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RATIONALE:

In 1973, inspired by Lewis Carroll’s novel “Alice in Wonderland”, the evolutionary biologist Leigh
Van Valen proposed the Reed Queen hypothesis to explain the biological competition that drives
natural selection. In this tale, Alice runs next to the Red Queen, but gets frustrated realizing how
she seemed not to be moving, likely because the landscape was running along with her. The Red
Queen explains then that “in Wonderland it takes all the running you can do to stay in place”

having to run twice as fast to observe any movement.

Applied to the Red Queen hypothesis, predators and preys must be continuously evolving just
not to be extinct and remain in balance. This hypothesis has been selected as the common
thread of the thesis as it could be applied not only to the bacteria versus phage arms race, but
also to the continuously occurring bacteria versus scientific community fight. This includes the
development of new antimicrobials, screening and diagnostics strategies, as well as the
optimization of antimicrobial treatments. Moreover, this hypothesis could also be extended to
the bacteria versus bacteria population dynamics driven by the production of phage tail-like

bacteriocins.

FUNDAMENTO:

En 1973, inspirado por la novela “Alicia en el Pais de las Maravillas” de Lewis Carroll, el bidlogo
evolutivo Leigh Van Valen propuso la hipdtesis de la Reina Roja con el fin de explicar cdmo la
seleccidn natural esta dominada por eventos de competicidn bioldgica. En el cuento, Alicia corre
junto a la Reina Roja, frustrada al ver que no se estad desplazando, probablemente porque el
entorno se mueve junto a ella. La Reina Roja le explica entonces que “en el Pais de las Maravillas,
necesitas correr todo lo que puedas para mantenerte en el mismo lugar”, teniendo que correr el

doble de rdpido para realmente desplazarse a algun sitio.

Aplicando la hipétesis de la Reina Roja, presas y depredadores deben estar en continua evolucién
simplemente para no extinguirse y mantenerse en equilibrio. Esta hipdtesis ha sido seleccionada
como el hilo conductor de la tesis ya que resulta aplicable no sélo a la carrera armamentista
entre fagos y bacterias, sino también a lucha permanente entre la comunidad cientifica y las
bacterias. Esto incluye el desarrollo de nuevos antimicrobianos, estrategias de cribado y
diagndstico, asi como la optimizacion de tratamientos antibidticos frente a la aparicidn continua
de resistencias antimicrobianas. Asimismo, dicha hipdtesis también podria extenderse a las
dindmicas poblacionales bacteria-bacteria mediadas por la produccién de bacteriocinas

similares a las colas de fago.



ABSTRACT

Pseudomonas aeruginosa is a ubiquitous pathogen responsible for a number of infections, often
from nosocomial origin. The unique combination of antibiotic resistance genes and virulence
factors has flagged this bacterium as one of the biggest threats to global health. Among the
approximately 6.2 million base pairs that conform its genome, temperate phages -namely

prophages- contribute the most to genomic diversity in P. aeruginosa.

In this thesis, the genomes of different P. aeruginosa strains from hospitals in Portugal, The
Netherlands, Ukraine, and Spain have been sequenced and analyzed through various
bioinformatic approaches. With this information, the presence, abundance, and composition of

prophages and phage tail-like bacteriocins (PTLBs) were studied.

In Chapter 1, the genomes of 53 P. aeruginosa isolates from Portuguese and Spanish Intensive
Care Units were analyzed. A total of 113 prophages were identified within the collection, being
13 of them integral and present in more than one strain simultaneously. All prophages had a
length ranging from 20,199 to 63,401 bp and a GC% between 56.2% and 63.6%. The number of
open reading frames (ORFs) oscillated between 32 and 88, and in 3/13 prophages, more than
50% of the ORFs had an unknown function. A number of proteins in relation to viral defense and
to prophage interference into their host's quorum sensing system and regulatory cascades were
found, supporting the idea that prophages have an influence in bacterial pathogenesis and anti-

phage defense.

In Chapter 2, we studied 9 P. aeruginosa strains recovered from Ukrainian patients evacuated to
two Spanish and five Dutch hospitals between March and December 2022. The strains, all of
them belonging to the ST773 clone, produced an NDM-1 carbapenemase, constituting its first
detection in Western Europe. All 9 strains shared the same core genome, PTLB cluster, and
resistome, irrespective of their country of isolation, finding the greatest differences in prophage
distribution and carrying each strain up to 9 temperate phages. These results highlight the
importance of genomic surveillance and of the understanding of the resistance dynamics in

multidrug-resistant bacteria.

Finally, in Chapter 3, the genomes of 32 P. aeruginosa isolates from critical care patients in
Portugal and Spain were analyzed in search for PTLB clusters. These pyocins were all localized
within the tryptophan operon, and were classified into 4 groups attending to their tail fiber
protein sequence. PTLBs were produced in liquid culture and purified to perform killing spectrum
assays, showing variable range of activity (0-37.5%). With these results, we explored exploring

the potential use of PTLBs as an alternative to traditional antimicrobials and as novel typing tools.
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RESUMEN

Pseudomonas aeruginosa es un patégeno ubicuo causante de una gran variedad de infecciones,
a menudo de origen nosocomial. La combinacion peculiar de genes de virulencia y de resistencia
antimicrobiana ha posicionado a esta bacteria como una de las mayores amenazas a la salud
global. De entre los aproximadamente 6,2 millones de pares de bases de su genoma, los fagos

atemperados -o profagos- contribuyen en su mayoria a la diversidad genémica de P. aeruginosa.

En esta tesis, los genomas de diferentes cepas de P. aeruginosa procedentes de hospitales en
Portugal, Paises Bajos, Ucrania y Espafia fueron secuenciados y analizados a través de diferentes
herramientas bioinformaticas. Con esta informacién se estudié la presencia, abundancia y

composicion de los profagos y bacteriocinas similares a las colas de fago (PTLBs).

En el Capitulo 1 se estudiaron los genomas de 53 cepas de P. aeruginosa aislados de pacientes
criticos de Portugal y Espafia. Un total de 113 profagos fueron identificados en la coleccién, 13
de ellos integros y presentes en mas de una cepa simultdneamente. Todos los profagos tenian
una longitud entre 20.199 a 63.401 pares de bases y un contenido en GC entre 56,2% y 63,6%.
El nimero de marcos de lectura abiertos variaba entre 32 y 88, y en 3/13 profagos mas del 50%
de ellos tenian funcién desconocida. También se describieron proteinas de defensa viral e
interferencia con el sistema de quorum sensing y cascadas regulatorias, apoyando la idea de que

los profagos pueden influenciar en la patogénesis bacteriana y en la defensa anti-fago.

En el Capitulo 2 estudiamos 9 cepas de P. aeruginosa aisladas de pacientes ucranianos evacuados
a dos hospitales espanoles y 5 neerlandeses entre marzo y diciembre de 2022. Los aislados,
todos de ellos pertenecientes al clon ST773, producian una carbapenemasa tipo NDM-1, siendo
esta su primera deteccién en Europa occidental. Las 9 cepas compartian el mismo genoma
nucleo, agrupacion de PTLBs y resistoma, independientemente de su pais de origen,
encontrando las mayores diferencias en la distribucién de los profagos y portando cada cepa
hasta 9 profagos. Estos resultados resaltan la importancia de la vigilancia epidemioldgica y el

conocimiento de las dindmicas de resistencia en las bacterias multirresistentes.

Finalmente, en el Capitulo 3 analizamos los genomas de 32 aislados de P. aeruginosa de
pacientes criticos en Portugal y Espafia en busca de PTLBs. Estas se localizaron todas en el operdn
triptofano, y fueron clasificadas en 4 grupos atendiendo a la secuencia las fibras de la cola. Las
PTLBs fueron producidas en cultivos liquidos y purificadas para llevar a cabo ensayos de rango
de letalidad, mostrando una actividad variable (0-37,5%). Con estos resultados pudimos explorar
el potencial uso de las PTLBs como una alternativa a los antimicrobianos tradicionales y como

nuevas herramientas de tipado bacteriano.
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1. INTRODUCTION

1.1 Pseudomonas aeruginosa

The genus Pseudomonas, included within the class Gammaproteobacteria, encompasses 342
species and 18 subspecies, being P. aeruginosa the most clinically relevant both by its
pathogenicity and antimicrobial resistance (AMR) profiles (1, 2).

P. aeruginosa was first described in 1894 by the Polish-German botanist and mycologist Walter
Migula at the Karlsruhe Institute of Technology (Karlsruhe, Germany). While it is widely believed
to be derived from the Greek words Yeubo (pseudo, false) and povdac (monas, unit), some
scientists suggest that its name originated from its resemblance to a group of eukaryotic and
prokaryotic nanoflagellates known as “Monas” at that time. Initially named “Pseudomonas
pyocyanea” for the blueish pus that characterized its infections, it was later on renamed
“Pseudomonas aeruginosa” to reflect its production of green pigment, being “aeruginosa” the
Latin word for copper rust (3, 4).

P. aeruginosa is a motile Gram-negative rod commonly found in environmental soil and water,
as well as within plants and animals (5-7). It typically measures approximately 0.5 to 0.8 um in
width and 1.5 to 3.0 um in length (8). This ubiquitous pathogen is not believed to belong to the
normal microbiota of healthy individuals, being infections often from nosocomial origin in
patients at risk: patients admitted to Intensive Care Units (ICU), with mechanical ventilation,
catheters, neutropenia, burns, or cystic fibrosis (CF), among others. Community-acquired
infections have also been described following contact with contaminated waters -such as
recreational waters, contact lenses or humidifiers- and generally resulting in conjunctivitis, otitis
externa or auto-limited skin and soft tissue infections (9).

The clinical significance of this species has granted it a preferential position in the ESKAPE group,
a list of microorganisms of concern in nosocomial environments for their pathogenesis,
transmission and AMR (10). Moreover, the World Health Organization has recently classified
carbapenem-resistant P. aeruginosa among the high priority bacterial pathogens due to the
global threat it represents, especially in health-care settings. This initiative seeks to address the
need for research and development in new antibacterial drugs as well as to promote the
implementation of the recent advances in surveillance platforms (11).

1.1.1. Metabolism

P. aeruginosa shows a remarkable metabolic adaptability, governed by a complex network of
transcription factors and enabling rapid changes in its metabolism to survive in a wide variety of
environments (12, 13). This bacterium uses oxygen as the main terminal electron acceptor,
generally rendering a strict aerobic metabolism, but can also use nitrate (NO*), nitrite (NO%),
and nitrous oxide (N2O) -in a process known as denitrification- to grow anaerobically in oxygen-
depleted environments, such as in the CF airway or the inner layers of a biofilm (14). P
aeruginosa also shows both catalase and oxidase activities (15-18).

Regarding carbohydrate metabolism, the genus Pseudomonas lacks essential glycolysis -or
Embden-Meyerhof-Parnas pathway- enzymes, resulting in glucose being metabolized through
the Entner-Doudoroff pathway with 6-phosphogluconate as an intermediate metabolite (19,
20). Hence, organic acids and amino acids stand as their preferred carbon source (21). Despite



not being able to ferment glucose- and thus being considered as a nonfermenting bacterium-,
Pseudomonas can in fact ferment the amino acid L-arginine and pyruvate, the latter through a
NADH-dependent lactate dehydrogenase (22, 23).

1.1.2. Genomic characteristics

In 2000, the P. aeruginosa PAO1 strain was the fourth bacterial genome to be completed (24).
The sequenced strain, a spontaneous mutant from an Australian isolate recovered from a wound
infection, has been used as the archetypical reference strain since (25). Its genome is comprised
of 6,264,404 base pairs (bp) and has a 66.6% content in guanine and cytosine, making a total of
5,707 genes of which 5,586 are predicted open reading frames (ORFs). Of them, as many as 558
still have an unknown function (26).

The P. aeruginosa pangenome results of a combination of both the core genome -common to
almost all P. aeruginosa strains- and the strain-specific accessory genome. The core genome
makes up the major segments of the P. aeruginosa genome, about 90% of its entirety. These
regions exhibit minimal genetic variation (0.5-0.7%), and primarily contain housekeeping genes.
In contrast, the accessory genome comprises non-conserved DNA segments of variable lengths,
typically found in extrachromosomal elements or as blocks of inserted DNA at specific sites.
Rather than being randomly dispersed, these DNA segments tend to cluster at particular sites
within the core genome, commonly referred to as genomic islands, with a length of >10 kb (27).
Other Mobile Genetic Elements (MGE) such as phages, plasmids and transposons account for
this accessory genome, contributing to enriching strain variability. These MGE usually encode
virulence factors and AMR genes. Altogether, genomic islands and prophages contribute the
most to genomic variability in P. aeruginosa (28).

1.1.3. Virulence factors

P. aeruginosa can produce a myriad of virulence factors, both displayed on the bacterial surface
or secreted, to help in host invasion, pathogenesis development, and the evasion of the host’s
immune system (29). Prominent examples of this virulome are summarized in TABLE 1 and are
described below:

1.1.3.1. Flagella and pili

P. aeruginosa possesses a single, polar flagellum with crucial roles in motility, adhesion and
biofilm formation. This structure is constituted by flagellin monomers, encoded in the fIiC gene
(30). Regarding pili, five different pilA alleles have been identified in P. aeruginosa -classes | to V-
, being type IV pili (TIVP) the most deeply characterized in P. aeruginosa. TIVP is involved in cell
adhesion and twitching motility -in contrast to the swimming motility- in a flagellum-
independent manner. It can also serve as a bacteriophage receptor and contribute to biofilm
formation during the first steps of colonization (31). Although pili in P. aeruginosa can
successfully bind DNA, this pathogen has traditionally been considered incapable of undergoing
natural transformation, and DNA binding has been thought to be related to biofilm formation
(32). However, recent evidence is starting to call in question this dogma (33).



1.1.3.2. Secretion systems

Secretion systems are molecular machineries in Gram-negative bacteria responsible for
delivering enzymes to the extracellular space or to other cell’s cytoplasm. They are used to
metabolize complex carbon sources, to chelate metals or as defenses against competing bacteria
and the host’s immune system. They differ in the number of steps they take to secrete toxins and
on the processing of secreted toxins (34, 35).

-Types | and Il. Whereas type | secretion system (T1SS) directly secretes toxins -such as
the alkaline protease- to the extracellular space, the type Il (T2SS) secretes them in a two-step
manner, with precursors transiting through the periplasmic space and being activated to be
functional. Examples of toxins secreted by the T2SS are phospholipase C, protease |V, elastase or
the exotoxin A (36, 37).

-Type lll. This system is cell-contact dependent and involves a protein complex that
directly injects toxins into the host cell’s cytoplasm. It is composed by 42 genes -clustered in
several operons- that encode proteins forming the needle complex, a translocation system,
transcriptional regulators, chaperones and the effector proteins. Among the latter are included
ExoS and ExoT, toxins with adenosine diphosphate (ADP)-ribosyltransferase and guanosine
triphosphatase (GTPase)-activating functions; ExoU, a phospholipase responsible for phagocyte
and parenchymal cell death whose activity is enhanced by the presence of superoxide dismutase,
such as in the alveolar epithelium; and ExoY, an adenylyl cyclase. The presence of these toxins
among P. aeruginosa’s isolates is highly variable and influences their virulence, being considered
its major virulence factor (38).

-Type V. This secretion system is characterized for its simplicity, with secreted molecules
catalyzing their own transport. These molecules are usually comprised of a single aminoacidic
chain with a C-terminal domain that forms a pore in the membrane and an N-terminal catalytic
domain or two different peptides with the homologous functions. Examples of proteins secreted
this way are LepA/LepB (involved in eukaryotic cell attachment), CdrA/CdrB (adhesin) and other
lytic enzymes (serin proteases, metallopeptidases and lipases) (39).

-Type VI. Similarly to the T3SS, T6SS is formed by a protein complex with resemblance
to a T4 bacteriophage tail, with protein Hcpl polymerizing to form a tube and VgrG1la as a spike.
To date, the function of the secreted proteins remains unknown. However, they can target both
bacterial and eukaryotic cells, delivering toxic effector proteins to the cytosol (40, 41).

1.1.3.3. Lipopolysaccharide (LPS)

The LPS, also known as endotoxin, is one of the main constituents of the outermost layer of the
cell wall in Gram-negative bacteria (42). This structure plays a fundamental role in bacterial
structural integrity and in triggering the host’s inflammatory response as well as in evading the
host’s immune system. The LPS is an amphipathic molecule -both hydrophobic and hydrophilic-
composed of the lipid A, an oligosaccharide core, and a long-chain polysaccharide (O-antigen)
(FIGURE 1).

-The lipid A is constituted by a di-phosphorylated disaccharide linked to several fatty
acids, which serve as a hydrophobic anchoring into the phospholipid bilayer. It is highly
conserved among Gram-negative bacteria and it is responsible for its toxicity. When exposed



during cell division, cell death or shedding of outer membrane vesicles, the lipid A triggers the
dimerization of two Toll-like receptor 4 (TLR4)-MD2 complexes in macrophages and the release
of pro-inflammatory molecules such as TNF-a, IL-6 and IL1B. These cytokines play an important
physiological role in the activation of the host’s immune system, but an uncontrolled secretion
can lead to septic shock -hypotension, disseminated intravascular coagulation and multiple
organ failure- and eventually to death. Although lipid A in Pseudomonas presents less endotoxic
activity than in i.e. Escherichia coli or Salmonella spp, LPS modifications such as the increase in
lipid A acylation are associated with augmented inflammatory responses in the late stages of CF
(43, 44).

-The oligosaccharide core is comprised of both an inner and an outer core. The inner
core in P. ageruginosa is a highly phosphorylated tetrasaccharide -two residues of keto-
deoxyoctulosonate (Kdol and Kdoll) and two residues of L-glycero-D-manno-heptose (Hepl and
Hepll)- linked to one of the glucosamine molecules of the lipid A. The outer core, however,
consists of a pentasaccharide: one D-galactosamine (D-GalN), one L-rhamnose (L-Rha), and three
molecules of D-glucose (Glcl, Glcll and Glclll). The core is highly conserved among P. aeruginosa
isolates, being the variability concentrated in the outer core (45).

-The O-antigen constitutes the most external and most variable fraction of the LPS, and
it is responsible for the evasion of the host’s immune system. As the most exposed molecule
within the bacterial surface, it is the main target of host antibodies. The O-antigen consists of a
repetition of between one and eight glycosidic residues, and its incomplete synthesis results in
different glycosidic chains within the same strain. Different sugar and linkages combinations
determine the 20 different Pseudomonas serotypes based on the International Antigenic Typing
Scheme (IATS) classification. Finally, the O-antigen can be absent in rough -as opposed to
smooth- P. geruginosa strains producing uncapped core oligosaccharides. Even in smooth
strains, up to 80% of the outer membrane LPS can lack the O-antigen, with its highest
manifestation in isolates from a chronic infection origin (44).
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Figure 1. Schematic representation of the LPS structure, divided into lipid A, inner core, outer
core, and O-antigen. Cm: 7-O-carbamoylation. GalN: galactosamine. Glc: glucose. GIcN:
glucosamine. Kdo: 3-deoxy-D-manno-oct-2-ulosonic acid. L,D-Hep: L-glycero-D-manno-heptose.
PO4 : phosphate group. Rha: rhamnose. Source: Created by the author with Inkscape v1.1,
adapted from (46).



1.1.3.4. Biofilm and biofilm-associated exopolysaccharides

Biofilms constitute one of the main virulence factors in Pseudomonas, serving as a scaffold for
its growth, retaining water and nutrients, and protecting the bacterial communities against
antimicrobials and the host’s immune system. Biofilm formation usually involves four steps:
surface attachment of planktonic bacteria, microcolony formation, biofilm maturation, and
biofilm shedding, contributing to its dispersion in order to colonize new locations and to re-start
the cycle (FIGURE 2). This process is sustained by different changes in Pseudomonas gene
expression involving QS, exopolysaccharide secretion and twitching motility. The switch from a
motile and more virulent phenotype to a static, mucoid and hypersecreting one evidences once
again this pathogen’s versatility and adaptability (47).
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Figure 2. Biofilm formation steps. I: Planktonic cells. II: Attachment. lll: Microcolony formation.
IV: Biofilm maturation. V: Dispersion. Source: Created by the author with Inkscape v1.1, adapted
from (47).

P. aeruginosa is known to produce three different exopolysaccharides -alginate, Psl, and Pel-
which, together with proteins, lipids, extracellular DNA (eDNA), cell debris, and water, form
biofilms, among others, in indwelling medical devices and in the respiratory tract of CF patients.

-Alginate is a linear and negatively charged polymer composed of different B-D-
mannuronate and its C-5 epimer a-L-guluronate subunits linked by B-1,4 glycosidic bonds.
Although it can be produced by other microbial species, its overproduction in P. aeruginosa leads
to a mucoid phenotype, with special relevance in colonization and persistence in the CF airways.
(48). This can be achieved by the accumulation of inactivating mutations in mucA, an anti-sigma
factor that sequesters the alginate activator AlgT (47).

-Psl is a branched, pentameric, and uncharged polymer consisting of a single residue of
L-rhamnose, a residue of D-glucose, and three residues of D-mannose linked by glycosidic bonds.
Despite not being essential for biofilm formation, it has an important role in both the first and
latter steps of this process. As Psl-producing planktonic P. aeruginosa swims for surface



exploration, a track of this pentasaccharide is left behind and can be sensed and followed by
other bacteria of the same species, enhancing cell attachment and the formation of
microcolonies via secondary messengers (cyclic di-guanosine-monophosphate or c-di-GMP). In
addition, in the final stages of biofilm formation Psl is able to bind extracellular adhesins and
eDNA, contributing to structural stability (48, 49).

-Pel is a cationic polymer comprised of galactosamine and its N-acetylated form linked
by partially de-N-acetylated a-1,4 glycosidic bonds. Its cationic nature provides tolerance to
positively-charged antimicrobials and enables binding to eDNA enhancing biofilm stability. Pel
has been shown to be crucial in cell-to-cell attachment and in pellicle development at the air-
liquid interface -harnessing the higher oxygen concentrations-, thus its name. Together with Psl,
they constitute the main Pseudomonas-specific exopolysaccharides and play an important role
in non-mucoid biofilms (47).

1.1.3.5. Rhamnolipids

Rhamnolipids are rhamnose-bound glycolipids with an amphipathic nature, acting as
surfactants- i.e. detergents- in nature (50). They are produced as mono- and di-rhamnolipids in
the late log and stationary phases of the bacterial growth curve, by both clinical and
environmental strains (51). These molecules are known to inhibit biofilm formation and to
promote swarming motility in P. aeruginosa, enabling the exploration of new niches (52). Other
roles in P. aeruginosa infections are the solubilization of quorum sensing (QS) mediators such
as the Pseudomonas Quinolone Signal (PQS, in detail below)(53), antibacterial activity against
Gram-positive —and some Gram-negative— bacteria, intra-species cooperation to avoid the social
cheater-mediated collapse of the bacterial population by /lasR mutants (54), and, less likely, the
solubilization of hydrophobic carbon sources such as alkanes for bacterial uptake (55). The host’s
respiratory tract can also be affected by these surfactants via the stimulation of upper airway
epithelial cells for cytokine secretion (56) and high-viscoelasticity mucous secretion (57), and
the inhibition of the ciliary movement (58). In this regard, Kohler and colleagues demonstrated
in a multicenter study analyzing tracheal aspirates in intubated patients that the development
of ventilation-associated pneumonia was associated with the production of rhamnolipids in P,
aeruginosa isolates (59).

1.1.3.6. Metallophores

Metallophores are molecules secreted by bacteria and some fungi to bind extracellular metal
ions, which are otherwise insoluble in most environments, in order to facilitate its uptake by
active transport via specific surface receptors. To date, three main metallophores have been
described for P. aeruginosa: pyoverdine, pyochelin and pseudopaline (60). The first two are
responsible for ferric ion (Fe*) sequestering, whereas the last one binds cobalt -for vitamin B12
or cobalamin biosynthesis (61)-, nickel -as a cofactor for the urease enzyme (62)-, and zinc -
essential for the correct function of metallo-B-lactamases in B-lactam resistance (63)-. Their
production is sequential, being pyochelin the first one to be secreted. Upon iron starvation,
pyoverdine is produced as it has a higher affinity for this metal (64). Metallophores have been
associated with virulence, with pyoverdine-defective strains having limited pathogenicity in in
vivo models (65). This is thought to be not only due to iron scavenging but also because of
pyoverdine acting as a metabolic signal stimulating the production of other virulence factors,



such as exotoxin A and endoprotease PrplL (66). However, in chronic infections such as the lower
respiratory tract pathogenic colonization in CF patients, pyoverdine synthesis is reduced (67),
possibly due to the ability of P. aeruginosa to scavenge iron through the uptake of the host’s
heme molecules, more abundant in inflammatory conditions (66).

1.1.3.7. Other pigments (pyocyanin, pyomelanin and pyorubin)

Pyocyanin is a major redox blue pigment in P. aeruginosa, and its expression is regulated through
QS by both AHL and PQS (68). It has been shown to promote cell-to-cell aggregation and biofilm
synthesis by inducing the release of DNA through oxidative stress- via reactive oxygen species
such as superoxide and hydrogen peroxide (69)-, by binding the eDNA (70, 71), and by reducing
Fe3* into Fe?, increasing its bioavailability (72). On the other hand, pyomelanin is a brown
pigment associated with resistance to pyocins (73), resistance to oxidative stress (74) and iron
reduction (75). Finally, pyorubin is a reddish-brown pigment with a role in protecting against

oxidative stress and antibacterial properties (76).

Table 1. Main virulence factors in P. aeruginosa and their role in pathogenesis.

Virulence factor Role in pathogenesis References
Flagellum Swimming motility (30)
Adhesion
Biofilm formation
Pili Twitching motility (31-33)
Adhesion
Biofilm formation
Secretion system | Alkaline protease secretion (36)
Secretion system  Phospholipase C, protease IV, pyocyanin, elastase and exotoxin (37)
Il A secretion
Secretion system Injection of ExoS, ExoT, ExoU, and ExoY toxins into target cells (38)
]
Secretion system LepA/LepB, CdrA/CdrB and lytic enzyme secretion (39)
\'
Secretion system Unknown (40, 41)
Vi
LPS Structural integrity (42-45)
Pro-inflammatory effect
Evasion of host’s immune response
Alginate Biofilm formation (47, 48)
Psl (48, 49)
Pel (47)
Rhamnolipids Swarming motility (50, 51)

Biofilm disruption
Intra- and inter-species growth inhibition
Host’s respiratory tract alteration




Pyoverdine Fe?*, Co?*, Zn?* and Ni?* scavenging (60)

Pyochelin

Pseudopaline

Pyocyanin Oxidative stress, biofilm formation, iron reduction (68)

Pyomelanin Resistance to oxidative stress (73)
Resistance to pyocins

Pyorubin Resistance to oxidative stress (76)
Antibacterial

1.1.4. Quorum sensing and other bacterial signaling systems

Quorum sensing (QS) was first reported for Vibrio fischeri as a mean of bacterial communication
to produce bioluminescence in a coordinated manner when a certain population density was
achieved (77). It generally consists of a diffusible signal molecule- termed autoinducer-, its
synthase, and its cognate receptor. The autoinducer is constitutively produced, but remains
unable to trigger any response at low concentrations. However, when the adequate bacterial
density is achieved, the autoinducer concentration surpasses a given threshold and the bacterial
population acts in unison. These intercellular interactions have been observed in a number of
Gram-negative and Gram-positive bacteria, coordinating their virulence through changes in gene
expression, being P. aeruginosa one of the most prominent examples (78).

Approximately 10% of the genes in P. aeruginosa are under QS regulation (79). The bacterial
functions controlled by this cell-to-cell communication include extracellular protease synthesis
(80), swarming motility activation (81), biofilm production (82), pyoverdine and pyochelin
expression (83, 84), rhamnolipid production (50, 51) and even the development of AMR through
modifications in efflux-pump expression (85, 86).

Up to date, two main QS systems can be found in P. aeruginosa (87)(FIGURE 3):

-N-acyl homoserine lactones (AHLs), which derive from S-adenosylmethionine (SAM)
and an acyl chain linked through an amide bond. They are produced by two homologous AHL
synthases in Pseudomonas, Lasl and Rhll. Whereas Lasl synthesizes the long chain N-(3-
oxooctanoyl)-homoserine lactones (3-oxo-C8-HSL), N-(3-oxodecanoyl)-homoserine lactones (3-
oxo-C10-HSL), N-(3-oxododecanoyl)-homoserine lactones (3-oxo-C12-HSL) and N-(3-
oxotetradecanoyl)-homoserine lactones (3-oxo-C14-HSL); Rhll produces the short chain AHLs N-
butanoyl-homoserine lactones (C4-HSL) and N-hexanoyl-homoserine lactones (C6-HSL) (78).
When the AHLs bind their respective receptors, LasR and RhIR, they dimerize in a more stable
and soluble complex which recognizes and binds specific DNA sequences at the promoters and
inducing gene transcription (88)(FIGURE 4).

-Pseudomonas quinolone signal (PQS). This system relies on 4-quinolones as
autoinducers, a family of more than 50 compounds with 2-heptyl-3-hydroxy-4-quinolone as the
most representative one (89). Their synthesis is regulated by the pgsABCDE operon, and its role
in bacterial fitness is thought to be both pro- and anti-oxidant, eradicating damaged cells and
promoting the survival of the fittest. This selective killing can further contribute to biofilm
stability by the release of eDNA by targeted cells. Besides, the PQS system is able to auto-regulate
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itself, inducing its own synthesis and packaging into extracellular vesicles. There is a considerable
hierarchy in the three QS systems of P. aeruginosa, with the las system upregulating the other
two, rhl and PQS (90).

Besides QS systems, other signaling systems can be found in P. aeruginosa (FIGURE 3):

-Diketopiperazines (DKPs) are cyclic peptides believed to bind and trigger LuxR receptors
in P. aeruginosa (91). However, the high DKP concentrations required for this interaction in the
original studies and the fact that more recent researchers could not demonstrate any activity -
neither agonistic or antagonistic- of these peptides over LuxR puts their role in QS into question
(92).

-Nucleotidic molecules (cAMP, c-di-GMP, alarmones). In P. aeruginosa, cyclic adenosine-
monophosphate (CAMP) is synthetized by adenylate cyclase enzymes, primarily CyaB, with some
contribution from CyaA (93, 94). The previously described exoenzyme ExoY, injected by the T3SS,
can also act as an adenylate cyclase producing cAMP and contributing to pathogenicity. This
second messenger is responsible for binding transcription factors from the CRP family (cAMP
regulator proteins) such as the Virulence factor Regulator, which activates the Las QS cascades
and upregulates the expression of a variety of virulence factors (T3SS, ExoA, TIVP) while
inhibiting the flagellum synthesis (95, 96).

On the other hand, cyclic di-guanine monophosphate (c-di-GMP) is synthetized and
degraded by diguanylate cyclases and phosphodiesterases, respectively, and it controls biofilm
production and metabolic activity (97, 98), motility and aggregation (99), and the production of
virulence factors (100, 101). Moreover, high levels of di-c-GMP have been associated with the
development of a small colony variant (SCV) morphotype, a trait related with persistence and
the establishment of chronic infections (102).

Finally, alarmones are modified nucleotides -ppGpp and pppGpp- involved in the
stringent response, a bacterial adaptation to environmental changes such as nutrient starvation,
elevated osmolarity and highly acidic or alkaline pH levels (103). It has been suggested that
(p)ppGpp are involved in T3SS activation, synthesis of virulence factors (elastase, pyocyanin,
pyoverdine and alginate), tolerance to H,0,, and activation of swarming motility and biofilm
formation (104, 105)

-The Global activator of Antibiotic and Cyanide synthesis system is responsible for the
transition from acute to chronic infections by producing a set of RNA binding proteins (RsmA
and RsmF), which target and sequester mRNA to modulate protein production (106). This two-
component system is comprised by a membrane-bound sensor kinase (GacS), which undergoes
autophosphorylation upon the detection of environmental changes- mainly carbon scarcity-, and
a cytoplasmic response regulator (GacA), to which a phosphate group is transferred by the
activated sensor kinase to acquire an active conformation and enable rsm gene expression (107).

-Diffusible signal factors (DSF). There is scarce information on DSF, which comprise a
range of fatty acids able to cross the bacterial membrane by passive diffusion in order to regulate
gene expression in different bacterial species such as Xanthomonas campestris,
Stenotrophomonas maltophilia, Xylella fastidiosa and the Burkholderia cepacia complex (108—
110). In P. aeruginosa, the DSF-like molecule cis-2-decenoic acid is believed to be synthetized



and perceived by a 5-gene cluster (PA4978 -PA4983), inducing biofilm disruption, virulence factor
production, increased metabolic activity and enhanced motility (111).

It should be noted that these systems are not watertight and independent. In fact,
interactions between them have been documented. For instance, c-di-GMP signaling can inhibit
the cAMP cascades (112), the stringent response can lead to a 3-oxo-C12-HSL premature
production (113) and the c-di-GMP and GAC/Rsm systems can coordinate to regulate iron uptake
(114).

The QS communication can overcome the intra-species level and operate in an inter-
species manner, with P. aeruginosa controlling growth and virulence of other microorganisms.
QS in Gram-positive bacteria relies in peptides instead of AHLs, however, is has been reported
that long chain AHLs produced by P. aeruginosa can inhibit Staphylococcus aureus growth and
modulate its virulence (83). The Pseudomonas produced 3-oxo-C12-HSL reduced the expression
of exotoxins and cell wall fibronectin-binding proteins while increasing protein A production by
antagonizing the S. aureus QS systems agr and sar. This has been proposed as a possible
explanation for the colonization dynamics in patients with CF, who are initially colonized by S.
aureus until P. aeruginosa eventually takes over (115).

QS communication in P. aeruginosa can even transgress the kingdom and domain levels, having
effects in eukaryotic cells such as yeasts. Hyphal development in Candida albicans is
orchestrated by the fungal QS autoinducer farnesol, a sesquiterpene with a backbone of C12
analogous to that of 3-oxo-C12-HSL (116). AHLs produced by P. aeruginosa can thus activate
fungal QS cascades through cAMP synthesis inhibition, hindering the formation of germinal tube.
These inter-kingdom communications have an important role in shaping biofilm composition and
in polymicrobial infections (117).

Furthermore, QS in Pseudomonas can have an effect not only on competing species but also on
their host (78, 79). The LasR/Lasl autoinducer 3-oxo-C12-HSL has been proved to stimulate
macrophages to promote the release of anti-inflammatory cytokines (IL-10) while inhibiting the
production of the pro-inflammatory ones (TNF-a) (118, 119). This same molecule is known to
induce apoptosis of hematopoietic cells, airway epithelial cells, endothelial cells and fibroblasts
(120-122), as well as to disrupt the cell junction proteins in the intestinal epithelium (123, 124).

Finally, quorum quenching (QQ) consists on the silencing of the QS communication. This
can be achieved by: a) autoinducer synthesis inhibition; b) autoinducer degradation or
inactivation; c) efflux pump inhibition to decrease extracellular autoinducer concentration; d) QS
receptor inhibition by autoinducer antagonists; and e) interference with downstream
biochemical cascades triggered by the autoinducer (125). In light of quorum sensing's regulatory
role in bacterial pathogenicity, strategies for quorum quenching have been proposed as
alternative treatments to classical antimicrobials (126)(FIGURE 5).
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Figure 3. Molecular structure of common P. aeruginosa autoinducers in QS. A: N-(3-
oxodecanoyl)-homoserine lactone. B: cAMP. C: 2-heptyl-3-hydroxy-4-quinolone. D:
diketopiperazines. E: c-di-GMP. F: pppGpp alarmone. Source: Created by the author with
Inkscape v1.1.
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Figure 4. A: Coordinated activation of the bacterial population upon achieving a given threshold.

B: Gene transcription activation mediated by AHLs autoinducers. |) Autoinducer; II) Autoinducer

diffusion through the bacterial plasma membrane; Ill) autoinducer receptor; IV) receptor

dimerization; V) transcription activation of QS-regulated genes. Source: Created by the author

with Inkscape v1.1.
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Figure 5. Quorum quenching strategies. |) Inhibition of autoinducer synthetases; Il) Autoinducer
cleavage; Ill) Decrease in autoinducer efflux pumps; 1V) blockage of receptor dimerization
through antagonist binding; V) inhibition of downstream biochemical cascades. Source: Created
by the author with Inkscape v1.1.

1.1.5. Antimicrobial resistance (AMR)

In addition to its virulence factor production, P. aeruginosa infections present a considerable
challenge due to the increased levels of antibiotic resistance within this species. In 2012, a joint
initiative between the European Centre for Disease Prevention and Control (ECDC) and the
Centers for Disease Control and Prevention (CDC) established a standardized terminology to
classify important nosocomial pathogens in accordance to their patterns of acquired AMR. In
this vein, antimicrobials were sorted into families and isolates were categorized as multidrug-
resistant (MDR), extensively drug-resistant (XDR) and pandrug-resistant (PDR). In P
aeruginosa, MDR occurs when there is non-susceptibility to at least one agent in three or more
antimicrobial families, XDR when there is non-susceptibility to at least one agent in all but two
or less antimicrobial families, and PDR when there is resistance to all listed agents (127). The
antimicrobial families and agents relevant to this pathogen are listed in TABLE 2.

Furthermore, another category has been set to help clinical microbiologists and infectious
diseases physicians in their daily clinical practice: the difficult-to-treat (DTR) resistance
phenotype (128). This classification assesses non-susceptibility to all first-line agents such as
carbapenems, cephalosporins, penicillin/inhibitor combinations, monobactams, and
fluoroquinolones. By excluding antimicrobials with high toxicity and lower efficacy, it affords a
comprehensive perspective on the clinical use of antimicrobials (129). New B-lactam/inhibitor
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combinations -i.e. ceftolozane/tazobactam, imipenem/relebactam, meropenem/vaborbactam,
ceftazidime/avibactam, and aztreonam/avibactam- as well as cefiderocol were not included in
these definitions.

Table 2. Antimicrobial families and antimicrobial agents to be considered for MDR, XDR and PDR
classification. Adapted from (127).

Family Agent
Aminoglycosides Amikacin
Gentamicin
Netilmicin
Tobramycin
Antipseudomonal carbapenems Doripenem
Imipenem
Meropenem
Antipseudomonal cephalosporins Cefepime
Ceftazidime
Antipseudomonal fluoroquinolones Ciprofloxacin
Levofloxacin
Antipseudomonal penicillins / B-lactamase Piperacillin / tazobactam
inhibitors Ticarcillin / clavulanic acid
Monobactams Aztreonam
Phosphonic acids Fosfomycin
Polymyxins Colistin
Polymyxin B

1.1.5.1. Intrinsic AMR

Antimicrobial intrinsic resistance in P. aeruginosa does not rely on a single mechanism, but is
rather achieved by a combination of low permeability of the outer membrane, active antibiotic
expulsion by efflux pumps and antibiotic modifications (130):

-Reduced outer membrane permeability. The nature and composition of the outer
membrane in P. aeruginosa restricts the types of molecules that can pass through, being 100 to
400-fold less permeable to substrates such as glucose-6-phosphate than that in E. coli (131).
Porins are channels in the outer membrane characterized by an aminoacidic B-barrel structure.

The cell wall in P. aeruginosa is characterized by the presence of narrow porins through which
antibiotic diffusion -mainly B-lactams and quinolones- is hindered, and only a fraction of them is
opened at any given time (132, 133). They can be classified into four different classes: non-
specific porins, which facilitate the gradual diffusion of various small hydrophilic molecules
(OprF); specific porins, equipped with sites tailored to allow traffic of particular molecules (OprB,
OprD, OprE, OprO, OprP); gated porins, serving as outer membrane proteins regulated by ions,
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facilitating the intake of ion complexes (OprC, OprH); and efflux porins, essential for the efflux
pumps' functionality (OprM, OprN, OprlJ) (134).

-Efflux pumps: They are complex structures which extrude different toxic molecules -
such as reactive oxygen species (ROS), metabolites or antimicrobials- out of the bacterial cell,
contributing to their clearance (135). Six families of efflux pumps have been described for P.
aeruginosa: the ATP-binding cassette superfamily (ABC) (136), the multidrug and toxic
compound extrusion family (137), the major facilitator superfamily (MFS) (138), the
proteobacterial antimicrobial compound efflux  family (PACE) (139), the
resistance/nodulation/cell division family (RND) (140), and the small multidrug resistance family
(SMR) (141). Among them, RND efflux pumps play a key role in AMR, with four main multidrug
efflux pump (Mex)-porin complexes being described for P. aeruginosa: MexAB-OprM for the
expulsion of B-lactams and quinolones; MexXY-OprM for aminoglycosides; MexCD-OprJ for B-
lactams; and MexEF-OprN for quinolones (130). These protein complexes are formed by the
combination of three different proteins: the abovementioned efflux porins (OprJ/M/N), an
adaptor protein located at the periplasm (MexA/C/E/X); and an RND transporter (MexB/D/F/Y)
(142).

-Antibiotic modifications: It can be achieved by antibiotic modification, having special

relevance for B-lactams.

This pathogen carries an inducible chromosomal ampC gene encoding a group 1 class C B-
lactamase, with hydrolytic activity for penicillins and cephalosporins, but not for carbapenems.
In a basal state, the physiologic cell wall synthesis and degradation leads to the liberation of
muropeptides, which are transported into the cell through an AmpG permease. Then, the NagZ
N-acetylglucosaminidase and the AmpD amidase modify these cell wall debris yielding
anhydromuramic acid, N-acetylglucosamine and tripeptides, being the latter processed into
UDP-pentapeptides and transported into the periplasmic space for its recycling (143). The
intracellular UDP-pentapeptide surplus binds to AmpR, maintaining it in a conformation that
hampers efficient transcription from the ampC promoter, possibly by preventing the RNA
polymerase recognition of this region (144). This results in a low basal level of ampC expression
(FIGURE 6A).
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Figure 6A. AmpC B-lactamase basal production in P. aeruginosa. PBP: Penicillin binding protein.
Source: Created by the author with Inkscape v1.1.

1.1.5.2. Adaptive AMR

The presence of antimicrobials or other environmental stressors- such as biocides, pH changes,
oxygen concentration or carbon sources- can lead to an adaptive AMR pattern, based on the
differential expression of Pseudomonas genes rather than the acquisition of new ones. Owing to
the high proportion of regulatory genes in this species (up to 10%), the expression of these genes
can also be modulated by the biofilm or swarming states of the bacterial cells (145).

The most prominent example is the ampC gene induction, triggered by certain B-lactam
compounds such as cefoxitin, imipenem, and clavulanic acid, which are able to inhibit low-
molecular-mass penicillin-binding proteins, such as the PBP4. This leads to an increase in the
levels of intracellular muropeptides, which saturate AmpD and accumulate intracellularly,
eventually replacing the repressing UDP-pentapeptides bound to AmpR. This drives a
conformational change that facilitates the recognition of the ampC promoter by the RNA
polymerase and leads to an increased expression of this gene. Interestingly, this state can be
reverted by removing the inducing antibiotic (146)(FIGURE 6B).
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Figure 6B. Induction of AmpC production by cefoxitin, imipenem or clavulanic acid. PBP: Penicillin
binding protein. Source: Created by the author with Inkscape v1.1.

On the other hand, polycationic antimicrobials such as aminoglycosides and polymyxins enter
the cell upon interactions with the negatively charged LPS rather than through porins. Thus,
resistance to these molecules can be achieved by the modification of these negative charges,
hampering the ionic interactions. Resistance to colistin and aminoglycosides has been reported
in the presence of subinhibitory concentrations of these antibiotics, in a regulatory process
involving the two-component regulators ParR-ParS and the LPS-modification operon
(arnBCADTEF) (147).

Another mechanism triggered by the exposure to subtherapeutic concentrations of
antimicrobials is the overexpression of genes that encode efflux pumps. It is the case of
transporter MexY, which is overproduced by P. aeruginosa after aminoglycoside exposure,
leading to an increased efflux of these antimicrobials (148).

This adaptive AMR patterns might explain why, in some cases, in vitro antibiotic susceptibility
has difficulties to predict the in vivo outcomes (149).

1.1.5.2. Acquired AMR

Finally, AMR can be achieved by the acquisition of exogenous genetic material or the
accumulation of mutations in regulatory and other core genome genes.
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-AmpC derepression. In an analogous process as in AmpC induction, it appears when

muropeptide concentration in the cytosol increases. This situation generally occurs upon the
accumulation of mutations that inactivate the AmpD amidase, the AmpR transcriptional
regulator or the ampR-ampC intergenic region (150). It has been proposed that mutations in
PBP4 trigger the activation of a two-component regulator (CreBC-BIrAB) that also leads to B-
lactam resistance (151). Unlike in induction, derepression constitutes an irreversible process
(FIGURE 6C).
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Figure 6C. Derepression of the ampC gene by the accumulation of mutations in the amidase
AmpD, which leads to an increase in 1,6-anhydromuropeptides that maintain the AmpR
regulator in an inactivated state. PBP: Penicillin binding protein. Source: Created by the author
with Inkscape v1.1.

-Mutations in efflux pump regulatory genes. Loss of function of given regulators, such

as mexR or mexZ, result in the constitutive overexpression of the efflux pumps MexAB-OprM and
MexXY-OprM, resulting in resistance to aminoglycoside, fluoroquinolones and the fourth-
generation cephalosporin cefepime and meropenem -but not imipenem- by antibiotic clearance.
As for the MexCD-OprJ efflux pump, the same outcome has been described upon the inactivation
of the NfxB repressor (145).

-Mutations in porins. The accumulation of mutations in porins such as OprD give rise to

non-functional channels, hampering imipenem -but not meropenem- uptake and conferring the
bacterium resistance to this antibiotic (152, 153).
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-Mutations in _target enzymes: Additionally, other AMR strategy involves the
accumulation of mutations within bacterial genes encoding enzymes targeted by antimicrobials.

Notably, mutations in gyrA and gyrB, as well as parC and parE -genes coding for DNA gyrase and
topoisomerase |V, respectively- result in diminished binding affinity to fluoroquinolones (145).

In addition to the abovementioned AMR mechanisms, P. aeruginosa can acquire exogenous
genetic material through horizontal gene transfer, contributing to survival in the presence of
antimicrobials. There are three main ways for the DNA incorporation into its genome: by the
direct exchange of DNA between two bacterial cells through physical contact or conjugation
(154); when infecting bacteriophages transfer DNA from one bacterium to another or
transduction (155); and when bacteria integrate free DNA fragments from the environment or
transformation (33). The newly acquired genetic information usually comprises antimicrobial
modifications.

In this regard, carbapenemases represent an emerging challenge and one of the most significant
threats in pseudomonal AMR, due to their ability to confer the harboring bacteria resistance to
all classic B-lactam antibiotics -including the broad-spectrum carbapenems-, as well as to the
newest B-lactam/B-lactamase inhibitor combinations: ceftolozane/tazobactam,
imipenem/relebactam and ceftazidime/avibactam. These genes are usually encoded by mobile
genetic elements, like integrons or plasmids, contributing to its worldwide dissemination (156).

B-lactamases can be classified into four Ambler classes (A-D) depending on their amino acidic
sequence and active site structure, with carbapenemases in P. aeruginosa belonging
fundamentally to class B, and to a lower stent to classes A and D (157). Class B are
metalloenzymes that rely on zinc at their active site for their catalytic activity, whereas classes
A and D enzymes are serin-proteases (158). Class A carbapenemases are able to hydrolyze
penicillins, cephalosporins and carbapenems, and their action can be blocked by B-lactamase
inhibitors such as clavulanic acid, tazobactam, avibactam, vaborbactam or relebactam. On the
contrary, class B carbapenemases remain unaffected by B-lactamase inhibitors, and confer
resistance to all B-lactams but aztreonam. They can be inhibited in vitro by chelating agents like
ethylenediaminetetraacetic acid (EDTA) and dipicolinic acid (DPA) or recently developed B-
lactam inhibitors, such as taniborbactam and xeruborbactam. Finally, class D carbapenemases
hydrolyze penicillins as well as first and second generation cephalosporins, having a weaker
activity against third and fourth generation cephalosporins as well as against carbapenems. They
are resistant to most of B-lactamase inhibitors, but can be phenotypically detected by a strong
temocillin hydrolysis (159). The most frequent carbapenemases in P. aeruginosa are summarized
in TABLE 3. It can be noted that the most diverse and abundant carbapenemases in P. aeruginosa
belong to the Ambler class B.
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Table 3. Characteristics of the main carbapenemases found in P. aeruginosa. CA: Clavulanic acid;
TZ: tazobactam; AV: avibactam; VB: vaborbactam; RB: relebactam; TB: taniborbactam EDTA:
ethylenediaminetetraacetic acid, DPA: dipicolinic acid. Adapted from (160).

Ambler
Class Carbapenemase name Abbreviation  B-lactam Spectrum Inhibition
Penicillins; 1%, 24 3rd
Guiana extended spectrum GES and 4" generation CA, Tz,
A cephalosporins; AV, VB,
Klebsiella carbapenems; RB
KPC
pneumoniae carbapenemase monobactams
Central Alberta metallo-B-
CAM
lactamase
Dutch imipenemase DIM
Florence imipenemase FIM
German imipenemase GIM .
Penicillins;
Hamburg metallo-- L .
HMB combinations with B-
lactamase s
i tallo-B lactamase inhibitors; EDTA
mipenemase metallo-f3- ,
B P IMP 1%, 2™ 31 and 4t
lactamase . DPA, TB
: generation
New Delhi metallo-8- .
NDM cephalosporins;
lactamase
carbapenems
Sao Paulo metallo-B-
SPM
lactamase
Seoul imipenemase SIM
Verona integron-encoded
VIM
metallo-B-lactamase
Penicillins;

combinations with B-
lactamase inhibitors;
1 and 2" generation
. cephalosporins. Weak
D Oxacillinase OXA o ) TB
activity against 3™
and 4" generation
cephalosporins,
carbapenems and

monobactams

The epidemiology of carbapenemase-producing P. aeruginosa is highly variable around the
globe, with notable differences observed among regions. In a recently published prospective
study that included 44 hospitals worldwide, carbapenem-resistant P. aeruginosa isolated from
December 2018 to December 2019 were analyzed. In the USA, a 98% of the isolates did not carry
a known carbapenemase gene, with the remaining 2% being VIM and KPC enzymes (1% each).
However, in Central and South America the majority of the isolates produced KPC (32%),
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followed by no carbapenemase (31%), VIM (18%), two or more simultaneous carbapenemases
(18%) and other carbapenemases (1%). Regarding Australia and Singapore, 43% of the isolates
carried no carbapenemase, followed by NDM and IMP (21% each), VIM (7%), GES (5%), and two
or more simultaneous carbapenemases (2%). On the other hand, isolates from the Middle East
did not carry a carbapenemase in 70% of the cases, while an 18% carried VIM enzymes, 8% GES
and 4% IMP. Finally, a majority of the carbapenem-resistant isolates in China did not carry a
carbapenemase (68%), followed by the KPC carbapenemase (23%), VIM (4%), IMP (2%), and
lastly GES enzymes, two or more carbapenemases, and other carbapenemases (1% each).
Interestingly, 30-day mortality was higher in patient with carbapenemase-producing P.
aeruginosa infections when compared to the non-carbapenemase ones (22% vs 12%),
highlighting the importance of detecting and adequately treating this kind of infections (161).

Regarding Europe, a prospective study collected more than 9,000 P. aeruginosa isolates between
2013 and 2017 from different geographic regions. A 27.4% of them (2556/9330) were considered
as meropenem non-susceptible, with a 18.5% harboring a carbapenemase (473/2556) and the
remaining 81.5% having a different resistance mechanism. Among carbapenemases, the most
frequent were the VIM enzymes (75.1%, 355/473), followed by GES (16.1%, 76/473), IMP (8.3%,
39/473), and NDM (0.6%, 3/473). Although VIM-harboring isolates were collected in almost all
surveyed subregions, some differences between countries could be observed: GES-type
carbapenemases predominated in Portugal, IMP enzymes were mainly found in Czechia and
surrounding countries, NDM enzymes were only found in Germany and Italy, and no KPC-
producing P. aeruginosa was isolated in Europe during the course of the study (162).

Moreover, certain strains of P. aeruginosa might harbor extended-spectrum-B-lactamases
(ESBLs), such as PER-1 or certain GES enzymes, granting them a significant level of resistance
against most B-lactams, like penicillins, cephalosporins, and aztreonam. In this regard, B-lactam
inhibitors such as tazobactam and avibactam efficiently inhibit ESBL activity (163).

On the other hand, aminoglycoside resistance by exogenous genetic material acquisition takes
place through two different approaches:

-Antibiotic modification, which can be achieved via three different bacterial enzymes:
aminoglycoside phosphotransferase, which inactivates kanamycin, neomycin, and streptomycin;
aminoglycoside acetyltransferase, which targets gentamicin, tobramycin, netilmicin, kanamycin,
and amikacin; and aminoglycoside nucleotidyltransferase, which affects gentamicin, amikacin,
and tobramycin (164).

-Target enzyme modification, which concerns the methylation of the 16S ribosomal
RNA, thus reducing the affinity of these antimicrobials to the bacterial ribosome during mRNA
translation and protein synthesis. For P. aeruginosa, a 16S methyltransferase codified by the
rmtA gene, typically associated with MGEs, has been described to confer aminoglycoside
panresistance (165).

Finally, for antimicrobials that enter the cell by binding the LPS —ie. polymyxins and
aminoglycosides, as explained above-, the acquisition of modifying enzymes that alter this
receptor’s composition can hamper antibiotic intake (166, 167). All of these resistance
mechanisms found in P. aeruginosa are summarized in FIGURE 7.
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To sum up, the concerning issue of AMR in P. aeruginosa, even to last-resort antimicrobials,
highlights the need for developing new antimicrobial strategies, such as virulent
bacteriophages, bacteriophage endolysins, CRISPR-Cas, pyocins, and QS modulators, which will
be discussed in greater detail later in the text.

Reduced outer membrane permeability

— Intrinsic Efflux pumps

Antibiotic modification

= Mutations in antibiotic-target enzymes

= Mutations in porins

AmpC derepression

Pseudomonas
antimicrobial —— Acquired ———>» Mutations in regulatory proteins
resistance Efflux pump
regulators

= Acquisition of antibiotic-modifying enzymes

Acquisition of antibiotic-target and
antibiotic-receptor modifying enzymes

Antibiotic modification (AmpC induction)

—= Adaptive Receptor modification (LPS)

Efflux pump overexpression

Figure 7. Schematic representation of the different AMR patterns in P. aeruginosa attending to
their nature: intrinsic, adaptive, or acquired. Source: Created by the author with Inkscape v1.1.

1.1.6. P. aeruginosa typing and high-risk clones

As discussed in 1.1.2., there can be great genomic differences between two isolates belonging
to the same species attending to their accessory genome, with an impact in both pathogenicity
and AMR. This makes it fundamental to classify bacteria at a deeper level, with the aim of
understanding and predicting bacterial virulence, assess drug resistance occurrence and spread,
and study bacterial epidemiology (168).
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Typing methods can be phenotypic- or genotypic-based (169). Phenotypic methods include LPS
serotyping, using 17 different antisera to determine differences in the O-antigen (170);
biotyping, which consists of analyzing bacterial metabolism through biochemical reactions,
protein fingerprint through Matrix-Assisted Laser Desorption/lonization Time of Flight Mass
Spectrometry (MALDI-TOF), or the Fourier transform infrared spectroscopy (171-173);
antibiotyping, based on antibiotic resistance patterns (174); phage typing, harnessing the
phage’s narrow spectrum to classify bacteria attending to their phage susceptibility (175); and
pyocin typing, which can have an analogous basis as phage typing, studying pyocin susceptibility,
or on the contrary by studying pyocin production (176, 177). Further phenotypic methods could
include the analysis of colony morphology, pigmentation, and bacterial motility. While these
phenotypic methods have been proven to be useful in epidemic situations for acute infections,
their conveniency for chronic infections is argued. Upon chronification -such as in CF
colonization- P. aeruginosa often experiences phenotypic changes without altering its genetic
background. An illustrative example involves the transition from a smooth O-antigen capped LPS
to a less toxigenic, rough and uncapped LPS rendering serotyping unpractical, with
polyagglutinable strains and unagglutinable ones (178). Phage and antimicrobial sensitivity, as
well as colony morphology and biochemical profiles, can also evolve as a consequence of the
pathogen’s adaptation to the host’s environment.

On the other hand, genotypic methods allow for a deeper discrimination between clones while
circumventing the phenotypic plasticity of P aeruginosa. The first- and second-generation
genotyping methods included the restriction and subsequent agarose electrophoresis analysis
of plasmids and complete genomes, respectively. This approach was revolutionized upon the
development of pulsed-field gel electrophoresis, in which the periodic reorientation of
electrophoretic fields allowed for a better band separation and thus increased resolution (179).
In modern times, with the increased availability of sequencing technology, multilocus sequence
typing (MLST) has become the gold standard technique for bacterial typing, with higher rates of
discrimination and reproducibility. With this method, fragments from seven loci coding for
housekeeping genes in P. aeruginosa are amplified and sequenced (TABLE 4), and combinations
of different alleles account for different sequence types (STs) (180).

Table 4. Housekeeping genes and their function used for MLST typing in P. aeruginosa. Adapted
from (180)

Locus Gene function

acsA Acetyl coenzyme A synthetase
aroE Shikimate dehydrogenase

guaA GMP synthase

mutl DNA mismatch repair protein
nuoD NADH dehydrogenase | chain C, D
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PpPsA Phosphoenolpyruvate synthase

trpE Anthralite synthetase component |

P. aeruginosa is considered to conform a nonclonal and epidemic population. It is composed of
a vast array of infrequent and genetically unrelated genotypes undergoing frequent
recombination events at high rates, especially for antimicrobial-susceptible and CF isolates, in
which the majority of the strains represent their own single ST (181, 182). To date, up to 4,916
different STs have been deposited in the PubMLST database for P. aeruginosa (183). Often,
antimicrobial pressure selects for epidemic clones due to their MDR/XDR profiles and their
ability to acquire MGE and to spread in healthcare settings. These are often referred to as high-
risk clones (184).

Globally, the most disseminated and prevalent P. aeruginosa high-risk clone is ST235,
characterized by a great genomic plasticity and ability to acquire MGE encoding AMR genes such
as B-lactamases, possibly due to a non-functional CRISPR-Cas system and a DNA methylase
(DprA) involved in homologous recombination (185). This clone’s high virulence can be explained
by the production of the T3SS toxin ExoU, and infections originated by strains belonging to this
ST are associated with worse outcomes. Besides, the 011 serotype has been associated -
although not exclusively- with this ST (186, 187). This clone has also been described as the most
prevalent P. aeruginosa clone in Portuguese healthcare settings to date, usually associated with
the production of GES-type carbapenemases (188, 189).

In Spain, P. aeruginosa ST175 is currently considered to be the most prevalent high-risk clone
(190). Although acquisition of carbapenemases through MGE has been described in this ST,
antimicrobial resistance is usually achieved by a combination of AmpC derepression and
hyperexpression (mutations in OprD and AmpR, respectively), MexXY overexpression (mutations
in MexZ) and several quinolone resistance-associated mutations (GyrA and ParC). Finally, its
reduced virulence can be accounted for by the presence of the ExoS toxin production and
absence of the ExoU one (186, 187).

Finally, the ST773 constitutes an emerging clone usually associated with the production of the
NDM-type carbapenemase. This clonal spread has been reported in the Republic of Korea -
challenging the predominance of the ST235 high-risk clone (191)-, Turkey (192), South Africa
(193) or India (194). The presence of this ST was first reported in Western Europe upon the arrival
of patients transferred as a consequence of the war in Ukraine. Since 2022, the same clone has
been isolated in Germany, The Netherlands and Spain from this profile of patients (195-197). As
a result, the European Center for Disease Prevention and Control (ECDC) issued in March 2022 a
technical report with considerations for the prevention of infectious diseases in the context of
the war in Ukraine. In this document, the ECDC urges healthcare providers to pre-emptively
isolate and to screen for carriage of MDR microorganisms in patients transferred from hospitals
in Ukraine or with a history of hospital admission in Ukraine in the previous 12 months (198).
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1.2. Bacteriophages

Bacteriophages -phages for short- are viruses that infect bacteria, and they constitute the main
bacterial predator in nature. Phages are estimated to be the most abundant component of the
biosphere, with an estimated of 10 phages for every bacterium on Earth, adding a total of >103!
phages worldwide (199-201). Phage presence has been confirmed in every environment where
bacteria thrive, from deep ocean waters to barren deserts (202, 203). In the human
gastrointestinal tract, bacterial abundance (10° bacteria/g feces) is comparable to the viral one
in a 1:1 ratio, being phages accountable for the majority of the virus-like particles (204—207).

Phages play crucial ecological roles by shaping bacterial populations: they control bacterial
levels in nature by lysing target bacteria while recycling their components (lytic phages) and are
able to drive evolution by transferring genetic material along different isolates through a process
termed transduction (lysogenic phages)(208).

Although single- and double-stranded RNA and DNA phages have been described, the vast
majority of them -about 95%- possess a double-stranded DNA (dsDNA) genome encapsulated
within an icosahedral protein capsid from which a protein tail spans (209). These phages belong
to the class Caudoviricetes, which comprises 4 orders and 47 families. Among these families, 33
have not yet been assigned to an order (210).

1.2.1. Bacteriophage life cycles

Phages, as other viruses, are obligate parasites that require to infect a host -i.e. a bacterium- to
reproduce by harnessing the cellular molecular machinery for RNA synthesis and DNA replication
(211). The life cycle of a tailed phage unfolds through a series of sequential steps (FIGURE 8):

1. Adsorption. The first step in the phage infection cycle involves the interaction of the
viral tail proteins -namely receptor-binding proteins or RBP- with various protein
structures or carbohydrate moieties exposed on the bacterial surface, which serve
as receptors. These receptors are usually cell wall moieties, flagellar proteins (FliC,
FIjB, Flik), pili (type F pilus, TIVP, the mating pair formation complex), LPS or capsular
sugars (212). Adsorption begins with a reversible interaction between the phage and
the bacterium, allowing the phage to wander around the bacterial surface in search
of its receptor. Once located, irreversible attachment occurs, triggering a
conformational change in the phage that leads to the injection of its DNA. In some
cases, the RBPs and receptors involved in the reversible interaction differ from those
involved in the irreversible attachment, with the reversible ones being more
abundant and exposed, facilitating the encounter with the irreversible ones (213).

2. DNA ejection. Conformational changes following irreversible binding of the RBP to
the receptor lead to the ejection of viral DNA and associated proteins into the
bacterial cytoplasm, while the emptied protein capsid remains attached at the
bacterial surface. This ejection -not to be confused with injection, as the capsid does
not reduce its volume- introduces first the last end of the DNA to be packed into the
capsid, which is conveniently located near the aperture, with the exception of phage
T4. Various hypotheses have been proposed regarding the driving forces for this DNA
ejection: when the tail tube is wider than the DNA double strand, it allows for the
diffusion of K* ions out of the cell, thereby attracting water to flow in the opposite
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direction dragging the viral DNA to the cytoplasm. On the contrary, when the tail

tube is so narrow that it only allows the dsDNA to pass through, assisting enzymes

pull one of the ends to the cytoplasm until it is recruited by an RNA polymerase,
which further draws it out of the capsid (214).

Behavior decision. After ejection, the phage has to “decide” whether to follow a lytic

or lysogenic cycle.

A.

Lytic cycle. In the first case, the phage highjacks the bacterial transcription
machinery to synthetize regulatory and structural proteins to form new
capsids, as well as the replication machinery to copy its DNA while degrading
the host’s chromosome. Once the capsids are formed and the dsDNA is
packed inside, lytic proteins -i.e. holins for the cytoplasmic membrane,
endolysins for the peptidoglycan, and spanins in Gram-negatives to fuse the
cytoplasmic and outer membranes (215)- burst the infected bacterium from
the inside and the phage progeny is released. Strictly lytic phages are phages
without the ability to develop a lysogenic cycle, due to the lack of integrases
and/or lysogeny regulatory proteins. These viruses, known as virulent
phages, have been employed for more than a hundred years for treating
bacterial infections as an alternative to classic antibiotics in a procedure
known as phage therapy (216, 217).

Lysogenic cycle. Conversely, if the phage opts for a lysogenic cycle, the
ejected genetic material integrates into the host’s chromosome -becoming
a prophage or temperate phage- and reproduces in a passive way, being
copied along with bacterial reproduction and passed onto the offspring cells
(218). When the parasitized bacteria, known as the lysogen, encounters a
stressor -such as toxic molecules, changes in temperature and pH or nutrient
starvation (219)-, prophage induction starts a new lytic cycle: genes
encoding the structural and lytic proteins cease to be repressed, the
prophage is excised from the chromosome and new virions are assembled,
resulting in the final lysis from the inside of the lysogen. The released phage
progeny is then able to infect new hosts and develop a following lytic or
lysogenic cycle.

Although this decision process has been demonstrated to be stochastic, there

are several external signals that can tilt the balance in favor of one of the two

cycles. This manner of influencing lysogeny over lysis can have an explanation in

survival, since if a phage lyses the bacteria in a faster pace than they reproduce,

eventually it will not have a host to prey on and the phage would extinguish as

well. Hence, when bacterial populations diminish, one survival strategy for

phages could be to cease bacterial lysis and to integrate into the bacterial

chromosome, reproducing passively along with bacteria. One example is the

arbitrium system found in Bacillus sp phages belonging to the SPBeta group,

where phages synthesize a small peptide -comprised of 6 amino acids- with
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every effective infection, being released to the environment. After several lytic
infection cycles, peptide concentration rises and the SPBeta phages turn more
prone to a lysogenic infection (220). In turn, the same systems that promote
lysogeny can control prophage induction too (221). The discovery of these
means of communication between phages and their environment have led
researchers to consider the possible roles of QS in phages, and so far some QS
genes have been found within their genomes (222).

In addition, recent publications emphasize that lysis and lysogeny are not a dichotomy, and that
phage nature defined by their biological cycles might be more complex (223). In this regard, a
phage classification into four different groups has been proposed: (I) lytic and non-temperate,
for strictly lytic phages that do not overgo lysogenic cycles and that culminate infection with the
bacterial lysis from the inside; (llI) chronic and non-temperate, for phages that do not overgo
lysogenic cycles but neither lyse the parasitized bacterium, being rather chronically released; (I11)
lytic and temperate, for lytic phages that can also overgo lysogenic cycles and (IV) chronic and
temperate, for phages that instead of lysing the bacterium are chronically released but can also
overgo lysogenic cycles. Furthermore, the term pseudolysogeny refers to the phenomenon
where phages -both virulent and temperate- remain in host cell’s cytoplasm as inactive circular
episomes, pausing their cycle in response to the host’s nutrient deficiency until conditions
improve (224).

Figure 8. Steps involved in phage biological cycles. I: Attachment and DNA ejection. Il: dsDNA
circularization. lll: dsDNA replication. IV: phage protein synthesis. V: virion assembly. VI: host cell
lysis from within. Ib: dsDNA integration. llb: prophage activation and initiation of the lytic cycle.
llIb: lysogen multiplication and indefinitely prophage passing into progeny. Source: Created by
the author with Inkscape v1.1.
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This thesis will focus on phages with the ability to develop a lysogenic cycle, that is temperate
pages or prophages, which encompasses categories Ill and IV.

1.2.2. Temperate phages (prophages)

As previously explained, prophages are temperate phages that can display a lysogenic cycle and
lyse the parasitized bacterium to free the progeny or rather be chronically released while
maintaining the bacterial cell wall’s integrity (223). Due to their ability to integrate indefinitely
into the host’s chromosome, their use in phage therapy has been dismissed and research
interest has been mainly focused in their strictly lytic counterparts. However, there are intriguing
aspects about prophages that make them worthy of study, from the previously described
interactions between phages and bacterial QS systems to the ecological advantages they provide
to their hosts.

Prophages reproduce passively, being copied along with the rest of the bacterial chromosome
and being transmitted to the daughter cells. In order not to be curated through time, prophages
can give a number of evolutionary advantages to the lysogen, which in turn allow bacteria to
thrive in hostile environments and ensure the phage’s survival. For that purpose, despite having
the majority of their genes repressed, some prophages have genes unrequired for the phage
cycle actively expressing while in their temperate state. These genes are referred to as morons
(225) and their products are involved in:

1. Toxin production. Classic infectious diseases such as botulism, diphtheria, or cholera
have in common that they are all bacterial infections aggravated by the production
of toxins. These toxins are not encoded by the bacteria themselves but by a
prophage inserted into their chromosome, being infections caused by non-
lisogenized bacteria generally less severe. These toxins and their roles are
summarized in TABLE 5.

2. Antimicrobial resistance. Various antibiotic resistance genes have been described in
prophage genomes, allowing the selection of lysogenized bacteria in the presence
of certain antimicrobials. Aminoglycoside-modifying enzymes and B-lactamases
have been described within prophages infecting Gram-positive (S. aureus,
Enterococcus faecium) and Gram-negative bacteria (P. aeruginosa, E. coli,
Enterobacter cloacae, Klebsiella pneumoniae and Acinetobacter baumannii)(226). In
other studies, AMR genes such as blarwm, sull and tetW, conferring resistance to (-
lactams, sulfonamides and tetracycline respectively, were found in phage particles
isolated from different kinds of food (227). Additionally, in a study analyzing
prophages in A. baumannii, nine different AMR gene families were found, with an
overrepresentation of the small multidrug resistance efflux pump AbeS as well as the
OXA-23-like and OXA-51-like oxacillinases (228).

3. Biofilm formation. Prophages have been shown to promote biofilm formation
through different ways. One example is the liberation of eDNA upon prophage
induction in E. coli, which contributed to the development of the extracellular
matrix. Furthermore, fimbriae and adhesin expression were reduced in prophage-
defective mutants when compared to the lysogen wild types, suggesting a role of
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prophages the regulation of these genes (229). On the contrary, prophages can also
mediate cell lysis and dispersal in biofilms in P. aeruginosa, allowing to the

colonization of new niches (Webb et al., 2003).
4. Bacterial population fitness and tissue colonization. Since increasing the survival of
the host cell also rises the probability of survival of the prophage, prophages often
carry genes that are beneficial for host fitness. In P. aeruginosa, prophages have
been shown to increase adherence to epithelial cells, resistance to phagocytosis,
transmissibility, and competitiveness in murine lung infection models (230-232).

Table 5. Diseases caused by prophage-encoded toxins, bacteria responsible for the infection and

toxin role in pathogenesis.

Disease Bacteria Gene Action Reference
Botulism Clostridium bont Cleavage of proteins involved in (233, 234)
botulinum fusion of neurotransmitter-
containing vesicles, blocking the
release of acetylcholine from the
pre-synaptic neurons at
neuromuscular junctions
Cholera Vibrio cholerae CtxA ADP-ribosylation of Gsa leading to (235)
increased intracellular
concentrations of cyclic AMP and
opening of CI channels, producing
secretory diarrhea
Diphtheria Corynebacterium tox NAD*-dependent ADP-ribosylation (236)
diphteriae of elongation factor 2, protein
synthesis inhibition and cell death
by apoptosis
Hemolytic E. coli stx Adenine cleavage in the 28S rRNA, (237)
uremic protein synthesis inhibition and
syndrome cell death by apoptosis
Scarlet Streptococcus speA Superantigen. Polyclonal T-cell (238, 239)
fever pyogenes activation. Massive cytokine
release
Toxic S. aureus tst Superantigen. Polyclonal T-cell (240)
shock activation. Massive cytokine
syndrome release
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1.2.3. Bacteria versus phage arms race

1.2.3.1. Bacterial defense mechanisms against bacteriophages

In 1973, inspired by Lewis Carrol’s novel “Alice in Wonderland”, Leigh Van Valen proposed the
Red Queen hypothesis to explain the dominance of biological competition over abiotic factors
in driving natural selection. Applied to bacteria and phages, this hypothesis remarks that co-
evolving antagonistic organisms must continuously adapt to environmental pressures to survive
through sequential cycles of adaptation and counter-adaptation (241-243).

To overcome phage infection, bacteria have developed a series of mechanisms that interfere
with every step of the usual biological cycle in phages (TABLE 6):

-Adsorption. Blocking the first step in phage infection can involve the accumulation of
mutations in phage receptors that make phages unable to recognize them, or directly the
deletion of the receptor. Bacteria can also increase exopolysaccharide production, hindering the
access of phages to their receptors, or bud outer membrane extracellular vesicles loaded with
membrane receptors to sequester phages in the medium. Finally, some bacteria are able to
produce ligands that competitively bind to their receptors impeding their recognition by phage
RBPs (244).

-Ejection. The entrance of the phage DNA into the target bacterial cell can be eluded by
superinfection exclusion and abortive infection. Superinfection exclusion happens when a
prophage protects the parasitized bacterium against other lytic phage’s infection, by for example
reducing the formation of TIVP or O-antigen, as described for P. geruginosa (245). This defense
can be homotypic, when it provides defense against phages closely related to the responsible
prophage, or heterotypic, when it impedes infection by a non-related phage. In contrast,
abortive infection (Abi) represents a bacterial strategy in which the phage-infected bacterium
detects the infection and commits suicide before phages complete their cycle, ensuring
protection for the rest of the bacterial population. It is a last-resort defense mechanism which
activates only if the first-line ones -i.e. CRISPR-Cas and R/M enzymes- have failed (246). There
are different Abi systems, which can act by: 1) degrading or depolarizing the inner membrane
(247, 248); 2) random excision of both phage and host DNA (249); 3) unselective cleavage of both
phage and host mRNAs (250); 4) tRNA degradation (251); 5) translational machinery proteolytic
inactivation (252).

Among these Abi systems, two different mechanisms could be remarked: the cyclic
oligonucleotide-based antiphage signaling system and the toxin/antitoxin modules (T/A). It
consists of small and cyclic secondary messengers that are produced when the bacterium senses
a phage infection and that elicit the activation of the Abi system effector proteins (253). T/A
modules, on the contrary, are pairs of constitutively synthetized toxins and their cognate
antitoxins. In type Il, the most frequent, both the toxin and the antitoxin are proteins, being the
antitoxin more unstable and prone to lysis. When phage infection occurs and cell growth is
arrested, toxin concentration surpasses the antitoxin one, resulting in cell death. The role of T/A
modules in phage defense, despite being originally questioned, is gaining more evidence with
time (254).
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-Phage replication. Restriction-modification (R-M) systems are bacterial defenses
present in almost every genus. On the one hand, modification enzymes methylate the bacterial
DNA to tag it as self, having more specificity for hemimethylated DNA -DNA with modifications
in only one of the strains- and thus prioritizing recently copied bacterial DNA. On the other hand,
restriction enzymes work by recognizing specific unmethylated nucleotide sequences or patterns
and cleaving them. Whenever foreign -and thus generally unmethylated- DNA enters the cell,
restriction enzymes will break it down to protect the host from phages and other MGE (255). In
contrast, CRISPR-Cas (clustered regularly interspaced short palindromic repeats and CRISPR-
associated proteins) constitute an adaptive immune system in both bacteria and archaea. The
CRISPR-Cas system is composed of a series of exogenous DNA sequences called spacers, which
are surrounded by similarly sized direct and inverted repeats known as palindromic repeats,
along with upstream cas genes. These spacers originate from foreign phages or plasmids that
enter the bacterial cell, and their sequential integration into the CRISPR array supposes the
acquisition of a "memory fragment" of these invaders. If the foreign DNA re-enters the cell in a
future, the bacterium identifies the matching DNA sequences to its spacers and cuts them using
the nuclease activity of Cas proteins, acting as a specific defense mechanism against these
sequences (256).

1.2.3.2. Bacteriophage counterdefense mechanisms

As part of the arms race, bacteriophages are subjected to selective pressure caused by bacterial
anti-phage mechanisms, favoring evolutionary adaptations to overcome these obstacles (TABLE
6). The bacterial defense mechanisms of accumulating mutations in phage receptors and
masking them with a polysaccharide capsule can be surpassed by phages through the acquisition
of pertinent mutations in RBPs and the production of polysaccharide depolymerases (244).

In addition, there are different anti-Abi systems that can be employed by infecting phages to
arrest abortive infection and to continue their biological cycle. One of them is the production of
proteins RIIA and RIIB in phage T4, which override the Rex Abi system in E. coli (257). Another
possibility is the re-ligation of tRNAYS, cleaved through the PrrC Abi system (258); the production
of toxins and antitoxins to interfere with the bacterial T/A modules (254); and the production of
phage methyltransferases to disguise viral DNA as from bacterial origin (259).

Finally, regarding anti-CRISPR strategies, phages can accumulate mutations in spacer-homologue
sequences to evade recognition by Cas proteins; build protein barriers to protect the viral
genome from the action of the CRISPR-Cas systems (260); or utilize anti-CRISPR (Acr) proteins,
small peptides -usually around 50-150 amino acids- that bind to CRISPR machinery elements to
avoid viral DNA identification or inhibit the activity of Cas proteins (261).
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Table 6. Mechanisms developed by bacteria to overcome phage infections and the phage
counterdefense responses. RBP: Receptor binding protein. CRISPR-Cas: clustered regularly
interspaced short palindromic repeats and CRISPR-associated proteins. ACR: Anti-CRISPR.

Affected . . ) Phage counterdefense
Bacterial anti-phage mechanism .
process mechanism
Loss or structural change in receptors Mutations in RBP
Exopolysaccharide production to mask Exopolysaccharide
Phage receptors degradation
adsorption Production of outer membrane vesicles

to sequester phages

Receptor masking by production of
blocking proteins

Superinfection exclusion -

Phage
ejection

Abortive infection Anti-Abi defenses

o o Phage DNA-
Restriction-modification systems
methyltransferases
Phage . .
e CRISPR-Cas Anti-CRISPR proteins (ACR)
replication
Abortive infection Anti-Abi defenses

1.2.4. Prophages in P. aeruginosa

In the recent years, research on temperate phages infecting P. aeruginosa strains has been
mainly focused on filamentous phages. These are lysogenic phages that display chronic
infections without lysing the host bacterium to release their progeny, but rather extruding them
through a protein machinery assembled within the bacterial cell wall. These entities have
important implications in P. aeruginosa chronic infections -such as those in CF patients-, since
their accumulation in the extracellular matrix can lead to their arrangement into liquid crystals
that promote biofilm formation and hamper antibiotic penetration (262—-265).

However, when it comes to tailed temperate phages -currently re-located into the class
Caudoviricetes- most studies are limited to reporting only the number of prophages carried by
the P. aeruginosa strains, usually detected by automated bioinformatic tools, without exploring
their sequence, ORF function or insertion sites in detail (266-269).
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Among the few studies that dissect the molecular characteristics of prophages within the
genomes of P. aeruginosa strains, Kyrkou and colleagues analyzed 197 isolates from 12 CF
patients. They identified 14 unique prophages that were inducible by mitomycin C, ciprofloxacin,
or spontaneously, and described their wide ranges of length (36,566 — 51,941 bp), GC content
(66.0 — 57.3%), and the presence of phage morons influencing bacterial virulence and invasion.
Interestingly, they were also able to trace the bacterial isolates over a period of 4 years and
observed that the prophages maintained high genomic conservation. The authors concluded
that, given the fact that these phages could have been induced yet were not lost, they might be
positively selected by their host, suggesting a role in bacterial fitness and persistence (270).

1.3. Bacteriocins

To date, there is controversy with the concept, definitions and classification of bacteriocins.
Whereas in some literature bacteriocins are ribosomally synthesized toxic peptides with
antimicrobial activity (271), others also consider as so protein complexes such as phage tail-like
bacteriocins (PTLBs) or tailocins, the secreted proteins by the type VI secretion system (T6SS), or
the contact dependent inhibition proteins (272). However, the term "bacteriocin" is being
broadened to encompass a wider range of microbiome-derived antimicrobial molecules,
including peptides produced by non-ribosomal peptide synthetases. Together, these metabolic
byproducts contribute to shape microbiomes driving intra- and inter-species competition by
targeting selected strains of a given species (273). Bacteriocins can promote niche invasion in
already stablished bacterial communities constituted by sensitive bacteria to the bacteriocin
produced by the invading strain; they can protect a producing strain from invading sensitive
strains aiming to colonize the community; or the can spatially shape microbial communities by
differential compartmentalization based on bacteriocin sensitivity and resistance (FIGURE
9)(274).
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Figure 9. Bacteriocins shaping microbiomes. |) Niche invasion; Il) Protection from invading
species; 1) Spatial distribution of bacteria. Bacteria with dotted lines and faint colors bacteriocin-
killed cells. Source: Created by the author with Inkscape v1.1, adapted from (274).

Bacteriocins can be named differently depending on the producing strain. Those from E. coli are
termed colicins, diffocins is used for the ones produced by Clostridioides difficile, lacticins by
Lactococcus lactis, and pyocins by P. aeruginosa -formerly P. pyocianea-. On a more general basis,
microcins are produced by Enterobacterales, enterocins by enterococci and staphylococcins by
staphylococci.

Bacteriocins can be classified into small antimicrobial peptides (less than 8kDa, grouped as class
| when they undergo post-transcriptional modifications and class Il for the unmodified ones (271,
275, 276)) or as high molecular-weight bacteriocins (S-type (277) and phage tail-like bacteriocins
or PTLBs). This thesis will focus on PTLBs.

P. aeruginosa is able to produce protease-resistant pyocins that resemble phage tails, having an
analogous structure and ejection machinery to the tails of myovirus and siphovirus. These are
commonly named as PTLBs or tailocins:

-R-type (rigid) PTLBs show a rod-like structure conformed by a protein tube covered with
a sheath, which in turn ends in a baseplate from which protein fibers protrude. Protein fibers are
able to specifically recognize its receptor, generally the carbohydrate moieties of the bacterial
LPS, leading to conformational changes in the PTLB that eventually cause the contraction of the
sheath and the penetration of the core through the outer plasma membrane. This puncture
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causes the depolarization of the membrane and the release of the cell content into the
environment, leading to the target bacterium’s death (277).

-F-type (flexible) PTLBs. Unlike R-type pyocins, the F-type are characterized by a single
hollow rod -without a sheath- characterized by its flexibility. Another difference between them
would be the absence of a baseplate in F-type pyocins, being the protein fibers attached to the
distal part of the PTLB and commonly presenting with globular structures.

Table 7. PTLBs produced by P. aeruginosa.

Pyocin type Structure Characteristics Other
Flexible
Phage tail-like . Analogous to A-
F-type Non-contractile ) i
structure phage (siphovirus)

Protease resistant

o Rigid Analogous to T-
Phage tail-like .
R-type Contractile even phage
structure ) .
Protease resistant (myovirus)

Due to the structural similarities between PTLBs and phage tails, some authors hypothesize that
PTLBs are in fact defective prophages that have lost their capsids, leaving only their tails intact
(278). However, evidence rather points out to a common ancestor that resulted in the origin of
PTLBs, phages and T6SS, developed by independent evolutionary pathways (272)(FIGURE 10).

PTLBs share a common regulatory pathway in P. aeruginosa. Their transcription is activated by
PrtN, whose expression is in turn repressed by the PrtR regulator under basal conditions.
However, in the presence of a stressor causing DNA damage the protein RecA activates and
promotes PrtR degradation, ending the transcription inhibition of the prtN gene and activating
pyocin synthesis. Interestingly, PrtR shares structural similarities with other regulators such as
the archetypical cl prophage repressor (279). Regarding gene location, pyocins are usually
located in the bacterial chromosome in a conserved structure. R- and F-type pyocins can be
found in the genome of PAO1 between the trpE and trpG genes, arranged in a pyocin cluster
with the regulator genes prtR and prtN upstream and a lytic cassette between the two tailocins
(272).
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2. JUSTIFICATION OF THE STUDY AND OBIJECTIVES

Pseudomonas aeruginosa is a ubiquitous and opportunistic pathogen accountable for a variety
of infections, many of them of nosocomial origin. The key to its pathogenicity lies on a
combination of both AMR and virulence factor production. Lysogenic phages or prophages infect
their target bacteria and integrate into their chromosome to be passively copied by its replication
machinery. These phages are known to influence both AMR and bacterial virulence, conferring
the parasitized bacteria evolutionary advantages that prevents their clearance. On the other
hand, tailocins are phage tail-like bacteriocins (PTLBs) produced by bacteria such as P. aeruginosa
and harnessed to eliminate competing microorganisms. Both entities, prophages and PTLBs,
have a similar structure and are believed to derive from a common ancestor together with the
type Vl secretion system (T6SS). This thesis focuses on the genomic analysis of MDR P. aeruginosa
isolates from nosocomial origin, with special attention to the abundance, characteristics and
possible role in pathogenesis of both prophages and PTLBs. This is achieved through the
following objectives:

OBJECTIVE 1: To characterize prophages within P. aeruginosa clinical strains isolated in patients
admitted to Intensive Care Units in Portugal and Spain.

1.1. Analysis of prophage prevalence in clinical strains, its distribution within clonal complexes,
and its correlation with the geographical origin of the strain.

1.2. Annotation of prophage genomes and characterization of their tail morphology.
1.3. Analysis of the insertion sites of prophages within bacterial genomes.

1.4. Examination of the prophage-encoded anti-phage defense mechanisms.

OBJECTIVE 2: To describe the emergence and spread of NDM-1-producing P. aeruginosa ST773
clone simultaneously in Spain and in The Netherlands following the war in Ukraine, and to
characterize both prophages and PTLBs from their genomes.

2.1. Phenotypic characterization of the antimicrobial susceptibility patterns of the isolates.
2.2. Molecular characterization and resistome analysis.
2.3. Identification and analysis of mobile genetic elements.

2.4, |ldentification and characterization of prophages and PTLBs.

OBJECTIVE 3: To characterize PTLBs within P. aeruginosa clinical strains isolated in patients
admitted to Intensive Care Units in Portugal and Spain.

3.1. Identification of PTLB clusters. Classification and analysis of phylogenetic relationship.
3.2. Bacteriocin morphological characterization.
3.3. Analysis of PTLB range and influence of LPS and bacterial serotype.
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3. SCIENTIFIC WORK

Study 1: Gonzalez de Aledo, Manuel et al. “Prophage identification and molecular analysis in the
genomes of Pseudomonas aeruginosa strains isolated from critical care patients.” mSphere vol.

8,4 (2023): e0012823. d0i:10.1128/msphere.00128-23

SUMMARY: Prophages are bacteriophages integrated into the bacterial host's chromosome. This
research aims to analyze and characterize the existing prophages within a collection of
53 Pseudomonas aeruginosa strains recovered from infected patients admitted to intensive care
units (ICUs) in Portugal and Spain. A total of 113 prophages were localized in this collection, with
18 of them being present in more than one strain simultaneously. After annotation, five of them
were discarded as incomplete, and the 13 remaining prophages were characterized. Of 13, 10
belonged to the siphovirus tail morphology group, 2 to the podovirus tail morphology group, and
1 to the myovirus tail morphology group. All prophages had a length ranging from 20,199 to
63,401 bp and a GC% between 56.2% and 63.6%. The number of open reading frames (ORFs)
oscillated between 32 and 88, and in 3/13 prophages, more than 50% of the ORFs had an
unknown function. With our findings, we show that prophages are present in the majority of
the P. aeruginosa strain collection isolated from Portuguese and Spanish critically ill patients,
many of them found in more than one circulating strain at the same time and following a similar
clonal distribution pattern. Although a great sum of ORFs had an unknown function, number of
proteins in relation to viral defense (anti-CRISPR proteins, toxin/antitoxin modules, proteins
against restriction-modification systems) as well as to prophage interference into their host's
qguorum sensing system and regulatory cascades were found. This supports the idea that

prophages have an influence in bacterial pathogenesis and anti-phage defense.

IMPORTANCE: Despite being known for decades, prophages remain understudied when
compared to the lytic phages employed in phage therapy. This research aims to shed some light
into the nature, composition, and role of prophages found within a set of circulating strains
of Pseudomonas aeruginosa, with special attention to high-risk clones. Given the fact that
prophages can effectively influence bacterial pathogenesis, prophage basic research constitutes
a topic of growing interest. Furthermore, the abundance of viral defense and regulatory proteins
within prophage genomes detected in this study evidences the importance of characterizing the
most frequent prophages in circulating clinical strains and in high-risk clones if phage therapy is

to be used.
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ABSTRACT Prophages are bacteriophages integrated into the bacterial host’s
chromosome. This research aims to analyze and characterize the existing prophages
within a collection of 53 Pseudomonas aeruginosa strains from intensive care units (ICUs)
in Portugal and Spain. A total of 113 prophages were localized in the collection, with
18 of them being present in more than one strain simultaneously. After annotation,
five of them were discarded as incomplete, and the 13 remaining prophages were
characterized. Of 13, 10 belonged to the siphovirus tail morphology group, 2 to the
podovirus tail morphology group, and 1 to the myovirus tail morphology group. All
prophages had a length ranging from 20,199 to 63,401 bp and a GC% between 56.2%
and 63.6%. The number of open reading frames (ORFs) oscillated between 32 and 88,
and in 3/13 prophages, more than 50% of the ORFs had an unknown function. With our
findings, we show that prophages are present in the majority of the P. aeruginosa strains
isolated from Portuguese and Spanish critically ill patients, many of them found in more
than one circulating strain at the same time and following a similar clonal distribution
pattern. Although a great sum of ORFs had an unknown function, number of proteins in
relation to viral defense (anti-CRISPR proteins, toxin/antitoxin modules, proteins against
restriction-modification systems) as well as to prophage interference into their host’s
quorum sensing system and regulatory cascades were found. This supports the idea that
prophages have an influence in bacterial pathogenesis and anti-phage defense.

IMPORTANCE Despite being known for decades, prophages remain understudied when
compared to the lytic phages employed in phage therapy. This research aims to shed
some light into the nature, composition, and role of prophages found within a set of
circulating strains of Pseudomas aeruginosa, with special attention to high-risk clones.
Given the fact that prophages can effectively influence bacterial pathogenesis, prophage
basic research constitutes a topic of growing interest. Furthermore, the abundance of
viral defense and regulatory proteins within prophage genomes detected in this study
evidences the importance of characterizing the most frequent prophages in circulating
clinical strains and in high-risk clones if phage therapy is to be used.

KEYWORDS
aeruginosa

antiviral defense, prophage, CRISPR-Cas, quorum sensing, Pseudomonas

Pseudomonas aeruginosa is a ubiquitous opportunistic pathogen associated with
numerous nosocomial infections, often related with medical devices and proce-
dures (e.g., endovascular catheters, mechanical ventilation or surgical wound, and burn
infections) as well as chronic respiratory diseases, such as those present in cystic fibrosis
and bronchiectasis patients and those with chronic obstructive pulmonary disease
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(COPD) (1). These non-fermentative Gram-negative rods are of special concern due to
their increasing drug-resistance rates, mainly achieved through a combination of a
decreased permeability of the outer membrane, active drug expulsion from the bacterial
cell, and the acquisition of mobile genetic elements encoding antibiotic-resistance genes
(2). P. aeruginosa has also been included into the ESKAPE group, a classification of six
bacteria to which special attention has to be paid due to their increased antimicrobial-
resistance rates (3). Besides, its ability to produce a wide range of virulence factors such
as biofilms, exotoxins, siderophores, or secretion systems makes this pathogen a serious
threat able to adapt to a continuously changing environment (4).

On the other hand, bacteriophages or phages are viral particles infecting bacteria and
archaea. In recent years, special consideration has been drawn to lytic phages due to
their ability to target and eradicate specific clones of a given bacteria, outstanding as
promising narrow-spectrum antimicrobial weapons (5). Nevertheless, the importance of
prophages—phages integrated into the bacterial host’s chromosome—is still starting to
be recognized. These viruses have been considered for years as “dormant” as the majority
of their genes are generally repressed. However, they have now been shown to interact
with the bacterial cell’s regulatory cascade to interfere with the host’s immune system as
well as to encode toxins, lytic proteins, and antimicrobial-related genes (6). However, in
spite of being known for decades, it is still a lot what remains unexplored.

Over time, bacteria have evolved and acquired numerous mechanisms for their
defense against bacteriophages including restriction-modification (RM) systems, the
clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associ-
ated (cas) genes, the abortive infection (Abi) systems as well as the accumulation of a
variety of mutations in surface receptor proteins (7, 8). Interestingly, in the midst of this
evolutionary race between bacteria and the viruses that prey on them, toxin/antitoxin
(T/A) systems have also been proposed as an anti-phage defense. These modules,
consisting of a toxin that arrests cell growth and a cognate antitoxin that neutralizes
the toxin, are known to maintain plasmid stability and to confer a persister state of the
bacterial host cells, allowing antibiotic tolerance. However, there is growing evidence
that some T/A systems may act as anti-phage bacterial defenses (9, 10).

Moreover, new anti-viral mechanisms have been recently described such as the
use of cyclic nucleotides as signaling molecules [CBASS (11), Pycsar (12), adenine
deamination—RADAR (13)] and NAD+ depletion as a widespread response to viral
infection (14, 15).

Besides, in the environment bacteria live in complex, spatially structured, and
multispecies communities (16), which highlights the need to consider antiphage
strategies at the community level. The mechanisms involved are quorum sensing
network (17-19), the release of extracellular vesicles (20, 21) or the formation of biofilm
structures (16, 22).

Finally, chemical inhibition of phages through small molecules secreted in the
extracellular space represents another effective multicellular strategy against phage
infection, which, unlike most defense systems described until now, does not rely on
proteins or RNA. Among them, we could highlight anthracycline, aminoglycosides, and
viperin molecules (23).

On the other hand, bacteriophages have developed counterdefense mechanisms
such as anti-CRISPR (Acr) proteins and viral DNA methyltransferases. Acr proteins, firstly
discovered in prophages infecting P. aeruginosa strains (24), are small peptides (typically
between 50 and 150 amino acids) known to inhibit CRISPR-Cas activity by binding the
different elements that form the CRISPR machinery, and thus preventing DNA recogni-
tion, or by inhibiting Cas proteins’ activity once the protein complex has been assembled
around the target DNA (25). Moreover, bacteriophages have been shown to encode DNA
methyltransferases while lacking their cognate restriction endonuclease. These enzymes,
known as orphan DNA methyltransferases, mimic those of the restriction-modification
systems, making the bacterial restriction endonucleases unable to recognize viral DNA as
exogenous and impeding its cleavage (26).
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The goal of the current work is to broaden knowledge into the nature, composition,
and role of the prophages found within a set of a P. aeruginosa strain collection recovered
from critically ill patients from both Portuguese and Spanish hospitals and to analyze the
genes they harbor to overcome bacterial defenses.

MATERIALS AND METHODS
Isolate collection and genome sequencing

For the present study, 53 P. aeruginosa strains were studied. They were recovered from
urinary tract, low respiratory tract, and intra-abdominal infections in patients admitted
to ICU in both Portuguese (n = 40) and Spanish (n = 13) hospitals as part of the STEP
and SUPERIOR studies (27-29). The whole genome extraction and sequencing methods
are described elsewhere, and genomes were deposited in GenBank under the Bioproject
PRINA629475 and accession numbers JABDTRO00000000-JABDVT000000000. Nucleotide
sequence data reported are available in the Third Party Annotation (TPA) Section of the
DDBJ/ENA/GenBank databases under the accession numbers TPA: BK061475-BK061480
and BK061585-BK061591.

Genome assembly and prophage identification

The 150 bp paired-end sequence reads were de novo assembled using SPAdes v3.13.0
(https://cab.spbu.ru/software/spades/) with the following settings: minimum contig
length 300 bp, minimum contig coverage five, and no read trimming (30).

Assembled genomes of P. aeruginosa isolates were analyzed with the Phaster (PHAge
Search Tool Enhanced Release) software (https://phaster.ca/) and only those identified
as intact (score >90) were included into the study (31). Prophages within the differ-
ent strains were compared through Nucleotide BLAST v2.13.0 (Basic Local Alignment
Search Tool, https://blast.ncbi.nim.nih.gov/Blast.cgi) and those with a coverage >80%
and identity >90% were considered to be the same prophage.

Viral genome annotation

Prophages found in more than one strain simultaneously were selected for fur-
ther analysis. Viral genomes were annotated using RAST software v2.0 (Rapid
Annotation Using Subsystem Technology, https://rast.nmpdr.org/rast.cgi). In addi-
tion, all ORFs were manually annotated with HMMER v3.3.2 (http://hmmer.org/)
and HHpred v57c8707149031cc9f8edceba362c71a3762bdbf8 [https://toolkit.tuebin-
gen.mpg.de/tools/hhpred (32)]. For HMMER, annotations were considered valid for
E-values below 0.01 and for HHpred for E-values < 107° (i.e., probability >98%). When-
ever discordance between annotations was found, RAST was prioritized to HMMER and
HMMER to HHpred.

To establish the tail morphology group, the closest bacteriophage candidate given by
Phaster was searched into the Virus-Host database (33). These results were subsequently
confirmed by a BLAST search against the NCBI database using the terminase large
subunit.

A phylogenetic tree was constructed using the terminase large subunit nucleo-
tide sequence as a reference. Sequences were aligned using MAFFT v7.407 (34)
default options, and phylogenetic analysis was performed in RaxmIHPC-PTHREADS-AVX2
v8.2.12 (35) under the GTRGAMMA model and 100 bootstrap replicates. FigTree (http://
tree.bio.ed.ac.uk/software/figtree/) was used to visualize the phylogenetic tree.

Furthermore, antibiotic resistance genes were searched in the viral genomes
through RGI v5.2.1 (Resistance Gene lIdentifier, https://card.mcmaster.ca/analyze/rgi)
and ResFinder v4.1 (https://cge.cbs.dtu.dk/services/ResFinder/). Anti-CRISPR proteins
were also investigated through several tools: CRISPRCasFinder v1.1.2 (https://crispr-
cas.i2bc.paris-saclay.fr/CrisprCasFinder/Index), AcrFinder (https://bcb.unl.edu/AcrFinder/
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index.php), PaCRISPR (https://pacrispr.erc.monash.edu/server.jsp), and anti-CRISPRdb
(http://guolab.whu.edu.cn/anti-CRISPRdb/search.php).

Prophage integration sites were identified analyzing their flanking genes and locating
them in a reference strain (PAO1). When possible, this was confirmed by BLAST analysis
using the attL and attR sequences provided by Phaster for each prophage.

In addition, protein three-dimensional structure was predicted using Phyre2 (Protein
Homology/analogY Recognition Engine, v2.0, http://www.sbg.bio.ic.ac.uk/phyre2/html/
page.cgi?id=index) from the aminoacidic sequence. This software compares the
obtained hidden Markov model with a set of models generated from known protein
structures to detect high confidence similarities. Besides, protein three-dimensional
structure was also predicted using the Expasy Swiss-Model tool (36).

Prophage activation, bacteriophage isolation, and transmission electron
microscopy

Prophage activation was induced with mitomycin C as described by Lépez et al. (37).
For that purpose, P. aeruginosa strains were incubated overnight at 37°C with shaking
(180 rpm) and were afterward used to inoculate 15 mL of Luria-Bertani (LB) broth.
Optical density was measured at a wavelength of 600 nm (ODggg) until cultures reached
0.5. Then, mitomycin C was added at a concentration of 10 ug/mL and cultures were
incubated with the same conditions until they became clear, meaning that lysis had
occurred (approximately 1-3 h). Cell debris was then precipitated by centrifugation at
3,500 rpm for 10 min and the supernatant was filtered through a 0.22 pum filter (Millipore
Express PES membrane, Merck, Darmstadt, Germany). After addition of NaCl to a final
concentration of 0.5 M, suspensions were mixed and left on ice for 1 h. Subsequently, the
suspensions were centrifuged at 3,500 rpm for 40 min at 4°C and the supernatants were
collected into sterile tubes, to which PEG 6000 (10% wt/vol) was added and dissolved
by rocking the tubes at room temperature for 1 h. After an overnight incubation at
4°C, bacteriophages were precipitated at 3,500 rpm for 40 min at 4°C and resuspended
in SM buffer (0.1 M NaCl, T mM MgSQOg,, 0.2 M Tris-HCI, pH 7.5). Finally, samples were
stored at 4°C until preparation for TEM with a JEM-1011 (JEOL, Akishima, Japan) electron
microscope.

RESULTS AND DISCUSSION
Genome assembly and prophage search

Genomes belonging to the 53 P. aeruginosa isolates were de novo assembled. The
number of contigs of the obtained bacterial genomes ranged from 206 to 3,252 (mean
1,633). The number of intact bacteriophages found in each genome ranged from 0 to
5, with a median of 2, adding a total of 113 prophages (Table 1). Among them, 18
prophages were found to be present in more than one strain simultaneously by BLAST
analysis. In 7/53 (13.2%) strains, no intact prophages were found.

Prophage analysis and annotation

The resulting 18 prophages were manually annotated by RAST, HMMER, and HHpred.
After annotation, five of them were discarded upon realization that they were uncom-
plete, lacking essential viral proteins.

Among the remaining 13 prophages, phages vB_PaeM-D14A, vB_PaeS-D14B,
vB_PaeS-D14C, and vB_PaeS-D14F were present in more than 10/53 P. aeruginosa
isolates. All prophages belonged to the class Caudoviricetes, and according to the
Virus-Host database, the majority of them (10/13) belonged to the siphovirus tail
morphology group. Prophages vB_PaeP-D14l and vB_PaeP-D14S were classified as
members of the podovirus tail morphology group, whereas prophage vB_PaeM-D14A
was classified as a member of the myovirus tail morphology group. A BLAST search
against the NCBI database confirmed these results, showing homology of their terminase
large subunit with other viruses from the same group (query cover values of 100.0% and
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TABLE 1 Information on the analyzed P. aeruginosa strains and number of intact prophages found by
Phaster?
Strain  Contigs (n°) Clonal complex Region (country) Source® Intact phages (n°)
1-13 365 235 Aveiro (Portugal) 1Al 3
2-10 2,393 499-1LV Lisbon (Portugal) LRTI 3
2-21 2,178 309-1LV Lisbon (Portugal) 1Al 1
2-29 645 235 Lisbon (Portugal) uTl 3
3-5 1,871 348-1LV Lisbon (Portugal) uTl 1
3-38 533 348 Lisbon (Portugal) LRTI 2
3-41 1,084 348-1LV Lisbon (Portugal) LRTI 1
3-49 709 235 Lisbon (Portugal) 1Al 4
3-58 514 348 Lisbon (Portugal) 1Al 1
3-69 2,676 554-1LV Lisbon (Portugal) LRTI 0
4-14 1,846 313-1LV Coimbra (Portugal) LRTI 4
4-17 493 235 Coimbra (Portugal) uTl 4
4-29 2,595 179-1LV Coimbra (Portugal) LRTI 1
4-71 346 235 Coimbra (Portugal) 1Al 4
4-79 206 235 Coimbra (Portugal) uTl 4
4-86 265 235 Coimbra (Portugal) 1Al 4
4-92 387 235 Coimbra (Portugal) uTl 4
4-93 567 235 Coimbra (Portugal) uTl 4
4-94 814 235 Coimbra (Portugal) 1Al 4
4-120 247 235 Coimbra (Portugal) uTl 4
4-121 1,216 235-1LV Coimbra (Portugal) uTl 3
4-125 1,807 253-1LV Coimbra (Portugal) 1Al 0
5-15 936 235 Porto (Portugal) 1Al 1
5-23 449 244 Porto (Portugal) LRTI 3
6-25 2,029 244-1LV Porto (Portugal) LRTI 3
6-38 316 253 Porto (Portugal) 1Al 2
6-59 1,402 179 Porto (Portugal) UTI 0
6-102 2,552 446-1LV Porto (Portugal) LRTI 1
7-41 2,487 3292-1LV Lisbon (Portugal) LRTI 1
8-1 2,824 348-1LV Lisbon (Portugal) LRTI 0
8-12 2,922 253-1LV Lisbon (Portugal) LRTI 0
8-24 876 244-1LV Lisbon (Portugal) uTl 4
8-36 798 244 Lisbon (Portugal) uTl 5
8-58 1,669 244-1LV Lisbon (Portugal) 1Al 0
9-25 1,248 244-1LV Lisbon (Portugal) uTl 3
9-35 3,182 308-1LV Lisbon (Portugal) LRTI 0
9-41 1,804 235-1LV Lisbon (Portugal) LRTI 1
9-86 331 554 Lisbon (Portugal) 1Al 2
10-58 369 244 Porto (Portugal) LRTI 4
10-99 2,212 1233-1LV Porto (Portugal) 1Al 1
C11 1,942 175 Barcelona (Spain) UTI 3
C58 2,635 175-2LV Barcelona (Spain) UTI 2
D4 2,903 27-1LV Seville (Spain) 1Al 2
E16 2,438 175-1LV Santander (Spain) UTI 1
E17 2,525 175-1LV Santander (Spain) 1Al 1
F43 2,892 175-2LV A Corufa (Spain) 1Al 1
G6 3,019 175-1LV Valencia (Spain) 1Al 2
G7 3,252 175-2LV Valencia (Spain) 1Al 1
G26 2,826 175-1LV Valencia (Spain) 1Al 2
G31 2,698 175-1LV Valencia (Spain) 1Al 2
H18 2,573 175-2LV Majorca (Spain) UTI 2
(Continued on next page)
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TABLE 1 Information on the analyzed P. aeruginosa strains and number of intact prophages found by
Phaster (Continued)
Strain  Contigs (n°) Clonal complex Region (country) Source® Intact phages (n°)
H19 2,606 309-2LV Majorca (Spain) 1Al 2
H52 424 309 Majorca (Spain) UTI 2

Total 113

?Adapted from Hernandez-Garcia et al. (27)
®|Al, intraabdominal infection; LRTI, lower respiratory tract infection; UTI, urinary tract infection.

identity values above 90.0%). The only exception was prophage vB_PaeS-D14E, in which
those values were 62.0% and 74.6%.

A phylogenetic tree of the 13 prophages was built with the terminase large subunit as
a reference (Fig. 1A). It can be noted the close proximity between prophages belong-
ing to the podovirus group and their separation from the rest of the prophage collec-
tion. Regarding geographical distribution of the prophages, prophages vB_PaeS-D140,
vB_PaeS-D14P, and vB_PaeS-D14Q were found to be circumscribed to Spanish regions,
being the remaining 10 prophages found mainly in Portuguese isolates. Interestingly,
despite the geographical proximity to Portugal, prophages found at the A Coruia region
resembled more similar to other Spanish regions (Fig. 1B).

Regarding their genome size, all prophages had a length ranging from 20,199 to
63,401 bp, being phage vB_PaeS-D14Q the shortest (20,199-24,677 bp) and phage
vB_PaeP-D14l the largest (63,401 bp). Their GC content was found to be between 56.2%
and 63.6%, considerably lower than their host's GC content, which is 65-67% for P.
aeruginosa (38). The differences in the GC content constitute a sign of an exogenous
origin of the prophage regions and usually indicate a recent acquisition (39). The more
adapted a prophage is to a species, the more similar its GC content is to their host’s.
However, we did not see that prophages with the highest GC content were the most
frequent (phages vB_PaeP-D14S and vB_PaeP-D14l were present only in 2/53 strains
despite having 63.2-63.8% GC) and neither prophages with the lowest GC content
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FIG 1

(A) Maximum likelihood phylogenetic tree of the 13 prophages studied. Prophages of the siphovirus tail morphology group are represented in black,

myovirus in green, and podovirus in red. (B) Geographical localization of the prophages in the lberian Peninsula. A: vB_PaeM-D14A, B: vB_PaeS-D14B, C:
vB_PaeS-D14C, E: vB_PaeS-D14E, F: vB_PaeS-D14F, H: vB_PaeS-D14H, I: vB_PaeP-D14l, K: vB_PaeS-D14K, L: vB_PaeS-D14L, O: vB_PaeS-D140, P: vB_PaeS-D14P, Q:
vB_PaeS-D14Q, S: vB_PaeP-D14S. The blank map from the Iberian Peninsula was obtained from https://d-maps.com/carte.php?num_car=2209.
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TABLE 2 Information on the 13 prophages identified in more than one bacterial strain

mSphere

Prophage

Strains
harbouring the
prophage (n°)

Tail morfology Length (bp)

GC content
(%)

ORFs (n°)

Annotated
ORFs (%)

Accession
number

Link accession
Genbank

vB_PaeM-D14A

vB_PaeS-D14B

vB_PaeS-D14C

vB_PaeS-D14E

vB_PaeS-D14F

vB_PaeS-D14H

vB_PaeP-D14l

vB_PaeS-D14K

vB_PaeS-D14L

vB_PaeS-D140

15 (+1%)

12

13

9 (+3%)

1(+2%)

Myovirus

Siphovirus

Siphovirus

Siphovirus

Siphovirus

Siphovirus

Podovirus

Siphovirus

Siphovirus

Siphovirus

36,399-37,203

41,283-41,609

38,595

40,769

39,504

63,196

63,401

35,464-39,623

40,814-40,999

48,888

62.2-63.6

61.1

58.6

61.9

63.2

60.7

63.8

62.5-62.6

61.7

56.2

50-52

64-65

60

62

57

81

65

53-56

66

88

74.0

49.2

56.7

56.5

59.7

51.9

50.8

60.7

48.5

46.6

BK061475

BK061476

BK061477

BK061478

BK061479

BK061480

BK061585

BK061586

BK061587

BK061588

https://
www.ncbi.nlm.
nih.gov/
nuccore/
BK061475
https://
www.ncbi.nlm.
nih.gov/
nuccore/
BK061476
https://
www.ncbi.nlm.
nih.gov/
nuccore/
BK061477
https://
www.ncbi.nlm.
nih.gov/
nuccore/
BK061478
https://
www.ncbi.nlm.
nih.gov/
nuccore/
BK061479
https://
www.ncbi.nlm.
nih.gov/
nuccore/
BK061480
https://
www.ncbi.nlm.
nih.gov/
nuccore/
BK061585
https://
www.ncbi.nlm.
nih.gov/
nuccore/
BK061586
https://
www.ncbi.nlm.
nih.gov/
nuccore/
BK061587
https://
www.ncbi.nlm.
nih.gov/
nuccore/
BK061588
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TABLE 2 Information on the 13 prophages identified in more than one bacterial strain (Continued)

mSphere

Strains
harbouring the GC content

Annotated Accession

Prophage prophage (n°) Tail morfology Length (bp) (%) ORFs (n°) ORFs (%) number

Link accession
Genbank

vB_PaeS-D14P 5 (+3%) Siphovirus 35,019-39,280 61.1-61.6 48-55

vB_PaeS-D14Q 3 (+3%) Siphovirus 20,199-24,677 58.6-58.9 32-39

vB_PaeP-D14S 2 Podovirus 50,727 63.2-63.3 46

58.2

718

50.0

BK061589

BK061590

BK061591

https://
www.ncbi.nlm.
nih.gov/
nuccore/
BK061589

https://
www.ncbi.nlm.
nih.gov/
nuccore/
BK061590

https://
www.ncbi.nlm.
nih.gov/
nuccore/
BK061591

90ORF, open reading frame.
Prophages found fragmented within several contigs.
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FIG 2 ORF classification in the different analyzed prophages. Y-axis represents the number of ORFs.

were the least abundant (prophage vB_PaeS-D14C had a GC content of 58.6% and was
present in 13/53 strains). In addition, the number of ORFs oscillated between 32 in phage
vB_PaeS-D14Q and 88 in phage vB_PaeS-D140. Finally, regarding ORF annotation, in
3/13 prophages more than 50% of the ORF had an unknown function (Table 2). This is
consistent with previous studies (40), highlighting the need to deepen in prophage basic
research in order to unravel the different viral mechanisms unknown to date.

When ORF function was classified into different categories, it could be noted that
the majority of the genes coded for structural and assembly proteins, viral transcrip-
tion/replication enzymes, or that they had an unknown function (Fig. 2). However,
a number of proteins with special attributes were found in relation to viral defense
(anti-CRISPR proteins, toxin/antitoxin modules), prophage interference into their host’s
quorum sensing (QS) system, and regulatory proteins.
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Viral defense proteins
Anti-CRISPR proteins

Among the 13 analyzed prophages, 11 were found by guilt-by-association to carry
putative Acrs through AcrFinder, ranging from one putative Acr in prophage vB_PaeS-
D14E to 10 putative Acrs in prophages vB_PaeS-D14F and vB_PaeS-D140. These
proteins were mainly grouped in a single cluster, but in some prophages more than
one cluster could be found (two clusters in prophages vB_PaeM-D14A, vB_PaeP-D14l,
vB_PaeS-D14K, and vB_PaeP-D14S, and three clusters in prophages vB_PaeS-D14F
and vB_PaeS-D140) (Table 3; Table S1). It should be noted that some predicted
Acrs were already annotated with another function (i.e., terminase small subunit, tail
structural proteins or holins). However, previous studies propose that some prophage
proteins, such as head-tail adaptors or decoration proteins, could simultaneously act
as Acr proteins, suggesting that Acr proteins might have evolved from viral structural
components (41, 42).

Besides, the PaCRISPR tool was also used to detect putative Acr proteins (43). All
prophages except for one (vB_PaeP-D14S) were found to carry at least one putative
Acr, being prophages vB_PaeS-D140 and vB_PaeS-D14P the ones with the greater sum
(nine and six, respectively). Unlike the proteins found with the previous tool, putative Acr
detected by PaCRISPR did not have a previously known function, being the majority of
them (29/36, 80.6%) annotated as hypothetical or unknown phage proteins. Five ORFs
were predicted to be a putative Acr simultaneously by AcrFinder and PaCRISPR, and were
considered as proven Acr (Table 3).

Finally, two additional Acr proteins were found using anti-CRISPRdb, in prophages
vB_PaeS-D14C and vB_PaeP-D14S, both of them showing homology with members
of the AcrllA7 family, with E-values of 3.73e™° and 0.002, respectively. This family of
Acr, which has already been characterized in the genomes of tailed bacteriophages, is
believed to interfere with the type II-A CRISPR-Cas system by inhibiting Cas9 (44). Given
the fact that these ORFs did not have any other assigned function by RAST, HMMER, or
HHpred and the considerably high homology scores with known viral defense proteins,
Acr could be assigned as their function with high confidence.

Defense against restriction-modification systems

Eight out of the 13 prophages coded for DNA methyltransferases, used by the prophage
to methylate its own DNA in order to protect it from the host cell’s restriction-modifi-
cation system, to regulate viral gene expression and to facilitate DNA packaging into
the preformed capsids (45, 46). Besides, restriction alleviation proteins were found in
prophages vB_PaeS-D14H and vB_PaeP-D14l, known to protect them from the host cell’s
restriction-modification system (47, 48) (Table 3).

Glycosyltransferases and acetylases

Among the prophages harboring DNA methyltransferases, three of them (vB_PaeS-D14C,
vB_PaeS-D140, and vB_PaeS-D14Q) were found to carry an adjacent glycosyltransferase
(Table 3). Bacteriophages are known to encode them to glycosylate their DNA in order
to protect it from restriction-modification systems and to modify the O-antigen present
in the lipopolysaccharide (LPS) (49). Prophages harness these modifications to avoid the
host cell’s superinfection and to prevent the progeny to be retained on the bacterial
surface if the lytic cycle is to be initiated. One of these prophages was also found to code
for an O-antigen acetylase (vB_PaeS-D140).

Toxin/antitoxin systems

Prophage vB_PaeS-D14B was found to code for a complete toxin/cognate antitoxin
module belonging to the type Il system with homology to BrnT toxin and a CopG
family antitoxin (50). On the other hand, prophage vB_PaeS-D14H coded for the
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complete type Il TA system YoeB/YefM (51). In this same prophage, although two
contiguous ORF were firstly annotated as type Il TA system YdaT/YdaS homologs, a
deep search into literature showed that these proteins were actually the prophage
regulatory proteins Cll and Cro (52). The type Il toxin YafO was also found in
prophages vB_PaeS-D14C and vB_PaeS-D14L (53), as well as a type IV antitoxin
AbiEi in prophages vB_PaeP-D14l and vB_PaeP-D14S (54) (Table 3). TA systems have
been proposed to protect bacteria from phages, together with CRISPR and restriction-
modification systems. In this context, it is not surprising to find prophages carrying
antitoxins alone, to counteract bacterial defenses, or even toxins alone to compete
against external phages preying on their host (9).

DNA scission proteins

Prophages coded for junction-resolving enzymes, such as Holliday junction resolvases
(in prophages vB_PaeS-D14H and vB_PaeS-D14P) and a Yqgal-like exonuclease (phage
vB_PaeS-D14H) (Table 3). These enzymes have been previously described in bacterioph-
ages in the degradation of host’s DNA and in self DNA maturation and cleaving prior to
packaging (55).

DNA gyrase inhibitor

Prophage vB_PaeP-D14l was found to code for a DNA gyrase inhibitor with homology
with YacG in Escherichia coli (56), as shown by HHpred (>97% probability). This peptide is
comprised of 76 amino acids, with a molecular weight of 8.75 kDA and an estimated pl of
8.3. Phyre2 analysis of the aminoacidic sequence yielded a protein model with homology
to the above mentioned YacG protein with a confidence of 52.5. Another protein model
was predicted by the Swiss-Model tool by Expasy (Fig. 3). This peptide was named as
Pseudomonas YacG-like DNA gyrase inhibitor. Recently, a peptide with similar anti-DNA
gyrase properties has been described for the P. aeruginosa bacteriophage LUZ24 (57).

Quorum Sensing

Proteins belonging to the LuxR family were identified in prophages vB_PaeS-D14B,
vB_PaeS-D14E, and vB_PaeS-D14L. They were present in a single copy in each prophage
and did not share any significant similarity with the P. aeruginosa QS receptors lasR and
rhIR. However, they showed homology with other transcriptional regulators belonging
to the LuxR family by both BLAST (>80% query cover and >99% identity) and HMMER
(E-value < 1 x 107%). These receptors constitute one of the first and most studied QS
systems essential for intercellular communication and gene regulation triggering when
a population threshold is reached. Although the archetypical QS tandems consist of a
receptor (i.e., LuxR) and its cognate autoinducer synthase (i.e., Luxl), the presence of
LuxR “solos” responsible for intraspecies and interspecies communication has also been
described for proteobacteria in general and for Pseudomonas in particular (58-60). The
presence of these receptors in prophage genomes has been linked to a potential role in
phages to sense bacterial population density, and therefore to adapt viral infection to it
(61) (Table 3). Finally, in prophages vB_PaeM-D14A, vB_PaeS-D14C, and vB_PaeS-D140, a
single copy of a TraR family transcriptional regulator was found in each prophage, all of
them conserving a previously described DXXDXA motif in the N-terminal helix. Although
they did not share any significant similarity with lasR and rhIR, they showed homology
with a P. aeruginosa TraR/DksA family transcriptional regulator by BLAST (>85% query
cover and >98% identity), HMMER (E-value < 1 x 107"°) and HHpred (probability >99%).
TraR is a QS receptor, and their homologs have been recently suggested to play a role in
redirecting the host’s transcriptional machinery to viral promoters (62, 63).
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Regulatory proteins
Lytic/lysogenic cycle switches

In 12 out of the 13 prophages, regulatory proteins in charge of maintaining the lysogenic
cycle (Cl, Cll, and Cro) were found (Table 3). This regulatory network has been character-
ized in depth for bacteriophage A, one of the most representative siphovirus. Briefly,
the Cl repressor is responsible for maintaining a stable lysogenic state by preventing
lytic genes’ expression, and for its own synthesis. This synthesis is also stimulated by the
ClI transcriptional regulator. On the contrary, Cro negatively regulates Cll transcription,
indirectly reducing Cl levels, and thus promoting the lytic cycle. Upon DNA damage, SOS
response is triggered and the Cl regulator cleaved, consequently initiating the lytic cycle.
This process, alongside with the functions of all other regulators (Clll, antitermination
protein N and proteins O, P, and Q, among others), have been thoroughly reviewed
by Oppenheim and colleagues (64). The fact that no regulatory proteins were found
in relation with the lysogenic cycle in prophage vB_PaeS-D14Q responds to a poor
annotation of this prophage rather than its absence, given its essential role in prophage
homeostasis.

Other regulatory proteins

Prophage vB_PaeS-D14H was found to code for the pyocin activating protein PrtN,
involved in upregulating pyocin synthesis, a bacteriocin produced by most Pseudomonas
strains (65, 66). Additionally, the Bacteriophage Control Infection (bci) gene, responsi-
ble for increasing the host’s infectivity by regulating biofilm production, motility, and
virulence factor synthesis in P. gaeruginosa (67), was found in 4/13 prophages (Table 3).

Prophage integration sites

Successful localization of the prophages’ integration site within the P. aeruginosa
bacterial chromosome was possible in 7/13 cases (Fig. 4). Prophages vB_PaeM-D14A,
vB_PaeP-D14l, and vB_PaeS-D14L were inserted before, between or after host tRNA
coding sequences. All tRNA genes were found to be intact, meaning that the prophage
insertion did not affect the integrity of the sequence. This is of particular interest in the

A B 2

) "

N-terminus C-terminus
|

jPFQARTADVKRGWARYCSKTCKAIEQEQRTGQFAELLSRRRQLDDLYDVDISDLDWGAE.

FIG 3 Putative DNA gyrase inhibitor representation as predicted by the Swiss-Model tool by Expasy and its corresponding amino acid sequence. (A through F):

different positions of the predicted three-dimensional model. F: purple circle represents an atom of Zn*" as a ligand.
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case of prophage vB_PaeM-D14A, in which the attR/L sequence was found to be in the
middle of the tRNA-Thr-TGT gene, suggesting that the prophage carried a copy of the
same gene so its integration would replace the truncated gene, which is consistent with
previous studies (68).

Interestingly, prophage vB_PaeS-D14B was found to be inserted prior to a HigA
antitoxin, which was confirmed to be integral by BLAST analysis, meaning that prophage
insertion did not disrupt the antitoxin gene. However, the cognate toxin, known to be
arranged upstream the antitoxin gene (69), could not be localized within the bacterial
genome. On the other hand, prophage vB_PaeS-D14E was localized between a hypothet-
ical protein and an Ornithine carbamoyltransferase (EC 2.1.3.3), both of them conserved
and adjacent in PAOT.

Finally, prophage vB_PaeS-D14F was localized integrated into the glyoxylate carboli-
gase (EC 4.1.1.47) gene, disrupting it. This enzyme is responsible for the metabolism of
glyoxylate, allowing bacterial growth on glycolate or oxalate. It is also remarkable the
finding that this prophage carried a copy of the IcIR family transcriptional regulator,
involved in the repression of a shortcut in the metabolic pathway of glyoxylate known as
the glyoxylate shunt (70). Although the significances of these findings remain unknown,
the accumulation of metabolites such as glyoxylate in P. aeruginosa has been shown to
influence bacterial tolerance and protect cells against antibiotics such as tobramycin
through a blockage of the TCA cycle and a reduction in antibiotic uptake (71).

The remaining 5/13 prophages could not be localized within the bacterial genome
because the extension of the prophage comprised the whole contig, not being able to
identify any flanking ORF in common with the PAO1 or the clonal complexes CC235 and
CC175—i.e, the most prevalent in the collection—reference genomes.

Clonal distribution

Correlation between the P. aeruginosa clone and prophage harboring was studied. In the
collection of 53 P. aeruginosa strains, CC235 was found to be the most prevalent (n = 14),
followed by CC175 (n=10) and CC244 (n=7).

In CC235, prophages vB_PaeM-D14A and vB_PaeS-D14C were found in 13/14,
prophage vB_PaeS-D14B in 12/14 and prophage vB_PaeS-D14F in 10/14. The only four
pandrug-resistant strains out of the 53, all of them belonging to the CC235, were found
to simultaneously harbor phages vB_PaeM-D14A, vB_PaeS-D14B, and vB_PaeS-D14C.
Interestingly, the only single strain of the CC235 which did not harbor any of these
prophages was also the only CC235 strain which did not carry the GES-13 {3-lactamase.
This isolate also presented point mutations in genes associated with antimicrobial
resistance, such as the membrane porine oprD and the efflux pumps mexY and muxC
that the rest of the strains in the clonal complex did not have. Efflux pumps and porines
constitute phage receptors, and mutations on these proteins could explain the differen-
tial carriage of prophages. However, the number of isolates is not big enough to develop
association analyses.

In the strains belonging to the CC175 (n = 10); however, more diversity in prophage
arrangement was found. Although all of the 10 strains coded for at least one of the
prophages under study, the distribution of the phages (vB_PaeS-D14K, vB_PaeS-D140,
vB_PaeS-D14P, and vB_PaeS-D14Q) was uneven. The same appears to happen with
CC244, in which prophages vB_PaeS-D14H, vB_PaeP-D14l, vB_PaeS-D14L, and vB_PaeP-
D14S were found to be distributed without a clear association (Table 4).

Prophage isolation and TEM

Finally, prophages detected by in silico analysis were proven to be intact and able to
initiate the lytic cycle. A representative member of each tail morphology group (myovi-
rus, siphovirus, and podovirus) was chosen to be isolated and imaged by TEM. For the
myovirus representative (vB_PaeM-D14A), the P. aeruginosa strain 1-13 was selected (Fig.
4A); for the podovirus representative (vB_PaeP-D14l), the P. aeruginosa strain 8-24 was
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FIG 4 Transmission electron microscopy (TEM) images of the three different phage families belonging to the Caudoviricetes class found on this study and
representation of their arrangement in the bacterial chromosome. (A) Bacteriophage of the myovirus tail morphology group (vB_PaeM-D14A); (B) bacteriophage
of the podovirus group (vB_PaeP-D14l); and (C) bacteriophage of the siphovirus (vB_PaeS-D14B, vB_PaeS-D14E, vB_PaeS-D14F, vB_PaeS-D14H, and vB_PaeS-
D14L). White arrows point at viral tails. Sequence segment corresponding to the prophage is not scaled to facilitate visualization.

selected (Fig. 4B); and for the siphovirus representative (vB_PaeS-D14H/vB_PaeS-D14L),
the P. aeruginosa strain 8-24 was selected (Fig. 4C).

Conclusions

This study encompasses the search an analysis of prophages within a set of 53 invasive
P. aeruginosa clinical strains isolated from critical care patients in different Portuguese
and Spanish hospitals. With our findings, we show that these viral entities are present
in the majority of circulating strains. Many of the prophages were found in more than
one circulating strain simultaneously, following a similar clonal distribution pattern. In
only 13.2% of the strains (7/53) no intact prophages—as given by Phaster—were found,
showing that prophage harboring is a very frequent trait among circulating P. aeruginosa
strains in critical care units in Portugal and Spain.

One limitation of our study is that P. aeruginosa isolates were sequenced only
by short-read bridge amplification (lllumina, Oxford Genomics Centre, Oxford, UK),
generating 150 bp fragments which, after assembly, led to 206-3,252 contigs per
genome (average of 1,602 contigs/genome). The more fragmented genomes are, the
more difficult it is to identify intact prophages, meaning that our search could have
missed some of them when split into several contigs. Besides, in 6/13 prophages the
viral sequence comprised a whole contig, denoting that the real length could be larger
and some ORF could be missing. To circumvent this issue, a combination of both short
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and long-read sequencing could be performed to obtain high-quality complete bacterial
genomes.

Another point of concern is the relatively high proportion of ORF without a known
function, being in 3/13 prophages greater than 50%. These findings are aligned with
previous studies, which remark not only the vast number of unknown phages sequenced
amidst metagenomic data—referred to as viral dark matter—but also the abundance
of putative proteins whose function we ignore (72-75). In this regard, further studies
concerning prophage identification, regulatory pathways, interaction with their host, and
protein function should be made.

Although a great sum of viral ORFs is yet to be assigned a function, a number
of proteins with interesting roles in altering the host’s regulatory pathways were
found within those prophages, supporting the idea that they might influence bacte-
rial pathogenesis. Our study shows the presence of QS-related enzymes (LuxR fam-
ily proteins and BCl), pyocin synthesis activating proteins (PrtN), and transcriptional
regulators such as TraR homologs in almost every prophage under study (12/13), being
phage vB_PaeS-D14Q the only exception.

Furthermore, in our work we found putative Acr proteins in every prophage under
study, proven Acr proteins in 7/13 prophages and DNA methylation enzymes in 13/13.
This highlights the importance of prophage-borne counter-defense mechanisms, which
not only protect the prophage against their bacterial host’s immune system but also
the host against infection by other phages, enabling its survival and transmission to the
bacterial progeny (76, 77). The functions of these proteins and the putative YacG-like
DNA gyrase inhibitor should be confirmed experimentally with additional studies.

To continue with, in high-risk clones such as CC235 and CC175, up to four prophages
were identified per isolate. These clonal complexes are known for their ability to acquire
mobile genetic elements, their elevated antimicrobial resistance rates and their global
distribution (78, 79). In particular, CC235, the most prevalent clone among MDR P.
aeruginosa clinical isolates, has been shown to lack a functional CRISPR-Cas system, thus
explaining its ability to acquire exogenous genetic elements such as bacteriophages (80).

Finally, the abundance of lytic cycle regulatory genes, Acr proteins and TA systems
within prophage genomes detected in this study evidences the importance of character-
izing the most frequent prophages in circulating clinical strains and in high-risk clones
if phage therapy is to be used. This way, treatment failure upon the administration of
phage therapy related to prophage-borne anti-phage mechanisms could be minimized.
Since bacterial isolation and characterization are required prior to the elaboration of a
phage cocktail, we propose to include prophage analysis as an additional step. We hope
that further studies analyzing prophage profiles in the different circulating clinical strains
will shed some light into this issue.
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clonal spread of NDM-1-producing Pseudomonas aeruginosa ST773 from Ukrainian patients in

The Netherlands and Spain. JID Reg., 100415. doi: 10.1016/J.1JREGI.2024.100415.

SUMMARY: The NDM-1 producing Pseudomonas aeruginosa ST773 clone constitutes an
emerging high-risk clone which has been recently detected for the first time in Western Europe.
In this work, we analyzed nine isolates recovered from patients evacuated to two Spanish (n = 3)
and five Dutch (n = 6) hospitals between March and December 2022 as a consequence of the
war in Ukraine. Antimicrobial susceptibility was studied (Sensititre, Microscan, EUCAST-2023),
and whole genome sequencing (lllumina, Oxford-Nanopore) was used to analyze the genetic
relatedness, the resistome, and the prophage content. All NDM-1—-producing P. aeruginosa
ST773 isolates exhibited resistance to all tested antimicrobials except colistin, aztreonam, and
cefiderocol. Genomic analysis revealed that all isolates had an identical resistome and a
chromosomally encoded integrative conjugative element carrying the blaNDM-1 gene. The core
genome multilocus sequence typing and core genome single nucleotide polymorphisms analysis
showed highly related isolates, irrespective of country of isolation, distant from other NDM-1-
ST773 P. aeruginosa not collected in Ukraine. Both analyses revealed two closely related clusters,
spanning the Spanish and Dutch isolates. In addition, a high content of prophages was identified
in all strains, most of them in more than one isolate simultaneously, regardless of their origin
country. Moreover, an identical phage tail-like bacteriocin cluster was identified in all NDM-1-
ST773. To conclude with, we report a clonal dissemination of NDM-producing P. aeruginosa

ST773 to the Netherlands and Spain associated with patients from Ukraine.

IMPORTANCE: In March 2022, in the context of the Ukraine war, the European Centre for Disease
Prevention and Control (ECDC) issued a document recommending the screening for carriage of
MDR organisms in patients transferred from Ukrainian hospitals or with a history of hospital
admission in Ukraine in the previous 12 months, due to the reported higher rates of MDR
organisms in that region. Despite the preventive measures taken, the NDM-1 producing P.
aeruginosa clone ST773 was firstly reported in Western Europe in patients transferred to The
Netherlands and Spain as a consequence of the war. This study investigates the genomic
characteristics of the P. aeruginosa isolates recovered from these patients, with particular regard
to their virulence, AMR, pyocin production and prophage harboring. Our work highlights the
importance of genomic surveillance and to understand the dynamics of resistance in multidrug-
resistant bacteria after the transfer of patients from conflict zones, highlighting the importance

of international collaboration to address global AMR.
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Objectives: We describe the clonal spread of New Delhi metallo-g-lactamase (NDM) 1-producing Pseudomonas
aeruginosa isolates belonging to the ST773 clone in Spain and the Netherlands, associated with the transfer of
Ukrainian patients during the war.

Methods: Between March and December 2022, nine NDM-1-producing P. aeruginosa ST773 isolates were recov-
ered from nine Ukrainian patients evacuated to two Spanish (n = 3) and five Dutch (n = 6) hospitals. Antimicrobial
susceptibility testing was studied (Sensititre, Microscan, EUCAST-2023). Whole genome sequencing (Illumina,
Oxford-Nanopore) was used to analyze the genetic relatedness, the resistome, and the prophage content.
Results: All NDM-1-producing P. aeruginosa ST773 isolates exhibited resistance to all tested antimicrobials except
colistin, aztreonam, and cefiderocol. Genomic analysis revealed that all isolates had an identical resistome and
a chromosomally encoded integrative conjugative element carrying the blayp,.; gene. The core genome multilo-
cus sequence typing and core genome single nucleotide polymorphisms analysis showed highly related isolates,
irrespective of country of isolation, distant from other NDM-1-ST773 P. aeruginosa not collected in Ukraine. Both
analysis revealed two closely related clusters, spanning the Spanish and Dutch isolates. In addition, a high content
of prophages was identified in all strains, most of them in more than one isolate simultaneously, regardless of
their origin country. Moreover, an identical phage tail-like bacteriocin cluster was identified in all NDM-1-ST773
P. aeruginosa.

Conclusions: We report a clonal dissemination of NDM-producing P. aeruginosa ST773 to the Netherlands and
Spain associated with patients from Ukraine. Our work highlights the importance of genomic surveillance and to
understand the dynamics of resistance in multidrug-resistant bacteria after the transfer of patients from conflict
zones. International collaboration is crucial to address global antimicrobial resistance.

Introduction

Between 2014 and 2021, Ukraine reported higher rates of antimi-
crobial resistance in regional and military hospitals compared to other
European Union/European Economic Area countries, particularly, con-
cerning gram-negative bacteria [1-3]. Given the ongoing conflict in
Ukraine and the anticipated movement of migrants, the European Cen-
tre for Disease Prevention and Control issued a guideline in March 2022,
recommending the screening for carriage of multidrug-resistant organ-

* Corresponding author.
E-mail address: pruizg@salud.madrid.org (P. Ruiz-Garbajosa).

isms and pre-emptive isolation of patients displaced and injured, trans-
ferred from hospitals in Ukraine, or with a history of hospital admission
in Ukraine in the last 12 months [4]. Despite these proactive measures,
some countries have notified cases of infection/colonization attributed
to certain multidrug-resistant clones of Acinetobacter baumannii, Enter-
obacterales, and Pseudomonas aeruginosa, which are typically associated
with health care settings in Ukraine [5-8].

P. aeruginosa is an opportunistic pathogen that causes severe infec-
tions, particularly, in the hospital setting and in immunocompromised
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patients. P. aeruginosa high-risk clones are disseminated worldwide and
often harbor acquired resistance genes that confer them a multidrug
or extensively drug-resistant (MDR/XDR) profile, which facilitates their
spread in the hospital setting and gives them the opportunity to ob-
tain more resistance determinants from other gram-negative pathogens
[9,10]. In addition, P. aeruginosa has shown a great ability to inte-
grate other genetic structures such as temperate bacteriophages, named
prophages, that can confer the parasitized bacterium or lysogen evolu-
tionary advantages [11].

The Netherlands and Spain were the first countries to report cases
of New Delhi metallo-#-lactamase (NDM) 1-producing P. aeruginosa iso-
lates belonging to the ST773 clone imported from Ukraine during 2022
after the initiation of the war [6,8]. In this work, we characterized by
whole genome sequencing (WGS) a collection of NDM-1-ST773 P. aerug-
inosa isolates recovered in these two countries in 2022, focusing on their
genetic relationship, the characterization of mobile genetic elements in-
volved in the dissemination of blaypy, and the prophage content.

Methods
Bacterial isolates and patient’s background

Between March and December 2022, nine P. aeruginosa isolates com-
patible with the production of a metallo-g-lactamase were isolated in
clinical or surveillance samples from nine Ukrainian patients transferred
to general hospitals in Madrid, Spain (Hospital Universitario 12 de Oc-
tubre y Hospital Universitario Ramoén y Cajal) and in five provinces at
the Netherlands (Overijssel, Utrecht, Gelderland, Noord-Holland, and
Limburg) (Table 1). In Spain, phenotypic characterization and WGS was
performed at each of the hospitals where the isolates were recovered.
The Dutch samples were phenotypically characterized in each of the cen-
ters, and then were sent to the National Institute for Public Health and
the Environment for WGS. Clinical, epidemiologic, and demographic
data were retrospectively reviewed. All sequences were sent to the Hos-
pital Universitario Ramén y Cajal (Madrid, Spain) for the subsequent
genomic characterization. The study was approved by the ethical com-
mittee (Ref. 104/23).

Phenotypic characterization

In the isolates detected in Spain, antimicrobial susceptibility was de-
termined by broth microdilution using a semiautomated microdilution
system (MicroScan, Beckman Coulter Diagnostics, USA) and the SEN-
SITITRE EUMDROXF panel (ThermoFisher, USA). Minimum inhibitory
concentrations (MICs) were interpreted using EUCAST-2023 clinical
break points (http://www.eucast.org/clinical_breakpoints/). Cefidero-
col susceptibility was assessed by gradient strips and disk diffusion
(Liofilchem, Roseto degli Abruzzi, Italy). In the isolates collected in
the Netherlands, meropenem susceptibility was determined using gradi-
ent strips (Liofilchem). Carbapenemase production was confirmed using
the KPC/MBL/OXA-48 Confirm Kit (Rosco Diagnostica, Taastrup, Den-
mark), the immunochromatography test O.K.N.V.I. RESIST 5 (CORIS
BioConcept, Gembloux, Belgium), the eazyplex Superbug CRE system
(Amplex-Biosystems, Delaware), the NG-Test CARBA 5 (NG-Biotech,
France), the Allplex Entero-DR Assay kit (Seegene Inc., Bogota, Colom-
bia), or the carbapenem inactivation method [12].

WGS and bioinformatic analysis

Short-read sequencing was performed using the Illumina NovaSeq
6000 platform (OGC, Oxford, UK) (Spain) and Illumina NextSeq550
(the Netherlands), with 2- x 150-bp paired-end reads. Nanopore long-
read technology was also carried out using a MinION flow cell (R9.4.1)
in accordance with SQK-LSK110 sequencing procedures. The Unicy-
cler tool (v0.4.8) was used to obtain the complete hybrid genome as-
semblies from the combination of short- and long-reads, as previously
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reported [8]. All consensus assemblies were annotated using RAST
Server (v2.0) (https://rast.nmpdr.org/). Assemblies were deposited at
DDBJ/ENA/GenBank under the project number PRINA949836.

Molecular characterization and resistome analysis

Antimicrobial resistance genes were screened using ABRicate
(v1.0.1) (ResFinder and CARD databases, threshold, 90% coverage; 98%
identity). In silico multilocus sequence typing (MLST) assignment was
carried out using MLST (v2.16.1) (https://github.com/tseemann/mlst).
Variant calling was also performed for the analysis of chromosomal
determinants involved in antibiotic resistance, as described previously
[13]. Core genome single nucleotide polymorphisms (cgSNPs) max-
imum likelihood phylogenetic trees were reconstructed and visual-
ized using IQ-TREE (v2.0.7) software and iTOL, respectively. The core
genome MLST (cgMLST) of all genomes was also created and validated
using the pipeline chewBBACA [14]. In all these analysis, P. aeruginosa
PAO1 (GenBank accession no. NC_002516.2) was used as the reference
genome.

Mobile genetic elements

The complete genomes and the mobile genetic elements impli-
cated in the dissemination of pg-lactamase genes were character-
ized, reconstructed, and visualized using ICEfinder (https://bioinfo-
mml.sjtu.edu.cn/ICEfinder/ICEfinder.html), Blast webtool (blast.ncbi.
nlm.gov), Kablammo (http://kablammo.wasmuthlab.org), and Proksee
(https://proksee.ca/).

Bacteriophages and pyocins

Prophage analysis was performed using the command line software
VIBRANT and Blast [15]. Phage taxonomy was stablished by creating a
phage proteomic tree using ViPTree version 3.7 with these prophages
and phages on the virus-host database (https://www.genome.jp/
viptree/) [16]. Phages clustered together were analyzed to be of
the same genus using VIRIDIC (https://rhea.icbm.uni-oldenburg.de/
viridic/). These results were confirmed by BLAST analysis of the termi-
nase large subunit, whenever this gene was present in the genomes, ac-
cepting query cover and identity values above 95% as the same species.
Pyocin clusters were classified by BLASTp analysis of the tail fiber pro-
teins against the NCBI database, considering query cover and identity
values above 90% as the same pyocin subtype [17].

Prophage and pyocins were annotated by RAST and Pharokka [18].
Unassigned Open Reading Frames (ORFs) were manually annotated by
HMMER (http://hmmer.org/) and HHPRED, as previously described
[17]. Anti-CRISPR proteins were analyzed by BLASTp against the Anti-
CRISPRdb database [19]. Regions encoding prophages and pyocins were
visualized using Proksee.

Results
Bacterial isolates and clinical data

Nine unrelated patients of Ukrainian origin (median age, 42 years
[range: 23-74 years]; seven of nine male patients) colonized (two of
nine) or infected (seven of nine) by NDM-producing P. aeruginosa iso-
lates were detected in two Spanish (three patients) and five Dutch (six
patients) hospitals between March and December 2022. All patients
were transferred or evacuated from Ukraine as a direct consequence
of the war. Previous hospital admission in Ukraine in the previous 12
months was documented in at least six patients (five injured soldiers and
one older woman undergoing heart surgery). In addition, colonization or
infection by other carbapenemase-producing Enterobacterales was also
detected in seven patients (Table 1).
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Table 1
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Epidemiological data of Ukrainian patients infected/colonized by NDM-1-ST773 P. aeruginosa isolates evacuated to Spain and the Netherlands during 2022. Antimi-
crobial susceptibility data are also included.

Isolate Gender Admission Source of Month Week Province Remarks Other microorganisms Resistance
diagnosis infection (+) (2022) (2022) (Country) detected during the profile®"
NDM-Pa admission
Isolate ESP.1 M Septic Abscess March 13 Madrid (Spain) Previous admission toa ~ OXA-48+NDM-1 K. P/T4, FEP, CZA,
pseudoarthritis  (Wound) Kyiv hospital (left femur pneumoniae C/T, IMI,
in left femur septic pseudoarthritis) IMI/REL, MER,
MEV, TOB, AMK
Isolate ESP.2  F Mediastinitis Bone sample May 20 Madrid (Spain) Refugee with previous VIM-1 K. oxytoca, P/T4, FEP, CZA,
(surgical site) heart surgery in Aspergillus fumigatus, C/T, IMI,
November 2021 in extended spectrum IMI/REL, MER,
Ukraine. beta-lactamase-Escherichia MEV, TOB, AMK
coli and Corynebacterium
sp.
Isolate ESP.3 M Surgical Abscess June 26 Madrid (Spain) Ukrainian soldier with OXA-48+NDM-1 K. P/T4, FEP, CZA,
infection in the (Wound) shotgun in the jaw pneumoniae, OXA-48 K. C/T, IMI,
right jaw (previous admissions to  pneumoniae IMI/REL, MER,
military hospitals in MEV, TOB, AMK
Ukraine, in Dnipro and
Vynnitsya)
Isolate NLD.1 M Unknown Tissue July 28 Overijssel (The Ukrainian person Not recovered MER
Netherlands)
Isolate NLD 2 F SSTI Wound August 31 Utrecht (The Ukrainian person NDM-1 K. pneumoniae, MER
Netherlands) OXA-23-Acinetobacter
baumannii, OXA-66-A.
baumannii
Isolate NLD.3 M SSTI Wound August 33 Overijssel (The Ukrainian soldier OXA-72-A. baumannii, MER
Netherlands) NDM-1 K. pneumoniae,
OXA-48 K. pneumoniae
Isolate NLD 4 M Carrier Rectal swab August 34 Gelderland (The Ukrainian soldier with Not recovered MER
screening Netherlands) shot wound direct
transfer from military
hospital in Poland
Isolate NLD.5 M SSTI Tissue biopsy ~ September 39 Noord-Holland Soldier with trauma from NDM-1-Proteus stuartii MER
(The Ukraine
Netherlands)
Isolate NLD .6 M Carrier Rectal swab December 51 Limburg (The Ukrainian person NDM-5-E. coli, KPC-3-E. MER
screening Netherlands) coli, KPC-2 K. pneumoniae,

NDM-1 K. pneumoniae,
OXA-48 K. pneumoniae

AMK, amikacin; CZA, ceftazidime-avibactam; C/T, ceftolozane-tazobactam; F, female; FEP, cefepime; IMI, imipenem; IMI/REL, imipenem-relebactam; M, male; MER,
meropenem; MEV, meropenem-vaborbactam; P/T4, piperacillin-tazobactam; SSTI, skin and soft tissue infection; TOB, tobramycin.

2 Antimicrobials for which NDM-1-S773-P. aeruginosa isolates showed resistant minimum inhibitory concentration values (according to EUCAST).

b In isolates recovered in The Netherlands, only meropenem susceptibility was reported.

All NDM-producing P. aeruginosa isolates recovered in Spain were
resistant to all tested antimicrobials, except for colistin (MIC <2 mg/L),
aztreonam (MIC: 8-12 mg/L), and cefiderocol (MIC range 0.75-2 mg/L;
disk diffusion method: 20-23 mm).

Resistance gene content and mutational resistome

Screening for antibiotic resistance genes revealed that all isolates car-
ried an identical content of resistance genes affecting different antimi-
crobial groups: aminoglycosides [aac(3), aadA11, aph(3’)-IIb, rmtB4],
p-lactams (blaypy.1, blagxa.zgs, blappc.ig), chloramphenicol (catB7),
fosfomycin (fosA), sulphonamides (two copies of sull), and tetracy-
clines (tetG). One antiseptic-resistant gene (gacE) and one gene affecting
the quaternary ammonium compound efflux SMR transporter (qnrVC1)
were also found in all strains. One Dutch isolate (Isolate_ NLD_2) carried
two copies of the blaypy.; gene (Table 2).

The variant calling analysis of chromosomal genes also showed an
identical mutational resistome, except for four genes, in which exclu-
sive mutations were found (Table S1). These genes were involved in the
transcriptional activation of P. aeruginosa virulence genes (lasR), the reg-
ulation of MexXY (mexY) and MexAB-OprM (nalC) effux pumps, and the
lipid A modification (pagL). T543A-mexY (eight of nine) and G71E-nalC
(eight of nine) mutations were encountered in several of the strains (Ta-
ble S1).

Molecular typing and mobile genetic elements

All NDM-producing P. aeruginosa isolates belonged to the same clone
(ST773) and shared a high percentage of coverage (98-99%) and identity
(99.96-100%). All ST773 P. aeruginosa isolates carried a chromosomally
encoded blaypy. gene along with a bleomycin resistance gene between
two IS91 (IS91-blaypyy.1-bleMBL-1S91), contained on an identical ~117
Kb integrative conjugative element (ICE) flanked by 23-pb attL and attR
sequences (gtctcgtttccegetecaaacat) (Figure S1, Table 2). The Dutch iso-
late (Isolate_NLD_2) that carried two copies of the blaypy.; gene (IS91-
bleMBL-blaypy.1 -bleMBL-blaypy.1 -1S91) had a larger ICE (120.224 bp)
that was located inverted in the chromosome but with identical attR
and attL regions (Figure S2). xerD and parA genes, involved in the mobi-
lization and integration of pathogenicity genomic islands structures in
P. aeruginosa, were identified flanking all blaypy,.;-ICEs. Other common
regions involved in mobilization and maintenance of the pathogenic-
ity genomic islands such as the pil operon were also found. In all iso-
lates, the blaypy.1-ICE contained five additional resistance genes affect-
ing other antimicrobial groups: sulfonamides (sull), aminoglycosides
(acc[3] and rmtB4), chloramphenicol (floR), and tetracyclines [tet(G)]
(Figure S1).

Plasmid reconstruction showed that two Spanish (ESP_1 and
ESP_2, each from one center) and one Dutch (NDL_3) NDM-1-ST773
P. aeruginosa isolates contained a closely related plasmid (~47-51
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Table 2
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Results of the genomic characterization of all NDM-1-producing P. aeruginosa isolates recovered from Ukrainian patients in Spain and the Netherlands during 2022.

Plasmid® (pb) Antibiotic-resistant genes content Accession number

Isolate ST Cluster® Chromosome” (pb) blaNDM-1-ICE size(pb)
Isolate_ESP_1 773 I 6,852,907 116,999

Isolate_ESP_2 773 I 6,922,344 116,997

Isolate ESP_3 773 II 6,850,251 116,998

Isolate NLD_1 773 1I 6,836,351 116,995

Isolate_ NLD_2 773 I 6,862,835 120,224¢

Isolate NLD_3 773 I 6,921,153 116,989

Isolate NLD_4 773 1I 6,908,226 116,997

Isolate NLD_5 773 I 6,911,612 116,993

Isolate NLD_6 773 I 6,853,133 116,997

pH120 (46,720) aac(3), aadA11, aph(3’)-1Ib, blaypy.1,
blagxa 395, blappc 16, catB7, fosA, qacE,
qnrVC1, rmtB4, sull, sull, tet(G)
aac(3), aadA11, aph(3’)-IIb, blaypy.1,
blagya 395, blappc 16, catB7, fosA, qacE,
qnrVC1, rmtB4, sull, sull, tet(G)

- aac(3), aadA11, aph(3’)-IIb, blaypy.1,
blagxa 395, blappc 16, catB7, fosA, qacE,
qnrVC1, rmtB4, sull, sull, tet(G)

- aac(3), aadA11, aph(3’)-IIb, blaypy.1,
blagya 395, blappc 16, catB7, fosA, qacE,
qnrVC1, rmtB4, sull, sull, tet(G)

- aac(3), aadA11, aph(3’)-IIb, blaypy.1,

blaypy.1» blaoxa sos, blappc.ae, catB7,

fosA, qacE, qnrVC1, rmtB4, sull, sull,
tet(G)

aac(3), aadA11, aph(3’)-IIb, blaypy.1,

blagxa 395, blappc 16, catB7, fosA, qacE,

qnrVC1, rmtB4, sull, sull, tet(G)

- aac(3), aadA11, aph(3’)-IIb, blaypy.1,
blagya 395, blappc 16, catB7, fosA, qacE,
qnrVC1, rmtB4, sull, sull, tet(G)

- aac(3), aadA11, aph(3’)-IIb, blaypy.1,
blagya.305, blappc.16, catB7, fosA, qacE,
qnrVC1, rmtB4, sull, sull, tet(G)

- aac(3), aadA11, aph(3’)-IIb, blaypy.1,
blapyy.30s, blappc.16, catB7, fosA, qacE,
qnrVC1, rmtB4, sull, sull, tet(G)

CP142443°,
CP142444¢

pB81 (51,081) CP142449°,

CP142450¢
CP142448°

JBAWKG000000000"

JBAWKH000000000"

pS75 (50,326) JBAWKF000000000"
CP142447°

CP142446°

CP142445°

@ Clusters detected with the cgMLST and cgSNPs analysis using P. aeruginosa PAO1 (NC_002516.2) as reference genome.

b Accession number of chromosomes of NDM-1-producing P. aeruginosa isolates.

¢ Accession number of plasmids detected in NDM-1-producing P. aeruginosa isolates.
4 Two copies of blaypy.; in the ICE, that is flanked by attL and attR (gtctcgtttcccgetecaaacat) but inverted in the chromosome with respect to the other isolates.

Kb) without any resistance genes. Genes encoding membrane pro-
teins belonged to the secretion system type IV transport proteins
(VirB1, VirB4, VirB6, VirB8, VirB9, VirB10, VirB11, and VirD4) were
detected, along with genes encoding an RNA metabolism protein
(retron-type RNA-directed DNA polymerase) and proteins involved
in regulation and cell signaling (HigA toxin and HigB antitoxin)
(Table 2, Figure S3).

cgMLST and cgSNP analysis

A cgMLST phylogenetic tree of the Spanish and Dutch isolates in
context of ten related ST773-P. aeruginosa isolates downloaded from
Pathogenwatch (https://pathogen.watch) was constructed. Of a total of
5,694 loci searched, 5,250 loci were present in the genome of all iso-
lates. This analysis showed that NDM-1-ST773-P. aeruginosa from pa-
tients of Ukrainian origin were grouped in the same cluster and more
distant from the strains collected in other countries and in other years.
Overall, NDM-1-ST773-P. aeruginosa strains diverged in distance from
4 to 17 loci and from 4 to 96 loci from strains collected in other ge-
ographical regions (Figure 1). Using P. aeruginosa PAO1 as reference
genome, the core genome of all NDM-1-ST773 P. aeruginosa ranged
between 5.882.658 and 5.887.317 bp, with an evolutionary distance
of 54.168-54.576 SNPs (9.2-9.3 SNPs/Mb). The maximum likelihood
phylogenetic tree based on the cgSNP analysis of all genomes gave
highly similar results that the neighbor Joining tree from the cgMLST
schema (Figure 2). Both methods clustered all Ukrainian ST773 P. aerug-
inosa strains in two clusters: cluster I, including two Spanish isolates
(ESP_1 and ESP_2), and four Dutch strains (NLD_2, NLD_3, NLD_5, and
NLD_6), all of them from different centers and recovered between March
and December, and cluster II, formed by one Spanish (ESP_3) and two
Dutch isolates (NLD_1 and NLD_4), also from different centers and
from different months (June, July, and August, respectively) (Figures 1
and 2).

Prophages and pyocins analysis

A total of 11 different prophages were identified in all P. aeruginosa
strains, and 10 of them were present in more than one strain simultane-
ously. A phage tail-like bacteriocin (PTLB) cluster was also identified in
all isolates, at first misidentified as a prophage (Figure 3, Table S2). The
prophage and PTLB cluster characteristics are summarized in Table 3.

The PTLB cluster presented a conserved structure: a PrtN/PrtR acti-
vator/repressor tandem, a zinc finger transcription factor, a phage an-
titermination Q-like protein, an R5-type (Rigid, with a structure similar
to a Myovirus tail) pyocin, a lytic cassette, and an F-type (Flexible, ana-
log to a Siphovirus tail) pyocin (Figure S4).

Prophage length ranged from 10.5 Kb (vB_Pae_U10) to 57.8 Kb
(vB_Pae_U7), with a GC content ranging from 58.9 % (vB_Pae_U7) to
64.4 % (vB_Pae_U4). The number of ORF was also very variable, with
13 OREF the shortest (vB_Pae_U10) and 103 the longest (vB_Pae_U7). The
ORF function of each prophage genome is summarized in Figure S5. A
considerable number of ORF remained with an unknown function after
annotation, ranging from 38.5% of hypothetical proteins (vB_Pae_U10)
to 84.8% (vB_Pae_U6). The PTLB cluster had 21.1% of hypothetical pro-
teins. Prophage vB_Pae_U4 was also found to code for an anti-CRISPR
(Clustered Regularly Interspaced Short Palindromic Repeats) proteins
with homology with AcrIF3 (score 8.85 x 10-10%).

Regarding insertion sites, the PTLB cluster was localized within the
tryptophan operon, between the anthranilate synthase components I
(trpE) and II (trpG). Half of the prophages (6/12) were inserted next
to transfer RNA coding genes. Prophages vB_Pae U2, vB_Pae U4 (in
strain ESP_2) and vB_Pae_U10 were inserted inside other genes, truncat-
ing them and possibly resulting in impaired gene expression. Prophage
vB_Pae_U2 was inserted inside the lapE gene in all strains, which codes
for an outer membrane pore forming protein as a component of the
type I secretion system. In ESP_2, prophage vB_Pae U4 was inserted in-
side a class III aminotransferase gene and inside an ABC-type bacteri-
ocin/lantibiotic exporter. This strain was found to have three copies
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Figure 1. cgMLST based phylogenetic tree constructed with all NDM-1-ST773-P. aeruginosa isolates recovered in this study (purple surrounding circle; ESP: Spain;
NLD: the Netherlands) and ten closely related ST773-P. aeruginosa isolates from other locations. P. aeruginosa PAO1 was used as reference genome (NC_002516.2).
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Table 3

Characteristics of the eleven prophages and the phage tail-like bacteriocin cluster (pyocin cluster) identified in the NDM-1-ST773 P. aeruginosa strains from Ukrainian patients.

Prophage /phage Family /Pyocin Length (Kb) GC content ORF (n°) Gene Host Hypothetical Upstream gene Downstream gene Accession
tail-like bacteriocin subtype (%) density strains proteins (%) number
cluster name (gene/Kb)
vB_Pae_Ul Unclassified 16.2 59.3 26 1.60 9/9 65.4 Quinolinatephosphoribosyltransferase tRNA-Thr-CGT PP003913
Caudoviricetes (EC 2.4.2.19)
vB_Pae_U2 Unclassified 45.1 61.3 67 1.49 9/9 58.8 tRNA-Pseudo-GAG Antitoxin HigA PP003914
Caudoviricetes
(Siphovirus tail
morphology group)
vB_Pae_U3 Unclassified 38.6 62.1 53 1.37 9/9 50.9 Type I secretion system, outer membrane component LapE" PP003915
Caudoviricetes
(Siphovirus tail
morphology group)
vB_Pae_U4a Casadabanvirus 36.4 64.4 53 1.46 3/9 39.6 FAD-dependent monooxygenase PhzS Pyridoxamine PP003916
5’-phosphate oxidase
PhzG (EC 1.4.3.5)
Aminotransferase, class III”
Bacteriocin/lantibiotic efflux ABC transporter,
permease/ATP-binding protein®
vB_Pae_U5 Unclassified 40.4 63.3 52 1.29 8/9 60.4 hypothetical protein tRNA-Leu-CAA PP003917
Caudoviricetes tRNA-Gly-CCC
vB_Pae_U6 Unclassified 43.6 62.2 66 1.51 2/9 84.8 Rossmann fold nucleotide-binding tRNA-Gly-CCC PP003918
Caudoviricetes protein Smf possibly involved in DNA
uptake
vB_Pae_U7a Detrevirus 57.8 58.9 103 1.78 6/9 64.1 Bis-ABC ATPase YbiT Probable PP003919
5-carboxymethyl-2-
hydroxymuconate delta
isomerase
vB_Pae_U8 Unclassified 41.1 62.6 60 1.46 4/9 61.7 Rossmann fold nucleotide-binding tRNA-Leu-CAA PP003920
Caudoviricetes protein Smf possibly involved in DNA
uptake
vB_Pae_U9 Unclassified 49.7 59.4 85 1.71 4/9 72.1 Probable Bis-ABC ATPaseYbiT PP003921
Caudoviricetes 5-carboxymethyl-2-hydroxymuconate
delta isomerase
vB_Pae_U10 Unclassified 10.5 60.8 13 1.24 2/9 38.5 Glycosyltransferase” PP003922
Caudoviricetes
vB_Pae_Ul1 Beetrevirus 39.0 63.1 56 1.44 1/9 51.8 tRNA-dihydrouridine(20/20a) synthase hypotheticalprotein PP003923
(EC 1.3.1.91)
Pyocin_Ul R5-F cluster 28.8 64.5 38 1.32 9/9 21.1 Anthranilate synthase, amidotransferase Anthranilate synthase, PP003924

component (EC 4.1.3.27)

aminase component
(EC 4.1.3.27)

aThree copies of vB_Pae_U4 and two copies of vB_Pae_U7 were detected in isolates ESP_2 and NLD_4, respectively.

b ORF truncated by the insertion of the prophage.
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Figure 3. Map of all NDM-1-ST773 P. aeruginosa strains and the relative position of prophages and phage tail-like bacteriocin clusters detected within them. ESP,

Spain; NLD, the Netherlands.

of the same phage, the third one being between an flavin adenine
dinucleotide-dependent mooxygenase (phzS) and a pyridoxamine 5-
phosphate oxidase (phzG), as in two Dutch strains (NLD_2 and NLD_3).
Finally, prophage vB_Pae U10 was found integrated into the glycosyl-
transferase gene (Table 3).

Discussion

In this work, we report the clonal spread in 2022 of NDM-1 P. aerugi-
nosa isolates belonging to clone ST773 in two European countries (Spain
and the Netherlands) due to the transfer of Ukrainian patients because
of the war.

In P. aeruginosa, resistance to carbapenems is usually due to mu-
tations in chromosomal genes and, to a lesser extent, to horizontal
acquisition of carbapenemase-encoding genes [9,10,20]. In Europe, P.
aeruginosa is usually associated with the production of Verona integron-
encoded MBL enzymes, and the report of NDM carbapenemases is
limited to nosocomial outbreaks or imported cases from endemic ar-
eas [13,21-23]. NDM enzymes can hydrolyze all g-lactams, except for
monobactams, conferring an almost pan-p-lactam-resistant phenotype
that usually leaves few treatment options [24]. In our collection, all
NDM-1-ST773 P. aeruginosa isolates were resistant to all tested antimi-
crobials, except for colistin, aztreonam, and cefiderocol. This high-level
of resistance coincides with the alarming rates previously reported in
Ukrainian health care settings [2,3].

The ST773 P. aeruginosa clone has been previously described associ-
ated with the production of NDM-1 in some countries such as the United
States, Nepal, and South Korea [23,25,26]. However, the NDM-1-ST773
P. aeruginosa clone had not been described in Europe before until the
arrival of Ukrainian patients [6-8]. Our analysis showed that isolates

of Ukrainian origin were more genetically related to each other than to
other NDM-1-ST773 P. aeruginosa strains recovered from other locations.
Note that one NDM-1-ST773 P. aeruginosa recovered from a Ukrainian
soldier admitted to a US military hospital in Germany in 2022 was found
to be part of the same cluster as the Spanish and Dutch strains, suggest-
ing clonal spread to Germany [7]. The cgMLST and cgSNP analysis also
revealed the clustering of our strains into distinct but close subgroups,
spanning the Spanish and Dutch isolates, indicating that the strains were
closely related despite belonging to patients who had been transferred
to different countries. The introduction of these isolates in European
countries poses a risk of potential local transmission events within and
between health care facilities in the country of detection.

In addition, the blaNDM-1 genetic environment in our isolates
(blaypy.1-ICE) was closely related to that found in other ST773 P. aerug-
inosa isolates [23,25,26]. The identical resistome and shared genetic
elements also suggest a clonal expansion of the NDM-1-ST773 P. aerug-
inosa clone. The presence of additional resistance genes within the ICE
underscores the potential for further acquisition of resistance determi-
nants, posing a continual threat to antimicrobial efficacy. Furthermore,
the closely related plasmid identified in Spanish and Dutch isolates, de-
void of resistance genes, suggests that plasmids could also be a potential
vehicle for gene exchange in P. aeruginosa. Understanding the genetic
platforms that facilitates the spread of virulence and resistance genes is
crucial for developing targeted intervention strategies.

Recent articles have shown that lysogeny is a common trait among
P. aeruginosa clinical isolates and that prophage role and characteristics
remain understudied when compared to lytic phages [27]. In our NDM-
1-ST773 P. aeruginosa strains, we found a high content of prophages
than in other studies [27]. Most of them were found in more than one
strain simultaneously, irrespective of the origin country. Moreover, an
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identical pyocin (PTLB) cluster was also found in all strains, again show-
ing a high genetic relatedness among the isolates. The pyocin cluster
showed a similar pattern as R-F-type bacteriocins previously described
in P. aeruginosa [28]. In our isolates, differences were only found in
those regions of the ST773 genome where prophages were inserted, sug-
gesting a dynamic interaction between the bacteriophage and the host
bacterium. Consistent with other studies, up to three of these prophages
were located truncating other genes and presumably resulting in non-
functional proteins [29,30]. Prophages inserted within essential genes
further emphasize their potential impact on bacterial physiology, most
likely influencing virulence and antibiotic resistance.

On the other hand, it should be noted that in at least seven of
these patients other MDR bacteria were isolated in addition to the
NDM-1-ST773 P. aeruginosa. Among others, NDM-producing Enterobat-
erales isolates were detected, including ST147 K. pneumoniae producing
OXA-48 or co-producing OXA-48+NDM-1 [8]. The ST147 K. pneumo-
niae clone has already been linked to the movement of Ukrainian pa-
tients to other central European countries in 2022 [5]. Co-colonization
or co-infection with other MDR also carrying carbapenemases and/or
extended-spectrum p-lactamases genes, such as ST78-OXA-23 Acineto-
bacter baumannii, ST395-OXA-48+NDM-1 K. pneumoniae, ST1047-IMP-1
P. aeruginosa, and ST357-VEB-9 P. aeruginosa, has also been reported in
Ukrainian patients in Germany [7].

The timeline of cases after the conflict and the association with pa-
tients who had previous hospitalization in Ukraine suggests a direct link
to the conflict-driven migration. This underlines the importance of col-
laborative efforts in surveillance, early detection, and the establishment
of protocols for managing patients with a history of health care expo-
sure in conflict zones. The combination of WGS and epidemiologic data
allows a better understanding of the evolution of resistance mechanisms
and the transmission dynamics, which helps to apply adapted infection
control measures.

In conclusion, our study provides a comprehensive genomic perspec-
tive on the emergence and dissemination of NDM-1-producing P. aerug-
inosa ST773 clone in Europe after the conflict in Ukraine. The intercon-
nectedness of health care systems and the adaptability of these strains
underscore the need for international collaboration in combating the
global challenge of antimicrobial resistance. Continued genomic surveil-
lance, along with the reinforcement of infection control measures, is im-
perative to mitigate the impact of these highly resistant clones on public
health.
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SUMMARY: Phage tail-like bacteriocins (PTLBs) are large proteomic structures similar to phage
tails. These structures contribute to bacterial competition by making pores in the membrane of
their competitors, disrupting proton gradients. The PTLBs identified in P. aeruginosa are
classified as R- and F-type pyocins, which have a narrow spectrum of action. Their specificity is
determined by the tail fiber and is closely related to the lipopolysaccharide type of the target
competitor strain. In this study, the genome sequences of 32 P. aeruginosa clinical isolates were
analyzed to investigate the presence of R-type and F-type pyocins, and one was detected in all
strains tested. BLAST and Vector NTI Advance softwares were used to identify pyocins within
contigs, flanked by the trpD and trpE. Other bioinformatic tools such as RAST, HMMER and
HHPRED were use for ORF annotation. Pyocin killing spectrum assays were perfomed to
determine their host range, and for that purpose pyocins were produced in liquid culture upon
mitomycin induction and purified through centrifugation, filtration and precipitation. The
purified pyocin extracts were visualized by transmission electron microscopy using a JEOL JEM-
1011 electron microscope. The pyocins were classified into 4 groups on the basis of the tail fiber
and also the homology, phylogeny and structure of the cluster components. A relationship was
established between these groups and the sequence type and serotype of the strain of origin
and finally the killing spectrum of the representative pyocins was determined showing a variable
range of activity between 0 and 37.5%. The findings showed that these pyocins could potentially
be used for typing of P. aeruginosa clinical isolates, on the basis of their genomic sequence and

cluster structure, and also as antimicrobial agents.

IMPORTANCE: To our understanding, there is little information on phage tail-like bacteriocins,
more specifically in the ones produced by P. aeruginosa (pyocins). In this work we analyzed
pyocin production in a collection of P. aeruginosa strains of clinical origin while exploring their

potential use as an alternative treatment to traditional antimicrobials and as typing tools.
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Lucia Blasco2*, Manuel Gonzélez de Aledo¥%*, Concha Ortiz-Cartagenal?, Inés Blériot'?,
Olga Pacios'?, Maria Lopez'?, Laura Fernandez-Garcial*?, Antonio Barrio-Pujante??,
Marta Hernandez-Garcia®3, Rafael Canton?3* & Maria Tomas% %4>

Phage tail-like bacteriocins (PTLBs) are large proteomic structures similar to the tail phages. These
structures function in bacterial competition by making pores in the membrane of their competitors.
The PTLBs identified in Pseudomonas aeruginosa are known as R-type and F-type pyocins, which have
a narrow spectrum of action. Their specificity is determined by the tail fiber and is closely related to
the lipopolysaccharide type of the target competitor strain. In this study, the genome sequences of
32 clinical of P. aeruginosa clinical isolates were analysed to investigate the presence of R-type and
F-type pyocins, and one was detected in all strains tested. The pyocins were classified into 4 groups on
the basis of the tail fiber and also the homology, phylogeny and structure of the cluster components.
A relationship was established between these groups and the sequence type and serotype of the
strain of origin and finally the killing spectrum of the representative pyocins was determined showing
avariable range of activity between 0 and 37.5%. The findings showed that these pyocins could
potentially be used for typing of P. aeruginosa clinical isolates, on the basis of their genomic sequence
and cluster structure, and also as antimicrobial agents.

Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen, responsible for nosocomial infections,
including bloodstream infections, pneumonia, urinary tract infections and surgical site infections'. This pathogen
represents a serious problem in health care systems because of its capacity to acquire antibiotic resistance and
its ability to produce biofilms and persist on surfaces, thereby contributing to its spread and causing outbreaks®.
P, aeruginosa contains many intrinsic antibiotic resistance mechanisms that make this species a difficult to treat
multidrug resistant bacteria®. In addition, due to the outbreaks, it is necessary to type the causative bacterial
pathogen. The traditional typing methods, Pulse Field Gel Electrophoresis (PFGE) and the Multilocus Sequenc-
ing Typing (MLST), are the primary election in many clinical laboratories, but although they are very effective
it should be necessary to improve the discrimination inside each Sequence Type (ST)*. So, new antimicrobial
agents as well as new typing methods are therefore required.

Bacteria utilize phage tail-like bacteriocins (PTLBs) to enable them to compete with other strains of the same
species or with different species® and could therefore be good candidates for use as antimicrobial agents. PTLBs
are large, ribosomally synthetized® protein structures (2 x 10°~1x 107 KDa) encoded in the bacterial genome and
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structured in genetic clusters similar to the phage tail structure models, always encoding structural and assembly
tail proteins, a lysis cassette and preceded by the transcription regulatory proteins®.

P. aeruginosa produces PTLBs called pyocins, traditionally named after the species of origin, in this case
P aeruginosa also known as P. pyocyanea®. The PTBLs from P. aeruginosa are some of the most widely studied
PTLBs and are used as PTLBs models®. The P. aeruginosa pyocins are grouped into three types: S-type pyocins,
R-type pyocins and F-type pyocins. The S-type pyocins, not considered PTLBs, are colicin-like proteins com-
posed by large multi domain polypeptides with DNase activity”. The R-type pyocins and F-type pyocins are
considered PTLBs and differ in their structure. R-type (Rigid-type) pyocins are contractile tail particles similar
to the Myoviridae phage family and are composed by a long large tube surrounded by a sheath and ending in
a baseplate where the receptor-binding protein (RBP) is located. The F-type (Flexible-type) pyocins are non-
contractile particles, similar to the Siphoviridae phage family; they are simpler than the R-type as they do not
possess a sheath, but also have an RBP>%. Despite the great morphological similarity of PTBLs with phages, they
cannot be considered degenerate phages but both would have a common cellular ancestry along with the type
VI secretion system>®’.

The killing mechanism of R-type and F-type pyocins involves the phage tail fiber possessing the RBP, which
recognizes the bacterial receptor in the lipopolysaccharide (LPS). The specificity of the RBP leads to a narrow
spectrum of activity and the protection of the pyocin producer strain, although the producer cell dies altruistically
due to the pyocins release’; once the cell is bound, the R-type pyocin triggers contraction of the sheath by pulling
the tail and the core through the envelope, forming a channel or pore that decouples the membrane potential
thus inhibiting membrane transport and causing cell death®*. The killing mechanism of the F-type also involves
disruption of the membrane gradient, but as it lacks a tube or core that forms a channel, its mechanism of action
is not yet well understood™>°. The S-type pyocins are secreted as binary protein complexes that contain an effec-
tor, which is a larger protein with killing activity including DNase activity, the second component is a smaller
protein with immunity activity that protects the producer strain from the activity of the released pyocin'*'2.

To date, five subtypes of R-type pyocins have been described on the basis of their target specificity: R1, R2, R3,
R4 and R5%!>13, Of these, R5 has the broadest spectrum, while R2 has the narrowest spectrum and encompasses
the spectra of R3 and R4, which are similar. R1 is a subset of R5 but is considered a different branch. In addition,
the amino acid sequence of the tail fiber protein is similar in R2, R3 and R4, but very different in R1 and R5>'*4,
The F-type pyocins have been less well studied and are currently classified into three groups (F1, F2 and F3)
based on their lytic spectra, although another two groups have also been identified: one in P. aeruginosa PA14
and other in P. aeruginosa M18. The former is similar to F2, identified in the reference strain P. aeruginosa PAOI,
but with differences in 210 to 340 residues from the tail fiber protein; the M18 F-type shares 66% homology with
the tail fiber protein of the F1 group'2.

PTBLs are encoded in gene clusters preceded by a group of regulatory genes and organised in blocks of lytic
and structural genes. These clusters can be found encoding individual R-type or E-type pyocins but also in dual
R-F pyocin clusters. It has previously been reported that all clusters in P. aeruginosa, i.e. both individual and the
dual R-F type, are located in the genome in the intergenic region of the tryptophan operon between the trpE
and trpGCD genes>'. The regulatory system of both individual and dual R-type and F-type pyocins is located
upstream of the cluster and is composed by an activator (prtN) and a repressor (prtR); these are related to recA,
which is activated by DNA damage, cleaving prtR and producing prtN and thus activating expression of the
pyocin cluster>'>'>. The production of both R-type and F-type pyocins in dual R-F pyocins relies on the shared
regulatory system and also the shared lysis cassette, suggesting coordinated release of the dual pyocins®'%.

PTLBs are characterized by a narrow host spectrum, which in P. aeruginosa is known to be closely related to
the LPS type of the target strain that acts as a receptor for the tail fiber proteins'*. It has also been reported that
each specific type of pyocin recognizes a specific serotype strain determined by the O-polysaccharide repeating
portion, which acts as an O-antigen and is linked to the virulence of the strains'*!®. The PTLBs, and more spe-
cifically the P. aeruginosa pyocins, can be used as antimicrobial agents and owing to their relationship with the
O-antigen they were used in typing schemes before the emergence of molecular typing methods'’-'. The value
of pyocins as antimicrobial agents is currently being considered in research studies. The R-type pyocins were
used for the first time in 1969 to rescue chick embryos infected with P. aeruginosa®. In addition, several assays in
murine models confirmed the efficacy of R-type pyocins in the treatment of infections with P. aeruginosa'>*?2.
Due to the narrow spectrum of the PTLBs, some studies focused on generating recombinant R-type pyocins to
retarget them by substituting the tail fiber protein with a phage protein in order to increase the host range in
several species such as P, aeruginosa, Clostridioides difficile and Listeria monocytogenes'®*-26,

In the search for new pyocins, 32 genome sequences of clinical strains of P. aeruginosa of different clinical
origins were analysed in the present study, and at least one pyocin cluster was identified in each strain. The
sequence of these pyocins was analysed and homology and phylogenetic studies were conducted. The pyocins
were isolated and purified and their killing spectrum was established, and they were also related to the serotype
and ST of the clinical isolates.

Results

Identification and characterization of the phage tail-like bacteriocins. Thirty-two genomic
sequences of P. aeruginosa were analysed to search for PTLBs (Table 1). In all of the genomes analysed, at least
one cluster corresponding to a pyocin was found between tryptophan operon genes, trpE and trpG (Table 2;
Table 1S. Supplementary material). Thus, 21 of the strains contained a cluster that corresponded to a unique
pyocin corresponding to an R-type pyocin. Dual clusters were identified in the 11 remaining strains. In the P
aeruginosa PAO1 reference strain®, one of these clusters corresponded to a R-type pyocin, and the contiguous
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Strain | Genbank Origin | ST Serotype
1-13 SAMNI14776823 | 1AI ST235 011
2-29 SAMNI14776826 | UTI ST235 011
3-49 SAMNI14776829 | IAL ST235 0O11
4-17 SAMNI14776829 | UTI ST235 0O11
4-71 SAMNI14776839 | IAI ST235 011
4-79 SAMNI14776840 | UTI ST235 0O11
4-86 SAMNI14776841 | IAL ST235 0o11
4-92 SAMNI14776842 | UTI ST235 011
4-93 SAMNI14776843 | UTI ST235 Ol11
4-94 SAMNI14776844 | IAL ST235 0O11
4-120 SAMN14776833 | UTI ST235 0O11
4-121 SAMN14776834 | UTI ST235 011
9-41 SAMNI14776860 | LRTI ST235-1LV | O11
C11 SAMNI14776862 | UTI ST175 04
C58 SAMNI14776863 | UTI ST175-2LV | O4
G6 SAMN14776870 | IAI ST175-1LV | O4
G7 SAMNI14776871 | IAI ST175-2LV | O4
G26 SAMNI14776868 | IAI ST175-1LV | O4
G31 SAMN14776869 | IAI ST175-1LV | O4
HI18 SAMN14776872 | UTI ST175-2LV | O4
H52 SAMN14776874 | UTI ST309 0O11
3-5 SAMNI14776830 | UTI ST348-1LV | O11
3-38 SAMNI14776827 | LRTI ST348 012
3-41 SAMNI14776828 | LRTI ST348-1LV | O12
3-58 SAMN14776831 | IAI ST348 011
9-86 SAMN14776861 | IAI ST554 05
5-23 SAMN14776846 | LRTI ST244 05
6-25 SAMN14776848 | LRTI ST244-1LV | O12
8-24 SAMNI14776854 | UTI ST244-1LV | O5
8-36 SAMN14776855 | UTI ST244 05
9-25 SAMN14776858 | LRTI ST244-1LV | O12
10-58 SAMN14776820 | LRTI ST244 012

Table 1. Characteristics of the 32 clinical isolates of P. aeruginosa which were obtained in previous study*’.
It is indicated each Genbank code, clinical origin, sequence type (ST) and serotype. IAI intra-abdominal
infection, UTI urinary tract infection, LRTI lower respiratory tract infection.

cluster corresponded to an F-type pyocin, both sharing the regulatory and lytic genes, as previously described
for P. aeruginosa PAO1'2.

In order to identify the PTLBs as R or F subtypes, homology analysis of the tail fiber was conducted. In the
R-type pyocins, the tail fiber proteins were compared against the reference sequence for each R subtype (R1, R2,
R3, R4 and R5); the results revealed that 21 of the proteins belonged to the R5 subtype, while 11 belonged to
the R2 subtype, which corresponded to those that were followed by a F-type pyocin (Fig. 1A,B). For the F-type
group, the results showed a group of 5 pyocins belonging to the F2 subtype, comprising a R2-F2 pyocin, similar
to the PAO1 R2-F2 pyocin®, and a group of 6 that were similar to the P. aeruginosa PA14 F-type pyocin'?, thus
giving rise to a pyocin cluster R2-F(PA14) (Fig. 1A,B).

The genomic analysis of the pyocin clusters identified showed a % GC content very similar, between 63.9 and
65.4 (Table 2). Analysis of the protein sequence of the pyocins revealed some differences in the protein number
between the R5-type pyocins (Table 2). Thus, these pyocins were classified in two groups, including a group of 12
pyocins (group A) constituted by an R-type cluster of 14 genes, 4 lytic genes and preceded by 5 regulator genes.
The second group (group B) of 8 pyocins differed from group A in the absence of the latter protein belonging to
the lytic cassette. In both groups, the cluster was preceded by the regulatory region composed by 5 genes, while
in the reference P, aeruginosa PAO1 strain it is composed by 4 genes (Fig. 1B; Table 2)”. The R2-F2 pyocins (group
C) were composed by 38 genes, which corresponded to an R-type cluster of 14 proteins and a F-type cluster
composed by 16 genes, while in P. aeruginosa PAO1 the F-type cluster is formed by 17 genes. In addition, the
two clusters share a regulatory region of five genes and a lytic cassette composed by four proteins (Fig. 1B). The
pyocins R2-F(PA14) (group D) comprised two consecutive R and F clusters: the R-type comprised 14 proteins
and the F-type comprised 13 proteins, unlike P. aeruginosa PAO1 and the group C pyocins, in which the last
three proteins are duplicated (Fig. 1B)’.
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Pyocin name Pyocin subtype | Genbank | Genomiclenght (pb) | % GC | ORF | Group
1-13_pyoR5 R5 BK062625 | 16,471 65.4 23
2-29_pyoR5 R5 BK062626 | 16,471 65.4 23
3-49_pyoR5 R5 BK062627 | 16,471 65.4 23
4-17_pyoR5 R5 BK062628 | 16,472 65.5 23
4-71_pyoR5 R5 BK062629 | 16,471 65.4 23
4-79_pyoR5 R5 BK062630 | 16,471 65.4 23
4-86_pyoR5 R5 BK062631 | 16,471 65.4 23 A
4-92_pyoR5 R5 BK062632 | 16,471 65.4 23
4-93_pyoR5 R5 BK062633 | 16,471 65.4 23
4-94_pyoR5 R5 BK062634 | 16,803 65.4 23
4-120_pyoR5 R5 BK062635 | 16,471 65.4 23
4-121_pyoR5 R5 BK062636 | 16,803 65.4 23
9-41_pyoR5 R5 BK062645 | 16,803 65.3 23
C11_pyoR5 R5 BK062637 | 16,455 65.1 23
C58_pyoR5 R5 BK062638 | 16,455 65.1 23
G6_pyoR5 R5 BK062639 | 16,312 65 23
G7_pyoR5 R5 BK062640 | 16,120 65.2 23 B
G26_pyoR5 R5 BK062641 | 16,455 65.1 22
G31_pyoR5 R5 BK062642 | 16,455 65.1 22
H18_pyoR5 R5 BK062643 | 16,120 65.2 22
H52_pyoR5 R5 BK062644 | 16,215 65.3 22
3-5_pyoR2-F2 R2-F2 BK062615 | 30,282 63.9 39
3-38_pyoR2-F2 R2-F2 BK062614 | 30,282 63.9 39
3-41_pyoR2-F2 R2-F2 BK062616 | 30,282 63.9 39 C
3-58_pyoR2-F2 R2-F2 BK062617 | 30,283 63.9 39
9-86_pyoR2-F2 R2-F2 BK062622 | 30,510 64 41
5-23_pyoR2-F(PA14) R2-F(PA14) BK062618 | 28,526 64.2 36
6-25_pyoR2-F(PA14) R2-F(PA14) BK062619 | 28,805 64.2 36
8-24_pyoR2-F(PA14) R2-F(PA14) BK062620 | 28,805 642 |36 b
8-36_pyoR2-F(PA14) R2-F(PA14) BK062621 | 28,526 64.2 36
9-25_pyoR2-F(PA14) R2-F(PA14) BK062623 | 28,805 64.2 36
10-58_pyoR2-F(PA14) R2-F(PA14) BK062624 | 28,526 64.2 36

Table 2. Genomic characteristics and subtype of the 32 pyocins (PTBLs) identified in this study. Each pyocin
name corresponds to the producer strain. It is indicated the Genbank code, the genome size, % GC, number of
OREF and the group to which each was assigned.

Homology and phylogenetic analysis of pyocins.  The results obtained by the homology studies of the
tail fiber specificity genes were confirmed by the homology and phylogenetic analysis of the complete pyocin
genomes. The homology analysis showed that the R5-type pyocins were very similar and can be grouped in two
blocks corresponding to the established groups A and B, sharing a query cover value of 97-98% and an iden-
tity value of 99.35%. The pyocin H52-R5 homology BRIG differed slightly from the two blocks but had similar
homology values (Fig. 2). In the case of the R-F pyocin clusters, the homology results showed two blocks of
homology, one corresponding to the R2-F2 pyocins (group C) and another corresponding to the R2-F(PA14)
pyocin (group D) (Fig. 2). Despite the presence of two groups, the pyocin clusters represented by them were also
similar, with a query cover value between 88 and 89% and an identity value of 98%.

The phylogenetic study of all the pyocin clusters revealed, as previously observed, that the pyocins identified
are divided into four phylogenetic groups. Two closely related clades of the phylogenetic tree were represented
by two blocks, one corresponding to the R5-type pyocins included in group A and another also corresponding
to an R5-type pyocin grouped in B. Another two closely related clades included one corresponding to group C,
which was constituted by the R2-F2 pyocin and group D, constituted by the R2-F(PA14) (Fig. 3).

Identification of pyocins by transmission electron microscopy (TEM). The purified pyocins were
examined by TEM, and the images obtained (Fig. 4) revealed the presence of two different type of pyocins.
One type had a structure similar to a tail of the viral family Myoviridae, corresponding to the R-type pyocins,
observed in three conformations: a complete form, a contracted form and an empty sheath?’”. The other type was
the F-type, observed as a flexible structure similar to a phage tail of the viral family Syphoviridae.

Scientific Reports |

(2023) 13:117 | https://doi.org/10.1038/s41598-022-27341-1 nature portfolio



www.nature.com/scientificreports/

A

Coverage

Identity

VW

2
-5
-23

Coverage

Identity

[l

-13
11

Coverage
Identity

F2
3-5

Coverage
Identity

F(PA14)
523

PrtN
PrtR

PAO612
PAO613

100 200 300 400 500 600 691

1 (S0 RN NI SN AT (U R 1 R 0 0010 0 00 100 0 R 0T R 1 0 SO 0 RS 00 | ARSI R
1 (S0 R NI TR AR [ R 0 R 0 0110 8 U0 101 0 RN 0 0 0 SO O RS 0 | ARSI R
(BRI 11 7501 MU N1FR1 MO0 05 BN DO I 100 000 ) W00 00 00 ARO1 8 0501 | OS5 007 B 8 000 0060 00N S 1 0 500 SO O 00 O O O R 0 | VWA R

B 100 200 300 400 500 600 702 R-type

I TSR ST BT T AT S T B PR R TR T R R e SRR TR 2 TR PRI DT S B TR TR R T RRERAE T R T SR 1L T e Tt
TR TS BT TRETE P IR EE D T R T R e
TR S BUTRETE P VISP SRR TR SR TE R

[IE TSR ST R T TR T B PR RS T S R SRR TR

1 50 100 150 200 250 300 350

| I

(BNl 1) WIEE B NI U I e riem e 1 IDMEEIEr B AN HEE MEIEE M W EEIE SR O | e .
[l a1 WIE E NN ETIEE O I e I REIEl B Ham NN MEICEE VI WP SR O R e e
1 50 100 150 200 250 300 350 F-type

DI N P O O S SR DI O SR S S G O M O AR BN SN BEET N O N O e |
DS N S P O O S SR D N SR SR S B 6 VR A | S N R BN BEET O O N 0 N e |

R-type F-type

PAO1_R2-F2pyocin

<TWNWO N O o — N o< L O™~ 00 DOHANNTLN © ~Noo O b} o~ M S O N
A oA o ~ NN AN N NN N NN M Mmom M < < < < St St St
WWOVW VWY Y © o VW Vo © O W O WVOLOLOLLO © 0w v v [t} [t} O OO O OO
223388 8 22 88 § 28983899392 2 g8¢¢ g g g888s2
aaad aac o a a a aa a a4 a acaacaaa a aa aa a a a aa a aa

CERPPH ) ) ))-mmm) E)E) P 113 pvoRS (A
CEN-PPPIup)mmmp) ) -mmmm) h)up B} c1i_evors @)
CEH-Dpd-yuppmmm)—mp h)-mmmmh up ) ))-H)) b ) s smmm—)-2) mh ) ) 2-5_pvor2-r2 (C)
CEN- DOy ))-mmmm) sh)m) P))-p)mmmp) s - mmmm—m)-Pm)) 5-23_pvor2-F(PAL4) (0)

Figure 1. Identification of the pyocin subgroup. (A) Homology comparison of the tail fiber protein model
sequence of R2, R5, F2 and F(PA14) with one representative of each pyocin type identified in this study. (B)
Structure of the pyocin cluster of one representative of each group (A, B, C and D), and comparison with the
reference pyocin R2-F2 from P. aeruginosa PAOL. Yellow: regulatory genes; red: lysis cassette; blue: R-type
pyocin cluster genes, brown: F-type pyocin cluster genes. The representative sequences were selected by
numerical order due to the high intragroup similarity.

Relationship between the pyocin type and the source P. aeruginosa strain serotype, sequence
type and clinical origin. In this analysis, the relationship between the serotype, the sequence type (ST)
and the clinical origin of the source strains and the pyocin type was determined (Table 1). The R5-type pyocin
in group A was almost always present in ST235 and serotype O11 clinical isolates. However, pyocin H52_pyoR5
was quite different in the homology and phylogenetic analysis, as it was present in the H52 clinical isolate
belonging to the ST309 but like the rest of group A had the O11 serotype. The R5-type pyocins from group B
were associated with clinical isolates belonging to the ST175 with serotype O4. On the other hand, the group C
of R2-F2 pyocins was the most variable, with isolates belonging to the ST348 and ST554 and serotype O5, O11
and O12. Finally, group D, constituted by R2-F(PA14) pyocins, was represented by isolates belonging to ST244
and serotypes O5 and O12. Finally, no relationship between the clinical origin of the isolate and each pyocin
was observed.

Killing spectrum of the pyocins. The target range of the pyocins was studied by the spot test technique
(Fig. 5). The pyocins included in this analysis were selected by according to ST and serotype of the strain from
which they were isolated. The results revealed a great variability in the susceptibility of the strains to the pyocins
of the same subtype. In addition, no spots occurred when the target strain belonged to the same ST and serotype
as the source strain of the pyocin, except for pyocin 10-58_R2-F(PA14), which produced a spot in strain 3-5,
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Figure 2. Homology of the pyocin clusters determined by BRIG 0.95. (A) R-type pyocin clusters. The clusters
corresponding to group A are rounded in yellow and to group B in blue. (B) R-F type clusters. The cluster
corresponding to group C are rounded in red and to group D in green.

which belongs to a different ST but has the same serotype (O11). Furthermore, a variable percentage of target
range was observed for all of the pyocins tested, with 9-86_pyoR2F2 showing the highest value and being able
to lyse 37.5% of the strains tested.

Discussion
Pyocins are PTLBs produced by P. aeruginosa. Like all PTBLs they are protein complexes with the same struc-
ture as phage tails. Like other phage tail particles, such as the type VI secretion systems (T6SS), they also play
arole in defence and in interbacterial competition®. The genetic and structural similarities between the phage
tails and PTBLs initially suggested that the PTBLs evolved as defective phages; however, structural comparison
between the T6SS, R-type pyocins and the contractile tail phages suggests evolution from a common ancestor™*.
The presence of pyocins in clinical strains of P. aeruginosa seems to be variable. Thus, in a study conducted
by Mei et al.?, from an analysis of 852 clinical isolates of P. aeruginosa they found that 448 belonged to the R-type
pyocin and 300 contained genes of the F-type pyocins. From those included in the R-type pyocins 144 belonged

Scientific Reports |

(2023) 13:117 | https://doi.org/10.1038/s41598-022-27341-1 nature portfolio



www.nature.com/scientificreports/

A

Identity

1.9-86 pyoR2-F2
2. 3-58 pyoR2-F2
. 3-38 pyoR2-F2
. 3-5 pyoR2-F2

. 3-41 pyoR2-F2
. 8-,
. 5-
. 8-
. 9-;

2
2.
3
2.

S LNV AW

12. H52 pyoR5
13. G7 pyoR5
14. H-18 pyoRS
15. G6 pyoRS
16. G31 pyoR5
17. C58 pyoR5
18.C11 pyoR5
19. G26 pyoR5
20.4-17 pyoR5
21.1-13 pyoRS
22.2-29 pyoR5
23. 3-49 pyoRS5
24.4-71 pyoRS
25.4-79 pyoRS
26. 4-86 pyoRS
27.4-92 pyoRS
28.4-93 pyoR5
29.4-120 pyoRS5
30.4-121 pyoRS
31.4-94 pyoRS
32.9-41pyoR5

4 gchZ-F(PAM)

3 pyoR2-F(PA14)

6 pyoR2-F(PA14)

5 pyoR2-F(PA14)

0. 6-25 pyoR2-F(PA14)
11.10-58 pyoR2-F(PA14)

! 10,000 12,000 14,000 16,000 18,000 20,000 22,000 24,000 26,000 28,000 30,602

LT B TR | e R LU TR I LR R L R RN ) e mer [NIN) (n | -
LU BT L] L LRI L R L O I U1 LR AT L U T R T T -

C LU R Y T L IR VR DO UYL RN o O N N R TR A N Y] LT Y] T EE DR

AUMETUR T NEE W RE TR L e T LT W LR TR T - ——

LI U LR Ui A TR R RURTE LRRE e IR R AR I IR R LELURRIIRTIR LT EE LR TR T - ——

LU REEE BN AR N 110 I O -l 11 0 1 I WO LI TITRE B [L R TA] YR

L UUE B LR R L ] IR Y T R LORUITRE TR L B LN TR

i 11 NI 0 - 11 1 00II 101

L 110 I O -l 11 1 W11 W

L LR Lt e LR

o LR Y T R

FEer rrnmm e

[ R R ) LEEH B B

o e o

e e o

[ R e

I 1

1 1

1 1

LINUINE B
L IR N
e wromn

i
i

e
e i 1 1
e i 1
LR VITRE T U L U LN TR I
L LR U U RV O A [ 1 R
men LRI IO )
n LI ]
rm rTmr— m
(a1} o .
rm o .
1
1

D i
e
meroun _|"I|

B W

e e
PR
mooonon

1N e o
[n e o
" e orm

" (1N

" i
i
i
i
(1N
i
i
i
i
(RN
(RN}
i

rm o .
rm
ni I I
ni I I
i I 1
i I 1
i 1 1
ni I I
i I 1
I 1
1 1
I 1
I L
1 1
1 1

mwioonon
mwioonon
mwnoonon
e
mwwoonon
oo
mioonon
miwoonon
e
mwioonon
moounon

[ I
L1l I
(] ]
fel) mno
(] mno
[N} o
(] e
LB 1 i
sl 1 i
[} I i
[N} I i
2! 1
(N} 1

Figure 3. Similarity study of the 32 pyocin clusters identified and its relation with the established groups. (A)
Phylogenetic tree. (B) Alignment of the 32 pyocins clusters.

Figure 4. TEM images of pyocins. (A) R-type pyocin with a similar structure to a myovirus, in three
conformations. Top: complete form; middle: contracted form; bottom: empty sheath of the pyocin. (B) F-type
pyocin with a similar structure to a syphovirus.

to the R1 subtype, 76 to the R2 subtype, 43 to the R5 subtype and the remaining strains were untypeables. Kohler
et al.' analysed the tracheal aspirates of 61 patients, in search of R-type pyocins, detecting different R subtype
pyocins in 77% of the isolates. In another study of 24 isolates from the lungs of CF patients, all isolates were
found to contain R-type pyocins, also mainly of the R1 subtype, and it was concluded that this subtype confers a
competitive advantage in biofilms, explaining why certain strains displace others in the CF lungs®. In the present
study, the genome of 32 clinical isolates of P. aeruginosa from several origins, including urinary tract infections,
lower respiratory tract infections and intra-abdominal infections, were analysed in search of pyocins, and at
least one cluster was found in all isolates. In contrast to the previously mentioned studies, both R-type clusters
and F-type clusters were found, resulting in R pyocins and dual R-F pyocins. Analysis of the tail fibers, which
determines the specificity (Fig. 1), showed that only R2, R5, F2 and F(PA14) were present in these isolates, with
an equal representation of the R5 and R2 subtypes, and a lower representation of F2 than F(PA14) (Fig. 2). In
other studies of CF isolates, the R1 subtype was the most commonly identified and in contrast to the results of
the present study, R5 was the least well represented subtype*®. In a study conducted by Kéhler et al.'%, pyocins
from R1, R2 and R5 were found in the same proportions.

Homology modelling and phylogenetic studies of the pyocins identified in these clinical isolates confirmed
the grouping of the pyocins and also revealed the great similarity between them. The main difference observed
between the R2-type and the R5-type pyocins was in the genomic region corresponding to the tail fiber, and the
same was observed between the F2-type and the F(PA14)-type pyocins (Fig. 3). The tail fiber region has been
described as being responsible for the specificity of the pyocins, as it acts as an RBP recognizing the target in
the LPS of the target bacteria®®.
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Figure 5. Target range of the pyocins. (A) Spot test of the pyocins originating from strains with different ST and
serotype. (B) Spot production dependent of the pyocin concentration.

Analysis of the pyocins identified in the genomic sequence of the P. aeruginosa clinical isolates and the clini-
cal ST, serotype and clinical origin established a relationship between the pyocin type and the ST and serotype,
but not the clinical origin of the isolate. Although a relationship with both ST and serotype was identified, it
seems that there is more variability between the serotype and the presence of pyocins than with the ST. Thus, the
association between the pyocin subtype and the ST and serotype can be extended to the groups established in
this work beyond the pyocin subtype, as the A and B groups, which both correspond to an R5-type pyocin, were
associated with a different ST and serotype. Although the association between serotype and pyocin subtype has
long been recognised', to our knowledge the present is the first report of the relationship with ST. The relation-
ship between the serotype and the pyocin subtype'* has always been established with the R-type cluster, but in
the present study a relationship between the serotype and the F-type pyocin was demonstrated, as the group
C and D pyocins only differ in the F-type cluster. Both groups were related to two different serotypes, but both
share O12 and differ in O5 and O11, possibly as a consequence of the presence of the R-pyocin and the F-pyocin,
which in this case would confer a competitive advantage to the strain as they are protected by different pyocins®.
The observed relationship between the serotype, ST and pyocin from the clinical isolates of P. aeruginosa tested
in this study suggests that the pyocins could potentially be used via analysis of the cluster genomic sequences.
The pyocin-serotype association has been used for bacterial typing, but unlike in the present study, the typing
was based on the killing activity of a pyocin from an unknown isolate over a collection of indicator strains; this
method was abandoned, as it is slow and laborious, and was substituted by molecular methods'’~**. Currently,
thanks to the genome analysis, the study of the PTBLs can complement the traditional typing methods employed
in the clinical laboratories.

The serotype in P. aeruginosa is determined by the O-antigen, which is a B-band repeating unit of LPS con-
sidered a virulence factor'. It is known that the pyocin tail fiber proteins recognize the LPS of the competitor
strains but do not recognize their own LPS as a target, so they cannot lyse those strains with the same serotype.
In a study carried out in 2010, Kéhler et al.' deleted different genes responsible for the synthesis of the O-antigen
and determined which LPS residues act as receptors for R1-type, R2-type and R5-type pyocins. When the 32
clinical isolates were tested against the 32 isolated pyocins, none were able to lyse the source strain or those
strains with the same serotype or ST. As previously described, variability in the susceptibility to the pyocins was
observed between those isolates that shared ST and/or serotype and the same type of pyocin, probably due to
the frequently observed mutations in the LPS genes in CF, affecting recognition by the RBP*>**°, Pyocins have
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been considered potential alternatives to antibiotics, and several studies have demonstrated antimicrobial activ-
ity of pyocins alone or in combination with other antimicrobials and those sharing the LPS as target!*?%2>31-32,

In this study, 32 pyocins belonging to the R5-type, R2-F2 type and R2-F(PA14) type were identified. Homol-
ogy and phylogenetic analysis established four groups of pyocins (A, B, C and D), each of which was found to
be related to the serotype and ST of the source strain. Pyocins are therefore good candidate markers for typing
strains of P. aeruginosa by analysis of the tail fiber protein of the pyocin. We also observed that they could be
used to type R5-type pyocins, by the number and distribution of the genes comprising the pyocin cluster. These
pyocins also displayed potential antimicrobial activity as they were able to lyse some of the clinical isolates tested,
particularly the 9-86_pyoR2-F(PA14) pyocin, which exhibited the highest range of activity.

Material and methods

Strains and culture conditions. Thirty-two clinical strains of P. aeruginosa isolated in Portuguese and
Spanish hospitals within the framework of two multicentre studies, STEP in Portugal and SUPERIOR in Spain®,
were used in the study. The software mlst (v2.16.1) (https://github.com/tseemann/mlst) was used for the in silico
MLST assignment?. Serogroups based on the O-specific antigen (OSA) gene cluster sequences were determined
using Blastn tool (v2.9.0+) (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and the OSA database®. The origin, ST and
serotype of the isolates are shown in Table 1. All strains were grown in Luria—-Bertani broth (LB) medium (0.5%
NaCl, 0.5% yeast extract, 1% tryptone) at 37 °C and 180 rpm. LB was supplemented with agar (1.5%) when
necessary.

Identification of pyocin clusters in silico. The genomes of 32 clinical isolates P. aeruginosa (NCBI Bio-
Project: PRINA629475) were analysed to search for pyocins. For this purpose, the anthranilate flanking genes,
trpD and trpE, were identified in the search for the genes that typically compose the pyocin clusters, which have
been reported to be included between these genes®.

When the pyocin cluster sequences were distributed in several contigs, they were then compared by homology
and assembled using BLASTn and Vector NTT Advance™ 11 (Invitrogen) programs. The complete sequences of
the pyocin clusters were annotated by RAST**, HMMER (http://hmmer.org) and HHPRED™*. The pyocin cluster
R2-F2 of P. aeruginosa PAO1 was used as a reference sequence, which corresponds to the region between the
genes PAO610-PAO648 (Genbank: AE004091.2-AE004091.2) from the Pseudomonas aeruginosa database™.

All the nucleotide sequence data reported are available in the Third Party Annotation Section of the DDB]/
ENA/GenBank databases under the accession numbers TPA: BK062614-BK062645 (Table 2).

Pyocin cluster type identification. The pyocin cluster types were assigned by homology with the tail
fiber corresponding to the protein of the reference strain P. aeruginosa PAO1: PAO620 for the R-type pyocins
and by PAO646 for the F-type pyocins'%.

These strains were compared by BLASTp against the corresponding protein of the different pyocin types: R1
(ARI05994.1), R2 (AAG04009.1), R3 (ABP93392.1), R4 (ABP93394.1), R5 (ABP93396.1), F2 (AAG04035.1) and
F(PA14) (ABJ15607.1). The pyocin clusters were considered to belong to a subtype when the homology value
was higher than 90%.

Homology and phylogenetic analysis. The sequences obtained for the different pyocin clusters were
analysed in order to study their homology. The studies were carried out using the Easyfig 2.2.5%” and BRIG 0.95%
tools with the tBLASTx option. The Query Cover and Identity values were analysed with BLASTn.

The sequences were aligned and a phylogenetic tree was constructed with the bioinformatic software Geneious
Prime (Dotmatics).

Extraction and concentration of phage tail-like bacteriocins. The selected strains used as sources
of pyocins were cultured overnight in LB broth at 37 °C. The culture was then diluted 1:100 in LB and incu-
bated at 37 °C and 180 rpm. Once the optical density measured at a wavelength of 600 nm (ODg,,,) of 0.4 was
reached, 10 pg/ml of mitomycin C (Sigma-Aldrich) was added and the culture was incubated until it turned
clear. The lysed cultures were centrifuged at 4000 rpm for 10 min, and the supernatant with the pyocins was
recovered and incubated with 1% chloroform for 30 min. Finally, the supernatant with the pyocins was filtered
through a 45 pm filter (FILTER-LAB®PES Syringe filter).

For concentration, the pyocins were precipitated with polyethylene glycol (PEG). The pyocin solution was
precipitated overnight at 4 °C with 10% PEG and 0.5 M NaCl. The pyocins were collected by centrifugation for
15 min at 11,000 rpm and 4 °C. The supernatant was discarded and the pellet suspended in SM buffer (0.1 M
NaCl, 1 mM MgSO4, 0.2 M Tris-HCl, pH 7.5), to obtain a tenfold concentration. Finally, a 1:1 volume of
chloroform was added and incubated with gentle shaking for 20 min, and the phases were then separated by
centrifugation for 10 min at 4000 rpm. The aqueous phase with the pyocin suspension was recovered and stored
at 4 °C until use.

Pyocin transmission electron microscopy (TEM). The pyocin solutions were fixed in a grid and nega-
tively stained in 1% aqueous uranil acetate for 5 min and examined in a transmission electron microscope JEOL
JEM-1011.

Pyocin killing spectrum. In order to determine the target range of each isolated pyocin, each was tested
against the 32 strains from which they were isolated (Table 1). The killing activity was assayed by spot test™.
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Briefly, double agar layer plates were prepared with the putative host strain mixed with the soft upper agar layer
(0.4% agar). Once solidified, a drop (10 ul) of the pyocin solution was deposited on top of the agar layer, and the
plates were incubated at 37 °C for 20 h.

To differentiate the R-type and F-type pyocins from the S-type pyocins, proteinase K was added to the
plates, as R and F-type pyocins are protease resistant and S-type is protease sensitive'?. In order to differentiate
the pyocins from prophages induced with mitomycin C, serial dilutions were spotted on agar plates. When no
individual plaques were observed at the higher dilutions, the presence of a spot was considered to be the result
of the killing activity of the pyocin.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary
information files].
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4. DISCUSSION

P. aeruginosa poses a significant global public health threat, primarily due to its combination of
AMR and the production of virulence factors. Moreover, its highly versatile metabolism and
remarkable adaptability enable this species to colonize a wide range of environments,
contributing to its widespread dissemination and persistence in both biotic and abiotic settings.
This capability is facilitated by its exceptional genomic plasticity, which allows for the
accumulation of chromosomal mutations and the acquisition of exogenous DNA. Among the
hotspots for genomic plasticity, the accessory genome- and more specifically prophages and
genomic islands- contribute the most to genomic variability in P. aeruginosa (28).

On the other hand, when it comes to analyzing prophages in bacterial genomes through
bioinformatic tools, some of them can mistakenly identify PTLBs as temperate phages due to
their structural similarities. This was observed as an opportunity to study these ejective
machineries, which as prophages, are often overlooked in the literature.

4.1. Prophage abundance

Regarding phages, although virulent Pseudomonas phages have been extensively researched for
phage therapy as substitutes or adjuvants for traditional antimicrobials, their temperate
counterparts remain understudied. Given the additional attributes that prophages provide to the
parasitized bacterium -such as the production of toxins, antibiotic resistance, and the promotion
of biofilm formation, bacterial fitness or tissue colonization- its analysis should not be missed
when it comes to bacterial characterization (281).

In the first work of this thesis (Study 1) we showed that prophages are present in the majority of
the P. aeruginosa circulating strains in nosocomial settings in Portugal and Spain. In only 7/53
(13.2%) clinical strains isolated from patients admitted to ICU in the Iberian Peninsula, no intact
prophage -as given by the PHASTER tool- was detected. The actual number of strains not
harboring any prophage could be even lower if we analyzed closed genomes, obtained by a
combination of short- and long-read sequencing, since some prophages could be split into
contigs and therefore not be detected by the prophage analyzing tools. However, for this study
only short reads were used. For the lysogenized strains, 14/53 carried one prophage (26.4%),
11/53 carried two prophages (20.8%), 8/53 had 3 prophages (15.1%), 12/53 harbored 4
prophages (22.6%) and in 1/53 strain up to 5 prophages were found (1.9%). This shows how
lysogenized bacteria might be often parasitized by more than one temperate phage
simultaneously.

For the second work of this thesis (Study 2), a combination of both short- and long-reads was
used to assemble the bacterial genomes, rendering an average of 2.2 contigs per genome. This
was almost a thousand times lower than the number of contigs obtained only through short-
read sequencing in Study 1 (1,601.8 contigs/genome), allowing for a better identification and
characterization of prophages. For the genomes analyzed in Study 2, all P. aeruginosa strains
harbored prophages as per the VIBRANT tool, with 3/9 strains bearing 6 prophages, 4/9 bearing
7 prophages and a single strain carrying up to 8 prophages. This number is considerably higher
than the number of temperate phages found in Study 1 strains, possibly due to the more
fragmented genomes used in the latter work and to the higher capacity of the P. aeruginosa
ST773 clone from Study 2 to acquire exogenous genetic material. In a recent study published in
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2022 analyzing 5,383 P. aeruginosa genomes of both human and environmental origins, a total
of 6,852 intact prophages were detected, rendering an average of 1.3 prophages/genome (282).
This supports our belief that the nosocomial strains from our studies did in fact contain a
relatively higher number of prophages when compared to other studies.

Altogether, these results show how lysogeny is a common trait among P. aeruginosa strains,
especially in those of nosocomial origin.

4.2. Prophage relatedness

Regarding the relatedness of phages, in Study 1 we could verify that different P. aeruginosa
strains isolated in different Portuguese and Spanish hospitals sometimes had identical
prophages. There was a total of 13 prophages present in more than one strain simultaneously,
with all of them belonging to the class Caudoviricetes, which groups all tailed bacterial and
archaeal phages with dsDNA packed into an icosahedral capsid (210). Moreover, the majority of
them (10/13) were members of the siphovirus tail morphology group, having the remaining 3 a
podovirus (2/13) and myovirus (1/13) tail morphology. The predominance of the siphovirus tail
morphology group has already been described for prophages in P. aeruginosa genomes (282).

In addition, in Study 1 phages vB_PaeM-D14A, vB_PaeS-D14B, vB_PaeS-D14C, and vB_PaeS-
D14F were the most abundant prophages, found in more than 10/53 P. aeruginosa isolates from
Portuguese and Spanish hospitals. When analyzing the maximum likelihood phylogenetic tree
based on each phage’s terminase large subunit, it could be seen that prophages belonging to the
podovirus tail morphology group (vB_PaeP-D14l and vB_PaeP-D14S) clustered together,
separated from the rest of the collection (Study 1, FIGURE 1A). Attending to their geographical
distribution, prophages vB_PaeS-D140, vB_PaeS-D14P, and vB_PaeS-D14Q were found to be
circumscribed to Spanish regions, being the remaining 10 prophages found mainly in Portuguese

isolates. Interestingly, despite the geographical proximity to Portugal, prophages found at the A
Coruia region resembled more similar to other Spanish regions (Study 1, FIGURE 1B). No
common prophages were identified between Studies 1 and 2, highlighting the diverse nature of

these entities.

When comparing clonal distribution, among the collection of 53 P. aeruginosa strains from
patients admitted to ICUs in Portugal and Spain from Study 1, the most prevalent ST was found
to be ST235 (n=14), followed by ST175 (n=10) and ST224 (n=7). This is consistent with the existing
literature, with STs 235 and 175 being the most frequent high-risk clones in Portugal and Spain,
respectively (188-190). For Study 2, all isolates belonged to the same clone, the ST773. With this
information, correlation between the P. aeruginosa ST and their prophage content was studied.
In the collection of 53 P. aeruginosa strains, ST235 was found to be the most prevalent (n = 14),
followed by ST175 (n=10) and ST244 (n=7). For ST235, prophages vB_PaeM-D14A and vB_PaeS-
D14C were found in 13/14 strains, prophage vB_PaeS-D14B in 12/14 and prophage vB_PaeS-
D14F in 10/14. The only four pandrug-resistant strains out of the 53, all of them belonging to the
ST235, were found to simultaneously harbor phages vB_PaeM-D14A, vB_PaeS-D14B, and
vB_PaeS-D14C. Interestingly, the only single strain of the ST235 which did not harbor any of these
prophages was also the only ST235 strain which did not carry the GES-13 B-lactamase. This
isolate also presented point mutations in genes associated with AMR, such as the membrane
porine oprD and the efflux pumps’ genes mexY and muxC that the rest of the strains of the same
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sequence type did not have. Efflux pumps and porins constitute phage receptors, and mutations
on these proteins could explain the differential carriage of prophages. However, the number of
isolates was not big enough to develop association analyses. In the strains belonging to the ST175
(n = 10), however, more diversity in prophage arrangement was found. Although all of the 10
strains coded for at least one of the prophages under study, the distribution of the phages
(vB_PaeS-D14K, vB_PaeS-D140, vB_PaeS-D14P, and vB_PaeS-D14Q) was uneven. The same
appears to happen with ST244, in which prophages vB_PaeS-D14H, vB_PaeP-D14l, vB_PaeS-
D14L, and vB_PaeP- D14S were found to be distributed without a clear association (Table 4).

On the other hand, since all of the strains analyzed in Study 2 had a same clonal origin, it is not
surprising the similarities among the prophages they harbor, expecting the different isolates to
carry the same prophages. However, the prophage content was in fact the only significant
difference between those almost identical genomes, highlighting how these regions can be the
most plastic ones in the bacterial chromosome. A total of 11 unique prophages were identified
among the nine NDM-1-ST773-P. aeruginosa strains from Ukrainian patients, the majority of
them (10/11) present in more than one bacterial isolate simultaneously. Some prophages were
carried in multiple copies, as it is the case of the isolate ESP_2, which harbored three copies of
vB_Pae_U4, and the isolate NDL_2, which had two copies of the vB_Pae_U7 prophage. This is a
phenomenon that we did not observe in Study 1, where all prophages were carried in single
copies. Chromosomal rearrangements or a simultaneous integration of several prophage copies
are more feasible possibilities than a first infection followed by a second one, due to the
protection to infection that a prophage confers to the lysogen, known as superinfection exclusion
(245). Regarding tail morphology, no terminase large subunit was identifiable for phages
vB_Pae_U1 and vB_Pae_U10, and no homology with the BLAST database was found for the
terminases of phages vB_Pae_U3, vB_Pae_US5, vB_Pae_U6, vB_Pae_U8 and vB_Pae_U9. This
hampered the correct identification of the species or the tail morphology group. Thus, a different
approach than in Study 1 was used, combining a phylogenetic tree of these prophages and the
prophages within the Virus-Host database using ViPTree 3.7. and a posterior confirmation to
assess if phages clustered together were of the same genus by using VIRIDIC. This way, 5/11
prophages were classified as members of the siphovirus tail morphology group, being able to
assign to three of them a genus: Casadabanvirus for phage vB_Pae_U4; Detrevirus for phage
vB_Pae_U7; and Beetrevirus for phage vB_Pae_U11. The resting 6 prophages were grouped as
unclassified Caudoviricetes.

4.3. Prophage insertion sites

While some temperate phages transpose randomly into the bacterial chromosome, others insert
at given regions through site-specific recombination (283). Prophage integration into the
bacterial genome can be an important event for bacterial fitness, since it can truncate key genes
when it occurs in the middle of an ORF and operons when it happens between related genes. In
Study 1, we were able to locate the prophage insertion sites within the bacterial chromosome in
7/13 cases (Study 1, Figure 4). Three phages (vB_PaeM-D14A, vB_PaeP-D14l, and vB_PaeS-D14L)
were inserted before, between or after host tRNA coding sequences, and since all of the

sequences were intact, it could be speculated that the prophage integration did not affect their
integrity. This was especially relevant for phage vB_PaeM-D14A, where the attR/L sequence was
identified within the tRNA-Thr-TGT gene. This suggests that the prophage carried a duplicate of
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the gene, allowing its integration to replace the truncated version, a finding consistent with
earlier studies (283). Similarly, in Study 2 more than half (6/11) of the prophages were inserted
next to tRNA coding genes (Study 2, Table 3).

Interestingly, in some cases different phages from both studies had the same insertion sites. It is
the case of prophage vB_PaeS-D14L from Study 1 and prophage vB_Pae_U5 from Study 2, which
share the tRNA-Leu-CAA gene as their insertion site; prophages vB_PaeS-D14B and vB_Pae_U2
from Studies 1 and 2 respectively, which integrate next to a HigA antitoxin encoding gene; and
prophages vB_Pae_US5and vB_Pae_U6 from Study 2 which insert next to a tRNA-Gly-CC encoding
gene. This supports the idea of some chromosomal regions being hotspots for prophage
acquisition. Regarding the antitoxin HigA, it should also be noted that it is usually arranged
downstream its cognate toxin (HigB), but in neither of the lysogens of both studies the toxin
could be localized. This could indicate that prophage integration might have cleared the HigB
toxin, promoting bacterial survival (284).

It is also noteworthy that some genes were in fact truncated upon the insertion of the prophage
in the midst of their corresponding ORF. In Study 1, a glyoxylate carboligase encoding gene,
responsible for the metabolism of glyoxylate, was interrupted by the vB_PaeS-D14F prophage;
whereas in Study 2 it was the T1SS component LapE, the class Ill aminotransferase, a bacteriocin
ABC transporter and a glycosyltransferase by prophages vB Pae U3, vB Pae U4, and
vB_Pae_U10 respectively. The implications of the loss of function of these genes remain
unknown.

Finally, in 5/13 prophages from Study 1 we could not identify the prophage insertion sites due
to the fragmentation of the bacterial genome into hundreds or thousands of contigs. The
consequence was having isolated sequences corresponding to a prophage representing a whole
contig, without any identifiable flanking genes. This issue was addressed in Study 2, where all
genomes were also sequenced using long reads and all of the prophage flanking genes were
identified.

4.4. Prophage composition

In Study 1, prophages had a length ranging from 20.2 kb (prophage vB_PaeS-D14Q) to 63.4 kb
(prophage vB_PaeP-D14l). This is comparable to Study 2, where prophages had an extension
between 10.5 kb and 57.8 kb (prophages vB_Pae_U10 and vB_Pae_U7). In all of the cases, their
genome length had an extension inside the limits of what is expected for dsDNA tailed
bacteriophages, between 17 and 498 kb (285). No Jumbo phages (>200 kb) were found in any of
the studies (286).

Regarding their GC content, in Study 1 it was found to be between 56.2% (prophage
vB_PaeS_D140) and 63.6% (vB_PaeP-D14l), very similar as in Study 2 (between 58.9% for
prophage vB_Pae_U7 and 64.4% for prophage vB_Pae_U4). Such differences with their host’s GC
content (65 —67% for P. aeruginosa) indicate an exogenous origin of the prophages and correlate
with a recent acquisition. This highlights the dynamic nature of temperate phages, allowed by
the characteristic genome plasticity in P. aeruginosa (287).

When analyzing the number of genes per prophage, it ranged from 32 ORF (prophage vB_PaeS-
D14Q) to 88 ORF (vB_PaeS-D140) in Study 1, and from 13 ORF (vB_Pae_U10) to 103 ORF
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(vB_Pae_U7) in Study 2. After annotation, 3/13 prophages in Study 1 and 9/11 prophages in
Study 2 had over 50% of their ORFs classified as hypothetical proteins. This percentage is
remarkably high when compared to the number of unassigned ORFs in the whole bacterial
chromosome, estimated to be around 10% in E. coli (288) and 17.6% (1,050 out of 5975) in P
aeruginosa PAQ1, as for our annotations. These findings are consistent with previous studies,
which highlight not only the large number of unknown phages sequenced within metagenomic
data -often termed viral dark matter- but also the abundance of putative proteins with unknown
functions (289-291). In this regard, further studies decrypting bacteriophage gene function
should be made in order to unravel the mechanisms underlying viral regulation, replication and
interactions with their host.

4.5. PTLBs

In the third work of this thesis, Study 3, we analyzed the genomic sequences of 32 P. aeruginosa
strains from critical care patients in Spain and Portugal, finding a PTLB or a PTLB cluster in each
of them. These strains could be grouped into 4 classes (A-D) attending to their pyocin subtype,
GC content and ORF number. Interestingly, great differences were observed among strains
depending on their country of origin, with Spanish isolates characterized by an R5 PTLB flanked
by 3 lytic proteins (Class B). On the other hand, Portuguese strains showed more variability when
it came to PTLB arrangement: Class A pyocins showed an R5 PTLB flanked by 4 lytic proteins and
Classes C and D consisted on an R2-type PTLB followed by an F2 and F(PA14) PTLB, respectively
(Study 3, Figure 1). This same division into classes was observed in a phylogenetic tree upon
sequence alignment, with each class representing a clade (Study 3, Figure 3).

On the other hand, in 9/9 strains from Study 2 and identical PTLB cluster was found, in contrast
with the prophage variability we observed among strains of the same clone. Its structure was
conserved, with upstream regulatory genes, an R-type PTLB, a 4-gene lysis cassette and an F-
type PTLB (Study 2, Supplementary Figure S4). The R pyocin was classified as R5 by sequence
homology of the tail fiber, and the F pyocin did not share homology with any previously described
F-type PTLB.

When comparing PTLBs from both studies, a clear association between the host’s ST and the
PTLB they produced was found. In Study 2, all R5 PTLBs belonging to class A belonged to the
ST235; R5 PTLBs from class B to ST175 and ST309; R2-F2 PTLBs from class C to ST348 and ST554;
and finally, R2-F(PA14) from class D to ST244. In Study 3, all strains belonged to the ST773 and
produced an identical pyocin cluster. However, this relation could not be found with the host’s
serotype (Study 3, Table 1). This suggests that pyocin genomic analysis can be a better typing

tool than the serotype itself (292).

Regarding PTLB killing spectrum, it was irrespective of the pyocin class, with PTLBs from different
classes with similar host ranges and PTLBs from similar classes with diverse host ranges (Study
3, Figure 5). As expected, in Study 3 the PTLB producing strain was resistant to the killing action
of its own pyocin in all cases, and for this reason no killing spectrum experiment was performed
for Study 2, in which all strains produced the same PTLBs.

Finally, all of the PTLBs from Studies 2 and 3 were located into the tryptophan operon, between
the trpE and trpG genes, as previously described (272).
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4.6. Perspective on prophages, phage morons, and phage therapy

Phage morons are genes encoded by prophages which can be transcribed despite the quiescent
state of these entities, unlike the rest of the viral genes which remain repressed (293). When
lysogenic phages parasitize a bacterium, their survival becomes tightly linked to their host’s. In
the context of a continuous arms race between bacteria and phages, prophages -and more
importantly their morons- can serve as valuable allies against strictly lytic phages. Prophages can
also be crucial for bacterial fitness, with morons being able to interfere with bacterial motility
and adhesion, to modify their host’s metabolism, or even to enhance antibiotic resistance.

In Study 1 we were able to identify 7 novel anti-CRISPR proteins in 7 different prophages. Two of
them were identified by homology with already described proteins which directly inhibit the
HNH endonuclease activity of Cas9, and the remaining 5 were simultaneously detected by two
different bioinformatic tools (PaCRISPR and ACRFinder). In Study 2, phage vB_Pae_U4 was found
to carry an anti-CRISPR protein with homology with AcrIF3. Prophages can carry these genes to
defend themselves from the host’s CRISPR-Cas system, and therefore escaping the autoimmunity
which would represent the bacterium targeting its own chromosome (294). Moreover, although
CRISPR-Cas systems protect bacteria from invading phages, they also avoid the acquisition of
other mobile genetic elements, limiting bacterial adaptation. On average, P. aeruginosa clinical
isolates with active CRISPR-Cas systems have approximately 300kb smaller genomes (295). In
addition, 8/13 prophages in Study 1 and 3/12 prophages in Study 2 coded for DNA
methyltransferases, which mask viral DNA to protect it from the host’s restriction enzymes.
Prophage morons inactivating these two systems can promote exogenous DNA uptake and
enhance bacterial fitness.

Regarding T/A systems, in Study 1 we observed that 2/13 prophages coded for complete T/A sets,
2/13 coded for the toxin alone, and other 2/13 coded for solitary antitoxins. Recent evidence
supports the defensive role of these systems in phage infection, arresting bacterial growth when
toxins are produced -or antitoxins degraded- and therefore preventing phage replication. In this
context, it seems feasible that phages can carry complete systems to defend their host from
further phage infection, toxins alone to limit cell growth and help their host transition to a
chronic or persister state, or antitoxins alone to counteract the host’s toxins. In Study 2, no T/A
systems were detected.

Another type of morons detected in the prophages from Study 1 were QS receptors.
Transcriptional regulators from the LuxR family were found in prophages vB_PaeS-D14B,
vB_PaeS-D14E, and vB_PaeS-D14L, and prophages vB_PaeM-D14A, vB_PaeS-D14C, and
vB_PaeS-D140 coded for transcriptional regulators from the TraR family. Although the role of
these regulators is yet to be clarified, having QS receptors could mean that phages are able to
listen to -but not to speak- the interspecies communication of their bacterial hosts. If phages can
sense bacterial density they could also act accordingly, leaning toward the activation of the lytic
cycle when their prey is abundant or favoring a lysogenic cycle when their host is scarce. This
way, the phage would never completely erase a bacterial population, ensuring its own survival
(296).
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Finally, no AMR genes and no virulence toxins with activity against the human hosts were
detected in either Studies 1 or 2. However, a potential DNA gyrase inhibitor with homology with
YacG in E. coli was detected in prophage vB_PaeP-D14I (Study 1).

In sum, a myriad of anti-phage mechanisms can be coded by prophage morons in P. aeruginosa
clinical strains, affecting the ability of virulent phages to infect their hosts. This can difficult the
process of finding effective lytic phages for phage therapy, specially taking into account that
prophages are more frequent in pathogens, which are usually polylysogens (297-299).
Furthermore, many phage hunting protocols include an enrichment step in which the sample
which is screened for phages is pre-incubated with the target strain (300-302). However, if the
target strain harbors prophages, as it is the case of the majority of our P. aeruginosa clinical
strains, it is highly discouraged to use it, being the main reasons: 1) the cross-contamination of
the virulent phage preparations with temperate phages from the target strain; 2) the difficulty
to differentiate plaques caused by prophage activation from the ones originated by the candidate
virulent phages, and 3) the potential recombination events that can occur between the virulent
and temperate phages (303). For those reasons, phages have to be previously isolated using
surrogate hosts of the same species that do not carry prophages and then tested against the
desired prophage-bearing hosts, in a time-consuming screening process.

However, it should also be noted that the carrying of prophages is not always detrimental for
treatment. Subinhibitory concentrations of antibiotics, such as B-lactams or quinolones, have
been shown to cause the activation of the lytic cycle of prophages, resulting in the death of the
lysogen cells (304, 305). In this sense, a new innovative treatment alternative to traditional
antibiotics has been proposed against MDR bacteria: prophage induction. This strategy seeks to
activate the target bacterium’s temperate phage lytic cycle through molecules that interact with
prophage repressors -such as cl, cll, or Cro (306, 307)-. For these purposes, more efforts to study
the characteristics, abundance and dynamics of prophages should be made.

4.7. Resistome

In Study 1, a collection of 28 C/T resistant and 25 susceptible P. aeruginosa isolates was analyzed.
Among the resistant ones, 13/28 isolates produced GES-13 carbapenemases, 9/28 produced VIM
carbapenemases and in 6/28 no carbapenemase-coding gene was detected. As expected, all of
these isolates were resistant to antipseudomonal B-lactams, with the exception of aztreonam in
the metallo-B-lactamase producers and piperacillin/tazobactam in the VIM-20 producers.
Interestingly, the number of intact prophages was greater in carbapenemase-producing strains
(average of 3.0 prophages/strain) than in C/T resistant non carbapenemase-producing strains
(average of 1.8 prophages/strain) and even greater than in C/T susceptible strains (average of
1.4 prophages/strain). This relationship between prophages and carbapenemases could be
explained by the increased genomic plasticity of certain clones, such as the high-risk clone ST235,
which makes bacteria more prone to acquiring mobile genetic elements such as phages or
plasmids encoding AMR genes. Moreover, the only four PDR isolates in the collection -all of them
belonging to the ST235- were found to simultaneously harbor prophages vB_PaeM-D14A,
vB_PaeS-D14B, and vB_PaeS-D14C. It should also be noted that out of the 53 strains of the
collection, 7 of them did not carry any intact prophage as analyzed by PHASTER, belonging 6 of
them to the C/T susceptible group and reinforcing the association between antibiotic resistance
and prophage harboring. In Study 2, all of the strains belonged to the ST773 and had a same
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clonal origin, which explains why all of them had the same antibiotic susceptibility profiles, being
only susceptible to colistin, aztreonam, and cefiderocol. As seen in Study 1, the number of
prophages per genome in these resistant isolates was significantly higher (6-8 intact
prophages/genome).

4.8. International collaboration and stewardship

The monitoring of MDR bacteria can serve both to understand the current epidemiological
situation and to take preventive measures in consequence. On the one hand, the collection of
data by international organisms, such as the European Antimicrobial Resistance Surveillance
Network (EARS-Net) (308), can play a crucial role in increasing awareness among policymakers,
public health authorities, the scientific community, and the general public. On the other hand,
understanding the genomic background of the main bacterial pathogens in the local medical
setting can help in the selection of an empirical antibiotic treatment, the combination of different
synergistic antimicrobials, or, given the case, the development of future antimicrobial
compounds.

For these purposes, international collaboration between Microbiology laboratories worldwide is
essential. The collection of bacterial strains with highly resistant phenotypes begins in clinical
microbiology laboratories, and genome analysis enables the understanding of their resistance
patterns and transmission dynamics. In Studies 1 and 2, the genomic data was collected from 11
hospitals in 8 Portuguese cities (Lisboa, Matosinhos, Porto, Aveiro, Amadora, Almada, Faro, and
Coimbra) (309) and 8 facilities from 7 Spanish cities (Madrid, Barcelona, Seville, Santander, La
Corufia, Valencia and Palma de Majorca) (310). In Study 3 we were able to trace the
dissemination of NDM-producing P. aeruginosa strains with a common clonal origin from
Ukrainian healthcare centers to Dutch and Spanish hospitals. Moreover, this same clone was
detected in a German facility unrelated to this study, as seen by the cgMLST analysis. An early
detection of these isolates, encouraged by ECDC recommendations on MDR screening in patients
transferred from Ukraine, allowed for an adequate antibiotic treatment and the instauration of
preventive measures to avoid the intrahospital transmission of this pathogen.

In conclusion, the genomic analysis of the different P. aeruginosa nosocomial isolates in Studies
1, 2 and 3 responds to the need to monitor the virulence and antibiotic resistance profiles of the
main nosocomial pathogens worldwide. In a globalized world, being able to detect in time
transmissible public health threats such as high-risk clones, understanding how to adequately
treat them, and preventing future infections will be necessary to ensure the free movement of
people. The three studies that compose this thesis have been possible thanks to the international
collaboration between different European nations (Portugal, The Netherlands, Ukraine, and
Spain) and have helped us in understanding this ubiquitous pathogen, which certainly does not
know about borders.

4.9. Limitations and future directions

While this research provides valuable insights into the prophage and PTLB characteristics within
the genomes of P. aeruginosa clinical strains, it also presents some limitations. In the first place,
and as explained above, for Study 1 only short reads obtained through Illumina sequencing were
used, yielding an average of 1,601.8 contigs per genome. Such fragmented genomes can pose a
limitation for the detection of prophages by bioinformatic tools, given the possibility that some
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prophages could be split across different contigs. This could also affect the estimated length of
the analyzed prophages, as 5 out of 13 prophages identified in this study comprised the entire
contig, making it impossible to identify the prophage boundaries. Therefore, it could not be ruled
out that additional ORFs belonging to these prophages were missed during sequencing.
Moreover, for 6 out of 13 prophages, it was not possible to localize them within the bacterial
chromosome, preventing the detection of whether the insertion of the prophage had disrupted
any bacterial gene, and thus making it impossible to assess its effect on bacterial fitness. In
general, short read sequencing by itself can present limitations when it comes to mapping MGE
such as plasmids or phages due to the presence of long repetitive regions or palindromic and
GC-enriched elements (311, 312). This issue was successfully addressed in Study 2, where a
combination of both short- and long-reads was used to assemble the bacterial genomes,
rendering an average of 2.2 contigs per genome, allowing for a better identification and
characterization of prophages.

It should also be noted that different prophage-seeking tools were used in our two studies.
Whereas PHASTER was chosen for Study 1, the VIBRANT tool was employed in Study 2. This
change in the methodology responds to a study carried out between both publications in which
we showed how the VIBRANT tool was able to identify more prophages than PHASTER in the
genomes of clinical and environmental Serratia marcescens strains, although after annotation
some of them resulted to be incomplete prophages. This higher sensitivity postulates VIBRANT
as a better tool for prophage screening as long as the obtained prophages are annotated and
curated to eliminate the incomplete ones. These results were presented in the XXVI National
Congress of the Spanish Society for Infectious Diseases and Clinical Microbiology (ANNEX 1).
Taking these differences between bioinformatic tools into account, we used the PHASTER tool
with the P. aeruginosa ST773 strains to confirm the higher content in prophages of these strains,
obtaining similar results as with VIBRANT (ANNEX 2). This confirmed us that the differences in
the number of prophages per genome between Studies 1 and 2 did not attend to the different
tools used.

Another factor that could have underestimated the total number of prophages is the limitation
found for the different bioinformatic tools -PHASTER and VIBRANT, indistinctively- to identify
filamentous phages such as Pf1, Pf4 or Pf5 (282). Given their short genomes (7.3 — 13 kb),
automatic tools for prophage identification often fail to detect them. In Study 1, the shortest
prophage detected using PHASTER was 20kb long, and no filamentous phage was identified
(Studyl, Table 2). In Study 3, the shortest prophage found by VIBRANT had a length of 10.5kb,
within the filamentous phage range, but none of these entities was found (Study 2, Table 3).

However, when manually searching for characteristic genes from filamentous phages- such as
the coat proteins A and B, the zonular occludens toxin family protein or the DUF2523 gene- this
kind of prophages were found (ANNEX 3).

Finally, it would be very enriching to delve into the functionality of prophage morons and its
impact into bacterial fitness. As commented above, after annotation 3/13 prophages in Study 1
and 9/11 prophages in Study 2 had over 50% of their ORFs classified as hypothetical proteins.
Given the fact that phages tend to economize their genomes, it is unlikely that they accumulate
non-functional or ‘junk’ DNA. Therefore, it is reasonable to assume that most, if not all, of the
ORFs they contain serve some function, even if that function remains unknown at present (289—
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291). More studies analyzing the mRNA expression of these genes upon incubation with QS
inducers, QQ enzymes and different stressors (UV light, extreme temperatures, nutrient
starvation, or antibiotic subinhibitory concentrations) could be developed to shed some light
into this matter.
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5. CONCLUSIONS

1. Prophages are widely distributed in P. aeruginosa strains, particularly in nosocomial settings.
In both studies, the majority of strains harbored at least one prophage, with some carrying up

to 8.

2. The use of different prophage detection tools can vyield different results. VIBRANT
demonstrated a higher sensitivity, detecting a higher number of prophages, especially when

dealing with fragmented genomes.

3. Prophage content varies between the different P. aeruginosa clones, with significant variations
in their distribution and abundance. The ST773 clone exhibited a higher diversity of prophages

compared to the more uniform prophage content of the analized strains belonging ST235 clone.

4. Prophages frequently integrate near tRNA genes, with some prophages truncating genes upon
insertion. Prophage insertion can lead to loss of function in certain genes, which might impact

bacterial metabolism and virulence.

5. A significant portion of the genes within the prophages were classified as hypothetical
proteins, contributing to the “dark matter” of the viral genomes. This emphasizes the need for
further functional studies to better understand the roles of these unknown proteins and their

potential impact on prophage biology and host interactions.

6. Genomic analysis of P. aeruginosa strains revealed significant diversity in PTLB arrangements,
with distinct classes observed across Spanish and Portuguese isolates. PTLB classification can be

useful for bacterial typing, with each ST sharing the same PTLB composition.

7. Prophage morons, including anti-CRISPR proteins, DNA methyltransferases, and Toxin-
Antitoxin (T/A) systems, can enhance bacterial survival by protecting against further phage attack
and modulating bacterial metabolism and antibiotic resistance. Prophages could also act

according to their host’s QS signals.

8. Prophage presence correlates with antibiotic resistance in P. aeruginosa isolates from
nosocomial origin, particularly in carbapenemase-producing strains. Isolates with a higher

genomic plasticity are able to acquire exogenous genetic material that promotes survival.

9. The presence of prophages in P. aeruginosa clinical strains presents both challenges and
opportunities for therapeutic strategies. While prophages can hinder the isolation of virulent

phages for phage therapy, they also open the door to innovative treatments such as prophage
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induction. Further research into prophage biology is essential to fully exploit their potential in

combating multidrug-resistant infections.

10. Global monitoring of MDR bacteria in different geographic areas is essential for
understanding the epidemiology, resistance profiles, and transmission dynamics of P.
aeruginosa. Early detection and surveillance of high-risk clones with emerging resistance are key

to preventing public health threats and ensuring effective treatment strategies.
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7. Annexes

Annex 1. “Bioinformatic tool comparison for the search of lysogenic phages (prophages) in the
genomes of carbapenemase-producing Serratia marcescens” SEIMC XXVI Congress — Poster

communication.

Title: Comparacidon de herramientas bioinformaticas para la busqueda de fagos lisogénicos

(profagos) en genomas de Serratia marcescens productora de carbapenemasas.

Authors: Manuel Gonzélez De Aledo?, Blanca Pérez-Viso!, Ainhize Maruri!, Marta Hernandez-
Garcia®, Lucia Blasco?, Maria Tomds?, Rafael Cantdn®. Hospital Ramén y Cajal, Madrid,

2Complexo Hospitalario Universitario de A Corufia, A Corufia.
ISBN: 978-84-09-50940-9

Introduction/Objective: Phages are viruses with the ability to infect bacteria, and they constitute
the most abundant entity in the biosphere. Lysogenic phages can integrate into the bacterial
chromosome and reproduce together with their host, indefinitely inhibiting the synthesis of lytic
proteins and affecting bacterial pathogenesis (toxin production, quorum sensing system
regulation, virulence factors, etc.). Nowadays there are several tools for prophage investigation
in bacterial genomes, ranging from user-friendly programs to command-line software, with

different approaches.

The goal of the current study was to compare the ability of three different bioinformatic tools
(PHASTER, PhiSpy and VIBRANT) to detect complete lysogenic phages in the genomes of
carbapenemase-producing Serratia marcescens clinical strains isolated in a third-level hospital

between March 2016 and December 2018.

Materials & methods. Six representative isolates from a 50-strain S. marcescens collection were
selected, each of them belonging to different clones. Whole genome sequencing was performed
by Illumina-NovaSeq 6000 (OGC, Oxford, UK) and SPAdes v3.11.1.19 was used for the assembly.
Prophage search was carried out by the PHASTER (https://phaster.ca), PhiSpy
(https://github.com/linsalrob/PhiSpy) and VIBRANT
(https://github.com/AnantharamanlLab/VIBRANT) tools. Both the complete genomes and the
detected prophages were annotated using RAST (https://rast.nmpdr.org/). To consider a
prophage as complete, at least 4 out of the following proteins had to be detected: a lysogenic
cycle regulatory protein (cl, Cro, cll, P or Q antitermination proteins), a terminase large subunit,
an integrase, a tail length tape measure protein, a capsid protein or a lytic protein (holin, spanin

or endolysin). Whenever this threshold could not be reached, prophages were manually
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annotated through HMMER v3.3.2 (http://hmmer.org/) to improve the annotation quality. Those
prophages which after HMMER annotation did not have at least 4/6 of these proteins, were
considered as incomplete. To compare prophage sequences, the BLAST tool was used
(https://blast.ncbi.nIm.nih.gov/Blast.cgi) as well as SnapGene for the graphical representation of

the prophage sequence.

Results: In total, 36 prophages were detected, between 0 and 4 per isolate (TABLE 1). Through
sequence comparison, 9 single sequences were located among the 29 complete prophages

detected (FIGURES 1A and 1B).

Conclusions: Despite being of the most commonly used tools, probably due to its simplicity, the
PHASTER tools could not detect 4 complete prophages which were in turn located by the other
two software. Although PhiSpy and VIBRANT also detected several incomplete prophages, with
the automatic RAST and the manual HMMER annotations they could be discarded. Due to the
only difference between PhiSpy and VIBRANT was a single prophage discarded as incomplete, it
could be concluded that the performance of both software is very similar and superior to

PHASTER.

Table 1. Total number of prophages. In brackets, incomplete phages.

Strain Carbapenemase PHASTER PhiSpy VIBRANT
B77 VIM-1 0 2(0) 2(0)
E78 KPC 2(0) 3(1) 2(0)
H28 OXA-48 3(0) 3(0) 4(1)
154 OXA-48 2(0) 3(1) 3(1)
M52 VIM-1 0 2(0) 2(0)
P60 VIM-1 0 1(1) 2(2)

Total 7(0) 14(3) 15(4)
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Figure 1A: Venn diagram representation of the different prophages detected by the analyzed
softwares. In bold, complete prophages. Figure 1B: Genome representation of the

vB_Smar_RyC7 prophage.
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Annex 2. Comparison of the number of prophages identified in the P. aeruginosa genomes

from Study 2 by PHASTER and VIBRANT

Strain PHASTER VIBRANT
ESP-1 8 6
ESP-2 11 9
ESP-3 8 7
NLD-1 8 8
NLD-2 8 8
NLD-3 9 8
NLD-4 9 7
NLD-5 8 7
NLD-6 8 7
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Annex 3. Number of filamentous phages found in each P. aeruginosa strain from Studies 1 and

2.
Strain Study ST Filamentous phages
1(1-13) 1 ST235 0
2 (2-10) 1 ST499 0
3 (2-21) 1 ST309 1
4 (2-29) 1 ST235 0
5 (3-5) 1 ST348 0
6 (3-38) 1 ST348 0
7 (3-41) 1 ST348 0
8 (3-49) 1 ST235 0
9 (3-58) 1 ST348 0
10 (3-69) 1 ST554 1
11 (4-14) 1 ST313 1
12 (4-17) 1 ST235 0
13 (4-29) 1 ST179 1
14 (4-71) 1 ST235 0
15 (4-79) 1 ST235 0
16 (4-86) 1 ST235 0
17 (4-92) 1 ST235 0
18 (4-93) 1 ST235 0
19 (4-94) 1 ST235 0
20 (4-120) 1 ST235 0
21 (4-121) 1 ST235 0
22 (4-125) 1 ST253 1
23 (5-15) 1 ST235 0
24 (5-23) 1 ST244 0
25 (6-25) 1 ST244 2
26 (6-38) 1 ST253 0
27 (6-59) 1 ST179 1
28 (6-102) 1 ST446 2
29 (7-41) 1 ST3292 2

30(8-1) 1 ST348 0
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31(8-12)
32 (8-24)
33 (8-36)
34 (8-58)
36 (9-25)
37 (9-35)
38 (9-41)
39 (9-86)
40 (10-58)
42 (10-99)
44 (C11)
45 (C58)
46 (D4)
47 (E16)
48 (E17)
49 (F43)
50 (G6)
51 (G7)
52 (G26)
53 (G31)
54 (H18)
55 (H19)
56 (H52)
ESP-1
ESP-2
ESP-3
NLD-1
NLD-2
NLD-3
NLD-4
NLD-5
NLD-6

N NN NN N N N N NN
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ST308
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