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RESUMEN

Las islas gendmicas (IGs) son elementos adquiridos horizontalmente que juegan un
papel importante en la evolucion del genoma y la adaptacion bacteriana a diferentes ambientes,
ya que estos elementos transfieren genes que codifican diferentes funciones ventajosas para la
bacteria, por ejemplo: la capacidad de metabolizar nuevos sustratos, la resistencia a los
antimicrobianos o la virulencia, entre otras. Ademas de estas funciones, muchas 1Gs también
contienen un médulo de escision/integracion que incluye los genes que codifican la maquinaria
molecular (la enzima integrasa y el factor de direccionalidad de recombinacién) y las regiones
reguladoras necesarias que promueven una reaccion de recombinacion especifica de sitio. Esta
reaccion da como resultado la escision de la isla del cromosoma como un elemento circular que
puede ser el sustrato para la transferencia por conjugacion o puede reintegrarse. De manera
interesante, se ha encontrado evidencia que el estado escindido/integrado de algunas IGs tiene
un rol en la virulencia de las bacterias en su hospedador, aunque por ahora, este fenémeno se ha
observado solamente en dos IGs. La creciente disponibilidad de genomas bacterianos
secuenciados ha permitido la identificacion y caracterizacion de varias IGs las cuales han sido
clasificadas en diferentes familias que comparten un set conservado de genes implicados en los
procesos de transferencia y escision, que comparten vias reguladoras comunes. La identificacion
y clasificacion de las IGs permite comprender mejor su evolucion, sus interacciones con su
hospedador y los mecanismos reguladores que rigen su transferencia a otras bacterias. Sin
embargo, muchas IGs ain no han sido clasificadas y la comprension de su biologia sigue siendo

limitada. La Regidon de Diferencia 21 (ROD21, por sus siglas en inglés) es una isla de
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patogenicidad escindible y movilizable que codifica algunos factores de virulencia involucrados
en la infeccion producida por Salmonella enterica serovar Enteritidis, un patégeno transmitido
por alimentos y una de las serovariedades de Salmonella de mayor prevalencia en el mundo.
Los experimentos realizados con cepas mutantes de Salmonella ser. Enteritidis que tienen una
capacidad reducida o alterada para escindir ROD2, mostraron un defecto en estas cepas para
invadir 6rganos internos en el modelo murino de infeccién. Un resultado que puede estar
relacionado con los cambios observados en la expresion de los genes en ROD21 y en otros loci
gendmicos. Sin embargo, aunque la escision de ROD21 tiene un rol en la virulencia
de Salmonella ser. Enteritidis, se conoce muy poco acerca de la regulacion de este proceso.
ROD21 también esta presente en los serovares Gallinarum y Dublin, y aunque se ha reportado
la existencia de “islas relacionadas con ROD21”, no se conoce mas acerca de este tema. En esta
Tesis  Doctoral, se utilizaron diferentes  herramientas  bioinforméaticas  para
identificar islas relacionadas con ROD21 y analizar su filogenia y contenido genético. Estos
analisis revelaron que ROD21 pertenece a una familia de islas gendmicas presentes en diferentes
cepas de bacterias patogenas de plantas y animales del orden Enterobacterales, la cual fue
denominada Enterobacteriaceae-associated ROD21-like (EARL). El analisis filogenético
sugiere que la familia EARL se origin6 en bacterias patdgenas de plantas y que la adquisicién
de genes especificos permitié su diseminacion a diversos hospedadores bacterianos. Se encontro
también que, si bien estas islas codifican grupos de genes variables y conservados, el modulo
de escision/integracion fue la unica region conservada en las 56 islas identificadas, incluida
ROD?21, hallazgo que destaca la naturaleza escindible de la familia EARL como se demostrd
para dos de sus miembros albergados por Klebsiella pneumoniae ST258 resistente a

carbapenémicos cepa KP35 y Escherichia coli enteropatogena O127:H6 cepa E2348/69. Cabe
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destacar que las islas EARL poseen genes que codifican homdélogos cortos y de longitud
completa del regulador transcripcional global H-NS, una proteina involucrada en la regulacion
de funciones bacterianas importantes como la virulencia y la transferencia horizontal de genes.
Como parte del médulo de integracion /escision conservado, se caracterizaron el gen SEN1998 y
su producto proteico purificado para evaluar su rol en la escision de ROD21. Si
bien SEN1998 codifica un factor de direccionalidad de recombinacion capaz de unirse a las
regiones de ADN involucradas en el proceso de escision, la delecién de este gen solo produjo
una ligera reduccion en el nivel de escision. Sorpresivamente, los niveles de expresion
de SEN1998 resultaron estar correlacionados negativamente con la escision de ROD21, una
caracteristica que también se observo para el gen SEN1970 que codifica la integrasa. A pesar de
estos hallazgos, no esta claro si la represion de SEN1998 y SEN1970, la cual ocurrid
inmediatamente antes que comenzara a aumentar la escision, esta relacionada a la regulacion de
este proceso. En resumen, los resultados de esta Tesis amplian el repertorio de islas genémicas
escindibles identificadas, presenta informacién sobre su evolucion y proporciona un primer
acercamiento a la comprension de la regulacion de la escision en la isla de patogenicidad ROD21.
Estos hallazgos podrian contribuir a una mejor comprension de los patogenos actuales y
emergentes como lo son las diferentes serovariedades de Salmonella, E. coli patgenay K.

pneumoniae ST258 resistente a carbapenémicos, entre otros.



15

ABSTRACT

Genomic islands (GI) are horizontally acquired elements that play a major role in
genome evolution and bacterial adaptation to different environments because these elements
transfer genes encoding different advantageous functions such as the metabolism of new
substrates, antimicrobial resistance, or virulence, among others. In addition to those functions,
many Gls also contain an excision/integration module comprising the genes encoding the
molecular machinery (the integrase enzyme and the recombination directionality factor) and the
regulatory regions required for a site-specific recombination reaction. This reaction results in
the excision of the island from the chromosome as a circular element, which can be the substrate
for conjugal transfer or can be reintegrated. Interestingly, there is evidence that the
excised/integrated state of some Gls plays a role in the virulence of the bacteria in the host,
although more research is required as this phenomenon has been observed only for two Gls. The
increasing availability of sequenced bacterial genomes has allowed the identification and
characterization of several Gls classified in different island families with a conserved core of
genes involved in the transfer and excision processes, which share common regulatory pathways.
The identification and classification of Gls allows a better understanding of their evolution, their
interactions with their host, and the regulatory mechanisms that govern their dissemination.
Nevertheless, many Gls remain unclassified and the understanding of their biology remains

limited. The Region of Difference 21 (ROD21) is an excisable and mobilizable pathogenicity
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island that encodes virulence factors involved in the infection produced by Salmonella serovar
Enteritidis, a foodborne pathogen and one of the most prevalent serovars of Salmonella
worldwide. Experiments carried out with mutant strains of Salmonella ser. Enteritidis with a
reduced or impaired capacity to excise ROD21 showed a defect in these strains to invade internal
organs in the mouse model, an outcome that may be related to the observed changes in gene
expression within ROD21 and other genomic loci. However, although the excision of ROD21
plays a role in the virulence of Salmonella ser. Enteritidis, the regulation of this process remains
poorly understood. The pathogenicity island ROD21 is also present in the serovars Gallinarum
and Dublin, and although the existence of “ROD21-related islands” was previously reported,
there is a lack of knowledge about the relationships between ROD21 and other Gls. In this thesis,
different bioinformatic tools were used to search and identify ROD21-related islands, and
analyze their phylogenetic relationships and gene content. These analyses revealed that ROD21
belongs to a family of genomic islands carried by different strains of plant- and animal
pathogenic bacteria from the order Enterobacterales denominated the Enterobacteriaceae-
associated ROD21-like (EARL) family of Gls. The phylogenetic analysis suggests that the
EARL family originated in plant-pathogenic bacteria and that the acquisition of specific genes
allowed their dissemination to diverse bacterial hosts. Interestingly, while these islands carry
variable and conserved sets of genes, the excision/integration module was the only region
conserved across the 56 identified islands including ROD21, highlighting the excisable nature
of the EARL family as demonstrated for two of its members harbored by carbapenem-resistant
Klebsiella pneumoniae ST258 KP35 and enteropathogenic Escherichia coli 0127:H6 E2348/69.
Noteworthy, the EARL Gls are carriers of genes encoding short and full-length homologs of the

global transcriptional regulator H-NS, a protein involved in regulation of important bacterial
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functions such as virulence and facilitation of horizontal gene transfer. As part of the conserved
integration/excision module, the gene SEN1998 and its purified protein product were
characterized to assess its role in the excision of ROD21. While SEN1998 encodes a
recombination directionality factor with DNA-binding affinity for the DNA regions involved in
the excision process, deletion of this gene produced only a slight reduction in the excision level.
Unexpectedly, the expression levels of SEN1998 resulted to be negatively correlated to the
excision of ROD21, a feature that was also observed for the integrase-encoding gene SEN1970.
However, it remains unclear whether the repression of SEN1998 and SEN1970, which occurred
immediately before the excision started to increase, plays a role in regulation of this process. In
summary, the results of this thesis expand the repertory of identified excisable genomic islands,
presenting insights about their evolution, and provide a first approach to the understanding of
the regulation of excision in the pathogenicity island ROD21. These findings may contribute to
the better understanding of current and emerging pathogens such as Salmonella serovars,

pathogenic E. coli and carbapenem-resistant K. pneumoniae ST258, among others.
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1. INTRODUCTION

The next generation sequencing, bioinformatics and the consequent availability of a greater
number of bacterial genomes have allowed comparative studies at different taxonomic levels,
including the level of subspecies and even strains. These analyses showed the great extension
of the acquisition and transfer of discrete DNA regions in a process known as horizontal gene
transfer, highlighting the major role that this process plays in genome evolution and bacterial

adaptation.

1.1. Horizontal gene transfer

Horizontal gene transfer (HGT) refers to the transmission of DNA from one cell to
another besides inheritance from parent cells to their offspring (Soucy et al., 2015). Recent
studies addressing the extent of HGT in Bacteria and Archaea showed that, among 2472
completely sequenced genomes, between 10 to 35% of all genes in most prokaryotic phyla
participated in HGT (Jeong et al., 2016). Together with the finding that the larger the genomes,
the higher the number of genes that participated in HGT (Jeong et al., 2016), this finding
highlights the major role of HGT in shaping prokaryotic genomes and also in microbial
adaptation, since a substantial number of genes encoding advantageous traits can be acquired
by HGT. Indeed, it is currently known that several genes participating in niche colonization,

symbiosis, catabolism of different substrates, antimicrobial resistance and virulence, were
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acquired by HGT (Carraro et al., 2016; Curraize et al., 2020; Ferndndez-Alarcon et al., 2011;

Maeda et al., 2003; Montero et al., 2017; Sullivan and Ronson, 1998).

Different mechanisms can mediate the transfer of foreign DNA, the first step for the
acquisition of the possibly advantageous traits encoded on it. These mechanisms can be:
transformation, transduction and conjugation. In natural transformation, the foreign naked DNA,
likely from a death donor, is taken by the recipient cell directly from the environment (Johnston
et al., 2014). In transduction, infective viral particles that have packaged portions of the DNA
from their host, are released to infect a new host, introducing their own and/or the other cell’s
DNA (Chiang et al., 2019). Finally, in conjugation, a direct contact between donor and recipient
cells is required for the transfer of the DNA through specialized molecular channels that connect
the cytoplasm of both bacteria (Cabezon et al., 2015). Although these three mechanisms are the
most studied, there are other means for HGT, for example, through membrane vesicles which
can contain different molecules, including DNA (Domingues and Nielsen, 2017); or through
gene transfer agents, which are viral-like particles that contain fragments of their host DNA but,
in contrast to what happens in transduction, the gene transfer agents cannot encapside their own

DNA (Lang et al., 2012).

Different mobile genetic elements can be substrates for HGT. Among the most studied
are plasmids, bacteriophages and genomic islands. Plasmids are self-replicating
extrachromosomal elements whose copies are produced in parallel with, but uncoupled from,
bacterial chromosome replication. Specialized partitioning systems are responsible for the
distribution of plasmid copies in daughter cells after cell division (Shintani et al., 2015).

Bacteriophages are viruses that infect bacteria and hijack their replication and transcription
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machinery to produce new infective particles. This lytic process can be switched to a lysogenic
one, in which the phage genome integrates into the bacterial chromosome and is replicated once
in each chromosomal replication cycle. Certain stimuli can activate the viral genome, inducing
its excision and resuming the lytic cycle (Frost et al., 2005). Finally, genomic islands (Gls) are
genetic elements inserted in the bacterial chromosome that share features with plasmids and
prophages (Almagro-Moreno et al., 2010; Lesic et al., 2004; Murphy and Boyd, 2008; Quiroz
et al., 2011; Salazar-Echegarai et al., 2014). As genomic islands are the central study subject in

this thesis, a description of their main features will be presented below.

1.1.1. Genomic islands, genomic island excision and recombination directionality factors.

Gls are horizontally acquired elements usually found integrated at the 3’-end of genes
encoding tRNAs and tmRNAs (Marcoleta et al., 2016; Williams, 2002), although the 3’- or 5’-
end of other genes can also be used as insertion sites for different island families (Bellanger et
al., 2014; Coluzzi et al., 2017; Daccord et al., 2013). Given its foreign origin, Gls can be
recognized for having sequence signatures that differ from the average of their host genome,
such as different G+C content, codon usage bias and dinucleotide frequencies (Che et al., 2014).
With sizes ranging between 10 to 500 kbp (Hacker and Kaper, 2000; Sullivan and Ronson,
1998), Gls can encode proteins related to different advantageous functions such as antibiotic
resistance and virulence factors, as well as proteins involved in the integration and excision of
the island from the chromosome, and horizontal transfer (Daccord et al., 2012; Montero et al.,
2017; Nepal et al., 2018). Similar to bacteriophages, Gls can encode integrases and
recombination directionality factors (RDFs), the island-encoded proteins that promote excision

(Haskett et al., 2018; Lesic et al., 2004; Ramsay et al., 2006). Integrases are enzymes that
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catalyze a site-specific recombination reaction between the direct-repeated sequences located at
the ends of the island in the left and right attachment regions (attL and attR) (Landy, 2015). This
reaction produces a circular form of the island, and the regeneration of the GI attachment region
(attP) and the chromosomal insertion site (attB) (Carpenter et al., 2016; Salazar-Echegarai et
al., 2014). While integrases have the enzymatic activity, the RDFs of Gls are believed to play
structural roles by binding at least one att region of the island to promote the assembly of the
nucleoprotein complex required for excision, as observed for prophages (Abbani et al., 2007).
After excision, the circular extrachromosomal state of genomic islands can be transferred to a
new host using the molecular machinery encoded by the GlI, or by the host or other mobile
elements if the island does not encode a complete type-4 secretion system (Haskett et al., 2016;

Ramsay and Firth, 2017; Salazar-Echegarai et al., 2014; Waldor, 2010).

RDFs, small proteins of approximately 50-180 amino acids (Lewis and Hatfull, 2001),
not only play a role in island excision but these can also function as transcriptional repressors
of integrases. This was first observed for the prophages P4 and KplE which encode the RDFs
Visand Torl. Since in both phages the promoter region of the integrase-encoding gene is located
immediately downstream of one of the att regions, the RDF binding site overlaps with the core
promoter, negatively affecting the expression of the integrase (Panis et al., 2010; Piazolla et al.,
2006). For Gls, it was observed that deletion of the three genes encoding the VefA, VefB and
VefC RDFs, encoded by the VVPI-2 and VSP-I11 pathogenicity islands of Vibrio cholerae serotype
O1 biovar El Tor, produces a significant increase in the mRNA levels of the integrases encoded
by the VPI-1 and VPI-2 pathogenicity islands (Carpenter et al., 2016). There is an important
difference between phage- and Gl-encoded RDFs: while those encoded by phages are essential

for prophage excision, deletion of the Gl-encoded RDF does not inhibit island excision. The
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reasons for this difference is not known and, since RDFs are difficult to identify for their small
size, the Gl-encoded RDFs have received little attention and only a few have been described
and studied (Carpenter et al., 2016; Haskett et al., 2018; Lesic et al., 2004; Lewis and Hatfull,

2001; Poulin-Laprade et al., 2015).

1.2. Xenogeneic silencers

While HGT allows the gaining of beneficial traits, the acquisition of new genes which
are not part of the regulatory network in the host cell can impose a metabolic cost, with
deleterious consequences, as a result of the uncontrolled expression of the newly acquired genes.
Therefore, different bacterial taxa encode in their genomes a functionally related family of

proteins involved in the silencing of foreign gene expression.

The nucleoid-associated proteins (NAPS) are a group of proteins encoded by the core
genome, which play major roles in the supercoiling of the bacterial nucleoid, by bending and
bridging the chromosome, and also in DNA replication and gene expression, by reorganizing
the nucleoid to allow the entrance of the DNA and RNA polymerases. Included in the NAP
superfamily, a group of functionally and structurally, but not phylogenetically, related proteins
have been identified to participate in the acquisition of foreign DNA by HGT, and in the
integration of the newly acquired genes in the host transcriptional network. These NAPs are
known as xenogeneic silencing (XS) proteins and belong to four families identified so far: the
H-NS and MvaT families in Gram-negative bacteria (Alpha-, Beta- and Gamma-proteobacteria;
only Gamma-proteobacteria for the MvaT family), and the Lsr2 and Rok families in Gram-

positive bacteria (Actinobacteria and Bacillus, respectively).
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The XS proteins facilitate the acquisition of foreign DNA by suppressing its expression
following the HGT event, thus decreasing the fitness impact on the cell that results from the
unrestrained transcription of the acquired genes. To target the horizontally acquired DNA, the
XS proteins have higher binding affinity for DNA sequences with an AT-content above the
average of the host genome, a characteristic usually found in horizontally acquired elements.
Through their C-terminal DNA-binding domain, the XS proteins enter the deeper and narrower
minor groove of AT-rich DNA which, based on analysis of the H-NS protein, is thought to
provide favorable electrostatic interactions for binding of the XS, especially in sequences that
contain a TpA step. After binding of high affinity AT-rich sequences, additional subunits of the
XS can bind the DNA through cooperative binding, forming oligomers as a result of the
interaction of their N-terminal oligomerization domains. As a consequence of the dimerization
and oligomerization capacity of XSs, bridges can be formed within and between different
regions of the bacterial chromosome, producing nucleoprotein structures that can interfere with
the function of the RNA polymerase. Since the binding of the XSs proteins to DNA can be
relieved by changes in temperature, pH or growth phase, the silencing of horizontally acquired
DNA by the XSs allow the expression of the transferred genes in response to changes in the
environment that surrounds the bacterial cell, facilitating their integration in the transcriptional

network under conditions in which the expression of the foreign DNA could be beneficial.

In addition to the XS encoded by the core genome, homolog proteins encoded by
plasmids, phages and genomic islands have also been reported and studied. These horizontally
acquired homologs belongs to the four families of XSs and share the main structural and
functional features observed in those encoded by the core genome: the binding affinity for AT-

rich sequences and the dimerization/oligomerization capacity. Therefore, the horizontally
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acquired XSs can form homodimers and repress the expression of genes in AT-rich regions.
Moreover, some XS homologs encoded in mobile elements can physically interact with the XSs
to form heterodimers and possibly heterooligomers. As a consequence, the horizontally acquired
XSs can bind and modulate the expression of a subset of the XS regulon; although, in some
instances, the contribution of the XS homolog to the expression of some target genes is only
observed after deletion of the XS encoded in the core genome. Nevertheless, since temperature
changes and growth phase can modulate the expression of some horizontally acquired homologs,
these proteins may play important roles in regulation of virulence factors and horizontally
acquired genes under certain environmental conditions found during the bacterial life cycles.
Additionally, some horizontally acquired XSs also participate in reducing the fitness burden
produced after the acquisition of AT-rich mobile elements by preventing the sequestering of the

core-genome encoded XS to the horizontally acquired element.

1.3. Salmonella enterica serovar Enteritidis and the pathogenicity island ROD21

Salmonella enterica serovar Enteritidis (Salmonella ser. Enteritidis) is a Gram-negative
bacterium and one of the most prevalent serovars of Salmonella worldwide. When ingested in
contaminated food (e.g., contaminated eggs or poultry), this pathogen can produce a self-limited
gastroenteritis. However, in susceptible individuals such as children under 5 years old,
immunocompromised patients and the elderly, this bacterium can produce a severe invasive
disease which can lead to death. The number of cases of infection produced by Salmonella ser.
Enteritidis increased worldwide since the decade of 1980 (Rodrigue et al., 1990) and different
measures and practices were implemented and promoted by countries to prevent the release of

contaminated food to decrease the number of cases. However, despite these efforts, new
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outbreaks are still occurring globally, such as the ongoing multi-country outbreak that currently
involves 18 European and started in 2017 (ECDC and EFSA, 2020). To colonize eggs, poultry,
the human host and produce disease, Salmonella ser. Enteritidis encodes different virulence
factors in its genome, many of which are carried by horizontally acquired elements such as

pathogenicity islands.

The Region of Difference 21 (ROD21) is a genomic island harbored by Salmonella
serovars Enteritidis, Gallinarum (including the biovar Pullorum) and Dublin. This 26.5 kbp
island is found integrated at the 3’-end of an Asn-tRNA-encoding gene and carry 30 putative
coding sequences (SEN1970 to SEN1999), most of which are predicted to encode proteins of
unknown function. Among these genes, ROD21 encode virulence factors involved in
colonization of the liver and spleen of mice, such as SEN1976, encoding a putative type-IV
prepilin (Silva et al., 2012); and also in evasion of the immune system, such as SEN1975 which
encodes TIpA, a protein that mimics eukaryotic TIR-domain-containing proteins and interferes
with Toll-like receptor signaling, activation of NF-kB and production of IL-13 (Newman et al.,
2006; Xiong et al., 2019). In addition to the virulence factors, ROD21 harbor genes involved in
the excision of the island from the chromosome of Salmonella ser. Enteritidis: an integrase
protein encoded in SEN1970 and a putative RDF encoded in SEN1998. Previous research have
shown that deleting SEN1970 or SEN1970 and SEN1998 significantly reduces the excision
frequency of ROD21 within the bacterial population (Pardo-Roa et al., 2019; Tobar et al., 2013).
Nevertheless, a detailed study of the role played by these proteins in the excision of ROD21 is

lacking.



26

Research from our laboratory has found a link between the excision of ROD21 and the
invasion capacity of Salmonella ser. Enteritidis. Mutant strains of this bacterium, with a reduced
or impaired capacity to excise ROD21, show a reduced capacity to colonize the liver and spleen
of infected mice as compared to the wild-type strain. This phenomenon could be a consequence
of the altered expression observed in some genes carried by ROD21, such as SEN1975 and
SEN1976, and by the SPI-1 pathogenicity island, such as invA, which encodes a structural
component of the type-3 secretion system 1 required for invasion of the intestinal epithelium
(Pardo-Roa et al., 2019; Tobar et al., 2013). These findings suggest that the integrated/excised
state of ROD21 modulates the expression of the genes it encodes, likely as a result of the

supercoiling of the island excised form (Neale et al., 2018; Nieto et al., 2016).

Although ROD21 and its excision plays a role in the pathogenicity of Salmonella ser.
Enteritidis, most of the genes encoded in this island remain without assigned function and there
is a lack of knowledge regarding the factors involved in the excision process and its regulation.
When ROD21 was discovered, it was also reported the existence of other four genomic islands,
found in Enterobacteriaceae, that share some genes with ROD21, including homologs of the
global regulator and xenogeneic silencer H-NS (Thomson et al., 2008). More recently, other
research provided preliminary evidence of the involvement of SEN1998 in the excision of
ROD21, since the overexpression of this gene from an inducible plasmid increased the
proportion of bacteria with and empty insertion site of ROD21 (Salazar-Echegarai et al., 2014;
Tobar et al., 2013). The ever-increasing number of sequenced bacterial genomes provides the
opportunity, through comparative analysis, to gain insight about the relationship of ROD21 with
other genomic islands and to identify important conserved genes that may play a role in

horizontal transfer, virulence and the excision process.
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Based on the presented background and preliminary observations, the following

hypotheses were proposed:

a.

b.

C.

ROD21 belongs to a family of excisable genomic islands present in different
bacterial species.

The ROD21-related islands are carriers of H-NS homologs within
Enterobacteriaceae.

The protein encoded in SEN1998 is a recombination directionality factor which
modulates the excision of ROD21 by regulating the expression of the integrase

SEN1970.

These hypotheses were addressed, and the resulting data, interpretation and conclusions

are presented in each of the following Sections in the form of published articles (Pifia-Iturbe et

al., 2018, 2020) and one manuscript in preparation.
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2. ROD21 BELONGS TO A FAMILY OF EXCISABLE GENOMIC ISLANDS
FOUND IN Enterobacteriaceae

[Scientific Reports. 2018;8(1):10292.]
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Abstract

Genomic Islands (Gls) are DNA regions acquired through horizontal gene transfer that
encode advantageous traits for bacteria. Many Gls harbor genes that encode the molecular
machinery required for their excision from the bacterial chromosome. Notably, the
excision/integration dynamics of Gls may modulate the virulence of some pathogens. Here, we
report a novel family of Gls found in plant and animal Enterobacteriaceae pathogens that share
genes with those found in ROD21, a pathogenicity island whose excision is involved in the
virulence of Salmonella enterica serovar Enteritidis. In these Gls we identified a conserved set
of genes that includes an excision/integration module, suggesting that they are excisable. Indeed,
we found that Gls within carbapenem-resistant Klebsiella pneumoniae ST258 KP35 and
enteropathogenic Escherichia coli 0127:H6 E2348/69 are excised from the bacterial genome.
In addition to putative virulence factors, these Gls encode conjugative transfer-related proteins
and short and full-length homologues of the global transcriptional regulator H-NS. Phylogenetic
analyses suggest that the identified Gls likely originated in phytopathogenic bacteria. Taken
together, our findings indicate that this Gls are excisable and may play a role in bacterial

interactions with their hosts.
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Introduction

Genomic Islands (Gls) are horizontally transferred DNA segments integrated into
bacterial chromosomes (Boyd et al., 2009). They are characterized by a G+C content, codon
usage bias, dinucleotide frequencies, among other sequence signatures, which usually differs
from those of the genome (Che et al., 2014). Many of them are found integrated at the 3’-end of
tRNA and tmRNA genes (Williams, 2002), although different families of Gls can show
preference for other genes as integration sites (Wozniak et al., 2009; Daccord et al., 2013;
Ambroset et al., 2016; Coluzzi et al., 2017). Gls range in size from approximately 10 to 500 kbp
(Sullivan and Ronson, 1998; Hacker and Kaper, 2000) and encode sets of genes that encompass
a wide range of functions for the host bacterium, such as niche colonization, catabolism of
diverse substrates, symbiotic relationships, resistance to antimicrobial agents or enhanced
virulence (Dobrindt et al., 2004). Many Gls contain an excision/integration module that includes
an integrase gene, usually belonging to the tyrosine recombinase family (Boyd et al., 2009;
Hudson et al., 2015) and a Recombination Directionality Factor (RDF), which is a small protein
of approximately 60-180 amino acids (Lewis and Hatfull, 2001). Together, these proteins can
promote recombination reactions between Direct Repeated Sequences (DRS), also known as
Left and Right attachment sites (attL and attR) at both ends of Gls. Recombination leads to Gl
excision from the chromosome and the consequent formation of a circular episomal element
that carries one copy of the DRS (attP), while another DRS (attB) remains in the host DNA
(Lesic et al., 2004; Murphy and Boyd, 2008; Quiroz et al., 2011; Daccord et al., 2013). After
excision the attB and attP sites can act as substrates for integrase-mediated recombination,
resulting in the re-integration of the GI into the bacterial genome (Sentchilo et al., 2009). In

addition to this, excised islands can also be transferred to other hosts by exploiting co-resident
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prophages for high-frequency transduction inside their capsids (Penadés and Christie, 2015), or
transferred by conjugation (Salazar-Echegarai et al., 2014; Haskett et al., 2016). There is
evidence that some Gls are replicative in their circular form (Lovell et al., 2011; Vanga et al.,

2012; Carraro et al., 2015) and that others lack this feature (Almagro-Moreno et al., 2010).

Importantly, Gls are susceptible to the loss and gain of genes during their dissemination
from one bacterium to another. However, genes encoding the key functions of
excision/integration, mobilisation and their regulation remain as a conserved core, as reported
for different families of Gls such as the Mobilisable Genomic Islands (Daccord et al., 2013) and
the SXT/R391 family of integrative and conjugative Gls (Wozniak et al., 2009) present in
different Gram-negative bacterial families (Wozniak et al., 2009; Li et al., 2016), or the
conjugative and mobilisable elements recently found in streptococci (Ambroset et al., 2016;
Coluzzi et al., 2017) and the Phage-Inducible Chromosomal Islands (PICIs) of Staphylococcus

aureus and other Gram-positive (Penadés and Christie, 2015).

The Region of Difference 21 (ROD21) is an excisable pathogenicity island that has been
shown to be important for the virulence of the food-borne pathogen Salmonella enterica subsp.
enterica serovar Enteritidis (Salmonella ser. Enteritidis) (Newman et al., 2006; Thomson et al.,
2008; Quiroz et al., 2011), one of the most prevalent serotypes of Salmonella in humans and
other hosts, such as poultry (Hendriksen et al., 2011; Ao et al., 2015; European Food Safety
Authority and European Centre for Disease Prevention and Control, 2015). This genomic island
was identified by Thomson et al. (2008), in a study that searched for genomic regions that were
present in the genome of Salmonella ser. Enteritidis but absent in the genome of Salmonella ser.

Typhimurium (Thomson et al., 2008). Genes contained within ROD21 encode potential



32

virulence factors, such as the TIpA protein (Quiroz et al., 2011), which has a toll/interleukin-1
receptor (TIR) domain (Newman et al., 2006). A previous study has shown that this protein is
involved in bacterial survival within macrophages by disrupting intracellular signaling events
that coordinate NF-«kB activation and IL-1p secretion (Newman et al., 2006). Furthermore,
recent studies from our group have shown that changes in the excision rate of ROD21 affect the
virulence of Salmonella ser. Enteritidis, since mutant strains with reduced rate of excision take
more time to cause 100% of mortality in mice, as compared to the wild-type strain, likely as a
result of changes in the expression of the genes located within the island. In addition, expression
of some genes within ROD21, including tlpA, showed at least a 3-fold increase when the strain

has a reduced or blocked ability to excise the island (Tobar et al., 2013).

Due to the features described above for ROD21, we decided to perform a computational
analysis to identify specific Gls related to this excisable pathogenicity island in order to
determine whether these elements are present among other pathogenic members of the
Enterobacteriaceae family and could thus play a role in their virulence. Since many Gl
databases use bacterial genomes stored within the RefSeq database for genomic island search,
which limits the number of genomes interrogated for island identification, we used a BLASTn-
based approach to search a non-redundant database that harbors a larger set of genomes. Using
this approach, we found and analyzed different genomic islands within pathogenic and non-
pathogenic Enterobacteriaceae that share a conserved syntenic core with ROD21. These Gls
share conserved genes encoding the excision/integration processes of the islands and the
majority also share genes encoding putative proteins that are likely involved in conjugal transfer.
Importantly, we experimentally corroborated that these islands are able to excise from the

chromosome, as previously observed in Salmonella ser. Enteritidis (Quiroz et al., 2011).
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Additionally, some of the Gls identified here were found to carry genes encoding TIR-domain
containing proteins and homologues of the global regulator H-NS. Phylogenetic analysis
revealed that these islands represent a novel family of Gls present among animal- and plant-

pathogenic members of the Enterobacteriaceae family.
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Results

Identification of putative excisable genomic islands with a ROD21-like

excision/integration module among pathogenic Enterobacteriaceae

Since integrases and DRS are key factors for the excision of Gls, we decided to perform
BLASTnN searches using as query a nucleotide sequence from the excisable pathogenicity island
ROD?21. This 285 nucleotide-long sequence includes the attL DRS of ROD21 and the promoter
and first 82 nucleotides of the coding sequence of its integrase gene (SEN1970). This BLASTn
search allowed us therefore to identify putative excisable islands (See Methods). A total of 56
Gls associated with the 3’-end of Asn-tRNA genes were identified among 335 genomes (Table
1). The bacterial genomes found to have ROD21-like Gls belong to some strains of 18 bacterial
species from 12 different genera, all members of the Enterobacteriaceae family (Table 1). In
Salmonella enterica, we found islands of interest in 11 different serovars, corresponding to
serogroups O:2(A), 0:4(B), 0:9(D1) 0:38(P), 0:44(V), 0:3,10(E1) and O:54. Although the size
of the Gls ranges from 19 kb (Photorhabdus luminescens TTO1), to 41 kb (Pectobacterium
atrosepticum SCRI1043), the majority (73%) of the islands identified have sizes ranging
between 21 and 30 kb. These islands are inserted in different Asn-tRNAs but share highly
similar DRS with >85% of identity and sizes from 24 to 37 bp (Table S5 in Supplementary File
S1). Interestingly, a small number of the ROD21-like Gls seems to be inserted in one of the
attachment sites of a different Gl located at the 3’-end of an Asn-tRNA gene (e.g. in P.

carotovorum BC1 and P. parmentieri WPP163, Fig. 1).

Notably, the identified ROD21-like Gls are found in many plant and animal pathogenic

bacteria, such as phytopathogens from genus Pectobacterium, entomopathogenic
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Ph. luminescens, extraintestinal pathogenic E. coli, antibiotic-resistant clinical isolates of E. coli
and K. pneumoniae ST258, invasive K. pneumoniae, and foodborne disease- and typhoid fever-
causing Salmonella (Table S2 in Supplementary File S1). Each of the 335 genomes harbor one
ROD21-like Gl, except for the phytopathogens P. atrosepticum SCRI1043, P. parmentieri

RNS08.42.1A and P. parmentieri WPP163, which have two (Table 1).



Table 1. Enterobacteriaceae-associated ROD21-like genomic islands. ROD21 islands found in different serovars of Salmonella or other
bacterial species are listed in order of decreasing length. Letters in superscript indicate: names of genomic islands already identified in the Islander
database (%) or in the literature with their indicated references (°), and the predicted length in amino acids for the full-length (°) and short versions
(%) of H-NS homologues, as well as TIR-like domain containing proteins (¥) when present. Note: Salmonella ser. Pullorum is considered as a
biovar of serovar Gallinarum and the Pwa2.30N island was found only by searching in the Islander database.

Bacterium Accession N° Island Length Islander? Literature® H-NS®  HNSt!  Tep®
(bp) (aq) (aq) (aa)
Photorhabdus luminescens subsp. laumondii TTO1 BX571865.1 18,997 - - - - -
Salmonella serovar Typhi ERL024120 LT906494.1 19,825 - - - - -
Salmonella serovar Typhi P-stx-12 CP003278.1 20,309 Sen353.21N - - - -
Klebsiella michiganensis M1 CP008841.1 20,363 - - - 78 -
Escherichia coli S1 CP010226.1 20,717 - - - - -
Escherichia coli M8 CP019953.1 20,970 - - 134 80 -
Salmonella serovar Inverness ATCC 10720 CP019181.1 21,047 - - - - -
Serratia marcescens UMH3 CP018925.1 21,268 - - - 78 -
Salmonella serovar Agona 24249 CP006876.1 21,485 Sen74.21N - - - -
Salmonella serovar Borreze SA20041063 CP019407.1 21,485 - - - - -
Escherichia coli Ecol_517 CP018965.1 21,622 - - 134 80 -
Escherichia coli MEM CP012378.1 21,706 - - - - -
Escherichia coli GE3 CP012376.1 22,458 - - 134 80 -
Salmonella serovar Typhi Ty2 AE014613.1 22,588 Sen355.23N (Deng et al., 2003) - - -
Salmonella serovar Sloterdijk ATCC 15791 CP012349.1 22,804 - - 134 80 169
Escherichia coli CI5 CP011018.1 23,855 - - 134 81 -
Salmonella serovar Typhi M223 LT904854.1 23,951 - - - - -
Escherichia coli D7 CP010150.1 24,691 - - 134 80 -
Salmonella serovar Quebec S-1267 CP022019.1 24,817 - - 134 - -
Cedecea neteri FDAARGOS_392 CP023525.1 25,678 - - - 90 -
Escherichia coli 0127:H6 E2348/69 FM180568.1 25,819 Ec0626.26N IE3 (Iguchi et al., 2009) - 80 -
Salmonella serovar Typhi PM016/13 CP012091.1 26,314 - - 134 - -

Salmonella serovar Pullorum ATCC 9120 CP012347.1 26,359 Sen215.26N - 134 - 293
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Table 1 (continued). Enterobacteriaceae-associated ROD21-like genomic islands. ROD21 islands found in different serovars of Salmonella
or other bacterial species are listed in order of decreasing length. Letters in superscript indicate: names of genomic islands already identified in
the Islander database (?) or in the literature with their indicated references (°), and the predicted length in amino acids for the full-length (%) and
short versions (%) of H-NS homologues, as well as TIR-like domain containing proteins (°) when present. Note: Salmonella ser. Pullorum is
considered as a biovar of serovar Gallinarum and the Pwa2.30N island was found only by searching in the Islander database.

Bacterium Accession N° Island Length Islander? Literature® H-NS®  HNSt!  Tep®
(bp) (aq) (aq) (aa)
Salmonella serovar Gallinarum 287/91 AM933173.1 26,404 Sen212.27N  ROD21 (Thomson et al., 2008) 134 - 293
Salmonella serovar Enteritidis P125109 AMO933172.1 26,496 Sen204.27N  ROD21 (Thomson et al., 2008) 134 - 293
Salmonella serovar Dublin CT_02021853 CP001144.1 26,498 Sen82.26N  ROD21 (Porwollik et al., 2005) 134 - 293
Salmonella serovar Nitra S-1687 CP019416.1 26,500 - - 134 - 293
Citrobacter freundii 18-1 CP022273.1 27,132 - - - - 169
Salmonella serovar Anatum USDA-ARS-USMARC-1175 CP007483.2 27,139 - - 134 - -
Escherichia coli ETEC-2265 CP023346.1 27,200 - - 134 - -
Escherichia coli YD786 CP013112.1 27,239 - - 134 80 -
Enterobacter sp. FY-07 CP012487.1 27,410 - - 134 - -
Klebsiella pneumoniae 30684/NJST258_2 CP006918.1 27,495 - ICEKp258.2 (DeLeo et al., 2014) 134 - 139
Pectobacterium wasabiae CFBP 3304 CP015750.1 27,690 - - 133 90 -
Pectobacterium atrosepticum SCR11043 BX950851.1 28,081 Pat3.28N HAI13 (Bell et al., 2004) 133 83 -
Escherichia coli SF-088 CP012635.1 28,452 - - 134 - -
Klebsiella pneumoniae strain AR_0148 CP021950.1 28,777 - - 134 - -
Serratia marcescens SM39 AP013063.1 28,938 - - 134 - -
Serratia marcescens CAV1492 CP011642.1 29,010 - - 134 - -
Kluyvera intermedia CAV1151 CP011602.1 29,250 - - 134 - -
Escherichia coli ED1a CuU928162.2 29,355 - - 134 - -
Klebsiella pneumoniae 1084 CP003785.1 29,853 Kpn29.30N - 134 - -
Yersinia intermedia Y228 CP009801.1 30,275 - - - 83 -
Pectobacterium parmentieri WPP163 CP001790.1 30,288 Pwa2.30N - - - -

Raoultella ornithinolytica Yangling 12 CP013338.1 30,440 - - 134 - -
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Table 1 (continued). Enterobacteriaceae-associated ROD21-like genomic islands. ROD21 islands found in different serovars of Salmonella
or other bacterial species are listed in order of decreasing length. Letters in superscript indicate: names of genomic islands already identified in
the Islander database (?) or in the literature with their indicated references (°), and the predicted length in amino acids for the full-length (%) and
short versions (%) of H-NS homologues, as well as TIR-like domain containing proteins (¥) when present. Note: Salmonella ser. Pullorum is
considered as a biovar of serovar Gallinarum and the Pwa2.30N island was found only by searching in the Islander database.

Bacterium Accession Ne Island Length L Literature® H-NS®  H-NS-t¢  Tcp®
(bp) (aa) (aa) (aa)
Escherichia coli ABWA45 CP022154.1 30,538 - - - - -
Yersinia rohdei YRA CP009787.1 30,663 - - - 81 -
Pectobacterium parmentieri RNS08.42.1A CP015749.1 33,037 - - 133(2) 80 -
Pectobacterium carotovorum subsp. brasiliense BC1 CP009769.1 33,571 - - 133 86 -
Pectobacterium parmentieri RNS08.42.1A CP015749.1 33,684 - - - - -
Pectobacterium parmentieri WPP163 CP001790.1 33,698 Pwa2.34N - 133 81 -
Pectobacterium atrosepticum 21A CP009125.1 35,819 - - 132 87 -
Pectobacterium wasabie SCC3193 CP003415.1 37,046 - - - - -
Pectobacterium carotovorum SCC1 CP021894.1 37,050 - - - -
Klebsiella oxytoca AR_0147 CP020358.1 37,983 - - - - -
Pectobacterium atrosepticum SCRI11043 BX950851.1 40,824 Pat3.41N HAI7 (Bell et al., 2004) 132 80 -
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Figure 1. EARL genomic islands have a conserved excision/integration module. Sequence
comparison (all three-frames translated for each DNA strand) of genomic islands carried out with
tBLASTX. This figure shows eight representative Gls. Gray lines indicate regions with 60-100% identity.
Note that the islands of P. carotovorum BC1 and P. parmentieri WPP163 are not inserted at Asn-tRNA
genes (the green bars in the left side of the islands).
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ROD21-like genomic islands share a conserved excision/integration module

Given that the identified ROD21-like Gls share a conserved integration site and a DRS,
and that the annotations reveal the presence of different conserved genes with similar
distribution, we carried out comparison analyses of the translated open reading frames (ORFs)
(six in total, three reading frames on each DNA strand) using tBLASTX. The majority of
ROD21-like Gls (52 out of 56) share a conserved set of genes that could be classified in three
main groups: a first group includes ORFs similar to a putative type-1V pilin and a type-1V pilus-
related protein; a second group includes ORFs similar to a putative relaxase belonging to the
MobA/MobL family and a TraD homologue, and a third group including ORFs similar to a P4-
like integrase from the tyrosine-recombinase family, together with a putative RDF (Fig. 1). Four
ROD21-like Gls showed exceptions, namely those found in P. wasabie SCC3193, P.
carotovorum SCC1, P. parmentieri RNS08.42.1A and P. parmentieri WPP163, which only
encode the excision/integration module (Fig. 2). In all cases, the coding sequences of the

integrases and putative RDFs are located near to each attachment site.



881

97/1

100/1

60/1 100/1

86/0,95

02

98/1

831

100/1 rf_

r

41

o &
R
JACNL LN IN
H B Salmonella ser. Typhi ERL024120
| | Salmonelfa ser. Typhi M223
B B samonelia ser. Typhi PM016/13
[ | E. coli ABWA45
B B R omithinolytica Yangling 12
| E. coli $1
[ ] E. coliED1a

K. pneumoniae 1084
Enterobacter sp. FY-07
S. marcescens CAV1492
K. intermedia CAV1151
[ citrobacter freundii 18-1
K. oxytoca AR_0147
S. marcescens SM39
E. coli MEM
Salmonella ser. Typhi P-stx-12
Salmonella ser. Typhi Ty2
t Y. rohdei YRA
W K. pneumoniae 30684/NJST258 2
K. pneumaniae strain AR_0148
K. michiganensis M1
E. coli ETEC-2265
E. coli SF-088
Salmonella ser. Anatum USDA... (*)
Ce. neteri FDAARGOS_392
.. Salmonella ser. Pullorum ATCC 9120
I salmonella ser. Gallinarum 287/91
B saimonella ser. Enteritidis P125109
Salmonella ser. Nitra S-1687
I salmonella ser. Dublin CT_02021853
|1 Saimonella ser. Sloterdijk ATCC 15791
Salmonella ser. Quebec §-1267
Salmonella ser. Borreze SA20041063
Salmonella ser. Agona 24249
coli M8
coli GE3
coli Ecol_517
coli YD786
coli0127:H6 E2348/69
Salmonella ser. Inverness ATCC 10720
E. coliCIS
coli D7
marcescens UMH3
intermedia Y228
atrosepticum SCRI1043
parmentieri RNS08.42.1A
carotovorum subsp. brasiliense BC1
parmentieri WPP163-2
wasabiae CFBP 3304
atrosepticum 21A
atrosepticum SCRI1043-2
wasabie SCC3193
carotovorum SCC1
P. parmentieri RNS08.42.1A-2
P. parmentieri WPP163
Salmonella ser. Typhi CT18
P4

t
| |
| |
[ |
t

~ EEEE

mmmmm

EEEEEDE- - EE

VIV VTTVTTBTVDVO<OLM



42

Figure 2. Genomic island phylogeny correlates with the distribution of conserved genes. (a)
Maximum likelihood tree based on codon aligned nucleotide sequences of island integrases with support
values corresponding to 100 bootstrap replicates and posterior probabilities (BS/p; shown only for basal
nodes). The integrase from the SPI7 island and phage P4 were used as outgroups. Blue and green
branches correspond to Gls harbored by animal and plant bacterial pathogens, respectively. (b)
Distribution of conserved genes colored as in Fig. 1. Bold letters inside the squares indicate whether the
corresponding ORF is duplicated (D), disrupted (d), truncated (T) or has an insertion (I). For H-NS, the
presence of full-length (colored square) or truncated (t) homologues is indicated. For the relaxases, the
presence of a relaxase different from that of the MobA/MobL family is also specified (R). The genome
harboring ROD21 is in bold and red font. The number 2 after Pectobacterium strains WPP163,
SCRI1043 and RNS08.42.1A is intended to identify the largest of the two EARL Gls harbored by these
bacteria. (*) strain USDA-ARS-USMARC-1175.

Interestingly, in most ROD21-like Gls the putative RDF-coding sequence is
accompanied by an 843 bp gene of unknown function. An aspect that is not shared by all
ROD21-like Gls, but is present in many of them, is a group of genes encoding putative H-NS
and SpnT homologues, Toll/Interleukin-1 receptor (TIR)-domain containing proteins (Tcps) and
type-111 restriction-modification (R-M) systems (Fig. 1, 2 and Supplementary Fig. S5).
Regarding the H-NS homologues identified, we found sequences that are predicted to encode
full-length (132-134 amino acids), as well as truncated forms of the protein (78-90 amino acids)
(Table 1). Notably, 14 of the 33 ROD21-like Gls encoding full-length H-NS homologues also
encode a truncated form of this protein in the same GI, which is located in the opposite direction.
On the other hand, six other ROD21-like Gls only encode truncated forms of the H-NS

homologues (Fig. 2).

Since the identified ROD21-like Gls are only found in Enterobacteriaceae and that the
genomic island most studied to date within this group is ROD21, we named this group of Gls

the Enterobacteriaceae-associated ROD21-like (EARL) genomic islands.
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Phylogenetic analyses of EARL Gls

Because integrases are involved in Gl excision/integration and dissemination between
bacterial species or genera, we used the sequence of this protein to perform phylogenetic
analysis using it as a marker to study the evolutionary history of EARL Gls (Boyd et al., 2009).
We performed a reconstruction of EARL Gls phylogeny based on the nucleotide sequences of
their cognate integrases. The resulting maximum likelihood tree shows that the integrases form
two major clades: one at the bottom of the tree, which clustered EARL Gls present only in
phytopathogens, while the other clade clusters EARL Gls from non-pathogenic strains and
animal and plant pathogens (Fig. 2a). All the phytopathogenic strains belong to the genus
Pectobacterium. Interestingly, the subclade that groups the non-pathogenic and pathogenic
animal strains branches into two clusters: one includes EARL Gls present in Escherichia coli
and Salmonella enterica, while the other one harbors EARL Gls carried by a greater diversity
of species, such as Klebsiella pneumoniae, K. oxytoca, K. michiganensis, Raoultella
ornithinolytica, Kluyvera intermedia, Serratia marcescens, Yersinia rhodei, Y. intermedia, S.
enterica serovars Anatum and Typhi, Enterobacter sp., Citrobacter freundii, Cedecea neteri
and E. coli (Fig. 2). This cluster includes the carbapenem-resistant K. pneumoniae NJST258-2,

which harbors an EARL Gl previously denominated ICEKp258.2 (Table 1).

The presence of conserved genes within EARL Gls correlates with the integrase-based
EARL GI phylogeny. While all EARL Gls encode an integrase and have RDF genes, as well as
DRS (Figs. 1 and 2b), the major clades are differentiated by the presence of genes encoding

putative proteins related to type-IV pili, conjugative transfer and H-NS homologues (Fig. 2b).
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In the animal pathogen subclade, phylogeny correlates with the acquisition of genes encoding a

type-111 R-M system and homologues of the SpnT encoding gene.

Additionally, we constructed a phylogenetic tree based on hns homologues (genes that
encode H-NS homologues) carried by EARL Gls in order to gain a better understanding of the
relationships between the full-length forms of these proteins and the truncated ones. The
unrooted maximum likelihood tree shows that full-length and truncated forms of hns separate
into two distantly related clades (Fig. 3). As with the integrase-based phylogeny, the full-length
homologues form two sub-clades, comprised by the genes carried by plant and animal
pathogenic bacteria. In contrast, the truncated homologues show a different branching pattern,
in which hns from phytopathogens are more closely related to genes of some animal pathogenic
bacteria (Fig. 3). It is noteworthy that full-length homologues are more closely related between

themselves than with the chromosomal hns encoded by E. coli K-12 (Fig. 3).

“Truncated”

Full-length

Figure 3. Full-length and truncated hns homologues belong to distantly related clades. Unrooted
maximum likelihood phylogenetic tree constructed with codon-aligned hns homologue sequences found
in EARL Gls. Blue and green branches correspond to animal- and plant-associated bacteria, respectively.
The red branches represent chromosomal hns of E. coli K-12 strain MG1655 and truncated hns carried
by the IE3 island of EPEC E2348/69.
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To corroborate that the genomes included in this study were fully syntenic, we calculated
the distance of the Gl insertion site relative to the chromosomal replication origin (oriC) for
each EARL GI (Table S2 in Supplementary File S1). Most of the EARL Gls are located far
from the oriC, at 66.4-98.2% (mean=77.5%) of the maximum possible distance (considered as
one half of the chromosome length) (Supplementary Fig. S1). However, the EARL GI from
Salmonella ser. Inverness ATCC 10720 is located at 39.7% of the maximum distance, probably
as a result of a chromosomal rearrangements that locate the Asn-tRNAs near the oriC

(Supplementary Fig. S2).

Inability to excise ROD21 modulates expression of genes within this pathogenicity island

In order to corroborate the hypothesis that ROD21 excision modulates the expression of
genes within this genomic island, a Salmonella ser. Enteritidis strain lacking the genes coding
for integrase and RDF was generated. As shown in Fig. 4a, deletion of these genes prevents
ROD?21 excision. Both wild-type and mutant strain were grown in LB under standard laboratory
conditions (37°C, pH 7.0) and RNA was purified to evaluate, by RT-gPCR, the expression of
the ROD21 genes SEN1975, SEN1980, SEN1993, which encode the TIpA protein, the putative
relaxase and a H-NS full-length homologue, respectively. As show in Fig. 4b to 4d, impairment
of ROD21 excision prevented the proper expression of ROD21 genes on the mutant strain. As
a control, expression of the housekeeping gene rpoD, which is located on the Salmonella ser.
Enteritidis genomic core, and outside ROD21, was also evaluated for both strains. We observed
no changes in expression of rpoD (Fig. 4e), suggesting that the impairment of ROD21 excision
affects specifically genes within this island. These results support the notion that ROD21

excision influences expression of genes within the GI.
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Figure 4. ROD21 excision affects the gene expression inside the island. (a) Deletion of the integrase
(SEN1970) and putative RDF (SEN1998) coding sequences from Salmonella ser. Enteritis results in
impairment ROD21 excision and reduction in expression of (b) SEN1975, (c) SEN1980 and (d)
SEN1993 under in vitro conditions (LB, pH 7.0, 37°C, ODsw=0.6). (¢) Expression of rpoD, located
outside the island, was not affected. Unpaired, two-tailed t test was used with 0=0.05. Error bars represent
the standard deviation.
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The EARL Gls from K. pneumoniae ST258 strain KP35 and enteropathogenic E. coli

0127:H6 strain E2348/69 are excisable

Since ROD21 can be excised from the bacterial chromosome and this process can be
modulated by temperature and pH, we hypothesized that EARL Gls, which share conserved
excision/integration modules with ROD21, would also be excisable. For this purpose, the
excision of the ICEKp258.2 island from K. pneumoniae ST258 KP35 and the IE3 island from
the enteropathogenic E. coli 0127:H6 (EPEC) E2348/69 was assessed by PCR. After overnight
growth in LB broth at 23°C/pH 7, 37°C/pH 5.4, and 37°C/pH 7, genomic DNA was purified and
assessed by nested PCR with primers targeting the attachment sites that would result in an

amplicon after island excision (Figs. 5a and 6a).

For ICEKp258.2 excision, according to the sequence analyses, the PCR products for attB
and attP should be 519 bp and 668 bp long, respectively. As shown in Fig. 5b, amplicons with
the expected size were obtained. These amplicons can only be found if the EARL Gls are absent,
indicating that the island was excised from the bacterial chromosome. Although the attB and
attP sites were detected under all tested conditions, the product that indicates GI excision was
scarcely detectable at 37°C/pH7 (Fig. 5b). For conditions 23°C/pH 7 and 37°C/pH 5.4 see
Supplementary Fig. S3. Similar results were obtained for EPEC E2348/69 with amplicons
matching the predicted size of 507 bp and 502 bp for attB and attP (Fig. 6b and Supplementary
Fig. S4). However, for both bacteria, we found that other amplicons were observed after
electrophoresis of the attB and attP PCR products, suggesting that the primers might produce
unspecific products. Therefore, to corroborate that the PCR products obtained were specifically

the attB and attP sites expected, the amplicons were purified and sequenced. As shown in
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Fig. 5c, the sequenced obtained for the PCR product correspond to the predicted attB site
generated in the chromosome of K. pneumoniae after ICEKp258.2 excision. However, the
sequence of the amplicons obtained for the attP site did not match the predicted sequence of
ICEKp258.2 attP (Fig. 5c). Since several amplicons were obtained after the second round of
PCR to detect the attP site, it is possible that the PCR conditions used in this assay were not
optimal for the amplification of the expected attP sequence. On the contrary, for EPEC
E2348/69, the sequence obtained for both attB and attP amplicons were identical to the
predicted sites after IE3 island excision (Fig. 6c). These findings support the notion that the

EARL elements are excisable islands.
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Figure 5. Detection of ICEKp258.2 excision in K. pneumoniae ST258 KP35. (a) Location of the eight
primers used for the nested PCR are indicated with blue and green arrows next to the attL, attR, attB and
attP sites. Primers 1, 2, 5, 6 and 3, 4, 7, 8 were used for the first and second round in nested PCR.
Amplicons containing attB or attP can be obtained only if the 27 kb island is excised from the
chromosome. Gene colouring is similar as in Fig.1. (b) Agarose gel showing amplification products
(expected sizes of PCR products are: L: 1123 bp, R: 1220 bp, B1: 1029 bp, P1:1340 bp,) and nested PCR
reactions (B2: 519 bp, P2: 668 bp) using genomic DNA obtained from K. pneumoniae KP35 grown at
37°C, pH 7.0. (-), negative control; L: attL, R: attR, B1: attB from first round of PCR, B2: attB from
second round of PCR, P1: attP from first round of PCR, P2: attP from second round of PCR; (+) positive
control rpoD (577 bp) for the PCR reaction. UV exposure time was 400 ms. (c) The sequence of PCR
products from the second nested PCR round for attB and attP (B2 and P2) were obtained and compared
with theoretical sequences. attB and attP specific sequences are highlighted in red and chromatograms
are shown.
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Figure 6. Detection of IE3 excision in EPEC E2348/69. (a) Location of the eight primers used for the
nested PCR are indicated with blue and green arrows next to the attL, attR, attB and attP sites. Primers
1,2,5,6and 3, 4, 7, 8 were used for the first and second round in nested PCR. Amplicons containing
attB or attP can be obtained only if the 26 kb island is excised from the chromosome. Gene colouring is
similar as in Fig.1. (b) Agarose gel showing amplification products (L: 1057 bp, R: 937 bp, B1: 985 bp,
P1: 1009 bp, ) and nested PCR reactions (P2: 502 bp, B2: 507 bp), using genomic DNA obtained from
EPEC E2348/69 grown at 37°C, pH 7.0. (-), negative control; L: attL, R: attR, B1: attB from first round
of PCR, B2: attB from second round of PCR, P1: attP from first round of PCR, P2: attP from second
round of PCR; (+) positive control rpoD (577 bp) for the PCR reaction. UV exposure time was 400 ms.
(c) The sequence of PCR products from second nested PCR round for attB and attP (B2 and P2) were
obtained and compared with theoretical sequences. attB and attP specific sequences are highlighted in
red and chromatograms are shown.
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Discussion

Studies in the PPHGI-1 island of Pseudomonas syringae pathovar phaseolicola and ours
in ROD21 indicate that GI excision from bacterial chromosomes can modulate the expression
of genes contained within the islands and influence the virulence of the bacteria that harbor them
(Pitman et al., 2005; Godfrey et al., 2011; Quiroz et al., 2011; Tobar et al., 2013). Given the role
of ROD21 excision in the virulence Salmonella ser. Enteritidis, we carried out computational
analyses to identify similar Gls in the bacterial genomes available at the time of this study. Here,
we found that ROD21-like Gls are a novel group of genomic islands encoded by members of
Enterobacteriaceae, including plant and animal pathogenic strains. Given their presence in this
bacterial family, we have designated these Gls as Enterobacteriaceae-associated ROD21-like
genomic islands (EARL GIs). Importantly, the bioinformatics approach performed in this study
used the non-redundant nucleotide database of GenBank, which has allowed us to identify
EARL Gls among all bacterial genomes available to date (October 2017). Although there are
bioinformatic tools currently available to identify Gls with high accuracy, their prediction by
current computational methods still is a challenging task, and existing Gls may be overlooked
(Che et al., 2014; Lu and Leong, 2016). For instance, the Islander tool (Islander Database of
Genomic Islands at Sandia National Laboratories) only identified 12 of the 55 islands identified
in this study (Table 1). The reason for these significant differences is that the majority of the
bacterial genomes that harbor EARL Gls are not in the RefSeq database used by Islander for Gl
prediction and thus omission of an important group of bacteria occurs in the analyses. However,
Islander found an island which shares the features of EARL islands, namely Pwa2.30N, which
could not be identified by our BLASTn search, likely because of a low degree of similarity

between its DRS with the query sequence. Nevertheless, we generally found consensus between
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the location and length of the 12 Gls predicted by Islander and our approach, except for Gls
found in Salmonella serovars Enteritidis, Gallinarum and Typhi, for which Islander included a
tRNA and remnant of integrase genes adjacent to the tRNA flanking the island, which are not

part of the islands.

Dissemination of many GIs relies on bacterial conjugation (Salazar-Echegarai et al.,
2014; Johnson and Grossman, 2015) and thus these elements are classified in two groups based
on whether they encode the molecular machinery required for their excision and conjugation.
While the integrative and conjugative elements (ICEs) encode both sets of genes (Burrus et al.,
2002), the integrative and mobilisable elements (IMEs; also known as mobilisable genomic
islands) utilize the transfer machinery coded by ICEs or conjugative plasmids (Doublet et al.,

2005; Daccord et al., 2010; Carraro et al., 2014).

Most EARL islands encode a TraD homologue and a putative relaxase of the
MobA/MobL (MOBg superfamily) (Garcillan-Barcia et al., 2009). Since EARL Gls are not self-
conjugative elements, because they don’t encode the Type-1V secretion system (T4SS) required
for conjugal transfer, the encoded relaxases may provide the means for island mobilisation by
recognizing their cognate origin of transfer (oriT) and recruiting the island DNA to a T4SS
encoded by a coresident conjugative element(Ramsay and Firth, 2017). Transfer of ROD21 has
been observed from Salmonella ser. Enteritidis to mutant strains lacking the island, as well as
to Salmonella ser. Typhimurium (Salazar-Echegarai et al., 2014). Experiments assessing
ROD21 mobilisation from Salmonella ser. Typhimurium LT2 with and without its virulence

plasmid pSLT, have shown that transfer of the island is only achieved from bacteria harboring
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pSLT to a pSLT-positive strain (Salazar-Echegarai et al., 2014). Therefore, similar mechanisms

could be responsible for the horizontal transfer of other EARL Gls.

Importantly, GI acquisition may pose a metabolic burden for bacterial hosts as increased
amounts of DNA in the bacterial genome require its replication and maintenance. Furthermore,
a lack of regulatory mechanisms for controlling the expression of the newly acquired genes
poses metabolic challenges for the bacterium (Singh et al., 2016). Here we support the notion
that the ability of EARL islands to excise from the chromosome might be a mechanism
conserved among these Gls that modulates gene expression. We have demonstrated here that
expression of genes within the EARL is affected in a mutant strain of Salmonella ser. Enteritidis
unable to excise ROD21. However, while we found a reduction in expression of the genes
encoding TIpA, the putative relaxase and the H-NS full-length homologue (Fig. 4), previous
work assessing the effects of ROD21 excision found the opposite effect (Tobar et al., 2013).
Differences in the mutant strains might account for observed results. In that work, the strain
with reduced excision and the one that lacked this capacity were constructed by deletion of the
integrase ORF (ASEN1970), and the entire region spanning the integrase and the Asn-tRNA
which has the attL site of the island [A(asnT2-SEN1970)], respectively; while our mutant strain
lacks the integrase and putative RDF (ASEN1970 ASEN1998). Therefore, absence of SEN1998
may be causing the different outcome. Previous studies on the Vibrio Pathogenicity Islands 1
and 2, which also have their integrase gene located downstream the attachment site as in ROD21,
provided evidence that their RDFs act as transcriptional repressors of the integrase by binding
the att region which overlaps the integrase promoter (Carpenter et al., 2016). Further research
is required to elucidate the relation between SEN1998 and expression in ROD21. Nevertheless,

inability to excise ROD21 has always resulted in altered gene expression inside the island in all
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mutant strains tested to date. This phenomenon might account for a mechanism used by
pathogens to modulate the expression of newly acquired virulence genes, useful in specific

stages of their infective cycle (Godfrey et al., 2011; Nieto et al., 2016).

Another mechanism for regulation of gene expression inside Gls is mediated by the heat-
stable nucleoid structuring (H-NS) protein, which plays crucial roles due to its ability to
recognize and bind to DNA sequences with low G+C content in such a way to form
nucleoprotein complexes capable of limiting RNA polymerase activity, in a process designated
xenogeneic silencing (Lucchini et al., 2006; Ali et al., 2012; Kotlajich et al., 2015; Higashi et
al., 2016; Singh et al., 2016). This may explain why most (33/54) of EARL Gls encode predicted
full-length H-NS homologues, since they have low G+C content. The presence of such genes
could facilitate island dissemination onto new bacterial hosts and their preservation, by
providing a regulation mechanism for EARL Gl-gene expression. Further research is required
to assess whether these homologues are integrated in the global transcriptional network of their
hosts, since the Hfp protein, an H-NS homologue encoded in the serU island of some UPEC
strains participate in the regulation of virulence factors encoded outside the island (Muller et al.,
2010). It is noteworthy that 20 of the 54 identified islands also carry genes predicted to encode
truncated forms of the H-NS protein, such as the H-NST encoded in the IE3 island of
enteropathogenic E. coli E2348/69 (Williamson and Free, 2005). This 80 amino acid-long
protein (compared with the 137 aa full-length H-NS) corresponds to the N-terminal dimerization
domain of H-NS, which was shown to interact with H-NS as an antagonist (Williamson and
Free, 2005). The H-NST homologs encoded in the other EARL Gls could also be playing a role
in relieving H-NS-mediated repression. Our phylogenetic analysis of short and full-length hns

homologues found in EARL Gls, including hnsT of EPEC E2348/69, shows both groups
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clustering as separate, distantly related clades evidencing that the short ones are not simply
remnants that resulted after an event of duplication or acquisition. The differing topology within
each clade also suggests that acquisition of the truncated and full-length versions of hns

homologues by EARL Gls represents two separate, independent events.

Analysis of EARL islands and multiple sequence alignment (Supplementary Fig. S5)
allowed us to identify ORFs likely encoding Toll/Interleukin-1 receptor (TIR)-like domain
containing proteins (Tcps) in three different islands (Table 1), in addition to the already
characterized TIpA protein encoded in ROD21 (Newman et al., 2006). Bacterial Tcps are known
virulence factors able to disrupt the innate immune response by interacting with mammalian
TIR domain-containing proteins of the TLR signaling pathway, such as TLRs, IL-1R, MyD88
and TIRAP, thus suppressing transactivation of the NF-kB transcriptional activator, with the
consequent alteration of proinflammatory cytokine secretion (Cirl et al., 2008). Interestingly,
we identified an ORF encoding a putative Tcp in the ICEKp258.2 island found in
carbapenemase-resistant K. pneumoniae ST258 strains (Chen et al., 2014), which may have a
role in the resistance of this ST against phagocytic killing (Ahn et al., 2016). The other two
putative Tcp encoded in the Gls from Salmonella ser. Sloterdijk ATCC 15791 and Citrobacter

freundii 18-1 may also play a role in virulence of these pathogens.

As shown in Figs. 1 and 2, open reading frames encoding functions related to horizontal
transfer (i.e. excision/integration and conjugative transfer genes), as well as other ORFs of
unknown function are conserved among EARL Gls, suggesting that an ancestral island gave
rise the diversity of EARL Gls. Our phylogenetic analysis, based on the nucleotide sequence of

the integrase open reading frame, reveals that island gene content correlates with the evolution
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of the integrase. Based on the phylogenetic reconstruction, we hypothesize that EARL Gls
originated in phytopathogenic bacteria and later, through horizontal gene transfer, disseminated
to other bacteria while losing some genes and gaining others that are favorable for the recipient
bacteria. Interestingly, a closer relationship between EARL Gls is not necessarily correlated
with bacterial species that are closer to each other, which suggests that multiple, independent

transfer events have occurred more recently than bacterial speciation.

Because some EARL Gls encode intact excision/integration modules, the genomic
region should theoretically undergo excision from the chromosome. Excision of EARL GI has
so far only been demonstrated for ROD21 in Salmonella ser. Enteritidis P125109, which
responds to environmental stimuli (Quiroz et al., 2011). Here, we show that the ICEKp258.2
island from K. pneumoniae ST258 KP35 and the IE3 island found in EPEC E2348/69 are
excisable elements. These results support the notion that an important feature of EARL GIs is
their capacity to excise from the chromosome. This property may be relevant for the capacity of
EARL Gls to mobilise and for modulation of gene expression and virulence, as described for

ROD21 (Tobar et al., 2013; Salazar-Echegarai et al., 2014).

With the availability of increasing numbers of sequenced genomes, a great diversity of
Gls has been described to date in Gram-positive and Gram-negative bacteria. Some examples
of early identified and well-studied families of genomic islands are the Phage Inducible
Chromosomal Islands (PICIs) (Penadés and Christie, 2015; Martinez-Rubio et al., 2017) and the
Staphylococcal Chromosomal Cassette mec (SCCmec) (Liu et al., 2016) in Gram-positive
bacteria and the SXT/R391 family in Gram-negative y-Proteobacteria (Wozniak et al., 2009; Li

et al., 2016), which encode genes responsible for virulence and antimicrobial resistance. The
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EARL islands described in this study adds to the already substantial and ever-growing number
of Gls and Gl-families found in bacterial genomes, and share the overall features described in
those well characterized Gls: a modular organization and the conservation (among family
members) of genes encoding the functions related to excision/integration, transfer and their
regulation. Further research is required to assess the role of the genes coded in this family of
islands both when integrated or excised within their respective hosts. The widespread
distribution of EARL Gls among pathogenic Enterobacteriaceae suggests that they are

mobilisable elements and likely active players in bacterial pathogenesis.
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Methods

Genomic island search and comparative analyses

A BLASTnN search(Zhang et al., 2000) was performed using as query the sequence
“attL+82 nt” from Salmonella enterica ser. Enteritidis P125109 (Accession N° AM933172.1;
nucleotides 2,061,160-2,061,444; 285 nt), spanning the left attachment site of ROD21 (attL),
the integrase SEN1970 promoter and the first 82 nucleotides of SEN1970. BLASTn was
performed by aligning with the non-redundant sequence database. Putative excisable genomic

islands were identified in the graphic view of BLASTn alignments as DNA regions flanked by

two direct repeated sequences (DRS), visualized as the main BLAST hit (< 285 bp) immediately

followed by a putative integrase-encoding gene, and a second hit of approximately 30 bp located
in the same orientation in a non-coding region. Bacterial strains, accession numbers and island
coordinates were recorded. Sequences harboring the putative islands were downloaded from
GenBank. Nucleotide comparisons of each island with ROD21 and ICEKp258.1 were
performed using tBLASTX (Altschul et al., 1997) with the standalone BLAST v2.6.0+ software
run in EasyFig v2.2.2 (Sullivan et al., 2011) and then visualized and analyzed using EasyFig

and Artemis Comparison Tool v13.0.0 (Carver et al., 2005).

Phylogenetic analyses

Nucleotide sequences of integrases encoded in each island were downloaded from
GenBank (Supplementary Information). Codon alignment was performed using MUSCLE in
MEGA v7 (Kumar et al., 2016) and gapped columns were deleted (the aminoacidic sequence

obtained from Ph. luminescens TTO1 integrase harbors nonsense mutations and was therefore
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excluded from the alignment). The 1Q-Tree web server (http:/igtree.cibiv.univie.ac.at/)
(Trifinopoulos et al., 2016) was used for the selection of the best-fitting nucleotide substitution
model (SYM+G), according to the corrected Akaike Information Criterion. The SYM+G model
was then applied for construction of maximum likelihood (1Q-Tree web server) and Bayesian
(Mr. Bayes v3.2.6) (Ronquist et al., 2012) trees, using as an outgroup the integrases of SPI7
harbored by Salmonella ser. Typhi CT18 and of phage P4 (Supplementary Information). Two
outgroups were used for the ML tree and one (SPI7 integrase) for the Bayesian tree. Node
support was obtained from 100 bootstraps (ML) and posterior probabilities (Bayesian). FigTree
v1.4.3 was used for tree visualization and coloring. Maximum likelihood phylogeny for H-NS
homologues was constructed based on the complete alignment of their nucleotide sequences,
using the TN+G model. Tree construction, visualization and coloring was performed as

described for the integrase sequences.

Bacterial strain and growth conditions.

Bacteria were maintained as a stock in LB broth supplemented with glycerol (20% v/v), or in
the CRYOBANK Bead System, at -80°C. When required, overnight cultures of Klebsiella
pneumoniae ST258 strain KP35, enteropathogenic Escherichia coli O127:H6 strain E2348/69,
Salmonella ser. Enteritidis phage type 4 strain P125109 or the Salmonella ser. Enteritidis
ASEN1970::FRT ASEN1998::FRT mutant strain were prepared inoculating 3 mL of LB broth

with an aliquot/bead of the stock culture and incubated at 37°C and 120 rpm overnight.

Assessment of ICEKp258.2 and IE3 excision.

Island excision was assessed under three conditions (37°C/pH 7.0; 23°C pH 7.0 and

37°C pH 5.4). Three tubes containing 3 mL of LB broth (yeast extract 5 g/L, tryptone 10 g/L
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and NaCl 10 g/L) were inoculated with 20 uLL of an overnight culture each bacterium and
incubated for 16 h in a shaking incubator. One milliliter of each culture was used for extraction
of genomic DNA using the phenol-chloroform technique (Sambrook and Russell, 2001).
Detection of Gl excision and formation of the circular episomal element were assessed by nested
PCR using primers listed in Table S4 (Supplementary File S1). A first round of PCR was carried
out with genomic DNA at a final concentration of approximately 0.4 ng/ul, 0.5 uM of each
primer pair (IDT), 0.2 mM dNTP Mix, 1.5 mM MgCl; and 1U of Tag DNA Polymerase
(Invitrogen™) in a reaction volume of 25 puL. A second round PCR was performed with
Platinum™ Pfx DNA Polymerase (Invitrogen™) of attB and attP sequences, using 2 uL of the
product of the first round PCR as template and nested primers, following manufacturer’s
instructions. PCR products were visualized under UV light after electrophoresis in Tris-acetate-
EDTA buffer at 90V using 1% agarose gels precast with SafeView. To confirm that the
amplicons obtained during the nested PCR correspond to the expected attB and attP sequences,
we purified the obtained fragments from agarose gel using the Wizard® SV Gel and PCR Clean-
Up System kit (Promega) following manufacturer's instructions. The purified PCR products

were sequenced by Macrogen Inc. and raw data obtained was analysed using Vector® NTI 11.0.
Assessing the effect of ROD21 excision on gene expression

Overnight cultures of wildtype Salmonella ser. Enteritidis PT4 strain P125109
(NCTC13319) and the ASEN1970::FRT ASEN1998::FRT isogenic strain (lacking the integrase
and putative RDF coding sequences), were inoculated in LB broth at pH 7.0 until ODggo= 0.6
was reached, and samples of 1 mL were taken and centrifuged at 8,000 rpm for 6 min.

Supernatant was discarded and the bacterial pellet was resuspended in TRIzol™ reagent
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(Invitrogen™) and stored at -80°C. Two independent experiments performed in duplicate were

carried out.

RNA and DNA extraction were carried out as described by manufacturer with some
modifications. Briefly, after DNA precipitation and wash, 300 pL of TE buffer and 300 pL
phenol:chloroform:isoamyl alcohol (25:24:1) (Winkler) was added and vigorously shaken, the
mix was then centrifuged at 14,800 rpm for 15 min at 4°C and the aqueous phase (100 pL) was
recovered. DNA was precipitated by adding 60 pL of propan-2-ol and 10 pL of 3M sodium
acetate followed by a 30 min incubation at -20°C and centrifugation at 14,800 rpm for 15 min
at 4°C. The DNA pellet was washed with 75% ice-cold ethanol and resuspended in nuclease-
free water. Reverse transcription was performed with iScript™ c¢DNA Synthesis Kit (BioRad)

according to the manufacturer’s instructions.

Quantitative real-time PCR (gPCR) was performed for the quantification of ROD21 excision,
using TagMan™ probes and TagMan™ Fast Advanced Master Mix (Applied Biosystems™)
following the manufacturer's instructions for 20 pL reaction mixture. Standard curves for
attB-1 and rpoD were used for quantification of ROD21 excision and rpoD expression using
serial one-tenth dilutions of genomic DNA from Salmonella ser. Typhimurium strain 14028s,
which harbors only one copy of attB-1 and rpoD. Quantitative real-time PCRs (RT-gPCRs)
were carried out using specific primers and TagMan™ MGB probes for genes SEN1975,
SEN1980 and SEN1993 inside ROD21 (Table S4 in Supplementary File S1). A StepOnePlus™
thermocycler was used, employing the cycling conditions established for TagMan™ Fast
reagent. The expression of the target gene was normalized by the housekeeping gene rpoD and

abundance of each target mMRNA was determined by the comparative method (2724<Y).
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Supplementary File S1. Enterobacteriaceae-associated ROD21-like genomic islands,
nested PCR and gPCR. Location, length, and host genomes of EARL islands (Table S1).
Location and length of genes encoding H-NS homologues and Tcps, island G+C content and
distances from oriC (Table S2). Primers and probes used for quantification of ROD21 excision
and gene expression (Table S3). Primers used for detection of island excision (Table S4).
Sequence and location of the left and right attatchment sites of EARL islands, considering the
orientation of the Asn-tRNA (Table S5). This information is provided in a separate .xIsx file.

Available at https://www.nature.com/articles/s41598-018-28537-0#additional-information
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Ror-Yangling 12
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Ppa-RNS08.42.1A
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Pwa-CFBP 3304
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Sen Sloterdijk-ATCC 15791

Eco-ETEC-2265
Eco-E2348/69

Sen Typhi-Ty2
Sen Inverness-ATCC 10720

Sen Typhi-ERL024120
Sen Typhi-M223

Sen Typhi-PM016/13
Sen Typhi-P-stx-12

Sen Anatum-USDA
Cne-FDAARGOS_392
Sen Pullorum-ATCC 9120
Sen Nitra-S-1687

Sen Dublin-CT_02021853
Sen Quebec-5-1267
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Ppa-RNS08.42.1A

Kpn-30684/NJST258_2
Sen Gallinarum-287/91

Sen Enteritidis-P125109

Supplementary Figure S1. EARL Gls are inserted far from the chromosomal replication
origin (oriC). Relative distance of the insertion site of each EARL island from the chromosomal
oriC expressed as a percentage of the maximum possible distance (one half of the chromosome
length). The location and length of oriC were calculated using Ori-Finder
(http://tubic.tju.edu.cn/Ori-Finder/)!. 0% represents the midpoint of oriC and 100% represent
the farthest location in the chromosome.

Ppa-WPP163
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Salmonella ser. Inverness
ATCC 10720

Salmonella ser. Enteritidis
P125109

A
ROD21

— >

Supplementary Figure S2. The EARL island from Salmonella ser. Inverness ATCC 10720
is located near the oriC as the result of a chromosomal rearrangement. Circular
representation of Mauve alignment of the chromosomes from Salmonella ser. Inverness ATCC
10720 and ser. Enteritidis P125109. The colored regions correspond to the blocks of homology
identified using Mauve v2.4.0? and black arrows indicate the regions found in different
orientation. ROD21 and Gl indicate the approximate location of the EARL Gls found in each
chromosome. The origin of replication identified with Ori-Finder is also indicated.
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KP35
UV 400 ms UV 900 ms UV 400 ms
pH 5.4 37°C pH 7.0 23°C pH 7.0 37°C
(h L R B1B2P1P2(# (A L R B1B2P1P2(+ ( L R B1B2P1 P2 (+

1000 bp

500 bp

Supplementary Figure S3. Detection of ICEKp258.2 excision in different pH and
temperature. Agarose gels showing amplification products (expected sizes of PCR products
are: L: 1123 bp, R: 1220 bp, B1: 1029 bp, B2: 519 bp, P1:1340 bp, P2: 668 bp) of nested PCR
reactions using genomic DNA obtained from K. pneumoniae strain KP35 grown at pH 5.4/37°C,
pH 7.0/23°C and pH 7.0/37°C. (-), negative control; L: attL, R: attR, B1: attB from first round
of PCR, B2: attB from second round of PCR, P1: attP from first round of PCR, P2: attP from
second round of PCR; (+) positive control rpoD (577 bp) for the PCR reaction. UV exposure
time in milliseconds is indicated above each gel.
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EPEC
UV 500 ms UV 200 ms UV 400 ms
pH 5.4 37°C pH 7.0 23°C pH 7.0 37°C
() L R B1B2P1P2 (4 (h L R B1B2P1P2(+) () L R B1B2P1P2+

1000 bp

500 bp

Supplementary Figure S4. Detection of IE3 excision in different pH and temperature.
Agarose gel showing amplification products (L: 1057 bp, R: 937 bp, B1: 985 bp, B2: 507 bp,
P1: 1009 bp, P2: 502 bp) of nested PCR reactions using genomic DNA obtained from
enteropathogenic E. coli 0127:H6 strain E2348/69 grown at pH 5.4/37°C, pH 7.0/23°C and pH
7.0/37°C. (-), negative control; L: attL, R: attR, B1: attB from first round of PCR, B2: attB from
second round of PCR, P1: attP from first round of PCR, P2: attP from second round of PCR;
(+) positive control rpoD (577 bp) for the PCR reaction. UV exposure time in milliseconds is
indicated above each gel.
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Supplementary Figure S5. Multiple sequence alignment (MSA) of the putative TIR-domain
containing proteins (Tcps) encoded in EARL islands (Tir), characterized bacterial Tcps (TIpA
and TcpB), and human TIR proteins of the Toll-like receptor (TLR) signaling pathway (TLR1,
TLR2, TLR4, MyD88 and TIRAP. The conserved Boxes 1 and 2 of the TIR domain are
indicated with orange rectangles. MSA were carried out with Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/).
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Sequence attL+82nt used as query for BLASTn search of EARL islands.

> AM933172.1:2061160-2061444 Salmonella ser. Enteritidis P125109

GTTCGAGTCCAGTCAGAGGAGCCAAATTAAGGAAAGCAGACGTTCACTGACGTCTGCTTTCTGCATTTAT
ATCAACTGGTTATTCCCTTCTTCAGGTTCACTCTCGTTCACTAAAAACCACTCGAAGCCATACCCTTTTG
CTGGTAAAAATGCTGGTAAAGCTGGTTCGATTTGTGTTTTACCAGCACGCGGAGGGAACCGTCATGTCAC
TTACTGATACCAAAGTAAAAAATACCAGACCATCGGAAAAGGCCGTCAAGCTCACTGACGGGTTTGGCCT
CTATC
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Integrases used for construction of island phylogeny. Genome accession number, integrase-
coding sequence location and strain.

(The full version, which includes the genes sequences, is available at:

https://www.nature.com/articles/s41598-018-28537-0#additional-information

>BX571865.1:¢c96668-95405 Photorhabdus luminescens subsp. laumondii TTO1l

>LT906494.1:c296327-295053 Salmonella enterica subsp. enterica serovar
Typhi strain ERL024120

>CP003278.1:c976446-975172 Salmonella enterica subsp. enterica serovar
Typhi str. P-stx-12

>CP008841.1:4827330-4828610 Klebsiella michiganensis strain M1
>CP010226.1:1383693-1384967 Escherichia coli strain Sl
>CP019953.1:2346134-2347402 Escherichia coli M8

>CP019181.1:c926034-924766 Salmonella enterica subsp. enterica serovar
Inverness str. ATCC 10720

>CP018925.1:2796319-2797593 Serratia marcescens strain UMH3

>CP019407.1:2009888-2011162 Salmonella enterica subsp. enterica serovar
Borreze str. SA20041063

>CP006876.1:1996007-1997335 Salmonella enterica subsp. enterica serovar
Agona str. 24249

>CP018965.1:c3361590-3360316 Escherichia coli strain Ecol 517
>CP012378.1:¢c1908906-1907632 Escherichia coli strain MEM
>CP012376.1:2144844-2146112 Escherichia coli strain GE3

>AE014613.1:¢c978771-977497 Salmonella enterica subsp. enterica serovar
Typhi Ty2

>CP012349.1:c1849487-1848213 Salmonella enterica subsp. enterica serovar
Sloterdijk str. ATCC 15791

>CP011018.1:¢c437987-436719 Escherichia coli strain CI5

>1T904854.1:2870642-2871916 Salmonella enterica subsp. enterica serovar
Typhi strain M223
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>CP010150.1:¢c4276508-4275234 Escherichia coli strain D7

>CP022019.1:1273301-1274575 Salmonella enterica subsp. enterica serovar
Quebec str. S-1267

>CP023525.1:¢c1720180-1718906 Cedecea neteri strain FDAARGOS 392
>FM180568.1:c2172882-2171614 Escherichia coli 0127:H6 strain E2348/69

>CP012091.1:c4785386-4784112 Salmonella enterica subsp. enterica serovar
Typhi strain PM016/13

>CP012347.1:c1856941-1855667 Salmonella enterica subsp. enterica serovar
Pullorum str. ATCC 9120

>AM933173.1:2052521-2053861 Salmonella enterica subsp. enterica serovar
Gallinarum str. 287/91

>AM933172.1:2061363-2062637 Salmonella enterica subsp. enterica serovar
Enteritidis str. P125109

>CP001144.1:2188380-2189654 Salmonella enterica subsp. enterica serovar
Dublin str. CT 02021853

>CP019416.1:2061702-2062976 Salmonella enterica subsp. enterica serovar
Nitra strain S-1687

>CP022273.1:c5193700-5192426 Citrobacter freundii strain 18-1

>CP007483.2:¢c1900930-1899659 Salmonella enterica subsp. enterica serovar
Anatum str. USDA-ARS-USMARC-1175

>CP023346.1:2221844-2223115 Escherichia coli strain ETEC-2265
>CP013112.1:1592022-1593296 Escherichia coli strain YD786
>CP012487.1:c1917234-1915960 Enterobacter sp. FY-07
>CP006918.1:c1903820-1902546 Klebsiella pneumoniae 30684/NJST258 2
>CP015750.1:59853-61130 Pectobacterium wasabiae CFBP 3304
>BX950851.1:3236381-3237667 Pectobacterium atrosepticum SCRI1043
>CP012635.1:¢c1941415-1940144 Escherichia coli strain SF-088
>CP021950.1:¢c5170217-5168943 Klebsiella pneumoniae strain AR 0148
>AP013063.1:2720507-2721781 Serratia marcescens SM39
>CP011642.1:c4518665-4517391 Serratia marcescens strain CAV1492

>CP011602.1:¢c1111277-1110003 Kluyvera intermedia strain CAV1151



>CU928162.2:

>CP003785.1:

>CP009801.1:

>CP001790.1:

>CP013338.1:

12

>CP022154.1:

>CpP009787.1:

>CP015749.1:

>CP009769.1:

brasiliense

>CP015749.1:

>CP001790.1

>CP009125.1

>CP003415.1

>CP021894.1:

>CP020358.1:

>BX950851.1:

>AL513382.1
Typhi str.

>NC_001609.
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2237821-2239095 Escherichia coli EDla chromosome
c1952189-1950915 Klebsiella pneumoniae subsp. pneumoniae 1084
c3911165-3909894 Yersinia intermedia strain Y228
cl876258-1874981 Pectobacterium parmentieri WPP163

c1916947-1915673 Raoultella ornithinolytica strain Yangling

3112494-3113768 Escherichia coli strain ABWA45
cl1l53204-151906 Yersinia rohdei strain YRA
2241234-2242511 Pectobacterium wasabiae strain RNS08.42.1A

cl1733890-1732613 Pectobacterium carotovorum subsp.
strain BC1l

2322845-2324122 Pectobacterium parmentieri strain RNS08.42.1A
:c1909931-1908654 Pectobacterium parmentieri WPP163
:c1865896-1864619 Pectobacterium atrosepticum strain 21A
:c1821846-1820572 Pectobacterium sp. SCC3193

cl734851-1733577 Pectobacterium carotovorum strain SCC1
1490733-1492007 Klebsiella oxytoca strain AR 0147
cl1926959-1925682 Pectobacterium atrosepticum SCRI1043

:c4542913-4541654 Salmonella enterica subsp. enterica serovar
CT18

1:¢c3926-2607 Enterobacteria phage P4
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3. THE EARL GENOMIC ISLANDS ARE HIGHLY AT-RICH ISLANDS THAT
CARRY HOMOLOGS OF THE XENOGENEIC SILENCER H-NS
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Abstract

Acquisition of mobile elements by horizontal gene transfer can play a major role in bacterial
adaptation and genome evolution by providing traits that contribute to bacterial fitness. However,
gaining foreign DNA can also impose significant fitness costs to the host bacteria and can even
produce detrimental effects. The efficiency of horizontal acquisition of DNA is thought to be
improved by the activity of xenogeneic silencers. These molecules are a functionally related
group of proteins that possess affinity for the acquired DNA. Binding of xenogeneic silencers
suppresses the otherwise uncontrolled expression of genes from the newly acquired nucleic acid,
facilitating their integration to the bacterial regulatory networks. Even when the genes encoding
for xenogeneic silencers are part of the core genome, homologs encoded by horizontally
acquired elements have also been identified and studied. In this article we discuss the current
knowledge about horizontally acquired xenogeneic silencer homologs, focusing on those
encoded by genomic islands, highlighting their distribution and the major traits that allow these

proteins to become part of the host regulatory networks.

Keywords: Genomic islands; xenogeneic silencers; horizontal gene transfer; transcriptional

network; H-NS; MvaT; Lsr2; Rok
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1. Introduction

Horizontal gene transfer (HGT) refers to the natural process of transmission of genetic
material to an organism in addition to the inheritance of genes from parents to the offspring
(Soucy et al., 2015). The availability of an increasing number of sequenced bacterial genomes
has revealed the great extension of HGT in these organisms, which highlights the major role
played by this process in bacterial adaptation to the environment and to the hosts in which they
thrive (Jeong et al., 2016). Several functions, such as those related to niche colonization,
symbiotic relationships, catabolism of new nutrients, antimicrobial resistance, and pathogenesis,
can be acquired through the DNA gained by HGT (Dobrindt et al., 2004; Darmon and Leach,
2014; Paquola et al., 2018). However, acquisition of some genetic elements can impose fitness
costs to the recipient bacteria (Platt et al., 2012; San Millan et al., 2015) likely as a result of the
additional DNA that requires replication and repair, in addition to the eventual uncontrolled
expression that the newly acquired genes might undergo (Lucchini et al., 2006; Navarre et al.,
2006; Lamberte et al., 2017). In the past decades, a group of proteins denominated xenogeneic
silencers (XSs) was shown to target the horizontally acquired DNA, repressing the expression
and contributing to the integration of the horizontally acquired genes into the host transcriptional

network (Navarre et al., 2007; Dillon and Dorman, 2010; Will et al., 2014; Singh et al., 2016).

While XSs are encoded by the core genome (Navarre et al., 2007; Gordon et al., 2010;
Yun et al., 2015), homologs encoded by horizontally acquired DNA have also been discovered
and characterized (Dorman, 2014b). In recent years, new findings have shed light about the role
played by these XS homologs and several more have been identified in numerous mobile

elements, which highlights the extension of their presence. In this article, the current knowledge
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about the horizontally acquired XS homologs is discussed. After a brief introduction to the main
features of the four families of XS proteins, we describe the horizontally acquired homologs and
their distribution among bacteria. We also summarize the evidence of the interaction between
the horizontally acquired homologs and the core XSs, highlighting the impact produced on the
bacterial transcriptional networks. Furthermore, assisted by bioinformatics, we present a more
in-depth view about the XS homologs encoded by genomic islands, showing that these proteins
are encoded by highly AT-rich islands in Enterobacteriaceae and that genes encoding homologs
from different XS families are also present in genomic islands. Together, the literature indicates
that the horizontally acquired XSs play important roles outside their encoding elements, mostly

as a result of the interaction with the core XSs.
2. Xenogeneic silencers

2.1. The H-NS, MvaT, Lsr2 and Rok families of xenogeneic silencers

Xenogeneic silencers are nucleoid-associated proteins (NAPs), a diverse group of
proteins involved in condensation of the bacterial chromosome, bending and bridging the DNA
to organize it in both micro and macrodomains that can easily fit inside a bacterial cell (Ochman
et al., 2000; Helgesen et al., 2016). These proteins are also involved in the regulation of
replication and transcription, as well as in the reorganization of the nucleoid to provide
accessibility to both the DNA- and RNA-polymerases (Dorman, 2004, 2014a; Scolari et al.,
2015; Krogh et al., 2018). Four families of XS proteins have been identified so far, defined by
sequence and structure. In Gram-negative bacteria, the H-NS and MvaT families are present
among several species of Alpha-, Beta-, and Gamma-proteobacteria, with the second present

only in Pseudomonadales (Gamma-proteobacteria). In Gram-positive bacteria, the Lsr2 and Rok
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families can be found in Actinobacteria such as Mycobacterium spp. and in Bacillus spp.,
respectively (Smits and Grossman, 2010; Navarre, 2016; Duan et al., 2018). Despite their low
sequence similarity, these four families of NAPs share some features that are responsible for
their ability to target and bind horizontally acquired DNA, as well as to interact with themselves

or with homologs, which leads to gene expression silencing (Navarre, 2016).

2.2. Binding to AT-rich DNA and oligomerization are key features for XS function

Recognition of AT-rich DNA (including core promoters and horizontally acquired
DNA) and formation of high-order complexes allow H-NS, MvaT, Lsr2, and Rok to act as global
transcriptional regulators of hundreds of genes in their respective bacterial hosts, mainly as
repressors of gene expression. For this reason, XSs are involved in the regulation of several key
functions, such as replication, transcription, translation, chemotaxis, biofilm formation,
modulation of diverse biosynthetic pathways, stress responses and virulence, among others (Hoa

et al., 2002; Castang and Dove, 2010; Smits and Grossman, 2010; Bartek et al., 2014).

Xenogeneic silencers bind non-specifically to DNA but prefer AT-rich regions, a feature
often found in horizontally acquired elements (Marcus et al., 2000; Sherburne et al., 2000;
Maeda et al., 2003; Marcoleta et al., 2016; Navarre, 2016; Suzuki-Minakuchi and Navarre,
2019). For years, the basis of this preference remained elusive until nuclear magnetic resonance
studies examined the interaction between the Salmonella H-NSct and Burkholderia Bv3Fctd (an
H-NS homolog) with DNA. These assays showed that a conserved loop in the C-terminal DNA-
binding domain contains an AT-hook-like structure defined by the Q/RGR motif that enters the
minor groove (Gordon et al., 2011). AT-rich DNA has a narrower and deeper minor groove that

probably provides favorable electrostatic interactions with the Q/R and R residues, especially in
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sequences that contain contiguous T and A nucleotides (TpA step), which provide the optimal
minor groove narrowness and increased DNA flexibility for H-NS binding (Gordon et al., 2011).
The TpA step can be found in many -10 elements of core promoters bound by RNA polymerase,
which account for the H-NS capacity to silence gene expression (Lang et al., 2007; Landick et
al., 2015). While the AT-hook-like motif is also present in Lsr2 (Gordon et al., 2011), the MvaT
and Rok proteins use different mechanisms for binding to DNA. In MvaT, the amino acid
sidechains that enter the minor groove come from two different loops of the protein, forming an
“AT-pincer” (Ding et al., 2015). In Rok, a winged-helix domain binds the DNA along the minor
groove (Duan et al., 2018). As for H-NS, the DNA-binding affinity of the other XSs is favored
by the TpA step (Lang et al., 2007; Ding et al., 2015; Duan et al., 2018), except for Lsr2, which
Is insensitive to its presence (Ding et al., 2015). Despite these differences, the DNA-binding

domain of the four xenogeneic silencers is always found in their C-terminal domains.

Formation of dimers and oligomers enable cooperative binding of XSs to DNA and the
formation of bridges within or between different regions of the chromosome. Both the
dimerization and oligomerization domains of H-NS, MvaT, and Lsr2 are in the N-terminal
region. In these proteins the dimerization/oligomerization results from the interaction of four a-
helices in H-NS, two a-helices in the MvaT-homolog TurB, and one antiparallel 3-sheet and
one a-helix in Lsr2 (Arold et al., 2010; Summers et al., 2012; Suzuki-Minakuchi et al., 2016).
Antiparallel homodimers and heterodimers, as well as higher-order interactions, can be formed
as a result of oligomerization, which is important for nucleoid compaction and modulation of
gene expression (Johansson et al., 2001; Bhat et al., 2014; Yun et al., 2015). Less is known
about the oligomerization of Rok, but recent data show that it can form oligomers through the

N-terminal domain (Duan et al., 2018). It is important to mention that truncated versions of the
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XS proteins that maintain the N-terminal dimerization domain can exert a dominant-negative
effect on the other XS homologs present in the bacterial cell. For instance, in the presence of a
null hns mutation, the H-NS paralog StpA can function as a backup that represses genes
originally targeted by H-NS (Picker and Wing, 2016); however, if the truncated version of H-
NS is present, it forms dimers with StpA, disrupting its function as a result of the absence of the

H-NS binding domain (Williams et al., 1996).

Changes in temperature, pH, or growth phase can alleviate the repression exerted by the
XSs on AT-rich genes, enabling expression control in response to environmental stimuli (Shahul
Hameed et al., 2019), a characteristic which provides a mechanism to integrate horizontally
acquired genes into the host transcriptional network. For instance, AT-rich mobile elements can
be bound by XSs to repress and avoid deleterious effects resulting from uncontrolled gene
expression (Navarre, 2016), then the silencing could be relieved in response to particular
environmental stimuli in which the functions encoded by the newly acquired genes result
beneficial (Queiroz et al., 2011; Leh et al., 2017). Interestingly, the same features that enable
xenogeneic silencers to regulate expression of foreign genes also enable their horizontally

acquired homologs to interact with the host transcriptional network (see the next Section).

3. Horizontally acquired xenogeneic silencers

Several genes encoding members of the four families of XSs have been identified in
hundreds of different horizontally acquired elements, specifically in plasmids, bacteriophages
and genomic islands, which highlights their widespread distribution (Table 1) (Skennerton et

al., 2011; Shintani et al., 2015; Pifa-lturbe et al., 2018).
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3.1. Xenogeneic silencers encoded by plasmids

The most extensively studied plasmid-encoded homologs are Sth, Pmr and Acr2. The
H-NS family protein Sfh is encoded on the R27-like plasmids associated with antibiotic
resistance in strains of Salmonella serovars Typhimurium and Typhi, and on the 99.7% identical
plasmid pSf-R27 of Shigella flexneri serotype 2a strain 2457T, which lacks the antibiotic
resistance genes (Beloin et al., 2003; Forns et al., 2005; Doyle et al., 2007). Pmr is an MvaT
homolog encoded on the pCARL1 plasmid, which confers carbazole-degrading capacity to
Pseudomonas putida KT2440 (Miyakoshi et al., 2007; Yun et al., 2010; Singh et al., 2016).
Acr2 is an H-NS family protein which acts as a negative regulator of conjugative transfer of
plasmids belonging to the A/C incompatibility group, which are responsible for the spreading
of antibiotic resistance in several species of Gammaproteobacteria (Fernandez-Alarcén et al.,
2011; Carraro et al., 2014; Shintani et al., 2015; Lang and Johnson, 2016). Acquisition of the
plasmids that encode these XS homologs produces transcriptional alterations in the recipient
bacteria, however, different changes in the expression of chromosomal and plasmid-encoded
genes take place upon acquisition of plasmid variants lacking the corresponding XS-encoding
gene, indicating a role of the plasmid-encoded homologs in regulation of gene expression both

on and off of their mobile element.



89

Table 1. Horizontally acquired xenogeneic silencer homologs found in genomic islands, plasmids and bacteriophages.

_ Extent Of. . Protein-protein
XS homolog similarity (with Host Location interaction with® References
XS)

Family serU island and EARL (Williamson and Free, 2005; Mller
Hip/H-NSB  full-length (H-NS) Enterobacteriaceae Gls H-NS et al., 2010; Pifia-Iturbe et al., 2018)
i . . ) Family serU island and EARL ) (Williamson and Free, 2005; Pifia-

H-NST N-terminal (H-NS) Enterobacteriaceae Gls H-NS Iturbe et al., 2018)

Attaching and effacing Locus of Enterocyte
Ler C-terminal (H-NS) pathogens Effacement Gly Ler (Mellies et al., 2011)
(Enterobacteriaceae)
Pr full-length (MvaT) " eudomonas putida pCAR1plasmid P TUA TU'B, (Yun et al., 2010)
Acr2 full-length (H-NS) Gammapc;:ﬁi)bacteria IncA/C plasmids Unknown (Shlntan\;oe;naslc.),nZ(le()Sl;Gl)_ang and
. . . . r (Beloin et al., 2003; Deighan et al.,
sfh full-length (H-Ngs)  SNigella f'zejg‘;’;' fastrain  pSERZ7 ;S?gigsﬂ like i NS, StpA, S 2003; Forns et al., 2005: Doyle et
P al., 2007; Picker and Wing, 2016)
“Candidatus .
H-NSepv1 full-length (H-NS Accumulibacter Phage EPV1 Unknown (Skennerton et al., 2011; Flowers et
9 g al., 2013)
phosphatis” "

Rokis2o C-terminal (Rok) Bac'“ﬂiggggg strain pLS20 plasmid Unknown (Singh et al., 2012)

Plasmids (unclassified) N .
Lsr2 full-length (Lsr2) Phylum Actinobacteria and Unknown (Shintani et al., 2015; Pfeifer et al.

homologs 2019)

mycobacteriophages

! Protein-protein interaction with other chromosomally encoded XS homologs or the horizontally acquired XS homolog itself.



Introduction of the pSf-R27 plasmid in Salmonella ser. Typhimurium SL1344 results in
altered transcription of several genes related to different functional categories. However, when
the Asfh variant was introduced, an increase in the expression level and the number of gene
categories affected was observed along with changes in motility and virulence which resembled
those caused by a dominant-negative hns allele (Doyle et al., 2007). Similarly, the acquisition
of the plasmid pCAR1 altered the log-phase transcriptional profile of P. putida KT2440,
modifying the expression of 112 genes, in which both up- and down-regulation were observed
(Yun et al., 2010). Interestingly, disruption of pmr on pCARL altered the transcription of 140
additional genes present in the KT2440 chromosome, including horizontally acquired genes
(Yun et al., 2010). The extent of the effect produced by the absence of Sth and Pmr, is likely a
result of their structural similarities to the xenogeneic silencers H-NS and MvaT which allow
these homologs to oligomerize and bind AT-rich DNA. The Sfh protein has the capacity to form
heterodimers with H-NS and its paralogue StpA (Deighan et al., 2003; Picker and Wing, 2016),
and the occupancy of Sfh expands to include 645 of the 745 H-NS-unique target genes in a
dominant-negative hns background (Dillon et al., 2010). Likewise, Pmr can interact with other
MvaT family proteins present in the KT2440 chromosome, i.e. the TurA and TurB proteins,
which possess overlapping binding sites with Pmr (Yun et al., 2010, 2015; Sun et al., 2018).
Less is known about the Acr2 protein compared with Sfh and Pmr. However, recent RNA-Seq
experiments carried out with an Escherichia coli DH10B strain that carries the pAR060302-
derivative plasmid pARAacr2 (modified to eliminate the antibiotic resistance determinants and
the Acr2-coding gene) have identified several plasmid and chromosomal genes with altered
expression resulting from the acr2 deletion (Lang and Johnson, 2016). Nevertheless, further

chromatin affinity purification (ChAP-Seq) assays showed that only three chromosomal genes
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with altered expression were bound by a 6xHis-tagged Acr2 (Lang and Johnson, 2016). It
remains to be addressed whether Acr2 can interact with H-NS or StpA. It is worth mentioning
that, although Dillon et al. (Dillon et al., 2010) observed a complete inclusion of the Sfh-targeted
genes within the H-NS regulon, Doyle et al. (Doyle et al., 2007) found that the Asfh mutation
altered the expression of several genes not recognized as regulated by H-NS (Navarre, 2010).
The findings of Doyle et al. suggest that Sth, and perhaps other XS homologs, might be playing

regulatory roles independently of H-NS and other XSs.

Lsr2 and Rok homologs have also been identified in plasmids harbored by members of
the phylum Actinobacteria and Bacillus subtilis, respectively (Singh et al., 2012; Shintani et al.,
2015). It was found that a short homolog of Rok, encoded by the conjugative plasmid pLS20 of
Bacillus subtilis strain IFO3335, also serves as a repressor of the master regulator of competence
ComK like the full-length Rok encoded by the chromosome (Hoa et al., 2002; Singh et al., 2012).
Overexpression of Rokiszo in B. subtilis strain 168 significantly decreases the transformation
efficiency of the strain and reduces gene expression from the comK promoter as a result of the
Rokys20 binding to this regulatory region. Interestingly, the Rokis2o protein, which corresponds
to the C-terminal DNA-binding domain (Duan et al., 2018), can complement the absence of Rok
at least in the competence pathway of B. subtilis 168 (Singh et al., 2012). Although it was found
that Rokys2o likely binds several regions of the B. subtilis chromosome (Singh et al., 2012),
experiments addressing the function of Rokyszo in other loci, or its interaction with chromosomal
Rok are still lacking. Regarding the plasmid-encoded Lsr2 homologs, to the best of our

knowledge, there are no published data about their function.
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3.2. Xenogeneic silencers encoded by bacteriophages

The increasing number of sequenced bacteriophage genomes has unveiled the presence
of phage-encoded homologs of H-NS and Lsr2. Metagenomic analyses of phage-enriched
samples from an enhanced biological phosphorus removal (EBPR) bioreactor lead to the
identification of the EPV 1 virus, a parasite of “Candidatus Accumulibacter phosphatis” (CAP),
which is a member of the community that carries out the EBPR process in that bioreactor
(Skennerton et al., 2011; Flowers et al., 2013). The genome of this virus harbors a homolog of
the hns gene closely related to the hns encoded in the CAP chromosome (Skennerton et al.,
2011). Although experimental evidence is still lacking, prediction of H-NS binding sites and the
identification of low GC regions in the CAP genome led the authors to propose the hypothesis
that H-NSgpv1 could participate in the modulation of the CRISPR and/or the Type-I111 restriction-
modification systems encoded by CAP, which are known phage-defense systems (Skennerton

etal., 2011).

Homologs of the Lsr2 protein have also been identified in genomes of the phages Cjwl1,
244, Porky, Kostya and Omega, which infect Mycobacterium smegmatis strain mc?155 (Pedulla
et al., 2003; Hatfull et al., 2010), and in the CGP3 prophage of Corynebacterium glutamicum
strain ATCC 13032 (Pfeifer et al., 2016). In the latter, ChAP-Seq experiments found that a
Strep-tagged version of the CGP3-encoded homolog CgpS bound preferentially to AT-rich
regions mainly at the CGP3 prophage, but also in other chromosomal regions likely acquired by
HGT. When a truncated version of CgpS, spanning the N-terminal region, was overexpressed
in C. glutamicum, derepression of several CGP3-encoded genes and the induction of this

prophage was observed (Pfeifer et al., 2016). The effect of the truncated version of CGP3
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underlines the importance of dimerization/oligomerization in the activity of xenogeneic
silencers and their horizontally acquired homologs. A recent review article reported that
horizontally acquired Lsr2 homologs are encoded by a great number of other
actinobacteriophages sequenced to date, whose hosts belong to genera Mycobacterium,
Microbacterium, Gordonia and Streptomyces (Pfeifer et al., 2019). As described by the authors
of that review, the finding that CgpS is essential to C. glutamicum only when CGP3 was present
(Pfeifer et al., 2016), together with the relatively high frequency of Lsr2 homologs
(Lsr2actinophage) 1N lysogenic versus lytic phages, suggests that these XS homologs play a major
role in the integration of prophages in bacteria (Pfeifer et al., 2019). Nevertheless, CgpS can
also bind and modulate the expression of genes outside the CGP3 prophage in C. glutamicum

(Pfeifer et al., 2016).

3.3. Xenogeneic silencers encoded by genomic islands

3.3.1. Genomic islands

Genomic islands (Gls) are horizontally transferred genetic elements of about 10 to 500
kbp, that can integrate in bacterial chromosomes providing their hosts with advantageous traits
(Soucy et al., 2015), such as new metabolic functions, resistance to antibiotics, or virulence
factors, among others, which often improve the strain overall fitness (Sullivan and Ronson,
1998; Hacker and Kaper, 2000; Dobrindt et al., 2004; Soucy et al., 2015). Usually characterized
by a different GC content, codon usage bias and dinucleotide frequency relative to their host
chromosome (Che et al., 2014), Gls are often found at the 3'-end of genes encoding tRNAs and
tmRNAs (Williams, 2002); nevertheless, different GI families may prefer other genes as

integration sites (Wozniak et al., 2009; Daccord et al., 2013; Coluzzi et al., 2017). Under certain
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conditions, Gls can be excised from the chromosome through the site-specific recombination
between the direct repeated sequences (DRSs) that flank the element, in a reaction catalyzed by
the integrase protein encoded within or outside the island (Manson and Gilmore, 2006; Murphy
and Boyd, 2008; Quiroz et al., 2011; Lautner et al., 2013). This reaction, which is usually
promoted by a recombination directionality factor also encoded inside or outside the GlI, results
in the formation of a circular element (Carpenter et al., 2016; Haskett et al., 2018). The insertion
site is reconstituted in the chromosome, and a copy remains as part of the excised GI. These
sequences can subsequently take part in re-integration of the GI into the host chromosome
(Sentchilo et al., 2009). Besides re-integration, Gls in their circular form can be transferred from
one cell to another by means of transduction by co-resident prophages (Penadés and Christie,
2015) or by conjugation either using their own transfer machinery or taking advantage of the
conjugation system encoded by a self-transmissible element (Doublet et al., 2005; Haskett et al.,

2016).

Full-length and short homologs belonging to the H-NS family have been identified in
genomic islands. While full-length homologs comprise the dimerization/oligomerization and
DNA-binding domains of H-NS, the short ones share similarity to one domain only, a feature
that provides the latter with anti-H-NS properties that can relieve the H-NS-mediated silencing.
Again, similar to what was observed for XS-homologs encoded by plasmids and bacteriophages,
the dimerization and DNA-binding capacity of the Gl-encoded XSs allow these proteins to

regulate the expression of genes located outside their encoding GI.
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3.3.2. H-NST, Ler and Hfp (H-NSB)

First reported in 2005, H-NST is a short homolog of the H-NS protein encoded in the
so-called serU island, a 22.5 kbp pathogenicity island harbored by different strains of pathogenic
E. coli, such as the uropathogenic (UPEC) strains CFT073 and 536, and also in 1E3, a 25.8 kbp
genomic island found in the enteropathogenic E. coli (EPEC) strain E2348/69 (Williamson and
Free, 2005). H-NST corresponds to the dimerization/oligomerization domain of H-NS and
behaves as an antagonist of this protein, as observed in experiments where the activity of the H-
NS-repressed promoters of proU and bgl fused to lacZ, increased in the presence of a low-level
expression of H-NSTepec (Williamson and Free, 2005). The antagonistic effect is most likely
caused by the heterodimers that H-NS and H-NST can form, which would have an altered DNA-
binding capacity due to the absence of an H-NS-like DNA-binding domain in the H-NST
component (Williamson and Free, 2005). H-NST is also able to increase the expression of genes
encoded in the Locus of Enterocyte Effacement (LEE), a genomic island responsible of the
attaching/effacing lesions caused by EPEC, enterohemorrhagic E. coli (EHEC), E. albertii and
Citrobacter rodentium (Elliott et al., 1998; Deng et al., 2001; Levine et al., 2014; Ooka et al.,
2015). An increase of the amount of the ESpA and EspB proteins (exported by the type-Ill
secretion system encoded in LEE) was observed only when H-NST was expressed from a
plasmid in the EHEC strain TUV93-0, which lacks the serU island, but not when expressed in
the EPEC strain E2348/69, which already had high basal expression levels of the LEE-encoded
proteins (Levine et al., 2014). Whether the high basal expression of the LEE-encoded proteins
in EPEC E2348/69 is linked to the presence of the serU-encoded H-NST is unknown.
Interestingly, it was found through electrophoretic mobility shift assays that H-NST had an

intrinsic DNA-binding capacity on two regulatory regions encoded in the LEE island (Levine
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et al., 2014). It is believed that H-NST-binding to these regions might help Ler, another H-NS

homolog, to displace the bound H-NS oligomer.

Ler is encoded in the LEE pathogenicity island and, although it has a length comparable
to that of H-NS (123 and 137 aa, respectively), the similarities with this XS are restricted to the
C-terminal DNA-binding domain (Mellies et al., 1999). Ler is a master activator of gene
expression that works by alleviating the H-NS-mediated repression of the type-Ill secretion
system and its effectors encoded within LEE. Upon binding of Ler to DNA in a non-cooperative
manner, a displacement of the bound H-NS takes place (Winardhi et al., 2014). However, the
role of Ler is not limited to its genomic island and can activate other virulence factors in
pathogenic E. coli, such as EspC, which regulates the translocation of effector proteins to host
cells and pore formation by EPEC (Guignot et al., 2015); and StcE, encoded in the EHEC
0157:H7 virulence plasmid, which contributes to adherence to host cells (Elliott et al., 2000;
Lathem et al., 2002). A similar interplay between Ler and H-NS was observed to modulate the
expression from the promoter of the Long Polar Fimbriae in the EHEC strain EDL933, where
H-NS represses expression and Ler acts as an antisilencer (Torres et al., 2007). Although the
formation of dimers and high order oligomers of Ler in solution have been observed (Mellies et

al., 2011), interaction with H-NS or other xenogeneic silencers has not been reported.

Hfp, also known as H-NSB, is an XS homolog also encoded in the serU island but,
unlike H-NST, it is a full-length H-NS homolog (Williamson and Free, 2005; Mdller et al.,
2010). In the UPEC strain 536, Hfp was found to play a role in bacterial growth, autoaggregation,
hemolytic activity, and specifically in the downregulation of the S and P fimbriae major subunits,

the K15 capsule, and expression in the bgl operon, which indicates that Hfp acts in a similar
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fashion as H-NS. Nevertheless, these effects were observed only when the hfp mutation was
accompanied by an hns mutation, suggesting a shared role in the regulation of some genes which
has been supported by the finding of cross-regulation between Hfp and H-NS and their capacity

to form heteromeric complexes (Mdiller et al., 2010).

3.3.3. The Enterobacteriaceae-associated ROD21-like genomic islands

Besides the first report of the occurrence of the H-NS homologs H-NST and H-NSB
(Hfp) in the serU and IE3 genomic islands made by Williamson and Free in 2005 (Williamson
and Free, 2005), the assembly of the complete genome sequence of Salmonella ser. Enteritidis
strain P125109 by Thomson et al. in 2008, revealed the presence of other genomic islands
harboring H-NS homologs. The authors identified several regions present in the chromosome
of the strain P125109 that were absent from Salmonella ser. Typhimurium strain LT2 which
were denominated Regions of Difference (Thomson et al., 2008). Among these horizontally
transferred regions, the Region of Difference 21 (ROD21), which includes the genes SEN1970
to SEN1999, was found to encode a putative homolog of H-NS (SEN1993). Moreover, the
authors showed that other Gls related to ROD21, and found in Photorhabdus luminescens strain
TTO1, Pectobacterium atrosepticum strain SCR1043 and UPEC strain CFT073, also encoded

H-NS homologs.

ROD21 is a 26.5 kbp pathogenicity island inserted in the 3-end of the Asn-tRNA-
encoding gene asnW of the global Salmonella ser. Enteritidis epidemic strains and in the
serovars Gallinarum, Dublin and Nitra (Thomson et al., 2008; Feasey et al., 2016; Pifia-Iturbe
et al., 2018). This Gl encodes TIpA, a TIR-domain-containing protein required for the

intracellular survival in THP-1 macrophages and the efficient colonization of the murine spleen
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(Newman et al., 2006). Other putative virulence factors likely involved in the colonization of
bird and murine internal organs (liver and spleen) are also encoded in ROD21 (Coward et al.,
2012; Silva et al., 2012). ROD21 is also an excisable island, a feature that has reached a special
relevance due to its role in the virulence of Salmonella ser. Enteritidis since different mutant
strains, with a reduced excision capacity, show a reduced colonization of the liver and spleen of
infected mice (Quiroz et al., 2011; Pardo-Roa et al., 2019). The DRSs that flank ROD21
participate in the site-specific recombination reaction that excises the island and produces a
circular form of the element (Quiroz et al., 2011; Salazar-Echegarai et al., 2014). The excision
process is likely promoted by the products of the genes SEN1970 and SEN1998, which are
predicted to encode a tyrosine recombinase and a putative recombination directionality factor,
respectively. Indeed, compared with the wild-type strain, the fraction of bacteria with the
excised island is reduced in the ASEN1970::FRT and the ASEN1970::FRT ASEN1998::FRT

population (Tobar et al., 2013; Pifia-Iturbe et al., 2018; Pardo-Roa et al., 2019).

The location of SEN1970, downstream of the insertion site in asnW, allowed the
sequences spanning the corresponding DRS, the SEN1970 promoter and the first 82 nucleotides
of SEN1970 to be used to search for genomic islands using BLASTn against the GenBank non-
redundant database. This approach identified several genomic islands, phylogenetically related
to ROD21, in different species belonging to the family Enterobacteriaceae including plant- and
animal-pathogenic strains of Pectobacterium spp., Serratia marcescens, intestinal and
extraintestinal E. coli, Enterobacter sp., carbapenem-resistant Klebsiella pneumoniae ST258
and different Salmonella serovars, among others (Pifia-Iturbe et al., 2018). Since ROD21 is the
most studied member of this group, it was denominated the Enterobacteriaceae-associated

ROD21-like (EARL) family of genomic islands. All these Gls share, among other features, the
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location in an Asn-tRNA-encoding gene and the excision/integration module (the DRSs, and
the integrase- and putative RDF-encoding genes), characteristics which allow their excision
(Bueno et al., 2004; Carpenter et al., 2016; Pifia-Iturbe et al., 2018). Other genes, such as those
encoding putative type-4 pilus-related proteins, relaxases and type-I1I restriction-modification
systems (type-111 R-M), are conserved only in closely related subgroups within the EARL family
likely as a result of their acquisition by an EARL Gl followed by the spreading of the island by
HGT. The comparative analysis of these Gls also revealed that most of them also have genes
encoding full-length and short homologs of the H-NS protein. Indeed, the islands previously
reported by Thomson et al. and Williamson and Free as carriers of hns homologs, namely HAI7
and HAI13 (P. atrosepticum strain SCR11043) and IE3 (EPEC E2348/69) belong to the EARL
family (Williamson and Free, 2005; Thomson et al., 2008; Pifia-Iturbe et al., 2018). Although
the serU island is also related to ROD21 and encodes H-NSB (Hfp) and H-NSTupec
(Williamson and Free, 2005; Miller et al., 2010), it possesses a different integrase and, therefore,
a different integration site. This Gl is likely a derivative from 1E3, the EARL GI from EPEC
E2348/69 which encodes two integrases, the one present in all others EARL islands, and the one

present in the serU island (Williamson and Free, 2005).

The EARL Gl-encoded full-length and short homologs of H-NS are homologs of H-
NSB (Hfp) and H-NST, but represent two different and distantly related clades (Pifia-Iturbe et
al., 2018), and, henceforth, they will be denoted as H-NSBearL and H-NSTearc. The full-length
homologs share many similarities at the amino acid sequence level with the chromosomal H-
NS, including the region interacting with the small nucleoid-associated protein Hha (the Hha
signature (Garcia et al., 2006; Madrid et al., 2007; Ali et al., 2013)), the residues that enters the

DNA minor groove for DNA-binding (the Q/RGR motif (Gordon et al., 2011)) and key amino
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acids at the linker domain also important for DNA-binding (Gao et al., 2017) (Fig. 1A). Since
the similarity between H-NS and the H-NSBearL proteins spans the entire sequence, it is most
likely that the secondary and tertiary structures will also be conserved, as suggested by the
capacity of the H-NSB protein encoded in the serU island to form heterodimers with H-NS and
participate in the regulation of known H-NS targets, including virulence factors (Midiller et al.,
2010). Because of the different accessory gene pools present in different species, the regulated
or co-regulated genes by the H-NSBearL proteins are expected to also be different. This
represents a subject of further research aimed at better understanding the regulation of virulence
in bacterial pathogens. For example, the type-111 secretion system 1 (T3SS-1) encoded in the
Salmonella pathogenicity island 1 (SPI-1), is a key virulence factor that, by translocating
effector proteins, allows the invasion the host cells (Desai et al., 2013). Recent findings show
that the Salmonella ser. Enteritidis ASEN1970::FRT ASEN1998::FRT mutant, which have a
reduced expression of several ROD21-encoded genes, also have a significantly increased
expression of invA, a gene encoding a structural component of the T3SS-1 (Pardo-Roa et al.,
2019). invA, as well as other SPI-1-encoded genes, are upregulated by proteins also encoded by
SPI-1 which are, at the same time, negatively regulated by H-NS (Lou et al., 2019), raising the
possibility that the observed link between the two pathogenicity islands could be the result of
the H-NSBrop21 protein interacting with H-NS or the H-NS binding sites within SPI-1. As
another example, the type-3 pili and the capsular polysaccharide are known H-NS-regulated
virulence factors of K. pneumoniae (Ares et al., 2016). Since the ICEKp258.2 EARL island of
the globally spread carbapenem-resistant K. pneumoniae ST258 encodes an H-NSBgarL protein
(Fig 1A; (Pina-lturbe et al., 2018)), this Gl-encoded homolog might be playing a role in the

virulence of ST258 as well.
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Figure 1. Multiple sequence alignment of the H-NS protein from Salmonella ser. Typhimurium LT2 and
selected full-length (A) and short (B) homologs found in EARL genomic islands. The secondary
structure elements of H-NS are represented with red cylinders (a-helices) and green arrows (B-strands).
The blue, yellow and green background represent the dimerization/oligomerization, linker and
DNA-binding domains respectively. Numbers indicate the corresponding residue of the H-NS protein.
The triangles under the alignment indicate the amino acid residues required for function of H-NS (A) or
H-NST (B) that are also conserved in the homologs encoded by the EARL Gls. Aligned proteins
correspond to H-NS from Salmonella ser. Typhimurium LT2 (STmLT2; WP_001287383.1), full-length
homologs encoded in the EARL islands from Salmonella ser. Enteritidis P125109 (ROD21;
WP_001287371.1), Klebsiella pneumoniae ST258 NJST258-2 (ICEKp258.2; WP_001588074.1),
Salmonella ser. Typhi PM016/13 (StyPM01613_GIl; WP_045354302.1), Escherichia coli SF-088
(EcoSF088_GI; WP_000005143.1), Serratia marcescens SM39 (SmaSM39_GI; WP_041035854.1),
Pectobacterium atrosepticum SCRI11043 (HAI13; WP_011094424.1), and the short homologs encoded
in the EARL islands from E. coli O127:H6 E2348/69 (EcoE2348_IE3; WP_000564595.1),
K. michiganensis M1(KmiM1_GIl; WP_038424693.1), Samonella ser. Sloterdijk ATCC 15791
(SsloATCC_GI; WP_023201852.1), S. marcescens UMH3 (SmaUMH3_GI; WP_089187391.1),
Yersinia intermedia Y228 (YinY228 Gl; WP_042569548.1) and P. parmentieri RNS08.42.1A
(PpaRNS_GI; WP_033071994.1). The multiple alignment was made in MEGA X (Kumar et al., 2018)
using MUSCLE, and the graphic representation was made using ESPript3 (Robert and Gouet, 2014).
The complete alignment of all 34 full-length and 20 short homologs found in EARL islands is provided
as supplementary Figures S1 and S2.
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Compared with the H-NSBearL proteins, the short homologs are less related to H-NS,
having similarity with the dimerization/oligomerization domain only (Fig. 1B), a feature which
allows the H-NSTearL proteins to exert a dominant-negative effect that relieves the H-NS-
mediated silencing [Section 3.3.2; (Williamson and Free, 2005; Levine et al., 2014)]. These
proteins have sequence identities ranging from 56.6% to 98.8% and share many conserved
amino acids some of which are important for the activity of the H-NSTepec protein encoded in
the IE3 island from EPEC E2348/69 (Fig. 1B). For example, A16, L30 and R60 (positions
according to the H-NSTerec sequence), which are important for the antisilencing and DNA-
binding capacity of H-NSTepec (Williamson and Free, 2005; Levine et al., 2014), are also
conserved in the other H-NSTearL proteins (Fig. 1B). R63 was shown to be important for the
DNA-binding capacity of the IE3-encoded protein (Levine et al., 2014), however, in the other
H-NSTearL proteins this position is occupied by different amino acids, the most frequent being
K and Q, as previously observed by Levine et al. (Levine et al., 2014). It is possible that an H-
NS-H-NST interplay, similar to that observed in the LEE island, might be regulating other H-

NS-controlled virulence factors in the other enterobacterial pathogens carrying an EARL GI.

Genomic islands usually have a lower GC content than the average of their host
chromosome (Zhang and Zhang, 2004b, 2004a; Murphy and Boyd, 2008; Marcoleta et al., 2016),
a feature also present in the Gls harbored by different species of the family Enterobacteriaceae
(Fig. 2A). Remarkably, the GC content of the EARL islands is significantly lower than the
median value of the other Enterobacteriaceae Gls (Fig. 2A), remaining low even when the host
chromosomal GC increases (Fig 2B). This feature agrees with what has been reported for
plasmids and actinobacteriophages that encode homologs of H-NS and Lsr2, respectively, which

have a lower GC content compared with those which do not encode an XS homolog (Pfeifer et
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al., 2019). The low GC of the EARL islands and its narrow range of variability (35.7-39.2%)
could be the result of their relatively rapid spread within Enterobacteriaceae, an idea supported
by the fact that ROD21 can be transferred by conjugation (Salazar-Echegarai et al., 2014) and
that the ICEKp258.2 island from K. pneumoniae ST258, which may represent an early member
of the SpnT/type-3 R-M-encoding clade within the EARL phylogeny (Pifia-Iturbe et al., 2018),
was acquired by this sequence type approximately 20-25 years ago (Bowers et al., 2015; Marsh
etal., 2019; Zhang et al., 2019). Since the XSs show preference for AT-rich DNA, we speculate
that these elements have a selective pressure to acquire genes encoding factors that could interact
with the silencing effectors from the host cell in order to relieve silencing and provide the

opportunity to be incorporated in the host regulatory network.
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Figure 2. The EARL genomic islands possess a significantly low GC content. (A) Violin plots of the
GC content of the genomic islands found in Enterobacteriaceae in the Islander database (GIs), their host
chromosomes (Chroms. with Gls), the EARL genomic islands (EARL Gls) and the chromosomes that
harbor the EARL Gls (Chroms. with EARL Gls). Kruskall-Wallis test followed by Dunn’s multiple
comparisons were used to assess differences between medians (0=0.05, ****p<0.0001). (B) Comparison
of the GC content of genomic islands and the host chromosome. The dotted line represents a 1:1
correspondence. Data was obtained from the Islander database (15/10/19) (Hudson et al., 2015) and the
supplementary information from Pifia-lturbe et al. (2018). The 597 Enterobacteriaceae genomic islands
stored in Islander were manually filtered to eliminate possible false positives (indicated in the database),
putative prophages (>20% overlap with a PHAST call), duplicated genomic islands (islands with length
> 300 pb in the same species, the same integration site and GC difference < 1%), and islands found in
plasmids, resulting in 244 genomic islands present in 103 host chromosomes. All the 56 EARL islands
identified by Pifia-lturbe et al. (2018) were used.
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3.3.4. Genomic islands encode XS homologs from different families

To assess whether Gls encode homologs that belong to the other families of xenogeneic
silencers, a tBLASTnN search against the entire Islander database of genomic islands (4065
islands) was conducted followed by manual examination of the resulting hits (Fig. 3;
Supplementary Table S1). Surprisingly, only 29 genomic islands were found to encode XS
homologs, most belonging to the H-NS family, followed by the MvaT and Lsr2 families. No
Rok homolog was detected. In agreement with the distribution of the chromosomal XSs among
different bacterial taxa (see Section 2.1), the H-NS homologs were found in a-, -, and y-
proteobacteria; the MvaT homologs in y-proteobacteria (Pseudomonadaceae), and the Lsr2
homologs in Actinobacteria. The different numbers of Gls encoding XS homologs can be in part
explained by the overrepresentation of the islands from Proteobacteria versus Actinobacteria
(64% and 14% of the Gls from Bacteria), and Enterobacteriaceae versus Pseudomonadaceae
(55% and 9% of y-proteobacteria) in the Islander database (Hudson et al., 2015). Since Bacillus
is the only genus in which Rok proteins have been identified, the absence of Rok homologs is

likely due to the small number of Gls from Bacillus in Islander (46 GIs).
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Figure 3. Xenogeneic silencer homologs encoded by genomic islands. The entire Islander database
(4065 genomic islands) was interrogated for the presence of xenogeneic silencer homologs using
tBLASTn (E-value cutoff=10) using the amino acid sequences of H-NS (WP_001287383.1), MvaT
(WP_003093888.1), Lsr2 (WP_003419513.1) and Rok (WP_003232378.1). The genomic islands
corresponding to the BLAST hits were manually filtered to exclude possible false positives, putative
prophages, duplicated islands, and islands in plasmids using the same criteria as in Figure 2. Then, the
individual hits were manually examined to exclude those corresponding to pseudogenes, alignments
outside coding sequences, or alignments in a reading frame different of the annotated coding sequence.

3.4. Xenogeneic silencers homologs and the environmental conditions

The observed interaction of the XS homologs with the regulatory networks seems to be
more relevant under specific environmental conditions and in different stages of the bacterial
life cycle. For instance, in UPEC strain 536, the hnsB gene is highly expressed in the stationary
phase and at temperatures below 37°C, while the opposite is observed in the logarithmic phase
and 45°C (Miiller et al., 2010). Moreover, the effect of an hnsB mutation on the generation time,
capsule expression and bgl expression is stronger at 25°C compared with 37°C and 42°C (Mdiller
et al., 2010). Contrary to the hfp pattern, the expression of sth and pmr is high during the log
phase, although it was observed that the amount of the Sfh protein increases during the stationary

phase and Pmr remains relatively constant along the growth curve (Doyle and Dorman, 2006;
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Yunetal., 2010; Sun et al., 2017). Further research is required to address the different conditions

and contexts that might be modulating the expression of the horizontally acquired XS homologs.
4. Concluding remarks

The main features of the XS proteins (i.e. the preference for AT-rich sequences, a
relative lack of binding specificity and the capacity to form homo and heterooligomers) allow
their horizontally acquired homologs to modulate a subset of their regulon through the
interaction with the XS proteins and their bindings sites, as exemplified by Sfh, Pmr and Hfp.
Although less is known about the other horizontally acquired XS homologs, Rokys20, CgpS and
H-NST also modulate the expression of several genes outside the mobile elements that encode
these proteins. While most research has focused on the homologs encoded by plasmids and,
more recently, by bacteriophages, the XS homologs encoded by Gls have received less attention.
Nevertheless, the Gl-encoded homolog H-NSB may become of special interest due to its
presence in several pathogenic members of the family Enterobacteriaceae including the
globally spread carbapenem-resistant K. pneumoniae ST258. Moreover, Gls also encode
members of the MvaT and Lsr2 families of XSs and, as next-generation sequencing is
continuously providing us with more bacterial genomes, additional mobile elements encoding
XS homologs will emerge. The current literature shows that the horizontally acquired homologs
of XSs play important roles as modulators of gene expression in bacteria, which facilitate
horizontal gene transfer, participate in virulence and provide, in some instances, additional

growth-phase/environmental-responsive regulation mechanisms.
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Supplementary Materials: The following are available online att http://www.mdpi.com/2073-
4425/11/2/142/s1, Figure S1: Multiple sequence alignment of H-NSBearL proteins, Figure S2:
Multiple sequence alignment of H-NSTearL proteins, Table S1: Xenogeneic silencer homologs

found in genomic islands of the Islander database.
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Figure S1: Multiple sequence alignment of H-NSBearL proteins.
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Figure S2: Multiple sequence alignment of H-NSTearL proteins.
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4. THE EXCISION OF ROD21 AND EXPRESSION OF ITS RECOMBINATION
DIRECTIONALITY FACTOR ARE NEGATIVELY CORRELATED AND ARE
MODULATED BY THE GROWTH PHASE

(Manuscript in preparation)

Excision of the pathogenicity island ROD21 is modulated by growth phase
and negatively correlates with the expression of its integrase and

recombination directionality factor
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Abstract

Genomic islands (Gls) are horizontally transferred elements that shape bacterial
genomes and contributes to adaptation to different environments. Some Gls encode the
molecular machinery that permits their excision from the chromosome, the first step for their
spread by horizontal transfer. Moreover, the excision process of some Gls has been found to
play a role in the virulence of bacterial pathogens from plant and animals. While the excision
process is thought to be similar to that observed in bacteriophages, this mechanism has been
only studied in a few families of Gls. Here, we have characterized a gene-product of the
pathogenicity island ROD21 from Salmonella ser. Enteritidis which, according to our results, is
a recombination directionality factor (RDF). While this protein actually bound to the ROD21
regulatory regions involved in excision, one of which is expected to contain the integrase
promoter, deletion of the gene encoding this RDF produced a modest decrease in the excision
of the island and integrase expression. Surprisingly, we found that the expression of both the
RDF and integrase encoding genes are negatively correlated to the excision of ROD21 which
shows a growth-phase-dependent patter. Our results indicate that the excision process of ROD21
and the islands that belong to the same family of excisable Gls may differ to what we currently
know about island excision. This study provide insight about the excision regulation of genomic

islands in bacterial pathogens.
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Importance

The excision of genomic islands from the bacterial chromosome is the first step for their
horizontal transfer to other bacteria, spreading the advantageous functions encoded in the islands,
such as colonization of new niches, antimicrobial resistance, or virulence factors, among others.
Noteworthy, the expression of the genes carried by some genomic islands are modulated in
response to the excised/integrated state of the island, as observed for the pathogenicity island
ROD21 harbored by the foodborne pathogen Salmonella ser. Enteritidis. Since island excision
plays important roles in horizontal transfer and pathogenesis, it becomes relevant to understand
the mechanism behind its regulation in the different island families. Our research provides
insight about the genetic factors that modulate the excision of ROD21 and the members that
belongs to the same family of genomic islands which is harbored by a diversity of bacterial

genera including current and emerging pathogens.
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Introduction

Genomic islands (GIs) are genetic elements acquired by bacteria through horizontal gene
transfer that are found integrated at the 5 or 3’-end of different genes, including tRNA and
tmRNA genes, and usually have sequence signatures (GC content, codon usage bias,
dinucleotide frequency) that are distinct from those of the host genome (Williams, 2002; Che et
al., 2014; Marcoleta et al., 2016; Pifia-Iturbe et al., 2020). Gls carry genes that encode
advantageous functions for their bacterial hosts such as those related to metabolism of new
substrates, antibiotic resistance or pathogenicity (Pifia-lturbe et al., 2018; Regmi and Boyd,
2019; Curraize et al., 2020), which contribute to the survival and adaptation of bacteria in
different environments. In addition to advantageous functions, many Gls also encode the
molecular machinery responsible for their excision as circular extrachromosomal elements.
Then, circular form of Gls can be reintegrated or be the substrate for a new event of horizontal
transfer by conjugation or high-frequency transduction in hijacked bacteriophage capsids
(Salazar-Echegarai et al., 2014; Fillol-Salom et al., 2019). Interestingly, besides its role in
horizontal transfer, the excision of Gls can play a role in the virulence of plant and animal
pathogens as found in Pseudomonas syringae pathovar phaseolicola and Salmonella enterica
serovar Enteritidis, in which changes in the expression of genes inside and outside the islands
have been observed in response to the integrated/excised state of the GI (Neale et al., 2018;

Pardo-Roa et al., 2019).

The excision/integration mechanism of Gls is thought to be similar to the mechanism
described for lysogenic bacteriophages since the excision/integration module of both genetic

elements encode similar genes and regulatory regions. The two attachment regions that flank
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the integrated Lambda phage, attL and attR, are the result of the recombination between the attB
insertion site in the bacterial chromosome and the attP region in the circular phage DNA; attL
and attR are populated by several binding sites for the different proteins involved in the
assembly of the excisive intasome, the high-order nucleoprotein complex required for the
excision of the prophage (Landy, 2015). Lambda- and host-encoded proteins bind the attL and
attR regions to bend the DNA and promote intasome assembly, allowing the phage-encoded
tyrosine recombinase, the integrase, to catalyze a site-specific recombination between the direct
repeated sequences (DRSs) located at the end of each attachment region (Seah et al., 2014;
Laxmikanthan et al., 2016). This recombination regenerates the insertion site attB and the
circular form of the Lambda DNA and its attP region. While the Lambda integrase, participates
in the integration and excision reactions, the phage-encoded recombination directionality factor
(RDF) Xis is key for excision since it promotes the assembly of the excisive intasome inhibiting
integration (Guarneros and Echols, 1970; Moitoso de Vargas and Landy, 1991). Gls are also
flanked by DRSs and encode integrases that catalyzes the excision and integration of the island.
Moreover, several Gls also encode one or more RDFs which participate in the excision process.
While excision is being studied for some important families of Gls such as the SXT/R391, the
MGils, and more recently the tripartite symbiosis islands of Mesorhizobium, there are several
other GI families in which the particularities of their excision/integration process and its role in

bacterial pathogenesis remain unknown.

The Region of Difference (ROD) 21 is one of the several Gls harbored by Salmonella
enterica serovar Enteritidis (Thomson et al., 2008). This island carry several genes (SEN1970
to SEN1999) that encode functions related to virulence, conjugal transfer, integration/excision,

and others of unknown function (Newman et al., 2006; Quiroz et al., 2011; Salazar-Echegarai
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etal., 2014; Xiong et al., 2019). Interestingly, the excision of ROD21 plays an important role in
the invasion of the gastrointestinal epithelium and the subsequent colonization of deep organs
in mice by Salmonella ser. Enteritidis since mutant strains unable to excise ROD21 had a
significantly reduced capacity to colonize the spleen, liver and gallbladder as compared to the
wild-type strain in which ROD21 excised normally, specially at late stages of infection (Quiroz
et al., 2011; Tobar et al., 2013; Pardo-Roa et al., 2019). This phenomenon may be due to a
regulatory mechanism in which gene expression within ROD21 is modulated by the
supercoiling of the island, which may differ between its integrated and excised states, as
proposed for the PPHGI-1 island of Pseudomonas syringae pv. phaseolicola (Godfrey et al.,
2011; Tobar et al., 2013). Furthermore, the excision of ROD21 seems to be upregulated at
certain stages of the Salmonella ser. Enteritidis infection in the mouse model, hence the ROD21
excision may be part of a fine regulatory mechanism which assures that expression of the
ROD21-encoded genes occurs at specific phases of the Salmonella ser. Enteritidis infective

cycle (Nieto et al., 2016; Pardo-Roa et al., 2019).

The pathogenicity island ROD21 is part of the Enterobacteriaceae-associated ROD21-
like (EARL) islands, a family of excisable Gls with a conserved excision/integration module,
distributed among several strains of different bacterial families of the order Enterobacterales
(Adeolu et al., 2016; Pifia-1turbe et al., 2018). The EARL Gls are present in plant and animal
pathogens, including several clinically relevant bacteria, such as different Salmonella enterica
strains including serovars Typhi and Enteritidis, carbapenem-resistant Klebsiella pneumoniae
ST258 or intestinal/extraintestinal pathogenic E. coli (Pifia-lturbe et al., 2018). Therefore,
studying the mechanisms important for the horizontal dissemination of genomic islands and

their role in virulence, such as the excision process, may become relevant to understand and
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counteract current and emerging pathogens. Here, we present an initial characterization of the
gene SEN1998 of ROD21, demonstrating that it encodes a small basic protein with the main
features of an RDF, that binds the attachment regions of ROD21. While deletion of SEN1998
produced a consistent, although modest, reduction of the ROD21 excision level in Salmonella
ser. Enteritidis, we found that expression of SEN1998 and the integrase-encoding gene SEN1970
are negatively correlated with the excision of the island. Our results contribute to the

understanding of the excision process in genomic islands and particularly in the EARL family.
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Results and Discussion

The gene SEN1998 of ROD21 encodes a recombination directionality factor

To gain insight about the genes involved in the excision of ROD21, we analyzed the
predicted amino acid sequence of the protein encoded by SEN1998, a gene conserved across the
EARL family of Gls, whose overexpression was found to increase the excision of ROD21
(Tobar et al., 2013; Pifia-Iturbe et al., 2018). The multiple sequence alignment of SEN1998 (72
aa) with nine characterized RDFs and transcriptional regulators from phage and island origin
showed the presence of conserved amino acid residues along the protein sequence from
positions 11 to 60, including the conserved Phe-24, Tyr-30, Pro-39 and Arg-47, which are
important for the RDF activity of Torl on the excision of the KplE1 prophage (Panis et al., 2012)
(Fig. 1A). The resulting identities relative to SEN1998, ranged from 19.67 to 38.70%, with the
higher values belonging to the RDFs of the Vibrio cholerae Seventh Pandemic Island 11 (VefA)
and the Yersinia pestis High-pathogenicity Island (Hef) (Fig. 1B). Conversely, SEN1998 shared
a lower identity with Torl and Xis, the RDFs of the KplE1 prophage and the Lambda phage,
respectively. While the isoelectric point of RDFs can be variable, the majority are basic proteins,
a feature that may favor their binding capacity to the negatively charged DNA sugar-phosphate
backbone (Lewis and Hatfull, 2001). In agreement with this feature, the calculated isoelectric

point of SEN1998 resulted to be highly basic (pl=10.20; Fig. 1B).
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Figure 1. The gene SEN1998 of ROD21 encodes a putative recombination directionality factor.
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(A)

Multiple sequence alignment of the amino acid sequence of SEN1998 and characterized RDFs from
phage (Torl, AlpA, Vis and Xis) and island (Hef, VefA, VefB and VefC) origin. Conserved residues are
colored according to the ClustalX coloring scheme. The black arrows indicate the conserved residues
that has been recognized as important for the RDF function of Torl. (B) Percent identity of the aligned
proteins regarding SEN1998, and isoelectric point. (C) Comparison of the secondary structures of
SEN1998 (predicted), VefA (predicted) (Carpenter et al., 2016), and Torl (experimentally determined)
(ElAntak et al., 2005). (D) Tertiary structures of the RDFs: Xis bound to DNA, (experimentally
determined) (Sam et al., 2004); Torl (experimentally determined) (EIAntak et al., 2005) and SEN1998

(predicted).
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To further characterize SEN1998, the secondary and tertiary structures were predicted.
The secondary structure of SEN1998 consisted of a B-strand (B1: Thr-11 to lle-13) followed by
two a-helices (H1: Leu-15 to Thr-22; H2: Lys-26 to Lys-34), two more B-strands ($2: Val-42
to Thr-44; B3: Ala-48 to lle-52) and finally an a-helix longer than the previous ones (H3: Glu53
to Arg-68) (Fig. 1C). This arrangement of secondary structures is conserved among RDFs, such
as Torl [PDB: 1z4h; (Panis et al., 2012) and the Vef proteins [predicted; (Carpenter et al., 2016)],
where the helix H2 and the turn between strands B2 and 3 forms a winged-helix DNA-binding
domain that enters the major and minor grooves, respectively, as observed in the structure of
Xis [PDB: 1rh6; (Sam et al., 2004)] and Torl (EIAntak et al., 2005) (Fig. 1D). The predicted
tertiary structure of SEN1998 is highly similar to that of Torl and Xis, and has the winged-helix
motif, suggesting the DNA binding capacity of SEN1998. Together, the sequence analysis

suggests that SEN1998 is an RDF.

The SEN1998 protein binds the two attachment regions of ROD21 with different

affinities.

To further characterize the product of SEN1998, we cloned its coding sequence in a
pET-15b vector and purified the 6x-His-tagged recombinant protein (Supplemental Fig. S1).
Then, we assessed the DNA-binding capacity of SEN1998 through electrophoretic mobility
shift assays (EMSASs). Since most of the studied RDFs bind several binding sites at one of the
attachment regions of their prophage or Gl to promote excision (Panis et al., 2007; Carpenter et
al., 2016), we decided to use the left and right attachment regions of ROD21 as the target DNA.

Interestingly, we found that SEN1998 can bind the two attachment regions of ROD21, forming
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different complexes with different mobilities (Fig. 2). This suggests the presence of more than
one binding site in each att region and, therefore, the participation of more than one SEN1998
protein in the assembly of the excisive intasome of ROD21. This finding is in agreement with
observations made for prophages, whose RDFs bind at multiple sites to assist formation of the
DNA curvature necessary for intasome assembly (Abbani et al., 2007). The SEN1998-att
complexes became visible at 3.5 pM for attL and 0.7 uM for attR, suggesting a higher binding
affinity of SEN1998 for the attR region (Fig. 2B). We cannot rule out that SEN1998 could bind
the att regions in a cooperative manner (i.e. the binding of one SEN1998 favoring the binding
of the second) as observed for Xis in the attR region of the integrated Lambda phage (Bushman
et al., 1984; Abbani et al., 2007), since our protein harbors an N-terminal 6xHis that could
interfere in the establishment of the required interactions. Nevertheless, since cooperativity can
be seen in EMSA as the formation of fully saturated protein-DNA complexes in a narrow range
of protein concentrations (Bushman et al., 1984), the permanence of the different complexes of
SEN1998-att across a wide range of protein concentrations (0.7 to 7.0 uM) in our experiment is
indicative of a lack of cooperativity. Our results also suggest that the binding sites of SEN1998
are located at the distal part of the att regions (i.e. closer to the DRSS), since binding of SEN1998

to shorter target DNAs was observed only for those that span the island boundaries (Fig. 2C).
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Figure 2. The SEN1998 protein binds the two attachment regions of ROD21. (A) Schematic
representation of the target DNAs encompassing the left and right attachment regions of ROD21 used
for the EMSAs. (B) EMSAs showing the binding of SEN1998 to both att regions, forming different
complexes. The black and red arrows indicate the free and complexed target DNA.
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The excision of ROD21 significantly differs in strains lacking and overexpressing

SEN1998

Previous studies have shown that overexpressing SEN1998 increased the excision level
of ROD21 within the bacterial population (Tobar et al., 2013; Salazar-Echegarai et al., 2014).
To further assess how SEN1998 contributes to the excision of ROD21, we constructed two
strains of Salmonella ser. Enteritidis PT4: one mutant strain lacking the coding sequence of
SEN1998 (ASEN1998::frt) and the isogenic complemented strain that harbors the plasmid

pTrc-SEN1998 for IPTG-inducible expression (Supplemental Fig. S2).

The excision of Gls is usually expressed as the ratio between the copy number of the
empty attB site and a single-copy gene (e.g. attB/rpoD), a value that varies between 0 (all attB
sites occupied; attB=0) and 1 (all attB sites empty; attB=rpoD). Since this ratio is an estimation
of the population fraction with an excised Gl, we decided to represent it as a percentage of the
population (attB/100 rpoD) to provide a straightforward representation of the excision level
within the bacterial population. The excision level (as percent relative frequency) in the
wild-type strain Salmonella ser. Enteritidis P125109 ranged from 4.8% to 7.7% of the bacterial
population (Fig. 3A; blue symbols). While this result is in accordance with previous
observations (Quiroz et al., 2011; Tobar et al., 2013; Pifia-1turbe et al., 2018), is to be noted that
the excision frequency of ROD21 in LB is considerably high as compared to other Gls whose
excision frequencies in uninduced conditions (in different media) are usually very low (<0.1%)
(Ramsay et al., 2006; Daccord et al., 2012; Lautner et al., 2013; Marcoleta et al., 2016; Haskett

et al., 2018). When we deleted the SEN1998 coding sequence, the excision decreased slightly
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(4.4% to 6.6%) and, although the differences were not statistically significant, this trend was
observed in 11 out of 12 different measures (Fig. 3A, red symbols). When deletion of SEN1998
was complemented from a plasmid, the excision levels increased again, ranging from 5.2% to
8.6%, and equaled or surpassed the excision level of the wildtype strain (Fig. 3A, purple
symbols). Expression of SEN1998 from the pTrc-SEN1998 plasmid was leaky, and reached very
high levels, from 1396 to 37666 times the wildtype level in uninduced and 1.0 mM IPTG
conditions, respectively (Supplemental Fig. S3). Is possible that the high expression levels of
SEN1998 could interfere with the synthesis of functional proteins, which may explain why, in
other studies, the overexpression of SEN1998 from the pBAD-SEN1998 plasmid induced a
higher excision level in the wild-type strain (=20%) (Tobar et al., 2013). Nevertheless, the
reduction of the excision frequency in the mutant strain and the recovery in the complemented
strain supports the involvement of SEN1998 in the excision of ROD21. Indeed, the two-way
ANOVA indicated that statistically significant differences existed between the means regarding
the “strain” factor (p=0.0240). The Tukey post-hoc test comparing the main effect of the “strain”
factor revealed statistically significant differences (p=0.0462) between the excision levels of the

mutant and complemented strains.
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Figure 3. The absence of SEN1998 produces a slight decrease in the excision of ROD21 and the
expression of SEN1970. (A) Excision level of ROD21, represented as the percentage of the bacterial
population with an empty attB site, in Salmonella ser. Enteritidis P125109, ASEN1998::frt and
ASEN1998::frt pTrc-SEN1998, under different concentrations of IPTG. (B) mMRNA expression of the
integrase-encoding gene SEN1970 in the three strains, relative to the expression in P125109. Each point
in A and B, at a specific IPTG concentration, represents an independent experiment. The excision or
expression values obtained in a same experiment are liked by broken lines. (C) Scatter plot of the relative
SEN1970 mRNA expression versus the excision level in the same sample for the three Salmonella strains.
The Pearson correlation coefficient and p-value are shown for each strain.
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It has been reported that deletion of Gl-encoded RDFs usually produces a significant to
moderate decrease of the excision frequency and, in many cases, the absence of the RDF does
not abolish the excision capacity, indicating that these proteins are not essential (Lesic et al.,
2004; Antonenka et al., 2006; Ramsay et al., 2006; Daccord et al., 2012; Carpenter et al., 2016;
Haskett et al., 2018). For example, the island IE3 carried by E. coli E2348/69, is an EARL Gl
that carries the CDS of a SEN1998 homolog, but a point mutation in the start codon
(ATG>ACG) has disrupted the CDS. We have previously demonstrated that although IE3 do
not encode its putative RDF, this island is excision-proficient (Pifia-Iturbe et al., 2018). It is
possible that a different RDF encoded outside ROD21 could participate in its excision
(Carpenter et al., 2016); however, a tBLASTn search of SEN1998 homologs in the Salmonella
ser. Enteritidis P125109 (GenBank accession NC_011294.1) did not retrieve any homolog

sequence (data not shown).

The expression of SEN1998 and the integrase-encoding gene SEN1970 are negatively

correlated with the excision of ROD21

Is not clear why a gene encoding an RDF-like protein not essential for excision is highly
conserved among all the Gls belonging to the EARL family (Pifia-Iturbe et al., 2018). Is possible
that SEN1998, and their homologs, could play additional roles important for the excision or
transfer of their cognate GI. For example, in the KplE1 prophage and the VPI-1 and VVPI-2 Gls,
it has been observed that their RDFs can negatively modulate the expression of the integrase as
a result of the overlap between the att region bound by the RDF, and the int promoter (Panis et

al., 2010; Carpenter et al., 2016). Therefore, we aimed to assess whether SEN1998 can modulate
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the expression of SEN1970, since the promoter of the integrase-encoding gene SEN1970 is
expected to be in the attL region bound by SEN1998 (Fig. 2B). Quantification of the SEN1970
expression in the ASEN1998::frt and complemented strains revealed slight variations that were
not statistically different from the expression level in the wildtype strain (Fig. 3B). Interestingly,
the same trends observed for excision were also present in the expression of the
integrase-encoding gene: lower levels of SEN1970 expression in the strain lacking SEN1998 (9
out 12 measures; Fig. 3B, red symbols) and a higher expression in the complemented strain (10
out of 12 measures; Fig. 3B, purple symbol). Although these results may suggest a role of
SEN1998 in the expression of the integrase SEN1970, it would not be as a negative regulator
but an activator. However, is possible for the observed changes to be a consequence of the island
excision and not a result of the expression of SEN1998. Interestingly, we found a negative
correlation between the expression of SEN1970 and the excision of ROD21 (Fig. 3C), which is:
the higher the excision, the lower the expression of the integrase-encoding gene in the same
sample. This finding is in agreement with a previous study in which the increase of the ROD21
excision, in presence of oxygen peroxide, correlated with a reduction in the expression of
SEN1970 (Quiroz et al., 2011). Experiments using expression reporters would be useful to

evaluate the role of SEN1998 as a modulator of SEN1970 expression.

The excision of ROD21 and the expression of SEN1998 and SEN1970 are modulated by

the growth phase

To further explore the role of SEN1998 in the excision of ROD21, we determined the

excision pattern of the island along the growth curve of the wild-type strain and quantified the
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expression of SEN1998 and SEN1970 (Fig. 4; black line). We found that the excision reaches
its lower values during the logarithmic phase (between 2.1-2.6%) and then increases in the
transition to stationary phase to stabilize in a maximum value during the stationary phase
(around 4.5%). While not all Gls have an excision pattern like this [see for example (Marcoleta
et al., 2016)], the excision increase upon entrance to stationary phase has been observed for the
ICEMISymR™ symbiosis island of Mesorhizobium loti R7A (Ramsay et al., 2006) and the
ICESt1 and ICESt3 islands of Streptococcus thermophilus CNRZ368 and CNRZ385 (Carraro
et al., 2011). Interestingly, while the excision increase of ICESt1 and ICESt3 can be explained
by the higher expression levels of the genes encoding their corresponding integrases and RDFs
(Carraro et al., 2011), when we quantified the expression of the SEN1998 and SEN1970 genes
a marked decreases in the expression of both genes was found (Fig. 4; green and orange lines).
Relative to time 0.5 h, the expression of SEN1970 and SEN1998 showed a reduction of about 5
and 70 times their initial level, respectively. The decrease in the expression of these genes
occurred during the log phase while the excision of ROD21 remained nearly constant, and then
remained with little variation along the transition and stationary phases (Fig. 4). These results
support our previous finding of the negative correlation between the expression of SEN1970 and
the excision of ROD21 and expand it to include the expression of SEN1998, which is greatly
downregulated as compared to SEN1970. In other study, it was found that the supercoiling of
the excised form of the PPHGI-1 island of Pseudomonas syringae pv. phaseolicola was
involved in the repression of the genes carried by this GI (Neale et al., 2018). We have
previously observed expression changes in the genes contained within ROD21 in response to an
impaired excision capacity (Tobar et al., 2013; Pifia-Iturbe et al., 2018; Pardo-Roa et al., 2019),

which suggest a role of the excised/integrated state of ROD21 in modulation of gene expression.
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Nevertheless, the downregulation of SEN1970 and SEN1998 observed in our experiment may
not be related to the excised/integrated state of ROD21 since the decrease in the expression
levels occurred as the excision level was nearly constant (Fig. 4). While these results suggest a
still unknown regulatory mechanism that repress the expression of SEN1970 and SEN1998
during the phase of active growth, it is not clear how these changes affect the excision of ROD21
which starts to increase as the expression of both genes stabilizes around its minimum.
Assessing the protein levels of both SEN1970 and SEN1998, which we speculate do not
correlates to gene expression, would shed some light about the conditions modulating the

excision of ROD21 along the growth curve.
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Figure 4. The excision of ROD21 increase during the stationary phase of growth as the expression
of SEN1970 and SEN1998 decreases. ROD21 excision, and SEN1970 and SEN1998 expression
patterns during the growth of Salmonella ser. Enteritidis P125109 in LB at 37°C with shaking. The grey
area represents the logarithmic phase of growth. Values are the mean + SD of two independent
experiments.
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Since the genes SEN1998 and SEN1970, in addition to the attachment regions, are
conserved across the EARL Gls (Pifia-1turbe et al., 2018), is possible that our findings would
not be limited to ROD21. However, as this family of Gls has been recently described, our
understanding of their roles within their hosts is still incipient, and more research is needed. A
case of interest would be the ICEKp258.2 island harbored by the globally spread
carbapenem-resistant Klebsiella pneumoniae ST258. The acquisition of this EARL member by
the ancestral ST258 strain, in the last decade of the 20" century (Bowers et al., 2015; Zhang et
al., 2019), has been suggested to be related to its successful dissemination around the world
(Chen et al., 2014). Nevertheless, little is known about this excisable island. We hypothesize
that, as observed for ROD21 in Salmonella ser. Enteritidis (Tobar et al., 2013; Pardo-Roa et al.,
2019), the excision of the EARL Gils, including ICEKp258.2, modulates the expression of the
genes carried by them, playing a role in the pathogenesis of their bacterial hosts in response to
the conditions found in the environment. The excision of different families of Gls harbored by
Gram-negative and Gram-positive bacteria is currently being studied by different groups, and a
better understanding of the excision mechanism has proven useful to gain insight about the
dissemination of virulence and resistance traits, the interaction of Gls with other horizontally
acquired elements, and the evolution of bacterial pathogens (Kiss et al., 2015; Penadés and
Christie, 2015; Carraro et al., 2016; Haskett et al., 2018; McKitterick and Seed, 2018). Our
findings add to the growing body of knowledge about the excision of Gls, providing insights

about a recently discovered family of islands harbored by pathogenic strains of Enterobacterales.
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Materials and Methods

Bacterial strains, plasmids and culture conditions

Salmonella enterica serovar Enteritidis phage type 4 P125109, Escherichia coli
BL21(DE3) and E. coli DH5a, were maintained in CRYOBANK tubes (VWR) at -80°C and
cultured in LB broth with agitation or LB agar, at 37°C or 30°C, when needed. Plasmid
PET15b-SEN1998, encoding a N-terminal 6xHis-tagged SEN1998 protein, was synthesized by
Epoch Life Science and transformed by electroporation in E. coli BL21(DE3) for protein
expression. Plasmids pKD3, pKD46 and pCP20, used for deletion of the SEN1998 coding
sequence, were maintained in E. coli DHS5a and purified using the Wizard SV DNA Minipreps
(Promega). When necessary, chloramphenicol (CHL) or ampicillin (AMP) were added to the

culture media at 34 pg/mL and 100 pg/mL, respectively.

The mutant strain Salmonella ser. Enteritidis PT4 ASEN1998::frt was constructed using
the Lambda Red system (Datsenko and Wanner, 2000) using the primers listed in the
Supplemental Table S1. The chloramphenicol acetyl transferase (cat) cassette was amplified
from the template plasmid pKD3 by PCR, using primers H1+P1 SEN1998 Fw and
H2+P2_SEN1998 Rev, and purified using the Wizard SV PCR and Gel Clean-up System
(Promega). Salmonella ser. Enteritidis PT4 P125109, harboring the pKD46 helper plasmid, was
grown in LB broth at 30°C until ODego=0.3. Then, ImM L-arabinose was used to induce
expression of the Lambda Red proteins from pKD46 during hours. Electrocompetent cells were
prepared and transformed with the purified cat cassette, and then incubated in approximately 2
mL LB broth at 30°C during 2 hours. After recovering, cells were pelleted, spread on LB-CHL

agar, and incubated at 30°C. After 72 hours, CHL-resistant colonies were selected and grown in
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LB-CHL agar at 37 °C overnight. After incubation, one colony per clone was selected and
subcultured again in LB-CHL agar at 37°C. Liquid cultures in LB-CHL were prepared and used
for DNA extraction and preparation of frozen stocks. Replacement of the SEN1998 gene by the
cat cassette was confirmed by PCR using specific primers for SEN1998 (SEN1998 Ncol_Fw
and SEN1998_Hindlll_Rev), the cat cassette (H+P primers), primers external to the mutation
site (SEN1997 3’ Fw and SEN1999 5’ Rev), and a combination of H1+P1 SEN1998 Fw and

SEN1999 5° Rev.

The mutation was transferred to a clean genetic background by generalized transduction
using phage P22 H5. Transducing P22 particles were obtained by infecting the Salmonella ser.
Enteritidis ASEN1998::cat strain in mL of LB-CHL broth with agitation at 37°C, overnight. The
culture was vigorously shaken, pelleted, and the clear supernatant was recovered, passed
through a 0.22 pum syringe filter and stored at 4°C with. One hundred microliters of an overnight
culture of wild-type Salmonella ser. Enteritidis P125109 were mixed with 900 pL of the
transducing P22 suspension and incubated at 37°C during 60 minutes. Then, 100 pL were plated
on LB-CHL agar and incubated at 37°C. CHL-resistant colonies were selected, and the presence
of the cat cassette was confirmed by PCR as described above. The selected transductants were
assessed for the presence of lysogens and pseudolysogens by plating on Evans blue agar and
testing susceptibility to phage P22 H5. Finally, the lysogen/pseudolysogen-free transductant
was electrotransformed with plasmid pCP20 to eliminate the cat cassette by Flp-mediated
excision. The resulting Salmonella ser. Enteritidis PT4 ASEN1998::frt strain was verified by

PCR, and CRYOBANK stocks were prepared and stored at -80°C.
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Bioinformatic analysis

Amino acid sequences of proteins SEN1998 (CAR33580.1), VefA (AAF94934.1), VefB
(AAF94957.1), VefC (AAF93670.1), Hef (CAB46594.1), AlpA (NP_417113.1), Vis
(NP_042041.1), Xis (NP_040610.1) and Torl (WP_001163428.1) were downloaded from
GenBank. The isoelectric point of the nine proteins were calculated using the tool Compute
pl/Mw from ExXPASYy (https://web.expasy.org/compute_pi/). The multiple sequence alignment
was performed in MEGA X v.10.0.5 (Kumar et al., 2018) using MUSCLE, and the resulting
alignment was opened and colored in JalView v.2.10.3b1 (Waterhouse et al., 2009). Finally,
prediction of the SEN1998 secondary and tertiary structures was carried out using the

I-TASSER server (Roy et al., 2010)

Protein expression and purification

E. coli BL21(DE3) pET15b-SEN1998 was grown in 750 mL of LB-AMP broth at 37°C
and ~220 rpm until ODso=0.8-1.0. The culture was cooled using ice, and the expression of the
recombinant N-terminal-6xHis SEN1998 (rSEN1998) was induced with 1 mM IPTG during 20
h at room temperature (19-22 °C) and 220 rpm. Cells were harvested by centrifugation at 8000

rpm at 4 °C during 6 min. and stored at -30 °C until needed.

The cell pellet was resuspended in lysis buffer [20 mM phosphate buffer, 100 mM NacCl,
30 mM imidazole, 0.5 mM Tris(2-carboxyethyl)phosphine, 5% glycerol, > 25U/mL Benzonase,
2 mM MgClz, 1X cOmplete Protease Inhibitor Cocktail; pH 8.0] and incubated with 1 mg/mL
lysozyme during 30 min. at 37°C and 200 rpm. After incubation, the suspension was cooled on

ice and then was sonicated with 16 pulses in groups of 4 pulses of 15 seconds each, avoiding



150

overheating. The lysate was cleared by two steps of centrifugation at 4°C (8000 rpm/6 min, and

11000 rpm/45 min) and the supernatant was recovered and stored at 4 °C overnight.

rSEN1998 was purified by immobilized metal-ion affinity chromatography using
HisTrap Fast Flow columns (Merck-Millipore). The column was equilibrated with 10 column
volumes (CVs) of buffer A (20 mM phosphate buffer, 500 mM NaCl, 30 mM imidazole, 0.5
mM TCEP, 5% glycerol; pH 8.0), and the recovered supernatant was loaded. The column was
washed with 30 CVs of buffer B (20 mM phosphate buffer, 500 mM NaCl, 150 mM imidazole,
0.5 mM TCEP, 5% glycerol; pH 8.0) and rSEN1998 was eluted with 10 CVs of Buffer C (20
mM phosphate buffer, 500 MM NaCl, 300 mM imidazole, 0.5 mM TCEP, 5% glycerol; pH 8.0).
Eleven fractions of 1 mL were collected and those with the higher amount of rSEN1998 were
pooled and dialyzed against Binding buffer (10 mM Tris-HCI, 150 mM KCI, 0.1 mM EDTA,
0.5 mM TCEP, 5% glycerol; pH 8.0). The protein was concentrated in an Amicon™ Ultra-4
centrifugal filter (MWCO = 3.5 kDa; Merck) and Binding buffer containing 50% glycerol was
added to obtain a final concentration of 20% glycerol. Protein concentration was determined
using the Pierce™ BCA Protein Assay (Merck). The purity of rSEN1998 was estimated from a
15% polyacrylamide gel stained with Coomassie blue using ImageJ v.1.52a (Schneider et al.,

2012). The protein was stored in aliquots at -80 °C.
Electrophoretic mobility shift assays

The Salmonella ser. Enteritidis P125109 DNA containing the left and right attachment
regions of ROD21 was amplified by PCR using the Phusion High-Fidelity DNA Polymerase
(Thermo Scientific) with the HF Buffer and the primers attL_Fw/attL_Rev and

attR_Fw/attR_Rev, respectively (Supplemental Table S1). The amplified regions correspond to
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the positions 2061048 to 2061443, and 2087253 to 2087698 in the Salmonella ser. Enteritidis
P125109 chromosome (GenBank Accession Number NC_011294). The attL (360 bp) and attR
(446 bp) PCR products were purified directly from the PCR tube using the Wizard® SV Gel and

PCR Clean-Up System (Promega) and stored at -30 °C in nuclease-free water.

One hundred nanograms of the attL and/or the attR DNA were incubated with 0, 440,
880, 1761, 4402 and 8804 nM rSEN1998 in Binding buffer (10 mM Tris-HCI, 150 mM KCl,
0.1 mM EDTA, 0.5 mM TCEP, 5% glycerol; pH 8.0) at room temperature during 60 minutes in
a total volume of 20 pL. After incubation, the total volume was loaded in a native 6%
polyacrylamide (37.5:1) gel prepared with 0.5X Tris-Borate-EDTA (TBE) buffer (Merck) that
has been pre-run at 100 V during 60 min in 0.5X TBE. Samples were run at 70 V during 150
min and the gel was stained during 20 min in water with 5X GelRed® (Biotium) and visualized
with UV light in a myECL™ Imager (Thermo Scientific). EMSAs with target DNAs
corresponding to subregions of the attL and attR targets (attL-A, attL-B, attR-A and attR-B)
were performed as described above, using purified PCR products obtained with primers
attL_Fw/attL-A Rev, attL-B_Fw/attL_Rev, attR_Fw/attR-A_Rev and attR-B_Fw/attR_Rev

(Supplemental Table S1).
Effect of SEN1998 deletion on the expression of the integrase-coding gene SEN1970

Overnight cultures of Salmonella ser. Enteritidis PT4 wildtype, ASEN1998::frt and
ASEN1998::frt pTrc-SEN1998 strains were grown in LB broth (37°C, with shaking) until
ODg00~0.6. Five mL of each culture were transferred to 50 mL conical tubes and IPTG was
added to obtain final concentrations of 0.01, 0.1 or 1.0 mM. One tube remained without IPTG

as a control. After 2 h incubation at the same conditions, 1.5 mL samples were taken and
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centrifuged at 8000 rpm during 6 min at 4°C. Supernatants were discarded, the pellets for DNA
extraction were stored at -30°C and the pellets for RNA extraction were resuspended in 1 mL
TRIzol (Invitrogen) and stored at -80°C. Three independent experiments, performed in duplicate,

were carried out.

Assessment of the SEN1970 and SEN1998 expression and excision of ROD21 patterns

along the growth curve

An overnight culture of Salmonella ser. Enteritidis PT4 was grown in 600 mL of LB
broth, starting at ODe00=0.01, during 24 h at 37°C. Samples were taken each 30 minutes from
time 0.5 h to 6.0 h, each hour from 7.0 h to 9.0 h, and then at time 24 h, and ODeoo Was measured.
Samples were centrifuged at 8000 rpm during 6 min at 4°C, the supernatant discarded, and
pellets were stored at -30°C for DNA and -80°C in 1 mL TRIzol for RNA. Two independent

experiments were carried out.

Extraction and purification of genomic DNA and total RNA

Genomic DNA was purified from bacterial pellets stored at -30 °C. Cells were
resuspended in 550 pL of Tris-EDTA buffer (pH 8.0) followed by the addition of pL of RNase
A (5 mg/mL), pL of proteinase K (10 mg/mL) and pL of 10% SDS. After incubation at 37°C
during 1 h, 600 pL (1 volume) of phenol:chloroform:isoamyl alcohol (PCI; Winkler) were added
for DNA extraction. The tubes were vigorously shaken and centrifuged at 14 800 rpm during 15
min at 4°C. The transparent aqueous phase (300 pL) was transferred to a new tube to repeat the
extraction with PCI. This step was repeated again with 200 pL of the aqueous phase. After
recovering 100 pL of the aqueous phase from the third extraction, 0.1 volumes of 3 M sodium

acetate and 1 volume of propan-2-ol were added, followed by incubation at -20 °C during 30
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min for precipitation of DNA. Tubes were centrifuged at 14 800 rpm during 5 min. at 4°C and
the DNA pellet was washed with 1 mL of 75% ethanol by inverting the tube five times. After
centrifugation at 7500 x g during 5 min at 4 °C, the DNA pellet was let to dry for 5 min at room

temperature, resuspended in 50 pL of nuclease-free water and stored at -30 °C.

Total RNA was purified from bacterial pellets resuspended in 1 mL of TRIzol reagent stored at
-80°C, according to the manufacturer instructions. RNA was resuspended in nuclease-free water,

treated with the Turbo™ DNase (Invitrogen) and stored at -80 °C.
Quantification of ROD21 excision and gene expression

The excision of ROD21, expressed as the relative frequency of chromosomes containing
an empty attB integration site, was measured by quantitative PCR (qPCR) using hydrolysis
probes (Supplemental Table S1) and the TagMan® Fast Advanced Master Mix (Applied
Biosystems). The relative frequency resulted from dividing the number of attB sites by the
number of rpoD genes in the sample. As rpoD, which encodes the ¢’ factor of the RNA
polymerase, is a single-copy gene, its quantification approximates the total number of
chromosomes. Therefore, the frequency of excision can vary from 0 (all chromosomes have an
integrated ROD21) to 1 (all chromosomes have an empty attB site). The absolute numbers of
both attB and rpoD in each sample were determined using a standard curve made with ten-fold
dilutions of the Salmonella ser. Typhimurium 14028s genomic DNA, which lacks ROD21 and
contain only one copy of attB and rpoD per chromosome. The attB-1 probe and primers
attB1-RT-Fw/Rev were used for detection of the attB site and the rpoD probe and primers

rpoD-RT-Fw/Rev for rpoD.
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Gene expression was quantified by gRT-PCR with hydrolysis probes SEN1970-RT and
SEN1998-RT, and the primers SEN1970-RT-Fw/Rev and SEN1998-RT-Fw/Rev
(Supplemental Table S1). cDNA was synthesized using the iScript™ cDNA Synthesis Kit
(Bio-Rad) according to the manufacturer instructions. Relative expression was calculated by the
2 4ACY method using the expression of rpoD as the endogenous control, and the wild-type strain
grown at 37°C, at the time of sampling or at time zero, as the calibrator sample. Then, the relative

gene expression was plotted as the logz(fold change; FC)= logz[2-44¢Y].
Statistical analyses

The differences in the excision of ROD21 and the expression of SEN1970 between the
wild-type, mutant and complemented strains at different concentrations of IPTG, were analyzed
by two-way ANOVA followed by the Tukey post-hoc test. The correlation between the excision
and SEN1970 expression was assessed by the Pearson’s correlation test. Both analyses were

carried out in GraphPad Prism v.8.4.3 with 0=0.05.
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PAA 15%; Tris-Gly <« SEN1998
100 V/30 min
120 V/60 min

Figure S1. IMAC purification of the SEN1998 protein. Coomassie-stained polyacrylamide
gel loaded with samples and fractions recovered after IMAC. Lane 1: molecular-weight marker;
lane 2: Escherichia coli BL21(DE3) pET15b-SEN1998 lysate after IMAC; lane 3: recovered
wash flowthrough; lane 4-10: fractions eluted from the column.
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Figure S2. PCR confirmation of the ASEN1998::frt mutation. (A) Deletion of the SEN1998
coding sequence was assessed by PCR using specific and external primers (see also Table S1).

(B) The PCR using primers specific for SEN1998 was repeated with a new set of primers.
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Figure S3. Expression of SEN1998 in the wildtype, ASEN1998::frt, and ASEN1998::frt
pTrc-SEN1998 strains. The expression of SEN1998 was measured by RT-gPCR.
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Table S1. Sequences of the primers and hydrolysis probes used in this study.

Primers

Sequence (5'->3")

Use

SEN1998 H1+P1_Fw2

CGA ACA GAT ATC TGT TCG ACA CGA GAT CCT
ATT TCT GTT Tgt gta ggc tgg agc tgc ttc

Construction of mutant strain
ASEN1998::frt

SEN1998_H2+P2_Rev2

TCC ATACAATTATCT CCATCG AAT AAC ACA
GGA GAT AAA Tca tat gaa tat cct cct tag

Construction of mutant strain
ASEN1998::frt

SEN1998_Ncol_Fw2

GCA GCC ATG GTT AAA AGA GAA ATA AAAGC

Amplification of SEN1998

SEN1998_HindIll_Rev

GTTTAAGCT TTT ATG CTG CGT TCT GGC

Amplification of SEN1999

Amplification of the region containing

3'1997 Fw CAT TCG GCT TGT TCA ATA AA SEN1998

5' 1999 Rev TAT GCG TTA TGC CAG AGG TA 'gg‘\lpl'gé%a“o” of the region containing
attR_Rev TTA AAC GTC TCC GGA CTC GCC Amplification of target DNA for EMSA
attR-A_Rev ACA GAT TAC CGC TAT TGC CCG Amplification of target DNA for EMSA
attR-B_Fw GAA ACATAT CGG GCA ATAGCG G Amplification of target DNA for EMSA
attR_Fw CGCGACAGGCAATCTTTTTGTC Amplification of target DNA for EMSA
attL._Fw TAC TAT GCG CCC CGT TCA CAC Amplification of target DNA for EMSA
attL_Rev AT AGA GGC CAA ACCCGT CAG TG Amplification of target DNA for EMSA
attL-B_Fw GA AGCCATACCCTTTTGCTGG Amplification of target DNA for EMSA
attL-A_Rev GAGTGGTTTTT AGT GAACGAGAG TG Amplification of target DNA for EMSA

SEN1998-RT_Fw

GAA AAC GCC CGG CCT TAA

Quantification of the SEN1998 mRNA

expression
SEN1998-RT_Rev CGC ACC GGA TTT GGT AAA A &”pargts';'gﬁ“on of the SEN1998 mRNA
SEN1970-RT_Fw CGA TAC TGT CTG GAA GCG CCT S ircioq. o Of the SENISTO mRNA

SEN1970-RT_Rev

TTT TGC TGG ACG GCATGAC

Quantification of the SEN1970 mRNA
expression

rpoD-RT_Fw GTT GAC CCG GGA AGG CGA AA Quantification of the ROD21 excision
rpoD-RT_Rev CAG AAC CGACGTGAG TTG CG Quantification of the ROD21 excision
attB1-RT_Fw GTT ACT ATG CGC CCCGTT CACAC Quantification of the ROD21 excision
attB1-RT_Rev CCG ATT AAG CCC CAA AAACTATG Quantification of the ROD21 excision
Probes Sequence (5'->3") Use

attB1-RT TTC GAG TCC AGT CAG AGG A Quantification of the ROD21 excision
rpoD-RT CGA CAT CGC TAA ACG Quantification of the ROD21 excision
SEN1970-RT TCA CCG CGA TCC TA &”p"‘rgts';'gﬁ“on of the SEN1970 mRNA
SEN1998-RT CAG TTC GTA AAT CCA C Quantification of the SEN1998 mRNA

expression
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5. DISCUSSION

Horizontal gene transfer plays a major role in bacterial evolution and adaptation (Jeong
et al.,, 2016). As horizontally transferred elements, genomic islands (Gls) contribute to
acquisition of the genes involved in the metabolism new substrates, the establishment of
symbiotic relationships, antibiotic/antimicrobial resistance or virulence factors, among others
(Doublet et al., 2005; Montero et al., 2017; Regmi and Boyd, 2019; Sullivan and Ronson, 1998).
Despite the relatively difficult identification of Gls in the unceasingly growing ‘mountain’ of
bacterial genomes (Che et al., 2014; Lu and Leong, 2016), different families of Gls have been
described and studied since their discovery 26 years ago, especially those involved in antibiotic
resistance and virulence, such as the SXT/R391 family of integrative and conjugative elements,
the Salmonella Genomic Island-1 and related Gls, the Mobilizable Genomic Islands of Vibrio
spp. or the Phage-Inducible Chromosomal Islands (Bioteau et al., 2018; Blum et al., 1994;
Cummins et al., 2020; Daccord et al., 2013; Fillol-Salom et al., 2018). However, there is a great
amount of “solitary”” GIs that have not been classified in any known family, which are playing
important roles for their bacterial hosts, such as the Locus of Enterocyte Effacement of
pathogenic E. coli, the High-Pathogenicity Island of different Enterobacterales, or the PPHGI-1
of Pseudomonas syringae pv. phaseolicola, which are some examples (Bach et al., 2000; Elliott
et al., 1998; Jackson et al., 2000). Since its discovery in 2008, the genomic island ROD21 has

been recognized as a player in the pathogenesis of the foodborne pathogen Salmonella serovar
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Enteritidis, and different studies have provided evidence that ROD21 encodes genes important
for evasion of the immune response and invasion of deep organs (Pardo-Roa et al., 2019; Quiroz
et al., 2011; Silva et al., 2012; Thomson et al., 2008). Nevertheless, although the existence of
“ROD21-related islands” was reported decades ago (Thomson et al., 2008), the phylogenetic

relationship of ROD21 with other Gls remained obscure.

Harnessing the great amount of available sequenced bacterial genomes and current
bioinformatic tools, it was possible to search and delimit a set of 54 different Gls related to
ROD21 using BLAST (Section 2, Table 1). This was possible since the islands belonging to the
same family share the insertion site (determined by the integrase protein encode by them) and
the repeated sequences located at both ends of the islands. Therefore, a BLAST search using a
query sequence spanning the attachment region of ROD21 and the first nucleotides of the
SEN1970 integrase-coding gene will result in related sequences, corresponding to one
attachment region of the GI found in other bacterial genomes, and a second BLAST hit of shorter
length corresponding to the repeated sequence located at the other end of the island. While, at
the time of publication, it was thought that all the identified Gls were only found in strains of
the family Enterobacteriaceae, the current taxonomy of these bacterial species show that the
Enterobacteriaceae-associated ROD21-like (EARL) family of Gls are spread among different
bacterial families in the order Enterobacterales, namely Enterobacteriaceae, Yersiniaceae and
Pectobacteriaceae (Adeolu et al., 2016). An interesting finding is the likely origin of the EARL
Gls in plant-pathogenic bacteria of the genus Pectobacterium as suggested by the integrase-
based phylogeny, where the islands harbored by different species of Pectobacterium clusters at
the most basal nodes of the tree (Section 2, Fig. 2A). Another finding supporting the origin of

these islands in plant pathogens is that two Pectobacterium species (P. parmentieri WPP163
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and P. parmentieri RNS08.42.1A) harbors two different EARL Gls, one of which is an ancestral
island that harbors a relaxase-encoding gene that is different from the predominant MobA/MobL
relaxase gene of the EARL family (Section 2, Fig. 2B). As relaxases are involved in conjugal
transfer of Gls (Vanga et al., 2015; Waldor, 2010), is tempting to speculate that acquisition of
the MobA/MobL family relaxase by the ancestral EARL Gl allowed its dissemination from
plant-pathogenic to animal-pathogenic bacteria. Is possible that acquisition of the genes
encoding type-I1V-pili-related proteins had also played a role in dissemination of these islands,
since some type-1V pili have been associated to the conjugal transfer of the R64 plasmid and
the PAPI-1 genomic island (Filloux, 2010). Nevertheless, the analysis of the gene content of the
EARL Gls indicate that these islands only encode part of the transfer machinery, consequently
relying in a host-encoded transfer system for their dissemination. Therefore, ROD21 and the

EARL Gls are mobilizable genomic islands.

The sequence and phylogenetic analysis of the EARL Gls also evidenced that, together
with the acquisition of the genes encoding the MobA/MobL relaxase and type-I1V-pili-related
proteins, the acquisition of genes encoding N-terminal (short) and full-length homologs of the
global transcriptional regulator and xenogeneic silencer H-NS was also an important step in the
evolution of these Gls (Section 2, Fig. 2) from the ancestral EARL island. The highly AT-rich
nature of the EARL Gls (Section 3, Fig. 2) makes these islands a target for gene repression by
the XSs encoded by the core genome, i.e. H-NS in Enterobacterales (Navarre, 2016). The short
H-NS homologs encoded by some EARL Gls are homologous to the H-NST protein encoded
by the serU island of UPEC (Section 3, Fig.1), which acts as an H-NS antagonist, when
overexpressed, alleviating the silencing imposed by H-NS (Williamson and Free, 2005).

Therefore, the presence of such H-NS homologs in the EARL islands may be a mechanism to
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ensure expression of the island genes after horizontal transfer (Dorman, 2014; Stoebel et al.,
2008). Interestingly, the H-NST protein also participates in derepression of the genes encoded
in the Locus of Enterocyte Effacement pathogenicity island (Levine et al., 2014), suggesting
that the short H-NS homologs encoded by the EARL Gls may also play virulence regulatory
roles outside their own island. In addition to the short H-NS homologs encoded by 20 of the 54
identified EARL islands, 33 Gls encoded full-length H-NS homologs which correspond to the
Hfp protein also encoded by the serU island (Mdiller et al., 2010). These proteins were recently
recognized as a separate family of homologs, but not paralogs, of H-NS according to their
phylogeny, meaning that Hfp and the related proteins encoded by the EARL Gls are not
descendants of H-NS but may share a common protein ancestor instead (Fitzgerald et al., 2020).
The role played by these full-length H-NS homologs is still not clear. Hfp was found to
participate in the expression of different virulence traits in UPEC 536, but the observed
phenotypes were only evident in a Ahns background, which is in part explained by the repression
of hfp by H-NS (Mdller et al., 2010). As hfp shows an increased expression at temperatures
lower than 37°C, and in the exponential growth phase in UPEC 536, the regulatory roles of this
protein may be relevant under certain environmental conditions found during the bacterial
life/infective cycle (Dorman, 2010; Muller et al., 2010). More research is needed to understand
the contribution of the Hfp homolog encoded by the EARLS in the virulence of their hosts and

the biology of the islands that encode them.

A feature conserved among all the EARL islands, is their excision/integration module
and, therefore, they are excisable as demonstrated for ROD21 from Salmonella ser. Enteritidis,
ICEKp258.2 from Klebsiella pneumoniae ST258 KP35 and IE3 from EPEC E2348/69 (Section

2, Fig.2, 5, 6). This module encompasses the regulatory attachment regions and the genes
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encoding an integrase from the tyrosine recombinase family and a small protein predicted to be
a DNA-binding AlpA family transcriptional regulator [Section 2, Fig.1; (Quiroz et al., 2011)].
In ROD21, these genes have the locus tag SEN1970 and SEN1998, respectively. Although
previous studies have proposed that SEN1998 encodes a recombination directionality factor
(RDF) (Pardo-Roa et al., 2019; Pifia-lturbe et al., 2018; Salazar-Echegarai et al., 2014; Tobar et
al., 2013), no analysis of its sequence or its biochemical properties were available. Here,
SEN1998 was characterized as a small basic protein that shares the main characteristics of RDFs
and its DNA-binding capacity to the attachment regions of ROD21 was demonstrated (Section
4). Nevertheless, we observed that SEN1998 is not essential for the excision of ROD21, nor acts
as a transcriptional regulator of SEN1970 as suggested by the overlapping of the SEN1970
promoter with the left attachment region bound by SEN1998 (Section 4, Fig. 3). While the
function of RDFs as regulators of their cognate integrase is an accessory role, the slight changes
in the excision of ROD21 in the ASEN1998::frt strain resulted unusual when compared to what
is currently know about the excision of Gls, which significantly reduce their excision levels in
the absence of their RDF, similar to the mechanism observed for Lambda and other
bacteriophages (Daccord et al., 2012; Guarneros and Echols, 1970; Haskett et al., 2018; Panis
et al., 2012). Also unexpected was the finding of a negative correlation between the mRNA
levels of the integrase- and RDF- encoding genes with the excision of ROD21 (Section 4, Fig.
4). Although the mRNA levels may not reflect the protein levels, is unknown whether the
transcriptional repression of the integrase and the RDF plays any role in the regulation of
excision, as the time frame in which this occurs suggests, i.e. immediately before the excision
begins to increase. Further experiments are needed to systematically dissect the excision

regulation in ROD21 and the EARL Gls. Assessing the possible interaction between SEN1998
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and the integrase SEN1970 and whether it affects DNA binding and excision in vitro would
provide evidence about intasome assembly and regulation. Additionally, the changes in the
excision level along the growth curve provides an opportunity to test whether SEN1998 is

required for the excision to increase.

In summary, ROD21 belongs to the the Enterobacteriaceae-associated ROD21-like
family of genomic islands, a newly identified group of excisable and transferable genetic
elements present in plant and animal pathogens of the order Enterobacterales, which carry
virulence factors and regulatory proteins that may play specific roles in modulation of virulence
traits under specific environmental conditions. The study of this family of Gls may contribute
to better understand current and emerging pathogens such as Salmonella serovars, pathogenic

E. coli and carbapenem-resistant K. pneumoniae ST258, among others.
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6. CONCLUSIONS

Based on the results and data obtained in this Thesis, the following conclusions can be drawn:

From Section 2: ROD21 belongs to a family of excisable genomic islands found in

Enterobacteriaceae

e The pathogenicity island ROD21 is a member of a family of genomic islands spread among
several bacterial families within the order Enterobacterales: the Enterobacteriaceae-
associated ROD21-like (EARL) genomic islands.

e The EARL Gils are present in clinically relevant bacteria including foodborne, invasive or
multidrug-resistant pathogens.

e The EARL Gls have probably originated within plant-pathogenic bacteria, as supported by
the integrase-based phylogeny, which places the islands harbored by the Pectobacterium
species as branching from the basal nodes; and by the finding of Pectobacterium species
harboring two members of the EARL family that differs in their transfer-related genes.

o The pattern of gene acquisition unveiled by the integrase-based phylogeny suggests a role of
the genes encoding the type-1V-related proteins and the conjugation-related proteins in the
transfer of the islands from plant-pathogenic bacteria to animal-pathogenic and animal-
associated bacteria, and also a role for the genes encoding the type-lll restriction-

modification system and the SpnT homolog in the broadening of the islands host range.
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e The EARL Gls share a conserved excision/integration module encompassing the attachment
regions, the integrase-encoding gene, and the RDF-encoding gene, which allows their
excision from the chromosome and accounts for the dissemination of this family among
different bacterial families. The genes included within this module correspond to SEN1970

and SEN1998 in ROD21.

From Section 3: The EARL genomic islands are highly AT-rich islands that carry

homologs of the xenogeneic silencer H-NS

e Most EARL Gls, including ROD21, encode a short and/or full-length homolog of the
xenogeneic silencer H-NS which shares the key domains and amino acid residues involved
in the DNA-binding and oligomerization processes.

e Most Gls harbored by bacteria from the family Enterobacteriaceae are significantly more
AT-rich than their host genome.

e The EARL Gls have a significantly higher AT-content when compared with the islands
harbored by Enterobacteriaceae, a feature that may be related to the presence of the H-NS
homologs since H-NS has affinity for AT-rich regions. This suggests a role of the H-NS

homologs in the biology of the EARL Gls.

From Section 4: The excision of ROD21 and the expression of its recombination

directionality factor are negatively correlated, and are modulated by the growth phase

e The gene SEN1998 of ROD21, highly conserved among the EARL islands, encodes a small
basic protein with predicted secondary and tertiary structures that match those of known

recombination directionality factors.
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e SEN1998 is a DNA-binding protein that binds the two attachment regions of ROD21 with
different affinities, forming several complexes which suggest more than one binding site.

e SEN1998 does not modulate the expression of SEN1970 since the deletion and
complementation of SEN1998 produced only slight differences in the expression of SEN1970
that were not statistically significant.

e The excision of ROD21 is modulated by the growth phase of Salmonella ser. Enteritidis and
is negatively correlated to the expression of the integrase-encoding gene SEN1970 and the

RDF-encoding gene SEN1998.
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7. APPENDIX

7.1. Participation in scientific meetings
e Pifa-lturbe A, Hoppe-Elsholz G, Gonzélez PA, Bueno SM. Characterization of a
potential recombination directionality factor encoded in the pathogenicity island
ROD21 of Salmonella enterica serovar Enteritidis. Poster presentado en: Somich
2019. XLI Reunion Anual de la Sociedad de Microbiologia de Chile; 5 al 8 de

Noviembre de 2019; Puerto Varas, Chile.

7.2. Participation in scientific papers

e Pifa-lturbe A, Ulloa-Allendes D, Pardo-Roa C, Coronado-Arrazola |,
SalazarEchegarai FJ, Sclavi B, Gonzélez PA and Bueno SM. Comparative and
phylogenetic analysis of a novel family of Enterobacteriaceae-associated genomic
islands that share a conserved excision/integration module. Sci Rep.
2018;8(1):10292.

e Pifla-lturbe A, Suazo ID, Hoppe-Elsholz G, Ulloa-Allendes D, Gonzalez PA,
Kalergis AM, et al. Horizontally Acquired Homologs of Xenogeneic Silencers:
Modulators of Gene Expression Encoded by Plasmids, Phages and Genomic Islands.

Genes (Basel). 2020;11(2):142.
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¢ Pefialoza HF, Ahn D, Schultz B, Pifia-lIturbe A, Gonzalez LA and Bueno SM. L-
arginine enhances intracellular Kkilling of carbapenem-resistant Klebsiella
pneumoniae ST258 by murine neutrophils. Front Cell Infect Microbiol. 2020;10:
S571771.

e Pifia-1turbe A, Hoppe-Elsholz G, Fernandez PA, Santiviago CA, Gonzélez PA and
Bueno SM. Excision of the pathogenicity island ROD21 is modulated by growth
phase and negatively correlates with the expression of its integrase and

recombination directionality factor. Manuscript in preparation.
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