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Abstract

Objective—To test the hypothesis that maternal complications significantly affect gut
colonization patterns in very low birth weight infants.

Methods—49 serial stool samples were obtained weekly from 9 extremely premature infants
enrolled in a prospective longitudinal study. Sequencing of the bacterial 16S rRNA gene from
stool samples was performed to approximate the intestinal microbiome. Linear mixed effects
models were used to evaluate relationships between perinatal complications and intestinal
microbiome development.

Results—Subjects with prenatal exposure to a non-sterile intrauterine environment, i.e.

PPPROM and chorioamnionitis exposure, were found to have a relatively higher abundance of
potentially pathogenic bacteria in the stool across all time points compared to subjects without
those exposures, irrespective of exposure to postnatal antibiotics. Compared with those delivered
by Caesarean section, vaginally delivered subjects were found to have significantly lower diversity
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of stool microbiota across all time points, with lower abundance of many genera, most in the
family Enterobacteriaceae.

Conclusions—We identified persistently increased potential pathogen abundance in the
developing stool microbiota of subjects exposed to a non-sterile uterine environment. Maternal
complications appear to significantly influence the diversity and bacterial composition of the stool
microbiota of premature infants, with findings persisting over time.

Keywords

obstetrical complications; obstetrical interventions; prematurity; microbiome; PPPROM;
chorioamnionitis; antibiotics

INTRODUCTION

The developing intestinal microbiome, in its symbiotic relationship with the neonatal host,
fills critical physiological roles and is an important modulator of immune maturation and
metabolic function [1-3]). The nearly blank slate of the intestinal tract beginning at birth has
the potential to acquire microbial communities that influence future risk of acute and chronic
diseases [2,4]). Recent work comparing the developing gut microbiome among distinct
human populations found that the intestinal microbiome exhibits the greatest variation
during the period from birth to 3 years, likely due to the influence of environmental factors
[5]), and becomes stable by 3 years of age. In healthy neonatal populations, bacterial
colonization of the gut begins during the process of delivery [6-8]) and is primarily
determined by feeding method, hospitalization, and antibiotic exposure [7-9].

A healthy human gestation involves a primarily sterile environment [10] and birth presents
the infant’s first significant encounter with bacteria that rapidly populate the intestines and
influence the composition of the gut microbiome [11,12]. Microbial colonization patterns in
premature infants requiring intensive care differ from their healthy full term counterparts
[8,13]. Premature infants are more often colonized with pathogenic organisms and lack
microbial diversity, both of which pose risk for short term complications including sepsis,
which is often caused by the predominant intestinal bacteria [4,14,15]. However, less is
known about the developing gut microbiome in premature infants who are exposed to a non-
sterile intrauterine environment prior to birth. The purpose of this study was to investigate
the developing intestinal microbiome in very low birth weight (VLBW) infants using
culture-independent deep sequencing of the 16S rRNA gene of bacteria present in stool. We
observed the stool microbiota development in VLBW infants at several time points over
hospitalization to investigate our hypothesis that maternal complications significantly affect
neonatal gut colonization patterns. Our findings point to potential mechanisms of influence
of maternal complications on VLBW infant health outcomes, and highlight opportunities to
intervene with breast milk feedings, probiotics, and altered antibiotic regimens.

METHODS

We obtained Institutional Review Board approval for this study in April 2011 (CPHS
21761) and renewal in April 2012 from the Center for Protection of Human Subjects at
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Dartmouth. Parents provided written, informed consent for their infants’ participation.
Inclusion criteria, clinical data and sample collection, sample processing, massively parallel
sequencing and data analysis are described in S Methods.

RESULTS

Patient cohort

Twelve VLBW infants were enrolled at the time of birth. Two of the 12 died within the first
72 hours of life, and one subject withdrew. The 9 subjects included in the analysis were
delivered at 24-29 weeks gestation with birth weights ranging from 510 to 1265 grams
(Figure 1a). Three subjects were delivered vaginally and 6 subjects were exposed to
peripartum antibiotics. Maternal complications included PPPROM (2 subjects) and
chorioamnionitis (2 subjects). Subjects 1-8 were fed breast milk (maternal or donor) mixed
with human milk fortifier or formula. Subject 9 was fed only formula with caloric
supplementation. Number of stool samples per subject ranged from 4-8. 6 of 9 subjects were
previously studied in Madan et al, 2012 [15]. Subjects 2 and 3 are dizygotic twins.

Antibiotic exposure: pre- and postnatal

The mothers of two subjects received prolonged prenatal antibiotics (Figure 1a). Maternal
antibiotic exposure included oral antibiotics and broad-spectrum intravenous antibiotics
(cephalexin, erythromycin, ampicillin and gentamicin) and exposure occurred 2 hours to 7
days prior to delivery in 6 of 9 subjects. All infant subjects received empiric postnatal
antibiotics (ampicillin and gentamicin) at time of birth for a range of 2-8 days. Some
subjects received additional postnatal antibiotics (vancomycin, cefotaxime, nafcillin,
piperacillin/tazobactam, clindamycin, macrodantin).

Dominant Genera

Ten dominant bacterial genera were identified that represented 93% of the total reads,
including Enterobacter (19% of all raw reads), Bacteroides (14%), and Saphylococcus
(12%), and others (Figure 1b). Enterobacter and Staphyl ococcus, which are known to
predominate early in VLBW infants [16], were observed as the dominant genera in most
early stool samples and are among the most abundantly represented bacteria across all
subjects. Bacteroides, an obligate anaerobe and prevalent adult gut commensal with variable
colonization of the early infant gut [17,18], was seen in very high numbers in Subject 9
(Figure 1b). Higher numbers of members of the genera Bacteroides in the infant gut have
been associated with formula feeding [19,20], and subject 9 was exclusively formula fed
(Figure 1a). Bifidobacteriumand Escherichia, which normally have an early predominance
in term neonates [8,21], were present in low numbers in the cohort, 0.01% and 0.17% of
total reads respectively, as is seen in extremely premature infants [14,16,21].

Changes in Bacterial Abundance Over Time

Linear mixed effects modeling revealed statistically significant changes in bacterial
abundance over time. Staphylococcus, a genus that includes important pathogens in preterm
infants [15], showed the most significant decrease over time (p=0.006), while Veillondlla,
the genus of a common gut anaerobe in healthy term neonates [8,9], demonstrated the most
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significant increase over time (p<0.001) (Supplementary Figure 1). Some facultative
anaerobes such as those of the genera Escherichia (p=0.030) and Shigella (p=0.027)
decreased over time while others such as Sreptococcus (p<0.001) and Enterococcus
(p=0.004) increased. Facultative anaerobes are generally early colonizers of the neonatal
gut, later replaced by obligate anaerobes such as Bacteroides and Clostridia as the gut
environment becomes more anaerobic at around 1-2 weeks of life [8,17,22].

Neonatal microbial diversity and perinatal exposures

When comparing microbial diversity across all time points relative to perinatal exposures,
we observed that infants delivered by Caesarean section had greater bacterial diversity when
compared with those delivered vaginally (p=0.021) (Figure 2a). A significant difference was
seen in the microbial diversity trajectories between subjects whose mothers had PPPROM
and those whose mothers did not (p=0.032), with the former having a significantly lower
initial microbial diversity (p=0.045), and experiencing a strong increase in diversity over
time while the latter showed a weak decrease (Supplementary Figure 2).

Perinatal influences on the developing microbial communities

Nonsterile intrauterine environment results in pathogen predominant infant
stool microbiota—Subjects whose mothers had PPPROM (all of whom had prolonged
prenatal antibiotics) had significantly greater Saphylococcus (p=0.013) and Streptococcus
(p=0.033) abundance across all time points, compared with those who did not (Figure 2b).
They also demonstrated a relatively faster increase in abundance over time of normal
neonatal gut flora member Enterobacter (p=0.009) [9] and a slower increase in abundance
of the genus Clostridium (p=0.020), normally a significant component of the gut flora in
both neonates and adults (Supplementary Table 1) [20,23]. Subjects whose mothers had
chorioamnionitis demonstrated both a significantly greater abundance across all time points
and a faster increase of potential pathogens such as Serratia (p=0.008, p<0.001) [24] and
Parabacteroides (p=0.038, p=0.004) (Figure 2b, Supplementary Table 1) [25]. Interestingly,
subjects with chorioamnionitis exposure had a greater abundance of the genera
Bradyrhizobium, considered a part of the core breast milk microbiome [26]. Additionally,
the microbial diversity of subjects exposed to a non-sterile environment (PPPROM and/or
chorioamnionitis) was significantly lower across all time points compared to those without
the exposures (p=0.045; adjusted for antibiotic administration p=0.090) (Supplementary
Figure 3).

Delivery mode affects microbial abundances—Vaginally delivered subjects were
found to have a significantly lower relative abundance of many genera, most belonging to
the family Enterobacteriaeceae, as compared to subjects delivered by Caesarean section
(Figure 2a).

Effect of Postnatal Antibiotics on the Developing Stool Microbiota

There was a significant difference between the microbial diversity of the subjects with the
most minimal postnatal antibiotic exposure (total of 2 days of antibiotic exposure) and all
other subjects, with the minimal antibiotics group demonstrating a much higher overall
diversity across all time points (p<0.001, Supplementary Figure 4). Microbial diversity
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exhibited a downward linear trend with increasing number of days on antibiotic treatment
(p=0.191, Supplementary Figure 5a). After administration of antibiotics ceased, an upward
linear trend (p=0.073) in microbial diversity over time was demonstrated (Supplementary
Figure 5b). There was a significant difference in overall diversity between samples collected
on day of antibiotic administration compared to those collected on days when there was no
administration of antibiotics (p=0.014) (Supplementary Figure 6). The potentially
confounding effect of antibiotic administration was analyzed and while antibiotics
contributed to a decrease in microbial diversity irrespective of perinatal exposure
(Supplementary Tables 2a and 2b), the effects of perinatal exposures on the infant stool
microbiota were generally found to be even more significant after adjustment for postnatal
antibiotic exposure, both with regards to microbial diversity and abundance (Supplementary
Tables 2a, 2b, 2c and 2d). Stool samples collected on day of antibiotic administration were
found to have greater abundances of the genera Ralstonia and Propionibacterium (p=0.009,
p=0.026), which are considered be part of the core breast milk microbiome [26]. These
samples also had a marginally significant greater abundance of the genera Bradyrhizobium,
Serratia and Bacteroides (p=0.051, p=0.077, p=0.088, respectively). The genera
Bradyrhizobium and Serratia are a part of the core breast milk microbiome [26], while
Bacteroides, as well as Serratia, are potential pathogens [24,25].

Bacterial Clustering

Hierarchical clustering highlights the relationship between groups of bacteria at the genus
level from individual patient samples (Figure 3, Supplementary Figure 7). Three discrete
clusters emerged (Figure 3; A, B, and C), and each cluster was associated with different
clinical characteristics. The first cluster, (A), represents samples from patients with exposure
to PPPROM and/or chorioamnionitis and a patient who was exclusively formula fed from
birth and who exhibited very high Bacteroides predominance (Subject 9). Additionally, most
samples from Group A were from subjects delivered vaginally. Microbial diversity levels
(SDI scores) were significantly lower in Cluster A than Cluster B (p<<0.001). There was an
enrichment of the potential pathogens Staphylococcus and Serratia as well as an increase in
Bacteroides and Parabacteroides in Cluster A. Cluster B represents samples from subjects
almost all without PPPROM or chorioamnionitis exposure, all delivered by Caesarean
section, with almost all having had exposure to peripartum antibiotics. Unlike Cluster A,
Cluster B samples showed high microbial diversity levels, as well as an enrichment of the
commensals Klebsiella, Clostridium, Veillonella and Enterobacter, genera thought to be
important normal commensals in neonatal life [6-8]. Cluster C had an average SDI of 0.53,
intermediary between those of Clusters A (SDI1 0.30) and B (SDI 0.63), and contains mostly
samples from subjects delivered operatively and with exposure to maternal antibiotic
treatment, as well as some samples from subjects exposed to a non-sterile uterine
environment. There was a statistically significant difference in SDI scores between Clusters
A and C (p=0.001), but not B and C (p=0.062). Clustering analysis shows that Clusters B
and C together make up a significant cluster (p=0.047).
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DISCUSSION

We have described our detailed longitudinal investigation of the effects of prenatal and
perinatal maternal complications on the developing premature infant gut microbiome and
have identified important relationships between a non-sterile intrauterine environment and
microbial acquisition patterns that persist throughout hospitalization despite postnatal
exposures. Maternal complications leading to preterm delivery frequently involve exposure
of the fetus to bacteria secondary to preterm labor, premature rupture of membranes or
maternal infection [27]. In our small cohort with frequent longitudinal sampling, we
identified that fetal exposure to PPPROM or chorioamnionitis increases the abundance of
potential pathogens in the stool, a pattern which persists throughout hospitalization,
irrespective of postnatal antibiotic exposure. Clustering analyses revealed that subjects who
were exposed to a non-sterile uterine environment shared similar communities of bacterial
genera.

Limitations of the study include a small number of subjects and a lack of sample replicates,
which make it impossible to determine the variability in microbiota levels within a given
stool sample. Though we do not know what the normal variation in bacterial reads is in any
one stool sample, we did identify a high degree of inter-subject and intra-subject variability
in bacterial reads (Figure 1b). In addition to measuring bacterial abundance, we used
Simpson’s Diversity Index to measure the microbial diversity for each sample, a measure of
both the number and relative abundance of genera in a sample, to better compare samples
exhibiting high degrees of inter- and intra-subject variability. While there appears to be
significant variability in the bacterial reads even among the samples from subjects exposed
to PPPROM and/or chorioamnionitis (Subjects 4, 6, and 8, Figure 1b), we were able to
identify differences between those exposed to a non-sterile environment and those without
the exposure by performing additional analyses, such as calculating microbial diversity and
bacterial clustering. Additionally, those exposed to a non-sterile environment all appear to
have high counts of Saphylococcus in their early stool samples, potentially reflecting
similar effects of the lack of sterility in the uterine environment (Figure 1b).

In full term neonates, delivery mode is an important factor shaping the initial neonatal
microbiome [7,8,11]. Term infants delivered by Caesarean section have primary
assemblages of bacteria from mother’s skin and the hospital environment [11,12]. In
contrast, infants delivered vaginally have initial colonization from the vaginal microbiome
which is less diverse [28], creating patterns in the infant microbiome which persist beyond
weaning [19]. Premature infants have been studied, but the impact of delivery mode and
neonatal microbial acquisition has not been outlined previously [4,13-16,21]. In our study,
we demonstrate that mode of delivery affected gut diversity across all time points. Vaginal
delivery appeared to lead to decreased diversity, a finding which mirrors studies in term
populations [11,12]. Despite the hospital environment, significant antibiotic exposure, and
dietary challenges in this preterm cohort, the mode of delivery had a lasting impact on
overall diversity of the stool microbiota.

Our results in a premature population indicated that peripartum administration of antibiotics
results in a significantly greater abundance of the genera Bradyrhizobium, a part of the core
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breast milk microbiome, and a marginally greater abundance across all time points of
Veillonella, a bacterium thought to be health-promoting. The genus Streptococcus was
marginally less abundant, potentially owing to treatment for Group B streptococcus (GBS)
with penicillin [16]. In a separate study that investigated the development of the term
neonatal intestinal microbiome in relationship to maternal Caesarean section with its
associated maternal antibiotic exposure, the gut microbiota of infants exposed to perinatal
antibiotics mirrored the aberrant microflora patterns of infants treated with 4 days of
postpartum broad-spectrum antibiotics [29]. The infants exposed to these perinatal
antibiotics demonstrated a paucity of Bifidobacterium species and a bloom of
Enterobacteriaceae, similar to the colonization patterns in our group of premature infants,
particularly those delivered by Caesarean section. These few studies outline the importance
of larger epidemiologic studies of the impact of peripartum antibiotics, antibiotic protocols
for maternal GBS colonization, and their implications for maternal and neonatal health [30].

In the presence of preterm labor, culture-independent techniques have identified intra-
amniotic diversity of microbes that were greater than identified using culture-dependent
techniques alone, and these findings associated closely with risk of preterm delivery [31]. A
recent study identified a much higher bacterial presence in fetal membranes of PPROM
subjects, suggesting a route for pathogenic bacterial colonization in these infants [10]. In our
cohort, we identified that fetal exposure to PPPROM or chorioamnionitis increases the
abundance of potentially pathogenic bacteria, a pattern which persists throughout
hospitalization, and appears to be unrelated to postnatal antibiotic exposure. These findings
highlight potential opportunities to intervene in this subgroup of premature infants with
breast milk feedings, probiotic regimens, or altered antibiotic regimens, to promote a more
diverse and health promoting microbiota.

In very low birth weight infants, fetal exposure to a non-sterile uterine environment
secondary to maternal complications (PPPROM and chorioamnionitis) resulted in neonatal
stool microbiota with increased potentially pathogenic communities, including
Staphylococcus, Streptococcus, Serratia, and Parabacteroides, which persisted throughout
months of hospitalization, irrespective of exposure to postnatal antibiotics. Overall, high-risk
maternal complications appear to significantly impact the diversity and bacterial
composition of the stool microbiota of premature infants. These findings offer opportunities
to investigate in larger cohorts the relationship between pregnancy complications and their
associated interventions with the initial development of the neonatal intestinal microbiome
that has important effects on the burgeoning immune system of infancy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Page 10
A Subject 1 2 3 4 5 6 7 8 9
Gender M M M F F

GA 24 27 27 25 25 27 29 24 27

BW 880 1080 1020 740 510 870 880 570 1265
Meconium 6 3, 3 14 11 5 4 13 5,
PPPROM/PPA no no no no no yes no yes no
Chorioamnionitis no no no yes no yes no no no

Delivery caesarean caesarean caesarean vaginal caesarean caesarean caesarean vaginal vagina

Peripa"um no es es es es es es no no
Antibiotics x E o e Y Y
. BM-HMF, BM-HMF, BM-HMF, BM-HMF, BM-HMF, BM-HMF, BM-HME,
Feeding | =oy - BM-F BM-F  F-CS BM-F  BM-F B RCEHMER e C
# of Samples 5 5 4 5 5 6 6 8 5

*12 subjects enrolled initially, 2 died, 1 withdrew
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Figure 1.
A) Demographicsand clinical variables. Gestational age (GA), birth weight (BW).

Meconium represents the day of life at which first stool was passed. PPPROM (prolonged
preterm premature rupture of membranes) in conjunction with prolonged prenatal antibiotics
(PPA). Feedings include breast milk (BM) and/or formula (F) with or without the addition of
human milk fortifier (HMF) or caloric supplementation (CS). Number of stool samples (# of
Samples) collected from each subject.

B) Dominant genera among serial samples separated by subject, representing 93% of all
raw bacterial reads. The y-axis on the bar graph represents the number of raw reads of the
top 10 bacterial genera in a sample, while the x axis shows serial samples in each subject,
labeled with the day of life when the sample was collected.
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Figure2.
A) Microbial diversity relative to perinatal exposures. X axis depicts box plots of
diversity based upon perinatal exposures. PPPROM (prolonged premature preterm rupture
of membranes); Chorio (chorioamnionitis); Caesarean section; Peri Abx (Perinatal
antibiotics). Y axis depicts Simpson Diversity Index (SDI) 0-1, 0=no diversity, 1=infinite
diversity. B) Microbial abundance differences across all time points seen in subjects
with and without a perinatal exposure. Microbial genera were evaluated for differences in
abundance between groups of subjects with and without exposure to a specific peripartum
exposure. A bar to the left of the midline represents a relatively lower abundance of the
microbes, and a bar to the right of the midline represents a relatively greater abundance.
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Figure 3. Hierarchical clustering of patient samples and bacterial genera
Dark blue squares represent an enrichment of a bacterial genera, while a white square shows

a depletion of the bacterial genera. On the right are color-coded bars depicting perinatal
exposures, as well as a bar graph showing the microbial diversity (SDI) of each sample. On
the left and top, clades with red circles indicate significant clusters (p<0.05). On the left are
bars representing discrete clusters, which are defined in the text.
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