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Abstract

The genome of Klebsiella pneumoniae H511286 carries two integrative and conjugative
elements (ICEs), ICEKpnHS-1 and ICEKpnHS-2; the former belongs to the ICEKp1 family
and the latter was unexplored. This study was designed to further characterise the two
ICEs, and investigate their prevalence in local clinical K. pneumoniae isolates. Sequence
analysis showed that ICEKpnHS-2 belonged to the subfamily of PAPI elements with XerC-
like integrases and PCR screening revealed that ICEKpnHS-1 associated elements were
more (30%) prevalent in local isolates compared to ICEKpnHS-2 (12.5%).

Contributions of these elements to cell physiology, virulence and antibiotic resistance
were investigated. Deletion of ICEKpnHS-1 reduced siderophore secretion and growth,
particularly in iron restricted conditions. The AICEKpnHS-1 strain also showed reduced
resistance to various antibiotics, especially those known to be affected by the ATP
binding cassette (ABC) and major facilitator superfamily (MFS) exporters. Assays in
Galleria mellonella provided preliminary evidence that deletion of ICEKpnHS-2 reduced
the virulence of K. pneumoniae H511286.

Type IV secretion systems (T4SS) are major component modules of ICEs responsible for
conjugative transfer of nucleoprotein complexes. Observed reduction of conjugative
transfer of one of the ICEs following deletion of the other led us to study interactions
between the two distinct T4SSs encoded on the ICEs in H511286. A marker plasmid
containing oriT of ICEKpnHS-1 (P-oriT1) was constructed and deletion of ICEKpnHS-2 was
shown to produce a six—fold reduction in trans-conjugants. Deletion of the mobB
(ICEKpnHS-1) orthologue in ICEKpnHS-2 (mob-2) and tral (relaxase of ICEKpnHS-2) both
produced similar defects in transconjugants frequencies that could be complemented
in-trans. The ATPase Mob-1 was bioinformatically shown to lack a Walker B and it was
speculated that Mob-2 might compensate for this. Accordingly, point mutations in
Walker motifs of mob-2 provided evidence supporting this complementary function in
energy transduction contributing significantly to the crosstalk between the two non-
homologous ICEs. Data on frequency of transfer of the native chromosomal ICEKpnHS-
1 and its effects on the phenotypes of an E. coli were also shown. However, ICEKpnHS-
2 self-conjugation was not detected.
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1.1 General Introduction

This study is concerned with the genetic and functional analysis of two mobile genetic
elements (MGEs) in Klebsiella pneumoniae. New genetic material appears in bacteria
either by internal mutation, or from external sources such as horizontal gene transfer
(HGT) (Wozniak and Waldor, 2010). The acquisition and spread of resistance-associated
and/or virulence-associated genes, as well as the wider evolution of bacteria, is strongly
associated with certain types of MGE (Partridge, 2011, Frost et al., 2005) including
plasmids, insertion sequences (ISs), transposons, integrons and associated gene
cassettes, prophages, integrative and conjugative elements (ICEs) and genomic islands

(Gls). ICEs are the particular focus of this study.

Increases in the levels of multiple antibiotic resistance associated with Klebsiella
pneumoniae poses a major emerging global problem. Carbapenem-resistant Klebsiella
pneumoniae (CRKP) isolates are often associated with severe infections with few
treatment options and represent a serious threat to health. Klebsiella pneumoniae
strains that produce carbapenemase and extended-spectrum beta-lactamases (ESBLs)
are often associated with the CRPK clones of sequence type (ST) 258 or 15 (Arnold et
al., 2011, Wyres and Holt, 2016). Klebsiella pneumoniae strain HS11286 studied here
belongs to ST11, which is a major carbapenemase producing clone closely related to

ST258 (Liu et al., 2012).

Thus the importance of Klebsiella pneumoniae, hereinafter referred to as K.
pneumoniae, as a pathogen, its significance as a reservoir and means of disseminating
antimicrobial resistance and the abundance of MGEs that the study strain hosts
provided ample incentive for this investigation. The basic features of MGEs and their

significance are outlined below.

1.2 Horizontal gene transfer

Microorganisms inherit genetic information via two major mechanisms; vertical gene
transfer (VGT) that involves the parent to offspring relationship (Metcalf et al., 2014),
and horizontal gene transfer (HGT also known as lateral gene transfer) in which DNA is

transferred between different organisms. (Soucy et al., 2015).
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HGT in microorganisms was first documented in 1947 (Tatum and Lederberg, 1947). The
methods of HGT detection were improved after speculating on its potential role in the
adaptation of plants (Went, 1971). Advances in the field of detection revealed the
relationship between HGT and genetic variations of viral, prokaryotic and eukaryotic
organisms. To maintain itself, the transferred genetic material needs to provide
advantage to the recipient (Soucy et al., 2015). Generally, most of the transferred genes
between close relatives have neutral effects in recipients (Gogarten and Townsend,
2005a). A widely accepted assumption about HGT is that the transfer broadly follows
the rule of “First Do Not Harm”. According to this, the transferred genes successfully
integrate themselves in the recipient genome and give very low expression that
functions at the periphery of metabolism (Park and Zhang, 2012). However, this neutral
acquisition can later provide novel combinations of genetic material that play an
important role in the evolution of organisms. The transferred DNA is usually retained by
the recipient if it produces a beneficial phenotype. However, where the effect is neutral,
provides no specific benefits or is deleterious, the encoding genes are likely to be lost

over period of time (Soucy et al., 2015).

Based on its effects on bacterial evolution, HGT has been referred to as the “madness
of gene transfer” because it can produce rapid gene turnover leading to extensive
genome differences among closely related bacterial populations (Polz et al., 2013).
Isolates that have recent common genetic origin can have many unique genes (Shapiro
et al.,, 2012). Comparisons of hundreds of sequenced genomes shows that ~20% (on
average) of genes have been acquired by HGT (Popa et al., 2011). These extensive
genome differences make it difficult for the estimation of the total gene pool even for

the highly related microbes (Tettelin et al., 2008, Mira et al., 2010).
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Figure 1-1 Model of genotypic clusters formation caused by HGT and ecological niches.

Step 1: Addresses the acquisition of genetic material (green star) via recombination, in a
phylogenetic tree, the gene was neutral at this stage and the population remains homogeneous.
Step 2: represents the role of the surrounding environmental conditions in the separation of
two populations (red and green). The novel population (green) is starting to occupy a niche
separate from the ancestor. The phylogeny still appears because the recombination is not
evident in neutral marker genes. Finally, Step 3: Differences accumulate with in each population,
because of decrease in recombination rate due to sequence divergence that decreases the gene
flow between nascent populations. At this point, phylogenetic tree shows genetic clusters,

which are consistent with ecological differentiation (Polz et al., 2013).

HGT depends on both sequence similarities and environmental conditions resulting in

geno- and pheno-typically clustered microbes (Polz et al., 2013). The wide availability of

genome sequence data overcomes the previous difficulty of appropriate phylogenetic

clustering of microbes (Polz et al., 2013) (Rossell6-Mora and Amann, 2001). Figure 1-1

shows a recent model of genotypic cluster formation (Shapiro et al., 2012, Polz et al.,

2013).
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1.3 Mechanisms of HGT

Conjugation, transformation and transduction are the three well recognised
mechanisms of HGT. Conjugative transfer of DNA requires direct physical contact
between donor and recipient cells, the transfer takes place via a conjugation pilus.
Formerly, conjugation was thought restricted to bacteria but the transfer of
Agrobacterium spp. DNA into plant cells showed that cross Domain HGT was also

possible (Norman et al., 2009, Kyndt et al., 2015).

Transformation is the uptake of exogenous genetic material from the environment and
has been reported in both Bacteria and Archaea (Johnston et al., 2014, Chimileski et al.,
2014). Bacteriophage mediated transduction involves incorporation of exogenous DNA
into the phage genome and transfer to a new bacterial cell. Transduction can be
generalised or specialised based on the incorporated genetic material (Soucy et al.,
2015). The present study is concentrated on conjugative mechanisms associated with

integrative and conjugative elements (ICEs).

1.4 Methods for HGT detection

Detection of HGT depends on differences between the inferred sequence homology-
based genealogy of the element interrogated and that of the host genome (Williams et
al., 2011). Multiple housekeeping or conserved function genes (e.g. ribosomal proteins)

are used to construct the host reference genealogy tree (Soucy et al., 2015).

Multi-locus sequence analysis (MLSA) has been recently documented to be useful for
the determination of prokaryotic phylogeny. The method avoids conflicts resulting from
HGT of one or more of the genes. The method can also be applied to a larger number of
genes in order to study the phylogenetic conflicts between reference and test species

(Colston et al., 2014, Delamuta et al., 2012, Gogarten and Townsend, 2005b).

Quantitative description of bacterial HGT is challenging because DNA transfers usually
take place between highly related organisms and it is hard to distinguish the genetic
differences between host and recipient genomes (Williams et al., 2012, Andam and
Gogarten, 2011, Polz et al., 2013). Direction of transfer is another difficulty in HGT
detection that is usually overcome by extensive analysis of the branching patterns of

various genes within the reference species (Soucy et al.,, 2015). Gene loss after

5
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duplication can raise further difficulties in determining the frequency of HGT. It is
generally hoped that availability of more genome sequences will help to resolve these
issues and also help to identify independent or spontaneous gene loss (Gogarten and
Townsend, 2005b). Finally, codon usage may also provide significant information

related to HGT detection (Langille et al., 2010).

Strain-specific
genes

Nature Reviews | Genetics

Figure 1-2 Pan-genome

After Soucy et al. (2015), based data from the following; (Edwards, 2004, Morris et al., 2012,
Lobkovsky et al., 2014, Lapierre and Gogarten, 2009, Puigho et al., 2014).

The genome of each prokaryotic species has been described in several ways: Pan-
genome “The set of all genes present in a taxon”, Accessory genome “The set of genes
that are present only in one or a few members of taxon”, and Core genome “The set of
genes present in every member of taxon” (Hamburger, 2005, Morris et al., 2012, Puigho
et al., 2014). Therefore, a part from pan-genome is represented in the genome of each

individual (Figure 1-2).
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In prokaryotes, comparisons of genomes have identified a wide range of variations even
among highly related organisms, (Soucy et al., 2015). Lukjancenko et al. (2010) has
analysed genomes of 61 Escherichia coli strains and identified that only 6% of the gene
families present were shared by all genomes. Thus the pan-genome provides a better

description of the set of genes that occur in the entire group.

1.5 HGT and evolution

HGT contributes to the new features in a bacterial population that may be shared with
other populations. Acquisition of selective advantageous genes are usually promoted by
these self-splicing genetic elements (Smillie et al., 2011). One of the best examples of
this is the dissemination of antibiotic resistance genes is via conjugative plasmids and

MGEs (Rankin et al., 2011).

Nature Reviews | Genetics

Figure 1-3 Structured exchange community.

A and B represent microbes occupying two distinct niches whereas K and J indicates related
species occupying different niches. Genes associated with niche adaptation are mostly
exchanged between members of the same niche (green and red arrows), but they might also be
shared with recent niche invaders (blue circle; C), accelerating the adaptation of the invader to
a new habitat. Gray arrows represents the genes that are freely exchanged between members
of different niches. Adapted from (Soucy et al., 2015)

The compositional similarities between the genomes enable homologous
recombination and supports mobility of genes (Skippington and Ragan, 2012). This may
facilitate migration to new ecological niches (Papke and Gogarten, 2012) as shown in

Figure 1-3..
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1.6 Genomic islands

Genomic islands (Gls) belong to a major group of mobile genetic elements (MGEs). The
term Gl was adapted from ‘Pathogenicity islands’ (Hacker et al., 1990). These were first
identified in uropathogenic E. coli, and were described as virulence associated
horizontally acquired self-splicing DNA fragments. Gls can belong both to closely or
distinctly related hosts. Furthermore, Gls appear to be the products of combinations
involving many different MGEs (Juhas et al., 2009a, Juhas et al., 2007b, Vernikos and
Parkhill, 2008a). Based on their mosaic nature Mathee et al. (2008) have named these

MGEs as region of genome flexibility.

1.6.1 Structure of Gls

Gls are generally large DNA fragments ranging from 10-200kb, and when <10kb they
are known as genomic islets (Hacker and Kaper, 2000, Dobrindt et al., 2004, Gal-Mor
and Finlay, 2006) and they are site-specific for their integration. Vernikos & Parkhill
(2008) stated that ~75% of the total known Gls are integrated at the 3" end of various
transfer RNA (tRNA) genes.

Genome 1 tDNA
[ |
: ]
Genome 2 tDNA
™1
— ] [ )
—
Genome 3 PB Integrase Transposase IS OR
—f‘ 1
L
) R F tDNA
Genomic island < Core genome

" Core genome l

JUsju00 05

Genome position

Figure 1-4 Schematic representation of Gls and their associated features.
Gls usually have atypical compositional characteristics compared to the core genome;
this often includes a different GC content, insertion sequences (ISs) and transposase (Lu

and Leong, 2016) and other mobility associated genes such as integrases (Juhas et al.,
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2009b, Schmidt and Hensel, 2004). Gls are often flanked by short direct repeats (DRs)
(Figure 1-4), which act as integrase recognition sites. DRs are most likely artefacts
generated from integration/excision events. The repeats are similar to the attL (3"-end)
and attR (5”-end) sites that flank prophages after their genomic insertion (Bachman et
al., 2011). Gl integration is generally mediated by homologous recombination between
the DRs present both in genome and MGE (Pavlovic et al., 2004). However, not every Gl
includes all of these features; as a result Gls are considered as a superfamily of MGEs

with core and variable characteristics (Vernikos and Parkhill, 2008b).

Gls harbour set of accessory genes known as cargo genes that encode various functions.
As described earlier, laterally acquired genes usually confer advantageous traits
resulting in increased host fitness in specific environmental niches (Hacker and Kaper,
2000, Dobrindt et al., 2004, Gal-Mor and Finlay, 2006). Depending on their gene
complement, Gls can be classified according to their encoded functions into
pathogenicity islands (PAls), resistance islands (REls) and metabolic islands and so on
(Lu and Leong, 2016). However, this classification can be troublesome as Gls often code
for more than one of these functions or they may include genes with no clear function.
Thus, islands without virulence-associated genes are often just referred to as Gls
(Dobrindt and Hacker, 2001). In addition, Gls can be further classified in to subgroups
based on their mobility: some Gls are not mobile and some are mobile and can transfer
further. The later include transposons, prophages and integrative and conjugative

elements (Juhas et al., 2009b).

1.6.2 Recognition of Gls is a challenge

Potential Gls can be recognised by computational methods in the first instance and this
approach is generally essential for a novel island. Input of annotated genome sequences
from related organisms is generally required. Prediction of Gls has two major
challenges, the extremely variable content of Gls and a lack of standardised Gl datasets

(reviewed by Lu and Leong, 2016).

Variation in content and functions encoded, together with the mosaic nature of Gls,
increases the difficulty in their recognition (Vernikos, 2008). Multiple HGT events from
different origins and genomic rearrangements leading to loss and gain of genes

complicate sequence data interpretation (Dobrindt et al., 2004). This diversity reduces

9
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the effectiveness of Gl recognition methods; for example selection of too few features
may result in missing many Gls that naturally lack those features. The lack of benchmark
datasets defining Gls provides another challenge in recognition of new islands but
several databases such as PAIDB (Yoon et al., 2007), ICEberg (Bi et al., 2012) and Islander
(Mantri and Williams, 2004) are now providing useful resources. All these databases
provide information on methods of prediction. However, insufficient datasets could
embed problems during recognition and identification. Figure 1-5 shows a

computational framework for the prediction of Gls.

Genome scale
genomic island prediction

Model construction for
Gl/non-Gl gene classification

Training data +

Genome sequence
collection

'

Feature value
extraction in the
training dataset

b

Model for Gl/non-
Gi gene
classification

Genome seguence
collection

W

Feature value
extraction in the
whole genome

¢

Classification of all
Gl/non-Gl genes in
the genome

a

Merge of all
Gl/non-Gl genes in
the genome

Predicted genomic
islands

Figure 1-5 Computational framework for the prediction of Gls on genome scale.
Adapted from (Han Wang, 2014).

1.7 General types of MGEs/Gls

Single mobile elements may possibly have features of more than one type of element

and the majority of these elements are not self-mobilising. The major classes of

10



Chapter 1 Introduction

MGEs/GIs are listed below (Curcio and Derbyshire, 2003, Siguier et al., 2014, Soucy et
al., 2015):

Transposable elements are capable of moving to different DNA sites based on site
selectivity. Mobility of some elements is based on a “cut and paste” method, in which
they excise from the original site and insert into a new position. Some elements
transpose through a “copy and paste” method in which a replicative mechanism is used

to create a new copy at a new site.

Integrative bacteriophages are mobile between cells and integrate into the host

genome

Conjugative plasmids are mobile and generally replicate independently of the host

chromosome.

ICEs mobilise via conjugation.

1.8 ICEs

ICEs are self-mobile and encode their own conjugative machineries and systems of

regulation and maintenance (Salyers et al., 1995, Burrus and Waldor, 2004).

ICEs are generally maintained because they integrate thereby replicating and
partitioning with the host chromosome (Carraro and Burrus, 2015). Mobilisation of ICEs
involves excision and formation of an extrachromosomal circular intermediate that acts
as a substrate for conjugative transfer (Johnson and Grossman, 2015, Carraro and
Burrus, 2015). Similar to other Gls, ICEs also have mosaic and modular structures
(Wozniak and Waldor, 2010); including three distinct modules: i) integration and

excision, ii) conjugation, and iii) regulation (Figure 1-6).

11



Chapter 1 Introduction

Core | Integrative and conjugative element | Core
chromosome |‘____' erane JISAEERMEN = = = == ’| chromosome
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Serine recombinase § Metabolic, virulence, antibiotic and
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\. J \,
Recombination directionality
factor or excisionase (RDF) |~ Type IV secretion system (T4SS) and relaxases

Figure 1-6 Schematic representation of an ICE.

Different modules including recombination (integration/excision), conjugation, and accessory
genes are represented. Black rectangles indicate the ICE flanking repeats (attL and attR). Serine
and tyrosine recombinases are the integrase responsible for integration/excision of an ICE.

ICEs range from ~20 kb to >500kb and contain functional modules from a variety of
sources (Wozniak et al., 2009, Wozniak and Waldor, 2010, Toussaint and Merlin, 2002,
Osborn and Boltner, 2002, Mohd et al., 2004, Johnson and Grossman, 2015)

1.9 ICE mobilisation cycle

The mobilisation cycle of ICE consists of the following stages (Figure 1-7):

Excision from host genome
Conjugative Transfer

Integration in both donor and recipient genome

P w N

Maintenance/regulation

Briefly, the ICE excises and forms a non-replicative extrachromosomal circular
intermediate and genes encoding the mating pore are expressed. Proteins that
recognise the origin of transfer (oriT), process the DNA transfer via conjugation (sections

1.9.1-1.9.4).

12
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Figure 1-7 The ICE life cycle.

(a) The ICE is integrated in the host chromosome. (b) Expression of specific genes induce ICE
excision and formation of dsDNA circular plasmid. (c) The relaxase creates nick in one strand of
the ICE and covalently attaches to the 5” end of the nicked DNA (T-DNA) (d) In the presence of
recipient cell, the conjugation machinery transports the T-DNA. (e) In the recipient cell, the
relaxase ligates the 5" and 3" ends of the DNA to form a covalently closed ssDNA circle. The
complementary DNA strand is synthesized to generate a dsDNA circle for integration into the
host genome. In donor, the remaining DNA strand likely serves as the template for rolling-circle
replication, generating a dsDNA circle. (f) The circular dsDNA ICE integrates into both host and
recipient chromosome. Taken from(Johnson and Grossman, 2015).

1.9.1 Excision of ICE

Excision is mediated by an ICE-encoded integrase (Carraro and Burrus, 2015) and
recombination directionality factors (RDF) (also known as Xis), promote excision and
inhibit integration (Hirano et al., 2011, Lewis and Hatfull, 2001). Although RDF do not
initiate excision, nonetheless their absence reduces this around 1000 fold (Wozniak and
Waldor, 2010). RDFs have only been detected in a few well-characterised ICEs. These
proteins bind adjacent to the integrase binding sites (Connolly et al., 2002) and favour
increased excision; any mutations in them reduce the excision frequency (e.g. ICE

Tn916, (Hinerfeld and Churchward, 2001, Connolly et al., 2002).

The mechanism of excision of these elements is variable and high rates of excision do
not necessarily increase transfer rates. This suggests that excision is not always the

limiting step for mobilisation. Environmental conditions also affect excision. Sometimes

13
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ICEs excise imprecisely and acquire their flanking regions (Campbell, 2007), this is more
common in ICEs that have unrestricted integration sites, e.g. Th916 (Johnson and

Grossman, 2015).

1.9.2 Mobilisation of ICEs
ICEs encodes Type 4 secretion systems (T4SSs) which provides conjugation machinery

for mobilisation. The DNA transfer involves the following steps:

1.9.2.1 DNA processing:

Extrachromosomal ICEs are processed before their conjugal transfer. Most ICEs are
processed by the same mechanisms as plasmids indicating that proteins have similar
behaviour for both plasmid and ICE (Wozniak and Waldor, 2010). The process initiates
when relaxase identifies and nicks oriT (Lank, 1995). The relaxase remains bound to the
nick and interacts with the conjugation/type four coupling protein (T4CP); this facilitates
the transfer of the nucleoprotein complex to the secretion channel (Hamilton et al.,
2000, Llosa et al., 2002). OriT is usually identified by the presence of direct and inverted
repeats in A+T rich sequences (Lee and Grossman, 2007, Wozniak and Waldor, 2010).
oriT is usually located adjacent to the gene encoding relaxase (Lee and Grossman, 2007).
However, in some ICEs the relaxase and oriT sequences are located far apart from each
other, e.g. in ICE SXT, relaxase (tral) and its cognate oriT are separated by 40kb
(Ceccarelli et al., 2008).

1.9.2.2 Replication

Excised ICEs and conjugative plasmids exist as covalently closed circles of dsDNA and are
processed before mobilisation. Conjugative plasmids pass through three phases;
replication, partitioning and conjugation (Lawley et al., 2002). Plasmid vegetative
replication occurs with every generation so that plasmid copy number is maintained.
ICEs are primarily considered non-replicative outside the replication associated with
conjugation, thus their copy number does not usually increase in the host (Wozniak and
Waldor, 2010, Johnson and Grossman, 2015). The maintenance of ICEs relies mainly on
their integration and replication along with a replicon of their host in a prophage-like

manner (Carraro and Burrus, 2015).
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Plasmid vegetative replication is initiated at the origin of replication (oriV), usually by
plasmid-encoded replication proteins (Lawley et al., 2002). Conjugative DNA replication
is a distinct process initiated at oriT. In this mode of replication one strand of the
replicated molecule is retained in the donor cell, while the second strand is transferred
to the recipient cell in the 5" to 3" direction(Zechner et al., 2000). ICE replication is
unidirectional from oriT (Lee et al., 2010, Thomas et al., 2013). However, some ICEs have
replicative forms. For example, in E. coli the SXT element is associated with the attP site
in its unintegrated form and the abundance of this site is slightly higher than that of its
chromosomal associated site, attB, indicating more copies of extrachromosomal SXT
(Burrus and Waldor, 2003). Similarly, Lee et al. (2010) showed that ICEBs1 can replicate
autonomously having two to fivefold more unintegrated forms under inducing

conditions. The mechanism of conjugative replication of ICE is shown in Figure 1-8.

oriT Helicase
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Replication
> Conjugation

~ /
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Figure 1-8 Conjugative replication of ICEs during conjugation.

Conjugative replication resembles rolling-circle replication. The ICE is shown as double blue
lines. Relaxase recognizes and nicks its cognate oriT, binding to the 5" end. Helicase (purple
triangle) unwinds the DNA with the help of single-strand binding protein (turquoise circle).

1.9.2.3 DNA secretion system
The ICE T4SSs are a complex of proteins that produce a membrane spanning channel
including and extracellular pilus (Christie et al., 2005). These systems are used for both

exchange of DNA and export of protein (Cascales and Christie, 2003). See section 1.11.
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1.9.3 Integration of ICEs
Integrase is sometimes sufficient for both integration and excision of the element.
However, additional factors are involved. Regulation of int expression is one of the key

determinants that controls ICE transmission (reviewed by Wozniak and Waldor, 2010).

Most ICEs contain an integrase belonging to the tyrosine recombinase family (Johnson
and Grossman, 2015). The phage A integrase is one of these; it utilises topoisomerase
activity to promote site-specific recombination between similar sequences. Integrase
similarities allow different ICEs to integrate by similar mechanisms (Hochhut and
Waldor, 1999, Beaber et al., 2002). A few ICE integrases belong to the serine/DDE
recombinase family (Brochet et al., 2009, Dordet Frisoni et al., 2013, Guérillot et al.,
2014). The functional consequences are the same but, the serine recombinases catalyse
a slightly different reaction (Rajeev et al., 2009, Grindley et al., 2006) that generates

variation in the integration sites.

Generally, ICE target a single attB site in the host genome that is identical or nearly
identical to the attl site in the circularised ICE1. When attB is absent alternative sites
may be targeted but integration efficiency is lower (Burrus and Waldor, 2003, Lee and
Grossman, 2007, Menard and Grossman, 2013). The phenomenon of integration at
alternative sites is well explained in several elements e.g. CTnDOT and Tn916 (Cheng et
al., 2000, Roberts and Mullany, 2009). Moreover, ICEs carrying serine recombinases are
typically associated with non-specific integration (Brochet et al., 2009, Guérillot et al.,

2014).

Other ICE associated integrases include P4-like integrases of ICEclcB® (Ravatn et al.,
1998b) and ICEMISym®’A (Ramsay et al., 2006), the XerC/XerD family integrase of PAPI-
1 and ICEHiIn1056 (Mohd et al., 2004, Qiu et al., 2006). The exchange of integration
modules between MGEs potentially creates new ICE with modified insertion site and

new host ranges.

1.9.4 ICE regulation/maintenance
The genes for excision and conjugation are not constitutively expressed. Majority of ICES
appear to excise in relatively small subpopulation of cells (Minoia et al., 2008, Johnson

and Grossman, 2015). The signals for ICE activation and selective pressures for their
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maintenance are not universally conserved although some common features are

shared.

1.9.4.1 Selective pressure and ICE activation

Gene expression under most circumstances create a metabolic burden to the host
(Johnson and Grossman, 2015), which constitutes a selection pressure favouring loss of
activated ICEs (Auchtung et al., 2005, Ramsay et al., 2006). ICE activation can also be
directly detrimental to host for specific reasons. As in the case of Gram-negative
conjugation system, expression of conjugative pili make the host susceptible to phages

(Johnson and Grossman, 2015).

1.9.4.2 ICE inducing signals

There are some common signals that activate various ICEs, for example, the recA-
dependent SOS-response (Auchtung et al., 2005, Beaber et al., 2004, Bellanger et al.,
2007), secretion of signalling molecules from the recipient (Sitkiewicz et al., 2011), and
growth phase (e.g. ICEclc activated in stationary phase by sigma factor RpoS (Miyazaki
et al., 2012, Kamensek et al., 2010, Pennington and Rosenberg, 2007). .

1.10 Classification of ICEs
Expansion of full genome sequence databases has led to the identification and
characterisation of many ICEs. However, their classification still needs development

because many remain still unclassified.

The current classification of ICEs is based on the homology of their integrase genes and

the synteny of their coding sequences (Burrus et al., 2002). In comparative genomics,

ICEberg (http://db_mml.sjtu.edu.cn/ICEberg) is a web-based resource reflecting previously
identified ICEs (Bi et al., 2012). Based on the features described above, 344 out of 428
ICEs are categorised into 28 distinct families. ICEberg does not classify 84 ICEs due to

their possession of unique integrases and other structural components(Bi et al., 2012).

The present study is focused on an unclassified ICE present in Klebsiella pneumoniae

HS11286. .
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1.11 T4SSs

Bacteria utilise specialised secretion systems for the transfer of macromolecules across
their cell envelopes; these are grouped into six major classes, known as |, II, 11, IV, V and
VI (Thanassi and Hultgren, 2000, Henderson et al., 2004, Mougous et al., 2006).
Recently, type VIl secretion system has been described as the major secretion system in
mycobacteria (Costa et al., 2015). As noted above T4SSs are associated with bacterial
conjugation and transfer of both nucleoprotein complexes and protein effectors

(Lawley et al., 2003, Christie et al., 2005).

1.12 Mechanisms of T4SSs

T4SSs are composed of multiple subunits spanning in the cell envelope with a surface
pilus (Lawley et al., 2003, Christie et al., 2005). The overall process of conjugation
appears to be mechanistically conserved in nearly all systems. The processing proteins
(Dtr) are required for DNA transfer and replication and include relaxase together with
accessory factors that identify and bind to the oriT forming a complex known as the

relaxosome (Chen et al., 2005, Draper et al., 2005, Garcillan-Barcia et al., 2007).
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Figure 1-9 General mechanism of conjugative DNA transfer via T4 secretion channel.
Conjugative plasmids carry an oriT and express proteins for pili, the envelope spanning T4
channel (Mpf), a TACP (yellow), the secretion initiation complex (relaxosome), and secretion
substrate and DNA nicking relaxase (pink). Dotted oval indicates bifunctional relaxases that are
fused to a helicase to facilitate conjugative DNA processing. The complementary plasmid strand
remains circular throughout.

(Zechner et al., 2012)

ICEs are engaged with the transfer channel by the interactions between the relaxosome
and coupling proteins (TACPs). These proteins interact with the secretion machinery
comprising, the complex multi subunit matting pair formation (Mpf) proteins (Christie,
2004, Gomis-Ruth et al., 2004, Lawley et al., 2003). In Gram-negatives, the Mpfs also

promote attachment of the donor to the target cells (Christie and Cascales, 2005, Lawley

et al., 2003), see Figure 1-9.

1.13 Different types of T4SSs

1.13.1 T4SSs-A
T4SS-A resembles the standard VirB/VirD4 system of Agrobacterium tumefaciens. This

system is encoded by the virB operon (~10 kb), which consists of 11 adjacent genes
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(virB1-virB11) and one separate, virD4. VirB1 is a lytic transglycosylase that digests the
peptidoglycan to allow space for assembly of the secretion channel. VirB2 and VirB5 are
pilus components, B4 and B11 comprise the ATPase that provides energy to the
machinery. B3, B6, B7, B8, B9 and B10 are associated with the transmembrane channel
(Figure 1-10). VirD4 is the T4CP and contributes an additional ATPase to the system
(Christie et al., 2005, Backert and Meyer, 2006).
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Figure 1-10 Schematics of T4SS-A.
(Trokter et al., 2014).

Various other T4SSs are identified that share common features with the VirB/VirD4
system. A few have the complete set of genes in an operon, while others are chimeras
involving some unrelated genes and VirB/VirD4 (Christie et al., 2005).(e.g. the T4SS
encoded by the cag PAIl of Helicobacter pylori (Buhrdorf et al., 2003, Andrzejewska et
al., 2006)). The VirB/VirD4 related systems also play an important role in bacterial
pathogenesis (Schmid et al., 2004) by translocating various virulence associated effector
proteins (Backert and Meyer, 2006). Verma and Burns (2007) showed that during first
stage of infection, the pertussis toxin first interacts with the partially assembled T4SS in
the periplasm leading to assembly and secretion of toxin into the extracellular

environment. .

20


http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjbi4WnpaHTAhVMnBoKHW_lCakQjRwIBw&url=http://www.sciencedirect.com/science/article/pii/S0959440X14000232&psig=AFQjCNHS6WmxMZ3E3zopkTXQXKTuPqU_hw&ust=1492164940081680

Chapter 1 Introduction

1.13.2 Gls-associated T4SSs

A novel family of T4SS has been identified on ICEHin1056 in Haemophilus influenzae and
this has distinctive features compared to other T4SSs; the element has been found in
various related MGEs from multiple bacterial strains (Juhas et al., 2008). Based on its
strong association with Gls, this family was named Gl-associated T4SS (Juhas et al.,
2007a). The system involves 24 open reading frames that are proposed to form the

secretion channel for conjugative transfer of DNA (Juhas et al., 2008).

1.14 Why it is important to study Klebsiella pneumoniae?

1.14.1 Taxonomy and ecology

Klebsiella are rod shaped, Gram-negative, facultative anaerobic, non-motile,
encapsulated bacteria belonging to the family Enterobacteriaceae. The genus Klebsiella
has been classified into eight distinct species (Brisse et al., 2006): including K.
pneumoniae, K. oxytoca, K. planticola, K. ornithinolytica, K. terrigena, K. mobilis, K.

granulomatis, and K. variicola.

K. pneumoniae strains are further classified into three subspecies: pneumoniae,
ozaenae and rhinoscleromatis (Rosenblueth et al., 2004, Capitani et al., 2006). Genomic
and phenotypic studies on virulent strains have shown that the sub-species ozaenae and
rhinoscleromatis are descendants of K. pneumoniae and are referred as virulent sub-
clones of K. pneumoniae (Brisse et al., 2009). Klebsiella are widely spread in the
environment and can be isolated from water, soil, plants, industrial waste, and food

(Fouts et al., 2008, Podschun et al., 2001).

1.14.2 Infections and Epidemiology

Klebsiella spp. are pathogenic for both animals and humans. They cause serious
infections in horses, dogs, guinea pigs, birds and monkeys (Fox and Rohovsky, 1975,
Glickman, 1981, Kinkler Jr et al., 1976, Wilson, 1994). A high prevalence of multiple
Klebsiella species has been noted in water, soil and rumen samples suggesting their

transmission by the faecal-oral route (Zadoks et al., 2011).

K. pneumoniae is found in the human commensal microbiota of the gastrointestinal and

nasopharyngeal tracts. About 29-35% of individuals carrying Klebsiella spp. in their stool
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and 3-4% in their throat, and carriage may more frequent in hospitalised patients (Davis

and Matsen, 1974).

K. pneumoniae is an important cause of pyogenic liver abscesses (PLA) (Carpenter,
1990). Related to hepatobiliary dysfunction. Since the 1990s K. pneumoniae has
appeared as a prominent PLA-causing agent in eastern-Asia (Peters and Craig, 2001,
Rahimian et al., 2004). The infection may disseminate to cause complications such as
endopthalmitis and meningitis (Thomsen et al., 2007, Ko et al., 2002). Several cases of
K. pneumoniae associated PLAs and meningitis have been reported in Europe, Canada
and USA (Giobbia et al., 2003, Karama et al., 2008, Nadasy et al., 2007, Sobirk et al.,
2010).

K. pneumoniae is also a cause of community acquired pneumonia and is prominent in
various parts of the world. In Japan and Malaysia between 15 and 40% of pneumoniae
(particularly the elderly) have been estimated to be caused by K. pneumoniae (Podschun
and Ullmann, 1998, Qureshi, 2016). The incidence of K. pneumoniae infections varies in
different parts of the world but according to Qureshi (2016), mortality can be ~50% and

is higher in alcoholics and when associated with bacteraemia.

Klebsiella infections are also important in immunocompromised hosts and feature as
important causes of nosocomial infections. Infection risk increases with the use of
intravascular devices and urinary catheters (Podschun and Ullmann, 1998) and with
other underlying conditions such as diabetes mellitus or chronic cardiac, renal or
pulmonary problems (Marchaim et al., 2008, Meatherall et al., 2009). Epidemics of K.
pneumoniae infections highly resistant to antibiotics have been described in neonatal

units (Cordero et al., 2004, Damjanova et al., 2007, Randrianirina et al., 2009).

Paterson et al. (2003) reported that the majority of the Klebsiella spp. isolated from
clinical samples harbour at least two beta lactamase genes. Members of the Klebsiella
species are rapidly acquiring resistance to many previously effective agents including
aminoglycosides, fluoroquinolones, tetracycline, chloramphenicol and
sulfamethoxazole. Various precautions have been documented to reduce the spread of
Klebsiella infections in hospitals. For example, environmental hygiene, maintenance and

cleaning of medical equipment and, most importantly, good hand washing practice.
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1.14.3 K. pneumoniae genome structure

K. pneumoniae genomes are ~5.5 Mbp and encode ~5500 genes (Wyres and Holt, 2016).
Whole-genome comparisons of hundreds of isolates indicate that the core genome of
K. pneumoniae includes fewer than 2000 genes (Bialek-Davenet et al., 2014, Holt et al.,
2015). The additional 3500 ‘accessory’ genes are drawn from a pool of more than 30,000
genes (Holt et al., 2015). This high rate of acquisition of accessory genes indicates that

K. pneumoniae has an open pan genome (Medini et al., 2005).

Holt et al. (2015) categorised K. pneumoniae accessory genes into functional groups and
assessed their frequencies: carbohydrate metabolism (19%), membrane transport
(13%), exopolysaccharide production (capsule) (11%), iron metabolism (2%), drug,
heavy metal and stress resistance (1%) and several other accessory genes of unknown
functions (~56%). Although evidence shows the presence of discrete sets of accessory
genes in multiple phylogenetic lineages, each lineage includes sufficiently diverse sets
to enable their differentiation (Holt et al., 2015). Thus various K. pneumoniae strains are
noticeably different in their metabolic activities enabling adaptation to a broad range of

habitats.

1.15 Variations in the genetic complement of K. pneumoniae strains.

Exchange of accessory genes within the K. pneumoniae population, contributes to the
evolution of K. pneumoniae strains (Holt et al., 2015, Ramirez et al., 2014, Lohr et al.,
2015). Recently, ~50% of sequenced K. pneumoniae isolates from dairy cows with
mastitis showed presence of a plasmid-encoded lactose utilisation operon. A plasmid-
encoded siderophore system was associated with strains isolated from human cases of

bacteraemia and other invasive infections (Holt et al., 2015, Paczosa and Mecsas, 2016).

Conjugative plasmids are associated with the rapid spread of antimicrobial resistance.
For example, pLVPK (219 kb), first identified in K. pneumoniae CG43 (Chen et al., 2004),
appears to encode for heavy metal resistance (copper, silver, lead and tellurite) and iron
acquisition. It also harbours regulatory genes for capsule synthesis (rmpA and rmpA2)
that interact with capsule expression (Cheng et al., 2010). Wu et al. (2009) documented

the presence of a similar plasmid in the hyper-virulent strain NTUH-K2044.
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The presence of the 41.7kb conjugative-transmissible plasmid pMET1 in K. pneumoniae
indicates cross species HGT incidence in view of similarity to the pCRY plasmid of
Yersinia pestis (Figure 1-11). pMET1 encodes a conjugation-associated type IV secretion
system in addition to multiple antibiotic resistance genes including blaTEM-1 and
blaOXA-9 (Soler et al., 2008); these genes were also found on Tn1331.2 (11.0kb
transposon). These genes confer resistance to several aminoglycosides and B-lactams,
including ampicillin, amikacin, kanamycin, streptomycin and tobramycin (Soler et al.,

2008, Tolmasky et al., 1988).
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Figure 1-11 Genetic map of pMET1 and comparison to plasmid pCRY.

The genetic maps of pMET1 and pCRY are compared showing the homologous regions.
Homologous genes are shown with same colors. Yellow: mobilization; green: replication and
partition; red: antibiotic resistance; purple: virB/pilX-like; blue: transposition; grey: unknown.
Since pCRY is smaller than pMET1, to represent it in circular form a dotted line was added to fill
the gap. Taken from (Bistué et al., 2008)

The presence of various resistance encoding integrons in different K. pneumoniae
strains also support the occurrence of HGT events as integrons are themselves non-
mobile and are usually transferred with MGEs (Dropa et al., 2010, Correia et al., 2003).
Bacteriophages also have important roles in generating genome diversity as

comparative analysis of sequenced genomes identifies numerous prophages in multiple
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K. pneumoniae strains. For example there are, two prophages (36.3 kb and 48.6 kb) in
Kp342, five in MGH78578 (from 11.0 kb to 58.3 kb) and one in NTUH-K2044 (23.9 kb)
(Fouts et al., 2008, Wu et al., 2009). Dissemination of ICEs has also contributed to K.
pneumoniae evolution with ICEKp1 (~76 kb) the first identified ICE in K. pneumoniae

NTUH-K2044 (See below 1.13.5).

1.15.1 Genomic Islands in K. pneumoniae
Eight tRNA genes including (thr5, arg6, asn33, asn34, pheV, met56, leu82 and tmRNA)
were found to be hotspots for insertion of strain specific Gls in K. pneumoniae strains

(zhang et al., 2011, Chen et al., 2010, Aartsen, 2008, Ou et al., 2007).

The importance of pheV-tRNA loci has been investigated and 95 out of 101 strains
showed likely insertions within pheV tRNA (Aartsen, 2008, Chen et al., 2010). KpGl-1 (3.6
kb) was the first identified Gl at pheV locus of two K. pneumoniae strains (KR116 and
KR164: isolated at the Leicester Royal Infirmary, UK) (Aartsen, 2008). It was more
common in sputum isolates compared to strains isolated from urine, blood, wound or
bile, whereas KpGlI-2 (6.4kb) was common in urine isolates (Chen et al., 2010). The Gls

found in different K. pneumoniae strains are summarised in Table 1-1.

Several non-tRNA loci in K. pneumoniae NTUH-K2044 were shown to harbour strain-
specific DNA. Ma et al. identified a 20kb DNA fragment that encodes an iron uptake
system (kfuABC) and a phosphoenolpyruvate phosphotransferase system (PTS) (Ma et
al., 2005). Comparison between the MGH78578, Kp342 and NTUH-K2044 genomes
showed that these strains share 54.7% of their recognised genes (Zhang et al., 2011).
Interestingly, a 13kb citrate fermentation encoding locus was found upstream of the
dihydrodipicolinate synthase (dapB) gene in MGH78578 and Kp342 but absent from
NTUH-K2044. In-vitro studies showed that this locus improved growth of host strains in

the citrate-rich but oxygen deprived conditions of the urinary tract (Chen et al., 2009).
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Table 1-1 Summary of Gls found in various K. pneumoniae strains.

Gls

KpGl-1

KpGl-2

KpGI-3

KpGl-4
mGI_Kp20093
tmGl_Kp10011
tmGl_Kp49790
tmGl_Kp44
tmGIl_Kp63
HPI

pks

kfu/PTS

allS island

Citrate
fermentation
locus

Strain

KR116

HS04160

MGH78578

KR173
Kp20093
Kp10011
Kp49790
Kp44
Kp63
RK75

KpCF1

NTUH-
K2044

NTUH-
K2044

MGH78578

Size

(kb)
3.6

6.4

12.6

154
17.5
12.7
9.0
12.0
~40.0

54.0

20.0

21.7

13.0

Locus

pheV

pheV

pheV

pheV

tmRNA
tmRNA
tmRNA
tmRNA
tmRNA

asnT

asn

non-
tRNA

non-
tRNA

non-
tRNA

Possible function

Unknown, but over-
represented in sputum
isolates

Role in growth regulation &
possible role in pathogenesis
Unknown, but possible role in
surface adhesion and
colonization

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Iron acquisition via
yersiniabactin; virulence
factor in murine respiratory
tract infections

Synthesis of colibactin, which
can induce double-stranded
DNA breaks and death in
eukaryotic cells

Iron acquisition; virulence
factor in murine infection
model

Allantoin metabolism;
mutation in allS increased
LD50 10 to 100-fold.
Improved ability to grow in
the presence of citrate

Sources®

1,2

1,2

A W W w w wkrkF

a= (Aartsen, 2008)}, (Chen et al., 2010)?, (Zhang et al., 2011)3, (Bachman et al., 2011)*%, (Koczura and

Kaznowski, 2003)°, (Putze et al., 2009)%, (Ma et al., 2005)7, (Chou et al., 2004)8, (Chen et al., 2009)°

Lin et al. (2008) demonstrated the mobilisation cycle of ICEKp-1 in K. pneumoniae NTUH-

K2044. It was able to exist both in a circular and a chromosomally-integrated form within

the asn-tRNA site (Lin et al., 2008, Wu et al., 2009). The central region of ICEKp-1 shows

similarities to the plasmid pLVPK with the 5 end carrying genes similar to the

yersiniabactin siderophore system of the high pathogenicity island (HPI) of Y. pestis.

ICEKp-1 also encodes its own T4SS that is a homologue of T4SS-A (section 1.13.1). The

prevalence of ICEKp1 was significantly higher in strains isolated from patients suffering
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with PLA (Lin et al., 2008). In conclusion, the presence of Gls and Gl-like regions highlight

their potential contributions to strain specific phenotypes in K. pneumoniae strains.

1.16 Why K. pneumoniae H511286 was selected for this study

K. pneumoniae HS11286 was isolated from a sputum specimen in 2011 at Huashan
Hospital, Shanghai, China. The genome was sequenced by Liu, Dr Kumar Rajakumar and
colleagues and revealed seven circular replicons including one ~5.3 Mbp chromosome
and six plasmids. The chromosome encodes 87 tRNAs, 5,316 proteins, 1 tmRNA and 8
copies of ribosomal RNA. Of the six plasmids (pKPHS1-6), 1-3 are large and 4-6 are small

with unknown functions (Table 1-2)(Liu et al., 2012).

Dr Rajakumar and colleagues analysed the genome against K. pneumoniae strains
MGH78578, NTUH-K2044, Kp342 and KCTC2242 using GenomeSubtractor (Shao et al.,

2010) and detected seven prophage regions..

Table 1-2 Plasmid of K. pneumoniaeHS11286.

Plasmid | Size G+C Putative Function
(bp) content (%)
pKPHS1 122,799 49.50 CTX-M-14 extended-spectrum beta lactamase
pKPHS2 111,195 53.30 blaTEM-1 ,blakPC-2
pKPHS3 105,974 52.50 Resistance genes tetG, cat, sull, dfral2,

aac(3)-la, and aph

pKPHS4 3,751 52.20 unknown
pKPHS5 3,353 42.80 unknown
pKPHS6 1,308 47.90 unknown

Together with Chinese colleagues the Rajakumar’s lab recently explored the landscape
of the mobile genome in K. pneumoniae H511286 with a focus on antibiotic resistance.
Sixteen resistance genes were identified on the large plasmids, 14 of which were found
to be variously associated with Tn1721, Tn3, Tn5393, In2, ISCR2 and ISCR3 derived
elements (Bi et al., 2015). Comparative bioinformatic analysis against multiple clinical
and environmental K. pneumoniae strains had revealed that H511286 possesses an

extremely flexible genome (Zhang et al., 2011).
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Figure 1-12 Schematic representation of K. pneumoniae H511286 chromosomal genome.

A parallel study in the Rajakumar’s lab focussed on the functional analysis of Fic-
Domain-bearing proteins (Roy and Cherfils, 2015) in HS11286. These proteins include
secreted bacterial toxins and the local studies revealed that the T4SS present on
ICEKpnHS11286-1 had this function (Al-Madadha, 2017). Additional local studies
identified T6SSs at three different loci (T6SS-1-3) in this strain, amongst which system 1
and 3 were intact and functional for their virulence associated features, whereas T6SS-

2 was truncated and inactive (unpublished).

The HS11286 chromosome also harbours two novel ICEs (ICEKpnHS11286-1: 62 kb and
ICEKpnHS11286-2: 56 kb) (Figure 1-12). ICEKpnHS11286-1 was putatively characterised
as ICEKp-1-associated element, however, no experimental data was provided (Bi et al.,
2013). Moreover, ICEKpnHS11286-2 remained essentially unexplored. Thus more

insight into these elements was clearly desirable and the present project was initiated.

This study used K. pneumoniae H511286 AMDRAKPCACPS designated as WT, which lack

blaKPC (carbapenems resistance) on plasmid pKPHS2, a multidrug resistance island on
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plasmid pKPHS3 and cps cluster responsible for capsule formation whereas parent strain

(AMDRAKPC) (section 6.3.2) was capsulated (Table 1-3).

1.17 Overall aim and Objectives

The aim of the present study is to build on work established in the former Rajakumar
lab at Leicester University and to further characterize two ICEs of an extensively studied
K. pneumoniae strain (HS11286) with a view to further understanding their
contributions to HGT, cell physiology, virulence and antibiotic resistance.

The elements studied and abbreviations used in the text are summarised in Table 1-3.

Table 1-3 Key related to this study.

Previously used Name/Abbreviations Abbreviation in this thesis
ICEKp-1 family ICEKP-1
ICEKp-1 of Kp NTUH-K2044 ICEKp1

ICEKpnHS11286-1 of K. pneumoniae
HS11286 ICE-1

ICEKpnHS11286-2 of K. pneumoniae
HS11286 ICE-2

K. pneumoniae HS11286 AMDRAKPCACPS | WT

K. pneumoniae HS11286 AMDRAKPC Parent strain

The specific objectives were:
1. To characterise and annotate uncharacterised contents of ICE-1 and

ICE-2 of K. pneumoniae HS11286 and to study their prevalence in 40
local clinical isolates.

2. To investigate the contribution of ICE-1 and ICE-2 on the phenotypes of
K. pneumoniae H511286 including: Growth characteristics; Biofilm
formation; Antibiotic resistance; and Contribution to virulence.

3. To study the mobilisation cycle of ICE-1 and its effects on recipient
phenotypic biology.

4, To study mobilisation cycle of ICE-2. To investigate whether or not ICE-1
and ICE-2 have functional interactions during conjugative transfer of

DNA.
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2.1 Bacterial strains and plasmids

K. pneumoniae strains were obtained from two major sources; 40 strains were obtained
from Leicester Royal Infirmary (LRI) Hospital, isolated from clinical samples (Table 2-1)
whereas, K. pneumoniae HS11286 was kindly provided by Dr Hong-Yu Ou (Tianjin
University of Science and Technology, China). All bacterial strains in each case were
stored at -20/-80°C in BHI broth with 30% glycerol. Strains were routinely recovered by
growing at 37°C using LB or LA, unless otherwise specified. Appropriate antibiotics
(when applicable) were used during the recovery or growth. Details of all the bacterial
strains used and constructed in this study are summarised in Table 2-2. Plasmid used and

constructed are listed in Table 2-3.
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Table 2-1 Summary of 42 local K. pneumoniae strains obtained from LRI.

K.

pneumoniae

isolates?® Time of collection Reference
KR2170 Sputum
KR2171 Ascites Fluid
KR2172 Peritoneal Dialysis Fluid
KR2173 Dialysis Catheter
KR2174 Peritoneal Dialysis Fluid
KR2175 =) Peritoneal Dialysis Fluid
KR2176 § Peritoneal Dialysis Fluid
KR2177 o Ascites Fluid
KR2178 3 Biliary Fluid
KR2179 8 Ascites Fluid
KR2180 Q Sputum
KR2181 Q Ascites Fluid
KR2201 2 Blood Culture
KR2202 == Blood Culture
KR2203 Blood Culture
KR2204 Cerebrospinal Fluid
KR2205 Ascites Fluid
KR2206 Blood Culture
KR2207 Cerebrospinal Fluid g
KR3152 Blood Culture S
KR3153 Blood Culture <
KR3154 Blood Culture S
KR3155 Blood Culture S
KR3156 Blood Culture g
KR3157 Blood Culture
KR3158 Blood Culture
KR3159 — Blood Culture
KR3160 b Blood Culture
KR3161 % Blood Culture
KR3162 8 Blood Culture
KR3163 ' Blood Culture
KR3164 = Blood Culture
KR3165 ‘: Blood Culture
KR3166 3 Blood Culture
KR3167 = Blood Culture
KR3168 Blood Culture
KR3169 Blood Culture
KR3170 Blood Culture
KR3171 Blood Culture
KR3172 Blood Culture
KR2170 Blood Culture
KR2171 Blood Culture

a: KR stands for Kumar Rajakumar
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Table 2-2 Summary of bacterial strain used and constructed.
Bacterial strain Description Resistance?® Reference
K. pneumoniae MGH78578 Fully sequenced strain Isolated in Washington University from a Lab 212
sputum sample Archive
K. pneumoniae NTUH-K2044 Fully sequenced strain Lab 212
Archive
K. pneumoniae H511286 Fully sequenced strain with multi-drug resistance isolated from Amp 100ug/ml Lab212
human sputum in Shanghai, China Archive[85]
K. pneumoniae H511286 AKPCAMDR A mutant constructed with in-frame deletion of blakKPC Amp 100ug/ml Lab 212
(carbapenems resistance) on plasmid pKPHS2 and a multidrug Archive (Dr
resistance island on plasmid pKPHS3 between-KPHS_p300510 Dexi Bi)
and KPHS_p300880 gene (gene IDs).
K. pneumoniae H511286 AMDRAKPCACPS K. pneumoniae H511286 AKPCAMDR with an additional inframe ~ Amp 100ug/ml Lab 212

deletion of the genes responsible for the production of the
capsular polysaccharides (Genes in cluster between gene galF-
ugd) for easier manipulation

(Yingzhou Xie)

AMDRAKPCAcpsAKPHS44780::hph

K. pneumoniae HS11286 A mutant constructed with an inframe deletion of both clusters ~ Amp 100ug/ml Lab 212

AKPCAMDRAT6SS1AT6SS3 (1 and 3) that contain type 6 secretion system components (David
Ngmenterebo)

K. pneumoniae H511286 HS11286 AMDR AKPC ACPS strain used to construct an inframe Amp 100ug/ml This study

AMDRAKPCACPSAICE1 deletion of ICE1 genes ID designation (ICEKpnHS11286-1)[85]

K. pneumoniae HS11286 AMDR AKPC ACPS HS11286 AMDR AKPC ACPS strain used to construct an inframe Amp 100ug/ml This study

Amob1 deletion of mob1 gene only in the element ICE1

K. pneumoniae H511286 ICE-1 was tagged on irp2 Hyg 100ug/ml Lab 212

AMDRAKPCAcpsAirp2::hph (Yingzhou Xie)

K. pneumoniae H511286 HS11286 AMDRAKPCAcpsAICE2 strain used to construct an Amp 100pg/ml This study

AMDRAKPCAcpsAICE2 inframe deletion of ICE2 element (ICE 2 has the gene ID

designation (ICEKpnHS11286-2)[85] )
K. pneumoniae H511286 ICE-2 was tagged on orf8 Hyg 100ug/ml Lab 212

(Yingzhou Xie)
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K. pneumoniae HS11286 AMDRAKPCACPS HS11286 AMDR AKPC ACPS strain used to construct an inframe Amp 100ug/ml This study
Amob2 deletion of mob2 gene only in the element ICE2
K. pneumoniae H511286 HS11286 AMDR AKPC ACPS strain used to construct an inframe Amp 100ug/ml This study
AMDRAKPCAcpsAtral deletion of tral gene only in the element ICE2

K. pneumoniae H511286 HS11286 AMDR AKPC ACPS strain used to construct an inframe Hyg 100ug/ml Lab 212

AMDRAKPCAcpsAvirB(1-2)AvirB(4-6)::hph

deletion of genes responsible for the cylindrical part of the Type
4 Secretion system on ICE1 conjugative element virB(1-
2)AvirB(4-6), this is a marked mutant

(Yingzhou Xie)

K. pneumoniae H511286 HS11286 AMDRAKPCACPS strain used to construct an inframe Amp 100ug/ml This study

AMDRAKPCAcpsAICE1IAICE2 deletion of both ICE1 and ICE2

K. pneumoniae HS11286 AKPCAMDR AT6SS1  Mutant was constructed of complete genes cluster of T65S-1 Amp 100ug/ml Lab 212
(David
Ngmenterebo)

K. pneumoniae H511286 AKPCAMDR AT6S53 Mutant was constructed of complete genes cluster of T6SS-3 Amp 100ug/ml Lab 212
(David
Ngmenterebo)

K. pneumoniae HS11286 AMDRAKPCATG6SS- K. pneumoniae H511286 AKPCAMDR AT6SS1 strain was used to Hyg 100ug/ml This study

1Acps::hph construct an inframe deletion of genes in cluster between gene

galF-ugd (model strain for conjugation experiment)

K. pneumoniae H511286 HS11286 AMDRAKPCACPS strain was used to performed inframe  Hyg 100ug/ml This study

AMDRAKPCAcpsAint2a::hph deletion of integrase(a) gene in ICE2 (excision assay)

K. pneumoniae H511286 HS11286 AMDRAKPCACPS strain was used to performed inframe  Hyg 100ug/ml This study

AMDRAKPCAcpsAint2b::hph deletion of integrase(b) gene in ICE2 (excision assay)

E. coli DH5a Bacterial host used for cloning procedure Promega

E. coli HB101 Bacterial strain used as a recipient in conjugation assays Strep 50ug/ml Lab 212

E. coli-pACYCoriT-1 C 30 pg/ml This study

K. pneumoniae HS11286 AKPCAMDR-pACYC- Mutant was transformed with ICE-1 marker plasmid for C 30 pg/ml This study

oriTl conjugation assay.

K. pneumoniae HS11286 AMDRAKPCAcps — b C 30 pg/ml This study

pACYC-oriT1
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K. pneumoniae H511286 - C 30 pg/ml This study
AMDRAKPCACPSAICE1 —pACYC-oriT1

K. pneumoniae H511286 - C 30 pg/ml This study
AMDRAKPCAcpsAICE2 —pACYC-oriT1

K. pneumoniae H511286 - C 30 pg/ml This study
AMDRAKPCAcpsAICEIAICE2-pACYCoriT1

K. pneumoniae H511286 - C 30 pg/ml This study
AMDRAKPCACPSAmob1-pACYCoriT1

K. pneumoniae H511286 - C 30 pg/ml This study
AMDRAKPCACPSAmob2-pACYCoriT1

K. pneumoniae H511286 - Hyg 100pug/ml 7 C  This study
AMDRAKPCAcpsAvirB(1-2)AvirB(4-6)::hph- 30 pg/ml

pACYCoriTl

K. pneumoniae H511286 - Hyg 100pg/ml & C  This study
AMDRAKPCAcpsAirp2::hph-pACYCoriT1 30 pg/ml

K. pneumoniae H511286 - Hyg 100pg/ml &C This study
AMDRAKPCAcpsAKPHS44780::hph- 30 pg/ml

PACYCoriTl

K. pneumoniae H511286 - C 30 pg/ml This study
AMDRAKPCAcpsAtral-pACYCoriT1

K. pneumoniae HS11286 AKPCAMDR - C 30 pg/ml This study
AT6SS1-pACYCoriTl

K. pneumoniae HS11286 AKPCAMDR - C 30 pg/ml This study
AT6SS3-pACYCoriT1

K. pneumoniae H511286 - C30 pg/ml This study
AKPCAMDRAT6SS1AT6SS3-pACYCoriTl

K. pneumoniae H511286 AMDRAKPCAT6SS- - Hyg 100pg/ml & C  This study
1Acps::hph-pACYCoriT1 30 pg/ml

K. pneumoniae H511286 - Hyg 100ug/ml & C  This study

AMDRAKPCAcpsAint2b::hph-pACYCoriT1

30ug/ml
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a= Amp (Ampicillin), Apra (Apramycin), Hyg (Hygromycin), C (Chloramphenicol), Strep (Streptomycin); b= Mutant was transformed with ICE-1 marker plasmid
for conjugation assay.

Table 2-3 Summary of plasmids used and constructed.

Plasmids Descriptions Resistance Reference
pACYC184 Used for construction of ICE1 marker plasmids for conjugation assay C 30pg/ml Lab 212
pACYC-oriT1 Used for mobilization assay C 30pg/ml This study
pACYC-0riT956 Used for determination of minimal region of oriT of ICE-1 C 30pg/ml This study
pACYC-0riT568 Used for determination of minimal region of oriT of ICE-1 C 30pg/ml This study
pACYC-0riT525 Used for determination of minimal region of oriT of ICE-1 C 30pg/ml This study
pACYC-0riT525 Used for determination of minimal region of oriT of ICE-1 C 30pg/ml This study
pACYC-oriT648 Used for determination of minimal region of oriT of ICE-1 C 30pg/ml This study
pACYC-oriT608 Containing hph cassette flanked by FRT sequences C 30pg/ml This study
Pybt The ybtSXQPA operon of ICE1 was cloned into pACYC184 for complementation experiment C 30pg/ml This study
RFTool-1 A plasmid was constructed for the complementation experiment of conjugation assay. The Apra 30pg/ml This study
plasmid consisted an origin of replication (bHROR) of pFLP2-Apra that was cloned with
backbone of pWSK29-Apra.
RFT-mob2 mob?2 of ICE-2 was cloned in the RFTool-1 under the control of IPTG inducible promoter Apra 30pg/ml This study
RFT-tral tral of ICE-2 was cloned in the RFTool-1 under the control of IPTG inducible promoter Apra 30pg/ml This study
RFT- mbK199E507 Point mutated mob2 of ICE2 was cloned in RFTool-1 under the control of IPTG inducible Apra 30pg/ml This study
promoter
pJTAG-Hyg Containing hph cassette flanked by FRT sequences Hyg 100ug/ml Lab 212
pKOBEG-Apra Temperature sensitive plasmid (grow at 30°C) possesses the genes for lambda red Apra 30pg/ml Lab 212
recombination.
pFLP2-Apra Plasmid coding for the Flippase gene for converting knockout mutants to marker less Apra 30pg/ml Lab 212
mutants by excising DNA flanked by the FRT site introduced on each flank (used to construct
different versions).
pWSK29-Apra A plasmid previously used for protein expression in K. pneumoniae, Apramycin gene cassette Apra 30pg/ml Lab 212
added. selection with Apramycin at 30ug/ml.
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2.2 DNA manipulation techniques

2.2.1 DNA extraction

Genomic DNA extraction was achieved from overnight culture (containing 2 x10°
Cfu/ml) using Archive DNA Cell/Tissue Kit (5Prime). Briefly, 500ul of overnight culture
were treated with detergent buffer. The lysed cells were treated with proteinase K and
RNAse at 37°C for 30 min. The supernatant was collected after centrifugation (15000xg
for 10 min). The DNA was precipitated and washed using 100% isopropanol and 70%
ethanol, respectively. After air drying the DNA pellet was dissolved in ultra-pure DNAse

free water.

Plasmid DNA was extracted using GenElute Plasmid Miniprep (Sigma-Aldrich) as per
manufacturer’s instruction. The amount of culture and the time points were depended

on the nature of the experiments.

DNA extraction from the agarose gel including products of polymerase chain reactions
(PCR) and plasmid digest were achieved using GenElute gel extraction Kit (Sigma Aldrich)

as per the manufacturer’s instructions.

2.2.2 DNA quantification
DNA was quantified using Nanodrop 2000 (Thermo Fisher scientific) spectrophotometer

using DNA elution buffer/PCR graded water as blank.

2.2.3 DNA amplification methods
2.2.3.1 Primer designed
Oligonucleotide for PCR reactions were designed using following tools; Primer3

(http://insilico.ehu.es/primer3/), ApE and primer designing tool-NCBI. For ICEs screening

the primers were designed using K. pneumoniae NTUH-K2044 and HS11286 as a
reference templates. The designed primers were synthesised by Sigma-Aldrich. Primers

were dissolved in ultra-pure DNAse free water at 10pmol/ul and stored at -20°C.

2.2.3.2 In-silico PCR
The specificities and utilities of primers were confirmed by in silico PCR analysis using the

freely available web based tool (http://insilico.ehu.es/PCR/). The size of the in-silico PCR

fragments were used to calculate the extension time.
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2.2.3.3 Standard PCR method

Standard PCR was performed using either GoTaq polymerase (Promega) or GoTaq® G2 DNA
polymerase (Promega). The PCR reaction components were assembled as a master mixture
as per manufacturer’s instruction. The deoxynucleotide triphosphates (dNTPs) (Bioline UK)
were always prepared in PCR grade water at 10mM each. High fidelity DNA polymerase such
as KOD hot start polymerase (Merck-Milipore) was used for cloning and mutagenesis work.
The representative cycling conditions for each enzyme is shown in Table 2-4. Cycling
conditions were based on predicted PCR product size and the primers melting temperature

(Tm).

Table 2-4 PCR cycling conditions.

Steps GoTag DNA Polymerase KOD Hot Start DNA Polymerase
Denaturation ‘ 95 °C for 30 sec 95 °C for 30 sec
Annealing ‘ (Lowest Tm) °C for 30 sec (Lowest Tm) °C

Extension ‘ 72°C, 1min/kb 70°C, 20 sec/kb

2.2.3.4 Colony PCR

A single bacterial colony was suspended in 30ul of ddH,0 and heated at 100°C for ~10
min. Cells were pelleted at 14000 x g for 2 min (~5-6 min for mucoid cells) and 1pl (2l
for the detection of low copy number plasmids) of the supernatant was used as

template for PCR reactions.

2.2.3.5 Splice overlap extension PCR

Splice overlap extension PCR (SOE-PCR) was used to create composite PCR products to
facilitate mutation in gene/genes by homologous recombination (Heckman, Pease
2007). This technically simple and potent method allows DNA strands hybridization to
one another at specific junctions, forming an overlap. Extension of this overlap by DNA
polymerase yields a recombinant molecule. Mutant alleles consisted of an upstream
homologous flank (UF), an antibiotic resistance cassette (hygromycin) and a
downstream homologous flank (DF), spliced together in the manner depicted in Figure
2-1. For successful recombination the flanking region were kept at ~ 400-500bp in size,

and they were amplified using genomic DNA from the parent strain.
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Step 1: Standard PCR
Hygromycin resistance (hph)
Gene of interest FRT cassette FRT
pJTAG-Hyg 999 bp
UF_F DF_R
= UFR DF_F
AB_F AB_R
V’ PCR V‘v PCR ‘,
UF E')_|bp 9 'll|p DF hph cassette
_400 - 500bp 400 - 500bp ~1.6 kbp
\ Step 2: SOE PCR
UF DF
— hph -
L,
UF_ DF_R
: ¥
UF FRT hph FRT DF

Figure 2-1 Schematics of SOE PCR.

Step 1: The left hand and right hand flanks around a gene of interest are amplified by PCR, using
primers with overhangs containing regions that are homologous to the antibiotic resistance
gene used (homologous regions in primers shown in purple for the left and right hand. UF and
DF represent upstream and downstream flanking regions of the gene of interest. FRT indicates
the flippase recognition target sequences. Step 2: The final stage of the SOE PCR involves
annealing of the three amplicons from step 1, to produce the full mutant allele, which is then
amplified using UF-F and DF-R primers.

Primer pairs UF-F/UF-R, DF-F/DF-R, and AB-F/AB-R were used separately to amplify PCR
fragments (Figure 2-1). All fragments were gel purified (section 2.2.1). Primers UF-R and
DF-F were designed so that their ends contained ~20bp sequence complementary to
the hph fragment primers AB-F and AB-R, respectively. This added an overhang to PCR
products which when mixed (Table 2-5), denatured and annealed in the SOE-PCR, the
complementary fragment ends annealed, producing a spliced product where the two

fragments have been merged.

39



Chapter 2

Materials and Methods

Table 2-5 SOE PCR reaction mixture setup.

Master mixture for SOE PCR Volume (ul) for 1 reaction

10 x Buffer for KOD Hot Start DNA polymerase (x1) 5
dNTPs (0.2 mM each) 5
25 mM MgS04 (1.5 mM) 3
Splicing fragment A (UF) (50 to 60 ng) as required
Splicing fragment B (DF) (50 to 60 ng) as required

Splicing fragment C (antibiotic cassette) (50 to 60 ng) as required

Forward primer (added after 15 cycles) 1.5
Reverse primer (added after 15 cycles) 1.5
KOD Hot Start DNA polymerase (1U) 1

Ultra-pure nuclease free water to the final volume of 50 ul

The PCR generated amplicons were mixed in an equimolar ratio in a single PCR reaction
and the cyclic conditions were adjusted in two phases (Table 2-6). In order to facilitate
the annealing of overlapping regions (20bp) and formation of a single spliced fragment,
primers were not added in the initial 15 cycles of the first phase. The primers UF-F and
DF-R were added in the second phase (35 cycles) to amplify the spliced fragment (Figure
2-2, Table 2-6).

Table 2-6 Conditions used for SOE PCR.

Steps Number of Temperature °C Time

cycles

Activation of KOD polymerase 1 95 2min
Annealing of overlapping regions of fragment A, B and C (without primers)
Denaturation 95 20sec
Lowest Tm of the
Annealing 15 overlapping 10sec
region
. 10-25sec/kb
Extension 70 of DNA
Amplification of spliced fragment
Initial denaturation 1 95 20sec
Denaturation 95 20sec
Annealing Loyvest T”." of the 10sec
35 primer pair used
) 10-25sec/kb
Extension 70 of DNA
Final extension 1 70 5-10 min
Final hold 1 15 oo
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2.2.4 DNA visualisation by agarose gel electrophoresis

Visualization of DNA fragments was routinely performed in agarose gels (Bio Line). The
gel was prepared by dissolving 0.8g of agarose in 100ml of TAE buffer, which was later
supplemented with 5ul of ethidium bromide (10 mg/ml stock) in 100ml of gel. 1X
concentration of 6X loading dye (Thermo Fisher Scientific) was always added to the
samples before loading. Samples were run alongside a DNA ladders; either Quick-Load
2-log DNA Ladder (0.1-10 kb) or GeneRuler™ (Thermo Scientific) was used. Finally, the

bands were visualized using a gel documenting system (Bio Rad) and images recorded.

2.3 General methods of recombination and mutant construction

2.3.1 Preparation of electro-competent cells

The procedure for preparation of electro-competent cells was adapted from Dower et
al. (1988). Briefly, a single colony was inoculated into 5ml of LB for overnight growth at
37°C with shaking at 200 rpm. The overnight culture was diluted at a ratio of 1:100
(overnight culture: fresh LB) and allowed to grow an ODeoo of 0.4 — 0.5 (~4 hr). The
culture was cooled to 4 °C by placing on ice for 20 min. The cells were harvested by
centrifugation (3000 x g, 15 min, and 4°C) and gently washed three times with
successively smaller volumes of ice cold 10 % (v/v) glycerol. The final pellet of the cells
were suspended in a small volume of ice cold 10 % (v/v) glycerol equal to 1/100th of the
initial culture volume. The competent cells were dispensed as 50ul aliquots in pre-

chilled 1.5 ml micro-centrifuge tubes and were stored at -80 °C.

2.3.2 Electroporation

Competent cells were retrieved from -80°C storage and were thawed on ice for 20 min.
In parallel, the required DNA was also placed on the ice. The concentration of DNA
during electroporation was adjusted according to the nature of the experiment. The
DNA and competent cells were mixed gently. The mixture was transferred to the 0.2cm
electroporation cuvette (GeneFlow) and electro transformation was completed in the
Bio-Rad Gene Pulser system (Bio-Rad) at the following settings: 25 kV/cm, 25 puF and 200
Q. Immediately after transformation, 950ul of SOC (2.1.3) was added and cells were
incubated at 37°C for 1 hour before being diluted and plated on appropriate plates. SOC

was used as it provided all necessary components for the growth of bacteria that undergo
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the stressful electroporation conditions. This method was employed both for the

preparation of electrocompetent E. coli and K. pneumoniae.

2.3.3 Restriction enzyme digestion of DNA

Restriction digestion enzymes were obtained from Promega, NEB and Roche. All the
digestions were carried out according to the manufacturer’s protocols. Final reaction
volume and length of time of digestion was adjusted according to the total mass of DNA
and choice of enzyme. The enzymatic reaction was always stopped by heat inactivation

as per manufacturer’s instructions.

2.3.4 Ligation of DNA
Ligation reactions were performed in a final volume of 10ul containing 3U of T4 DNA
ligase (Promega) and 1 - 2ul of 2x ligation buffer. The reaction was incubated overnight

at 4°C, and subsequently transformed into E. coli.

2.4 Other methods

2.4.1 Cell counting
Cell densities were determined by measuring OD600 while culture-ability was assessed

by colony forming units (Cfu) counts.

2.4.2 Growth curves

Briefly, single a colony was inoculated into 5ml LB and grown (37°C at 200rpm) until late
exponential phase (ODeoo 0.8). The ODgoo of culture was then normalized to 0.08 and
150ul aliquots added to wells of a Bioscreen microplate which was then loaded into a
Bioscreen plate reader-incubator run with continuous shaking at 37 °C for 24 hr. The
machine was set to measure the optical density at 600nm every 15 or 60 min. Each
growth curve experiment was repeated three times. Cfu counting was performed where

stated. The data was collected and analysed using GraphPad Prism version 7.0.

In addition, analysis of growth fitness of cells carrying various constructed plasmids
were also examined by growth curve analysis. Inducers such as IPTG were added where

required.
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2.4.3 Conjugation by filter mating

A filter mating method was used for conjugative delivery of ICE-1 marker plasmids from
K. pneumoniae strains into the recipient strain (E. coli HB101) (Lin et al., 2008). A single
colony from overnight plate cultures of both donor and recipient were inoculated into
separate 5ml of LB with antibiotic selection (30ug/ml chloramphenicol for K.
pneumoniae bearing ICE-1 marker plasmid and 50ug/ml streptomycin for E. coli HB101)
and grown overnight. A 1:100 dilution of both cultures were then inoculated into 5 ml
fresh LB and grown to exponential phase (~4 hr for K. pneumoniae and ~4.5 hr for E.
coli). The cells in 1 ml of each culture were then harvested by centrifugation (8000 x g
for 5 min) and before mixing, the pellets were washed twice with PBS to remove
remaining antibiotic and re-suspended in 200l of phosphate buffer saline (PBS). Cfu/ml
counts were optimised for donor and recipient by trial and error and 10:1 donor:

recipient ratio was found to be satisfactory for mixing.

The mixed bacterial suspension was then spotted onto the centre of 0.22um pore size
membrane filter (Thermo Fisher) placed on LA. The spot was allowed to dry and the
preparation incubated overnight at 37 °C. The filter paper was washed in 1ml PBS to
detach the bacterial cells. The transconjugants were selected on LA supplemented with
both chloramphenicol and streptomycin, or as otherwise stated, from the neat
suspension. Serial dilutions up to 10°® were performed for the donor and recipient
Cfu/ml counts. Plates were incubated overnight at 37°C. The efficiency of

transconjugation was calculated using following formulas.

.. . . nTransconjugants Cfu
Efficiency of transconjugation = ( )

nRecipient Recovered ‘ml

. _ _ nTransconjugants Cfu
%Efficiency of transconjugation = (

—) x 100

nRecipient Recovered \ ml

PCR was used to confirm presence of the ICE-1 marker plasmid using plasmid-specific
primers and also recipient were confirmed to be E. coli by using primers specific to E.

coli genome.

43



Chapter 2

Materials and Methods

2.5 Bioinformatic methods

2.5.1 Bioinformatics tools

Bioinformatics tools used in this study are in listed in Table 2-7.

Table 2-7 List of bioinformatic tools used in this study.

Name
BLASTn

BLASTp

COBALT

STRING

PHYRE2

RAST

ORF Finder

Pfam

BPROM

Clustal-Omega
Primer-BLAST
ICEberg

SecReT4
NEB-Cutter

In-silico PCR
Primer3 plus

OligoCalc
ApE

Function

Searches DNA databases for similar DNA

sequences
Search protein databases for similar
sequences
computes a multiple protein sequence

alignment using conserved domain and local
sequence similarity information

Performed protein-protein interactions
Automatic fold recognition server for
predicting the structure and/or function of
protein sequence

Used for putative annotation of unknown
gene

Identifies open reading frames (ORFs) using
the standard or alternative genetic codes

It is database of protein families that includes
their annotations and multiple sequence
alignments generated using hidden Markov
models.

Identifies the bacterial promoter regions and
transcription initiation sites.

Multiple sequence Alignment tool

A tool for finding specific primers to the PCR
template

web-based resource for integrative and
conjugative elements found in Bacteria

Type IV Secretion system Resource

Online tool to identify enzyme restriction
sites in nucleotide sequences

Online program to perform in-silico PCR

Primer design

Oligonucleotide analysis

used for assembly of sequencing traces,
virtual digests, sequence annotation, and
schematic sequence representation

Reference
(Altschul et al.,
1997)

(Altschul et al.,
1997)
(Papadopoulos
and Agarwala,
2007)
(http://string-
db.org/)

(Aziz et al., 2008)

(https://www.ncb
i.nlm.nih.gov/orffi

nder/)
(Finn et al., 2014)

(http://linux1.sof
tberry.com/berry
-html)

(Larkin et al,,
2007)
(Altschul
1997)
(Bietal., 2012)

et al,

(Bietal., 2013)
(Vincze, 2003)

(Bikandi et al.,
2004)

(Steve Rozen and
Skaletsky, 2000)
(Kibbe, 2007)
biologylabs.utah.e
du/jorgensen/way
ned/ape
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2.5.2 Plasmid maps and in-silico construction of DNA fragments
Plasmid and genome maps were visualized and constructed using Snapgene, APE, and

pDRAWS32.

2.6 Media, reagents and solutions

All media and reagents were obtained from Sigma and Thermo-Fisher unless otherwise

stated.

2.6.1 Brain Heart Infusion (BHI) broth plus 30 % glycerol

47 g of brain heart infusion broth powder (Oxoid) was dissolved in a final volume of 1
litre of deionised distilled water (ddH20) containing 30 % (v/v) glycerol. Media was
autoclaved before use. This medium was used for storage of bacterial stocks at -20 and

-80°C.

2.6.2 Luria Bertani (LB) and Agar (LA)

Luria Bertani is one of the standard liquid (LB) and solid growth (LA) medium for
bacterial growth. LB was prepared by dissolving 4 g of tryptone, 2 g of yeast extract and
2 g of NaCl in ddH;0 to a final volume of 400 ml. Whereas, LA was prepared as for LB

with 1.5 % (w/v) of agar, it was always autoclaved at 121°C for 15 min.

2.6.3 Super optimal broth with Catabolite repression (SOC)

SOC was prepared by dissolving 5 g of tryptone, 2.5 g of yeast extract and 5 g of NaCl
into 200 ml of ddH,0. After autoclaving, 50 pl of 2 M MgCl: (filter sterilized) and 200 pl
of 1M glucose (filter sterilized) were added to 1 ml of medium. SOC was used for non-

selective growth of bacteria post-transformation.

2.6.4 Tris-acetate-EDTA (TAE) buffer (PH 8.3)
2 M Tris-HCl

2 M Acetic acid
50 mM EDTA

2.6.5 Normal Saline

9 g NaCl (154 mM final; 0.9% w/v)

Distilled water to 1 litre. Filter sterilised/autoclaved
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2.6.6 Trace Metal Mix

Composition /per litre (sterile solution) to make 1000X
H3BO3 2860mg

MnCl; x 4H,0 (1810mg)

ZnS04 x 7H,0 (222mg)

Na2Mo0O4x 2H20 (390mg)

CuSO4x 5H,0 (79mg)

Co(NOs)2 x 6H20 (49mg)

1 ml of Trace metal mix was added to M9 minimal medium.
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of ICEs in K. pneumoniae HS11286
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3.1 Introduction

Genomic diversity of bacteria is affected by changes in uniformity of the coding and
noncoding regions of bacterial genome. A major cause of this diversity is the acquisition
of mobile genetic elements (MGEs), such as plasmids, transposons, and Gls (Arber.,
2000, Roy, 1999). Comparative mapping and sequence analysis within species has
revealed an abundance and variety of genomic islands acquired by HGT in many species
of Proteobacteria (Hacker and Kaper, 2000, Hacker., 2000). MGEs can be variable in size
ranging from 10- to 200-kb; they may contain genes or clusters of genes related to
virulence, antibiotic resistance or niche adaptation. Previous research has documented
that ICEs are self-mobilisable DNA fragments as well as being represented in diverse
Gram-positive and Gram-negative bacteria (Burrus et al., 2002, Burrus and Waldor,
2004, Lin et al., 2008, Wozniak and Waldor, 2010). Given the focus here on K.
pneumoniae, as a background to the current project, ICEberg databases and published
literature (until 2013) were explored for the information about ICEs present in
Enterobacteriaceae; these are summarised in Table 3-1. The majority of documented
ICEs are generated by site-specific recombination at 3"ends of tRNA-encoding genes and
are marked by directly repeated sequences at both ends (Kelly, 2002, Baar et al., 2003,
Tuanyok et al., 2008).

The core genome of K. pneumoniae is interrupted by multiple MGEs (Zhang et al., 2011).
These authors identified eight tRNA gene loci serving as insertion hotspots for Gl
insertion, nonetheless, very little is known about the prevalence of different ICEs in K.
pneumoniae strains. The background strain for this study contains two ICEs, ICE-1 and
ICE-2 (Chapter 1), integrated at the asn-tRNA and phe-tRNA sites respectively. In K.
pneumoniae the phe-tRNA and asn-tRNA genes were always known to be the tRNA
genes most frequently occupied by Gls (Aartsen, 2008, Chen et al., 2010). In a recent
study 73% of K. pneumoniae strains contained at least one Gl integrated in the asn-tRNA

gene (Marcoleta et al., 2016)
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Table 3-1 Summary of all different ICEs found in various bacterial species of Enterobacteriaceae.

Bacterial Species from diff. ICEs
Size® Insertion  Possible function Referenc

genus of Int¢

Family?® Nomenclature (~Kbp) site of cargo genes? e
Enterobacteriaceae

Salicylate
C. koseri ATCC BAA-895 ICEKP-1 ICECkoBAA-1 103 + tRNA-asn 1
synthesis

C. rodentium ICC168 NA ICECrolCC168-1 40 NI tRNA-leu u 2
E. hormaechei05-545 ICEKP-1 HPI-ICEEh1 66 + tRNA-asn Pathogenicity 3
E. carotovora SCRI1043 NA HAI2 97 NI tRNA-phe u 2
E. coliED1a ICEKP-1 ICEEcoED1a-1 58 + tRNA-asn Yersiniabactin® 1
E. coli UMNO26 ICEKP-1 ICEEcoUMNO026-1 65 + tRNA-asn Yersiniabactin® 1
E. coli ECOR31 ICEKP-1 ICEEc1 38 NI tRNA-asn Pathogenicity 4

PKLC102/PAG
E. coli BEN374 ICEECc2 94 + tRNA-phe U 2,5

I-1
E. coli IHE3034 NA ICEECIHE3034-1 54 + tRNA-asn Colibactin 6
E. coli )53 SXT/R391 ICEEcoJ53 PS NI prfC u 1
K. pneumoniae 342 NA ICEKpn342-1 70 + tRNA-asn Putrescine®, PAM 7
K. pneumoniae NTUH-

ICEKP-1 ICEKp-1 75 + tRNA-asn u 8,9
K2044
K. pneumoniae HS11286 ICEKP-1 ICEKpnHS11286-1 62 + tRNA-asn34 U 1
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K.
P.

v L U L U U O T O U O T T

pneumoniae HS11286
mirabilis HI4320

. mirabilis H14320

. mirabilis TUM4660

. mirabilis

. vulgaris

. vulgaris

. zeae Ech1591

. dadantii Ech586

. dadantii 3937

. luminescens TTO1
. Typhi CT18

. Typhi Ty2

. enterica 5494-57

. bongori CEIM46082
. bongori 2022/77

. enterica SARC16

. enterica RKS4594

NA
SXT/R391

NA

SXT/R391

SXT/R391

SXT/R391
SXT/R391
ICEKP-1
ICEKP-1
NA

NA

SPI-7
SPI-7

NA

SPI-7
SPI-7

NA

SPI-7

ICEKpnHS11286-2

ICEPmMiUSA1

ICEPmM1

ICEPmiJpnl

R997

R705
R706

ICEDzeEch1591-1
ICEDdaEch586-1

ICEDda3937-1
ICEPIUTTO1-1
SPI-7
ICESenTy2-1
CTnscr94
ICESb1

ICESb2

ICESe3
SPI-7RKS4594

56
80

92

PS

85

PS
PS
53
51
74
141
133
131
126
109
101
104
81

NI

tRNA-phe

prfC
tRNA-phe

prfC

prfC

prfC

prfC

tRNA-asn
tRNA-asn
tRNA-asn
tRNA-phe
tRNA-phe
tRNA-phe
tRNA-phe
tRNA-phe
tRNA-phe
tRNA-phe
tRNA-phe

U

u

Proteus toxic
agglutinin
Beta lactam
AmpR, Strep®
Sulf®

Kan®, Mercury®R

Kan®, Mercury®R

U

U

U

U
Pathogenicity
U

SucroseM

U

U

U

Pathogenicity

10,11

10, 11

13

14

16

16
16
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S. enterica 1662K

S. enterica 18

Y. enterocolitica 8081

Y. pseudotuberculosis IP
31758

Y. enterocolitica Y69

Y. pseudotuberculosis

32777

SPI-7
NA
ICEYel

ICEYel

ICEYel

ICEYel

SPI-71662K
ICESe4
YAPI(ye)

YAPI(IP31758)

ICEYel

YAPI

86
96
66

120

98

NI
NI

tRNA-phe
tRNA-phe
tRNA-phe

tRNA-phe

tRNA-phe

tRNA-phe

Pathogenicity
u
TA & Arsenic®?

Pathogenicity

Pathogenicity

2,17

2,18

2,19

a: NA = Not assigned; b: PS = partially sequence; c: NI = not identified, prfC = protein releasing factor C, d: U = unknown, , Amp = ampicillin, Strep =
streptomycin, Sulfa = sulfamethoxazole, Kan = Kanamycin, S=synthesis, R= resistance, M = metabolism, PA= polyamines, TA = toxin-antitoxin system
!(Bi et al., 2012), %(Seth et al., 2012), 3(Paauw et al., 2010), *(Burrus and Waldor, 2004), >(Roche et al., 2010), ¢(Putze et al., 2009), ’(Zhang et al., 2011),
8(Wu et al., 2009, Lin et al., 2008), °(Flannery et al., 2009, Flannery et al., 2011), ’(Mata et al., 2011), 3(Harada et al., 2010), **(Daccord et al., 2012),
15(McGrath et al., 2005 & 2004), **(Moreno et al., 2012), (Thomson et al., 2006), ¥(Seth et al., 2012, Eppinger et al., 2007), *(Collyn et al., 2004)
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The ICEKP-1 associated element was first identified in uropathogenic E. coli strain
ECOR31 (Schubert et al., 2004) and later on in K. pneumoniae strain NTUH-K2044
isolated from primary liver abscess (Lin et al., 2008). Both occurrences were integrated
downstream of tRNA-asn. ICEKp-1 is divided into 3 regions: a region homologous to the
High pathogenicity island (HPI) of Yersinia pestis (Schubert et al., 2000), a region with
similarities to pLVPK plasmid of K. pneumoniae strain CG43 (Chen et al., 2004) and finally

a region containing the genes responsible for conjugation (Lin et al., 2008).

An ICE identified in E. coli BEN374 classified in the PKLC102/PAGI-1 family is of particular
interest (Roche et al., 2010). Clc was the first element recognized in this family and was
detected in Pseudomonas sp. B13 (Reineke et al., 1982). The family includes several
other elements including PAGI-1, PAGI-2, pKCL102 present in various Pseudomonas
strains (van der Meer and Sentchilo, 2003, Klockgether et al., 2004). Subsequently, Bi
and colleagues (Bi et al., 2012) classified all these elements and several other related
elements into one family named PAPI. Elements from this family share a homologous
set of core genes (Mohd et al., 2004) and all are integrated at the 3’ end of tRNA genes
(Larbig et al., 2002, van der Meer and Sentchilo, 2003). Transfer of these elements
involved an integrase and a Type 4 pilus (Ravatn et al., 1998a, Ravatn et al., 1998b, Qiu
et al., 2006, Juhas et al., 2007a).

3.1.1 Overall Aim
This section is focused on the characteristics and annotation of ICE-1 and ICE-2 of K.
pneumoniae HS11286 and their prevalence in 40 local clinical isolates. The following

objectives were set.

3.1.2 Objective
1. To characterise the previously uncharacterised components of both ICEs by
bioinformatic analysis.
2. To classify ICE-2 into an appropriate ICEs family based on sequence homology.
3. To investigate the occurrence of these two elements in a group of 40 local
isolates of K. pneumoniae.
4. To study the structural variation between the known ICEs and novel ICEs

identified in clinical isolates.
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3.2 Methods

3.2.1 Overview of bioinformatics analysis.
Several bioinformatics tools were comparative and functional analysis of both ICEs

(Figure 3-1).

| NCBI I

| Input Data of DNA sequence |

% RAST erg data Comparative analysis
5 base \
g
s .
=
L]
G}
ORF Finder
Blastp
Predicted
genes
Functional analysis Known sequences
(UniPort)
- l Protein families
Other Function Domain based Context based | | Homology based I (Pfam) '
Literature based
*Functional system
™ (SecRetd for T4SS )
Experimental Conserved Genomic neighbourhood
literature in other domain/motifs and gene co-expression
ICEs (CDD, COBALT) (STRING) (ICEberg) Protein-Protein
interactions
(STRING)

Figure 3-1 Flowchart of bioinformatics analysis.
Various bioinformatics tools were used for gene predictions, comparative and functional
analysis of ICE-1 and ICE-2 content.

3.2.2 PCR analysis

Standard PCR methods are explained in section 2.2.3.3.

3.2.3 PCR for the determination of locus of insertion of ICE
3.2.3.1 Principle
The insertion of new genes in host genome was investigated using tRIP (tRNA site

interrogation for pathogenicity islands, prophages and other Gls), which is a quick PCR
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based screening method (Chen et al., 2010, Ou et al., 2006). tRIP is a PCR strategy, where
negative PCR results indicates 3'located Gl end in the tRNA gene (Figure 3-2). Gls usually
carry one copy of the DR that corresponds to the sequence of the 3 terminus of the
target gene. The primers F and R produce negative PCR (no amplification) results when

a large integrated element is present.

Primer Primer
F R
- -
tRNA

P P TP T T PP T .

Tetolitete :ﬂﬁx s Rl Empty tRNA site

EPpTOaetl | Ersh et ISR RgtR ), R Rt

S SN AR AR

s .f \ Ay
7 Fi AY Ay
7 7 Ay A\
If ,f * A\ \\
d 4 v Conserved '\
+ Conserved 4
! ’ N Ay
/! ' \ AY
! 7 N\ Ay
/! f/ \ AY
/ ! A A\
/! i A \
7 7 AN A
’ AY \

e S e e tRNA L mc wc
.xixxi&xi%xﬁ&x_i&xx xxxxx@ et g Occupied tRNA site
SO S S S S G RIR s

Figure 3-2 Schematics of principle of tRIP PCR.
Upstream and downstream region of the tRNA are indicated by UF and DF respectively. Red
rectangle represents integration of genomic island (Gl) at the 3" end of tRNA.

3.2.3.2 Primer design for tRIP

Multiple sequence alignment of ~2kb flanking regions (upstream and downstream) of
the target gene were performed using Clustal-Omega. Conserved upstream (primer F)
and downstream (primer R) sequences were selected as primers pairs for each locus.
The primers sequences were checked for hairpin and primer dimer formation using
OligoCalc. K. pneumoniae strains MGH78578, HS11286 and NTUH were used as

reference for primer design.

3.2.3.3 PCR cycling condition

The cycling conditions were based on primers used during screening of: Initial
denaturation at 95°C for 2 min, followed by 30 cycles of denaturation at 95°C for 30 sec,
annealing at T°C for 30 sec, extension at 72°C (time was depended on the length of the
empty site) and final extension for 10 min at 72°C. Reference strains NTUH K2044 and
HS11286 and MGH78578 were used as a control for the PCR screening.
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3.2.4 PCR mapping

A total of 42 local K. pneumoniae strains (Table 2-1) were screened for the occurrence
of ICE-1 and ICE-2 related elements using PCR. The ICE-1 and ICE-2 sequence of K.
pneumoniae HS11286 were used as a template for PCR based mapping to understand
strain to strain variation in the arrangement of these elements. Primers with
overlapping regions were designed to better understand the physical linkage in these

elements. Primers used for ICEs mapping are enlisted in Appendix | and II.
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3.3 Results

3.3.1 Synteny of genetic context and characterisation of ICE-1

Whole genome sequencing of K. pneumoniae HS11286 demonstrated the presence of
two ICEs (ICE-1 and ICE-2) (Liu et al., 2012). In order to investigate the synteny and
conservation of ICE-1 with other reported ICEs, the nucleotide sequence of ICE-1 were
compared with ICEKp1 (~76 kb; 52 % GC content)(Lin et al., 2012). These ICEs were
found adjacent to the asn (asparagine) tRNA gene and were flanked by 17-bp (100 %
identical) directly repeated sequences. The average GC content of the K. pneumoniae
HS11286 chromosome was 57.5 % compared to 52.5% in the ~62kb ICE-1 fragment,
evidence for acquisition of the latter by horizontal gene transfer. ICE-1 was found to be
structurally similar to ICEKp1 and ICEEc1 of E. coli ECOR31 (Schubert et al., 2004, Lin et
al., 2012). The comparison of ICE-1 with ICEKp1 in Figure 3-3 demonstrates two regions
of homology in the former. The first, adjacent to the asn-tRNA gene, shows 99 % identity
to the gene cluster found in ICEKp-1 of NTUH-K2044 and is closely related to the Yersinia
high pathogenicity island (Lin et al., 2008, Lawlor et al., 2007). This view is reinforced by
the 99 % of identity of this region to the operon encoding yersiniabactin and a phage-
integrase in multiple Yersinia strains. The second region comprises a gene cluster (~16-
kb) with 94% identity to its homologue in ICEKpl and is associated with DNA
mobilisation and mating pair formation in ICEKp1 and in ICEEc1 (Schubert et al., 2004,
Lin etal., 2012). This region includes genes encoding a probable type IV secretion system

(T4SS) related to virB1/VirD4 (Eric et al., 2013).

Apart from the two major regions of homology, 9 hypothetical (H) genes were also
found scattered in ICE-1. Among 9 H genes, 3 are downstream of the HPI cluster and 6
were present at the 3" end of the element (Figure 3-3). Based on the evidence that ICEs
carry different sets of cargo genes (Wozniak and Waldor, 2010), attempts were made to
characterise these hypothetical genes in ICE-1 to assess their possible role in K.
pneumoniae HS11286 biology. Sequence analysis was performed with Blastn, Blastp and
with Pfam. The results are summarised in Table 3-2. Genes downstream to HPI were
highly conserved and uncharacterised in multiple species of Enterobacteriaceae. They
were usually close to 3’-end of HPI, indicating the possible linkage to other HPI genes.

Comparative analysis of KPHS 34900 and KPHS 34910 revealed their 99 and 100 %
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identical to restriction endonucleases and the KPHS_34930 and KPHS_34950 showed

similarities to ATPase (AAA domain protein) encoding genes.

tRNAAs

int ybtS ybtX ybtQ ybtP ybtA irp2 irp1 ybtT ybtU ybtE fyuA pagO rmpA virB1 virB3-4 virB6 virB10 yggA mobB mobC ardC

W T
N \ \‘\')Hlm)‘ .‘. mm e .lm

99% (33 839 bp) 94% (16 489 b 91% (98 bp)

ICEKp1
(Lin et al., 2008)

Y. pestis HPI
(Soren Schubert et al., 2000)

’ Involved in $ $ Involved conjugation I
HPI

integration
:: Catecholate-type E:> Known function

E:> Unknown function siderophore uptake

17-bp direct repeat

Figure 3-3 Genetic contexts of the conserved regions of ICE-1 of K. pneumoniae HS11286.

The syntenic regions of the ICEKp1 (AB298504), ICE1 and HPI (AF091251) of Yersinia pestis are indicated
by grey shading (99 % of DNA sequence identity). The genes responsible for conjugation are indicated,
theses share 94% identity. HPI stands for High Pathogenicity Island. The schematics are drawn to scale.
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Table 3-2 Analysis of hypothetical genes in ICE-1.

No C.)RFsa. a-ab Protein GI¢ Homologous Protein Source % identity of Accession no
Designation residues aa‘

1 KPHS_ 34720 308 364519042 Uncharacterised protein K. pneumoniae 100 SAX82063.1

2 KPHS 34730 399 364519044 hypothetical protein Multispecies Entrobacterales 100 WP_000937857.1

3 KPHS 34750 77 364519045 hypothetical protein Multispecies Entrobacterales 100 WP_001231171.1

4 KPHS 34900 331 364519060 Restriction endonuclease K. pneumoniae 99 KXA87112.1

5 KPHS 34910 362 364519061 Restriction endonuclease-1  E. coli UMNO026 100 YP_002413022.1

6 KPHS 34920 84 364519062 Threonine transporter K. variicola 98 WP_049156918.1

7  KPHS_34930 626 364519063 ATPase (DNA repair) E. coli SCD2 100 ESA25964.1

8 KPHS_34940 339 364519064 DUF4917 protein Yersinia intermedia 96 CRY76049.1

9  KPHS_34950 748 364519065 AAA domain protein E. coli 2-156-04_S4_C1 100 KDW22106.1°

a Nucleotide position in the GenBank accession no. CP003200 sequences.
b Amino acids
¢ Gene identification number of query protein sequences
d Determined by BLAST-P analysis * Amino acids
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3.3.2 Comparative analysis of ICE-2

The nucleotide sequence of ICE-2 (50.2 GC %) was first analysed for coding sequences
using RAST and ORF finder (Aziz et al., 2008). A total of 64 CDS were identified, 3 among
64 were neglected as the coding indicates a polypeptide of less than 30 amino acids with
no conserved domains. The schematics of remaining of 61 ORFs are presented in Figure

3-4 and listed in Table 3-3.

Direct Repeats
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EED DNA segregation % Conjugation I:> Hypothetical protein

Figure 3-4 Genetic organisation of ICE-2 of K. pneumoniae HS11286.
Predicted open reading frames (ORFs) are shaded in similar pattern according to their putative
functions. The ORFs numbers are cross reference to Table 3-3.

Amino acid sequences were used to compare the ORFs for their putative functions. ICE-
2 fragment was divided in to 3 regions (Figure 3-5). 1) Integration and segregation
including an integrase (ORF 1), a putative homologue of relaxase of PFGI-1 class (ORF 2),
a DNA binding protein ParB (ORF 58), a putative DNA helicase (ORF 59) and
chromosomal partitioning protein ParA (ORF 61). 2) DNA mobilisation via conjugation.
This region showed >85% identity to the PFGI-1 of P. fluorescens Pf-5 conjugation
system (Mavrodi et al., 2009). 3) The remaining 28 cargo genes included 17 conserved
hypothetical while the rest showed homology to proteins having some putative

functions (Table 3-3).
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g Division of ICE-2 in to 3-functional modules

- 3
attl = uttR
00 10k 20kb 30k i 0k sei

Il 1 = Excision/integration and segregation module (orf1, orf2, orf59 and orf60)

B8 = Conjugation module (orf21, orf23-0rf27, orf30-0rf38, orfd1, orf43-46, orf48 and orf50)

23 = Cargofaccessory genes (orf3- 0rf20, orf22, orf40, orf42, orf51-58 and orf60)

Figure 3-5 Categorisation of ICE-2 components in to various modules.

ICE-2 components were categorised into 3 regions based on their putative functions.

From the results it was clear that the majority of the backbone contents of ICE-2
resembled PFGI-1 of the P. fluorescens Pf-5, such as gene cluster responsible for DNA
mobilisation, DNA segregation, relaxase, helicase. These shared homology and
belonged to the same PFL family. Based on high level of similarities this study classified

ICE-2 in PAPI family (Figure 3-6)

lys-tRNA
PFL4706
PFL4705
PFL4703
PFL4702
PFL4701

I PFLAG66 (parB]

PFGI-1
{PAPI- elements)
(Mavrodi et al., 2009)

-
=]
r-..l‘;r-..
=+ =
=

o oo o
o o o

PFLA697
- PFL4695
PFL4693
PFLA669

Figure 3-6 Synteny between PFGI-1 of PAPI elements and ICE-2.
The gray shading represents similarities between the two elements.
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Table 3-3 In silico characterisation and summary of ORFs found in ICE-2.

ORFs?

Aa‘ Homologous Protein/Possible Accession no
Source identity
No Designation residues Function?
of aaf

K. pneumoniae

1 ORF1 315 DNA integration/recombination 100 AHM77645.1
30684
K. pneumoniae

p ORF2 429 Relaxase, PFGI-1 class 99 ESL95504.1
UCICRE 8

3 ORF3 327 ArdC K. pneumoniaeQ3 99 EKF77242.1

4 ORF4 202 Hypothetical K. pneumoniae® 100 WP_004151763.1

5 ORF5 115 Hypothetical K. pneumoniae 100 WP_004151762.1

6 ORF6 132 ArdB K. oxytoca 98 SBL38293.1

7 ORF7 92 Hypothetical Klebsiella spp. 99 WP_016809387.1

8 ORF8 317 Hypothetical K. pneumoniae 100 WP_004151759.1
K. pneumoniae K.

9 ORF9 297 Integrase 99 EKF77241.1
pneumoniaeQ3

10 ORF10 92 Xre Family TF S. enterica 86 GAS79470.1

11 ORF11 86 Ner like TF K. oxytoca 93 WP_016809394.1
Enterobacteria

12 ORF12 307 IS903 Transposase 99 AAF30382.1

phage HK022
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13

14

15

16
17
18

19

20

21

22

23

24

ORF13

ORF14

ORF15

ORF16
ORF17
ORF18

ORF19

ORF20

ORF21

ORF22

ORF23

ORF24

154

81

83

99
509
113

473

313

131

532

336

143

Cold shock protein

Xre Family TF

Nlp TF

Hypothetical
TraG
HP A9L51_14115

ICE protein, PFL_4711

ICE protein, PFL_4710

ICE protein, PFL_4709 family

HP H207_0366

secA Preprotein Translocase

Toxin SymE

K. pneumoniae
306601

K. oxytoca

K. pneumoniae
KPNIH4

Klebsiella spp.

K. oxytoca

K. pneumoniae

K. pneumoniae
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51 ORF51 + 354 TR, AbiEi antitoxin Klebsiella spp. 100 WP_004150897.1
52 ORF52 + 290 Hypothetical Klebsiella spp. 100 WP_004150898.1
K. pneumoniae
53 ORF53 - 251 Hypothetical L478_05391 99 ESL15922.1
BIDMC 41
K. pneumoniae
54 ORF54 - 442 WG repeat motif protein 100 EPB38748.1
UHKPC32
55 ORF55 + 291 Hypothetical Klebsiella spp. 100 WP_004150901.1
K.
56 ORF56 - 405 HTH / PFGI-1-like cluster 100 EYB74595.1
pneumoniaeKb677
57 ORF57 - 194 HP in PFGI-1-like cluster E. coli ISC56 100 CDL57295.1
Transcriptional regulator/ParB family
58 ORF58 - 540 K. oxytoca 94 SBL37243.1
protein
K. pneumoniae
59 ORF59 - 455 Replicative DNA helicase 99 ESL95559.1
UCICRE 8
60 ORF60 - 128 Hypothetical Klebsiella spp. 100 WP_004150906.1
Chromosome-partitioning
61 ORF61 - 290 K. pneumoniae 99 OBT34275.1
ATPase/ParA

a: ORF number based on its position in ICE-2. b: Orientation of genes, c: Amino acids
d: ArdC = Antirestriction protein C, ArdB = Antirestriction protein B, TF = Transcriptional factor, CT = Conjugal Transfer, HTH = Helix turn helix domain
e: K. pneumoniae indicates that identical sequence was present in multiple strains, f: Determined by BLAST-P analysis.
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3.3.3 Occurrence of both ICE-1 and ICE-2 in clinical isolates

3.3.3.1 Universal primers for the detection of integrase gene associated to ICEs in
clinical isolates of K. pneumoniae
The first step was to screen for integrase genes. Therefore, nucleotide sequences of
both int genes were blasted against other sequenced K. pneumoniae strains. Variation
has been observed in the ICEKP-1 associated integrase genes and this informed the
design of subtype-specific primers that could detect integrases from multiple
Enterobacteriaceae. RF101 and RF102 (Appendix I) were designed (~0.24-kbp of product
size) from the most conserved regions from the aligned sequences of integrase from
various Enterobacteriaceae carrying ICEKP-1 elements (Figure 3-7). In addition, the int-
a of ICE-2 was found to be 98 to 100 % identical that in many other K. pneumoniae
strains. Therefore, primers RF154 and RF155 (Appendix Il) were designed taking int-a as
a reference sequence. The specificity of the primers were checked using in silico PCR

test.
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. RF101
Range 1 (Nucleotide 661 to 720)*
IntKPK1 CAGGGACGGGARCTCACCCGGCTTGCAGTCCTGCTGACGTIGCATETGTTCATCCGCTCC 720
IntB3 CAGGGACGGGARCTCACCCGGCTTGCCGTCCTGCTGACGTTACATETGTTCATTICGCTCC 720
IntBl CAGGGCCGTGAACTGACCCGGCATGCCGTTCTGCTGATGCTGCATETIGTITCATTICGCTCC 720
IntKPHS1 CAGGGCCGTGRRCTGACCCGGCATGCCGTTCTGCTGATGCTGCATFTGTTCATTCGCTCC 720
IntICEkpl CAGGGCCGCGAACTTACCCGGCTTGCCGTCCTGCTGATGCTIGCATFIGTTCATTICGCTCC 720
IntB2 CAGGGCCGTGARCTGACGCGGTTGGCCGTCCTGCTGATGCTIGCATFTGTTCATICGCTCC 720
IntKFR1 CAGGGCCGTGAACTGACGCGGTTGGCCGTICCTGCTGATGCTIGCATIFTGTTCATICGCTCC 720
IntKPK2 CAAGGCCGTGRACTGACCCGGCTTGCCGTCCTGTTGACGCTGCATETGTTCATICGCTCC 720
IntKEN1 CAGGGCCGTGAACTGACCCGGCTTGCTGTCCTGCTGACGCTGCATETGTICATTICGCICC 720
ek Rk kk Ak hhd hh ke ek Rk Rk hhkh o o kR E

IntKPK1 AGTGAS GCGCTTTGCCCGCTGGTCAGAGATTGATTTCAGARACCGGGTCTGGACGATA 780
IntB3 AGTGAS GCGTTTTGCCCGCTGGTCAGAGATTGATTITCACARACCGGGTCTGGACGATA 70
IntBl AGTGAS GCGTTTCGCCCGCTGGTCAGAGATTGATTTCACARACCGAGTCTGGACGATA 780
IntKPHS1 AGT GCGTTTCGCCCGCTGGTCAGAGATTGATTITCACARACCGAGTCTGGACGATA 7E0
IntICEkpl AGTGAS GCGTTTCGCTCGCTGGTCAGAGATTGATTITCACAAACCGAGTCTGGACGATA 780
IntB2 AGT GCGTTTICGCCCGCTGGTCAGAGATTGATTITCACARACCGAGTCTGGACGATA 7E0
IntKPR1 AGTGAS GCGTTTCGCCCGCTGGTCAGAGATTGATTITCACARACCGAGTCTGGACGATA 780

(] IntKPK2 AGTGA GCGCTTIGCCCGTTGGTCAGARATAGATITCAGRARATAGARCCTGGACGATA 7€0

(%] IntKPN1 AGTGA GCGCTTIGCACGCTGGTCAGARRTTGATTITCATAAACAGAATTTGGACGATA 780

E - Hokkoh ko Rk ok ARk kR AR Rk Rk AhR Ak w* o ke

2 —_—

2 ] * RF102

= Range 2 (Nucleotide 901 to 960) < 3
IntKPK1 ATCTCCGGTGATGGTGAGCTGGTC iEssseenaseuv eee( TATARGCCAATGTGT 960
IntB3 ATATCCGGTGTTTATGAACTGGTC "-TCCCCGGCGACCATARCCC( TACAAGCCGATGTGC 960
IntBl ATCACCGGTAATAATGARCTGATC "“TCCCCGGCGACCATARCCC( TATARGCCAATGTGT 960
IntKPHS1 ATCACCGGTAATARTGARCTGATC 'TCCCCGGCGACCATARCCC( TATAAGCCAATGTICT 960
IntICEkpl ATCACCGGTAATARTGAACTGGTC "TCCCCGGCGACCATARCCC( TATAAGCCAATGTGT 960
IntB2 ATCACCGGTAATAATGRACTGATC "-TCCCCGGCGACCATAACCC( TATAAGCCAATGTGT 960
IntKFR1 ATCACCGGTAATARTGRAACTGATC "TCCCCGGCGACCATARCCC( TATARGCCARATGTGT 960
IntKPK2 ATCTCCGGTGATGGTGAGCTGGTC "TCCCCGGCGACCATARCCCI TATARACCGATGTIGT 960
IntKEN1 ATATCCGGGGCTTACGARACTGGTC "TCCCCGGCGACCATARCCC( ‘TACAGGCCGATGTGC 960

- x * ok kR * ek hhkk REkxxrrxEEARRA A Ak Ak A A Ak Ak Ak ko R Rk kR

IntKPK1 GRAAACACGGTCARCAAGGCATTGCGCCTGATGGGCTACGACACGRAARRGGATATCTGT 1020
IntB3 GAARAACACAGTCAATARAGCACTGCGCCTGATGGGATATAATACTARACAGGATATCTGC 1020
IntBl GARAACACGGTCAATARAGGCACTGCGGGTGATGGGCTACGACACGARARAGGATATCTGC 1020
IntKPHS1 GARRACACGGTCAATARGGCACTGCGGGTGATGGGTTACGACACGARARAGGATATCTGC 1020
IntICEkpl GARAAACACGGTCAATARGGCACTGCGGGTGATGGGTTACGACACGRAARRGGATATCTGC 1020
IntB2 GAAAACACGGTCAATARGGCACTGCGGGTGATGGGCTACGACACGARARAGGATATCTGT 1020
IntKPFR1 GAAAACACGGTCAATAAGGCACTGCGGGTGATGGGCTACGACACGARARAGGATATCTGT 1020
IntKPK2 GAARACACCGTGARTARGGCACTGCGCCTTATGGGTTACGACACTARACAGGATATCTGC 1020
IntKPN1 GRAAACGCGGTTAATARAGCACTGCGCCTTATGGGATTCGACACGRRAACRAGGACATCTGC 1020

EEEEEK K hk kk hk dkk Rkkk % kkkkh K

Figure 3-7 Multiple-aligned sequences of integrase genes.
To designed RF101 and RF102 for the detection of ICEKP-1 associated integrase. Integrase is
drawn to the scale (0.1-kbp = 1 cm).

d kk kR kR R RkRRK

3.3.3.2 Occurrence of ICE-1 and ICE-2 in clinical isolates of K. pneumoniae

To investigate the occurrence of ICE-1 in clinical isolates, potential marker regions in this

element were compared with the previously reported ICEKP-1 elements (Figure 3-8A).

Based on the syntenic conservation and also considering previously published literature

(Schubert et al., 2004, Lin et al., 2008, Schubert et al., 2000) int, irp, fyuA and virB1 were

selected for PCR screening of related elements. Primers for PCR screening of these

marker genes were designed taking ICE-1 as a reference sequence.
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Figure 3-8 Schematics of marker regions of ICE-1 and ICE-2.

A. Composition of ICE-1. Four genes, int (integrase), irp (iron regulatory protein), fyuA (ferric
yersiniabactin uptake) and virB1 (T4SSs), were chosen for screening ICE-1. B. Comparison of ICE-2
associated elements of 6 different K. pneumoniae strains with strain HS11286). Small black arrows above
and below the ICEs (both in A & B) represents primers used for the PCR screenings.
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The presence of ICE-2 related elements has been only documented in E. coli BEN374
(Roche et al., 2010) but their co-occurrence with ICE-1 has not been documented in
Enterobacteriaceae. To investigate this, comparative sequence analysis of ICE-2 was
executed in multiple sequenced K. pneumoniae strains. Likely homologues of ICE-2
associated elements were found integrated at phe-tRNA sites in many strains. The newly
identified ICEs were interrogated for key elements including integration/conjugation
modules and DR sequences both at attL (left) attR (right) sites. Based on high homology
and synteny, six strains, K. pneumoniae KPNIH36 (CP014647), K. pneumoniae CAV1596
(CP011647), K. pneumoniae 32192 (CP010361), K. PNEUMONIAE blaNDM-1 (CP009114),
K. pneumoniae KPR0928 (CP008831) and K. pneumoniae JM45 (CP006656), were
identified as suitable for comparison with ICE-2 based on marker regions (Figure 3-8B)

including Int-a, tral, Int-b, traD and mcp. Primer design is shown in Appendix II.

A total of 40 local K. pneumoniae isolates were screened by PCR for the occurrence and
co-occurrence of ICE-1 and ICE-2. For ICE-1, one or more of the four representative
regions were amplified identical to the expected PCR fragment length from 12 (30 %)
isolates; int was detected in all. One (KR2177) among 12 strains carried an incomplete
ICE-1 marker region lacking virB1 within the conjugation system; this suggests the
presence of HPI alone rather than a complete ICE. It can be seen from the results shown
in Table 3-4, that two or more of the five marker regions were amplified by PCR from
only 5 (12.5 %) isolates and only two strains (KR2207 and KR3156) were found carrying
all five marker regions. These results indicate relatively infrequent occurrence of ICE-2
related elements in local K. pneumoniae strains. In total 17 (42.5%) isolates were found
harbouring either ICE-1 or ICE-2 related elements and 23 (57 %) were negative for the
representative regions. Interestingly, none of the 17 positive isolates were found

carrying both ICEs (Table 3-4).
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Table 3-4 Prevalence of ICE-1 and ICE-2 in local blood stream isolates of K. pneumoniae.

Clinical
Isolates

ICE-1 ICE-2
_ _ —_ - —_ . =
o = ) N o y Q o =& 2
K] Q| s Q Nel L |5
Ol IR - S - IR Sl Bl I eyl I~ R I - R iy
EN| S SMm|[SRNIENER| S |E SR |gEN2H
SN "a|l "M IS S|l g|SM sg SO ="M ol & 2
S| = e|TEEZ g =| 8 e =|Fe

=
S
‘~
-
-— -
E

HS11286

fyuA | virB1
=
e
+ + + + +

NTUH-
K2044

MGH
78578

Control

KR2170

KR2171

KR2172

KR2173

KR2174

KR2175

KR2176

KR2177

KR2178

KR2179

KR2180

KR2181

KR2201

KR2202

KR2203

KR2204

KR2205

KR2206

KR2207

KR3152

Isolated from blood culture

KR3153

KR3154

KR3155

KR3156

KR3157

KR3158

KR3159

KR3160

KR3161

KR3162

KR3163
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KR3164 - - - - - - - - - - -
KR3165 - - - - - - - - - - -
KR3166 + - - - - - - - - - -
KR3167 - - - - - - - - - - -
KR3168 - - - - - - - - - - -
KR3169 - - - - - - - - - - -
KR3170 + - - - + - - - - - -
KR3171 - - - - - - - - - - -
KR3172 + + + + + - - - - - -
a: Site of integration for ICE-1, b: PCR amplified product was bigger than reference, c: Site of integration
for ICE-2, PCR results represents K. pneumoniae H511286.

3.3.4 Structural variation of ICE-1 and ICE-2

PCR mapping was used to further explore the identified regions. A total of 17 pairs of
primers (Appendix | & 1l) were used to amplify different regions designated A1-Q1l
covering ~62-kb of ICE-1 and 11 pairs to cover 56 kb of ICE-2 (A2 to K2). To study the
physical linkage of different components of ICEs all the primers were designed with
overlapping regions (Figure 3-9 & 10). It was found that 9 of 13 (int +ve) strains carried
intact ICE-1 related elements. For ICE-2 only 2 (KR2207 and KR3156) had intact and
physically linked components. Thus intact ICE-1 and ICE-2 were present in local K.

pneumoniae isolates but none of the strains possessed both.
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A.
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Key; DM= DNA marker, Lanes 1= KR2170, 2= KR2174, 3= KR2181,
4=KR2201, 5=KR2202, 6=KR2203, 7=KR3154, 8= Kp HS11286,
9 = Template negative

Figure 3-9 Illustrative PCR mapping of ICE-1 to investigate the intact nature of the element in
local clinical isolates.

A. Schematics of primers used to amplify ICE-1 in 17 fragments, B. Map of novel ICEKP-1
elements identified in local isolates. Solid (black) lines represent HPI and the shaded (gray) lines
indicate the region contained T4SS and other accessory genes. C. PCR results; results for A'were
already confirmed in Table 3-4, KR3153 and KR3172 were not included as they had similar
amplification to K. pneumoniae H511286.

A.
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Figure 3-10 PCR mapping of ICE-2 to investigate the intact nature of the PAPI associated
elements in local isolates of K. pneumoniae.

A. Schematics of primers used for ICE-2 mapping. B. Map of novel ICE-2 related elements
identified in local isolates. Solid (black) lines represents the integration/excision and segregation
module, dotted (black) and shaded (gray) lines indicates the presence of cargo genes and
conjugation modules, respectively C. PCR results.

3.3.5 Chromosomal insertion sites of ICE-1 and ICE-2 in local clinical isolates
The directly repeated sequences for ICEKP-1 associated elements integration were

previously identified at 3" end of asn-tRNA in different bacterial species (Schubert et al.,
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2004, Lin et al., 2008, Bi et al., 2012). Initially the asn-tRNA sequences were interrogated
in various members of Enterobacteriaceae, to investigate whether the insertion of
ICEKP-1 allied elements were restricted to the asn-tRNA for their integration. The tRNAs
were found 100 % identical and also the 17 bp directly repeated sequences were found
conserved (Figure 3-11A). Among 17 bp (5-CCAGTCAGAGGAGCCAA -3°) 14 bp were
within and 3 were flanking the 3’ end of the asn-tRNA To investigate the insertion sites
of ICEs in clinical isolates, primer RF204 was used with the RF102, where the former
hybridised to the internal sites of the asn-tRNA and the latter binds complementary sites
in the int gene. The results demonstrated linkage to asn-tRNA in each case (Table 3-4).
Furthermore, the tRIP-PCR (section 3.2.3) method was used to interrogate the locus of
insertion of ICE-1 related elements in these clinical isolates, as all K. pneumoniae possess
four tRNA-asn at different loci and ICEKP-1 associated elements have been found at
different loci (Figure 3-11B). To perform tRIP-PCR K. pneumoniae MGH78578 was used
as reference strain (-ve control) as all the asn-tRNA loci were found empty, while NTUH-
K2044 and HS11286 were used as positive control. The asn-tRNA locus-2 was found

occupied by most newly identified ICEs, supporting their relatedness to ICE-1.

Similarly primers RF166 and RF157 (Appendix Il) were used to investigate the insertion
of ICE-2 related elements within phe-tRNA. These primer could amplified a ~0.67-kb
fragment HS11286 spanning a conserved region in phe-tRNA and an internal region of
the int-a. The results demonstrated the insertion of ICE-2 associated elements (KR2207
and KR3156) in phe-tRNA (Table 3-4). Thus these two ICEs were integrated into specific

conserved regions in the K. pneumoniae genome in this strain set.
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A.
Klebsiella TCCTCTGTAGTTCAGTCGGTAGAACGGCGGACTGTTAATCCGTATGTICACTGGTTCGAGT
Citrobacter TCCTCTGTAGTTCAGTCGGTAGAACGGCGGACTGTTAATCCGTATGTCACTGGTTCGAGT
Enterobacter TCCTCTGTAGTTCAGTCGGTAGAACGGCGGACTGTTAATCCGTATGTICACTGGTTCGAGT
Escherichia TCCTCTGTAGTTCAGTCGGTAGAACGGCGGACTGTTAATCCGTATGTCACTGGTTCGAGT
128 888888 08 8838883383 83383 30.3.8.8 8.8 48 0.0.08 808 83383 8333 3.8.80.2.8.2.8.8.8.8.4.1
Klebsiella CCAGTCAGAGGAGCCAA DR
Citrobacter CCAGTCAGAGGAGCCRA [4"
Enterobacter CCAGTCAGAGGAGCCAA
Escherichia CCAGTICAGAGGAGCCAA
AAKAAAA A AN ENK
B.
___ICEKp1
K. pneumoniae NTUH-K2044 u B
(Lin et al., 2008) D asn-tRNA
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E. hormaechei05-545 /

(Paauw et al., 2010)

ICEEc1
E. coll ECOR31 %M
(Schubert et al., 2004)

*E. coli UMNO026

(Bietal., 2012)
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*E. coli ED1a W
(Bi et al., 2012)

ICECkoBAA-1
*C. koseri ATCC BAA-895 < : | @_///% @_
(Bi et al., 2012)

Figure 3-11 Chromosomal insertion of |CEKP-1 elements in different members of
Enterobacteriaceae.

A. Multiple sequence alignment of asn-tRNA genes representing the conserved nature of 17-
bp direct repeat (DR) in different species. B. Locus of integration of ICEs at different asn-tRNA

loci. The proposed nomenclature for each ICEs are written with each triangle. * In-silico based
from ICEberg database.
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3.4 Discussion

3.4.1 Synteny of ICE-1 to the ICEKP-1 family

In this chapter the synteny of ICE-1 to ICEKP-1 is reported and reveals the presence of
both common and distinct structural features of these ICEs in other members of the
Enterobacteriaceae. An ICE belonging to ICEKP-1 was first discovered in E. coli ECOR31
(Schubert et al., 2004) and recently in K. pneumoniae NTUH-K2044 (Lin et al., 2008). All
ICEKP-1 related elements described so far, were found integrated at asn-tRNA, contain
phage-associated integrase, a gene cluster linked to the yersiniabactin siderophore
system and a conjugation system (Schubert et al., 2004, Lin et al., 2008, Bi et al., 2012).
The conjugal pilus appears to have originated from the R6K plasmid, while the
mobilisation system resembles related elements in plasmid CloDF13 of Enterobacter

cloacae (Cruz, 2001, Schubert et al., 2004).

Site-specific recombination is the mechanism used by ICEs to excise and integrate. The
process results in the formation of identical directly repeated sequences in their flanking
regions (Bellanger et al., 2011, Wozniak and Waldor, 2010). In this study ICE-1 was
flanked by 17-bp of identical DR sequences, showing synteny to other ICEKP-1 elements
in other hosts (Schubert et al., 2004, Lin et al., 2008, Bi et al., 2012). In addition, ICE-1
carried two ORFs KPHS_34930 and KPHS_34950 encoding AAA containing multi-domain
proteins. These proteins belongs to large superfamily involved in various cellular
functions including DNA repair and replication, organelle synthesis, membrane
permeability and transcriptional regulation (Maurizi and Li, 2001). At the core of these
functions are molecular motors; proteins (e.g. RuvB) that play a key role in homologous
recombination (Snider et al., 2008), maintenance of which is critical for genome stability

and DNA repair (West, 1997).

It is suggested that KPHS 34930 and KPHS_ 34950 are involved in DNA repair of ICE-1.
However, the actual role of these putative proteins needs to be investigated further.
Collectively, these findings indicate the conserved features of the ICEKP-1 backbone and

their presence in various Enterobacteriaceae.
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3.4.2 ICE-2 belongs to PAPI family

The ICEberg database (Bi et al., 2012) provides broad ranging information on 428 ICEs
found in bacteria belonging from different families. At present, 80 % (344/428) of the
ICEs have been classified into 28 different families based on homology of their
integration module and backbone features such as T4SSs. The classification of the
remaining 84 ICEs remained pending because they are poorly characterised (Bi et al.,

2012); ICE-2 is one of these.

The analysis of ICE-2 at DNA and protein levels reported here indicates that ICE-2
belongs to PAPI family (Klockgether et al., 2007, Mohd et al., 2004, Roche et al., 2010,
Qiu et al.,, 2006). Members of this family possess excision, integration and transfer
capabilities (Burrus and Waldor, 2004, Klockgether et al., 2007, Seth and Croucher,

2009). Investigation of these properties for ICE- is described in Chapter 6.

Integrases play key roles in site-specific integration of ICEs (Flannery et al., 2011,
Marcoleta et al., 2016, Dimopoulou et al., 2002, Wozniak and Waldor, 2010). PAPI
associated ICEs have been distinguished based on the type of encoded integrase. These
are classified into IntkKX or IntKG groups based on the tyrosine recombinase (Roche et
al., 2010); the former encodes a XerC recombinase and the latter P4-related
recombinases. IntKX integrase have been associated with long flanking repeated
sequence (~50bp) and the transfer of PAPI elements such as illustrated by clc element
(Kelly, 2002, Sentchilo et al., 2003). Insertion sites include lys-tRNA, leu-tRNA and phe-

tRNA and these have been used in classification (Roche et al., 2010).

In this study ICE-2 was flanked by 43 bp directly repeated sequences and was integrated
at the phe-tRNA similar to ICEEc-2 (Roche et al., 2010) while other PAPI elements were
previously found integrated at lys-tRNA sites (Nancharaiah et al., 2003, Mavrodi et al.,
2009, Bi et al., 2012). While the variable N-terminal DNA binding domains of integrases
are considered important in determining site specificity, variations at the C-terminal of
IntKX have also been considered important for the integration of PAPI elements (Roche

et al., 2010).
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3.4.3 Insertion sites are highly restricted

While ICE integration sites are generally close to tRNA genes, a few MGEs are reported
at multiple sites, notably Tn916 and its preference for AT—rich regions (Roberts and
Mullany, 2009, Mullany et al., 2012). In contrast, ICEKP-1 (Schubert et al., 2004, Lin et
al., 2012, Bi et al., 2012), SXT (Bi et al., 2012, Daccord et al., 2012, Hochhut and Waldor,
1999) and ICEYe-1 (Collyn et al., 2004, Eppinger et al., 2007, Seth et al., 2012) and SPI
(Moreno et al., 2012, Seth et al., 2012) elements have specific sites of integration (Table
3-1). Integration of ICEKP-1 elements into asn-tRNA was also found to be independent
its location with the host genome (Schubert et al., 2004, Lin et al., 2008, Putze et al.,
2009, Paauw et al., 2010).

Considerable importance has been attributed phe-tRNA as a hotspot for Gl acquisition
in E. coli, Salmonella enterica, Yersinia pseudotuberculosis and K. pneumoniae (Rumer
et al., 2003, Collyn et al., 2004, Haneda et al., 2009). All K. pneumoniae strains carry two
copies of phe-tRNA. In HS11286 they are located at chr.trna54 (coordinates: 4502771-
4502846) and trna87 (coordinates: 405250-405325), ICE-2 is integrated into phe-
tRNa54. Bioinformatic analysis of various sequenced K. pneumoniae strains (Figure 3-
8B) and PCR results (Table 3-4) of local K. pneumoniae isolates confirms that ICE-2
related elements are highly restricted to phe-tRNA for their insertion. A possible
explanation for their integration into phe-tRNA instead of lys-tRNA is the presence of
XerC integrase that binds to the former tRNA (Roche et al., 2010).

3.5 Conclusions:

1. ICE-1is highly conserved and syntenic to the ICEKP-1 elements.

2. ICE-2 belongs to subfamily of PAPI elements with XerC-like integrases.

3. ICE-2 related elements were found less disseminated in local isolates compared to
ICE-1.

4. Structural components of the newly identified ICEs (ICE-1 and ICE-2 related), in
clinical isolates were intact and physically linked indicating their organisational

stability.
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4.1 Introduction

ICEs are usually differentiated by the specific properties they encode and these are
linked to an extensive range of phenotypic characteristics such as virulence, resistance
to antibiotics and heavy metals and niche adaptation (Waldor et al., 1996, Boltner et al.,
2002, Whittle et al., 2002, Davies et al., 2009). Moreover, acquisition of ICEs may confer
a range of complex traits e.g. host colonisation, nitrogen fixation and enhanced biofilm
formation (Eliana and Frederick, 2002, He et al., 2004, Davies et al., 2009). ICEs are also
associated with dissemination of antibiotic resistance determinants (Hochhut et al.,
2001, Whittle et al., 2002, Mohd et al., 2004). Thus, ICEs, on the one hand, extend the
survival fitness of organisms in different environments and, on the other, may enhance
antibiotic resistance and virulence (Howard et al., 2000). The acquisition of Gls is not

always be beneficial and may provide a genetic or metabolic burden (Niyaz et al., 2008).

Iron is a key nutrient for both humans and microorganisms. It is needed for diverse
activities including DNA replication, respiration and metabolism (Cassat and Skaar,
2013). Mammals utilised high affinity iron-binding proteins (transferrin and lactoferrin)
to sequester iron (Ratledge and Dover, 2000, Krewulak and Vogel, 2008) and limit the
concentration of its free form; while iron is required for growth of most of pathogenic
bacteria including E. coli and K. pneumoniae (Andrews et al., 2003). For growth during
infection, bacteria must be able to acquire the sequestered iron from host proteins. To
achieve this, members of Enterobacteriaceae have developed different siderophore
systems; including enterobactin, aerobactin and yersiniabactin (Ybt) (Wandersman and
Delepelaire, 2004). Enterobactin and aerobactin are, respectively catecholate and
hydroxamate siderophore systems (Raymond et al., 2003, Mokracka et al., 2004). Ybt
provides a particular focus here because this phenolate siderophore system (Perry et
al., 1999) is produced by enzymes encoded on HPI and ICE-1. This system was first
identified in Yersinia species and subsequently in multiple Enterobacteriaceae (Lawlor
et al., 2007) including its acquisition by HGT (Bach et al., 2000, Li et al., 2005, Lin et al.,
2008, Wu et al., 2009). Most Yersinia spp. that carry the Ybt siderophore system are
associated with disseminated disease and high mortality (Scott et al., 1997, Carmen et
al., 1999, Carniel, 2001). Ybt locus organisation, Ybt transport and its regulation in K.

pneumoniae and Yersinia spp. is outlined in Figure 4-1.
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Yersiniabactin
ybtQ ybtA™* ybtU

( YbtA ( .S_me 2 ybtP

Figure 4-1 The Yersiniabactin siderophore system.
A. organisation of HPI in K. pneumoniae (Lawlor et al., 2007). B. model of transport and
transcriptional regulation of ybtP (Miller et al., 2010).

In the preceding chapter, ICE-2 was classified in the PAPI family. Previously, PAPI-1 and
PAPI-2 bearing Ps. aeruginosa strains were identified as highly virulent (He et al., 2004).
To date, no detailed investigations of the role of PAPl-associated Gls in the phenotypes
Enterobacteriaceae hosts have been reported. Therefore, it was aimed to study the role

of ICE-2 in the phenotypes of K. pneumoniae HS11286.

In the Rajakumar’s lab, PAPI-1 and PAPI-2 were recently shown to contribute to the
virulence of Ps. aeruginosa PA14 (Harrison et al., 2010). These MGEs carry genes with
limited but significant homology to genes encoding virulence factors connected to
virulence in nematode and murine models of infection (Schulert et al., 2003, McMorran
et al., 2003, He et al., 2004, Lee et al., 2006). Additionally, PAPI-1 elements are involved
in the expression of various virulence factors including a gene cluster of type IVB pili,
with cupD1 and cupD5, encoding fimbrial biosynthesis (Michel and Baysse, 2002). Many

homologues were found on related islands in various Ps. aeruginosa strains, however,
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the major issue with the PAPI-1 elements is the lack of information on the encoded
content as many orfs have not been assigned functions (Klockgether et al., 2007,
Wurdemann and Tummler, 2007). Battle et al. (2008) described PAGI-5, a homologue of
PAPI-1, in Ps. aeruginosa as playing a major role in acute murine pneumonia (Espinosa
et al.,, 2012). In addition, PAPI-1 encoded homologues were found in strains of Ps.
aeruginosa isolated from cystic fibrosis patients (He et al., 2004, Qiu et al., 2006,

Wurdemann and Tummler, 2007).

These observations provide background to the contributions of ICEKP-1 and PAPI
elements to the phenotypes of various bacteria. In this chapter, the contributions of ICE-

1 and ICE-2 to the phenotype of K. pneumoniae HS11286 and E. coli are investigated.

4.1.1 Aim
To investigate the contribution of ICE-1 and ICE-2 to the phenotypes of K. pneumoniae

HS11286 and E. coli HB101.

4.1.2 Objectives

1. To construct ICE deleted mutants using the Lambda Red recombination system.
2. To investigate the growth dynamics of WT and ICE mutant strains both in rich
and minimal media.

To assess siderophore production of WT and ICE mutants.

To study the effect of the presence of ICEs on biofilm formation in HS11286.

To examine the contributions of the role of ICEs to antibiotic resistance.

o v & W

To assess the contributions of ICEs to virulence in a Galleria mellonella larval
infection model.
7. To study the effects of ICE-1 on siderophore production and antibiotic

susceptibility in an E. coli recipient.
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4.2 Methods

4.2.1 Knockout mutant construction
The Lambda (A) Red recombination method was used to construct all various single and
double knockout mutants of ICE-1 and ICE-2, unless and other wise stated (see Appendix

VIl for primers).

4.2.1.1 Lambda Red recombination

Lambda Red recombination-based allelic exchange was used to construct primary
mutants in this work. This system employs three key genes from the phage A Red operon;
bet (B), exo, and gam (y) (Murphy and Campellone, 2003). For efficient recombination, the
Gam protein binds to the host RecBCD exonuclease complex and inhibits its exonuclease
activity. The Exo protein is a 5° =3’ exonuclease that facilitate the degradation of linear
dsDNA molecule at the 5’ end thereby generating ssDNA. Finally, the Bet protein binds to
the 3’ end of single stranded linear DNA generated by Exo and this supports the annealing
of linear DNA to the homologous DNA in the genome. The activity of Gam ensures that the
linear DNA introduced into the host is protected from the host exonuclease activity enabling

the Bet and Exo proteins to assist the homologous recombination (Figure 4-2).

Figure 4-2 Components of Lambda Red recombination system.

The lambda red recombination system has three components 1) Exo, 2) Beta, and 3) Gam. All
three are required for recombination with a dsDNA substrate. Gam prevents the endogenous
RecBCD from digesting linear DNA introduced into the bacterial cells. Exo is a 5'>3’ dsDNA-
dependent exonuclease that degrade linear dsDNA starting from the 5’. Beta protects the ssDNA
created by Exo and promotes its annealing to a complementary ssDNA target in the cell. Only
Beta expression is required for recombination with an ssDNA oligo substrate.
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These three genes are placed on the temperature sensitive plasmid pKOBEG-Apra under the
control of the arabinose-inducible promoter Psap (Guzman et al. 1995). Growing bacterial
cells above 30°C causes the cell to be cured of this plasmid. The plasmid pKOBEG-Apra also
contains a gene (araC) encoding regulatory protein AraC that binds to L-arabinose and
facilitates the initiation of transcription from the Psab promoter. Once transcription is
initiated, the recombinase genes bet, gam and exo are expressed. Therefore, the presence

of L-arabinose is essential for the expression of red operon.

The mutagenesis was designed in a way to cause an inframe deletion of targeted regions
(from start to stop codon). The procedure started with the electro transformation linear
DNA generated using the SOE-PCR method (2.2.3.5). The recombination event removed
the target gene from start to stop codon and replace it with an antibiotic cassette

between the homologous flanking regions (UF and DF: ~ 400-500bp) (Lesic and Rahme,

2008).
pBAD
l_"gam 1 . Bacterial Cells
Electroporation
_) Target region
_ *
pKOBEG-Apra J"’“’
30 °C/ Apramycin Induced using arabinose " 2
3 et
Electroporation =
SOE PCR fragment - pKOBEG-Apra
- =l - J R :
UF  FRT hph FRT  DF
¥4
pKOBEG-Apra minus 5
Selection Py, m———
S - - = <= \ \f\ Homolbgous recombination
- pKOBEG-Apra J
- = FE I B

37 °C / Hygromycin®/Apramycin®

Figure 4-3 Schematics of Lambda Red recombination experiment.

The pKOBEG-Apra provided the A phage Red-gam, bet and exo operon expressed under the
control of the arabinose-inducible pBAD promoter. The SOE PCR fragment contained hph
cassette and flanking regions of the target gene was electroporated in arabinose induced
bacterial cells, finally the mutants were selected on medium (LB) containing hygromycin
antibiotics.
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Initially, pPKOBEG-Apra was transformed into the target strain. Expression of the lambda
red proteins was induced by growing transformed cells at 30°C in LB supplemented with
30pg/ml apramycin and 0.2% L-arabinose. The presence of pKOBEG was always
confirmed by PCR. Once the electrocompetent cells were prepared they were then
transformed with the SOE product. The cells were recovered by growing them in SOC
for 1 hour at 37°C that was followed by its plating on LA supplemented with 100ug/ml
of hygromycin (Figure 4-3). The mutation was confirmed using PCR with two sets of
primers; one that lies outside the flanking regions on the genome and a second that lies
internally in the targeted gene. For these PCRs, parent strain DNA was always used as a
control. The inframe deletions were also confirmed by sequencing of amplified regions

using GATC services.

4.2.2 Flippase mediated recombination

The antibiotic cassette used for the construction of various mutant strains was flanked
by Flippase Recognition Target (FRT) sequences. These sequences allow a
recombination event mediated by flippase, resulting in the removal of the antibiotic

resistance gene.

A plasmid pFLP-2-Apra was used to supply the flippase. Target cells were transformed
with pFLP-2 and grown on LA supplemented with 30ug/ml of apramycin. Knockout of

the antibiotic marker cassette was confirmed by PCR and sequencing.

4.2.3 Counter selection

The pFLP-2-Apra contains sacB gene encoding the exo-enzyme levansucrase, which
gives sensitivity to sucrose. Therefore, use of sucrose in the media provided a simple
counter selection for the plasmid. To cure the marker-less mutant of pFLP-2-Apra; the
cells were grown on LA media supplemented with 6% sucrose and the loss of pFLP-2-

Apra will confirmed by PCR (Appendix VIII).

4.2.4 Plasmid construction

4.2.4.1 In-Fusion Cloning technique

The In-Fusion HD cloning kit (Takara) was used to construct the plasmid Pybt for
complementation. This technique is designed for fast, directional cloning of one or more

fragments of DNA into any vector. The efficeincy of this method is based on the In-
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Fusion enzyme which facilitates fusion of PCR-generated DNA fragemnts effieciently and
precisiely. The recombination is dependent on 15bp incorporated into primer design,

which overlaps sequences present at the end of the PCR generated fragments.

4.2.4.2 Primer design

The ybtXSPQ operon was cloned into pACYC184 under the control of its native
promoter. 15bp were added to the ybt operon-directed primers RF205 and RF206
(shown in red) to enable recombination (Table 4-1). These 15 bp is the complementary
sequences of the primers RF207 and RF208 that were used to amplfy the vector
fragment using pACYC184 as a template DNA. For good cloning effieciency, the PCR

amplified fragments of both vector and inserts were purified.

Table 4-1 Primers used for the construction of Pyt.

Primer Primer sequence 5" to 3’ Purpose

Number

RF205 ACGCAGTCAGGCACGGACAGTCTGGTTGTGAGG Forward primer; used to amplify
the ybtXSPQ operon (HPI) using
K. pneumoniae H511286 as a
template DNA

RF206 ATGCCTGAGGCCAGTGTATCCGGGCCTCTGTCA  Reverse primer; used to amplify
the ybtXSPQ operon (HPI) using
K. pneumoniae H511286 as a
template DNA

RF207 ACTGGCCTCAGGCATTTGA Forward primer; used to amplify
vector backbone
RF208 GTGCCTGACTGCGTTAGC Reverse primer; used to amplify

vector backbone

4.2.4.3 In-Fusion Cloning

The purified PCR insert was large compared to the linearised vector, therefore for
efficient cloning a 1:2 insert to vector ratio was used during the cloning step. Table 4-2
shows the reaction mixture used. The total reaction volume was adjusted to 10ul using

molecular grade water then incubated for 15 min at 50°C then cooled on ice.
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Table 4-2 Reaction mixture for HD-In-Fusion cloning.

Rxn Component Cloning Rxn Amount in pl
Purified PCR fragment 25ng As required
Linearized vector 166ng As required
5X In-Fusion HD Enzyme Premix 5X 2ul
Deionized Water Upto 10ul As required
Total To 10ul To 10ul

4.2.4.4 Heat shock transformation

Stellar Competent Cells (E. coli), provided with the kit, were used for transformation.
The cells were thawed on ice and mixed gently. A total of 4ul of the reaction mixture
was added and incubated on ice for 30 min. The cells were heat shocked for 45 sec at
42°C and cooled on ice for 2 min. For cell recovery, the transformed cells were incubated
in 500ul of SOC medium for 90 min at 37°C. Finally, the cells were plated on LA
suplemented with 30ug/ml of chloramphenicol. Plasmid contruction was confirmed by

PCR.

4.2.5 Blue Agar chrome azurol S (CAS) siderophore diffusion assay

The CAS assay was modified from the method described by Louden et al. (2011). An
overnight culture in LB was adjusted to ~0.8-1 (ODsoo) then 10ul was spotted onto a CAS
agar plate. The effects of siderophore production/secretion were observed after 24 hr

incubation at 37°C by measuring the halo zone around the colonies in mm.

4.2.6 2,2 dipyridyl (DIP) assay

DIP assay was used to investigate the effects of iron restriction on growth of the WT and
the ICE-1 mutant. Overnight cultures (LB) were adjusted to ~0.08 (ODsoo) in LB
containing 200uM DIP. 150ul per well was transferred a Bioscreen plate was grown for
24 hour at 37°C with continous shaking. The BioScreen was set to measured the optical
densities at 15 min intervals. The experiment was performed three times independently

with 3 three biological replicates.

4.2.7 Growth in WT culture supernatant

The AICE-1 strain was grown in culture supernatant (SN) obtained from the WT (late
exponential phase). The mutant was grown in SN (with no fresh LB) and in 1:1 ration of
fresh LB and SN. The supernantant was always filter sterlised and was used as control

of cross contamiation from WT.
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4.2.8 Growth assay in minimal medium (M9)

M9 was used to study the effects of nutreint limitation on growth of WT and ICE
mutants. The standard M9 used for bacterial growth contained Na;HPO4 (6.9 g/liter),
KH2PO4 (3 g/liter), NaCl (0.5 g/liter), NH4Cl (1 g/liter), CaCl; (0.1 mM), MgSOa4 (2 mM),
and gluscose (5mM) as a carbon source. M9 was modified for carbon,nitrogen, and trace

elements as per requiremnets.

4.2.9 Biofilm assay

Crystal violet staining was used for the quantification of biofilm formed by WT and ICE
mutant strains. Briefly, an overnight culture was normalised to ~0.8-1.0 (ODeoo) in LB
and was grown in 96-well polystyrene (NUNC) microtiter plates, each well containing
150ul of bacterial suspension. Plates were incubated statically for 24, 48 and 72 hr at
37°C. The medium was removed and the wells were washed once with sterile dH20.
The biofilm was stained with 175ul of 0.1% (v/v) crytal violte dye for 15 min then washed
twice with dH20 and air dried. The crystal voilet-biofilm complex was dissolved using
200ul of 95% ethanol and the absorbance measured at 595nm (BioRad Model 680

Microplate reader). The experiment was repeated for three times.

4.2.10 Antibiotic susceptibilities by disc diffusion and E-test method

Colonies from overnight LA plate cultures were picked and suspended in sterile 0.9 % NaCl.
The turbidity of the suspension was adjusted to match McFarland 0.5 standard (~0.8 at
ODeoo). The suspension was spread evenly on MHB agar within 15 min of preparation using
a sterile cotton swab to create a semi-confluent growth. The inoculum was allowed to dry
for 10 min before applying the antibiotic discs or Etest strips then the plates were incubated
at 37°C for 24 hr. The plates with uneven growth were neglected. The zone of growth
inhibition around the discs (BioMerieux) was measured in mm. For Etest (BioMerieux), the
MIC (ug/ml) was read from the scale on the Etest strip where the symmetrical inhibition
ellipse edge intercepts the strip. Antibiotics used for disc diffusion test are listed in Table 4-

3.
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Table 4-3 List of antibiotics used in disc diffusion test.

Antibiotics Symbol Concentration (mg/disc)
Trimethoprim W 2.5
Spectinomycin SH 10
Streptomycin SM 10
Chloramphenicol C 50
Tetracycline TC 10
Minocycline MH 30
Colistin sulphate Co 25
Gentamicin GM 10
Novobiocin NO 5
Cotrimoxazol TS 25
Sulphatriad ST 200
Ampicillin AMP 25

4.2.11 Virulence assay
A Galleria mellonella model of infection was used for the virulence assays. The method

was modified from previous work (Harding et al., 2013, Olsen et al., 2011).

4.2.11.1 Galleria Preparation:

The larvae were purchased from LiveFoods UK and were kept at room temperature
(25°C) in the dark. The larvae were stored in plastic containers permitting air exchange
and included a padding of wood shavings as a food source. Stage six larvae were
selected according to size (2-3 cm) and weight (200-250 mg). At this stage the larvae can
survive for around two weeks without the need for nutrients. Any larvae showing signs
of inactivity (hard darkened exterior) were discarded. For each experiment, a replicate
group of 15 larvae was used. The larvae were distributed into Petri dishes one day

before bacterial injection.

4.2.11.2 Inoculum Preparation:
A 1:100 dilution from an overnight culture was grown for 3-4 hr. The bacteria were then
pelleted by centrifugation and washed 3 times with sterile PBS then resuspended in PBS

to an absorbance of 0.2 (ODsoo). Cfu counts were determined for each inoculum.

4.2.11.3 Galleria inoculation and incubation
Injection of the larvae was done using an insulin syringe in a specialized low volume
injector (capable of consistently injecting small volumes). A volume of 10ul of each

sample (the undiluted 0.2 ODeoo suspension) and the PBS control was injected into the
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haemocoel via the rear left pro-leg. The larvae were incubated in plates at 37°C and their

mortality was assessed at 24 hour intervals over 5 days.

4.2.11.4 Observation of results

To minimize the injury, the insects were examined with a blunt object by gently flipping
them onto their backs and signs of movement were checked. Live larvae are quick to flip
back whereas sick larvae show dark skin pigmentation and usually die in the following
days. The experiment was discarded if there were 2 deaths in any of the control groups

(untouched and PBS injected).

4.2.12 Statistics

The statistical analysis in growth curves and biofilm assay was performed by multiple t-
test using Holm-Sidak method and student t-test, respectively. The survival curve in
killing assay was analysed by Mantel-cox test. The p values less than 0.05 were

consisdered as statititically significant.
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4.3 Results

4.3.1 Construction of mutant strains
To investigate the role of ICEs on phenotype, AICE-1, AICE-2 and AAICE-1-2 (double
mutant) were constructed using the Lambda Red recombination technique (section

4.2.1.1).

4.3.2 Growth dynamics of HS11286 in rich medium

Growth of the WT and ICE mutants in rich medium was studied. The WT and AICE-2 grew
at indistinguishable rates while AICE-1 and AAICE-1-2 showed significantly longer
doubling times and lower growth yield (Figure 4-4A). The doubling times were
calculated using ODesgo readings between 60 and 180 min. Reduced growth of the

mutant strains was further confirmed by Cfu counts (Figure 4-4B).
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Figure 4-4 Growth dynamics of K. pneumoniae HS11286 and it ICE mutants in LB.

A. Optical densities B. Quantification of Cfu/ml at different points in the time course. The
experiment was performed on 3 independent occasions. Statistical analysis was performed with
multiple t-test using Holm-Sidak method. (* = P=0.02, *** = P=0.004, ****= P<0.0001) the
differences are compared to the WT.
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Since ICE-1 includes the yersiniabactin encoding operon (HPI), it was hypothesised that;

HPI of ICE-1 enhances growth of K. pneumoniae H511286 WT in nutrient/iron limited
conditions.

Hypothesis 4-1
To test this hypothesis the AICE-1 strain was grown in culture supernatant obtained
from the WT as this should contain yersiniabactin (section 4.2.7). This did not improve
the growth of the mutant strain. Thus the presnce of the siderophore in culture

supernatant did not appear sufficient to enhance AICE-1 growth.

4.3.3 Complementation of the yersiniabactin transporter

YbtP and YbtQ, are HPl encoded proteins required for Ybt based iron uptake. Hypothesis
4-1 was further tested by complementation of the Ybt transport and regulation system
(YbtP and YbtQ) in the AICE-1 strain. Complementing clones were made using a low copy
number plasmid pACYC184 under the control the native yersiniabactin promoter (Figure

4-5).
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Figure 4-5 Construction of complementation plasmid P-Ybt.

The ybtSXQPA operon was cloned into pACYC184 using the Infusion HD cloning method (section
4.2.4).

93



Chapter 4 Contribution of ICEs to the phenotypes

The AICE-1pyt strain was grown in LB and LB supplemented with WT culture
supernatant. The growth yield, and the growth rate of the Pybt complemented AICE-1
(~30 min doubling time) was significantly remediated (P=0.0004) when grown in WT

supernatant (Figure 4-6) but no change was observed in LB.
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Figure 4-6 Growth dynamics of AICE-1 and AICE-1Pybt mutant strains in culture supernatant of
WT.

A. Growth pattern in LB and LB supplemented with culture supernatant (SN) from WT: SN:LB
was the combination of 1:1 ratio of fresh LB with WT supernatant whereas SN represents that
mutant was grown only in WT supernatant. B. Cfu/ml counts at different time points. 4 technical
replicates were assessed on three independent occasions. (**P = 0.004, ***P = 0.0004, ****p
<0.0001).
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4.3.4 Further evidence for siderophore involvement in AICE-1 strain growth defects

Hypothesis 4-1 was further investigated by assessing siderphore production in the CAS
assay and growth of strains under iron limitation in the presence of 2,2-dipyridyl (DIP).
Significant differences in siderophore secretion between the WT and the AICE-1 mutant
were observed, as indicated by the reduced halo zone around AICE-1 strains; no obvious
difference in siderophore secretion was observed in AICE-2 strains (Figure 4-7A). The
results obtained from 2,2-dipyridyl (DIP) exposure (Figure 4-7B) reinforce the view that
ICE-1 plays an important role in iron acquisition. It is noteworthy that the growth of the

WT in DIP and the AICE-1 strain in LB were very similar.
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Figure 4-7 Effects of iron limited environment on the growth of ICEs mutants.

A. Siderophore production of strains assessed with the CAS assay. The halo around (measured
in mm) the colonies indicates the iron chelating activity of exported siderophores (n=, *P=0.1,
****¥p=0.0001) B. Growth curve of WT and ICE-1 minus strain in LB broth supplemented with

200uM 2,2’-dipyridyl.
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4.3.5 Contribution of ICEs to growth in nutrient limited media.

The WT and ICE mutants were grown in LB broth overnight then subcultured into
minimal medium M9 (section 4.2.8) containing glucose and ammonium chloride (NH4Cl)
as sole carbon and nitrogen sources. Similar rates of growth were observed with the WT
and AICE-2 strain but AICE-1 strain did not grow in this medium (Figure 4-8). Thus AICE-

1 strains were impaired in M9 medium and two hypotheses were proposed:

AICE-1 strains cannot use glucose as a carbon/energy source. Hypothesis 4-2
AICE-1 mutants cannot use ammonium as a nitrogen source. Hypothesis 4-3
1 -
0.5

wT
Aice-1
Aice-2
AAicE-1-2

t ot

0.0625 " T T T T T T y T 1
0 2 4 6 8 10 12 14 16 18 20
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Figure 4-8 Growth of K. pneumoniae HS11286 and ICE mutants in defined minimal medium (M9).
Glucose and ammonium chloride was used as sole carbon and nitrogen sources.

4.3.6 Effects of modifications in carbon and nitrogen sources of M9 on ICEs mutants
growth

Klebsiella pneumoniae is known to ustilise both lactose (0.4%) and citrate (0.4%) and

M9 was modified with these substrates as sole carbon sources to test hypothesis 4.2.

Similar to M9*¢" the AICE-1 strains did not grow while growth of AICE-2 and WT were

supported (Figure 4-9).
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Figure 4-9 Growth pattern of WT and ICE mutants in M9 modified with different carbon sources.
M9 minimal medium was modified by 0.4 % of lactose/sodium citrate (NasC¢HsO7). The graph
represented the growth of bacteria in M9 with the modified carbon source with no glucose.

To test hypothesis 4-3, M9*¢" was supplemented with both organic (0.5 % Peptone,
0.5% of Casamino acids) and inorganic (0.5% KNOs) nitrogen sources. Organic nitrogen
sources in M9*¢" supported AICE-1 growth. Casamino acids and peptone producing a
greater response in WT and AICE-2 because nitrate could be used by them but not by
AICE-1 (Figure 4-10). The presence or absence of NH4Cl with the casamino acids and
peptone had no effect on bacterial growth (data for the media containing both NH4Cl

and other nitrogen source are not shown). Collectively these results supported
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hypothesis 4-3 and suggested that AICE-1 strain have a defect in nitrogen assimilation

or metabolism.

- 0.5 % Peptone
! ) - AWT
== AICE-1
== AICE-2
0.5
== AAICE-1-2
€
c
o
2 0.25
o
o
0.125 1
0.0625

0 2 4 6 8 10 12 14 16 18 20

Time (Hours)

0.5 % Casamino acids

-_-— wT
&= AICE-1
=== AICE-2

== AAICE-1-2

o 2 a4 6 8 10 12 14 16 18 20

Time (Hours)

0.5% KNO,

== WT

-~ AICE-1
=+ AICE-2
—— AICE-1-2

0 2 4 6 8 10 12 14 16 18 20

Time (Hours)

Figure 4-10 Growth of WT and ICE mutant strains in different nitrogen sources (M9+Glu).
A. 0.5% Peptone, B. 0.5% Casamino acid, C. 0.5% KNOs. The graphs represent the growth in
media containing the modified nitrogen source only with no NH4CI.
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4.3.7 Single amino acid studies

To detemine whether the AICE-1 strain was dependent on specific amino acids. Growth
experiments were conducted using M9*¢" supplemented with 10mM of 20 different
amino in the absence of NH4Cl (Figure 4-11). Cysteine, serine and tyrosine were all
associated with reduced growth of the WT. Only histidine was able to support growth
of the AICE-1 mutant. Thus the defect in the AICE-1 mutant would appear to be in

histidine biosynthesis.
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All various amino acids were added at 10mM concentration and growth responses were

measured at

ODeoo for 24 hr. (n=3).
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4.3.8 Effects of ICEs on biofilm formation in vitro

The HS11286 WT and ICE deletion mutants were studied for their ability to form biofilm
on polystyrene in vitro using the crystal violet staining method (4.2.9). The double
mutant showed more attachement to the surface in first 24 hr (Figure 4-12). Moreover,
differences were observed in the biofilm formation of all the ICE mutants at 48 and 72
hr. Microscopic examination revealed differences in the pattern of biofilm formation
witht the ICE mutants compared to the WT (Appendix Xll). Overall, both ICEs appeared

to be not invovled in the enhance biofilm formation.
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Figure 4-12 Biofilm attachment by WT and ICE mutant strains LB medium.

Crystal violet staining assay was used to quantify the initial attachment of WT and ICE mutants
at different time points (24, 48 and 72 hr). The experiment was repeated three times
independently with 6 replicates. (***P= 0.0002, ****P<0.0001 and ns=non-significant).
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4.3.9 Effects of ICEs on antibiotic susceptibility

Disc diffusion and E-test strip methods were used to study the effects of ICE on antibiotic
susceptibility. Overall, ICE-1 knockout mutants were found more susceptible against all
varoius antibiotics used. Whereas, the AICE-2 strain only showed increased resistance

to spectinomycin and streptomycin (Figure 4-13A).

The Ybt transporters encoded by HPI belong to the ABC and MFS family of transporters.
This family of proteins was previoulsy demonstrated to act as as efflux pumps for various
antibiotics (Lubelski et al., 2007). To explore the contribution of HPI here antibiotic
susceptiblity was re-assessed in the presence of reserpine (50 pug/ml), an inhibitor for
antibiotic exporters (Garvey and Piddock, 2008). Interestingly, reserpine increased the
susceptibilities of the WT but did not affect the AICE-1 mutant strains. Furthermore, the
antibiotic sensitivity pattern of AICE-1pyu: strain with and without reserpine (Figure 4-
13B) indicated that presence of HPI exporters enhanced the effect against various
antibiotics. Finally, MICs were performed using E-test strips for selected antibiotics and
the results are shown in Table 4-4. Approximately six fold reduction in MIC was observed
in ICE-1 knocout strain against streptomycin, where as ~4 fold enhanced susceptibilities

were observed against ceftazidime, erythromycin and rifampicin.
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Figure 4-13 Antibiotic susceptibility of K. pneumoniae H511286 and its ICE deletion mutants by disc diffusion.
A. Reserpine free MHB. B. ABC and MFS associated antibiotics were assessed with and without reserpine and the AICE-1P (complementing Pybt) was included
to investigate contribution the Ybt transporters RP - reserpine.
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Table 4-4 Minimum inhibitory concentrations (MIC) of WT and ICE mutants by E-test.

Antibiotics?®
E-test strips (MIC  sD)

Streptomycin Ceftazidime Erythromycin Tetracycline

Rifampicin Nalidixic

0.064-1024 (pg/ml) 0.016-256 0.016-256 (pg/ml) 0.016-256 (ug/ml) 0.002-32 (pg/ml) acid
(e/mi) 0.016-256
Strains (ug/ml)
WT 2.1+15 1.9 02 35.6 103 3.2+11 11.2 +1.8 R®
AICE-1 0.37 01 0.6 t0.1 8.7 +31 1.8 +03 2.3:0.6 R
AICE-2 0.6 t0.1 0.5 :02 14.4 22 2.3 +07 29:1.1 R
AICE-1-2 0.4 t01 0.7 to0.1 10.8 +3.8 2.1t0s 2.1+12 R

a= R (resistant)
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4.3.10 Investigation of ICE-1 and ICE-2contributions to virulence in the G. mellonella
larval killing assay
The WT bacterial load required to cause death of half (LDso) of the population in each
group (7-8 larvae in a group of 15 larvae) at the end of day 5 was first determined to be
20ul of an 0.8 ODeoo (™ 5.5 x 10° Cfu). Following the determination of LDso the dose that
was 10 fold higher than the LDso was used for the determination of surviving percentage
of G. mellonella with WT and each of the ICE mutants using the same method. Compared
to WT, the AICE-2 mutant appeared significantly (P= 0.008) less virulent (Figure 4-14).
The AICE-1 and double mutants produced mortalities that were not significantly distinct
from the WT. Although the presence of ICE-2 appears important for virulence in this

system this effect was lost in the double mutant (Figure 4-14).
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Figure 4-14 Effect of ICEs on the virulence of K. pneumoniae HS11286.
A group of 15 larvae were used per treatment (n=3). The mortality of G. mellonella was noted
after every 24 hr consistently for 5 days. ** P = 0.008 calculated using one way ANOVA.

4.3.11 Phenotypic characterisation of E. coli carriyng ICE-1
The ICE-1 transfer to E. coli will be discussed in section 5.3.4. Three transconjugants were
randomly selected for the growth assay, siderophore secretion and antibiotic

susceptibility tests.
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Both growth assays of E. coli and three E. coli't! strains revealed no significant
differences. However, significant differences were observed in siderophore secretion

with significantly wider halo zone in the transconjugants (39 vs 45 mm).

To investigate whether presence of ICE-1 also affected antibiotic resistance in E. coli. In
antibiotic disc diffusion assays, significant reductions in inhibition zones were observed

in strains carrying ICE-1; the zones were increased in the presence of reserpine (Figure

4-15).
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Figure 4-15 Antibiotic susceptibilities of E. coli HB101 against various antibiotics.

Susceptibility tests were performed on three randomly selected transconjugants (HB101't2);
based on no significant differences among their results, the data are from one transconjugant.
—RP and +RP indicates absence and presence of reserpine in the medium.
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4.4 Discussion

The overall aim of this work was to investigate the contribution of ICE-1 and ICE-2 to K.

pneumoniae phenotypes.

4.4.1 Ybt produced by HPI of ICE-1 was required for optimal growth
It was conclusively demonstrated that the ICE-1 mutant showed reduced growth both
in rich and in minimal media; the defects were linked to the absence of the Ybt system

encoded by HPI in ICE-1.

Due to its role in iron uptake (Schubert et al., 2000, Mokracka et al., 2004, Russo et al.,
2015), Ybt has been linked to growth fitness, particularly in iron restricted conditions
(Hancock et al., 2008, Paauw et al., 2009, Bachman et al., 2011). HPI has been divided
into three regions. 1) Ybt biosynthesis (irp1, irp2, ybtE, ybtT and ybtS) (Carniel, 2001), 2)
Ybt transport and 3) Ybt regulation system (Figures 4-1 & 4-5). In multiple Gram-negative
bacteria, disruption of Ybt has resulted in growth defects (Smati et al., 2017, Lawlor et
al., 2007, Paauw et al., 2010). For example, disruption in irp2 impaired the growth of an

E. coli mutant strain compared to its parent (Smati et al., 2017).

In the Ybt transport system, YtbP and YtbQ are importers while YtbX mediates the export
of Ybt. In HPI, these transporters are present in a single operon (ybtsxgp). To avoid polar
effects, the whole operon was cloned in pACYC184 under the control of its native
promoter (Figure 4-5). The growth defects in the ICE-1 mutant were partially
complemented by the PYbt plasmid (AICE-1pyht) but only in the presence of WT

supernatant (Figure 4-6) which was assumed to contain Ybt.

The Ybt system requires TonB-dependent FyuA (Figure 4-1) to internalise iron (Brem et
al., 2001). Interestingly, AICE-1p.ynt recovered growth even in the absence of fyuA, raising
guestions about its essentiality for iron uptake. Fetherston et al. (2010) showed similar
behaviour in a fyuA mutant of Y. pestis. Thus it is speculated that an alternative TonB

dependent receptor was used in this case.
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Figure 4-16 TonB dependent siderophore receptors and their interactions.

A. Schematics of Ybt based iron uptake via TonB dependent receptors. B. String analysis was
performed for TonB and its interactions with other siderophore based receptors. The thickness
of lines indicates the strength of interactions. The black arrows represent the homology
between putative siderophore receptors of H511286 and other well characterised receptor
proteins.
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Different TonB dependent siderophore receptors share similar ligand binding sites that
facilitate the interactions between several iron uptake systems (Carniel, 2001).
Enterobacteriaceae carry several TonB dependent receptors such as IroN for

siderophore based iron uptake (Hsieh et al., 2008, Holden et al., 2016).

K. pneumoniae HS11286 has 6 genes encoding TonB dependent receptors including
fyuA, among them two (KPHS_21440 and KPHS_30870) are siderophore based receptors
(Figure 4-16A). BLASTp analysis of these two putative receptors showed that they belong
to a family that are able to bind to siderophores of various systems. String analysis with
TonB shows strong TonB-fhuA and TonB-fepA interactions, which are the siderophore-
based receptors. KPHS 21440 and KPHS 30870 of K. pneumoniae HS11286 showed
homology to these two (fhuA and fepA) well characterised siderophore receptors of
Enterobacteriaceae (Figure 4-16B). These proposals could be further investigated by

creating a fyuA knockout and by quantifying radiolabelled iron internalisation.

4.4.2 The Ybt system is important for K. pneumoniae growth in iron restricted
conditions

The siderophore secretion of the ICE mutants was assessed against WT using the CAS

assay. This assay is widely applied (Louden et al., 2011) and has been used extensively

for siderophore detection in Gram-negative bacteria (Machuca and Milagres, 2003,

Pérez-Miranda et al., 2007). The reduced level of siderophore secretion by the AICE-1

and AAICE-1-2 strains (Figure 4-7A) was linked to the loss of the Ybt system.

The findings of siderophore secretion were extended by demonstrating its importance
for growth in iron restricted conditions (Figure 4-7). Interestingly, WT (DIP) showed
similar decline in growth as was shown by AICE-1 in LB. This finding is consistent with
the interpretation that iron restriction was responsible in both cases. Similar findings
were also documented by Lawlor et al. (2007), who showed slow growth of ybtS and
fyuA mutants of K. pneumoniae ATCC-43816 in the presence of DIP. In addition,
enhanced expression of fyuA was also observed under iron restriction (Lawlor et al.,

2007).
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4.4.3 Creation of the ICE-1 deletion was associated with histidine dependence.
Growth of WT and ICE mutant strains was compared in minimal medium, and the

inability of AICE-1 to grow raised several questions.

An in-frame deletion of ICE-1 was confirmed by sequencing the upstream and
downstream regions of the deleted fragment. In addition, sustained Cfu counts after
continuous incubation for 10 days indicated that M9 had no cidal effects on the mutant
strain (data not shown). Moreover, trace elements (1X) were added to the minimal
medium to confirm that growth defect of ICE-1 mutant was not due to lack limitation of
trace elements. However, no differences in growth defects was observed thus
confirmed that inability of ICE-1 mutant strain was not associated to the limitation of

trace elements in M9.

Growth recovery of AICE-1 in peptide and amino acid containing media indicated that
the mutant strain was unable to utilise NH4Cl as a nitrogen source. Casamino acid
supplementation produced greatest improvement and this led us to investigate single

amino acid sources and histidine was found to be essential (Figure 4-11).

The two initial substrates of histidine biosynthesis, PRPP (phosphoribosyl
pyrophosphate) and phosphoribosyl-ATP, play a key role in the intermediate and
energetic metabolism of histidine. In addition, unlike other prokaryotic operons,
organisation of genes in the his operon is variable among different species indicating a
strict requirement of this pathway for survival (Fani et al., 1998). Furthermore, histidine
biosynthesis is one of the most energy-dependent metabolic pathways requiring 41ATPs
per histidine molecule (Juliao et al., 2007); suggesting it’s interaction to several other

energy regulatory pathways.
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Figure 4-17 Schematics of pathways of biosynthesis of 20 amino acids.
Adapted  from Kyoto Encyclopaedia of Genes and Genomes  (KEGG)

http://www.genome.jp/kegg-bin/show pathway?map01230
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Figure 4-18 Histidine biosynthesis pathway.
Adapted from (Bromke, 2013)

In K. pneumoniae HS11286, the histidine biosynthesis operon hisABCDEF (Kulis et al.,

2014) lies ~39kb downstream to ICE-1. Bioinformatic analysis did not reveal any direct

relationship between histidine biosynthesis and ICE-1 contents. Thus it was speculated

that histidine biosynthesis might be affected due to an incidental lesion either in his-

operon or in related other regulatory systems. Whole genome sequencing would

potentially identify lesion(s) responsible for the histidine-dependent phenotype.
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4.4.4 ICEs influence biofilm formation

Significant differences of biofilm formation on an abiotic surfaces were observed
between WT and ICE mutant strains (Figure 4-12). This was consistent with previous
observation on bacteria carrying conjugative plasmids and the contributions of these
mobile elements to biofilm formation. T4SS-associated pili are the major components of
the conjugative machinery involved both in cell-cell contact and in biofilm formation

(Ghigo, 2001, Reisner et al., 2003, Zechner et al., 2012).

Initially it was thought that the differences in biofilm formation was only due to presence
or absence of T4SS of ICE1 and ICE-2. However, a more careful analysis of previous
literature revealed that there are several other factors that could have enhanced biofilm
formation. fyuA appears to play a major role and was found to be one of the major up-
regulated genes in biofilms; its disruption aborted biofilm development in E. coli
(Hancock et al., 2008, Hancock and Klemm, 2007). Another important factor was found
to be the methyl-accepting chemotaxis protein (MCP) of ICE-2, this was demonstrated
to be involved in biofilm formation and biosynthesis of T4 pili in Ps. aeruginosa (Morgan

et al., 2006, Hickman et al., 2005).

These results were extended by microscopic examination. There was agreement
between findings obtained by both methods. The enhanced biofilm formation detected
by crystal violet was linked to differences in the pattern of development (Appendix XIlI).
The AICE-2 developed a filamentous form of biofilm and this might be due to the polar
localisation of pili encoded by the T4SS-1 ICE-1 (Das and Das, 2014).

4.4.5 ICE-1 deletion enhaced antibiotic susceptibilities
K. pneumoniae HS11286 is naturally resistant to several antibiotics (Bi et al., 2015, Liu et
al.,, 2012). ICE-1 knockout mutants showed increased susceptibility against various

antibiotics.

No recognised specific antibiotic resistance determinants are present on ICE1. However,
inspection of HPI transporters (YbtX, YbtQ and YbtP) revealed that YbtX is a member of
the major facilitator super family (MFS), while YbtP, YbtQ are both ABC transporters.
These exporters are known to be major drug efflux systems (Paulsen and Lewis, 2001,

Lubelski et al., 2007, Soto, 2013).
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These two systems are categorised on the basis of their transmembrane spanning
regions, mode of action and the type of molecules exported (Piddock, 2006a, 2006b).
ABC transporters are ATP dependent export channels, whereas the MFS are drug/H+
antiporters (Marger and Saier, 1993). The results reported here are similar to those of
Srinivasan et al. (2014), who showed that disruption of the MFS system, KpnGH,
increased the sensitivity of K. pneumoniae to many antibiotics and suggested that was

due to loss of Ybt exporters.

Resistance to ABC/MFS related antibiotics (Figure 4-13) and its reduction in the presence
of reserpine (Figure 4-13 and 4-19) adds weight to the view that Ybt exporters influenced
the antibiotic susceptibilities. Bambeke et al. (2000) showed that ABC/MFS systems are
responsible for extruding rifampicin, tetracycline and aminoglycosides. The E-tests
showed a 6 fold reduction in MIC for erythromycin and this fits well with the findings of
Poole (2005), who demonstrated that ABC-transporters are specific for expelling
erythromycine in E. coli. Thus the role for the Ybt exporter in this context is further
supported; deletion and complementation of ybtX would provide more definitive

evidence.
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Figure 4-19 Summary of comparison of antibiotic resistance
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The ICE-1 knockout showed sensitivity to novobiocin (Figure 4-13) while the WT was
resistant. Similar behaviour of an ABC exporter transporting novobiocin was reported in
Enterococcus faecalis and Streptococcus pneumoniae (Davis et al., 2001, Robertson et
al., 2005). Recently, Lam et al. (2017) described a link between emerging virulence,

antibiotic resistant lineages and the Ybt system in K. pneumoniae strains.

4.4.6 ICE contribution to virulence

ICE-2 deletion caused attenuation that may be linked to the presence of several
virulence associated components (section 3.3.2). The SecA translocase (orf23) was
considered one of the major factors involved in virulence because it is responsible for
translocation of various virulence associated effector proteins (Manting and Driessen,
2000). Another possible explanation for attenuation was the loss of methyl accepting
chemotaxis protein (MCP) encoded by orf47. MCP was identified as the chemo-sensor
interacting with T4 pili for surface-specific adhesion, twitching motility and expression
of pathogenicity associated genes in Ps. aeruginosa (Persat et al., 2015). Several other
virulence associated factors are present in ICE-2; these include the cold shock protein
encoded by orf13 and the toxin-antitoxin system symE (orf24). The findings here are also
consistent with the associated genes described in PAPI-1 and PAPI-2 of Ps. aeruginosa

PA14 (Miyata et al., 2003, He et al., 2004, Lee et al., 2006, Harrison et al., 2010).

An interesting and unexpected result was the lack of attenuation in the double mutant
strain (Figure 4-14). Perhaps increased biofilm forming capacity may have counteracted

the loss of virulence determinants in the Galleria model.

4.4.7 ICE-1influenced E. coli phenotype

Three randomly selected transconjugants were studied for growth patterens,
siderophore production and antibiotic susceptibilities. Consistant with the studies on
the AICE-1 mutant, siderophore production and antibiotic resistance was significantly
increased in transconjugants compared to the parent strain without obvious effects on

growth. This provides further support for the role of the Ybt exporters discussed above.
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4.5 Conclusions

1. Ybt produced by HPI enhaced growth of K. pneumoniae HS11286 in iron limited
conditions.

2. Deletion of ICE-1 reduced the siderophore secretion and growth capabilities of
bacteria in iron restricted enviroment.

3. Deletion of ICE-1 was associated with histidine dependence in the mutant strain
but this was likely attributable to a lesion external to ICE-1.

4. Deletion of ICEs influenced biofilm formation by the host.

5. Presence of ICE-1 enhaced resistances against various antibiotics, especially to
those associated with ABC and MFS exporters .

6. Deletion of ICE-2 increased attenuation but the effect was lost in the double
mutant.

7. ICE-1 acquisition by E. coli had no effect on growth of transconjugants.

8. Transconjugants secreted significantly more siderophore compared to parent E.
coli.

9. ICE-1 increased the antibiotic resistance of transconjugants against many ABC

and MFS associated antibiotics.
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5.1 Introduction

Putative ICEs meet the definition of this class of genetic element if they can be shown
to: (a) excise from the host chromosome, (b) generate extrachromosomal
intermediates, (c) achieve horizontal transfer mediated by conjugation, and (d)

integration into the recipient host chromosome (Johnson and Grossman, 2015).

ICEKP-1 elements are widely distributed in Enterobacteriaceae (chapter 3). However,
whether or not they are functional in mobilisation has not been demonstrated for the
majority. In recent studies, the functional elements of ICEKP-1 have been demonstrated
in E. coli (ICEEc-1) (Schubert et al., 2004) and in K. pneumoniae NTUH-K2044 (ICEKp-1)
(Lin et al., 2008). ICE excision from the genome and self-conjugation to other hosts has
been shown to pass through episomal intermediates for the majority of elements
(Schubert et al., 2004) and has been demonstrated for ICEKp-1 and ICEEc-1 (Schubert et
al., 2004, Lin et al., 2008). However, in E. coli high excision of ICEEc-1 was achieved with
induced integrase (Schubert et al., 2004). Generation of episomal intermediates is an
essential step in the successful conjugative transfer of the majority of ICEs. Moreover,
the ICE usually carries its own mobilisation system that mediates its transmission
(Wozniak and Waldor, 2010). ICEEc-1 and ICEKp-1 have been shown to have functional

modules that mediate mating pair formation and processing of DNA.

Stage (b) of the ICE mobilisation cycle is the assembly of several gene products into a
mating channel that transfers DNA from donor to recipient (Johnson and Grossman,
2015); functional ICEs include oriT which includes nic sites for the generation of ssDNA.
The oriT containing region of ICEKP-1 elements (ICEEc-1 and ICEKp1) normally lies
upstream to mobB (Schubert et al., 2004, Lin et al., 2008), which was first described in
the CloDF13 plasmid of Enterobacter cloacae (Hochhut and Waldor, 1999, Burrus et al.,
2002). Unlike CloDF13, ICEEc-1 and ICEKp-1 have an inverted repeat region in oriT which
means they have duplicated nic sequences (Figure 5-1). Similar duplicated nic sites have

been described in the R6K plasmid (Avila et al., 1996, Schubert et al., 2004).
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Figure 5-1 nic regions of CloDF13 and ICEEc-1 (HPlecorsi).
The brackets mark the map position of the nic site and its sequence similarities. The black arrow
heads indicate the position of nic sites. (Schubert et al., 2004)

The T4SS of ICEKP-1 elements belong to the VirB/VirD4 system; this is a homologue of
the T4SS found in A. tumefaciens (Juhas et al., 2008) (c.f. Chapter 1). The T4SS of ICEKp-
1 was demonstrated to be functional for formation of mating pores and was capable of
processing of DNA-protein complexes (Lin et al., 2008). To date little attention has been

paid to the impact of effects of the ICEKP-1 cargo genes, such as HPI, on host phenotype.

5.1.1 Aim
To study the complete life cycle of ICE-1 and possible effects of its cargo genes on

recipient phenotype.

5.1.2 Objectives

1. To determine the site-specific excision of ICE-1.
2. Toinvestigate functionality of the mobilisation module of ICE-1 by;

a. Conjugative-mobilisation of intact ICE-1 from host to recipient.
b. Conjugative mobilisation of an ICE-1 marker plasmid (E. coli HB101).
3. To investigate the conservation of oriT and its repeated sequences among

Enterobacteriaceae carrying putative ICEKP-1 elements.

4. To identify the minimal oriT sufficient for conjugative transfer of DNA in ICEKP-1

elements.
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5.2 Methods

5.2.1 Excision assay

Episomal ICE intermediates were detected by PCR using genomic and plasmid DNA as
template. To amplify either the chromosomal junction or the episomal form of ICE,
minor modifications were made in the methods described by Lin et al. (2008), Schubert
et al. (2004). DNA was extracted from a batch of culture at 4, 8 and 24 hr. The amount

of DNA assayed was controlled at 10 and 100ng/reaction mix.

7/ Integrated form of

ICE

Circularised form
of excised ICE

P1/P4 PCR amplify the empty site

Excised empty site
in chromosome

Figure 5-2 Schematics of ICE excision assay by PCR.
Primers P1, P2, P3 and P4 were used to confirm the integration/excision of ICE-1 .

The sensitivity of the experiment was controlled by the primers as shown in Figure 5-2.
Primers pairs P1/P2 and P3/P4 were used to amplify the attL and attR sites. Whereas,
P1/P4 and P2/P3 were used to detect empty sites in chromosome and the excised form,
respectively. KOD Hot start DNA polymerase was used for all PCRs. To confirm the

precise excision the PCR products were purified and sequenced.
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5.2.2 Construction of ICE-1 marker plasmid

The purpose of the construction of ICE-1 marker conjugative plasmid was to analyse the
DNA mobilization ability of ICE-1 and to confirm that it carries a functional T4SS. Plasmid
pACYC184 was used to clone the oriT containing region of ICE-1. The pACYC184 was
selected because it had previously been used for the construction of conjugative plasmid

of other ICEKP-1 elements (Schubert et al., 2004, Lin et al., 2008).

Directed cloning by restriction and ligation was used to construct P-oriT1 (oriT1=1760bp
region lies between virB11 and mobB of ICE-1). The 1760bp region was amplified using
K. pneumoniae HS11286 genomic DNA as template. Hindlll and Sall restriction digestion
sites were introduced in forward and reverse primers (Appendix Ill) used for the

amplification of insert (Figure 5-5).

Both plasmid and oriT (PCR purified) fragment were double digested using Hindlll and
Sall endonucleases (NEB) (section 2.3.3). The fragments were gel purified and band sizes
were again confirmed before the ligation. T4 ligase (Promega) was used for the ligation
reaction (section 2.3.4), which was followed by its (4ul) electro transformation into
electro competent E. coli DH5a (section 2.3.2). PCR assay was used to confirm the
presence of the plasmid in the E. coli using pACYC184 specific primers (Appendix VIII).
The precise construction was also confirmed via double digestion of plasmid extracted
from culture transformants. E.coli DH5a transformed with the ICE-1 marker plasmid
were archived at -20°C and -80°C for downstream experiments. Similar method were
used to construct multiple versions of the ICE-1 marker plasmid for identification of the

minimal oriT-1.

5.2.3 Conjugation assay
Mobilisation assays of ICE-1 marker plasmid and self-conjugation of ICE-1 was

performed by filter mating assay (section 2.4.3).

5.3 Results

5.3.1 Site-specific excision of ICE-1
A PCR-based assay was developed to identify the generation of circular
extrachromosomal intermediates of ICE-1; this is usually mediated by recombination

between the direct repeats at the left and right junctions (attL and attR) of ICEs. Figure
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5-3A outlines the assay used to detect the intact episomal state of ICE-1 and its empty
chromosomal sites using specific primers (Appendix 1X). Both genomic and plasmid DNA
was used for the assay. Genomic DNA was used as a control for sensitivity and specificity
of the assay. No PCR amplification was detected for the excised form of ICE-1 with 10ng
of genomic DNA and a faint band could be seen with 100ng at 8 hr (Figure 5-3B). The
empty chromosomal site was also not clearly detected. However, plasmid DNA analysis
provided clear evidence of ICE-1 excision at 8 and 24 hr. Excision appeared to peak at
early stationary phase then declined in established stationary phase (faint plasmid band
at 24 hr). Sequencing of the PCR products confirmed the extrachromosomal and

chromosomal junctions of ICE-1 (data not shown).
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A.

RF170 RF171 RF172 0.8kbp RF173
1.5kb p
- . - -» -

-
RF170 1.0kbp RF173

Primers RF171 and RF172 ( Detection of excised circularised form of ICE-1)

1.0kb
1.0kb &> 1.0kb f&

Primers RF170 and RF173 ( Detection of excised sites in chromosome)

Plasmid DNA

Genomic DNA

L1 L2
Not detected 10ng 100ng Not detected
DNA amount was — DNA amount was
controlled (10 & 100ng) * controlled (10 & 100ng)

Empty sites

Figure 5-3 Site-specific excision and extrachromosomal circularisation of ICE-1.

A. Model of integration /excision of ICE-1. The small arrows above and below the map represents
positions of primers used for different PCR assays. B. PCR results for the detection of empty sites
in chromosome and excised form ICE-1 using both genomic and plasmid DNA.
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5.3.2 Self-Conjugation of ICE-1

Mobilisation of ICE-1 to E.coli HB101 by conjugation was investigated. ICE-1 was marked
with a hygromycin (hph) resistance cassette to enable selection of transconjugants. The
irn2 gene of ICE-1 was selected for (Figure 5-4) disruption as this was considered unlikely

to interfere with ICE self-conjugation.

int irp2 irp1

2R VAR \\\\\\\\INNN\\\\\VZes

~1.6 kbp

Figure 5-4 Schematics of ICE-1 tagging with hygromycin resistance cassette.

Irp2 of ICE-1 was replaced with hph cassette for self-conjugation assay of ICE-1. (This was done
jointly with one of the collaborators Mr. Yingzhou Xie from Shanghai University China)

A conjugation assay was performed using the ICE-1"?" (donor). No transconjugants (limit
of detection was <1x1077) were detected for the self-mobilised ICE-1"°". Thus, either the
ICE-1 was not able to mobilise itself or introduction of hph has affected the excision or
transferability of the element. Potential effects of the hph cassette on the excision of
ICE-1 were examined by performing an excision assay on the ICE-1"?" strain. No
differences were apparent between excision of ICE-1 of the WT and the ICE-1/°" mutant
strain (data not shown). These results are consistent either with ICE-1 being incapable

of conjugative-mobilisation or with a defect in T4SS-1.

5.3.3 T4SS-1 of ICE-1 is functional and necessary for conjugative transfer of plasmid
DNA

To verify that ICE-1 carries a functional T4SS (T4SS-1) an ICE-1 marker plasmid P-oriT-1

was constructed (Figure 5-5). The oriT region of ICE-1 was cloned into a low copy number

plasmid, pACYC184 (section 5.2.2).
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HindIII Sall
- RF107 RF113
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virB8 virB9 virB10 virB11 o mobB
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1kb
1760 bp

: }o Origin of Transfer (oriT)

l PCR amplification

Restriction digestion

Non-conjugal -

Plasmid UE"'I

Ligation

Mobilisable plasmid
P-oriT-1

Figure 5-5 Schematics of construction of P-oriT-1 an ICE-1 marker plasmid for conjugation assay.
For cloning, PCR amplified fragments of 1,760 bp from T4SS-1 and plasmid pACYC184 were
double digested with Hindlll and Sall followed by T4-ligation.

WT and AICE-1 strains were transformed with the P-oriT-1. K. pneumoniae NTUH-K2044
carrying P-oriT-1 and WT with pACYC184 were respectively used as positive and negative
controls. To monitor the transfer of plasmid to the recipients (HB101; naturally resistant
to streptomycin); transconjugants were selected on LB supplemented with streptomycin
and chloramphenicol. The transfer frequencies of P-oriT-1 were calculated from data
obtained from assays that were performed independently on four occasions with three
biological replicates. As can be seen in Figure 5-6, the WT was able to mobilise the P-
oriT-1 to recipient cells at a frequency of ~8.5 x 10°. The conjugation frequencies of WT

were significantly higher compared to the control strain (Figure 5-6).
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Figure 5-6 T4SS of ICE-1**°""T s functional for mating pair formation.
K. pneumoniae NTUH-K2044 and WT+pACYC184 (P184) were used as positive and negative
controls, respectively. (Error bars = Standard deviation, n=3, and **** = P<0.0001)

To confirm involvement of T4SS-1 in mobilisation, six genes (virB1-virB6) were mutated
(Figure 5-7) to create the AT4SS-1 mutant strain. The mutated genes encode structural
and functional proteins of the conjugative pilus. The AT4SS-1 strain was transformed
with P-oriT-1 and conjugation assay showed no mobilisation of the ICE-1 marker plasmid
(Figure 5-6). These results indicate that ICE-1 carries a functional conjugation module

(T4SS-1).
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Figure 5-7 Schematic showing the disruption of T4SS-1 of ICE-1.
Six genes (virB1 to virB6) were deleted and this rendered the system non-functional for DNA
transfer.

5.3.4 Plasmid mobilisation mediates self-conjugation of non-tagged ICE-1

While investigating transfer of the ICE-1 marker plasmid, transconjugants were PCR
screened for the presence of marker genes (section 3.3.3.2 and Figure 3-8) of ICE-1.
Surprisingly, all the transconjugants confirmed the presence of marker regions and also
ICE-1 integration at the asn-tRNA sites (Figure 5-8). The transconjugants were identified
to be E. coli by PCR (Appendix VIII). Moreover, to confirm that transconjugants were not
contaminated by donor cells, the former were streaked for purity and genomic DNA
extracted from overnight cultures. PCR screening was performed to confirm the

presence of ICE-1in E. coli.

Next, the conjugative-mobilisation of ICE-1"?" along with P-oriT-1 was investigated. The
transconjugants were selected on three different sets of LB based selection media

supplemented with: i) streptomycin and chloramphenicol, ii) streptomycin,
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chloramphenicol and hygromycin and iii) streptomycin and hygromycin (Figure 5-9).
Interestingly, no transconjugants were obtained on media containing hygromycin,
however, plasmid mobilisation was observed on the streptomycin + chloramphenicol
medium. These transconjugants were further investigated for the presence of ICE-17°h

but were found negative.

Screening of ICE-1 marker regions Confirmation of ICE-1

integration/excision

1. E. coli specific
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Figure 5-8 confirmation of presence and integration of ICE-1 in E. coli transconjugants.

Transfer of ICE-1 from K. pneumoniae to E. coli was confirmed by PCR. Presence of ICE-1 marker
regions, integration site, and ICE-1 excision was confirmed in transconjugants. The
transconjugants were also confirmed to be E.coli using its specific primers. K. pneumoniae
Hs11286 and E. coli genomic DNA were used as positive and negative controls.

To exclude the possibility that the hygromycin resistance of the ICE-1"P" marked element
was insufficient to detect mobilisation, selection of transconjugants was also attempted
on lower concentrations of hygromycin (25 and 50 pug/ml) along with streptomycin
(Figure 5-9). No transconjugants were obtained carrying ICE-1"" but plasmid
mobilisation was always observed. Finally, WT (with no P-oriT-1) was tested for
mobilisation of ICE-1, E.coli or transconjugants were recovered on medium containing
streptomycin only. Randomly 30 colonies of E. coli were PCR tested for the presence of

ICE-1 but no amplification were obtained.

130



Chapter 5 Mobilisation and integration of ICE-1

K. pneumoniae |CE-1Ph
+
E. coli HB101

Allow to grow together for 24 hours

Transconjugants selection on media supplemented with
various antibiotics

0 - ,
0o ‘ | | ! w

50ug/ml Strep 50pg/ml Strep

50pg/ml Strep

+ 50pg/ml Strep +
30pg/ml CML SOpg/n:I e 30ug. /:'nl oML + 100pg/ml Hyg
30pg/ml CML 30pug/mlCML
To detect + + + To detect
P-oriT-1 100pg/ml Hyg S0ug/mi Hyg 25pg/ml Hyg Tagged ICE-1
To detect To detect To detect
P-oriT-1 P-oriT-1 P-oriT-1
& & &
Tagged Tagged Tagged
ICE-1 ICE-1 ICE-1

Figure 5-9 Strategies used for selection of transconjugants to detect the mobilisation of ICE"",

5.3.5 Identification of comprehensive sets of Inverted and Directly repeated
sequences critical to oriT-1

Since direct (DR) and inverted repeats (IR) are major features of the oriTs of conjugal

mobilising elements (Byrd and Matson, 1997, Llosa et al., 2002). oriT-1 was investigated

using the web based tools Palindromic sequence finder

(http://insilico.ehu.es/palindromes/) and REPuter (Kurtz et al., 2001). The conserved

regions were also assessed in potential ICEKP-1 elements identified in other
Enterobacteriaceae; these regions were found to be 92% identical (Figure 5-10).
Interestingly, on reinvestigation of oriT-1, novel and previously unreported sequences

of 10 bases in DR1 (CGCCCCAGCGA) and 13 bases in IR1 (CTTCATTATTTTT) were identified;
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these repeated sequences were highly conserved in ICEKP-1 regions in other

Enterobacteriaceae (Figure 5-10).
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AGGCGGCGGGTTTTTAAGGCT IERT TATTITIGGCTTCARTTTCGAAGARRTTGTTAAGA 60
AGGCGACGGGATTTTARGGCTTCATTATTTTTGGCTTCARTTTCGAAGAAATTGTTAAGA 60
AGGCGACGGGATTTITARGGCT TCATTATTTTTGGCTTCAATTTCGAAGAAATTGTTARGA 60
AGGCGACGGGATTTTARGGCTTCATTATTTTTGGCTTCAATTTCGAAGARATTGTTARGA 60
AGGCGGCGGGTTITTTAAGGCTTCATTATTTTTGGCTICARTTTCGRAGARATTGTTARGA 60

AGGCGGCGGGTITITARGGCTTCATTATTTTTGGCTTCARTTTCGAAGARATTGTTARGA 60

HHRHA hkhk hhkR kR kR kR KR KRR kR Rk Rk Rk Rk R kR kR KRR R Rk
IR1

CGAAARATARTGRAGTGGAACGTGGACAGARRATTCARTTTCGGAGARATTGCTARTTTT 120
CGAARAATAATGARGTGGAACGTGGACAGARAATTCAATTTCGGAGARATTGCTARTTTT 120
CGAARAATARTGAAGTGGRACGTGGACAGARRATTCAATTTCGGAGARATTGCTARTTTT 120
CGAARRATAATGARGTGGARCGTGGACAGARRATTCAATTTCGGAGARATTGCTAATTTT 120
CGAAAMATARTGRAGTGGRACGTGGACAGARAATTCARTTTCGGAGARATTGCTARTTTT 120
CGARRMATARTGAAGTGGAACGTGGACAGARRATTCRAATTTCGGAGARATTGCTARTTTT 120
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CAGGATCCACGTCCACCCGCGAMCATTCGCCCCAGCGRATTGARGCGGGCCGGGGGGAGT 180
CAGGATCCACGTCCACCCGCGAACATTCGCCCCAGCGRATTGARGCGGGCCGEGGGGAGT 180
CAGGATCCACGTCCACCCGCGAACATTCGCCCCAGCGRATTGARGCGGGCCGGGGGGRAGT 180
CAGGATCCACGTCCACCCGCGAACATTCGCCCCAGCGRATTGARGCGGGCCGGGGGGAGC 180
CAGGATCCACGTCCACCCGCGAACATTCGCCCCAGCGRATTGARGCGGGCCGGGGGGAGT 180
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GGGCTTGCCCCGCACACCGTCGCAGCCAGGCTATATTTCCCGCCCCGGCGGGGAATATGEE 320
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AAAATAGGCTARRCGCGCGTCTTAARGGGGTTGGTCGCGCGTAGCGTGCGACGGTGTGCC 480
ANNATAGGCTARRCGCGCETCTTARAGGGARTGETCGCGCETAGCGTGCGACGGTGTGLC 480
ARAATAGGCTARACGCGCGTCTTARAGGGGTTGGTCGCGCGTAGCGTGCGACGGTGTGCC 480
AAAATAGGCTARRCGCGCGTCTTANAGGGGTTGGTCGCGCGTAGCGTGCGACGGTGTGCC 480
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GCCTTTGACCCTGGGGGTITTGGCGTGGCGTCCAGCCGCGACATTACCCCCATGCGACAG 560
GCCTTTGACCCTGGGGGTTTTGGCGTGGCGTCCAGCCGCGACATTACCCCCATGCGACRG 560
GCCTTTGACCCTGGGGGTTTTGGCGTGGCGTCCAGCCGCGRCATTACCCCCATGCGACAS 560
GCCGTTGACCCCGGGGGTTTTGACGCGREGTICAGCCGCGACATTACCCCCATGCGACAG 560
GCCGTTGACCCCGGGGGTTTTGACGCGREGTICAGCCGCGRCATTACCCCCATGCGACRG 560
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GCAATARGGGCGTCCAGCCCGCATGTACTGGCGCACGCCGTTTCGTGCAGGGARGCATGC 640
GCAATARGGGCGTCCAGCCCGCATGTACTGGCGCACGCCGTCTCGTGCAGGGAAGCATEC 640
GCAATAAGGGCGTCCAGCCCGCATGTACTGGCGCACGCCGTCTCGTGCAGGGAAGCATGC 640
GCAATAAGGGCGTCCAGCCCGCATGTACTGGCGCACGCCGTGTCGTGCAGGARAGCATGC 640
GCAATARGGGCGTCCAGCCCGCATGTACTGGCGCACGCCGTGTCGTGCAGGARAGCATEC 640
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Figure 5-10 Repeated sequences in oriT of ICE-1.

Multiple sequence alighment was performed using Clustal-Omega. The repeated
sequence shown with black arrows were previously published by (Lin et al., 2008, Schubert et al., 2004); the red arrows show sequences identified in this
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5.3.6 A 0.65 Kb region of ICE-1 contains the minimal oriT and its essential repeated
sequences
In order to investigate the importance of the newly identified repeat sequences and to
identify the minimal region of oriT (coordinates 3478265 to 3480025 in accession number
CP003200) in ICE-1, multiple plasmids were constructed based on pACYC184 (Section 5.2.2
and Appendix Ill) as shown in Figure 5-11. In addition to P-oriT-1, five more plasmids (P-
oriT956, P-oriT648, P-oriT568, P-oriT525 and P-oriT454) were constructed by reducing the
length from both ends of the defined region. The truncation targeted repeat sequences and
the 140 base region between the last DR2 and mobB (Figure 5-11). The WT was transformed
with the five plasmids individually and conjugation assay performed. Conjugation frequency
was significantly reduced when IR1 was absent (Figure 5-11). The highest transconjugant
frequency was observed with P-oriT-648. No mobilisation was observed with deletion of the

terminal 140 bp region.

Thus it appeared that the 140 bp region upstream of mobB was critical for the activity of oriT-
1. To test the hypothesis P-oriT648 was modified to P-oriT-608 lacking the terminal 40
nucleotides of this region. Again no mobilisation was observed indicating the essential role of
this 140 bp region, as a modest deletion reduced the highest transfer frequency to levels
below the limit of detection (Figure 5-11). Taking these results together, it was concluded that

648bp of ICEKP-1 contains the minimal oriT and essential repeated sequences.
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Figure 5-11. Identification of minimal oriT-1 region and importance of repeated sequences for the conjugative transfer of the plasmid.

Left side; Schematic representation of the 1760bp region (oriT) of ICE-1; black lines indicate the region cloned in pACYC184, grey dotted lines show the deleted
region at 5" end and red lines shows deletion of DNA sequence at 3" end of the oriT-1 containing region. Right side; Transconjugant frequencies from the K.
pneumoniae H511286 (WT) host. Un-paired t-tests (n=3) (** P=0.003, *** P=0.0004 and **** P = (0.0001). Schematic drawn is not the scale.
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5.4 Discussion

5.4.1 Growth phase influenced the excision frequency of ICE-1

Before transfer to a new host, ICEs produce an intermediate extrachromosomal form.
Excision results from integrase activity associated with homologous recombination
between flanking direct repeat sequences (Wozniak and Waldor, 2010). The excision of
ICE-1 shown here confirmed the presence of a functional integration and excision
module. Sequencing of amplified fragments showed that excision / recombination
occurred between the attL and attR sites of ICE-1. The precise excision and integration
sites of ICEKP-1 elements have been previously demonstrated for ICEEc-1 and ICEKp-1.
The circular form of ICEEc-1 was detected following induction of integrase, while ICEKp-
1 appeared to be excised in this study without induction (Schubert et al., 2004, Lin et
al., 2008).

The excision of ICEs could also be influenced by various environmental signals that
provide selective pressure for this event (Wozniak and Waldor, 2010, Johnson and
Grossman, 2015). These factors are generally ICE specific and include growth phase,
responses to DNA damage (Beaber et al., 2004, Auchtung et al., 2005, Bellanger et al.,
2007) and signal molecules produced by potential recipient partners (Ramsay et al.,

2006, Ramsay et al., 2009).

The influence of growth phase on ICE-1 excision was assessed here. Based on previous
growth studies (Figure 5-12) and the sample timings, the highest frequency of ICE-1
excision was observed in early stationary phase (8 hr). Similar patterns have been
observed with ICEc/c®'® of Pseudomonas B13 (Ravatn et al., 1998b), ICESt3 of
Streptococcus thermophiles (Carraro et al., 2011) and ICEMISym®’4 of Mesorhizobium

loti R7A (Ramsay et al., 2006).

Faint bands of the circularised ICE-1 at late stationary phase indicated its inefficient
excision that also indicated the competition between intact and excised sites especially
showing that latter dominated. The quantitative measurement of the frequencies of
ICE-1 excision could be investigated in future using real time PCR or it could be more

precise with digital PCR.
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Figure 5-12 Growth pattern of WT and AICE-1 mutant at different time points.

5.4.2 ICE-1 was non-mobile

Self-conjugation of ICEKP-1 elements was previously examined for ICEEc-1 and ICEKp-1.
Based on transmission of plasmids containing ICEEc-1 fragments of various sizes
Schubert et al. (2004) showed that ICEEc-1 encoded a functional mating pair formation
(Mpf) system. Similarly, ICEKp-1 has also been shown to be self-conjugated to both K.
pneumoniae and E. coli strains lacking ICEKp-1. In this study, no evidence of ICE-1 self-
conjugation was found. Previously, ICEKp-1 was tagged with a kanamycin resistance
cassette while here hygromycin (hph) was selected. Thus it was possible that the hph
tagging affected excision of ICE-1. However, excision experiments with both ICE-1"""and
native ICE-1 confirmed that tagging did not affect excision. One possible explanation

could be that the Mpf system encoded by ICE-1 is non-functional.

5.4.3 ICE-1 encodes a functional Mpf-complex

Usually ICEs encode their own conjugative pili (c.f. chapter 1). ICE-1 encoding of a
functional conjugative apparatus for Mpf and DNA mobilisation was investigated by
construction of the ICE-1 marker plasmid (P-oriT-1) (Figure 5-5) using pACYC184 as a

backbone. The selection of plasmid was based on its previous use for the construction
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of a conjugative plasmid of ICEKP-1 elements (Schubert et al., 2004, Lin et al., 2008). The
conjugative transfer of P-oriT-1 from WT to E. coli indicated the operational features of
T4SS-1. These findings were supported when no transfer of P-oriT-1 was detected from
a AICE-1 mutant strain. To investigate whether mobilisation of P-oriT-1 was mediated
by the ICE-1 secretion system, a AT4SS-1 (virB-1 to virB6) mutant was created (Figure 5-
7) and mobilisation was thereby abolished. VirB1 encodes a periplasmic lytic
transglycosylase providing space for the assembly of conjugative pili in the bacterial cell
wall (Koraimann, 2003, Fronzes et al., 2009). VirB2 and VirB5 are the major structural
proteins of the system forming the pilus structures extending extracellularly (Lawley et
al., 2003, Aly and Baron, 2007, Kwok et al., 2007, Backert et al., 2008). VirB3 and 4 are
transmembrane proteins that have been suggested to function together (Mossey et al.,
2010), while VirB6 is a major candidate forming the pore within the pili (Cascales and
Christie, 2004). It was assumed that deletion of these genes has disrupted both the pilus
organisation and function. These findings were in accordance with the findings of Lin et
al. (2008) who showed that a virB1 mutant of ICEKp-1 was unable to mobilise pACYC-
oriT. Collectively, these findings confirmed that ICE-1 carried a functional conjugation

module.

5.4.4 ICE-1 was mobilised by P-oriT-1 in-trans

Among MGEs some elements have been reported to encode their excision and
integration systems but not to include all the factors required for their conjugative
mobilisation. Such elements can be mobilised in-trans utilising the Mpf of any other co-
resident ICE or conjugative plasmid (Burrus et al., 2002, Bellanger et al., 2013). The
mechanism of in-trans mobilisation of integrative mobile elements (IMEs) has been
linked to conjugative plasmids such as IncQ (Meyer, 2009). In addition, most of these
IMEs carry their own oriT together with their relaxase and relaxosome related proteins
(Li et al., 1995, Crellin and Rood, 1998, Vedantam et al., 2006); they were, nonetheless
dependent on Mpfs of other related or unrelated ICEs or conjugative plasmids for
transfer (Bellanger et al., 2013). In this study, the conjugative in-trans mobilisation of
ICE-1 by P-oriT-1 occurred from K. pneumoniae HS11286 (donor) to E. coli HB101
(recipient). These results supported the idea of Tsvetkova et al. (2010), who showed in-

trans mobilisation of a plasmid that carried oriT, mobB and mobC of ICETn1549 by RP4
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(conjugative plasmid). Furthermore, high efficiency of in-trans mobilisation of plasmid
CloDF13 was mediated by SXT (Hochhut et al., 2000). In addition, the findings of this
study corroborated the results of previous researchers who showed that ICE SXT
mobilised a chromosomal DNA fragment that was located 1.5 Mb far from SXT, in-trans
(Hochhut et al., 2000, Daccord et al., 2010). Surprisingly, investigation of ICE""" did not
show any in-trans mobilisation of the element and this raised a question regarding the
fitness cost to the recipient cell in the presence of hygromycin. To address this
possibility, low concentrations of hygromycin were used for selection of
transconjugants. However, ICE™" transfer was not detected. Taking these results
together it is suggested that the relaxosome formed during P-oriT-1 transfer triggered
more assembly of the T4SS-1 and this mediated in-trans conjugative transfer of ICE-1
from donor to recipient. The reason why transfer of ICE-1""" was not detected remains

unclear.

5.4.5 Minimal oriT-1 contained 3 inverted and 2 directly repeated sequences

The oriT-1 (1760bp) was investigated for the presence of special features such DRs and
IRs and also for AT rich areas. The region containing oriT-1 was sandwiched between
virB11 and mobB of ICE-1, consistent with the findings of Lin et al. (2008), who
demonstrated that the 1761bp region, oriT*?! lies between virB11 and mobB of ICEKp-
1. The oriTt*! containing region of ICEEc-1was 1838-bp region in the same location
(Schubert et al., 2004). Previously, ICEKP-1 associated oriTs have been shown to include
two IRs and one DR with the nic site in IR2 (Schubert et al., 2004, Lin et al., 2008). In
contrast, this study has identified one novel set of IR and DR sequences localised
upstream to the previously identified IR1 (Figure 5-10). It is interesting to note that
these repeat sequences are highly conserved amongst multiple putative ICEKP-1
elements. Moreover, this study has determined that loss of these sequences increase
the conjugative transfer of the marker plasmid (Figure 5-11). These results were
contradictory to the findings of Guasch et al. (2003), who demonstrated that loss of
only half of a repeated sequence resulted in a fivefold decrease in binding between
relaxase and oriT. Thus it showed that newly identified repeated sequence had no

significant impact on oriT-1 associated mobilisation.
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In conjugative systems, oriT containing regions are usually positioned adjacent
(upstream/downstream) to the DNA-processing genes mobB and mobC (Schubert et al.,
2004). The oriTt"! and oriT¢P! were respectively, 240bp and 140bp upstream to the
mobB. Similarly, the oriT-1 containing region was 140bp upstream of mob and loss of
123bp from this region abolished conjugative transfer of the ICE-1 marker plasmid.
These findings indicate a strong link between this region and DNA processing of ICE-1
during conjugation. To further confirm that the reduction in conjugative transfer was
attributable to loss sequence from 140bp rather than interference with DR2, P-oriT608
was constructed leaving DR2 intact and this showed similar results to P-oriT568 (Figure
5-11). Thus it is suggested that the 140bp region might be important in enabling relaxase

to form relaxase-DNA complexes.

As noted previously, relaxases control the conjugation process by site-specific binding
to nic sites in the presence of a large excess non-target DNA both in the donor and the
recipient (Carballeira et al., 2014). Relaxases recognise the hairpin loops formed by IR
sequences in oriTs for binding and for nicking the DNA (Guasch et al., 2003). The results
reported here raise two possibilities regarding the role of the 140bp region in oriT-1: 1)
it acts as a helper sequence for relaxase to bind in donor cells or 2) it plays a role after
the transfer of the ICE-1 marker plasmid to the recipient where the same or another
molecule of relaxase binds the nic sites to join the fragments. In the second possibility
two relaxase molecules would be attached to the DNA at same time. These suggestions
are consistent with other studies concerned with relaxase activity during conjugative
transfer (Lucas et al., 2010, Chandler et al., 2013, Carballeira et al., 2014). Moreover,
loss ~1.0 kb region downstream to virB11 resulted in more than a 10-fold increase in
conjugative transfer of the plasmid (P-oriT648), indicating that this region was not
actually part of oriT-1. Overall, it was concluded that the 0.65 kb region upstream to

mobB is the minimum for oriT, containing all its essential repeated sequences.

5.5 Conclusions;
1. ICE-1 excised site specifically and formed an intermediate episomal circularised
form.
2. ICE-1 excised more frequently in early stationary growth phase.

3. ICE-1 conjugative-mobilisation was not detected.
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4. ICE-1 has a functional conjugation module (T4SS-1) for nucleoprotein-complex
processing via conjugation.

5. The ICE-1 marker plasmid meditated conjugative mobilisation of ICE-1 in-trans.

6. Newly identified repeat sequences had no significant impact on oriT-1 related

function.

7. The 140bp upstream to mobB is critically required for the completion of oriT-1.
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6.1 Introduction

PAPI elements like other ICEs have modular structures that perform essential functions
in different stages of their mobilisation cycle (Mohd et al., 2004, Wozniak and Waldor,
2010). PAPI elements can excise site specifically as shown for PAPI-1 and pKLC102 (Qiu
et al., 2006, Klockgether et al., 2007). Moreover, ICEEc-2, which is a member of PAPI
sub-family, was also documented for its successful excision (Roche et al., 2010). PAPI
elements are self-mobile and can be disseminated among Pseudomonas spp. e.g. PAPI-
1, PFGI-1, and pKLC102 (Qiu et al., 2006, Klockgether et al., 2007, Hong et al., 2017,
Mavrodi et al.,, 2009). ICEEc-2 can also be transferred into E. coli, Salmonella
Typhimurium and Yersinia pseudotuberculosis (Roche et al., 2010), indicating its broad

host range.

In this study, two integrases (int2a and int2b) have been identified in ICE-2 (Figure 6-1),
which were not reported by previous researchers. Therefore one aim was to investigate
which integrase controls ICE-2 excision/integration. There has also been limited
investigation of PAPI associated oriTregions. Previous work has been limited to studying
mobilisation and prediction of the putative oriT containing region but no experimental

evidence was provided (Mavrodi et al., 2009).

W?# wwa @@ﬁ@ﬁ @ M:@;@@@é%@%%é [>€=¢§ 5;35(']’33

‘ Integration/recombination %Putative functions @ Transcriptional factors

: DNA segregation % Conjugation : Hypothetical protein

Figure 6-1 Schematics of ICE-2.

Cross-talk between two non-homologous MGEs in a single genome has been
demonstrated in many cases. MGEs may interact in excision, transfer and metabolic
function (Lopez-Garrido and Casadesus, 2012, Carpenter et al., 2015). As far as we are
aware, the co-existence of ICEKP-1 and PAPI elements has not previously been reported.
This study was focused on investigating the functional interactions between ICE-1 and

ICE-2 during conjugative transfer of nucleoprotein complexes.
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6.1.1 Aim

To study the mobilisation cycle of ICE-2 and its possible interactions with ICE-1 during

DNA mobilisation.
6.1.2 Objectives

1. To investigate site-specific excision of ICE-2.

2. To identify the integrase that controls the excision of ICE-2.

3. To study the self-conjugation of ICE-2.

4. To construct a model mutant with higher frequencies of conjugative transfer of DNA.

5. To detect the region containing oriT-2.

6. To investigate the functional interactions between ICE-2 and ICE-1 during
conjugation.

7. To identify components of ICE-2 that interact with ICE-1.
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6.2 Methods

6.2.1 Construction of ICE-2 marker conjugative plasmid

ICE-2 marker plasmids were constructed for identification of oriT-2. The In-Fusion HD

cloning kit (Takara) was used to construct the plasmids (section 4.2.4).

11 pairs of primers were designed (Appendix IV) to amplify A to K fragments of ICE-2
(Figure 6-2). Primers RF207 and 208 were used to amplify the pACYC184 backbone, and
complementary sequences to these primers were used with 11 sets of ICE-2 associated
primers to enable fusion of the plasmid backbone and the 11 amplified fragments

(Figure 6-2).
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PCR and Gel purified fragments of ICE-2

PCR purified fragments of pACYC184 A (4.7kb)

B (4.8kb)
C (6.0kb)

D (5.3kb)

HD In-Fusion
Cloning

PACYC184 ‘ — P-oriT2-Ato P-oriT2-K
| F (6.2kb)

E (5.1kb)

G (4.9kb)

H (5.2kb)

I (5.3kh)

J(4.9kb)

K (6.6kh)

Figure 6-2 Construction of ICE-2 marker plasmids.
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6.2.2 Construction of RFTool-1

A plasmid pWSK29-Apra, usually used for protein expression in K. pneumoniae (Table 2-

3), and P-oriT-1 belongs to the same compatibility group, therefore to avoid

incompatibility between the two plasmids in complementation experiments of mob-2
and tral RFTool-1 was constructed by restriction digestion and ligation. RFTool-1
contains the pBluescript region of pWSK29 and the broad host range (BHR) origin of
replication of pFLP2-Apra. Aflll restriction digestion sites were added at 5° ends of the
primers (Table 6-1) for the amplification of these two fragments. T4 ligase was used to

ligate the fragments. Plasmid construction was confirmed using PCR and restriction

digestion. The sequence of RFToo-1 is presented in Appendix XI.

Table 6-1 Primers used for the construction of RFTool-1.

Cat.
\'[+)

RF172

5’- 3" Sequence?

ACCCTTAAGCGGCATCAGAGCAGATTGTA

Features

Forward primer to amplify the BHR
origin of replication using pFLP2-
Apra as template

RF173

ACCCTTAAGATCGCCCTTCCCAACAGT

Reverse primer to amplify the BHR
origin of replication using pFLP2-
Apra as template

RF174

ACCCTTAAGGACGCTCAGTGGAACGAAAA

Forward primer to amplify the
pBluescript DNA region containing
multiple cloning sites (MCS) using
pWSK29-Apra as template

RF175

ACCCTTAAGCACATGTTCTTTCCTGTTATCC

Reverse primer to amplify the
pBluescript DNA region containing
multiple cloning sites (MCS) using
pWSK29-Apra as template

a= Sequence in red represents Aflll restriction digestion site.
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Figure 6-3 Construction of RFTool-1.
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6.2.3 Point mutation

Multiple mob-2 sequences were constructed for cloning into the RFTool-1 plasmid for
use in complementation experiments. Walker A&B motifs were identified; two base pair
changes were introduced to lysine 199 (Walker A) and glutamic acid 507 (Walker B)
residues in mob-2 into the non-polar amino acid Alanine. These alterations were
introduced into primers overlapping the sequence upstream and downstream from the
relevant codons and were paired with primers annealing at the beginning and end of
the mob-2 gene. PCR resulted in two fragments each carrying a homologous
complementary sequence that carried the desired point mutations and these were
joined by SOE-PCR to create the mutant variant of the gene. The mutants were verified

by sequencing.
Plasmid construction for complementation experiments

Conventional restriction site cloning was used for the plasmids constructed for

complementation experiments.
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6.3 Results

6.3.1 Mobilisation cycle of ICE-2

6.3.1.1 Identification of extrachromosomal ICE-2:

A PCR- based assay was developed to demonstrate the site-specific excision of ICE-2
(section 5.2.1). Different sets of primers were designed complementary to both ICE-2
and the chromosomal region outside ICE-2. Primer pairs RF160/RF161 and RF162/RF163
were used to detect the integrated form by amplification of attL and attR sites. Primer
pair RF161/RF162 was used to detect the excised form by amplifying the att/ sites of the
element. Moreover, the attB (empty site) for phe-tRNA could be detected using
RF160/RF163 (Figure 6-4A).

Both genomic and plasmid DNA (10ng/reaction mixture) was used as before (section
5.2.1), samples were taken at 4, 8 and 24 hr. The WT lanes in Figure 6-4B demonstrate
site-specific excision of ICE-2 and formation of its circular intermediate. Unlike the ICE-

1, excision did not appear to be growth phase dependant.
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Primers RF161 and RF162 (Detection of excised form of ICE-2)
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Figure 6-4 Site-specific excision and extrachromosomal circularisation of ICE-2.

A. ICE-2 model of integration/excision. The small arrows above and below the map represents
positions of primers used for different PCRs. B. PCR results for the detection of excised form ICE-
2 and empty sites in chromosome using both genomic and plasmid DNA. Note that different
primers were used to interrogate the mutant strains (see below)
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6.3.1.2 Identification of integrase responsible for ICE-2 excision

To identify which of the two integrase were required for excision of ICE-2, two mutant
strains, Aint2a::hph and Aint2b::hph, were created. Similar primers to those described
in section 6.3.1.1 but RF161’ (annealing to the hph gene cassette) was substituted for
RF161 for the Aint2a::hph mutant because int2a had been replaced with hph. The
intermediate episomal state of ICE-2 was not detected in the int2a mutant strain
whereas knockout of int2b did not affect the excision of ICE-2 (Figure 6-4B). These

results indicate that int2a is responsible for excision of ICE-2.
6.3.1.3 Conjugative-mobilisation of ICE-2

ICE-2 was marked with hph on orf8 (hypothetical gene) to enable the selection of
transconjugants (Figure 6-5). The orf8 was selected for disruption as it encodes

hypothetical protein considered unlikely to interfere with conjugative-mobilisation.

A conjugation assay was performed, initially the transconjugants were selected on
medium supplemented with hygromycin (100 pg/ml) and streptomycin (50 pug/ml). No
transconjugants were detected for ICE-2"P". Thus, either ICE-2 was not able to mobilise
itself or hph has affected its ability to be excised and/or transfer. The possibility that the
hph cassette reduced excision of ICE-2 was examined by performing an excision assay
in ICE-2"°h strain. No differences were observed between excision of WT and ICE-2/?"

(not shown).

Again the possible toxicity of hygromycin on ICE-2"7" transconjugants was explored by
selection of transconjugants on lower concentrations (25 and 50 pg/ml) together with
streptomycin (Figure 5-9). No ICE-2""" transconjugants were obtained on any of the

selection media suggesting inability of ICE-2 to self-mobilise.

To determine whether, like ICE-1, ICE-2 mobilisation could also be mediated by plasmid
encoded elements the WT and Aorf8::hph strains were transformed with P-oriT-1 and a
conjugation assay performed. No transconjugants were obtained carrying ICE-2 or ICE-
2P but plasmid mobilisation was always observed. Based on these findings two

hypotheses were proposed;
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Conjugative-mobilisation of ICE-2 is too infrequent to detect in vitro. Hypothesis
6-1
ICE-2 lacks its origin of transfer (oriT-2). Hypothesis 6-2

l int2a ;! : ORF7

~1.6 kbp

Figure 6-5 : Schematics showing ICE-2 tagging with hph cassette.
An orf8 was replaced with hph cassette for self-mobility assay of ICE-2. Lambda red
recombination method was used for substitution of orf8 with hph.

6.3.2 A double K. pneumoniae HS11286 mutant to increase transconjugation

frequency

To investigate the hypothesis 6.1, there was a need to enhance the recovery of
transconjugants. K. pneumoniae has many factors including type six secretion system
(T6SS) that reduce E. coli viability (Rajakumar’s unpublished data). In this study, two
AT6SS-1 and AT6SS-3 mutant strains (kindly provided by David Ngmenterebo) were used
to investigate the effect of deletion of T6SSs on conjugation frequencies of ICE-1 marker

plasmid.

The capsulate parental strain of the K. pneumoniae HS11286 AMDRAKPCACPS
designated WT in this study was also used for comparison. Both transconjugation and
E. colirecovery were highly increased in AT6SS-1 compared to the parental strain (Figure
6-6). The enhanced transconjugation frequencies of WT and AT6SS-1 compared to WT
and AT6SS-3 was encouraging and, accordingly a double mutant was made in the AT6SS-
1 strain by deleting the cps cluster (AT6SS-1Acps::hph). Strikingly, the conjugation
frequency of the double mutant was increased 2-log 100-fold compared to WT (Figure

6-6). This strain was designated AT6AC and used in further conjugation experiments.
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Figure 6-6 AT66-1Acps has highest transconjugation frequency.

A. Recovered Cfu/ml of E. coli from the mixed culture, which was grown overnight for conjugation assay with each donor. Recovery of E. coli was measured
by growing on medium containing streptomycin only. B. Transconjugants frequencies. Black asterisks “*’ shows comparison between mutants and WT while
red is for comparison between parent and other strains. (n=3, *** P=0.0002 and **** P<0.0001).
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6.3.3 Conjugative-mobilisation of ICE-2 using AT6AC as donor

Due to time limitation, ICE-2 was not marked in the AT6AC strain. Conjugation assays
were performed using AT6AC-P-oriT-1 as donor and transconjugants were screened
(PCR) for the presence of ICE-2 marker regions. No transconjugants carrying ICE-2 were
detected but P-oriT-1 mobilisation was always detected. The possibility that lack of
detected ICE-2 self-conjugation reflected a degenerated or lost oriT was therefore

considered.
6.3.4 Screening for oriT-2 in ICE-2

To further investigate the possible location of oriT-2, the ~56 kb of ICE-2 was divided
into 11 PCR fragments (A-K) using 11 pairs of primers (Appendix IV). In order to reduce
the chance of truncation in oriT-2, each pair of primers had an overlap region with those
adjacent (Figure 6-7). The HD In-Fusion cloning method was used to clone the 11
fragments into pACYC184. The plasmids were named as P-oriT2-A to P-oriT2-K (Figure
6-7).

Both WT and AT6AC mutant were transformed with each of these plasmids and
conjugation experiments were performed. No mobilisation of any plasmid was

observed.
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Figure 6-7 Strategy used to identify the oriT-2 in ICE-2.
Schematics of 11 fragments from A to K with small overlapping regions (shown in red
rectangles).
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6.3.5 Functional Interactions between ICE-2 and ICE-1

6.3.5.1 ICE-2 deletion reduced transconjugation of ICE-1 marker plasmid

In order to study the interactions between ICE-1 and ICE-2 during DNA mobilisation,
AICE-2 mutant was transformed with P-oriT-1 and conjugation was performed.
Remarkably, deletion of ICE-2 reduced the transconjugation frequency by ~6-fold
compared to WT (Figure 6-8). The possibility that there were significant interactions
between ICE-2 and the conjugation module of ICE-1 was therefore investigated and the
following hypothesis proposed;

T4SS-2 facilitates the conjugation machinery of ICE-1 for mobilisation of its marker
plasmid.

Hypothesis 6.3
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Figure 6-8 Transconjugation frequencies of ICE-1 marker plasmid (P-oriT1) by AICE-2.
(Error bars = Standard deviation, n=3). **** P value <0.0001.

6.3.5.2 Identification of ICE-2 components involved in cross talk with ICE-1

A targeted strategy was used to investigate which component(s) of ICE-2 were
contributing to P-oriT1 transfer. Candidate genes annotated as components of T4SS-2
were grouped according to their putative functions (Table 6-2). ORFs encoding proteins
with specific function unidentified (SFU) and those annotated as pilus assembly and
highly conserved PAPI elements were considered low priority. The remaining two genes

orf2 and orf43, annotated respectively as relaxase and T4CP were interrogated.
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Table 6-2 Summary of ICE-2 genes associated to conjugative mobilisation of DNA.

ORF
Position in Aa? Homologue proteins Possible Function®
ICE-2
oW e e Neworm
ORF17 509 TraG Pilus assembly
ORF19 473 ICEs protein, PFL_4711 SFU
ORF20 313 ICEs protein, PFL_4710 SFU
ORF21 131 ICEs protein, PFL_4709 family Transposition
ORF30 924 CT® ATPase, PFL_4706 Energy provider
ORF31 132 CT protein Pilus assembly
ORF32 494 Trbl-like / PFL_4705 Transposition
ORF33 281 PFL_4704/TraK SFU
ORF34 217 ICEs protein, PFL_4703 Transposition
ORF35 123 CT region protein, TIGR03750 Transposition
ORF36 117 ICEs membrane protein, PFL_4702 Assembly
ORF37 78 ICEs protein, PFL_4701 SFU
ORF38 105 ICEs protein SFU
ORF41 252 Membrane protein PFL_4697 Transposition

ORF44 170 ICEs protein, PFL_4695 SFU
ORF46 205 ICEs protein, PFL_4693 family SFU
ORF48 189 Type IV B pilus protein Pilus assembly
ORF50 240 ICEs protein, PFL_4669 family SFU

a=Amino acids, b = Conjugal transfer, c= colour codes based on similar functions

6.3.5.3 orf43 encodes homologue of MobB of ICE-1

Orf43 encodes a homologue of TraD a member of the VirD4 coupling protein of this

family. MobB (619 amino acids) of ICE-1 is the VirD4 of T4SS-1.

The homology between TraD'*(2 and MobB was measured by a constraint based pair

wise alignment using the COBALT multiple alignment tool (Figure 6-9). Based on this,

MobB and TraD'*®2 were named Mob-1 and Mob-2, respectively. Table 6.3 shows the
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domains identified in Mob1 and Mob?2. It was speculated that Mob-2 might interact

with the ICE-1 conjugation module.
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Figure 6-9 Constrain based pair wise alignment of Mob-1 and Mob-2.
COBALT was used to identify the domain based homology between Mob-2 and Mob-1. Residues
shown in red are conserved residues, blue indicates differences residues with no gaps and gray
represents the residues where sequence gaps were <50%.
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Table 6-3 Domains of Mob1 and Mob-2.

Mob-1 Mob-2
Domains Accession No. Possible Functions

(619 aa*) (699 aa)

TraG-D_C pfam12696 + +

Coupling and DNA

transfer

VirD4-component COG3505 + +
SXT/TraD; SXT/TOL family ~ TIGR03743 +
TraD:TOL family TIGRO3754 - +
T4SS-DNA-transfer pfamQ2534 - + Coupling and
TrwB cd01127 _ + relaxosome recruitment
P-loop Ntapase family cl21455 - +

ATP utilisation
AAA 10 pfam12846 +

6.3.5.4 Mob-2 is required for enhanced mobilisation of P-oriT1

A Amob-2 strain was created (see Appendix VII for primers) and was transformed with
P-oriT-1 and conjugation assay (n=3) revealed a 6-fold reduction (P<0.0001) compared

to WT.

Complementation was performed with an RFTool-1 based plasmid with mob-2 (Pmob-

2) under the control of IPTG promoter (Figure 6-10) (see Appendix V for primers).

The plasmid was electro transformed into both Amob2 and AICE-2 strains along with P-
oriT-1. Pmob-2 restored transconjugation of the Amob2 strain to WT levels and also
produced a ~4 fold recovery in AICE2 (Figure 6-11). Thus, Mob2 appears to have a

functional interaction with the ICE-1 mobilisation machinery acting on P-oriT-1
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[y
o

Transconjugants Frequency (log,,)

[y
o

Donor strain Conjugation frequency +SD P value (n=3)
WT 8.6 x 10+ (2.0) -
AICE-2 2.1x10%+(4.7) <0.0001
Amob-2 1.8 x 10+ (3.4) <0.0001
C™2 Amob2 9.2 x 10+ (4.0) ns
C™°P2A|CE-2 6.4 x 10+ (2.0) 0.005

Figure 6-11 P-oriT-1 mobilisation was mediated by mob-2 in ICE-2.

C™*2Amob-2 and C™P2AICE-2 were mob-2 complemented strains. Unpaired t-test was used to
measure the level of significance (n=3) P value was calculated compared to WT, ns = not
significant.

6.3.5.5 mob-2 did not substitute mob-1

To test whether mob-2 could replace mob-1 in T4SS-1, a mob-1 deletion mutant was
created and Amobl was transformed with P-oriT-1 and P-oriT-1+P-mob2. No
transconjugants were obtained in either case except for the WT (8.7 x 10 +7.0).
Indicating that Mob-2 has functional rather than structural interactions with the ICE-1

conjugation system.
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6.3.5.6 Mob2 may provide energy to the conjugation machinery of ICE-1

Mob1 and Mob2 are homologues of VirD4, which is involved in energy transduction to
T4SS via its ATPase activity. Mob1l and Mob2 sequences were investigated for the
presence of Walker A and B motifs as these are responsible for ATP binding and
hydrolysis (Yuan et al., 2005, Stratford et al., 2007). Initial analysis showed that the
Walker A motif was present in both proteins but Walker B was only detected in Mob-2
(Figure 6-12A). Thus it was speculated that Mob1 might be defective in ATP hydrolysis

that is required for DNA transfer.

To determine examine possible significance of the absent Walker B motif in Mob-1, both
Walker A and B motifs in Mob-2 were point mutated (section 6.2.3). Briefly, the lysine
199 residue (ATP binding site) in the Walker A motif and the glutamic acid 507 residue
(ATP hydrolysis) in the Walker B motif were substituted with alanine (Figure 6-12B). The

mob-2K199E507 (mp K1998507) was cloned into RFTool-1.

Mob-2¥12%8507 did not restore the mobilisation from the Amob2 and AICE-2 strains
(Figure 6-12C). These results strongly suggest that Mob2 made a significant contribution

to energy transduction on the cytoplasmic aspect of T4SS-1.
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A.
Walker A motif
mob-2 141 PTLCRLLASESAFNPVRPLPPVGGLPALHGIELDETNVLMDLRE-RVGHLLVEGTTRVGKTRYAELLITQDIRRGDVVIV 219
mob-1 146 -TVKSLLPETLHYDPLDYIDLNKGI--FTGMDRKNEPMYLPLKDWQKQHADI JGTTGAGKGVAAGILLYQSITAGEGVEY 222
mob-2 454 GLDALSDPEVAARVGNSMFADLVSVAGYIYKFGINDGLPQQSGGNTPYSLHCDEYSELMGDEFIPLINKGGGAGIQITAY 533
mob-1 419  GLGAARDKGVHIIMDHQSIADLK-----=--==-===--=------] -~ ~~DCHADLKGD--=====mmmmmmmmmmm= 450
Walker B motif
B.
mob-2"T Walker A motif Walker B motif
MISDR.... e GHLLVLG TTRVGK ™ TRUAELLT..ooocnn0SGGNTPISLHC DE > psELMGDER ITAYTQTL AEGEEE®
199,507
mob-2¢"¢
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Figure 6-12 Point mutations in Walker motifs inactivated the Mob-2 activities.

A. position of walker motifs in mob genes; mob-1 is deficient for walker B motif. B. schematics
of point mutations done in walker motifs of mob-2, which was cloned in RfTool-1 for
complementation experiment. C. conjugation assay performed with mob2 and ICE2 mutant
strains. CMPK19%E507 indicates the complementation of mutated mob-2.
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6.3.5.7 Deletion of tral also reduced P-oriT-1 transport

Tral (orf2; relaxase) was also investigated for a potential contribution to ICE-1 / ICE-2
cross talk. An in-frame deletion of tral was made (see Appendix VII for primers) and
transformed with P-oriT-1. Surprisingly, the tral deletion also reduced conjugative

mobilisation of P-oriT-1 by ~5 fold compared to the WT (P = 0.0001) (Figure 6-13).

[y
o

Transconjugants Frequency (log,,)

=
o
1

Donor strain Conjugation frequency +SD P value (n=3)
wWT 8.5 x10°+(2.0) -
AICE-2 2.0x 106+ (4.7) <0.0001
Atral 3.5x10%+(3.49) 0.0001
¢l Atral 6.9 x 10 + (4.0) 0.01
C3'AICE-2 5.3 x 10%+(2.0) 0.008

Figure 6-13 tral deletion in ICE-2 reduced the conjugative transfer of P-oriT-1.
C" represents complementation of tral to the mutant strains. (n=3)

Complementation was achieved by was cloning tral into RFTool-1 between Notl and Sall
restriction sites. P-tral construction was confirmed both by restriction digestion and PCR
(Figure 6-14). Near complete complementation was seen with the Atral strain, while a

lesser degree of complementation was achieved with the AICE-2 host.
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Figure 6-14 Schematics of construction of P-tral.
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6.3.6 Int2b and orf8 do not interact with the ICE-1 conjugation machinery

Conjugative mobilisation of P-oriT-1 was performed using Aint2b::hph and Aorf8::hph
as donor strains. No differences in conjugation frequencies were observed between

mutant strains and WT (Data not shown).
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6.4 Discussion

6.4.1 Site specific excision of ICE-2 was not affected by growth phase

Successful excision of ICE-2 showed the presence of functional integration/excision
module. These findings are consistent the work of Qiu et al. (2006), who demonstrated

showed site-specific excision and integration of the PAPI-1 element in Ps. aeruginosa.

Generally, ICEs are dependent on various factors that provide selective pressure for
their excision (Wozniak and Waldor, 2010, Johnson and Grossman, 2015), for example,
environmental conditions such as growth phase or bacterial responses to DNA damage
(Auchtung et al., 2005, Beaber et al., 2004, Bellanger et al., 2007). The influence of
growth phase on ICE-2 excision was studied here for the first time. ICE-2 was found to
be excised at sampling point but the level increased in early stationary where the
circularised form of the element was detected equally in the genomic DNA fraction
(Figure 6-4). Similar patterns have been observed with ICEclcB13 (Ravatn et al., 1998),
ICESt3 (Carraro et al., 2011) and ICEMISymR74 (Ramsay et al., 2006). The quantitative
measurement of the frequencies of ICE-1 excision could be investigated in future using

real time PCR.
6.4.2 Deletion of int2a abolished excision of ICE-2

ICE-2 contained two integrases (int2a and int2b) (section 3.3.2 & Table 3-3) and both
belong to the same family of tyrosine recombinases that catalyse site-specific
recombination between double stranded DNA via short segments with identical
sequences (Grindley et al., 2006, Rajeev et al., 2009). Deletion of int2a abolished the
excision of ICE-2. Moreover, no cross talk was detected between int2a and int2b,

indicating that only int2a was required under the conditions applied here.
6.4.3 No evidence for ICE-2 mobilisation

Self-conjugation of PAPI elements was previously examined for pKLC102 and ICEEc-2.
However, no evidence of ICE-2 self-conjugation was observed (limit of detection was
<1x107). As previously with ICE-1, ICE-2 was tagged with hph and excision experiments
with both native and tagged ICE-2 showed no difference, confirming that tagging did

not affect the excision.
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In-trans mobilisation of ICE-2 by P-oriT-1 was also tested. However, conjugative transfer
of ICE-2 was not detected. This may have reflected very low conjugation frequencies of
with ICE-2. One contribution to this could have been lethality of the K. pneumoniae
donors to the recipient E. coli mediated by their T6SSs. These secretion systems have
been identified in more than 25 % of Gram-negative bacteria (Bingle et al., 2008) and
have the capacity to kill other co-localised cells. For example, V. chloerae uses its T6SS
to kill E. coli, Dictyostelium discoideum, and even macrophage cell lines (Pukatzki et al.,

2006, Ma et al., 2009).

Among the three T6SSs (T6SS-1, T6SS-2 and T6SS-3) of K. pneumoniae HS11286, deletion
of T6SS-1 significantly attenuated its predatory effects on E. coli (Figure 6-6), accordingly
a double mutant (AT6Ac) was created and this significantly increased the transconjugant
frequency. However, investigation of ICE-2 transfer from this strain did not detect any
self or in-trans mobilisation of the element (limit of detection <1x10®). Although it is
possible that the sensitivity of the assay was insufficient to detect transconjugants, this
result raised the possibility that the conjugative machinery of ICE-2 might be inactive.
This suggestion accords with the findings of Croucher et al. (2009), who showed that
variations in insertion sites and loss of any gene in the conjugative-machinery resulted

in degeneration of the element’s autonomous mobility.
6.4.4 oriT was not detected in ICE-2

The presence of relaxase and oriT are necessary for mobility of ICEs (Lee and Grossman,
2007, Smillie et al., 2010). Relaxases recognise the nick sites in oriT to produce a single
strand DNA break (Byrd and Matson, 1997). The relaxase of ICE-2 was identified as orf2

in Chapter 3, thus the location of oriT was investigated here.

There is little experimental evidence regarding the location of oriT in PAPI elements.
Investigators have documented the presence of relaxases in ICEEc-2, PAPI-1 and
pKLC102 but did not identify their oriT sequences (Klockgether et al., 2007, Qiu et al.,
2006, Roche et al., 2010). Nevertheless, conjugative transfer of these elements confirm

the presence of oriTs.

11 fragments from ICE-2 were cloned into pACYC184 but no plasmid mobilisation was

detected. Although, the strategy used could be modified further but it seems that none
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of these fragments were found to contain the oriT-2. These results might reflect
degeneration or loss of oriT in ICE-2. However, the presence of many repeated
sequences and AT rich regions in ICE-2 indicate the possible presence of a functional
oriT. It seems most likely that lack of a functional Mpf system in ICE-2 was responsible.
Loss of components from a conjugation system are well-recognised to result in loss of

conjugative mobilisation (Croucher et al., 2009).
6.4.5 ICE-2 cross talk with ICE-1 during conjugative DNA transfer

Functional interactions between the two non-homologous T4SSs (T4SS-1 and T4SS-2)
were investigated. Interactions between two non-homologous MGEs are common and
have been described in several bacterial systems. In V. cholerae, the recombination
directionality factor VPI-1 interacts with VPI-2 for its excision (Carpenter et al., 2015).
Integrase cross-talk between two PAls of E. coli 536 has also been documented by

Middendorf et al. (2004).

Deletion of ICE-2 showed a 6-fold reduction in conjugative mobilisation of the ICE-1
marker plasmid P-oriT1. This result fits with the findings of de Paz et al. (2005), who
demonstrated the functional interactions between two non-homologous T4SSs in
Agrobacterium. In their study, VirB10 from one T4SS was partially substituted by TrwE

of the other system during conjugation (de Paz et al., 2005).
6.4.6 MobB is a TraD homologue

To identify components involved in this cross talk, T4SS-2 components were reviewed
on the basis of their putative functions and prioritised for further analysis. Because they
are highly specific for their own systems (Zechner et al., 2012) genes involved in pilus

assembly were given low priority as were those highly conserved in PAPI elements.

Tral (relaxase) and traD (T4ACP), were investigated (Table 6-2) because they share
common features even though they are from different systems (Juhas et al., 2008).
Relaxase binds DNA in a sequence-specific manner (Nash et al., 2010) but the sequences
could be variable even for the same relaxase, thus the relaxase of T4SS-2 might have
been involved. In addition, TACP mediates DNA transport to the secretion channel by
interacting with both the relaxosome and the secretory channel (Schroder and Lanka,

2005, Wallden et al., 2010).
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The amino acid sequence analysis of coupling proteins of ICE-1 (MobB) and ICE-2 (TraD)
showed that both shared similar domains. TraG-D_C was one of the common domains
that has a role in DNA transposition during conjugation. The other common domain was
VirD4-components that translocate DNA to the secretion channel (Cascales et al., 2013,
Cascales and Christie, 2004, Jakubowski et al., 2004). In addition, COBALT analysis
confirmed that these domains showed 80% similarity and, based on these findings, the

genes were named as mob-1 (mobB) and mob-2 (traD).

6.4.7 Mob-2 was an energy amplifier that enhanced conjugative transfer of ICE-1

marker DNA

The Amob-2 stain showed a 6-fold reduction in P-oriT1 transconjugants, indicating that
this gene contributed to the cross talk and this was further confirmed by
complementation with P-mob2. These findings were extended by demonstrating

enhancement of conjugative transfer of P-oriT1 by P-mob2 in the AICE-2 strain.

A Amob-1 strain was also created to investigate whether mob-2 could substitute for
mob-1. DNA transfer was completely abolished and P-mob2 did not provide
complementation. Thus Mob-2 appears to have an enhancing rather than an essential

role in ICE-1 mobilisation.

In conjugative transfer, VirD4 (TACP) delivers the DNA substrate to VirB11 and this is
translocated to the recipient via the VirB2 channel (Cascales and Christie, 2004).
Cascales et al. (2013) showed that engagement of DNA substrates with TACP was
necessary for VirB10 activation. For DNA translocation, an energy hub is provided by
three ATPases (VirB4, VirB11, VirD4) and this is referred to the cytoplasmic power house
of conjugation (Banta et al., 2011, Atmakuri et al., 2004). VirD4 is involved in sensing
intracellular signals from the relaxosome (Figure 6-15) and processes the nucleoprotein
complexes to the secretion channel (Lang et al., 2011). In addition, T4ACP (TrwB)
possesses ATPase activity with specificity for the DNA to be translocated (Gomis-Ruth
et al., 2001, Moncalian et al., 1999, Hormaeche et al., 2006). It was therefore suggested
that Mob-2 might act as an amplifier enhancing T4SS-1 mediated transfer by

contributing more energy.
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Figure 6-15 General DNA translocation pathway and core structure of a T4SS-1.
Adapted from (Zechner et al., 2012)

The recognition that Mob-1 apparently lacked a Walker B motif whereas Mob-2 was
intact added further weight to this possibility. Analysis of the the point mutations in the
Walker motifs of mob-2 provided further evidence for a role of this protein in energy
provision enhancing ICE-1 mediated conjugative transfer. Based on these findings a
model of interactions/crosstalk between T4SS-1 and T4SS-2 is presented in Figure (6-

16).
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Figure 6-16 Model of interactions/crosstalk between T4SS-1 and T4SS-2.

1. ICE-1 encodes 12 proteins that form a functional Mpf system of T4SS-1. 2. ICE-2 has 24 genes
encoding proteins for T4SS-2 but whether or not these organised into a functional Mpf system
is unknown. 3. T4SS-1 was able to mobilise ICE-1 marker plasmid and deletion of ICE-2 reduced
the transconjugation frequency by T4SS-1 4. The mob-2 complemented the defects in
mobilisation of ICE-1 marker plasmid. 5. Point mutations in Walker (A & B) motifs of mob-2
indicated that it provides energy to the conjugation machinery of ICE-1.

6.4.8 Tral also exerted effects on ICE-1 marker DNA transfer

Partial complementation of P-mob2 in AICE-2 strain indicated that other components of
ICE-2 might contribute. The other prioritized target was tral and the Atral mutant was
shown to produce a 4-fold declined in conjugative transfer of P-oriT-1. The defects was
more effectively complemented in Atral than in AICE-2. Thus both mob-2 and tral

contributed to the enhanced DNA transfer.

Tato et al. (2007) showed that the ATPase activity of TACP contributing to substrate
transfer was regulated by components of the relaxosome. Functional interactions
between Tral and T4CP were also documented by Szpirer et al. (2000), who
demonstrated that these proteins could interact with other systems even in the absence
of their cognate oriT. Thus the roles of tral and mob-2 in the present context are further
supported; combined complementation of tral and mob-2 would provide definitive
evidence. Furthermore the interaction of Tral and oriT-1 could be investigated in future

by DNA binding assays and transfer DNA immunoprecipitation (TrLp) assay.

The Aorf8 and Aint2b mutant strains effectively provided negative controls as
components with no predicted contribution to cross talk. Thus not every gene mutation
in ICE-2 reduced DNA transfer of ICE-1 thereby further reinforcing the conclusion that

mob-2 and tral were critical to the interactions with T4SS-1.
6.5 Conclusions:

1. Excision/integration module of ICE-2 is functional.
Growth phase had no effects on excision of ICE-2.

Int2a controlled the excision of ICE-2.

P w N

ICE-2 conjugative mobilisation was not detected suggesting an incomplete
mobilisation cycle of this element.

5. An origin of transfer was not detected in ICE-2.
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6. Functional interactions were detected between ICE-1 and ICE-2 for conjugative

transfer of the ICE-1 marker plasmid.
7. Mob-2 and Tral mediated cross talk between the ICEs.

8. Mob-2 enhanced conjugative transfer of ICE-1 marker DNA, probably by
providing energy to the hub.
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7.1 General discussion
This study was developed to characterize two ICEs of an extensively studied K.
pneumoniae strain (HS11286) with a view to further understanding their contributions

to HGT, cell physiology, virulence and antibiotic resistance.

ICEs are self-conjugative MGEs that encode their own machineries for transmission
regulation and maintenance. Findings of this study demonstrated that organisation of

various modules in ICEKP-1 associated elements are stable. The 5" region carries the HPI

of Y. pestis and Y. pseudotuberculosis, while the 3" region contains the conjugation
module. These two regions are highly conserved in elements found in
Enterobacteriaceae. In addition, two regions were found to show variation. First, at the
3’-end of the HPI the IS100 found in Yersinia spp., was replaced and marked by a 17bp
DR, a common feature in both HPI and ICEKP-1 elements. ICEKP-1 was first identified in
E. coli and it was believed to have originated by insertion of plasmid R6K at the /S100 of
HPI (Schubert et al., 2004). The second region of variation generally lies between the
conjugative module and the DR at the 3'-end. In-silico characterisation and PCR
screening of ICE-1 (Figure 3-9) in clinical isolates also demonstrated variations between
elements exist in these two regions. Thus it is suggested that gene content variation in
ICE families can arise from transposases and other insertions or deletions in the middle

and at the 3" end of ICEKP-1 elements.

Characterisation and classification of ICE-2 highlighted the need to develop the
classification system further (Burrus et al., 2002, Bi et al., 2012). As ICEs come into
existence after one or many HGT events, variations are expected leading to members of
the same family with regions that vary from their ancestors. For example, the existing
classification system is based on the similarities of integration sites and the nature of
the conjugative module. Integrases are generally site-specific for ICE integrations but
any flexibilities in their recognition and binding sites could alter the insertion, thereby
producing a challenge for classification. To facilitate classification, both the integration
site and the integrase family should be considered equally. Thus, a major modification
suggested here is to categorise the existing 28 families of ICEs into subfamilies; this will

enable the classification of the majority of unclassified elements. However, many ICEs

177



Chapter 7

may not be recognisable by bioinformatic approaches, and devising experimental

methods to identify new ICEs is an important challenge for future studies.

Siderophore systems are common in K. pneumoniae and other Gram negative bacteria
(Koczura and Kaznowski, 2003) and have long been known to contribute to virulence
and growth fitness (Holden and Bachman, 2015). Enterobactin (catecholate) is among
first characterised siderophores and is produced by more than 90% of examined
enetrobacterial isolates whereas, yersiniabactin was found in few isolates (Lawlor et al.,
2007). Nearly all K. pneumoniae produce enterobactin, however yersiniabactin (Ybt) is
the next most commonly produced siderophore; the latter is frequently found on an ICE
(ICEKP-1). Recently the Ybt locus was detected in 39.5 % of 2499 K. pneumoniae
genomes and the majority of these were clinical isolates, demonstrating a strong
association between Ybt and human infections (Lam et al., 2017). In Yersinia the major
differences between high and low virulence strains has been related to their ability to

capture iron molecules (Brem et al., 2001).

K. pneumoniae HS11286 carries loci for enterobactin and Ybt, evidence from this study
indicated that ICE-1 mutant produced siderophore (Figure 4-7) in the absence of Ybt
locus, thus showed that enterobactin production was active. Halo-zones produced by
AICE-1 (Figure 4-7B) suggesting that enterobactin might be the major siderophore
produced by K. pneumoniae H511286. However, ICE-1 mutant did not show improved
growth in the presence of WT supernatant (section 4.3.2) that supported the hypothesis
4-1 and the importance of Ybt in K. pneumoniae HS11286. Although measurements of
siderophore release were only comparative and did not differentiate the specific
contributions of Ybt. Direct quantification of Ybt would provide a better and direct
comparison. In general, siderophore uptake by Gram-negative bacteria requires genes
encoding a TonB-dependent receptor, a periplasmic binding protein and an ABC
transporter that enables transfer of siderophore-bound iron from periplasm to
cytoplasm (Brem et al., 2001). In the Ybt system, FyuA is the TonB-dependent receptor,
YbtP and Q are the ABC transporters but identification of a periplasmic binding protein
has not been reported. It was suggested that such genes might be located outside the
HPI or are not required by the system. The synthesised Ybt is exported by an unknown

method that might be facilitated by YbtX (Figure 3-1).
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YbtP and Q were assumed to be important for internalisation of bound iron and
complementation of the ICE-1 mutant with Pybt supported this view. Direct
measurement of internalisation of radiolabelled iron would provide clearer in this
regard. The question of how the growth defect was complemented in the absence of
FyuA remains answered. It was speculated that alternative TonB-dependent
siderophore receptors might have been used to achieve growth recovery. These findings
have gone some way towards enhancing our understanding of how an HGT derived

additional siderophore system could enhance survival in harsh conditions.

Another interesting finding was the apparent contributions of Ybt exporters to antibiotic
resistance. As far as we are aware, this is the first study to highlight this role. As
explained earlier, YbtP and Q belong to the ABC transporter family while YbtX belongs
to the MFS major drug efflux system. Both the deletion and reserpine studies related
antibiotics supported the proposal that Ybt exporters contributed to resistance in both
K. pneumoniae and E. coli. Some cautions should be attached to this conclusion. The
deletion of ICE-1 affected growth rate and this could, in turn affect zone sizes. In
addition, complementation with Pybt did not allow attribution of the effects to specific
genes. These findings reported here are very promising; however, single gene

mutations/complementation would provide definitive results.

K. pneumoniae HS11286 carried six natural plasmids (section 1.16). Plasmid Miniprep
was performed to address the possibility of loss of any natural plasmid. However, no
loss was observed (Figure S2 Appendix Xlll) that confirmed that phenotypes of ICE
mutants were not due to the loss of natural plasmids from the strain. Overall, the in-
vitro experiments clearly identified important roles for the ICEs in growth, biofilm
formation and antibiotic resistance. The virulence studies do not allow firm conclusions
at this stage. In general the results represent good examples of how cargo genes carried

by elements benefited the host in various conditions.

ICEs primarily reside in a host but retain the ability to excise and to transfer by
conjugation (Johnson and Grossman, 2015). ICEs typically have a modular structures,
with gene clustered according to the process to which they contribute. ICEs all share the
core functions of the mobilisation cycle but these are not carried out in the same way

by all; instead they regulate and maintain their existence using diverse range of genes
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and mechanisms (Wozniak and Waldor, 2010). The integration/ excision module plays
important role in the maintenance of ICEs, and functional Mpf systems are required for
successful conjugative transfer. Disruption and lack of any of the genes encoding the
Mpf system abolishes the transfer of element. Moreover, ICE excision and transmission
may also be affected by environmental factors including growth phase and metabolic
burden. For example, excision of ICE-1 increases as the host cell enters stationary phase,
whereas, no obvious effects was observed in excision of ICE-2. These results illustrate
that different mechanisms and environmental conditions affect mobilisation of

different ICEs.

T4SSs are multisubunit cell envelope spanning structures enabling conjugative transfer
of nucleoprotein complexes across the cell envelope. T4SSs are encoded by multiple
genes usually organised into a single functional unit. Mobilisation of non-conjugative
elements by ICEs and conjugative plasmids were reported previously (Naglich and
Andrews, 1988, Valentine et al., 1988, Hochhut et al., 2000, Lee et al., 2012). In the
present study a novel phenomenon of conjugative mobilisation of ICE-1 by its own
marker plasmid P-oriT-1 was observed. It was speculated that relaxosome and Mpf
formed during plasmid mobilisation triggered in-trans the transfer ICE-1 such that the
transconjugant frequency reached the level of assay detection. Quantification of
expression of from the ICE-1 conjugation module with and without P-oriT-1 could deliver

a better level of understanding regarding the apparent in-trans mobilisation.

The conjugation process begins with recognition of oriT by its cognate relaxase.
Generally, oriT regions are recognised as A+T rich regions with several conserved DR and
IR sequences. A novel set of IR and DR regions was defined here and were demonstrated
to be critical for oriT function and conserved in related ICEs. Demonstration that the
140bp region between mobB and DR2 was essential for mobilisation was also an original
finding. Although these sequences are highly conserved in ICEKP-1 associated elements
their importance was not previously recognised. The results reported are

comprehensive and can be regarded as definitive.

On screening the PAPI associated elements were found to have two integrases
belonging to different families. This the first study in which the role of each integrase in

excision was studied. Int2a which belongs to (XerC/D) family was found responsible for
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excision. These findings also support the classification of ICE-2 based on int2a. This
strategy helped to understand how bioinformatic analysis together with experimental

data could sort out the challenges in classification of novel ICEs.

No self-conjugation and oriT-2 was detected in ICE-2, although significant conserved IR
and DR sequences (data not shown) were detected in the element. One possibility could
be a non-functional Mpf system in ICE-2. Generally the gene clusters encoding Mpf in
the of PAPI family are intact and organised into a single operon (Mavrodi et al., 2009).
However, in case of ICE-2, the components of T4SS-2 are localised in various regions
(Figure 3-5) and this could have affected the expression of essential components. A not
functional Mpf could explain the lack of observed conjugative-mobilisation of ICE-2 and
the failure to define oriT in ICE-2. It would be informative to investigate the organisation
and structural assembly of the ICE-2 Mpf system to gain understanding of the results

obtained here.

Interactions between non-homologous MGEs have been described in several bacterial
systems (Carpenter et al., 2015, Middendorf et al., 2004). Here, Tral and Mob-2 of ICE-
2 were shown to be involved in crosstalk with T4SS of ICE-1 leading to enhanced
mobilisation of P-oriT-1. It was also shown that Mob-1 lacked a Walker B motif and that
Mob-2 could enhance the mobilisation of the ICE-1 marker plasmid, presumably by
increasing the energy available to support transfer. Further studies taking into account
the currently unexplained role of Tral, will need to fully explain the cross talk in

conjugation between the two ICEs observed here.

Finally, a number of potential limitations need to be considered. Firstly, the contribution
of ICE-1 to the histidine dependant phenotype should have been investigated in multiple
derived mutant strains. Unfortunately, due to switching between labs, five additional
ICE-1 mutants were lost. It seems likely that histidine dependence would not have been
present in strains other than the one investigated. Second, the virulence assay should
be repeated to confirm or resolve the anomaly between the single and double mutants.
Thirdly, while identification of oriT-2 in ICE-2, was limited by construction of only a few
ICE-2 marker plasmids, several other combinations could also be investigated. Other
approaches such as assay of Tral binding to ICE-2 sequences could provide clear

evidence of an oriT in the element.
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7.2 Final Conclusions

The specific objectives of this study are stated with final conclusions:

1. To characterise and annotate uncharacterised contents of ICE-1 and ICE-2 of K.

pneumoniae HS11286 and to study their prevalence in 42 local clinical isolates.

Conclusion 1 “ICE-1 belongs to ICEKP-1 family, whereas ICE-2 was classified as PAPI
element and compared to ICE-2, ICE-1 was more prevalent in local isolates of K.

pneumoniae.

2. To investigate the contribution of ICE-1 and ICE-2 on the phenotypes of K.
pneumoniae HS11286 including: Growth characteristics; Biofilm formation;

Antibiotic resistance; and contribution to virulence.

Conclusion 2 “ICEs have shown contribution to the growth dynamics, biofilm

formation, antibiotic resistance and virulence of the host”

3. To study the mobilisation cycle of ICE-1 and ICE-2 and its effects on recipient

phenotypic biology.

Conclusion 3 “Both ICE1 and ICE-2 were non-mobile, however ICE-1 was mobilised in-
trans by P-oriT-1 and siderophore production and antibiotic resistance was significantly

increased in transconjugants”

4. To investigate whether or not ICE-1 and ICE-2 has functional interactions during

conjugative transfer of DNA.

Conclusion 4 “Mob-2 and Tral of ICE-2 has functional interactions with ICE-1 during

conjugative transfer of ICE-1 marker DNA.”
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7.3 Future recommendations

1.

Whole genome sequencing of the AICE-1 mutant that will help to identify the
lesion(s) that affected histidine biosynthesis.

Deletion of ybtX will prove the role of Ybt exporters in antibiotic resistance.
Deletion of the fhuA and fepA homologues in HS11286 strain is desirable to
understand whether Ybt could internalise Ybt-bound iron through an alternative
TonB-siderophore receptor.

The quantitative measurement of ICE-1 and ICE-2 excision will provide clear
evidences of the effects of growth phase on their excision.

Combined complementation of tral and mob-2 will prove that cross talk between
T4SS-1 and T4SS-2 was mediated by both.

Interactions between Mob-2 and Tral will help to understand their real role in cross
talk.

The examination of organisation and structural assembly of ICE-2 Mpf system will

confirm that the system is functional.
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Appendix |

PCR screening of ICE-1

Primers used in PCR screening of ICE-1

Catalogue No. Name Sequence (5'to 3') Reference ‘
RF101 Int_F TGTTCATTCGCTCCAGTGA

RF102 Int_R GGGTTATGGTCGCCGGGGA

RF103 fyuA_F CCTTCCCTTCCGGTTCGT

RF104 fyuA_R GCTCTTACCCTGGTCGCC '§
RF105 VirB1_F ATGCTTTCCACCACAGC g
RF106 VirB1_R TTATTCCTCCTCCTCACGG a
RF202 irpl_F CAGAAACGTGGCTCGACAAC

RF203 irp1_R CTTCGATGACTGCCTGTTGC

RF-Robeena Farzand

Primer pair used for identification of site of integration of ICE-1

Reference

Catalogue No. Name Sequence (5'to 3')
RF118 tasn_F CGAGTCCAGTCAGAGGAGCCA
RF102 Int_R GGGTTATGGTCGCCGGGGA

This study
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Primers used in PCR mapping of ICE-1

Catalogue No Name Sequence (5'to 3') Reference
RF119 P1 F CCGGGTTTCTGTCAGTTCG

RF120 P2_R GGACAGCTCAGGGAAATGG

RF121 P3_F AGCAATAGCGCCAGCATAC

RF122 P4 R GACCGGCTGAGCATTAACTG

RF123 P5_F TCGCTGTTACCGGACAACC

RF124 P6_R CTGGAGATCGAATACTGGCC

RF125 P7_F GTGATGGACAGCAACAGGTG

RF126 P8_R CAGATTATCGAGCGTGCGG

RF127 P9 _F ATATCTCGGCGCTGTTCACC 35
RF128 P10_R CCAACCTCCAGAATCCGTTC é
RF129 P11 F CCAGCGTCTGTCTGAATCG é
RF130 P12 R CAGTTCAGGAGAACATCCGC

RF131 P13 F GCGGATGTTCTCCTGAACTG

RF132 P14 R GTGCGACCCATATTGACCTG

RF133 P15 F CGTGATTGATACGCGCTATG

RF134 P16_R CAGAAGCAACTCCAGTCGT

RF135 P17_F GCAATTTCAGTACCGGGCAAC

RF136 P18 R CATGAGGCTGCATTCCTTCC

RF137 P19 F GGCCTTAGCATTCGGTTGTC

RF138 P20 R GCGTGTACCTTGCCAAATCC

RF139 P20'_F GGATTTGGCAAGGTACACGC

RF140 P21 F TTACGTTCGTGGGCTTCTCC

RF141 P21 R GTGATTTCCGGGTTGTCCT

RF142 P22 R CAATCCGTACTGACCAAGCC

RF143 P23 F GGCTTGGTCAGTACGGATTG 3
RF144 P24 R ATCAATCTGCTCGACGATCC é
RF145 P25 F GAATCGAGAATGCCAAGCAG :—':
RF146 P25 R GACGATGCTTGGTGGAGATT

RF147 P26_F TCTGCTGCATCGTTCCTTC

RF148 P26 R GTCCTATCTCGGGTTCGTC

RF149 ICE1-DR_R TTGGCTCCTCTGACTGGG

RF150 P21 2F AGGACAACCCGGAAATCAC
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Appendix Il

PCR screening of ICE-2

Primers used for screening of ICE-2

Catalogue No Name Sequence (5'to 3') Reference
RF154 44710_F CTCTGTTCCGCCATAAACC

RF155 44710 _R GTTTCTTGCCGGGTATCGG

RF156 Int2_F CCACATATTCCAGCGTTGAC

RF157 Int2_R GTGAACATCAGGTGCCGATT

RF158 DBP2_F TTAGCCCTGCGTCCTTAAC '§
RF159 DBP2_R GAGCGTTATCAGGCCGTAT g
RF168 mob2_F GAGGCTGATCGGTGTGTTG a
RF169 mob2_R GTTCCTCGGTGCGCTATGA

RF178 MCP_F ATGGTCAGCAACATCCAGC

RF179 MCP_R GAAGCAACAGATGGCCGAT

RF166 tRNA-phe
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Primers used for PCR mapping of ICE-2

Catalogue No Name

Sequence (5'to 3')

RF209 A_F GGCGAAATCAGATGTGAGG
RF210 A_R CTGCCCGAAAGGAACCACT
RF211 B_F ATGTAATAACGGTTCACTGGC
RF212 B_R ATGAAAGCCAGTGCTATGAGT
RF213 C_F TCACTCCTCAATGTTTCCTAATA
RF214 CR ATGAGTGCCGACAGCTATC
RF215 D_F CGCTGCGTTCCTTATTGAAC
RF216 D_R TCGAGTGCCGATACATTGAT
RF217 E_F AAGAAGCGTCATCATAACCTGA
RF218 E_R CCTGCAACCCATGATAGCC
RF219 F_F GCATCCCGTACCTGAAGC
RF220 F_R CGATGATGCAGGTGAAGTCA
RF221 G_F TTGTCTCGATCCAGTTCGAC
RF222 G_R CTACACATGGCGCGAACAC
RF223 H_F TGCGTAATAAATGTGCATCGC
RF224 H_R GCATAGCCAGTCGGTAGAT
RF225 I_F GACAAACAGCGCCAGACG
RF226 I_R TGACTGAGGTTCTCTTGTTGT
RF227 J_F TTAGCAGCGAAGGACTTACC
RF228 J_R GCGAATTTATCTGACCAGACA
RF229 K_F GCACTCGTTACCTTTATCGCA
RF230 K_R CAACAGGTGACATTATGCAAG
RF231 A_F GGCGAAATCAGATGTGAGG
RF232 A_R CTGCCCGAAAGGAACCACT
RF233 B_F ATGTAATAACGGTTCACTGGC

Reference

This study
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Appendix Il

Primers used for the construction of ICE-1 marker plasmids

Catalogue Length of amplified fragment
Sequence (5' to 3')

No.

RF107 oriT-HindllI_F GGCAAGCTTCAAATAAAATGACAGTCATCATCCT | 1760bp

RF108 oriT956-HIIl_F GGCAAGCTTTATACACTCCCGCAATCAGG 956bp

RF109 oriT568-HIII_F GGCAAGCTTTGAAGTGGAACGTGGACAG 568bp

RF110 oriT525-HIII_F GGCAAGCTTACAGGCTGACAGGCGGC 525bp

RF111 oriT454-HIIl_F GGCAAGCTTGAAAAATAATGAAGTGGAACGTG | 454bp

RF112 oriT368-HIII_F GGCAAGCTTCGCCCCAGCGAATTGAAG 368bp

RF113 oriT-Sall_R TAAGTCGACGGCATCGCCCCATCAA Reverse primer for 1760, 956,

568, 368 bp fragments
RF114 oriTDR2-Sall_R TAAGTCGACTGCGCCGGTACATGCGG 525bp and 454bp
RF115 oriT608-Sall_R TAAGTCGACAGACGGGGCGAGCGTATG 608

Reference

This study
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Appendix IV

Primers used for the construction of ICE-2 marker plasmids

A. Primers used to amplify pACYC184 backbone

Catalogue No Sequence (5' to 3') Reference
RF179 PU_F ACTGGCCTCAGGCATTTGA
This study
RF180 PU_R GTGCCTGACTGCGTTAGC
B. Primers used to amplify various regions in ICE-2

Catalogue No Name Sequence (5' to 3')° Reference
RF181 ICE2A_F ACGCAGTCAGGCACGGCGAAATCAGATGTGAGG
RF182 ICE2A_R ATGCCTGAGGCCAGTCTGCCCGAAAGGAACCACT
RF183 ICE2B_F ACGCAGTCAGGCACATGTAATAACGGTTCACTGGC
RF184 ICE2B_R ATGCCTGAGGCCAGTATGAAAGCCAGTGCTATGAGT '§
RF185 ICE2C_F ACGCAGTCAGGCACTCACTCCTCAATGTTTCCTAATA g
RF186 ICE2C_R ATGCCTGAGGCCAGTATGAGTGCCGACAGCTATC .
RF187 ICE2D_F ACGCAGTCAGGCACCGCTGCGTTCCTTATTGAAC
RF188 ICE2D_R ATGCCTGAGGCCAGTTCGAGTGCCGATACATTGAT
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RF189 ICE2E_F ACGCAGTCAGGCACAAGAAGCGTCATCATAACCTGA

RF190 ICE2E_R ATGCCTGAGGCCAGTCCTGCAACCCATGATAGCC

RF191 ICE2F_F ACGCAGTCAGGCACGCATCCCGTACCTGAAGC

RF191 ICE2F_R ATGCCTGAGGCCAGTCGATGATGCAGGTGAAGTCA

RF192 ICE2G_F ACGCAGTCAGGCACTTGTCTCGATCCAGTTCGAC

RF193 ICE2G_R ATGCCTGAGGCCAGTCTACACATGGCGCGAACAC

RF194 ICE2H_F ACGCAGTCAGGCACTGCGTAATAAATGTGCATCGC

RF195 ICE2H_R ATGCCTGAGGCCAGTGCATAGCCAGTCGGTAGAT

RF196 ICE2I_F ACGCAGTCAGGCACGACAAACAGCGCCAGACG >
RF197 ICE2I_R ATGCCTGAGGCCAGTTGACTGAGGTTCTCTTGTTGT é
RF198 ICE2)_F ACGCAGTCAGGCACTTAGCAGCGAAGGACTTACC é
RF199 ICE2J_R ATGCCTGAGGCCAGTGCGAATTTATCTGACCAGACA

RF200 ICE2K_F ACGCAGTCAGGCACGCACTCGTTACCTTTATCGCA

RF201 ICE2K_R ATGCCTGAGGCCAGTCAACAGGTGACATTATGCAAG

a= Red colour indicates the complementary sequence of primers used to amplify pACYC184.
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Appendix V

Primers used to construct various complementation plasmids

A. Pybt

Sequence (5' to 3')°

Feature Reference

RF205 | ybt-F | ACGCAGTCAGGCACGGACAGTCTGGTTGTGAGG | To amplify the ybtXSPQA region using ICE-1 as
>
RF206 | ybt-R | ATGCCTGAGGCCAGTGTATCCGGGCCTCTGTCA | template °
17
RF207 | PU_F | ACTGGCCTCAGGCATTTGA To amplify backbone of pACYC184 (2232 bp) 2
|_
RF208 | PU_R | GTGCCTGACTGCGTTAGC for infusion cloning
a= Red colour indicates the complementary sequence of primers used to amplify pACYC184.
B. P-mob2 and P-tral
Cat. No Name Sequence (5' to 3')° Feature Reference
RF234 | mob2_HindllI-F GGCAAGCTTTCATTCTTCCTCTCCTTCTG
To mob-2 using ICE-2 as template -
RF235 | mob2_NotI-R ATAGTTTAGCGGCCGCGTGAGCGATCGCTATGTG °
RF236 | tral_Sall-F TAAGTCGACTTAGTTCAAAGAGCTAACTTC 2
To amplify tral using ICE-2 as template =
F237 tral_Notl-R ATAGTTTAGCGGCCGCTATGCTCAATACTCTATTTTTCT

a= Underline sequences represent the restriction digestion sites of the enzyme mentioned in primer name.

220



Appendix VI

Primers used for point mutations in mob2

Cat. No Name Sequence (5'to 3') Features

RF238 MOBKE-F GTGAGCGATCGCTATGTGATTG | Used to amplify SOE fragment of disrupted mob-2
RF239 MOBK!*-R | CAGGCGCGTTGCCCCTAC Substitute lysine with alanine

RF240 | MOBK¥-F | GTAGGGGCAACGCGCCTG Substitute lysine with alanine

RF241 | MOBE*”-F | CCACTGTGACGCATTCAGTGAA | Substitute glutamic acid with alanine

RF242 | MOBE®*”-R | TTCACTGAATGCGTCACAGTGG | Substitute glutamic acid with alanine

RF243 MOBKE-R TCATTCTTCCTCTCCTTCTGCC Used to amplify SOE fragment of disrupted mob-2

Primers used for plasmid construction for complementation experiment of point disrupted mob-2

Cat No Name Sequence (5' to 3')? Features
RF244 PW_F GGTCGACGGTATCGATAAGC

Inverse PCR to amplify the RFTool-1 plasmid
RF245 PW_R CGGCCGCTCTAGAACTAGT
RF246 MOBPW-F GTTCTAGAGCGGCCGGTGAGCGATCGCTATGTGATTG | HD infusion cloning of mob*®9t%7 and RFTool-1
RF247 MOBPW-R TCGATACCGTCGACCTCATTCTTCCTCTCCTTCTGCC

a= Red colour indicates the complementary sequence of primers used to amplify RFTool-1.
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Appendix VII

Primers used to construct various mutant strains by lambda red recombination system

Primers used to amplify hygromycin gene cassette

Cat No

Name

Sequence (5' to 3')° Features

reference

PR351 |GM_F CGAATTAGCTTCAAAAGCGCTCTGA | To amplify the hph cassette using pJTAG-Hyg as

PR2773 | GM_R2 AATTGGGGATCTTGAAGTTCCT template DNA ab 212
Primers used to construct AICE-1

Cat No Name Sequence (5' to 3')° Features Reference

RF-R01 | ICE1_UF TTTGCATTTCCTCGGCTGTC Used to amplify upstream flank of ICE-

RF-R02 | ICE1_UR TCAGAGCGCTTTTGAAGCTAATTCGCGATGCGTAGGGTAAAATC | 1

RF-RO3 | ICE1_DF AGGAACTTCAAGATCCCCAATTTCTGCCGGAAGGCGAATG Used to amplify downstream flank of 'g

RF-R04 | ICE2_DR GTATGGCTGTCGATGAAGCT ICE-1 é

RF-RO5 | ICE1-RF_F GACGTTATTGACCGCCAGC Screening primer for detection of ICE- i

RF-R06 | ICE1-RF_R CTGCTTATCCCTTTCGCCG 1 deletion
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Primers used to construct AICE-2

Sequence (5' to 3')°

Features

RF-RO07 | ICE2_UF TTGCCGTAGTGAATATGCTG

Used to amplify upstream flank of ICE-2
RF-R08 | ICE2_UR TCAGAGCGCTTTTGAAGCTAATTCGAGATGGTGAAAAATGGCGC
RF-R09 | ICE2_DF AGGAACTTCAAGATCCCCAATTCCGGCACCACTATTTAAAG

Used to amplify downstream flank of ICE-2
RF-R10 | ICE2_DR GTACCCTCGCAATGGACATT

This study

Reference

Primers used to construct Amob2

Cat Name Sequence (5' to 3')° Feature

RF- mob2_UF TTTGCATTTCCTCGGCTGTC Used to amplify upstream
R11 region to mob2

RF- mob2_UR TCAGAGCGCTTTTGAAGCTAATTCGGAAGAATGAAACGTTACCAGA

R12

RF- mob2_DF AGGAACTTCAAGATCCCCAATATCGCTCACCTGGTTGCC Used to amplify downstream
R13 flank of mob2

RF- mob2_ DR GTTATTGCCGATTTGGGCG

R14

RF- mob2-RF_F CAACACTCTACCGTCACCA Used to confirm precise
R15 excision of mob2

RF- mob2-RF_R AGCTGGGTAGAGCCGAAGA

R16

Reference

This study
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Primers used to construct Atral

Cat No Name Sequence (5' to 3')° Feature Reference
RF- tral_UF TGCTGCATAACCCGATAGAC For amplification of
R17 upstream region to tral
RF- tral _UR TCAGAGCGCTTTTGAAGCTAATTCGTTGAACTAATGGGACGAAATTGA
R18
RF- tral _DF AGGAACTTCAAGATCCCCAATTTTGAGCATAAATACCGCCGAT For amplification of '§
R19 downstream region to tral *i
RF- tral _DR CCATGCCAAACGGCTAAAC -E
R20
RF156 | Int2_F CCACATATTCCAGCGTTGAC Used for the confirmation of
RF- tral -RF_R CTGCCGTTCCTTTGTCGCA precise deletion of tral
R21

Primers used to construct Amob-1
Cat No Name Sequence (5' to 3')° Feature Reference
RF-R22 mobl1_UF CCAGCGAGCAATAAGGCAC For upstream flank of mob1
RF-R23 mob1_ UR TCAGAGCGCTTTTGAAGCTAATTCGTAAAATCATGATACCTCCCTCG -
RF-R24 mobl_DF AGGAACTTCAAGATCCCCAATTGATTTTTAAGGAGTGGTTATGCTG | For downstream flank of B
RF-R25 | mob1l DR CGCTCGGTTTCAATGGCAAT mob1 ‘f
RF143 mob1-RF_F GGCTTGGTCAGTACGGATTG For confirmation of TE

(P23-F) deletion

RF-R26 mob1-RF_R GGTGGCTGGCGATAATCGA
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Primers used to construct Alnt2a

Cat No Name Sequence (5' to 3')° Feature Reference
RF-RO7 ICE2_UF TTGCCGTAGTGAATATGCTG For upstream flank of
RF-R08 ICE2_UR TCAGAGCGCTTTTGAAGCTAATTCGAGATGGTGAAAAATGGCGC | Int2a/ICE-2
RF-R27 Int2a_DF AGGAACTTCAAGATCCCCAATTCATCCATAGTCAATTTCGTC For downstream flank of '§
RF-R28 Int2a_DR | CTTCTGAACCGGCATTGTG Int2a/ICE-2 é
RF-R29 ICE2-RF_F | GATGTCAGCGAAAGGCAAG Screening primers to -
RF-155 44710_R GTTTCTTGCCGGGTATCGG confirm the deletion
Primers used to construct Aint2b
Cat No Name Sequence (5'to 3')? Feature Reference
RF-R30 Int2b_UF ATACAAAGGACGCGGAAGAC Upstream flank of int2b
RF-R31 Int2b _UR | TCAGAGCGCTTTTGAAGCTAATTCGCATGACGATTAGCCTTTTATAAAAT
RF-R32 Int2b _DF | AGGAACTTCAAGATCCCCAATTTAGACATCAAGACCTCTGGT Downstream flank of
RF-R32 Int2b _DR | CAACATCCTCTACGCTCTGA int2b '§
RF-R33 Int2b- CGGCAATGGAAGGAAAGAAC Screening primers to g
RF_F confirm the deletion -
RF-R34 | Int2b- GCTACCCGCGATTAAGGCA
RF_R
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Appendix VIII

Primers used to confirm various plasmid and E. coli.

Cat No Name ‘ Sequence (5' to 3')? Plasmid Reference
PR1179 | EBGNHe-F CCCGCTAGCGAAAAGATGTTTCGTGAAGC pKOBEG-Apra Lab 212
PR1180 | EBGh3-R GGGAAGCTTATTATCGTGAGGATGCGTCA pKOBEG-Apra Lab 212
RF116 p184_F ATCAGGCGGGCAAGAATGTG pACYC184 This study
RF117 p184_R GTAAGTTGGCAGCATCACCC pACYC184 This study
PR139 M13-F TGTAAAACGACGGCCAGT Primers outside the multiple cloning site of Universal
pWSK29
PR140 M13 -R CAGGAAACAGCTATGACC Primers outside the multiple cloning site of | Universal
pWSK29
PR1825 | SacB-F TAACAGCAGCGTGACAAGTGTAGGCCCGTAGTCTGCAAAT | Primers used to detect sacB on pflp2-Apra Lab 212
PR1826 | SacB-R GCCCTATGGGATTCACCTTT Primers used to detect sacB on pflp2-Apra Lab 212
PR3006 | EgimS-down | GATGACGGTTTGTCACATGG Specific to E. coli genome Lab 212
PR2001 | EgImS-down | TTGTATGTCTTCGCCGATCAG Specific to E. coli genome Lab 212
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Appendix IX

Primers used to detect the excised form of ICE-1 and ICE-2.

Catno. Name ‘ Sequence (5' to 3') Features

RF160 | ICE2-1-F | TGAATATGCTGCCTGCGCT Binding upstream region (attL) of int2a of ICE-2
RF161 ICE2-2-R | GTGAACATCAGGTGCCGATT Binding within int2a

RF162 | ICE2-3-F | TCGCCGTCTATCAGCAAAG Binding within 3" end of ICE-2

RF163 ICE2-4-R | GATGGGCATTTCTGAAGCC Binding downstream to attR site of ICE-2
RF170 | ICE1-1-F | GGTTTTTATTTGCCCGGTAAGCAG | Binding upstream region (attL) of int of ICE-1
RF171 | ICE1-2-R | GACTCATCTGGCGTTCTACTGC Binding within int

RF172 | ICE1-3-F | GGTGGTCATTCTGGTGGTCTTG Binding within 3" end of ICE-1

RF173 | ICE1-4-R | GCTTCGTCTGGGTATGGCTGT Binding downstream to attR site of ICE-1

Source

This study
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Appendix X

Summary of ICE-1 associated integrase gene in different strains of K. pneumoniae

Nucleotides (Coordinates)®

3 o

S 5 - 2

S § c Accession Size(bp) O £ Gene ID E-value

§ § g Designation of X 3

¥ a2 gene® Start End

NTUH-K2044 int-ICEKP1 3395997 3397259 AP006725.1 1263 100 57158257 0
int-B1 1849066 1847804 CP003785.1 1263 98 13529074 0

1084 int-B2 1883280 1882047 CP003785.1 1234 94 13526726 0
int-B3 1885512 1886745 CP003785.1 1234 86 13526731 0

HS11286 int-KPHS1 3433717 3434978 CP003200.1 1262 98 11848489 0

SB3432 int-KPR1 3488220 3489453 FO203501.1 1234 94 499531263 0
int-KPR2 3525734 3526490 FO203501.1 757 97 499531302 0
int-KPK1 1914098 1912865 CP000964.1 1235 87 6939205 0
int-KPK2 1865920 1864722 CP0009%964.1 1201 85 6938556 0

342 int-KPK3 1880735 1879539 CP000964.1 1205 75 6936748 0

1251 (P4-like integrase) int-P4KP1 1 792 FJ212119.1 792 97 237847270 0

2523 (P4-like integrase) int-P4KP2 1 791 FJ212118.1 791 97 237847268 0

KCTC 2242 int-KPN1 3160357 3161567 CP002910.1 1214 84 339762709 0

a annotation of genes found in GenBank database

b Coordinates of genes in genome sequences of different strain of Klebsiella pneumoniae in their GenBank accession numbers.
¢ DNA nucleotide sequence identity determined by Blastn

228


http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=full_report&list_uids=6939205

Appendix XI

RFTool-1

TCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCT
TCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGG
TCTGACAGGTGCAATACGAATGGCGAAAAGCCGAGCTCATCGGTCAGCTTCTCAACCTTGGGGTTAC
CCCCGGCGGTGTGCTGCTGGTCCACAGCTCCTTCCGTAGCGTCCGGCCCCTCGAAGATGGGCCACTT
GGACTGATCGAGGCCCTGCGTGCTGCGCTGGGTCCGGGAGGGACGCTCGTCATGCCCTCGTGGTCA
GGTCTGGACGACGAGCCGTTCGATCCTGCCACGTCGCCCGTTACACCGGACCTTGGAGTTGTCTCTG
ACACATTCTGGCGCCTGCCAAATGTAAAGCGCAGCGCCCATCCATTTGCCTTTGCGGCAGCGGGGCLC
ACAGGCAGAGCAGATCATCTCTGATCCATTGCCCCTGCCACCTCACTCGCCTGCAAGCCCGGTEGCC
CGTGTCCATGAACTCGATGGGCAGGTACTTCTCCTCGGCGTGGGACACGATGCCAACACGACGCTG
CATCTTGCCGAGTTGATGGCAAAGGTTCCCTATGGGGTGCCGAGACACTGCACCATTCTTCAGGATG
GCAAGTTGGTACGCGTCGATTATCTCGAGAATGACCACTGCTGTGAGCGCTTTGCCTTGGCGGACAG
GTGGCTCAAGGAGAAGAGCCTTCAGAAGGAAGGTCCAGTCGGTCATGCCTTTGCTCGGTTGATCCG
CTCCCGCGACATTGTGGCGACAGCCCTGGGTCAACTGGGCCGAGATCCGTTGATCTTCCTGCATCCG
CCAGAGGGCGGGATGCGAAGAATGCGATGCCGCTCGCCAGTCGATTGGCTGAGCTCATAAACTCTT
CCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTAT
TTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTAAATTGTAAGCG
TTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAA
TCGGCAAAATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAA
CAAGAGTCCACTATTAAAGAACGTGGACTCCAACGTCAAAGGGCGAAAAACCGTCTATCAGGGCGA
TGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTCSGAGGTGCCGTAAAGCACTAAA
TCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTGGCGAGAA
AGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAGCGGTCACGCTGCG
CGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTCCCATTCGCCATTCAGGCTG
CGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGGG
ATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGAC
GGCCAGTGAGCGCGCGTAATACGACTCACTATAGGGCGAATTGGGTACCGGGCCCCCCCTCGAGGT
CGACGGTATCGATAAGCTTGATATCGAATTCCTGCAGCCCGGGGGATCCACTAGTTCTAGAGCGGCC
GCCACCGCGGTGGAGCTCCAGCTTTTGTTCCCTTTAGTGAGGGTTAATTGCGCGCTTGGCGTAATCA
TGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAG
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CATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTG
CCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGA
GGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCT
GCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGCACATGTTC
TTTCCTGTTATCCAGATCTCGCTACGGGTCGGATTTGAAGTCGTCTTGGTAGGAGGCAGCCTGAATG
GCGAATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATACCTCTCAGGCGCCGCTGGTGCLCG

CTGGTTGGACGCCAAGGGTGAATCCGCCTCGATACCCTGATTACTCGCTTCCTGCGCCCTCTCAGGC

GGCGATAGGGGACTGGTAAAACGGGGATTGCCCAGACGCCTCCCCCGCCCCTTCAGGGGCACAAAT

GCGGCCCCAACGGGGCCACGTAGTGGTGCGTTTTTTGCGTTTCCACCCTTTTCTTCCTTTTCCCTTTTA

AACCTTTTAGGACGTCTACAGGCCACGTAATCCGTGGCCTGTAGAGTTTAAAAAGGGACGGATTTGT

TGCCATTAAGGGACGGATTTGTTGTTAAGAAGGGACGGATTTGTTGTTGTAAAGGGACGGATTTGT

TGTATTGTGGGACGCAGATACAGTGTCCCCTTATACACAAGGAATGTCGAACGTGGCCTCACCCCCA

ATGGTTTACAAAAGCAATGCCCTGGTCGAGGCCGCGTATCGCCTCAGTGTTCAGGAACAGCGGATC

GTTCTGGCCTGTATTAGCCAGGTGAAGAGGAGCGAGCCTGTCACCGATGAAGTGATGTATTCAGTG

ACGGCGGAGGACATAGCGACGATGGCGGGTGTCCCTATCGAATCTTCCTACAACCAGCTCAAAGAA

GCGGCCCTGCGCCTGAAACGGCGGGAAGTCCGGTTAACCCAAGAGCCCAATGGCAAGGGGAAAAG

ACCGAGTGTGATGATTACCGGCTGGGTGCAAACAATCATCTACCGGGAGGGTGAGGGCCGTGTAG

AACTCAGGTTCACCAAAGACATGCTGCCGTACCTGACGGAACTCACCAAACAGTTCACCAAATACGC

CTTGGCTGACGTGGCCAAGATGGACAGCACCCACGCGATCAGGCTTTACGAGCTGCTCATGCAATG

GGACAGCATCGGCCAGCGCGAAATAGAAATTGACCAGCTGCGAAAGTGGTTTCAACTGGAAGGCC

GGTATCCCTCGATCAAGGACTTCAAGTTGCGAGTGCTTGATCCAGCCGTGACGCAGATCAACGAGC

ACAGCCCGCTACAGGTGGAGTGGGCGCAGCGAAAGACCGGGCGCAAGGTCACACATCTGTTGTTCA

GTTTTGGACCGAAGAAGCCCGCCAAGGCGGTGGGTAAGGCCCCAGCGAAGCGCAAGGLCCGGGAA

GATTTCAGATGCTGAGATCGCGAAACAGGCTCGCCCTGGTGAGACATGGGAAGCGGCCCGLGLTCG

ACTAACCCAGATGCCGCTGGATCTGGCCTAGAGGCCGTGGCCACCACGGCCCGGCCTGCCTTTCAG

GCTGCGCAATCGCCCTTCCCAACAGTAGATTTCGGGTAAGTCTCCCCCGTAGCGGGTTGTGTTTTCA

GGCAATACGCACGCTTTCAGGCATACCTGCTTTCGTCATTTTGTTCAGCGCTCGTACCAGGGCCATAG
CCTCCGCAACCTGACCATCGTAGTCACGCAGCGTCAGTGAACCCCCGAACAGAGA

The underline sequences represents the BHROR region.
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Appendix XII
Phase contrast microscopic examination of biofilm formed by WT and ICE

mutant strains

Strains

AICE-2 AICE-1 WT

AAICE-1-2

Figure S1. Phase contrast microscopy of biofilm formed by HS11286 and ICE mutants. The bacterial
cells were grown in LB under static conditions at 37 °C for 24, 48 and 72 hr
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Appendix XIlI
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AICE-1-2
AICE-1+pACYC184

AICE-1+PYbt

Figure S2. No natural plasmids loss.

Plasmid mini prep was performed from WT, ICE mutants and complemented mutant strains.
Equal amount (300 ng) of plasmid DNA was loaded each well. No loss of natural plasmids were
observed due to transformation of Pybt and pACYC184.
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Appendix XIV

A. Oral presentation at “Departmental Postgraduate Conference 2015 at University of
Leicester”

Title “Distributions and roles of integrative and conjugative elements (ICEs) in Klebsiella

pneumoniae”
(Commended for good presentation)

B. Poster presented at various events.
1. Presented at “English Language Teaching Unit Postgraduate Festival 2016 at University
of Leicester”

Title “Horizontal gene transfer by Type four secretion system in Klebsiella pneumoniae is

repressed by nano weapon Type six secretion system”

2. Presented at “ Microbiology Annual Conference 2016 in Liverpool”

Title “Evidence for Cross-talk in DNA mobilisation related to two integrative and conjugative

elements in K. pneumoniae”

3. Presented at “Microbiology Annual conference 2017 in Edinburgh”

Title “MOB-2 an energy amplifier; for DNA mobilisation related to two integrative and

conjugative elements in k. pneumoniae”

4. Presented at “Royal Society of Biology Poster-walks competition 2017 at Lincoln
University”

Title “Fitness, Bugs and DNA”

(Received first prize for this poster)
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The genome of Kiebsiella pneumoniae
HS11286 carries two different types of
type four secretion systems (T4SS) on
two integrative and conjugative
elements and also type six secretion
systems (T6SS) on two different loci.

1. Mutation '
Deletion of respective cluster of gencis==1
were done by Lambda-Red
recombination system, which is
molecular biology technique based on

" ’ binati

2. Conjugation
Conjugation was done by transforming marker
plasmid in wild type and mutants of K
pneumoniae HS11286, which were then used
as donors and E coli HB101 as recipient.

3. Screening and Statistical Analysis
After conjugation screening was done for
1. Total E. coli Recovery
2. Transconjugants
3. Donors recovery
4. Efficiency of frans-conjugation was
calculated by

= nRecipient Recovered \ ml
5. Student t-test was used for statistical analysis

==

To determine the effect of type six
secretion system on conjugation
(horizontal gene transfer)

To construct a model mutant for
mobilization assay.

~uture Applicability |
Further selective deletions of gene cluster responsible of
capsule biosynthesis have been done and model mutant have
been constructed to improve the dynamic range of the
mobilization test system.

UU, P U, P JIANG, X, BI, D., XOE, Y., TAJ, C., DENG, 2, RAJAKUMAR, K. & OU, H. Y.
2012. Compiete g q of ‘oG p oS SUDSP. P g

HS511235, 8 idrug-resi strain i from human sputum. J Sacteriol,

152, 18412

234



Evidence for cross-talk in DNA mobilisation related to two

inteqrative and conjuqgative elements in K. pneumoniae
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