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ABSTRACT The nutritional drivers for mother-child sharing of bacteria and the cor-
responding longitudinal trajectory of the infant gut microbiota development are not
yet completely settled. We therefore aimed to characterize the mother-child sharing
and the inferred nutritional utilization potential for the gut microbiota from a large
unselected cohort. We analyzed in depth gut microbiota in 100 mother-child pairs
enrolled antenatally from the general population-based Preventing Atopic Dermatitis
and Allergies in Children (PreventADALL) cohort. Fecal samples collected at gesta-
tional week 18 for mothers and at birth (meconium), 3, 6, and 12months for infants
were analyzed by reduced metagenome sequencing to determine metagenome size
and taxonomic composition. The nutrient utilization potential was determined based
on the Virtual Metabolic Human (VMH, www.vmh.life) database. The estimated me-
dian metagenome size was ;150 million base pairs (bp) for mothers and ;20 mil-
lion bp at birth for the children. Longitudinal analyses revealed mother-child sharing
(P, 0.05, chi-square test) from birth up to 6months for 3 prevalent Bacteroides spe-
cies (prevalence,.25% for all age groups). In a multivariate analysis of variance
(ANOVA), the mother-child-shared Bacteroides were associated with vaginal delivery
(1.7% explained variance, P=0.0001). Both vaginal delivery and mother-child sharing
were associated with host-derived mucins as nutrient sources. The age-related
increase in metagenome size corresponded to an increased diversity in nutrient utili-
zation, with dietary polysaccharides as the main age-related factor. Our results sup-
port host-derived mucins as potential selection means for mother-child sharing of
initial colonizers, while the age-related increase in diversity was associated with die-
tary polysaccharides.

IMPORTANCE The initial bacterial colonization of human infants is crucial for lifelong
health. Understanding the factors driving this colonization will therefore be of great
importance. Here, we used a novel high-taxonomic-resolution approach to deduce
the nutrient utilization potential of the infant gut microbiota in a large longitudinal
mother-child cohort. We found mucins as potential selection means for the initial
colonization of mother-child-shared bacteria, while the transition to a more adult-
like microbiota was associated with dietary polysaccharide utilization potential. This
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knowledge will be important for a future understanding of the importance of diet in
shaping the gut microbiota composition and development during infancy.

KEYWORDS infant gut microbiota

Despite recent major discoveries concerning the role of the human gut microbiota
in health and disease, we still lack detailed knowledge about the nutritional fac-

tors driving the initial colonization of the infant (1). There are indications of mother to
child transmission of the gut microbiota during delivery (2–7). Nutritional sources that
are involved in the microbiota selection in the gut, however, have not yet been ana-
lyzed comprehensively, limiting our mechanistic understanding of the colonization
process during human infancy. Most of the knowledge, including the potential of the
microbiota to induce host-derived nutrients (8) and the balance between host-derived
and dietary nutrients, (9) has been derived from murine systems. The main knowledge
gap for the human infant gut microbiota is to what extent host-derived nutrients select
bacteria shared between mothers and their children and how dietary nutrients drive
the diversification of the microbiota during weaning (10).

There are still technical hurdles to deducing the nutrient utilization potential of the
gut microbiota. Current approaches in microbiota research are limited by the lack of
sequencing depth of low-abundance microbiota for shotgun analyses (11), while 16S
rRNA gene sequencing is limited by taxonomic resolution (12). The limitations of the
current methods highlight the need for high-resolution approaches that also cover the
low-abundance microbiota. Recently, reduced metagenome sequencing (RMS) was
developed, which combines sequencing depth with taxonomic resolution (13, 14) and
secures the needs for matching with functional databases such as the Virtual
Metabolic Human (VMH, www.vmh.life) database, which is the first comprehensive
database linking nutrient utilization potential to species (15).

The Preventing Atopic Dermatitis and Allergies in children (PreventADALL) study is
a longitudinal general population-based mother-child birth cohort study (16) aimed at
testing strategies to prevent the development of allergic disease, as well as to identify
early life factors associated with other noncommunicable diseases.

To derive a model for nutrients as a driver for gut colonization, the aim of the cur-
rent study was to characterize in depth both the mother-child sharing and the nutrient
utilization potential of the microbiota from the longitudinal PreventADALL cohort
using a combination of RMS and VMH analyses.

RESULTS

A total of 266,800,000 high-quality RMS sequencing reads were obtained from the
500 analyzed samples, with a mean sequencing depth of 533,600 per sample (see Fig.
S1 in the supplemental material).

Metagenome size and diversity. Based on the sequencing, we identified 1.6 mil-
lion unique RMS fragments by clustering at 97% using VSEARCH. From the RMS frag-
ment distribution, an average metagenome size of ;150 million bp was estimated for
mothers and about ;20 million for newborns (meconium), with a gradual increase
from 3 to 12months of infant age of from ;50 to;70 million bp (Fig. 1A).

The median fragment sharing across mothers was 22%. The mothers did not show
significantly higher fragment sharing with their own child compared to the other chil-
dren at any age (P. 0.05, Kruskal-Wallis test). The overall level of fragment sharing
between mothers and infants, however, increased with the infant’s age from 5% for
meconium, 9% at 3 and 6months, to 11% sharing at 12months (Fig. 1B). The amount
of human DNA in stool samples declined from.10% in meconium to,1% in samples
from mothers and infants at 3, 6, and 12months of age (Fig. 1C).

Using correlation analyses for the RMS fragment distribution, we identified a clear
clustering for mothers, while clustering patterns at 3 to 12months were less distinct.
Meconium samples did not show distinct clustering patterns (Fig. 2).
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Taxonomic composition and nutrient utilization potential. Kraken2 with the
standard RefSeq database classified 72% of the RMS fragments across all the samples,
while the customized HumGut database classified 82% of the RMS fragments belong-
ing to a total of 391 species. We observed a relative increase of Bifidobacterium
between newborns (meconium) and 3months of infant age, with a decline from 6 to
12months of age (Fig. 3). As Bifidobacterium declined, the relative abundance of
Lachnospiraceae increased.

In addition, the relative abundance of the Bacteroides genus was observed to be
high in all age groups.

The overall highest nutrient utilization potential was identified for both simple and
complex sugars, while amino acids showed the lowest. There was an overall trend with
an increase in the utilization potential of complex sugars and a decrease in mucus-
derived sugars from 3months of age (Fig. 4).

Age-related associations. Grouping based on offspring age and samples from
mothers explained 6.9% of the variance in the bacterial species composition (analysis
of variance-simultaneous component analysis [ASCA-ANOVA], P , 0.0001). These

FIG 1 Diversity analyses based on RMS data. (A) Estimated metagenome size based on the number
of unique fragments (assumption of one RMS fragment per 2,000 bp). (B) Fraction of fragments
shared with mothers for each infant age group. (C) Portion of fragments assigned to human DNA for
each infant age group. Each gray dot represents one sample, while the blue dots represent the mean
values, and the error bars represent the 95% confidence interval.
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analyses revealed 3 main factors, with the first factor being related to increasing age
(Fig. 5A). At the species level, Escherichia coli and Bifidobacterium longum showed the
strongest associations with newborns (respective loadings of 20.061 and 20.063),
while Coprococcus comes and Coprococcus catus showed the strongest association

FIG 3 Relative gut microbiota composition for the different age groups. The relative abundances are presented with color codes for
the different age groups, meconium (newborns), 3months, 6months, and 12months of infant age, and mothers.

FIG 2 Correlation network across samples based on RMS fragment distribution. Each dot represents
one sample, while the lines indicate samples with positive FDR-corrected (P , 0.05) Spearman correlations.
Samples represent newborn (meconium) and 3/6/12 months of infant age, while mothers’ samples
were from midpregnancy.
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with increasing infant age and samples from mothers (loadings of 0.14 for both). At
the genus level, the genera Bifidobacterium, Enterobacter, and Citrobacter were associ-
ated with young infant age, while Ruminococcus and Alistipes were associated with
mother samples (Fig. 5A). The second factor was related to bacteria abundant in 12-
month-old infants, with Lachnospiraceae showing the strongest association (Fig. 5B).
The third component indicates that Bifidobacterium was associated with samples
from 3- and 6-month-old infants (Fig. 5C).

There were significant age-related compositional differences in nutrient utilization
potential, with age groups explaining 8.6% of the variance (ASCA-ANOVA, P, 0.0001).
We identified two main age-related factors associated with carbon source utilization
potential. The first factor was mainly manifested at 3months of age with loadings asso-
ciated with sugars and oligosaccharides (Fig. 6A). The second factor was mainly con-
nected with age, where dietary polysaccharides were associated with increased age
while miscellaneous carbon sources, simple sugars, and putative mucus were related
to low age (Fig. 6B).

Mother-child associations. Using ASCA-ANOVA, we identified that samples com-
ing from the same mother-child pairs (mother, 18th week of pregnancy; meconium, 3,
6, and 12months for the child) explained 21.1% of the variance in bacterial composi-
tion collectively for all age groups (P=0.005). Of the 49 bacterial species showing a sig-
nificant false-discovery rate (FDR)-corrected mother-child association by a Kruskal-

FIG 4 Deduced carbon sources for the different age groups. The bar chart represents the relative abundances of potential carbon sources
derived from the VMH database, based on the bacterial species. The carbon sources are divided into the five groups simple and complex
sugars, putative mucus, amino acids, and miscellaneous (Misc). They are represented with color codes for the different age groups.
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Wallis test, 33.3% belonged to the genus Bacteroides. Five species (four Bacteroides and
one Parabacteroides) were significantly (P, 0.05, chi-square test) shared between
mother and infant, lasting up to 6months of age, while the association was not seen at
12months (Fig. 7).

Delivery mode explained 1.7% of the overall microbiota variance (P=0.0001, ASCA-
ANOVA). Bacteroides fragilis showed the strongest association with vaginal delivery
with a loading of 0.69, followed by Bacteroides thetaiotaomicron and Bacteroides unifor-
mis with respective loadings of 0.30 and 0.38. For bacteria associated with caesarian
section, Enterococcus faecalis and Bifidobacterium breve showed the strongest associa-
tions, with negative loadings of20.24 for both.

Mother-child pairs explained 30.6% of the variance while delivery mode explained
3.1% (ASCA-ANOVA, P, 0.001 for both) for the carbon source utilization potential.
There was a relatively strong positive correlation (Spearman rho = 0.89, P, 0.0005)
between the loadings for both mother-child association and vaginal delivery mode,
with mucins being the most important for mother-child-associated bacteria in vagi-
nally delivered infants (Fig. 8).

Dietary associations. We investigated the relation of dietary intake to both micro-
biota species composition and nutrition utilization potential based on questionnaire
information about breastfeeding and introduction of solid food and dairy products.
Overall, we only found significant association for Citrobacter freundii between the spe-
cies composition and breastfeeding at 6months for the whole data set (P, 0.05, FDR
corrected Spearman). We therefore analyzed the 6-month samples separately, together
with breastfeeding information at 6months. Partial least-squares discriminant analyses
(PLSDA) revealed an accuracy of classification of 0.69 (cross-validated) in predicting
species composition at 6months by breastfeeding, while the accuracy of classification
was 0.66 for the nutrient utilization potential. The regression vector revealed that E.
coli and Bifidobacterium longum showed the strongest association with breastfeeding,

FIG 5 Association between age groups and microbiota. The association between age groups and microbiota was determined by ASCA-ANOVA analyses for
the first three principal components. (A to C) The first principal component (A) explained 64.8% of the variance, the second component (B) explained
23.8% of the variance, and the third component (C) explained 8.4% of the variance. The top panels represent the scores of the samples, while the bottom
panels represent the loading (importance) of the different taxonomic groups.
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while B. uniformis and B. fragilis showed an association with lack of breastfeeding at
6months (Fig. 9A). For the carbon source utilization potential, breastfeeding showed
the strongest association with trehalose, while a lack of breastfeeding showed the
strongest association with glycogen (Fig. 9B).

DISCUSSION

In murine models, it has been shown that Bacteroides can induce mucin produc-
tion from gut epithelial cells as their own nutrient source (8). Here, we also show
that mucins as nutrients can be important for transmission of mother-child-associ-
ated bacteria. Taken together, this indicates positive host selection as a possible
mechanism for securing mother to child transmission. The main mother-child-asso-
ciated bacteria, B. vulgatus, B. thetaiotaomicron, and B. fragilis, all showed mucin
degradation potential (15). Therefore, direct transmission combined with positive
selection is a likely mechanism for securing transmission of important bacteria from
mother to child.

Dietary compounds such as pectin, inulin, and pullulan represent the main compo-
nents associated with the age of the child. This indicates diet as a main driver for the
establishment of the adult-like gut microbiota. Interestingly, pullulans are commonly
used in edible films, but very little is known about the effect on the gut microbiota
(17). Pectin, on the other hand, is a well-known modulator of the gut microbiota com-
position (18), while inulin stimulates Faecalibacterium prausnitzii, which is one of the
most abundant bacteria in the human adult gut (19).

For the age-related colonization patterns, we observed an overrepresentation of
Lachnospiraceae and underrepresentation of Alistipes at 12months, while Alistipes and
Ruminococcaceae were strongly associated with mothers at midpregnancy, suggesting

FIG 6 Association between age groups and carbon sources. The association between age groups and microbiota was determined by ASCA-
ANOVA. Results from the two first principal components are shown in panels A and B, respectively. For both components, the top panels
represent the score of the samples while the lower panels represent the loading (importance) of the different taxonomic groups for the 10
variables with the highest and the lowest loadings. Abbreviations are defined in Table S2.
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that the colonization of the infant gut with these bacteria is delayed compared to
Lachnospiraceae. Alistipes was the genus that showed the largest difference between
12-month-old children and mothers at midpregnancy. In children, Alistipes has been
associated with abdominal pain (20), while in adults Alistipes is considered beneficial
by increasing the mucosal barrier (21).

We found the same mother-child-associated Bacteroides species and their associ-
ation with vaginal delivery as previously found in the TEDDY study (3) and the BBC
study (4). These findings suggest that an early transmission between mother and
offspring takes place and that colonization occurs before passing of the first stool,
potentially after rupture of the amniotic membrane (5).

The mother-child association until 6months of age for different species of
Bacteroides may have an impact on the infant’s immunological development later in
life. We previously showed that colonization by B. fragilis without E. coli colonization is
associated with IgE sensitization (22). In a study of Finnish and Estonian children, a link
between Bacteroides ovatus and type I diabetes was identified (23), while a recent study
suggests that B. vulgatus protects against Vibrio cholerae infections (24). Several other

FIG 7 Mother-child-associated bacteria. Orange bars represent the prevalence in infants whose mothers have positive samples divided by the total
prevalence across all mother-child pairs for each age group. The blue graph represents the overall prevalence for each age group. Asterisks represent
significance levels for chi-square tests; *, P, 0.05; **, P, 0.01; ***, P, 0.001; ***, P, 0.0001.
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studies also reported on important immunomodulatory properties of Bacteroides (25).
Furthermore, the high levels of Bacteroides, in particular, B. vulgatus, correspond to a
recent meta-study of all publicly available shotgun libraries of the human gut microbiota
(26).

The associations of both microbial composition and function with the questionnaire
data were weak. Overall, we only found a significant association for C. freundii with
breastfeeding at 6months. However, when using only the data from 6months in pre-
dicting breastfeeding, we found both E. coli and B. longum to be positively associated,
while B. uniformis and B. fragilis were negatively associated. These results are consistent
with previous findings of Bifidobacteria suppressing Bacteroides (27), with mother’s
milk selecting Bifidobacteria (28).

For the nutrient utilization potential, trehalose did show the strongest association
with breastfeeding at 6months. This association is difficult to explain based on the cur-
rent knowledge. A potential explanation could be that trehalose represents an important
component of opportunistic fungal pathogens (29), so trehalose degradation could rep-
resent a potential protection against fungal pathogen infection by mother’s milk-
selected bacteria. This explanation, however, needs further experimental verification.

Taken together, our results support a mother-to-child transmission model where
host-derived carbon sources secure the initial transmission while dietary fiber selects
adult-like gut bacteria. Furthermore, the fact that dietary polysaccharides are associ-
ated with an adult-like gut microbiota supports the hypothesis that they protect the
mucosa by driving the microbiota to utilize dietary carbon sources rather than muco-
sal ones (9).

MATERIALS ANDMETHODS
Sample material. The sample material is from the general population-based PreventADALL, which is a

mother-child birth cohort recruited at 18 weeks of pregnancy (16). The study enrolled 2,697 nonselected
pregnant women and their 2,396 infants in Oslo, Østfold (both Norway), and Sweden. We selected the first
recruited 100 mother-child pairs with fecal samples for at least four of the following five time points: mater-
nal sample at approximately 18 weeks of pregnancy, offspring meconium samples from birth, and fecal sam-
ples from the infant at 3, 6, and 12months of age. The included children were born at 39.6 6 1.6weeks of
gestation with a birth weight of 3,577 6 529 g, with 22 infants delivered via caesarean section and 78 deliv-
ered vaginally. Immediately after sampling, the stool samples were collected in sterile extraction plants and
diluted 1:10 in DNA stabilization buffer to avoid degradation of DNA (PSP spin stool DNA sampling tube;
Nordic Biolabs, Taby, Sweden), followed by storage at 280°C. Informed written consent was obtained from
all of the pregnant mothers upon inclusion and again from both parents upon inclusion of the newborn
child. The PreventADALL study was approved by the Regional Ethical Committee (REK) for Medical and
Health Research Ethics in South-Eastern Norway (2014/518) as well as in Sweden (2014/2242-31/4) by the
Regional Ethics Committee of Stockholm. The study is registered as NCT02449850 at www.clinicaltrials.gov.

Lysis and DNA extraction. We used a combination of chemical and mechanical lysis, with 300ml
sample material being mixed with acid-washed glass beads of three different sizes (0.2 g [,106mm], 0.2

FIG 8 Correlation between nutrients important for mother-child association and delivery mode (x axis). The
importance of the nutrients was determined by ASCA-ANOVA analyses. The figure illustrates loadings on the y
axis and mother-child associations (MC) and delivery mode (DL) for the different nutrients.
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g [425 to 600mm], and 2� 2.5 to 3.5mm) of beads (Sigma-Aldrich, Germany). The samples were proc-
essed twice using a FastPrep 96 instrument (MP Biomedicals, USA) at 1,800 rpm for 40 s, with subse-
quent centrifugation at 13,000 rpm for 5 min. DNA extraction was carried out using the MagMidi kit on
the KingFisher Flex robot (Thermo Fisher Scientific, USA) following the manufacturer’s recommenda-
tions (LCG Genomics, UK).

Generation and sequencing of RMS libraries. Approximately 10 ng genomic DNA was cut for 1 h
at 37°C using a combination of 8 U EcoRI and 4 U MseI prior to adapter ligation for 3 h at 37°C using T4
DNA ligase (New England Biolabs, USA). Adapters were made of equal amounts of forward strands
(EcoRI, 59-CTCGTAGACTGCGTACC-39; MseI, 59-GACGATGAGTCCTGAG-39) and reverse strands (EcoRI, 59-
AATTGGTACGCAGTCTAC-39; MseI, 59-TACTCAGGACTCAT-39).

Adapter ligated genomic DNA was amplified with specific EcoRI forward (59-GACTGCGTACCAATTC-39)
and MseI reverse (59-GATGAGTCCTGAGTAA-39) primer pairs using 1� Hotfire Pol Blend master mix ready
to load (Solis Biodyne, Estonia). The samples were amplified using 25 cycles of denaturation at
95°C for 30 s, hybridization at 55°C for 1 min, and elongation at 72°C for 1 min, before a final step at 72°C
for 7 min. The number of cycles was increased to 30 for meconium (newborn) samples. All PCR amplifica-
tions were conducted on a 2720 thermal cycler (Applied Biosystems, USA). The PCR products were purified
using an AMPure XP system (Beckman Coulter, USA) according to the manufacturer’s recommendations.

Indexing was done using 1� Firepol master mix ready to load (Solis Biodyne, Estonia), with Illumina
TruSeq indexes. We used the following PCR thermocycles for indexing: 95°C for 5 min, followed by 10
cycles of denaturation at 95°C for 30 s, hybridization at 56°C for 1 min, and elongation at 72°C for 1 min,
before a final step of 72°C for 7 min. The samples were mixed in equimolar concentrations after

FIG 9 Regression coefficients connected to partial least-squares (PLS) discriminant analysis for breastfeeding
at 6months. (A and B) Coeffects for (A) species composition and (B) carbon sources. The arrows represent
the direction of the associations. For the carbon sources, abbreviations are provided in Table S2.
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amplification, with a final AMPure purification prior to sequencing. The sequencing was performed using
the HiSeq 3000 sequencer at the Norwegian Sequencing Center (University of Oslo, Oslo, Norway).

Data processing. We used Cutadapt to demultiplex raw data files into sample-wise files (30). Each
read pair was taxonomically classified using Kraken2 with default settings. We used both the standard
Kraken2 database and a customized genome database representing the human gut pan-taxa (26). The
number of RMS fragments varies a lot between species, and read counts from Kraken2 must be normal-
ized for this effect in order to reflect species abundances. For all genomes in our database, we counted
the number of RMS fragments in silico. From this, we retrieved the per-species average RMS fragment
count and divided that by the Kraken2 read count for a species to obtain normalized read counts reflect-
ing the abundance of the species. The normalized data for all samples were presented in a species table.

In addition to the species table, we also generated a table showing RMS fragment cluster read
counts across samples, similar to an OTU table from 16S amplicons, using VSEARCH software (31). The
data processing is similar to a standard 16S-based pipeline, with the exception of some RMS fragments
being too long to produce overlapping reads, in which case reads were joined, i.e., pasted together,
with a section of N’s in between. After merging/joining, all reads were clustered at 97% identity, produc-
ing the read count table.

Functional assignments. The functional assignments for nutrient (carbon source) utilization poten-
tial were determined by assuming similar functions for bacterial species identified by RMS in the current
study, as for those in the Virtual Metabolic Human (VMH, www.vmh.life) database (15). This was done by
matching the RMS assigned species names with those for the VMH database. Each carbon source quanti-
fication was achieved by adding together the relative abundance for each bacterial species containing
the given function. Functions were treated statistically in the same manner as for taxonomic
composition.

Statistical analyses. Analysis of variance-simultaneous component analysis (ASCA-ANOVA), a multi-
variate statistical variant of ANOVA (32), was used to investigate the relation both between age and
mother-child pair and the microbiota. Partial least-squares discriminant analyses (PLSDA) were used for
investigating the predictability of microbiota composition and carbon sources based on categorical
metadata such as the dietary information (Table S1). A nonparametric Kruskal-Wallis test was conducted
to test statistically significant differences in the relative amounts of bacterial species connected to
mother-child pairs, while Spearman correlation was used to determine the age-related associations of
the microbiota. We used a chi-square test to test the association between dichotomized variables. All P
values were false-discovery corrected by Benjamini-Hochberg multiple test corrections, with a signifi-
cance threshold of 0.05.

Data availability. The centroid sequences and the corresponding RMS OTU table have been depos-
ited in the OSF repository (osf.io) under the project name RMS_infant:Gut. The raw sequencing data are
available from the corresponding author (knut.rudi@nmbu.no) upon request.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.3 MB.
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