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Abstract

Objectives—To examine the changes in bacteria in hospitalized preterm infants over the first
month of life.

Methods—Rectal swabs were collected daily from 12 preterm infants. DNA was extracted from
swabs from day of birth and weekly thereafter. Bacterial taxa were identified with next generation
sequencing using universal bacterial primers targeted at the 16S rDNA on a 454 Roche titanium
platform. Sequences were clustered into operational taxonomic units (OTUs), and taxonomy was
assigned against the Greengenes databank using Qiimel.4. Quantitative PCR was used to
determine the abundance of Bifidobacterium spp. Functional assessment of the microbiome was
performed with PICRUSL.

Results—Auverage birth weight and gestational age were 1055g and 28 weeks, respectively.
There were 6-35 different bacterial families identified in the day of birth samples, unrelated to
mode of delivery. Richness decreased over hospitalization (week 1: 16.9£7.7 vs. weeks 3-5:
10.74£3.4, p<0.001). The Shannon diversity index demonstrated lowest diversity at birth, an
increase at week 2, followed by a rapid decline at weeks 3-5, suggesting development of a more
uniform microbiota composition after 2 weeks of NICU stay. Enterobacteriaceae,
Saphylococcaceae, and Enterococcaceae constituted the majority of the bacterial families.
Bifidobacterium spp. were infrequently detected at very low levels. PICRUSt analysis revealed
enhancement of peroxisome, PPAR and adipocytokine signaling; plant-pathogen interaction; and
aminobenzoate degradation pathways in week 1 samples.
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Conclusions—Our results suggest that while preterm infants have individualized microbiota
that are detectable at birth, the differences decrease during the neonatal intensive care unit
hospitalization with increasing prominence of pathogenic microbiota.
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INTRODUCTION

Very low birth weight infants (VLBW, birth weight <1500g) are at increased risk for
infectious morbidities, such as sepsis and necrotizing enterocolitis (NEC). The gut
microbiota of VLBW infants has been shown to differ from that of full term healthy infants,
with slower colonization and lower diversity (1) and may influence the morbidities which
these infants experience (2-4). Therefore, there has been significant interest in understanding
the determinants of the gut microbiota in preterm infants and its relation to disease (2-7).
These studies have consisted of cross-sectional or longitudinal feces-based analyses in
preterm infants. We sought to examine the changes in bacteria in hospitalized preterm
infants over the first month of life using rectal swabs. We performed 16S pyrosequencing in
serial rectal swab specimens in order to analyze the overall structure of the microbiota
during the first 30 days of neonatal intensive care unit (NICU) stay and to specifically target
Bifidobacterium spp. using quantitative polymerase chain reaction (QPCR). Additionally, we
sought to characterize the microbiota functionality with PICRUSt (Phylogenetic
Investigation of Communities by Reconstruction of Unobserved States) (8).

MATERIALS and METHODS

Subjects and samples

This was a non-randomized prospective pilot study of 12 preterm infants admitted to the
Rush University Medical Center NICU between February and December 2009. Infants were
eligible if the gestational age was < 35 weeks, the birth weight was < 2000 grams, and in the
absence of significant congenital anomaly or chromosomal abnormality. This study was
approved by the Rush University Institutional Review Board. Signed informed consent was
obtained from a parent/guardian of all enrolled subjects. Perinatal and infant demographic,
feeding and clinical data were collected prospectively. Infant feedings were per NICU
protocol and attending neonatologist's discretion and were not influenced by study
participation. Infant samples were collected using sterile swabs that were inserted rectally
daily for the first 30 days of life (or until discharge if NICU stay less than 30 days) and at
initiation and completion of an antibiotic course after the first 30 days. The samples were
placed in sterile cryovials and snap frozen in liquid nitrogen at the time of collection. The
samples were stored in a =70 °C freezer until time of analysis. Weekly samples were
selected for each infant for analysis to obtain a longitudinal view of his/her gut microbiota in
relation to clinical and nutritional events. Samples were available from day of birth for 7/12
infants and within 3 days of birth for 11/12 VLBW infants.
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Sequencing

DNA was extracted using a commercially available kit, FastDNA Spin Kit for Soil, (MP
Biomedicals, Solon, OH 44139 USA), using the manufacturer's recommended protocol.
5’GAGTTTGATCNTGGCTCAG3’ forward primer and 5’GNTTTACNGCGGCKGCTG3’
reverse primers were used to pyrosequence the 16S rDNA on a 454 GS FLX platform, with
barcoding, using titanium Kits (9).

Sequence processing

For taxonomic composition analyses: Custom C# and python scripts as well as python
scripts in the Quantitative Insights Into Microbial Ecology (QIIME) software pipeline (VB
Versions 1.3, 1.4 and 1.5) were used to process the sequencing files (10,11). The sequence
outputs were filtered for low quality sequences (defined as any sequences that are <200 bps
or >1000 bps, sequences with any nucleotide mismatches to either the barcode or primer,
sequences with homopolymer runs >6, sequences with an average quality score of <25,
sequences with ambiguous bases >0) and were truncated at the reverse primer. Sequences
were chimera checked with Chimera Slayer (12) and chimeric sequences were filtered out.
Operational taxonomic units (OTUs) denote groupings of bacteria often used when only
DNA sequence data are available. In classic taxonomy, an OTU typically denotes a grouping
of things that are being studied. OTUs can be defined or grouped at the level of an
individual organism; a particular taxonomic group such as a species or genus; or could also
be based on undetermined evolutionary relationships among organisms that share a
particular characteristic (13). In this study, OTUs were generated by combining bacterial 16s
sequences into groupings that have 97% sequence identity. An OTU at a 97% cutoff
approximation in full length 16S SSU sequencing has been considered comparable to a
single bacterial species and is widely used as such in SSU metagenomics with next
generation sequencing (14). We picked OTUs for this study using uclust (15) at 97%
similarity, and representative sequences were generated. Sequences were aligned with
PyNAST (16) and taxonomy assignment was performed in Qiime 1.4VB against the Qiime
1.4 version of Greengenes database (17,18) using the RDP classifier (19) at an 80% value
threshold. An approximately-maximume-likelihood phylogenetic tree was created using
FastTree v2.1.3. (20).

For PICRUSt analysis, closed reference OTUs were picked and chimeric sequences were
using usearch61 (12,16) on Qiime 1.7 VB (21) against the Greengenes 13 5 OTUs at a 97%
threshold. PICRUSt (8) implementation at http://huttenhower.sph.harvard.edu/galaxy was
utilized, and significant differences in Kyoto Encyclopedia of Genes and Genomes (KEGG)
ortholog (KO) abundances between groups were identified, and lists of significantly
differently abundant KO were analyzed using the KEGG Mapper pathway search function
(22).

Quantitative PCR for Bifidobacterium spp

Quantitative PCR (qPCR) was used to determine the relative abundance of Bifidobacterium
spp. since others have demonstrated limited ability of some primers to detect
Bifidobacterium spp. (23). We performed a previously described and validated genus-
specific Bifidobacterium spp. assay that has been used in infants (24). Hydrolysis-probe
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assays were ordered from Integrated DNA Technologies (IDT; Coralville, lowa). A double-
stranded DNA standard was synthesized using gBlocks Gene Fragments (IDT). The
standard was 924 bp in length, and consisted of a portion of the 16S rRNA gene of
Escherichia coli, with Bifidobacterium primer sequences replacing the native E. coli
sequences. Standard curves were generated across 5-6 orders of magnitude, and efficiency
was 87% (Bifidobacterium assay). Assays were performed in 384-well plates using a Life
Technologies Viaa7 real-time PCR instrument.

Data analysis

Infant characteristics that are continuous variables are reported as means + SD or median
(IQR) as appropriate. Categorical data are presented as ratios or percentages. Histograms
were used to assess the similarities and differences between bacterial fingerprints.
Multivariate reduction analysis was performed using principal coordinates analysis (PCO) to
evaluate for microbial compositional changes. Qiime 1.5 was used calculate Bray-Curtis and
Unifrac distances based on OTUs and non-metric multidimensional scaling (NMDS) and
PCO coordinates; the bipartite network attributes Cytoscape v2.8.1 was used to visualize the
network and calculate network and node statistics. PerMANOVA models (25) were
performed in PC-ORD. For PerMANOVA analyses, we used the Bray-Curtis similarity at
the family level on rarified and log transformed data. In order to adjust for unequal sample
sizes in groups, we randomly subsampled the groups 1000 times, stratified by subject and
sample week, and performed a randomization test of significance of pseudo F values, with
4999 randomizations for each model, and collated the results from the 1000 subsamplings.
Longitudinal data were analyzed using the Friedman test and mixed models, using SPSS
(Version 19.0, Chicago, IL, USA). For significance testing of diversity indices, mixed effect
linear models were used comparing week 1 samples to all others collected after week 1, at
an equal sequence sampling depth of 1390 sequences per sample, including case number and
the interactions between case number and week of sampling. PICRUSt results were analyzed
using Linear Discriminant Analysis Effect Size (LefSe), using an alpha =0.05, more
stringent All-against-All strategy, and 2.0 threshold for on the logarithmic LDA score for
discriminative features (26).

RESULTS

Subject characteristics and data

Infant characteristics are reported in Table 1. Infants had a mean gestational age of 28.2 +
1.5 weeks, birth weight of 1055 + 234 g, with 6 (50%) males and 8/12 (67%) born by
cesarean delivery (C-section). Initiation of enteral feedings occurred at a median of 4.5 days
(IQR 3-7.75) with all infants receiving some maternal human milk. All mothers received
antibiotics before delivery and all infants received antibiotics starting on the first day of life.
Infants with birth weight <1000g received prophylactic fluconazole while central catheters
were in place per NICU protocol (27). No infants received histamine2 receptor-blockers
during the period of sample collection. Five infants had infectious complications including
pneumonia (n=1), NEC (n=1) and late onset sepsis (n=3).
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We obtained 410,811 sequences from 12 infants who provided 56 samples, with an average
sequence length of 265 bases/sequence. After quality filtering and chimera checking
244,163 sequences in total and 4428 sequences on average per sample were used for the
analyses detailed below. Bacterial taxa abundances were normalized to the total number of
sequences, and sequences were rarified to the minimum number sequences common to all
the samples for the alpha and beta diversity analyses

Bacterial diversity is reduced after the first week of NICU stay

Samples were available from the day of birth (Day 1) for 7/12 infants. The number of
bacterial families detected varied from 6-35 (Figure 1). Each infant had a unique pattern,
with partial visual similarity between a set of twins (D1 and E1).

Longitudinal analyses of 56 rectal swab samples from 12 infants demonstrated a decrease in
bacterial richness at the family level with increasing duration of NICU hospitalization
(Figure 2A). There was a significant decrease in the number of bacterial families present
between week 1 samples and samples obtained later during the NICU stay (p=0.0001)
(Table 2). Figure 3 demonstrates the bacterial families seen in individual cases during the
three weeks of NICU hospitalization. However, when individual bacterial sequences that
had a 97% similarity were examined (i.e. an OTU level analysis was done), richness was
similar over time in the NICU (supplemental digital content Figure S1A).

Similarly, bacterial diversity at the family level was reduced in samples from week 2 and
beyond, compared to the samples obtained during the first week of NICU stay, by the Chaol
metric (Figure 2B) (p=0.0001); PD_Whole_Tree_Metric (Figure 2C) (p =0.0001), and the
Shannon diversity index (Figure 2D) (p=0.0001), whereas these diversity indices were
similar at the OTU level over time in the NICU without statistically significant differences
(supplemental digital content Figure S1B,S1C,S1D).

Bacterial composition is different in preterm infants over time in the NICU

A) Overall differences in bacterial composition based on ordination methods
—In order to compare the types of bacterial taxa present over time in hospitalized VLBW
infants, we first studied the global differences in bacterial composition in all the samples
together, using ordination methods. In these methods, first, a measure of similarity (also
termed a distance from here onward in this manuscript) between each pair of samples is
calculated. Then, calculated distances between pairs of samples are analyzed to produce an
ordering of the samples, which can typically be mapped onto a two or three dimensional
graph, in which each point represents a single sample. The farther the two samples are
located on the graphic representation, the higher the distance and the higher the difference in
their microbial composition.

Two different similarity/distance metrics (the Bray-Curtis and Unifrac metrics) were chosen
for this sample set for the following reasons: The Bray-Curtis similarity examines shared
OTU counts between samples (28), whereas the Unifrac involves placing samples on a
phylogenetic tree and summing branch lengths unique to a given sample on the tree (29).
Consequently, Bray-Curtis similarity gives equal importance to differences in every taxa,
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whereas in Unifrac, phylogenetically related taxa cause less divergent Unifrac values (i.e.
lower Unifrac distances) compared to distant or unrelated taxa which cause larger
differences (i.e. higher Unifrac distances). Unweighted Unifrac is calculated on data
depicting presence or absence of bacterial taxa in a given sample; and is equally influenced
by rare and abundant bacterial taxa.

We first performed NMDS of all the samples using the count-based Bray-Curtis similarity at
the OTU level. NMDS is a powerful ordination method that can uncover nonlinear
relationships between samples and is widely used in ecology. Figure 4A shows that samples
from the first week of NICU stay (shown in red) were located to the bottom left of the graph,
compared to the week 2 samples (shown in blue) and the week 3-5 samples (shown in
yellow) both of which were located to the upper right of the graph. When Unifrac distances
were examined in a principal coordinates analysis (PCO) (as shown in Figure 4B), a similar
separation was noted between the week 1 samples versus those from week 2 and beyond.
Jackknifed estimates of the PCO analysis using Unifrac also confirmed the visual separation
of the samples (supplemental digital content Figure S2). The visual differences observed
were tested at the family level using perMANOVA with the Bray-Curtis similarity in a one-
fixed-factor random effects model. We noted that the visual differences between weeks in
the NICU were statistically significant (mean p=0.016; proportion of p values rejecting the
null at 0.05= 92.9%).

B) Examination of bacterial taxa found over time in the NICU—
Enterobacteriaceae, Saphylococcaceae, and Enterococcaceae constituted the majority of
the bacterial families in the samples. Enterobacteriaceae accounted for 33% of the bacterial
families in week 1, increasing to 52% by weeks 3-5 (p=.021). While Enterobacteriaceae
presence increased during NICU stay, the overall Proteobacteria presence did not change
significantly from 55% to 59% between weeks 1 and 3-5 (p=1.0). This reflects the
increasing dominance of the family Enterobacteriaceae within the phylum Proteobacteria
over time, with Enterobacteriaceae accounting for 60% of Proteobacteria samples in week
1, 84% in week 2, and 88% by weeks 3-5 (Figure 5).

Enterococcaceae presence/absence was associated with weeks in the NICU (FDR adjusted
p-value = 0.03, with g-test), accounting for 1% of identified bacterial families in week 1,
increasing to 20% by week 2. There was a significant rise in abundance of
Saphylococcaceae in week 2 (FDR adjusted p-value=0.038, with ANOVA), accounting for
28% of identified bacterial families in week 2 in contrast to 3% in week 1 and 6% in weeks
3-5. The order Clostridiales (consisting of the families Clostridiaceae, Clostridiales Family
Xl Incertae Sedis, Veillonellaceae, Lachnospiraceae, Ruminococcaceae, and
Catabacteriaceae in descending abundance) accounted for 7-8% of the microbiota in week 1
and week 2, increasing to 15% by weeks 3-5.

When individual cases were examined in depth, we found that 8/10 infants who had a
sample collected during weeks 3-5 had at least 50% of their microbiota comprised of
Enterobacteriaceae on at least one sample (Figure 3, shown in green). Of the two infants
who did not have Enterobacteriaceae as a dominant family, one had 60% Clostridiales
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(G24), and the other had 71% Pseudomonadaceae (E16) with a rapid change four days later
to 95% Enterococcaceae (E20).

Unlike in term infants (30), we did not find significant colonization with commensal
bacteria despite providing human milk to all infants in our high human milk-feeding NICU
(31). In fact, with 16S sequencing, we found very low levels of colonization in one sample
each from five subjects for a total of 5 of 56 samples. With qPCR, 10 out of 12 infants
demonstrated colonization with Bifidobacterium spp. in 16 out of 56 samples, although at
very low levels (8-6878 copies/microliter, Figure 6). The samples with detectable
Bifidobacterium spp. were obtained throughout the time period of the study (week 1 n=6,
week 2 n=3, weeks 3-5 n=7), with no discernible pattern. Similarly, only three infants
demonstrated very low levels of colonization with organisms in the family Lactobacillaceae
during week 1, no infants in week 2, and two infants in weeks 3-5.

C) Core microbiome across samples from VLBW infants in the NICU—To
determine if a core microbiome existed in our NICU, we used a definition of the core
microbial taxa as being present in at least 50% of samples at the OTU level, picked at a 97%
sequence similarity to each other (supplemental digital content Tables S1, S2, S3). In week 1
samples, only six OTUs were observed to be core OTUs, suggesting a high variability from
infant to infant. In week 2 samples, the core OTU count rose to 14, and in weeks 3-5
samples, the core OTU count increased to 10 (supplemental digital content Figure S3). In
week 2 samples, the core OTUs belonged to Enterobacteriaceae, Staphylococcaceae, and
Enterococcaceae. In weeks 3-5 samples, the core OTUs belonged to Enterobacteriaceae and
Enterococcaceae.

D) Network Analysis of samples over time in the NICU suggests reduction of
the heterogeneity of the microbiome after a week of NICU stay—In order to
evaluate bacterial OTUs associated with the samples over time in the NICU, we constructed
a bipartite network of the bacterial OTUs and the samples, in which OTUs (shown as white
small dots) are connected via edges (shown as lines) to sample nodes (shown as large dots in
red, green or blue for samples from week 1 vs. week 2 vs. weeks 3-5, respectively) in which
their sequences are found (Figure 7). We have chosen this approach because it easily allows
for visualization of thousands of OTUs in limited number of samples and can reveal
significant associations about the closeness of the samples and bacterial OTUs found in
them. In the network, edge weights (i.e. lines that connect the OTUs to the samples) are
determined by the number of sequences seen for a particular OTU in a given sample. The
higher the number of sequences, the stronger the edge weight or the connection between a
sample and a particular OTU. Clustering of the OTUs and samples i.e. their position on the
network diagram are determined by a stochastic spring embedded algorithm as implemented
in Cytoscape. The sample connections within the network are analyzed statistically with a G
test of independence: Sample nodes from week 1 of NICU stay vs. week 2 vs. weeks 3-5 are
tested to see whether they are more connected to a particular group than expected by chance.
The network diagram shows that the samples from week 1 are spread apart (i.e. share less
OTUs with each other) and are connected to a large number of OTUs, whereas samples from
weeks 2 and weeks 3-5 are closer and more intertwined, hence appearing to share more
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bacterial OTUs. The network statistics are shown in Table S4, indicating that when the
network is divided into three subnetworks by weeks in the NICU, there are differences. The
week 1 subnetwork has less average neighbors, more OTU nodes, more heterogeneity and
less density compared to the overall, week 2, and weeks 3-5 subnetworks. These findings are
compatible with the heterogeneity of the microbiome in VLBW infants admitted to NICU at
birth and during week 1, and suggest convergence towards a more uniform microbiome after
the first week of NICU stay.

Effects of delivery mode and antibiotics in the NICU

When all samples were studied, no significant visual clustering in terms of the overall
bacterial composition of the samples by mode of delivery (vaginal vs. C-section) was
detected using PCO analysis with a Unifrac metric, in contrast to what has been previously
reported in healthy newborns (Figure 8A, vaginal shown in yellow, C-section shown in red).
When only the first sample obtained from the newborns were examined, results were similar
(Figure 8B, vaginal shown in blue, C-section shown in red), suggesting no association
between delivery mode and the microbiota composition in VLBW infants admitted to the
NICU.

In similar PCO analyses, samples collected while off antibiotics appeared to be closer to
each other (supplemental digital content Figure S4 panel A). However, few infants were off
antibiotics during week 1. In fact, 20/22 samples were obtained on antibiotics in week 1,
whereas 3/17 samples were obtained on antibiotics in both week 2 and weeks 3-5. When the
analysis was repeated for those samples obtained on antibiotics, the majority of the visual
differences seen were attributable to the use of antibiotics in week 1 versus the other weeks
(supplemental digital content Figure S4 panel B). In network analyses (supplemental digital
content Figure S5), the samples off antibiotics (shown in blue) had higher average number of
neighbors with less heterogeneity (average number of neighbors 4.494; network
heterogeneity 3.260) compared to the samples on antibiotics (shown in red, average number
of neighbors 3.255; network heterogeneity 4.095).

While our sample size was not adequate to test this effect, we noted no difference in PCO
analyses with the Unifrac metric between samples obtained from VLBW infants that
remained healthy (subjects F-L) vs. those obtained from infants that developed infectious
complications (subjects A-E; data not shown).

E) Functional predictions from the microbiome: PICRUSt Analyses—In order to
identify microbial functions enriched or diminished in the neonatal microbiome over time, a
predictive assessment of the microbial community functional potential (PICRUSt) was
performed. We identified 330 KEGG Orthologs within all the samples. Similar to
microbiome compositional differences, alterations in predicted bacterial functional pathways
also were associated with weeks in the ICU. In the week 1 samples, compared to the
samples from other weeks, there was differential abundance of bacterial genes that affected
the following pathways: Adipokine signaling; peroxisome and peroxisome proliferator
activated receptor (PPAR) signaling pathway; synthesis and degradation of ketone bodies;
aminobenzoate degradation; protein processing in endoplasmic reticulum; and plant
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pathogen interaction ( Figure 9). When antibiotic effects were taken into account, predicted
bacterial functional pathways also separated week 1 samples: There was still a significant
enhancement of the pathways for PPAR and adipocytokine signaling; plant pathogen
interaction; and protein processing in endoplasmic reticulum in samples obtained in week 1
on antibiotics versus those obtained in week 3 off antibiatics, further elucidating the
importance of these pathways in the preterm VLBW neonatal gut over time and with
exposure to antibiotics (supplemental digital content Figure S6).

DISCUSSION

The analysis of microbiota from 12 preterm infants suggests that while preterm infants have
individualized microbiota detectable at birth, the differences decrease during the NICU
hospitalization. Our results are similar to those of Schwiertz et al who used PCR-DGGE to
investigate fecal microbiota of 29 preterm infants hospitalized in the NICU (1). They found
that the band profiles from these infants became increasingly similar with increasing
duration of NICU stay, with 70-80% similarity noted after the second week. This similarity
was not impacted by birth weight, feeding regimen or antibiotic use. In contrast, Barrett et al
found a lack of uniformity among their preterm infant microbiota over the first 4 weeks of
hospitalization, although they also found the most often encountered family to be
Enterobacteriaceae (32). Our data goes beyond their observations and suggests a dominance
of this family of bacteria in the majority of NICU VLBW infants, comprising over 50% of
the obtained sequences. This increase in microbiota similarity with increasing NICU
hospitalization may reflect the importance of the environment on colonization patterns in
hospitalized preterm infants (33). Alternatively, La Rosa et al have recently demonstrated a
convergence of hospitalized premature infant fecal bacterial populations to Clostridial
abundance when stratified by postmenstrual age (PMA) at sample acquisition, notably after
reaching 33-36 weeks PMA (34). While we also noted an increase in Clostridiales in the
weeks 3-5 samples, the PMA at the last sample acquisition for our subjects ranged between
29 - 33 6/7 weeks, with the majority <33 weeks. Thus we may not have detected the later
rise in Clostridia described by La Rosa et al. due to the earlier termination of our study.

Low level of Bifidobacterium spp. in our samples despite using qPCR may be due to
widespread antibiotic use in our NICU, as a recent study showed that the only preterm infant
who was heavily colonized with Bifidobacterium had not received any antibiotics (32). The
paucity of Bifidobacteriales in our samples may also be due to the immaturity of infants in
our cohort.

Butel et al demonstrated that colonization with Bifidobacterium only occurred in 18/52
preterm infants who were all born at a gestational age > 32.9 weeks, and that
Bifidobacteriumwas detected at a PMA > 34 weeks for the majority of the colonized infants
(5). They proposed that a sufficient developmental maturation of the gut is necessary for
implantation with Bifidobacterium and that premature birth may impair this colonization due
to alteration of the relationship between this bacterial taxa and intestinal cells. In contrast to
Butel et al, the infants in our cohort were all born at a gestational age < 30 weeks with the
latest sample in this study being obtained at a PMA <33 weeks for 11/12 infants. Unlike our
findings, Barrett et al recently found significant colonization with Bifidobacterium and some
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Lactobacillusin 2 infants with ileostomy and colostomy; however, the samples were
collected starting in weeks 5 and 6 of NICU hospitalization, and data on early colonization
patterns were not provided(35). Thus, the paucity of commensal bacterial colonization in
published studies in preterm infants could also be reflective of the short duration of the
current studies and colonization with Bifidobacterium may increase with maturity (6,7,32).

We found decreased heterogeneity in the samples obtained off antibiotics compared to the
samples on antibiotics. This likely reflects the time course of sample collection, with the
majority of off-antibiotics samples collected during weeks 2-5, during which time the effects
of previous antibiotic courses may be evident. Other investigators have recently described a
delayed impact of antibiotic courses on microbiota with a decrease in bacterial diversity
noted at 10 days of life (36) and in the second and third weeks of life (37).

A concerning finding in our study is the increasing prevalence over time of
Enterobacteriaceae, which account for the majority of clinically significant gram-negative
pathogens seen in NICUs, such as Escherichia coli, Klebsiella spp., Enterobacter spp., and
Serratia spp. (38). The remaining dominant families (Saphylococcaceae, Enterococcaceae)
are also composed of potential pathogens that are frequently associated with late onset sepsis
in VLBW infants and infrequently associated with necrotizing enterocolitis (Clostridiaceae)
(3). This is similar to other studies that have also detected high level colonization with
pathogenic or potentially pathogenic bacteria in hospitalized preterm infants (7,35,39).
While Gupta et al (40) have recently demonstrated increased abundance of Proteobacteria
which contains Enterobacteriaceae with use of histamine-2 receptor blockers in preterm
infants; none of our infants received such therapy during the timeframe of sample collection.

Our PICRUS results suggest a dominance of bacterial genes that affect important human
host pathways, such as PPAR and adipocytokine signaling. PPARs are a family of nuclear
receptors that recognize both endogenous and also microbial lipid moieties and thereby alter
metabolic and immune function (41). In the intestinal mucosa , PPAR —y signaling is a
central pathway that affects export of nuclear factor —x-B (NFKB) from the nucleus
decreasing levels of interleukin- 8 (IL-8). Commensal bacteria have been found to attenuate
pathways of inflammation through PPAR —y (42,43). Decline in bacterial genes capable of
altering this pathway over the weeks in the NICU is compatible with our finding of
accumulation of potentially pathogenic bacterial families at the expense of commensal
bacteria in our dataset. Alternatively, it is plausible that this pathway could have also played
a role in the preterm delivery of the infant (44). Another pathway of importance that was
differentially enhanced in our week 1 samples was adipocytokine signaling. Leptin and
adiponectin, two major members of the adipocytokine signaling pathway, are central links
among nutritional status, metabolism, immunity and growth (45). Most recently, leptin has
been shown to directly modulate gut microbial composition independently of food intake
(46). Our PICRUSt results also hint at enhancement of the plant-pathogen interaction
pathway. This pathway modulates plant pattern-recognition receptors, serving a role similar
to pattern recognition receptors such as toll- like receptors in human, and responses to
bacterial flagellin and other microbe associated molecular patterns (MAMPS) (47). The
enhancement of this pathway in week 1 samples, especially those on antibiotics, suggests
production of pro-inflammatory molecules in response to microbe associated molecular
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patterns (MAMPs). Lastly, our PICRUSt results suggest the aminobenzoate degradation
pathways as another one of importance in week 1 samples and this pathway is enhanced in
a- and B- Proteobacteria, especially those found in the environment (48). Exactly why this
pathway may be enhanced in week 1 samples is unclear; however this pathway is tied to
cross regulation between aerobic and anaerobic pathways of catabolism in bacteria, folate
synthesis as well as catechol synthesis (48). Notably, one member of the a-Proteobacteria,
Sheathia amnii, has been associated with preterm labor (49). The loss of aminobenzoate
degradation over time in our sample set is compatible with increase in the abundance of
Enterobacteriaceae, which are y-Proteobacteria, some of which may not have the functional
capacity to degrade aminobenzoate. In summary, our PICRUSt results suggest that the
microbiota compositional changes we observe over time in the NICU correlate with
significant functional metabolic and immune consequences. Further studies are needed to
determine the exact bacterial products in preterm VLBW infants that affect especially the
PPAR and adipocytokine signaling pathways and TLRs, both positively and negatively in
the neonatal gut, in order to determine the effects of these pathways in both preterm labor
and inflammation-associated morbidities in preterm infants. Approaches that concomitantly
characterize the infant microbiome, metatranscriptome and metabolome with untargeted
efforts and directed efforts examining the pathways enhanced above and measurement of
known metabolites of bacteria such as short chain fatty acid in fecal specimens should be
used in future studies that further examine the effects of the microbiome in the VLBW infant
gut.

Our study is one of the first to examine gut microbiota of preterm infants using rectal swabs
instead of fecal samples (36). We chose rectal swabs because they allowed daily sample
collection rather than dependence on an infant's stooling frequency and limited
contamination with the skin and diaper flora. However, limitations remain in that rectal
swab results may not reflect the microbial composition in the small intestines, which has
been shown to differ in infants who have undergone surgical diversions (35). Future
investigations should compare the microbiota obtained using rectal swabs vs. fecal samples
in premature infants.

Limitations of this study include the small sample size, which prevented analysis of the
relationship between infectious complications and gut microbiota. Additionally, this was a
single-center study with a high level of antibiotic exposure in mothers prenatally and infants
postnatally, which are known to impact gut microbiota (37). Other studies of preterm infant
gut microbiota have also demonstrated high usage of antibiotics in infants (35,37,39). Thus
our study reflects the practice that was common, although not ideal, at the time samples
were obtained. These and other clinical studies of preterm infants (50) have helped inform
practice change to curtail the usage of antibiotics in this high-risk population.

Our results suggest that while preterm infants have individualized microbiota that are
detectable at birth, the differences decrease during the NICU hospitalization with increasing
prominence of pathogenic microbiota. Thus, the NICU environment may impact preterm
infants” microbiota, and local effects may need to be considered in multicenter studies of
interventions aimed at altering gut microbiota.
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What is known about this subject?

»  Colonization of the gut in preterm infants differs from full term infants, with
reduced diversity.

»  Mode of delivery impacts colonization patterns in full term infants.

» Early antibiotic treatment in preterm infants is associated with reduction in
diversity that extends beyond the duration of antibiotic therapy.

What are the new findings?

»  After two weeks of NICU hospitalization, there is a convergence of microbiota
in preterm infants.

»  Mode of delivery does not impact colonization patterns in preterm infants.

» PICRUSt analyses suggest that the microbiota changes over time are potentially
correlated with metabolic and immune consequences for the host.
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Figure 2.
Longitudinal analyses of rectal swab samples at the Family level. (a) Decrease in bacterial

richness at the family level with increasing duration of NICU hospitalization. Bacterial
diversity at the family level was reduced in samples from weeks 2 and beyond, compared to
the samples obtained during the first week of NICU stay, as shown by (b) the Chaol metric,
(c) PD_Whole_Tree_Metric, (d) Shannon diversity index.

J Pediatr Gastroenterol Nutr. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Patel et al.

Relative Abundance

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

Page 18

Figure 3.
Longitudinal change in bacterial families seen in individual subjects. Bacterial families that

comprised at least 2% of all samples for each week are reported. Subjects are denoted by
letter and day of life by number. Twin pairs are underlined (D-E and K-L)
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Figure 4.
Beta diversity analyses demonstrating separation of Week 1 samples from those in Week 2

and Weeks 3-5 using: (a) non-metric multidimensional scaling with a Bray-Curtis metric
and (b) principal coordinates analysis with an unweighted Unifrac metric. Week 1 samples
are shown in red, Week 2 samples are shown in blue, and Weeks 3-5 samples are shown in
yellow.
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Figure 5.

Longitudinal analysis of Proteobacteria. Increasing dominance of the family
Enterobacteriaceae within the phylum Proteobacteria over time.
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Figure 6.
Bifidobacterium abundance by gPCR.
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Figure 7.
Network analysis of samples obtained over time in the NICU. OTUs are represented by

small white dots. Large dots represent patient sample nodes obtained in Week 1 in red, those
obtained in Week 2 in green, and those obtained in Weeks 3-5 in blue. Sample nodes are
connected to the OTU nodes in which their sequences are found via lines. Sample nodes
from Week 1 are more spread apart than sample nodes from Week 2 or those from Weeks
3-5, reflecting greater sharing of OTUs in the latter weeks beyond Week 2.
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Figure 8.
Principal coordinates analysis of mode of delivery and microbiota analyzing (a) all rectal

swab samples from subjects (yellow= vaginal, red= C-section), and (b) only first rectal swab
sample obtained from each subject (collected during days 1-3; blue= vaginal, red= C-
section).
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Figure 9.
PICRUST analysis demonstrating differential abundance of bacterial genes in week 1

compared to later weeks in the NICU.
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Table 1
Subject characteristics
Subject | GA (wk) | Sex | BW (g) | Delivery mode Age at PMA at last Infectious complication Ageat | Twin
enteral sample onset
feeding collection (day)
initiation
(d)
A 27 M 970 CS 6 305/7 S. aureus pneumonia 38 -
B 28 F 885 \% 11 312/7 Serratia sepsis 24 -
C 29 6/7 F 1240 Cs 3 312/7 NEC 11 -
D 26 2/7 M 900 CS 14 305/7 Pseudomonas and 15 E
Enterobacter sepsis

E 26 2/7 M 880 CS 10 29 S. epidermidis sepsis 20 D
F 27 617 M 1330 \% 2 314/7 - - -
G 28 6/7 F 1140 \% 3 321/7 - - -
H 26 1/7 F 795 \% 5 29 6/7 - - -
1 29 6/7 F 1495 Cs 3 3247 - - -
J 283/7 F 720 Cs 3 32417 - - -
K 295/7 M 1170 Cs 4 31 - -

295/7 M 1130 Cs 7 336/7 - - K

GA=gestational age, BW=birth weight, M=male; F=female, CS=Cesarean section; VV=vaginal delivery, PMA=postmenstrual age
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Bacterial Richness

Table 2

Week in NICU | Number of samples | Sample Richness (mean + SD) | p-value
1 22 169+ 7.7 0.0001
2 17 11.0+£5.0
3-5 17 10.7+34

*
Comparison between week 1 samples and weeks 2-5 samples using mixed effects models
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