1

	
Male

	
1.82

	
97

	
25

	
29.37

	
Yes

	
Yes




	
D2

	
Female

	
1.60

	
60

	
31

	
23.44

	
Yes

	
No




	
D3

	
Female

	
1.76

	
81

	
35

	
26.15

	
Yes

	
Yes




	
D4

	
Male

	
1.68

	
72

	
32

	
25.51

	
Yes

	
Yes




	
D5

	
Female

	
1.62

	
60

	
40

	
22.86

	
Yes

	
Yes




	
Individual Inoculums (2)




	
Donor

	
Individual Fecal Weight (g)

	
Individual Feces Plus Dilution Solution (g)

	
Fecal Dilution (%)




	
D1

	
2.01

	
20.08

	
10.01




	
D2

	
2.01

	
20.06

	
10.02




	
D3

	
2.16

	
20.20

	
10.69




	
D4

	
2.21

	
20.02

	
11.04




	
D5

	
2.19

	
20.07

	
10.91




	
Pooled Inoculum-P Fresh (3)




	
Donor

	
Individual Fecal Weight (g)

	
Fecal Pooled Weight (g)

	
Fecal Pooled Plus Dilution Solution (g)

	
Fecal Dilution (%)

	
Individual Representation (%)




	
D1

	
1.23

	
5.48

	
54.86

	
9.99

	
22.45




	
D2

	
1.15

	
20.99




	
D3

	
1.11

	
20.26




	
D4

	
0.76

	
13.87




	
D5

	
1.23

	
22.45








* BMI—body mass index.
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Table 2. Detailed Information on the Composition of the Pooled Inoculum (1), and Pooled Inoculum Preparation Conditions (2).
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Pooled Inoculum (1)




	
Donor

	
Individual Fecal Weight (g)

	
Fecal Pool Weight (g)

	
Individual Representation (%)




	
D1

	
2.2

	
25.1

	
13.94




	
D2

	
3.5

	
8.76




	
D3

	
4.3

	
17.13




	
D4

	
7.0

	
27.89




	
D5

	
8.1

	
32.27




	
Pooled Inoculum Preparation Conditions (2)




	
Condition

	
Fecal Pool Weight (g)

	
Fecal Pooled Plus Dilution Solution (g)

	
Fecal Dilution (%)

	
Storage Solution

	
Storage Time at −20 °C (Days)

	
Fecal Pool Diluted in




	
I

	
6.7

	
67.4

	
9.94

	
---

	
---

	
0.1 M PBS




	
II

	
6.7

	
67.4

	
9.94

	
0.1 M PBS

	
15

	
0.1 M PBS




	
III

	
2.8

	
28.3

	
9.89

	
---

	
15

	
0.1 M PBS




	
IV

	
6.6

	
66.4

	
9.94

	
0.1 M PBS + 30% glycerol

	
15 and 90

	
0.1 M PBS + 30% glycerol
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Table 3. Gut Bacteria Enumeration Platting Conditions of the Fresh Individual (D1–D5) and P Fresh (1) Inoculums and Conditions I–IV, and Inoculums A and B (2).
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Microorganism Enumeration of Fresh Individual (D1–D5) and P Fresh Inoculums (1)






	
Culture Media

	
Incubation Conditions

	
Target Bacteria Group




	
Bifidus selective medium agar (BSMA)

	
Anaerobic

37 °C

for 72 h

	
Bifidobacteria




	
Columbia blood agar (CBA) with 5% (v/v) defibrinated sheep blood

	
Total bacteria (included fastidious microorganisms)




	
MacConkey agar (MCA)

	
Gram negative and enteric bacteria (e.g., Escherichia coli and Salmonella spp.)




	
de Man, Rogosa and Sharpe agar (MRSA)

	
Acid lactic bacteria (LAB)




	
Violet red bile glucose agar (VRBGA)

	
Enterobacteriaceae (e.g., Escherichia coli and Salmonella spp.)




	
Inoculums Submitted to Conditions I–IV and Inoculums A and B (2)




	
Culture Media

	
Incubation Conditions

	
Target Bacteria Group




	
Columbia blood agar (CBA) with 5% (v/v) defibrinated sheep blood

	
Anaerobic37 °Cfor 72 h

	
Total bacteria (included fastidious microorganisms)




	
MacConkey agar (MCA)

	
Gram negative and enteric bacteria (e.g., Escherichia coli and Salmonella spp.)




	
de Man, Rogosa and Sharpe agar (MRSA) with 0.1% (w/v) cysteine

	
Acid lactic bacteria (LAB) and Bifidobacteria
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Table 4. pH Value of the Fresh Individual (D1–D5) and Pooled Fecal (P Fresh) Inoculums.
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	Condition
	pH





	D1
	6.58



	D2
	6.98



	D3
	6.97



	D4
	7.07



	D5
	7.31



	Average *
	6.98 ± 0.24



	P fresh
	6.64







* Average of pH value for individual donors (mean ± SD).
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