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Abstract

The objective of this study was to investigate the impact of the most commonly cited factors
that may have influenced infants’ gut microbiota profiles at one year of age: mode of delivery,
breastfeeding duration and antibiotic exposure. Barcoded V3/V4 amplicons of bacterial 16S-
rRNA gene were prepared from the stool samples of 52 healthy 1-year-old Australian children
and sequenced using the Illumina MiSeq platform. Following the quality checks, the data
were processed using the Quantitative Insights Into Microbial Ecology pipeline and analysed
using the Calypso package for microbiome data analysis. The stool microbiota profiles of
children still breastfed were significantly different from that of children weaned earlier
(P <0.05), independent of the age of solid food introduction. Among children still breastfed,
Veillonella spp. abundance was higher. Children no longer breastfed possessed a more
‘mature’ microbiota, with notable increases of Firmicutes. The microbiota profiles of the
children could not be differentiated by delivery mode or antibiotic exposure. Further analysis
based on children’s feeding patterns found children who were breastfed alongside solid food
had significantly different microbiota profiles compared to that of children who were
receiving both breastmilk and formula milk alongside solid food. This study provided
evidence that breastfeeding continues to influence gut microbial community even at late
infancy when these children are also consuming table foods. At this age, any impacts from
mode of delivery or antibiotic exposure did not appear to be discernible imprints on the
microbial community profiles of these healthy children.

Introduction

The importance of microbiome in human health outcomes has been well recognised. The
development and maturation of the gut microbiome occurs in early life, coinciding with the
period referred to as the ‘first thousand days’." This period is considered as a unique window
of opportunity to promote lifelong healthy growth and development.” Early exposures to
microbiota, during the ‘first thousand days’, result in an expansion of these communities
throughout the body whereby they occupy and/or create ecological niches that can also
influence the health and wellbeing of the host."

Studies have demonstrated the influence of various factors and events during the first
thousand days of life on the infant gut microbiota composition, including maternal health and
nutrition,” mode of delivery,"” antibiotic exposure,'®** initial feeding practice (i.e.
breastfeeding or formula feeding)®*'®'>'® and introduction of solid food and weaning.”'”""
Although the most rapid change in the gut microbiota occurs early in life, there is emerging
evidence suggesting that the microbial community is not yet mature in adolescents.”* How-
ever, most studies on early-life gut microbiota focus on the first 6 months of life. Therefore,
there is a paucity of studies on the gut microbiome development and composition in late
infancy, despite the critical window of the ‘first one thousand days’ extending beyond the first
6 months of life.

To fulfil the gap in understanding of the gut microbiota characteristics in late infancy, we
investigated the gut microbiota in healthy 1-year-old Australian children. The aim of this
study was to investigate the impact of most relevant and important factors that affect the gut
microbiome during late infancy, namely mode of delivery, antibiotic exposure and breast-
feeding status.
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Methods
Study population and sample collection

The stool samples analysed and reported here were collected from
1-year-old children (+2 weeks) participating in the Child Health
and Resident Microbes (CHaRM) study conducted in Brisbane,
Australia, and before starting the multi-centre Growing Up Milk
Lite (GUMLI) trial. The GUMLI trial was a double-blind recog-
nised controlled trial to investigate the effects of growing up milk
compared with regular cow’s milk in children. The inclusion
criterion was otherwise healthy children turning one year of age
(2 weeks). The exclusion criteria included children who were
born <32 weeks gestation; have developmental disability (i.e.
autism spectrum disorder, intellectual disability); any illness or
medication that may influence their nutritional status; hae-
moglobin concentration <100 g/I; medically diagnosed with cow’s
milk allergy and inability of parents to comprehend written or
spoken English.

Families participating in the GUMLI trial were invited to par-
take in the CHaRM study with additional consent. Ethical clear-
ance approval was obtained from the University of Queensland
Human Research Ethics Committee (reference 2014001318). Stool
samples were collected by the child’s mother or caretaker in a
standard faeces container (Sarstedt) and immediately home-stored
at —20°C before their transfer to the laboratory on ice and long-
term storage at —80°C within an average of 1.44 days (range 0—
4 days). Information on duration of breastfeeding (exclusive and
any breastfeeding), mode of delivery (vaginal, emergency or plan-
ned caesarean) and oral antibiotic exposure since birth, as well as
other demographic and relevant data were self-reported by mothers
in a face-to-face interview using a set of questionnaires. These data
were collected at the time of enrolment of the study when their
children were aged around 1 year.

Faecal DNA extraction and gut microbiota sequencing

The stool subsamples weighing 0.15 g were transferred to screw-
capped tubes containing sterile zirconia beads (0.1 and 0.05 mm
diameter). The samples were subjected to repeated bead beating®"
and the released DNA was concentrated and purified using the
automated Maxwell 16 MDx system (Promega, USA). The
resulting DNA was used as the template to produce polymerase
chain reaction (PCR) amplicons of the V3/V4 region of bacterial
16S-rRNA genes using primers (341F-CCT ACG GGN GGC
WGC AG; 805R-GAC TAC HVG GGT ATC TAA TCC).*?
Samples were indexed for barcoding, cleaned up and pooled
before sequencing with the Illumina MiSeq platform (Illumina,
USA) at the Australian Centre for Ecogenomics (Brisbane,
Australia). Raw sequences were joined, demultiplexed and quality-
controlled using the Quantitative Insights Into Microbial Ecology
(QIIME) version 1.9.1 pipeline.®®> The chimera check and removal
was conducted using USEARCH version 6.1.554.>* The operational
taxonomic unit (OTU) table was assigned using PyNAST? with a
97% sequence similarity threshold against the Greengenes database
version 13.8.°° The raw OTU counts were normalized using the
cumulative sum scaling method and log transformed to account for
the non-normal distribution of taxa before analyses.

Statistical analyses

Demographic information is reported as the median and inter-
quartile range (IQR), as these data were not normally distributed,
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except for the age of children, which was reported as mean and
standard deviation (sp). To investigate the effect of selected fac-
tors on the gut microbiome, analyses were carried out between
children who were grouped according to various factors whether
they were still being breastfed or not, by mode of delivery and
whether any antibiotics were given to the child since birth. The
x’-test was used to evaluate the differences between categorical
variables. The Mann—Whitney U-test was used to compare o-
diversity measures (Chao 1, Shannon diversity index, number of
OTUs) based on breastfeeding status, mode of delivery and anti-
biotic exposure since birth. Principal component analysis (PCA)
and the analysis of similarities (ANOSIM) test were used to
visualise and confirm significant differences in the infant gut
microbiomes. Redundancy analysis (RDA) was used to examine
the community composition and cluster. The Wilcoxon rank-sum
test was carried out to measure significantly different taxa between
groups, where P-value of <0.05 was considered statistically signi-
ficant and adjusted for multiple testing using false discovery rate
(FDR). Statistical analyses of demographic information were con-
ducted using Stata v.13.1 (StataCorp, TX, USA). Bioinformatics
analyses were carried out using QIIME and Calypso.””

Results
Description of the study cohort

The cohort comprised 52 healthy Australian children aged 1 year
(£0.03), and their general characteristics are listed in Table 1.
None of the children were taking antibiotics at the time of sample
collection. Two children were not born at full term (i.e. born
<37 weeks gestation), but these children were corrected for
gestational age at the time of sampling. The median duration of
exclusive breastfeeding was 17.3 weeks (IQR 7.6-25.9), and any
breastfeeding (i.e. breastfeeding alongside solids intake with or
without using infant formula) was 37.9 weeks (IQR 19.5-51.9).
The median duration of exclusive breastfeeding was longer for
children who were still being breastfed at 1 year of age but not
different for mode of delivery or antibiotic exposure. There were
no significant differences in gender, birth order, pet ownership,
daycare attendance, the age of solid food introduction or socio-
economic status between groups of children based on current
breastfeeding status, different modes of delivery or oral antibiotic
exposure (data not shown).

The feeding patterns since birth are illustrated in Fig. 1.
During the first month after birth, 42 children (81%) were
exclusively breastfed, whereas eight children (15%) were mixed-
fed (having both breastmilk and formula milk) and two children

Table 1. Characteristics of the cohort of children (n=52) aged 1 year

Characteristics n (%)

Gender Female 29 (55.8%)
Mode of delivery Vaginal 36 (69.2%)
Currently breastfed 22 (42.3%)
Oral antibiotic exposure 31 (59.6%)
First child 29 (59.1%)
Pet(s) at home 35 (67.3%)
Daycare attendance 34 (65.4%)
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Fig. 1. Feeding patterns since birth (n=52).

(4%) were formula-fed. The median age of solid food introduction
was 5 months (IQR 4-6). At the time of sampling (aged
12 months), along with solid food 11 children (21%) were
breastfed, 11 children (21%) were mixed-fed and 30 children
(58%) were formula-fed.

Breastfeeding influences gut microbiome community
structure in late infancy

The most relevant factors that modulate gut microbiota in early
life, namely breastfeeding status, mode of delivery and antibiotic
exposure since birth were used as constraints for the microbiota
data to evaluate their impact on microbial structure variability.
PCA and identification of clustering using ANOSIM were per-
formed for all three factors. No distinct clusters were observed in
PCA according to breastfeeding status, mode of delivery or by
oral antibiotic usage (Supplementary Fig. 1). Breastfeeding status
was the only significant variable influencing community structure
based on ANOSIM (R=0.085, P<0.05) (Fig. 2). There were no
significant differences in a-diversity between children based on
current breastfeeding status, mode of delivery or by antibiotic
exposure (Supplementary Table 1).

Late infancy gut microbiota taxa vary with breastfeeding
status, mode of delivery and antibiotic exposure

Significantly different taxa (P <0.05) were examined at family,
genus and OTU levels between currently breastfed and non-
breastfed children using the Wilcoxon rank-sum analysis (Sup-
plementary Fig. 2). At the family level, Veillonellaceae was higher
among the continued breastfeeding group (FDR 0.072), whereas
unclassified Clostridiales was higher among children who were no
longer being breastfed (FDR 0.072). At the genus level, Veillonella
was higher among continued breastfeeding group (FDR 0.042). At
the OTU level, Veillonella dispar (OTU757622) was higher in the
continued breastfeeding group but not after adjusting for multiple
testing (FDR 0.65). Amongst the group of children who were no
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longer breastfed, Barnesiellaceae OTU315846, Clostridiaceae
OTU555945, Ruminococcaceae OTU309720, Blautia OTU583089
and Clostridiales OTU558444 were higher but not after adjusting
for multiple testing (FDR 0.65). There were no significant dif-
ferences in bacterial taxa based on mode of delivery or exposure
to oral antibiotics after multiple testing adjustment.

Different feeding patterns further differentiate gut
microbiome community structure in late infancy

As we found that breastfeeding status showed most significant
differences in the gut microbiome taxa profile, we further ana-
lysed the effect of feeding patterns by dividing children into
groups of those who were breastfed, mixed-fed or formulate-fed
alongside solid food intake at the time of sample collection . There
were no distinct clusters observed in PCA but ANOSIM showed
feeding patterns significantly influenced the gut microbiome
community structure (R=0.164, P =0.014) (Fig. 3). Significantly
different taxa (P < 0.05) were investigated among these groups, as
well as to identify any significant clustering by RDA (Fig. 4).

At the family level, Veillonellaceae (FDR 0.032) and Bacter-
oideceae (FDR 0.16) were significantly higher amongst the
breastfed group compared with mixed-fed or formula-fed
groups, whereas Clostridiaceae was significantly higher
amongst mixed-fed group compared with breastfed or formula-
fed groups (FDR 0.032). Unclassified Clostridiales were higher
among the formula-fed group compared with the mixed-fed
group (FDR 0.16). At the genus level, Veillonella was sig-
nificantly higher in the breastfed group compared with both
mixed-fed and formula-fed groups (FDR 0.067), and Bacteroides
was higher in the breastfed group compared with mixed-fed
group (FDR 0.33). Unclassified Clostridiaceae was higher in the
mixed-fed group compared with breastfed or mixed-fed groups
(FDR 0.33), and an unclassified Clostridial was significantly
higher in the formula-fed compared with the mixed-fed group
(FDR 0.33).
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Fig. 2. Effect of breastfeeding status on the gut microbiota diversity in 1-year-old children using PCA and ANOSIM (Bray-Curtis) at genus level.
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Fig. 3. The effect of different feeding patterns on the gut microbiota diversity in 1-year-old children using PCA and ANOSIM (Bray-Curtis) at genus level.

Examination of the microbial community structure between
the three groups by the hypothesis-based RDA analysis showed
that different feeding patterns were significantly associated with
the gut microbiota composition at the family level (P <0.05) in
1-year-old children.

Other possible antibiotic exposure, different caesarean
delivery or prematurity did not alter gut microbiome
community structure in late infancy

As the data were collected retrospectively, details of the antibiotic
exposure could not be verified. Some children may have been
exposed to prophylactic antibiotics during perinatal period from
caesarean delivery. Furthermore, evidence exists for a different
microbial community profile between children born by emer-
gency or planned caesarean. Table 2 shows the distribution of
emergency and caesarean delivery, as well as oral antibiotic
exposure and all antibiotic exposure. We first explored differences
in gut microbiota profiles between children born by emergency
and planned caesarean section delivery but found no significant
difference in the microbial community structure between the
groups. Next, a stratified analysis of all children who may have
been exposed to antibiotics (n=39) was performed. Again,
breastfeeding status (R=0.149, P<0.05) and different feeding
patterns (R=0.241, P <0.05) showed significant influence on the
community structure based on ANOSIM (Supplementary Fig. 3).
To examine the effect of prematurity, further sub-analysis was
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conducted by excluding prematurely born infants (n=2). This
did not alter the significance of the finding, where the breast-
feeding status remained as the only significant factor influencing
the microbial community status.

Breastfeeding may attenuate the effect of antibiotic
exposure on the gut microbial community

To further test the effect of breastfeeding, we ran stratified ana-
lyses of children who were still being breastfed and those who
were no longer breastfed. In the analysis of children who were still
being breastfed (n=22), we did not find any significant difference
with the mode of delivery or antibiotic exposures. Although there
were no microbial community structural differences identified
using ANOSIM among children who were no longer being
breastfed (n=30), we found that oral antibiotic exposure was
associated with higher Oscillospira (P<0.01, FDR 0.17) and
SMB53 (P<0.05, FDR 0.38) (Supplementary Fig. 4). For all
possible antibiotic exposure (i.e. oral antibiotics and born by
caesarean delivery), Oscillospira was again higher (P <0.01, FDR
0.28). Other taxonomical differences were not significant after
adjusting for multiple corrections (FDR > 0.5).

Discussion

This study showed that breastfeeding had significant influence on
the microbial community structure in this healthy cohort of
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1-year-old children, whereas mode of delivery or exposure to
antibiotics since birth had minor structural effects on the gut
microbiota in late infancy. Although the value was small,
breastfeeding status and feeding mode showed statistically sig-
nificant differences in community profiles. In the broad analysis
of continued breastfeeding, breastfed children harboured more
lactate utilisers, whereas children who were no longer breastfed
were enhanced with butyrate producers. The microbial family
that was most consistently associated with breastfeeding status
was Veillonellaceae in this present study, after correcting for
multiple testing.

Large amounts of lactate are produced from undigested sub-
strates, including human milk oligosaccharides (HMOs), thereby
requiring lactate utilising bacteria such as Veillonella to prevent
lactate accumulation by converting lactate to short-chain fatty
acids (SCFAs), acetate and propionate.”*° Breastfed children
have higher satiety response than formula-fed children,”" which
could be partially explained by different SCFAs produced by the
gut microbiota. Propionate is associated with satiety and
improvements in blood glucose responsiveness®> and reduction in
food intake.*® The measurement of SCFA would be advantageous
to confirm these results.

Our finding is that Veillonellaceae was significantly higher
among those children who were only having breast milk alongside
solid food, compared with mixed-fed children, who were having
both breast milk and formula milk, suggesting that Veillonellaceae
may be a poor substrate competitor leading to its reduction when
breastfeeding is reduced. This has been supported by a metage-
nomics study of infant gut microbiota, which also identified that
cessation of breastfeeding shifted the microbiota population
towards a more adult-like profile.” Veillonella has been identified
as a common species between the maternal gut, oral and placenta
microbiota,* associated with an inherent maternal gut micro-
biome’ and is commonly found in neonates. There are also other
reported positive associations with Veillonella in early-life health
status. For instance, genus Veillonella is negatively associated with
the likelihood of bronchiolitis,”> and the reduction of its relative
abundance has been significantly linked in children at risk of
asthma.’® Thus, Veillonella spp. may have impact on immuno-
modulatory effects that are beneficial during the early-life devel-
opmental period.

Continued breastfeeding appears to delay progression of
specific bacterial taxa, such as butyrate producers. We found
that order Clostridiales and OTUs belonging to Clostridiaceae
and Ruminococcaceae, all belonging to Firmicutes phylum,
were higher among groups of children who were no longer
breastfed and those who were formula-fed or mixed-fed, sug-
gesting increased population of butyrate producers from con-
sumption of solid food and/or infant formula. It was previously
reported that after the introduction of solid food, Clostridiales
and Blautia increased significantly among infants who were
having milk other than breastmilk,>” which is in line with our
finding.

Generally, breastfed infants have the gut microbiota profile
dominated by Bifidobacterium.”®* However, we did not find
significant differences in the abundance of Bifidobacterium
according to breastfeeding status. Bifidobacterium are known for
its HMO utilising properties** and health-enhancing benefits.*" It
may be possible that prebiotics in infant formula, as well as fibre
from other dietary sources may have contributed to undiffer-
entiated levels of Bifidobacterium amongst this cohort of healthy
children,**™**
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However, we found that Bacteroides ovatus OTU535375 was
significantly higher species associated with breastfeeding.
Bacteroides species have the capacity to degrade different types
of polysaccharides,*” which give them competitive advantage
over other bacterial groups that do not have this capacity.*®
The role of Bacteroides in the breakdown of HMO was
demonstrated in a previous metagenomics-based study, which
found Bacteroides species as dominant contributor to HMO
breakdown.'" Therefore, Bacteroides species are one of the first
bacterial groups to colonise a breastfed infant’s gut*’ and
continues its presence as one of the major core gut microbiota
throughout life.***

Another key finding of this study is that neither mode of
delivery nor did antibiotic exposure result in differences in gut
microbiota richness or structure in this cohort of this children.
Yassour et al.'' found that when children were exposed to anti-
biotics during their first year of life, faecal microbiota richness
was reduced compared with those not exposed to antibiotics, but
this was only apparent in samples collected after the first year of
life. Therefore, children in this current study may experience
changes in microbial communities in the subsequent period.
However, differences in microbial taxa were identified in the
stratified analysis amongst children who were no longer breastfed,
and we found that antibiotic exposure was associated with higher
Oscillospira. This bacterial genus is generally linked with health
and leanness in both children and adults;* therefore, the reason
behind increased Oscillospira among the antibiotic exposed chil-
dren in this study needs to be further investigated. It could be
speculated that not finding difference in the gut microbial com-
munity from antibiotic exposure among children who were still
being breastfed suggests that breastfeeding may attenuate the
effect of antibiotic exposure. Again, further study with a larger
sample and more detailed information on antibiotics is needed.
With regards to mode of delivery, a recent systematic review has
also identified that significant differences in the diversity and
colonisation pattern of the gut microbiota due to delivery mode
diminish after 6 months of life,” which may explain the results
from our current study.

Limitations

There are limitations in this study. First, the size of the cohort, in
relative terms is quiet small for observational studies. As such, it is
not possible to consider how variations in host genetics alter the
gut microbiome,” as well as those interactions with diet that
further influence the gut microbiome, leading to potential mod-
ulation of individual risk for metabolic syndromes.”>>*
Secondly, a detailed analysis of diet during infancy is needed
to comprehensively understand the complex interactions
between breastmilk, formula milk, diet and the microbiome.
Furthermore, retrospective data collection did not allow detailed
analysis of the exact type of antibiotic and duration of the
antibiotic course given to each child in this study. However,
stratified analysis of all children possibly exposed to antibiotics
since birth by combining children who had oral antibiotic
exposure and those who were born by caesarean delivery to
account for prophylactic antibiotic use during delivery found
breastfeeding status and feeding pattern remained as significant
factors that differentiated the gut microbiota profile. Although
this study did not identify that antibiotics exposure altered the
gut microbial community in this cohort of children, this finding
is in contrast with studies presented by others.'®'! It is possible
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that early-life antibiotics exposure may have later health impact ~ SCFA extraction yield.”” As the measurement of SCFA was not
on this cohort of children. Follow-up studies would be needed to  part of the original study protocol, and samples were stored for
monitor such effect. microbiome DNA sequencing only, SCFAs were not measured in

Thirdly, the importance of SCFA in health outcomes is well-  this study. Future studies should incorporate experimental pro-
established, but conditions such as pH and storage can affect the  tocols that accommodate analysis of SCFA from faecal samples.
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Table 2. Distribution of different modes of delivery and oral antibiotic exposure among children currently breastfed and no longer breastfed at age 1 year

Currently breastfed
(n=22) n (%)

Total
(n=52) n (%)

No longer breastfed
(n=30) n (%)

Vaginal delivery 16 (72.7%) 20 (66.7%) 36 (69.2%)
Emergency CS delivery 2 (9.1%) 6 (20.0%) 8 (15.4%)
Planned CS delivery 4 (18.2%) 4 (13.3%) 8 (15.4%)
Oral antibiotic exposure® 9 (40.9%) 22 (73.3%) 31 (59.6%)
All possible antibiotic exposure® 15 (68.2%) 24 (80%) 39 (75.0%)

CS, caesarean section.
?Oral antibiotic exposure regardless of mode of delivery.
bChildren exposed to either or both oral antibiotics and/or caesarean delivery.

Conclusions

This study has contributed to research in the gut microbiome of
healthy 1-year-old children, a group which receives considerably
less focus than young infants. Previous studies found that cessa-
tion of breastfeeding was the major driver in the gut microbiota
development;”*® however, we found gut microbiota character-
istics amongst children who were having breastmilk and solid
food, compared with those who were having both breastmilk and
formula milk alongside solid food, were also different. This sug-
gests the duration of breastfeeding, as well as overall diet enrich
keystone species that could have important immune and meta-
bolic roles during this critical developmental window. Further
evaluation of the clinical relevance and physiological significance
of differences in gut microbiome characteristics during this period
would assist in further understanding the role of gut microbiome
on long-term health outcomes.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/S2040174418000624
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