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Abstract

Background Formula-fed infants are at increased risk of infections. Due to the cross-talk between the mucosal
systems of the gastrointestinal and respiratory tracts, adding synbiotics (prebiotics and probiotics) to infant formula
may prevent infections even at distant sites. Infants that were born full term and weaned from breast milk were ran-
domized to prebiotic formula (fructo- and galactooligosaccharides) or the same prebiotic formula with Lactobacillus
paracasei ssp. paracasei F19 (synbiotics) from 1 to 6 months of age. The objective was to examine the synbiotic effects
on gut microbiota development.

Results Fecal samples collected at ages 1,4, 6, and 12 months were analyzed using 16S rRNA gene sequencing and
a combination of untargeted gas chromatography-mass spectrometry/liquid chromatography-mass spectrometry.
These analyses revealed that the synbiotic group had a lower abundance of Klebsiella, a higher abundance of Bifido-
bacterium breve compared to the prebiotic group, and increases in the anti-microbial metabolite d-3-phenyllactic
acid. We also analyzed the fecal metagenome and antibiotic resistome in the 11 infants that had been diagnosed
with lower respiratory tract infection (cases) and 11 matched controls using deep metagenomic sequencing. Cases
with lower respiratory tract infection had a higher abundance of Klebsiella species and antimicrobial resistance genes
related to Klebsiella pneumoniae, compared to controls. The results obtained using 16S rRNA gene amplicon and
metagenomic sequencing were confirmed in silico by successful recovery of the metagenome-assembled genomes
of the bacteria of interest.

Conclusions This study demonstrates the additional benefit of feeding specific synbiotics to formula-fed infants

over prebiotics only. Synbiotic feeding led to the underrepresentation of Klebsiella, enrichment of bifidobacteria, and
increases in microbial degradation metabolites implicated in immune signaling and in the gut-lung and gut-skin axes.
Our findings support future clinical evaluation of synbiotic formula in the prevention of infections and associated
antibiotic treatment as a primary outcome when breastfeeding is not feasible.

Trial registration ClinicalTrials.gov NCT01625273. Retrospectively registered on 21 June 2012.

Keywords Antibiotics, Bifidobacteria, Infant gut microbiota, Prebiotics, Probiotics, Klebsiella, Lower respiratory tract
infection

*Correspondence:

Christina E. West

christina.west@umu.se

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12915-023-01531-3&domain=pdf
http://orcid.org/0000-0002-1323-9913
http://orcid.org/0000-0001-5350-4219
http://orcid.org/0000-0001-9599-2580
https://clinicaltrials.gov/ct2/show/NCT01625273

Sjodin et al. BMC Biology (2023) 21:38

Background

Infants are at increased risk of infections, and respira-
tory tract infections are a leading cause of morbidity
and mortality globally [1]. Although the respiratory and
gastrointestinal tracts are separate, they share a mucosal
immune system called the “gut-lung axis” Within the
“gut-lung axis” there is a cross-talk between the gut and
lung in a two-way manner, including immune and micro-
bial interactions due to the systemic circulation of bacte-
rial ligands, bacterial metabolites, and migrating immune
cells [2]. The majority of respiratory tract infections in
infancy are confined to the upper respiratory tract, but
around one-third of the infected infants will develop a
more severe course with symptoms from the lower res-
piratory tract [1]. Bacterial coinfection in viral lower
respiratory infection (LRTI) [1] is common and requires
antibiotic treatment, which may negatively impact the
developing gut microbiome [3-5]. The establishment of
the gut microbiome in the first years of life is shaped by
the interactions between the environment, early nutri-
tion, and host-related and microbe-associated factors
[6] and parallels the maturation of mucosal and systemic
immune responses [7—-10].

Breastfeeding is the gold standard in infant nutrition
and reduces the frequency of episodes of LRTI [11],
otitis media [12], and gastrointestinal infections [11].
There is now emerging interest in feeding infants for-
mula with added pre- and probiotics, termed synbiotics
[13, 14], when breastfeeding is not feasible. The benefit
of breastfeeding on infections is conferred by numerous
bioactive components including human milk oligosac-
charides (HMOs), present in large quantities in human
milk. HMOs are complex and structurally diverse non-
digestible oligosaccharides that stimulate the growth
of bifidobacteria [15] while formula feeding leads to a
more diverse gut microbiota [16]. With human milk as a
model, galactooligosaccharides (GOS) and/or fructooli-
gosaccharides (FOS) are added as prebiotics to infant for-
mula in an effort to mimic the effects of HMOs, although
they are not as complex and structurally diverse as
HMOs. In addition to the enrichment of bifidobacteria,
breastfeeding promotes colonization with Lactobacillus
casei, L.casei/paracasei, and L. johnsonii/L. gasseri [16],
also added as probiotics to infant foods. Synbiotics have
been defined as “a mixture comprising live microorgan-
isms and substrate(s) selectively utilized by host micro-
organisms that confers a health benefit on the host” [13],
and there is evidence that they stimulate the developing
immune system [6, 17]. Although comparative studies
are few [18], synbiotics are theorized to have more global
effects on infant gut microbiota composition and func-
tions than prebiotics alone. In line with the concept of a
“gut-lung axis,” emerging research shows that synbiotics
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prevent infections even at distant sites, and in a rand-
omized controlled trial (RCT), synbiotics prevented both
sepsis and LRTT in preterm infants [19].

In an RCT, we compared the effects of feeding healthy,
term infants formula with added prebiotics (FOS and GOS)
versus synbiotics (FOS, GOS, and probiotic Lactobacillus
paracasei ssp. paracasei strain F19) on growth and adverse
events [20]. The genus Lactobacillus was recently reclassi-
fied, and Lactobacillus paracasei is now classified as Lac-
ticaseibacillus paracasei [21]; however, for consistency
with our previous paper reporting results from this RCT
[20], we use the old classification. Exclusively formula-fed
infants were randomized to intake of standard formula with
prebiotics or synbiotics from 1 to 6 months and followed
until 12 months of age. As judged by adequate growth
and lack of adverse events, the synbiotic formula was safe
[20]. Although the RCT was not primarily designed for
the prevention of infections, there was a reduction in the
cumulative incidence of a physician-diagnosed LRTT in the
synbiotic compared with the prebiotic group [20].

The objective of this study was to examine the effects
of synbiotics on longitudinal infant gut microbiota devel-
opment in 106 infants using 16S rRNA gene amplicon
sequencing of 324 fecal samples collected at ages 1, 4, 6,
and 12 months. At these ages, we also analyzed the fecal
metabolome as a functional readout of the synbiotic
intervention in 54 infants (193 samples) using a combina-
tion of untargeted gas chromatography-mass spectrome-
try/liquid chromatography-mass spectrometry (GC-MS/
LC-MS). Using deep metagenomic sequencing, we took
the opportunity to examine the metagenome and anti-
biotic resistome in fecal samples of 11 infants with LRTI
and 11 matched controls (Fig. 1).

Here, we demonstrate the compositional and func-
tional changes of infant gut microbiota in relation to
synbiotic compared to prebiotic feeding and antibiotic-
treated LRTI.

Results

Characteristics of the study population

From the initial study [20], we included all infants
with available fecal samples for 16S rRNA gene
sequencing (Fig. 1). A description of their charac-
teristics is presented in Table 1. Of these, 54 infants
contributed at least three samples and were selected
for fecal metabolic profiling (Fig. 1). There were
no differences in baseline demographic character-
istics, number of infants assigned to receive prebi-
otic or synbiotic formula, nor anthropometric data
at any study visit (Table 1). At 4 and 6 months of age,
there was a higher frequency of physician-diagnosed
LRTI and use of antibiotics in the prebiotic group
although the difference was not statistically significant
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Fig. 1 Overview of study design. Of the 106 included infants, 56 were fed formula with prebiotics (prebiotic group; blue), and 50 were fed the same
prebiotic formula with Lactobacillus paracasei ssp. paracasei F19 (synbiotic group; orange) from 1 to 6 months of age. Follow-up continued until

12 months of age. We used 16S rRNA gene amplicon sequencing of 324 fecal samples collected at ages 1, 4, 6, and 12 months for the analysis of
gut microbial composition. The fecal metabolome at these ages was investigated in 54 infants (193 samples) using a combination of untargeted
gas chromatography-mass spectrometry/liquid chromatography-mass spectrometry (GC-MS/LC-MS). Eleven infants were diagnosed with lower
respiratory tract infection (LRTI) by a physician in the first year of life. These and eleven matched controls were selected for deep metagenomic
sequencing. In the final analyses, the metagenome and antibiotic resistome in fecal samples of 9 infants with LRTl and 10 matched controls were

examined

(p=0.19, test of equal proportions). The 11 infants
with physician-diagnosed LRTI (cases) and 11 con-
trols matched for age, sex, and intervention (Fig. 1,
Table 2) were included for the analysis of the metage-
nome and antimicrobial resistome. All infants with
LRTI had been prescribed antibiotics (amoxicillin/cla-
vulanic acid, ampicillin, or cefuroxime) for a duration
of 7 to 10 days. The fecal sampling time was within

30 days after antibiotic treatment. After metagenomic
sequencing, we obtained additional clinical infor-
mation on three of these infants (two cases and one
control). In addition to the LRTI diagnosis, they had
comorbidities and multiple medications at the time of
sampling, which is why we excluded these from fur-
ther analyses. Consequently, 9 infants with LRTI and
10 controls were included in the final analyses (Fig. 1).
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Table 1 Study population
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Visit 1* Visit 2* Visit 3% Visit 4%

(1 month of age) (4 months of age) (6 months of age) (12 months of age)

Prebiotics Synbiotics Prebiotics Synbiotics Prebiotics Synbiotics Prebiotics Synbiotics
N () 56 50 47 42 38 33 31 33
Girls, % 43 56 45 50 47 52 52 52
Siblings 34 35 na na na na na na
Gestational age, weeks 39+1.07 40412 na na na na na na
Age, months 0.7£0.2 08+0.2 39403 40+£03 59+£04 6.0£0.2 121+04 121403
Length, cm 55426 556+25 652+26 664+32 69.9+32 70.5+3.7 81.2+39 79.7+5.1
Weight, kg 40405 41405 69409 7.1+£08 8.1£08 83+08 102£1.1 10.1£0.8
Head circumference, cm 365+19 36.7+19 415+£14 415+£13 433+£13 432+£1.1 462+£20 46.1£13
BMI z-score —07+09 —06+09 —04+£10 —06+12 —05+1.1 —04+14 —1.0+15 —06+1.5
LRTI na na 3 1 3 0 2 2
Antibiotic use na na 4 1 3 2 3 2

LRTI Lower respiratory tract infection
2 All subjects were vaginally delivered and predominantly formula-fed at inclusion
" p>0.05 data are presented as mean = SD; the Mann-Whitney U test or test of equal

Table 2 Characteristics of infants with diagnosed lower
respiratory tract infections (cases) and their matched controls

Cases (n=11)* Controls (n=11)

Intervention, prebiotics/synbi- 8/3 8/3

otics

Girls 6 6

Age, months 72+36 74+36
Length, cm 720481 727482
Weight, kg 85+15 85+15
Head circumference, cm 431424 439426
BMI z-score —-05+£13 —-07£13
LRTI 1 0
Antibiotic use 11 0

LRTI Lower respiratory tract infection

" p>0.05 data are presented as mean = SD; the Mann-Whitney U test or test
of equal or given proportions was used to assess the differences between the
groups

Synbiotic effects on gut microbial composition

First, we applied the linear discriminant effect size
(LEfSe) [22] method to identify the discriminative taxa
according to the intervention at 6 months of age, i.e.,
when the infants had consumed the study formulas for
5 months and the putative effect of the intervention
would be most evident. This analysis determined that
four taxa best discriminated the groups at that age; Bifi-
dobacteriaceae were overrepresented whereas Eubacte-
riaceae, Lachnospiraceae, and Erysipelotrichaceae were
underrepresented in the synbiotic (#=33) compared
with the prebiotic (n=38) group (Fig. 2a). We then per-
formed multivariable analysis by linear models analysis

or given proportions was used to assess the differences between the groups

using MaAsLin2 [23] to identify if the taxonomical dif-
ferences were only intervention dependent or if treat-
ment with antibiotics contributed to these differences.
As presented in the heatmap (Fig. 2b), Bifidobacteriaceae
were associated with the intervention (synbiotic feeding)
(p=0.02), and Erysipelotrichaceae were strongly associ-
ated (p<0.001) with antibiotic treatment (Benjamini-
Hochberg, g-values were g=0.2 for Bifidobacteriaceae
and g =0.0009 for Erysipelotrichaceae).

The longitudinal design made it possible to study the
gut microbial compositional changes according to both
intervention and age. We applied the ANCOM BC [24]
pipeline to investigate the microbial differential abun-
dance at the genus (D_5 in SILVA’s taxonomy tree) and
species (D_6 in SILVA’s taxonomy tree) levels, longitu-
dinally between the prebiotic and synbiotic groups of
all fecal samples (n=324) included for 16S rRNA gene
amplicon sequencing, normalized for baseline, ie., at
1 month of age. The synbiotic group had a lower abun-
dance of Klebsiella (p =0.01) but a higher abundance of
Bifidobacterium breve compared to the prebiotic group
(p=0.002).

Synbiotic effects on gut microbiota diversity

and maturation measures

We assessed a-diversity, here presented as Faith’s PD
(Additional file 1: Fig. Sla), which is a qualitative meas-
ure of community richness incorporating a phylogenetic
relationship. As expected, a-diversity increased dur-
ing the first year of life in both intervention groups. The
a-diversity at 4 months of age was lower in the synbi-
otic (n=42) compared with the prebiotic group (n=47)
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Fig. 2 Discriminant taxa between the prebiotic and synbiotic groups at 6 months of age. a A cladogram presenting a significantly higher relative
abundance of Bifidobacteriaceae in the synbiotic group (orange) and a higher relative abundance of Erysipelotrichaceae, Lachnospiraceae, and
Eubacteriaceae in the prebiotic group (blue) at age 6 months, i.e, 5 months after the start of the intervention. LEfSe was used to investigate the
discriminant taxa, and the LEfSe algorithm uses the Kruskal-Wallis sum rank test, unpaired Wilcoxon rank-sum test, and LDA, where a=0.05

and LDA threshold =2.0. b A heatmap presenting that multivariable analysis using MaAsLin2 identified that Bifidobacteriaceae correlated

with the intervention (synbiotic feeding) (p =0.02) and that Erysipelotrichaceae were strongly associated with antibiotic treatment (p <0.001)
(Benjamini-Hochberg, g-values were g=0.2 for Bifidobacteriaceae and g =0.0009 for Erysipelotrichaceae)

and at 12 months (#=33 in the synbiotic and n=31 in
the prebiotic group) (p<0.01, Kruskal-Wallis) (Addi-
tional file 1: Fig. Sla). We also investigated the micro-
bial dissimilarity (B-diversity) between the intervention
groups over time based on unweighted UniFrac distance
matrices among all fecal samples (n=324) (Additional
file 1: Fig. S1b). The overall difference was significant
(p<0.001 for all comparisons, PERMANOVA, number
of permutations 999). To evaluate the microbial matu-
ration according to the intervention, we calculated the

microbiota-by-age Z (MAZ) score [25, 26] and observed
no significant differences between the groups (Additional
file 1: Fig. S1c).

Synbiotic effects on gut microbial metabolic activity

Next, we investigated the metabolome as a functional
readout of gut microbial metabolic activity (Fig. 1 and
Additional file 1: Table S1 displaying characteristics of
this sub-cohort). Here, we took the same approach as
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for the 16S rRNA gene sequencing data by analyzing the
metabolite changes from baseline at age 1 to 6 months
post-intervention, i.e., at age 12 months. This revealed
the differences in unique metabolites according to the
intervention. The antimicrobial metabolite d-3-phenyl-
lactic acid (PLA), which is derived from the metabolism
of phenylalanine by taxa, e.g., lactic acid bacteria (LAB)
[27], was increased over time (p<0.001 and p=0.04 for
time and interaction, respectively, mixed-effects model)
in the synbiotic compared with the prebiotic group
(Fig. 3a). As for the 16S rRNA gene sequencing data,
we investigated the putative changes in metabolites at
6 months of age as this represented the last sampling
during the intervention where we expected the interven-
tion effect to be greatest. At that age, galacturonic acid,
which is derived following microbial degradation of pec-
tins, was increased (p =0.039, Mann—Whitney U test) in
the synbiotic (n=20) compared with the prebiotic group
(n=27) (Fig. 3b).

Analysis of the 193 samples (Fig. 1) revealed that the
overall metabolite profile at 12 months differed signifi-
cantly from the earlier ages (p<0.001, paired Kruskal—
Wallis test, Additional file 1: Fig. S2a) but not according
to the intervention (Additional file 1: Fig. S2b). Fatty acid
metabolic pathway-related fecal metabolites, i.e., mono-
and polyunsaturated fatty acids, were also significantly
related to age (p<0.0001, mixed-effects model) but not
to the intervention (Fig. 4). At 1 month (baseline), the
relative concentrations of oleic, arachidonic, linoleic, and
eicosenoic acids in feces were significantly higher com-
pared to the later ages, likely reflecting the fatty acids
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present in breast milk and formula consumed before the
intervention started, and then remained low throughout
the first year of life.

Enrichment of Klebsiella species in antibiotic-treated LRTI
To further explore the connection between gut microbi-
ota and LRTI, we shotgun-sequenced fecal samples from
the infants with LRTI (cases) and their matched con-
trols (Fig. 1, Table 2). With metagenomics, we detected
four kingdoms with an absolute dominance of Bacteria
(99%). The corresponding numbers for Virus were 0.14%,
Eukaryota 0.05%, and Archaea 2.9¢7%9%, with high indi-
vidual variability according to health status and age. The
small sample size (9 cases and 10 controls) and the high
interindividual variation limit the statistical analyses of
metagenomic data.

First, we focused on Actinobacteria, the dominant phy-
lum in both cases and controls during the first 6 months
of life. Metagenomic sequence reads were classified into
35 Bifidobacterium species (Additional file 1: Fig. S3)
with the highest relative abundance of B. longum, B.
breve, B. adolescentis, and B. bifidum. Adult-type B. pseu-
docatenulatum was overrepresented in cases with LRTI
(n=9) compared with controls (n=10) (p=0.03; Mann—
Whitney test). With the exception of B. pseudocatenula-
tum and B. bifidum, all other bifidobacterial species were
more abundant in controls, although the differences did
not reach statistical significance.

Next, we focused on Klebsiella species that are part of
the commensal microbiota of the nose, mouth, and gut.
K. pneumoniae and K. oxytoca, however, are opportunistic
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Fig. 3 Metabolites derived from microbial fermentation of phenylalanine and pectins were increased in the synbiotic group. a Box plots presenting
the antimicrobial metabolite d-3-phenyllactic acid (PLA), which is derived from the microbial fermentation of phenylalanine in the prebiotic (blue)
compared with the synbiotic (orange) group, using a mixed-effects model, p < 0.001 for time and p = 0.04 for interaction. b Box plots presenting the
galacturonic acid, which is derived following microbial degradation of pectins. Galacturonic acid was increased in the synbiotic group (orange) at
age 6 months (Mann-Whitney U test, p=0.039). Data are presented as mean = SD. Prebiotic group (n=23 at 1 and 4 months, n=27 at 6 months,
and n=26 at 12 months). Synbiotic group (n=22 at 1 month, n=25 at 4 months, =20 at 6 months, and n=27 at 12 months). RC-relative

concentration
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Fig. 4 The decrease in unsaturated fatty acids is age-related. Box plots presenting mono- and polyunsaturated acids in the prebiotic (blue) and
synbiotic (orange) groups using a mixed-effects model, p <0.001 for time. Data are presented as mean = SD. Prebiotic group (=23 at 1 and
4 months, n=27 at 6 months, and n=26 at 12 months). Synbiotic group (=22 at 1 month, n=25 at 4 months, n=20 at 6 months, and n=27 at

12 months). RC, relative concentration

pathogens colonizing the mucosal surfaces, and from the
mucosa, they may disseminate to other tissues and cause
severe infections, including infections in the lower res-
piratory tract [28]. Klebsiella was overrepresented in cases
(n=9) compared to controls (n=10) (p=0.06, Mann—
Whitney test). Four species of Klebsiella, i.e., K. pneumo-
niae, K. oxytoca, K. grimontii, and K. michiganensis, were
dominant in cases (n=9) (p=0.1 for K. pneumoniae and
p=0.07 for the other Klebsiella species; Mann—Whitney

test, Additional file 1: Fig. S4) compared to controls
(n=10), thus suggestive as a causative or contributing
pathogen in LRTL

Higher relative number of sequence reads related

to Klebsiella pneumoniae antimicrobial resistance genes

in LRTI

We then characterized the antimicrobial resistome
encoded in the infant gut microbiota using metagenomic
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sequence reads (Fig. 5). According to the Comprehen-
sive Antibiotic Resistance Database (CARD) [29], the
relative number of sequence reads related to Klebsiella
pneumoniae antimicrobial (AMR) genes (KpnE, KpnF,
KpnG, oqxA, oqxB, KacrA, OmpK37, FosAS, and ANT(6)-
Ia) was higher in cases (n=09), suggesting an infection-
related dysbiosis in cases compared to controls (n=10)
at age 6 months. The relative number of sequence reads
related to AMR genes encoding for proteins involved in
antibiotic efflux system (emrY, AcrS, E. coli mdfA, baeS,
kdpE, msbA, E.coli ampC beta-lactamase, eptA, AcrF,
acrB, TolC, mdtG, mdtH, mdtA, Yojl, E.coli ampH beta-
lactamase, emrR, baeR, CRP, bacA, emrA, K.pneumoniae
KpnH, acrD, cpxA, mdtN, mdtB, mdtO, mdtP, mdtC)
in bacterial species related to gut dysbiosis, e.g., E. coli,
Shigella ssp., Enterococcus ssp., Salmonella ssp., and C.
difficile, was higher in cases (n=9) compared to con-
trols (n=10) during the intervention. That pattern was
reversed at 12 months of age.

Cultivation-independent recovery of genomes

from high-quality metagenomes assigns AMR genes

to bacterial species

We were further interested in better understanding our
observations and assigning them to bacterial species.
Recent advances in sequencing throughput and com-
putational techniques allow metagenome-assembled
genomes (MAGs) to be recovered from high-diversity
environments [30]. Here, we report 203 recovered high-
quality MAGs covering 10 phyla according to GTDB tax-
onomy [31] and visualized as a phylogenetic tree (Fig. 6).
We confirm the results obtained using 16S rRNA gene
amplicon and read-based analysis of shotgun sequenc-
ing by successful recovery of the MAGs of bacteria of
interest, i.e., E. coli, K. pneumoniae, B. animalis, B. ado-
lescentis, B.dentinum, B. breve, B. longum, B. bifidum,
B. scardovii, L. delbrueckii, Lacticaseibacillus paracasei
(previously known as Lactobacillus paracasei) [21], L.
rhamnosus, Leuconostoc lactis, Limosilactobacillus oris
(previously known as Lactobacillus oris) [21], L. reu-
teri, L. mucosae, and L. fermentum. The lines around the
phylogenetic tree in Fig. 6 present and reflect the aver-
age abundance of the recovered MAGs between cases
and controls at a certain time point, i.e., 4 and 6 months
combined, and at 12 months of age. Additionally, we were
able to detect 94 different AMR genes in our MAGs. As
expected, the highest abundances of AMR genes, cor-
responding to 23 genes, were detected in E. coli and K.
pneumoniae. We were able to confirm the subgroup of
the 2 AMR genes related to Bifidobacterium. The rest of
the genes are spread over the phylogenetic tree, however,
mainly associated to the genera within Enterococcus and
Streptococcus.
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Discussion

This RCT compared feeding prebiotic infant formula with
the same prebiotic infant formula supplemented with
probiotic Lactobacillus F19 (synbiotics) until 6 months of
age on infant gut microbiota development in the first year
of life. Four taxa discriminated the intervention groups at
age 6 months when the infants had consumed the study
formulas for 5 months; Bifidobacteriaceae were overrep-
resented whereas Eubacteriaceae, Lachnospiraceae, and
Erysipelotrichaceae were underrepresented in the synbi-
otic compared with the prebiotic group. The multivari-
able analysis further identified that synbiotic feeding for
5 months was associated with Bifidobacteriaceae whereas
antibiotic treatment was associated with Erysipel-
otrichaceae. This is consistent with previous studies that
reported Erysipelotrichaceae to flourish following antibi-
otic treatment [32] and that a single course of amoxicil-
lin in infancy disrupted normal microbiota development
by abruptly reducing bifidobacteria abundance followed
by replacement with clostridia and enterobacteria [5].
Eubacteriaceae and Lachnospiraceae increased in an
age-dependent manner from 9 to 18 months in a Danish
cohort [33], and the underrepresentation of these taxa in
the prebiotic group could thus reflect a less infant-like
microbiota at 6 months of age.

One of the novelties of this study is the follow-up in
the first year of life, i.e., until 6 months post-intervention.
At 12 months of age, a-diversity was lower in the synbi-
otic group, which is consistent with a previous study that
reported a slower increment in a-diversity in cow’s milk
allergic infants fed another synbiotic formula compared
with the same formula without synbiotics [34]. Longi-
tudinal analysis in the first year of life further identified
reduced Klebsiella abundance in the synbiotic group but
no other differences at the genus level according to the
intervention. At 4 and 6 months of age, B. breve, a spe-
cies commonly found in the gut of breastfed infants [16],
was enriched in the synbiotic compared with the prebi-
otic group. As the resolution at the species level using
16S rRNA gene sequencing is uncertain [35] the results
should be interpreted with caution. Verification with
metagenomic sequencing, which could not be under-
taken since we analyzed a subsample and not all samples,
should be applied in future studies.

The advantage of applying GC-MS/LC-MS as a func-
tional readout of the synbiotic intervention was clearly
shown as it detected increases in PLA, a by-product of
phenylalanine metabolism in LAB [36]. Previous reports
have demonstrated LAB metabolites e.g. short-chain fatty
acids (SCFAs) to act as a link between the microbiota and
the host immune system by activation of G protein-cou-
pled receptors (GPCRs), which are expressed in intestinal
epithelial cells and immune cells in the gut mucosa [37,
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Fig. 5 Differential abundance of genes associated with antimicrobial resistance in infants with diagnosed lower respiratory tract infection
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age 6 months, cases with LRTI have an increased abundance of genes related to K. pneumoniae. LRTI, lower respiratory tract infection
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MAGs, metagenome-assembled genomes; AMR, antimicrobial resistance genes; LRTI, lower respiratory tract infection

38]. Still, the mechanisms behind the beneficial effects
of LAB on host physiology are limited, and it was not
until very recently that PLA was demonstrated to signal
through a specific GPCR for hydroxycarboxylic acids
(HCAR) in humans, namely HCAR; [39]. Our obser-
vation that synbiotic feeding increases PLA, although
slightly, could be of high clinical relevance since HCAR,
are expressed in various immune cells as well as the lung
and skin. Signaling via the HCAR; may thus be impli-
cated in the gut-lung [2] and gut-skin [40] axes. PLA also
has anti-microbial properties and inhibits the growth of
Gram-negative bacteria, e.g., Klebsiella as well as Gram-
positive Enterococcus and Staphylococcus in vitro [41].
Gut microbial composition and functions develop
as complementary foods are introduced [16, 33, 42].

Pectins are found in fruits and vegetables, are added to
yoghurts, and thus form a part of complementary foods
introduced around 6 months of age. Pectins are a fam-
ily of complex polysaccharides with an a(1,4)-linked
D-galacturonic acid or rhamnogalacturonan backbone.
While human enzymes cannot digest pectins, they
can be degraded by taxa, e.g., Lactobacillus, Bifido-
bacterium, and Bacteroides [43, 44]. At age 6 months,
there were increases in galacturonic acid in the synbi-
otic group, but since we did not collect detailed dietary
data, it remains undecided if this increase is due to the
intervention or differences in intake of foods rich in
pectins between the groups.

Deep metagenomic sequencing further revealed
that Klebsiella species were overrepresented in
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antibiotic-treated infants with LRTI compared with anti-
biotic-naive controls. Klebsiella is of high concern in the
context of antimicrobial resistance [28]. In accordance
with the overrepresentation of Klebsiella species, the rela-
tive number of sequence reads related to Klebsiella pneu-
moniae AMR genes associated with antibiotic efflux and
its regulation was higher in antibiotic-treated infants with
LRTT at 6 months of age. At age 4 months, there was also
a relatively higher number of sequence reads related to
AMR genes encoding for proteins involved in antibiotic
efflux system in bacterial species related to gut dysbio-
sis, e.g., E. coli, Shigella ssp., Enterococcus ssp., Salmo-
nella ssp., and C. difficile in antibiotic-treated infants with
LRTI, although this was not seen at later ages. Finally, we
used a new culture-independent bioinformatic technique
to confirm our findings by generating high-quality MAGs
in high-diversity samples. Obtaining genomes from
metagenomes is an emerging approach with the potential
for large-scale recovery of near-complete genomes [30].

The main strengths of our study are the randomized,
controlled prospective design, repeated samplings, and
the combined approach of 16S rRNA gene amplicon
sequencing and metabolomics, thereby examining the
synbiotic effects on both compositional and functional
aspects of the gut microbiota. We also consolidated in
silico the results obtained using 16S rRNA amplicon and
shotgun sequencing by successful recovery of the MAGs
of bacteria of interest. There are also limitations; we did
not have fecal samples from all participants, and there-
fore, only a subset was available for gut microbiota analy-
ses. Although commonly used for practical and ethical
reasons, analysis of fecal samples may not be representa-
tive of changes occurring further up in the intestine. It
would also have been valuable to analyze other metabolic
aspects, e.g., the SCFA pattern; however, the GC-MS/
LC-MC approach did not detect SCFAs, which are highly
volatile compounds that require dedicated sample col-
lection, metabolite extraction, and a targeted detection
method. We also took the opportunity to characterize the
metagenome and antimicrobial resistome in infants with
antibiotic-treated LRTI and antibiotic-naive controls,
but these results are preliminary due to the small sam-
ple size. Finally, our results are restricted to healthy, term
infants and may not be extrapolated to preterm infants
nor infants with underlying diseases.

Conclusions

This RCT demonstrates the additional benefit of feeding
specific synbiotics to formula-fed infants over prebiotics
only. Synbiotic feeding led to the underrepresentation
of Klebsiella, enrichment of bifidobacteria, and slight
increases in microbial degradation metabolites impli-
cated in immune signaling and in the gut-lung and
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gut-skin axes. Our results support future clinical evalu-
ation of synbiotic formula in the prevention of infections
and associated antibiotic treatment as a primary outcome
when breastfeeding is not feasible. This is further under-
scored by the finding that antibiotic-treated infants with
LRTI harbored a higher abundance of Klebsiella species
and AMR genes encoded in the infant gut microbiome,
compared with antibiotic-naive controls. Ideally, future
clinical trials with synbiotics should be coupled with a
multi-omics approach to better characterize the compo-
sitional and functional changes in the gut microbiome.

Methods

Study design

This multicenter, double-blind RCT followed the report-
ing guidelines of the Consolidated Standards of Report-
ing Trials (CONSORT), and study details have been
published previously [20]. In summary, infants were eli-
gible for recruitment following written informed consent
had been obtained from parents. The study was approved
by the Ethics Committee of the Medical University of
Warsaw and conducted in accordance with Good Clini-
cal Practice and the principles and rules of the Declara-
tion of Helsinki. It was registered at ClinicalTrials.gov
(NCT01625273).

Participants and study settings

As previously described [20], eligible participants were
term infants aged <28 days, vaginally delivered between
38 and 42 weeks of gestation, with a birth weight>2700 g
and <4200 g, fully weaned from breast milk at age
28 days, and with parents being able to speak and com-
prehend Polish. The exclusion criteria were any malfor-
mation, handicap, or congenital disease that could impact
growth; antibiotic treatment; or previous intake of infant
formula with pre- and/or probiotics. Four hospitals in
Poland (Warsaw, Bydgoszcz, Trzebnica, and Garwolin) or
outpatient clinics recruited infants from January 2011 to
March 2016. Parents were informed and invited to par-
ticipate only if infants were not breastfed.

Interventions and procedures

Eligible infants were randomized to intake of cow’s
milk-based infant formula with FOS/GOS (control,
prebiotic formula) or identical formula with the addi-
tion of Lactobacillus F19 (experimental, synbiotic for-
mula) at a dose of 10° colony-forming units per liter
of formula. The study formulas were dispensed from
inclusion (age 28 days at the latest) until age 6 months
(intervention period). The study products’ composi-
tion has been published previously [20]. Parents were
advised to follow the standard recommendation on
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the introduction of complementary foods (not before
17 weeks of age and not later than 26 weeks of age)
[45]. Study visits took place every 28 days (+7 days)
until age 4 months. Thereafter, study visits took place
within 14 days of ages 6, 9, and 12 months. At the
study visits, weight, length, and head circumference
were measured. Weight (with no clothes on) was meas-
ured to the nearest 10 g, and length and head circum-
ference, to the nearest 0.5 cm. WHO Child Growth
Standards [http://www.who.int/childgrowth/en/] were
used to calculate age-adjusted z scores for weight,
length, and body mass index (BMI). Health-related
data [20] were monitored, and information on physi-
cian-diagnosed upper and lower respiratory infections,
use of antibiotics, gastrointestinal infections, unsched-
uled doctor’s visits, hospitalization, and adverse events
was collected at each study visit.

Randomization and blinding

As previously described [20], investigators at the Medi-
cal University of Warsaw generated independent allo-
cation sequences and a randomization list (StatsDirect
statistical software; StatsDirect Ltd., Altrincham,
Cheshire, UK) in blocks of 6 participants. An inde-
pendent person produced the randomization schedule
and monitored all packing and labeling of study prod-
ucts for proper allocation concealment. The study staff,
parents, and guardians were uninformed of the group
assignments. Randomization codes were covered until
data analysis. The study remained blinded to the spon-
sor, participants, and investigators until the last fol-
low-up, and the statistical analysis was finalized. The
blinding was conducted at the production site of the
company of the sponsor. Study formulas were delivered
to study participants in identical boxes coded in differ-
ent colors.

Power analysis

This was a superiority trial, and we estimated that a sam-
ple size of 140 (70 in each group) would detect a differ-
ence of 0.5 SD in weight at 4 months (primary outcome)
with 80% power (5% significance). With an estimated
dropout rate of 20%, 90 infants had to be included in each
arm. A priori power analyses for the secondary outcomes
were not calculated.

Stool sample collection

Stool samples were collected at home, by spatula into
sterile containers at 1, 4, 6, and 12 months of age and
stored immediately at home in the freezer. Samples were
transported frozen to the research centers both in Poland

Page 12 of 17

and Sweden where samples were stored at—70 °C until
analyses.

Bacterial DNA isolation

Eighty to 160 mg of frozen stool was transferred to Pre-
cellys soil grinding SK38 lysing tubes (Bertin Tech-
nologies, Montigny-le-Bretonneux, France), and one
volume of warm (37 °C) lysis buffer [4% (w/v) SDS,
50 mM TrisHCI pH 8.0, 500 mM NaCl, 50 mM EDTA]
was added. Samples were homogenized for 10 min at
room temperature, using a Vortex adapter. Lysozyme
(Sigma Aldrich Chemie GmbH, Germany; final con-
centration 6.25 mg/ml) was added and samples were
incubated at 37 °C for 30 min, then transferred to 80 °C
heating block and incubated for 15 min by inverting
every 5 min. The samples were then centrifuged at 4 °C
20,000 g for 5 min, and supernatants were collected;
proteinase K (Roche Diagnostics GmbH, Germany) was
added (final concentration 0.4 mg/ml), and the samples
were incubated, on a heating block, at 70 °C for 10 min.
After incubation, 10 M NH,OAc (final concentration
2 M) was added, and samples were incubated on ice
for 5 min, then centrifuged at 4 °C 20,000 g for 10 min.
Supernatants were collected, and an equal volume of cold
isopropanol was added. The samples were stored on ice
for 30 min and thereafter centrifuged at 4 °C 20,000 g for
20 min. Pellets were washed 2—3 times with cold 70% eth-
anol, dried, and dissolved overnight in Tris—EDTA buffer
(1XTE). The following day, the DNA concentrations were
measured using the Qubit dsDNA Broad Range Assay kit
(Thermo Fisher Scientific Inc., USA) on Qubit 3.0 fluo-
rometer (Thermo Fisher Scientific Inc., USA). RNAse
was added to each sample (final concentration of 1 ug/pl).

16S rRNA gene library preparation and sequencing

The sequencing library was prepared according to Earth
Microbiome Project’s Protocol [46] with the follow-
ing modifications; the fused primers were modified to
contain barcode sequence on both forward (341F) and
reverse (805R) primer and selected to target the V3-V4
regions instead of the V4 region.

The PCR reactions for library preparation were carried
out in triplicates as follows: 20 ng of template DNA was
mixed with 5PRIME HotMasterMix (Quantabio, USA)
consisting of 1U Taq polymerase, 45 nM Cl, 2.5 mM
Mg2%, 0.2 mM of each ANTP, 0.2 uM of each primer
(Eurofins Genomics, Germany), and 0.64 ng bovine
serum albumin (BSA) in a final volume of 25 pl per reac-
tion. The PCR conditions were 90 °C for 15 s and 94 °C
for 3 min followed by 35 cycles of 94 °C for 45 s, 50 °C
for 1 min, and 72 °C for 1.5 min, after which a final
elongation step at 72 °C for 10 min was performed. The
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triplicates were pooled and visualized on 1% agarose gel
to estimate the size of the amplicons. DNA concentra-
tions of the amplicons were measured as described in the
section above.

Then, libraries were pooled in equimolar concentra-
tions, and the amplicon pool was purified according to
the protocol using AMPure XP beads (Beckman Coul-
ter, USA). Prior to amplicon sequencing, the amplicon
pool was diluted in 10 mM Tris—HCI (pH 8.5) to a final
concentration of 4 nM. Following the Illumina recom-
mendations, the amplicon pool was denaturated using an
equal amount of 0.2 M NaOH (BioUltra) (Sigma Aldrich
Chemie GmbH, Germany) and further diluted to 12 pM
in hybridization buffer (HT1 buffer included in the Rea-
gents Kit v3, [llumina, USA). The pool was finally spiked
with 5% denaturated PhiX control library (Illumina,
USA). The sequencing was performed using the MiSeq
sequencing platform with the Reagents Kit v3, 600 cycles
(Illumina, USA).

Analyses of 16S rRNA gene sequencing: composition,
diversity, and discovery of metagenomic biomarkers
Sequence read data were demultiplexed using deML
[47] before the composition and diversity of the gut
microbiome were assessed using QIIME2 [48]. Initially,
read-pairs were quality-filtered using q2-demux and
denoised using DADA2 [49]. The total sequencing yield
was 49,284,635 demultiplexed sequence counts, with a
mean/median of 140,013/141,420 counts/sample. Reads
were assigned to ASVs using q2-feature-classifier [50] for
databases SILVA119 [51] and Greengenes [52] 13.8 (99%
ASVs from 515F/806R region of sequences), with a total
frequency of 13,501,064 and a mean frequency per sam-
ple of 39,020. The total number of features was 2585. For
core diversity, both phylogenetic and non-phylogenetic
metrics, we applied core-metrics-phylogenetic command
with a sampling depth of 20,000. Within-sample diversity,
i.e., a-diversity, was calculated using Faith’s phylogenetic
diversity [53]. B-Diversity (pairwise sample dissimilarity)
was calculated using unweighted UniFrac [54, 55] and is
presented as principal coordinate analysis (PCoA). We
used q2 giime longitudinal maturity-index script [25, 26]
to calculate the microbial maturity score (MAZ-score)
longitudinally, between the intervention groups.

For the investigation of putative biomarkers between
the groups, the LEfSe [22] pipeline (linear discriminant
analysis (LDA) effect size) was used at the genus taxo-
nomical level (L6 Greengenes). The LEfSe algorithm
uses the non-parametric factorial Kruskal-Wallis sum
rank test, unpaired Wilcoxon rank-sum test, and LDA,
to estimate the effect size of each differentially abun-
dant ASV and to pass significance—a parameter for tests
was set to 0.05, and the threshold on the logarithmic
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score of LDA analysis was set to 2.0. Multivariable asso-
ciations between the groups and taxonomic abundance
were assessed using the MaAsLin2 package [23]. Before
analysis with MaAsLin2, taxa were agglomerated to the
genus level. The compound Poisson linear model (CPLM)
function was utilized on total sum scaled (TSS) normal-
ized data and standardization of covariates to z scores.
All p-values were false discovery rate-adjusted (Ben-
jamini-Hochberg, g-values), and features with <0.25
were considered significant. ANCOM BC [24] was used
to investigate the differential abundance longitudinally
between the intervention groups at the genus (D_ 5
SILVA) and species (D__6 SILVA) taxonomical levels.

Statistics

The Mann—Whitney U test or Test of Equal or Given
Proportions was used to assess the differences in demo-
graphic characteristics. Statistical analyses and visualiza-
tions were performed using R 3.2.3 [56], SPSS version 25
(SPSS Inc., Chicago, IL, USA), and GraphPad Prism 8.4.3.

Fecal metabolic profiling

One to 200 mg of freeze-dried feces samples was pre-
pared as described in Jiye et al. [57] with some modifi-
cations. In brief, 1000 pL of extraction buffer (90/10
v/v methanol: water) including internal standards (see
source data 2) was added to 5 mg (sample weights span-
ning from 4.02—6.98 mg) of freeze-dried feces. One tung-
sten bead was added to each sample, and the sample was
shaken at 30 Hz for 3 min in a mixer mill. The tungsten
bead was removed, and the samples were centrifuged
at+4 °C, 14,000 rpm, for 10 min. The supernatant, 75
puL for LCMS analysis and 25 pL for GCMS analysis,
was transferred to microvials and evaporated to dryness
in a speed-vac concentrator. Solvents were evaporated,
and the samples were stored at—80 °C until analysis. A
small aliquot of the remaining supernatants was pooled
and used to create quality control (QC) samples. MSMS
analysis (LCMS) was run on the QC samples for identi-
fication purposes. The samples were analyzed in batches
according to a randomized run order.

Derivatization and GCMS analysis were performed
as described previously [58]. 0.5 pL of the derivat-
ized sample was injected in splitless mode by a L-PAL3
autosampler (CTC Analytics AG, Switzerland) into
an Agilent 7890B gas chromatograph equipped with
a 10 mx0.18 mm fused silica capillary column with
a chemically bonded 0.18 pm Rxi-5 Sil MS stationary
phase (Restek Corporation, USA). The injector tempera-
ture was 270 °C, the purge flow rate was 20 mL min~,
and the purge was turned on after 60 s. The gas flow
rate through the column was 1 mL min~!, the column
temperature was held at 70 °C for 2 min, then increased
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by 40 °C min~" to 320 °C and held there for 2 min. The
column effluent was introduced into the ion source of
a Pegasus BT time-of-flight mass spectrometer, GC/
TOEMS (Leco Corp., St Joseph, MI, USA). The transfer
line and the ion source temperatures were 250 °C and
200 °C, respectively. Ions were generated by a 70-eV elec-
tron beam at an ionization current of 2.0 mA, and 30
spectra s~ ! were recorded in the mass range m/z 50—-800.
The acceleration voltage was turned on after a solvent
delay of 150 s. The detector voltage was 1800-2300 V.
Before LCMS analysis, the sample was re-suspended in
10410 pL methanol and water. Each batch of samples
was first analyzed in positive mode. After all samples
within a batch had been analyzed, the instrument was
switched to negative mode and a second injection of each
sample was performed. The chromatographic separa-
tion was performed on an Agilent 1290 Infinity UHPLC-
system (Agilent Technologies, Waldbronn, Germany); 2
uL of each sample was injected onto an Acquity UPLC
HSS T3, 2.1 x50 mm, 1.8 pm C18 column in combina-
tion with a 2.1 mm x 5 mm, 1.8 um VanGuard precolumn
(Waters Corporation, Milford, MA, USA) held at 40 °C.
The gradient elution buffers were A (H20, 0.1% formic
acid) and B (75/25 acetonitrile:2-propanol, 0.1% formic
acid), and the flow rate was 0.5 mL min~'. The com-
pounds were eluted with a linear gradient consisting of
0.1-10% B over 2 min, B was increased to 99% over 5 min
and held at 99% for 2 min; B was decreased to 0.1% for
0.3 min, and the flow rate was increased to 0.8 mL min "
for 0.5 min; these conditions were held for 0.9 min, after
which the flow rate was reduced to 0.5 mL min~' for
0.1 min before the next injection.

The compounds were detected with an Agilent 6550
Q-TOF mass spectrometer equipped with a jet stream
electrospray ion source operating in positive or negative
ion mode. The settings were kept identical between the
modes, with the exception of the capillary voltage. A ref-
erence interface was connected for accurate mass meas-
urements; the reference ion purine (4 uM) and HP-0921
(Hexakis(1H, 1H, 3H-tetrafluoropropoxy)phosphazine)
(1 uM) were infused directly into the MS at a flow rate
of 0.05 mL min~" for internal calibration, and the moni-
tored ions were purine m/z 121.05 and m/z 119.03632;
HP-0921 m/z 922.0098 and m/z 966.000725 for positive
and negative mode, respectively. The gas temperature
was set to 150 °C, the drying gas flow to 16 L min~*, and
the nebulizer pressure 35 psig. The sheath gas temp was
set to 350 °C, and the sheath gas flow was 11 L min~". The
capillary voltage was set to 4000 V in positive ion mode
and to 4000 V in negative ion mode. The nozzle voltage
was 300 V. The fragmentor voltage was 380 V, the skim-
mer 45 V, and the OCT 1 RF Vpp 750 V. The collision
energy was set to 0 V. The m/z range was 70-1700, and
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data were collected in centroid mode with an acquisition
rate of 4 scans s-1 (1977 transients/spectrum).

Analyses of fecal metabolites

For the GC-MS data, all non-processed MS files from
the metabolic analysis were exported from the Chro-
maTOF software in NetCDF format to MATLAB R2016a
(Mathworks, Natick, MA, USA), where all data pre-treat-
ment procedures, such as base-line correction, chroma-
togram alignment, data compression, and multivariate
curve resolution, were performed. The extracted mass
spectra were identified by comparisons of their retention
index and mass spectra with libraries of retention time
indices and mass spectra [58]. Mass spectra and reten-
tion index comparison was performed using the NIST
MS 2.0 software. Annotation of mass spectra was based
on reverse and forward searches in the library. Masses
and ratios between masses indicative of a derivatized
metabolite were especially notified. If the mass spec-
trum according to SMC’s experience was with the highest
probability indicative of a metabolite and the retention
index between the sample and library for the suggested
metabolite was £ 5 (usually less than 3), the deconvoluted
“peak” was annotated as an identification of a metabolite.
For the LC-MS data, all data processing was performed
using the Agilent Masshunter Profinder version B.10.00
(Agilent Technologies Inc., Santa Clara, CA, USA). The
processing was performed both in a target and an untar-
geted fashion. For target processing, a pre-defined list of
metabolites commonly found in the plasma and serum
was searched for using the Batch Targeted feature extrac-
tion in Masshunter Profinder. An in-house LC-MS
library built up by authentic standards run on the same
system with the same chromatographic and mass-spec
settings was used for the targeted processing. The identi-
fication of the metabolites was based on MS, MSMS, and
retention time information. The mixed-effects model was
used to calculate the differences between the groups over
time, and the Mann—Whitney U test was used to investi-
gate if the metabolite was different between the groups at
one, certain time point. Multivariate statistical investiga-
tions (PCA, OPLS-DA) were performed using pcaMeth-
ods [59] in R v3.2.3 [56].

Preparation of the metagenomic sequencing library

Eleven infants with LRTI during the study period and 11
controls matched for the intervention group, age, sex,
and weight (Fig. 1, Table 2) were selected for analyses of
the gut metagenomic microbial community; 750 ng of
clean and concentrated DNA (Genomic DNA clean &
Concentrator' ) (Cat#4064, The Epigenetics Company,
USA) was used for library preparation using the TrueSeq
Nano DNA library preparation kit (Illumina Inc.). Cluster
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generation and 150 cycles paired-end sequencing of sam-
ple libraries were performed in one S2-flowcell using the
NovaSeq system and v1 sequencing chemistry (Illumina
Inc.). Library preparation and shotgun sequencing were
performed in collaboration with SNP&SEQ Technology
Platform, Uppsala Biomedical Centre (BMC).

Metagenomic analyses

lumina paired-end reads were demultiplexed by index
sequence before any downstream analysis. Adapter and
index sequences were trimmed, and sequences were
quality-filtered with Trimmomatic [60] before depletion
of human contamination by removing all reads assigned
to the human genome according to kraken2 [61] using
a human-specific database. Sequence read assignments
were performed using kraken2 based on a database
downloaded from NCBI (March 9, 2020) consisting of
the following sections: archea, bacteria, fungi, human, nt,
protozoa, and viral. Taxonomic read assignments were
done setting confidence to 0.1. Interactive analysis and
visualization of kraken2 classifications were performed
in Pavian [62]. ARIBA [63] was used to identify AMR-
associated genes directly from individual sequence reads
using CARD (v. 3.0.5). AMR-associated genes with less
than 500 assigned reads were removed using R before
being visualized using the package pheatmap. ATLAS
[64] was used to assemble and characterize high-qual-
ity metagenome-assembled genomes (MAG) from the
dataset, and the results were visualized using iTOL [65].
Analysis was performed using the workflow manager
Snakemake [66] together with Bioconda [67] to allow effi-
cient and automated deployment.
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