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Preterm infants with very low birthweight are at serious risk for necrotizing
enterocolitis. To functionally analyse the principles of three successful pre-
ventive NEC regimens, we characterize fecal samples of 55 infants (<1500 g,
n =383, female = 22) longitudinally (two weeks) with respect to gut micro-
biome profiles (bacteria, archaea, fungi, viruses; targeted 16S rRNA gene
sequencing and shotgun metagenomics), microbial function, virulence fac-
tors, antibiotic resistances and metabolic profiles, including human milk oli-
gosaccharides (HMOs) and short-chain fatty acids (German Registry of Clinical
Trials, No.: DRKS00009290). Regimens including probiotic Bifidobacterium
longum subsp. infantis NCDO 2203 supplementation affect microbiome
development globally, pointing toward the genomic potential to convert
HMOs. Engraftment of NCDO 2203 is associated with a substantial reduction of
microbiome-associated antibiotic resistance as compared to regimens using
probiotic Lactobacillus rhamnosus LCR 35 or no supplementation. Crucially,
the beneficial effects of Bifidobacterium longum subsp. infantis NCDO

2203 supplementation depends on simultaneous feeding with HMOs. We
demonstrate that preventive regimens have the highest impact on develop-
ment and maturation of the gastrointestinal microbiome, enabling the estab-
lishment of a resilient microbial ecosystem that reduces pathogenic threats in
at-risk preterm infants.

About eleven percent of all infants worldwide are born prematurely,
i.e., before 37 weeks’ gestation'. Very low birth weight (VLBW) preterm
infants (<1500 g) are particularly vulnerable to acute and long-term
clinical complications. Of particular concern is the development of
necrotizing enterocolitis (NEC), a serious gastrointestinal threat that
occurs in 7-11% of VLBW infants”. In such cases, mortality can reach up
to 30%".

NEC is a devastating multifactorial disease that is driven in part by
perturbations of the microbiome, including colonization and

overgrowth of certain microbes with potentially pathogenic potential
such as Escherichia coli or Clostridium perfringens®.

Given the rapid onset of NEC, a number of neonatal intensive care
units (NICUs) have developed specific NEC prophylaxis programmes
that include the use of probiotics, antibiotics, and differentiated
feeding protocols and that have resulted in a recent, substantial
decrease in NEC rates in preterm infants’.

Probiotic treatments are usually based on the use of Bifido-
bacterium and Lactobacillus species®. Bifidobacterium, in particular, is
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considered as an important member of the resident infant microbiome
that is maintained into early childhood and promotes healthy infant
development’®,

Antibiotics are administered intravenously at the first signs of
infection to control early-onset sepsis. As a result, the majority of
VLBW infants are exposed to antibiotics in the first few days of life and
for extended periods of time’. A number of publications have
emphasized the need for responsible antibiotic usage in such vulner-
able patients, as their use is associated with the risk of infection with
multi-drug resistant (MDR) microorganisms'® and is believed to have
other, largely unknown, long-term effects. Overall, antibiotic exposure
is often considered as preventable®",

Additionally, the use of enteral antibiotics may be effective as NEC
prophylaxis. The findings of the Cochrane Neonatal Collaborative
Review Group' suggest that oral administration of prophylactic ent-
eral antibiotics results in a statistically significant reduction in NEC and
in NEC-related deaths in low-birth-weight preterm infants. However,
the risks of enteral antibiotics have not yet been quantified; thus, this
strategy has never been widely adopted due to concerns about the
emergence of resistant bacteria and the absorption of antibiotics from
the gut®. However, such adverse effects have not been reported
so far™.

Human milk (HM), the gold standard for infant feeding, is a sur-
prisingly complex synbiotic that contains probiotic bacteria and pre-
biotics to nourish probiotic bacteria. Prebiotic human milk
oligosaccharides (HMOs) are complex carbohydrates present in large
quantities in HM that are not broken down by intestinal enzymes.
Therefore, they serve only as a specific substrate for certain bacteria in
the infant’s gastrointestinal tract (GIT), such as mainly Bifidobacterium
(Bifidobacterium bifidum and Bifidobacterium longum subsp. infantis)
but also Bacteroides (Bacteroides vulgatus and Bacteroides fragilis)™".
Indeed, Bifidobacterium is enriched in infants fed HM", due to its
ability to metabolize HMOs. The sophisticated, individual complexity
of HM can only be partially mimicked by formula milk (FM); never-
theless, newer products also contain standardized pre- and probiotics
for optimal nutrition.

Southern Austrian neonatal units have implemented various
combinations of these prophylactic measures with great success,
resulting in an exceptionally low average NEC rate of 2.9% in VLBW
infants (2007-2016%).

In this work, we take the opportunity to deeply analyse the
mechanism for success across these different regimens on the level of
the gut microbiome and metabolome.

We recruited 55 VLBW infants in three closely neighboured hos-
pital centers (Graz, Klagenfurt, Leoben), that differ in antibiotic treat-
ment (enteral gentamicin or none), antifungal treatment (enteral
nystatin or parenteral fluconazole), probiotic use (Lactobacillus rham-
nosus LCR 35, Bifidobacterium longum subsp. infantis NCDO 2203 in

combination with Lactobacillus acidophilus NCDO 1748, or none) and
feeding (HM, FM). Using a multi-omics approach, we examine the
composition and function of the microbiome and its metabolites in the
first weeks of life to understand the importance of the interactions
among dietary components, antibiotics and probiotics.

Our study differs from previous studies in that a focus is placed on
different NEC-prevention protocols, not in just one but in three dif-
ferent clinics. This study setup also allowed us to avoid the proble-
matic cross-contamination of probiotics into the control groups'?.
To understand the effects and mechanisms of the different treatments,
we analyse the microbiome on a multi-kingdom level and include
functional metagenomics and metabolomics, as well as genome pro-
filing on the species level. We conclude our study with a suggestion to
further improve existing protocols to support a healthy microbiome
development in VLBW infants by combining effective probiotics
(including Bifidobacterium longum subsp. infantis NCDO 2203) and
human milk.

Results

Details on the study design are provided within the Methods. In brief,
fecal samples were collected prospectively in three independent
NICUs in Austria using a different NEC prophylaxis regimen (Table 1, in
Methods) from preterm infants with a birthweight <1500 g. Samples
were collected every other day, starting with the meconium, up until
two weeks of age. The study groups do not differ statistically sig-
nificantly in any observed metadata except for the length of hospital
stay of the mothers after birth?, Table 2 therein).

It should be mentioned that the three clinical situations studied
here differed in a number of confounding factors, both recorded and
possibly unrecorded, and we can only draw conclusions based on the
overall setting in each NICU, which includes medication and probiotic
regimens. However, the three hospitals are geographically very close
to each other, so the patient catchment area also overlaps, and we may
consider other factors to be minor compared with the medication and
feeding protocols. Indeed, PERMANOVA analyses revealed that the
combined variables Bifidobacterium administration (yes/no), feeding
protocol (formula milk, FM; human milk, HM; mixed), gentamycin
administration (yes/no) had the same or even stronger effect
(R2=0.6763 (time point 7), R2 = 0.3430 (tp3), R? = 0.2710 (all); p = 0.001
(all tests)), than the grouping according to the hospital (R*=0.6763
(time point 7), R* = 0.2618 (time point 3), R* = 0.2623 (all); p = 0.001 (all
tests)), indicating that the major observed differences were indeed
driven by the regimens (Suppl. Table 1, amplicon dataset).

Early-life therapy regimen influences microbiome composition
and development across all microbial domains

Assessing the microbial composition of all infants with metagenomic
analyses and 16S rRNA gene sequencing, we detected an association of

Table 1| Prophylactic regimens of probiotics, antibiotics, antifungals and feeding protocols of the three different neonatal
intensive care units (NICUs): Graz (G), Klagenfurt (K), and Leoben (L)

NICU Graz (G)

NICU Klagenfurt (K)

NICU Leoben (L)

Probiotics “Antibiophilus” “Infloran” None

Lactobacillus rhamnosus Bifidobacterium longum subsp. infantis

LCR 35 NCDO 2203

1x10° CFU/d, oral., 2 x10° CFU/d

split into 2 doses per day Lactobacillus acidophilus NCDO 1748

2 x10° CFU/d in combination, oral

Antibiotics Gentamicin None Gentamicin

7 mg/kg, every 12 h, oral 7 mg/kg, every 12 h, oral
Antifungal agents Nystatin Fluconazole Nystatin

10,000 U/kg every 6 h, oral

6 mg/kg, every 72 h (<1000 g BW), intravenous

10,000 U/kg every 6 h, oral

Feeding Protocol HM favored over FM

FM and in few cases additionally pasteurized HM

HM favored over FM

CFU Colony forming units, HM Human milk, FM Formula milk.
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Table 2 | Distribution of overall metagenomic reads across the domains of life and between the centers on different

taxonomic levels

Overall reads

Level 1

Level 2

Level 3

Domains

Archaea

Methanogens

Methanobrevibacter

Merhanohmv-' o

bacter

14.58%

Bacteria

Bacteria
99.62%

Bacterial Genera

Enterococcus

38.15%

Lactobacillus

Lactobacillus
2.66%

7N

Escherichia
2.1%

Enterococcus

Enterococcus
55.54% 50.2%

5.32% N
\

Bifidobacterium

Staphylococcus Geobacillus
4.28% 0.51%
AN
\FE 4
»
Ascomycota - Basidiomycota| Ascomycota- Basidiomycota Ascomycota Basidiomycota
I e F 1450
A | » ‘ A
Asco-Basidio 10.38%| Ascomycota <05 | Basidiomycota

Asco-Basidio
020% 0.09%
[3
- 28.05%

Viruses

38.15 Phages

the preventive NEC regimen on all microbial domains and groups,
including bacteria (99.62% of all metagenomic reads), their phages and
viruses (0.15%), but also on archaea (0.04%) and fungi (Ascomycota/
Basidiomycota: 0.09%) (Table 2, Fig. 1, Fig. 2).

The role or even presence of archaeal signatures in the premature
infants’ gut is still unclear and underexplored. Previous publications

concluded that infants generally do not carry a substantial amount of
archaea until five years of age?, and especially in preterm infants,
archaea were found only in a little proportion of screened infants*.
Our archaea-focused approach enabled us to successfully detect
290 different ASVs with amplicon-based analyses and 75 different
archaeal species with metagenomic-based sequencing. In particular,
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Fig. 1| Overall distribution and abundances of microbial signatures of different
domains, according to the different centers. a Stacked bar plot of relative
abundances of the top ten archaeal genera in the amplicon data set, displayed per
center at time points (tp) tpl-7. b Stacked bar plot of the top ten relative abun-
dances of methanogenic archaeal genera in the MGS (metagenomic) dataset for tp7
per center. ¢ Box plot of relative abundances of the top eleven methanogenic
archaeal genera per center (MGS data, tp7, n =23 biologically independent sam-
ples, DSeq2): Methanocorpusculum: K:G g < 0.001, K:L ¢ <0.001, G:L g=0.945;
Methanosarcina: K:G g =0.261, KL g=0.054, G:L g = 0.945; Methanobrevibacter:
K:G ¢=0.052, K:L ¢=0.138, G:L g = 0.945; Methanospirillum: K:G g < 0.001, K:L
g<0,001, G:L g = 0.192; Methanoculleus: K:G g < 0.001, K:L ¢ =0.009, G:L g = 0.945;
Methanosphaera: K:G g =0.028, K:L g = 0.138, G:L g = 0.945; Methanohalobium: K:G
g=0.052, K:L ¢=0.774, G:L g = 0.945; Methanocaldococcus: K:G g =0.237, K:L
q=0.576, G:L g = 0.945; Methanococcoides: K:G ¢ =0.112, K:L ¢g=0.264, G:L
q=0.945; Methanococcus: K:G g=0.371, K:L ¢=0.964, G:L g =0.945. d Box plot of
relative abundances of the top ten genera of Ascomycota and Basidiomycota per
center (MGS data, tp7, n =23 biologically independent samples, DSeq2): Malasse-
zia: K:G ¢=0.021, K:L g=0.095, G:L g =0.792; Neurospora: K:G g <0.001, K:.L

Staphylococcus phage 53 sensu lato
Staphylococcus phage CNPH82
Staphylococcus phage 44AHID
Lactobacillus phage Lv-1

Staphylococcus phage 2638A

Mycobacterium phage 244
Mycobacterium phage Ciw1l
Staphylococcus phage EW
Mycobacterium phage L5

other

Il
EEN

<

q=0.001, G:L g =0.856; Neosartorya: K:G g <0.001, K:L ¢<0.001, G:L g=0.995;
Aspergillus: K:G ¢ <0.001, K:L g <0.001, G:L g=0.995; Saccharomyces: K:G
q=0.289, K:L ¢=0.035, G:L g =0.995; Penicillium: K:G g < 0.001, K:L g < 0.001, G:L
q=0.995, Coprinopsis: K:G g <0.001, K:L ¢<0.001, G:L g =0.995; Clavispora: K:G
q=0.293,K:L g=0.04, G:L g = 0.291; Lodderomyces: K:G g = 0.056, K:L g = 0.834, G:L
q=0.006; Gibberella: K:G g=0.056, K:L g = 0.785 0.04, G:L g = 0.785. e Stacked bar
plot of the relative abundances of the top ten genera of Ascomycota and Basidio-
mycota in the MGS dataset for tp7 per center. f Stacked bar plot of the top 25
relative abundances of phage species in the MGS dataset for tp7 per center. Sig-
nificance levels are indicated with asterisks for g <0.001 (**), g < 0.01 (*), ¢<0.05
(*) for differentially abundance testing by DSeq2, adjusted for multiple compar-
isons. Centers are abbreviated by G (Graz), L (Leoben) and K (Klagenfurt). For
boxplots, the upper, middle and lower horizontal lines of the box represent the
upper, median and lower quartile; their whiskers depict the smallest or largest
values within 1.5-fold of the interquartile range. Top genera/species were calculated
across all samples. Source data are provided as a Source Data file (see Github
repository).
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Bacterial genera (top 10) grouped by time point and center
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Fig. 2 | Distribution of bacterial taxa between the centers and influence of
probiotic species. a Box plot of relative abundances of the top ten bacterial genera
per center (amplicon data, tp7, n =23 biologically independent samples, DSeq2)
Enterococcus: K:G g < 0.001, K:L ¢<0.001, G:L g =1; Bifidobacterium: K:G g < 0.001,
K:L ¢<0.001, G:L g=1; Staphylococcus: K:G g=0.642, K:L =1, G:L g=0.274; Lac-
tobacillus: K:G g=0.034, K:L ¢ < 0.001, G:L g < 0.001; Geobacillus: K:G g < 0.001, K:L
q<0.001, G:L q =1; Escherichia-Shigella: K:G g=1,K:L g = 0.979, G:L g =1; Klebsiella:
K:Gg=1,K:Lg<0.001, G:L g < 0.001; Enterobacter. K:G g =0.916, K:L g < 0.001, G:L
q=1; Streptococcus: K:G g =0.018, KL g=0.443, G:L g=0.765; Veillonella: K:G
g=0.050, K:L g=0.111, G:L ¢ =0.768; b Stacked bar plot of relative abundances of
top ten bacterial genera in the amplicon data set per center each at time points
tpl-7. ¢ Krona chart of the distribution of species of the Lactobacillus genus
between the centers (MGS data, tp7). d Log percentages of relative abundance of
probiotically administered Lactobacillus genera (MGS data, tp7, n =23 biologically
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independent samples, DSeq2) Lactobacillus acidophilus: K:G g=0.003, K:L
q=0.002, G:L g=1; Lactobacillus rhamnosus: K:G g < 0.001, K:L g=0.001, G:L
q=0.001 (i) L. acidophilus NCDO 1748 and (ii) L. rhamnosus LCR 35. e Biplot of
BioEnv with correlations of the Euclidean distances for the metadata of dissim-
ilarities between the centers (administration of gentamicin, of probiotic Lactoba-
cillus or Bifidobacterium and human milk), amplicon data. G in red, K in blue, L in
green; significance levels are indicated with asterisks for g < 0.001 (***), ¢ < 0.01 (**),
g <0.05 (*) for differentially abundance testing by DSeq2, adjusted for multiple
comparisons. Centers are abbreviated by G (Graz), L (Leoben), and K (Klagenfurt).
For boxplots, the upper, middle and lower horizontal lines of the box represent the
upper, median, and lower quartile; their whiskers depict the smallest or largest
values within 1.5-fold of the interquartile range. Source data are provided as a
Source Data file (see Github repository).
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Methanobrevibacter was abundant, as it was detected in all infants in at
least one sample and across all time points. In addition to typical
human-associated archaea, Methanobrevibacter, Methanosphaera,
Methanomethylophilaceae (incl. Methanomassiliicoccus), and various
Nitrososphaeria (likely derived from skin sources)* (Fig. 1a, amplicon
data), abundant signatures of Methanosarcina and Methanocorpuscu-
lum were additionally identified using shotgun metagenomics (Fig. 1b,
MGS data), indicating that even VLWB newborns are in contact with a
wide diversity of archaea. Archaea reflected the center, with, for
example, Methanocorpusculum and Methanospirillum being sig-
nificantly more abundant in samples from Klagenfurt (K) (Methano-
corpusculum,DESeq2, K:G g < 0.001, K:L g < 0.001), than in Graz (G) and
Leoben (L) (Fig. 1c, MGS data).

The contribution of fungal signatures to the overall microbiome
was largely limited (also probably due to the application of antifungals)
to Basidiomycota and Ascomycota (Fig. 1d, e, MGS data), which,
however, also revealed a center-specific pattern: Neosarorya, Peni-
cillum, Aspergillus and Coprinopsis (significantly increased in G and L
with DESeq2 g < 0.001) were antiparallel to Malassezia, Neurospora and
Clavispora, which were increased in K.

In order to confirm the center-specific profiles of the multiple-
component microbiome data (further details, see below), a network
analysis was performed based on the ten most differentially abundant
genera of bacteria, methanogens, ascomycota/basidiomycota and
phages (Suppl. Fig. 2 MGS data). The network revealed the formation
of two separate clusters, whose nodes were mainly composed of K taxa
and taxa from G and L, respectively. Those two clusters were con-
nected with negative associations only, underlining the separating
effect of the different regimens (see also PERMANOVA results, men-
tioned above). Some taxa were even shared by both centers (e.g.,
Methanococcus, Candida), suggesting an interaction between the
domains.

Supplemented Bifidobacterium longum subsp. infantis out-
weighs natural pathobiont colonizers and co-administered
Lactobacillus acidophilus

The bacteriomes of the infants were mainly characterized by the pre-
dominance and differential abundance of six bacterial key taxa, namely
Enterococcus, Bifidobacterium, Lactobacillus, Staphylococcus, Geoba-
cillus and Escherichia (Fig. 2a, amplicon data, tp7).

Enterococcus was found to predominate the bacterial microbiome
in G and L (-77%), followed by Lactobacillus and Staphylococcus, the
relative abundance of which decreased with maturation. In contrast,
the K samples were dominated by Bifidobacterium at each time point
and reached a relative abundance of > 82% at tp7 (Fig. 2b, amplicon
data). Thus, G and L were dominated by a typical colonizer of the Gl in
preterm infants, whereas K samples showed an overall predominance
of a supplemented probiotic taxon. The phenomenon of detection of
Geobacillus signatures exclusively in K samples has been discussed
previously” and in the next section.

Notably, 16 of all 89 phage species were strongly associated with
bacterial key species, resulting in a center-specific, strongly differing
phage profile (Fig. 1f, MGS data). No bacteriophages were identified for
Bifidobacterium, Escherichia-Shigella and Geobacillus; however, other
phages from key species correlated with the relative abundance of
their host, exemplified by Streptococcus in Suppl. Fig. 3. In particular,
phages targeting Lactobacillus (Kruskal-Wallis; G:K g=0.004, G:L
g=0.003) and Enterococcus (Kruskal-Wallis; KL ¢=0.012) were
lowest in K.

Shotgun metagenomics confirmed the significantly differential
abundance of Bifidobacterium in the three centers that was already
observed in the amplicon sequencing approach (DESeq2, K:G
g<0.001, K:.L g<0.001). Although B. longum subsp. infantis NCDO
2203 was the only Bifidobacterium administered in K, nine additional
Bifidobacterium species were detected, with six species present in all K

infants (B. longum, B. dentium, B. breve, B. bifidum, B. animalis, B.
adolescentis). B. longum accounted for 95% of all reads from Bifido-
bacterium, and indeed this taxon was verified as Bifidobacterium
longum subsp. infantis NCDO 2203 by genomic comparisons (see
Material and Methods and Suppl. Table 3b). These analysis results
support our assumption that the major Bifidobacterium signatures in K
infants were indeed from the administered probiotic. Of note, the
signatures of B. longum subsp. infantis are abbreviated as B. infantis in
the following.

Naturally, bifidobacteria are uncommon in the premature infants’
Gl in the first days of life and start colonizing naturally beginning from
week four and on®”. Our data also indicate an absence of bifido-
bacteria in preterm infants who did not receive it via supplementation.
Furthermore, administration of B. infantis NCDO 2203 resulted in very
high abundances over other bacteria, including the co-administered L.
acidophilus NCDO 1748: Although both probiotic species, B. infantis
NCDO 2203 and L. acidophilus NCDO 1748, were administered in equal
amounts in K, L. acidophilus NCDO 1748 was substantially lower in
abundance than the predominant B. infantis NCDO 2203 (0.21% rela-
tive abundance of L. acidophilus NCDO 1748 at tp7 vs. 75.69% relative
abundance of B. infantis NCDO 2203). We suggest, that the colonizing
potential of B. infantis NCDO 2203 is higher than the one of L. acid-
ophilus NCDO 1748 probably due to its different metabolic capacities.
In agreement with our data, it was already shown before, that lacto-
bacilli do not colonise the preterm gut in large numbers®.

Probiotic administration of lactobacilli increases their natural
abundance and diversity

In total, 27 species of the genus Lactobacillus (see details on classifi-
cation issues in Methods), were detected by shotgun sequencing with
different profiles between the centers (Fig. 2¢). Probiotic lactobacilli
were administered only in K (L. acidophilus NCDO 1748) and G (L.
rhamnosus LCR 35). The presence of these lactobacilli in the infants’
intestinal samples was confirmed by amplicon sequencing but also by
read-mapping (Fig. 2d, Suppl. Table 3a).

Lactobacillus rhamnosus was also detected with low relative
abundance (3%) in L, where it was not administered, suggesting that
this species is alow abundant part of the natural infant gut microbiome
of preterm infants and is possibly transmitted through breastfeeding
or other sources”. In G, L. rhamnosus LCR 35 exhibited the highest
abundance in G infants (21%) indicating a seven-fold increase in pro-
biotic lactobacilli through its probiotic administration. K had the
lowest absolute Lactobacillus abundance, with 56% of all Lactobacillus
reads representing L. acidophilus NCDO 1748, the species administered
there (K: 45,268 reads; G: 10,207; L: 12,431). Similar to L. rhamnosus, L.
acidophilus was also detected in almost all infants in all centers, even
when not supplemented as probiotics (Fig. 2d).

Although L. acidophilus NCDO 1748 was administered in K, it does
not result in high abundances, compared to B. infantis NCDO 2203
administered at the same concentration. This is reflected by an L.
acidophilus NCDO 1748 / B. infantis NCDO 2203 ratio of ~1:300 and
Lactobacillus: Bifidobacterium ratio of -1:200 (for genera see Suppl.
Table 4).

PERMANOVA analyses confirmed the superior impact of Bifido-
bacterium (R*=0.2084 (all samples), R?=0.1258 (tp 3), R>=0.5716
(tp7)) over Lactobacillus administration (R?>=0.04733 (all samples),
R?=0.0631, R?=0.1394), explaining up to 57.16% and 13.94% of the
observed variance, respectively (Suppl. Table 1). The dominance of
Bifidobacterium over Lactobacillus could also be underlined with the
BioEnv Biplot (Fig. 2e, amplicon data). This plot shows the metadata
whose Euclidean distances have the maximum (rank) correlation with
community dissimilarities. In particular, the administration of Bifido-
bacterium and gentamicin correlated strongly with dissimilarities
between the centers, whereas the administration of lactobacilli and
HM correlates to a lesser degree.
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Fig. 3 | Replication values for MAGs, distribution of potentially NEC causing g =0.949; fatty acids: K:G ¢ < 0.001, K:L g < 0.001, G:L g = 0.949; phages prophages:
microbes, and specific functions. a Retrieved MAGs per center, individual and K:G ¢=0.997,K:L g = 0.640, G:L g = 0.949; pathogenicity islands: K:G g = 0.859, K:L
time points tpl, tp3 and tp7: availability, quality, iRep replication status [min: 1.348,  ¢=0.305, G:L g = 0.849; transposable elements: K:G g < 0.001, K:L ¢ <0.001, G:L
max: 1.998, mean: 1.654] and taxonomic placement; b Read numbers of microbial g =0.949; toxins and superantigens: K:G g =0.005, K:L ¢ <0.001, G:L ¢=0.760;. G
species that were correlated with NEC (Necrotizing Enterocolitis) previously, per in red, K in blue, L in green; significance levels are indicated with asterisks for
center and per individual, MGS data. ¢ Stacked bar plot of relative abundances of ¢ <0.001 (***), ¢ <0.01 (*), ¢ <0.05 (*) for differentially abundance testing by

top fifteen microbiome functions per center, MGS data; d reads of ten selected DSeq2, adjusted for multiple comparisons. Centers are abbreviated by G (Graz), L
differentially abundant functions per center at tp7, MGS data, n =23 biologically (Leoben), and K (Klagenfurt). For boxplots, the upper, middle, and lower horizontal
independent samples: respiration: K:G g=0.007, K:L g =0.014, G:.L ¢=0.703; oxi- lines of the box represent the upper, median, and lower quartile; their whiskers
dative stress: K:G g <0.001, K:L ¢ <0.001, G:L g =0.949; osmotic stress: K:G depict the smallest or largest values within 1.5-fold of the interquartile range.
g<0.001, K:L g<0.001, G:L g=0.949; acid stress: K:G ¢=0.033, KL g=0.029, G:CL  Source data are provided as a Source Data file (see Github repository).

Key species are reflected by MAGs and active replication of >1), and in consequence indicate niche colonization by probiotic (B.
probiotic species could be inferred infantis NCDO 2203 and L. rhamnosus LCR 35) or naturally pre-
Samples from tp3 (days 5-8) and tp7 (days 13-21) allowed for deep dominant bacteria (E. faecium) (Fig. 3a, MGS data).

metagenomic sequencing and genome binning. Metagenome assem- Notably, high-quality G. stearothermophilus genomes with iRep

bled genomes (MAGs) were obtained for B. infantis NCDO 2203 (K), G.  values above 1.41 were isolated from four out of eight infant samples
stearothermophilus (K), E. faecium (G, L), E. coli (K), L. rhamnosus (G), from K (tp7) (see also ref. %). G. stearothermophilus is a frequent, most
Veillonella parvula (G, inactive), Klebsiella oxytoca (G, inactive) and  probably harmless contaminant in milk plants®, which probably trans-
Escherichia flexneri (L, inactive). Successful binning of the bacterial forms to an active form during formula milk preparation and is then
genomes followed the scheme of probiotic supplementation, with B.  ingested by the infant. Thermophilic G. stearothermophilus grows in the
infantis NCDO 2203 MAGs in K samples and L. rhamnosus LCR35MAGs  temperature range of 40-70 °C, with optimal growth rates achieved at
in G samples. Of the L samples, only MAGs of Enterococcus faecium  55-65°C**; thus, an active proliferation in the infant Gl is unlikely.
were obtained (Fig. 3a, MGS data). Application of iRep®® suggested that  Staphylococcus MAGs could not be retrieved, despite its high abun-
MAGs might correspond to actively replicating bacteria (iRep values dance and identification as a key microorganism in this study (Fig. 3a).
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Low level occurrence of diverse types of potentially pathogenic
bacteria

Next, we searched specifically for signatures that had been associated
with outbreaks or cases of NEC in previous reports”. In our shotgun
metagenomic dataset, we identified E. faecalis as having the highest
abundance in this dataset, while S. epidermidis, E. coli and others were
found in varying amounts in samples from tp7 (Fig. 3b). While the
infants from the other centers showed a more or less homogenous
presence of potential NEC-causing microorganisms, the hits in K
samples concentrated solely on two infants, K16 and K18 (Fig. 3b).
Reads of E. faecalis derived mainly from K18, whereas a high number of
E. coli signatures originated almost exclusively from K16, the only
infant in this subset that developed NEC later on. Furthermore, a MAG
of probably active E. coli could be obtained from this infant at tp7 (i.e.,
14 days after birth), suggesting the possible initial bloom of E. coli
already at this early time point before NEC is usually diagnosed. As E.
coli MAGs were not retrieved from any other sample, our data support
the potential for microbiome analyses to be used for NEC monitoring
and diagnosis (Fig. 3a).

Functional profiles possibly mirror earlier gut maturity in
infants following regiments with B. infantis

We also profiled microbiome functional characteristics at tp7 given the
sufficient sequencing coverage obtained at this time point (Fig. 3c,
MGS data). K samples showed an overall significantly reduced level of
genes involved in osmotic stress, acid stress and respiration (DESeq2,
osmotic stress, K:G g <0.001, K:L g <0.001; acid stress; K:G g=0.033,
K:L g =0.029; respiration; K:G ¢=0.007, K:L g=0.014). Additionally,
the GI microbiome in K was capable to degrade more complex sugars
reflected by the increased relative abundance of genes involved in
polysaccharide metabolism, which was also confirmed by metabo-
lomics (Fig. 3d; see also below). Summing up those points, it seems as if
already rather anaerobic and more complex metabolism takes place in
K than in G and L. In general, complex metabolism and anoxic envir-
onment are characteristics of a more mature gut microbiome.

Notably, the number of genes related to transposable elements
(involved in the distribution of pathogenic genomic features), were
significantly higher in K samples (Kruskal-Wallis, K:G g <0.001, K:L
g <0.001), suggesting a potentially higher bacterial pathogenesis sig-
nature in these infants.

Next, we performed NMR-based metabolomics on 111 samples
from tpl, tp3 and tp7 to determine the concentration of short-chain
fatty acids (SCFAs) and complex sugars in the infants’ stool samples.
We found a general increase in acetic acid, formic acid, valeric acid and
butyric acid over time in all centers, regardless of the microbiome
composition or probiotic supplementation (Suppl. Fig. 4a-d). How-
ever, unlike previous reports, we observed an unexpected spike in
propionic acid at tp3 in all centers (Suppl. Fig. 4e)**. We hypothesize
that this spike in propionic acid is related to a delayed uptake of
propionate by the intestinal epithelium during maturation.

Human milk supports Bifidobacterium by associated HMO con-
version which is impaired by formula milk feeding

Genes involved in carbohydrate metabolism were the most abundant
functional features in our shotgun metagenomic dataset. Notably, the
samples from K had a significantly lower proportion than the other
centers (Kruskal-Wallis, K:G g=0.005, K:L g=0,026). Upon further
examination, particularly genes involved in the metabolism of mono-
saccharides were significantly lower in K than in L (Kruskal-Wallis,
g<0.001) (Fig. 4a). The significantly lower availability of mono-
saccharides in K was confirmed by a representative, metabolomic-
based quantitative assessment of glucose and fructose. However, an
overall increase of both compounds was observed in all centers over
time (Suppl. Fig 4f, g). Similarly, genes involved in metabolism of di-
and oligosaccharides were reduced in K samples, but not significantly

(Fig. 4a). In contrast, the gene proportion involved in polysaccharide
metabolism was found to be significantly increased in K samples
(Kuskal-Wallis-test, K:G g < 0.001, K:L g <0.001) (Fig. 4a), indicating a
higher genetic potential for the metabolism of complex sugars in K.

To answer the question regarding the genetic potential for com-
plex HMO degradation, we searched for HMO gene clusters in the
obtained MAGs and contigs. Indeed, the potential for HMO metabo-
lism was notably higher in samples from K (Fig. 5d). The total hits with
HMO gene clusters were G: 45, K: 307, L: O, indicating a seven-fold
higher numbers of HMO genes in K than in G. Moreover, only one MAG
from G17 possessed the potential to convert and digest HMOs, in
contrast to all infants from K with at least one MAG (Fig. 5d).

Using metabolomics, we assessed HMOs in the preterm stool
samples. A total of 13 HMOs were detected measuring 111 stool samples
at tpl, tp3 and tp7 (Fig. 4b). For most fucosylated HMOs (2’-fuco-
syllactose [2’FL], 3’fucosyllactose [3’FL], lacto-N-ducopentaoise I
[LNFP1], lacto-N-fucopentaose Il [LNFP3], lacto-N-difuco-hexaose
[LNDFH], lactodifucotetraose [LDFT]) as well as LS-tetrasaccharide a
[LSTa] and lacto-N-tetraose [LNT], at time point 7, a significantly
decreased amount for K samples was detected as compared to G and L
(Kruskal-Wallis; 2’FL, K:G g =0.091, K:L g=0.033; 3’FL, K:G ¢=0.062,
K:L g=0.020; LDFP3, K:G g=0.003, KL ¢g=0.009; LNDFH, K:G
g=0.059, K:L g=0.003; LDFT, K:G ¢=0.091, K:L ¢=0.003; LSTa, K:G
g=0.003, K:L g=0.003; LSTb, K:G ¢=0.062, K:L g=0.020) (Fig. 4ci).
For syalisated HMOs (such as 3’-sialyllactose [3’SL], 6”-sialyllactose [6’
SL], LS-tetrasaccharide b [LSTb], LS-tetrasaccharide c [LSTc], but also
lacto-N-neotetraose [LNnT]), few differences between centers or time
points were observed (Fig. 4cii).

We conclude that the K microbiomes have the largest potential to
degrade HMOs effectively; however, this process is impaired by the
lowered availability of HMOs by preferred formula feeding.

Regimens and their key taxa correlate with crucial metabolites,
antibiotic resistance genes, and virulence factors

We were interested in the correlations among the six microbial key
players with HMOs, carbohydrates, amino acids and short-chain fatty
acids, as measured using metabolomics (Fig. 5a) (additional metabo-
lites are shown in Suppl. Fig. 5). Bifidobacterium (K) showed positive
correlations with several carbohydrates (galactose and fructose), and
weaker ones, with certain amino acids and short-chain fatty acids. It
appears under HMO-depleted conditions, Bifidobacterium uses galac-
tose and fructose as alternative substrates for its carbohydrate meta-
bolism, producing formate and acetate. In the absence of
Bifidobacterium (G and L), the role of formate and acetate production
is taken over by Enterococcus, indicating its importance for early SCFA
production, probably from citrate or pyruvate®. Staphylococcus
showed an inconsistent pattern across the centers, supporting our
hypothesis that this microorganism played a smaller role for the pre-
term GIT. The metabolic pattern of Lactobacillus (G, K) could not be
clearly resolved, as lactate was not included in the metabolomic
approach.

The antibiotic gentamicin (used in G and L; Table 1) has a broad
spectrum of activity including: Enterobacter, Escherichia, Proteus,
Klebsiella, Pseudomonas, Serratia and Staphylococcus™. Surprisingly,
the influence of gentamicin on these genera was not evident in the
preterm microbiome samples, and only limited perturbations were
observed. However, it should be noted that, in this study, gentamicin
was administered enterally and not intravenously, which may result in
an altered mode of action. Acquired resistance to the gentamicin
administered was rarely detected.

Overall, clear differences were observed in the antibiotic resis-
tance (AMR) profiles between the key genera (Fig. 5b) and centers
(Fig. 5¢). AMR potential of the MAGs was substantially reduced in K
samples as compared to samples from G and L (G: 93 hits, K: 35 hits, L:
123 hits), once again highlighting the influence of Bifidobacterium on
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Fig. 4 | Distribution patterns of sugars and HMOs. a Differentially abundant
functions (metagenomic dataset) associated with saccharides (di- and oligo-
saccharides, monosaccharides and polysaccharides) between the centers, tp7,
n=23; Monosaccharides: K:G g < 0.001, K:L ¢ <0.001, G:L g=0.949; Di- and Oli-
gosaccharides: K:G g=0.057, K:L ¢<0.001, G:L g =0.949; Polysaccharides: K:G
g<0.001, K:L ¢<0.001, G:L g=0.949; b differentially abundant Human Milk Oli-
gosaccharides (HMOs) between centers (metabolomic dataset, tp7, n =23 biolo-
gically independent samples) LDFT: K:G ¢=0.091, K:L g=0.003, G:L g=1; LNDFH:
K:Gg=0.059,K:Lg=0.003,G:Lg=1; LNFP1: K:Gg=1,K:Lg=1, G:L g=1; LNFP3:K:G
g=0.003, K:.L g=0.009, G:.L ¢=1; LNnT: K:G g=1, K.Lg=1, GL g=1; LNT: K:G
q=0.016,K:L g=0.005,G:L g=1;LSTa: K:-G ¢=0.003,K:L g =0.003, G:L g =1; LSTb:
K:G ¢=0.062, K:L g=0.020, GIL ¢=1; LSTc: K:G g=1,K:L g=1, GiL ¢=1; 3'SL: K:G
g=0.019,K:L g=0.018, GiL g =1; 6'SL: K:G ¢ = 0.003, K:L g = 0.413, G:L g = 0.088; 2’
FL:K:Gg=0.091,K:Lg=0.033,G:Lg=1; 3'FL: K:G ¢=0.062,K:L g=0.020,G:Lg=1;
c differential abundance of the HMOs 3’-fucosyllactose (3'FL) and 3’-sialyllactose (3’
SL) between centers at tpl, tp3 and tp7; n=109; 3’FL: K1:K3 ¢ =1.000; K1:K7
q=1.000; K3:K7 ¢=1.000; G1:G3 g < 0.001; G1:G7 g =0.010; G3:G7 g=1.000; L1:L3
¢<0.001; L1:L7 g < 0.001; L3:L7 ¢ =1.000; G1:K1 ¢=1.000; G3:K3 g =0.002; G7:K7
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d circle packing plot displaying the numbers of hits for HMO gene clusters found in
MAGs (metagenome assembled genomes) and contigs at the different time points.
Each circle represents one infant. Colours of the dots indicate where the hit
occurred, on MAGs (green) or if it could be only assigned to a contig (yellow) or
none (grey); the size of the dots indicate the number of hits. G inred, K in blue, L in
green; significance levels are indicated with asterisks for g < 0.001 (**), g < 0.01 (**),
g <0.05 (*) for two-sided t-test, corrected for multiple comparisons with Bonfer-
roni. Centers are abbreviated by G (Graz), L (Leoben), and K (Klagenfurt). For
boxplots, the upper, middle, and lower horizontal lines of the box represent the
upper, median, and lower quartile; their whiskers depict the smallest or largest
values within 1.5-fold of the interquartile range. Source data are provided as a
Source Data file (see Github repository).

microbiome composition and function. Of the AMR signatures detec-
ted, most were positively correlated with the potential NEC/sepsis
pathogens Enterococcus, Staphylococcus and Escherichia, including
resistance against B-lactams and erythromycin (Fig. 5b). In contrast,

AMR profiles were highly limited in the probiotic genera Bifido-
bacterium and Lactobacillus, underscoring the safety of probiotic
administration. Geobacillus was also found to not encode AMR genes;
therefore, it did not appear to pose an increased health risk.

Nature Communications | (2023)14:1349



Article

https://doi.org/10.1038/s41467-023-36825-1

Kiagenfurt Leoben

Enterococcus
(o)
Lactobacillus 8
Staphylococcus
Lactobacillus
Staphylococcus
Enterococcus
Staphylococcus

I Bifidobacterium

orL N N
3sL -
3FL -

esL

LSTe
LSTb 7
LSTa ™
LNT 7

Lo S
LNFP3 -
LNFP1 -
LDNDFH =
LDFT 4

HMOs

pearson

Fructose . I
Lactulose k| |

Sucrose .
Galactose
Glucose ~

0.5

Sugars

0.0

Valine -
Tyrosine -
Tryptophan -
Proline -
Phenylalanine -
Lysine -
Leucine -
Isoleucine =
Histidine -
Glutamic acid -
Aspartic acid -
Asparagine -
Alanine -

Glycine S

Valeric acid -
Propionic acid
Formic acid -

Acetic acid 4l [

Butyric acid -

-0.5

Aminoacids

SCFAs

RESFINDER

center
Graz
Klagenfurt

timepoints
1
3

o
type
® wac

contig

@ o

Fig. 5 | Results of taxonomic correlation analyses and distribution patterns of
metabolites, antibiotic resistances and virulence factors. a Metabolites mea-
sured with NMR correlated with bacterial key genera in the three centers; meta-
bolites of the groups of human milk oligosaccharides (HMOs), sugars, amino acids
and short-chain fatty acids (SCFAs); b correlation of antibiotic resistance genes with
bacterial key genera. Circle packing plot of ¢ resistance genes and d virulence
factors in the centers. Each circle represents an infant and is split into the three MGS

Number of hits

Lactobacillus

3 2
5 g
3 s 2
s g 2 S
s 8 S S
2 S 5 8
s g £ 3
£ 8 8
S
@ w w o
g

VFDB

- Staphylococcus

blaOXY-2-8 -
aph(3')-la-
blaOCH-2 -
Penicillin =
Minocycline -
Chloramphenicol =
Cephalothin -
Ceftriaxone =
Aztreonam =
aac(3)-XI -
Tiamulin =
Meropenem -
Imipenem =
Ertapenem =
Cefoxitin -
Cefixime -
mdf(A) -
Virginiamycin_M =
Ticarcillin =
Pristinamycin_IIA -
Dalfopristin -
Nalidixic_acid
Ceftazidime -
Cefotaxime =
Azithromycin =
blaSRT-2 -
Tazobactam -
Sulfamethoxazole =
Clavulanic_acid =
Gentamicin -
Ciprofloxacin -
Cefepime -
Streptomycin =
Spiramycin =
Fosfomycin =
Piperacillin =
Ampicillin =
Amoxicillin =
Trimethoprim =
Tetracycline -
Doxycycline =
Telithromycin -
Tobramycin =
Lincomycin -
Clindamycin =
Amikacin =

Antibiotics

Quinupristin =
Virginiamycin_S -
Pristinamycin_IA -

Erythromycin =

sequenced time points. Colours of the dots indicate where the hit occurred, on
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Significance levels are indicated with asterisks for g <0.001 (**), ¢ < 0.01 (**),

g <0.05 (*) by Pearson corrected for multiple testing by Benjamini Hochberg.
Centers are abbreviated by G (Graz), L (Leoben), and K (Klagenfurt). Source data are
provided as a Source Data file (see Github repository).

The virulence factor analysis results show that K infants had fewer
pathogenic factors in their microbiomes than G and L infants (G: 64
hits, K: 193 hits, L: 173 hits) (Fig. 5d). Enrichment in E. coli-associated
virulence traits was also observed in two infants in K and L (K16 and
L18). Only six out of 431 hits were observed for Staphylococcus in six
infants. We can assume that Staphylococcus is a key player in the
context of its abundance, but not in the context of either replication or

virulence factors. As expected, no virulence factors were found for the
other key players, including Bifidobacterium, Lactobacillus, and
Geobacillus.

Discussion
NEC prophylaxis and therapy have become a central aspect in the
clinical management of VLBW preterm infants. Although probiotics,
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human milk, and antibiotics are used by many NICUs to prevent NEC,
to our knowledge, an in-depth, systematic comparison of different
preventive regimens had not yet been performed. In this study, we
show that NEC prophylaxis not only impacts the bacterial gut micro-
biome composition and function strongly, but also drives strong
center-specific patterns observed in the fungal, archaeal and viral parts
of the microbiome. This is particularly important with respect to
archaea and phages/viruses, as NEC prophylaxes are not directly
administered to change this part of the microbiome.

Our iRep analyses and the steady increase in relative abundance
(Fig. 2b) suggest that B. infantis NCDO 2203 might be actively repli-
cating and thus colonizing the GIT during the administration period.
This could be supported by the presence of HMO gene clusters and
low levels of HMOs in the stool. Nevertheless, iRep is no sufficient
approach to conclude on colonization potential. Although Bifido-
bacterium does not yet appear to naturally colonize the GIT of preterm
infants in large numbers, the reliable health benefits of supplemented
Bifidobacterium have been demonstrated in multiple ways”, including
the negative correlation between Bifidobacterium and opportunistic
pathogens’®.

Unlike bifidobacteria, a variety of lactobacilli, including L. acid-
ophilus NCDO 1748 (administered in center K) and especially L.
rhamnosus LCR 35 (administered in G), have been observed as natural
colonizers of the GIT of preterm infants. In this study, we consider
human milk (HM) to be the most likely source, as HM naturally con-
tains large amounts of live lactobacilli¥. For example, L. rhamnosus
was successfully isolated from 8.13% of all human milk samples
examined by Lubiech et al® and was also detected in culture-
independent assays alongside other, more frequently occurring Lac-
tobacillus species (L. salivarius, L. fermenting, L. gasseri”***). It should
be noted, however, that the HM was pasteurized, especially if it came
from a milk bank, and pasteurization may obviously reduce the chance
that live lactobacilli are transmitted. As all except one infant in the
metagenomic subset were born via C-section and not vaginally, vertical
transfer from the maternal vaginal microbiome is untenable in
this case.

The dynamics of naturally occurring and supplemented (non-
natural) probiotic strains are interesting to study, as supplemented
bacteria have to “invade” an ecosystem that is evolving to provide
colonization resistance against other, potentially pathogenic bacteria.
To avoid disrupting this process, and also considering that naturally
occurring bacterial residents are likely to persist over a longer period
of time*, an ecologically oriented probiotic choice would tend to
include supplementation with L. rhamnosus LCR 35 or another bene-
ficial preterm Lactobacillus strain.

However, we and others observed that the co-administration of B.
infantis and L. acidophilus in equal amounts results in the overgrowth
and predominance of B. infantis over L. acidophilus®**. The absence of
replicating Lactobacillus MAGs in the presence of replicating Bifido-
bacterium MAGs leads us to hypothesize that L. acidophilus NCDO 1748
cannot successfully colonize the GIT of preterm infants when B.
infantis NCDO 2203 is co-administered. On the other hand, it may be
that Lactobacillus plays a pioneering role in anaerobic bifidobacterial
colonization by removing oxygen from the GIT**. This supporting role
of Lactobacillus tends to underscore the benefits of taking a multi-
species probiotic approach.

Most importantly, administration of L. rhamnosus LCR 35 alone
had no appreciable effect on the composition or function of the gut
microbiome and did not result in a substantial increase in Lactobacillus
colonization as seen before*. Potentially pathogenic bacteria and
antibiotic resistance genes were also not substantially reduced when L.
rhamnosus LCR 35 was administered alone.

We argue that the GIT of VLBW infants per se is not a “normal”
natural habitat, and the action of Lactobacillus may be too mild or too
slow to rapidly support the establishment of a healthy microbiome. In

contrast, B. infantis NCDO 2203, although not naturally occurring,
seems to be a strong, stable, and reliable keystone microbe of the
nearly empty niche of the preterm GIT, overgrowing pathogenic
threats, and microorganisms carrying antibiotic resistance genes.

Moreover, Bifidobacterium together with Bacteroides has been
described as an effective converter of HMOs'**, producing substantial
amounts of beneficial SCFAs*. The efficient conversion of HMOs and
thus SCFA production is an extremely important process for pre-
mature infants, which is underscored by the finding that concentra-
tions of HMOs in HM are substantially increased when the infant is
born prematurely?*’. In fact, the bifidobacteria found in the faeces of
K infants exhibited a marked genetic ability to convert HMOs. This
could be related to changes in the GIT environment such as lower pH
or improved colonization resistance.

This capacity, however, could not be observed in our metabo-
lomic analyses because the K infants were fed with (HMO-lacking) FM.
In contrast, in centers L and G, where HMOs were administered in the
natural form of HM, the small natural proportion of microbial HMO
converters was too low for observable efficient turnover. Conse-
quently, only the simultaneous administration of HMOs and HMO-
converters would result in optimal utilization of the health benefits for
the infants. This highlights the importance of combining the right
probiotic with the right diet.

Furthermore, clinically relevant findings from our study are rela-
ted to enteral antibiotic administration, as gentamicin was adminis-
tered in two NICUs, G and L. Indeed, the prophylactic enteral, but not
parenteral, administration of antibiotics has been shown to sub-
stantially decrease NEC rates'>*%, which is also reflected in the low
number of NEC cases observed in center G*. To date, no single cau-
sative microbial agent of NEC has been described; thus, the antibiotics
used, such as gentamicin, must cover a broad spectrum. Our study was
not designed to investigate the performance and efficiency of genta-
micin in eliminating specific bacteria. However, we did not find con-
sistent negative correlations between gentamicin administration with
certain taxa or the occurrence of gentamicin resistances in the
microbiome at tp7. Nevertheless, we cannot rule out a negative effect
on concomitantly administered probiotic bacteria.

In several studies, intravenous antibiotic administration at a
young age has been associated with adverse health outcomes later in
life**~", It is also proposed that antibiotic prophylaxis does not reduce
NEC incidences but may rather increase the risk for high-risk pre-
mature infants of NEC’. Nevertheless, in these studies, antibiotics were
administered enteral, not intravenously, which needs to be evaluated
strictly differently. Still, the prophylactic use of antibiotics must always
be weighed against the potential risk. On the one hand, prophylactic
administration of antibiotics probably minimizes the outbreak of
pathogenic bacteria, especially since infections in premature infants
develop alarmingly rapidly, and the success of treatment is time cri-
tical. On the other hand, antibiotics could also suppress the growth of
beneficial (probiotic) bacteria, which is also underlined by our study
results showing that probiotic Lactobacillus and Bifidobacterium carry
few AMR genes and are therefore more susceptible for antibiotics. The
long-term effects of antibiotic administration at such an early, vul-
nerable age are difficult to predict. In general, AMR is a global threat™
and their horizontal gene transfer to pathogenic bacteria might also be
implicated in NEC.

Our study has several strengths and limitations. Overall, due to the
extensive analysis performed, the study cohort was kept rather small,
and the survey period was limited to the first weeks of life. Unfortu-
nately, the early (meconium) samples could not be used for metage-
nomic analyses because of their exceptionally low microbial biomass,
so we had to focus on tp7 for detailed functional assessments. We
could not draw any conclusions about the colonization potential of the
probiotically administered strains, as iRep is no sufficient tool to prove
replication or colonization. Due to the study design, we cannot discern
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which factor (antibiotics, probiotics, nutrition) is driving which result,
as more than one of those factors changes between the centers.
However, we successfully and comprehensively conducted a multi-
center study in which we analysed the longitudinal composition of the
microbiome of 55 VLBW preterm infants using amplicon-based and
metagenomic sequencing, which also enabled us to elucidate the
contribution of archaea, fungi, and phages. A large wealth of taxo-
nomic and functional data were obtained, and analyses revealed the
HMO conversion potential and the emergence of antibiotic resistance.
In addition, genetically detected functions could be effectively com-
bined with well-found metabolomic analyses.

Our study provides a solid basis for further evaluation and ana-
lyses. We found that the combination of feeding HM and administering
B. infantis NCDO 2203 during the first weeks of life in VLBW infants
could be a promising synergistic approach. Overall, all treatment
regimens analysed in this study resulted in NEC rates well below the
global average, confirming the very successful and strategic manage-
ment of this devastating disease in our NICUs.

Methods

Study design

We conducted a prospective, triple-center cohort pilot study investi-
gating the gut microbiome of preterm infants with a birthweight
<1500 g in three Austrian neonatal intensive care units (NICUs). These
centers (Klagenfurt, K; Leoben, L; Graz, G) used different regimens for
NEC prophylaxis which are summarized in Table 1 and have been
described in detail previously*?. A detailed description of the study
design is available in* and first results have already been published
elsewhere?.

In G, prophylaxis consisted of administration of probiotic Lacto-
bacillus rhamnosus LCR 35 twice a day, nystatin, and enteral genta-
micin. Probiotic bacterial species were also administered in K, namely
Bifidobacterium longum subsp. infantis NCDO 2203 and Lactobacillus
acidophilus NCDO 1748 in combination with fluconazole. In center L,
no probiotic species, but enteral gentamicin and nystatin were used.
Next to medication and probiotic supplementation, the feeding regi-
men also differed between the centers. In G and L, mainly human milk
(HM) was provided. In K, enteral nutrition consisted mainly of formula
milk (FM). The feeding history for each infant and time point is shown
in Suppl. Fig. 1.

Between October 2015 and March 2017, stool samples were
collected from preterm infants at those three centers. Inclusion cri-
teria were birth weight <1500 g and survival in the first three weeks of
life. Clinical data on the infants have been published recently”, with
no significant differences between the centers (APGAR, sex, gesta-
tional age, gestational weight), except length of hospital stay (G: 72,
K: 68.5, L:58; p=0.04). In case of genetic diseases, syndromes or
congenital anomalies or meconium ileus, infants were excluded from
the study. A total of 55 infants were included in the study (male = 33,
female = 22; age 0-3 weeks). The infants’ stool samples were col-
lected every other day from meconium for the first two weeks of life,
with each infant providing stool samples at seven time points
(time points of samples were slightly variable (see Suppl. Table 2)
due to the varying availability of fecal samples; average sampling
time points were tpl: within day 1-3; tp2: day 4; tp3: day 6; tp4: day 8;
tp5: day 10; tp6: day 12; tp7: day 15). A total of 383 samples and 16
negative controls were collected.

The diagnostic criteria for NEC definition were the same in all
three centers and followed the AWMF guideline with Bell criteria with
modifications of Walsh. NEC incidence rates are 2.2% in K, 2.7% in G,
and 4.6% in L”". The study is registered wtihin German Registry of
Clinical Trials No.: DRKS00009290 and received ethical approval from
the local ethic committees (number 27-366 ex14/15) and written
informed consent was obtained from the parents of the infants and
participants were not compensated.

Sample processing

DNA extraction, sequencing, and metabolomics. Samples were
processed as described in detail earlier”. In short, genomic DNA was
isolated according to manufacturer’s instructions using the Magna-
Pure LC DNA Isolation Kit IIl (Roche).

Targeted amplicon sequencing was performed for three different
regions: one using universal primers but mainly targeting bacterial V4
16S rRNA gene sequences (515F/R926, 5GTGY-
CAGCMGCCGCGGTAA3/SAGCCGYCAATTYMTTTRAGTTT3'),  the
other aimed for optimized amplification of archaeal 16S rRNA gene
sequences in a nested PCR (PCR1 344F/1041IR, 5’ACGGGGYGCAG-
CAGGCGCGA3'/5"GGCCATGCACCWCCTCTC3’; PCR2 519F/806R, 5
CAGCMGCCGCGGTAA3/5GGACTACVSGGGTATCTAAT?) and the
third of the ITS region of fungi (ITS86F/ITS4R, 5GTGAATCATC-
GAATCTTTGAA3/STCCTCCGCTTATTGATATGC3')**, See ref. >* for
detailed primer sequences and PCR protocols. PCRs were run in tri-
plicates and pooled subsequently. No human DNA sequence depletion,
enrichment of microbial or viral DNA, or mRNA was performed. Library
preparation and sequencing of the amplicons were carried out at the
Core Facility Molecular Biology of the Center for Medical Research at
the Medical University Graz, Austria. Sequencing was performed in
paired-end run mode on an lllumina MiSeq with v3 600 chemistry and
300 bp read length®. Raw reads are publicly available at the European
Nucleotide Archive PRJEB37883. Raw reads were processed using
Qiime2 v2019.1 to v2021.2%, Briefly, reads that were first quality filtered
with DADA2 v2019.1.0 to v2021.2.0* were then denoised into Ampli-
con Sequence Variants (ASVs). The taxonomy was assigned with a
Naive-Bayes classifier based on SILVA 132 for bacterial and archaeal
signatures®*®’, Potential contaminant ASVs were removed considering
the sequenced negative controls with the R package decontam v3.9 in
prevalence mode, isContaminant setting, and threshold 0.5%, (https://
github.com/benjjneb/decontam/). Subsequently negative controls as
well as signatures of chloroplasts and mitochondria were removed
manually. As no quantification experiments were applied, relative
abundance methods were applied.

The genus Lactobacillus has recently been taxonomically re-
structured®, in which the genus was divided into 25 separate genera. In
this study, we continue to refer to the amended nomenclature and
dimension of the genus Lactobacillus, as this work is a supplement to
the previously published amplicon data of this study, and we prefer to
be consistent between those two publications. In addition, the taxo-
nomic assignment of the datasets on which all other analyses are was
performed using SILVA 132°° prior to the renaming event. In this
publication, we mention only two representatives of the original Lac-
tobacillus genus, namely Lactobacillus rhamnosus (now: Lacticaseiba-
cillus rhamnosus) and Lactobacillus acidophilus, the latter remaining
unchanged. It shall be noted, that for the important probiotic repre-
sentatives of the amended Lactobacillus genus, the new names also
begin with “L” and the abbreviations of the “L.” genus may continue to
be used®.

An initial insight into the bacteriome of the analyzed 55 infants,
based on 16S rRNA gene amplicons was provided earlier”. In this
subsequent data analysis, we intensify the analytical assessments and
include shotgun metagenomics and functional metabolomics, to
substantially deepen the understanding of the development within the
first weeks. Further, we include information on the archaeal, fungal,
and viral part of the gut microbiome as well as on their function.

We performed shotgun metagenomic sequencing of a subset of
infants for three time points (tpl, tp3, tp7). Sequencing libraries were
generated with the Nextera XT Library construction kit (Illumina,
Eindhoven, the Netherlands) and sequenced on an Illumina HiSeq
(Illumina, Eindhoven, the Netherlands; Macrogen, Seoul, South Korea).
The raw reads were quality assessed with fastqc v0.11.8°* and filtered
accordingly with trimmomatic v0.38° with a minimal length of 50 bp
and a Phred quality score of 20 in a sliding window of 5 bp.
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Both probiotics used in this study (“Antibiophilus”, containing
Lactobacillus rhamnosus LCR 35, and “Infloran”, containing Bifido-
bacterium longum subsp. infantis NCD02203 and Lactobacillus acid-
ophilus NCDO1748) are pharmaceuticals according the Austrian
regulations, and as such, their quality is strictly regulated and con-
trolled. Therefore, we proceed on the assumption, that the probiotics
contain the labeled strain purely and constant over time. However, to
confirm the presence of the signatures of the probiotics in the stool of
the infants, we compared their genomic information with our ampli-
con and metagenomic data. Therefore, amplicon sequences of interest
were blasted against the respective 16S rRNA genes of the lactobacilli
(L. rhamnosus LCR35, accession: EU184020; L. acidophilus NCDO1748,
accession: ATCC4356), indicating a 100% identity for both. As meta-
genomic MAGs were available for Bifidobacterium from Klagenfurt
samples, we used genomic information for comparison, showing
99.97% to 100% similarity (FastANI, B. longum subsp. infantis
NCDO2203, accession: ATCC15696). The results are listed in
Suppl. Tables 2a and 2b and on our Github repository (https://github.
com/CharlotteJNeumann/preterm_shared)®.

Samples from time points tpl and tp3 yielded only small amounts
of DNA, so that library preparation or post-sequencing quality filtering
failed for most samples. Thus, we focus mainly on data from tp7 for
analysis and interpretation.

The obtained reads were analyzed both in a genome- as well as
gene-centric way. For the gene-centric approach, data were annotated
with diamond v0.9.25%” using blastx search against NCBInr database
from 2019-07-19 and analyzed in the open-submission data platform
MG-RAST according to the manual using default settings®®, on taxo-
nomic and functional (SEED subsystems®’) level.

For the genome-centric analysis the reads were co-assembled with
Megahit v1.1.37° by using the default setting “meta-sensitive” into
contigs which were then binned with MaxBin2 v2.2.4”. Potential chi-
mers and contaminations of representative dereplicated MAGs were
detected with Genome UNClutterer (GUNC v. 1.0.1)”* using the default
diamond GUNC database 2.0.4, its sensitive mode and a detailed
output till species level. Genome chimerism was visualized as inter-
active html plots for each MAG. Finally, all outputs from GUNC were
merged with those from checkM v.1.1.07* and all models from checkM2
v.0.1.3*. The bins were then de-replicated with dRep v2.0.5” to gen-
erate a list of representative metagenome assembled genomes
(MAGs). Taxonomic classification of those MAGs was performed with
GTDB-Tk v1.5.1. Replication rates were determined with iRep v1.17°.
Indices for MAGs with the following default parameters were included:
>75% completeness; <175 fragments/Mbp sequence; <2% contamina-
tion; =5 kbp scaffold length; min cov = 5; min wins = 0.98; min r*=0.9;
GC correction min r*=0.0.

A subset of 111 stool samples for tpl, tp3 and tp7 from all three
centers (corresponding to metagenomic sequencing) were analyzed
with untargeted NMR (nuclear magnetic resonance spectroscopy) for
several metabolites in house as described previously”’. In short,
methanol water was added to the samples, cells were lysed, lyophi-
lized, and mixed with NMR buffer. NMR was performed on an AVAN-
CE™ Neo Bruker Ultrashield Plus 600 MHz spectrometer equipped
with a TXI probe head at 310 K and processed as described elsewhere’,

Data analysis, statistics and visualization

Multiple analyses were performed in R v4”° using the Microbiome
Explorer package® using CSS normalization and DESeq2 for differen-
tially abundance analyses: microbial composition analysis and visuali-
zation as stacked bar charts and correlation analysis of abundance of
specific bacterial genera with their phages. Differential abundance was
plotted in R” using the ggplot2 package® and asterisks refer to DESEq2
g-values (g-values <0.05 (*), <0.01 (*) and <0.001 (***)) which are
available in our Github repository®®. A pie chart for the Lactobacillus
genus was created using Krona charts®. The BioEnv Biplot for bacterial

dissimilarity of the groups was created using the vegan package® in R.
Significance of differential abundance was calculated in SPSS v27%
using a Kruskal-Wallis with Bonferroni correction for multiple com-
parisons and evaluating significance with g-values <0.05 (*), <0.01 (**)
and <0.001 (***).

The network was created by using SparCC**¢ within the SCNIC
tool (Sparse Cooccurrence Network Investigation for Compositional
data)®®® to calculate co-occurences from CSS normalized metage-
nomic observations. Apart from default settings we used 10 bootstraps
to calculate p-values for the SparCC R value, filtered the dataset with
activated -sparcc filter parameter and used the recommended mini-
mum correlation value of 0.35 to determine edges. Calculated corre-
lations and networks were then visualized in Cytoscape v.3.9.1 in an
edge-weighted spring embedded network where nodes represent taxa
and edges positive and negative co-occurences according to the
SparCC R values.

Permanova was used for analyzing biological and technical varia-
tions of the data. For that, the amplicon dataset was CSS normalized
(RSV level), before feeding into the R-script provided by Lahti,
Shetty et al.: https://microbiome.github.io/tutorials/PERMANOVA.html
(microbiome::transform: “compositional”, permutations=999,
method= bray). Input files (all samples, tp3 samples, tp7 samples, and
metadata), including script and output, are provided in the Github
repository (https://github.com/Charlotte]Neumann/preterm_shared)®.

Metabolite correlation with taxonomic information

Metabolites measured by NMR were then correlated with CLR trans-
formed relative abundance of genera of amplicon sequencing in R”. As
the centers differed greatly in terms of species present, this analysis
was performed separately for each center. Therefore, amplicon data
for each center were normalized with bestNormalized® and then
correlated with Pearson. The list of normalizations bestNormalize
chose is available in our Github repository®®. The analysis was plotted
in a heatmap using ggplot2®. For each center, only the genera with the
highest abundance and differentially abundance representing the six
key players were selected based on abundance and DESeq?2 (p < 0.001).

Antibiotic resistance genes counts and virulence factors
MAGs and contigs were aligned against several databases in abricate
(Seemann T, Abricate, Github https://github.com/tseemann/abricate)
with options mincov = 70 and minid = 70, including HMO gene clusters
sequences’, ECOH”, VFDB®, and Resfinder®*. To correlate antibiotic
resistance gene patterns with specific genera, the taxonomy of the
MAGs was assigned by GTDB-Tk’*. The number of hits per infant and
per time point is shown in a circle packing plot created with
rawgraphs®™. Data were analyzed on genus level whereas features were
only depicted when the genus was represented by more than one MAG.
Correlation of antibiotic resistance gene patterns with the six key
species were visualized in a heatmap with R”.

All graphs were combined and assimilated in Inkscape v1.1 (URL:
https://inkscape.org/en/ RRID:SCR_014479) to obtain a uniform
appearance.

Statistics & reproducibility

We conducted a prospective, triple-center cohort pilot study. As it was
a pilot study, sample size was not pre-determined beforehand. Ran-
domization and blinding of the investigators was not foreseen in the
chosen study set-up, as all hospitals use different regimens and this
protocol was not changed. A full study flow chart is provided in Suppl.
Fig. 6. No data were excluded from the analyses. Overall, the study is
considered to be only partially reproducible, as the data are dependent
on the study cohort, which was only sampled once within this study,
and sampling of cohorts in the same time-window cannot be repeated.
However, starting from the raw sequencing data, the analysis is fully
reproducible and all required data, scripts, and details are provided.
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Statistics mostly focus on single time points, mostly tp7; longitudinal
statistics was not performed.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw sequencing reads generated in this study have been
deposited in the European Nucleotide Archive Database under
accession code PRJEB37883. ASV-tables, sequences of MAGs and
metabolomic, as well as metabolomic data and used scripts are
openly available and shared via Github (https://github.com/
CharlotteJNeumann/preterm_shared)®®. All files used for the fig-
ures are listed in the Source Data File, which is also provided at
Github (“list_raw_data_figures.xlsx”).

Raw NMR data have been deposited in Metabolites under acces-
sion code MTBLS6866. Clinically-relevant, anonymized information on
each sample (sex, hospital, birth mode, nutrition, medication etc.) is
provided in the metadata table located along with the respective ASV
tables in the open Github repository. Source data are provided in the
open GitHub repository*®. Source data are also provided with
this paper.

Code availability
R scripts are openly available and shared via Github (https://github.
com/CharlotteJNeumann/preterm_shared)®.
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