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Abstract
Background  The combination of cultivation studies with molecular analysis approaches allows characterization of 
the complex human gut microbiota in depth. In vitro cultivation studies of infants living in rural sub-Saharan Africa are 
scarce. In this study, a batch cultivation protocol for Kenyan infant fecal microbiota was validated.

Methods  Fresh fecal samples were collected from 10 infants living in a rural area of Kenya. Samples were transported 
under protective conditions and subsequently prepared for inoculation within less than 30 h for batch cultivation. 
A diet-adapted cultivation medium was used that mimicked the daily intake of human milk and maize porridge in 
Kenyan infants during weaning. 16 S rRNA gene amplicon sequencing and HPLC analyses were performed to assess 
the composition and metabolic activity, respectively, of the fecal microbiota after 24 h of batch cultivation.

Results  High abundance of Bifidobacterium (53.4 ± 11.1%) and high proportions of acetate (56 ± 11% of total 
metabolites) and lactate (24 ± 22% of total metabolites) were detected in the Kenyan infant fecal microbiota. 
After cultivation started at an initial pH 7.6, the fraction of top bacterial genera (≥ 1% abundant) shared between 
fermentation and fecal samples was high at 97 ± 5%. However, Escherichia-Shigella, Clostridium sensu stricto 1, 
Bacteroides and Enterococcus were enriched concomitant with decreased Bifidobacterium abundance. Decreasing 
the initial pH to 6.9 lead to higher abundance of Bifidobacterium after incubation and increased the compositional 
similarity of fermentation and fecal samples. Despite similar total metabolite production of all fecal microbiota after 
cultivation, inter-individual differences in metabolite profiles were apparent.

Conclusions  Protected transport and batch cultivation in host and diet adapted conditions allowed regrowth of the 
top abundant genera and reproduction of the metabolic activity of fresh Kenyan infant fecal microbiota. The validated 
batch cultivation protocol can be used to study the composition and functional potential of Kenyan infant fecal 
microbiota in vitro.
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Background
The composition and functional potential of the infant 
gut microbiota is traditionally characterized by longitudi-
nal metagenomic and metabolite analysis of feces [1–4]. 
Fecal metabolite-based analysis of functional potential, 
however, is restricted to metabolites that escape host 
intestinal absorption [5]. Intestinal metabolite absorption 
is affected by gut transit, permeability and metabolite 
transportation, which differ between hosts [6, 7]. Culti-
vating the fecal microbiota allows analysis ex vivo of the 
microbial metabolite production capacity under con-
trolled conditions. Gut microbiota cultivation allows also 
study of microbiota mechanisms independent of the host 
and can be used to investigate whether differences in gut 
microbiota composition actually translate into functional 
differences [8, 9].

A major challenge in gut microbiota cultivation is to 
regrow a representative community of the donor micro-
biota. Immediate processing of fresh fecal samples is 
often not feasible due to complex logistics or geographi-
cal spread of the sampling and processing sites [10, 11]. 
Therefore, appropriate handling and preservation of the 
fecal community and well-chosen cultivation condi-
tions must be selected. A frequently used preservation 
method for fecal samples is rapid freezing at -20  °C or 
-80  °C with or without cryoprotectant [12, 13]. Freez-
ing without cryoprotectant, however, was shown to 
decrease community cultivability and diversity [13]. 
The stability of propionate-producing Bacteroidaceae, 
an important functional group of the infant gut, was 
mostly affected after freezing of artificial colonic micro-
biota with cryoprotectants [14]. The use of fresh feces 
is recommended for gut microbiota cultivation, which 
implies limited transportation time and protective con-
ditions [15]. The preservation conditions should prevent 
microbial growth and minimize the exposure to oxygen 
to avoid loss of obligate anaerobes [15–17]. Composi-
tional and functional stability of fecal communities were 
demonstrated after 48 h of cold storage in deoxygenated 
preservation buffer prior to cultivation [18]. Generation 
of an anaerobic atmosphere immediately after stool col-
lection ensured viability of oxygen-sensitive bacteria 
such as Akkermansia muciniphila, a prevalent species 
in the infant gut [16]. Finally, formulation of the culti-
vation medium to reflect the diet of the host is essential 
because the in vitro community composition and activity 
are modulated by the nutrient types and concentrations 
[19–21].

Many in vitro cultivation studies have been conducted 
using fecal microbiota of Western infants while fecal 
microbiota cultivation studies of non-Western infants, 
including infants living in rural areas of sub-Saharan 
Africa, are scarce [22]. Fecal batch cultivations were per-
formed with samples of pre-weaning and weaning infants 

living in a rural location of Malawi to assess their capa-
bility to ferment resistant starch [23]. The fecal samples 
were frozen in liquid nitrogen without protectant prior 
to cultivation in basal nutritive medium containing tryp-
tone, yeast extract and mineral salts. Fecal samples of 
undernourished infants living in rural Burkina Faso were 
cultivated continuously to assess the response to a prebi-
otic-enhanced lipid-based nutrient supplement [24]. The 
fecal samples were frozen at -80  °C without protectant 
prior to cultivation in a standard basic feed with reduced 
amounts of nutrients to mimic malnutrition status. 
Freezing of fecal samples without protectant prior to cul-
tivation in a nutritive medium lacking close adjustment 
to the infant diet can affect cultivability and represent 
limitations of these previous studies [23, 24]. Further, 
both studies did not report on the similarity between fer-
mentation and fecal samples, which is needed to assess 
whether a representative community of the target host 
fecal microbiota was established after cultivation.

The aim of this study was therefore to assess whether 
the abundant bacterial genera and metabolic activity of 
fresh Kenyan infant fecal microbiota can be reproduced 
after cooled anaerobic transport and batch cultivation in 
a medium designed to closely mimic the diet of Kenyan 
infants during weaning [20]. Fresh feces of 5–9 months 
old Kenyan infants were transported from a remote area 
in Kenya to Zurich in Switzerland and used for inocula-
tion of fecal batch fermentations within less than 30  h 
after collection. Microbiota composition and metabo-
lite profiles of fecal and 24 h fermentation samples were 
compared using 16  S rRNA gene amplicon sequencing 
and HPLC analysis, respectively.

Methods
Fecal donor characteristics
Fresh fecal samples were collected from 10 infants (5 
male, 5 female) living in Msambweni County in south-
ern coastal Kenya (Table 1). All infants had not received 
antibiotics and no illness was reported for the 12 weeks 
period before sample donation. The age of the infants was 
7.0 ± 1.4 months. All infants, except infant 06, were born 
vaginally. Infant 01 to 06 were born at term while infant 
07 to 10 were born at late preterm in week 36. The mean 
birth weight of the infants was 2.9 ± 0.7 kg. Nine infants 
were fed with mixed diets of mother milk and comple-
mentary foods that consisted predominantly of a maize 
porridge called “uji” besides vegetables and fruits. Only 
infant 03 was still exclusively breast-fed. The mean wean-
ing time was 1.4 ± 1.1 months. The majority (80%) of 
infants were exclusively breast-fed until 6 months, two 
infants until 5 months and one infant until 4 months. The 
fecal pH was 5.2 ± 0.9.
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Fecal sample collection and transport
An overview of fecal sample collection, transport and 
processing is illustrated in Fig. 1. The fecal samples were 
aliquoted from diapers into Falcon tubes and immedi-
ately transferred to a gas-tight anaerobic jar containing 
an anaerobic atmosphere generating system (Anaero-
Gen, Thermo Fisher Diagnostics AG, Pratteln, Switzer-
land). For infant 07 to 10 a fecal aliquot was also collected 
using the DNA-stabilizing OMNIgeneGUT collection kit 
(DNA Genotek, Ottawa, Canada) to compare the fresh 
and stabilized fecal community after transport. Samples 
were cooled with cold packs and air-transported from 
Kenya to Zurich in two separate batches (01–06; 07–10) 
for further processing and inoculation within 21 to 29 h 
after collection. The sample temperature ranged from 4 
to 7  °C upon arrival in the laboratory. Fecal sample ali-
quots were stored at -80  °C until further use for DNA 
extraction and pH measurement.

Fecal pH measurement
Fecal pH was measured as previously described [25] 
with minor modifications. In brief, 100–120 mg of fecal 

sample was mixed with 1 mL of dH2O and homogenized 
by vortexing.

The pH of the homogenized solution was measured 
using a pH electrode (Methrom, Zofingen, Switzerland).

Cultivation medium specific for the Kenyan infant gut 
microbiota
The cultivation medium was adapted from Doo et al. [20] 
to mimic the ileal chyme entering the proximal colon of 
Kenyan infants aged 6 to 8 months after the introduction 
of complementary foods. The representative daily diet 
consists of 500 mL mother milk and 330  g uji, a maize 
or millet porridge. The cultivation medium designed by 
Doo et al. contained lactose to mimic the milk-derived 
carbohydrate source and corn starch, arabinogalactan 
and xylan to mimic plant-derived carbohydrate sources. 
Further, the medium contained casein and whey protein 
hydrolysate to mimic the milk-derived protein sources 
and zein and gluten hydrolysate from maize to mimic 
the maize-derived protein sources. The medium did not 
contain additional iron besides hemin to mimic the low 
iron bioavailability in the infant’s porridge diet. In this 
study, 1  g/L of fructo-oligosaccharides (FOS, Fibrulose 

Table 1  Characteristics of the fecal donors and measured fecal pH
Infant Age (months) Feeding Weaning time (months) Delivery Gestation at birth Birth weight (kg) Fecal pH
01 7–8 mixed 1.6 Vaginal Term 3.4 4.2

02 6–7 mixed 0.2 Vaginal Term 3.7 5.2

03 5–6 mother milk 0.0 Vaginal Term 2.0 4.7

04 5–6 mixed 1.6 Vaginal Term 3.5 4.2

05 6–7 mixed 0.1 Vaginal Term 3.2 5.4

06 5–6 mixed 0.4 Caesarian Term 2.1 5.8

07 8–9 mixed 2.6 Vaginal Preterm (36w) na 4.9

08 8–9 mixed 2.6 Vaginal Preterm (36w) na 5.4

09 8–9 mixed 2.4 Vaginal Preterm (36w) 3.0 4.6

10 8–9 mixed 2.0 Vaginal Preterm (36w) 2.5 7.3
Mixed: mother milk and complementary foods, na: not available, w: weeks

Fig. 1  Schematic illustration of fecal sample collection, transport and processing. Created with BioRender.com
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F97, Cosucra, Pecq, Belgium) were added additionally to 
mimic the presence of FOS in vegetables and fruits that 
are part of the Kenyan infant complementary food [26, 
27]. The detailed composition of the cultivation medium 
is shown in Supplementary Information. The medium 
components were dissolved in distilled water. To remove 
oxygen, the mixture was heated until boiling using a 
heating plate (IKA, Staufen, Germany) and an Allihn 
condenser (Lenz Laborglas GmbH, Wertheim, Germany) 
followed by flushing with CO2 for 15 min. The medium 
was filled into CO2-flushed serum flasks which were 
closed with a butyl rubber and sealed with an aluminium 
cap. After autoclaving at 121  °C sterile-filtered vitamin 
and FOS solution were added. The initial pH of the ster-
ilized cultivation medium used for fecal batch fermenta-
tions of infant 01 to 06 was 7.6. As an enrichment of taxa, 
which are favoured by high cultivation pH, was observed 
after cultivation an initial pH 7.6, the pH of the medium 
was adjusted to 6.9 for batch cultivations of samples from 
infant 07 to 10.

Fecal batch fermentations
Immediately after reception, samples were processed 
under anaerobic conditions (Coy anaerobic chamber 
(Coy Laboratory Products, Grass Lake, MI, USA) 10% 
CO2, 5% H2 and 85% N2). Fecal slurries (20% w/v) were 
prepared by adding 5 g of feces to a Falcon tube contain-
ing 20 mL of anaerobic peptone water (pH 7.0) and two 
sterile glass beads (5  mm diameter). The samples were 
vortexed for 5 min for homogenization. The fecal slurry 
(200 µL) was aseptically inoculated through the butyl 
stopper in a serum flask containing 20 mL of cultivation 
medium, with technical duplicates. The closed flasks were 
incubated for 24 h at 37 °C and shaking at 120 rpm using 
a shaking incubator (Adolf Kühner AG, Birsfelden, Swit-
zerland). Subsequently, outside of the anaerobic chamber, 
the flasks were opened for measuring the pH and 2 mL 
of sample were centrifuged for 10 min at 14’000 rpm and 
4  °C. The supernatant was used for metabolite analysis, 
while the sample pellet was stored at -80 °C until further 
use for DNA extraction.

16 S rRNA gene amplicon sequencing analysis and 
quantitative PCR
The DNA of fecal and fermentation samples was 
extracted using the FastDNA SPIN Kit for Soil (MP Bio-
medicals, Zurich, Switzerland) according to the manu-
facturer’s instructions. Sequencing was performed in 
technical duplicate from the same fecal DNA extract.

Paired-end 16 S rRNA gene amplicon sequencing was 
performed using the Illumina MiSeq platform (Illu-
mina, San Diego, CA, United States) at the Genetic 
Diversity Center (GDC ETH Zürich, Zurich, Switzer-
land) as described previously [28]. Library preparation 

included the amplification of the V4 region of the 16  S 
rRNA gene with the primers 806R (5′-GGACTACH-
VGGGTWTCTAAT-3′) and 515  F (5′-GTGCCAGC-
MGCCGCGGTAA-3′) and barcoding of the amplicons 
with Nextera Index primers. Sequencing was performed 
with the MiSeq reagent kit v2 (2 × 250  bp read length). 
Removal of Illumina adaptors and gene-specific PCR 
primers from raw reads was done using Atropos [29]. 
The DADA2-pipeline [30] was used to generate amplicon 
sequencing variants (ASV). Forward and reverse reads 
were truncated after 170 nucleotides and 160 nucleo-
tides, respectively. Truncated reads with an expected 
error rate higher than three for forward and four for 
reverse reads were removed. After filtering, denoising, 
error rate learning and ASV inference, reads were merged 
with a minimum overlap of 40  bp. Chimeric sequences 
were removed and taxonomy was assigned using the 
SILVA database (v.132) [31]. Median number of reads in 
the samples was 23,941 (ranging from 16,292 to 74,118). 
Total number of reads of the included mock community 
(10 strain even mix genomic material, ATCC MSA-1000) 
was 27,506.

Quantitative PCR (qPCR) was performed to determine 
the total 16  S rRNA gene copies in fresh feces and fer-
mentation samples. The Roche Light Cycler 480 System 
(Hoffmann-La Roche, Basel, Switzerland) was used as 
described previously [32]. Each reaction mixture con-
tained 5  µl of SensiFAST SYBR No-ROX mix (Labgene 
Scientific Instruments, Châtel-Saint-Denis, Switzerland), 
0.5 µl of forward and reverse primer (10 µM, Microsynth, 
Balgach, Switzerland), 3 µl of nuclease free H2O and 1 µl 
of DNA template. A 2-step program was used with 3 min 
of initial denaturation at 95  °C, 40 cycles of 5 s at 95  °C 
and 30 s at 60 °C and a final melting curve analysis from 
65 to 97 °C at a ramp rate of 0.11 °C/s. Standard curves 
were generated using tenfold dilutions of linearized plas-
mid containing the gene of interest. Curves showing an 
amplification efficiency of 86 and 93% (slope − 3.70 and 
− 3.49) were used for analysis. Reactions were performed 
in technical triplicates.

Microbial metabolite analysis
Short-chain fatty acids (SCFA: acetate, propionate, butyr-
ate and valerate), branched-chain fatty acids (BCFA: 
isobutyrate and isovalerate) and intermediate fermen-
tation metabolites (succinate, lactate and formate) in 
feces and fermentation samples were quantified using 
high-performance liquid chromatography (HPLC). Total 
metabolites represent the sum of SCFA, BCFA and inter-
mediate metabolite concentrations. Fecal metabolites 
were extracted by dissolving 200 mg of feces in 600 µL 10 
mM H2SO4 followed by centrifugation at 6000 g and 4 °C 
for 20 min. The fecal and fermentation sample superna-
tants were filtered through 0.45  μm nylon membranes 
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(Infochroma AG, Zug, Switzerland) into a glass vial 
and sealed with crimp-caps. A LaChrom HPLC-System 
(Merck-Hitachi, Tokyo, Japan) was used with a Security-
Guard Cartridge Carbo-H (4 × 3.0 mm; Phenomenex Inc., 
Torrance, CA, United States) connected to a Rezex ROA-
organic acid H + column (300 × 7.8  mm; Phenomenex 
Inc., Torrance, CA, United States) and an Accela RI 
detector (Thermo Fisher Scientific Inc., Waltham, MA, 
United States). Sample volumes of 20 µL were analyzed 
with a mobile phase of 10 mM H2SO4 at a flow rate of 
0.6 mL/min and a column temperature of 40 °C. The data 
were processed using EZChrom software (Agilent, Santa 
Clara, CA, United States).

Data visualisation and statistical analysis
Microbiota community analysis as well as principal com-
ponent analysis (PCA) of metabolites was done in R 
(version 4.0.4) using the phyloseq [33], vegan [34], stats 
[35], factoextra [36] and ggplot2 [37] packages. Relative 
abundances and alpha and beta diversity were calculated 
on rarefied data. Alpha diversity is a measure of diver-
sity within a community with respect to the number of 
observed taxa (richness) or abundance distribution of 
taxa (evenness) [38]. Beta diversity is a measure of simi-
larity or dissimilarity between multiple communities 
[39]. The binary Jaccard similarity index calculates simi-
larity between communities based on presence/absence 
of taxa. The weighted Jaccard similarity index addition-
ally considers the abundance of the present taxa. Per-
mutational Analysis of Variance (PERMANOVA) was 
performed on beta diversity indices and multivariate dis-
persion test was done to test for variance homoscedastic-
ity (full record is shown in Additional file 2). GraphPad 
Prism (version 9.1.0) was used for creating graphs and 
for statistical analysis. The Shapiro-Wilk test was done to 
test for normal distribution. A parametric unpaired t-test 
was performed to compare two independent data sets.

Results
Composition and metabolite profile of the Kenyan infant 
donor fecal microbiota
Microbiota composition and metabolite profile of the 
fresh feces were determined using 16S rRNA gene 
amplicon sequencing and HPLC analysis. The most 
abundant genus in the fresh feces was Bifidobacte-
rium (53.4 ± 11.1%), followed by Escherichia-Shigella 
(8.1 ± 4.6%) and Veillonella (7.7 ± 6.4%; Fig. 2A). For infant 
07 to 10, preservation of the fecal microbiota commu-
nity structure after transport was assessed by compar-
ing the fresh to DNA-stabilized fecal microbiota. Fresh 
and stabilized fecal samples of the same infant clustered 
in the Principal Coordinate Analysis (PCoA) of the beta-
diversity metrics binary and weighted Jaccard (Fig.  2B). 
In accordance, the fecal microbiota composition did 

not differ between source (fresh or stabilized), but dif-
fered significantly between the infants (PERMANOVA, 
p = 0.000999 for binary and weighted Jaccard). A high 
fraction (99 ± 3%) of the top bacterial genera (≥ 1%) pres-
ent in the stabilized fecal samples was detected in the 
fresh fecal samples, but at different relative abundance 
compared to the stabilized feces (Additional file 3). Larg-
est differences in abundance were observed between 
fresh and stabilized fecal samples of infant 08, 09 and 10 
for Bifidobacterium (difference of 28.7%, 12.3% and 13.7% 
for infant 08, 09 and 10, respectively), Prevotella (differ-
ence of 14.3% for infant 09) and Bacteroides (difference of 
16.2% and 9.9% for infant 08 and 10, respectively).

Total metabolites of the fresh fecal samples differed 
between the infants (Fig. 2C). The absolute concentration 
was high at 298 µmol/g feces in infant 03 and low at 70 
µmol/g feces in infant 10. The most abundant interme-
diate metabolite was lactate (24 ± 22% of total metabo-
lites), followed by succinate (3 ± 3%) and formate (2 ± 4%). 
The most abundant SCFA was acetate (56 ± 11% of total 
metabolites), followed by propionate (8 ± 7%) and butyr-
ate (4 ± 5%). Inter-individual variability in metabolite pro-
portion was high for all metabolites, except of acetate. 
The proportions of valerate and BCFA were low in the 
fecal samples of all infants (ranging from 0 to 4% of total 
metabolites).

Altogether, the data show that the fecal microbiota of 
the study population was characterized by dominance 
of Bifidobacterium and high proportions of acetate. The 
fresh fecal microbiota were most similar to the corre-
sponding stabilized fecal microbiota, despite differences 
in abundance of the top bacterial genera.

Regrowth of the top abundant genera of the Kenyan infant 
fecal microbiota after batch cultivation
The fresh fecal microbiota were cultivated for 24  h in 
host-diet-adapted conditions and the final composi-
tion was compared to the fecal microbiota. First batch 
cultivations were performed with feces from infant 01 
to 06. The initial pH of the cultivation medium was 7.6 
while the final pH ranged from 6.2 to 6.4 (Additional 
file 4).The fraction of fecal bacterial genera detected in 
the fermentation samples was 45 ± 12% (Fig.  3A). When 
the most abundant genera (≥ 1% abundant) were consid-
ered, a higher fraction (97 ± 5%) of fecal bacterial genera 
was detected in the fermentation samples, but at differ-
ent relative abundances compared to feces. For example, 
Bifidobacterium abundance was lower in all fermen-
tation samples compared to the corresponding fecal 
samples. Concomitant, Enterococcus (infant 01 to 06), 
Escherichia-Shigella (infant 02 to 06), Bacteroides (infant 
02, 03, 05 and 06), Clostridium sensu stricto 1 (infant 
01 and 03) and Ruminococcus gnavus group (infant 03) 
were higher in abundance after fermentation compared 
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to the corresponding fecal samples. Fermentation and 
fecal samples of the same infant clustered in the PCoA 
of binary Jaccard distance except for infant 04 (Fig. 3B). 
However, when the relative abundances were consid-
ered by using weighted Jaccard, fermentation and fecal 
samples of the same infant separated in the PCoA. For 
all infants, the overall composition differed between fer-
mentation and fecal sample based on the beta diversity 
metrics binary and weighted Jaccard similarity index as 
indicated by distances higher than 0.4 (Fig. 3B). For fer-
mentation samples of infant 01, 02 and 06, the binary 

and weighted Jaccard distance was lower compared to 
the corresponding fecal sample than compared the other 
infant fecal samples (Additional file 5: Supplemental 
Fig. 5A).

The distribution among taxa abundance was more even 
after cultivation compared to the fecal samples as indi-
cated by a significant higher Pielou’s index in fermenta-
tion compared to fecal samples (p = 0.0111, Additional 
file 6).

The initial pH of the medium was lowered to 6.9 for the 
next cultivation experiment, as an enrichment in taxa, 

Fig. 2  Microbiota composition and metabolite profile of fresh feces based on 16S rRNA gene amplicon sequencing and HPLC analysis. Relative abun-
dance on genus level (“other”: <1%) (A). PCoA of binary and weighted Jaccard distance comparing fresh and stabilized feces (B). The numbers assigned to 
symbols denote the infant. Relative proportion (left y-axis) and total absolute concentration (right y-axis, circles) of SCFA, BCFA and intermediate fermen-
tation metabolites (C). Averages of technical duplicates are shown except for stabilized feces of infant 08
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e.g. Bacteroides, which are favoured by high cultivation 
pH [40], was observed after cultivation at initial pH 7.6. 
For the fecal samples that were cultivated at lower initial 
pH 6.9 (infant 07 to 10), the pH in the fermentation sam-
ples after 24 h ranged from 5.7 to 6.0 (Additional file 4).

As observed for infant 01 to 06, a more than 100-fold 
increase in 16  SrRNA gene copies was detected when 

comparing fermentation samples after inoculation (log10 
7.2 to 8.2 16 S rRNA gene copies/mL) and after cultiva-
tion (log10 10.2 to 10.4 16 SrRNA gene copies/mL) (Addi-
tional file 7).

Maintenance of Bifidobacterium improved after culti-
vation at initial pH 6.9 compared to 7.6 as indicated by 
lower decrease in abundance comparing fermentation to 

Fig. 3  Microbiota composition of fresh feces and after 24 h of fecal batch fermentation based on 16S rRNA gene amplicon sequencing data. Relative 
abundance on genus level (“other” <1%) (A). PCoA and total distance of binary and weighted Jaccard comparing fecal and fermentation samples of infant 
01 to 06 (B) and 07 to 10 (C). Distance of 0 indicates identical communities and distance of 1 indicates different communities. The initial pH of the batch 
cultivation medium is indicated. The numbers assigned to bars and symbols denote the infant. Averages of technical duplicates are shown for the relative 
abundance and total distance data
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fecal samples (Fig. 3A). Also, the fraction of fecal bacte-
rial genera detected in the corresponding fermentation 
sample was 58 ± 9% and higher after cultivation at pH 6.9 
compared to 7.6. Overall, a high fraction (98 ± 5%) of the 
top fecal bacterial genera (≥ 1% abundant) was detected 
in the corresponding fermentation samples but at differ-
ent relative abundances compared to the fecal inoculum 
(Fig.  3A). Bifidobacterium abundance was lower in the 
fermentation sample of infant 07, 08 and 10 compared 
to the corresponding fecal sample. Concomitant, Bacte-
roides (infant 07, 08 and 10), Megasphaera (infant 07 and 
10), Escherichia-Shigella (infant 08), Enterococcus (infant 
08 and 10), Streptococcus (infant 08 and 10) and Veillon-
ella (infant 08 and 10) were higher in abundance in the 
fermentation compared to the corresponding fecal sam-
ple. In the fermentation sample of infant 09, Bifidobac-
terium and Veillonella abundance were higher compared 
to the fecal sample. Fermentation and fecal samples 
of the same infant clustered in the PCoA of binary and 
weighted Jaccard distance except for infant 08, where 
the fermentation sample separated from the fecal sam-
ple based on axis 2 in the PCoA of weighted Jaccard 
(Fig. 3C). For all infants, the overall composition differed 
between fermentation and fecal samples based on binary 
and weighted Jaccard similarity index as indicated by a 
distance higher than 0.4 (Fig. 3C). However, for all infant 
samples cultivated at pH 6.9, the binary and weighted 
Jaccard distance between fermentation and correspond-
ing fecal sample was lower than the distance between fer-
mentation and the other infant fecal samples (Additional 
file 5). Further, at initial cultivation pH 6.9, the average 
weighted Jaccard distance of fermentation to fecal sam-
ples (infant 07 to 10, 0.50 ± 0.12) was lower compared to 
the average weighted Jaccard distance observed at initial 
cultivation pH 7.6 (infant 01 to 06, 0.79 ± 0.09; p = 0.0095; 
Fig. 3B).

In conclusion, the top abundant genera of the Kenyan 
infant fecal microbiota regrew after protected transport 
and 24 h batch cultivation but reached different relative 
abundance in fermentation compared to fecal samples. 
A reduced shift between fermentation and fecal samples 
was observed for infant fecal samples cultivated at initial 
pH 6.9 compared to the fecal samples cultivated at initial 
pH 7.6.

Inter-individual differences in metabolite profiles after 
batch cultivation
The metabolite profile was analysed after 24 h fecal batch 
cultivation using HPLC analysis and compared to the 
metabolite profile of the fecal microbiota. In contrast to 
the feces, the total metabolite concentration after culti-
vation was similar for all infant samples (101 ± 6 mM; 
Fig.  4A). Intermediate fermentation metabolites were 
detected in all fermentation samples. The most abundant 

intermediate metabolite for infant 01 to 06 was formate 
(15 ± 5% of total metabolites), followed by succinate and 
lactate, while formate (6 ± 1%) and succinate (6 ± 1%) were 
most abundant for infant 07 to 10, followed by lactate.

Lower total metabolite concentrations and higher 
proportions of formate and succinate and lower pro-
portions of lactate were generally detected in the fermen-
tation compared to the fecal samples. In the fermentation 
samples, acetate was the most abundant end metabolite 
(47 ± 5% and 59 ± 4% of total metabolites for infant 01 to 
06 and 07 to 10, respectively), followed by propionate and 
butyrate. Butyrate was detected in fermentation but not 
in fecal samples of infant 01 and 03 while propionate was 
detected in fermentation but not in fecal sample of infant 
04.

The proportions of valerate and BCFA were low in fer-
mentation samples of all infants (0–4% of total metabo-
lites). PCA of the metabolite profiles revealed separation 
of fecal and fermentation samples for infant 01 to 06 and 
clustering of fecal and fermentation samples for infant 07 
to 10 (Fig. 4B). Inter-individual differences in metabolite 
profile were apparent among the fecal as well as among 
the fermentation samples.

Altogether, the metabolic activity of the Kenyan infant 
fecal microbiota was reproduced after protected trans-
port and 24  h batch cultivation. Despite similar total 
metabolite production by all infant microbiota after culti-
vation, inter-individual differences in metabolite profiles 
were observed and profiles were more similar to the fecal 
metabolite profile for the initial cultivation pH of 6.9.

Discussion
Cultivation-based methods are used to study the gut 
microbiota function independent of the host [41]. How-
ever, the validity of in vitro gut fermentation is dependent 
on the selected biotic and abiotic conditions, and on the 
preservation of the fecal inoculum community and activ-
ity. In this study, a protocol for preservation and batch 
cultivation of fresh Kenyan infant fecal microbiota was 
validated.

Fecal samples were collected from Kenyan infants aged 
7.0 ± 1.4 months of which 90% were already introduced 
to complementary feeding and 80% were exclusively 
breast-fed until 6 months of age. Results obtained by sev-
eral studies conducted at the same study site confirm the 
representativity of our study population. Introduction 
to complementary feeding was previously reported in 
80.2% of 6-months-old Kenyan infants [42] and exclusive 
breast-feeding until 6 months was previously reported 
in 74.6% of Kenyan infants aged 7.7 ± 0.8 months [43]. 
A high Bifidobacterium abundance of 53.4 ± 11.1% was 
detected in the fecal microbiota of this study. In two pre-
vious studies carried out with the same infant popula-
tion, high Bifidobacterium abundance of 62.7% [42] and 
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Bifidobacteriaceae (the family harbouring the genus Bifi-
dobacterium) abundance of 60.5% [25] were detected in 
the feces of Kenyan infants aged 6 and 6.5–9.5 months, 
respectively. The observed high proportions of fecal ace-
tate (56%) and lactate (24%) are consistent with data from 
a previous study carried out with 28 Nigerian infants 
during pre-weaning and weaning, reporting mean lactate 
ratios of 30% that remained high until up to 10 months 
of age in some infants [44]. However, the fecal pH of 
5.2 ± 0.9 measured in this study after refrigerated trans-
port was slightly lower compared to two previous reports 
with median fecal pH of 5.5–5.7 [25] and an average fecal 
pH of 5.4 ± 0.8 [45] measured in feces of the same infant 
population.

The viability and activity of the Kenyan infant fecal 
microbiota was well preserved during transport as indi-
cated by regrowth of the top genera and reproduction of 
the metabolic activity after batch cultivation. However, 

Escherichia-Shigella, Bacteroides, Enterococcus and Clos-
tridium sensu stricto 1 were enriched after cultivation at 
an initial pH 7.6 compared to the fecal inoculum compo-
sition. Higher Bifidobacterium abundance and similar-
ity of the cultured versus the fecal inoculum microbiota 
were observed after cultivation at a lower initial pH 6.9. 
Compositional differences between the cultured and fecal 
microbiota community are expected because the fecal 
sample includes microbes as well as biotic and abiotic 
factors from various parts of the gut and therefore only 
represents a proxy of the colon microbiota [46]. How-
ever, the dominance of Bifidobacterium in the feces of 
the study population suggests that high abundance after 
fecal batch cultivation is representative of the Kenyan 
infant gut microbiota [25, 42]. Growth of specific taxa 
can be favoured during batch cultivation by the ability 
to grow fast (e.g. for Escherichia coli), or by the selection 
through available nutrients or by cultivation pH [40, 47]. 

Fig. 4  Metabolite profile of fresh feces and after 24 h fecal batch fermentation measured by HPLC. Relative proportion (left y-axis) and total absolute 
concentration (right y-axis, circles and triangles) of SCFA, BCFA and intermediate metabolites (A). PCA of the proportion of metabolites (B). The initial pH 
of the batch cultivation medium is indicated. The numbers assigned to bars and symbols denote the infant microbiota. Averages of technical duplicates 
are shown
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Dominance of Enterobacteriaceae and Enterococcus was 
observed after batch cultivation of fecal samples from 
Malawian and Western infants concomitant with low 
Bifidobacterium abundance [23, 48, 49]. Bifidobacterium 
is among the most abundant in the infant fecal microbi-
ota during the first year of life [2, 50]. The prior cultiva-
tion studies did not assess the similarity of fermentation 
and fecal samples to conclude whether the low Bifidobac-
terium abundances were representative of the infant fecal 
microbiota or not [23, 48, 49]. Further, feces preservation 
by freezing prior to cultivation in basal nutritive medium 
lacking adjustment to closely mimic the infant diet likely 
affected the growth of the fecal microbiota in vitro. In 
contrast to the previous studies, our adjusted protocol for 
preservation and cultivation of fresh African infant fecal 
microbiota was successful in obtaining high abundance 
of Bifidobacterium and regrowing the top abundant gen-
era after 24 h fermentation in host-diet adapted medium 
at initial pH 6.9.

The in vitro metabolic activity in our study was higher 
in comparison to fecal batch cultivations of Malawian 
and Western infants, which is likely due to different 
nutrient content of the cultivation medium and opti-
mized protocol used in this study, respectively [23, 48, 
51]. Total metabolite levels were similar between the dif-
ferent infant microbiota after fecal batch cultivation, sug-
gesting similar conversion efficiency of available nutrients 
in the applied cultivation medium. Further, similar total 
metabolic activity at different initial pH suggests that the 
batch fermentation was rather nutrient than pH limited. 
Despite similar total metabolic activity, inter-individual 
differences in metabolite profiles were apparent after 
cultivation. In vitro cultivation of fecal microbiota cir-
cumvents confounding factors such as nutrient intake 
and metabolite absorption by the colon epithelium, 
which affect metabolite levels in feces [5], and therefore 
allows study of inter-individual differences in metabo-
lite production capacity. The most abundant fermenta-
tion end metabolite after cultivation of the Kenyan infant 
fecal microbiota was acetate followed by propionate and 
butyrate, as previously reported for fecal microbiota from 
Malawian and Western infants [23, 48, 52]. High lac-
tate production during cultivation of the Kenyan infant 
fecal microbiota is expected due to the high abundance 
of main lactate-producing bacteria, such as Bifidobac-
terium, Lactobacillus and Bacteroides [53]. Absence of 
lactate accumulation observed during batch cultiva-
tion of 6 out of 10 Kenyan infant fecal microbiota sug-
gests complete intermediate metabolite utilization and a 
fully functional cross-feeding network. In particular, the 
preservation of strict anaerobe lactate-utilizing bacteria 
under the applied conditions was confirmed, such as for 
propionate-producing Veillonella [53, 54].

Conclusions
We demonstrated that the top abundant genera and met-
abolic activity of fresh Kenyan infant fecal microbiota 
can be reproduced after protected transport and batch 
cultivation in host-diet-adapted conditions within less 
than 30  h after collection. This validated batch cultiva-
tion protocol is useful to study in vitro the gut microbiota 
growth and functional potential of infants living in rural 
sub-Saharan Africa in response to biotic or abiotic fac-
tors. Although they are easier to perform than continu-
ous intestinal cultures, batch cultivations do not allow for 
constant nutrient supply, stable maintenance of pH and 
elimination of toxic microbial products over time [55]. 
In a next step, more advanced intestinal continuous fer-
mentation models will allow more closely mimicking the 
proximal colon conditions [56] and characterization of 
the dynamics of African infant gut microbiota in vitro.

List of Abbreviations
FOS	� Fructo-oligosaccharides
ASV	� Amplicon sequencing variant
SCFA	� Short-chain fatty acids
BCFA	� Branched-chain fatty acids
HPLC	� High performance liquid chromatography
PERMANOVA	� Permutational analysis of variance
PCoA	� Principal coordinate analysis
PCA	� Principal component analysis

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12866-023-02915-9.

Supplementary Material 1

Supplementary Material 2

Supplementary Material 3

Supplementary Material 4

Supplementary Material 5

Supplementary Material 6

Supplementary Material 7

Supplementary Material 8

Acknowledgements
We thank Alfonso Die for his assistance during the HPLC analysis, Thierry Marti 
for experimental assistance, and Dr. Florentin Constancias for the support 
during 16S rRNA gene amplicon sequencing analysis. Sequencing data were 
generated in collaboration with the Genetic Diversity Centre (GDC), ETH 
Zürich, Switzerland.

Author contributions
CR, AnG and CL designed the study. AmG, NS and MBZ organized, collected 
and transported the fecal samples. CR performed the experiments and 
analyzed the data. CR, AnG and CL did the data interpretation. CR and AnG 
wrote the first draft of the manuscript which was critically reviewed by all 
authors. The submitted manuscript was read and approved by all authors.

Funding
This study was funded by the National Institute of Diabetes and Digestive and 
Kidney Diseases (National Institutes of Health, USA). Grant no. R01 DK115449. 

http://dx.doi.org/10.1186/s12866-023-02915-9
http://dx.doi.org/10.1186/s12866-023-02915-9


Page 11 of 12Rachmühl et al. BMC Microbiology          (2023) 23:174 

The funding body played no role in the design of the study and collection, 
analysis, interpretation of data, and in writing the manuscript.
Open access funding provided by Swiss Federal Institute of Technology Zurich

Data Availability
The datasets generated and/or analysed during the current study are available 
in the European Nucleotide Archive (ENA) repository, accession number 
PRJEB59472 (https://www.ebi.ac.uk/ena/browser/view/PRJEB59472).

Declarations

Ethics approval and consent to participate
The study was part of the clinical trial “Prebiotic GOS and Lactoferrin for 
Beneficial Gut Microbiota With Iron Supplements” registered at clinicaltrials.
gov as NCT03866837. The Ethics Commission of ETH Zürich, Switzerland 
(EK 2019-N-04) and the Kenya Medical Research Institute (KEMRI) Scientific 
and Ethics Review Unit (SERU) (KEMRI/RES/7/3/1 no.656) and the Columbia 
University Institutional Review Boards (IRB), USA (IRB-AAAR8900) reviewed 
and approved this study. Informed consent was obtained from the parents or 
the legal guardians of the infants. All methods were carried out in accordance 
with relevant guidelines and regulations.

Consent to publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 3 February 2023 / Accepted: 27 June 2023

References
1.	 Bokulich NA, Chung J, Battaglia T, Henderson N, Jay M, Li H et al. Antibiotics, 

birth mode, and diet shape microbiome maturation during early life. Sci 
Transl Med [Internet]. 2016 Jun 6 [cited 2022 Jul 10];8(343):343ra82. Available 
from: /pmc/articles/PMC5308924/.

2.	 Stewart CJ, Ajami NJ, O’brien JL, Hutchinson DS, Smith DP, Wong MC et al. 
Temporal development of the gut microbiome in early childhood from 
the TEDDY study. 2018 [cited 2019 Sep 18]; Available from: https://doi.
org/10.1038/s41586-018-0617-x.

3.	 Nilsen M, Saunders CM, Angell IL, Arntzen M, Lødrup Carlsen KC, Carlsen 
KH et al. Butyrate levels in the transition from an infant-to an adult-like gut 
microbiota correlate with bacterial networks associated with eubacterium 
rectale and ruminococcus gnavus. Genes (Basel) [Internet]. 2020 Nov 1 [cited 
2021 Jan 31];11(11):1–15. Available from: /pmc/articles/PMC7690385/?report
=abstract.

4.	 Pham VT, Greppi A, Chassard C, Braegger C, Lacroix C. Stepwise establish-
ment of functional microbial groups in the infant gut between 6 months 
and 2 years: A prospective cohort study. Front Nutr [Internet]. 2022 Jul 28 
[cited 2022 Aug 4];0:1489. Available from: https://www.frontiersin.org/
articles/https://doi.org/10.3389/fnut.2022.948131/full.

5.	 Vogt JA, Wolever TMS. Fecal Acetate Is Inversely Related to Acetate Absorp-
tion from the Human Rectum and Distal Colon. J Nutr [Internet]. 2003 Oct 1 
[cited 2022 Jun 3];133(10):3145–8. Available from: https://academic.oup.com/
jn/article/133/10/3145/4687510.

6.	 Sivaprakasam S, Bhutia YD, Yang S, Ganapathy V. Short-chain fatty acid trans-
porters: role in colonic homeostasis. Compr Physiol. 2018;8(1):299–314.

7.	 Procházková N, Falony G, Dragsted LO, Licht TR, Raes J, Roager HM. Advanc-
ing human gut microbiota research by considering gut transit time. Gut 
[Internet]. 2022 Sep 28 [cited 2022 Nov 29];0:gutjnl-2022-328166. Available 
from: https://gut.bmj.com/content/early/2022/09/28/gutjnl-2022-328166.

8.	 Hitch TCA, Afrizal A, Riedel T, Kioukis A, Haller D, Lagkouvardos I et al. Recent 
advances in culture-based gut microbiome research. Int J Med Microbiol. 
2021 Apr 1;311(3):151485.

9.	 Lacroix C, de Wouters T, Chassard C. Integrated multi-scale strategies to inves-
tigate nutritional compounds and their effect on the gut microbiota. Current 
Opinion in Biotechnology. Volume 32. Elsevier Ltd; 2015. pp. 149–55.

10.	 Biclot A, Huys GRB, Bacigalupe R, D’hoe K, Vandeputte D, Falony G et al. Effect 
of cryopreservation medium conditions on growth and isolation of gut 
anaerobes from human faecal samples. Microbiome [Internet]. 2022 Dec 1 
[cited 2022 Oct 27];10(1):1–12. Available from: https://microbiomejournal.
biomedcentral.com/articles/https://doi.org/10.1186/s40168-022-01267-2.

11.	 Watson EJ, Giles J, Scherer BL, Blatchford P. Human faecal collection methods 
demonstrate a bias in microbiome composition by cell wall structure. Sci Rep 
[Internet]. 2019 Dec 1 [cited 2022 Oct 27];9(1). Available from: /pmc/articles/
PMC6856092/.

12.	 Guan H, Pu Y, Liu C, Lou T, Tan S, Kong M et al. Comparison of Fecal Collection 
Methods on Variation in Gut Metagenomics and Untargeted Metabolomics. 
mSphere [Internet]. 2021 Oct 27 [cited 2022 Oct 28];6(5). Available from: /
pmc/articles/PMC8550109/.

13.	 Bilinski J, Dziurzynski M, Grzesiowski P, Podsiadly E, Stelmaszczyk-Emmel 
A, Dzieciatkowski T et al. Fresh Versus Frozen Stool for Fecal Microbiota 
Transplantation—Assessment by Multimethod Approach Combining Cultur-
ing, Flow Cytometry, and Next-Generation Sequencing. Front Microbiol 
[Internet]. 2022 Jul 1 [cited 2022 Oct 27];13. Available from: /pmc/articles/
PMC9284506/.

14.	 Bircher L, Schwab C, Geirnaert A, Greppi A, Lacroix C. Planktonic and Sessile 
Artificial Colonic Microbiota Harbor Distinct Composition and Reestablish 
Differently upon Frozen and Freeze-Dried Long-Term Storage. mSystems 
[Internet]. 2020 Feb 11 [cited 2022 Oct 27];5(1). Available from: /pmc/articles/
PMC6977070/.

15.	 Wu WK, Chen CC, Panyod S, Chen RA, Wu MS, Sheen LY et al. Optimiza-
tion of fecal sample processing for microbiome study - The journey from 
bathroom to bench. J Formos Med Assoc [Internet]. 2019 Feb 1 [cited 
2022 Oct 28];118(2):545–55. Available from: https://pubmed.ncbi.nlm.nih.
gov/29490879/.

16.	 Martínez N, Hidalgo-Cantabrana C, Delgado S, Margolles A, Sánchez B. Filling 
the gap between collection, transport and storage of the human gut micro-
biota. Sci Reports 2019 91 [Internet]. 2019 Jun 6 [cited 2022 Jun 1];9(1):1–8. 
Available from: https://www.nature.com/articles/s41598-019-44888-8.

17.	 Hyde ER, Lozano H, Cox S, BIOME-Preserve. A novel storage and transport 
medium for preserving anaerobic microbiota samples for culture recovery. 
PLoS One [Internet]. 2022 Jan 1 [cited 2022 Jul 27];17(1):e0261820. Avail-
able from: https://journals.plos.org/plosone/article?id=10.1371/journal.
pone.0261820.

18.	 Zhang X, Walker K, Mayne J, Li L, Ning Z, Stintzi A et al. Evaluating live micro-
biota biobanking using an ex vivo microbiome assay and metaproteomics. 
Gut Microbes [Internet]. 2022 [cited 2022 Nov 16];14(1). Available from: /
pmc/articles/PMC8824213/.

19.	 Chung WSF, Walker AW, Louis P, Parkhill J, Vermeiren J, Bosscher D et al. Modu-
lation of the human gut microbiota by dietary fibres occurs at the species 
level. BMC Biol [Internet]. 2016 Jan 11 [cited 2022 Jul 29];14(1):1–13. Available 
from: https://bmcbiol.biomedcentral.com/articles/https://doi.org/10.1186/
s12915-015-0224-3.

20.	 Doo EH, Chassard C, Schwab C, Lacroix C. Effect of dietary nucleosides and 
yeast extracts on composition and metabolic activity of infant gut microbiota 
in PolyFermS colonic fermentation models. FEMS Microbiol Ecol. 2017 Aug 
1;93(8).

21.	 Yousi F, Kainan C, Junnan Z, Chuanxing X, Lina F, Bangzhou Z et al. Evalu-
ation of the effects of four media on human intestinal microbiota culture 
in vitro. AMB Express [Internet]. 2019 Dec 1 [cited 2022 Jun 7];9(1):1–10. 
Available from: https://amb-express.springeropen.com/articles/https://doi.
org/10.1186/s13568-019-0790-9.

22.	 Fournier E, Roussel C, Dominicis A, Ley D, Peyron MA, Collado V et al. In vitro 
models of gut digestion across childhood: current developments, challenges 
and future trends. Biotechnol Adv 2022 Jan 1;54:107796.

23.	 Wang Y, Mortimer EK, Katundu KGH, Kalanga N, Leong LEX, Gopalsamy GL, 
et al. The capacity of the fecal microbiota from malawian infants to ferment 
resistant starch. Front Microbiol. 2019;10(JUN):1459.

24.	 Toe LC, Kerckhof FM, De Bodt J, Morel FB, Ouedraogo JB, Kolsteren P, et al. 
A prebiotic-enhanced lipid-based nutrient supplement (LNSp) increases 
Bifidobacterium relative abundance and enhances short-chain fatty acid 
production in simulated colonic microbiota from undernourished infants. 
FEMS Microbiol Ecol. 2020;96(7):1–12.

25.	 Paganini D, Uyoga MA, Kortman GAM, Cercamondi CI, Moretti D, Barth-Jaeggi 
T et al. Prebiotic galacto-oligosaccharides mitigate the adverse effects of 
iron fortification on the gut microbiome: A randomised controlled study in 
Kenyan infants. Gut. 2017 Nov 1;66(11):1956–67.

https://www.ebi.ac.uk/ena/browser/view/PRJEB59472
http://www.pmc/articles/PMC5308924/
http://dx.doi.org/10.1038/s41586-018-0617-x
http://dx.doi.org/10.1038/s41586-018-0617-x
http://www.pmc/articles/PMC7690385/?report=abstract
http://www.pmc/articles/PMC7690385/?report=abstract
https://www.frontiersin.org/articles/
https://www.frontiersin.org/articles/
http://dx.doi.org/10.3389/fnut.2022.948131/full
https://academic.oup.com/jn/article/133/10/3145/4687510
https://academic.oup.com/jn/article/133/10/3145/4687510
https://gut.bmj.com/content/early/2022/09/28/gutjnl
https://microbiomejournal.biomedcentral.com/articles/
https://microbiomejournal.biomedcentral.com/articles/
http://dx.doi.org/10.1186/s40168-022-01267-2
http://www.pmc/articles/PMC6856092/
http://www.pmc/articles/PMC6856092/
http://www.pmc/articles/PMC8550109/
http://www.pmc/articles/PMC8550109/
http://www.pmc/articles/PMC9284506/
http://www.pmc/articles/PMC9284506/
http://www.pmc/articles/PMC6977070/
http://www.pmc/articles/PMC6977070/
https://pubmed.ncbi.nlm.nih.gov/29490879/
https://pubmed.ncbi.nlm.nih.gov/29490879/
https://www.nature.com/articles/s41598-019-44888-8
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0261820
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0261820
http://www.pmc/articles/PMC8824213/
http://www.pmc/articles/PMC8824213/
https://bmcbiol.biomedcentral.com/articles/
http://dx.doi.org/10.1186/s12915-015-0224-3
http://dx.doi.org/10.1186/s12915-015-0224-3
https://amb-express.springeropen.com/articles/
http://dx.doi.org/10.1186/s13568-019-0790-9
http://dx.doi.org/10.1186/s13568-019-0790-9


Page 12 of 12Rachmühl et al. BMC Microbiology          (2023) 23:174 

26.	 Jovanovic-Malinovska R, Kuzmanova, Eleonora Winkelhausen S. Oligosaccha-
ride Profile in Fruits and Vegetables as Sources of Prebiotics and Functional 
Foods. Int J Food Prop [Internet]. 2014 [cited 2022 Oct 13];17(5):949–65. 
Available from: https://www.tandfonline.com/action/journalInformation?jour
nalCode=ljfp20.

27.	 Ahoya B, Kavle JA, Straubinger S, Gathi CM. Accelerating progress for comple-
mentary feeding in Kenya: Key government actions and the way forward. 
Matern Child Nutr [Internet]. 2019 Jan 1 [cited 2022 Oct 13];15 Suppl 1(Suppl 
1). Available from: https://pubmed.ncbi.nlm.nih.gov/30748122/.

28.	 Isenring J, Geirnaert A, Hall AR, Jans C, Lacroix C, Stevens MJA. In Vitro Gut 
Modeling as a Tool for Adaptive Evolutionary Engineering of Lactiplantibacil-
lus plantarum. mSystems. 2021 Apr 27;6(2).

29.	 Didion JP, Martin M, Collins FS. Atropos: specific, sensitive, and speedy trim-
ming of sequencing reads. PeerJ [Internet]. 2017 Aug 30 [cited 2021 Aug 
17];5(8):e3720. Available from: https://peerj.com/articles/3720.

30.	 Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. 
DADA2: High-resolution sample inference from Illumina amplicon data. Nat 
Methods 2016 137 [Internet]. 2016 May 23 [cited 2021 Aug 17];13(7):581–3. 
Available from: https://www.nature.com/articles/nmeth.3869.

31.	 Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P et al. The SILVA ribo-
somal RNA gene database project: improved data processing and web-based 
tools. Nucleic Acids Res [Internet]. 2013 Jan 1 [cited 2021 Aug 17];41(Data-
base issue):D590. Available from: /pmc/articles/PMC3531112/.

32.	 Garcia AR, Zhang J, Greppi A, Constancias F, Wortmann E, Wandres M et al. 
Impact of manipulation of glycerol/diol dehydratase activity on intestinal 
microbiota ecology and metabolism. Environ Microbiol [Internet]. 2021 Mar 
1 [cited 2021 Aug 17];23(3):1765–79. Available from: https://sfamjournals.
onlinelibrary.wiley.com/doi/full/https://doi.org/10.1111/1462-2920.15431.

33.	 McMurdie PJ, Holmes S. phyloseq: An R Package for Reproducible Interactive 
Analysis and Graphics of Microbiome Census Data. PLoS One [Internet]. 2013 
Apr 22 [cited 2022 Dec 14];8(4). Available from: /pmc/articles/PMC3632530/.

34.	 Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre PMD, Minchin PR, 
O’Hara RB, Simpson GL, Solymos P, Stevens MHHSE. H W. Vegan: Community 
Ecology Package. 2022.

35.	 R Core Team. R: A Language and Environment for Statistical Computing. R 
Foundation for Statistical Computing, Vienna, Austria. [Internet]. 2020. Avail-
able from: https://www.r-project.org/.

36.	 Kassambra A, Mundt F, Factoextra. Extract and Visualize the Results of 
Multivariate Data Analyses. R Package Version 1.0.7. [Internet]. Available from: 
https://cran.r-project.org/package=factoextra.

37.	 Wickham H. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New 
York [Internet]. 2016 [cited 2022 Dec 14]; Available from: https://ggplot2-
book.org/.

38.	 Willis AD, Rarefaction. Alpha Diversity, and Statistics. Front Microbiol [Inter-
net]. 2019 [cited 2022 Dec 2];10(OCT):2407. Available from: /pmc/articles/
PMC6819366/.

39.	 Finotello F, Mastrorilli E, Di Camillo B. Measuring the diversity of the human 
microbiota with targeted next-generation sequencing. Brief Bioinform 
[Internet]. 2018 Jul 20 [cited 2022 Dec 2];19(4):679–92. Available from: https://
academic.oup.com/bib/article/19/4/679/2871295.

40.	 Ilhan ZE, Marcus AK, Kang D-W, Rittmann BE, Krajmalnik-Brown R. pH-
Mediated Microbial and Metabolic Interactions in Fecal Enrichment Cultures. 
mSphere [Internet]. 2017 Jun 28 [cited 2022 Aug 24];2(3). Available from: /
pmc/articles/PMC5415631/.

41.	 Tamaki H. Cultivation Renaissance in the Post-Metagenomics Era: Combin-
ing the New and Old. Microbes Environ [Internet]. 2019 [cited 2022 Jul 
29];34(2):117. Available from: /pmc/articles/PMC6594738/.

42.	 Jaeggi T, Kortman GAM, Moretti D, Chassard C, Holding P, Dostal A, et al. 
Iron fortification adversely affects the gut microbiome, increases pathogen 
abundance and induces intestinal inflammation in kenyan infants. Gut. 2015 
May;64(5):731–42.

43.	 Uyoga MA, Karanja S, Paganini D, Cercamondi CI, Zimmermann SA, Ngugi B 
et al. Duration of exclusive breastfeeding is a positive predictor of iron status 

in 6-to 10-month-old infants in rural Kenya. 2016 [cited 2022 Aug 2]; Available 
from: https://doi.org/10.1111/mcn.12386.

44.	 Oyedemi OT, Shaw S, Martin JC, Ayeni FA, Scott KP. Changes in the gut micro-
biota of Nigerian infants within the first year of life. PLoS One [Internet]. 2022 
Mar 1 [cited 2022 Jun 3];17(3):e0265123. Available from: https://journals.plos.
org/plosone/article?id=10.1371/journal.pone.0265123.

45.	 Paganini D, Uyoga MA, Cercamondi CI, Moretti D, Mwasi E, Schwab C, et 
al. Consumption of galacto-oligosaccharides increases iron absorption 
from a micronutrient powder containing ferrous fumarate and sodium 
iron EDTA: a stable-isotope study in kenyan infants. Am J Clin Nutr. 2017 
Oct;106(1):1020–31.

46.	 Mailhe M, Ricaboni D, Vitton V, Gonzalez JM, Bachar D, Dubourg G et al. Rep-
ertoire of the gut microbiota from stomach to colon using culturomics and 
next-generation sequencing. BMC Microbiol [Internet]. 2018 Oct 24 [cited 
2022 Oct 5];18(1):1–11. Available from: https://bmcmicrobiol.biomedcentral.
com/articles/https://doi.org/10.1186/s12866-018-1304-7.

47.	 Adamberg K, Raba G, Adamberg S. Use of Changestat for Growth Rate Stud-
ies of Gut Microbiota. Front Bioeng Biotechnol. 2020 Feb;7:8:24.

48.	 Gopalsamy G, Mortimer E, Greenfield P, Bird AR, Young GP, Christophersen 
CT. Resistant Starch Is Actively Fermented by Infant Faecal Microbiota and 
Increases Microbial Diversity. Nutrients [Internet]. 2019 Jun 1 [cited 2022 Aug 
2];11(6). Available from: /pmc/articles/PMC6628288/.

49.	 Nogacka AM, Arboleya S, Nikpoor N, Auger J, Salazar N, Cuesta I et al. In 
Vitro Probiotic Modulation of the Intestinal Microbiota and 2′Fucosyllactose 
Consumption in Fecal Cultures from Infants at Two Months of Age. Microor-
ganisms [Internet]. 2022 Feb 1 [cited 2022 Jun 2];10(2):318. Available from: 
https://www.mdpi.com/2076-2607/10/2/318/htm.

50.	 Lackey KA, Williams JE, Meehan CL, Zachek JA, Benda ED, Price WJ, et al. 
What’s normal? Microbiomes in human milk and infant feces are related 
to each other but vary geographically: the INSPIRE Study. Front Nutr. 2019 
Apr;17:0:45.

51.	 Logtenberg MJ, Vink JCM, Serierse RM, An R, Hermes GDA, Smidt H et al. 
Pooled faecal inoculum can predict infant fiber fermentability despite high 
inter-individual variability of microbiota composition. Bioact Carbohydrates 
Diet Fibre. 2020 Oct 1;24:100235.

52.	 Pi X, Hua H, Wu Q, Wang X, Wang X, Li J. Effects of Different Feeding Methods 
on the Structure, Metabolism, and Gas Production of Infant and Toddler 
Intestinal Flora and Their Mechanisms. Nutrients [Internet]. 2022 Apr 1 
[cited 2022 Aug 24];14(8). Available from: https://pubmed.ncbi.nlm.nih.
gov/35458130/.

53.	 Pham VT, Greppi A, Chassard C, Braegger C, Lacroix C. Stepwise establish-
ment of functional microbial groups in the infant gut between 6 months and 
2 years: a prospective cohort study. Front Nutr [Internet]. 2022 Jul 28 [cited 
2022 Oct 17];9. Available from: /pmc/articles/PMC9366138/.

54.	 Louis P, Duncan SH, Sheridan PO, Walker AW, Flint HJ. Microbial lactate utilisa-
tion and the stability of the gut microbiome. Gut Microbiome [Internet]. 
2022 [cited 2022 Nov 24];3:e3. Available from: https://www.cambridge.org/
core/journals/gut-microbiome/article/microbial-lactate-utilisation-and-
the-stability-of-the-gut-microbiome/70FFDA0D826775206007393EB4E2
1FE2.

55.	 Isenring J, Bircher L, Geirnaert A, Lacroix C. In vitro human gut microbiota 
fermentation models: opportunities, challenges, and pitfalls. Microbiome 
Res Reports [Internet]. 2023 Jan 17 [cited 2023 Feb 24];2(1):2. Available from: 
https://www.oaepublish.com/mrr/article/view/5394.

56.	 Payne AN, Zihler A, Chassard C, Lacroix C. Advances and perspectives in in 
vitro human gut fermentation modeling. Vol. 30, Trends in Biotechnology. 
2012. p. 17–25.

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

https://www.tandfonline.com/action/journalInformation?journalCode=ljfp20
https://www.tandfonline.com/action/journalInformation?journalCode=ljfp20
https://pubmed.ncbi.nlm.nih.gov/30748122/
https://peerj.com/articles/3720
https://www.nature.com/articles/nmeth.3869
http://www.pmc/articles/PMC3531112/
https://sfamjournals.onlinelibrary.wiley.com/doi/full/
https://sfamjournals.onlinelibrary.wiley.com/doi/full/
http://dx.doi.org/10.1111/1462-2920.15431
http://www.pmc/articles/PMC3632530/
https://www.r-project.org/
https://cran.r-project.org/package=factoextra
https://ggplot2-book.org/
https://ggplot2-book.org/
http://www.pmc/articles/PMC6819366/
http://www.pmc/articles/PMC6819366/
https://academic.oup.com/bib/article/19/4/679/2871295
https://academic.oup.com/bib/article/19/4/679/2871295
http://www.pmc/articles/PMC5415631/
http://www.pmc/articles/PMC5415631/
http://www.pmc/articles/PMC6594738/
http://dx.doi.org/10.1111/mcn.12386
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0265123
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0265123
https://bmcmicrobiol.biomedcentral.com/articles/
https://bmcmicrobiol.biomedcentral.com/articles/
http://dx.doi.org/10.1186/s12866-018-1304-7
http://www.pmc/articles/PMC6628288/
https://www.mdpi.com/2076-2607/10/2/318/htm
https://pubmed.ncbi.nlm.nih.gov/35458130/
https://pubmed.ncbi.nlm.nih.gov/35458130/
https://www.pmc/articles/PMC9366138/
https://www.cambridge.org/core/journals/gut-microbiome/article/microbial-lactate-utilisation-and-the-stability-of-the-gut-microbiome/70FFDA0D826775206007393EB4E21FE2
https://www.cambridge.org/core/journals/gut-microbiome/article/microbial-lactate-utilisation-and-the-stability-of-the-gut-microbiome/70FFDA0D826775206007393EB4E21FE2
https://www.cambridge.org/core/journals/gut-microbiome/article/microbial-lactate-utilisation-and-the-stability-of-the-gut-microbiome/70FFDA0D826775206007393EB4E21FE2
https://www.cambridge.org/core/journals/gut-microbiome/article/microbial-lactate-utilisation-and-the-stability-of-the-gut-microbiome/70FFDA0D826775206007393EB4E21FE2
https://www.oaepublish.com/mrr/article/view/5394

	﻿Validation of a batch cultivation protocol for fecal microbiota of Kenyan infants
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Fecal donor characteristics
	﻿Fecal sample collection and transport
	﻿Fecal pH measurement
	﻿Cultivation medium specific for the Kenyan infant gut microbiota
	﻿Fecal batch fermentations
	﻿16 S rRNA gene amplicon sequencing analysis and quantitative PCR
	﻿Microbial metabolite analysis
	﻿Data visualisation and statistical analysis

	﻿Results
	﻿Composition and metabolite profile of the Kenyan infant donor fecal microbiota
	﻿Regrowth of the top abundant genera of the Kenyan infant fecal microbiota after batch cultivation
	﻿Inter-individual differences in metabolite profiles after batch cultivation

	﻿Discussion
	﻿Conclusions
	﻿References


