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ABSTRACT
Background: Oral administration of probiotic bacteria to preterm neonates has been recom-
mended to prevent the development of necrotizing enterocolitis (NEC). The influence of probiotics 
on the endogenous microbiome, however, has remained incompletely understood.
Study design & methods: Here, we performed an observational study including 80 preterm 
neonates born at a gestational age <32-weeks to characterize the persistence of probiotic bacteria 
after no treatment or oral administration of two different probiotic formula and their influence on 
the microbial ecosystem during and after the intervention and their association with the develop-
ment of NEC. Weekly fecal samples were profiled by 16S rRNA sequencing and monitored for the 
presence of the probiotic bacteria by quantitative PCR.
Results: Microbiota profiles differed significantly between the control group and both probiotic 
groups. Probiotic supplementation was associated with lower temporal variation as well as higher 
relative abundance of Bifidobacterium and Enterobacter combined with reduced abundance of 
Escherichia, Enterococcus, and Klebsiella. Colonization by probiotic bifidobacteria was observed in 
approximately 50% of infants although it remained transient in the majority of cases. A significantly 
reduced monthly incidence of NEC was observed in neonates supplemented with probiotics.
Conclusion: Our results demonstrate successful transient colonization by probiotic bacteria and 
a significant influence on the endogenous microbiota with a reduced abundance of bacterial taxa 
associated with the development of NEC. These results emphasize that probiotic supplementation 
may allow targeted manipulation of the enteric microbiota and confer a clinical benefit. (Clinical 
Trial Registry accession number: DRKS/GCTR 00021034)
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Introduction

Following birth, establishment of the early intest-
inal microbiota is characterized by major fluctua-
tions in the relative abundance of the prominent 
bacterial taxa associated with an increase in the 
bacterial diversity over time.1,2

Preterm birth increases the inter-individual var-
iation in the early fecal microbial ecosystem and 
enhances the colonization by opportunistic patho-
gens due to delivery by cesarean section, delayed 
onset and a reduced rate of enteral feeding by breast 
milk, the need for antibiotic therapy and prolonged 
exposure to the hospital environment.3,4 Together 

with the immature immune system and mucosal 
tissue, these microbiota alterations may enhance 
the susceptibility for necrotizing enterocolitis 
(NEC), an inflammatory disease of the preterm 
neonate’s mucosal tissue associated with high mor-
bidity and mortality.5

Oral administration of probiotic bacteria to pre-
term neonates was reported to decrease the all- 
cause mortality and in particular the incidence of 
NEC in a number of studies.6,7 Despite these pro-
mising results and the subsequent routine probiotic 
administration to preterm neonates in some 
institutions,8,9 the precise influence of the 
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administered probiotic bacteria on the existing 
microbial ecosystem during and following the 
intervention has remained incompletely under-
stood. In particular, this relates to the selection 
and comparative analysis of probiotic strains and 
formulations, the persistence of the administered 
probiotic bacteria as well as their influence on the 
preexisting colonizing bacteria.10–12 To gain more 
insight into the underlying mechanisms, we com-
pared the microbiota in 174 fecal samples of 80 
preterm neonates in the absence of as well as 
prior to, during and after oral administration of 
two different probiotic consortia within the context 
of a natural experiment.

Results

Study population characteristics

As part of a longitudinal observational study, we 
collected fecal material of preterm infants hospi-
talized at the NICU of RWTH Aachen University 
Hospital weekly between January 2016 and 2018. 
Between January 2016 and May 2016, neonates 
born at <32-weeks gestational age received daily 
probiotic supplementation consisting of 
Lactobacillus acidophilus (ATCC 4356) and 
Bifidobacterium longum subspecies infantis 
(ATCC 15697) subsequently referred to as 
B. infantis as a standard clinical procedure (pro-
biotic 1 [P1] group). In May 2016, this probiotic 
was no longer commercially available and supple-
mentation had to be ceased (control group). From 
January 2017 onwards, another probiotic mixture 
consisting of Lactobacillus acidophilus La-14 
(ATCC SD5212), Bifidobacterium longum subsp. 
longum Bl-05 (ATCC SD5588) subsequently 
referred to as B. longum, Lactobacillus casei Lc- 
11 (ATCC SD5213), and Bifidobacterium animalis 
subsp. lactis (ATCC SD5215) subsequently 
referred to as B. lactis (probiotic 2 [P2] group) 
was introduced and administered to preterm neo-
nates. Supplementation of both probiotic products 
continued until 36 weeks postmenstrual age. In 
total, we selected 174 fecal samples from 80 pre-
term neonates. The population characteristics, 
including gestational age, birthweight, sex, and 
feeding-mode, were comparable between all three 
groups (Table S1). The median gestational age for 

preterms in the control, P1 and P2 group was 29, 
30, and 26 weeks, respectively, and most neonates 
were born by cesarian section. For the compara-
tive analysis between groups (P1, P2 and control 
group), samples were clustered in four age- 
windows as follows: week 1 after birth, week 3–4 
after birth, week 7–9 after birth, and week 10–12 
after birth corresponding to “before” (T0), “dur-
ing” (T1), “shortly after” (T2) and “long after” 
(T3) probiotic supplementation, respectively 
(Figure 1a).

Supplementation of probiotic bacteria affects the 
microbiota composition in early life

To assess global compositional differences in the gut 
microbiome of neonates, we profiled fecal samples by 
V3-V4 16S rRNA gene amplicon sequencing. A total 
of 7,708,120 sequences with a median of 21,113 [range 
7,727–72,816] reads per sample were retained after 
quality filtering and assigned to 4,981 amplicon 
sequence variants (ASVs) for subsequent analyses.

The fecal microbial richness gradually increased 
significantly with age (linear regression p < 0.0001, 
p = 0.01, and p = 0.0021 for control, P1, and P2 
groups, respectively), but was not significantly dif-
ferent between the control and probiotic groups 
(Figure 1b, Figure S1a-d). Similar results were 
obtained for the microbial diversity as examined 
by the Shannon index (Figure S1e-h).

As expected, no significant difference in the general 
microbial community composition was observed 
between the three groups prior to the start of probiotic 
supplementation (T0) (Figure S2a). In contrast, sig-
nificant differences in the microbial composition 
between the control group and both probiotic groups 
at the time of probiotic supplementation was observed 
(Figure 1c). The changes in the microbial community 
structure remained after identification and correction 
for potential confounders such as feeding-type, sepsis, 
administration of antibiotics and gestational age 
(Table S2, Table S3). Notably, significant differences 
between the control group and both probiotic groups 
were also detected after removal of all probiotic- 
specific ASV’s from the analysis (Figure S3). This 
suggests that the observed changes are not solely 
a direct consequence of the bacteria added to the 
enteric community by oral probiotic 
supplementation.
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Additionally, neonates receiving probiotic sup-
plementation at T1 showed less inter-individual 
variation and thus a more homogenous microbiota 
composition compared to infants in the control 
group (Figure 1d). Although the latter effect was 
not detected at subsequent time-points (Figure 
S2b-f), the significant difference in the global 
microbial community structure remained also 
shortly (T2) and long (T3) after cessation of pro-
biotic supplementation (Figure 1e & f). The Bray- 
Curtis dissimilarity between samples collected dur-
ing probiotic supplementation (T1) and both fol-
low-up time-points (T2 and T3) was significantly 
lower for both probiotic groups as compared to the 
control group (Figure 1g,h). This suggests that pro-
biotic supplementation reduces the temporal com-
positional variation and results in a more stable 
microbial community structure.

Probiotic administration influences specific taxa of 
the endogenous microbiota

We subsequently assessed how probiotic adminis-
tration influenced specific endogenous bacterial 
taxa over time (T1-T3). First, we determined how 
the genera that explained most of the variation in 
the overall microbiota community structure were 
associated with probiotic administration. Klebsiella, 
Escherichia, Bifidobacterium, Enterococcus, and 
Enterobacter represented the main genera driving 
the separation in microbial community structure 
between the three groups. Enhanced abundance of 
Klebsiella was typically found in neonates without 
probiotic supplementation. In contrast, neonates 
receiving P2 were characterized by higher abun-
dance of Enterobacter and reduced abundance of 
Escherichia (Figure 2a). Increased relative numbers 
of Bifidobacterium and Enterococcus were most 
commonly observed among neonates that 
received P1.

Secondly, the taxonomic changes of these five 
genera over time indicated that probiotic supple-
mentation reduced the temporal fluctuations in 
microbiota composition. Whereas the abundance 
of Enterococcus, Escherichia, and Klebsiella were 
highly dynamic in the control group, a more stable 
pattern could be observed in probiotic- 
supplemented neonates (Figure 2b). This more 
stable pattern was accompanied by an expansion 
of the genus Bifidobacterium in the P1 group and 
an expansion of the genus Enterobacter in the P2 
group.

Lastly, linear discriminant analysis revealed that 
Bifidobacterium was the most strongly enriched 
genus among neonates receiving P1 at all time- 
points, while lactobacilli were only significantly 
enriched at T1 (Figure 2c-e). In addition, after 
probiotic supplementation neonates harbored less 
Klebsiella and two members of the Clostridiales 
order when compared to control neonates. 
Moreover, although the second probiotic similarly 
to P1 was associated with a higher abundance of 
bifidobacteria and decreased levels of Klebsiella at 
T3, these neonates could most profoundly be dif-
ferentiated from the control group by a higher 
abundance of Enterobacter at all time points 
(Figure 2f-h). Remarkably, the neonates receiving 
P2 showed a strong decrease in Enterococcus and 
Escherichia at T1 and T2-T3, respectively. 
Furthermore, in both probiotic groups, the abun-
dance of bifidobacterial species other than those 
included in the probiotic formulas was enhanced 
when compared to the control neonates (Figure 
S4a-f).

Intestinal colonization by probiotic bacteria after 
cessation of supplementation

In order to quantitatively monitor the probiotic 
bacteria’s ability to colonize and persist after cessa-
tion of supplementation, we established species- 

Figure 1. Microbiota composition and stability in neonates with or without probiotic supplementation. (a) Infographic of study 
outline (n = 51–66 per group for all subsequent cohort-analyses) (b) Microbial richness (number of ASVs) shows a gradual increase with 
age for all groups (linear regression: pfor trend<0.0001, pfor trend = 0.01, pfor trend = 0.0021 for controls, probiotic1, probiotic2, 
respectively). (c) Principal Coordinate Analysis (PCoA) based on ASV-derived Bray-Curtis dissimilarity exhibiting differences in microbial 
community structure between control and probiotic groups at T1 (p < 0.001, Permanova). (d) Bray-Curtis distance compared to T1 at T1 
(within group distance). (e,f) PCoA between control and probiotic groups at T2 (p < 0.001, Permanova) (e), and at T3 (p < 0.001, 
Permanova) (f). (g,h) Bray-Curtis distance compared to T1 at T2 (g), and at T3 (h). (Kruskal-Wallis test with Dun’s test for post-hoc 
comparisons (control-group is reference), mean and SD; ****, p < 0.0001).
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specific qPCRs detecting the administered probiotic 
bacteria. Using these qPCRs, none of the probiotic 
bacteria were detected prior to supplementation 
(T0) (Figure S4g-j). In contrast, qPCR detection 

confirmed the markedly higher abundance of 
B. longum/B. infantis and L. acidophilus in neonates 
receiving P1 and B. longum/B. infantis, B. lactis, 
L. acidophilus, and L. casei in neonates receiving 

Figure 2. Association of probiotic administration with specific taxa. (a) Principal Component Analysis (PCA) illustrating the 
separation between the control and probiotic groups at T1-T3. Vectors depict the five genera that explained most of the variation in 
microbial community structure (b) Relative abundances of the five genera over time for the three different groups. (c) Linear 
discriminant analyses with Effect Size (LEfSe) were employed to identify differentially abundant bacterial genera between probiotic 
1 supplemented and control neonates at T1, (d) at T2, (e) and at T3. (f) LefSe between probiotic 2 supplemented and control neonates 
at T1, (g) at T2, (h) and at T3 (LDA-score >0.2 and p < 0.05, Wilcoxon signed-rank test).
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P2 as compared to controls (Figure 3a-l). Notably, 
B. longum/B. infantis was still enriched at T2 i.e., 
after cessation of supplementation with P1, whereas 
B. lactis and L. acidophilus remained increased after 
cessation (T2) of supplementation with P2. 
Importantly, probiotic bacteria did not perma-
nently colonize since no significant differences 
between probiotic and control groups were 
observed at T3. However, B. lactis was still detect-
able in some (4/11) infants that received P2 at T3 
(Figure 3f).

To further investigate the nature and duration 
of probiotic persistence we analyzed fecal samples 
of 16 neonates collected weekly during and until 
20 weeks after cessation of probiotic supplemen-
tation. Here we took advantage of the whole 
genome sequencing data generated from the cul-
tured probiotic strains to identify the specific 16S 
rRNA gene V3-V4 region and to distinguish 
between B. longum subsp. infantis and 
B. longum subsp. longum. We then tracked pro-
biotic Bifidobacteria using ASVs (i.e., ASVs that 
matched the WGS-sequences of the isolated pro-
biotic strains) and performed qPCRs for all other 

probiotic bacteria (Figure S5). Since the preva-
lence pattern of the different probiotic bacteria 
varied considerably (Figure S5a-e), we categorized 
the neonates into ‘persistently’ colonized (first 
two samples after cessation positive for probiotic 
strains), ‘transiently’ colonized (at least one sam-
ple collected in the first 2 weeks after cessation 
positive for probiotic strains, but subsequent sam-
ples negative) and not colonized (1st and 2nd 
sample upon probiotic cessation negative for pro-
biotic strains). Thereby, the probiotic bifidobac-
terium in P1 (B. infantis) was shown to colonize 
the neonatal gut persistently in the majority of 
children after cessation whereas this rate was 
reduced for B. longum in P2 (Figure 4 a-b). On 
the other hand, L. acidophilus was absent in 
almost all neonates that had received P1 whereas 
it remained present (persistently or transiently) in 
the majority of neonates supplemented with P2 
(Figure 4c-d). Neonates supplemented with P2 
also showed persistence of B. lactis and L. casei 
in some neonates, but most neonates had become 
negative for these probiotic strains (Figure 4e-f). 
In some children, the colonization of 

Figure 3. Association of probiotic administration with the detection of probiotic species. (a-l) Quantitative abundance (log10 
copies/ng DNA) during probiotic supplementation at T1, after cessation of probiotic supplementation at T2 and T3 respectively of the 
probiotic bacteria Bifidobacterium longum/infantis (a-c), Bifidobacterium lactis (d-f), Lactobacillus acidophilus (g-i), Lactobacillus casei (j-l). 
(Kruskal-Wallis test with Dun’s test for posttest comparisons (control-group is reference), mean and SD; *, p < 0.05; **, p < 0.01; ***, 
p < 0.001;****, p < 0.0001; ns, not significant).
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Bifidobacterium and L. casei persisted up to 
15 weeks after cessation of probiotic supplemen-
tation (Figure S5a-e).

Abundance of pathobionts and prevention of 
necrotizing enterocolitis

Probiotic supplementation both increased the sta-
bility in the overall community structure of the 
neonatal gut microbiota as well as reduced the 
abundance of pathobionts known to induce strong 
proinflammatory responses. Since these changes 
might protect against the adverse effects of an 
altered microbiota, we next investigated the influ-
ence of probiotic supplementation on the incidence 
of necrotizing enterocolitis (NEC) and the presence 
of clinically relevant antimicrobial resistance 
(AMR) genes. Despite the low overall occurrence 
of NEC during our study period (n = 10), a signifi-
cantly reduced incidence was observed in neonates 

supplemented with P1 or 2 as compared to control 
neonates (Figure 5a). We therefore analyzed the 
composition of the fecal microbiota of three NEC- 
patients prior to the clinical onset of the disease. 
Interestingly, a dramatic bloom of enterococci was 
observed, representing the most abundant taxa 
before the onset of the disease (Figure S6a). 
Notably, Enterococcus is only low abundant in neo-
nates without NEC as depicted from the control 
group at T2 accompanied with Klebsiella as the 
most dominant taxa (Figure 2b). To further eluci-
date the role of the probiotic bacteria herein, we 
performed SparCC correlation network analyses 
taking the compositional nature of the data into 
account.13 Interestingly, probiotic supplementation 
with bifidobacteria and lactobacilli both correlated 
with the abundance of the NEC-pathobiont 
Enterococcus.14,15 In neonates receiving P1, bifido-
bacteria, and lactobacilli were positively correlated. 
Lactobacilli in turn exhibited a direct negative 

Figure 4. Colonization by probiotic bacteria after cessation of supplementation. (a-f) Colonization pattern from longitudinally 
sampled neonates (n = 8/group) after cessation of probiotic supplementation for probiotic specific ASV-tracked (a) B. infantis in 
probiotic 1 supplemented neonates; (b) B. longum in probiotic 2 supplemented neonates, (c) qPCR-tracked Lactobacillus acidophilus in 
probiotic 1 supplemented neonates; qPCR-tracked (d) Lactobacillus acidophilus, (e) Bifidobacterium lactis, (f) and Lactobacillus casei in 
probiotic 2 supplemented neonates. Categorized into ‘persistent’ colonizers (first two weekly timepoints after cessation were positive 
for probiotic strains), ‘transient’ (sample collected in the first two weeks after cessation was positive, but subsequent sample was 
negative) and ‘absent’ (first timepoint upon probiotic cessation was negative for probiotic bacteria).
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network correlation with enterococci (Figure 5b, 
Figure S7a). In neonates receiving P2, bifidobac-
teria, and lactobacilli positively correlated with 
Enterobacter that in turn exhibited a negative cor-
relation with the NEC-pathobiont Enterococcus 
(Figure 5c, Figure S7b). No significant influence of 
probiotic supplementation was observed in this 
study on the clinical outcomes sepsis, oxygen sup-
plementation, and parenteral feeding (Figure S8).

As probiotic administration was associated with 
a decreased abundance of Enterococcus, Escherichia 
and Klebsiella in preterm infants (Figure 2c-h), pro-
biotics might also reduce the prevalence of antibio-
tic-resistant strains. The presence of resistant strains 
significantly hampers an effective antimicrobial ther-
apy in the event of infection. Enterococci can harbor 
the resistance genes vanA and vanB conferring resis-
tance to glycopeptide antibiotics such as vancomycin 
and teicoplanin. Enterobacteriaceae, such as 
Escherichia and Klebsiella, can encode for extended- 
spectrum beta-lactamases (ESBLs) conferring resis-
tance to most beta-lactam antibiotics. We therefore 
investigated the presence of vanA and vanB as well as 
the most prevalent ESBL (CTX-M group 1, 2, and 9) 
genes. However, the prevalence of these antibiotic 
resistance genes was not significantly altered by pro-
biotic supplementation, possibly due to the low over-
all presence of antibiotic resistance genes in the 
enteric microbiota of the population analyzed 
(Figure S6b-c).

Discussion

With weekly fecal sampling and clinical monitor-
ing, our study represents a longitudinal observa-
tional study with three groups, a group of children 
that was left untreated (control group) and two 
groups of children that received two different pro-
biotic supplements (P1, and P2). Although the dif-
ferent groups were sampled during consecutive 
time periods, the standard medical care regimen 
(except probiotic supplementation), the medical 
and nursing staff as well as the neonatal intensive 
care unit (NICU) environment and medical equip-
ment were identical for all patients included in the 
study. Notably, microbial community structure 
analysis between the consecutive time periods did 
not detect significant seasonal effects or cross con-
tamination by probiotic strains or bacteria of the 
NICU environmental (Fig. S9).16,17

In contrast to many previous studies among 
adults and infants,11,18,19 we showed persistence of 
several probiotic strains upon cessation of supple-
mentation. Administered B. infantis persisted for 
3–15 weeks following cessation in approximately 
three quarter of the neonates, whereas persistence 
of lactobacillus strains was observed less frequently. 
This superior persistence of bifidobacterial strains 
when compared to lactobacilli has also been 
observed in several other studies.10,12,17 The 
mechanisms underlying the differential persistence 

Figure 5. Probiotic intake may prevent necrotizing enterocolitis by interfering with pathobionts. (a) Monthly NEC-incidence 
during the 2-year study period among all preterm born neonates (n = 179, gestational age<32 weeks) stratified according to 
supplementation group. In total, 9, 1, and 0 NEC cases were diagnosed in the control group, P1 group and P2 group, respectively. 
(b) SparCC correlation network analyses with genera at T1 in the probiotic 1 supplemented, (c) and probiotic 2 supplemented neonates 
as compared to control neonates (correlation >0.3, p < 0.05). Blue circles indicate genera with an increased abundance in probiotic 
groups, while red circles represent genera enriched in control neonates. Red lines indicate negative correlations, while blue lines 
indicate positive correlations.
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are largely unclear, but the gut luminal milieu, the 
characteristics of the administered bacterial strains 
as well as their competitive fitness may all contri-
bute. Interestingly, we detected differences in the 
abundance of the probiotic bacteria between our 
two supplemented probiotic formulas, which sug-
gests species or strain differences or an influence by 
the co-administered probiotic strains. For example, 
B. lactis but not B. longum remained significantly 
enriched after cessation of supplementation in neo-
nates that received P2 when compared to neonates 
in the control group. In addition, L. acidophilus 
persisted in neonates that received P2 in contrast 
to P1 supplemented neonates.

Previous reports demonstrated that breast-milk 
exerts a bifidogenic effect.1,20 This effect is to a large 
extent driven by maternal human milk oligosac-
charides (HMOs), structurally diverse unconju-
gated glycans that are highly abundant in human 
milk but absent in formula nutrition. HMOs play 
a prebiotic role and promote the growth of 
Bifidobacterium.21 Breastfeeding might thereby 
also promote the colonization with bifidobacterial 
strains administered as probiotics. This could 
explain the marked colonization by the adminis-
tered probiotic B. infantis strain, a known to utilizer 
of HMOs in our study.22 Whereas the size of the 
study population did not allow the analysis of 
a possible association between breastfeeding and 
colonization efficacy of probiotic bacteria in the 
present study, future investigations should address 
this interesting and clinically relevant question.

Probiotic administration significantly altered the 
enteric microbiota composition even after remov-
ing probiotic ASVs from the sequencing data. Thus, 
the administered probiotic bacteria directly or 
indirectly influence the endogenous microbiota 
consistent with the results of other studies.10–12,17 

Most notably, although bacterial richness and 
diversity remained unaffected, probiotic adminis-
tration significantly reduced the inter-individual 
variation and temporal microbiota changes. 
Neonates, in particular preterm neonates, have 
been shown to exhibit high inter-individual varia-
tion and major fluctuations in the enteric micro-
biota composition during the early postnatal 
period.1,4,23,24 High individual variation and com-
positional fluctuations may contribute to 
a decreased resilience and colonization resistance, 

and thus a more stable microbiota composition 
might protect from disease-promoting composi-
tional changes. Moreover, the preterm microbiota 
is typically dominated by pathobionts such as 
Escherichia, Enterobacter, and Klebsiella that pro-
duce potent immunomodulatory molecules such as 
endotoxin and fimbriae and frequently carry genes 
conferring antibiotic resistance.3,14,25 Reducing 
such bacteria might lower the risk of inappropriate 
inflammation or systemic infection. In this respect, 
Klebsiella, one of the major bacteria driving the 
global community structure in the preterm neo-
nates without probiotic supplementations did not 
contribute to the overall community structure in 
children supplemented with probiotics administra-
tion. An observation which is in line with the 
results of the study by Alcon-Giner and 
colleagues.17

As expected probiotic supplementation led to 
enrichment of Bifidobacterium spp. and 
Lactobacillus spp. However, this was not limited 
to an enrichment of the probiotic bifidobacterial 
and lactobacillus species. In accordance with 
another recent report, the administration of pro-
biotic bifidobacterial species fostered the growth 
of endogenous bifidobacterial species such as 
B. breve, B. bifidum and B. animalis.17 Cross- 
feeding between species within a genus or induced 
adaptation of the local gut environmental might 
contribute to this. In contrast, pathobionts such as 
Klebsiella or Escherichia as well as Clostridioides 
and enterococci were reduced in probiotic-treated 
infants. These results are largely consistent albeit 
not identical with observations described in other 
studies.10,17 Despite the reduced abundance of 
enterococci and Enterobacteriaceae (Klebsiella 
and Escherichia), the prevalence of genes encoding 
vancomycin resistance and ESBLs was not reduced 
among neonates supplemented with probiotics. 
These findings contrast a previous study, which 
observed ESBL-genes in stools of non-probiotic 
very preterm infants but not in probiotic-treated 
extremely preterm infants.26 Previous clinical and 
animal studies suggested that the enteric micro-
biota together with the immature mucosal tissue 
contribute to the etiology of NEC.25 Changes in 
the microbiota composition would therefore be 
expected prior to disease onset. A number of 
human cohort studies with regular postnatal 
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sampling of preterm neonates reported on the 
enteric microbiota composition in healthy infants 
and infants with NEC.14,27 However, no specific 
pathogen, pathobiont, or microbiota signature was 
detected that unequivocally predicted disease 
onset. Notably, almost all cases of NEC documen-
ted during the study period occurred in neonates 
of the control group confirming a significant pro-
tective effect of probiotic supplementation. For 
three patients with NEC, consecutive samples 
were available prior to disease onset. All three 
exhibited a significantly enhanced abundance of 
enterococci prior to disease onset. An increase in 
enterococci or enterococcus-associated secondary 
metabolite gene clusters was also noted in other 
studies.14,28 Additionally, certain strains of the 
Enteroccus faecalis have been shown to increase 
the tissue pathology in a rodent NEC model.15 

Two of the patients in the present study also 
exhibited an enhanced abundance of Klebsiella, 
an organism associated with an increased risk 
of NEC in several studies.14,27 Moreover, an 
increased abundance of Enterobacteriaceae prior 
to NEC onset has been found.27,29,30 As expected, 
the abundance of members of the 
Enterobacteriaceae family (Escherichia and 
Klebsiella) also increased in abundance during 
the NEC-induced intestinal inflammation.27 

Although the mechanism by which probiotics pro-
tect against NEC is unclear, our results are con-
sistent with the idea that it may include enhanced 
resilience of the enteric microbiota to exogenous 
stimuli, the reduction of pathobionts or indirect 
immunomodulatory effects on the host’s develop-
ing intestinal tissue and mucosal immune 
system.31,32

The daily dose of 109 supplemented bacteria is 
substantial given that the total bacterial number 
within the newborn gut is estimated at 106–10-
12.33,34 Given the immature intestinal tissue and 
mucosal immune system and high susceptibility to 
systemic bacterial infection of preterm neonates 
a careful consideration of potential risks of oral 
administration of viable bacteria is warranted. 
Cases of systemic infections with orally applied 
probiotic bacteria in extremely preterm neonates 
have been reported.35 In the present study no 
adverse effects or infections by the administered 
probiotic were observed during the study period.

Nevertheless, the observational character repre-
sents a limitation of our study precluding any 
blinded and randomized study design. The conse-
cutive “enrollment” of the three patient groups also 
harbors the risk of unidentified changes in the 
standard patient care during the study period that 
may influence the clinical outcome. In addition, the 
relatively small sample size limits the statistical 
power of our analysis in particular with respect to 
the analysis of the enteric microbiota prior to the 
clinical onset of NEC. Altogether our study pro-
vides important insights that warrant confirmation, 
preferably in experimental studies. Sampling after 
discharge would ideally be included in such future 
studies in order to assess the long-term conse-
quences of probiotic supplementation.

In conclusion, our results show a significant 
influence of oral probiotic administration on the 
global microbial community structure and the 
abundance of specific taxa. The data emphasize 
the unique period of early infancy for the establish-
ment of the enteric microbiota and suggest 
a beneficial effect of probiotic supplementation to 
preterm neonates.

Patients and methods

Study design

Preterm infants of gestational age <32 weeks were 
included in this natural experiment at the NICU of 
RWTH Aachen University Hospital between 
January 2016 and 2018. Initially, from birth until 
36 weeks of gestational age, infants received daily 
a supplemented milk regimen (Infloran, 250 mg/ 
day) as a standard procedure (P1 group). The pro-
biotic Infloran contained the bacteria Lactobacillus 
acidophilus (ATCC 4356) and Bifidobacterium 
longum subspecies infantis (ATCC 15697) at a 1:1 
ratio (each strain at 109 CFU/250 mg). This stan-
dard supplementation with probiotic bacteria had 
to be temporarily suspended due to the unavailabil-
ity of this probiotic on the market. During this time 
between May and December 2016, preterm neo-
nates only received milk without probiotic supple-
ment (control group). After December 2016, 
probiotic administration to all preterm 
(<36 weeks) neonates was reinstalled with another 
probiotic supplement (DarmfloraPlus, 250 mg/day) 
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containing Lactobacillus acidophilus La-14 (ATCC 
SD5215), Bifidobacterium longum subsp. longum 
Bl-05 (ATCC SD5588), Lactobacillus casei Lc-11 
(ATCC SD5213) and Bifidobacterium animalis 
subsp. lactis with equal numbers for all four strains 
(each strain at 109 CFU/250 mg). From the entire 
population of preterm neonates admitted during 
the study period, samples were selected based on 
the first available sample within the time window 
described in the infographic in Figure 1a. Thus, T0 
only includes samples that were collected prior to 
the start of the probiotic supplementation. As these 
samples could not always be obtained, the number 
of children with a sample at T0 is smaller as com-
pared to the number of children in other time 
windows. Also for the subsequent time windows 
(T1, T2, T3), we selected samples that were col-
lected within the specified time window (i.e., 
3–4 weeks after birth for T1, 7–9 weeks after birth 
for T2 and 10–12 weeks after birth for T3). If 
samples were available for the specified time win-
dow we subsequently checked if samples fulfilled 
the selection criteria for the given time window 
(probiotics still being administered for T1, probio-
tic supplementation ceased for T2 and T3). As 
a result and because of missing samples or because 
samples did not fulfill the selection criteria, the 
number of samples/children per time window 
vary slightly.

With one or more Lactobacillus spp. and one or 
more Bifidobacterium spp, both probiotic formula-
tion fulfill the criteria of a probiotic regimen with 
moderate to high-quality evidence of reduced all- 
cause mortality as recently shown in a large 
metaanalysis.7 The viability of the probiotic strains 
within the two products and the absence of con-
taminating bacteria were confirmed by culture; the 
identity of the respective bacterial strains was con-
firmed by sequencing. Sequencing also confirmed 
the different subspecies of the two Bifidobacterium 
longum strains (subsp. longum and subsp. infantis) 
and the close relatedness of both L. acidophilus 
strains (ATCC 4356 and ATCC SD5215). The 
sequences are available upon reasonable request. 
There were no exclusion criteria for the probiotic 
supplementation. NEC and sepsis were diagnosed 
based on the modified Bell’s score and clinical as 
well as laboratory parameters, respectively, in 
accordance with the national guidelines of the 

German Society of Neonatology and Pediatric 
Intensive Care Medicine.36–38 Spontaneous intest-
inal perforation was excluded based on the clinical 
presentation and histological report. The initial 
antibiotic standard regimen for neonates consisted 
of ampicillin (100 mg/kg) and tobramycin (3 mg/ 
kg) in 3–4 daily doses. No indomethacin or proton 
pump inhibitor (PPI) was administered in accor-
dance with the national guidelines. Infants were 
sampled weekly during their hospitalization on 
the neonatal intensive care unit (NICU). The final 
samples were selected based on the first available 
sample within the timepoints described in Figure 
1a. In an additional group of 16 neonates, we long-
itudinally sampled weekly from supplementation 
up to 20 weeks after cessation of the probiotic to 
assess the persistence. Moreover, we also included 
longitudinal samples of three patients that devel-
oped NEC closely to the diagnosed onset of the 
disease. The study was recorded in the German 
Register Clinical Studies under accession number 
DRKS/GCTR 00021034 and was approved by the 
ethics committee of the medical faculty of the 
RWTH University of Aachen (approval number 
EK307/15).

Culture, isolation, and whole-genome sequencing of 
probiotic strains

Serial tenfold dilutions were made of each of the 
probiotic products dissolved in phosphate-buffered 
saline (PBS) and 100 µL of dilutions ranging from 
106–102 CFU/mL were plated onto Columbia blood 
agar plates with sheep blood (Oxoid, Basingstoke, 
UK) and incubated anaerobically at 37°C for 
48–72 h. Morphologically different colonies were 
isolated and identified by whole genome sequen-
cing. In brief, pure cultures suspensions of 0.5 mL 
were made in PBS for total DNA isolation using 
MasterPure complete DNA and RNA purification 
kit (Epicenter, MC 85200), following the manufac-
turer’s protocol. Sequencing libraries were pre-
pared using Illumina’s NexteraXT kit. Whole 
genome sequencing was performed on an 
Illumina MiSeq by 2 × 250 paired end sequencing 
using v2 flowcell. De Novo assembly was performed 
using Skesa (setting: with_paired_ends).39 

Subsequently, strain identification was performed 
screening all contigs of the de novo assembly using 
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Basic Local Alignment Tool (BLAST) from NCBI 
(accessed July 2020).

Microbial profiling of fecal samples

Metagenomic DNA was isolated from fecal samples 
thawed on ice and resuspended in 600 μL DNA 
stabilization buffer (Stratec Biomedical) following 
a previously described protocol.40 Briefly, 500 µl 5% 
(w/v) N-laurolylsarcosine and 250 µl 4 M guanidi-
nethiocyanate were added to the samples and cells 
were mechanically lysed by repeated bead beating 
(3 x 40 s) with 500 mg 0.1 mm glass beads (Roth). 
Next, samples were vortexed and centrifuged 
(15.000 × g for 3 min at 4°C) after adding 15 mg 
poly-vinylpolypyrrolidone. Subsequently, the 
supernatant was incubated with 1% ribonuclease 
(10 mg/mL) for 40 min at 37°C. Finally, column- 
based purification was performed using the 
NucleoSpin gDNA Clean-up Kit (Macherey- 
Nagel). The bacteria-specific primers 341 F and 
785 R were used to amplify the variable 3–4 region 
of the 16S rRNA gene from 12 ng metagenomic 
DNA by a two-step PCR (2x 15 cycles).41,42 PCR 
amplicons were purified using the AMPure XP 
system (Beckmann), and sequenced using 2 × 275 
paired-end reads spiked with 25% PhiX on a Miseq 
platform (Illumina Inc.). All generated sequences 
from this study have been deposited to the Qiita 
and ENA databases and can be accessed under No. 
13071.

Microbiome data processing and statistics

A total of 8,335,421 generated sequences were 
processed using the DADA2 package in R to 
create single amplicon sequence variants 
(ASV’s).43 Quality filtering, removing of 
sequence errors, and chimeras was performed 
using default settings and taxonomy was 
assigned with SILVA on a species level. For the 
removal of potential contamination, we used the 
Decontam package in R with the ‘combined’ 
setting.44 Here, all samples with a DNA concen-
tration below the detection limit (<0.10 ng/ul) 
were set at half the lowest detected concentra-
tion of 0.05 ng/µl and extraction controls were 
used as negative controls. Subsequently, we 
omitted samples with a low sequencing depth 

(<8000 sequences) and removed ASVs that 
were low abundant (<0.25% in all samples). 
This resulted in a total of 7,708,120 sequences 
ranging from 7,727 to 72,816 reads per sample 
(median 21,113) that belonged to 4,981 ASVs for 
downstream analyses. Lastly, we normalized the 
retained ASV counts by dividing each value to 
the total sum per sample and multiplied by the 
lowest sample depth.45

We computed the alpha-diversity (Shannon 
index and observed species) and the Bray-Curtis 
metrics in order to determine the microbial com-
munity structure using the R package Phyloseq 
1.30.0.46 The ordination of samples based on the 
Hellinger transformed genus composition or Bray- 
Curtis dissimilarity was visualized using Principal 
Component Analysis (PCA) or Principal 
Coordinate Analysis (PCoA), respectively. The 
Mann–Whitney U or Kruskal–Wallis tests were 
used to test for differences in relative abundances, 
Bray-Curtis distances, microbial richness and 
diversity between two or multiple groups, respec-
tively. Following the Kruskal–Wallis test, the 
Dunn’s test was performed for pairwise post hoc 
comparisons. Subsequently, the alpha-diversity was 
used as a continuous variable in a linear regression 
model to test for a significant trend across time-
points. In order to evaluate significant separations 
between groups of samples, we performed 
a permutational multivariate analysis of variance 
(PERMANOVA) based on Bray-Curtis distances. 
We examined factors that were significantly asso-
ciated with the microbial community variation at 
the different timepoints by PERMANOVA to 
determine potential confounders: timepoint, feed-
ing-type, sepsis, antibiotics, mode of delivery, birth-
weight, gestational age, sex, and PROM. We next 
combined the identified potential confounding fac-
tors with the variable probiotic group in 
a multivariate analyses and reevaluated the signifi-
cance. Moreover, we also tested the dispersion of 
the samples, a required assumption for the 
PERMANOVA test. All these statistical analyses 
were performed two-sided with R 3.6.1 or 
GraphPad Prism 8.

SparCC correlation analyses were performed to 
identify specific associations taking the composi-
tional nature of the data into account by 
MicrobiomeAnalyst with default settings.47 Only 
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correlations of >0.3 that were statistically signifi-
cant were included in the network analyses. 
Differentially abundant bacterial genera were iden-
tified using Linear discriminant analysis Effect Size 
(LEfSe) with default settings.48

Detection of probiotic bacteria & antimicrobial 
resistance genes (qPCR)

For the quantification of Lactobacillus acidophi-
lus (5ʹ AAACTGCAATTTAAGATTATGAGT 
TTC/GGTACCGTCTTGATTATTAGTGTA 3ʹ), 
Bifidobacterium lactis (5ʹ CATCGCAACTTCA 
CCCACATTG 3ʹ/5ʹ ATGCCGTACCCCT 
GAATGAAG 3ʹ), Bifidobacterium longum (5ʹ 
CGGCGTYGTGACCGTTGAAGAC 3ʹ/5ʹ 
TGYTTCGCCRTCGACGTCCTCA 3ʹ), 
Lactobacillus casei (5ʹ TGCCCATTAGCA 
TACTGGACC 3ʹ/5ʹ ACCCGAGCCTTTGCCAA 
3ʹ) all fecal samples were subjected to real-time 
PCRs.49,50 We validated the existing assays by 
amplifying the DNA of the cultured probiotic 
strains. Upon confirmation of the PCR ampli-
cons by Sanger sequencing, products were 
cloned into a pGEM-T easy vector (Promega 
Corporation, Madison, WI, USA) for construc-
tion of standard curves. Thereafter, the amount 
of plasmid copies normalized to the amount of 
DNA were calculated for each fecal sample 
from the cycle threshold values using the stan-
dard curves. For this assay 2 µl DNA and 
0.4 μM primer was used as input, employing 
SYBR Green chemistry (Supermix™ SYBR®, Bio- 
Rad) and a CFX96 System (Bio-Rad). All targets 
were amplified at an annealing temperature of 
65°C except for the Lactobacillus acidophilus 
(60°C). CFX Manager 3.1 (Bio-Rad) was used 
for analysis of the real-time qPCR data. 
Samples that were below the detection limit 
were included with zero plasmid copies.

The qPCR of antimicrobial resistance genes 
vanA, vanB, CTXM-1, CTXM-2 was performed in 
a multiplex reaction and CTXM-9 in a simplex 
reaction as described earlier.51,52 Primer-probe 
concentrations for vanA (GCCGGAAAAA 
GGCTCTGAA/TCCTCGCTCCTCTGCTGAA) 
and vanB (CGCAGCTTGCATGGACAA/GGCG 
ATGCCCGCATT) were 800 nM of each primer 

and 200 nM probe (vanA_probe: FAM- 
ACGCAGTTATAACCGTTCCCGCAGACC- 
BHQ1/vanB_probe: VIC-TCACTGGCCTAC 
ATTC-MGB-NFQ). The qPCR of CTX-M 
(ATGTGCAGYACCAGTAARGTKATGGC/ATC 
ACKCGGRTCGCCNGGRAT) contained 500 nM 
of each primer and 100 nM probe (CTX-M-1: JOE- 
CCCGACAGCTGGGAGACGAAACGT-BHQ1/ 
CTX-M-2: FAM-CAGGTGCTTATCGCTCTC 
GCTCTGTT-BHQ1/CTX-M-9: JOE-CTGGA 
TCGCACTGAACCTACGCTGA-BHQ1). Each 
PCR was performed in a total volume of 25 μL 
consisting of 12.5 μL ABsolute QPCR ROX Mix 
(Thermo Scientific, Waltham, MA, USA), the pri-
mer-probe mixture and template DNA. The ampli-
fication was achieved on a 7900HT Fast Real-Time 
PCR System (Applied Biosystems, Foster City, CA, 
USA) according to the standard conditions.

Acknowledgments

We would like to thank Martina Bernecker for excellent technical 
support and Christel Driessen, Erik Beuken and Casper Jamin for 
their support in culturing, qPCR set up and WGS. This work was 
supported by the priority program SPP1656 (HO2236/9-2 to M. 
W.H.), the Collaborative Research Center CRC1382 (Project-ID 
403224013 – SFB 1382) and the individual grants HO2236/14-1 
and HO2236/17-1 (to M.W.H.) from the German Research 
Foundation (DFG) as well as a D2 seeding grant from the 
School of Nutrition and Translational Research in Metabolism 
(NUTRIM) of Maastricht University (to N. v. B.).

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Funding

This work was supported by the priority program SPP1656 
(HO2236/9-2 to M.W.H.), the Collaborative Research Center 
CRC1382 (Project-ID 403224013 – SFB 1382) and the individual 
grants HO2236/14-1 and HO2236/17-1 (to M.W.H.) from the 
Deutsche Forschungsgemeinschaft (DFG) as well as the School of 
Nutrition and Translational Research in Metabolism, Universiteit 
Maastricht [D2 seeding grant to N. v. B.].

ORCID

Mathias W. Hornef http://orcid.org/0000-0001-6096-9110
John Penders http://orcid.org/0000-0001-9146-5919

GUT MICROBES e1826747-13



References

1. Backhed F, Roswall J, Peng Y, Feng Q, Jia H, 
Kovatcheva-Datchary P, Li Y, Xia Y, Xie H, Zhong H, 
et al. Dynamics and stabilization of the human gut 
microbiome during the first year of life. Cell Host 
Microbe. 2015;17(5):690–703. doi:10.1016/j. 
chom.2015.04.004.

2. Galazzo G, van Best N, Bervoets L, Dapaah IO, 
Savelkoul PH, Hornef MW, Lau S, Hamelmann E, 
Penders J, Hutton EK, et al. Development of the micro-
biota and associations with birth mode, diet, and atopic 
disorders in a longitudinal analysis of stool samples, 
collected from infancy through early childhood. 
Gastroenterology. 2020;158(6):1584–1596. doi:10.1053/ 
j.gastro.2020.01.024.

3. Stewart CJ, Embleton ND, Marrs EC, Smith DP, 
Nelson A, Abdulkadir B, Skeath T, Petrosino JF, 
Perry JD, Berrington JE, et al. Temporal bacterial and 
metabolic development of the preterm gut reveals spe-
cific signatures in health and disease. Microbiome. 
2016;4(1):67. doi:10.1186/s40168-016-0216-8.

4. Hill CJ, Lynch DB, Murphy K, Ulaszewska M, Jeffery IB, 
O’Shea CA, Watkins C, Dempsey E, Mattivi F, Tuohy K, 
et al. Evolution of gut microbiota composition from 
birth to 24 weeks in the INFANTMET Cohort. 
Microbiome. 2017;5(1):4. doi:10.1186/s40168-016- 
0213-y.

5. Gopalakrishna KP, Macadangdang BR, Rogers MB, 
Tometich JT, Firek BA, Baker R, Ji J, Burr AHP, 
Ma C, Good M, et al. Maternal IgA protects against 
the development of necrotizing enterocolitis in preterm 
infants. Nat Med. 2019;25(7):1110–1115. doi:10.1038/ 
s41591-019-0480-9.

6. Dermyshi E, Wang Y, Yan C, Hong W, Qiu G, Gong X, 
Zhang T. The “golden age” of probiotics: a systematic 
review and meta-analysis of randomized and observa-
tional studies in preterm infants. Neonatology. 2017;112 
(1):9–23. doi:10.1159/000454668.

7. Morgan RL, Preidis GA, Kashyap PC, Weizman AV, 
Sadeghirad B, Chang Y, Florez ID, Foroutan F, 
Shahid S, Zeraatkar D, et al. Probiotics reduce mortality 
and morbidity in preterm, low-birth-weight infants: 
a systematic review and network meta-analysis of ran-
domized trials. Gastroenterology. 2020;159(2):467–480. 
doi:10.1053/j.gastro.2020.05.096.

8. Denkel LA, Schwab F, Garten L, Geffers C, Gastmeier P, 
Piening B. Protective effect of dual-strain probiotics in 
preterm infants: a multi-center time series analysis. 
PLoS One. 2016;11(6):e0158136. doi:10.1371/journal. 
pone.0158136.

9. Guthmann F, Buhrer C. Routine probiotics in preterm 
infants? Arch Dis Child Fetal Neonatal Ed. 2011;96(4): 
F311–312. doi:10.1136/adc.2010.208710.

10. Abdulkadir B, Nelson A, Skeath T, Marrs ECL, 
Perry JD, Cummings SP, Embleton ND, Berrington JE, 
Stewart CJ. Routine use of probiotics in preterm infants: 

longitudinal impact on the microbiome and 
metabolome. Neonatology. 2016;109(4):239–247. 
doi:10.1159/000442936.

11. Bazanella M, Maier TV, Clavel T. Randomized con-
trolled trial on the impact of early-life intervention 
with bifidobacteria on the healthy infant fecal micro-
biota and metabolome. Am J Clin Nutr. 2017;106 
(5):1274–1286.

12. Korpela K, Salonen A, Vepsalainen O, Suomalainen M, 
Kolmeder C, Varjosalo M, Miettinen S, Kukkonen K, 
Savilahti E, Kuitunen M, et al. Probiotic supplementa-
tion restores normal microbiota composition and func-
tion in antibiotic-treated and in caesarean-born infants. 
Microbiome. 2018;6(1):182. doi:10.1186/s40168-018- 
0567-4.

13. Friedman J, Alm EJ. Inferring correlation networks 
from genomic survey data. PLoS Comput Biol. 2012;8 
(9):e1002687. doi:10.1371/journal.pcbi.1002687.

14. Olm MR, Bhattacharya N, Crits-Christoph A, Firek BA, 
Baker R, Song YS, Morowitz MJ, Banfield JF. 
Necrotizing enterocolitis is preceded by increased gut 
bacterial replication, Klebsiella, and fimbriae-encoding 
bacteria. Sci Adv. 2019;5(12):eaax5727. doi:10.1126/ 
sciadv.aax5727.

15. Delaplain PT, Bell BA, Wang J, Isani M, Zhang E, 
Gayer CP, Grishin AV, Ford HR. Effects of artificially 
introduced Enterococcus faecalis strains in experimen-
tal necrotizing enterocolitis. PLoS One. 2019;14(11): 
e0216762. doi:10.1371/journal.pone.0216762.

16. Costeloe K, Hardy P, Juszczak E, Wilks M, Millar MR. 
Probiotics in Preterm Infants Study Collaborative 
G. Bifidobacterium breve BBG-001 in very preterm 
infants: a randomised controlled phase 3 trial. Lancet. 
2016;387(10019):649–660. doi:10.1016/S0140-6736(15) 
01027-2.

17. Alcon-Giner C, Dalby MJ, Caim S. Microbiota supple-
mentation with Bifidobacterium and Lactobacillus 
modifies the preterm infant gut microbiota and 
metabolome. Cell Rep Med. 2020;1(5):100077. doi: 
10.1016/j.xcrm.2020.100077.

18. Kristensen NB, Bryrup T, Allin KH, Nielsen T, 
Hansen TH, Pedersen O. Alterations in fecal microbiota 
composition by probiotic supplementation in healthy 
adults: a systematic review of randomized controlled 
trials. Genome Med. 2016;8(1):52. doi:10.1186/s13073- 
016-0300-5.

19. Zmora N, Zilberman-Schapira G, Suez J, Mor U, Dori- 
Bachash M, Bashiardes S, Kotler E, Zur M, Regev- 
Lehavi D, Brik RBZ, et al. Personalized gut mucosal 
colonization resistance to empiric probiotics is asso-
ciated with unique host and microbiome features. Cell. 
2018;174(6):1388–1405. e1321. doi:10.1016/j. 
cell.2018.08.041.

20. van Best N, Hornef MW, Savelkoul PH, Penders J. On 
the origin of species: factors shaping the establishment 
of infant’s gut microbiota. Birth Defects Res C Embryo 
Today. 2015;105(4):240–251. doi:10.1002/bdrc.21113.

e1826747-14 N. VAN BEST ET AL.

https://doi.org/10.1016/j.chom.2015.04.004
https://doi.org/10.1016/j.chom.2015.04.004
https://doi.org/10.1053/j.gastro.2020.01.024
https://doi.org/10.1053/j.gastro.2020.01.024
https://doi.org/10.1186/s40168-016-0216-8
https://doi.org/10.1186/s40168-016-0213-y
https://doi.org/10.1186/s40168-016-0213-y
https://doi.org/10.1038/s41591-019-0480-9
https://doi.org/10.1038/s41591-019-0480-9
https://doi.org/10.1159/000454668
https://doi.org/10.1053/j.gastro.2020.05.096
https://doi.org/10.1371/journal.pone.0158136
https://doi.org/10.1371/journal.pone.0158136
https://doi.org/10.1136/adc.2010.208710
https://doi.org/10.1159/000442936
https://doi.org/10.1186/s40168-018-0567-4
https://doi.org/10.1186/s40168-018-0567-4
https://doi.org/10.1371/journal.pcbi.1002687
https://doi.org/10.1126/sciadv.aax5727
https://doi.org/10.1126/sciadv.aax5727
https://doi.org/10.1371/journal.pone.0216762
https://doi.org/10.1016/S0140-6736(15)01027-2
https://doi.org/10.1016/S0140-6736(15)01027-2
https://doi.org/10.1186/s13073-016-0300-5
https://doi.org/10.1186/s13073-016-0300-5
https://doi.org/10.1016/j.cell.2018.08.041
https://doi.org/10.1016/j.cell.2018.08.041
https://doi.org/10.1002/bdrc.21113


21. Zivkovic AM, German JB, Lebrilla CB, Mills DA. 
Human milk glycobiome and its impact on the infant 
gastrointestinal microbiota. Proc Natl Acad Sci U S A. 
2011;108(Suppl 1):4653–4658. doi:10.1073/ 
pnas.1000083107.

22. Sela DA, Garrido D, Lerno L, Wu S, Tan K, Eom H-J, 
Joachimiak A, Lebrilla CB, Mills DA. Bifidobacterium 
longum subsp. infantis ATCC 15697 alpha-fucosidases 
are active on fucosylated human milk oligosaccharides. 
Appl Environ Microbiol. 2012;78(3):795–803. 
doi:10.1128/AEM.06762-11.

23. Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez- 
Bello MG, Contreras M, Magris M, Hidalgo G, 
Baldassano RN, Anokhin AP, et al. Human gut micro-
biome viewed across age and geography. Nature. 2012;486 
(7402):222–227. doi:10.1038/nature11053.

24. Chu DM, Ma J, Prince AL, Antony KM, Seferovic MD, 
Aagaard KM. Maturation of the infant microbiome 
community structure and function across multiple 
body sites and in relation to mode of delivery. Nat 
Med. 2017;23(3):314–326. doi:10.1038/nm.4272.

25. Nino DF, Sodhi CP, Hackam DJ. Necrotizing enteroco-
litis: new insights into pathogenesis and mechanisms. 
Nat Rev Gastroenterol Hepatol. 2016;13:590–600.

26. Esaiassen E, Hjerde E, Cavanagh JP, Pedersen T, 
Andresen JH, Rettedal SI, Støen R, Nakstad B, 
Willassen NP, Klingenberg C, et al. Effects of probiotic 
supplementation on the gut microbiota and antibiotic 
resistome development in preterm infants. Front 
Pediatr. 2018;6:347. doi:10.3389/fped.2018.00347.

27. Pammi M, Cope J, Tarr PI. Intestinal dysbiosis in pre-
term infants preceding necrotizing enterocolitis: 
a systematic review and meta-analysis. Microbiome. 
2017;5(1):31.

28. Mshvildadze M, Neu J, Shuster J, Theriaque D, Li N, 
Mai V. Intestinal microbial ecology in premature 
infants assessed with non-culture-based techniques. 
J Pediatr. 2010;156(1):20–25. doi:10.1016/j. 
jpeds.2009.06.063.

29. Zhou Y, Shan G, Sodergren E, Weinstock G, 
Walker WA, Gregory KE. Longitudinal analysis of the 
premature infant intestinal microbiome prior to necro-
tizing enterocolitis: a case-control study. PLoS One. 
2015;10(3):e0118632. doi:10.1371/journal. 
pone.0118632.

30. Claud EC, Keegan KP, Brulc JM, Lu L, Bartels D, 
Glass E, Chang EB, Meyer F, Antonopoulos DA. 
Bacterial community structure and functional contribu-
tions to emergence of health or necrotizing enterocolitis 
in preterm infants. Microbiome. 2013;1(1):20. 
doi:10.1186/2049-2618-1-20.

31. Fouhy F, Watkins C, Hill CJ, O’Shea C-A, Nagle B, 
Dempsey EM, O’Toole PW, Ross RP, Ryan CA, 
Stanton C, et al. Perinatal factors affect the gut micro-
biota up to four years after birth. Nat Commun. 2019;10 
(1):1517. doi:10.1038/s41467-019-09252-4.

32. Fujimura KE, Sitarik AR, Havstad S, Lin DL, Levan S, 
Fadrosh D, Panzer AR, LaMere B, Rackaityte E, 
Lukacs NW, et al. Neonatal gut microbiota associates 
with childhood multisensitized atopy and T cell 
differentiation. Nat Med. 2016;22(10):1187–1191. 
doi:10.1038/nm.4176.

33. Hansen R, Scott KP, Khan S, Martin JC, Berry SH, 
Stevenson M, Okpapi A, Munro MJ, Hold GL. First- 
pass meconium samples from healthy term 
vaginally-delivered neonates: an analysis of the 
microbiota. PLoS One. 2015;10(7):e0133320. 
doi:10.1371/journal.pone.0133320.

34. Sender R, Fuchs S, Milo R. Revised estimates for the 
number of human and bacteria cells in the body. PLoS 
Biol. 2016;14(8):e1002533. doi:10.1371/journal. 
pbio.1002533.

35. Esaiassen E, Cavanagh P, Hjerde E, Simonsen GS, 
Stoen R, Klingenberg C. Bifidobacterium longum sub-
species infantis bacteremia in 3 extremely preterm 
infants receiving probiotics. Emerg Infect Dis. 2016;22 
(9):1664–1666. doi:10.3201/eid2209.160033.

36. Bell MJ, Ternberg JL, Feigin RD, Keating JP, Marshall R, 
Barton L, Brotherton T. Neonatal necrotizing enteroco-
litis. Therapeutic decisions based upon clinical staging. 
Ann Surg. 1978;187(1):1–7. doi:10.1097/00000658- 
197801000-00001.

37. Walsh MC, Kliegman RM. Necrotizing enterocolitis: 
treatment based on staging criteria. Pediatr Clin North 
Am. 1986;33(1):179–201. doi:10.1016/S0031-3955(16) 
34975-6.

38. Orlikowsky TW, Trug C, Neunhoeffer F, 
Deperschmidt M, Eichner M, Poets CF. 
Lipopolysaccharide-binding protein in noninfected 
neonates and those with suspected early-onset bacterial 
infection. J Perinatol. 2006;26(2):115–119. doi:10.1038/ 
sj.jp.7211422.

39. Souvorov A, Agarwala R, Lipman DJ. SKESA: strategic 
k-mer extension for scrupulous assemblies. Genome 
Biol. 2018;19(1):153. doi:10.1186/s13059-018-1540-z.

40. Godon JJ, Zumstein E, Dabert P, Habouzit F, Moletta R. 
Molecular microbial diversity of an anaerobic digestor 
as determined by small-subunit rDNA sequence 
analysis. Appl Environ Microbiol. 1997;63 
(7):2802–2813. doi:10.1128/AEM.63.7.2802-2813.1997.

41. Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, 
Horn M, Glöckner FO. Evaluation of general 16S ribo-
somal RNA gene PCR primers for classical and 
next-generation sequencing-based diversity studies. 
Nucleic Acids Res. 2013;41(1):e1. doi:10.1093/nar/ 
gks808.

42. Berry D, Ben Mahfoudh K, Wagner M, Loy A. Barcoded 
primers used in multiplex amplicon pyrosequencing 
bias amplification. Appl Environ Microbiol. 
2011;77:7846–7849.

43. Callahan BJ, McMurdie PJ, Holmes SP. Exact sequence 
variants should replace operational taxonomic units in 

GUT MICROBES e1826747-15

https://doi.org/10.1073/pnas.1000083107
https://doi.org/10.1073/pnas.1000083107
https://doi.org/10.1128/AEM.06762-11
https://doi.org/10.1038/nature11053
https://doi.org/10.1038/nm.4272
https://doi.org/10.3389/fped.2018.00347
https://doi.org/10.1016/j.jpeds.2009.06.063
https://doi.org/10.1016/j.jpeds.2009.06.063
https://doi.org/10.1371/journal.pone.0118632
https://doi.org/10.1371/journal.pone.0118632
https://doi.org/10.1186/2049-2618-1-20
https://doi.org/10.1038/s41467-019-09252-4
https://doi.org/10.1038/nm.4176
https://doi.org/10.1371/journal.pone.0133320
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.3201/eid2209.160033
https://doi.org/10.1097/00000658-197801000-00001
https://doi.org/10.1097/00000658-197801000-00001
https://doi.org/10.1016/S0031-3955(16)34975-6
https://doi.org/10.1016/S0031-3955(16)34975-6
https://doi.org/10.1038/sj.jp.7211422
https://doi.org/10.1038/sj.jp.7211422
https://doi.org/10.1186/s13059-018-1540-z
https://doi.org/10.1128/AEM.63.7.2802-2813.1997
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1093/nar/gks808


marker-gene data analysis. Isme J. 2017;11 
(12):2639–2643. doi:10.1038/ismej.2017.119.

44. Davis NM, Proctor DM, Holmes SP, Relman DA, 
Callahan BJ. Simple statistical identification and 
removal of contaminant sequences in marker-gene 
and metagenomics data. Microbiome. 2018;6(1):226. 
doi:10.1186/s40168-018-0605-2.

45. Lagkouvardos I, Fischer S, Kumar N, Clavel T. Rhea: 
a transparent and modular R pipeline for microbial 
profiling based on 16S rRNA gene amplicons. PeerJ. 
2017;5:e2836. doi:10.7717/peerj.2836.

46. McMurdie PJ, Holmes S. phyloseq: an R package for 
reproducible interactive analysis and graphics of micro-
biome census data. PLoS One. 2013;8(4):e61217. 
doi:10.1371/journal.pone.0061217.

47. Chong J, Liu P, Zhou G, Xia J. Using 
MicrobiomeAnalyst for comprehensive statistical, func-
tional, and meta-analysis of microbiome data. Nat 
Protoc. 2020;15(3):799–821. doi:10.1038/s41596-019- 
0264-1.

48. Segata N, Izard J, Waldron L. Metagenomic biomarker 
discovery and explanation. Genome Biol. 2011;12(6): 
R60. doi:10.1186/gb-2011-12-6-r60.

49. Junick J, Blaut M. Quantification of human fecal bifi-
dobacterium species by use of quantitative real-time 
PCR analysis targeting the groEL gene. Appl Environ 
Microbiol. 2012;78(8):2613–2622. doi:10.1128/ 
AEM.07749-11.

50. United States Pharmacopeial Convention. In: food che-
micals codex. 9th, Suppl. 3. Rockville (MD: United 
States): United States Pharmacopeial; 2015.

51. Flipse J, von Wintersdorff CJH, van Niekerk JM. 
Appearance of vanD-positive Enterococcus faecium in 
a tertiary hospital in the Netherlands: prevalence of vanC 
and vanD in hospitalized patients. Sci Rep. 2019;9(1):6949.

52. von Wintersdorff CJ, Penders J, Stobberingh EE. High 
rates of antimicrobial drug resistance gene acquisition 
after international travel, The Netherlands. Emerg 
Infect Dis. 2014;20(4):649–657. doi:10.3201/ 
eid2004.131718.

e1826747-16 N. VAN BEST ET AL.

https://doi.org/10.1038/ismej.2017.119
https://doi.org/10.1186/s40168-018-0605-2
https://doi.org/10.7717/peerj.2836
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1038/s41596-019-0264-1
https://doi.org/10.1038/s41596-019-0264-1
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1128/AEM.07749-11
https://doi.org/10.1128/AEM.07749-11
https://doi.org/10.3201/eid2004.131718
https://doi.org/10.3201/eid2004.131718

	Abstract
	Introduction
	Results
	Study population characteristics
	Supplementation of probiotic bacteria affects the microbiota composition in early life
	Probiotic administration influences specific taxa of the endogenous microbiota
	Intestinal colonization by probiotic bacteria after cessation of supplementation
	Abundance of pathobionts and prevention of necrotizing enterocolitis

	Discussion
	Patients and methods
	Study design
	Culture, isolation, and whole-genome sequencing of probiotic strains
	Microbial profiling of fecal samples
	Microbiome data processing and statistics
	Detection of probiotic bacteria & antimicrobial resistance genes (qPCR)

	Acknowledgments
	Disclosure of Potential Conflicts of Interest
	Funding
	ORCID
	References

