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Summary

The human gut is densely populated with a wide diversity of bacteria. These bacteria can
serve as a reservoirs for multiple Antibiotic Resistance (AR) genes that in turn are
associated with wide range of Mobile Genetic Elements (MGEs). The mobilome is the
collection of MGEs such as plasmids, transposons and integrons that are main contributors
to Horizontal Gene Transfer (HGT). The distribution and association of the mobilome in the
developing gut microbiota of infants remains largely unexplored. Therefore, the main aim of
this thesis is to study the prevalence, association and characterization of plasmids and
integrons that were de novo assembled and detected in the developing gut microbiota of full

term and preterm infants.

From our study, we detected a diverse mobilome (potentially MGES) of conjugative
plasmids and integrons. The MGEs that were de novo assembled from the shotgun
metagenome data, especially conjugative plasmids harboured various AR and virulence
gene factors. The integrons that are non-mobile genetic elements were closely associated
with conjugative plasmids. These plasmids especially IncF and Incl conjugative plasmids
were in-turn associated with the Enterobacteriaceae family. In addition to this, the de novo
assembled plasmid-related contigs depicted a potential multireplicon status with shared and
integrated IncF variants and shared plasmids between IncF and Incl plasmids. In total, we
have de novo assembled 7 different IncF and Incl1 conjugative plasmids from different
cohorts.

We also detected a strong correlation with the mobilome and microbiota taxonomy. We
detected a significant strong association with the abundance of conjugative plasmids and
different Operational Taxonomic Units (OTUs) related to Enterobacteriaceae. Overall, the
persistence patterns of the conjugative plasmids between the different time periods of the

different cohorts were surprisingly consistent.

Lastly, we isolated and characterised the functional attributes of strains carrying conjugative
plasmids. We de novo assembled Incl and IncF plasmids and we demonstrated the mobility
of these plasmids in vitro. We detected a mobile Incl plasmid and a non-mobile IncF
plasmid, both carrying multidrug resistance genes. In addition, we also characterised a

bacteriocin-producing IncFI1/IncFIB conjugative plasmid from the strains.

Taken together, our results provide information on the prevalence and persistence of

conjugative plasmids and integrons in three longitudinal cohorts. In addition, we
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characterised the functional attributes and demonstrated transmission of the conjugative
plasmids to other strains. These results reveal the innate ability of the mobilome to adapt to

selective pressures in gut microbiota, in addition to spread among different bacteria.



Sammendrag

Den humane tarmen er kolonisert av et stort antall bakterier. Disse bakteriene kan tjene som
et reservoar for antibiotikaresistente gener som igjen er forbundet med et stort utvalg av
mobile genetiske elementer. Mobilomet bestar av en samling mobile genetiske elementer
som plasmider, transposoner og integroner, og representerer de viktigste bidragsyterne til
horisontal genoverfgring. Distribusjonen og assosiasjonen av mobilomet i forbindelse med
utviklingen av tarmmikrobiota hos spedbarn er fortsatt lite kjent. Hovedmalet med denne
oppgaven var derfor & studere forekomsten, assosiasjonen, samt a karakterisere plasmider og
integroner som ble de novo sammenstilt og detektert i tarm hos for tidlig og normalfadte
spedbarn. | denne studien ble det pavist et mobilom av hgy diversitet (potensielt mobile
genetiske elementer) av konjugative plasmider og integroner. Mobile genetiske elementer
som ble de novo sammenstilt fra shotgun metagenom data, spesielt konjugative plasmider,
inneholdt flere antibiotikaresistente og virulente genfaktorer. Integronene, som er ikke-
mobile genetiske elementer, var nert assosiert med konjugative plasmider. Disse
plasmidene, spesielt IncF og Incl konjugative plasmider, var videre assosiert med
Enterobacteriaceae familien. | tillegg til dette avdekket de novo sammenstilte plasmid-
relaterte kontiger et potensielt multireplika med delte og integrerte IncF varianter samt delte
plasmider mellom IncF og Incl plasmider. Totalt ble det funnet syv forskjellige IncF og
Incl1 konjugerbare plasmider fra ulike kohortstudier. Det ble ogsa oppdaget en sterk
sammenheng mellom mobile genetiske elementer og taksonomi. Videre ble det oppdaget en
sterk sammenheng med overvekt av konjugerbare plasmider og ulike operasjonelle
taksonomiske enheter (OTUer) relatert til Enterobacteriaceae. Totalt viste de konjugative
plasmidene overraskende konsistent persistent mgnster mellom de forskjellige tidspunktene
i de forskjellige kohortstudiene. Til slutt ble det isolert og karakterisert funksjonelle
egenskaper av stammer som bzrer konjugative plasmider. Vi de novo sammenstilte Incl og
IncF plasmider og demonstrerte mobiliteten av disse plasmidene in vitro. Vi detekterte et
mobilt Incl plasmid og et ikke-mobilt IncF plasmid, hvorav begge var barere av
multiresistente gener. | tillegg ble det ogsa karakterisert et bakteriosinproduserende
IncF1I/IncFIB konjugativt plasmid fra stammene. Resultatene presenterer informasjon av
prevalens og persistens av konjugative plasmider og integroner i tre forskjellige
kohortstudier. Det ble ogsa karakterisert funksjonelle egenskaper samt pavist overfaring av

konjugative plasmider til andre stammer. Disse resultatene viser en medfgdt evne av



mobilomet til a tilpasse seg selektivt press i tarmen i tillegg til a spre seg mellom
forskjellige bakterier.
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1. Introduction

1.1Human gut microbiota:

The microbes that live in the gastrointestinal track (GIT) of humans are termed as the gut
microbiota. The gut microbiota is known for its association in human physiology and diseases,
and is mainly composed of the phyla Actinobacteria, Firmicutes and Bacteroidetes [1]. The
gut microbiota undertakes various roles in relation to protection against enteropathogens,
extraction of nutrients such as Short Chain Fatty Acids (SCFA) and contribution to the
immune function[2]. The microbiome is evolved within the human host from birth until death.
During this time, the microbiota is constantly modifying according to the host immune
system. Therefore, the proportion, diversity and composition of the gut microbiota varies
throughout the different stages of human life [3]. These changes in the gut microbiota is
governed by host factors such as adaptive and native immune system and external factors

such as diet, illness, environmental factors and medication [4].
Full term infant gut microbiota

Initial colonization by microbes in the infant GIT has been known to influence the immune
maturation and allergy development [3]. At the beginning, the infant receives a massive load
of microbes through the birth process. Recent reports have suggested the presence of the
microbiome in the infant meconium suggesting the presence of microbes even before birth [5,
6]. The source and composition of the microbes that colonise the infant are highly dependent
on the gestational age and mode of delivery. This composition and proportion of microbes
received is influenced by the mode of delivery i.e. vaginal or caesarean delivery [3].
Firmicutes (such as Lactobacillaceae) and Proteobacteria (such as Enterobacteriaceae) are
initially dominated in vaginal-delivered infants[7]. On the other hand, caesarean section-
delivered infants are dominated by Firmicutes (such as Streptococcaceae &
Staphylocaccaeae)[8]. Therefore, until the gut microbiota is stabilized. it goes through major
compositional changes starting with the initial colonization with aerobic bacteria[9]. Later on,
when the oxygen levels are depleted, the aerobic bacteria are outcompeted by anaerobes (such
as Firmicutes & Actinobacteria) [10]. With age, the development slows down and reaches the
so-called adult-like state of the microbiota by the about three years[11]. Once established, the
neonatal microbiome achieves a symbiotic relationship with the host and is critical for several

metabolic functions.
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Preterm infant gut microbiota

Preterm infants (born <37 weeks of gestation) complete their development in the extra uterine
environment. The infants born <33 weeks of gestation are mostly with very low birth weight
(<1500 g) and have a weak immune system. Due to this, these infants are vulnerable to many
different infections [12, 13]. This can be due to the fact that they spend many months at the
hospitals and are exposed to different factors such as chemicals [14], parenteral feeding [15]
and exposure to neonatal intensive care unit (NICU) microbiota [14, 16]. Exposure to
different postnatal therapies shape the succession of the preterm infant gut microbiome.
Having said so, this early microbiome is of great importance to preterm infant health and for
the development of the immune system [17]. Overall, the gestational age, birthweight and
exposure factors are the most important factors that limit the support of a healthy gut
microbiome in Very Low Birthweight Infants (VLBW) preterm infants. By the introduction
of breast milk, the inflammatory responses have significantly reduced and has introduced a
diversity of commensal bacterial species [18]. Hence, this reduces the ability of the microbes

to penetrate into the host epithelium [19].
Microbiota perturbations in early life

The colonization of the GIT is perturbed by different factors such as caesarean delivery [20],
birthweight, gestational age, usage of antibiotics [21] and slower GIT transit time [22].

The mode of delivery does not significantly affect the initial colonization microbe community
but is highly dependent on the environment [23]. The hospital surfaces and the exposure to
different microbes change the succession of these microbes colonizing the infant gut.
Therefore, these factors that threaten the development of a healthy commensal microbiota
result in a distinct microbiota with decreased microbial diversity and increased pathogens.
This may pre-empt risk for sepsis and necrotizing enterocolitis (NEC) [15] especially in
preterm infants. One of the most devastating diseases that commonly affects VLBW preterm
infants is NEC [24]. Approximately 1% to 5% of VLBW preterm infants develop NEC with
a mortality rate of 25% to 33% [25]. The primary risk factors for NEC are enteral feeding,
abnormal gut microbiota development and prematurity of the GIT [15, 20].

Nutrition during the development of the infant play a major role in the early colonization
patterns. The breast-fed infants receive a mix of nutrients, antimicrobial proteins and
commensal bacterial. The antimicrobial peptides such as lactoferrin prevent the colonization

of enteropathogens and stimulate growth of Bifidobacterium [26]. On the other hand, formula-
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fed infants are exposed to a different set of nutrients and microbes. The breast-fed infants are
dominated by Bifidobacteriaceae with decreased populations of Enterobacteriaceae,
however the formula-fed infants are dominated by Enterobacteriaceae and Clostridia[27].
Increased number of Firmicutes with decreased population of Bifidobacteria has shown
predisposition of the gut microbiota resulting in obesity[28]. Given that obesity has long-term
effects on lifespan and quality of life, seeking to understand further into the metabolic actions
directing towards the composition of the gut microbiota will be an important focus for

research.

Antibiotic perturbations during the infant gut development disrupts the ecology of the
microbiota leading to a dysbiosis [29]. Preterm infants are routinely given antibiotics
including penicillin, cephalexin, gentamicin, amikacin, vancomycin, clindamycin and
ampicillin. These antibiotics and combination of these antibiotics have found to increase the
percentage of opportunistic bacteria while lowering the diversity of the commensal
bacteria[23, 30]. The dysbiosis in the microbiota have profound effects associated with large
number of health problems such as increased risk to immunological disorders such as
asthma[31] and atopy[32], metabolic disruptions such as obesity[33] and developmental
disorders such as autism[34]. Infants exposed to antibiotics also experience long-term
disruptions with decreased abundance of Bifidobacteriaceae for up to 90 days after
administration[35]. In addition to the disruption of the microbiota balance, antibiotic
treatment equally enriches the gut-associated Antibiotic Resistance (AR) i.e. resistome
development[23]. This resistome is shown to be persistent for long periods and can potentially
transfer to other microbial communities and transient pathogens by horizontal gene transfer
(HGT) [30, 36]. Notably, the route of antibiotic administration has played a role in the
emergence of resistome population [23, 37]. Orally-given antibiotics showed greater
resistome development compared to intravenous-administered antibiotics. There clearly
depends on the assimilation of the antibiotics in the humans[37]. Concise information on the

different exposure factors is given in Figure 1
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Mode of delivery
Early antibiotic use
Hospital-associated
microbe flora

Vaginal- Firmicutes & Proteobacteria
Caesarean section- Firmicutes

(Streptococcaceae)

| Bacterial load
1 Increased resistome

Exposure of pathogens
& chemicals

‘/ Feeding habits

Breat-milk- 1 Bifidobacteriaceae
1 Enteropathogens

1 Lactobacillus spp

First month- 1 Bifidobacteriaceae

One month- one year -T Bacteroidetes

Adult gut microbiota - Firmicutes >Bacteroidetes
>Proteobacteria >Actinobacteria

Figure 1: The influence of external factors to the infant gut microbiota composition

1.2 Gut mobilome

The microbial ecosystem in the GIT host a wide range of mobile genetic elements (MGES)
which in turn constitute the mobilome[38]. This mobilome in the complex microbial
communities consists of genetic information that can be accessible by more than one
bacteria[39]. HGT plays a major role in accessing this genetic information by the transfer of
MGEs between different bacterial species[40]. Therefore a combination of specific bacterial
phylotypes and the diverse functional attributes of MGEs can potentially alter the phenotypic

properties of the bacterium.

There is limited information pertaining the role of the mobilome in the functioning and
adaptability of the gut microbiota[38]. Recent studies have indicated that there is long term
association between MGEs and the core gut microbes[41]. In addition to this, the role of HGT
of these MGEs through the microbial communities is increasingly acknowledged [42, 43].
Therefore, understanding the role of the mobilome for the survival and persistence of several
bacterial phylotypes as well as their importance in microbe-microbe interactions is yet to be
explored in depth[44]. Taken together, the high level of novel gene content that is carried by
the MGEs and the high diversity of the gut microbiota, makes these MGEs a potential black
box relevant in understanding the functioning of the gut microbiota. Therefore understanding
the distribution, diversity and persistence of these elements is of immense interest. Examples

of MGEs include plasmids, transposons and integrons[40] (Figure 1).
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Figure 2: Schematic outline of the different MGEs that attribute the functional gene
cassettes. The gene cassettes are found in integrons. Integrons are closely related to

transposons which are in turn found on conjugative plasmids.

1.3 Plasmids
Plasmids are ubiquitous in any environment and are the driving force of bacterial evolution

and HGT[45]. Most plasmids are capable of transferring to distinct species of bacteria and
can encode a wide range of accessory elements that could be beneficial for the host. In
addition, many studies have shown the carriage of multidrug resistance genes within the
plasmids [46-49]. There are different types of plasmids that exists in different environments

but the conjugative plasmids are of our special interest.
Conjugative plasmids

The conjugative plasmids are higher order plasmids that are large (50- 200 Kbp) in size and
can replicate autonomously. They have the innate ability to spread to different sets of host
population without much cost to the host bacterium. This type of transfer ensures the
prevalence of the plasmid in the environment and reduces its chances of total extinction[50].
Due to this, the conjugative plasmids are termed as ‘selfish® DNA elements due to their
parasitic nature of transmission[50]. They also harbour several essential and non-essential
genes for the host bacterium. For instance, conjugative plasmids in Brucella meilitensis 16 M

were defined as a second chromosome due to the discovery of host-essential genes in the
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plasmid[51]. However plasmids discovered in Xanthomonas citri are regarded as non-
essential plasmids[52] since the accessory genes encoded by the plasmid belong to a virulence
nature. Therefore, the non-virulent strains of X. citri become virulent after the introduction of

plasmid pXcB.

The conjugative plasmids have two important regions that are crucial for their maintenance
and stability in the host and environment [53]. These functional groups belong to the
replication, stability and transfer. The genes related to this are compactly located in almost all
conjugative plasmids. The rep (replication initiation) genes are associated with cop genes that
aid in the maintenance of copy numbers in the host bacterium [54]. High copy number of
large plasmids can cause energy loss to the host bacteria, therefore they are not preferred [55].
On the other hand, very low copy numbers can lead to plasmid cured daughter cells [55].
Therefore, stability of copy number is important for long term existence of plasmids in the
host cells. Additional gene families (par & mrs) are associated to ensure copy number
maintenance and vertical transmission of conjugative plasmids to the bacterial daughter
cells[50]. The transfer of large conjugative plasmids are related to mobilization (mob) and
transfer (tra) for consequent transmission to other bacterial cells [54]. Smaller plasmids that
do not possess the conjugation machinery rely on larger transmissible plasmids by co-transfer
or co-integration. Plasmid addiction systems (sth, Toxin/antitoxin systems) are modules that
further ensure plasmid carrying bacterial cells. Plasmid cured cells are subsequently killed
[56]. Comprehensive information on the functional groups located in conjugative plasmids

is given here (Figure 3).

stability (cop, stb & par genes)

“8ysues)

(mob & tra genes)

(Integrons, AR & virulence
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Figure 3: The most important functional groups of the conjugative plasmids.

The main classification of conjugative plasmids referred nowadays is through the
incompatibility nature. Plasmid incompatibility is defined as the incompatibility of two
plasmid groups to reside in the same bacterial cell[57]. This is due to the inability of sharing
the replication apparatus between the two plasmid groups. This in turn destabilizes and
degrades the inheritance of one plasmid. Up until now, 27 incompatibility groups have been
recognized with variants in each group (such as IncF, IncP, IncN conjugative plasmids etc.)
[58]. Even though conjugative plasmids have additional gene modules that assist in
maintenance in the host cell, they have a narrow host range. Most of the conjugative plasmids

have host range limiting to Enterobacteriaceae family [58].
IncF conjugative plasmids

IncF plasmids are low-copy number plasmids that are usually >100kbp in size and have a
limited host range within the Gammaproteobacteria [59]. These plasmids have been
associated as the primary vectors for the sudden spread and emergence of extended-spectrum
B- lactamases (ESBL) [60], plasmid mediated AmpC [58], quinolone [61] and
aminoglycoside resistances[62]. The plasmids are versatile in intercellular adaptation and are
widely diffused to clinically relevant Enterobacteriaceae such as entero-pathogenic, entero-
invasive and entero-haemorrhagic E.coli[59]. The most common variants for the IncF
plasmids are IncFIl, IncFIA, IncFIB and IncFIC. The IncFIC is rendered cryptic and IncFlI
are often associated to IncFIA or IncFIB[59]. When associated with IncFIA or IncFIB, the
IncFII plasmids do not participate in the initiation of replication and are free to diverge to
generate new compatible variants. Overall, the IncF plasmids contribute to the fitness of the

host by providing virulence and AR determinants.
Incl conjugative plasmids

One of the first incompatibility groups defined was Incl plasmids that produces type I pili[58].
The Incl plasmids are classified into 2 variants- Incll & Incl2[58]. The Incl plasmids have
been isolated in diverse Enterobacteriaceae that they are further typed through plasmid multi-
locus sequence typing (pMLST) and 15 sequence types have been submitted[63]. The type
IV pili are associated with Incll plasmids[64]. they have a complex transfer region that
extends to 50 kbp with 2 types of conjugative pili: thick and thin pili[64]. The thick pili is
essential for DNA transfer and conjugation in semi-solid agar and the thin pili are essential in
stabilizing the conjugants and mating in liquid media.
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Accessory elements

The conjugative plasmids, in addition to the replication and maintenance genes modules
harbour a mosaic of different adaptive traits that are beneficial for the host. Conjugative
plasmids often carry these accessory elements that benefit the host in specific environmental
niches[65]. These accessory functions commonly associated are AR, rapid adaptation to
specific environments and degradation of specific xenobiotics[50]. Integrons and transposons

are commonly associated with conjugative plasmids[54].

The integrons are known for their carriage of multidrug resistance genes as gene cassettes[66].
They are a platform for the integration, assembly and expression of promoterless genes that
code for a particular resistance [67]. The integrons are generally non-mobile but are found in
close association with plasmids and transposons (Figure 1). The integron itself consists of 3
major parts, the integrase gene that helps in the integration of the gene cassettes, the
attachment site is where the integrated gene cassettes are attached to and the overall common
promoter for the expression of the gene cassettes[66, 68] (Figure 3). Until now 5 different
classes of integrons have been characterized and the class I integrons is the most studied. The
organization of the integrons in a conjugative plasmid generally increases the fitness of the
bacteria[69].

r P Gene cassettes 3' conserved region
c

[ [ |
= Int1 J I I I—qacEn Suh [ Orfs Integron

attC attC attC
—> —>

5'conserved region

Figure 4: Representation of the integrons. The intl is the integrase gene of the integron. The
Pc and Pint are promoter genes of the integrase gene and the overall gene cassettes. attc are
the attachment sites of the integron. gacEA and sull are resistance genes to quaternary
compounds and sulphonamide respectively.
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2. Aim of the thesis

Plasmid-mediated horizontal transfer of genes influences the bacterial community structure

and evolution. However, the association of the microbial communities and the role of the

MGEs in the gut microbiota is still elusive. The lack of existing literature and updated surveys

on the extent of MGEs spread in various environments limits our knowledge on their diversity

and association.

Therefore the main aim of the thesis is to understand the prevalence,

persistence and association of MGEs in the developing gut microbiota. The work was divided

into

» Understanding the development of the gut microbiota from late pregnant mother to 2

years of the child. Identifying multidrug resistance integrons in the developing gut

microbiota and their persistence and association with the microbial communities. A

Norwegian mother- infant cohort (IMPACT) was used in the study [Paper 1].

» Understanding and characterizing the mobilome of the preterm infant’s gut

microbiota. Identifying Operational Taxonomic Units (OTUs) that are significantly

related in regards to birthweight, hospital location and NEC [Paper 2].

» Characterizing and association of the IncF conjugative plasmids in the developing gut

microbiota of full-term infants. [Paper 3].

» Understanding the role and functional attributes of E.coli strains carrying multiple Inc

plasmids isolated from a preterm twin pair from Spain [Paper 4]

Information on datasets used in the thesis

Type . Number Number
Cohort of Location g:ollectlon Condition of of No .Of
time (days) . strains
Infant infants  samples
Early-late
pregnant
i mothers, 3-
IMPACT ti‘r’r'# Tmfxgm’ 10, 4 Healthy 147 663 N/A
y months, 1
year and 2
years
Cﬁig[og’& Onetime & Necrotizing
Cohort -2 Preterm g Approx. enterocolitis 62 160 N/A
Evanston, weekl and health
USA y y
EarlyMicroHealth Ul - Asturias, 210,30 & o 47 180  N/A
term Spain 90
Valencia, One time,
Cohort-4 Preterm Spain 20 days Healthy 2 2 74
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2.1 Longitudinal cohort information
IMPACT

The IMPACT cohort (Immunology and Microbiology in Prevention of Allergy among
Children in Trondheim)[70] is a controlled non-randomized longitudinal study, which began
in 2000. The study involved 720 pairs of pregnant women and their children, up to two years
of age. Ninety percent of the children were vaginally delivered. The fecal samples were
collected from pregnant women during the first/second trimester (7-20 weeks) and third (32-
40 weeks) trimester, and from the children at 3-10 days, 4 months, 1 and 2 years of life. For
the paper 1, samples from a randomly selected subgroup of 147 mother-child pairs were
analysed.

Cohort 2

This study consists of premature infants with and without NEC. All the infants with NEC
showed >Bell’s stage 2 NEC symptoms. The infants were recruited from three different
hospitals in USA- Boston, MA (n=24); Chicago, IL (n=29); and Evanston, IL (n=9). All
infants recruited in the study were born with a birthweight <1500 g and a gestational age
<32weeks. Even though a case control model (each NEC infant is paired with 2 non-NEC
infant) was implemented in 18 of the 23 samples, the infants were treated individually in this

study. This study cohort was used in paper 2.
EarlyMicroHealth

This is an unselected longitudinal cohort of 47 healthy full-term infants, born between
gestational weeks 38 and 41 (average 39.1) in Asturias, Spain. The fecal samples were
collected from the infant at 2 days, 10 days, 30 days and 90 days. Eighty-three percent of the
infants were vaginally delivered. None of the children were given antibiotics up to end of

sampling. This study cohort was used in paper 3.
Cohort 4

The preterm twin pair was a part of a prospective, single-center observational study cohort
from Valencia, Spain[71]. The twins selected for this study were born preterm (gestational
age 30) and weighed 1410 g and 1630 g for twin A and twin B respectively. The infants
stayed at the hospital until sampling even though they did not show any complications or
signs of infection. The fecal samples were collected 20 days after birth. The children were
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born by emergency caesarean section and breast-fed until sampling. No antibiotics were

given until sampling. The twin samples were used in paper 4.
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3. Results and discussion

The major findings of this thesis relate to the association of the mobilome with the developing
gut microbiota. From all the four cohorts, we detected mobilome in the gut microbiota at
different ages. Most frequently, conjugative plasmids and integrons were detected in the
cohorts. These plasmids and accessory elements were highly prevalent and persistent across
the different longitudinal datasets. In addition, we de novo assembled different variants of

conjugative plasmids and integrons carrying diverse AR genes.

3.1 Prevalence and persistence of MGEs

Multidrug resistance integrons

From the PAPER 1 study cohort, we observed the prevalence of integrons in the gut
microbiota of developing infants. Integrons can carry multiple AR genes as gene
cassettes[72]. Therefore, the spread of integrons can be related to the spread of multidrug
resistance genes[73]. The intl, integrase gene was used as the marker for the integron[74].
The general distribution of integrons in Norwegian mother-infant cohort was 15.3% (PAPER
1). This distribution is quite low compared to the integrons detected in other studies [75, 76].
This indicates that a strict regulation on antibiotic use in humans and animals are effective
methods to eradicate multidrug resistant infections. Integrons were also detected in shotgun
sequenced samples (PAPER 2- PAPER 4). They were harboured within conjugative plasmids.
In all the longitudinal datasets, the integrons were highly persistent between the different time
periods of the infants and prevalent within conjugative plasmids. In PAPER 1, the integrons
showed high persistence at 3-10 days to 4 months [p<0.0001], 4 months to 1 year [p<0.0001]
and between mother and child (Late Pregnant mother to 2 year child [p<0.05]). The high
persistence of integrons between longitudinal samples can thereby be explained by their close

association with plasmids and transposons[77].
Conjugative plasmids

Two types of conjugative plasmids were detected in this thesis, InckF (PAPER 2- PAPER 4)
and Incl (PAPER 1 & PAPER 4) conjugative plasmids. The IncF conjugative plasmids are
well studied and represented in bacteria from several human and animal sources[38]. They
play a major role in the dissemination of specific AR (such as B-lactamases[78] and plasmid-
mediated quinolones[61]) and virulence genes (such as cytotoxins and adhesion factors)[79].
The highest prevalence of IncF conjugative plasmids was detected in PAPER 3 where 54%
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of the full term infants were detected with the IncFIB conjugative plasmid. A small proportion
of the dataset (8%) was also detected with IncFIA. However, all samples positive to IncFIA
was positive to IncFIB indicating a link between the conjugative plasmids (PAPER 3). In
addition to this, the IncFIB was highly persistent between 2 days to 10 days [pvalue <0.0001]
and 10 days to 30 days [pvalue <0.0001] (PAPER 3). Taken together, the Enterobacteriaceae
family is one of the dominant groups of the infant gut microbiota. The IncF plasmids have a
close host range within this family, making these plasmids widely distributed within the infant
gut microbiota (discussion in PAPER 3). Strains isolated from preterm infants (PAPER 4)
showed 64% harboured IncFIB along with Incl1 plasmids. In these strains, the Incl1 plasmid
harboured all the transfer genes but the IncFIB plasmid harboured several accessory genes
but very few transfer genes (PAPER 4). The presence of such plasmids in a bacteria initiates
a so-called conjugational complex that helps to initiate replication for both conjugative
plasmids[64]. However, information on this mode of replication is limited in regards to
literature and reproducibility.

3.2 MGEs in the longitudinal cohorts

We identified conjugative plasmids in all our longitudinal cohorts. Conjugative plasmids, in
general are larger in size and carry multiple accessory genes that are essential or non-essential
to the bacterial host [39]. The de novo assembled conjugative plasmids were identified in the
preterm infant cohort and were associated with NEC-positive infants and hospital location
(PAPER 2). Distinct regions of the plasmids i.e. intl gene of the integron, yihA gene
belonging to haemolysin modulating expression gene family (Hha family) and repA gene of
the IncF conjugative plasmid were detected in the de novo assembled IncF plasmid (PAPER
2). The hha family of genes regulate expression of a- hemolysin toxin and other virulence
factors [80]. The a-hemolysin toxin is related to enterocolitis in humans and birds [81]. The
integron within a transposon carried trimethoprim, streptomycin, - lactam antibiotics and
sulphonamides related resistance genes (PAPER 2). In addition to this, the assembled IncF
conjugative plasmid contained all the genes necessary for the transfer (traA- traX) and
replication of the IncF conjugative plasmid (PAPER 2). In the PAPER 4, we detected 2 types
of conjugative plasmids of IncFIB and Incl. In most of the strains, the IncFIB was non-mobile
with only TraX and FinO. However, the Incl plasmids contained all the transfer genes (TraA-
TraY) and pilus genes (Pil genes). The Incl plasmids are known for their complex transfer
system that extends to over 50kb with two types of conjugative pilus regions. This de novo

assembled Incl plasmid was concordant with that [64] (PAPER 4). In relation to the detection
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of plasmids with and without transfer genes, we attempted to transfer the conjugative plasmids
in vitro to other E.coli strains (PAPER 4). From the transmission experiments, the Incl
plasmid due to the presence of transfer genes could transfer but not the IncFIB. Therefore, the
IncFIB plasmid of this strain collection were non-mobile and native plasmids for these
bacterial strains (PAPER 4).

In addition to detection of plasmids in preterm infants, we de novo assembled conjugative
plasmids with multidrug resistance genes in the healthy full term infants as well (PAPER 1 &
PAPER 3). The mobilome has the potential to vary in terms of genetic diversity and functions
required over the lifetime of the host and its environment. Conjugative plasmids, largely
attributed to HGT is known for its role in the acquisition of multiple AR genes and novel
functional genes benefitting the host[50]. Detection of MGEs in developing gut microbiota
indicates the versatility of MGEs to withstand major perturbations (discussion in PAPER 1).
The integrons of the Incl conjugative plasmid harboured resistance genes to aminoglycosides,
sulphonamides and trimethoprim (PAPER 1). In PAPER 3, we de novo assembled IncF
conjugative plasmids from three longitudinal datasets of the Spanish cohort. In two
longitudinal datasets, conjugative plasmids exhibited multi replicon status whereby shared
IncFIA/IncFIB plasmid- the transfer system is shared between IncFIA and IncFIB and
integrated IncFIA/IB plasmid- the IncFIA and IncFIB are integrated into one plasmid
(PAPER 3

Conjugative plasmids are ubiquitous due to their special properties in achieving persistence
in complex environments[54]. Copy number control (cop genes) [82], active patitioning
systems (parA/parB) [83] and post segregationally killing (TA systems such as
ccdA/ccdB)[84] are such properties that help to maintain persistence. The de novo assembled
plasmids from both the projects harbour these genes, indicating the long term persistence of
these elements in the gut microbiota (PAPER 3 & PAPER 4). In addition to the persistence
mechanisms, the IncFIB plasmids of the PAPER 4 include virulence genes such as IroBCDEN
[85] and aerobactin biosynthesis gene family. The former and later gene families are
associated with extraintestinal pathogenic E. coli (EXPEC) (discussion in PAPER 4).

Functional attributes of conjugative plasmids

Conjugative plasmids contain diverse accessory elements in addition to their transfer and
replication apparatus. Therefore, the characteristics of the accessory elements define the

nature of the conjugative plasmids [86]. In the gut microbiota, we identified diverse types of
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conjugative plasmids assembled from different datasets (PAPER 1- PAPER 4). The detection
of diverse conjugative plasmids has been related to the co-evolution of bacteria within the
human host[38]. Therefore some MGEs may therefore be unique or enriched in particular
datasets[38]. The plasmids detected in the preterm infant dataset of PAPER 2 harboured
potential virulence genes in the IncF plasmids but the plasmids detected in the strains of the
preterm twin pair of PAPER 4 harboured various AR genes and virulence factors. These
plasmids portray a wide diversity and adapt to the environmental conditions. We detected a
plasmid showing bacteriocin activity that inhibiting a group of commensal
Enterobacteriaceae (PAPER 4). Bacteriocin production by conjugative plasmids, in general
has been shown to augment niche competition whereas the bacteriocin producers outcompetes
the non-producers[87]. They are shown to be important mediators for intra- and interspecies
interactions and for maintaining the microbial diversity. The presence of plasmid survival
genes in addition to AR genes harboured in the backbone of the plasmid gives the host
bacterium a competitive advantage during antibiotic treatment compared to the commensal
bacteria[88] (discussion in PAPER 4).

3.3 Microbiota association with MGEs

The detection of integrons in the gut microbiota could not be related to any particular bacterial
phylotypes across the different individuals in our sample (PAPER 1 & PAPER 2). Hence it is
unlikely that the integrons have a strict bacterial phylotype. Since integrons are immobile
structures that are found in close association with plasmids and transposons, the most likely
explanation for the lack of association could be due to the presence of multiple integrons in
different conjugative plasmids within the samples[66]. However, when we focussed on the
association of particular conjugative plasmids with the gut microbiota composition, several
bacterial phylotypes showed significant correlation (PAPER2, PAPER 3).

We found a strong correlation between the abundance of OTUL classified as
Enterobacteriaceae and the prevalence of IncFIB conjugative plasmids over time (PAPER
3). In fact, this abundance of OTUL in samples with and without IncFIB depict a unique
development (results in PAPER 3). The significant association between IncFIB and OTU1
could be possibly due to the narrow host range of IncF plasmids and the high proportion of
Enterobacteriaceae in the microbiota population (discussion in PAPER 3). The strongest
association was observed at 2 days, 10 days, and 30 days and with vaginal delivery. The

association with vaginal delivery indicates the possibility of vertical transmission of
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conjugative plasmids from the mother to the child during birth [89] (discussion in PAPER 3).

However, without the information of the mother’s gut microbiota, we cannot be very certain.

When distinct regions of the conjugative plasmid were screened and association with the gut
microbiota composition was calculated in the preterm infant cohort (PAPER 2), OTU2
classified as Enterobacteriaceae showed a significant positive association to the NEC and
hospital location. In addition to this, the replication regulatory region (rep) of the IncF plasmid
and intl gene of the integron showed a positive association towards OTU2 (PAPER 2).
Overall, the samples from Evanston had higher prevalence of the signature genes compared
to the other hospitals (PAPER 2). Therefore, the potential characteristics of a particular
bacterial strain could also be related to the specific genetic elements encoded extra
chromosomally and not necessarily related to its phenotypic characteristics[90] (discussion in
PAPER 2).
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4. Conclusion

In this thesis, we have prospectively studied the mobilome of the gut microbiota and its
association with the microbial community. From all the datasets, we detected a mobilome that
showed diverse MGEs. We discovered a diversity of conjugative plasmids between the
different datasets of full term and preterm infants. These conjugative plasmids and integrons
were persistent between the longitudinal samples. In addition to the detection and persistence,
these plasmids harboured different accessory elements according to the environmental
exposures. This descriptive knowledge on the ecology, prevalence and persistence in
longitudinal datasets has enabled us to move further into the understanding the functional
attributes of MGEs. These have shown the versatility of these plasmids and their influence in

adaptability and establishment of the developing gut microbiota.
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5. Future perspectives

This thesis has facilitated our understanding of the general diversity of MGEs in the
developing gut microbiota. However further work needs to be implemented on the role of the
MGEs in the development of the gut microbiota and their involvement in community
functions and interactions. Therefore, future work should be on categorizing the different
MGEs in human or animal population. Overall, the gut mobilome constitutes a vast amount
of genetic information that has the potential to enhance our understanding of transmission of
AR genes and their functions in the microbial ecosystem. Therefore, in order to access this
information, current bioinformatics tools need to be redesigned to detect MGEs and utilizing
longitudinal cohorts. Multidrug resistance genes are known for their existence in MGEs,
therefore targeting MGEs for the eradication of multidrug resistance rather than the strains

itself could be additional barriers against multidrug resistant strains.
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Despite the accumulating knowledge on the development and establishment of the gut microbiota,
its role as a reservoir for multidrug resistance is not well understood. This study investigated the
prevalence and persistence patterns of an integrase gene (int1), used as a proxy for integrons (which
often carry multiple antimicrobial resistance genes), in the fecal microbiota of 147 mothers and their
children sampled longitudinally from birth to 2 years. The study showed the intz gene was detected
in 15% of the study population, and apparently more persistent than the microbial community
structure itself. We found int1 to be persistent throughout the first two years of life, as well as
between mothers and their 2-year-old children. Metagenome sequencing revealed integrons in the
gut meta-mobilome that were associated with plasmids and multidrug resistance. In conclusion, the
persistent nature of integrons in the infant gut microbiota makes it a potential reservoir of mobile
multidrug resistance.

The spread of antibiotic resistance (AR) genes and development of multidrug resistance represent major
threats to public health'. Until recently, pathogens have been the prime focus with respect to understand-
ing the spread of multidrug resistance, with the commensal microbiota receiving much less attention.
However, recent studies have shown the prevalence of AR genes in the commensal gut microbiota®.
Furthermore, the gut microbiota shows a high rate of horizontal gene transfer (HGT), which was indi-
cated to be up to 25-fold greater than that of bacteria in other environments®. Hence, the collective
mobile genetic elements (MGEs) in the gut microbiota (i.e. the gut meta-mobilome) represent an impor-
tant target for both understanding and combating the spread of multidrug resistance®’.

The gut microbiota forms a complex ecosystem. The gut is assumed sterile at birth®® whereas just
after birth, it goes through major shifts starting with facultative anaerobic bacteria (Enterococcaceae
and Streptococcaceae)'®'!. As oxygen levels deplete, strictly anaerobic bacteria (Bifidobacteriales and
Bacteroidetes) take over and dominate in the gut'?. This progression slows down as the microbiota reaches
the adult-like state where an estimated 100-200 species co-exist in close proximity®®. Although scientists
have started to understand the shifts in the taxonomic composition of the developing microbiota from
infancy to adulthood, the knowledge of the meta-mobilome, including the transmission and persistence
of multiple antimicrobial resistance genes, is limited.
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to this work. Correspondence and requests for materials should be addressed to K.R. (email: knut.rudi@nmbu.no)
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Figure 1. Structure of class I integron. A general representation of a class I integron with resistance gene
cassettes at the attachment sites (attC) and a common promoter for the cassettes as P, and for the integrase
as P,,,. The following cassettes are a part of the 3’ conserved region and not mobile: sull gene encoding
resistance to sulfonamides and qacEA encoding resistance to quaternary ammonium compounds.
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Figure 2. Workflow of experimental setup.

Antimicrobial resistance genes can be carried in integrons, which are non-mobile elements them-
selves, but are often found within MGEs like transposons and plasmids'*!>. Integrons are platforms
for integration, assembly and expression of specific gene cassettes within the MGEs that often encode
antimicrobial resistance'®. The individual genetic cassettes typically lack their own promoters, but are
expressed by a common promoter for all the cassettes within the integron (Fig. 1). There have been 5
classes of integrons (class I-V) classified to date’. The class I integrons are the most widely studied and
are found in a broad host range of commensal and pathogenic bacteria'’. Class I integrons are found
extensively in clinical isolates containing several different AR gene cassettes conferring resistance to anti-
biotics commonly used against bacterial infections'®!®. Up to 8 gene cassettes have been found in a single
class I integron'®, however hundreds of gene cassettes have been detected in so-called super-integrons'®.

The aim of the current study was to investigate the prevalence and persistence of class I integrons
in a large unselected longitudinal cohort of mothers and their children. We used quantitative PCR to
identify and study the persistence patterns of integrons. 16S rRNA and metagenome deep sequencing
were used to analyze the phylogeny and genetic background of the integrons in the samples and to trace
these elements longitudinally.

Materials and Methods

The schematic overview of the workflow is displayed in Fig. 2. The methods were performed in accord-
ance to the approved guidelines and all experimental protocols were approved by Norwegian University
of Life Sciences.

Cohort description. IMPACT (Immunology and Microbiology in Prevention of Allergy among
Children in Trondheim) study is a controlled non-randomized longitudinal study, which began in 2000.
The regional committee for Medical Research Ethics for Central Norway has approved the IMPACT
study (ref. 120-2000). This study was granted a license by the Norwegian Data Inspectorate to pro-
cess personal health data and one of the parents of each child signed a written informed consent form
(r. 2003/953-3 KBE/-). Current controlled trials registration number: ISRCTN28090297.

The study involved 720 pairs of pregnant women and their children (up to two years of age). Ninety
percent of the children were vaginally delivered and at term. Ninety-seven percent of the infants were
breast-fed exclusively for the first six weeks of life. Fecal samples were collected from the pregnant
women during the first/second (7-20 weeks) trimester and the third (32-40 weeks) trimester, and from
the children at 3-10 days, 4 months, 1 and 2 years of age. In the current study, samples from a randomly
selected subgroup of 147 mother-child pairs from the IMPACT cohort were analyzed. Information on
allergy related hereditary diseases, atopy and antibiotic usage; health and exposure factors for the parent
and child is summarized in Supplementary Table SI.
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Sample collection. Fecal samples from the subjects of the IMPACT cohort were collected in
Cary-Blaire transport and holding medium (BD Diagnostics, Sparks, MD). The samples were frozen
at —20°C within 2h from collection. The samples were then stored at —80°C within one month for
children and mothers.

DNA purification. Fecal DNA was purified with an automated protocol using DNA extraction kit
based on paramagnetic particles (LGC Genomics, UK). In brief, the samples were subjected to mechan-
ical lysis using glass beads and the DNA was purified by eluting from the paramagnetic particles by
downstream processes as described by manufacturer. The DNA was stored at —40°C.

Gene quantification. The abundance of integrons (using the integrase (int1) gene® as a proxy) in the
samples was calculated relative to the 16S rRNA gene by quantitative PCR. Each PCR reaction (25pl)
contained 1x HOT FIREPol PCR mix (Solis BioDyne, Estonia); 200nM forward and reverse primers;
one pl of sample DNA and water. The reaction mix was run on LightCycler 480 (Roche, Germany).
Following the thermal cycling the raw fluorescence data was exported into LinRegPCR program. The
software performed baseline corrections and calculated the mean PCR efficiency. For the intI amplicon,
we also used High Resolution Melting (HRM) curve analysis, in addition to Sanger sequencing using the
BigDye Terminator v.1.1 chemistry (Applied Biosystems) for verification.

The thermal cycling for the 16S rRNA primer-pair (5-TCCTACGGGAGGCAGCAGT-3'; 5'-
GGACTACCAGGGTATCTAATCCTGTT-3’) was an initial denaturation of 95°C for 15min fol-
lowed by 40 cycles of 95°C for 30sec and 60°C for 30sec. This primer-pair targets conserved regions
of the 16S rRNA gene*. The primers flanking the intl gene (5-ACGAGCGCAAGGTTTCGGT-3';
5'-GAAAGGTCTGGTCATACATG-3') from Serum et al.'* were used with thermal cycling conditions
95°C for 15min and 40 cycles of 95°C for 30sec, 53 °C for 30sec and 72°C for 30sec.

Microbial community analyses. Microbial communities were assessed using Illumina sequencing of
16S rRNA gene amplicons (n= 465), with subsets subjected to full metagenome (n=15) and long-range
PCR amplicon (n=6) analyses. For full metagenomics analysis, samples were selected based on the
high relative quantities of int1 gene in the samples. For a long-range PCR, six int1-positive samples were
randomly chosen for amplification.

Long-range primers were used to amplify the sequence flanking the region from attI to the 3’ con-
sensus region including the gene cassettes (5'-GGCATCCAAGCAGCAAG-3'; 5'-AAGCAGACTTGA
CCTGA-3')!! with the TaKaRa LA PCR kit Ver.2.1. The thermal cycling conditions of 94°C for 5min
followed by 35 cycles of 98°C for 10min, 54°C for 30sec and 72°C for 1 min, with the final extension
step at 72°C for 5min. The resultant PCR products were analyzed by agarose gel electrophoresis and
Mlumina sequencing.

For full metagenome, long-range amplicon and metagenome analyses, gDNA was randomly frag-
mented, tagged, amplified and prepared for sequencing using Nextera XT kit (Illumina, USA).

Portions of the 16S rRNA genes were amplified using PRK341F/PRK806R primers targeting V3-V4
regions?, modified by addition of Illumina-specific adapters. Each PCR reaction (25pl) contained 1x
HOT FIREPol PCR mix (Solis BioDyne, Estonia); 200 nM uniquely tagged forward and reverse primers;
1l of sample DNA and water. The thermal cycling conditions were 95°C for 15min and 30 cycles of
95°C for 30sec, 50°C for 1 min and 72°C for 45sec. PCR products were then pooled, based on their
concentrations measured using Quant-iT™ PicoGreen® dsDNA assay kit (Life Technologies, USA),
column-purified using E.Z.N.A.® Cycle Pure kit (Omega Bio-tek, USA) and submitted for sequencing.

Sequencing was performed on MiSeq platform (Illumina, USA) using V3 sequencing chemistry with
300bp paired-end reads. 16S rRNA gene amplicon samples were processed at Norwegian Sequencing
Centre (Oslo, Norway), whereas full metagenome samples were sequenced in-house.

Bacterial culturing. For isolation of Bifidobacterium species, 10-fold dilutions of fecal samples in
1% peptone water were anaerobically cultured on Beerens agar at 37°C. Isolated colonies were then
subcultured to purity using the same conditions. DNA was extracted for sequencing of 16S rRNA gene
as described above to confirm isolates belonging to Bifidobacterium genus.

Three-fold serial dilutions of fecal samples from the cohort were prepared in distilled water, cul-
tured on lactose agar and in tryptic soya broth with 5% horse blood, incubated at 37°C for 24h. The
broth was supplemented with 0.1% of both Tween 80 and magnesium chloride to recover damaged
Enterobacteriaceae cells.

Data analyses. 16S rRNA gene amplicon data were analyzed using QIIME pipeline?. Sequences were
first quality filtered (split_libraries.py; sequence length between 200bp and 1000 bp; minimum average
quality score 25; not more than 6 ambiguous bases; and no primer mismatch allowed) and then clus-
tered at 99% homology level using closed-reference uclust search against Greengenes database** (pick_
closed_reference_otus.py). Persistence of operational taxonomic units (OTUs) over time in individuals
was assessed using multi-way decomposition PARAFAC analysis of mean-centered abundance data®.
This analysis allows detection of the OTUs that bring most of the variation into the system, simultane-
ously with detecting the time points at which these OTUs are most pronounced. Simpson’s reciprocal
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Figure 3. Bacterial class composition of stool samples of infants (from 3 days to 2 years of age) and
their mothers during early (1/2 trimester; EarlyPreg) and late (final trimester; LatePreg) pregnancy
based on the deep sequencing of 16S rRNA gene amplicons. s, Number of samples at each time period.

diversity index and Bray-Curtis dissimilarity index were used for alpha- and beta-diversity assessment,
respectively.

Metagenome data mapping and assembly was performed using Geneious pipeline following authors’
recommendations®. MG-RAST metagenome analyzer was used to analyze the taxonomy and functional
classification of the samples”. PATRIC database?® in MG-RAST was used to check the integron abun-
dance in the samples. E-value < 10> was used as the cut-off to select integron hits.

Int1 gene persistence was calculated as the ratio of the number of mother-child pairs in who int1 was
detected at both time points to the total number of mother-child pairs for who information for both time
points was available. The odds ratio for intI gene detection was calculated by the ratio of intI persistence
to the prevalence of intl at a later time point.

Fisher exact test, Pearson correlation coeflicient and Spearman correlation coefficient were used for
pairwise comparisons of intl and 16S rRNA data (including diversity, OTU abundance and bacterial
class abundance data). The significance of the change over time was tested with Friedman’s test - a
non-parametric version of ANOVA test which takes into account repeated measurements. The change
in int] gene relative abundance was also compared to the change in log-transformed OTU relative abun-
dances over time in an attempt to identify OTUs that correlated to intl. Regression and classification
decision trees were also built in an attempt to identify bacterial classes that correlated to intl. Data
analyses were performed using MATLAB® R2014a software (The MathWorks Inc., Natick MA, USA).

Results

Microbiota composition and development. The phylogenetic composition of the microbiota was
assessed using deep 16S rRNA gene sequencing. All samples that were amplified with 16S rRNA gene-tar-
geting primers and further amplified with Illumina-adapted primer set were included in the analysis.
In total, sequencing data were available for 451 samples. In addition, seven of the samples were ana-
lyzed in triplicate to determine technical variation, which was found to be low (Supplementary Fig. S1).
The average quality score for the sequence range of 250-299bp was 25.

On average, 21,277 sequences per sample were generated after quality filtering and assembly. To
ensure even amount of sequencing information, 4,000 reads per sample were randomly picked from the
full dataset based on the recommendations by Serensen et al.?®. The final dataset after quality filtering
and unification of the sequencing information per sample comprised 378 samples, with a total of 8,288
OTUs belonging to 27 classes. The 10 most abundant classes comprised nearly 100% of the microbiota
at all ages (Fig. 3). Stool samples from newborns and 4-month-old infants were significantly lower in
alpha-diversity and significantly higher in beta-diversity than stool samples from 2-year-olds and their
mothers (Fig. 4). At 1 year of age, both alpha- and beta-diversity estimates were significantly higher
than that of 4 month-olds. There was a high dominance of Clostridia in stool samples from mothers,
as well as from 1- and 2-year-olds. Five bacterial classes were relatively equal in abundance in neonatal
stool samples collected soon after birth (3 days), whereas Actinobacteria became dominant thereafter
(4-10 days) and remained so through at least first 4 months of age. By 1 year of age, the average profile
of stool samples from children had started converging towards the adult profile. However, pronounced
differences in the abundance of Actinobacteria and Bacteroidia were seen between adults and 2-year-old
children, suggesting climax adult community was still not reached by 2 years of age.
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Figure 4. Diversity characteristics of stool samples of infants (from 3 days to 2 years of age) and their
mothers during early (1/2 trimester; EarlyPreg) and late (final trimester; LatePreg) pregnancy based on
the deep sequencing of 16S rRNA gene amplicons. (a) Simpson’s reciprocal index of alpha-diversity.

(b) Bray-Curtis dissimilarity index of beta-diversity. *p value < 0.05; and ***p value < 0.001.

Microbiota persistence and stability. The persistence of 599 most abundant OTUs in the dataset
(with an abundance level >0.5% in at least one sample) were analyzed using PARAFAC. No significant
associations of OTUs to age were identified when only considering the detected/non-detected informa-
tion. When abundance levels were considered, two OTUs belonging to Bifidobacterium species (B. longum
OTU594044 and B. breve OTU484303), and one assigned to Enterobacteriaceae family (OTU1109087),
showed highest stability over time in the cohort (Fig. 5). Spearman correlation test identified the per-
sistence of the B. longum-assigned OTU, which had a highest loading in PARAFAC, from 3-10 days to
4 months of age (correlation coefficient =0.49; p=0.007). The two other OTUs, however, did not show
any significant correlations between the age groups.

Integron distribution and persistence. The distribution of integrons was analyzed by quantitative
PCR of the intl gene. All samples were included and amplification was controlled by 16S rRNA gene
amplification. Out of initial 663 IMPACT samples, 16 failed to amplify PCR products using 16S rRNA
gene-targeting primers and thus were excluded from the analysis. In total, 99 of the 647 samples analyzed
showed the presence of integrons. The prevalence of the integron-positive samples was highest from
4-month-old children compared to any other age (Fig. 6a). The highest persistence patterns for integrons
were seen in children between 3-10 days and 4 months, and 4 months to 1 year (Fig. 6b). Persistence
between some mother-child pairs was also detected. The int1 gene copy numbers of the positive samples,
corrected for the estimated genome equivalents®, were significantly higher in samples from infants (3-10
days and 4 months) compared to both pregnant mothers and 2-year-old children (Fig. 6c).

For the children with persistent int1 genes, 17% (1 of 6 children with antibiotic usage information)
received antibiotics during the first year of life. In addition, 31% (46 out of 147) of the children in the
whole cohort had antibiotic usage information documented.

Correlation of int1 gene to 16S rRNA gene. Detection of intl gene did not correlate to
alpha-diversity (Simpson’s reciprocal index 1/D=12.3+1.74 [mean=+ SEM] and 1/D=13.7+0.66 for
intl-positive and intl-negative subgroups, respectively) or to beta-diversity (Bray-Curtis Dissimilarity
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Figure 5. Summary of PARAFAC analysis (multi-way decomposition which defines most influential
OTUs over time) on the relative abundances of 599 most abundant bacterial OTUs. (A) Most influential
OTUs. (B) Time points associated with most influential OTUs.

index BC=0.85+0.03 and BC=0.86 £ 0.04 for int1-positive and intI-negative subgroups, respectively).
There was also no significant correlation detected between alpha-diversity and intI gene relative abun-
dance (correlation coefficient= —0.389, p=0.45).

With respect to OTU quantity, the most persistent OTU (B. longum OTU594044) showed a positive
correlation with the intl gene (p=0.03) at 3-10 days. No other significant correlations, however, were
found (Supplementary Fig. S2). Additionally, it was investigated whether a change in OTU relative abun-
dance could be associated to the change in intl gene relative abundance over time, but there was not an
OTU identified that was significantly associated to the int1 gene. Finally, the analyses concentrated on the
OTUs that were detected in all samples for which intI were detected (Supplementary Table S2); however,
these OTUs did not show any quantitative correlations with int1 either.

There were additional attempts to find bacterial classes that might correlate to int1 detection or intl
gene abundance; however, no significant pairwise correlations between bacterial classes and intl gene
abundance were detected (Supplementary Fig. 3). Regression and classification decision trees were then
built to test for the cumulative effects of bacterial classes, but these analyses also suggested weak corre-
lations between 16S rRNA gene and intl gene data (Supplementary Fig. S4 and Supplementary Fig. S5
for regression and classification, respectively).

Search for int1 gene in bacterial isolates. The detection of the intl gene in the genomes of
sequenced representatives of persistent/stable OTUs identified by PARAFAC was carried out by BLAST
searching whole-genome sequencing data from 16 B. longum, 2 B. breve and 10 E. coli strains, isolated
from previously published subset of the IMPACT dataset*"*2. Despite high numbers of hits to 16S rRNA
gene per isolate (451.5+ 37.8), which was used as a proxy for the genome coverage, the analyses failed
to identify reads that showed homology to the intl gene sequence identified in our work.

Long-range PCR and amplicon sequencing. Six integron-positive samples were randomly selected
for long-range PCR and sequencing. The reads were assembled into contigs and two contigs of lengths
1541bp and 1019bp showed BLAST hits to E. coli strain DK510 (GQ906578.1) containing dihydro-
folate reductase (dfrA17) and aminoglycoside adenylyltransferase (aaDA5) genes (E-value=0) with
100% identity (Fig. 7a) and E. coli strain A30 (KF921570.1) containing dihydrofolate reductase (dfrA12),
hypothetical protein (orfF) and aminoglycoside adenylyltransferase (aadA2) gene cassettes (E-value = 0)
with 100% identity (Fig. 7b), respectively.

Integron presence in shotgun metagenome data. Fifteen samples (late pregnancy, n=1; 3-10
days, n=6; 4 months, n=>5; and 2 years, n= 3) having microbiota profile information and highest rel-
ative abundance of intl were selected for shotgun metagenome sequencing. On average, 837,048 reads
with a size range from 35bp to 301bp were obtained for each sample. By NCBI BLAST searches 699
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Figure 6. Prevalence, persistence of integron-positive samples and relative quantity of integrons in the
positive samples between time points. (a) Relative prevalence of integron-positive samples in the dataset.
*Binomial testing between the highest abundance (4 months) and the rest (p value =0.005). (b) Persistence
of integrons at each time point. The numbers represent the odds-ratio; the color gradient represents the
percentage of persistence between time points. Significant p values by Fisher exact test are also indicated

(*p value < 0.05; **p value < 0.01; ***p value < 0.001). (c) Relative integron quantification at each time point
(log (int1 copies/genome equivalent') for integron-positive samples. Error bars represent standard error of the
mean (SEM). The significant difference between sample groups was calculated by Kruskal-Wallis test;

p value < 0.05 is indicated by bracketing. Early_latePreg, samples collected from mothers during early (7-20
weeks) and late (32-40 weeks) pregnancy; 3-10 days, samples from 3- to 10-day-old infants; 4 months, 1 year
and 2 years; samples from 4-month-old infants, 1-year-old and 2-year-old children, respectively. !16S rRNA
copies of all samples from different age groups were normalized to reflect genome equivalents taking into
account copy number information given by Vetrovsky et al.*.
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Figure 7. Integrons detected by long-range PCR. (a) 1.5kb partially sequenced integron by long-range
PCR product. (b) 1.1kb partially sequenced integron by long-range PCR. Cylindrical boxes show individual
genes that are size dependent, i.e. larger box is longer gene; dotted arrows indicate the direction of
transcription; and gradient blue color the end of the acquired sequence. Gene and structural features: att],
primary recombination site; dfrA17 and dfrA12, dihydrofolate reductase; attC, recombination site; aadA5
and aadA2, aminoglycoside adenylyltransferase; and orfF, hypothetical protein.

shotgun metagenomic reads from 12 samples were identified that showed high homology to the int1 gene
(E-value < 1073 average identity [range] 97.5% [85.1%; 100%]; average query coverage 99.7% [98.4%;
100.0%]).

Using the MG-RAST metagenome analyzer?, it was found that all the samples showed the presence
of integrons and integron-related genes. The identity of the integron hits of the samples were obtained
from PATRIC database (Supplementary Table S3).

Metagenome assembly and identification of complete integrons. The reads were extracted that
showed int] homology in only one direction of the paired-end reads (n="71) to investigate the genetic
background of their paired mates. By BLAST searching of these sequences against NCBI database, can-
didate plasmid pSH1148_107 (GenBank JN983049) was identified that was most prevalent among the
hits (Supplementary Table S4). The metagenomic reads were then mapped onto the complete plasmid
sequence and approximately 60% of the plasmid was encompassed by the metagenomic reads. Seventeen
of the 25 conjugation proteins of the plasmid mapped to our reads, including the Incl conjugative transfer
proteins, DNA primase and pilus biogene (Supplementary Fig. S6). The reads partially covered the origin
of replication. There was one child who showed high prevalence of a plasmid related to pSH1148_107
(more than 1% of all reads) in stool samples from both 3-10 days and 4 months (20x and 34x mean
coverage for 3-10 days and 4 months, respectively). The 3-10 days and 4 months reads mapped similarly
to the plasmid. The de novo assembly of the reads mapped to a transposon containing integron with the
sull gene and aadA gene cassette, which was similar to the resistance genes in pSH1148_107, and an
additional dfrA17 gene cassette (Fig. 8). The gene cassettes encode resistance to sulphonamides, spectin-
omycin and streptomycin, and trimethoprim respectively.

The long-range PCR amplicon contigs were also mapped to the integron assembled from our metage-
nome. The 1541 bp-long contig showed 97% coverage, suggesting both assemblies came from the same
integron. The other contig of 1019bp length had different gene cassettes and thus showed only partial
coverage.

Taxonomic range of the integrons identified by long-range PCR. BLAST searching of the NCBI
database with the int1-containing contigs identified by long-range PCR revealed high homology (100%
pairwise identity with 100% query coverage) towards plasmids isolated from E. coli, Kluyvera georgiana,
Salmonella enterica and Shigella flexneri (Supplementary Table S5), all belonging to Enterobacteriaceae
family.

Search for integrons in other metagenomes. To search for the same integron in other publically
available metagenomes, data was extracted from 60 metagenome samples from the cohort provided by
Yatsunenko et al.**. The available cohort contained fecal samples from healthy children and adults in
Malawi, United States and Venezuela; and 20 metagenomes from each of the respective countries was
analyzed. Eleven (18.3%) of the metagenomes showed the presence of int1 gene. Seven of the intI-positive
metagenome samples also contained reads mapping to the transposon flanking regions. However, the
integron-associated gene cassettes were not similar to those detected in our dataset (Supplementary
Table S6).

Discussion

Several studies have shown a high prevalence of AR genes in infants with the absence of antibiotic treat-
ments>*** which is in line with our findings. However, to our knowledge, this study is the first one to
observe high intl gene prevalence and persistence. A high prevalence of integrons was found at 3-10
days and 4 months of age. In the early periods of life the resistance against colonization by exogenous
bacteria is low??, therefore opening for the possibility of establishment of bacteria from the environment.
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Figure 8. Graphical representation of a transposon-containing integron by de novo assembly. The
boxes illustrate the coding region of genes, dark blue represents genes of the transposon and the light

blue indicates genes of the integron. Genetic features: dfrA17, trimethoprim resistance protein; aadA>5,
streptomycin and spectinomycin resistance protein; gacEdelta, quaternary ammonium compound resistance
protein; sull, sulphonamide resistance protein.

A plausible explanation for the high integron prevalence at early age could be the hospital environment,
since children are first exposed to this atmosphere®. There was also persistence of intl gene through-
out the first two years of life and between mothers and their 2-year-old children, pointing towards
maternal source as another potential route for transmission. Similar patterns have also been detected in
transposon-associated genes in mother-infant pairs>*!. An alternative explanation, though, could be the
colonization by various integrons at different ages. However, taking into account the increased likelihood
of intl detection at one time period given it was detected previously, the more probable explanation
would be the persistence of the same integron rather than the detection of independent multiple colo-
nization events.

The persistence of integrons in the gut microbiota indicates the versatility of MGEs to endure the
drastic changes that occur during first years of life!®. However, it is unlikely that antibiotic treatment
influences the presence of multidrug resistance integrons since we did not find any alteration of persis-
tence patterns in our dataset associated with antibiotic usage.

Diversity estimates of the cohort corresponded well with previously published observations of
increase in alpha- and decrease in beta-diversity with age!''**. Interestingly, when intI gene abundance
was highest at early days of life, the microbial diversity was lowest, suggesting that intl gene should be
associated to those few bacteria that are established by then. However, there was no correlation between
int] gene and diversity estimates or bacterial classes. Moreover, despite numerous attempts, we could
not associate intl gene to any particular phylotype across individuals within our cohort. Hence, it is
unlikely that the integrons have a strict phylotype association. In addition, when we tried to search for
int] gene in Bifidobacterium isolates that represent the most abundant bacterial group in infancy and
that was the only bacterial genus correlating to intl gene abundance at early infancy, we failed to find
any indication of integron presence in its genomes. Lack of association between integrons and phylotypes
across large phylogenetic distances has previously been observed®. Statistical inconsistencies have been
reported when phylogenetic trees were obtained for intl gene and molecular marker for phylogeny such
as RNA polymerase subunit B (rpoB)¥. Therefore, given the broad host range for integrons®, the most
plausible explanation for the lack of phylotype association is high rates of HGT. In concordance with
potentially high HGT rates, a possible transposon carrying an integron was identified in our samples,
suggesting MGE:s as the likely vehicle for mobility of integrons. The mobile nature of integrons-associated
MGE:s has been previously observed in pathogenic bacteria**?, environmental samples*! and in hospital
environments*. We also observed the persistence of a transposon-containing integron on a potential
conjugative plasmid in one infant at two time periods. This integron contained genes associated with
aminoglycosides and sulfonamide resistance similar to the conjugative plasmid pSH1148_107, along with
and additional trimethoprim resistance gene.

We expanded our search for integrons from different samples in our dataset by involving long-range
PCRs that could amplify the whole integron. Two class I integrons were identified with potential asso-
ciation to a mobile element having resistance genes to trimethoprim, streptomycin and spectinomycin.
Interestingly, a study by Shahcheraghi et al. also found a similar integron containing resistance genes in
enteropathogenic E. coli strains (JX442969.1) isolated from fecal samples of children less than 5 years of
age*®. These evidences give further support that integrons can be reservoirs for AR genes in infants, with
the potential for transmission to pathogens***. Additionally, we also detected integrons with different
gene cassettes in publicly available metagenomes, suggesting the diversity of integrons in global human
populations.

Our observation of integron-containing elements regardless of antibiotics intake suggests that
they can persist without outer selection pressure. A recent study on the gut microbiota of an isolated
group of Yanomani Amerindian tribe showed a similar pattern of the carriage of a pool of mobilizable
next-generation antibiotic resistance genes without any prior antibiotic pressure*%. Moreover, Stern and
colleagues found over 10,000 contigs containing potential mobile elements in the MetaHIT dataset*®,
which were likely to be quite common constituents of the gut microbiota since all were identified as
targets for CRISPR elements. Interestingly, only around 10% of these contigs were of viral nature,
leaving the rest to plasmids and MGEs, suggesting that the host actually counter selects these mobile
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elements. This finding supports the selfish parasitic-like spread of conjugative plasmids associated
integrons in the gut.

The overall results of the study provide evidence for high prevalence of integrons in the fecal microbi-

ota at early stages of life and further suggest that the commensal gut microbiota can serve as a reservoir
for multidrug resistance, potentially contributing to its rapid spread.
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Abstract

Background: Preterm infants are a vulnerable group at for risk for necrotizing
enterocolitis(NEC). Although the preterm microbiota has been extensively studied, the
mobilome i.e. mobile genetic elements (MGEs) in the gut microbiota has not been considered.
Therefore, the aim of this study was to investigate the association of the mobilome with

occurrence of NEC, hospital and birthweight in preterm infants microbiota.

Methods: The dataset consists of fecal samples from 62 preterm infants with and without NEC
from three different hospitals. We analysed the gut microbiome by using 16S rRNA amplicon
sequencing, shot-gun metagenome sequencing and quantitative PCR. Predictive models and

other data analyses was performed using MATLAB and QIIME.

Results: The microbiota composition was significantly different between NEC positive and
negative infants and significantly different between hospitals. An OTU showed strong positive
and negative correlation to NEC and birthweight respectively, while none showed significance
for mode of delivery. Metagenome analyses revealed high levels of conjugative plasmids with
MGEs and virulence genes. By quantitative PCR, plasmid signature genes were signifinatly

higher in NEC positive infants, in addition to being different between hospitals.

Conclusion: Our results point towards association of the mobilome in preterm infants with

respect to both hospital and NEC.
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Introduction

Preterm infants are a unique patient population completing development in an extrauterine
environment influenced by a concommitantly developing microbiome. Furthermore, this
patient group largely acquires its initial microbiota within the hospital environment. This early
microbiome is of great importance to preterm infant health and is potentially modifiable by
alterations to the hospital environment. Multiple preterm infant outcomes have been linked
to the microbiome including risk for sepsis and in particular neonatal necrotizing enterocolitis

(NEC) (1,2).

NEC is a devastating disease which most commonly affects very low birthweight premature
infants (1). Feeding intolerance, abdominal distension and bloody stools are some of the
major symptoms for NEC (3). Approximately 1% to 5% of very low birthweight preterm infants

(<1500 g; < 37 weeks gestation) (4) develop NEC with a mortality rate of 25%- 33% (5) .

The primary risk factors for NEC are prematurity and bacterial colonization, however studies
have failed to identify a specific pathogen. Recent studies have related microbial communities
with a bloom of Gammaproteobacteria such as Escherichia coli and Klebsiella pneumoniae
(1,2) to NEC. Additionally, reports have shown gram-positive (Enterococcus faecalis) (6) and
anearobic bacteria (Clostridium spp) (7) contributing to NEC. Interestingly, NEC has not been
observed in germ-free animals (1) indicating the role of the gut microbiota as a major
contributing factor (8). There is evidence for changes in the microbiota prior to the onset (2,9),

with high level of antibiotic usage being a potential contributing factor (10).
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While differences in the bacterial taxa contributing to NEC have been extensively studied,
genetic factors such as linkage between antibiotic resistance (AR) and virulence genes have
not been investigated with respect to preterm infants or NEC. Therefore, the aim of this work
was to investigate the mobilome or a collection of mobile genetic elements of the preterm

infant gut microbiota and its potential association with NEC, birthweight and hospital location.

The mobilome of the infant gut microbiota includes transposons, plasmids and bacteriophages
(11). Some of the major constituents of the gut mobilome are conjugative plasmids.
Conjugative plasmids are self replicating genetic elements that propagate in an infectious
manner (12). They can harbor several accessory functional elements that help to maintain
longterm stability in a microbial population (13). In addition, two different conjugative
plasmids having identical replication machinery are incompatible in the same bacterial cell,
hence plasmids are identified by incompatibility groups (13). 27 incompatibility groups defined
to to date. However, the most prominent is the incompatibility group F (IncF) plasmids
commonly found in Enterobacteriaceae (14). These plasmids have been detected in bacteria
from several human and animal sources. IncF conjugative plasmids contain an assortment of
other MGEs and virulence genes (15). Plasmid mediated antibiotic resistance and virulence to
hospital-acquired infections has been previously reported explaining the influence of
conjugaal transfer of virulence factors and inducement of bacterial biofilms (16,17). Virulence
traits associated with MGEs includes bacterial toxins (18), secretion systems (19) and

haemolysins. These properties can transform the characteristics of the host cell.

Integrons are accessory components of conjugative plasmids (20). They are genetic elements

that are capable of integration and expression of genetic cassettes by an overall common
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promoter (20,21). The integron consists of 3 main parts, an integrase (intl) gene that helps in
the integration of specific gene cassettes; an attachment (attl) site into which the gene
cassettes are integrated; and a common promoter (P.) for expression of the gene cassettes.
We investigated the intestinal microbiome of preterm infants from 3 neonatal intensive care
units. Amplicon sequencing was used to identify compositional signatures in the microbiota
taxonomic composition. Then, full metagenome deep sequencing was used for analysing the
phylogeny and genetic background of the MGEs in selected samples. Finally, quantitative PCR
was used to study the prevalence and quantity of plasmid signature sequences and thier

association with MGEs.
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Material and Methods

Workflow:

A workflow of the experimental design and total number of samples used is shown in Figure 1.

Cohort description:

A summary regarding the cohort features and description is given in Table 1

The study consists of premature infants with and without NEC. All the infants with NEC
showed 2 Bell’s stage 2 NEC symptoms with mild to moderate systemic illness and
pneumatosis intestinalis. The infants were recruited from three different hospitals in USA-
Beth Israel Hospital in Boston, MA (n=24); Comer Children’s Hospital at The University of
Chicago in Chicago, IL (n=29); and NorthShore University HealthSystem Hospital in Evanston, IL
(n=9). Sixty-nine percent of the infants were born through caesarean section. These infants
resided in the neonatal intensive care unit of the respective hospitals. All infants recruited in
the study were born with a birthweight <1500 g and a gestational age < 32weeks. Each NEC
positive infant was matched with two NEC negative infants of the same gestational age and
day of life. This case control model was implemented in 18 of the 26 NEC positive infants. In
total the study consists of 42% (n=23) of NEC positive infants and 58% (n=39) of NEC negative
infants. All the infants including NEC positive and NEC negative patients were given antibiotics
based on their respective clinical criteria. The faecal samples were collected weekly after
spontaneous defecation. In total, the NEC positive infants have 63 samples where 51 samples
are from longitudinal datasets. The NEC negative infants have 97 samples, where 73 samples

are collected from longitudinal datasets. Informed consent was obtained from the preterm
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infants’ parents for faecal samples collection and storage. The samples were collected directly
from the diaper and into the collection tube using the wooden end of a sterile cotton swab.
The samples were immediately frozen at -80°C until processed. The samples were sent to

Genetic Analysis, As, Norway for long time storage and DNA extraction.
DNA extraction:

DNA was isolated from 160 samples using an automated protocol of MagNA Pure Compact
System (Roche Applied Science, Basel, Switzerland). DNA from a subset of the samples in the
dataset was also manually extracted by QlAamp DNA Stool mini kit (Qiagen, Venlo,
Netherlands). These were termed as duplicates. Fifty mg of the frozen fecal sample was
dissolved in 1 ml extraction buffer [50 mM Tris (pH 7.4), 100 mM EDTA (pH 8.0), 400 mM NaCl,
0.5% SDS] containing 20 pL proteinase K (20 mg/ml) and 500 pL of 0.1-mm-diameter
zirconia/silica beads (BioSpec Products, Bartlesville, OK, USA) were added into the extraction
tubes and a Mini-Beadbeater-16 (BioSpec Products) was used to lyse the microbial cells. The
lysed cells were centrifuged and 50 uL of the supernatant was taken for DNA isolation. For the
MagNA Pure Compact System, the supernatant was mixed with paramagnetic beads and was
eluted using a 96 super Magnet plate (Alpaqua,Beverly, MA, USA). For the QlAamp DNA stool
mini kit, purified DNA was extracted using QlAamp mini Spin columns according to the

manufacturer’s protocol.

DNA concentration and quality were determined by fluorometry (using a Qubit system

(Invitrogen) and stored at -40°C until further use.

Polymerase chain reaction and gene quantification
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The primers used in the study are shown in Table 2. Each 25ul PCR reaction contained 1X HOT
FIREPol PCR mix (Solis BioDyne, Tartu, Estonia); 200nM forward and reverse primers; 1ul of
sample DNA and sterile deionized water. The reaction mix was amplified using LightCycler 480
(Roche) and resultant flourescence data was uploaded into the LinRegPCR program (22) to
perform baseline correction and calculate mean PCR efficiency. High resolution melting (HRM)
curve analysis and DNA sequencing using BigDye Terminator v1.1 chemistry (Thermo Fisher
Scientific, Waltham, MA, USA) was used to verify the identity of the PCR products. The thermal
cycling conditions for the 16S rRNA primer pair targetting the conserved regions of the
16SrRNA gene were 95°C initial denaturation for 15 mins followed by 40 cycles of 95°C for 30
sec and 60°C for 30 sec (11). Primers flanking the int1 gene of the integron (23), repA gene of
the conjugative plasmid and yigB gene of the haemolysin expression modulating protein (hha)
gene family were used with thermal cycling conditions of 95°C for 15 min and 40 cycles of

95°C for 30 sec, specified annealing temperatures for the genes (Table 2) and 72°C for 30 sec.

Microbial community analysis

Microbial community structure of the samples was assessed using lllumina amplicon
sequencing of 16S rRNA gene. The 16S rRNA genes were amplified using PRK341F/PRK806R
primers that target the V3-V4 hypervariable regions and were modified to contain illumina
specific adapters. Each PCR reaction contained HOT FIREPol PCR mix (Solis Biodyne); 200 nM
illumina-adapter attached forward and reverse primer; 1l of sample DNA and water. The
thermal cycling conditions were 95°C for 15 min and 30 cycles of 95°C for 30 sec, 50°C for 1
min and 72°C for 45 sec. The PCR amplicons were pooled and concentration was measured

using the PerfeCta NGS quantification kit (Quanta Biosciences, Beverly, MA, USA) and purified
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using Agencourt AMPure XP-PCR Purification kit (Beckman Coulter, Brea, CA, USA). The
purified products were sequenced with the Miseq platform (lllumina, San Diego, CA, USA)

using V3 chemistry with 300bp paired-end reads.

Sequences from the 16S rRNA amplicon data were analysed using the QIIME pipeline (24).
Sequences were quality-filtered (split_libraries.py; sequence length 200-600bp; minimum
average quality score 25; no more than 6 ambiguous bases, but with no primer mismatches)
and then clustered at 97% homology level using Usearch version 8 against the Greengenes

database (25).

Shotgun metagenome sequencing and analysis

The metagenome was fragmented, tagged and quantified according to the Nextera XT Sample
preparation guide (lllumina). Concentration of the pooled library was normalised using the
PerfeCta NGS quantification kit (Quanta Biosciences). Sequencing was done in-house on a

MiSeq platform using V3 chemistry and 300bp paired end reads.

Metagenome data mapping and assembly was performed on Geneious (26) following the
recommended criteria. De novo assembling of the reads was performed by Geneious Read
Mapper (Geneious, Biomatters, New Zealand). MG-RAST metagenome analyzer (27) (Argonne
National Laboratory, Lemont, IL, USA) was used to analyze the functional classification in the
samples using the SEED (subsystem) database that houses collections of functionally related
protein families (28). The ResFinder program (DTU, Copenhagen, Denmark), an online tool was
used to find antimicrobial resistance genes in the sequences based on the NCBI database (29).

The RAST (Rapid Annotation using Subsystem Technology) server using SEED-based annotation

10
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was used to identify genes within the contigs built by Geneious (30). Reference genomes for

assembly and annotation were downloaded from the NCBI database.

Validation and statistical analyses

Technical variation was detetermined by Pearson regression analyses between the technical
duplicates. To account for the uneven sampling and presence of duplicates across the
individuals, we used the average microbiota and average quantification of genes across all

sampling points for each individual in the comparative statistical analyses.

Fisher Exact test, Pearson correlation and binomial testing were used for pairwise
comparisons of relative abundances of repA, int1 and yigB genes within the 16S rRNA
amplicon analyses and between the relative abundances of the individual genes across
different hospitals.Correction for multiple testing was done using Benjamini and Hochberg
false discovery rate (BHFDR) test.Predictive models using OTUs in the study were made using
Partial Least Squares (PLS) discriminant analysis (DA), (Eigenvector Research, Manson, WA,,
USA). The models were calibrated using a subset of the dataset and cross-validated using
Venetian Blinds procedure where the data is split into subsets and each subset is validated to
fit the model. Cross-validated models with an accuracy of classification >0.5 indicate
significance. Predictive models were made for predicting hospital location, detection of NEC
and association of NEC with plasmid signature genes. Correlations with birth weight were
identified using PLS regression. Variables important in the models were identified by the VIP
score, with scores >1 indicating importance to the model. All data analyses was performed

using MATLAB R2014a software (The MathWorks, Natick, MA,USA).

11



226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

12

Results

Microbiota composition

On average, 44,194 sequences per sample were generated by Illlumina V3-V4 16S rRNA
amplicon sequencing after quality filtering and chimera removal. To ensure even amounts of
sequence information and to gather information on the most abundant operational taxanomic
units (OTUs) from all the samples, 6000 sequences/sample were randomly picked from the
whole dataset. The final dataset after quality filtering and integration of the sample
information contained 192 samples, of those 58 were technical duplicates. The technical
duplicates showed a mean squared regression coefficient of 0.75 and a standard deviation of
0.33 for pairwise OTU level comparisons, while comparison of different samples gave squared
regression coefficients <0.3. In total, the sequences in the dataset belonged to 299 OTUs of 13
bacterial classes. Overall, the gut microbiota composition was mainly composed of

Proteobacteria with lower levels of Firmicutes.

Microbiota associations to metadata

We found no major differences in the a- diversity between the NEC positive and negative
infants (Supplementary figure 1a) but when calculated between the different hospitals, infants
from Evanston displayed higher diversity than those from Boston and Chicago (p= 0.003,
Boston-Evanston; p=0.003, Chicago and Evanston, Kruskal Wallis test) (Supplementary figure
1b). The B-diversity estimates from principle coordinates (PC) 1, on the other hand showed

significant differences in NEC positive (median= 0.16) and negative samples (median=-0.01)
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(p=0.00001, Kruskal Wallis test), but no differences among hospitals (median= 0.12 [Chicago];

median= 0.07 [Boston]; median= 0.16 [Evanston]) (p= 0.35, Kruskal Wallis test).

The proportion of Enterobacteriaceae was significantly more abundant, on average in NEC
positive (59%) to NEC negative infants (44%, p=0.001, Kruskal Wallis test). An OTU classified as
Enterobacteriaceae (referred as OTU2) revealed the strongest association to NEC with a VIP
score of 40 in a PLS-DA predictive model (classification accuracy of 0.80 for the calibrated- and
0.65 for the cross-validated model). OTU2 also showed a direct significant correlation to NEC
(p=0.04, Kruskal Wallis test) (OTU2 abundance, median =25 [NEC]; median =5 [No NEC]).
There were, however, no OTUs that were signifcantly related to mode of delivery (BHFDR

corrected Kruskal Wallis test).

In regard to the association of microbiota composition to hospital location, predictive models
using PLS- DA showed an accuracy of classification of location based on the microbiota
(calibrated/cross-validated) for Boston 0.78/0.63, Chicago 0.67/0.56 and Evanston 0.74/0.64,
indicating predictive information in the microbiota for all locations. Specifically, an OTU
classified as Enterobacteriaceae (referred to as OTU9) showed pronounced association with
the hospital location, having a median of 5.0% for Boston, 0.7% for Chicago and 0.3% for
Evanston (p<0.0005. Kruskal Wallis test). OTU2 also showed significant associations with
Evanston (median=11.4%) as opposed to 0.1% and 0.2% in Chicago and Boston respectively
(p=0.05, Kruskal Wallis test). A predictive model for the association of microbiota composition
and birth weight by PLS-DA showed an accuracy of classification as 0.76/0.59 (calibrated and

cross-validated) in the median binarized dataset. OTU2 and birth weight when directly

13
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correlated showed the strongest negative correlation (Spearman rho=0.45;p=0.005) whereas

OTU9 showed strongest positive correlation (Spearman rho=0.45;p=0.004).

Shotgun metagenome analyses

Since OTU2 was positively associated with the detection of NEC and negatively associated with
birth weight, we selected longitudinal samples from 3 patients having high abundance of
OTU2: patient 17 from Chicago and patient 49 from Evanston positive for NEC and patient 89
from Boston negative for NEC. In addition to this, longitudinal samples of patient 86 from
Boston and patient 22 from Chicago having low abundance of OTU2 and positive for NEC were
also selected (Supplementary table 1). On average, 691,759 sequences were generated per
sample with a size range of 35 bp to 301 bp. The unassembled reads were uploaded into MG
RAST metagenome analyser. Functional abundance of genes related to conjugative plasmids,
MGE and virulence were analysed in the metagenomes by SEED Subsystem Annotation
database (mininum identity 90%; minimum alignment length 50 bp). However, there were no
clear differences in the gene distribution between NEC positive and negative samples (Figure

2).

Given that all the infants received antibiotics at least one time point, we looked into the
presence of AR genes in the shotgun metagenomes. The unassembled raw reads were
uploaded to ResFinder to locate AR genes in the samples. Genes associated with resistance to
B-lactams, macrolides and aminoglycosides were found in almost all samples (threshold
pairwise identity 99%) (Table 3). Longitudinal carriage of particular resistance genes was

observed in all the infants, however no clear association was identified for AR genes and NEC.
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Metagenome assembly

The reads were trimmed (error probability 0.05) and paired using Geneious. The paired reads
were then built into contigs by Geneious Read Mapper. On average, 1,800 contigs greater
than 1,000 bp in length with at least 96 contigs greater than the N50 length were assembled
per sample by the assembler. The contigs from all the samples were evaluated for the
presence of an OTU2 representative sequence (Supplementary table 2). The contigs with
OTU2 representative sequence of each sample showed highest identity to HG428755, an
enteropathogenic E coli (EPEC) (E value=0;identity >96%; query coverage >80%) that was used
as a model to study host-pathogen interactions. In order to understand the coverage of this
genome by our metagenomic reads, the samples were mapped directly towards this genome
and its corresponding plasmids (CBTO010000001 and CBTO010000002) (Supplementary table

3).

To identify potential complete conjugative plasmids assembled from our dataset, the denovo
assembled contigs from each sample having plasmid related genes were annotated using the
RAST annotation server. All the identified contigs were 97% identical with 98% pairwise
identity with each other. A representative contig of 61058 bp in length annotated by RAST
was found to belong to a conjugative plasmid homologue of IncF group of plasmids (Figure 3).
This annotated plasmid contained genes for transfer (traA-traX); replication (repA); and
resistance genes for trimethoprim, streptomycin and sulfonamides carried in an integron. In
addition there were genes for haemolysin expression modulating (hha) family (yihA, yigB and

finO) that regulate production of a-haemolysin toxin and several invasin genes (31). NCBI-
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BLAST analysis of this contig revealed similar IncF conjugative plasmids in E. coli (E value 0;

identity 100%; average query coverage 58% range [35%-78%]).

To determine the presence of other conjugative plasmids in our dataset, the metagenomic
reads from all the samples were mapped towards the de novo assembled conjugative plasmid.
Seven of the 15 samples covered >80% of the assembled conjugative plasmid with 98%
pairwise identity (sampling day 4, 9! of Patient 89; sampling day 12 of Patient 86; sampling day
46 of Patient 17; sampling day 11 of Patient 22 and sampling day 46 of Patient 49). The seven
samples with >80% coverage also covered the integron with the gene cassettes and the
replication and transfer genes of the IncF plasmid family (coverage >80%; pairwise identity
>97%). Eight samples including the 7 samples and day 11 sample of Patient 86 covered >90%
of plasmid sequences mapped to hha gene family (coverage >80%; pairwise identity >97%)

(Supplementary table 4).

Quantification of signature sequences of conjugative plasmids

Distinct regions of the de novo assembled conjugative plasmid were selected as signature
sequences. Replication machinery (replication regulatory gene-repA), virulence (hha gene
family- yigB) and carrier of multidrug resistance genes (Class | integron integrase gene- int1)
were targeted and screened in our dataset using quantitative PCR. In total, 23% of the samples
from the dataset contained at least one of these genes. Interestingly, the relative gene
abundance of repA strongly correlated with yigB (p<0.0001, Pearson correlation; r’=0.8)

indicating the replication genes and virulence genes are likely in the same genetic element
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(Figure 4). No significant correlations were found between int1 with repA or intl with yigB

(r’<0.5)

With respect to the association of OTUs and signature genes, the genes showed a significant
microbiota association with an accuracy of classification (calibrated/validated) of 0.80/0.67 for
intl gene, 0.85/0.74 for repA gene and 0.8/0.66 for yigB gene using PLS-DA. OTU2 showed
significant association with repA, hha genes and int1 showing a median of 5.6% for int1
positive samples and 0.0006% for intl negative samples (p=0.015. Kruskal Wallis test) and
8.9% for repA positive sample and 0.0006% for repA negative samples (p<0.0005. Kruskal
Wallist test). However, there was no significant association between OTU2 and yigB (p=0.13.
Kruskal Wallis test), with a median of 5.3% for yigB positive samples and 0.0006% for negative
samples. Samples from Evanston showed higher prevalence of the signature genes compared
to the other hospitals (Figure 5). There were no direct significant correlations between the

signature genes with NEC, nor mode of delivery.

Longitudinal associations of OTU2 and signature sequences

Samples were plotted on a longitudinal time scale from time of birth to end of sampling in
order to detect temporal acquisition of plasmid related signature genes and co-occurence of
OTU2 (Table 4). The diagnosis of NEC was significantly associated with high levels of OTU2

(>25%) (p=0.01, Fisher Exact test)

PLS-DA revealed that NEC is associated with signature sequences with an accuracy of

classification of 0.79/0.56 (calibrated/validated). repA and int1 showed the highest VIP score
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(>1) associated with NEC. All NEC positive infants showed an increase in the levels of repA and

yigB at the time of NEC diagnosis.

Discussion

While many studies have attempted to characterize the microbiome of preterm infants, this
work, to our knowledge is the first to investigate the mobilome as possible means of genetic
transfer as microbial functional cassettes. Typically an infectious disease is associated with a
particular pathogen, but the virulence potential within a bacterial species may vary and be

attributed to specific genetic elements encoded by specific strains (9,32).

We identified an association of NEC with a conjugative plasmid containing virulence genes and
multiple drug resistance genes. These findings may potentially help to explain why specific
pathogens attributed to NEC have not yet been identified (5,33). It is possible that a
combination of specific bacterial phylotypes along with such conjugative plasmids could
promote pathogenicity. In support of this hypothesis, it has also been recognized that the
fecal resistome could serve as a pool of genes to facilitate genetic transfers due to their

immense ability to disseminate among pathogenic bacteria (34).

The de novo assembled conjugative plasmid contained the genes necessary for conjugal
transfer, virulence genes and AR genes. We believe, the virulence factors are within the
conjugative plasmid, as we found a significant correlation of repA, a replication regulatory
gene and yigB, a gene from the hha family. The hha family of genes plays a role in regulating
the expression of virulence genes and the a-haemolysin gene family in response to virulence

factor expression (31,35). The a-haemolysin toxin has been previously shown to have a role in
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development of enterocolitis in humans and animals (36). In addition, a correlation between
the hha gene family and other conjugative plasmids has been previously reported in other

studies (37).

An integron that contained trimethoprim and streptomycin resistance gene cassettes was also
assembled within the conjugative plasmid. The integron is a genetic element most commonly
found within transposons that carry multiple resistance genes (20). We detected a high
prevalence of different AR genes and found AR genes linked to virulence genes in the
assembled conjugative plasmid. The use of antibiotics can drive the selection pressure to
antibiotic resistant bacteria in the gut. Increased use of antibiotics in preterm very low

birthweight infants is shown to be associated with increased risk of NEC (38).

Interestingly, there were clear differences in the distribution of the plasmids and OTUs among
the three hospitals investigated. The hospitals in Evanston and Chicago, which are in the same
metropolitan area had significant differences in the microbial populations and plasmid
content. Previous studies have shown a high prevalence of multidrug resistance genes at early
age in full term and preterm infants (39) indicating that the hospital environment is an

important reservoir for both bacteria and plasmids (40).

In summary, even though this dataset has limitations of small size and irregular sampling
times the study data suggest that the preterm infant gut microbiota indeed can contain a
mobilome with antibiotic resistance and virulence genes that may be transmitted within
individual nurseries and between different host microbes. As preterm infants spend many

months in the hospital environment, understanding the transmission of mobile genetic
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elements in addition to the transmission of microbes will be critical for optimizing the health

of these vulnerable infants.
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492  Figure 1: Workflow of the experimental setup. n=number of samples included; d=duplicate

493  samples; id= number of patients; B=Boston;C=Chicago; E=Evanston

494

495

496

497

498

499

500



501

502

503

504

505

506

507

508

509

510

26

Figure 2

025

Proportion in metagenomes (%)

4 7 9 9(1) 10 11 12 12(1) 42 46 56 11 16 22 46
Sampling days | |

Patient 89 (No NEC) | Patient 86 (NEC) | Patient 17 (NEC) | Patient 22 (NEC) | Patient 49 (NEC)

Figure 2: Abundance of functional genes for conjugative plasmid, MGE and virulence genes.
Maximum e-value 1e-5; minimum identity 90%; minimum alignment length 50bp was
regarded as hit. Black= hits to conjugative plasmid; dark grey= hits to mobile genetic elements;

light grey= hits to virulence and invasin genes; (1)= extra sample with same sampling day.
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Figure 3: de novo assembled conjugative plasmid. A conjugative plasmid of 61058bp was
assembled by de novo assembling of metagenomic reads and annotated by RAST using SEED

subsystem database.
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Figure 4: Correlation analysis of repA and yigB gene abundances. Pearson correlation of repA

and yigB genes in samples from Boston, Chicago and Evanston. *=Samples from Boston ; +=

samples from Chicago; o= samples from Evanston

28



527

528
529

530

531

532

533

534

535

536

537

538

29

Figure 5
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Figure 5: Geographical distribution of plasmid signature genes. Relative proportion of samples
positive to repA, yigB and int1 genes in Boston, Chicago and Evanston. Black= samples from
Evanston; Dark grey= samples from Chicago; Light grey= samples from Boston;.* P

value>0.0001 (binomial testing).
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Tables

Table 1

Description of cohort?

30

NEC positive NEC negative
Boston Chicago Evanston Boston Chicago Evanston
Number of infants 8 12 3 16 17 6
Infants with 7/5+2 5/4+1 0 14/4+1  3/6+1 0
longitudinal data® - - - -
Gestationalage g, 262420 258436 279412 259424 227429
(week)
Birthweight (g) 1169 £382 903 +329 905+441 1271+502 886+%299 886+ 303
Day of life when
+ + +
NEC was diagnosed 31.5+1.9 31+2.8 31+0.95 n/a n/a n/a
Total number of
days antibiotics 9+8.2 ND 11.3+10.6 5.2%5.6 ND 6.6+6.3
was given
[ -
% of caesarean 75 42 33 75 76 100
born infants

2Erros are given by standard deviations

bThe representation is given by: number of infants/number of samples per infant.
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Table 2

Primers used in the study

Annealing
Gene Sequence temperature(°C)
Intl F ACGAGCGCAAGGTTTCGGT
R GAAAGGTCTGGTCATACATG 53
RepA F GGGCACGTTTTATTCCACGG
R GTTTGCTGCCCTTGATGTGT 59
YigB F TGACTGATGAACATCGCCGT
R GTGCTGCCTGTCCTTCAGAA 59.6
16SrRNA F TCCTACGGGAGGCAGCAGT
R GGACTACCAGGGTATCTAATCCTGTT 60

31
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549 Table 3

550 Antibiotic resistance genes found in longitudinal samples of the patients taken from

Patie Instituti N B- Macr Sulph  Aminog Trimeth Fosfo Tetrac Phenic-
nt on 2 lacta oli- ona- lyc- op-rim  m-cin ycl-ine ol
m de mide  oside

89 Boston 4 +++ +++ +++ +++ +++ - - -

86 Boston 4 ++ + - - - +++ - -

17 Chicago 3 ++ + - + - - + -

22 Chicago 3 +++ + +++ +++ ++ +++ - -

49 Evansto 1 +++ - +++ +++ +++ - - +++

n

551  ResFinder.
552 N’ number of samples. ‘+++’ located in all the samples; “++" in more than one sample; ‘+’ in

553  one sample only;’-* absent in all samples

554
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557

Table 4

Abundance levels of OTU2 and signature genes in longitudinal datasets of NEC positive and

negative infants.

Patient NEC Sampling  NEC Sample®  OTU2 RepA?® YigB? Int1?
day
12 t-15 + + + -
17 t-10 + - ++ -
37 Yes 21 t-6 + +++ +++ -
24 t-3 ++ ++ ++ -
27 t-0 ++ ++ +++ -
10 t-2 + - ++ ++
86 Yes 11 t-1 + - ++ ++
12 t-0 + +++ - +++
38 No + - - -
42 No + - - -
15 No 48 No + - - i,
52 No + - - -
56 No + - - -
67 No ++ +++ +++ -
11 t-45 + ++ ++ -
17 42 t-14 ++ ++ ++ ++
Yes 46 t-10 +++ +++ +++ ++
56 t-0 +++ +++ +++ +
4 No +++ ++ - +++
89 No 7 No +++ +++ +++ +++
9 No +++ +++ +++ +
23 No + ++ - -
41 No 26 No + ++ - -
27 No + ++ - -
7 No + - - -
No 10 No + - - -
94 11 No + - + i
12 No + - - -
7 No + - - -
No 10 No + - - -
25 11 No + + + -
12 No + - - -
6 No + - - -
No 8 No + - - )
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116 9 No + - - -
10 No + - - -
11 No + - ++ ++

558 2The gene abundances relative to 16S rRNA gene was calculted for RepA, YigB and Intl

559  column, ‘+’ -4 to -5; ‘++' -2 t0 -3.99; ‘+++’ 0 to -1.99 are relative gene abundance values. The
560 number of 16S rRNA sequences for OTU2 column, ‘+’ <8% (500 seqs); ‘“++ >8% to <42% (2500
561  seqs); ‘+++ >42%;

562  °t= day of life; t=0 is the day of NEC diagnosis, while the other numbers indicate days prior to
563  NEC diagnosis. NA do not have the taxonomy information.

564

565 Supplementary data

566  Supplementary Figure 1
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Supplementary Figure 1: Rarefraction curves of observed species in the number of sequences per

35

sample(Average+SEM) a) in NEC positive and negative b) in hospitals of Boston, Chicago and Evanston

Supplementary Table 1: Metadata for the samples chosen for shotgun metagenome analyses.

Patient  Sampling Hospital NEC Age of NEC Abundance of
day (Y/N)2 diagnosis 0TU2
4 5991
89 7 Boston N N/AP 3288
9 2971
9l 3495
10 5
86 11 Boston Y 12 2
12 1
121 2
42 437
17 46 Chicago Y 3710
56 3765
11 6
22 16 Chicago Y 25 0
22 0
49 46 Evanston Y 46 4878

3N- No; Y- Yes; °N/A not applicable; lextra sample of the same sampling time point
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583  Supplementary Table 2: Contigs having OTU2 representative sequence (Pairwise identity >97%).

Patient Sampling day Contigs with OTU2 Length of the Pairwise
representative sequence contig identity (%)

22 93,813 97,7

7 89 986 98,9

89 97 3073 99,5

9 79 2058 99,5
9! 222 4036 99

86 11 91 2905 99,1
12 40 125961 97

42 121 1959 99.3

17 46 139 2940 99,7
56 12 111647 97
127 19052 99
49 46 6 24080 97

584  !extra sample of the same sampling time point

585

586  Supplementary Table 3: Metagenome reads mapped to reference genome (HG428755).

Patient Sampling % of Pairwise Reference Reference plasmid Reference plasmid
day mapped identity genome (CBTO010000001) (CBTO010000002)
reads (%) covered (%) covered (%) covered (%)
74 99 87.1 74 59.5
89 7 38 95.6 60 37.7 31.6
9 58 98.8 89.3 65 46,4
9! 36 73.4 56 28 13.8
10 36.2 92.5 48.3 21.3 9
86 11 74 92.5 48.3 a7 32.7
12 61 99.2 89.6 66.2 49
121 34.5 92.9 70 43 31.8
42 38 98.3 56 25 10.3
17 46 63.5 98.6 94.2 83.4 62
56 20 92 56.1 37.5 27.4
49 46 83.5 99 88.3 63.7 43

587  !extra sample of the same sampling time point
588
589
590
591
592



593  Supplementary Table 4: Coverage of the assembled conjugative plasmid by the metagenomic reads

594  from every sample.

37

Patient Sample Pairwise % of Coverage Coverage  Pairwise Coverage Pairwise  Coverage of Pairwise
number identity mapped  of plasmid of identity of hha identity replication identity
(%) reads (%) integron gene and transfer
genes
4 99 0.017 91.4 84,8 98,5 100 92,5 99 99,5
89 7 97.8 0.01 41 81,7 97 0 0 40 98,3
9! 99 0.017 100% 100 99,5 100 99,9 100 99,1
9 98 0.01 36 30,8 98,6 0 0 31,3 98,3
10 98.6 0.01 30.8 61 99,4 0 0 37,3 98,8
86 11 69.4 0.01 64 69 99 91,2 99,8 69,6 99
12 99.4 0.023 100 100 99,5 100 99,9 1010 99
121 97 0.02 46 81,4 99,8 1,4 70,6 42,2 97,2
42 99.2 0.002 323 55,4 99,4 0 0 39,3 99,2
17 46 99 0.004 84.3 16,6 100 100 100 100 99,6
56 98.3 0.015 43.1 78,7 99,7 4,2 64,5 42,8 98
11 96.3 0.014 100 100 99,5 100 99 100 99
22 16 98.8 0.03 30.6 1,5 90 10,8 98 38,9 97
22 98 0.001 81.4 0 0 100 99,5 98,9 99
49 46 81.4 0.05 100 100 99,8 100 99,5 100 99,5

595 ! extra sample of the same sampling time point

37
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Abstract

Conjugative plasmids represent major reservoirs for horizontal transmission of antibiotic
resistance (AR) and virulence genes. Our knowledge about the ecology and persistence of these
plasmids in the gut microbiota remains limited. The IncF plasmids are the most widespread in
clinical samples and in healthy humans. Therefore, the main aim is to study their ecology and
association with the developing gut microbiota. Using a longitudinal (2, 10, 30 and 90 days)
cohort of full-term infants, we investigated the transmission and persistence of IncFIA and
IncFIB plasmids. The IncFIB plasmids had higher representation than IncFIA in the cohort,
while IncFIA always co-occurred with IncFIB. However, the relative gene abundance of
IncFIA was significantly higher than IncFIB for all time periods, indicating that IncFIA may be
a higher copy-number plasmid. Through the LEFse and OTU-level associations, we observed
major differences in the abundance of Enterobacteriaceae in samples positive and negative to
IncFIB. This association was significant at 2, 10 and 30 days and showed an association with
vaginal delivery. From the shot-gun analyses, we de novo assembled multi-replicon shared
(IncFIA/IncFIB) and integrated (IncFIA/IB) plasmids that were persistent through the dataset.

Overall, the study demonstrates the nature of IncF plasmids in complex microbial communities.
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Introduction

The human gut microbiota harbors a complex microbial ecosystem that goes through major
compositional and functional changes from mass colonization at birth to the adult-like state
(Avershina et al. 2013; Palmer et al. 2007). Although our knowledge about the shifts in
composition during the early-life microbiota development are relatively well established, we
know very little about the infant intestinal mobilome, i.e. the collection of mobile genetic
elements (MGESs) of the gut microbiota (Palmer et al. 2007; Yatsunenko et al. 2012). We have
recently shown that MGEs containing antibiotic resistance genes (AR) are prevalent and
surprisingly persistent in the infant gut even across mother to child up to 2 years of age (Ravi et
al. 2015) . Furthermore, we found these elements linked to conjugative plasmids, suggesting an

important role in the reservoir for AR transmission.

Conjugative plasmids are autonomous and often encode multiple accessory elements and
addiction systems to ensure their maintenance and stability in the host cell (Norman et al.
2009). Due to this, they are often regarded as parasites of the bacterial cell (Olendzenski 2009).
Conjugative plasmids are classified based on their genetic traits and compatibility. Two
different plasmid groups with the same replication machinery are incompatible in the same
bacterial cell (Norman et al. 2009; Villa et al. 2010). Using this feature, 27 incompatibility (Inc)
groups have been recognized, with variants within each group (Carattoli 2009). Incompatibility
F group (IncF) plasmids have a narrow host range and have been reported in different
Enterobacteriaceae, including Escherichia coli (Hopkins et al. 2006; Karisik et al. 2006;
Marcade et al. 2009), Salmonella enterica (Hopkins et al. 2006; Park et al. 2009) and
Enterobacter aerogenes (Park et al. 2009). They are usually low copy-number plasmids. The
most common variants of the IncF conjugative plasmids are IncFll, IncFIA &IncFIB (Kline
1985; Villa et al. 2010). The IncFIl plasmid do not participate in the initiation of replication and
are often found in association with IncFIA and IncFIB plasmids (Osborn et al. 2000;
Toukdarian 2004).

The Enterobacteriaceae are one of the most dominant groups in the neonatal microbiota
(Arboleya et al. 2012). The IncF conjugative plasmids in Enterobacteriaceae are of particular
interest since they contribute to the carriage and spread of AR and virulence genes (Carattoli

2011). These plasmids have been associated with the unexpected emergence of plasmid-
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mediated extended-spectrum B-lactamases (ESBLS) (Coque et al. 2008; Novais et al. 2007),
quinolone (Lascols et al. 2008) and aminoglycoside resistances (Carattoli 2009). They also
carry specific virulence traits such as cytotoxins and adhesion factors as accessory genes
(Timothy J. Johnson and Nolan 2009). The IncF variants are one of the most represented
plasmid types in clinical samples and are also represented in healthy humans (T. J. Johnson et
al. 2007).

Due to the role of conjugative plasmids in the persistence of AR, the aim of the current study
was to investigate the prevalence, persistence and association of conjugative plasmids in the gut
microbiota of 47 healthy, full-term infants. The fecal samples were collected from 2 days to 90
days post-delivery. We used quantitative PCR to determine the prevalence, abundance and
stability of conjugative plasmids. Amplicon and shotgun metagenome sequencing was used to
categorize the microbiota taxonomy, analyze association with the IncF variants, characterize the
conjugative plasmid and trace these plasmids longitudinally.

Materials and methods
Cohort description & sample collection:

The study consists of an unselected longitudinal cohort of 47 healthy, full-term infants born
between gestational weeks 38 and 41 (average 39.1) after an uncomplicated pregnancy at the
Central University Hospital of Asturias in northern Spain. The infants’ birth weight ranged
between 3050 and 4120 g (average 3370), and all infants remained healthy during the length of
the study. Eighty-three percent of the infants were vaginally delivered, and until the end of the
study, 66% were exclusively breastfed. None of the children was given antibiotics up to the end

of sampling, and all were discharged from the hospital on their second or third day of life.
DNA extraction

Fecal samples were collected at two, 10, 30 and 90 days of age in a sterile container and
immediately frozen at -20°C. Samples were sent within one week to the laboratory where they
were stored at -80°C until analysis. For DNA extraction the samples were thawed, weighed (1
g) and diluted ten times in sterile PBS solution for homogenization in stomacher at full-speed

for five minutes (LabBlender, Sussex, UK). DNA was then extracted from 1 mL of homogenate
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by using the QlAamp DNA stool kit (Qiagen GmbH, Hilden, Germany) as previously described
(Arboleya et al. 2012). Extracted DNA was kept frozen at -80°C until analysis.

Gene quantification:

The abundance of the IncF variants in the samples was calculated relative to the 16S rRNA
gene by quantitative PCR. For the identification of the IncF variants by quantitative PCR, the
replication regulatory region (repA) (Carattoli et al. 2005) and iteron region (Carattoli et al.
2005) were targeted as marker genes for IncFIA and IncFIB respectively. Each PCR reaction of
20ul contained 1X HOT FIREPol EvaGreen gPCR mix (Solis BioDyne, Estonia); 200nM of
forward and reverse primers and one pl of DNA. The reaction mix was run in a LightCycler
480 apparatus (Roche, Germany). Thermal cycling condition for the 16S rRNA V3-V4
region(Nadkarni et al. 2002) (5’-TCCTACGGGAGGCAGCAGT-3’; 5°-
GGACTACCAGGGTATCTAATCCTGTT-3’) consisted on an initial denaturation of 95°C for
15 mins followed by 95°C for 30s and 60°C for 30s for 40 cycles. The thermal cycling
condition for iteron region of IncFIA (5’-CCATGCTGGTTCTAGAGAAGGTG-3’; 5°-
GTATATCCTTACTGGCTTCCGCAG-3’) and repA of IncFIB (5°-
GGAGTTCTGACACACGATTTTCTG-3’; 5°- CTCCCGTCGCTTCAGGGCATT-3") was
initial denaturation at 95°C for 15 mins followed by 95°C for 30 s, 60°C for 30 s and 72°C for 1
min for 40 cycles. After the thermal cycling, the raw CT values were exported into LinRegPCR
program (Ruijter et al. 2013) for baseline correction and average PCR efficiency. High
resolution melting (HRM) curve analysis and targeted restriction digestion was used to verify

the PCR amplicons.
16S rRNA profiling analyses

Illumina sequencing was used to analyze the microbial communities through 16S rRNA gene
amplicon (n=180) sequencing. For PCR amplification, the 16S rRNA primers PRK341F and
PRK806R(Yu et al. 2005), targeting the VV3-V4 hypervariable region, were used under the
following conditions: 95°C for 15 min followed by 95°C for 30 s, 50°C for 1 min and 72°C for
45 s. These primers were modified to contain Illumina-specific adapters. Each PCR reaction
contained 1X HOT FIREPol DNA polymerase (Solis BioDyne, Estonia); 200 nM of uniquely
tagged forward and reverse primers; 1l of DNA in a total reaction volume of 25 pl. The PCR

products were purified using Agencourt AMPure XP-PCR Purification kit (Beckman Coulter,
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Indianapolis, IN, USA) and pooled based on their concentration measured by Qubit 1.0
fluorometer (ThermoFisher Scientific, Waltham, MA, USA). The pooled products were again
purified by Agencourt AMPure XP-PCR Purification kit (Beckman Coulter). Then, the
concentration was measured using QX200 droplet digital PCR system (Biorad, Oslo, Norway)
using lllumina adapter specific primers and the normalized amplicon pool was sequenced on
Miseq platform (Illumina, San Diego, CA, USA) using V3 chemistry with 300 bp paired-end

reads.

Sequences were analyzed using the QIIME pipeline (Caporaso et al. 2010). Sequences were
quality-filtered (split_libraries.py; minimum sequence length 350bp; minimum average quality
score 25; average error estimation as parameter) and then clustered at 97% homology level

using Usearch version 8 using Greengenes database (DeSantis et al. 2006).
Shotgun metagenome analyses

The shotgun metagenome sequencing of selected samples was carried out by Illumina
sequencing. The metagenomes of the samples were fragmented, tagged, quantified and
normalized according to the Nextera XT protocol using manufacturer’s recommendations.

Sequencing was done in-house using the same platform as the 16S rRNA amplicon sequencing.

Data analysis and assembly of the metagenome reads were performed by Geneious R10 (Kearse
et al. 2012) following the recommended guidelines. Geneious Read Mapper (Geneious, USA)
was used for de novo assembly of the reads into contigs. For the metagenome assembly, the
reads were trimmed (error probability 0.05) and merged (overlap length 10bp). PlasmidFinder
program, an online tool for identifying plasmid related genes (Carattoli et al. 2014), was used to
identify plasmid related contigs. The contigs from the de novo assembler were annotated using
RAST (Rapid Annotation using Subsystem Technology) annotation server. This server uses
SEED based annotation to identify functional genes (Aziz et al. 2008). ProgressiveMauve
multiple genome alignment (Darling et al. 2010) was used to compare the different contigs

between the samples.
Validation and statistical analyses:

Fisher exact test, Spearman correlation and Kruskal Wallis test were used to test the pairwise

comparisons of the relative gene abundances of the IncF variants and the Operational
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Taxonomic Units (OTU) and between the individual gene abundance within different sampling
times. Correction of multiple testing was carried out using Benjamini and Hochberg false
discovery test (BHFDR). The error bars were calculated using standard error of mean (SEM).
ANOVA-simultaneous component analysis (ASCA) (Smilde et al. 2005) method was used to
determine OTU-level associations between different time periods within the IncF variants
(Eigenvector Research Incorporated, USA). To do this, the samples with binarized data of with
and without IncF variants along with the corresponding OTU abundances was used. The data
analyses was performed using MATLAB® R2016a software (The MathWorks Inc., USA).

The persistence of IncFIB across the time periods was calculated as the ratio of the number of
IncFIB positive samples between the two time periods to the total number of IncFIB positive

samples for which information on both time periods was available.

To categorize the bacterial species that are more or less in the samples with and without IncFIA
and IncFIB and to account for significant changes of the microbial diversity, LEFse (Linear

Discriminant Analysis (LDA) effect size) analysis was used (Segata et al. 2011). This performs
a nonparametric Wilcoxon sum-rank test followed by a LDA analysis to measure the effect size
of each taxon. Binarized data on the presence/absence of IncF variants along with the taxonomy

information with the OTU abundances/sample was submitted for the analysis.
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Results
Microbiota composition

On average, 35,317 sequences/samples were generated from the VV3-VV4 region of 16S rRNA
gene after quality filtering and chimera removal. The final dataset comprised of 391 OTUs
belonging to 13 bacterial classes. The final dataset, after quality filtering and rarefying at 5000

sequences/sample contained 167 samples belonging to 47 full-term infants.

The ten most abundant taxonomy classes consisted of nearly 99.95% of the microbial
composition (Figure 1). In general, at 2 days, the population of Gammaproteobacteria (60%) in
particular Enterobacteriaceae (48.4%) was the highest with lower levels of Actinobacteria (6%
of the population). The population of Gammaproteobacteria dropped to 43% by 30 days and
increased to 49% at 90 days, whereas the population of Actinobacteria increased with age,
reaching 25% by the age of 3 months. For infants born through vaginal delivery (n=31),
Gammaproteobacteria (64%) was higher with lower levels of Bacilli (15.5%) in particular
Streptococcaceae (4.6%) compared to infants born via C- section (n=6; 15%
[Gammaproteobacteria]; 68.3 [Bacilli]; 39% [Streptococcaceae]). In addition, there were major
differences in the population of Bacteroidia in infants receiving breast milk (n=23; 12%)

compared to formula-fed infants (n=14; 1%).
Distribution of IncF variants in the cohort

In total, 97 of 180 samples in the cohort showed the presence of IncF variants. The prevalence
of IncFIB positive samples was higher (54% of all samples) compared to that of IncFIA (8%).
At two days of age, the prevalence was 50% and 5% for IncFIB and IncFIA, respectively. The
IncFIB indicated the highest prevalence at 10 days and 30 days of age (58%, of the cohort) and
for IncFIA at 90 days (10%). Samples positive for IncFIA were also positive for IncFIB.

In the samples positive to both IncFIA and IncFIB, the relative gene abundance of IncFIA was
two times higher on average than that of IncFIB. Between the time periods, the relative gene
abundances of IncFIA and IncFIB varied throughout the study, being higher at two days and 90
days of age and lower at 10 and 30 days (Figure 2). In addition to this, the relative gene
abundance of IncFIA and IncFIB from all time periods displayed a significant correlation
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(n=14, p=0.01, p=0.6 [IncFIA- IncFIB], Spearman correlation), indicating a positive interaction
between the IncF variants.

We then investigated whether the most prevalent of the IncF variant, i.e. IncFIB, was stable
across the time periods. We found that IncFIB exhibited highest persistence patterns between
two days and 10 days (p=0.0001, Fisher exact test) and 10 days and 30 days (p=0.0001, Fisher
exact test) (Figure 3). Significant persistence across 10 days and 30 days and two days and 30

days was also detected (p=0.001, Fisher exact test).
Microbiota association with IncFIA and IncFIB

The differences in the microbiota taxonomic composition by LEFse analysis showed significant
taxon associations in the samples with IncF variants compared to samples without (Figure 4).
The samples with IncFIB had a significantly higher population of Gammaproteobacteria at all
the sampling times (p<0.05, LEFse analysis), particularly within the Enterobacteriaceae
family. On the contrary, the IncFIB-positive samples exhibited a negative association with the
population of Actinobacteria and Bacillales, particularly with the families Bifidobacteriaceae
and Enterococcaceae, respectively. Diverse bacterial classes (Verrucomicrobiae,
Alphaproteobacteria and Gammaproteobacteria) showed a positive association to samples with
IncFIA, whereas Actinobacteria, in particular Bifidobacteriaceae, showed a negative

association at 30 days and 90 days of age.

ASCA-ANOVA analyses showed significant associations in samples with and without IncFIB
at two, 10 and 30 days of age (n=21, p=0.0001; n=24, p=0.0065; n=25, p=0.001, respectively).
However, this association was not significant at 90 days of age. The model also showed
significant interaction between IncFIB and mode of delivery, in particular vaginal delivery
(n=82, p=0.0003). Table 1 illustrates OTUs involved in the significant interactions with IncF
variants at two, 10 and 30 days. OTU1 classified as Enterobacteriaceae showed the most
substantial changes in the microbiota in samples positive to IncFIB and vaginal delivery.
Samples positive to IncFIB exhibited higher abundances of OTU1 compared to IncFIB negative

samples.

Since OTUL1 indicated strong associations with IncFIB, we looked into whether these
associations were constant over time (Figure 5). Major differences in the OTU1 abundance

between IncFIB positive and negative samples were observed. The IncFIB negative samples
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displayed an increase in OTU1 abundance over time, whereas the IncFIB positive samples
showed a decrease over time. There was a significant change in OTU1 abundance in the IncFIB
positive samples at two days with 30 days and 90 days (p=1.03e-04 [2 days- 30 days]; p=3.32e-
04 [2 days- 90 days], Kruskal Wallis test, BHFDR tested).

In addition to this, we investigated whether the abundance of some OTUs varied according to
the changes in relative abundance of the IncF variants over time. The IncFIA indicated
OTU116 as Veillonaceae at two days, OTU379 as Paraprevotella at 10 days and OTU117 as
Lactococcaceae at 90 days as significant OTUs (pvalue <0.001; Kruskal wallis test, BHFDR
tested). The IncFIB showed OTU1 and OTU15 as Streptococcaceae at two days as significant
OTUs and OTUL1 at 10 days and 30 days (pvalue<0.001, Kruskal wallis test, BHFDR tested).

Shotgun metagenome assembly

A subset of ten samples with high and low levels of IncFIB relative gene abundance is
highlighted in the Supplementary Table 1, with microbiota profile information. These samples
were chosen for shotgun metagenome sequencing. The samples are named along with their
metadata and their corresponding time periods. For instance, PA-V-B-2 represents infant A,
vaginally delivered, breastmilk- fed and 2 days old, and PB-V-F-10 represents infant B,
vaginally delivered, formula-fed and 10 days old. On average, the samples had 1,393,880 reads
with read lengths from 35bp to 301bp. The filtered and merged reads were built into contigs,
obtaining an average of 1,623 contigs with over 1,000bp in length. The average N50 length was
145,467 bp with at least 143 contigs >=N50 length per sample.

Given that the samples had high and low quantities of the IncF conjugative plasmids, the
contigs were submitted to PlasmidFinder for identifying plasmid related genes. Seven out of the
eight samples with high levels of IncF gene abundances contained IncFIA and IncFIB related
contigs. NCBI-BLAST analysis of these contigs depicted different BLAST hits for IncFIA and
IncFIB, except for PC-V-B-10 in which the IncF genes were present on the same contig (E
value =0; average identity 99.2% [range 98% -100%]; average query coverage 87.8 [range
54%-100%]) (Supplementary Table 2).

The filtered and merged reads of the samples were mapped towards its corresponding BLAST

hit that had the highest query coverage. In all samples, the reads covered 63% on average of the
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IncFIA reference genome and 77.6% on average for the IncFIB reference genome (average
pairwise identity 97% [Range 95%- 100%]) (Supplementary Table 3). We then investigated
whether the detected IncFIA and IncFIB conjugative plasmids were linked or independent. This
was done by mapping the reads/sample towards the corresponding IncF reference genomes to
identify unique and shared reads. These reads were mapped to their contigs in corresponding
samples. More information is given in the supplementary text. Using this approach, we
determined unique reads for each corresponding assembled conjugative plasmid and shared
reads that matched both the assembled IncF conjugative plasmids. On average, 28,760 reads
were unique for IncFIA, and 12,249 reads were unique for IncFIB (average pairwise identity
96%) (Supplementary Table 4). In PA-V-B and PB-V-B, the annotation of the unique reads
identified replication genes along with integrons, toxin/antitoxin system and plasmid
partitioning gene family. The presence of these genes in the unique reads potentially indicates
separate conjugative plasmids. However, the annotation of the shared reads identified transfer
genes (tra & trb) of conjugative plasmids, indicating the potential sharing of the transfer genes

between the IncF plasmids.

In order to look further into the corresponding contigs carrying the shared and unique reads, the
reads were mapped back to the built contigs. The contigs that mapped >1000 of the unique or
shared reads and covered >10% of the contig, was considered as plasmid related contigs. In PA-
V-B, the coverage of the contigs with unique reads mapping to IncFIA (avg. coverage 64.7)
was significantly higher than for reads mapping to IncFIB ([avg. coverage, 23] [p=0.04,
Kruskal Wallis test]) (Table 2). The contigs with shared reads in PA-V-B showed the same
coverage (avg. coverage [IncFIA] 40.1; [IncFIB] 41). On the other hand in PC-V-B-30, contigs
with the shared reads showed the same coverage (coverage 20.6), and no contigs with >1000
unique reads were found. Therefore, a multireplicon model of an assembled shared (IncFIA/
IncFIB) conjugative plasmid in PA-V-B and integrated IncFIA/IB conjugative plasmid in PC-

V-B seems to be present in this cohort (Figure 6).

Finally, we investigated whether the IncF related contigs were persistent between the different
time periods for each infant. Infants with the IncFIA and IncFIB related contigs in their
longitudinal samples were selected, i.e. PA-V-B and PC-V-B. The contigs with the shared reads

across the different time periods were multiple aligned using Mauve. In PC-V-B-10 and 30, up
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to 50% of the assembled contigs between the two time periods show 93% identity and the rest
show 99% identity. The drop in identity initially could be due to chimeric regions between the
time periods. In PA-V-B, the contigs shared between IncFIA and IncFIB related reads (2 days,
10 days and 90 days of age) show 99.1% identity (Supplementary Figure 1) indicating the
persistence of conjugative plasmids across the time period analyses.

Discussion

In this study, we have used the 16S rRNA information to study the interactions of microbial
community profiles with the abundance of IncF variants throughout the first months of life. The
gut microbiota succession indicates a higher proportion of Enterobacteriaceae with increasing
abundance of Actinobacteria as previously reported for healthy, full-term infants (Avershina et
al. 2013; Ravi et al. 2015). We observed a high occurrence of IncF variants in the fecal
samples in our cohort of infants during the first three months of life. In general, IncF variants
have a limited host range in the Gammaproteobacteria and show wide association within the
Enterobacteriaceae family (Lyimo et al. 2016). Therefore, the high proportion of
Enterobacteriaceae in the microbiota population and the limited host range of the IncF variants
are the likely explanation for the observed strong association between IncFIB and the
developing gut microbiota. During vaginal delivery, the vaginal and fecal microbiota are the
major contributors to the initial colonization of the infants (Mueller et al. 2015). Therefore, the
possibility of a vertical transmission of conjugative plasmids from the mother to the infant
during delivery seems very plausible. However, this observed association of IncFIB and
developing gut microbiota was lost by 90 days, as the abundance of OTUL in IncFIB positive
samples gradually decreased. Though not statistically significant, we observed a higher
tendency of plasmid loss at 90 days, whereas the overall level of OTU1 abundance in IncFIB
negative samples gradually increased. This could potentially lead to a weaker association of
OTU1 and IncFIB, resulting in horizontal gene transfer of IncFIB plasmids to other bacterial

species.

While we observed a high prevalence of IncFIB in our cohort, the prevalence of IncFIA was
much lower. Nevertheless, IncFIA portrayed higher relative gene abundance compared to
IncFIB, indicating that IncFIA as a higher copy number plasmid. Even though high abundant

plasmids are favored in intra-host selection, i.e. over-replication of plasmid copies to increase
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chances on fixating to a cell, they are outcompeted by low copy-number plasmid-borne cells or
by plasmid-free cells (Watve et al. 2010). Therefore, for achieving persistence of large plasmids
in complex environments as in the gut microbiota, IncF variants are often associated with copy
number control (Summers 1998), active partitioning systems (Ebersbach and Gerdes 2005) and
post-segregationally killing (Hayes 2003). The toxin/antitoxin systems are important for the
plasmid stabilization and to effectively kill plasmid free cells (Unterholzner et al. 2013), while
the plasmid partitioning system ensures proper partitioning of the plasmid to the corresponding
daughter cells (Bignell and Thomas 2001). This in turn ensures copy number maintenance and
inheritance of plasmid-borne daughter cells (Slater et al. 2008). In relation to this, the observed
high persistence of IncFIB could potentially be due to the relative low gene abundance of
IncFIB along with the presence of a plasmid partitioning system (ParA & ParB) and

toxin/antitoxin systems (ccdA & ccdB) gathered from our metagenome analyses.

By combining the information on the relative gene abundance of the IncF variants and the
coverage of the contigs with plasmid related genes, we assembled a multireplicon-based IncF
plasmid from two longitudinal datasets. In the shared IncFIA/IncFIB conjugative plasmid,
IncFIA showed two times higher gene abundance compared to IncFIB, which was further
confirmed by our assembled data where the coverage of the unique contigs of the
corresponding IncF related genes was also two times higher in IncFIA. However, the coverage
of the shared contigs between the IncF variants did not show any differences, indicating shared
trait between the conjugative plasmids. On the other hand, the integrated multireplicon plasmid
displayed no difference in the relative gene abundance between the IncF variants and displayed
no unique contigs. Commonly, variants of the Inc groups share homologous genes such as
transfer genes (tra & trb), suggesting their relatedness (Suzuki et al. 2010). In addition to this,
the prevalence of IncFIA plasmid always along with IncFIB plasmid suggests similar integrated
or shared conjugative plasmids in our dataset. Therefore, we believe these complex conjugative
plasmids have major factors that ensure their widespread and versatile rapid adaptation to
drastic changes in the developing gut microbiota (Carattoli et al. 2005; Ravi et al. 2015; Villa et
al. 2010).

Overall, our study shows the persistence of IncF conjugative plasmids in the developing gut

microbiota especially within the Enterobacteriaceae family. This strongly suggests the
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presence of an active mobilome containing multidrug resistance genes in the developing infant

gut microbiota.
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Figure 1: Bacterial class composition of the study cohort based on the 16S rRNA gene

amplicons. n represents the total number of samples per time period.
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Figure 2: Relative gene abundance of the samples positive to IncF variants between time
periods. Gene abundance is calculated relative to the 16S rRNA copies for that sample. The
error bars represent the standard error of mean. *p<0.05, Kruskal Wallis test. Correction for
multiple testing done by BHFDR testing. Errors bars are represented by SEM
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Figure 3: Persistence of IncFIB positive samples at each time point. The numbers represent the

ratio of the number of IncFIB positive samples between the two time periods to the total
number of IncFIB positive samples on both time periods. *p <0.05; ** <0.001, *** <0.0001,
Fisher exact test. The color gradient represents the percentage of samples persistent between

one time periods to the corresponding time period.
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Figure 4: Association of bacterial taxonomy to IncF groups (p<0.05, LEFse analysis). Blue
represents bacterial groups associated with samples positive to IncF variants; green represents
bacterial groups negatively associated with samples positive to IncF variants. Big size circle
represents taxonomy association at the class level; medium size circle represent association to

family level and; small size circle represents association to species level.
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Figure 5: OTU1 abundance in IncFIB positive and IncFIB negative samples over time. *p
<0.05; ** <0.001, Kruskal Wallis test. Error bars are represented by SEM.
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530 Figure 6: Representation of shared and integrated conjugative plasmid. De novo assembly of
531 IncFIA and IncFIB conjugative plasmid. a) shared multireplicon plasmid; b) Integrated

532  multireplicon plasmid. parA/parB, plasmid partitioning genes; RepE, replication gene;

533  VagC/VagD, virulence associated protein; hae, haemolysin gene; ccdA/ccdB, toxin/antitoxin
534  system, intl, class I integron integrase; dhfrl, dihydrofolate reductase; aadAl, Streptomycin O-
535 adenyltransferase; ermE, ethidium bromide-methyl viologen resistance; DHPS, dihydropterate
536  synthase; Pac, puromycin N-acetyltransferase; sth, plasmid stability genes; RepFIB, replication
537  gene.
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Table 1: OTU associations at different time periods

Time  Variable OTU Classification P value!  Median?
periods
2days IncFIB 1 Enterobacteriaceae 1.36E- 4222 (+)
05
37 ()
IncFIB 3 Enterococcaceae 8.00E- 74 (+)
03
10 (-)
Delivery 1 Enterobacteriaceae 0.026 3801(v)
36.5 (C)
Delivery 2 Streptococcus 7.08E- 2(V)
04
936.5 (c
10days IncFIB 1 Enterobacteriaceae 5.99E- 1952(+)
05
11.5(-)
30days IncFIB 1 Enterobacteriaceae 1.30E- 2183(+)
04
90)

1p values calculated by Kruskalwallis test. % “+> samples with IncFIB; ‘-’ samples without

IncFIB, ‘v’ vaginal delivered, ’c’ caesarean section.
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Table 2: Contigs mapping to unique and shared reads

IncFIA IncFIB
Infant Sample Reads No. _of Avg. No. _of Avg.
(Days) contigs coverage contigs Coverage

2 4 46,6 4 46
PA-V-B 10 5 31.8 5 47.06
90 Shared 5 42 5 40.3
PB-V-F 10 4 19.4 3 18.6
PC-V-B 30 2 20.6 2 20.6
2 4 84,9 26.2
PA-V-B 10 3 38,6 3 16.5
90 Unique 5 70.6 26.2
PB-V-F 10 3 19.6 3 12.5

PC-V-B 30 0 0 0 0
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553 Supplementary data
554  Supplementary Table 1

555  Metadata of the samples chosen for shotgun metagenome analyses

Relative gene abundance

Infant Sampling day IncFIA IncFIB
2 0.098 0.089
10 0.069 0.04
PA-V-B
302 0.028 0.0056°
90 0.18 0.046
2 0.10 0.001°
10 0.023 0.01
PB-V-F
30 0.007" 0.002°
90 0.043 0.026
10 0.027 0.025
PC-V-B
30 0.057 0.043

556  2No sequences were produced and was discarded from further analyses ® samples with low

557 relative gene abundances.

558
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559  Supplementary Table 2

560 BLAST hit for the contigs with plasmid related genes

Infant Days Gene BLAST hit Sequence Query Identity
length (bp)  coverage (%) (%)
oAy, 2 43.002 91,07 100
5 10 KP453775 52,415 08,1 100
90 37,140 99,86 99,9

IncFIA

PB-V- 2 CP015912 191,970 88,6 99.6
F 10 CP015239 11,935 84.8 95,5
PC-V- 10 LO017738 8,965 90,93 100
B 30  IncFIA/INCFIB  CO010172 97,965 84,75 97
NV 42,933 54,35 99.8
5 10 EU935739 42.901 88,54 100
90 294 819 85,33 100
PB-V- 10 IncFIB KP398867 4638 93,10 100
F 90 AM886293 6,077 84,3 08,4
PCéV' 30 CP015131 5,511 08.31 99.5

561

562  Supplementary Table 3

563  Mapping reads towards the genome with the highest alignment score

Coverage of

Infant ?gr:z; Gene BLAST hit i dZ?t:Z;I/Iz;)) reference C':Ao \fgfaggee
sequence (%)

2 97,7 53,7 65

C_AE; 10 KP453775 97,9 63,8 178
90 97,3 53,6 60

PB-V/- IncFIA 7

= 10 CP015239 95 64,4 30,6
PC-V- 10 LO017738 95 77 20
B 30 IncFIA/IncFIB C0010372 97 84,5 22

2 97,1 76 103
PR EUO35730 98,6 81 73
90 96,7 75,7 91

PB-V- 10 IncFIB KP398867 96,7 78,5 176
F 90 AMB86293 95,7 70 170
PC-V-— 3 CPO15131 952 84.7 24




564  Supplementary Table 4

565  Unique and shared reads of IncFIA and IncFIB conjugative plasmids

. Pairwi
Sample  Used reads Unique Shared _alrvv_lse Coverage of reference
Infant identity
(Days) of reads reads (%) sequences (%)
PAV.- 2 IncFIA 49,621 51,321 96,4 61,7
B 10 (KP453775) 35,806 37,347 96,5 61
90 43,741 43,978 95,8 61.7
PB-V- IncFIA
E 10 (CP015239) 9316 12,177 95,6 40
PC-V- IncFIA
B 30 (LO017738) 5,320 10,991 95,4 50
2 15,616 49,067 96,2 30
A 10 (Elan;gF;%g) 11,388 37,05 96,5 30,2
90 12,696 43,510 96,9 29,4
PB-V- 10 IncFIB
= (KP398867) 13,582 10,899 95 38,5
PC-V- IncFIB
B 30 (CPO15131) 7,966 11,400 95.2 52.2

566
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Abstract:

Conjugative plasmids represent major reservoirs for multidrug resistance genes. Preterm
infants, due to their extended stays at the hospital and enteral feeding harbour a less diverse
microbiome with dominating populations of opportunistic pathogens such as
Enterobacteriaceae. This bacterial family are known to be carriers of mobile genetic elements
especially conjugative plasmids and integrons. Therefore, the main aim is to study the diversity
of conjugative plasmids through whole genome sequencing and characterise the functional
attributes carried by the plasmid. We isolated 74 strains from fecal samples of a preterm twin
pair. The strains indicated resistance to wide range of antibiotics and with possible AmpC/
Extended Spectrum B-lactamase production. The de novo assembly for 11 of the 17 strains
harboured an Incl1 plasmid with all transfer genes and an IncFIB plasmid with potential
virulence genes and minimal transfer genes. In addition to this, integrons with multidrug
resistance genes were detected. This plasmid and integron was detected in both the twins.
Another strain harboured an IncF11/IncFIB conjugative plasmid that contained bacteroicin-
production related genes. The strain showed no resistance to antibiotics but produced
bacteroicin against a few E.coli- related strains. Through gPCR screening, we detected most of
the E.coli strains consisted of Incl1 and IncFIB plasmid. The rest of the strains were
Enterococcus spp. Transmission experiments demonstrated the transmission of Incl plasmid
and no transmission of IncFIB indicating this plasmid as native for the bacterial strains. The
integrons also transferred but by only broth mating indicating presence of smaller plasmids.
Overall, the study demonstrated the vast diversity of conjugative plasmids and integrons in a

relatively small population of Enterobacteriaceae
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Introduction

The complexity of the gut microbiota in preterm infants is perturbed by number of biotic and
abiotic factors'. The microbial composition is less diverse than for infants delivered at term,
with higher abundance of Enterobacteriaceae (such as Escherichia coli & Klebsiella spp),
Enterococcaceae (such as Enterococcus spp) & Clostridia?. The preterm gut microbiota has
been linked to the presence of Mobile Genetic Elements (MGESs) within these bacterial families
especially within the Enterobacteriaceae®. However, there is a lack of knowledge on the
transmission of these MGEs. Therefore, the main aim of our study is to identify the diversity
and functional traits of MGEs residing within the isolates of Enterobacteriaceae family isolated
from the gut microbiota of a preterm twin pair. The conjugative plasmids are of special interest
since these elements are known for their carriage of multi-drug resistance genes and virulence

factors®.

Conjugative plasmids harbours 3 functional groups relating to replication, transfer and stability.
Due to the presence of their complex transfer system, conjugative plasmids can replicate and
transfer autonomously®. Plasmid addiction systems harboured by many plasmids, such as
plasmid partitioning, toxin/antitoxin and stability genes ensures the stability of these plasmids
within the microbial populations®. They are often regarded as parasites of the bacterial cell. In
addition to these groups, the plasmids also harbour accessory elements such as integrons that
are generally non-mobile but are found harbouring several antibiotic resistance (AR) genes as
gene cassettes®. They are often found in association with transposons and plasmids.

The classification of conjugative plasmids is through their incompatibility nature’. Plasmid
incompatibility is the inability of sharing the replication apparatus between two plasmid
groups*’. This, in turn destabilizes and degrades the inheritance of one plasmid. Until now, 27
incompatibility groups have been discovered and most of these conjugative plasmids have a

narrow host range within the Gammaproteobacteria®.

To study the various types of conjugative plasmids residing the preterm fecal sample, we
isolated strains harbouring multidrug resistance properties and studied the different strains and
conjugative plasmid variants by whole genome sequencing. We then explored the functional
attributes of conjugative plasmids harboured within the strains using culturing and quantitative
PCRs.
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Materials and methods
Sample description

Faecal samples were collected from a preterm twin pair that was a part of a prospective, single-
centre, observational study. The infants were admitted to the University and Polytechnic
Hospital La Fe in VValencia, Spain. The twins selected for this study (preterm twin | & twin 1)
were born preterm (gestational age 30) and weighed 1410 g and 1630 g respectively. The
infants stayed at the hospital until sampling even though they did not show any complications
or signs of infection. The fecal samples were collected 20 days after birth. The children were
born by emergency caesarean section and breast-fed. No antibiotics were given until sampling.

The collected fecal samples were frozen and kept at -80°C for later analysis.
Bacterial strain isolation from fecal samples

Mueller Hington (MH) agar (Sigma Aldrich, Madrid, Spain) was used to plate 0.2 g of faecal
sample diluted to up to 10** dilution from the corresponding twins. The plates were incubated at
37°C overnight. Random individual colonies from all species were picked out at 103 and 10
dilution plates and streaked onto fresh MH agar plates to get pure cultures. The isolated pure

cultures were then stored with 35% glycerol at -80°C until further analysis.
Antibiotic susceptibility test for the isolated strains

The antibiotic susceptibility tests was determined using the standard Kirby-Bauer disk diffusion
method®. The susceptibilities of the isolates were tested for 6 different antibiotics groups
belonging to penicillin (amoxicillin-clavulanic acid 30 pg/disc); cephalosporin (cefpodoxime
10 pg/disc); fluoroquinolones (Ciprofloxacin 5 pg/disk); aminoglycosides (gentamicin 5
pa/disk); trimethoprim 5 pg/disk and sulphomethoxasole 25 pg/disc. The antibiotic
susceptibility cartridges were obtained from Oxoid, ThermoFisher Scientific, and Waltham,
MA, USA.

All the strains from the corresponding samples were included for the antibiotic susceptibility
testing. The bacterial suspensions were adjusted to a turbidity of 0.5 McFarland standard and
streaked onto MH agar plates. The antimicrobial discs were placed on the surface of the agar
plate and was incubated at 37 °C overnight. The diameter of the inhibition zones surrounding

the antimicrobial discs were interpreted according to the EUCAST guidelines®.
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DNA extraction

The strains were revived from the glycerol stock by inoculating 100 ul of the glycerol stock in
5 ml of MH broth (Sigma-Aldrich, Oslo, Norway) and incubated at 37°C overnight. For the
DNA isolation, 200 pl of the overnight-incubated broth was mixed with 200 pl of S.T.A.R
buffer (Roche, Oslo, Norway). In addition to this, 0.25g of acid-washed glass beads <106 pm
(Sigma-Aldrich) was added and the cells were lysed in FastPrep96 (MP Biomedicals, France) at
1800 rpm for 40 seconds for 3 rounds. The lysed cells were centrifuged at 13000 rpm for 5
mins and 50 pl of the supernatant was used for the DNA isolation. An automated protocol
based on paramagnetic particles (LGC Genomics, UK) was used for the DNA isolation. In
brief, lysed cells were mixed with paramagnetic beads and eluted using a 96-super magnet plate
(Alpaqua, Beverly, MA, USA). The concertation of the eluted DNA (1.5 — 30.6 ng/ pul) was
determined by fluorometer using a Qubit system (Invitrogen). The DNA was then stored at -
40°C until further use.

Gene Quantification

For the presence and quantification of conjugative plasmids, accessory elements and taxonomy
of the strains, quantitative PCR was used. Each PCR reaction of 25 pl contained 1X HOT
FIREPol PCR mix (Solis Biodyne, Tartu, Estonia); 200 nM of forward and reverse primers: 1
pl of DNA sample and sterile deionised water. The reaction mix was then amplified using a
Lightcycler 480 (Roche). The fluorescence data was then uploaded to LinRegPCR program?! to
perform baseline correction and calculate mean PCR efficiency. High Resolution Melting
(HRM) curve analysis was used to verify the identity of the PCR products. The primers used in
the study is given in Table 1. The thermal cycling conditions for the E.coli235857*2 specific to
E coli strains, IncFIA & IncFIB’ variants of the IncF conjugative plasmid, Incl conjugative
plasmid” and int1 gene®® of the class | integron was an initial denaturation of 95°C for 15 mins
and 40 cycles of 95°C for 30 sec, 60°C for 30 sec, as for the intl gene the annealing
temperature was 53°C. The PCR products were verified by Sanger sequencing (GATC biotech,
Solna, Sweden).

To test the association between the plasmids and accessory elements, spearman correlation was
used. The data analyses was performed using MATLAB® R2016a software (The MathWorks
Inc., USA)
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Whole genome sequencing and analysis

The whole genome sequencing of the strains was carried out using the Illumina sequencing.
The metagenome was fragmented, tagged and quantified using the protocol recommended by
the Nextera XT sample preparation protocol (Illumina). Sequencing was done in-house using
V3 chemistry and 300 bp paired end reads.

The analysis of the whole genome reads was performed using Geneious R10 following the
recommended guidelines. The raw reads from the sequencer were merged using an in-house
designed merge application and de novo assembling of the reads was performed using Geneious
Read mapper'* (Geneious, Biomatters, New Zealand). The ResFinder®®, PlasmidFinder?®,
PMLSTY & MLST?®® (DTU, Copenhagen, Denmark), are online applications used for the
detection of the antimicrobial genes, plasmids, plasmid MultiLocus Sequence Typing (pMLST)
& MultiLocus Sequence Typing (MLST) of the strains in the de novo assembled contigs based
on the NCBI database. RAST (Rapid Annotation using Subsystem Technology) server based on
the SEED system was used to identify gene within the de novo assembled contigs®®. BLAST
Ring Image Generator (BRIG) was used to display the regions of the plasmids that were similar
to each other across the strains?’. Bactibase, a repository for bacteriocin related genes in both
gram-positive and gram-negative bacteria was used to check for potential bacteriocin-related

genes in the strains?.
Bacteriocin production assay

To screen for bacteriocin producers in our strains, the E.coli MH1%222 was initially used as the
indicator. The first round of screening was performed using soft agar overlay assay?. Briefly,
the overnight grown indicator strains in Luria Bertani (LB) agar (ThermoFisher Scientific) were
100-fold diluted in 5 ml of LB soft agar (0.8%) that was plated out as lawn cultures. The strains
were spotted on the indicator lawn cultures and incubated at 37 °C for 18-24 h. The inhibition

was defined as clear zones around the producing bacterial colony.

For the strains that showed bacteriocin production activity, the crude protein precipitate of the
strains were used to test the activity. The protein precipitate was extracted by adding 50%
saturation of ammonium sulphate in a 50 ml LB broth with overnight cultures. The flasks were

incubated without shaking at 4°C for 24 h before spinning down the supernatant at 25000 rpm
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for 45 mins. The protein precipitate containing the crude bacteriocin was then re-suspended in
500 ul of Phosphate Buffered Saline (PBS). In case of any re-suspended cells in the pellet, the
protein pellet was heat-treated to 70 °C for 5 mins. This protein precipitate was used to test the

bacteriocin activity similar to the agar diffusion method.

Sensitivity of protease was tested by adding 2 pul of proteinase K (Sigma-Aldrich) at 20 pg/ml
near the spotted cells. Sensitivity was seen when the indicator was not affected in the regions

close to the proteinase K application.
Conjugation experiment

Selected strains were used for the conjugation assay. The recipient strains used in this study
was an E.coli DH5a rif*, which was resistant to 32 rifampicin. Solid agar mating and liquid
mating were performed for this experiment. For the liquid mating, 500ul of the recipient and 10
ul of the donor were mixed in 4 ml of LB broth and incubated at 37 °C for 4 hand 24 h. A 10*
dilution of the mix was then streaked out on MH agar plates containing 32 mg/ml of rifampicin.
For the solid agar mating, 1 pl loop of donor and recipient colonies are mixed together. The
mixed colonies are diluted up to 102 using NaCl and streaked together on a MH agar plate with
32 mg/ml of rifampicin. Disks with antimicrobial agents corresponding to the resistance
profiles of the donor strains were placed onto the surface of the agar plates, followed by
incubation at 37 °C for 4 h and 24 h.

Presumptive transconjugants growing within the inhibition zones on the rifampicin containing

plates were subcultured and further subjected to DNA isolation and gene quantification.
Results and Discussion
Bacterial isolates and antimicrobial susceptible tests

In total, 22 strains originating from preterm twin | and 52 isolates from preterm twin 11 were
isolated. In total, from the gPCR screening, 44 (Twin I- 9; 1I- 36) of the 74 strains were E.coli
positive, the rest of the strains belonged to Enterococcus spp. The antibiotic susceptibility
testing was carried out for all the isolates where 71 strains showed resistance to at least one
antimicrobial agent (Figure 1). Resistance to cephalosporin where most prevalent as almost
93% of the isolates were resistant to cefpodoxime. In addition, 17 isolates were resistant to

gentamicin, Furthermore, all the isolates resistant to amoxicillin-clavulanic acid (n=19) was
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also resistant to cefpodoxime. The resistance patterns suggest extended spectrum [3-lactamase
(ESBL) production. The ESBLs are enzymes that can hydrolyse most of the penicillins such as
amoxicillin and cephalosporins such as third-generation cefpodoxime®*?° . The ESBL enzymes
encoding genes are usually harboured within plasmids. Clavulanic acid is commonly used as an
inhibitor for B-lactamases and is generally combined with penicillin for targeting ESBL-borne
infections. However, the resistance to both clavulanic acid and cefpodoxime indicates an
AmpC-type cephalosporinases where the AmpC-type enzymes are poorly inhibited by the
classical ESBL-inhibitors such as clavulanic acid?’. However, for the confirmation of AmpC-
ESBL production, a screening breakpoint of >1mg/L is recommended for cefotaxime,
ceftriaxone and ceftazidime?, in addition to testing against other substances.. Since
cefpodoxime is the most sensitive individual indicator for detection of ESBL production,

further confirmatory testing with the above-mentioned compounds needs to be done®+°,

In addition to this, gentamicin is commonly given in combination with -lactam antibiotics.
This combination is commonly administered for infants since it provides a synergistic effect
against the most commonly encountered pathogens?. From a survey on antimicrobial resistance
in 265 Spanish hospitals and 19,081 E.coli isolates from 2001- 2010, it was demonstrated that a
significant strong correlation towards the rate of usage of fluoroquinolones, and third-
generation cephalosporin in E.coli strains to the resistance against both the antibiotics®.
Therefore the presence of such spectrum of resistance genes to several antibiotics could
potentially be due to the increased prevalence of MGEs. The resistance to sulphamethoxazole
could be due to the presence of integrons since integrons consists of a 3’ conserved segment
that confers resistance to sulphonamides (sull) and ammonium quaternary compounds
(qacEA1)%L.

Whole genome sequencing

Strains showing diverse AR profiles that are from E.coli and Enterococcus spp were chosen for
whole genome sequencing. Seventeen strains (Twin 1-6; Twin I1-11) were selected from the

strain collection (Supplementary Table 1). The strains are marked alongside their twin pair. For
instance, A-1l1 means strain A of twin Il and B-1 means strains B of twin I. On average, 827,634

reads were generated per genome with read length from 35 bp- 301 bp. The reads were merged
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and built using Geneious Read mapper, obtaining an average of 73 contigs over 1,000 bp in
length. The average N50 length was 210,522 bp with at least 10 contigs >=N50 length/ sample.

The contigs from all the strains were submitted to PlasmidFinder for the detection of
conjugative plasmids in the genome sequences. Twelve of the 17 strains showed the presence of
IncF and Incl conjugative plasmids (Twin I- 3; Twin Il- 9). The strain J-1 harboured IncFIl &
IncFIB conjugative plasmids. The rest of the strains contained IncFIB and Incl conjugative
plasmid. Even though the strain J did not show resistance to any antibiotics through disk-
diffusion, ResFinder indicated resistance genes to aminoglycosides from the genome data. As
for the other 11 strains that harboured conjugative plasmids, ResFinder indicated resistance
genes to aminoglycosides, tetracycline, sulphonamides, trimethoprim, and p-lactam and
macrolide resistance. In addition to this, the MLST indicated that the strains harbouring the
conjugative plasmids belonged to 3 different E.coli sequence types (ST) where strain B-11 and
strain E-1 belonged to ST345, Strain J-11 belonged to ST34 and the rest of the strains belong to
ST636. All these sequence types are known ESBL strains with varied AR genes and MGEs®2-3,

Assembly of conjugative plasmids
IncFIB conjugative plasmid

In the 11 strains that showed multidrug resistance properties, we detected contigs-related to
IncFIB. The de novo assembled IncFIB plasmid harboured only TraX, Tral and FinO as transfer
genes. None of the other IncF transfer genes were detected. The absence of transfer genes
suggests IncF plasmid could be a non-mobile plasmid. However, the plasmid harboured special
properties for achieving persistence in complex environments®®. Copy number control (cop
genes)®, active partitioning systems (parA/parB)3” and post segregationally killing (TA systems
such as ccdA/ccdB)®. These are the main gene families relating to persistence in microbial
communities. The presence of such genes in a non-mobile plasmid indicates long term persistence
of these elements in the gut microbiota. In addition to the presence of addiction systems, the
assembled IncF plasmids harboured potential virulence genes such as IroBCDEN®*® and
aerobactin biosynthesis gene family*’. The former and later gene families are associated with
extraintestinal pathogenic E. coli (EXPEC). Both the gene families are associated with the ability
of microbes to grow in iron-limiting conditions that could potentially promote systemic

infections*#2, The former and latter families are commonly associated with plasmid genes and

9
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are a part of the mobile virulence gene family**#4. In addition to this, the strains also harboured
streptomycin resistance genes (strA&B) and in accordance to that, the strains were resistant to

streptomycin by disk diffusion method.

In order to look for similar IncF plasmids across the different strains, the assembled plasmid from
one of the samples (strain K-I1) was compared together with the other de novo assembled IncF
plasmids (Figure 2). This particular IncFIB assembled plasmid was detected in 11 of the 12

strains.

On the other hand, the strain J-I1 that did not harbour the same IncFIB conjugative plasmid
harboured an IncFIl/IncFIB conjugative plasmid. This particular plasmid contained all the
transfer and replication regulatory genes needed to be mobile. In addition to this, the plasmid
harboured bacteriocin producing genes (colicin 1), potential virulence factors (aerobactin
siderophore) & haemolysin expressing genes (hae/Yih), copy number control genes (copB) and
TA systems (ccdA&B) (Figure 3). This particular plasmid was native to preterm twin B and was

not found in any other strains.
Incl conjugative plasmid

For the strains that we detected a potential non-mobile IncFIB plasmid, we also detected Incl
plasmids in the same bacterial strain (n=11). The contigs related to the Incl conjugative plasmid,
on the other hand harboured all the transfer (TraA- TraY) and the pilus genes (Pil genes). This
de novo assembled Incl plasmid consisted of a complex transfer system extending to over 50kb
with two types of conjugative pilus regions. In general, these plasmids are known for their
extensive transfer and pilus associated genes*. Many diverse Incl plasmids have been detected
and sequence-typed!’, where strains from this dataset belong to Incll conjugative plasmid. In
addition to the presence of the transfer system, the Incl plasmids also harboured a plasmid SOS
system (psiA-psiB family) and the replication initiation genes. The assembled Incl plasmid from
one strain (strain K-11) was compared to the assembled plasmids from the other strains and we
observed the same type of assembled plasmid across the 11 of the 12 strains, the exception being
Strain J-1I (Figure 4).

Integrons

10
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In 11 of the 12 strains, integrons were detected in the metagenome sequences. The consensus
integron showed 98% similarity between the integrons in the other samples. The integrons
harboured resistance gene cassettes to Streptomycin (aadAl), spectinomycin (spc) and

chloramphenicol resistance (CmR) along with resistance to sulphonamides (DHPS) (Figure 5).

Overall, in 11 of the 12 strains, the conjugative plasmids with Incl/IncFIB was detected in both
the preterm twins. Except the strain J-11, the conjugative plasmids indicated sharing of the
mobilome. With regards to coverage of the conjugative plasmids, the Incl plasmids indicated
twice as much coverage as for the IncFIB indicating Incl plasmids with 2 copies higher than
IncFIB. The hospital environment are major breeding grounds for the adaptation and prevalence
of multidrug resistance genes*®“’. The IncF and Incl plasmids are also known for the carriage of
several types of B-lactamases and other resistance genes®*®. Therefore, the hospital-acquired
mobilome is a major concern especially in the neonatal intensive care unit of the hospital. In most
of the strains, we detected conjugational complex involving Incl and IncFIB conjugative plasmid.
This conjugational complex is created when some of the genes related to replication such as mob
and FinO genes are shared between the plamsids*. However, information on this mode of

replication is limited in regards to literature and reproducibility.
Prevalence of Incl and IncF conjugative plasmids

In order to detect similar conjugative plasmids in our strain collection, distinct regions of the Incl
and IncFIB conjugative plasmids, integrase gene of the integrons were targeted and screened.
The E.coli strains were positive to IncFIB. In addition, 3 Enterococcus spp were positive to
IncFIB. For Incl and integron, 44 of the 74 strains were positive including one Enterococcus spp
strain. The distribution of conjugative plasmids and integrons across the strain collection
indicates the presence of similar conjugative plasmids across the gram-positive and gram-
negative strains. The plasmids were also shared between the preterm infants. In general, most of
the conjugative plasmids that have been identified in gram positive bacteria are from Streptococci
and Enterococci spp.*®°C. The IncFIB and Incl were prevalent together in 44 of 74 strains and in
that 43 strains were E.coli-positive.

Bacteriocin activity assay

11
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The bacteriocin genes harboured in the IncFIl/IncFIB conjugative plasmid was unique to strain
J-11 plasmid. The crude precipitate showed bacteriocin activity against E.coli MH1 and three of
the 10 commensal E.coli strains. This bacteriocin activity was inhibited by the presence of
proteinase K. Bacteriocins are antimicrobial proteins that have bactericidal properties®. They
have a narrow host range and normally target species that are closely related to the producer.
They are shown to be important mediators for intra- and interspecies interactions and for
maintaining the microbial diversity. Therefore, the role of these bacteriocin-producing strains in
the development of the gut microbiota lack detailed assessment. However, the bacteriocin
production by conjugative plasmids, in general has shown to augment niche competition whereas
the bacteriocin producers outcompetes the non producers®. We believe, our strains produce a
variant of colicins since we detect the genes related for colicin production and transportation.
These bacteriocins are known to inhibit the growth of related E.coli strains®3. The TonB gene that
is detected in our metagenome, is a machinery involved by colicin to enter into a cell. However,

further work on the characterization of colicin produced by the strains needs to be completed.
Transmission assay

The major mechanism for the transfer of mobilizable genes between different bacteria is
through conjugation. Therefore to check the transferability of the conjugative plasmids in our
collection, 5 representative strains were chosen (strains C-11, D-11, G-I1, I-1, & L-II) for
conjugation experiment. After conjugation, the DNA extracted from the transconjugants were
screened for IncF, Incl and integron (Table 2). All the transconjugants showed the transfer of
Incl plasmids whether through agar or broth mating. On the other hand, six of the eight
transconjugants by broth mating showed the transfer of the integron indicating that the integron
is not found within the Incl and IncFIB conjugative plasmid. The co-transfer of the integrons
only by broth and not my liquid media could be due to the presence of smaller plasmids that
carries the integron. In addition to this, the IncFIB was not mobilizable due to the lack of
transfer genes. The co-transfer of Inc plasmids has been demonstrated in other studies,

however, in our study the IncF conjugative plasmids are native to the bacterial strains.
Conclusion

The genetic characterization of a relatively small population of E.coli from fecal samples of

preterm infants displays a vast diversity of conjugative plasmids and AR genes. Such studies on
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plasmid diversity are impeded due to the fundamental knowledge on the diversity of plasmids
and MGEs in the gut microbiota. The presence of such conjugative with wide functional
attributes in the gut microbiota is alarming and is partly due to the exposure factors. The biotic
factors that can be related to maternal transmission and the abiotic factors relate to the hospital
environment. In our dataset, we detected two different conjugative plasmids of particular
interest. The Incl/IncFIB plasmids have an evolutionary relationship where they share
similarities between the transfer genes and both have a narrow host range compared to the other
Inc plasmds®*. However, in one other strain, we detected a completely different plasmid with no
genotypic sharing of the genes and showed bacteriocin production. The bacteriocins are known
to mediate the survival of pathogenic bacteria and are observed to eliminate multidrug
resistance, therefore this could be a part of a safe-keeping strain group useful for protecting the
microbial communities. However, further work on the activity of these strains against other gut
microbes should be done. Therefore, conjugative plasmids are diverse elements that can
potentially change the phenotypic attributes of a bacterial community. Therefore understanding
their mobility and diversity in complex environments can help to gain better overview on

spread of multidrug resistance genes.
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Future work

We observed resistance to several different antibiotics, however confirmatory test for the
production of different B-lactamases and the type of ESBL production needs to be done. We
assembled two different plasmids (Incl and IncF) that showed varied functional characteristics.
We also show the presence of two different strains carrying the same conjugative plasmid.
However, this was done only for the whole genome sequences samples. Diagnostic MLST
screening for different strains of E.coli in our strain collection dataset should be done. Not many
studies in the late 2000s have focussed on the biology of conjugative plasmids and the co-
replication of mobile and non-mobile plasmids. Therefore, the co-replication of the two different
plasmids in our bacterial strains will be interesting. Even though we demonstrated the conjugation
of the Incl plasmids, the transmission efficiency of the conjugative plasmids need to be
calculated. Further to this, the transmission was shown only in vitro, with laboratory controlled
conditions and between the same species. Therefore, future work will be on transmission of the
plasmids between different species and using mice models to demonstrate the persistence and in
vivo transmission of these plasmids. Finally, we believe integrons are harboured in small
plasmids which were not detected by the whole genome sequencing, therefore sequencing of the

transconjugants will be vital to identify the genetic background of the integrons.
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Figures

Figure 1
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Figure 1: Strains isolated from the preterm twins showing resistance towards the different

antibiotic groups.
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Tables
Table 1
Primers used in the study
Gene Sequence
EC23S857 F GGTAGAGCACTGTTTtGGCA
R TGTCTCCCGTGATAACITTCTC
IncFIA F CCATGCTGGTTCTAGAGAAGGTG
R GTATATCCTTACTGGCTTCCGCAG
IncFIB F GGAGTTCTGACACACGATTTTCTG
R CTCCCGTCGCTTCAGGGCATT
Incl F CGAAAGCCGGACGGCAGAA
R TCGTCGTTCCGCCAAGTTCGT
Intl F ACGAGCGCAAGGTTTCGGT
R GAAAGGTCTGGTCATACATG
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436  Table 2: Screening of the transconjugants

Strain Mating Incll Integron
C-ll X
D-1l X
Agar
-1 X
L-11 X
C-1l colony
X X
1
C-11 colony
X
2
D-I11 colony
X X
1
Broth
D-I1 colony
X
2
I-1 colony 1 X X
I-1 colony 2 X X
L-11 X X
G-l X X
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Supplementary table 1: Strains selected for whole genome sequencing

Antibiotics susceptibility

Sample Taxonomy Amoxicillin- Cefodoxime | Gentami | Trimethop | Sulfonami
name Clavulanic acid cin rim des
A-ll E.coli X X X X
B-Il E.coli X X X X
C-1l E.coli X X X X
D-1l E.coli X X X

E-l E.coli X X

F-1 E.coli X X X X
G-Il E.coli X X
H-11 E.coli X

-1 E.coli X X X
J-11 E.coli
K-11 E.coli X X X X
L-11 E.coli X X X
M-I Enterococcus spp X X

N-1 Enterococcus spp X
O-1l Enterococcus spp X

P-I1 Enterococcus spp X X

Q-I Enterococcus spp X X
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