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Effect of in vitro cultivation 
on human gut microbiota 
composition using 16S 
rDNA amplicon sequencing 
and metabolomics approach
Paulina Średnicka 1, Marek Łukasz Roszko 2*, Dominik Popowski 2,3, Monika Kowalczyk 1, 
Michał Wójcicki 1, Paulina Emanowicz 1, Magdalena Szczepańska 2, Danuta Kotyrba 4 & 
Edyta Juszczuk‑Kubiak 1*

Gut microbiota (GM) plays many key functions and helps maintain the host’s health. Consequently, 
the development of GM cultivation under in vitro stimulating physiological conditions has gained 
extreme interest in different fields. In this study, we evaluated the impact of four culture media: Gut 
Microbiota Medium (GMM), Schaedler Broth (SM), Fermentation Medium (FM), and Carbohydrate Free 
Basal Medium (CFBM) on preserving the biodiversity and metabolic activity of human GM in batch 
in vitro cultures using PMA treatment coupled with 16S rDNA sequencing (PMA‑seq) and LC‑HR‑MS/
MS untargeted metabolomics supplemented with GC–MS SCFA profiling. Before the experiments, 
we determined the possibility of using the pooled faecal samples (MIX) from healthy donors (n = 15) 
as inoculum to reduce the number of variables and ensure the reproducibility of in vitro cultivation 
tests. Results showed the suitability of pooling faecal samples for in vitro cultivation study. Non‑
cultured MIX inoculum was characterized by higher α‑diversity (Shannon effective count, and Effective 
microbial richness) compared to inocula from individual donors. After 24 h of cultivation, a significant 
effect of culture media composition on GM taxonomic and metabolomic profiles was observed. The 
SM and GMM had the highest α‑diversity (Shannon effective count). The highest number of core ASVs 
(125) shared with non‑cultured MIX inoculum and total SCFAs production was observed in the SM. 
These results might contribute to the development of standardized protocols for human GM in vitro 
cultivation by preventing methodological bias in the data.

The large intestine is inhabited by a vast number of bacteria, fungi, archaea, and viruses, making it the largest 
micro-ecosystem in the human  body1. These microorganisms constantly interact with each other and with the 
host, playing an important role in maintaining human  health1,2. The physiological functions of the GM include 
the maturation of the immune  system3, energy  harvest4, protection against  pathogens5, gut barrier integrity 
 maintenance6, enteroendocrine appetite  signaling7 and others. The symbiotic balance state of GM can be easily 
disturbed by numerous endogenous and exogenous factors leading to dysbiosis, which may have adverse health 
outcomes not only in the gastrointestinal system but also in the  neurological8,  endocrine9,  cardiovascular10 and 
immune  system11. The role of GM contribution in the pathogenesis of human diseases is still not fully understood 
and requires further investigation to describe the molecular mechanisms and modes of action responsible for 
these  processes1,12.
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Currently, there is a need to optimize methods of in vitro culturing the human GM to investigate and under-
stand its link with the pathogenesis of various diseases and food-induced alterations but also in the compre-
hensive evaluation of environmental pollutants toxicity, including endocrine disrupting chemicals (EDCs) as a 
major source of food contaminants and human  exposure13–15. The use of in vitro models can provide a time- and 
cost-effective insight into microbiome responses and can deliver preliminary data for justifying further in vivo 
 research14. Currently used in vitro models for the cultivation of GM include simple batch fermentation models, 
continuous fermentation models, and advanced culture systems to study microbiota-host  interaction14,16.

Dominant members of GM are fastidious anaerobic microorganisms that require rich media and oxygen-
free handling on every step from donation to  cultivation17. The choice of cultivation medium is a crucial factor 
affecting the survivability of various GM species, and thus causes shifts in taxonomic profiles as well as changes 
in functional and metabolic levels manifested via the short-chain fatty acid (SCFAs) concentrations, and vitamins 
and small metabolites  production18,19. To date, numerous commercially available and newly composed media 
have been used in various GM in vitro cultivation  studies20–23, but many gut bacteria are still non-culturable due 
to the inability to simulate their natural environment in vitro24. Moreover, the distinction between live and dead 
bacteria is especially important when using sequencing methods to study the GM community. Next-generation 
sequencing (NGS) analyzes total DNA in samples containing viable bacteria, non-viable bacteria, and cell-free 
DNA in the environment leading to an overestimation of some taxa in the complex microbial  community25. 
Recently, it has been reported that propidium monoazide (PMA), a DNA chelating agent that is excluded by 
an undamaged bacterial membrane, can be used to test the viability of the cells to reduce bias associated with 
16S rDNA sequencing of various environmental  samples26 including human stool to evaluate faecal microbiota 
transplantation  protocols27,28. However, up to date, no studies on determining the impact of various types of 
media on human GM in vitro cultivation have been reported, where the influence of the application of PMA-
sequencing (PMA-seq) was assessed. It should be noted that studying microbiome function at the individual 
level is challenging due to the high diversity of GM among  humans29. Recently, several studies have focused on 
the feasibility of using the faecal pooling procedure to optimize a low-cost, large-scale sampling methodology, 
which could be utilized in various analyses of the human microbiome  function30,31.

The main objective of this study was to evaluate the effect of the four commonly used microbial culture media 
to preserve the biodiversity and metabolic activity of the human GM in an in vitro batch-cultivation model. In 
the first part of this study, we determined the possibility of using the pooled faecal samples (MIX) from healthy 
donors (n = 15) as inoculum to reduce the number of variables and ensure the reproducibility of tests. Next, the 
PMA treatment to differentiate the viable microbes from non-viable GM community members coupled with 
targeted 16S rDNA sequencing (PMA-seq), and LC-HR-MS/MS untargeted metabolomics supplemented with 
GC–MS SCFA profiling was applied to examine the impact of cultivation media on the GM community and 
metabolomic profiles.

Materials and methods
Materials. Media used in this study included: Gut Microbiota Medium (GMM) without  agar32, Schaedler 
Broth (SM) (Graso Biotech, Poland), Fermentation Medium (FM)33, and Carbohydrate Free Basal Medium 
(CFBM)34. All media were prepared following the manufacturer’s protocols. High purity SCFAs standards for gas 
chromatography (GC–MS) analysis, including acetic acid, propionic acid, butyric acid, isobutyric acid, isovaleric 
acid, and valeric acid, were purchased from Sigma Aldrich (St Louis, MO, USA). Human fresh faecal samples 
were collected from healthy volunteers (n = 15) recruited in Poland. All donors provided written informed con-
sent prior to participating in the study; samples were anonymized and treated according to medical ethical 
 guidelines35.

Methods. Stool collection and preparation of the human GM inoculum. The human GM inoculum was pre-
pared in the Laboratory of Biotechnology and Molecular Engineering in the Institute of Agricultural and Food 
Biotechnology—State Research Institute (IAFB-SRI) following the protocol approved by the Research Ethics 
Committee with Human Participation at the Warsaw University of Life Sciences (#23/2021). Healthy donors (8 
females and 7 males, aged from 25 to 35 years) were selected in terms of meeting the following criteria: no anti-
biotics therapy and probiotics supplementation at least 6 months before donation, not obese, body weight index 
(BMI) ≤ 25 kg/m2, no chronic and gastrointestinal diseases, no smoking, and being on a traditional European 
diet (non-excluding meat) (Table S1). Donors collected fresh stool samples at home using a plastic stool collec-
tion container (Fisher Scientific, 02-544-208) and were asked to immediately put the container into anaerobic 
conditions (Genbag anaerobic, BioMerieux) and home refrigerator. The stool samples were transported chilled 
in an insulated container with an ice pack and processed by the laboratory after a maximum of 8 h from the col-
lection. The stool samples were transferred to an anaerobic chamber (BACTRON 300 Sheldon Manufacturing, 
Inc., 90%  N2, 5%  H2, 5%  CO2) and portioned into ∼ 3 g samples from each volunteer and pooled from all donor’s 
stool, next diluted in a cryopreservation buffer (1:4 w/v) (Table S2)36, filtered by stomacher bag, aliquoted and 
frozen at − 80 °C until used for further analysis.

In vitro batch cultures of GM samples. Prior to cultures, the frozen pooled faecal (MIX) samples were thawed 
anaerobically into a water bath (37  °C for 1 h). Next, pre-warmed media: GMM, FM, CFBM, and SM were 
inoculated with previously frozen faecal microbiota (2% v/v). Batch cultures (n = 6, for each group) were carried 
out anaerobically in the BACTRON chamber. Samples were incubated on a laboratory shaker (150 rpm) for 24 h 
at 37 °C using 96 deep-well plates.
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PMA treatment. Immediately after incubation, samples were treated with propidium monoazide (PMA) (Bio-
tium, Fremont, CA, USA) to discriminate DNA from viable and non-viable organisms. 20 mM PMA™ was added 
to each sample to a final concentration of 50 µM. Samples were vortexed for 20 s and incubated in the dark at 
37 °C for 20 min with vortexing every 5 min. Next, samples were exposed to light using a PMA-Lite LED Pho-
tolysis Device (Biotium, Fremont, CA, USA) for 20 min with vortexing every 5 min. Cells were pelleted by cen-
trifuging at 5000×g for 10 min, and the supernatant was discarded. For the non-PMA-treated aliquots, samples 
were kept at room temperature for the duration of the PMA treatment of the paired aliquots. Pellet was stored 
at − 80 °C until DNA isolation. DNA was extracted from the cell pellets alongside the PMA-treated aliquots.

DNA extraction, 16S rDNA amplicon library preparation and MiSeq sequencing. Total DNA from faecal samples 
was isolated using QIAamp PowerFecal Pro DNA Kit (Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. To ensure complete homogenization of the faecal samples, cells were mechanically disrupted 
by bead-beating using a FastPrep-24 Classic Grinder (MP Biomedicals, Santa Ana, California, USA). Bead-
beating was conducted three times for 20 s at 6.5 m/s. The purity of the extracted DNA was analysed using an 
ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) and DNA concentration was quanti-
fied by a Qubit 4.0 Fluorometer (Life Technologies Ltd., UK) using the Qubit dsDNA BR Assay Kit (Invitrogen). 
The primer pairs 341 (F: 5′-CCT ACG GGNGGC WGC AG-3′) and 805 (R: 5′-GAC TAC HVGGG TAT CTA ATC 
C-3′) including Illumina MiSeq sequencing adapters (Illumina guide protocol #15044223 Rev. B) were used 
to amplify the V3-V4 region of the 16S rDNA gene. The DNA library preparation was performed according to 
Juszczuk-Kubiak et al.37. Briefly, for each sample, 5 ng of bacterial DNA was amplified in a total reaction of 25 µl 
with 12.5 µl of 2× KAPA HiFi HotStart ReadyMix (Kapa Biosystems, Roche, Pleasanton, CA, USA) and 1 µM of 
forward and reverse primers (10 µM). Following PCR conditions were used for amplifications: initial denatura-
tion was at 95 °C for 3 min, and 25 cycles of 95 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, with the final exten-
sion of 72 °C for 5 min. Following PCR amplification PCR products were cleaned using MagSi-NGSPREPPLUS 
(Steinbrenner Laborsystemeand, Germany) and quantified using the Qubit DNA BR Assay Kit (Invitrogen) 
in conjunction with a Qubit 4.0 Fluorometer (Life Technologies Ltd., UK). To verify the correct amplicon size 
(~ 550 bp) the TapeStation 4200 platform (Agilent Technologies, Santa Clara, CA) with Agilent D1000 Screen-
Type Assay Kit was used. 16S rDNA amplicons were indexed using the Nextera XT kit (Illumina, San Diego, CA, 
USA) according to the Nextera DNA Sample Preparation Guide (protocol #15044223 Rev. B). Each index PCR 
reaction contained 5 μl of the i7 and i5 adapter, 25 μl of KAPA HiFi HotStart ReadyMix, 5 μl of template DNA, 
and 10 μl of PCR grade  H2O for a total reaction volume of 50 μl. The indexed PCR was cycled according to the 
Nextera DNA Sample Prep Guide, and the libraries were cleaned up using MagSi-NGSPREPPLUS (Steinbrenner 
Laborsysteme, Germany). The DNA libraries were quantified using the Qubit 4.0 along with the Qubit DNA HS 
Assay Kit, and the quality was assessed on a TapeStation 4200 platform using the High Sensitivity D1000 Sreen-
Tape Assay Kit (Agilent, Technologies, Santa Clara, CA). Indexed libraries were normalized to 4 nM and pooled. 
The normalized, pooled 4 nM library was denatured using 0.2 N NaOH and diluted to 10 pM using prechilled 
HT1 buffer supplied in the Nextera XT Kit (Illumina, San Diego, CA, USA). The 10% of denatured PhiX library 
(Illumina, San Diego, CA, USA) was spiked into the denatured and indexed library, which was loaded into Illu-
mina MiSeq v3 reagent cartridge, and 16S rDNA gene amplicons were sequenced on an Illumina MiSeq platform 
using the 600 cycles (2 × 300 bp) v3 chemistry.

Microbiota community analysis. Raw 16S rDNA sequence reads were demultiplexed into FASTQ files, sub-
jected to quality control (> Q30 quality score) and denoised using DADA2 v2022.8.038. Quality control, visu-
alization, taxonomic profiling, and β-diversity analysis were conducted using open-source software QIIME 2 
v2022.8.3 (https:// github. com/ qiime2/ qiime2)39. The table of amplicon sequence variants (ASV) was filtered and 
only those present in a relative abundance of ≥ 0.25% of the total reads in at least one sample according to the 
threshold proposed by Reitmeier et al.40. Core microbiomes at 100% were computed in QIIME 2 and Venn charts 
were obtained using the online tool available at http:// www. inter activ enn. net/41. Taxonomic classification was 
performed using the SILVA database v132 (https:// www. arb- silva. de/). PICRUSt2 (Phylogenetic Investigation 
of Communities by Reconstruction of Unobserved States) v2.5.0 (https:// github. com/ picru st/ picru st2) predic-
tions of metagenome  functions42 was based on the Kyoto Encyclopedia of Genes and Genomes (KEGG)43. Next, 
QIIME2 artifacts were imported into R v3.6.3 as a phyloseq object using qiime2R v0.99.20 (https:// github. com/ 
jbisa nz/ qiime 2R). α-diversity analysis was performed using the phyloseq v1.30-4 (https:// github. com/ joey7 11/ 
phylo seq) and vegan v2.6-4 (https:// github. com/ vegan devs/ vegan) R packages to calculate Richness and Shan-
non effective counts with the rarefaction set to minimum sum count (40,192). Nonmetric Multidimensional 
Scaling (NMDS) plot based on β-diversity distances was obtained using the MicrobiomeAnalyst 2.0 web tool 
(https:// www. micro biome analy st. ca/)44,45. Taxonomic and functional profiles were further analyzed in STAMP 
software v2.1.346. Linear discriminant analysis coupled with effect size (LEfSe) v1.1.2 was conducted to identify 
bacterial taxa differentially represented between different groups at genus or higher taxonomy  levels47.

Determination of microbial SCFAs profile. The 100 µl of the sample was mixed with 500 µl of n-hexane and 
500 µl of internal standard (1 µg/ml nonanoic acid solution in isopropanol). After brief mixing, the sample was 
dehydrated with sodium sulfate. Next, the sample was transferred into a glass vial and capped tightly after add-
ing 10 µl of concentrated sulfuric acid and heated on a thermoblock (1 h, 100 °C) to derivatize. The sample was 
extracted by adding 4 ml methyl tert-butyl ether and 4 ml of a solution containing sodium citrate and sodium 
chloride (10 and 15 respectively). After the intensive shaking sample was centrifuged, and 2 ml of the sample 
from the upper organic phase was moved to a glass vial containing sodium sulfate to remove residual water. The 
sample was filtered and loaded on GC–MS (Agilent 7890A/5975C, Santa Clara). Separations were performed 

https://github.com/qiime2/qiime2
http://www.interactivenn.net/
https://www.arb-silva.de/
https://github.com/picrust/picrust2
https://github.com/jbisanz/qiime2R
https://github.com/jbisanz/qiime2R
https://github.com/joey711/phyloseq
https://github.com/joey711/phyloseq
https://github.com/vegandevs/vegan
https://www.microbiomeanalyst.ca/
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using RTX-WAX MS capillary column (60 m × 250 µm × 0.25 µm). The injector temperature, ion source, quad-
rupole, and GC/MS interface were 230, 230, 150, and 250 °C, respectively. The flow rate of helium carrier gas 
was kept at 1.5 ml/min. 2 µl of the derivatized sample was injected with a split ratio of 50:1. The initial column 
temperature was 40 °C and held for 2 min, ramped to 60 °C at the rate of 5 °C/min, and then increased to 150 °C 
at the rate of 8 °C/min and then finally increased to 250 °C at the rate of 15 °C/min and kept at this temperature 
for 5 min. The ionization was carried out in the electron impact (EI) mode at 70 eV. The MS data were acquired 
in full scan/SIM mode. The identification of compounds was confirmed by injection of pure standards and a 
comparison of the retention time and corresponding MS spectra. Standard calibration curves were obtained 
using authentic analytical standards of SCFAs.

SCFAs recovery assay. Post-culture faecal samples were spiked with two different levels (1000 µg/ml, 2000 µg/
ml) of mixed SCFA working standards (2 mg/ml). The SCFAs were extracted, derivatized, and analyzed by GC/
MS as described above. The spiked recoveries were calculated using the following equation:

SCFA limit of detection and limit of quantification. The limit of detection (LOD), and the limit of quantification 
(LOQ) were determined based on the standard deviation (SD) of the y-intercept of the regression line (s) and the 
slope of the calibration curve (S) using the following equations:

Untargeted metabolomics by LC‑HR‑MS/MS. The post-culture fluids were mixed with acetonitrile (50:50) and 
filtered using a nylon syringe filter (0.22  µm) into a chromatographic vial, loaded on LC-HR-MS/MS using 
a Q Exactive Orbitrap Mass Spectrometer (Thermo Scientific). Metabolites were injected on a C18 column 
(ACQUITY UPLC HSS T3 1.8 µm; 2.1 × 100 mm). LC was run at a constant flow rate of 0.3 ml/min in a mobile 
phase gradient composed of A (1 mM ammonium fluoride in water: methanol, 90:10 v/v) and B (1 mM ammo-
nium fluoride in water: methanol 20:80 v/v). All samples were acquired in positive and negative ionization 
mode. The mass spectrometer was operated at a resolution of 70,000 in simultaneous scan/all ion fragmenta-
tion mode. Ionization the parameters were set up as follows: spray voltage (+) 3500 V; spray voltage (−) 2500 V; 
probe heater temp. 412 °C; capillary temperature 256.25 °C; and gas flows: probe heater temp. 412 °C; sheath gas 
47.50; aux gas 11.25; spare gas 2.25. Xcalibure v4.2.47 (Thermo Fisher Scientific, Austin, TX, USA) software was 
used for data acquisition. Mass tolerance was set at 5 ppm and minimum peak intensity at 100,000. Compound 
Discoverer v3.2 software was used for peak identification, integration of mass spectrometric data and untargeted 
metabolomic analysis. The compounds were identified and grouped based on the ChemSpider (https:// www. 
chems pider. com (accessed on 17 February 2022)), mzCloud (https:// www. mzclo ud. org/ (accessed on 17 Febru-
ary 2022)), and KEGG Pathways (https:// www. genome. jp/ kegg/ compo und/ (accessed on 17 February 2022)) 
databases.

Statistical analysis. All statistical tests were performed using Graph Prism v9.4.1 (GraphPad Software Inc., 
San Diego, CA) unless otherwise stated. Differences in α-diversity comparisons were assessed using a Mann–
Whitney test and Kruskal–Wallis test with the Dunn post‑hoc test for multiple groups comparisons. Differences 
in β-diversity were evaluated by permutational multivariate analysis of variance (PERMANOVA) performed on 
Bray–Curtis distances within QIIME2 software. Differences in the relative abundance of GM taxa were made by 
using Kruskal Wallis H-test with the Games-Howell post‑hoc test using STAMP software. Differences in PIC-
RUSt2 predicted GM metabolic functions were evaluated by White’s non-parametric t-test corrected with Ben-
jamini–Hochberg FDR using STAMP software. Linear discriminant analysis (LDA) effect size (LEfSe) was cal-
culated using the online Galaxy web application provided through the Huttenhower lab (https:// galax yproj ect. 
org/ learn/ visua lizat ion/ custom/ lefse/)47. First, differential abundant features were detected using Kruskal–Wal-
lis sum rank test (α = 0.05). Next, the pairwise Wilcoxon rank-sum tests (α = 0.05) were used to assess the phy-
logenetic consistency. All-vs-all classes were compared and a linear discriminant analysis score value of 2.0 was 
chosen as the threshold for discriminatory features. Differences in SCFAs content between groups were analyzed 
using the ordinary one-way ANOVA followed by Tukey’s test. Statistical evaluation of the metabolomics data 
was performed using Compound Discoverer software. Hypothesis test was performed by a one-way ANOVA 
model with Tukey’s post hoc test with Benjamini–Hochberg correction. Differences between the groups were 
considered significant at p < 0.05, and the data were presented as means ± SD.

Results
Effect of pooling individual donor’s samples on GM community composition. First, individual 
stool samples from 15 healthy donors (IND, n = 15) and pooled stool samples (untreated MIX, n = 5) from all 
donors without PMA treatment were analyzed by 16S rDNA amplicon sequencing to reveal the impact of sam-
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ple pooling on microbial community structure (Fig. 1). The comparison of the untreated MIX and IND groups 
revealed significant differences in α-diversity metrics including Shannon effective counts (p < 0.0001) (Fig. 1a) 
and Richness (p < 0.0001) (Fig. 1b). Results showed that inoculum from untreated MIX samples was character-
ized by both the highest species richness and evenness. Next, the specific effect of pooling on the retrieval of total 
amplicon sequence variants (ASVs) and core microbiome components was assessed for the untreated MIX and 
IND groups. The 100% core microbiome (ASVs present in all samples) was plotted against the total number of 
the ASVs for both IND and untreated MIX samples to show the number of unique members of the GM popula-
tion as well as a representation of the core microbiome found in each group (Fig. 1c). Results showed that in 
the IND group, the total number of unique ASVs was 352, and only 17 ASVs were present in all donor samples 
constituting its core. In untreated MIX, the total number of unique ASVs was 307 whereas 59.93% (184) ASVs 
were present in all the untreated MIX samples (MIX core). Regarding the IND group, 12.78% of all ASVs found 
in the IND group were not represented in the untreated MIX group. Core ASVs present both in all IND and 
untreated MIX samples constituted 2.58% of all observed ASVs and were assigned to 6 genera, including Faecali‑
bacterium, Blautia, Eubacterium, Dorea, Bacteroides, and Anaerostipes. Differences in relative abundances of the 
GM between IND and untreated MIX samples at the phylum level are shown in the table (Table S3). The most 
abundant phylum both in the IND and untreated MIX samples were Firmicutes (65.74% ± 11.96; 70.68% ± 5.21) 
followed by Bacteroidetes (19.88% ± 11.36; 16.43% ± 3.15), Actinobacteria (12.57% ± 10.85; 10.99% ± 1.91) and 
Proteobacteria (1.12% ± 1.04; 1.23% ± 0.47). Verrucomicrobia, Tenericutes, Euryarchaeota, and Cyanobacteria in 
total accounted for less than 1% of relative abundance in IND and untreated MIX group. No significant differ-
ences in the relative abundance of these taxa between IND and untreated MIX groups were noticed.

To estimate the contribution of the viable bacteria, MIX samples were treated with a PMA viability dye. The 
comparison of the MIX samples before (untreated MIX) and after PMA treatment (MIX) showed a significant 
decrease in α-diversity metrics including Shannon effective counts (p < 0.01) (Fig. 1d) and Richness (p < 0.01) 
(Fig. 1e).

Comparison of media composition. In this study, the impact of four types of culture media such as 
GMM, SM, FM, and CFBM on human GM cultivation was investigated (Table S4). GMM was the only medium 
containing added carbohydrates as an energy source. In turn, SM was the richest in proteins, peptides, and 
amino acids, and contained over 3 times more nutrients than GMM. In contrast, FM was characterized by the 
lowest nutrient concentration which contained less than 2 g/l of nutrients. From all tested media, FM and GMM 
contained the greatest variety of added micro- and macro elements and vitamins and were the only media tested 
to which various SCFAs were added. In addition, the GMM contained over 14 times more SCFAs per litre than 

Figure 1.  Community α-diversity is shown as (a) Shannon effective counts and (b) Richness between untreated 
MIX (n = 5) and IND (n = 15) groups. Core microbiota analysis is shown as (c) a Venn diagram depicting unique 
and shared ASVs between MIX (n = 5) and IND (n = 15) samples presented as a number of observed ASVs. 
Comparison of the MIX samples before (untreated MIX, n = 5) and after PMA treatment (MIX, n = 6) is shown 
as α-diversity by (d) Shannon effective count and (e) Richness.
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the FM. All tested media contained l-cysteine at the same concentration as a reducing component, while the 
SM’s additional reducing component was sodium thioglycolate. In each case, resazurin was used as an indicator 
of the oxygenation of the medium (GMM 1 mg/l; SM 1 mg/l; FM 1 µg/l; CFBM 1 g/l). Only one medium (FM), 
contained an organic buffering component (HEPES). Additional substances present in the media were hemin, 
hematin, sheep blood, bile salts, thiacetic acid, and Tween 80. The pH of the investigated microbiological media 
ranged from 6.8 to 7.2 ± 0.2.

Effect of various cultivation media on GM community. The tested media were inoculated with 
pooled stool samples (MIX) and incubated in an in vitro batch model for 24 h. Then, post-culture samples were 
treated with PMA viability dye to remove non-viable bacteria DNA and sequenced using the MiSeq platform to 
evaluate the impact of each medium on the GM composition. Obtained outcomes were compared to the non-
cultured MIX inoculum treated with PMA, representing the viable part of the GM inoculum.

Using two α-diversity metrics, the Richness and Shannon effective counts effect of four types of culture media 
was analyzed (Fig. 2). After 24 h of cultivation, a significant decrease in Shannon effective counts was noticed 
between non-cultured MIX inoculum and CFBM, and FM (p > 0.01); no significant differences in Shannon 
effective counts for GMM and SM were found (Fig. 2a). In turn, no significant differences in Richness between 
non-cultured MIX inoculum and all media groups were found, but a significant reduction of this metric was 
noticed between SM and CFBM (p > 0.001) (Fig. 2b).

PERMANOVA tests performed using Bray–Curtis β-diversity metrics showed significant differences in com-
munity structure between all media groups and non-cultured MIX inoculum (p < 0.001). No significant differ-
ences were found between the FM and CFBM (Fig. 2c). SM medium was characterized by the greatest internal 
homogeneity compared to other media groups (Fig. 2c,d).

The use of various culture media was associated with differences in the relative abundance of GM taxa at 
both the phylum (Fig. 3a) and family (Fig. 3b) levels. In all tested media, the top most abundant phyla were 
Firmicutes (Table S5). The relative abundance of Firmicutes in CFBM, FM, GMM and SM was 71.69% ± 3.91, 
74.90% ± 10.67, 68.02% ± 8.79 and 63.16% ± 4.57 (p > 0.05), respectively. A significant decrease of Bacteroidetes 
was observed in the CFBM (4.01% ± 3.62) compared to non-cultured MIX inoculum (22.10% ± 7.17; p < 0.02) 
and SM (18.43% ± 5.21; p < 0.01) (Table S5, Fig. S1). In comparison to non-cultured MIX inoculum, CFBM, 
and FM promoted the growth of Actinobacteria, whereas GMM and SM increased the growth of Proteobacteria 
(Table S5). Moreover, a significant decrease in the relative abundance of Verrucomicrobia phylum was noticed 
in all media groups compared to the uncultured MIX inoculum (Fig. S1). At the family level, the most abundant 
taxa were Veillonellaceae, Lachnospiraceae, Clostridiaceae, Bifidobacteriaceae, Bacteroidaceae, Ruminococcaceae, 
Erysipelotrichaceae, Enterobacteriaceae, Prevotellaceae, Coriobacteriaceae, and Acidaminococcaceae representing 
about ~ 90% of the microbial community in all tested culture media (Fig. 3b).

Results showed, that in the non-cultured MIX inoculum Bacteroides (12.27% ± 4.45), Blautia (10.20% ± 3.35), 
Faecalibacterium (8.31% ± 1.89), Bifidobacterium (6.84% ± 0.43), Prevotella 9 (5.23% ± 1.19), Subdoligranulum 
(4.08% ± 0.42), unclassified taxa from the Lachnospiraceae (4.04% ± 0.95) family, Agathabacter (3.69% ± 0.81), 
Fusicatenibacter (3.21% ± 0.68), and Ruminococcus 2 (3.02% ± 0.19) were most abundant genera (Table S6). In all 
media groups, we noticed a significant decrease in the relative abundance of Ruminococcus 2, Subdoligranulum, 
Agathabacter, and Fusicatenibacter (Fig. S2). Faecalibacterium was significantly less abundant in GMM (p < 0.01), 
SM (p < 0.05) and CFBM (p < 0.001) while no significant difference in its relative abundance was observed in FM 
compared to non-cultured MIX inoculum. A relative increase in Bifidobacterium abundance was observed in 
CFBM (p < 0.05) and its decrease in SM (p < 0.001). Moreover, SM significantly promoted the increase in abun-
dance of the unclassified taxa from the Lachnospiraceae family (p < 0.01) compared to the non-cultured MIX 
inoculum. Contrarily, the use of the CFBM inhibited the growth of these taxa (p < 0.05).

To identify microbial biomarkers associated with tested media and non-cultured MIX inoculum, linear dis-
criminant analysis (LDA) of effect size (LEfSe) was performed (Fig. S3). Differences between GM communities 
are represented visually on LEfSe cladograms (Fig. 4). In the CFBM, LEfSe analysis revealed 12 significantly 
enriched genera, including Enterobacteriaceae, Acidaminococcus, Escherichia, Shigella, Megasphera, and the most 
dominant Clostridium sensu stricto 1 with an LDA > 4.8. Whereas 76 phylotypes including 4 classes and 4 orders 
were more abundant in the non-cultured MIX inoculum compared to the CFBM. At the genus level, the most 
important representatives were Lachnospiraceae and Ruminococcaceae with an LDA score > 4.8 (Fig. 4a). In turn, 
the LEfSe analysis showed 85 differentially abundant bacterial phylotypes between the FM and non-cultured MIX 
inoculum. The predominance of 13 genera with the most dominant taxa Clostridium sensu stricto 1 (LDA ≥ 4.8) 
and underrepresentation of 12 families in the FM compared to the non-cultured MIX inoculum was observed 
(Fig. 4b). Regarding GMM, an increased abundance of 31 phylotypes and decrease of 57 phylotypes in compari-
son to the non-cultured MIX inoculum was found. The most prevalent microbial biomarker at the genus level was 
Clostridium sensu stricto 1 with an LDA score > 4.8 while the most lowered biomarkers belonged to Firmicutes 
phylum and Clostridia class (Fig. S3c). Comparison of SM with the non-cultured MIX inoculum resulted in the 
identification of 99 significantly different phylotypes of which 40 were increased (Fig. S3d). Accordingly, the 
cladogram shows a predominance of Gammaproteobacteria, Erysipelotrichia, and Negativicutes class (Fig. 4d). At 
the genus level, unclassified taxa from the Lachnospiraceae family, Catanibacterium, Sutterella, Dorea Escherichia 
and Shigella were dominant with an LDA score > 4.2; Clostridia, Actinobacteria, and Alphaproteobacteria class 
were the most characteristic for the non-cultured MIX inoculum with LDA score > 3.

The Venn diagrams show overlap between unique and shared ASVs observed in media groups (CFBM, FM, 
GMM, SM) after 24 h of cultivation compared to the non-cultured MIX inoculum (Fig. 5). Core microbiota 
analysis found 38 for CFBM (Fig. 5a), 76 for FM (Fig. 5b), and 97 for GMM (Fig. 5c) shared ASVs with non-
cultured MIX inoculum. The highest number of total shared ASVs (125) with non-cultured MIX inoculum was 
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observed in SM medium (Fig. 5d). In total, 149 ASVs for CFBM (90.85%), 165 for FM (92.17%), 163 for GMM 
(91.57%), and 165 for SM (91.57%) were shared with non-cultured MIX inoculum.

Functional predictions of the GM communities. PICRUSt analysis based on the 16S rDNA gene 
sequence data predicted significant differences in the functional potential of the GM between the non-cultured 
MIX inoculum and CFBM, FM, GMM, and SM groups (Fig. 6, Tables S7–S10).

Finally, KEGG level 1 analysis showed a significant decrease in the relative abundance of cellular processes 
and environmental information processing pathways in the CFBM compared to the non-cultured MIX inoculum 
(Fig. 6a). In contrast, metabolism and genetic information processing was significantly increased in the CFBM 
compared to the non-cultured MIX inoculum. On the KEGG level 2 analysis, 13 of 23 significantly different 
pathways were elevated, including glycan biosynthesis and metabolism, amino acid metabolism, metabolism 
of cofactors and vitamins as well as translation. The top 3 most lowered pathways concerned carbohydrate 
metabolism, cell motility, and transcription (Fig. 6b). The KEGG level 3 analysis showed 159 significantly altered 

Figure 2.  Community α-diversity is shown as (a) Shannon effective counts and (b) Richness of the GM after 
24 h of cultivation in four different media: CFBM, FM, GMM, and SM compared to the non-cultured MIX 
inoculum (n = 6). The β-diversity analysis is shown as (c) Box plots showing Bray–Curtis distances between 
microbial communities. (d) NMDS plot based on the Bray–Curtis distances metric  (R2: 0.70263; p = 0.001; 
NMDS stress = 0.0548). Ellipses were drawn based on the 95% confidence interval for each group. Samples 
represent viable bacteria after PMA treatment.
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pathways. Among them, the greatest differences were found for the transporters (13.28% decrease), and sporu-
lation (58.00% decrease). The largest increase in abundance was noticed for lipopolysaccharide biosynthesis 
proteins (69.87%) (Table S7).

In turn, PICRUSt analysis concerning differences between the FM and non-cultured MIX inoculum showed a 
significant decrease in level 1 KEGG pathway related to environmental information processing and cellular pro-
cesses whereas metabolism and genetic information processing were significantly increased. However, the most 

Figure 3.  Taxonomic composition of GM communities is presented as the mean of 6 replicates at phylum (a) 
and family (b) level after 24 h of cultivation in four different media: CFBM, FM, GMM, and SM compared to the 
non-cultured MIX inoculum (n = 6). Samples represent viable bacteria after PMA treatment.
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decreased pathway on deeper KEGG level 2 was cell motility (Fig. 6c). The remaining most decreased pathways 
in the FM were noticed for signal transduction, followed by transcription, lipid metabolism and enzyme families. 
Most increased pathways compared to the non-cultured MIX inoculum, on KEGG level 2 were related to glycan 

Figure 4.  Linear discriminant analysis Effect Size (LEfSe) cladogram of the GM composition after 24 h of 
cultivation in four different media: CFBM (a), FM (b), GMM (c), and SM (d) compared to the non-cultured 
MIX inoculum (n = 6). Red, green, and nodes/shades indicate taxa that are significantly higher in relative 
abundance in each group; the diameter of each node is proportional to the taxon’s abundance; each successive 
circle represents a phylogenetic level. LDA score > 2, p < 0.05. Samples represent viable bacteria after PMA 
treatment.
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biosynthesis and metabolism, metabolism of cofactors and vitamins, metabolism of amino acids, replication and 
repair, and translation (Fig. 6d). Regarding level 3 KEGG, a total of 146 pathways were significantly different 
between the FM and non-cultured MIX inoculum; the largest difference was encountered for the transporters 
pathway (12.14% decrease) (Table S8).

At level 1 of KEGG, the cellular processing pathway was significantly decreased between the GMM and non-
cultured MIX inoculum (Fig. 6e). On a deeper resolution, including level 2 KEGG, data showed the highest 
significant decrease of the cell motility, transcription, and lipid metabolism in GMM compared to non-cultured 
MIX inoculum. In turn, the KEGG pathways related to glycan biosynthesis and metabolism, genetic information 
processing, and xenobiotic biodegradation and metabolism were significantly enriched in GMM (Fig. 6f). At level 
3 KEGG, a total of 84 pathways were differentially abundant between GMM and non-cultured MIX inoculum 

Figure 4.  (continued)
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(Table S9). The highest pathway enrichment in the GMM compared to the non-cultured MIX inoculum was 
found for the lipopolysaccharide biosynthesis proteins (55.36%), whereas the sporulation pathway was the most 
significantly lowered among all identified pathways (38.00%).

GM cultivation in the SM medium was associated with a significant (p < 0.001) decrease in the level 1 KEGG 
pathways related to cellular processing (Fig. 6g). Within cellular processing, the level 2 KEGG showed the largest 
decrease in cell motility in the SM compared to the non-cultured MIX inoculum (Fig. 6h). KEGG pathways asso-
ciated with cellular processes and signaling, metabolism, xenobiotic biodegradation and metabolism, and enzyme 
families were more abundant in the SM compared to the non-cultured MIX inoculum, while lipid metabolism, 
biosynthesis of other secondary metabolites, metabolism of terpenoids and polyketides, and environmental 
adaptation pathways were significantly lowered in comparison to the non-cultured MIX inoculum. At level 3 
KEGG, 99 functional pathways with different abundance between the SM and non-cultured MIX inoculum were 
identified (Table S10), among which bacterial motility proteins (40.00%), flagellar assembly (58.82%), and bacte-
rial chemotaxis (35.90%) were the most lowered, whereas other ion coupled transporters (14.93%), lipopolysac-
charides biosynthesis proteins (39.02%), and lipopolysaccharides biosynthesis (48.39%) were the most elevated.

Impact of different cultivation media on SCFAs production. The SCFAs calibration curves were 
generated using least-square linear regression analysis in the range of 125–94,000 µg/ml (Table 1). The calibra-

Figure 5.  Core microbiota analysis. Venn diagram depicting unique and shared ASVs between CFBM (a), FM 
(b), GMM (c), and SM (d) after 24 h cultivation and non-cultured MIX inoculum is presented as a number of 
observed ASVs. Samples represent viable bacteria after PMA treatment.
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tion equations were obtained from the peak areas of each analyte against the internal standard (nonanoic acid 
1 µg/ml). The accuracy and precision were assessed by the average recovery and percentage RSD of three results 
at each concentration as shown in Table 1. The obtained results were within the acceptance criteria as the average 
recovery of SCFAs ranged from 84 to 118%, and RSDs ranged from 0.2562 to 1.1381%.

The production of SCFAs, including acetic, propionic, isobutyric, butyric, valeric, and isovaleric acid by GM 
in four different media was assessed (Fig. 7). The highest total SCFAs production after 24 h culture was observed 

Figure 6.  PICRUSt2 predicted GM metabolic functions at KEGG pathway Level 1 (a,c,e,g) and Level 2 
(b,d,f,h). STAMP analysis revealed significantly different metabolic functions between non-cultured MIX 
inoculum and MIX samples after 24 h of cultivation in four different media: CFBM (a,b), FM (c,d), GMM (e,f), 
and SM (g,h). Samples represent viable bacteria after PMA treatment.
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in the SM with a concentration over 8500 µg/ml, whereas the lowest production was observed in the CFBM and 
the FM with SCFAs production less than 1500 µg/ml (Fig. 7a). The SM showed the highest production of acetic, 
butyric and isobutyric acid of all tested media groups (Fig. 7b–g). In turn, the GMM and the SM showed equally 
high production of propionic, isovaleric, and valeric acid. In both the SM and the GMM groups, acetic acid 
accounted for the largest proportion of SCFAs produced (40.05% and 38.45%, respectively), whereas the CFBM 
and the FM were mostly producing butyric acid (52.90% and 52.63%, respectively) indicating large differences 
in relative SCFAs production profiles (Fig. 7h–k). Moreover, differences in the relative quantity of propionic acid 
were observed in tested media; it was the third most produced SCFA in the SM (15.77%), second in the GMM 
(21.66%), sixth in CFBM (3.66%), and FM (4.97%).

Figure 6.  (continued)
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Untargeted metabolomic patterns. A total of 37,084 microbial metabolites were detected (peak 
area > 10,000,000) in faecal samples after cultivation in the GMM, FM, SM, and CFBM using LC-HR-MS/MS 
approach. In total, 4484 compounds were significantly different (p < 0.01) between tested media groups, but 79% 
of these metabolites were unidentified. These differences were shown in PCA plots which explained 85% of the 
total variation in the three primary principal axes (Fig. 8). PC2 vs PC1 plot (Fig. 8a) showed similarities between 
SM and FM groups. However, the PC3 vs PC1 plot (Fig. 8b) showed a clear separation of samples cultured in 
all media groups. GM cultivation in GMM resulted in the most distinct metabolome profile compared to other 
media (SM, FM, and CFBM) according to cluster analysis. In turn, SM and FM shared the most similar metabo-
lome among all tested media groups (Fig. 8b). The filtering for compounds significantly differentiating a given 
medium (e.g., GMM vs. FM/SM/CFBM p < 0.01 (in all three setups)) did also show the increased profile speci-

Figure 6.  (continued)
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ficity in the case of GMM (2229 of such compounds), in comparison to other tested media (FM—72, SM—95, 
CFBM—765 compounds). The highlighted compounds were matched to such KEGG pathways as metabolic 
pathways, bile secretion, biosynthesis of secondary metabolites, biosynthesis of unsaturated fatty acids, and 
microbial metabolism in diverse environments (Fig. 9).

Discussion
The gut microbiota (GM) plays a key role in shaping human health and has been the subject of an increasing 
number of studies in the context of disease  development8–11. Important progress has been made, especially in the 
development and optimization of suitable culture media for complex GM in vitro  cultivation14,16. Nonetheless, 
to date, a large number of GM species still lack a cultured representative, which can be metabolically active in 
the human gut environment. Currently, little consensus exists as to the best standard protocols for GM in vitro 
culture, which could be utilized in various analyses of the human GM.

In this work, we evaluated the impact of four types of culture media to maintain human GM taxon-function 
stability and the utility of a suitable medium for further toxicomicrobiomics studies. In the first step of the 
experiment, we determined whether pooled faecal inoculum can be used as an alternative for individual donor 
faecal for in vitro cultivation in tested culture media. Pooling faecal samples in the present study allowed for the 
elimination of individual variability as a source of error in the results. Next, the effect of pooling on the retrieval 
of total ASVs and core microbiome was evaluated. Finally, integrative analysis of faecal 16S rDNA amplicon 
sequencing and metabolome profiling after 24 h in vitro batch cultivation was performed.

Effect of faecal sample pooling on GM community composition. The faecal samples collected from 
individual donors are characterized by a high diversity of microbial community signatures in terms of species 
composition and abundance  pattern29,48. To date, despite growing knowledge in microbiome studies, it remains 
challenging to define the microbial features that universally characterize a healthy human microbiome. Based 
on research carried out, it is believed that the pooling of faecal samples from different individuals to prepare 
standardized inoculum is a valuable measure in population-level association research  studies48–50. The combined 
faecal inocula are assumed to have a more heterogeneous population and are, therefore, more representative 
microbiota for the whole  population30. Moreover, the use of pooled GM as an inoculum for in vitro cultivation 
models allows using standardized inoculum for multiple different trials and ensures reproducibility between 
 experiments19,51,52 The suitability of pooled microbiome samples in cultivation in vitro models has been reported 
in human  adults19 and infants’  faecal31 as well as human  milk53,54.

In our study, to minimize the effect of individual variation in the faecal microbiota, an inoculum from pooled 
faecal samples (MIX) including 15 healthy adult donors has been prepared. Next, we compared the faecal inocu-
lum from individual donors (IND) with the inoculum from mixed samples (MIX) of all donors to investigate 
the effect of the sample pooling on the GM community composition by α-diversity metric, core microbiota 
analysis, and relative abundance analysis. First, we evaluated the specific effect of pooling on GM α-diversity 
using Richness and Shannon effective count. Richness accounts for the number of taxa above a fixed threshold 
of relative abundance (0.25%) according to the concept of “Effective microbial richness” (EMR) proposed by 
Reitmeier et al.40, while Shannon effective count measure even distribution of taxa and can be considered as a 
number of dominant species. In the studies of the human microbiota, α-diversity is commonly used as an indica-
tor of the state of bacterial communities and has been linked with human  health55. Our results showed that both 
α-diversity metrics, Richness and Shannon effective count were significantly lower in IND groups compared 
to the non-cultured MIX inoculum which indicates that sample pooling has a favorable effect on the increase 
of species richness, and species evenness. Similar results have been reported by Rodríguez-Ruano et al.48, who 
showed a clear shift in α-diversity between the microbiome of mosquitoes processed as individuals and pooled 
samples. On the contrary, Aguirre et al.30 using Simpson’s diversity metrics showed that the pooled adult fae-
cal inoculum resulted in comparable bacterial community composition to the individual faecal inocula. These 
authors performed this study on a small cohort (n = 4), and the age of healthy volunteers ranged between 29 and 
62. The results of microbiome research could be affected by several factors. The differences in the bacterial com-
munity between individuals are influenced by many factors including diet, age, lifestyle, socioeconomic status, 
geography, and  genetics56–58. Moreover, GM as a dynamic system has been described as unstable concerning the 
overall taxonomy in the first few years of life and stable during adult  life49,59,60. The influence of these factors can 

Table 1.  Analytical parameters of GC/MS analysis of SCFAs. tR retention time, m/z mass to charge ratio, 
R2 coefficient of determination of linear regression, LOD limit of detection, LOQ limit of quantification, Rec 
recovery rate, RSD relative standard deviation.

SCFAs tR (min) m/z R2 Linearity range (µg/ml) LOD LOQ Rec (%) RSD (%)

Acetic acid 5.247 87.00 0.9984 125–94,000 9.37 31.24 117 1.1381

Propionic acid 6.203 75.00 0.9978 125–4000 20.68 68.93 118 0.8906

Isobutyric acid 8.121 89.00 0.9985 125–4000 4.12 13.72 102 0.5987

Butyric acid 6.281 89.00 0.9998 125–4000 1.96 6.53 97 0.6954

Valeric acid 11.524 85.00 0.9998 125–4000 0.75 2.50 99 0.2562

Isovaleric acid 9.401 85.00 0.9997 125–4000 3.14 10.48 84 0.5938
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make data from multiple studies difficult to compare, therefore, further studies are needed to clarify the effects 
of different factors on high inter-individual variability in analyzed human populations.

In our study, core microbiome analysis revealed only 17 unique ASVs common for all donor samples which 
indicates a high diversity among individual donors. The common core microbiome is usually defined as the most 
widespread microbial taxa within a host population but a universal taxonomic core rarely exists across groups of 
 humans29,58. Nonetheless, the common core microbiome allows a better understanding of how microbiomes are 

Figure 7.  Effect of culture media on the short-chain fatty acids (SCFAs) content after 24 h of cultivation 
represented as total SCFAs production (a), individual SCFAs production (acetic acid (b), propionic acid (c), 
butyric acid (d), isobutyric acid (e), valeric acid (f), and isovaleric acid (g)) and relative profiles of SCFAs in 
different media: SM (h), GMM (i), CFBM (j), FM (k).



17

Vol.:(0123456789)

Scientific Reports |         (2023) 13:3026  | https://doi.org/10.1038/s41598-023-29637-2

www.nature.com/scientificreports/

structured across host populations and species. Moreover, the pooling of faecal samples allowed the retrieval of 
the majority of individual taxa represented in donor samples because 87.21% of ASVs were identified in pooled 
samples, and 52.27% of ASVs from individual donors constituted the pooled sample core. Similar results have 
also been reported by Rodríguez-Ruano et al.48 who showed that the core microbiome was overestimated in 
pooled mosquito microbiomesamples and taxa present only in a few individuals could be included in the core 
microbiome.

It is known that the GM community consists of many fastidious microorganisms, some of which remain 
non-culturable61, therefore we applied PMA treatment to assess the bacterial viability in pooled frozen fae-
cal samples (MIX) which were subsequently used for inoculation of anaerobic in vitro batch cultures. Results 
showed that PMA-treated inoculum (MIX) was characterized by significant decrease in species richness and 

Figure 7.  (continued)



18

Vol:.(1234567890)

Scientific Reports |         (2023) 13:3026  | https://doi.org/10.1038/s41598-023-29637-2

www.nature.com/scientificreports/

evenness. This finding indicates that the collection and processing of stool samples before cultivation is critical 
points for preserving the viability of the GM community. Bellali et al.61,62 reported that 28% of bacterial OTUs 
in the fresh faecal samples were non-viable and a large number of them represented anaerobically and not yet 
cultured bacteria. The viability of GM is greatly influenced by sampling and exposure to oxygen, freezing, and 
the time between the collection and transport to the  laboratory27,61–63. Recent studies have shown that the non-
viable bacterial content of stool processed immediately under strictly anaerobic conditions can be up to 50%27,28. 
Moreover, some taxa may remain uncultured because all members of such species are already non-viable when 
they reach the end of the digestive  tract61.

Figure 8.  Principal component analysis PC2 vs PC1 (a), and PC3 for PCA1 (b) showing group and separation 
of metabolite profiles of GM after 24 h of cultivation in different culture media (SM, GMM, FM, CFBM).
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However, there is a lack of literature addressing which groups of bacteria are seriously damaged after freezing 
and thawing. According to Murray et al.64, the negative effect of freezing stool samples can be associated with 
a decrease in gram-negative bacteria abundances. However, this negative effect was not observed during the 
preparation of frozen human faecal inoculum by Rose et al.65 and Aguirre et al.47. These authors observed that 
the viable cells in the faecal inoculum storage at − 80 °C were not affected, and the microbial diversity did not 
substantially differ from the fresh faecal samples.

Effect of four culture media on GM diversity. To address the effect of various types of culture media 
on GM taxonomic profile, we inoculated anaerobic in vitro batch cultures with pooled frozen faecal samples 
(MIX). To reduce viability bias, we removed DNA from non-viable bacterial cells using PMA treatment before 
16S rDNA sequencing. To our knowledge, this is the first study focused on the impact of the culture media on 
GM growth with the use of the PMA method before the sequencing of tested samples.

According to the previous  reports19, our results also confirmed that the composition of the cultivation 
medium significantly impacts the growth and change in the taxonomic profile of the GM community during 
in vitro cultivation. After 24 h of cultivation, the highest community α-diversity in terms of Shannon effective 
count in comparison to the non-cultured MIX inoculum was noticed in SM and GMM. However, no significant 

Figure 9.  Number of compounds significantly differentiating a given medium (SM, GMM, FM, CFBM) 
assigned to main metabolic pathways according to the KEGG database.
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changes in taxa richness were observed between the non-cultured MIX inoculum and all tested media groups. 
Moreover, in terms of β-diversity, CFBM showed the highest dissimilarity to the non-cultured MIX inoculum. 
In addition, β-diversity indicated significant differences in taxonomic composition between the tested media, 
excluding CFBM and FM. Overall, we found that CFBM and FM, which are characterized by a low nutrient 
concentration, were associated with decrease in GM biodiversity in comparison to the media with higher nutri-
ent concentration, SM and GMM. The FM and CFBM were created to study the microbiome’s effects of selected 
substances such as prebiotics, fiber etc. on GM growth and have a limited carbohydrate  content33,34. In our study, 
FM and CFBM were not enriched with any additional carbon/energy source, which could have a major impact 
on bacterial growth during cultivation.

In our study, we observed that SM significantly promoted the increase in abundance of the unclassified taxa 
from the Lachnospiraceae family. In the human intestine, the Lachnospiraceae family including Blautia, Copro‑
coccus, Dorea, Lachnospira, Oribacterium, Roseburia and L‑Ruminococcus are the main genera that have been 
found by metagenomic  analysis66 and are associated with the ability to produce beneficial metabolites such as 
butyrate and other  SCFAs67,68. SM is a widely used non-selective medium for the cultivation of obligate anaer-
obes with a high content of nutrients, supplemented with 5% sheep  blood69. Blood was shown as one of the key 
components of the microbiological medium for high-yield cultivation of the gut  microbiota17. Blood also con-
tains inhibitors that can restrain the growth of certain bacteria including Neisseria and Haemophilus, however, 
it also includes essential growth factors such as the V factor, which are released to the medium only after blood 
 heating69. In turn, at the phylum level, the CFBM was associated with the lower abundance of Bacteroidetes, 
leading to an increased Firmicutes/Bacteroidetes ratio compared to the non-cultured MIX inoculum. It is known, 
that decrease in Bacteroidetes abundance is often observed in patients with  obesity70. Moreover, in comparison 
with the non-culture MIX inoculum, CFBM promoted the growth of Bifidobacterium, which is naturally resi-
dent in the intestine of healthy adults, and a decrease in its relative abundance has been negatively correlated 
with markers of low-grade  inflammation71. In contrast, a significantly higher abundance of Bifidobacterium in 
the GMM group was reported by Yousi et al.19, who evaluated the effect of the Brain Heart Infusion (BHI), Gut 
Microbiota Medium (GMM), Fastidious Anaerobe Broth (FAB), and Bacterial Growth Medium (BGM) on GM 
α-diversity of the cultivated pooled human faecal inocula; but no comparative analysis with non-culture MIX 
inoculum was conducted. The most abundant microbe at the genus level in the non-cultured MIX inoculum 
was Blautia which accounted for over 10% of total sequences recovered from the pooled stool samples. Blautia 
is an obligately anaerobic, non-sporulating member of the Firmicutes phylum, and plays an important role in 
the fermentation of indigestible carbohydrates, SCFAs, and antimicrobial peptides  production72. The decrease 
in the abundance of Blautia in CFBM and FM observed in our study may be related to the insufficient content 
of carbohydrates as the required energy source.

In our study, we observed the media-specific composition of biomarker microorganisms which can be asso-
ciated with the nutritional composition of tested media that supported the growth of different microbial taxa. 
However, in all media groups, the one of most differently enriched genera compared to the non-cultured MIX 
inoculum was Megasphaera, an obligately anaerobic, Gram-negative member of the Clostridia  family73. Megas‑
phaera has a potentially positive impact on host health as it is a producer of SCFAs, essential amino acids, and 
vitamins, and it modulates the host’s immune  response73,74. The highest abundance of Megasphaera was observed 
in the CFBM group and was 18.4-fold than in the non-cultured MIX inoculum; the lowest abundance of Meg‑
asphaera was found in the SM group with a 4.5-fold increase compared to the non-cultured MIX inoculum. 
In all tested media we observed a lower abundance of Akkermansia, Prevotella, and Ruminococcus which are 
known as mucin-degrading  bacteria75. In our study, none of the four tested culture media contained mucin as an 
ingredient which could potentially lead to nutrient starvation as it is an important growth factor for numerous 
microorganisms, especially within the Firmicutes  phyla76. Moreover, GM, FM, and CFBM promoted the growth 
of Clostridium sensu stricto 1, an opportunistic pathogen, which plays a role in the occurrence of intestinal 
inflammation and can be associated with decreased microbial SCFAs  production77. Thus, the decrease in SCFAs 
production observed in our study may have been associated with increased Clostridium sensu stricto 1 abundance.

In this study, to consider not only the GM structure but also the microbiome function, we utilized PICRUSt 
to predict the metagenome profiles based on 16S rDNA gene sequence data. The result of PICRUSt predicted an 
increase in relative abundances of genes associated with xenobiotic biodegradation and metabolism pathways 
in all media groups compared to the non-cultured MIX inoculum. KEGG level 3 analysis showed that enriched 
pathways were related to the degradation of organic contaminants such as aminobenzoate, atrazine, benzoate, 
bisphenol, dioxin, styrene, toluene, xylene, and others indicating the possibility of using them for GM in vitro 
cultivation in toxicomicrobiomics research. GM is an important factor affecting the metabolism of drugs and 
the biotransformation of other endogenous  xenobiotics78. As nearly 3000 cytochrome P450 enzymes are present 
in GM genomes that are involved in the metabolism of various endogenous and exogenous  chemicals76,79. In 
addition, in the FM, KEGG analysis showed a significant increase in the metabolism of drugs by the cytochrome 
P450 while in SM drug metabolism by other enzymes pathway was also noticed.

Effect of culture media on GM metabolite production. The analysis of the stool microbiome is now 
commonly supplemented with additional analysis of microbial metabolites, such as SCFAs that play important 
role in maintaining host health by modulation of metabolite absorption by colonocytes, epithelial cell prolifera-
tion, host appetite signaling, enteropathogens growth reduction, and constitute an energy source for the  host80. 
The main source of gut SCFAs production is microbial fermentation of complex carbohydrates such as resistant 
starch, hemicelluloses, cellulose, pectin, and  fructans81. The most abundant SCFAs are acetate (60%), propi-
onate (25%), and butyrate (15%) in the human colon, which are used as both energy  sources80 and signaling 
 biomolecules82. Bacterial cross-feeding greatly impacts the balance of SCFAs production and affects the efficient 
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exploitation of  substrate66. Among all SCFAs, butyrate is considered an important energy source for colonic 
epithelial cells, supplying approximately 60–70% of their total energy  requirements33,49,75,83.

In our study, the production of the SCFAs, including acetic, propionic, isobutyric, butyric, valeric, and 
isovaleric acid by GM in four different media after 24 h in vitro cultivation was assessed. Similar to Yousi 
et al.19, we also confirmed that the composition of the cultivation medium significantly impacts the change of 
the microbial SCFAs profile during in vitro cultivation. The highest production of total SCFAs has been noticed 
for GM cultivated in the SM, whereas in both the SM and the GMM acetic acid accounted for the largest pro-
portion of SCFAs produced. Similar results have been reported by Yousi et al.19, who demonstrated that GMM 
promoted the highest production of acetic acid among four tested groups of media. Moreover, we observed the 
high production of propionic acid in SM (1181.99 ± 233.50 mg/l) and GMM (1991.85 ± 249.58 mg/l) after 24 h 
of in vitro cultivation. Yousi et al.19 reported that after 48 h of in vitro incubation, propionate production in the 
GMM reached the level of 1240 ± 120 mg/l.

In our study, a significant decrease in Roseburia, Ruminoccocus, and Agathobacter abundances as important 
fibrinolytic SCFA producers were noticed in all tested media compared to the non-cultured MIX inoculum. We 
suppose that during GM cultivation, SCFA production probably took place via the utilization of sugars by the 
glycolytic community (e.g., Lactobacillus, Enterococcus, Staphylococcus) and further metabolism of the obtained 
cross-metabolites by the lactate-utilizing community (e.g., Eubacterium, Anaerostipes, Propionibacterium). More-
over, hydrogen largely produced during sugar (or fibre) fermentation is metabolized by the hydrogenotrophic 
community (e.g., Blautia) to acetate. Next, another group of microbes, including Roseburia, and Eubacterium can 
utilize acetate to produce butyrate as a part complex cross-feeding  chain81. Therefore, we presume that decreased 
total SCFAs production observed in FM and CFBM was due to the absence of added carbohydrate sources that 
could be used during the cultivation process.

GM is a highly metabolically active community, and its interactions with the host metabolism are often medi-
ated by bacterial  metabolites79,84,85. The nutritional components in a cultivation medium are key determinants of 
GM metabolic performance during in vitro  cultivation86. Nonetheless, there is still a lack of systematic studies 
on how medium compositions impact the metabolome of GM cultured in vitro.

In our study, the LC-HR-MS/MS approach was used to analyze the impact of cultivation media on the GM 
metabolome profiles. MS-based untargeted metabolomics is considered to be more sensitive than other NMR-
based methods, but it commonly leads to the generation of a vast number of unidentified metabolic  features87,88. 
Nevertheless, both NMR and MS-based methods are considered complementary and recommended to use in 
combination to obtain detailed information on the shift metabolic profiles and metabolic pathways network inter-
actions in response to medium supplementation during in vitro culture  conditions88,89. Our results showed that 
all the studied media had a unique impact on the GM metabolite profiles after 24 h of in vitro culture, but almost 
80% of detected metabolites were unidentified. These results make it difficult to conclude which components in 
tested media can stimulate the production of specific metabolites and maintenance of the microbiota’s functional 
activities, but using KEGG analysis, increase the bile secretion, biosynthesis of unsaturated fatty acids, linoleic 
acid metabolism, biosynthesis of secondary metabolites and metabolic pathways were noticed. For example, 
many studies have associated bile acid metabolism (Bas) with GM  composition90–92 and about 3% of the total 
number of correlations between metabolites and metabolite pathways in faeces were with  Bas92. Nonetheless, 
our metabolome analysis showed that the cultivation in the GMM medium led to increased production of a 
considerable number of metabolites which were lowered in other media groups. Some of those metabolites were 
assigned to KEGG pathways connected with various forms of metabolism. It has been reported that despite the 
high inter-individual variability of GM, functional pathways are stable within a healthy human  population31. 
For instance, Visconti et al.92 reported that 56% of the metabolic pathways are detected in more than 50% of 
the human faecal samples. In contrast, 87% of GM species are detected in less than 50% of the samples. In turn, 
Aguirre et al.30 showed a similar trend in metabolic activity in terms of SCFA production using inocula prepared 
from individual donors and a pool of these. Furthermore, the stool metabolome reflects the GM-host interac-
tions, which greatly impact host biological functions and health  status93,94. Together, these results demonstrate 
that the application of untargeted metabolomics for in vitro GM cultivation studies could be a powerful tool for 
the discovery and identification of metabolite biomarkers correlated with human diseases.

In summary, although GM in vitro cultures have limitations, it provides a non-invasive model to study the 
outcomes of different factors shaping the GM community and its metabolic activity, such as diet, xenobiotics, 
and drugs, therefore indirectly having an impact on the host health and well-being87,95,96.

Conclusions
Similar to previously published  reports19,30,31,48, our results have also shown the suitability of using the pooled 
faecal inoculum in the in vitro GM batch cultures. Moreover, we have presented the varying effects of differ-
ent cultivation media on global human GM community composition and metabolic activity. In our study, we 
observed that the use of low-carbohydrate media (FM, CFBM) led to a significant decrease of GM biodiversity 
and SCFAs production. The commercial Schaedler broth (SM) supplemented with 5% sheep blood preserved the 
high biodiversity and metabolic activity of the human GM. Moreover, the significant enrichment of the biodeg-
radation pathways of xenobiotics observed in the SM medium indicates its usefulness in future studies on the 
impact of exogenous xenobiotics on the human intestinal microbiota. Our results indicate that the limitation of 
the study was the inability to cultivate the whole GM population in any tested media. However, a considerable 
proportion of the bacterial community within the GM can be preserved in a single-growth medium. Appropriate 
supplementation of medium is essential for the growth of fastidious taxa. It should be noted that the interpreta-
tion of results obtained in our study was restricted by the small number of samples as well as utilizing of the 16S 
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rDNA amplicon sequencing  approach97. Nonetheless, we believed that these results can provide useful insight 
to improve the GM in the in vitro cultivation process.

Data availability
The datasets generated during the current study are available in the GeneBank NCBI repository, Bioproject ID: 
PRJNA875273 (http:// www. ncbi. nlm. nih. gov/ biopr oject/ 875273).

Received: 4 October 2022; Accepted: 8 February 2023

References
 1. Chen, Y., Zhou, J. & Wang, L. Role and mechanism of gut microbiota in human disease. Front. Cell Infect. Microbiol. 11, 625913. 

https:// doi. org/ 10. 3389/ fcimb. 2021. 625913 (2021).
 2. Clarke, S. F. et al. The gut microbiota and its relationship to diet and obesity. Gut Microbes 3, 186–202 (2012).
 3. Yoo, J. Y. et al. Gut microbiota and immune system interactions. Microorganisms 8, 1587. https:// doi. org/ 10. 3390/ micro organ isms8 

101587 (2020).
 4. Amabebe, E., Robert, F., Agbalalah, T. & Orubu, E. Microbial dysbiosis-induced obesity: Role of gut microbiota in homoeostasis 

of energy metabolism. Br. J. Nutr. 123, 1127–1137 (2020).
 5. Kamada, N. et al. Control of pathogens and pathobionts by the gut microbiota. Nat. Immunol. 14, 685–690 (2013).
 6. Régnier, M., Van Hul, M., Knauf, C. & Cani, P. D. Gut microbiome, endocrine control of gut barrier function and metabolic diseases. 

J. Endocrinol. 248, R67–R82 (2021).
 7. Han, H. et al. From gut microbiota to host appetite: Gut microbiota-derived metabolites as key regulators. Microbiome 9, 162. 

https:// doi. org/ 10. 1186/ s40168- 021- 01093-y (2021).
 8. Castillo-Álvarez, F. & Marzo-Sola, M. E. Role of the gut microbiota in the development of various neurological diseases. Neurologia 

21, 017. https:// doi. org/ 10. 1016/j. nrl. 2019. 03. 017 (2019).
 9. Li, R., Li, Y., Li, C., Zheng, D. & Chen, P. Gut microbiota and endocrine disorder. Adv. Exp. Med. Biol. 1238, 143–164 (2020).
 10. Novakovic, M. et al. Role of gut microbiota in cardiovascular diseases. World J. Cardiol. 12, 110–122 (2020).
 11. Xu, H. et al. The dynamic interplay between the gut microbiota and autoimmune diseases. J. Immunol. Res. 27, 7546047. https:// 

doi. org/ 10. 1155/ 2019/ 75460 47 (2019).
 12. Claus, S. P., Guillou, H. & Ellero-Simatos, S. The gut microbiota: A major player in the toxicity of environmental pollutants? NPJ 

Biofilms Microbiomes 4, 16003. https:// doi. org/ 10. 1038/ npjbi ofilms. 2016.3 (2016).
 13. Chi, L., Tu, P., Ru, H. & Lu, K. Studies of xenobiotic induced gut microbiota dysbiosis: From correlation to mechanisms. Gut 

Microbes 13, 1921912. https:// doi. org/ 10. 1080/ 19490 976. 2021. 19219 12 (2021).
 14. Nissen, L., Casciano, F. & Gianotti, A. Intestinal fermentation in vitro models to study food-induced gut microbiota shift: An 

updated review. FEMS Microbiol. Lett. 367, 097. https:// doi. org/ 10. 1093/ femsle/ fnaa0 97 (2020).
 15. Velmurugan, G. Gut microbiota in toxicological risk assessment of drugs and chemicals: The need of hour. Gut Microbes 9, 465–468 

(2018).
 16. Pham, V. T. & Mohajeri, M. H. The application of in vitro human intestinal models on the screening and development of pre- and 

probiotics. Benef. Microbes 9, 725–742 (2018).
 17. Tidjani, A. M. et al. State of the art in the culture of the human microbiota: New interests and strategies. Clin. Microbiol. 34, e00129. 

https:// doi. org/ 10. 1128/ CMR. 00129- 19 (2020).
 18. Tsitko, I. et al. A small in vitro fermentation model for screening the gut microbiota effects of different fiber preparations. Int. J. 

Mol. Sci. 20, 1925. https:// doi. org/ 10. 3390/ ijms2 00819 25 (2019).
 19. Yousi, F. et al. Evaluation of the effects of four media on human intestinal microbiota culture in vitro. AMB Expr. 9, 69. https:// doi. 

org/ 10. 1186/ s13568- 019- 0790-9 (2019).
 20. Fehlbaum, S. et al. In Vitro fermentation of selected prebiotics and their effects on the composition and activity of the adult gut 

microbiota. Int. J. Mol. Sci. 19, 3097. https:// doi. org/ 10. 3390/ ijms1 91030 97 (2018).
 21. Inada, K. O. P. et al. Bioaccessibility of phenolic compounds of jaboticaba (Plinia jaboticaba) peel and seed after simulated gastro-

intestinal digestion and gut microbiota fermentation. J. Funct. Foods 67, 103851. https:// doi. org/ 10. 1016/j. jff. 2020. 103851 (2020).
 22. Li, L. et al. An in vitro model maintaining taxon-specific functional activities of the gut microbiome. Nat. Commun. 10, 4146. 

https:// doi. org/ 10. 1038/ s41467- 019- 12087-8 (2019).
 23. Shang, Q. et al. Gut microbiota fermentation of marine polysaccharides and its effects on intestinal ecology: An overview. Carbo‑

hydr. Polym. 179, 173–185 (2018).
 24. Browne, H. P. et al. Culturing of “unculturable” human microbiota reveals novel taxa and extensive sporulation. Nature 533, 

543–546 (2016).
 25. Emerson, J. B. et al. Schrödinger’s microbes: Tools for distinguishing the living from the dead in microbial ecosystems. Microbiome 

5, 86. https:// doi. org/ 10. 1186/ s40168- 017- 0285-3 (2017).
 26. Legrand, T. P. R. A. et al. Dead or alive: Microbial viability treatment reveals both active and inactive bacterial constituents in the 

fish gut microbiota. J. Appl. Microbiol. 131, 2528–2538 (2021).
 27. Papanicolas, L. E. et al. Bacterial viability in faecal transplants: Which bacteria survive? EBioMedicine 41, 509–516 (2019).
 28. Papanicolas, L. E. et al. Optimisation of a propidium monoazide based method to determine the viability of microbes in faecal 

slurries for transplantation. J. Microbiol. Methods 156, 40–45 (2019).
 29. Human Microbiome Project Consortium. Structure, function and diversity of the healthy human microbiome. Nature 486, 207–214 

(2012).
 30. Aguirre, M., Ramiro-Garcia, J., Koenen, M. E. & Venema, K. To pool or not to pool? Impact of the use of individual and pooled 

fecal samples for in vitro fermentation studies. J. Microbiol. Methods 107, 1–7 (2014).
 31. Logtenberg, M. J. et al. Pooled faecal inoculum can predict infant fiber fermentability despite high inter-individual variability of 

microbiota composition. Bioact. Carbohyd. Diet. Fibre 24, 100235. https:// doi. org/ 10. 1016/j. bedf. 2020. 100235 (2020).
 32. Goodman, A. L. et al. Extensive personal human gut microbiota culture collections characterized and manipulated in gnotobiotic 

mice. Proc. Natl. Acad. Sci. U.S.A. 108, 6252–6257. https:// doi. org/ 10. 1073/ pnas. 11029 38108 (2011).
 33. Ahmadi, S. et al. An in vitro batch-culture model to estimate the effects of interventional regimens on human fecal microbiota. J. 

Vis. Exp. 149, 59524. https:// doi. org/ 10. 3791/ 59524 (2019).
 34. Al-Tamimi, M. A. H. M. et al. In vitro fermentation of sugar beet arabinan and arabino-oligosaccharides by the human gut micro-

flora. J. Appl. Microbiol. 100, 407–441. https:// doi. org/ 10. 1111/j. 1365- 2672. 2005. 02780.x (2006).
 35. Council for International Organizations of Medical Sciences (CIOMS). International Ethical Guidelines for Health‑Related Research 

Involving Humans 8th edn. (CIOMS, 2016).
 36. Khan, M. T., van Dijl, J. M. & Harmsen, H. J. Antioxidants keep the potentially probiotic but highly oxygen-sensitive human gut 

bacterium Faecalibacterium prausnitzii alive at ambient air. PLoS ONE 9, e96097 (2014).

http://www.ncbi.nlm.nih.gov/bioproject/875273
https://doi.org/10.3389/fcimb.2021.625913
https://doi.org/10.3390/microorganisms8101587
https://doi.org/10.3390/microorganisms8101587
https://doi.org/10.1186/s40168-021-01093-y
https://doi.org/10.1016/j.nrl.2019.03.017
https://doi.org/10.1155/2019/7546047
https://doi.org/10.1155/2019/7546047
https://doi.org/10.1038/npjbiofilms.2016.3
https://doi.org/10.1080/19490976.2021.1921912
https://doi.org/10.1093/femsle/fnaa097
https://doi.org/10.1128/CMR.00129-19
https://doi.org/10.3390/ijms20081925
https://doi.org/10.1186/s13568-019-0790-9
https://doi.org/10.1186/s13568-019-0790-9
https://doi.org/10.3390/ijms19103097
https://doi.org/10.1016/j.jff.2020.103851
https://doi.org/10.1038/s41467-019-12087-8
https://doi.org/10.1186/s40168-017-0285-3
https://doi.org/10.1016/j.bedf.2020.100235
https://doi.org/10.1073/pnas.1102938108
https://doi.org/10.3791/59524
https://doi.org/10.1111/j.1365-2672.2005.02780.x


23

Vol.:(0123456789)

Scientific Reports |         (2023) 13:3026  | https://doi.org/10.1038/s41598-023-29637-2

www.nature.com/scientificreports/

 37. Juszczuk-Kubiak, E., Dekowska, A., Sokołowska, B., Połaska, M. & Lendzion, K. Evaluation of the spoilage-related bacterial profiles 
of vacuum-packaged chilled ostrich meat by next-generation DNA sequencing approach. Processes 9, 803. https:// doi. org/ 10. 3390/ 
pr905 0803 (2021).

 38. Callahan, B. J. et al. DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581–583 (2016).
 39. Bolyen, E. et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37, 

852–857 (2019).
 40. Reitmeier, S. et al. Handling of spurious sequences affects the outcome of high-throughput 16S rRNA gene amplicon profiling. 

ISME Commun. 1, 31. https:// doi. org/ 10. 1038/ s43705- 021- 00033-z (2021).
 41. Heberle, H., Meirelles, G. V., da Silva, F. R. & Telles, G. P. InteractiVenn: A web-based tool for the analysis of sets through Venn 

diagrams. BMC Bioinform. 16, 169. https:// doi. org/ 10. 1186/ s12859- 015- 0611-3 (2015).
 42. Douglas, G. M. et al. PICRUSt2 for prediction of metagenome functions. Nat. Biotechnol. 38, 685–688 (2020).
 43. Kanehisa, M., Goto, S., Sato, Y., Furumichi, M. & Tanabe, M. KEGG for integration and interpretation of large-scale molecular 

data sets. Nucleic Acids Res. 40, D109–D114. https:// doi. org/ 10. 1093/ nar/ gkr988 (2012).
 44. Chong, J., Liu, P., Zhou, G. & Xia, J. Using MicrobiomeAnalyst for comprehensive statistical, functional, and meta-analysis of 

microbiome data. Nat. Protoc. 15, 799–821 (2020).
 45. Dhariwal, A. et al. MicrobiomeAnalyst—A web-based tool for comprehensive statistical, visual and meta-analysis of microbiome 

data. Nucleic Acids Res. 45, W180–W188. https:// doi. org/ 10. 1093/ nar/ gkx295 (2017).
 46. Parks, D. H., Tyson, G. W., Hugenholtz, P. & Beiko, R. G. STAMP: Statistical analysis of taxonomic and functional profiles. Bioin‑

formatics 30, 3123–3124. https:// doi. org/ 10. 1093/ bioin forma tics/ btu494 (2014).
 47. Segata, N. et al. Metagenomic biomarker discovery and explanation. Genome Biol. 12, 60. https:// doi. org/ 10. 1186/ gb- 2011- 12-6- 

r60 (2011).
 48. Rodríguez-Ruano, S. M., Juhaňáková, E., Vávra, J. & Nováková, E. Methodological insight into mosquito microbiome studies. 

Front. Cell. Infect. Microbiol. 10, 86. https:// doi. org/ 10. 3389/ fcimb. 2020. 00086 (2020).
 49. Aguirre, M. et al. Evaluation of an optimal preparation of human standardized fecal inocula for in vitro fermentation studies. J. 

Microbiol. Methods 117, 78–84 (2015).
 50. Pust, M. M. & Tümmler, B. Bacterial low-abundant taxa are key determinants of a healthy airway metagenome in the early years 

of human life. Comput. Struct. Biotechnol. J. 20, 175–186 (2021).
 51. Pastorelli, G., Faustini, M. & Attard, E. In vitro fermentation of feed ingredients by fresh or frozen pig fecal inocula. Anim. Sci. J. 

85, 690–697 (2014).
 52. de Carvalho, N. M. et al. Preservation of human gut microbiota inoculums for in vitro fermentations studies. Fermentation 7, 14. 

https:// doi. org/ 10. 3390/ ferme ntati on701 0014 (2021).
 53. Stinson, L. F. et al. The human milk microbiome: Who, what, when, where, why, and how? Nutr. Rev. 79, 529–543 (2021).
 54. Stinson, L. F., Trevenen, M. L. & Geddes, D. T. Effect of cold storage on the viable and total bacterial populations in human milk. 

Nutrients 14, 1875. https:// doi. org/ 10. 3390/ nu140 91875 (2022).
 55. Manor, O. et al. Health and disease markers correlate with gut microbiome composition across thousands of people. Nat. Commun. 

11, 5206. https:// doi. org/ 10. 1038/ s41467- 020- 18871-1 (2020).
 56. Gupta, V. K., Paul, S. & Dutta, C. Geography, ethnicity or subsistence-specific variations in human microbiome composition and 

diversity. Front. Microbiol. 8, 1162. https:// doi. org/ 10. 3389/ fmicb. 2017. 01162 (2017).
 57. Levin, A. M. et al. Joint effects of pregnancy, sociocultural and environmental factors on early life gut microbiome structure and 

diversity. Sci. Rep. 6, 31775. https:// doi. org/ 10. 1038/ srep3 1775 (2016).
 58. Risely, A. Applaying the core microbiome to understand host-microbe systems. J. Anim. Ecol. 89, 1549–1558 (2020).
 59. D’Argenio, V. & Salvatore, F. The role of the gut microbiome in the healthy adult status. Clin. Chim. Acta 7, 97–102 (2015).
 60. Uhr, G. T., Dohnalova, L. & Thaiss, C. A. The dimension of time in host-microbiome interactions. mSystems 4, e00216–e00218. 

https:// doi. org/ 10. 1128/ mSyst ems. 00216- 18 (2019).
 61. Bellali, S. et al. Running after ghosts: Are dead bacteria the dark matter of the human gut microbiota? Gut Microbes 13, 1–12. 

https:// doi. org/ 10. 1080/ 19490 976. 2021. 18972 08 (2021).
 62. Bellali, S., Lagier, J. C., Raoult, D. & Bou Khalil, J. Among live and dead bacteria, the optimization of sample collection and process-

ing remains essential in recovering gut microbiota components. Front. Microbiol. 10, 1606. https:// doi. org/ 10. 3389/ fmicb. 2019. 
01606 (2019).

 63. Chen, A. et al. Cryopreservation of stool samples altered the microbial viability quantitively and compositionally. Arch. Microbiol. 
204, 557. https:// doi. org/ 10. 1007/ s00203- 022- 03169-1 (2022).

 64. Murray, J.-A., McMullin, P., Handel, I. & Hastie, P. M. The effect of freezing on the fermentative activity of equine faecal inocula 
for use in an in vitro gas production technique. Anim. Feed. Sci. Technol. 178, 175–182 (2012).

 65. Rose, D. J., Venema, K., Keshavarzian, A. & Hamaker, B. R. Starch-entrapped microspheres show a beneficial fermentation profile 
and decrease in potentially harmful bacteria during in vitro fermentation in faecal microbiota obtained from patients with inflam-
matory bowel disease. Br. J. Nutr. 103, 1514–1524 (2010).

 66. Vacca, M. et al. The controversial role of human gut Lachnospiraceae. Microorganisms 8, 537. https:// doi. org/ 10. 3390/ micro organ 
isms8 040573 (2020).

 67. Devillard, E., McIntosh, F. M., Duncan, S. H. & Wallace, R. J. Metabolism of linoleic acid by human gut bacteria: Different routes 
for biosynthesis of conjugated linoleic acid. J. Bacteriol. 189, 2566–2570 (2007).

 68. Biddle, A., Steward, L., Blanchard, J. & Leschine, S. Untangling the genetic basis of fibrolytic specialization by Lachnospiraceae 
and Ruminococcaceae in diverse gut communities. Diversity 5, 627–636 (2013).

 69. Balows, A. Manual of clinical microbiology, 8th edition. In Diagnostic Microbiology and Infectious Disease Vol. 47 (eds Murray, P. 
R. et al.) 625–626 (ASM Press, 2013).

 70. Stojanov, S., Berlec, A. & Štrukelj, B. The influence of probiotics on the firmicutes/bacteroidetes ratio in the treatment of obesity 
and inflammatory Bowel disease. Microorganisms 8, 1715. https:// doi. org/ 10. 3390/ micro organ isms8 111715 (2020).

 71. Derrien, M., Turroni, F., Ventura, M. & Sinderen, D. Insights into endogenous Bifidobacterium species in the human gut microbiota 
during adulthood. Trends Microbiol. 30, 940–947. https:// doi. org/ 10. 1016/j. tim. 2022. 04. 004 (2022).

 72. Maturana, J. L. & Cárdenas, J. P. Insights on the evolutionary genomics of the Blautia genus: Potential new species and genetic 
content among lineages. Front. Microbiol. 12, 660920. https:// doi. org/ 10. 3389/ fmicb. 2021. 660920 (2021).

 73. Shetty, S. A., Marathe, N. P., Lanjekar, V., Ranade, D. & Shouche, Y. S. Comparative genome analysis of Megasphaera sp. reveals 
niche specialization and its potential role in the human gut. PLoS ONE 8, e79353. https:// doi. org/ 10. 1371/ journ al. pone. 00793 53 
(2013).

 74. Carey, M. A. et al. Megasphaera in the stool microbiota is negatively associated with diarrheal cryptosporidiosis. Clin. Infect. Dis. 
73, e1242–e1251. https:// doi. org/ 10. 1093/ cid/ ciab2 07 (2021).

 75. Glover, J. S., Ticer, T. D. & Engevik, M. A. Characterizing the mucin-degrading capacity of the human gut microbiota. Sci. Rep. 
12, 8456. https:// doi. org/ 10. 1038/ s41598- 022- 11819-z (2022).

 76. Li, L. et al. Evaluating in vitro culture medium of gut microbiome with orthogonal experimental design and a metaproteomics 
approach. J. Proteome Res. 17, 154–163 (2017).

 77. Hu, C. et al. A Comprehensive analysis of the colonic flora diversity, short chain fatty acid metabolism, transcripts, and biochemical 
indexes in heat-stressed pigs. Front. Immunol. 21, 717723. https:// doi. org/ 10. 3389/ fimmu. 2021. 717723 (2021).

https://doi.org/10.3390/pr9050803
https://doi.org/10.3390/pr9050803
https://doi.org/10.1038/s43705-021-00033-z
https://doi.org/10.1186/s12859-015-0611-3
https://doi.org/10.1093/nar/gkr988
https://doi.org/10.1093/nar/gkx295
https://doi.org/10.1093/bioinformatics/btu494
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.3389/fcimb.2020.00086
https://doi.org/10.3390/fermentation7010014
https://doi.org/10.3390/nu14091875
https://doi.org/10.1038/s41467-020-18871-1
https://doi.org/10.3389/fmicb.2017.01162
https://doi.org/10.1038/srep31775
https://doi.org/10.1128/mSystems.00216-18
https://doi.org/10.1080/19490976.2021.1897208
https://doi.org/10.3389/fmicb.2019.01606
https://doi.org/10.3389/fmicb.2019.01606
https://doi.org/10.1007/s00203-022-03169-1
https://doi.org/10.3390/microorganisms8040573
https://doi.org/10.3390/microorganisms8040573
https://doi.org/10.3390/microorganisms8111715
https://doi.org/10.1016/j.tim.2022.04.004
https://doi.org/10.3389/fmicb.2021.660920
https://doi.org/10.1371/journal.pone.0079353
https://doi.org/10.1093/cid/ciab207
https://doi.org/10.1038/s41598-022-11819-z
https://doi.org/10.3389/fimmu.2021.717723


24

Vol:.(1234567890)

Scientific Reports |         (2023) 13:3026  | https://doi.org/10.1038/s41598-023-29637-2

www.nature.com/scientificreports/

 78. Abdelsalam, N. A., Ramadan, A. T., ElRakaiby, M. T. & Aziz, R. K. Toxicomicrobiomics: The human microbiome vs pharmaceuti-
cal, dietary, and environmental xenobiotics. Front. Pharmacol. 11, 390. https:// doi. org/ 10. 3389/ fphar. 2020. 00390 (2020).

 79. Collins, S. L. & Patterson, A. D. The gut microbiome: An orchestrator of xenobiotic metabolism. Acta Pharm. Sin. B 10, 19–32 
(2020).

 80. Tan, J. et al. The role of short-chain fatty acids in health and disease. Adv. Immunol. 121, 91–119 (2014).
 81. Chassard, C. & Lacroix, C. Carbohydrates and the human gut microbiota. Curr. Opin. Clin. Nutr. Metab. Care 16, 453–460 (2013).
 82. Nogal, A., Valdes, A. M. & Menni, C. The role of short-chain fatty acids in the interplay between gut microbiota and diet in cardio-

metabolic health. Gut Microbes 13, 1897212. https:// doi. org/ 10. 1080/ 19490 976. 2021. 18972 12 (2021).
 83. Sun, M., Wu, W., Liu, Z. & Cong, Y. Microbiota metabolite short-chain fatty acids, GPCR, and inflammatory bowel diseases. J. 

Gastroenterol. 52, 1–8 (2017).
 84. Iyer, N. & Corr, S. C. Gut microbial metabolite-mediated regulation of the intestinal barrier in the pathogenesis of inflammatory 

bowel disease. Nutrients 13, 4259. https:// doi. org/ 10. 3390/ nu131 24259 (2021).
 85. Vernocchi, P., Del Chierico, F. & Putignani, L. Gut microbiota profiling: Metabolomics based approach to unravel compounds 

affecting human health. Front. Microbiol. 7, 1144. https:// doi. org/ 10. 3389/ fmicb. 2016. 01144 (2016).
 86. Vis, M. A. M., Ito, K. & Hofmann, S. Impact of culture medium on cellular interactions in in vitro co-culture systems. Front. Bioeng. 

Biotechnol. 8, 911. https:// doi. org/ 10. 3389/ fbioe. 2020. 00911 (2020).
 87. Callejón-Leblic, B., Selma-Royo, M., Collado, M. C., Abril, N. & García-Barrera, T. Impact of antibiotic-induced depletion of gut 

microbiota and selenium supplementation on plasma selenoproteome and metal homeostasis in a mice Model. J. Agric. Food Chem. 
69, 7652–7662 (2021).

 88. Matysik, S., Le Roy, C. I., Liebisch, G. & Claus, S. P. Metabolomics of fecal samples: A practical consideration. Trends Food Sci. 
Technol. 57, 244–255 (2016).

 89. Yang, K., Xu, M. & Zhu, J. Evaluating the impact of four major nutrients on gut microbial metabolism by a targeted metabolomics 
approach. J. Proteome Res. 19, 1991–1998 (2020).

 90. Ridlon, J. M., Kang, D. J., Hylemon, P. B. & Bajaj, J. S. Bile acids and the gut microbiome. Curr. Opin. Gastroenterol. 30, 332–338. 
https:// doi. org/ 10. 1097/ MOG. 00000 00000 000057 (2014).

 91. Swann, J. et al. Culture-independent analysis of the human gut microbiota and their activities. In Handbook of Molecular Microbial 
Ecology II (ed. de Bruijn, F. J.) (Wiley, 2011).

 92. Visconti, A. et al. Interplay between the human gut microbiome and host metabolism. Nat. Commun. 10, 4505. https:// doi. org/ 
10. 1038/ s41467- 019- 12476-z (2019).

 93. Karu, N. et al. A review on human fecal metabolomics: Methods, applications and the human fecal metabolome database. Anal. 
Chim. Acta 7, 1–24 (2018).

 94. Chen, M. X., Wang, S. Y., Kuo, C. H. & Tsai, I. L. Metabolome analysis for investigating host-gut microbiota interactions. J. Formos. 
Med. Assoc. 1, S10–S22 (2019).

 95. Frost, G. S. et al. Impacts of plant-based foods in ancestral hominin diets on the metabolism and function of gut microbiota in vitro. 
mBio 5, e00853–e00914. https:// doi. org/ 10. 1128/ mBio. 00853- 14 (2014).

 96. Li, L. et al. Evaluating in vitro culture medium of gut microbiome with orthogonal experimental design and a metaproteomics 
approach. J. Proteome Res. 17, 154–163 (2018).

 97. Gupta, S. et al. Amplicon sequencing provides more accurate microbiome information in healthy children compared to culturing. 
Commun. Biol. 2, 291. https:// doi. org/ 10. 1038/ s42003- 019- 0540-1 (2019).

Acknowledgements
The results presented in this article constitute part of Paulina Średnicka’s doctoral thesis, performed in the 
“AgroBioTech PhD” Doctoral Program of the Prof. Wacław Dąbrowski Institute of Agricultural and Food Bio-
technology—State Research Institute.

Author contributions
Conceptualization, P.Ś., E.J.-K., M.Ł.R.; methodology, P.Ś., E.J.-K., M.Ł.R., M.S.; formal and statistical analysis, 
P.Ś., D.K., D.P.; investigation, P.Ś., E.J.-K., M.Ł.R., M.W., M.K., P.E., M.S.; resources, E.J.-K., M.Ł.R.; visualiza-
tion, P.Ś., D.P.; writing—original draft preparation, P.Ś.; writing—review and editing, P.Ś., E.J.-K., M.Ł.R., D.P.; 
supervision, M.Ł.R., E.J.-K. All authors have read and agreed to the published version of the manuscript.

Funding
This work was supposed by Prof. Wacław Dąbrowski Institute of Agricultural and Food Biotechnology—State 
Research Institute, Project No. ZM-142-01.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 29637-2.

Correspondence and requests for materials should be addressed to M.Ł.R. or E.J.-K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.3389/fphar.2020.00390
https://doi.org/10.1080/19490976.2021.1897212
https://doi.org/10.3390/nu13124259
https://doi.org/10.3389/fmicb.2016.01144
https://doi.org/10.3389/fbioe.2020.00911
https://doi.org/10.1097/MOG.0000000000000057
https://doi.org/10.1038/s41467-019-12476-z
https://doi.org/10.1038/s41467-019-12476-z
https://doi.org/10.1128/mBio.00853-14
https://doi.org/10.1038/s42003-019-0540-1
https://doi.org/10.1038/s41598-023-29637-2
https://doi.org/10.1038/s41598-023-29637-2
www.nature.com/reprints


25

Vol.:(0123456789)

Scientific Reports |         (2023) 13:3026  | https://doi.org/10.1038/s41598-023-29637-2

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	Effect of in vitro cultivation on human gut microbiota composition using 16S rDNA amplicon sequencing and metabolomics approach
	Materials and methods
	Materials. 
	Methods. 
	Stool collection and preparation of the human GM inoculum. 
	In vitro batch cultures of GM samples. 
	PMA treatment. 
	DNA extraction, 16S rDNA amplicon library preparation and MiSeq sequencing. 
	Microbiota community analysis. 
	Determination of microbial SCFAs profile. 
	SCFAs recovery assay. 
	SCFA limit of detection and limit of quantification. 
	Untargeted metabolomics by LC-HR-MSMS. 

	Statistical analysis. 

	Results
	Effect of pooling individual donor’s samples on GM community composition. 
	Comparison of media composition. 
	Effect of various cultivation media on GM community. 
	Functional predictions of the GM communities. 
	Impact of different cultivation media on SCFAs production. 
	Untargeted metabolomic patterns. 

	Discussion
	Effect of faecal sample pooling on GM community composition. 
	Effect of four culture media on GM diversity. 
	Effect of culture media on GM metabolite production. 

	Conclusions
	References
	Acknowledgements


