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Abstract

The potentially critical stage of initial gut colonization in premature infants
occurs in the hospital environment, where infants are exposed to a variety of
hospital-associated bacteria. Because few studies of microbial communities
are strain-resolved, we know little about the extent to which specific strains
persist in the hospital environment and disperse among infants. To study
this, we compared 304 near-complete genomes reconstructed from fecal
samples of 21 infants hospitalized in the same intensive care unit in two
cohorts, over 3 years apart. The genomes represent 159 distinct bacterial
strains, only 14 of which occurred in multiple infants. Enterococcus

faecalis and Staphylococcus epidermidis, common infant gut colonists,
exhibit diversity comparable to that of reference strains, inline with
introduction of strains from infant-specific sources rather than a hospital
strain pool. Unlike other infants, a pair of sibling infants shared multiple
strains, even after extensive antibiotic administration, suggesting
overlapping strain-sources and/or genetic selection drive microbiota
similarities. Interestingly, however, five strains were detected in infants
hospitalized three years apart. Three of these were also detected in multiple
infants in the same year. This finding of a few widely dispersed and
persistent bacterial colonizers despite overall low potential for strain
dispersal among infants has implications for understanding and directing
healthy colonization.

Introduction

Gut microbes have important roles in health and disease. Colonization of the
gut may begin in utero (Funkhouser and Bordenstein, 2013; Moles et al.,
2013; Aagaard et al., 2014), but progresses rapidly after birth. According to
2012 data from the Center for Disease Control (Macdorman et al., 2013),
99% of US infants are born in hospitals, suggesting that very early stages of
gut colonization occur in the hospital environment. We know very little about
the extent to which hospital-associated microbial communities can influence



gut colonization. However, given that many pathogens are found in hospital
settings, it is likely that acquisition of hospital-derived organisms can lead to
aberrant colonization and long-term detrimental health effects (Arrieta et al.,
2014). This is of particular importance for premature infants that are
hospitalized for long periods, especially given frequent antibiotic
administration at birth, their immature gastrointestinal tracts and the fact
that their immune system is more vulnerable than that of term infants (Groer
et al., 2014). Hospitalized children and adults, especially those with
compromised immune systems, are also vulnerable to acquisition of hospital-
associated pathogens, particularly those that persist in the room
environment.

Some studies of hospital outbreaks have focused on a small number of
specific strains of interest, typically bacterial pathogens (Chin et al.,

2010; Koser et al., 2012; Snitkin et al., 2012; He et al., 2013; Loman et al.,
2013), and tracked them among hospitalized individuals. However, an
outbreak is a very specific phenomenon that involves both spread and
infection by a single, potentially highly virulent organism. Consequently,
lessons from outbreak studies provide only limited insight into the behavior
of the larger consortia of hospital-associated bacteria that may be relevant
for initial gut colonization. Numerous recent studies followed microbial
communities colonizing hospitalized neonates over time (Morowitz et al.,
2011; Brown et al., 2013; Costello et al., 2013; Sharon et al., 2013; Brooks et
al., 2014; La Rosa et al., 2014; Raveh-Sadka et al., 2015; Sim et al.,

2015; Zhou et al., 2015), providing a broader view of hospital-associated gut-
colonizing bacteria. These studies often reveal high inter-patient variability,
raising questions about reservoirs and sources of bacteria that establish in
the gut environment. However, characterization of members of the microbial
community is typically done with low taxonomic resolution (Arboleya et al.,
2012; Barrett et al., 2013; Aujoulat et al., 2014; La Rosa et al., 2014), thus
precluding the possibility of tracking and comparing individual microbial
strains across hospitalized patients. Subsequently, we are still lacking a
broad understanding of the extent to which gut colonizers are shared
between neonates housed in the same environment.

De novo assembly of shotgun-sequencing data from fecal samples is a
cultivation-independent method that provides community-wide strain-
resolved view of early gut colonizers, including potentially important phage
and mobile elements (Sharon et al., 2013), but until recently has only been
applied to one (Morowitz et al., 2011; Brown et al., 2013; Sharon et al., 2013)
or two (Brooks et al., 2014) hospitalized infants. Following continued
reduction in sequencing costs and improvements in assembly and binning
algorithms, we applied this technique to study the gut microbiome in a group
of 10 premature infants hospitalized over 2 months in 2014 (Raveh-Sadka et
al., 2015). This short-term study was conducted during a reported outbreak
of necrotizing enterocolitis (NEC), a common and life-threatening
gastrointestinal disease that primarily afflicts preterm infants in their first



weeks of life (Schnabl et al., 2008; Neu and Walker, 2011; Carlisle and
Morowitz, 2013) and ruled out a single shared virulent strain as the source of
disease as well as suggested that identical strains are rarely detected among
co-hospitalized infants.

Here, we focus on strain sharing not only between co-hospitalized infants,
but rather study questions of longer-term strain persistence and dispersal in
the hospital environment by combining our strain-resolved analyses with
long sampling periods. We analyze microbial communities in a total of 202
fecal samples from 21 infants, nine of which developed NEC. The data set
includes 147 samples collected during the first month of life of a cohort of 11
preterm infants hospitalized in 2011-2012, and 55 samples from the second
cohort of 10 infants hospitalized three years later, in 2014 (Raveh-Sadka et
al., 2015). All infants were hospitalized in the neonatal intensive care unit
(NICU) in Magee-Womens Hospital of the University of Pittsburgh. Our results
reveal few persistent and dispersing bacterial colonizers against a
background of largely unique gut colonization. Our approach could be used
for routine monitoring to detect rapidly dispersing and potentially clinically
relevant bacteria in the hospital environment.

Methods
Patients and sample collection

2011-2012 cohort—fecal samples from 11 preterm infants hospitalized in the
NICU in Magee-Womens Hospital of UPMC (Pittsburgh, PA, USA) over a period
of ~5 months in 2011-2012 were collected. Four of these infants developed
NEC (defined as Bell’s Stage Il or lll disease). One infant (#17A) developed
sepsis. Two deaths (Infants #17A and #21A) occurred among this cohort of
infants.

2014 cohort—fecal samples from 10 infants hospitalized in the same unit
were collected over 2 months in 2014. Five of these infants developed NEC.

Excepting one-term infant who developed NEC (Infant #9B), all infants were
of low gestational age (<33 weeks) and low birth weight (<2500 g).

The study was performed with approval from the University of Pittsburgh
Institutional Review Board as protocol number PRO10090089, and written
parental consent was obtained on behalf of the neonates.

See Raveh-Sadka et al. (2015) and Supplementary Table S1 for clinical
information.

Fecal samples were collected from spontaneously expelled diaper samples or
using an established perineal stimulation procedure (Morowitz et al., 2011).
Collected samples were placed promptly in a —20 °C freezer, and were
transferred to —80 °C for long-term storage (few minutes to few days during
weekends). Samples were collected daily, as available, during days of life 5-
21, and then weekly while hospitalized in the NICU. For the 2011-2012
cohort, a subset of 147 samples yielding adequately high quantity and



quality of genomic DNA was subjected to shotgun sequencing. For the 2014
cohort 55 samples were sequenced (see detailed description in Raveh-Sadka
et al. (2015)).

DNA extraction

Genomic DNA was extracted from fecal samples using the MO BIO PowerSaoil
DNA Isolation kit. Samples were added directly into bead tubes and
incubated at 65 °C for 10 min followed by 95 °C for 10 min. After addition of
60 ul of Solution C1 the bead tubes were then shaken horizontally on a lab
mixer for 10-16 min at maximum speed using a MO BIO vortex adaptor. All
remaining steps followed the manufacturer’s protocol.

Sequencing and assembly

Sample preparation and sequencing were performed at the sequencing unit
in the University of lllinois at Urbana-Champaign. Reads were trimmed using
the Sickle software (Joshi and Fass, 2011) and Bowtie2 (Langmead and
Salzberg, 2012) was used to map and remove reads mapping to the human
genome.

For the 2014 cohort, DNA from 55 samples was prepared for paired-end
sequencing using lllumina’s Nextera kit with average insert sizes of 250-500
bp. Samples were sequenced on four lanes of a HiSeq2500 platform.
Trimmed reads (2.2-7.3 Gbp per sample) were assembled using idba_ud
(Peng et al., 2012). For more details see Raveh-Sadka et al. (2015).

For the 2011-2012 cohort, DNA from 147 samples was prepared for paired-
end sequencing using lllumina’s Nextera kit with average insert sizes of
500/900 bp. Samples were sequenced on 13 lanes of a HiSeq2000 platform.
In total, ~5.14 billion high-quality reads remained after trimming and
discarding trimmed reads of length <60 bp (93.9% of 5.5 billion total raw
reads).

Sequence reads were assembled using a coverage-based iterative approach
that assembles differentially abundant genomes separately. With this
approach, the parameters for the assembly of different genomes can be
optimized for each coverage bin, similar to the approach described in Sharon
et al. (2013). At each iteration a specific sample was selected and reads
were assembled using Velvet (Zerbino and Birney, 2008), where assembly
parameters were chosen to optimize the assembly for the highest coverage
bin still remaining in this sample. Resulting scaffolds longer than 500 bp that
fit the range of the targeted coverage bin were added to the assembly, and
reads mapping to these scaffolds (using Bowtie2) were removed from further
analysis. When there were no evident coverage peaks left in any single
sample, remaining reads from all samples of the same infant were combined
and the process was reiterated.



Assembly gaps, represented by Ns added in the scaffolding process, were
resolved when possible, by reassembling reads that map close to the gap
edges, along with their paired reads (Sharon et al., 2013).

Potential mis-assemblies (assembly and scaffolding errors) were detected
using several approaches: (1) identification of significantly long regions with
zero-insert coverage and regions in which coverage changed markedly
(Sharon et al., 2013) and (2) detection of regions with high frequency of
mate-pair problems (small/large inserts, mis-orientation of paired reads,
mapping to different scaffolds). Scaffolds were split at positions in which mis-
assembly was suspected.

When possible, scaffolds were extended and merged if paired-end
information consistently suggested that they were linked (the paired reads
for reads mapping near edges of one scaffold mapped consistently to a
second scaffold). The read pairs mapping near the edges of such scaffold
pairs were re-assembled and the resulting assemblies were merged with the
original scaffolds using minimus2 (Sommer et al., 2007).

Scaffold annotations

Scaffolds >1000 bp were annotated. We used prodigal (Hyatt et al., 2010)
(v2.60; available at https://github.com/hyattpd/Prodigal/releases/tag/v2.60)
to predict genes using default settings for metagenomics gene prediction.
Protein sequences were searched against KEGG (Kanehisa et al., 2014)
(KEGG FTP Release 2014-07-07; available

at http://www.kegg.jp/kegg/download/), UniRefl00 (release 2014 07;
available

at ftp://ftp.uniprot.org/pub/databases/uniprot/previous_releases/release-
2014 _07/), and UniProt (Leinonen et al., 2004) (same as UniRef) using
USEARCH (Edgar, 2010) (v7.0.1001; available at http://www.drive5.com/). In
addition, reciprocal best-blast hits were determined. All matches with bit
scores >60 were saved, and reciprocal best hits with a bit score >300 were
also cataloged. In total, 16S ribosomal RNA (rRNA) gene sequences were
identified based on hidden Markov model searches using the cmsearch
program (cmsearch -hmmonly -acc -noali -T -1) from the Infernal (Nawrocki
and Eddy, 2013) package (v1.1; available at http://infernal.janelia.org/). To
identify 16S rRNA gene sequences, all assembled contigs were searched
against the manually curated structural alignment of the 16S rRNA provided
with SSU-Align. Transfer RNA (tRNAs) were predicted using tRNAscan_SE
(Lowe and Eddy, 1997) (v1.23-r2; available

at http://lowelab.ucsc.edu/tRNAscan-SE/). Scaffolds, gene predictions and all
associated annotations were uploaded to ggKbase.berkeley.edu
(http://ggkbase.berkeley.edu/project_groups/necevent_samples and http://
ggkbase.berkeley.edu/project_groups/nih-year-1).

Binning



2011-2012 cohort—Scaffolds were clustered into bins representing genomes
using the Databionic implementation of ESOM (Emergent Self Organizing
Maps) (Ultsch and Moerchen, 2005) based on their normalized read coverage
pattern over time (Sharon et al., 2013) as well as their GC content. Each
scaffold was broken into 3kbp segments and the coverage for each segment
was calculated separately. Coverage values were normalized by the total
number of reads in each sample as well as by the sum of coverage values for
each segment across all time points, in order to eliminate large values that
might skew the output.

In cases where there were not enough time points to allow clustering based
on coverage profiles (Infants #8A and #17A), clustering was done based on
nucleotide tetramer frequencies in each scaffold (Dick et al., 2009).

Parameters for clustering were chosen as previously described (Dick et al.,
2009), and clusters were extracted manually from the resulting maps (similar
to the approach described in Sharon et al. (2013)).

Binning was further refined in ggKkbase manually based on a specific
phylogenetic profile, and/or scaffold coverage and/or GC information (Raveh-
Sadka et al., 2015). ggKbase was also used to assess the completeness of
the resulting genome bins based on the number of predicted single-copy
genes (Sharon et al., 2013). The abundance of genomes over time relative to
the total number of reads mapped to all binned scaffolds was calculated
based on the median coverage of scaffolds in the corresponding bin at each
time point.

Inspection of the abundance profiles over time revealed four cases (Infant
#8A day of life (DOL) 28, Infant #19A DOL 13, Infant #21A DOL 15 and
Infant #23A DOL 13) in which a sample swap event was suspected. Unlike
other data points, these four samples showed species composition that was
not supported by neighboring time points or by 16S data for the same
sample (data not shown), and in fact seemed to fit in well with data from one
of the other three infants (for example, the sample labeled as Infant #23A
DOL 13 is most likely from Infant #21A DOL 15). All of these four samples
were sequenced on the same sequencing lane. We excluded these time
points from downstream analyses.

For the 2014 cohort, online binning tools in ggKbase were used to bin
samples based on coverage, GC content and taxonomy. Bins were validated
using ribosomal gene and single-copy gene counts as well as using time
series and tetra nucleotide frequency ESOMs. For more details see Raveh-
Sadka et al. (2015).

Phylogenetic profile

Taxonomic assignments for each scaffold were determined using ggkbase
online binning tools (ggkbase.berkeley.edu) based on the similarity of each
of the predicted proteins in the scaffold to proteins in the UniProt database.
A taxonomic label was assigned if >50% of predicted proteins had best



matches to the same taxon. For more detailed description, see Raveh-Sadka
et al. (2015).

Comparison of assemblies from all time points with those obtained from
single samples

To verify that the two approaches yield similar assemblies, we selected two
organisms that were present in a single infant for a relatively long period of
time and assembled their genomes from reads in single time points.
Specifically, this was done for E. coli in infant #8A, DOL 7 and 31

and Enterobacter in infant #11A DOL 13, 51. In both cases, the assemblies
recovered from single time points were over 98% identical across >99% of
their length, way above the threshold for defining them as the same 'strain
types'.

Strain comparison

All bacterial genomes from the same genus (or in the same Family/Order in
the rare cases of relatively novel genomes whose genus could not be
determined) that were fairly complete (bin length >0.5 Mbp, >50% (25/51)
single-copy genes detected), and were not very fragmented (N50>10 Kbp)
were compared with each other using nucmer (Delcher et al., 2002). All
scaffolds from one genome bin were aligned against all others (using
parameters -maxmatch -c 100 -b 100). For each scaffold, the number of
basepairs contained in alignments with >98% identity were counted.
Basepairs that were aligned to more than one scaffold were only counted
once, and the fraction of such aligned basepairs from all basepairs in the
genome bin was computed. If for one of the genomes in the compared pair,
>95% of basepairs were >98% identical, the genomes were considered as
belonging to the same 'strain type'.

Mutation rate analysis for persistent strains

Breseq (Deatherage and Barrick, 2014) was used to map reads from one
infant in one cohort to the closely related genome assembled from an infant
in the second cohort. Single nucleotide polymorphisms (SNPs) in scaffolds
>3000 bp were extracted. SNPs in problematic regions of the original
assemblies (containing Ns and so on) were discarded. Total number of
remaining SNP was used to evaluate whether strains could have diverged in
the period between 2011 and 2014 using bounds on expected number of
mutations based on a possible range of doubling times and mutation rates
(Hendricks, 1972; Guttman and Dykhuizen, 1994; Fossum et al., 2007; Moran
et al. 2009; Lee et al., 2012).

Analysis of pathogenicity and metabolic potential

Analysis of metabolic and pathogenic potential was done in ggKbase.
ggKbase annotates each predicted protein using its best sequence matches
in well-known databases (KEGG (Kanehisa et al., 2014), UniRef and UniProt
(Leinonen et al., 2004)). Functional profiling of genomes is then performed



based on searches for specific annotation terms (for example, terms like
‘'macrolide’ are used to when functionally profiling antibiotic resistance
genes). The number of genes annotated for a list of selected annotation
terms is displayed. The list function in ggKbase can be used to display the
annotation terms used to define each functional group. In addition to
functional analysis based on gene annotation, for analysis of antibiotic
resistance the CARD (McArthur et al., 2013) database was used, and
provides breakdown of antibiotic resistance genes based on their type.

Phylogenetic trees

For each species of interest, four single-copy universal genes (gyrase A,
recombinase A, Histidyl tRNA synthetase and Phenylalanyl tRNA synthetase
subunit alpha) were used to construct phylogenetic trees. Draft or complete
genomes in which all of these genes were annotated on the IMG database
(Markowitz et al., 2014) or in assemblies were used. For E. coli, owing to the
large number of sequenced strains, only complete genomes were used.
Genomes in which these genes were truncated or missing were discarded.
Gene sequences were aligned using MAFFT V7.050b with default parameters
and the aligned sequences were concatenated, In case of duplicated
reference sequences, a single genome was randomly chosen for analysis.
Trees were constructed using RAXML (substitution model GTRGAMMA) on
concatenated and alighed sequences.

Branches with bootstrap values of over 70 (out of 100) are highlighted.
Results
Samples, assemblies and binning

To augment the published collection of 55 metagenomic samples from the
2014 cohort of 10 hospitalized premature infants (Infants #1B-10B, average
of six samples per infant) (Raveh-Sadka et al., 2015), sequence data sets
were generated for fecal samples collected from a second cohort of eleven
preterm infants (<2100 g at birth, <33 wk gestation) hospitalized over the
course of ~5 months during 2011-2012 (see Supplementary Table 1 for
clinical details, Supplementary Figure 1 for timeline). Four of the eleven
infants developed NEC in addition to five infants from the 2014 cohort
(Supplementary Table 1). All 21 infants were housed in the same NICU in the
period 2011-2014.

Samples from the 2011-2012 cohort were collected daily, as available,
during days of life 5-21, and then weekly while hospitalized in the NICU
(consistent with the approach used in the prior study). A subset of 147
samples (average of 13 samples per infant) with sufficient quantities of
extracted DNA was selected for shotgun-sequencing on 13 lanes of lllumina
HiSeq2000 (Supplementary Figure 1). We generated a total of 5.5 billion 100-
bp raw paired-end reads (93% of which were of high quality) with an average
of ~50 Gbp per infant and ~3.71 Gbp per sequenced sample (data sets
comparable to those used in the prior study where 2.2-7.3 Gbp per sample



were generated). Given that the prior study (Raveh-Sadka et al., 2015)
indicated that strains tend to persist in each infant over time, a single
assembly was generated for each infant using a coverage-based iterative
approach (Sharon et al., 2013) (see Methods). We verified that this approach
generates genome assemblies highly similar to those obtained from single
sample assemblies on test cases (see Methods). An average of 94% of all
high-quality reads from each sample mapped back to the corresponding
assembly (Supplementary Table 2). For the entire set of samples from 2011-
2012, 490 Mbp of genome sequence was reconstructed on scaffolds >2 kb.
Scaffolds were clustered into bins representing genomes based on their read
coverage pattern over time (Sharon et al., 2013), as well as their GC content.
Online binning tools (Raveh-Sadka et al., 2015) were used to further curate
binning and to evaluate the completeness and purity of each bin, based on
taxonomic profiles, bin length and predictions for the presence of universal
single-copy genes (See Methods). A total of 103 near-complete (>94% of
single-copy genes detected) high-quality draft genomes and 51 partial
genomes (including a partial genome for the Eukaryote Candida albicans), as
well as 29 complete or partial mobile elements (that is, plasmid, phage and
transposons) were recovered (see Supplementary Tables S3 and S4 for
detailed statistics on the genomes assembled for each infant; Supplementary
Figure 2 for high-level bioinformatic pipeline).

Species composition over time supports lack of microbial agent responsible
for NEC

While species composition varied considerably among infants (Figure

1, Supplementary Figures S3 and Supplementary Table S5), species diversity
within individual samples was remarkably low (Supplementary Table S3), in
accordance with previous reports (Magne et al., 2006; Wang et al.,

2009; Morowitz et al., 2011; Raveh-Sadka et al., 2015). On average in the
2011-2012 cohort, only six genomes with relative abundance >0.1% were
detected in each sample, and in some samples, one or two genomes
accounted for as much as 99% of the relative abundance (for example, in
Infant #11A, 46th DOL, Figure 1). Species diversity was not significantly
different in infants that developed NEC either when comparing mean
Shannon index in all collected samples (t-test p-value 0.31) or when limiting
comparison to samples collected prior to NEC diagnosis (t-test p-value 0.32)
(Supplementary Table S3).

In terms of taxonomic classification, the preterm infant gut communities
from the 2011-2012 cohort were dominated by a small group of species from
the Proteobacteria (mostly Enterobacteriaceae

genera Klebsiella, Escherichia and Enterobacter) and Firmicutes

(mostly Clostridium, Veillonella, Staphylococcus and Enterococcus) phyla.
Actinobacteria (mostly Propionibacterium) and Bacteroidetes (Bacteroides)
were also present in some communities but at lower abundances. No single
common species was detected (or was notably absent) in all nine NEC cases
in comparison with the 12 healthy infants (including Clostridium (De la



Cochetiere et al., 2004) and Propionibacterium (Morrow et al., 2013) species
that were previously implicated with NEC). Abundant species detected in
NEC cases were different from the ones detected in the 2014 cohort (Raveh-
Sadka et al., 2015). Moreover, the NEC diagnoses were not immediately
preceded by marked changes in bacterial community composition.

Interestingly, in all cases for which medical records indicated positive
microbiology cultures from either blood or tracheal aspirates (two cases in
NEC infants #17A and #21A, and an additional two in Infant #19A; Figure

1, Supplementary Figure S3,Supplementary Table S1) almost all of the
isolated bacterial pathogens, with the exception of a Streptococcus

viridans in Infant #19A, were observed in stool before the culture was taken.

Antibiotic treatments correlate with shifts in microbial community
composition

Almost all premature infants received 2 days of empiric ampicillin/gentamicin
antibiotic treatment immediately after birth. In addition, depending on their
medical condition, infants received additional courses of antibiotics, most
often ampicillin/gentamicin or vancomycin/cefotaxime combined treatments.
On average infants received 9 day of antibiotic treatment during the
sampling period (Supplementary Figure S1, Supplementary Table S1).
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Figure1 Bacterial community composition for (a) Infants #3 A, #4 A, #8 A, #0 A and #11 A (b) sibling Infants #19 A and #21 A (relative to
each infant’s birth date) from the 2011-2012 cohort. Red font indicates infants that were diagnosed with NEC. Curly brackets indicate
periods in which antibiotics were administered (incomplete brackets indicate antibiotic treatment that extended outside of sampling
period), stars indicate days in which NEC was diagnosed, red ovals indicate dates in which additional positive cultures (blood/tracheal
aspirate) were available. In each time point, the abundance of all organisms with relative abundance < 2% is summed and labeled as ‘Rare’
[see Supplementary Table 55 for the data underlying relative abundance plots).

A few distinct configurations of bacterial community composition could be
defined in the time series for each baby (Figure 1, Supplementary Figure



S3,Supplementary Table S5). Transitions between these configurations were
often, but not always, gradual. In a few cases, the most abundant species
changed within a couple of days. Although in some cases the reason for large
composition changes was not apparent (for example, in the 2011-2012
cohort—Infant #3A DOL 21, Infant #4A DOL 12, Infant #14A DOL 14), in
other cases shifts in the bacterial community coincided with known external
factors, mostly related to antibiotic administration (for example, Infant #19A
DOL 24, Infant #23A DOL 8). Antibiotic administration typically decreased
species richness (Infant #3A DOL 78, Infant #19A DOL 24), and in one case
(following the administration of cefotaxime, vancomycin and cefepime
antibiotics) resulted in a massive enterococcal bloom (Infant #19A). Patterns
of recovery from antibiotics were not consistent between babies, and ranged
from quick and almost complete recovery (Infant #19A) occurring over a few
days to cases in which recovery was not observed in the studied time frame
(Infant #3A).

Microbial diversity across infants and over time reveals little strain sharing,
with notable exceptions

To gain better understanding of the background processes of strain dispersal
and diversification in the NICU, we combined data from the 2014 cohort with
that of the 2011-2012 cohort. In total, 304 genomes with >500 Kbp of
recovered sequence per genome, that were at least 50% complete (see
Methods) and not extremely fragmented (N50>10 Kbp) were analyzed. To
measure genome similarity for related organisms, we calculated the percent
of genome length that was >98% identical for pairs of genomes in the same
genus (See Methods; Figure 2, Supplementary Figure S6). Genomes for
which >95% of genome length was >98% identical were designated as
'strain types'. This measure is consistent with that used previously for the
2014 cohort (Raveh-Sadka et al., 2015), showing that genomes recovered
from different samples of the same infant exhibit an extremely high level of
similarity, indicating persistence of strains in the gut of individual infants
over time. The 304 genomes from the combined cohort represent 159 strain
types. In total, 145 of these were represented by genomes from a single
infant. Only 14 strain types included genomes recovered from different
infants. Of the strain types with genomes from multiple infants, three were
found exclusively in the 2014 cohort, five were detected in both the 2011-
2012 and the 2014 cohort, and six were found exclusively in the 2011-2012
cohort.
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Figure 2 Pairwise similarity of high-quality genomes. Each column on the x axis (and each row on the v axis) represents a reconstructed
genome from the taxonomic group showed in each panel. The intensity of color in cell (i, j) of the matrix corresponds to the similarity of
genome i and genome j, where similarity was defined to be the fraction of genome length, that is, =98% identity. For each scaffold, the
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determined by clustering the genomes according to their similarity to all other genomes. Strain tvpes that were recovered from more than
one infant are highlighted with boxes. X axis shows Infant number (and samples number for the 2014 cohort) from which the
corresponding genome was recovered. Genomes recovered from the 2011-2012 cohort are marked with red font. (a<h) comparisons of
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Extraordinary number of shared strains detected in a pair of sibling infants

Remarkably, four of the six strain types found in more than one infant but
exclusively in the 2011-2012 cohort consisted of strains (Enterobacter,
Klebsiella oxytoca, Haemophilus influenzae, Staphylococcus aureus) shared
solely between the only pair of siblings in this study (two siblings, Infants
#19A and #21A, from a fraternal triplet. For the third infant in this triplet,
Infant #20A, no good samples were collected and it was thus excluded from
our study). The fifth type included Propionibacterium strains shared between



the siblings and an additional infant (Infant #18A); the last shared strain
type, Clostridium difficile, was not found in the siblings.

Interestingly, the strains shared between the siblings included the two most
abundant bacterial strains in the corresponding microbial communities—

an Enterobacter and a K. oxytoca strain that together consisted up to ~95-
99% of the microbial community in these infants (Figure 1b). Despite
differences in strain abundances, the shared strains persisted over time in
both infants, even despite major disruption to the microbial community
following a 10-day antibiotic treatment given to Infant #19A. The exceptional
degree of strain sharing in these siblings suggests the possible importance of
host genetics and various environmental factors, such as shared care and
physical proximity, in shaping the microbial gut community. Although the
relative significance of these factors cannot be decoupled at this point, it
seems like physical proximity in the NICU may not be the major determinant,
as other infants who were hospitalized at the same time in the same area
(pod) of the NICU did not share strains. (Supplementary Table S6). Further,
strains shared by the siblings appeared prior to the period in which they
shared the same room environment (pod).

Persisting strain types were also often detected in multiple infants in the
same cohort

Five strain types were detected in infants from both the 2011-2012 and
2014 cohorts (Figure 3): Enterococcus faecalis (2011-2012 infants #14A and
#21A, 2014 infants #3B and #5B); Pseudomonas aeruginosa (2011-2012
infants #4A and #14A, 2014 infant #3B); Clostridium paraputrificum-related
strain (2011-2012 infant #19A and 2014 infants #2B, #5B, #6B and

#8B); Escherichia coli (2011-2012 infant #8A and 2014 infant #10B) and E.
faecium (2011-2012 infant #19A and 2014 infant #2B).

Infant 2011-2012 Cohort 2014 Cohort
Organism 3A 4A  BA 9A 11A 14A 17A 18AJ19A 21AJ23A) 1B 2B 3B 4B SB BB VB BB 9B 108

Clostridium difficile

Clastridium butyricum

Enterobacter

Hoemophilus parainfluenzaoe

Klebsiella oxytoca
Propionibacterium

Staphylacoceus epldermidis | | -

Staphylococcus aureus

Figure 3 Strain types that were shared among infants, Strain types that were detected in both cohorts (persistent strains) are highlighted
in green. Sibling infants #19A and #21A are highlighted in blue (note large amount of shared strains). For additional mutation analysis on
persistent strains see Supplementary Table S7.

To identify whether the persistent strains have been diversifying in
situ within the hospital environment we estimated divergence time based on



the number of identified SNPs between the recovered genomes from each
strain type. For four of the five strains detected in both cohorts, the number
of identified SNPs was within the range of what could be expected for a 3-
year period of in situ diversification according to published mutation rates
(Hendricks, 1972; Guttman and Dykhuizen, 1994; Fossum et al., 2007; Moran
et al., 2009; Lee et al., 2012) in bacteria (Supplementary Table S7; see
Methods). For the 5th strain—the E. coli strain, mutation analysis indicated
earlier divergence. However, bounds on mutation rates and bacterial
doubling times provide extremely loose ranges of possible divergence times
that are far from being conclusive.

To gain additional insight on the possible sources of persistent strains in the
hospital environment, we constructed phylogenetic trees comparing
persistent strains to reference genomes from the IMG database, based on
concatenated alignment of gyrase A, recombinase A, Histidyl tRNA
synthetase and Phenylalanyl tRNA synthetase subunit alpha single-copy
genes (see Methods). For E. coli, P. aeruginosa and E. faecalis, the trees
identified reference strains whose nucleotide sequence for the four studied
genes was identical to that of the assembled genomes (Supplementary
Figures S7-510). In these cases whole-genome alignments were used to
better assess the overall genome similarity. For the persistent E. coli strain,
whole-genome comparisons showed that 96.3% of the reconstructed
genome was >98% identical to JJ1886 clinical reference strain. However,
despite high similarity, the persistent E. coli strain did not contain the
pathogenic island reported for JJ1886. Similarly, 95.5% of the genome of
persistent P. aeruginosa was >98% identical to CI27 clinical strain, and 95%
of persistent E. faecalis was >98% identical to strain TX4248.

Interestingly, in the case of E. coli, genome similarity to reference genome
was on par with similarity for persistent genomes recovered 3 years apart
(96.9% of genome >98% identical). Combined with the mutation rate
analysis, this result suggests that the E. coli strain may not be diversifying in
situ, but rather that a similar E. coli strain was reintroduced to the hospital 3
years later.

Unlike other persistent strains, persistent E. faecium and Clostridium
parautrificum were not extremely similar to sequenced reference genomes
(with 86% of persistent strain genome >98% identical to closest E.
faecium reference genome strain e4452 and, and 88% of persistent C.
paraputrificum >98% identical to the only available reference genome
AGR2156), thus supporting in situ diversification for these strains.

Notably, in three out of the five cases, strains that were found in both
cohorts were also found in multiple infants in one of the cohorts (Figure 3),
suggesting their relative prevalence and persistence in the hospital
environment. These persistent strain types varied in their pathogenic
capacity (Figure 4a). Moreover, functional analysis of mobile elements and
antibiotic resistance failed to identify features that distinguished the



persistent strains from genomes of other strains in the same species in a
consistent manner (Methods; Figure 4b). Thus, it is still unclear what in these
strains make them better adapted to the hospital environment, enabling
them to persist and disperse. Accumulation of additional samples and
genomes of persistent and non-persistent bacteria could potentially allow for
the detection of subtle distinguishing features.
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Extensive strain diversity of E. faecalis and Staphylococcus epidermidis is
likely due mostly to colonization by bacteria from infant-specific sources

Unlike for most species, many closely related yet genomically distinct strain
types were recovered for E. faecalis and S. epidermidis (Figure 2). A total of
11 E. faecalis strain types in 14 out of 21 infants were identified from the set
of compared genomes, and all of them were >98% identical across at least
78% of their genome lengths (mean 87x4%). For S. epidermidis 10 strain
types were identified in 11 infants, and all of them were >98% identical
across at least 72% of their genome lengths (mean 84+6%). In comparison,
for example, for E. coli, seven strain types of were identified in eight infants,
but 11-90% of the length of compared genomes were >98% identical (mean
40+28%).

To assess whether this diversity is largely the result of colonization by
bacteria from infant-specific sources or a limited and diversifying pool of
hospital bacteria, we inferred phylogenetic trees for both E. faecalis and S.
epidermidis (see Methods) using all of the recovered genomes, as well as for
reference genomes for which these genes were annotated in the IMG
database (Markowitz et al., 2014) (Figure 5,Supplementary Figures 7 and
11). The sequences from strains recovered from the hospitalized infants are
phylogenetically distributed across the tree and exhibit overall diversity that
is comparable to that of the reference genomes. This suggests that although
groups of persistent and relatively prevalent hospital strains do exist (like
the persistent E. faecalis strain type discussed above), the major contributor
to the observed diversity in these species is likely colonization by bacteria
from infant-specific sources rather than in situ diversification of a small set of
hospital-associated bacterial strains.
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Figure 5 Schematic phylogenetic tree for concatenated genes of gyrase A, recombinase A, Histidyl tRNA synthetase and Phenylalanyl
tRNA synthetase subunit alpha for (a) Enterococcus faecalis and (b] Staphylococcus epidermidis. Genomes recovered in this study are
marked with red (2011-2012) and green (2014) stars. Branches with > 70% bootstrap values are colored (blue).

Discussion

In this study we tracked microbial communities colonizing the
gastrointestinal tracts of premature infants hospitalized in the same NICU
over a 3-year period. Generally, bacterial strains showed low potential for
dispersal, with the vast majority of colonizing bacteria being unique to each
infant, in accordance with prior analysis on a subset of these data. In
particular, infants from the 2011-2012 cohort that were diagnosed with NEC
did not share bacterial strains, supporting the observation made for the 2014
cohort regarding the lack of a single infecting pathogen that is responsible
for NEC.



Genome similarity analysis of the relatively common infant gut colonizers, S.
epidermidis and E. faecalis, point to gut colonization by bacteria from infant-
specific sources rather than by bacteria diversifying from a limited pool of
hospital strains.

We were able to detect 14 strain types that were shared among individuals,
but notably, five of those were shared only by a pair of siblings, suggesting
the importance of genetic selection and/or shared sources of inoculation.
Extending this type of analysis to additional identical and non-identical
twin/triplet sets and comparing those with sets of unrelated infants that are
hospitalized in close proximity to one another could potentially decouple the
possible contributors to the observed strain sharing.

Five additional strain types persisted over 3 years. Three out of these five
types were identified in multiple infants from the same cohort, indicating
that although most bacterial strains did not tend to disperse, some strains
that dispersed widely persist in the NICU. These strains were not found to
differ significantly in their virulence, antibiotic resistance or metabolism from
non-persisting strains. The study of larger cohorts over longer time periods
and improvement in the resolution and accuracy of functional gene
annotations could potentially allow the detection of more subtle functional
features that may be under/over represented in persistent taxa. In addition,
isolating persistent strains and studying them in culture could potentially
reveal additional traits that confer a fithess advantage within the hospital
environment.

In this work we do not explicitly discuss or track the abundance of mobile
elements, despite the fact that multiple partial and complete mobile
elements were recovered from the samples and were even highly abundant
in some. This is partly because many of these elements can be found both
inside and outside their host genomes, making it more challenging,
especially in the case of partial recovery, to quantify their abundance and
track it between samples and infants. However, spatio-temporal dynamics of
phage and plasmids can be highly relevant in the context of nosocomial
infections, given that often these elements harbor antibiotic resistance
genes and other genes of interest.

Overall, the approach presented here provides a way to monitor, with
basepair resolution, microorganisms in the hospital environment over time
and to distinguish persistent from newly introduced strains. With the
accumulation of such data we can begin to think of planned manipulations to
this environment in a way that will promote the dispersal of health promoting
bacteria and hinder the proliferation of pathogens. In this sense, our
approach may represent an important step towards understanding, and
ultimately controlling, early gut colonization in hospitalized premature
infants.

Data access



Read data sets have been deposited in NCBI sequence read archive and are
available under bioproject PRINA294605.
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