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Variable preterm oral microbiome stabilizes and reflects a
full-term infant profile within three months
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BACKGROUND: Preterm infants suffer higher morbidity and mortality rates compared to full-term infants, but little is known about
how changes to oral and respiratory tract microbiota may impact disease development.

METHODS: Here, very preterm neonates (n = 50) were selected to study oral and respiratory microbiota development during the
first few months post-birth, where 26 individuals were diagnosed with BPD and/or sepsis. These infants were compared to 14
healthy full-term infants and 16 adults. Microbiota diversity, composition, and species abundances were calculated from 16S
ribosomal RNA gene sequences in buccal swabs and tracheal aspirates at two time points (within a week and 1-3 months post-

birth).

RESULTS: Collection time point was the biggest factor to significantly influence the preterm oral microbial diversity and
composition. In addition, BPD and sepsis were linked to distinct preterm oral microbiota diversity and composition, and
opportunistic pathogens previously associated with these diseases were identified in the initial sample for both healthy preterm
neonates and those with the disease. Compared to the full-term infant and adult dataset, preterm infant diversity and composition
was initially significantly different, but resembled full-term infant diversity and composition over time.

CONCLUSION: Overall, consequences of microbiota development need further examination in preterm infant infections and later

development.

Pediatric Research; https://doi.org/10.1038/541390-023-02517-1

IMPACT:

® Non-gut microbiota research on preterm infants is limited.

® At one week post-birth, preterm infants harbor distinct oral microbiota that are not shared with full-term children or adults,
eventually becoming similar to full-term infants at 36 weeks postmenstrual age.

® DNA from potential opportunistic pathogens was observed in the mouth and lungs of preterm infants within a week of birth,
and microbes associated with BPD were identified in the lungs.

® Oral microbiota in preterm infants over the first 2-3 months is unique and may be connected to short- and long-term health

outcomes in these children.

INTRODUCTION

Compared to full-term neonates, infants born prior to 37 weeks
gestation (preterm) have a higher predisposition to chronic and
infectious diseases, as many essential organs are underdeveloped
at birth.! For example, underdeveloped lungs often require
oxygen, surfactants, and mechanical ventilation, which cause
further damage to the lungs, and contribute to bronchopulmon-
ary dysplasia (BPD).? Pathogens, such as Ureaplasma,® Streptococ-
cus anginosus,® and Streptococcus agalactiae (Group B
Streptococcus),” have been identified in the mouth and lungs of
individuals with BPD® and can cause infections that lead to sepsis
or pneumonia,’ although the specific causes that underpin these
diseases remain an active area of research.

Current research suggests that preterm health complications
may be associated with the infant’s postnatal environment.”
Preterm infants live in a comparatively “unnatural” environment—
within the neonatal intensive care unit—to most full-term infants.
This altered environment, as well as delivery mode,®® feeding
method,’®"" skin-to-skin contact (kangaroo care),'? and antibiotic
use,'® can disturb or delay the commensal bacteria that colonize
infants (microbiota) and are critical for health.'* Preterm infant
microbiota research focused on non-gut sites is limited, although
several studies are now investigating oral'>'>""” and skin'®'®
microbiota in these children. Even fewer studies have examined
preterm infant microbiota development over time, especially
outside of the gut.'® In particular, oral microbiota development
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needs further attention, as oral microbiota can underpin both local
and systemic diseases®®?' and may provide key insights into the
development of short- and long-term health impacts for preterm
infants, especially in the respiratory tract.

Early alterations to preterm infant microbiota could have
downstream effects on development and health outcomes.
Many alterations to preterm microbiota have been identified
during the neonatal immunity window of opportunity—a non-
redundant priming phase of the immune system.?*?* As preterm
infants are highly susceptible to infections, it is possible that
critical immune system processes, such as innate immune
tolerization and reprogramming, are also altered in these
infants.>* Indeed, Olin et al. (2018) demonstrated that preterm
and full-term infant immune systems initially respond differently
after birth, but profiles eventually converge after 3 months.>
Existing studies have identified a mirrored delay in gut
microbiota development in preterm infants, suggesting that a
linked delay in microbiota and immune system development
during this critical window may contribute to both short- and
long-term health consequences.?>° Despite this, we know very
little about how similar microbiota alterations outside of the gut
in preterm infants may also play roles in immediate and life-long
health.

Here, microbiota assessment was performed on a subset of
infants born <29 weeks’ gestation (n = 50) who were participating
in the n-3 Fatty Acids for Improvement in Respiratory Outcomes
(N3RO) randomized controlled trial—a trial including 1273
extremely-to-very preterm infants, which investigated BPD devel-
opment after docosahexaenoic acid (DHA) supplementation.?’
Specifically, we characterized the development of oral and
respiratory tract microbiota in healthy infants compared to those
that developed the disease (i.e., BPD and sepsis). Oral swabs were
collected within one week of birth and at 36 weeks’ postmenstrual
age to compare oral microbiota diversity and compositional
development over time with a published full-term infant and adult
dataset.?® Overall, this study aims to investigate oral microbiota
development in preterm infants during the first months of life and
identify unique signatures in the oral microbiota that may be
linked to disease development.

METHODS

Study population and sample collection

All microbiota samples were collected under the Human Research Ethics
Committee approval obtained for both preterm infants (Women and
Children’s Hospital; HREC 2434/12/16; November 27, 2013) and adults
(University of Adelaide; H2012-108). A subset of preterm infants enrolled in
the N3RO trial, which investigated the effects of DHA, were selected for this
study based on the opportunistic timing of their birth (2014-2015).2’
Based on previous power calculations for human microbiota studies,”® we
aimed to collect at least 20 healthy preterm infants and 20 with BPD. For all
preterm (P) infants, patient metadata and population information were
collected by medical record examination (Table 1). Preterm infant buccal
swabs were collected at two time points—2-12 days post-birth (PT1) and
36 weeks’ postmenstrual age (PT2)—from 50 preterm infants delivered at
the Women's and Children’s Hospital in Adelaide, Australia (Fig. 1). Tracheal
aspirate samples were collected from 14 preterm neonates who required
intubation due to medical complications.

All samples (buccal swabs and tracheal aspirates) were frozen (-20 °C)
immediately in empty tubes after collection to preserve the bacterial
composition. To further explore infant oral maturation, published oral
microbiota data were obtained from 13 mothers and 14 full-term (F)
infants collected at two similar time points: 0-7 days post-birth (FT1) and
4th-5th week post-birth (FT2) (Study ID 2010, QIITA data repository;
Fig. 1), but minimal, irrelevant metadata was available and therefore was
not reported. To control for and track potential background signatures in
our approach (i.e, comparing two datasets prepared in different labs
with a different extraction method), three adult samples were also
collected and processed following the same protocols as the preterm
infant samples.
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Table 1. Study cohort characteristics of preterm infants.
(n =50)

DHA supplementation (yes, %) 26 (52.0)
Gestational age at birth (weeks, median * SD) 26.4 (+1.7)
(Postnatal) age at collection (days; median + SD)

T1 4.2 (+1.6)
T2 65.7 (£14.6)

Sex (male, %) 27 (54.0)

Singleton birth (n, %) 35 (70)

Birth type (n, %)

Vaginal 17 (34.0)
C.S. in labor 12 (24.0)
C.S. no labor 21 (42.0)
Enteral feeds on discharge (n, %)

Breastmilk 25 (50.0)

Formula 18 (36.0)

Breastmilk and formula 6 (12.0)
Unknown 1 (2.0
BPD? (n,%) 20 (42.0)
Sepsis (n, %) 13 (26.0)
Collected samples for both time points (n, %) 41 (82.0)
Infants with tracheal aspirate collected (n, %) 14 (28.0)

(n=40)°

Probiotics (n, %) 39 (97.5)
Antibiotics (n, %) 39 (97.5)
Number of antibiotic doses (median + SD) 26 (+44.6)
Antifungals (n, %) 39 (97.5)
Number of antifungal doses (median + SD) 55 (+57.7)

BPD bronchopulmonary dysplasia, C.S. caesarean section.
*Two subjects did not have information recorded for BPD.
PTreatment information was only available for 40 subjects.

Sample DNA extraction, 16S ribosomal RNA library
preparation, and DNA sequencing

All collected samples were prepared in a still-air room designed for low-
biomass microbiota analysis using strict measures to reduce cross-
contamination and the introduction of background DNA,*° as described
in the Supplementary material. DNA was extracted from buccal swabs and
tracheal aspirates using a previously published, in-house silica DNA
extraction method designed to enhance DNA recovery;?' the method was
modified to include mechanical lysis (see Supplementary material). DNA
present within the laboratory and reagents was monitored using extraction
blank controls (EBCs).

Bacterial DNA from each sample, including EBCs, was amplified in
triplicate using primers that target the V4 region of the 16S ribosomal RNA
(rRNA) gene,? using previously described amplification conditions®® (also
described in the Supplementary material). 16S rRNA libraries were
prepared for sequencing (see Supplementary material).3* Libraries were
sequenced with an lllumina MiSeq (2 x 150 bp) at the Australian Genomics
Research Facility.

Pre-processing, ASV selection, and contaminant removal

Preterm infant sequences (PT1, PT2, and tracheal aspirates) and adult
(n=3) sequences were uploaded to QIITA data repository (Study ID
11832; https://qiita.ucsd.edu/study/description/11832). Demultiplexed
sequences were trimmed to 150 bp and amplicon sequence variants
(ASVs) were generated via Deblur.>> ASVs were merged with a full-term
infant (FT1 and FT2) and maternal dataset (Study ID 2010) to create a
SEPP insertion tree® and the study dataset. To reduce bias from
laboratory work being carried out in different laboratories, contaminant
sequences in EBCs and NTCs from the preterm dataset were identified
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Fig. 1 Samples were collected from preterm infants, full-term
neonates, and adults over time. Oral samples were collected at
similar time points from preterm and full-term infants (approxi-
mately during the first week post-birth and one month later). Adult
oral samples were included in the analyses to further understand
microbiota maturation of the infants. For preterm infants that were
intubated (n = 14), tracheal aspirates were also collected to identify
shared taxa between the mouth and lungs of these infants. Study ID
refers to the QIITA study ID.

via Decontam®’ and were subsequently removed from all biological
samples (Supplementary Table S1) in QIIME2 (v2019.7).38 Following this,
ASVs with less than 10 reads assigned were removed.

Diversity analyses, taxonomic classification, and statistical
comparisons

In QIME2 (v2019.7),3® ASVs were summarized into their taxonomic
classification using the SILVA database (v132; 165 V4 515-806).3° Using a
rarefied depth of 2000 sequences, (alpha) diversity was measured using
observed species (OS) and Faith’s phylogenetic diversity (PD)*® metrics,
and beta diversity (composition) was calculated using the unweighted
UniFrac metric*’ In  QIIME2, significant associations (g < 0.05;
g = Benjamini-Hochberg FDR correction) between diversity and sample
metadata were detected using pairwise Kruskal-Wallis tests,** while the
pairwise Fligner—Killeen test (R, stats package),**** was used to determine
variability in diversity. Significant links between composition and metadata
were examined using adonis****® (p < 0.05) and PERMANOVA (g < 0.05).*® For
principal coordinates analysis (PCoA), 95% confidence intervals were
determined using the stats eclipse function with ggplot2. For categories
that had missing data (BPD (n =2 missing) and probiotic, antibiotic, and
antifungal administration (n = 10 missing), samples were removed prior to
running analyses for those specific categories. Lastly, ANCOM*” was used to
identify significant changes in an ASV abundance across samples, and only
taxa that were significantly different in abundance for pairwise comparisons
were displayed along with their corresponding W statistic value.

RESULTS

Preterm infant cohort and assessment of comparative data
Preterm infants (n = 50; Table 1) in this study were enrolled in the
N3RO trial, which investigated the effect of DHA supplementation
(n=26). These infants were born prior to 29 weeks’ gestation
(26.4 + 1.7 weeks) and had two collection time points—within the
first week of birth (T1 =4.2+ 1.6 days) and at the equivalence of
36 weeks' postmenstrual age (T2 =65.7 +14.6). Twenty-six of
these preterm infants developed BPD and/or sepsis (BPD only,
n = 13; sepsis only, n =6; and BPD and sepsis, n = 7). The impact
of preterm infants that were twins or triplets (n = 15), infants that
were given antibiotics (n =39 of 40) as part of standard care, or
DHA supplementation, were assessed in downstream analyses
(Table 2).
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As part of this study, we compare preterm infant oral
microbiota development from this cohort to that of full-term
infants and adults from a published study. To ensure that any
biases due to preparation in different laboratories did not affect
comparison and interpretation, multiple assessments were
performed. Firstly, as there were no EBCs available for the full-
term dataset, contaminant sequences observed in our preterm
dataset (Supplementary Table S1) were removed from both
datasets. These contaminant ASVs were typical of common
laboratory contaminants.>®*34° |n addition, three adult samples
processed identically to preterm infant samples were compared
to the adult samples processed identically to the full-term infant
samples to determine if the laboratory differences affected our
assessment. Adult samples from both studies clustered together
(Supplementary Fig. S1), indicating that minor differences in
extraction processes minimally affected the samples and that
these two studies are comparable. Following these assessments,
in total 156 samples were retained and represented
8,738,663 sequences and 1553 ASVs.

Preterm oral microbiota stabilizes over time but is less
affected by common maternal and environmental factors
First, we wanted to investigate the diversity and composition of
the preterm oral microbiota over the first few months post-birth.
We observed high variability and diversity in PT1 samples (Fig. 2a,
b) and a reduction in variability (Fligner—Killeen; OS: y* =33.15,
p=<00001; PD: x*=2991, p=<00001) and diversity
(Kruskal-Wallis; OS: H=1047, q=0.003; PD: H=10.96,
g =0.002) in PT2 samples. This suggests that each preterm infant
initially responds uniquely to their environment or inherits a
different microbiota from their mother's birth canal (or lack of
passing through), but oral microbiota stabilize by 36 weeks’
postmenstrual age. We also observed that the composition of
preterm infants separated according to time point (PERMANOVA;
pseudo-F =8.191, ¢=0.001; Fig. 2¢, d). To better understand
compositional differences, we investigated microbial taxa abun-
dance at the genus taxonomic level. While PT1 samples were highly
variable between individuals (Supplementary Fig. S2), a clear
distinction was observed between PT1 and PT2 samples. Specifi-
cally, Staphylococcus (average relative abundance; 61.8%) domi-
nated PT1 samples (Fig. 3) and was significantly more abundant
compared to PT2 (3.6%). Conversely, PT2 samples were dominated
(relative abundance >1%) by Streptococcus (71.6%), but were also
colonized by Gemella (6.1%), Rothia (5.7%), Veillonella (4.1%),
Staphylococcus (3.6%), Prevotella (2.5%), and Haemophilus (1.2%).
Overall, this suggests that oral microbiota variability in preterm
infants decreases and stabilizes within two months.

Next, we wanted to investigate whether common maternal
and environmental factors influenced the preterm oral micro-
biota. For the full preterm dataset (i.e., PT1 and PT2 samples
combined), and the individual time points (i.e., PT1 and PT2
datasets individually), typical factors including feeding method
and number of antibiotic doses did not significantly impact the
preterm oral microbiota (Table 2). However, postnatal day had a
significant influence on the microbial diversity and composition
on the overall preterm and first time point datasets
(Kruskal-Wallis g <0.05; adonis p <0.05; Table 2 and Supple-
mentary Fig. S3). Birth mode, more specifically between
caesarean section with and without labor induction, approached
significance for microbial diversity within the overall preterm
dataset (Kruskal-Wallis 0.05 < g < 1; Table 2), while the sex of the
infant (Kruskal-Wallis; OS: H=0.519 q=0.023; PD: H=17.782,
g = 0.005; adonis p = 0.009; Table 2 and Supplementary Fig. S3)
and number of antifungal doses significantly influenced the oral
microbiota composition in the PT2 samples (adonis p = 0.006;
Table 2 and Supplementary Fig. S3). We also determined that
DHA supplementation did not influence the preterm oral
microbiota overall and at each collection time points (Table 2).
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Faith K-wW
(q value)

0.561 (0.454)
-0.406 (0.006)

0.228 (0.633)

0.954 (0.329)
0.380 (0.538)

0.477 (0.490)
1.905 (0.251)
2917 (0.251)

0.038 (0.981)

Adonis R*
(p value)

0.018 (0.982)
0.051 (0.012)

0.023 (0.395)

0.030 (0.139)
0.020 (0.559)

N/A
N/A
N/A

0.038 (0.981)

PT2 dataset

0S K-w
(q value)

1.168 (0.280)

-0.036
(0.812)

0.519
(0.023)

0.548 (0.459)
0.002 (0.963)

0.299 (0.676)
0.174 (0.676)
0.758 (0.676)

0.047 (0.977)

Faith K-W
(g value)

1.023 (0.312)
0.021 (0.892)

7.782 (0.005)

0.061 (0.806)
0.003 (0.860)

0.297 (0.586)
0.360 (0.586)
1.434 (0.586)

0.001 (0.995)

Adonis R*
(p value)

0.019 (0.520)
0.029 (0.229)

0.061 (0.009)

0.012 (0.877)
0.015 (0.734)

N/A
N/A
N/A

0.030 (0.839)

Table 2. Microbial diversity of maternal and environmental factors on the preterm oral microbiota.
Overall preterm PT1 dataset
dataset
0S K-w Faith K-W Adonis R* 0S K-w
(g value) (g value) (p value) (g value)

DHA supplementation 0.198 (0.656) 0.252 (0.874) 0.001 (0.852) 0.513 (0.474)

Postnatal day® -0.358 -0.354 (0.001) 0.081 (0.001) -0.396
(0.001) (0.008)

Sex 0.783 (0.376) 0.572 (0.450) 0.010 (0.458) 0.133 (0.716)

Singleton birth 0.826 (0.364) 0.257 (0.612) 0.007 (0.876) 1.134 (0.287)

Birth type (V vs C.S.) 0.851 (0.356) 1.414 (0.234) 0.026 (0.214) 0.524 (0.469)

Birth type (specific)

V vs CS. in labor 0.022 (0.639) 0.073 (0.787) N/A 0.219 (0.639)
V vs CS. no labor 2.704 (0.150) 3.587 (0.087) N/A 1.907 (0.250)
C.S. in labor vs C.S. 5.295 (0.064) 4.812 (0.085) N/A 3.005 (0.249)
no labor

Enteral feed type on 0.894 (0.640) 0.282 (0.868) 0.011 (0.443) 0.142 (0.931)
discharge

Probiotics 0.121 (0.728) 0.040 (0.841) 0.010 (0.458) 1.175 (0.278)

Doses of antibiotics® 0.074 (0.539) 0.130 (0.278) 0.011 (0.679) 0.223
(=0.191)
Doses of antifungals® -0.012 -0.001 (0.992) 0.008 (0.897) 0.013 (0.940)
(0.920)

K-W Kruskal-Wallis, g value Benjamini-Hochberg FDR-corrected p value.
Bolded = g < 0.05; italics = 0.05<g< 1.
®Performed spearman test (alpha diversity) for continuous data.

Assessment of the preterm oral microbiota in children with
BPD and sepsis
As BPD and sepsis commonly affect preterm infants, we wanted
to determine if BPD and sepsis are associated with shifts in the
oral microbiota during the first few months post-birth. In infants
at approximately four days old, the presence of BPD in preterm
infants approached significance for oral microbiota diversity (OS:
H=12.935, g=0.087; PD: H=3.593, g=0.058; Fig. 4) but not
composition (adonis; R* = 0.032, p =0.112; Fig. 4). At this age,
infants that presented with BPD during this study had a lower
microbial diversity at T1 (median: 13 ASVs) compared to infants
who did not present BPD (median: 35 ASVs). This was largely
driven by the presence of Corynebacterium, which was found at
11.3% relative abundance in infants that developed BPD but
only at 0.9% relative abundance in infants that did not develop
BPD; however, this result was not significant using an ANCOM
test of differential abundance. We also examined if the impacts
of treating BPD with DHA or high dosages of antibiotics may
have confounded this signal, and this was not the case (adonis;
DHA = R*=0.034, p =0.087; antibiotics dosage = R®=0.055,
p=0.330). At 36 weeks’ postmenstrual age, diversity and
composition was not significantly different in infants with BPD.
For infants at approximately four days of age, sepsis had no
effects on the diversity and composition of the oral microbiota.
However, at 36 weeks postmenstrual age, infants that were
diagnosed with sepsis during this study had a significantly lower
microbial richness, but not PD (median of 7 ASVs for children
with sepsis vs median of 10 ASVs for children without sepsis; OS:
H=3.949, q=0.044; PD: H=2569, q=0.109; Fig. 4) and
significantly  different  composition  (adonis:  R*=0.046,
p = 0.031; Fig. 4). While no species or genera were significantly
more abundant in infants that presented sepsis, we observed
Staphylococcus spp. at a higher relative abundance (13.6%) in
infants with sepsis diagnosis, compared to infants that were not
diagnosed with sepsis (0.6%; Supplementary Fig. S2). Interest-
ingly, only four of thirteen infants diagnosed with sepsis were
females. Furthermore, there were no significant associations for
the interaction between BPD and sepsis, although PT1
approached significance (Supplementary Table S2). There were
also no significant confounding effects between sepsis with DHA
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0.818 (0.178) 0.021 (0.488) 0.247 (0.619) 0.172 (0.678) 0.026 (0.307)

0.255 (0.134) 0.026 (0.529) -0.096 -0.217 (0.204) 0.039 (0.182)
(0.576)

-0.015 (0.929) 0.024 (0.675) -0.200 -0.299 (0.076) 0.073 (0.006)
(0.242)

or high dosages of antibiotics (adonis; DHA: R?=0.028,
p =0.253; antibiotics dosage: R*=0.048, p=0.271). As these
results are difficult to disentangle, more samples are needed to
determine if sepsis contributes to differences in the oral
microbiota.

Oral microbiota are shared with lung microbiota

Unfortunately, some preterm infants enrolled in this study were
intubated due to BPD complications. In these infants, we identified
ASVs shared between PT1 oral samples and tracheal aspirate
samples in the same individual (n=12). Overall, 32 ASVs were
shared between a PT1 oral sample and tracheal aspirate in at least
one individual. Although lung samples contained few microbes
and had stochastic diversity and composition, the most dominant
shared ASVs (>1000 reads across individuals) were assigned as
Paenibacillus, Staphylococcus, Erythrobacteraceae bacterium K-2-3,
Streptococcus anginosus, Ureaplasma, Burkholderiaceae, and Strep-
tococcus agalactiae sequences (Supplementary Fig. S4). Urea-
plasma increases the risk of developing BPD* and was also found
as dominant taxa in PT1 samples of children suffering from BPD
who did not receive intubation (Supplementary Figs. S2 and S4;
>1000 sequences; healthy = 8, BPD = 2). In addition, Streptococcus
anginosus and Streptococcus agalactiae have previously been
associated with BPD and sepsis, respectively, and were also
detected here; Streptococcus anginosus was found as a dominant
species in one individual with BPD, while Streptococcus agalactiae
was found as a dominant species in one individual with sepsis.
Ureaplasma, Streptococcus anginosus, and Streptococcus agalactiae
all reduced in abundance by T2 collection point. Together, this
suggests that early oral colonizers in preterm infants can also
spread to the lungs and may be linked to disease complications.
However, these results also suggest that stabilization and
maturation of the oral microbiota is linked to a reduction of
opportunistic pathogens in these preterm children.

Preterm oral microbiota at two months are similar to
full-term infants

To understand preterm oral microbiota maturation, we compared
all preterm and full-term infant oral microbiota at two analogous
time points (PT1 and PT2 vs. FT1 and FT2), as well as adult oral
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Fig. 2 Within three months, preterm infant oral microbiota diversity and composition resembles full-term infants. Using 2000 sequences
per sample, alpha diversity variation decreases over time in preterm infants using both (a) observed species and (b) Faith's phylogenetic
diversity metrics. The factor that had the most significant impact was the collection time point of the preterm samples, showing the
differences in composition over a short period of time (c and d). Using unweighted UniFrac metric, composition of PT1 samples was more
densely populated in the bottom section of PC2 but was spread across PC1, whereas PT2 and full-term infant samples had small density peaks
across PC1 but overlapped each other in PC2 (e). Adults were significantly different from infant samples over Axis 2 and 3 (f). Samples were
color-coded according to the time of collection and if they were a preterm or full-term infant, or adult. Pairwise significant differences are

labeled with the corresponding g value.

samples. Interestingly, PT2 and FT1 samples both contained
similar, yet low, microbial diversity and were not significantly
different from one another (Kruskal-Wallis; OS: H=0.041,
g = 0.840; PD: H=0.257, g = 0.612). Adult oral microbiota diversity
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was significantly different from both preterm and full-term infant
samples (Fig. 2a, b and Supplementary Table S3; g<0.05),
suggesting that further maturation of infant microbiota may
continue over time, as previously reported.*® Overall, this suggests
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that oral microbiota variability in preterm infants decreases and
stabilizes within two months to resemble full-term neonates more

closely.
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Through the analysis of composition diversity, it was deter-
mined that preterm and full-term infant microbiota were
significantly different from one another, as well as from adult
samples (Fig. 2e, f and Supplementary Table S3; g < 0.05). While
there was a minimal separation between sample groups in PC1 of
the principal coordinate analysis, PT1, FT2, and adult samples
clustered in their own groups in PC2 (Fig. 2e). However, PT2 and
FT1 samples were not significantly different from each other
(Fig. 2e, f and Supplementary Table S3; g > 0.05). We also noted
that PT1, PT2 and FT1 were more dispersed in the PCoA for PC1
and PC2, and that FT2 and adult samples were more tightly
clustered, potentially indicating that the oral microbiota stabilize
and mature over time.

To further investigate the composition diversity, we compared
the taxonomic composition of the infant and adult samples. As
observed with the compositional diversity, there were minimal
differences between PT2 and FT1 samples. Using ANCOM, the only
taxa that significantly differed in abundance between PT2 and
FT1 samples were Rothia, Paenibacillus, and Erythrobacteraceae
bacterium K-2-3 ASVs, all of which were more abundant in
PT2 samples (Supplementary Table S4) and could also be
observed in PT1 samples. We also identified several genera
present in all infant and adult mouths, including Streptococcus,
Gemella, Rothia, Veillonella, Staphylococcus, Prevotella, and Haemo-
philus ASVs, suggesting that these microbes are introduced from a
young age and maintained into adulthood.
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Fig. 4 BPD and sepsis are linked to alterations in the microbial diversity and composition PT1 and PT2 samples, respectively. Lower
diversity is observed in PT1 samples for preterm infants that went on to develop BPD (pink) during this study (a, b); however, there was no
compositional distinction between preterm infants that did or did not develop BPD (c). At the second time point, preterm infants who
developed sepsis (purple) during this study had a significantly lower microbial richness (d), but not phylogenetic diversity (e). Significantly
different oral microbiota composition was observed between infants that did or did not develop sepsis (f). Darker shades represent samples

that developed either BPD and/or sepsis during this study.

SPRINGER NATURE

Pediatric Research



DISCUSSION

By comparing oral and lung microbiota of preterm and full-term
infants over the first two months of life, we observed marked
levels of interindividual variation and compositional differences in
newborn preterm infants. However, these observations were
ameliorated by 36 weeks postmenstrual age (i.e., children that are
2-3 months old), as their microbes were similar to full-term
infants. Interestingly, differences in the overall and PT1 preterm
datasets were driven by postnatal day, whereas shifts in
PT2 samples were unique depending on the sex of the child,
and number of antifungal doses. BPD and sepsis also were linked
to shifts in oral microbiota diversity and composition at early and
later time points, respectively. Lastly, potential pathogens
identified in both the mouth and lungs of preterm infants with
BPD or sepsis also provide a unique window into microbial
colonization of the lungs linked to poor health outcomes. Overall,
monitoring the oral microbiota may provide new insights into
understanding the underlying mechanisms of BPD and sepsis in
preterm infants compared to full-term counterparts.

Higher morbidity and mortality rates in preterm infants typically
arise from respiratory and infectious diseases, including BPD and
sepsis. While the initial goal of this study was to examine BPD,
sepsis also unfortunately occurred in this cohort and was included
in our downstream analyses. Using exact sequences (ASVs), we
identified these taxa at the species level and they were assigned
as key pathogens associated with BPD and sepsis (i.e, Urea-
plasma,® Streptococcus anginosus,* and Streptococcus agalactiae
(Group B Streptococcus).’ A single previous study surveying the
cross-over between the oral and lung microbiota of preterm
infants in relation to BPD also found dominant genera that were
observed in our study.® In this study, these pathogens were highly
abundant in oral samples at the first time point but reduced in
abundance by the second time point. Interestingly, we observed
Corynebacterium at high abundance in the mouth of infants with
BPD, which has also been observed at high abundance in the
lungs of infants with severe BPD.>" We also detected Staphylo-
coccus at a higher abundance in preterm infants with sepsis
diagnosis. Indeed, it has been shown that Staphylococcus aureus
can cause early- and late-onset sepsis (although more common in
late-onset sepsis), as detected by cultures of blood or cerebrosp-
inal fluid.>>*> While we do not yet know if these microbes are
causative or present post-initiation of disease, further exploration
into the use of these microbes as biomarkers for BPD and sepsis is
warranted both in the context of early disease detection and
assessment of potential severity. Furthermore, microbiota diversity
and composition were distinct in preterm infants with sepsis
compared to those without. While one other study has examined
the link between sepsis and the oral microbiota, no significant
differences in the mouths of infants diagnosed with sepsis were
detected, likely due to a small sample size (total n=7)."°
Interestingly, more male infants in this study were affected by
sepsis, and overall, we observed lower microbial diversity in male
infants at ~65 days of age. In general, male infants more
frequently suffer from diseases, such as early-onset sepsis and
BPD.>**> Overall, these results suggest that monitoring oral
microbiota diversity in preterm infants may provide insights into
respiratory disease development and outcomes, although further
work needs to account for high levels of microbial diversity
variation in newly born preterm infants.

Several studies postulate that a disruption in the neonatal
window of opportunity, which occurs during the first three years
of life in layered phases (peri/postnatal, weaning, and post-
weaning),”* could be responsible for diseases later in life. This
window notably includes a critical period for interactions between
the immune system and gut microbiota during the first 100 days,*
so examining how the microbiota develop over this period
throughout the entire body is vital to understanding long-term
immune system development. Here, we observed that the
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postnatal day and number of antifungal doses were significantly
associated with oral microbial composition in preterm infants,
which could have an impact on the initial development of the
immune system.”® Furthermore, we see a convergence of
microbial diversity and composition over time that resembles
full-term infants; this effect has also been reported in the immune
system.”® Future studies should examine these intertwined
processes at a much finer time scale (i.e., each day during the
peri/postnatal phase of immune system development), as well as
how the health outcomes of these processes.

Our conclusions are limited by our sample collection times,
overall sample size, and potential environmental or geographic
signatures. First, variation in diversity within the PT1 samples
could have been impacted by the post-birth collection day. If
samples were collected on the same day post-birth (e.g., day 3)
then this may reduce some of the variation associated with the
first collection point. We also recognize that these results are
limited to the mouth; collecting samples across the whole body
would be required to understand how microbiomes of an
individual work together.>® Second, an increased sample size
would help to ensure that interactions between sepsis and oral
microbiota can be fully elucidated. Thirdly, differences between
preterm infants from a single hospital in Australia and a small
number of full-term infants from a previously published study may
be attributed to gestational age but may equally be confounded
by the sampling location. Similarly, the difference between
preterm infants with or without BPD could be confounded by
gestational age. Lastly, pairing the whole-body approach with
immune function, better environmental information (i.e, where
the microbes originate from), social surveys, and more metadata
would provide a holistic approach to the preterm infant
microbiota development, could provide more information on
the impacts on the neonatal window of opportunity and long-
term health consequences.

CONCLUSIONS

Over the first few weeks of life, preterm infants are exposed to
unnatural environments, which may influence microbiota coloni-
zation and the development of disease. Our study demonstrated
that the oral microbiota of preterm infants is initially disturbed
after birth but begins to resemble the oral microbiota of full-term
infants over time. Furthermore, certain microbes detected in the
oral microbiota were linked to the development of BPD and sepsis,
suggesting that oral microbiota may play key roles in the
development of lethal diseases in preterm infants.

DATA AVAILABILITY

Preterm infant sequences and adult (n = 3) sequences were uploaded to QIITA data
repository (Study ID 11832) and can be found at https:/qgiita.ucsd.edu/study/
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were obtained from the QIITA data repository (Study ID 2010) and can be found at
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