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BACKGROUND: Preterm birth is associated with the development of acute and chronic disease, potentially, through the disruption
of normal gut microbiome development. Probiotics may correct for microbial imbalances and mitigate disease risk. Here, we used
amplicon sequencing to characterise the gut microbiome of probiotic-treated premature infants. We aimed to identify and
understand variation in bacterial gut flora from admission to discharge and in association with clinical variables.
METHODS: Infants born <32 weeks gestation and <1500 g, and who received probiotic treatment, were recruited in North
Queensland Australia. Meconium and faecal samples were collected at admission and discharge. All samples underwent 16S rRNA
short amplicon sequencing, and subsequently, a combination of univariate and multivariate analyses.
RESULTS: 71 admission and 63 discharge samples were collected. Univariate analyses showed significant changes in the gut flora
from admission to discharge. Mixed-effects modelling showed significantly lower alpha diversity in infants diagnosed with either
sepsis or retinopathy of prematurity (ROP) and those fed formula. In addition, chorioamnionitis, preeclampsia, sepsis, necrotising
enterocolitis and ROP were also all associated with the differential abundance of several taxa.
CONCLUSIONS: The lower microbial diversity seen in infants with diagnosed disorders or formula-fed, as well as differing
abundances of several taxa across multiple variables, highlights the role of the microbiome in the development of health and
disease. This study supports the need for promoting healthy microbiome development in preterm neonates.

Pediatric Research; https://doi.org/10.1038/s41390-021-01738-6

IMPACT:

● Low diversity and differing taxonomic abundances in preterm gut microbiota demonstrated in formula-fed infants and those
identified with postnatal conditions, as well as differences in taxonomy associated with preeclampsia and chorioamnionitis,
reinforcing the association of the microbiome composition changes due to maternal and infant disease.

● The largest study exploring an association between the preterm infant microbiome and ROP.
● A novel association between the preterm infant gut microbiome and preeclampsia in a unique cohort of very-premature

probiotic-supplemented infants.

INTRODUCTION
It is well known that preterm birth leads to retarded gut
microbiome development and increased risk of acute and chronic
disease in infants and adults.1 The gut microbiome composition of
preterm infants differs significantly from those born full-term, and
is characterised by lower diversity2,3 and high interindividual
variation.4–6 In addition, despite high variability, preterm infants
typically have fewer commensals like Bifidobacterium4,6 and
Lactobacillus,4,7 and more potential pathogens like Klebsiella
pneumoniae8 and Clostridium difficile.6 However, the gut

microbiome is dynamic and changes significantly over time.9

Although reduced levels of common commensal organisms and
diversity can persist for months,10,11 maybe years,12 choreo-
graphed abrupt changes in composition13,14 and increases in
diversity11 mean that eventually the preterm gut microbiome
composition becomes more similar to that of full-term infants.
Shifts in composition and organism dominance result from

environmental changes and major colonising events. Colonisation
occurs via different routes and is influenced by several factors,
including delivery and diet. Delivery is the first major colonising

Received: 12 March 2021 Revised: 23 August 2021 Accepted: 31 August 2021

1College of Public Health, Medical and Veterinary Science, James Cook University, 1/14-88 McGregor Road, Smithfield, QLD 4878, Australia. 2Centre for Tropical Bioinformatics and
Molecular Biology, James Cook University, 1 James Cook Drive, Douglas, QLD 4811, Australia. 3Marine Climate Change Unit, Okinawa Institute of Science and Technology (OIST),
1919-1 Tancha, Onna-son, Okinawa 904-0495, Japan. 4College of Science and Engineering, James Cook University, 1 James Cook Drive, Douglas, QLD 4811, Australia. 5College of
Public Health, Medical and Veterinary Science, James Cook University, 1 James Cook Drive, Douglas, QLD 4811, Australia. 6Department of neonatology, Townsville University
Hospital, 100 Angus Smith Drive, Douglas, QLD 4814, Australia. 7Australian Institute for Tropical Health and Medicine, James Cook University, 1/14-88 McGregor Road, Smithfield,
QLD 4878, Australia. 8Department of Microbiology, Pathology Queensland, 100 Angus Smith Drive, Douglas, QLD 4814, Australia. 9Department of Maternal-Fetal Medicine,
Townsville University Hospital, 100 Angus Smith Drive, Douglas 4814, Australia. ✉email: jacob.westaway@my.jcu.edu.au

www.nature.com/pr

http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-021-01738-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-021-01738-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-021-01738-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-021-01738-6&domain=pdf
https://doi.org/10.1038/s41390-021-01738-6
mailto:jacob.westaway@my.jcu.edu.au
www.nature.com/pr


event, contributing significantly to differences between
individuals,15,16 including higher abundances of vaginally derived
microbes in those born vaginally. This includes Bacteroides and
Lactobacillus.15,17 In contrast, caesarean-born infants acquire
greater abundances of skin-dwelling microbes like
Staphylococcus.11,15 As for diet, breastmilk and formula also
produce distinct microbial communities9,18 due to the presence
of both microbes and human-made oligosaccharides (HMOs) in
breastmilk.19 Although maternal skin and vaginal microbes
colonise infants during birth and feeding, these microbes may
only be transient with maternal gut microbes, passed through
birth or lactation proving to be more persistent.20

As much of the microbial inoculation occurs through
maternal–infant exchange, maternal health and medical interven-
tions can also influence the developing infant microbiome.
Interventions such as antibiotics21 and diseases like chorioamnio-
nitis,16 a bacterial infection occurring before or during labour,
have been previously shown to influence the infant microbiome.
Thus, other maternal microbiome-altering diseases, like type 2
diabetes22 and preeclampsia,23 a pregnancy disorder charac-
terised by high blood pressure, could also disrupt the infant
microbiome. The resulting irregular infant microbiome could have
severe consequences for infant health and development.24

Disrupted microbial colonisation puts preterm infants at a high
risk of acute infection,25,26 chronic disease27,28 and developmental
abnormalities.29,30 The increased risk of disease is a consequence
of the breakdown in the symbiotic relationship between infants
and colonising microbes, with delayed colonisation of commensal
microbes contributing to intolerances to normal flora.31,32 Additive
to this is an imbalance between commensals and pathogens that
may induce intestinal inflammation and cytokine production.33

These microbial imbalances contribute to higher rates of acute
diseases like necrotising enterocolitis (NEC) and sepsis, chronic
diseases like asthma34 and potentially, developmental disorders
like retinopathy of prematurity (ROP)35 in preterm infants. This
disproportionate burden of the disease leads to microbiome-
altering treatment with antibiotics, a staple in preterm neonatal
care and probiotics, an emerging preventative strategy. Antibiotics
can disrupt microbial acquisition, resulting in reduced diversity
and altered bacterial profiles,36 whilst probiotics have been shown
to promote the growth of commensal microbes and increases in
diversity,37–39 as well as reducing disease incidence.40

As probiotic treatment is now common for the most premature
of infants, this prospective observational study using 16S
ribosomal RNA (rRNA) high-throughput analysis of faecal and
meconium samples aimed to characterise the bacterial gut
microbiome of probiotic preterm infants. Specifically, we set out
to characterise changes in a probiotic-supplemented cohort of
preterm infants from admission to discharge, and to examine the
impact of several key variables on the microbiome. This includes
assessing the reproducibility of past findings and exploring new
potential associations through multivariant analyses.

METHODS
Study population
16S rRNA high-throughput sequencing was used to characterise the
bacterial microbiome, down to genus, of infants receiving probiotic
treatment and born into the Townsville Hospital and Health Service’s
(THHS) Neonatal Intensive Care Unit (NICU). The THHS NICU is the only
level six tertiary referral unit outside southeast Queensland, Australia. Thus,
all babies being born at <29 gestation weeks in North Queensland (NQLD)
are referred here. NQLD is affected disproportionately by preterm birth,
with the North West experiencing the highest rate (12%) of preterm
births,41 and the Torres and Cape the highest proportion (11.7%) of low
birth weight infants.41 NQLD also has a large indigenous population,
whose infants are more likely to be born prematurely (13%) and represent
one out of ten premature births in Queensland.41 When considering the
increasing prevalence of premature birth in the NQLD, 5% over the past

decade,41 the burden that preterm birth places on NQLD families and the
healthcare system is significant.

Study design and ethics
Ethics was obtained from the Human Research Ethics Committee from the
THHS, and recruitment commenced in October of 2017 and continued
until October of 2018. Inclusion criteria were infants born <32 weeks’
gestation and admitted to the NICU at the THHS. The exclusion criteria
were no parental consent, gestational age of >32 weeks and contra-
indication to enteral feeds. One capsule of the probiotic Infloran®,42

containing Lactobacillus acidophilus (1 × 109 CFU) and Lactobacillus bifidus
(Bifidobacterium bifidum) (1 × 109 CFU), is administered via enteral feeds to
all infants born <32 weeks gestations and <1500 g at the THHS NICU on a
daily basis. Infloran® treatment is commenced on the first day of feeding
and ceased once the infant is >34–36 weeks gestation. Recruitment was
conducted by a neonatal nurse/research assistant who works at the NICU,
and sample collection was carried out by NICU nurses using collection kits
(biohazard bag, sterile swab and storage container). Collection occurred at
admission (meconium) and just prior to discharge (stool). After collection,
samples were sent via a pneumatic tube system to Pathology Queensland
and stored at −80 °C. Clinical information was also collected for
downstream analysis. This included both maternal data—antenatal
antibiotics, antenatal infections (clinically diagnosed), chorioamnionitis
(clinically diagnosed), prolonged membrane rupture (clinically diagnosed),
preeclampsia (clinically diagnosed) and diabetes (type 1 or 2, self-
reported), and infant data—sex, mode of delivery (vaginal birth versus
Caesarean section), diet, gestation at birth and collection, NEC (stage 2 or
greater), sepsis (confirmed through culture), days and timing of antibiotics,
death, ROP (stage 1 or greater), birth weight, nursery discharge weight and
date of birth. A summary of these data can be found in Table 1.

Sequencing and bioinformatics
In brief, the protocol used in this study included sample storage at
−80 °C,43 an extraction kit that includes mechanical lysis,44 use of the
Illumina MiSeq platform,45 targeting of the V3/V4 regions46 and use of the
SILVA reference database.46

DNA extraction was conducted using the Bioline ISOLATE Faecal DNA
Kit,47 with modifications made in consultation with the manufacturer to
optimise DNA yield. This included increased beta-mercaptoethanol (from
0.5 to 1% to increase DNA solubility and reduce secondary structure
formation), the addition of an extra wash step (to improve purity) and
decreased elution buffer volume (to increase final DNA concentration). For
library preparation, we followed the Illumina metagenomics library
preparation protocol,48 using the Index Kit v2 C,49 along with Platinum™

SuperFi™ PCR Master Mix.50 The MiSeq Reagent Kit V349 was used in
combination with the Illumina MiSeq System, targeting the V3 and V4
regions with the S-D-Bact-0431-b-S-17/S-D-Bact-0785-a-A-21785F primer
combination for sequencing.
Pre-analytical bioinformatics was conducted in R Studio Version 3.6.151

with a pipeline adapted from Workflow for Microbiome Data Analysis: from
raw reads to community analyses,52 which along with the subsequent
analyses can be found under Supplementary Material. DADA253 was used
for quality filtering and trimming, demultiplexing, denoising and
taxonomic assignment (with the SILVA Database), and the microDecon
package54 was used to remove homogenous contamination from samples
using six blanks originating in extraction.

Statistical analysis
Exploring changes in composition and diversity from admission to discharge.
For statistical analysis, a phyloseq object was created using the package
Phyloseq,55 with taxa filtered by prevalence (threshold= 0.01) and
agglomerated at the genus level. The data were then explored through
principal coordinate analysis (PCoA) plots using a Bray–Curtis dissimilarity
matrix created from normalised (Total Sum Scaling) non-agglomerated
data. Permutational analysis of variance (PERMANOVA) was then con-
ducted for community-level comparisons between admission and
discharge samples to observe group-level differences based on the
Bray–Curtis dissimilarity matrix, using the adnois() function of the package
Vegan.56 Alpha-diversity indices, Shannon index and Observed (richness)
were then calculated on filtered, non-agglomerated data, and a
comparison was made between admission and discharge samples using
a Wilcoxon’s rank-sum test, with adjusted p values accounting for false
discovery rate using the Benjamini–Hochberg procedure.57 To identify

J.A.F. Westaway et al.

2

Pediatric Research

1
2
3
4
5
6
7
8
9
0
()
;,:



individual microbes whose abundance changed significantly from admis-
sion to discharge, data that were filtered and agglomerated at the genus
level, but not transformed, were then normalised and modelled (negative
binomial) with DESeq2.58 A Wald test with the Benjamini–Hochberg
multiple inference correction was then performed to determine significant
differentially abundant taxa.

Exploring the effect of clinical variables on alpha diversity and
taxonomic abundance
Lastly, associations between several clinical variables and community
structure were explored. The relationship between clinical variables and
both Shannon diversity and taxonomic abundance was assessed using
multivariant linear regression models. For exploring the relationship with
Shannon diversity, a mixed-effects linear regression model was created
using the package lme4,59 with a gaussian distribution and using the
restricted maximum-likelihood estimation. Continuous predictors were
scaled and centered to avoid convergence issues and multicollinearity
assessed using the AED package.60 Collinear variables were removed from
the model. Thirteen predictors: mode of delivery, feeding type, gestation,
antenatal antibiotics, antenatal infections, NEC, sepsis, chorioamnionitis,
neonatal antibiotics, death, prolonged membrane rupture, preeclampsia,
diabetes and ROP were included in the initial model. To control for high
amounts of interindividual variation in the microbiome of preterm infants,2

individual’s identification (unique record number (URN)) was included as a
random factor. To assess the influence of clinical variables at both
admission and discharge, an interaction variable was included in the

model (labelled Type). The resulting model, Shannon ~ (15 Parameters) *
Type+ (1 | URN), assesses the effect of the 15 predictors on Shannon
diversity for both types of samples, Admission and Discharge, whilst
accounting for the individual, represented here by URN.
Backward selection (69) was then implemented to simplify the model by

comparing Akaike’s information criterion scores between regression
models and removing predictors that were not contributing to the model.
The process was repeated until the least complex adequate model was
identified. The covariates included in the final model were sepsis, antenatal
antibiotics, gestational age at birth, gestational age at collection, diet, the
mode of delivery, NEC, preeclampsia, ROP and days on antibiotics. The
significance of the fixed-effects variables in this final model was then
assessed using: analysis of deviance (Type II Wald χ2 test) from the car
package61 and post-hoc pairwise Tukey’s comparisons (correcting for
multiple comparisons) from the emmeans package.62

For differential taxonomic abundance, two negative binomial general-
ised linear models were created using the package DESeq2. A combination
of previous literature and exploratory analysis, including PCoA plots, PCA
and scatterplots, were used for model selection. Again, continuous
predictors were scaled and centered, and multicollinearity was assessed.
Taxa were agglomerated at the genus level, due to the limited taxonomic
depth of short amplicon sequencing. To reduce the number of false
positives, two separate models were run; one each for admission and
discharge samples. The resulting model assessed the effect of 11
independent predictors, sepsis, diet, chorioamnionitis, mode of delivery,
gestation at birth, gestation at collection, NEC, preeclampsia, ROP and days
on antibiotics prior to sample collection, on taxonomic abundance. Low
abundance and low-frequency taxa were then removed, and a Wald test
with the Benjamin–Hochberg multiple inference corrections was then
performed. More information on the analysis can be found in the
Supplementary Material.

RESULTS
Exploring changes in composition and diversity from
admission to discharge
The study recruited 85 preterm infants born <32 weeks and
<1500 g from the THHS NICU. From these infants, 134 stool
samples were collected, of which 71 were from admission
(meconium) and 63 from discharge (stool). Other cohort demo-
graphics can be observed in Table 1. Significant changes in genera
were observed between admission and discharge (Fig. 1), with
Staphylococcus significantly higher at admission (p < 0.01), and
Enterobacter (p < 0.01), Lactobacillus (p < 0.01), Clostridium sensu
stricto 1 (p < 0.01) and Veillonella (p < 0.05) higher at discharge
(Fig. 2c). Although there was a limited separation between
admission and discharge samples, the beta diversity showed a
clustering pattern that resulted in a significant difference between
the two groups (Fig. 2a, PERMANOVA; p < 0.01 and R2= 0.06,
homogeneity of variance; p= 0.85). The average species diversity
within samples (Observed and Shannon) increased from admis-
sion to discharge (Fig. 2b), but not significantly.

Exploring the effect of clinical variables on alpha diversity and
taxonomic abundance
Several maternal and infant variables were significantly associated
with changes seen in the preterm infant gut microbiome. Mixed-
effects models show that several clinical and environmental
variables were significantly associated with both the diversity and
taxonomic composition within samples. Significant pairwise
differences in diversity were observed for diet, sepsis and ROP
(Fig. 3), and chorioamnionitis, preeclampsia, sepsis, NEC, ROP and
diet were all associated with changes in taxonomy (Table 2).

Mode of delivery and diet. Only diet had a significant impact on
the gut microbiome, with the mode of delivery not reaching
significance for alpha diversity (p= 0.057, Supplementary Mate-
rial) or any taxa. The type of milk the infant received had a
significant effect on alpha diversity (Fig. 3a; χ2= 13.5, d.f.= 2, p <
0.01), with subsequent post-hoc pairwise comparisons finding a
significant difference between formula-fed infants (x = 2.10 ±

Table 1. Overview of the demographic data for the cohort.

Variables Levels Count Percentage (%)

Categorical variables

Sex Male 60 44.8

Female 74 55.2

Diet Formula 40 29.9

Breastmilk 64 47.8

Formula and
breastmilk

30 22.4

Delivery Vaginal 45 33.6

Caesarean 89 66.4

NEC Yes 12 9.0

No 122 91.0

Sepsis Yes 8 6.0

No 126 94.0

Died Yes 7 5.2

No 127 94.8

Antenatal antibiotics Yes 90 67.2

No 44 32.8

Neonatal antibiotics Yes 126 94.0

No 8 6.0

Chorioamnionitis Yes 58 43.3

No 76 56.7

Preeclampsia Yes 20 14.9

No 114 85.1

Maternal diabetes Yes 24 17.9

No 110 82.1

Continuous variables Mean/median

Gestational age at birth 28.3/28.1 weeks

Gestational age at
sample collection

Admission 29.3/29.3

Discharge 35.3/35.9

Days on antibiotics prior
to sample collection

Admission 3.3/3

Discharge 9.4/5

Weight at birth 1193/1086 g

Weight at discharge 2448/2425 g

NEC necrotising enterocolitis, ROP retinopathy of prematurity.
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0.17) and those that were breastfed (x = 1.56 ± 0.11) (Fig. 3a; p <
0.01). For differential abundance, infants who were fed only
breastmilk had significantly higher abundances of both Bifidobac-
terium (Table 2; p < 0.05) and Klebsiella (Table 2; p < 0.05), and
lower Veillonella (Table 2; p < 0.05), relative to those that were only
fed formula, but only at discharge. In addition, those fed only
formula had significantly lower Lactobacillus at discharge (Table 2;
p < 0.01).

Pregnancy complications. Both preeclampsia and chorioamnioni-
tis had a significant impact on the infant gut microbiome, with
both conditions significantly influencing taxonomy (Table 2). In
infants whose mothers were diagnosed with chorioamnionitis
before or during labour, Staphylococcus was significantly higher at
admission (Table 2; p < 0.05). For infants whose mother was
diagnosed with preeclampsia, there were no differences at
admission, but significantly lower Escherichia/Shigella (Table 2; p
< 0.001) at discharge.

Neonatal complications. Three neonatal complications, ROP, NEC
and sepsis, were found to significantly impact the developing
preterm gut microbiome. Both sepsis (Fig. 3b; χ2= 4.70, d.f.= 1, p
< 0.05) and ROP (Fig. 3c; χ2= 10.98, d.f.= 1, p= <0.001) signifi-
cantly influenced diversity, with infants who were diagnosed with
sepsis having significantly lower diversity (x = 1.10 ± 0.17) than
infants who did not have the disease (x = 1.84 ± 0.09). For ROP,
subsequent post-hoc analysis found pairwise differences at
admission between infants who were diagnosed with the disease
(x = 1.25 ± 0.18) and those who did not have ROP (x = 2.04 ± 0.18)
(Fig. 3c; p < 0.01).

NEC, sepsis and ROP significantly influenced the abundances of
several taxa at admission. Infants diagnosed with sepsis had
significantly lower Pseudomonas (p < 0.01) and Enhydrobacter (p <
0.01), in combination with significantly enriched Bifidobacterium
(p < 0.01). Bifidobacterium was significantly lower in infants
diagnosed with NEC (p < 0.01), and Staphylococcus significantly
enriched in infants diagnosed with ROP (p < 0.01).

DISCUSSION
The aim of this study was to identify and understand variation in
gut microflora development in a cohort of probiotic-treated
preterm infants from North Queensland, Australia. Specifically, we
set out to assess the difference in bacterial microbiome between
two time points while the infant was in hospital admission and
discharge. We also sought to understand the effect of several
clinical variables (both maternal and infant) on the development
of the gut microbiome. To do so, we utilised 16S rRNA gene high-
throughput sequencing. We then conducted univariate compar-
isons to examine the difference between the infant microbiome at
admission and discharge, and mixed-effects models to explore the
influence of several clinical variables, including Sepsis, Feeding
Type, Chorioamnionitis, Mode of Delivery, Gestation, NEC,
Preeclampsia and ROP.

Exploring changes in composition and diversity from
admission to discharge
Despite the overlap, the overall community structure was
significantly different between admission and discharge faecal
samples. Staphylococcus, commonly an early coloniser of the

Acinetobacter

Actinobacteria Firmicutes Proteobacteria Tenericutes

0.00

0.25

0.50

0.75

1.00

Level:Phylum

Level:Genus

A
bu

nd
an

ce

0.00

0.25

0.50

0.75

1.00

Admission Discharge

Admission Discharge

A
bu

nd
an

ce

Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium

Aquabacterium

Bifidobacterium

Enterobacter StaphylococcusLactobacillus

Massilia

Noviherbaspirillum

Rheinheimera

Streptococcus

Ureaplasma

Veillonella

Brevundimonas

Clostridium_sensu_stricto_1

Corynebacterium_1

Cutibacterium

Enterococcus

Escherichia/Shigella

Klebsiella

Fig. 1 The distribution of the top 20 most abundant taxa in probiotic-treated, preterm infants. Histograms representing the distribution
(top 20 taxa) of taxonomic relative abundance for admission and discharge samples at both phylum and genus levels.

J.A.F. Westaway et al.

4

Pediatric Research



infant gut,63 was found in significantly higher abundance at
admission. In healthy newborns, colonisation usually begins with
oxygen-tolerant microbes63 like Staphylococcus, which consume
oxygen, shifting the environment from aerobic to anaerobic,64

allowing colonisation of strict anaerobes.63 Clostridium sensu stricto
1, a genus of mostly strict anaerobes, along with the genera
Lactobacillus, Enterobacter and Veillonella were found in signifi-
cantly higher abundance at discharge. The significant presence of
Lactobacillus at admission is surprising considering the delayed or
limited colonisation of common commensals with Lactobacillus
and Bifidobacterium normally seen in preterm infants.10,15,65

Although not significant (p= 0.11), the presence of Bifidobacter-
ium across 99 samples in such a young cohort is also
noteworthy.65,66 This is especially true considering their treatment
with Infloran®, which may explain the significant presence of both
Lactobacillus and Bifidobacterium in such a cohort. Future work
should apply a more robust sequencing method to see if the
species present are those found within the probiotic.

Exploring the effect of clinical variables on alpha diversity and
taxonomic abundance
Mode of delivery and diet. In contrast to previous studies, we
observed no significant pairwise differences in diversity or
taxonomy between vaginally and caesarean delivered infants at
admission or discharge. Typically, caesarean-born infants bypass the
vaginal route of inoculation, resulting in greater diversity,16 with
fewer or delayed colonisation of Lactobacillus,15 Bifidobacterium10,15

and Bacteroides,67–69 coupled with higher than normal amounts of
skin-dwelling microbes. The inconsistency between our results and
the literature may be due to other confounding variables, such as
prematurity itself or supplementation with probiotics, which has

been demonstrated to alter Bifidobacterium and Lactobacillus
populations in preterm infants.37 If probiotic treatment is driving
the disparity between our results and previous work, this would
support previous work suggesting probiotic supplementation can
correct for microbial differences seen in caesarean-born infants.70

Regarding the influence of diet on the microbiome, we observed
significantly lower alpha diversity and higher abundances of
Bifidobacterium and Klebsiella at discharge in breastfed infants,
relative to those solely formula-fed. The significant difference in
Bifidobacterium supports previous work showing that breastfed
infants have lower diversity18 in combination with more commensal
microbes,15,71 including different Bifidobacterium species.15 The
higher abundance of such microbes stems from the presence of
both Bifidobacterium and HMOs in breastmilk.72–74 In addition, the
higher abundance of Lactobacillus in infants who were fed a
combination of formula and breastmilk, relative to those who only
received formula, suggests that ‘supplementing’ formula feeding
with some breastmilk may correct for some microbial imbalances
associated with formula feeding. As for the differences in Klebsiella,
the genus contains known pathogens such as Klebsiella pneumo-
niae, previously associated with NEC,75 and has been implicated in
cases of sepsis. However, K. pneumoniae is a very diverse genus that
is also part of normal flora.

Pregnancy complications. Maternal factors also significantly
impacted the composition of the probiotic-treated preterm infant
microbiome, with associations observed for both chorioamnionitis
and preeclampsia. Infants whose mothers were diagnosed with
chorioamnionitis had higher abundances of the genus Staphylo-
coccus. Previous work has found microbes at different levels of
taxonomy to be associated with chorioamnionitis, but not from
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the genus we observed.76 As chorioamnionitis is a bacterial
infection of the placenta and membrane surrounding the foetus,
occurring before or during labour, what pathogens are translo-
cated from the membrane to the foetus may dictate the
associations found. Unfortunately, the translocation and resulting
increased abundance of Staphylococcus may be why exposure to
chorioamnionitis increases the risk of preterm infants to adverse
neonatal outcomes,76 like sepsis, which has previously been
associated with Staphylococcus.77,78

For infants whose mothers were diagnosed with preeclampsia,
Escherichia/Shigella was significantly lower at discharge. As
preeclampsia can alter the maternal microbiome,23 the resulting
dysbiosis, at least in part, may be being passed through a maternal
route of inoculation. Previous work by Stewart et al., The
Environmental Determinants of Diabetes in the Young (TEDDY)
study, has found that preeclampsia contributes to significant
differences at the species, but not genus, level.9 However, the two
cohorts are vastly different, with the TEDDY study including both
full- and preterm children, with samples from 3 months of age. In
contrast, our cohort was entirely preterm, who at discharge may
have only been 3 months old. In addition, as preeclampsia is
associated with preterm birth,79 our cohort had a larger
proportion of infants born to preeclamptic mothers (18%
compared to 4%). Taken together, preeclampsia may have a
greater impact on preterm infants, or may have more of an effect
in the early months of life, when the mother is still the dominant
colonising route for microbes. As to why Preeclampsia only has an
effect at discharge is unclear. However, as the impact is occurring
via the maternal route, it may be related to continued exposure to
the mother. This continued exposure through the maternal route
of transmission, either by touch or breastmilk, may compound the

passing of irregular taxonomic profiles that resulting from
continued preeclampsia treatment post delivery.80,81

Neonatal complications. We found that sepsis significantly
influenced the abundance of Bifidobacterium, Pseudomonas and
Enhydrobacter. Multi-omics approaches have previously linked
sepsis to the gut microbiome,82 with other studies showing
associations of sepsis with low diversity,13 as well as higher
abundances of Staphylococcus,77,78 and lower abundances or
absence of commensal microbes like Bifidobacterium.31,82

Although we also observed differences in Bifidobacterium, the
directional effect is counter to what was observed previously.
However, it is worth noting that of the eight infants diagnosed
with sepsis, only three had Bifidobacterium in their sample. So,
despite reaching statistical significance, this finding may not be
clinically relevant.
For NEC, we observed significantly lower abundances of

Bifidobacterium, but in contrast to previous work, no enrichment
of any taxa. As previously mentioned, Bifidobacterium is a common
commensal microbe found in the probiotic Infloran®, which is
uncommon in preterm infants born <33 weeks gestation65 and
has previously been shown to be protective against NEC.83

Although our work does not support previous evidence of an
associated pathogen, the plethora of microbes that have
previously been associated with NEC,32,75,84 in combination with
studies showing reduced commensal microbes85,86 and
diversity,87,88 suggests the aetiology is more complex than just
the presence of a pathogen.
We also observed significant enrichment of Staphylococcus (of

the Staphylococcaceae family) and lower diversity at admission for
infants diagnosed with ROP. An association between the gut
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microbiota and ROP has been explored once before, by Skondra
et al.89 They observed significant enrichment of the family
Enterobacteriaceae in preterm infants with the disease at 28 weeks
postmenstrual age.89 The discrepancy in our results is not
necessarily a product of error, but rather, as seen with NEC, due
to the complex aetiology characterised by more than just the
presence of a particular group of taxa. This complexity makes it
difficult to hypothesise the specific role that the microbiome could
be playing in ROP. However, if a role is established there is
potential for the microbiome to become a target for intervention,
and thus this should be the target of further research.
Limitations of our work include low taxonomic depth and only

sampling in early infancy. The use of 16S rRNA gene metabarcod-
ing limited detection power to the genus level, resulting in no
identification of species or functional genes. In addition, collecting
samples only at admission and discharge means we have no
insight into the longevity of the differences observed; this may
impact the clinical significance. Future work will use a combina-
tion of 16S rRNA gene metabarcoding and shotgun metagenomic
techniques to both characterise species allowing an exploration of
the differences observed in this study and others, and to
investigate if these persist in the long term.
This prospective observational study used 16S rRNA gene

sequencing to characterise the bacterial microbiome of probiotic-
supplemented infants. The study aimed to identify and under-
stand variation in bacterial gut flora between two time points and
as the result of several clinical variables. Our study builds on
previous research and supports other studies describing signifi-
cant changes in the preterm microbiome over time and
associations with several factors. The lower bacterial diversity
seen in infants diagnosed with diseases or who were formula-fed,
as well as the differing abundances of several taxa across multiple
variables, reinforces the role of the microbiome in disease and
supports the need for promoting healthy microbiome develop-
ment. In addition, the associations with maternal disease highlight
the importance of maternal health to infant microbiome devel-
opment, and in turn infant health.
Supplementary information All additional materials can be

found at: https://github.com/JacobAFW/NICU_Microbiome_Study.
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