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A B S T R A C T

Background: Microbial colonization of the gastrointestinal tract after birth is an essential event that influences infant health with life-long consequences.
Therefore, it is important to investigate strategies to positively modulate colonization in early life.
Objectives: This randomized, controlled intervention study included 540 infants to investigate the effects of a synbiotic intervention formula (IF)
containing Limosilactobacillus fermentum CECT5716 and galacto-oligosaccharides on the fecal microbiome.
Methods: The fecal microbiota from infants was analyzed by 16S rRNA amplicon sequencing at 4, 12, and 24 months of age. Metabolites (e.g., short-
chain fatty acids) and other milieu parameters (e.g., pH, humidity, and IgA) were also measured in stool samples.
Results: Microbiota profiles changed with age, with major differences in diversity and composition. Significant effects of the synbiotic IF compared with
control formula (CF) were visible at month 4, including higher occurrence of Bifidobacterium spp. and Lactobacillaceae and lower occurrence of Blautia
spp., as well as Ruminoccocus gnavus and relatives. This was accompanied by lower fecal pH and concentrations of butyrate. After de novo clustering at
4 months of age, overall phylogenetic profiles of the infants receiving IF were closer to reference profiles of those fed with human milk than infants fed
CF. The changes owing to IF were associated with fecal microbiota states characterized by lower occurrence of Bacteroides compared with higher levels
of Firmicutes (valid name Bacillota), Proteobacteria (valid name Pseudomonadota), and Bifidobacterium at 4 months of age. These microbiota states were
linked to higher prevalence of infants born by Cesarean section.
Conclusions: The synbiotic intervention influenced fecal microbiota and milieu parameters at an early age depending on the overall microbiota profiles of
the infants, sharing a few similarities with breastfed infants.
This trial was registered at clinicaltrials.gov as NCT02221687.
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Introduction

Infants are colonized by microbiota during birth [1, 2], and the first
months of life are extremely important for the establishment of the gut
microbiota and maturation of the immune system [3]. Although
improvement of hygienic conditions reduces infant mortality due to
infections, environments with low microbial biomass counteract nat-
ural colonization by commensal microbes. For example, infants living
in rural compared with urban environments are exposed to a wider
range of microorganisms and their products and are at lower risk of
developing allergic diseases [4–6]. Additionally, birth via Cesarean
Abbreviations used: CF, control formula; CS, cesarean section; GOS, galacto-oligosacc
taxonomic unit (level of molecular species); ZOTU, zero-radius OTU (level of molecular st
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section (CS) modulates the diversity and composition of the gut
microbiota during the first months of life [7]. Hence, it is important to
study processes influencing early microbial colonization as this is a
critical time window during infant immune development [2].

Humanmilk (HM) is the gold standard for infant nutrition, influencing
microbial communities owing to its prebiotic andprobiotic components. It
contains oligosaccharides that can be used as substrates by gut bacteria,
especially bifidobacteria [8–10]. Furthermore, HM contains bacteria
presumably important in seeding the infant’s intestine [11, 12].

If breastfeeding is not possible, infant formula should support
similar development of the intestinal ecosystem. Adding pre and/or
harides; HM, human milk; IF, intervention formula; M4, month 4; sOTU, operational
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probiotics to infant formula is one possible approach to support the
development of the infant microbiota by nutrition [13].

Interventions with exogenous microbes has gained attention in
modulating the infant gut microbiota. Small intervention studies
showed moderate success in beneficially shaping the microbiota of
infants born through CS using maternal vaginal fluid or fecal micro-
biota [14, 15]. However, interventions using microbiota trans-
plantations are difficult to perform at larger scales due to complicated
logistics (donor sample collection, screening, and preparation) and
potential risks associated with applying undefined communities of
microbes. Thus, well-defined probiotic microbes represent a sound
intervention strategy to modulate the gut microbiota during infancy.

Lactobacilli are an important group of bacteria often used as pro-
biotics and have been taxonomically reclassified recently [16]. How-
ever, their occurrence in the intestine of adults in industrialized
countries is low, aligning with the concept of a decreasing diversity
within gut microbiomes [17], likely because of unfavorable dietary
habits and medication [17, 18]. Lactobacilli may thus be interesting for
dietary intervention at an early age.

HM contains microorganisms that may contribute to some of the
beneficial effects of breastfeeding. Hence, supplementing infant for-
mula with bacteria from HM is a sound approach to positively
modulate colonization in infants who cannot be breastfed [13]. Limo-
silactobacillus fermentum CECT5716 is one such HM-derived isolate
for which probiotic properties have been shown [19, 20]. The safety of
this strain was assessed in 3 published infant cohorts based on normal
weight development, growth, and head circumference, along with the
absence of adverse events [21–24]. Its efficacy was first reported by
Maldonado et al. [22], who observed a reduction in gastrointestinal and
respiratory tract infections upon application of an infant formula with
galacto-oligosaccharides (GOS). GOS are carbohydrate polymers re-
ported to support the growth of bifidobacteria [25, 26] and contribute to
stool softness [27, 28]. One possible explanation for these protective
effects might be the beneficial impact on the intestinal microbiome by
the synbiotic combination. Previous qPCR analyses indicated
increased counts of lactobacilli and bifidobacteria in infant stool after
intervention [22], but detailed effects on gut microbial communities
have not yet been investigated in a comprehensive manner.

The aim of the present study was to assess the effects of a synbiotic
intervention formula (IF) with L. fermentum CECT5716 and GOS on
fecal microbiota using 16S rRNA gene amplicon sequencing and by
measuring milieu parameters, including pH, fecal water, IgA, calpro-
tectin, and SCFAs. Therefore, a multicenter, randomized, controlled,
double-blind intervention trial was conducted, enrolling 540 French
and Belgian infants, including measurements at the age of 4, 12, and 24
months.

Methods

Study product
The synbiotic IFwas a standard infant formula enrichedwith prebiotic

GOS (0.02 g/g) and the probiotic strain L. fermentumCECT5716 (at least
1.0� 106 cfu/g). The follow-on formulawas a standard follow-on formula
enriched with 0.03 g/g GOS and 1.5 � 106 cfu/g. The control formula
(CF) was similar in all components but did not contain pre and probiotics.
All study products were in accordance with EC Directive 2006/141/EC.
Formula consumption was ad libitum, starting within the first 3 d after
inclusion (1 mo � 7 d) until 6 months of age, followed by follow-on
formula until 12 months of age. At 4 mo, the approximate drinking vol-
ume in both formula groups was about 778 mL.
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Study design
Healthy infants (n ¼ 540) were included in a double-blinded

controlled trial at 1 of 40 French and 1 Belgian site between August
2014 and May 2018. Infants whose parents had chosen not to breast-
feed or were not able to breastfeed prior to study inclusion were allo-
cated randomly to 1 of 2 formula groups (n¼ 230 CF, n¼ 230 IF). The
infants in the breastfed reference group (n ¼ 80) were mainly fed HM,
defined as a maximum of 1 formula meal per 24 h and willingness of
the mother to continue breastfeeding until at least the age of 4 mo.
Power calculation was based on the rate of gastrointestinal infections
during the first year of life (results on this primary outcome will be
described elsewhere). Dynamic randomization was used to minimize
the imbalance between the 2 formula groups taking strata defined by
the combination of the following 2 factors: mode of birth (vaginal or
CS) and presence of a history of breastfeeding at inclusion (yes or no).
For inclusion in the formula groups, infants had to be exclusively
formula-fed at the time of randomization. Exclusion criteria included
the following: history of neonatal health problems; clinical evidence of
chronic illnesses or gastrointestinal disorders; diagnosed metabolic or
immune disorder; consumption of formula for special medical pur-
poses; oral antibiotic treatment at the time of enrollment. Concomitant
antibiotic treatment during the study was recorded and was not
significantly different between formula groups. This clinical trial was
prospectively registered in clinicaltrials.gov under the name “The
Combiotic-Study (GOLFIII)” (NCT02221687) and carried out in
accordance with the Declaration of Helsinki and the Good Clinical
Practice standards as far as they apply to nutritional trials. Ethical
approval for the study was obtained from the Ethics Committees Ouest
IVof Nantes, France, and University Hospital Saint-Luc, Belgium (Nr.
15/14 from April 1, 2014). Parents of all included infants provided
written informed consent for study participation. The CONSORT flow
chart is shown in Supplemental Figure 1. The characteristics of the full
analysis set population are shown in Supplemental Table 1.

Sample collection
Stool samples were collected by the parents directly from diapers

as soon as possible after defecation at 4, 12, and 24 months of age.
Stool from morning diapers was not collected due to potentially long
delay after defecation. Parents were provided spatulas and collection
jars and were advised to fill the jars with a minimum quantity of
stool while avoiding contact with urine and other liquids. Jars with
stool samples were placed in airtight bags and refrigerated at þ2�C
to þ8�C for a maximum of 24 h before parents handed them to a
local laboratory.

Upon arrival at the local laboratories, stool samples were transferred
into 2 microtubes, 1 for qPCR and microbiota analysis by sequencing,
and 1 for measurement of fecal milieu parameters (calprotectin,
secretory IgA, pH, fecal water, and SCFAs). Microtubes were stored at
�20�C until shipment to the major laboratory. Samples were then
further stored �20�C until analysis.

Fecal milieu parameters
The pH of the stool samples was measured with a pH meter (pH

1000 L, VWR International). Prior to SCFA analysis, the humidity rate
of the stool samples was determined using an oven (Memmert GmbH
þ Co.KG) at 105 � 5�C for 24 h. Weight difference before and after
drying due to water loss was assessed, and the humidity rate was
calculated in percentage afterward. To measure SCFAs, stool samples
were homogenized, dissolved in water, and ultrasonicated before
centrifugation. SCFAs were extracted with ethyl ether after adding
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hydrochloric acid solution and the internal standard. A fraction of the
organic phase was dried with sodium sulfate and introduced into a vial
for gas chromatography. The samples and the calibration range were
analyzed by gas chromatography with flame ionization detection
(Shimadzu GC-2010 Plus) using a 30 m � 0.25 mm � 0.25 μm J&W
Scientific capillary column. The obtained SCFA results were expressed
as mg/g dry fecal matter. Secretory IgA (sIgA) concentration was
determined by ELISA (ImmuChrom ELISA Kit, Immuchrom GmbH)
according to the manufacturer’s instructions. Calprotectin concentra-
tion was measured by ELISA or turbidimetric assay (Bühlmann fCAL
tests) according to the manufacturer’s instructions.

Stool DNA extraction
DNAwas extracted from stool samples using the Maxwell 16 Tissue

DNA Purification kit (Promega) following a protocol with dual cell lysis
(mechanical and chemical), which is as follows: 200 mg of stool in lysis
solution was disrupted for 30 s using 0.1 mm zirconium beads (VWR
International) and a FastPrep homogenizer (MP Biomedicals, Valiant
Co.). DNA isolation was carried out with a Maxwell MDx automated
station (Promega) according to the manufacturer’s instructions. DNA
was quantified using a Qubit 2.0 fluorometer (Thermo Fisher Scientific).

Real-time PCR analyses
Real-time PCR was performed on an ABI 7500 Real-time PCR

System (Applied Biosystems, Thermo Fisher Scientific). The first step
consisted of checking the absence of PCR inhibitors in all the samples
using the TaqMan Exogenous Internal Positive Control Reagent
(Applied Biosystems, Thermo Fisher Scientific).

Each sample was then analyzed in duplicate for quantification of
Clostridioides difficile and Lactobacillaceae spp. using Genesig kits
(Primerdesign Ltd.) following the manufacturer’s instructions. Bifido-
bacterium spp., Limosilactobacillus fermentum, and L. fermentum
CECT5716 were quantified using internal methods with fluorogenic
probes and Premix Ex Taq (Takara Bio Europe) [26]. Enterobacteri-
aceae members were quantified with DNA-intercalator TB Green
Premix Ex Taq (Takara Bio Europe). All the results were expressed as
gene copies per 200 mg of fecal sample.

16S rRNA gene amplicon library preparation and
sequencing

The V3-V4 regions of the genes encoding 16S rRNAwere amplified
by PCR using primers 341F and 785R in a 25-μL reaction volume
containing 12.5 ng of sample DNA [29]. PCR cycling was performed
with an initial denaturation step at 95�C for 5 min, followed by 25 cycles
at 98�C for 30 s, annealing at 55�C for 30 s, elongation at 72�C for 30 s,
and a final extension at 72�C for 5 min. A 16S rRNA gene amplicon
library was generated for each sample by adding dual indices and Illu-
mina sequencing adapters using the Nextera XT Index kit. Each library
was cleaned up with magnetic AMPure XP beads (Beckman Coulter),
and the size was verified for at least 10% of the samples by capillary
electrophoresis with a 2100 Bioanalyzer (Agilent Technologies). After
quantification by fluorimetry (Qubit 2.0 Fluorometer), libraries were
normalized to 4 nM and pooled before denaturation and sequencing
(paired-end, 2 � 250, v2 chemistry) using an Illumina MiSeq.

16S rRNA gene amplicon data processing
The raw fastq files were processed at the level of molecular strains

(ZOTUs) using the UNOISE3 method [30] from USEARCH11 (64-bit
version) [31] as implemented in IMNGS [32] with settings of side
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trimming of 10 bases, amplicon size minimum >300 and maximum
<500, minimum ASV (amplicon sequence variant) size ¼ 4, trim score
¼ 20, and other default settings. Denoised sequences were aligned and
taxonomically classified with SINA [33] using SILVA release 138 as
reference [34]. The taxonomic classification was further manually
refined for sequences missing family and higher classification using
EzBioCloud [35]. For analysis at the level of operational taxonomic units
(molecular species; sOTUs), the denoised sequences (ZOTUs) from the
previous step were clustered at 97% sequence similarity using
USEARCH11. The aligned sequences of both ZOTUs and sOTUs were
used to determine phylogenetic trees with the Neighbor-Joining method
in MEGAX [36]. To identify the ZOTUs corresponding to the probiotic
used for the intervention, all sequences were BLASTed against the
reference sequence of L. fermentum CECT5716. ZOTU83 returned
100% sequence identity and formed a monophyletic cluster with 5 other
molecular strains (Zotu404, Zotu288, Zotu672, Zotu514, and Zotu186)
that all shared >98% sequence identity and were thus considered to
represent the target. The contingency table summarizing the occurrence
of molecular species (i.e., counts of quality-checked and assembled se-
quences), their taxonomy, and associated metadata about the samples are
provided in Supplemental Table 2.

Downstream sequence data analyses
Processed 16S rRNA gene amplicon data was analyzed further in R

using Rhea (v1.1.5) [37]. The first step of data analysis was normali-
zation, either by division to minimal sampling size for cases where
counts were required (e.g., β-diversity) or relative to 100 for statistics on
taxa composition. Diversity within samples (α-diversity) was measured
as richness (count of sOTUs) and its variant effective richness (i.e., count
of species above 0.25% relative abundance independent of sequencing
depth) [38]. Diversity between samples (β-diversity) was calculated
using the generalized UniFrac method (α ¼ 0.5) [39]. Ensuing dissim-
ilarity matrices were visualized as either multidimensional scaling
(MDS) plots or hierarchical clustering trees. Decomposition of groups of
microbial profiles to reveal their intrinsic organization and the calcula-
tion of their β-diversity distances to reference points were performed
with DivCom [40]. De novo clustering of microbial profiles was per-
formed using Partitioning Around Medoids based on Calinski-Harabasz
indices for selection of the optimal number of clusters (k).

Statistical analysis
Statistical analyses of microbiota data and gut milieu parameters

were conducted as described in Rhea (v1.1.5) [37]. Differences in
β-diversity were tested using permutational multivariate analysis of
variance within the R package “adonis”. Differences in gut milieu
parameters and the relative abundance of taxa between groups were
tested using the Kruskal-Wallis rank sum test, followed by pairwise
comparisons using the Wilcoxon rank sum test. Differences in prev-
alence (number of positive samples) were evaluated using Fisher’s
exact test. Prior to statistical testing of microbial taxa, thresholds of
prevalence and relative abundances were applied to reduce the
number of tests on underpopulated and lowly abundant taxa. These
thresholds were as follows: prevalence >30% within at least one
group (e.g., one-third of infants positive for the given taxon with any
feeding group) and median relative abundance >1% in at least one
group. Correction to the Kruskal-Wallis test and Fisher's exact test
was applied for the number of tests for each independent variable. For
example, the effect of the parameter “Diet” across N taxa was tested
with the Kruskal-Wallis test for relative abundance and Fisher’s exact
test for prevalence to compare the groups. Then, the corresponding P



FIGURE 1. Fecal microbiota analysis of the infants over the first 2 years of life. (A) ß-Diversity analysis. Multidimensional (MDS) plot showing the similarity
of individual microbial profiles (dots) from the infants at 4, 12, and 24 months of age (M4, M12, and M24, respectively). (B) Over time differences in fecal
physicochemical parameters. The numbers in parentheses below the x-axis correspond to the number of values available for the corresponding variable (i.e., data
were not available for the remaining samples). (C) α-Diversity is shown as richness (number of observed molecular species) and effective richness (species
occurring in at least 1 sample at a relative abundance �0.25%). (D) Boxplots showing the relative abundance of the 5 bacterial phyla detected in the infant fecal
samples. The percentages below the x-axis correspond to the fraction of samples positive for the given phylum, referred to as “prevalence.” The total numbers of
infants per age category are M4, n ¼ 419; M12, n ¼ 379; M24, n ¼ 297. Statistics: adjusted P value *** <0.001, ** <0.01, * <0.05; Wilcoxon rank sum test.
IgA, immunoglobulin A.
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FIGURE 3. Effects of the synbiotic intervention on targeted microbiota composition data and fecal physicochemical parameters at 4 months of age. (A)
Occurrence of lactobacilli in the 3 feeding groups based on amplicon sequencing data. Percentages below the respective x-axis indicate the prevalence, i.e., a
fraction of samples positive for the given taxon. (B) Targeted quantification of specific bacteria by qPCR. (C) Differences in fecal milieu parameters between the
feeding groups. The numbers in parentheses below the x-axis correspond to the number of values available for the corresponding variable. The total number of
infants in each feeding group: HM, n ¼ 51; CF, n ¼ 184; IF, n ¼ 184. Statistics: Stars (above the black lines linking the 2 groups with a significant difference)
indicate differences in relative abundance using the Wilcoxon rank sum test. Crosses (below the lines) indicate differences in prevalence, i.e., the percentage of
samples positive for the given taxon, as indicated below the respective x-axis and tested using Fisher’s exact test. *, adjusted P value <0.05; **, <0.01; ***,
<0.001. CF, control formula; HM; human milk; IF, intervention formula; IgA, immunoglobulin A; pH; qPCR, polymerase chain reaction.
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values were corrected according to N repetitions. Whenever signifi-
cance occurred after correction, pairwise Wilcoxon rank sum and/or
Fisher’s exact tests were applied, and the results were independently
corrected. Benjamini-Hochberg method was applied in all cases for
correction to account for multiple testing. Adjusted P values �0.05
were considered statistically significant. The group of breastfed in-
fants, which was not blinded and randomized, was used as the
reference for assessing the effects of the formulae.

Besides the aforementioned analyses performed in Rhea, the ef-
fects of intervention groups and visit time points were also analyzed
using generalized linear models using the lme4 package in R. In
these analyses, random slopes were not included as there were not
enough time points for all individuals to support such a fit.
Furthermore, random effects of study center were not considered as
a number of centers had low numbers of participants (i.e., <5), and
therefore random effects by center were unlikely to be well esti-
mated. To make postfit estimations, the R package emmeans was
used to estimate marginal means or least-squares means, predicted
from model fit for the subgroupings as required (i.e., across visit
FIGURE 2. Global effects of the synbiotic formula intervention on the infan
generalized UniFrac distances for each time point separately (M4, month 4 of age
the feeding group: HM, human milk (green); CF, control formula (gray); IF: interv
dominant bacterial genera between the feeding groups (B, main differences betwe
(above the black lines linking the 2 groups with a significant difference) indicate
(below the lines) indicate differences in prevalence, i.e., the percentage of sampl
tested using Fisher’s exact test. *, adjusted P value <0.05; **, <0.01; *** <0.001
the bottom of the graphs. The HM group is a non-randomized reference group.
Ruminoccocus gnavus.
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times or intervention groups). The R scripts used to generate this
data are available in the supplemental information.

Results

Development of the intestinal ecosystem over time
After raw data processing, the final dataset contained ~111 million

high-quality, assembled sequences (84,650 � 20,438 per sample),
representing a total of 319 sOTUs (66� 21 per sample, with a length of
432� 11 bases), which was used as a foundation for all other analyses.
As observed in other cohorts [7, 39], phylogenetic profiles of the fecal
microbiota in all infants (HM, IF, and CF) depended on age (month 4,
M4; month 12, M12; and month 24, M24) (Figure 1A and Supple-
mental Figure 2A). Of note, the microbiota profiles were not affected
by sample origin, i.e., the study center (data not shown). The specific
microbial features in the feces of the infants at 4 months of age were
accompanied by significantly higher concentrations of acetate, secre-
tory IgA, and calprotectin; higher fecal water content as a marker for
the softness of the stool; and lower pH and butyrate concentrations
t gut microbiota. (A) Cladograms of inter-sample dissimilarities based on
; M12, month 12; M24, month 24). Colors surrounding the branches indicate
ention formula (gold to brown). (B-C) Significant differences in richness and
en HM compared to other 2 groups; C, IF to other to groups. Statistics: Stars
differences in relative abundance using the Wilcoxon rank sum test. Crosses
es positive for the given taxon, as indicated below the respective x-axis and
. The total numbers of infants per feeding group are indicated in bold letters at
CF, control formula; HM; human milk; IF, intervention formula; R. gnavus,
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compared with those at later time points (Figure 1B). The early time
point (M4) was characterized by a lower complexity of bacterial
communities (α-diversity) accompanied by high relative abundances of
Bifidobacterium spp. (phylum Actinobacteriota; valid name Actino-
mycetota; formerly Actinobacteria) and Enterobacteriaceae (phylum
Proteobacteria; valid name Pseudomonadota) in nearly all infants
(Figure 1C and D and Supplemental Figure 2B). The relative abun-
dance of these taxa decreased over time, which was paralleled by a
steady increase in α-diversity, moving from an average of 35 (M4) to
75 (M24) observed molecular species (richness) and higher relative
abundances of Bacteroidota (valid name; formerly Bacteroidetes) and
Firmicutes (valid name Bacillota) with increasing age. The data pre-
sented here were confirmed by using a generalized linear mixed model
with a random intercept for individual subjects and fixed effects for
visit (4, 12, or 24 mo), study center, and delivery mode (Cesarean or
vaginal delivery) (Supplemental Table 3a–b).
Synbiotic intervention modulated the fecal ecosystem
early in life

Due to the observed age-dependent differences in fecal microbial
profiles described above, the effects of the synbiotic intervention were
investigated for each time point. Microbiota structure visualized as
cladograms of phylogenetic distances showed deep branching of 2 to 3
clusters per time point that did not mirror feeding groups, i.e., infants in
each group were scattered around the respective cladograms
(Figure 2A). When compared with reference microbiota profiles of
infants fed HM at M4, both the CF and IF groups were characterized by
a more diverse ecosystem and a higher prevalence and relative abun-
dance of strict anaerobes belonging to the bacterial genera Akker-
mansia, Collinsella, and Faecalibacterium (Figure 2B). When
comparing the 2 formula groups, IF-fed infants were characterized by
significantly higher relative abundances of Bifidobacterium spp. at M4
and M12. These bifidobacteria levels in IF-fed infants were comparable
to those in infants from the HM reference group (Figure 2C). In
contrast, relative abundances of Blautia spp., as well as R. gnavus and
relatives, were lower in the IF group. These differences observed at M4
disappeared over time, except for a significantly higher relative abun-
dance of bifidobacteria and Faecalibacterium spp. in IF infants at M12
compared with CF infants (Figure 2C). The occurrence of members of
the genus Escherichia, which are clinically relevant bacteria, was
comparable between breastfed and formula-fed infants at the age of 4
and 12 mo; a statistically significantly lower prevalence was noted in
the HM group at month 24. The data presented here were confirmed by
using a generalized linear model with a random intercept for individual
subjects and fixed effects for visit time points, intervention groups, and
study center, and additionally including an interaction term between
visit time points and intervention groups (Supplemental Table 3c–d).

Intervention-associated taxonomic differences at M4 were linked to
the presence of the probiotic species in the vast majority of IF-fed
FIGURE 4. Effects of the intervention in relation to the fecal microbiota profile
based on de novo clustering. Orange dots indicate the samples selected as medoid
corresponding cluster. (B) Phylogenetic distances between the fecal microbiota pr
the closest medoid of the reference cluster profile from the breastfed infants. (C)
infant gut microbiota profiles within each time point. Percentages below the resp
given taxon. The total number of infants within each cluster at the different time p
indicates the value for the given medoid. Statistics: Stars (above the black lines lin
abundance using the Wilcoxon rank sum test. Crosses (below the lines) indicate d
taxon, as indicated below the respective x-axis and tested using Fisher’s exact test.
human milk; IF, intervention formula; M, months of age; MDS, multidimensiona
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infants (93%), as analyzed by amplicon sequencing (Figure 3A),
which indicates high compliance. This finding and the increased rela-
tive abundances of Bifidobacterium spp. observed by sequencing were
confirmed by quantitative data using targeted qPCR assays
(Figure 3B). The latter analysis also revealed a higher prevalence of
Clostridioides difficile in formula-fed infants, without a significant
difference between IF and CF. Regarding fecal milieu parameters,
noticeable differences were observed at M4 due to the intervention.
Compared to the CF group, butyrate and pH were lower, whereas fecal
water content was higher in IF-fed infants. Thus, levels in the IF group
resembled the values observed in breastfed infants (Figure 3C).

The fecal microbiota of breastfed infants clustered into
different natural states

Due to the individual nature of gut microbiomes, the microbiota
profiles of breastfed infants were analyzed using de novo clustering
(Figure 4). At each time point, 2 (at M4 and M12) to 3 (at M24) distinct
clusters of fecal microbiota profiles were observed (Figure 4A and
Supplemental Table 4). The within-time point distance between the
natural microbiota clusters was highest at M4, i.e., profiles tended to
converge over time while still being distinct. To determine the influence
of the synbiotic intervention at M4, M12, and M24, we calculated
phylogenetic distances of all individual samples in each feeding group
to the closest cluster medoid, i.e., the reference HM sample for the
given cluster (orange dots in Figure 4A). At M4, microbiota profiles of
infants in the IF groups were significantly closer to the reference HM
profiles than those of CF infants (Figure 4B). At M12 and M24, no
significant differences between breastfed and formula-fed infants were
observed. The HM-microbiota clusters were accompanied by major
differences in taxonomic composition (Figure 4C): samples within
cluster 1 (M4-HM1) were dominated by members of the genus Bac-
teroides (phylum Bacteroidota) at the expense of Bifidobacterium
(phylum Actinobacteriota), Collinsella (phylum Actinobacteriota), and
Escherichia (phylum Proteobacteria). Interestingly, breastfed infants at
M4 were devoid of Akkermansia (phylum Verrucomicrobiota; formerly
Verrucomicrobia) and Faecalibacterium spp., which were detected in
at least half of the infants at 12 and 24 months of age (Figure 4C).
These data indicate that the early phylogenetic makeup of the fecal
microbiota was influenced by the synbiotic intervention when
considering inter-individual variability in natural microbiota profiles of
breastfed infants.

Synbiotic intervention influenced microbiota states
associated with CS

Considering the IF-associated changes in infant fecal microbiota
observed at M4 (Figures 2–4), we further investigated this specific
time point when the effects of influencing factors on the microbiota,
such as complementary feeding, are less important (Figure 5). Two
distinctly separated clusters (C1 and C2) of the fecal microbiota
s observed in breastfed infants during the first 2 years of life. (A) MDS plot
s, which best represent the overall microbiota phylogenetic profile within the
ofile of any single infant in each feeding group within a given time point and
Significant differences in diversity and taxonomic composition between the
ective x-axis indicate prevalence, i.e., the fraction of samples positive for the
oints is indicated in bold letters at the bottom of the graphs. Any orange dot
king the 2 groups with a significant difference) indicate differences in relative
ifferences in prevalence, i.e., the percentage of samples positive for the given
*, adjusted P value <0.05; **, <0.01; ***, <0.001. CF, control formula; HM;
l scaling.
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were observed at M4 based on phylogenetic distances, mostly
explained by the presence of Bacteroidota (higher in C1; violet bars)
(Figure 5A). The C2 cluster was associated with a statistically sig-
nificant higher prevalence of both CS infants in general (χ2 P value
¼ 6.1E-05) and those receiving IF (χ2 P value ¼ 0.000393), whereas
the C1 cluster was associated with a higher prevalence of CF infants
(χ2 P values ¼ 8.27E-05) (Figure 5B). Of note, HM feeding was
equally represented in the 2 clusters (χ2 P value ¼ 0.888638). In
terms of bacterial composition, C2 was characterized by a lower
occurrence of Bacteroides and a higher occurrence of Firmicutes,
Proteobacteria, and Bifidobacterium (Figure 5C). Comparison of the
fecal milieu parameters between infants born via vaginal delivery or
CS within each cluster showed no significant differences for acetate,
propionate, fecal pH, and fecal water content (Figure 5C and Sup-
plemental Figure 3). Infants born by CS in microbiota cluster C2
were characterized by higher fecal concentrations of butyrate and a
lower prevalence of both Bacteroides and Collinsella spp. compared
with infants in cluster C1 (Figure 5C).

Following the approach described above that consists of calculating
similarities to reference HM medoid profiles, we found that the M4-
specific effects of IF (Figure 4B) was associated primarily with infants
presenting microbiota profile C2 (Figure 6A; right panel and Supple-
mental Table 4), inferring that the structure of the infant microbiota is
associated with the magnitude of changes due to the synbiotic inter-
vention. The major changes in diversity and composition, as well as gut
milieu parameters observed in the IF group, were primarily related to
infants with a C2-type microbiota. These changes included lower rich-
ness, lower relative abundances of Erysipelatoclostridium andmembers
of the R. gnavus group (Figure 6B), and lower concentrations of fecal
butyrate and pH (Figure 6C), resembling the profiles in HM infants. In
contrast, relative abundances of Bifidobacterium spp. and Lactoba-
cillaceae, as well as fecal concentrations of acetate, were higher in the IF
group than in the CF group (Figure 6B and C).

Discussion

Microbial colonization of the intestine after birth is a central event
that influences infant health with life-long consequences. It is therefore
important to study factors (e.g., infant diet) that determine colonization
processes. This clinical study investigated the effects of a synbiotic
intervention with L. fermentum CECT5716 and GOS on the gut
microbiota during early life in 540 infants.

Our observations on gut microbiota diversity and composition
during the first year of life are in line with data from the scientific
literature [7, 41, 42], e.g., low overall diversity and high relative
abundances of bifidobacteria and Enterobacteriaceae. In addition,
Akkermansia spp. and Faecalibacterium spp. were absent in breastfed
infants at the age of 4 months and occurred at low prevalence (<10%)
in formula-fed infants. However, these and other strictly anaerobic
bacteria were detected in most infants in all feeding groups at later time
points (M12 and M24), which agrees with common knowledge on gut
ecosystem maturation [41, 43].

While most studies on infant microbiota focus on high-throughput
profiling by sequencing, we could associate the development of stool
microbiota structure with gut milieu parameters. Across all feeding
groups, increasing pH and butyrate concentrations and decreasing fecal
water content, acetate, sIgA, and calprotectin levels were observed at
an older age (months 12 and 24). In a recent review of 14 clinical
studies published between 1926 and 2017, increasing fecal pH from 5.0
to 6.5 over the past century was reported, along with the proposal that
334
low fecal pH is a marker for gut health, due to its association with
increased occurrence of bifidobacteria [44]. Fecal pH in breastfed
infants was previously reported to be lower than that in formula-fed
infants [45, 46]. Here, we observed lower pH levels due to the syn-
biotic intervention compared with the control group.

The fecal concentrations of SCFAs measured here are in the range
of data from the scientific literature [43, 47, 48]. In accordance with the
dominance of bifidobacteria at an early age, levels of acetate were
higher at the age of 4 months (whole cohort) and highest in feces of
infants fed synbiotic IF (though the latter difference was not statisti-
cally significant). This might be important considering that previous
studies reported an association between higher fecal levels of acetate at
3 months of age and lower risk of atopic respiratory diseases [49, 50].
Low concentrations of butyrate at M4, as detected in our study, fit with
the usual concept of microbiota maturation with strictly anaerobic
species dominating the ecosystem later during the first year of life [41,
43]. In this respect, infants in the synbiotic group resembled breastfed
infants, i.e., with lower concentrations of butyrate. At M12, the inter-
vention led to a higher relative abundance of faecalibacteria, which are
important butyrate producers in the human gut, at levels similar to
breastfed infants. Previous data from the PASTURE study (Protection
against Allergy; Study in Rural Environments) proposed an inverse
association between fecal butyrate and childhood asthma at 12 months
of age [4].

Effects of the synbiotic intervention across the entire study popu-
lation included increased relative abundances of bifidobacteria at M4
and M12, which confirms results from a previous study using an infant
formula supplemented with L. fermentum CECT5716 and GOS [22]. In
the present study, the synbiotic intervention was linked to decreased
relative abundances of Blautia spp. and R. gnavus-related bacteria in
infants at M4, resembling levels observed in breastfed controls.
Although R. gnavus is a common species within the human intestine
[42, 51], changes in its occurrence have been linked to the development
of allergic diseases, either negatively [52, 53] or positively [54]. Lower
enteric colonization by Blautia spp. due to synbiotic intervention at M4
reflected the situation in breastfed infants as this genus is usually
associated with a more mature microbiota composition later in life [42,
55]. More work is required to understand the functional role and health
consequences of different colonization dynamics of strict anaerobes
such as Blautia, Ruminoccocus, and Faecalibacterium spp. in early
life.

Recently, independent studies proposed the existence of natural
microbiota states in infants at a young age [55–58]. Galazzo et al. [55]
identified 6 microbiota clusters using stool samples from 312 breastfed
infants between the ages of 5 to 31 weeks, albeit 1 to 2 clusters attracted
most of the infants at each time point. A very recent, large-scale study
by Xiao et al. [58] described the presence of 4 enterotype-like clusters
based on samples from 2000 infants; these clusters were associated
with different maturation states of the microbiota. In the present study,
we highlight the existence of natural gut microbiota states by identi-
fying 2 natural community profiles in breastfed infants at M4 and M12
and 3 clusters at M24. Interestingly, the data suggest that the effects of
the synbiotic intervention early in life might be associated with these
natural states. Microbiota changes due to the intervention (e.g.,
decreased richness, lower relative abundances of erysipelatoclostridia,
R. gnavus group, butyrate concentrations, and increased relative
abundance of Bifidobacterium spp.) were more pronounced in the
cluster characterized by lower occurrence of Bacteroides spp. at M4. In
contrast to previous reports [59], enhanced effects of IF was not due to
better engraftment of the probiotic in the corresponding infants as



FIGURE 5. Fecal microbiota clusters at month 4 of age linked to birth mode. (A) Cladogram of relative sample similarity based on generalized UniFrac
distances for all samples at M4. The 2 microbiota clusters appear in orange (C1) and red (C2). Black dots indicate infants born by Cesarean section (CS). The
colored stacked bars surrounding each branch indicate the corresponding microbiota composition at the phylum level (0%–100% relative abundance). (B)
Prevalence of infants within each microbiota cluster with respect to the mode of birth and feeding group; significance from deviation from the null hypothesis of
equal representation of categories across the 2 clusters is given in the right (χ2 test). (C) Significant fecal milieu and microbiota parameters across the 2
microbiota clusters (C1, C2) and mode of birth (CS, VD). For butyrate and propionate, the numbers in parentheses below the x-axis correspond to the number of
values available. In all other graphs, percentages below the respective x-axis indicate prevalence, i.e., the fraction of samples positive for the given taxon relative
to the respective total number of infants: C1/CS, n ¼ 13; C1/VD n ¼ 219; C2/CS, n ¼ 43; C2/VD, n ¼ 144. Statistics: Stars (above the black lines linking the 2
groups with a significant difference) indicate differences in relative abundance using the Wilcoxon rank sum test. Crosses (below the lines) indicate differences
in prevalence, i.e., the percentage of samples positive for the given taxon, as indicated below the respective x-axis and tested using Fisher’s exact test. *, adjusted
P value <0.05; **, <0.01; ***, <0.001. The total numbers of infants per feeding group are indicated in bold letters at the bottom of the graphs. The HM group
is a non-randomized reference group. CF, control formula; HM; human milk; IF, intervention formula.
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FIGURE 6. Effects of the synbiotic intervention depending on microbiota profiles. (A) MDS plots of microbiota profiles based on generalized UniFrac
(gUniFrac) distances. All profiles within each feeding group were clustered de novo. The clusters were then plotted separately depending on their proximity to
one of the 2 reference clusters from breastfed infants (HM1 or HM2; similar to the numbering cluster 1 and 2 in Figure 5). (B) Corresponding changes in
diversity and composition. Percentages below the respective x-axis indicate prevalence, i.e., the fraction of samples positive for the given taxon relative to the
respective total number of infants. The total number of infants within each cluster at the different time points is indicated in bold letters at the bottom of the
graphs. (C) Changes in fecal milieu parameters. The numbers in parentheses below the x-axis correspond to the number of values available (i.e., data were not
available for the remaining samples). Statistics: Stars (above the black lines linking the 2 groups with a significant difference) indicate differences in relative
abundance using the Wilcoxon rank sum test. Crosses (below the lines) indicate differences in prevalence, i.e., the percentage of samples positive for the given
taxon, as indicated below the respective x-axis and tested using Fisher’s exact test. *, adjusted P value <0.05; **, <0.01; ***, <0.001. CF, control formula; HM;
human milk; IF, intervention formula; MDS, multidimensional.
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nearly all infants in the CF group were deprived of lactobacilli, and the
infants in the IF group were characterized by higher prevalence and
relative abundances of the target species. This effect was independent
of their natural microbiota state. Notably, the prevalence of infants born
by CS was higher in this microbiota cluster characterized by enhanced
responses to treatment. Although this does not represent a direct link
between the efficacy of the synbiotic intervention and the mode of
birth, it draws attention to the necessity of better understanding the
forces that shape microbiota structures at an early age and the factors
that influence them (e.g., mode of birth), to design the best possible
alternative feeding strategies when breastfeeding is not possible.

Few studies have previously reported positive effects of nutritional
interventions with probiotics or synbiotics in CS-born infants. One
recent trial highlighted the ability of a 3-month intervention with a
multi-species probiotic (containing 2 Lacticaseibacillus rhamnosus
strains) to alleviate CS- and antibiotics-induced alterations of the gut
microbiota [60]. Another study reported temporary efficacy (during
intervention only) of a synbiotic consisting of GOS/FOS (fructooli-
gosaccharides) and Bifidobacterium breveM-16V in lowering fecal pH
and increasing relative abundances of bifidobacteria in CS-born infants
[61]. However, as effects are always dependent on the synbiotic
formulation (e.g., the bacterial strain used), it is difficult to generalize
results. Therefore, state-of-the-art clinical studies at larger scales will
be needed to clinically demonstrate the effects of specific synbiotic
products in regulating the infant gut microbiota and health, especially
in the context of birth after CS.

Of note, this randomized clinical study has 3 major limitations:
First, due to its design and the gut microbiota being a secondary
outcome, stool samples from the infants at baseline visit prior to for-
mula intervention were not collected. Therefore, the results describe
associations between the microbiota states of the infants and the effects
of the intervention; a causal relationship could not be determined.
Second, following up with the infants during the first 2 years of life
allowed us to observe the development of gut microbiota and associ-
ated factors over a relatively long period of time. However, the number
of available samples decreased over time, as indicated in each figure
and corresponding legend. Hence, attrition bias due to the loss of
participants over the 2-y time period cannot be fully excluded. Third,
this manuscript focused primarily on time point-specific differences in
the microbiota due to the known major ecological changes occurring
within the ecosystem in the first 2 years of life. The main outcomes
were confirmed by using generalized linear models to assess changes in
the microbiota and other data in a longitudinal manner. Data processing
and statistical approaches to comprehensively analyze the factors
influencing infant gut microbiota trajectories will provide additional
insights into future studies.

In conclusion, in the present study, synbiotic intervention influ-
enced the gut microbiota and milieu parameters during early life to
resemble some major characteristics found in breastfed infants (higher
relative abundances of bifidobacteria, lower richness, lower fecal pH
and butyrate concentrations), and effects depended on the ecosystem
profile of the infants. Further analysis of clinical parameters associated
with such changes is now needed to test the potential for disease pre-
vention (e.g., diarrhea or respiratory tract infections). Furthermore,
specific randomized, controlled studies that focus on infants born by
CS and how early nutrition can support the beneficial development of
their microbiota are required.
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