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Resumen

La aparicion de cepas hipervirulentas de Klebsiella pneumoniae (hvKp) representa
una amenaza significativa para la salud publica debido a sus altas tasas de mortalidad y
propension a causar infecciones graves adquiridas en la comunidad en individuos por lo
demas sanos. La capacidad de hvKp para formar biopeliculas y producir una capsula
protectora contribuye a su mayor virulencia y plantea desafios significativos para el
tratamiento efectivo con antibidticos. Por lo tanto, comprender los mecanismos
moleculares subyacentes a la virulencia y formacion de biopeliculas de hvKp es crucial
para desarrollar nuevas estrategias terapéuticas. La polifosfato quinasa 1 (PPK1) es una
enzima responsable de la sintesis de polifosfato inorganico y desempefia un papel vital en
la regulacion de varios procesos fisiologicos en bacterias. En este estudio, investigamos
el impacto de la mutacion de PPK1 en la formacién de biopeliculas y capsulas, asi como
en los rasgos de virulencia en hvKp utilizando la ameba Dictyostelium discoideum como
modelo hospedador. Encontramos que el mutante de PPK1 presentaba una formacion de
biopeliculas y capsulas deteriorada y mostraba una virulencia atenuada en D. discoideum
en comparacion con la cepa de tipo salvaje. Para obtener una mejor comprension del
mecanismo molecular subyacente, realizamos un analisis protedémico del mutante de
PPK1 y la cepa de tipo salvaje. Los resultados revelaron que el mutante de PPK1 tenia
una expresion diferencial de proteinas (DEP) involucradas en la sintesis de capsulas (Wzi
- Ugd), formacion de biopeliculas (MrkC-D-H), sintesis del precursor de la colibactina
genotoxina (ClbB), asi como proteinas asociadas con la sintesis y modificacion del lipido

A (LpxC - PagP). Estos hallazgos protedmicos corroboran las observaciones fenotipicas

XIIT



e indican que la mutacion de PPK1 estd asociada con una formacion deteriorada de
biopeliculas y cdépsulas, asi como una virulencia atenuada en K. pneumoniae
hipervirulenta. En general, nuestro estudio destaca la importancia de la sintesis de
polifosfato en la regulacion de la sintesis de capsula, formacion de biopeliculas y
virulencia en K. pneumoniae, y proporciona informacion sobre posibles objetivos

terapéuticos para el tratamiento de infecciones por K. pneumoniae.
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Abstract

The emergence of hypervirulent Klebsiella pneumoniae (hvKp) strains poses a
significant threat to public health due to their high mortality rates and propensity to cause
severe community-acquired infections in otherwise healthy individuals. The ability of
hvKp to form biofilms and produce a protective capsule contributes to its enhanced
virulence and poses significant challenges for effective antibiotic treatment. Therefore,
understanding the molecular mechanisms underlying hvKp virulence and biofilm
formation is crucial for developing new therapeutic strategies. Polyphosphate Kinase 1
(PPK1) is an enzyme responsible for inorganic polyphosphate synthesis and plays a vital
role in regulating various physiological processes in bacteria. In this study, we
investigated the impact of PPK1 mutation on the biofilm and capsule formation, as well
as virulence traits, in hvKp using Dictyostelium discoideum amoeba as a model host. We
found that the PPK1 mutant was impaired in biofilm and capsule formation and showed
attenuated virulence in D. discoideum compared to the wild-type strain. We performed a
proteomic analysis of the PPK1 mutant and wild-type strain to gain further insight into
the underlying molecular mechanism. The results revealed that the PPK1 mutant had a
differential expression of proteins (DEP) involved in capsule synthesis (Wzi - Ugd),
biofilm formation (MrkC-D-H), synthesis of the colibactin genotoxin precursor (ClbB),
as well as proteins associated with the synthesis and modification of lipid A (LpxC -
PagP). These proteomic findings corroborate the phenotypic observations and indicate
that the PPK1 mutation is associated with impaired biofilm and capsule formation and

attenuated virulence in hypervirulent K. pneumoniae. Overall, our study highlights the
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importance of polyphosphate synthesis in regulating capsule synthesis, biofilm formation,
and virulence in K. pneumoniae, providing insights into potential therapeutic targets for

the treatment of K. pneumoniae infections.
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1. Introduction

1.1 Klebsiella pneumoniae: a serious threat to human health

Klebsiella pneumoniae was first described in 1882 by Karl Friedlédnder, who analyzed
lung samples from patients who died of pneumonia (Friedlaender, 1882). This Gram-
negative bacillus belongs to the Enterobacteriaceae family. It is non-motile, typically
encapsulated, forming mucoid colonies on agar plates. It is considered a commensal
microorganism, colonizing the gastrointestinal tract and respiratory mucosa as a part of
the commensal microbiota (Joseph et al., 2021). However, it can also cause opportunistic
intrahospital infections and infections in immunocompetent community members (Chen

etal., 2023).

The average genome size is around 5 to 6 Mbp, with a core genome of approximately
1,700 genes and a pangenome exceeding 100,000 genes (Wyres et al., 2020). It is widely
distributed in the environment, including surface water, drinking water, wastewater,
industrial effluents, soil, plants, and wild and domesticated animals. Nevertheless, it is
especially prevalent on the mucosal surfaces of mammals, such as the nasopharyngeal

epithelium, mouth, and gastrointestinal tract (Paczosa and Mecsas, 2016).

Given its ubiquity, environmental isolates are reported to be similar to those found in
clinical settings. They can express various virulence factors related to serum resistance,

clinically important capsular polysaccharides, type I and III fimbriae, and siderophores.



This suggests that environmentally sourced K. pneumoniae may affect public health

(Podschun et al., 2001).

Classical K. pneumoniae strains (cKp) are often acquired in hospital environments
as opportunistic pathogens, causing a range of complications that arise as secondary to the
underlying disease in immunocompromised patients or those with existing barrier
breakdown (e.g., intravascular devices, endotracheal tubes, or surgical wounds) (Martin
and Bachman, 2018). Due to the widespread use of antimicrobials in recent decades, there
has been a concerning increase in the acquisition of resistance to a broad range of
antibiotics, leading to the emergence of multidrug-resistant strains (MDR-KP)
(Magiorakos et al., 2012). These variants originate from classical strains and result from
acquiring two main types of resistance. The first involves the expression of Extended-
Spectrum Beta-Lactamases (ESBLs), providing resistance to third-generation
cephalosporins and monobactams. ESBLs are serine -lactamases belonging to Ambler's
class A, including sulthydryl variable B-lactamase (SHV), Temoniera B-lactamase (TEM),
and cefotaxime-M [-lactamase (CTX-M) (Karaiskos and Giamarellou, 2020). They are
frequently associated with epidemic outbreaks in hospital settings. In the late 1970s, the
first beta-lactamases for ampicillin (SHV-1 and TEM-1) were described. In the early
1980s, SHV-2, capable of hydrolyzing third-generation cephalosporins, was reported
(Knothe et al., 1983), increasing its affinity for cefotaxime 350-fold compared to SHV-1
(Kliebe et al., 1985). In the late 1980s, CTX-M was described, which emerged
independently of SHV and TEM, resulting from environmental transfer from Kl/uyvera

spp., conferring high-level resistance to cefuroxime, cefotaxime and cefepime (Calbo and



Garau, 2015). The second type of resistance is due to the expression of carbapenemases,
endowing K. pneumoniae with resistance to all available beta-lactam antibiotics, including
carbapenems, a group of antibiotics used to treat multidrug-resistant bacteria that produce
ESBLs. The first carbapenemase was reported in North Carolina, USA, in 1996
(Archibald et al., 1997), and it was identified as KPC (Yigit et al., 2001). Currently,
additional carbapenemases such as MBL, NDM-1, IMP, and VIM have been described in
other species of the Enterobacteriaceae family. Strains carrying KPC-2 and three have
successfully spread and caused severe infectious diseases (such as pneumonia, bacteremia,
or meningitis) in critical care units in hospitals worldwide, often with mortality rates

exceeding 40% (Tzouvelekis et al., 2012; De Oliveira et al., 2020).

In Chile, the epidemiological report from the Ministry of Health (MINSAL) in
2018 placed K. pneumoniae as one of the leading pathogens causing urinary tract
infections, mainly associated with permanent urinary catheters, surpassing Escherichia
coli UPEC. It also ranked high as the causative agent of persistent infections in surgical
wounds, bacteremias (resulting from parenteral nutrition, central venous catheters, and
hemodialysis), pneumonia associated with invasive mechanical ventilation, and central
nervous system infections. Furthermore, 12 epidemic outbreaks of carbapenemase-
producing multidrug-resistant K. pneumoniae (KPC and NMD) and ESBL were reported

in different public hospitals (Informe IAAS, 2018).

Considering the recent COVID-19 pandemic, numerous studies reported co-

infections by opportunistic pathogens like K. pneumoniae in intubated patients in the ICU,



associated with severe acute respiratory syndrome due to COVID-19 (Forcelledo et al.,
2020; Montrucchio et al., 2020; Tiri et al., 2020; Arcari et al., 2021; Hosoda et al., 2021).
This was facilitated by the high-intensity care required, the prone position that involves
4-5 healthcare workers, prolonged patient contact, and other factors (Forcelledo et al.,

2020; Tiri et al., 2020).

For all these reasons, K. pneumoniae is one of the six pathogens of the ESKAPE
group, recognized in 2008 by the Infectious Diseases Society of America (IDSA) (Rice,
2008), and is part of the critically important group for the study of new antimicrobial
strategies as announced by the World Health Organization (Tacconelli et al., 2018). It has
developed resistance mechanisms against oxazolidinones, lipopeptides, macrolides,
fluoroquinolones, tetracyclines, beta-lactam combinations, and antibiotics that are the last
line of defense, including carbapenems, glycopeptides, and polymyxins (De Oliveira et

al., 2020).

1.2 Hypervirulent K. pneumoniae

In 1985, Taiwan reported seven patients who presented with pyogenic liver abscesses
associated with septic endophthalmitis, followed by blindness. The causative agent was a
new variant of K. pneumoniae, belonging to the clonal group CG23, which had not been
described until then (Liu et al., 1986). This new strain is considered hypervirulent (hv)
due to its ability to infect healthy individuals of any age and the tendency of infected

patients to present with multiple sites of infection and develop subsequent metastatic



spread, an unusual occurrence for other members of the Enterobacteriaceae family (Russo
and Marr, 2019). The hallmark clinical syndrome is a hepatic abscess without biliary tract
disease. However, the hypervirulent Klebsiella pneumoniae (hvKp) strain, can infect
nearly every part of the body, including bacteremia, meningitis, necrotizing fasciitis, and
abscesses in various organs, with mortality rates as high as 50% (Gonzalez-Ferrer et al.,
2021). Generally, hvKp strains are not associated with resistance determinants (except for
resistance to ampicillin due to blaSHV), and their survival strategy is determined mainly
by their ability to evade the immune response through hyperexpression and elongation of
the length of the capsular polysaccharide, which conceals molecular recognition patterns
from immune cells, such as fimbriae and lipopolysaccharide (LPS) (Fung et al., 2011; Xu

et al., 2021)

1.2.1 Risk Factors

Most reports have focused on countries in Asia with a "preference" for this ethnic
group, possibly due to the higher circulation of these strains in these geographical areas,
as well as a possible genetic susceptibility to hvKp infections (Russo and Marr, 2019).
More studies are needed to confirm the latter conclusion. It was also observed that patients
with diabetes mellitus had more severe metastatic infections, such as endophthalmitis and
necrotizing fasciitis (Huang et al., 2002; Phd et al., 2012). Possible explanations for these
observations include that glucose promotes capsule expression, which could facilitate
bacteria escaping immune recognition. In addition, diabetes-related complications

affecting the circulatory system due to vascular integrity loss could promote the metastasis



of hvKp strains and defects in neutrophil recruitment in the innate immune response
(Berbudi et al., 2020). This is particularly relevant in Western countries, including Chile,
where the percentage of diabetic adults reaches 11% of the population (Sapunar Z., 2016).
Other associated risk factors have been reported, such as gender, with a slight likelihood
that men are more susceptible to hvKp infections (Russo and Marr, 2019). However, hvKp
strains can infect immunocompetent individuals regardless of gender, age, or previous

health conditions.

1.2.2 Pathogenesis

For some pathogens, the best strategy for survival and propagation is to mount a
strong offensive, including toxin secretion systems, as seen in the case of Salmonella
enterica (Wagner and Hensel, 2011; Troxell, 2018). For K. pneumoniae, its strategy for
success is based on defense, presenting mechanisms to evade the immune response,
compete with the commensal intestinal microbiota for a niche, obtain nutrients and iron,
and promote tolerance to antimicrobial chemotherapy, thus contributing to pathogenesis
(Paczosa and Mecsas, 2016). For this purpose, hvKp strains have a series of virulence
factors, many of which are shared with cKp strains, enabling a successful infection in
immunocompetent patients. The most studied factors include the capsule, siderophores,

fimbriae, LPS, and colibactin (Fig. 1).
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Figure 1. Well-characterized virulence factors in classical and hypervirulent K.
pneumoniae (hvKp) strains include the capsule, LPS, fimbriae (type 1 and type 3),
and siderophores. Capsules vary in serotypes (K1 to K78) and are associated with
increased pathogenicity. Both strain types produce LPS with different O-antigen
serotypes. They also have adhesive structures (type 1 and type 3 fimbriae) and secrete
siderophores for iron scavenging. Most strains make enterobactin, while yersiniabactin is
produced by half of the classical strains and most hypervirulent strains. Salmochelin and
aerobactin are common in hypervirulent strains, with aerobactin being highly expressed.
modified from (Paczosa and Mecsas, 2016).



1.2.3 Capsule

Most K. pneumoniae strains express a polysaccharide capsule that shields the
bacterium from desiccation, phage predation, protists, and immune system action.
Nevertheless, hvKp strains exhibit a significant increase in polysaccharide capsule
synthesis, both in quantity and length, promoting the characteristic hypermucoviscous
(HMV) phenotype found in most hvKp strains. Over 130 types of K capsules have been
identified (Wyres et al., 2016; Walker et al., 2020), with K1 and K2 types generally being
more virulent and predominantly present in hvKp strains (Martin and Bachman, 2018).
The K1 type consists of a trisaccharide of fucose, glucose, and glucuronic acid (Patro and
Rathinavelan, 2019). The acetylation of C2-OH (or C3-OH) in fucose in the K1 CPS may
assist K. pneumoniae in evading phagocytosis (Wu et al., 2008; Hsu et al., 2011). The
hyperexpression of the capsule shields K. pneumoniae from opsonization and
phagocytosis by innate immune cells (macrophages, neutrophils, dendritic cells (DC) by
obstructing binding and internalization compared to non-hypervirulent strains (Wang et
al., 2017b; Zhu et al., 2021).

The capsule produced by K. pneumoniae is synthesized via a Wzy-dependent
pathway, which shares similarities with Group 1 capsule production in E. coli (Figure 2)
(Palacios et al., 2018). The genes responsible for polysaccharide synthesis and export are
encoded in the core genome, commencing with the biosynthesis of nucleotide sugar
precursors specific to each strain's K type and the assembly of the repeating unit on the
cytoplasmic face. This process involves particular glycosyltransferases encoded by genes

like weaJ. Subsequently, the specific repeating unit is recognized by the flippase Wzx,



with the initial sugar linked to undecaprenol-pyrophosphate (Und-PP), followed by
transport to the periplasmic side. The co-polymerase Wzy facilitates the polymerization
of the repeating unit. Finally, the proteins Wza (an outer-membrane translocon), Wzc (a
tyrosine autokinase), and Wzb (a phosphatase) work in unison to transport the capsular
polysaccharide to the bacterial surface and anchor it to the outer-membrane protein Wzi
(Bertani and Ruiz, 2018). Sugar composition analysis indicates that K1 and K2 serotypes
possess Wcal and use glucose-Und-PP to initialize sugar (Patro and Rathinavelan, 2019).

The diversity in capsule types arises from glycosyltransferase activities.

Specific proteins encoded in the virulence plasmid act upon this synthesis pathway
to significantly increase CPS synthesis and regulate the length of the capsular
polysaccharide. This is achieved through the »pmADC operon, whose protein products
regulate the capsule synthesis pathway. RmpA has been reported to autoregulate the
operon, RmpC promotes capsule synthesis, and recently, it was discovered that RmpD
interacts with Wzc in the inner membrane, thereby enabling an increase in the length of
the capsular polysaccharide (Ovchinnikova et al., 2023). This regulation underlies the
HMV phenotype of most hvKp strains, characterized by forming a 5 mm filament when

colonies are touched with a loop (Walker et al., 2020).

Capsule-deficient strains are significantly less virulent and more susceptible to
immune system action (Tan et al., 2020). It has been reported that cKp strains lacking
hyperexpression of capsular polysaccharides are readily internalized by macrophages,
increasing intracellular load (Mina et al., 2024). This also promotes the M1 macrophage

polarization marker CD86 and the expression of proinflammatory cytokines. In contrast,



hvKp strain 17ZR101 (K2) displayed a lower rate of internalization and intracellular load.
This had been reported before, where the capsular polysaccharide can impair DC
maturation and reduce DC-mediated production of pro-Th1 cytokines, such as IL-12 and
TNF-a. This, in turn, results in the destructive function of immature DCs during K.
pneumoniae antigen presentation, leading to reduced DC-mediated natural killer cell

migration.

Consequently, this allows the bacteria to avoid host defenses and multiply more
efficiently in vivo. However, clinical isolates without capsules, resulting from spontaneous
mutations in genes such as wzi, wza, and wzc, have been shown to promote robust biofilm
formation and invasion of bladder epithelial cells. This suggests capsule loss enhances
persistence more than virulence and dissemination, providing a fitness advantage under
specific infections such as urinary tract infections. It creates a reservoir for acute
conditions that is also more tolerant to antimicrobials (Ernst et al., 2020). Interestingly,
the same study described a single mutation in the wzc gene that conferred
hypercapsulation to a KPC strain, which did not possess overactivating factors of CPS

like the rmpADC operon, leading to increased virulence.
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Figure 2. Capsular polysaccharide synthesis pathway dependent on the Wzy
pathway. (A) CPS repeat unit synthesis begins with Wcal phospho-glycosyltransferase
on an undecaprenol phosphate acceptor, followed by the involvement of serotype-specific
glycosyltransferases and export through Wzx, a member of the MOPS transporter family.
A Wzy homolog performs polymerization, and translocation involves the complex of Wzc
and Wza proteins. Wzc has dual roles in polymerization and translocation, regulated by
reversible phosphorylation. Likely, direct interaction between Wzy and Wzc is necessary.
(B) In the presence of RmpD, CPS chains likely elongate through interaction with Wzc,
although this interaction's exact location and nature remain unknown (Ovchinnikova et
al., 2023). with Wzc, although the exact location and nature of this interaction remain

unknown. Modified figure from Ovchinnikova et al., 2023.
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1.2.4 Lipopolysaccharides

The outer membrane of Gram-negative bacteria is highly asymmetric, composed
of phospholipids facing the periplasm and lipopolysaccharide (LPS) facing the external
side. Considered an endotoxin, LPS is a glycolipid consisting of three structural domains:
Lipid A, the oligosaccharide core, and the O antigen, encoded by the wh, waa, and Ipx
genes, respectively (Martin and Bachman, 2018). Lipid A forms the hydrophobic portion
of the outer membrane, and the core typically contains residues of 3-deoxy-D-manno-oct-
2-ulosonic acid (Kdo), heptoses, and various hexoses (Patro and Rathinavelan, 2019). The
O antigen is the first molecule encountered by the innate immune system. It is composed
of a repetitive oligosaccharide comprising two to eight sugars. In specific serotypes, LPS
protects bacterial cell against cationic antimicrobial peptides and the complement system
(Russo and Marr, 2019).

Lipid A is a potent Toll-like Receptor 4 (TLR4) ligand, leading to a signaling
cascade for activating the immune response mediated by neutrophils and macrophages
(Lee et al., 2017). It has been documented that K. pneumoniae can modify the structure of
its Lipid A to evade TLR4 recognition and mask Lipid A in the presence of the capsule
(Bertani and Ruiz, 2018). Most immune system cells can recognize the conserved portion
of Lipid A to trigger a chemotactic and phagocytic response. However, a study on the
social amoeba Dictyostelium discoideum shows that the fAR1 receptor recognizes the core

region of LPS and triggers chemotaxis and phagocytosis (Pan et al., 2018).
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The O antigen has essential functions in protection against the complement, including
preventing the binding of Clq to bacteria, inhibiting the subsequent activation of the
complement pathway, and blocking the binding of C3b to avoid the formation of the
membrane attack complex (Shankar-Sinha et al., 2004). Of the eight serotypes, O1 is
usually associated with hvKp isolates with K1 and K2 capsule types (Follador et al.,
2016). It has been reported that specific antibodies to O1 have differential effects
depending on whether the capsule type is K1 or K2, suggesting that the structure of the
capsular polysaccharide could affect the interaction with O-antigen antibodies, implying
possible interactions between the capsule, the O antigen, and their respective targeted

antibodies (Wantuch et al., 2023).

1.2.5 Fimbriae (Types I and III)

Bacterial biofilm formation is the primary lifestyle of bacteria in their natural state,
serving as a successful strategy to thrive in niches exposed to various stressors. This is the
most efficient means of transporting mobile genetic elements and is a critical aspect of
bacterial virulence and persistence within the host, facilitated by fimbrial adhesins
(Flemming et al., 2016).

There is a consensus in the literature regarding the ability of both classical and
multidrug-resistant strains of K. pneumoniae to form biofilms in a variety of niches,
especially among immunocompromised individuals (Wu et al., 2011; Vuotto et al., 2014;

Wang et al., 2020b). The fim and mrk operons, responsible for encoding type I and type
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IIT fimbriae, respectively, play a crucial role in the initial adhesion to both biotic and

abiotic surfaces.

Type 1 fimbriae (T1F), encoded by the fim cluster, are thin, rigid, adhesive, thread-

like surface appendages on the outer membrane. They primarily comprise repeating FimA
subunits with an adhesin molecule, FimH, at the tip. These fimbriae extend beyond the
capsule, mediating bacterial adhesion to mannose-containing structures on host cells or
extracellular matrices via the adhesin FimH (Chen et al., 2011). T1F is essential for
establishing urinary tract infections, although they do not affect K. pneumoniae'’s ability
to colonize the intestine or infect the lung (Schembri et al., 2005).
T3F are characterized as appendages 2-4 nm wide and 0.5-2 um long. The gene mrkA
encodes the major fimbrial subunit, which polymerizes to form the helical fimbrial shaft.
The adhesive subunit, which can bind to collagen molecules, is encoded by mrkD and
located at the tip of the fimbriae. Genes mrkB, mrkC, and mrkF encode the chaperone,
usher, and scaffolding proteins responsible for fimbrial assembly and stabilization (Ares
etal., 2017).

T3F mediates in vitro adhesion to epithelial cells, kidney, and lung tissues, likely
in a mannose-resistant manner. While they significantly contribute to K. pneumoniae
biofilm formation, they play no role in intestinal and pulmonary infections (Paczosa and
Mecsas, 2016).

Both type 1 and type 3 fimbriae work complementary to enhance K. pneumoniae

biofilm formation on urinary catheters. Besides type 1 fimbriae, type 3 fimbriae is another
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essential colonization factor for biofilm-associated urinary infections due to indwelling
urinary catheters.

Recently, a gene named iroP was identified in the virulence plasmid-encoded
salmochelin operon (Chu et al., 2023a). This gene cross-regulates and suppresses
promoter activity in the chromosomal type 3 fimbriae gene transcription. IroP itself is
repressed by iron through the ferric uptake regulator. In iron-rich conditions, there is an
increase in T3F expression, suppressing the hypermucoid capsule phenotype and
promoting biofilm formation and cell adhesion. Conversely, under iron-poor conditions,
a transcriptional switch occurs, leading to hypermucoid capsule production and repression
of the mrk operon. This switch allows hvKp strains to regulate biofilm formation based
on iron availability, favoring the gastrointestinal tract, where iron concentrations are
higher due to the unabsorbed iron from the duodenum. During systemic circulation, where
accessible iron sources are limited (102* M) (Hider, 2007), the hypermucoid capsule
phenotype and low T3F predominate to aid dissemination. This regulatory network allows
hvKp strains to alternate between an HMV phenotype and a phenotype with high T3F
expression and basal capsule production, thus modulating their adhesion to various

surfaces in different niches.

1.2.6 Siderophores

Iron is an essential element for microorganisms, required to carry out the metabolic
functions necessary for their growth, proliferation, energy generation, respiration, and
virulence. However, iron availability in the host's biological fluids is limited and strictly

regulated as part of an innate defense system (Miethke and Marahiel, 2007). In response
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to the limited availability of iron within mammalian hosts due to its sequestration by
multiple iron-binding proteins, bacteria synthesize diminutive molecules capable of
sequestering iron, referred to as siderophores. These siderophores are produced through
non-ribosomal synthesis and are secreted into the extracellular space (Hider, 2007). They
bind iron with high affinity and are transported back to the bacterial cell through specific
receptors in the outer membrane. These receptors transport them to the periplasm, where
siderophores combine with periplasmic proteins to facilitate their transport to the inner
membrane. Finally, iron passes through a channel-mediated by an ABC transporter into
the bacterial cytoplasm, where ferric iron is reduced to ferrous iron, making it accessible

to the bacteria.

K. pneumoniae produces a prototypical siderophore found in the
Enterobacteriaceae family called enterobactin, which exhibits the highest affinity for iron
compared to any other known iron chelator (Holden et al., 2018). The genes required for
enterobactin biosynthesis are carried on the chromosome in the entABCDEF gene cluster.
In contrast, the fepABCDG gene cluster encodes the proteins responsible for its transport,
with fepA encoding the specific uptake receptor. However, mammals secrete lipocalin 2,
which blocks iron acquisition from enterobactin (Bachman et al., 2011). As a
countermeasure, strains of K. pneumoniae with a tendency to cause clinical respiratory or
pulmonary infections produce additional siderophores, such as yersiniabactin (a
phenolate-type siderophore), whose synthesis pathway is encoded by irp genes as part of
a pathogenicity island ICEKp10. It is predicted that the ybt and fyu genes encode the

transporters required for the secretion of this siderophore, and the uptake receptor is
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encoded by ybtQ (Lawlor et al., 2007). Additionally, there is salmochelin, a glycosylated
form of enterobactin. The genes for salmochelin are encoded on a virulence plasmid in
hvKp strains within the iro4 gene cluster, iroBCDE. Transport of the iron-laden form is
mediated by IroN (Chu et al., 2023a). As mentioned before, IroP has recently been
described as an essential factor in the switch between biofilm and capsule formation,

depending on the extracellular iron concentration.

Approximately 93% to 100% of hvKp strains synthesize aerobactin, with its genes
encoded on the virulence plasmid (Liu et al., 2022). Aerobactin is a hydroxamate-based
siderophore biosynthesized through the activity of four genes, lucABCD. The aerobactin
transporter, [utA, is also carried on the same virulence plasmid that carries the rmpADC
operon (Li et al., 2019). Aerobactin accounts for about 90% of the siderophore activity,
and considering that hvKp strains increase siderophore activity by 6 to 10-fold compared
to cKp strains, aerobactin has been considered a molecular marker of hvKp strains. In a
study conducted by (Russo et al., 2015), it was demonstrated that the inability to produce
aerobactin significantly decreased the virulence of hvKp in outbred CD1 mice after either
pulmonary or subcutaneous challenge. In conclusion, molecular epidemiologic studies
have shown that salmochelin, yersiniabactin, and aerobactin are more commonly present
in hvKp strains than in cKp strains. Yersiniabactin is also present in cKp strains (22%),

while salmochelin and aerobactin are specific to hvKp (Chen et al., 2023).
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1.2.7 Colibactin

Colibactin is a genotoxic chemical compound synthesized by polyketide
synthases, non-ribosomal peptide synthases, and hybrid enzymes encoded within a 54-kb
genomic island designated as pks (Fais et al., 2018). This compound is linked to severe
genotoxicity. The biosynthetic genes for colibactin (pks) are within a mobile genetic
element called /CEKp10 in hvKp strains. This genetic element typically also contains
genes responsible for yersiniabactin and microcin E492 synthesis. The assembly line for
colibactin synthesis consists of 19 genes (c/bA4 to clbS) within the 54-kilobase genomic
island pks (Fais et al., 2018). This machinery includes three non-ribosomal peptide
megasynthases (NRPS: CIbH, ClbJ, CIbN), three polyketide megasynthases (PKS: CIbC,
CIbl, CIbO), two hybrid NRPS/PKS megasynthases (CIbB, CIbK), and nine accessory,
tailoring, and editing enzymes. /CEKp10 is predominantly found in CG23 (K1 capsule
type) hvKp strains but is less common in other hvKp strains (Choby et al., 2020).
Colibactin induces DNA double-strand breaks, chromosome aberrations, and cell cycle
arrest in the G2/M phase, significantly enhancing the bacterium's virulence (Lan et al.,

2019).

HvKp K1 CG23 strains that produce colibactin (pks™) show a notable preference
for the brain of BALB/c mice. Deletion of the c/bA gene, which abolishes colibactin
production, substantially impedes K. pneumoniae hypervirulence in the critical pathogenic
steps leading to the development of meningitis, furthermore the infection caused by
colibactin-producing K. pneumoniae escalates rapidly (Lu et al., 2017). Additionally, it

has been identified that diabetes mellitus and the K1 and K20 capsular types are
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independent risk factors associated with pks+ K. pneumoniae bloodstream infections (Lan
et al.,, 2019). Furthermore, it has been demonstrated that pks+ hvKp strains promote
intestinal colonization. The genomic island ICEKp10, which also encodes for Microcin
E492, exhibits activity against Enterobacteriaceae, and its activity necessitates the binding
of salmochelin, thereby facilitating the entry of microcin by the target bacteria. Hence, it
is predicted that hvKp strains producing the combination of colibactin, microcin E492,
and salmochelin would have a significant advantage in colonizing the competitive

environment of the colon in immunocompetent patients (Russo and Marr, 2019).

1.3 Dictyostelium discoideum as a Host-Pathogen Interaction Model

Virulence is understood as the capacity of a microorganism to cause harm in a
susceptible host (Casadevall and Pirofski, 2002). That is why every bacterium can be a
potential pathogen, depending on the previous conditions of the host (Casadevall, 2017).
Traditionally, virulence has been primarily studied in murine models (Paczosa and
Mecsas, 2016). However, these models have significant drawbacks, such as the costly
infrastructure required for maintenance, invasive sampling procedures, and the need to
navigate a complex web of ethical considerations. These limitations hinder the cost-
effective and statistically robust execution of high-throughput experiments (Marcoleta et
al., 2018). To overcome these challenges, many research groups have turned to analyzing
host-pathogen interactions in surrogate and non-vertebrate animal models (Kurz and
Ewbank, 2007; Varas et al., 2017a, 2018). In this context, more adaptable infection

models, where both the pathogen and the host are genetically manageable and where
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interactions can be tracked through live-cell imaging, have significantly contributed to our

understanding of the universal mechanisms underlying host-pathogen interactions.

The social amoeba D. discoideum has been validated as a robust model for
pathogen-host interactions due to its unique lifestyle, ease of handling and manipulation
in the laboratory, low maintenance costs, and the existence of an online database

(dictyBase) (Kreppel, 2004; Bozzaro and Eichinger, 2011; Fey et al., 2013)

In its free-living state, D. discoideum feeds on environmental bacteria through
phagocytosis using molecular pattern recognition mechanisms similar to those found in
macrophages and neutrophils (Pan et al., 2018). Therefore, under laboratory conditions, it
can be infected with various bacterial pathogens or libraries of mutants to search for
virulence factors that could alter the amoeba's life cycle (Ifrid et al., 2022). Under nutrient-
rich conditions, D. discoideum remains in a unicellular free-living state. However, in
response to external signals such as nutrient depletion and population growth (Rijal et al.,
2022), it initiates a process of differential gene expression that promotes the aggregation
of over 10,000 amoebas into a central aggregation center mediated by cAMP streams. This
aggregation is characterized by the polarization of amoebas toward the center, resembling
streams of cells converging into a mound. This multicellular body transforms into a
phototactic slug-like structure, and social development culminates by forming a mature
fruiting body (Medina et al., 2019). Within the fruiting body, 80% of the amoebas
concentrate in the spore-laden sorus, while 20% undergo programmed cell death to form

a stalk of dead cells that support the sorus. This process typically takes 24 hours when D.
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discoideum grows on a lawn of non-virulent bacteria. However, social development is

delayed or results in morphological alterations when faced with virulent bacteria.

By quantifying different parameters such as phagocytosis plaque formation,
resistance to phagocytosis, progress of social development, among others, it is possible to
determine degrees of virulence attenuation as a result of the activity or prior treatment of
bacteria with drugs, molecules of interest, or mutants, providing valuable information for

further studies.
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Figure 3. The social development of Dictyostelium discoideum. It begins with individual
vegetative amoeba and culminates in forming a mature fruiting body. During this process,
amoebas aggregate multicellularly due to chemotaxis toward cyclic AMP, forming a
mound. As development progresses, the mound extends, and an anterior-posterior axis is
established. Ultimately, culmination leads to the development of the fruiting body, which
includes a sorus of spore cells on top of a stalk. The entire process, from the starvation of
vegetative cells to the formation of the mature fruiting body, takes 24 hours (Chisholm

and Firtel, 2004).
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1.4 Paradigm Shift — The Post-Antibiotic Era

The emergence of MDR-KP strains worldwide in recent decades, coupled with the
rise of hvKP strains, including those in Chile, has coincided with the slow development
of an effective antibiotic pipeline. Furthermore, it is improbable, and in some cases, that
merely increasing iterations based on classical chemical structures can yield innovative,
safe, and effective antimicrobials suitable for our current context (Alanis, 2005). This has
led to a new era known as the "post-antibiotic" era (Wang et al., 2020a). These have
become ideal targets thanks to the knowledge gained about the molecular mechanisms and
signaling pathways that regulate crucial bacterial processes (such as signal transduction,
regulators, virulence, or bacterial membrane permeabilization). These new targets exert
less selective pressure because their action doesn't aim to kill the bacteria directly. Instead,
it seeks to disrupt key processes in bacterial pathogenesis, allowing the host's immune

system, possibly in conjunction with antibiotics, to achieve clearance.

Particular interest has been placed on virulence factors as targets for developing
new therapies because they mediate fundamental processes in pathogenesis, such as initial
colonization, immune system evasion, and persistence in the host. Regarding K.
pneumoniae, virulence traits vary according to the strain and the site of infection. For
example, strains causing persistent urinary tract infections exhibit altered capsule
expression, which promotes the expression of type I and III fimbriae for the colonization
of epithelial cells and the formation of robust biofilms (Sahly et al., 2000; Struve and

Krogfelt, 2003; Wilksch et al., 2011; Ernst et al., 2020). This is because the capsule masks
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the fimbrial structures. On the other hand, the presence of the capsule as a virulence factor
is crucial for hvKp strains with metastatic characteristics, enabling them to evade the
immune system as they migrate through different host organs (Ernst et al., 2020). All of
this supports the notion that the production of biofilms and capsules could be suitable

targets in the design of anti-virulence drugs.

1.5 Inorganic Polyphosphate and Virulence

In recent decades, there has been a significant interest in studying and
understanding inorganic polyphosphate (polyP) metabolism and its role in resistance to
various types of stress and virulence. Early on, it was proposed that inorganic polyP
synthesis in bacteria could serve as a novel cellular target for designing antivirulence
drugs in Pseudomonas aeruginosa (Chavez et al., 2011). PolyP is a ubiquitous linear
polymer with hundreds of orthophosphate residues (Pi) linked by phosphoanhydride
bonds. It has been found in all three domains of life (Archaea, Bacteria, and Eukarya),
with a primary focus on prokaryotes (Kornberg et al., 1999).

Key enzymes related to polyP metabolism in bacteria include polyphosphate
kinases (PPK1 and PPK2) and exopolyphosphatase (PPX). PPK1 enzymes catalyze the
reversible polymerization of the terminal phosphate of ATP or GTP into a polyP chain
and the hydrolysis of a terminal phosphate group from the polyP chain, with
exopolyphosphatases (PPX) being the primary hydrolytic enzymes (Baijal and Downey,
2021). PPK1 synthesizes polyP from ATP, while PPK2 preferentially catalyzes the

reverse reaction, synthesizing GTP from GDP in a polyP-driven process (Zhang et al.,
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2002). Although orthologs of PPK1 and PPK2 are present in many bacterial genomes,
only a few eukaryotes, such as D. discoideum and yeast Candida humicola, have reported
orthologs to PPK1 and PPK2 (Brown and Kornberg, 2008). PPX plays a crucial role in
phosphate metabolism, particularly in maintaining the appropriate levels of PolyP by
degrading it processively from its ends (Song et al., 2020). PolyP was initially described
as a phosphate reservoir and a source of "high-energy" phosphate bonds to ATP. Further
genetic and biochemical experiments with ppk/ mutants in various bacteria have revealed
additional roles for polyP (Brown and Kornberg, 2004; Varela et al., 2010). These roles
include inhibiting RNA degradation, activating the Lon protease during the stringent
response, and participating in membrane channel structure. Additionally, polyP provides
resistance to stress factors such as heat, oxidants, osmotic challenges, antibiotics, and UV
radiation, effectively acting as a primary ATP-independent chaperone (Gray et al., 2014;
Gray and Jakob, 2015). PolyP has also been found to be associated with
lipopolysaccharides (LPS), but its role in immune response activation remains unclear
(Terashima-Hasegawa et al., 2019; Ito et al., 2020). Notably, a Pseudomonas aeruginosa
PAO1 mutant lacking ppkl demonstrated impairments in motility, biofilm development,
quorum sensing, virulence, and antibiotic resistance (Fraley et al., 2007a; Ortiz-Severin et
al., 2015), emphasizing the significance of polyP synthesis as a valuable target for

designing novel antimicrobials.

Disrupting the ppkl gene in various bacterial pathogens often results in cellular
defects, particularly in their virulence towards the host, for instance, Salmonella sp. Appkl

mutants showed reduced acid tolerance and invasiveness in epithelial cells, along with

25



compromised survival within macrophage cells (Kim et al., 2002a; Varas et al., 2018).
Shigella flexneri, the agent of bacillary dysentery, also exhibited reduced invasiveness for
epithelial cells in the absence of ppkl (Kim et al., 2002b). In Vibri cholerae, ppkI-null
mutants displayed increased sensitivity to acid and defects in stationary-phase survival.
Additionally, ppkl-null mutants of Neisseria meningitidis were susceptible to killing by
human sera (Tinsley et al., 1993a). Mycobacterium tuberculosis was observed to
accumulate extracellular polyP, inhibiting phagosome maturation in macrophages and D.
discoideum (Rijal et al., 2020). Furthermore, reducing ppkl gene expression in
Mycobacterium tuberculosis decreased the ability to colonize and survive in macrophages
(Singh et al., 2013). Similarly, a Appkl Helicobacter pylori strain exhibited compromised

colonization in mice (S et al., 2005).

Pseudomonas aeruginosa PAO1 Appkl mutants still retained approximately 20%
of wild-type polyP levels due to the enzymatic activity of PPK2. PPK2 belongs to the
large superfamily of P-loop kinases characterized by two conserved sequence motifs
(Walker A and B), which bind the B and y phosphates of ATP and Mg+, respectively
(Nocek et al., 2008). PPK2's enzymatic activity in P. aeruginosa differs significantly from
PPK1 in two essential aspects. While PPK1 primarily synthesizes polyP from ATP, PPK2
primarily uses polyP to produce GTP at a rate 75 times greater than polyP synthesis from
GTP. Moreover, PPK1 is specific to ATP, while PPK2 equally utilizes GTP and ATP

during polyP synthesis (Neville et al., 2021)
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Based on this evidence, the modulation of polyP metabolism emerges as a
promising therapeutic target for altering the previously described virulence mechanisms.
An antimicrobial drug targeting PPK proteins, especially PPK1, is expected to have a
broad spectrum of activity due to the high degree of sequence conservation within this
protein family across both Gram-positive and Gram-negative species (Tzeng and
Kornberg, 1998; Miiller et al., 2019) Furthermore since PPK enzymes lack orthologs in
mammals, drugs targeting these proteins are unlikely to generate toxicity (Miiller et al.,
2019). Additionally, as PPK1 participates in cellular metabolism rather than performing
an essential function, drugs targeting it are less likely to provoke resistance (Rashid et al.,

2000a).
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Figure 4. Structure and general metabolism of polyP in bacteria. PPK1 is a
polyphosphokinase, and PPX is an exopolyphosphatase. The figure is taken and modified
from Bowlin and Gray (2021).
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1.6 Klebsiella pneumoniae and polyphosphate

There is substantial evidence highlighting the role of polyphosphate (polyP) in
various organisms, including bacteria, unicellular eukaryotes, and humans(Suess and
Gomer, 2016; Varas et al., 2018; Miiller et al., 2019). In the context of K. pneumoniae and
polyP metabolism, researchers have explored the effects of Gallein, a polyP synthesis
inhibitor, and observed that it results in a concentration-dependent decrease in biofilm

formation in MDR-KP (Roberge et al., 2021).

HvKp strains are well-known for their elevated virulence, characterized by biofilm
formation and the production of a protective capsule, which significantly contribute to
their pathogenicity. However, the exact mechanism through polyP metabolism and PPK1
influence hvKp virulence remains poorly understood. Therefore, uncovering the
molecular basis of the interplay between polyP metabolism, PPK1, and hvKp virulence is

crucial for developing novel therapeutic strategies against hvKp infections.

1.7 Problem Statement

Based on our advanced work and available data from the literature, in this thesis, we
propose to study whether polyP metabolism is relevant to various virulence traits of
hypervirulent Klebsiella pneumoniae. We aim to investigate how alterations in polyP
metabolism may affect the expression of virulence factors, with a specific focus on cellular

envelope macromolecules and biofilm formation. It is important to note that strain SGH10
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has been identified as the most representative among hvKP CG23 strains and is a suitable

model for studying their pathogenesis (Lam et al., 2018; Wyres et al., 2020).

Based on the following facts:

Klebsiella pneumoniae seriously threatens human health, and novel strains

have acquired hypervirulent and multiple antibiotic-resistant phenotypes.

= PolyP metabolism has not been studied in Hv Klebsiella pneumoniae.

= K. pneumoniae virulence can be conveniently studied in the surrogate host
model D. discoideum.

= PolyP interacts with the capsule, and LPS is secreted to the extracellular

environment by some bacteria.

= The presence of ppkl-ppx operons in K. pneumoniae SGH10

The following hypothesis arises.
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Hypothesis

Inorganic polyphosphates are relevant for virulence by regulating the capsule and biofilm
formation in the hypervirulent strain of K. pneumoniae. Consequently, the deletion of

genes involved in their metabolism will result in a reduction of virulence in this strain.

General Objective
To evaluate the role of polyP in regulating and expressing virulence factors in
hypervirulent strains of Klebsiella pneumoniae with particular emphasis on capsule and

biofilm formation.

Specific Objectives
I.  To develop knockout mutant strains of polyP synthesis and degradation genes in
the K. pneumoniae SGH10 strain.

II. To characterize the molecular and cellular biology of wild-type K. pneumoniae
SGH10 and their polyP metabolism mutant derivatives by comparing global
proteomic profiling, hypermucoviscosity, capsule, and biofilm formation
capabilities.

III. To evaluate the virulence and avoidance of phagocytosis phenotypes of

hypervirulent K. pneumoniae polyP metabolism mutant strains.
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2. Materials and methods

2.1 Strains, plasmids, and growth conditions

The details of the used strains, plasmids and primers can be found in Table 1 and
2. Escherichia coli and Klebsiella pneumoniae strains were grown routinely at 37°C in
LB broth (10 g/L Tryptone, 5 g/L Yeast Extract, 5 g/L NaCl). For solid medium, 1.5%
w/v agar was added. MOPS medium supplemented with 0.4% glucose and 0.1% KoHPO4
was used for the nutrient deprivation assay. For the macrobiofilm assays, LB agar without
NaCl supplemented with Thioflavin S (40 pg/mL) or Congo Red (40 pg/mL) was used.
100 pg/mL Ampicillin or Carbenicillin, 50 pg/mL Kanamycin, or 10 pg/mL Tetracycline

were used for antibiotic selection.

Table 1. Strains and plasmids used in this study.

Bacterial strain or plasmid  Genotype or comments Source/Reference
Klebsiella aerogenes Recommended strain for Dicty Stock Center
(KpgE) DBS0305928 supporting the growth of D.

discoideum

Escherichia coli S17 Apir Laboratory strain typically Laboratory Collection

used for cloning purposes

Klebsiella pneumoniae This strain was isolated from  Andres Marcoleta's
SGH10 a patient's hepatic abscess in  laboratory collection
2014 and was found to be

hypermucoviscous and

hypervirulent.
K. pneumoniae SGH10 Null mutant for the gene that  This work
Appkl encodes the enzyme that

synthesizes polyP
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K. pneumoniae SGH10 Null mutant for the gene that  This work
Appx encodes the enzyme that
degrades polyP
K. pneumoniae SGH10 Double null mutant for the This work
AppkI-Appx operon that metabolizes
polyP.
K. pneumoniae SGH10 Null mutant for the gene Andres Marcoleta's
AwcaJ encoding the Wcal laboratory collection
glycosyltransferase that
performs the first step in
capsule polysaccharide
synthesis. This strain was
used as a control.
pBBR1-GFP Constitutive expression of Laboratory Collection
the GFP protein, Kan"
pRé6KtetsacB Vector used for the Laboratory collection of

generation of gene deletions
of interest. It contains a
tetracycline resistance
cassette and the gene to
promote the second sacB

recombination event

Yunn-Hwen Gan and Yahua

Chen (Singapore).
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Table 2. List of primers used for generating mutants.

PPK1_UP_F TGACATGATTACGAATTCTGCATGAAAAACATCGTGGT

PPK1_UP_R GGGGTGTTATCGTTTAACCGCTCACACTCCGTTTTA

PPK1_DOWN_F ACGGAGTGTGAGCGGTTAAACGATAACACCCCTCGGC

PPK1_DOWN_R AAGCTTGCATGCCTGCAGGCGGCTACGAATATCCTGGT

PPX_UP_F ACATGATTACGAATTCAGGATTCGCGCATTATTGAC

PPX_UP_R GTTGATTGCCAGAGATTGTTCGAACCAAGGTCAACC

PPX_down_F GACCTTGGTTCGAACAATCTCTGGCAATCAACCGAG

ppx_down_R AAGCTTGCATGCCTGCAGGCCGGTCAAGCATCTGTATT

CTR_PPK1_Fw  CCGACGAATGAACAACCAG

CTR_PPK1_Rv CAACGCCCATAAAAATCAGG

CTR_PPX_Fw TCAGTATTGTGGACCGTTTCC

CTR_PPX_Rv CTACGCCCGGTTAAAAACAA

CTR_PoliP_Fw  CCGACGAATGAACAACCAG

CTR_PoliP_Rv CTACGCCCGGTTAAAAACAA

2.2 Culture Conditions of D. discoideum

We obtained the D. discoideum strain AX4 (DBS0302402) from the Dicty Stock
Center (Kreppel et al., 2004; Basu et al., 2013; Fey et al., 2013) and cultured them using
standard protocols (Fey et al., 2007). Briefly, the D. discoideum strains were maintained
at 23°C in SM medium containing 10 g/L glucose, 10 g/L peptone, 1 g/L yeast extract, 1
g/L MgS0O4 x 7TH2 O, 1.9 g/ KH2POy4, 0.6 g/L KoHPO4, and 20 g/L agar. They were
grown on a confluent lawn of Klebsiella aerogenes DBS0305928. Before the assays,
amoebae were grown at 23°C with agitation (180 rpm) in liquid HL5 medium, which
contained 14 g/L tryptone, 7 g/L yeast extract, 0.35 g/L Na,HPO?, 1.2 g/L. KH> POs, and

14 g/L glucose at pH 6.3. These cultures were axenic, meaning they were free of bacteria.
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We harvested amoebae in the early exponential phase (1-2 x 10 cells/mL) and centrifuged
them at 2000 rpm for 5 min. Before the infection assays, we discarded the supernatant and
washed the pellet three times using Soerensen buffer (2 g/L KH, POs, 0.36 g/L Na,HPO*
x 2 H,0, pH 6.0) or adjusted it to 1 x 10° cells/mL in HL5 medium for social development
assays. We determined the number of viable amoeba cells by performing Trypan blue
exclusion and counting in a Neubauer chamber. For the social development assay with D.

discoideum, Agar N was used. For the predation resistance assay, Agar SM was used.

2.3 Genetic manipulation of K. pneumoniae SGH10

We followed the pipeline below to acquire mutant strains with a deleted gene of
interest. First, we amplified ~1000 bp fragments upstream and downstream of the target
gene from genomic DNA templates using Q5 high-fidelity DNA polymerase (New
England Biolabs). We assembled them into the vector pPR6KTet-SacB using NEBuilder®
HiFi DNA Assembly Master Mix (New England Biolabs). The plasmids were then
introduced into K. pneumoniae SGH10 through conjugation with the E. coli donor strain
S17-1kpir. After selecting single cross-transconjugants in a medium containing
Tetracycline (50 pg/ml), we eliminated the donor Escherichia coli by adding ampicillin
(100 pg/ml). To counteract the selection of the sacB gene in the pR6KTet-sacB backbone,
single tetracycline-resistant crosses were passaged in an LB medium without sodium
chloride but supplemented with 20% sucrose. Successful deletion of the gene of interest
was confirmed by selecting tetracycline-sensitive double crossovers via polymerase chain

reaction. We also confirmed the mutant strains, including Appkl, Appx, and AppkI-Appx,
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through scar generation in the SGH10 genome by sequencing the fragments and matching

them with the complete genome of the SGH10 WT (Figure 5).
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Figure 5. Mutant development workflow. Upstream and downstream fragments (~1000
bp) of the target gene were amplified from genomic DNA using Q5 high-fidelity DNA
polymerase (NEB). These fragments were then assembled into the pR6KTet-SacB vector
using NEBuilder® HiFi DNA Assembly Master Mix (NEB). The plasmids were
introduced into K. pneumoniae SGH10 via conjugation with E. coli donor strain S17-
IApir. Tetracycline selection (50 pg/ml) was used to isolate single cross-transconjugants,
then the donor E. coli was eliminated using ampicillin (100 pg/ml). To counteract the
selection of the sacB gene, tetracycline-resistant crosses were passaged in an LB medium
without sodium chloride but with 20% sucrose. Successful deletion of the target gene was
confirmed by selecting tetracycline-sensitive double crossovers using PCR. Mutant strains
(Appkl, Appx, and Appkl-Appx) were validated by sequencing the fragments and
comparing them with the complete genome of SGH10 WT.
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2.4 Proteomic profile
2.4.1 Protein Extraction

Protease/phosphatase inhibitor (#1861284, Thermo Scientific) was added to each
sample of protein at a 1X final concentration. Then, the samples were lyophilized and
resuspended in 8M urea with 25 mM ammonium bicarbonate pH 8 and later, they were
homogenized using ultrasound for 1 min with 10 s on/off pulses at an amplitude of 50%
using a cold bath. Then, they were incubated on ice for 5 min and later centrifuged to
remove debris at 21,000 x g for 10 min at 4°C. Samples were immediately quantified using

the Qubit Protein Assay reagent (#Q33212, Invitrogen).

2.4.2 Mass spectrometry preparation

The resulting proteins were subjected to chloroform/methanol extraction. Then, they
were equilibrated at room temperature for 10 min, centrifuged at 16,000 x g for 15 min at
4°C, and discarded the supernatant. The resulting pellet was washed 3 times with cold
80% acetone. Subsequently, the protein pellet was dried in a rotary concentrator.
Samples were resuspended in 30 pL 8M Urea and 25 mM ammonium bicarbonate. Then,
they were reduced with DTT to a final concentration of 20 mM in 25 mM ammonium
bicarbonate and incubated for 1 hour at room temperature. They were then alkylated by
adding iodoacetamide to a final concentration of 20 mM in 25 mM ammonium
bicarbonate and incubated for 1 hour in the dark at room temperature. Subsequently, the

samples are diluted 8 times with 25 mM ammonium bicarbonate.
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Digestion was performed with sequencing grade Trypsin (#V5071, Promega) in a
1:50 ratio of protease: protein (mass/mass) and incubated for 16 h at 37°C. Digestion was
stopped by pH adding 10% formic acid. Then, the samples were subjected to Clean Up
Sep-Pak C18 Spin Columns (Waters), according to the supplier's instructions.
Subsequently, the clean peptides were dried in a rotary concentrator at 1000 rpm overnight

at 10°C.

2.4.3 Liquid Chromatography — Tandem Mass Spectrometry

Two hundred ng of the peptides obtained in the previous step were injected into a
nanoElute nanoUHPLC (Bruker Daltonics) coupled to a timsTOF Pro mass spectrometer
(“Trapped Ion Mobility Spectrometry — Quadrupole Time Of Flight Mass Spectrometer,”
Bruker Daltonics) using an Aurora column. UHPLC (25cm x 75um ID, 1.6pm C18,
IonOpticks, Australia). Liquid chromatography was performed using a 90-minute gradient
of 2% to 35% buffer B (0.1% Formic Ac. - Acetonitrile). The collection of results was
performed using the TimsControl 2.0 software (Bruker Daltonics) under 10 PASEF
cycles, with a mass range of 100-1,700 m/z, capillary ionization of 1,500 V, and a

temperature of 180°C, TOF frequency 10 KHz at a resolution of 50,000 FWHM.

2.4.4 Protein Identification

The data obtained were analyzed with the MSFragger 3.5 software (Kong et al., 2017)
through the Fragpipe v18.0 platform (https://fragpipe.nesvilab.org/) using the "default"

workflow in a data analysis server consisting of 48 cores and 512 Gb of RAM. Mass
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tolerance parameters of 50 ppm were used, using monoisotopic masses and 0.05 Da
fragment ions. Among the digestion options, trypsin was used as the enzyme, specific
digestion mode and a maximum of two cleavages per peptide (“missed cleavages per
peptides”). The following were used as post-translational modifications (PTM): Cysteine
carbamidomethylation, as fixed PTM: Methionine oxidation (M), N-terminal acetylation,
Asparagine and Glutamine (NQ) deamination, as variable PTMs. The database used for
identification was the standard proteome of Klebsiella pneumoniae subsp. pneumoniae
(strain SGH10) (5,126 total entries). The FDR estimate was included using a decoy
database. As a filter, an FDR > 1% and 1 minimum unique peptide per protein were used

for identification.

2.4.5 Protein Quantification LFQ (Free Label Quantification)

The columns corresponding to the Uniprot access codes and intensity values were
selected using the protein identification results. Data were concatenated and missing
values in the intensity columns were imputed. The resulting matrix was subjected to
normalization by medians. Differential expression proteins were determined by applying
a T-Test with a Benjamini-Horschberg multiple correction test (adjusted p-value < 0.05).
DEPs (Differentially Expressed Proteins) were identified between the comparisons:

Appkl vs. WT, Appx vs. WT and AppkI-Appx vs. WT.
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Figure 6. Diagram of the workflow used in protein identification.
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2.5 Calculation of the z-score

The z-score was calculated based on the logFC of each protein belonging to the
virulence categories derived from VFDB (Adherence, antiphagocytosis, toxin,
siderophores, lipid A, serum resistance). It's important to note that this z-score doesn't
refer to the standard score typically used in statistics but is a simple calculation aimed at
indicating whether the biological process, molecular function, or cellular component is
more likely to decrease (resulting in a negative value) or increase (resulting in a positive
value). The calculation was performed using the following formula:

(up — down)
Vcount

zZscore =

The z-score was determined based on the number of proteins assigned as

upregulated (logFC>0) or downregulated (logFC<0), denoted as "up" and "down,"
respectively, in the dataset. Subsequently, the average z-scores of each category were

calculated for each mutant and plotted as "All virulence factors."

2.6 Growth curve

Mutant strains with alterations in polyP metabolism and the SGH10 WT strain were
cultured overnight. A 1:1000 dilution in LB or MOPS medium was inoculated into a 96-
well plate (the MOPS medium was supplemented with 0,4% glucose and 0.1 mM
K>HPOs). The plate was then incubated for 24 hours in a TECAN infinite 200 pro plate
reader at 37°C and 180 rpm. Readings were taken every 10 minutes (n= 6) to measure the

optical density at 600 nm (ODeoo).
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2.7 Quantification of polyP under nutrient deprivation.

To investigate whether PPK 1 deficiency affects bacterial polyP accumulation, a polyP
quantification assay was performed (Lv et al., 2022a). Briefly, cultures of K. pneumoniae
SGH10 and polyP mutants grown overnight were diluted into fresh LB broth and cultured
at 180 rpm and 37°C for 2 hours. Then, 1 mL of bacterial cells was centrifuged twice in
MOPS low-phosphate minimal medium (containing 0.4% glucose and 0.1 mM potassium
phosphate) and incubated at 37°C for 2 hours to stimulate polyP accumulation. Next, 1
mL of bacterial cells was centrifuged at 10,000 rpm at 4°C for 5 minutes, and the bacterial
pellet was suspended in 50 mM HEPES buffer (pH 7.5) and heated at 60°C for 10 minutes
to increase bacterial membrane permeability. The pellet was then resuspended in DAPI
assay buffer (containing 150 mM KCl, 20 mM HEPES-KOH, and 10 mM DAPI, pH 7.0)
and incubated for 10 minutes at room temperature in the dark. The fluorescence intensity
of the DAPI-polyP complex in K. pneumoniae was measured with excitation at 415 nm
and emission at 550 nm (Smith and Morrissey, 2007). To visualize the localization and
quantity of polyP in bacteria, the DAPI-polyP complex was also observed under a
confocal microscope (Zeiss) by monitoring the accumulation of polyP before and after

nutritional starvation.

2.8 Capsule production quantification
Capsule production was quantified by measuring the total amount of uronic acids,
following the method previously described for K. pneumoniae (Walker et al., 2020).

Briefly, uronic acids were extracted from 500 ml of culture using zwittergent, precipitated
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with ethanol, and resuspended in a tetraborate/sulfuric acid solution. Then, 3-
phenylphenol was added, and the uronic acid content was estimated by measuring the
absorbance at 520 nm and comparing it to a standard curve generated with commercial

glucuronic acid.

2.9 Low-speed centrifugation of bacteria

Four milliliters of a 10° CFU/ml growth-culture of the desired strain in LB were
prepared in 15 ml Falcon tubes. The tubes were centrifuged at 2,000 x g for 10 minutes
and imaged against a black background. The supernatant's optical density at 600 nm

(ODsoo) was measured using a BioMateTM spectrophotometer (Thermo Scientific).

2.10 Quantification of Biofilm Biomass and EPS using Confocal Microscopy
To assess biofilm formation, we performed a published protocol with some
modifications (Chen et al., 2020a). Briefly, we grew K. pneumoniae SGH10 wild-type
and polyP mutant strains overnight in LB broth, then diluted them 1:100 in fresh LB broth.
Next, we added 100 pL of each dilution to a 96-well polystyrene microtiter plate and
incubated it at 37°C for 24 hours. Wells containing only media were used as blanks. After
removing planktonic cells, we washed the wells twice with sterile water and stained them
with 150 pL of 0.1% crystal violet for 30 minutes. Then, we rinsed the wells twice with
sterile water and solubilized the stained biofilms with 95% ethanol. We quantified biofilm
formation by measuring the ODsos using a TECAN infinite 200 pro plate reader. To

quantify EPS components such as curli and cellulose, the Ebbabiolight 680 probe was
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used, which bound to these components without influencing biofilm formation (Choong
et al., 2016). EbbaBiolight 680 was diluted in a growth medium at a 1:1000 ratio for the
biofilm assay. Then, the supplemented growth medium was inoculated with the bacterial
culture. Next, the wells of a 96-well plate were filled with 100 pl of the inoculated
medium. The unused wells were filled with sterile water to prevent drying during
incubation. The plate was covered with a lid or an adhesive seal. Fluorescence was
measured at 540ex/680em in a TECAN infinite 200 pro plate reader. Each sample was
measured in triplicate, and we calculated averages of the absorbance values for analysis.
An overnight culture was diluted 1:100 in LB broth medium to investigate the
accumulation of polyP in the biofilm and its influence on formation. Subsequently, a slide
was submerged in 10 ml of the 1:100 culture inside a 50-ml falcon tube and incubated at
37°C for 24 hours. The slide was washed three times with nanopure water and incubated
for 30 minutes with 5 pg/ml DAPI to stain DNA and PolyP. The polyP accumulation was
visualized using a CLSM Zeiss 757 confocal microscope, with a 358ex/461em laser to

observe DNA and a 358ex/540em laser to observe polyP.

2.11 Scanning electron microscopy

To examine potential modifications at the superficial level, including the capsule
and overall morphology, we conducted scanning electron microscopy (SEM) with some
modifications (Tan et al., 2020). We prepared a lawn on LB agar from strains frozen at -
80°C, then incubated for 24 hours at 37°C. Using a sterile swab, we collected enough

bacteria and resuspended them in PBS 1X. We adjusted the ODgoo to 2.8 (1x10° CFU/ml)
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and fixed 500 pL of the suspension with 2.5% glutaraldehyde and 0.15% ruthenium red
to improve capsule contrast. Samples were subjected to critical point drying and gold
coating and subsequently observed in a high vacuum Zeiss EVO M15 scanning electron
microscope. Overnight cultures of K. pneumoniae SGH10 and polyP mutants were diluted
into fresh LB broth and cultured at 180 r.p.m. and 37°C for 2 hours to examine superficial
morphology in the mutants and WT strains following nutrient deprivation. The bacterial
cells were then centrifuged twice in MOPS low-phosphate minimal medium (containing
0.4% glucose and 0.1 mM potassium phosphate) and incubated at 37°C for 2 hours to
stimulate polyP accumulation. The samples were treated in the same manner before

observation using SEM.

2.12 Predation resistance assay

In this predation resistance assay, we semiquantitatively evaluated the possible
attenuation of virulence in polyP metabolism mutants compared to the SGH10 WT strain.
We modified a previously established protocol (Filion and Charette 2014). Bacterial
colonies were taken from a -80°C stock to prepare overnight cultures, and 300 uL. were
then seeded onto a plate using a Digralsky loop to generate a bacterial lawn. The plate was
left to dry and incubated for 24 hours at 23°C. Meanwhile, D. discoideum was cultured in
HL5 medium, and serial dilutions were prepared to obtain the following cell
concentrations: 500,000 - 50,000 - 5,000 — 500 — 50 and 5 cells per 5 pL. The bacterial
lawns were then spotted with 5 uL of the serial D. discoideum dilutions. The plates were

allowed to dry and were incubated at 21°C for six days. Plaque formation was visually
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examined on days 3 and 6. Isolates that did not enable amoebae growth were considered
virulent for the amoeba. Bacterial strains that exhibited social development with 500

D. discoideum were considered sensitive to predation (Paquet and Charette 2016).

2.13 Social Development Assays
For social development assays, we followed a published protocol (Varas et al.,
2018). Overnight cultures of each bacterial strain (30 uL) were homogeneously included

per well of a 24-well plate containing N agar (1 g peptone, 1 g glucose, 20 g agarin 1 L
of 17 mM Soerensen phosphate buffer) and grown overnight at 23°C. A drop of a cellular
suspension corresponding to 1 104 D. discoideum cells in HL5 was spotted in the middle

of each well and the plates were further incubated at 23°C for six days. The social
development of amoebae was monitored daily for six days, and the phase reached was

2 ¢¢

scored, being classified as “aggregation,” “elevation,” and “culmination.” A score of “1”
was assigned when amoebae aggregated, forming a phagocytosis plate, “2” when all the
well surface elevated structures such as worms or fingers were observed, and “3” when
fruiting bodies were formed across all the well surfaces. Transitions among these three
phases were scored, with half of the value corresponding to the closest next stage. The
number of fruiting bodies on a 1 cm2 surface was also quantified for each strain under
study and was compared with the commensal KpgE strain. Additionally, images of social

development were obtained on days 1, 2, and 3 using an Olympus MVXI10

stereomicroscope with a total magnification of 20X.
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2.14 Phagocytosis assays

A lawn was prepared on LB agar from strains GFP frozen at -80°C and incubated
for 24 hours at 37°C. Bacteria were collected using a sterile swab and resuspended in
Sorensen 1X buffer. Cell density was adjusted to ODeooat 1x107 cells/mL. Axenic cultures
of D. discoideum were changed to a concentration of 1x10° cells/mL and 1 mL of culture
was deposited in 24-well plates. The plate was centrifuged at 600g for 10 minutes and
incubated at 23°C for 24 hours. Each well was washed three times with Sorensen buffer
and 1 mL of bacterial suspension was added to each well to obtain an MOI of 10. The
plate was centrifuged at 600g for 30 minutes. The plate was then observed with the
Lionheart FX automatic microscope, programmed to take photographs every 10 minutes
for 24 to 48 hours in bright field (BF) and GFP and in 4 regions of interest per well at
23°C. The images were analyzed with Gen5 software version 3.08 (Lionheart FX) and

Image] software version 1.52 (Fiji version).
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3. Results

3.1 Generation of mutants in the polyphosphate (polyP) metabolism in the
hypervirulent strain Klebsiella pneumoniae SGH10.

To understand the impact of inorganic polyphosphate metabolism on virulence
factors in the HvKp strain, we generated three mutants in the ppkl, ppx, and ppkl-ppx
genes, which form an operon. Fragments of approximately 1000 bp upstream and
downstream were amplified for each target gene (Figure 7A). These fragments were
purified and assembled into the pR6K-tet-sacB vector (Figure 7B), containing a
tetracycline resistance cassette and sacB gene for counter-selection in sucrose.
Subsequently, the vector was transformed into E. coli S17-Apir strains, cultured on agar
plates with tetracycline (75 pg/ml). Colonies that grew underwent PCR to confirm the
presence of the assembly (Figure 7C).

Overnight cultures were then grown for one colony of each construction (in LB
medium supplemented with 75 pg/ml tetracycline), along with the wild-type
K. pneumoniae SGH10 strain. Conjugation was performed for 3 hours on a conjugation
membrane, and the cells were plated on agar plates with tetracycline and ampicillin to
select SGH10 colonies with the plasmid. PCR was employed to amplify the homology
region (Figure 7D), confirming the presence of the first homologous recombination event.
Two Appkl colonies, two Appx colonies, and eight Appkl-ppx colonies were identified
(Figure 7D). The colonies underwent three steps of sucrose cultivation to enrich the
population of bacteria that experienced the second recombination event, resulting in clean

deletions of the target genes without the resistance cassette and sacB gene. Figure 7E
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showed fragments of approximately 600 bp, confirming the deletion of ppk, ppx, and
ppkl-ppx genes in the SGH10 strain. Finally, we amplified and sequenced the homology
fragments, resulting in a scar shown in Figure 7F after performing a blast with SGH10's

complete genome.
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Figure 7. Workflow for generating mutant strains in ppkl, ppx, and ppkI-ppx genes:
(A) Amplification of ppkl, ppx, and ppkl-ppx fragments from the gDNA of K.
pneumoniae SGHI10 strain. (B) Ligation of fragments into the pR6K-tet-sacB plasmid
followed by bacterial transformation with E. coli S17 Apir. (C) Conjugation between K.
pneumoniae SGH10 and E. coli S17 Apir-(polyp) with Tetracycline selection. (D)
Counterselection in 10% sucrose. (E) Confirmation PCR for gene deletions. (F) Figure 7.

Scar generated in the SGH10 genome for Appkl is shown.
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3.2 Mutants lacking genes involved in PolyP synthesis and degradation
preserve the viability.

Given the urgent need to identify alternative targets that do not directly affect
bacterial viability or fitness to mitigate the rapid development of resistance associated
with the use of classical antimicrobials, we investigated the growth of mutants in
polyphosphate metabolism under optimal conditions (LB broth, 37°C, 180 rpm) and in
minimal medium (MOPS). The results revealed that the deletion of the Appkl, Appx, and
Appkl1-Appx genes did not impact growth under normal conditions (Figure 8). However,
under nutrient-deprived conditions (a condition that promotes polyP synthesis), a delay of
approximately 2 hours in reaching exponential growth was observed in the Appkl and
Appkl-Appx mutants (Figure 9). This delay was not observed in the Appx mutant,
suggesting that the absence of PPK1 specifically affects average growth under nutrient-
deficient conditions. Furthermore, the adding of different quantities of polyphosphate

140-mer restores growth under minimal nutrient conditions (Figure 9).

3.3 PPK1 is essential for polyP accumulation in the SGH10 strain.

PPK1 is the main enzyme responsible for polyphosphate synthesis in bacterial
models such as P. aeruginosa and Acinetobacter baumannii (Varas et al., 2018; Lv et al.,
2022b). However, its role in K. pneumoniae remains relatively unexplored. Therefore, our
objective was to assess polyphosphate levels under favorable conditions for accumulation
(minimal medium MOPS). To achieve this, bacteria were cultured in a rich medium (LB)

until the mid-logarithmic phase and transferred to a nutrient-poor medium (MOPS) for
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two hours. As expected, Appkl and Appkl-Appx mutants showed a significant decrease
in polyphosphate levels compared to the SGH10 WT strain (Figure 10). In contrast, no
notable change in polyphosphate levels was observed in the Appx mutant compared to the
wild type.

Furthermore, we utilized confocal microscopy with DAPI staining (Aschar-Sobbi
et al., 2008) to visualize polyphosphate accumulation (Figure 11). When DAPI binds to
DNA, its excitation/emission spectrum is 405/451; however, when DAPI binds to
polyphosphate, its excitation/emission spectrum is 405/560, allowing us to visualize
polyphosphate granules as a distinctive mark from DNA. After culturing bacteria in a rich
medium and transferring them to a nutrient-poor medium (MOPS) for 2 hours, we
observed a considerably lower number of bacteria in the Appkl and AppklAppx mutants
compared to the Appx mutants and the SGH10 WT strain, consistent with the growth curve
delay observed in minimal medium (Figure 9).

Additionally, the formation and accumulation of polyphosphate granules were
reduced in the Appkl and AppklAppx mutants, evidenced by the significant decline in
DAPI-polyphosphate fluorescence intensity compared to the SGH10 WT and the Appx
mutant strain (Figure 11).

To confirm that the observed effects result from the deletion of PPK1, we used
Mesalamine, a drug used in treating inflammatory bowel diseases, which has been shown
to inhibit PPK1 activity in E. coli (Dahl et al., 2017). In Figure 11, we observed no
polyphosphate accumulation, exhibiting a pattern similar to the Appkl and AppklI-Appx

mutants. In conclusion, these findings suggest that PPK1 is the primary enzyme
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controlling polyphosphate synthesis, and the absence of exopolyphosphatase (PPX) does

not significantly increase polyphosphate synthesis or accumulation.
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—— SGH10 Appx
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0 1 2 3 4 5 6 7 8
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Figure 8. Growth curves in rich medium. Mutant strains in polyP metabolism and
SGH10 WT were grown overnight. A 1:1000 dilution in LB was inoculated in a 96-well
plate and was incubated for 24 h in a TECAN infinite 200 pro plate reader at 37°C and
180 rpm. Readings were taken every 10 minutes (n = 6) to DOgoo.
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Figure 9. Growth curves in minimal medium. Mutant strains in polyP metabolism and
SGH10 WT were grown overnight. A 1:1000 dilution in MOPS was inoculated in a 96-
well plate (MOPS culture medium was inoculated with 4 g/l glucose and 0.1 mM H>POy).
1, 10 and 20 mM of polyP [140-mer] were used for phenotype reconstitution. It was
incubated for 24 h in a TECAN infinite 200 pro plate reader at 37°C and 180 rpm.

Readings were taken every 10 minutes (n = 6) to DOsoo
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Figure 10. Nutritional downshift. An overnight culture was diluted 1:100 in 10 ml of
LB broth and allowed to grow with agitation until the mid-logarithmic phase
(approximately 2 h). One ml of culture was taken and washed three times with MOPS
medium (0.4% glucose and 0.1 mM KoHPOs), then incubated with agitation for 2 h at
37°C. The level of polyP was quantified before and after the nutritional shift.
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Figure 11. PolyP accumulation in nutrient deprivation. The culture was incubated in
the dark with DAPI (5 pg/ml) for 30 minutes for confocal microscopy observation and
observed using a 63x immersion objective. For visualization purposes, DAPI-DNA is

shown in green, and DAPI-polyP is shown in red.
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3.4 Altered mucus and amount of capsule in mutants in polyP metabolism

The capsule is one of the primary and most studied virulence factors in Klebsiella
pneumoniae. While a wide range of capsular serotypes has been described, capsule types
in HvKp are concentrated in a small group, K1 and K2, playing a significant role in the
pathogenicity of various strains (Catalan-N4jera et al., 2017; Zhu et al., 2021). Most of
these strains exhibit a HMV phenotype related to the length of the polysaccharide rather
than its modification (Ovchinnikova et al., 2023). This HMV characteristic results in poor
sedimentation during centrifugation, leading to a turbid supernatant, allowing turbidity
measurements to serve as a quantitative indicator of HMV (Walker et al., 2020). In our
study, we quantified mucoviscosity and observed that the Appkl and AppklI-Appx
mutants, but not Appx, showed significantly decreased HMV compared to the WT strain
(Figure 12). As a non-mucoid control, we utilized E. coli and the strain K. pneumoniae
SGH10 AwcaJ, which lacks the synthesis of the initial glycosyltransferase Wcal, resulting
in non-mucoid colonies. We observed an absence of mucus in the supernatant, similar to
the E. coli strain (Figure 12).

Additionally, we investigated the role of uronic acids (UA), essential components
in numerous capsules, traditionally serving as indicators of capsule content and quantity
(Walker et al., 2019). Interestingly, our results showed a slight but significant reduction
in capsule production in the Appkl and AppkI-Appx mutants (Figure 13). Confirmation
of the AwcaJ mutant's inability to form a capsule is demonstrated by this assay. These

findings highlight the importance of PPK1 enzymatic activity and polyphosphate levels
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in regulating capsule formation, further emphasizing their significant role in the virulence
of hypervirulent strains.

To explore possible surface modifications contributing to the observed differences
in mucoviscosity and capsule quantity in the mutants under study, we conducted scanning
electron microscopy (SEM). Previous studies have indicated that the capsule of K.
pneumoniae SGH10 is uniformly distributed over the cell surface and appears as
filamentous projections that extend in multiple directions under SEM visualization (Tan
et al., 2020). In line with this, we observed a similar situation in the SGH10 WT strain
(Figure 14A). In contrast, the Appkl mutant, and to a lesser extent, the Appkl-Appx
mutant, showed differences in capsule distribution in terms of length and surface coverage
(Figure 14B and 14D). Since the length of the capsular polysaccharide is directly related
to HMV, this result aligns with the significant reduction in mucoviscosity (Figure 12) and
decreased capsule levels observed in Appkl-Appx and Appkl (Figure 13). We did not
observe significant differences between Appx and the SGH10 WT strain (Figure 14C). For
the AwcaJ mutant, we observed a complete absence of the capsular polysaccharide,

resulting in a smooth surface (Figure 14E).
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Figure 12. Mucus production in polyP metabolism mutants. (A) Strain mucoid was
measured by low-speed centrifugation (3000 rpm for 10 min) in LB. The optical density
at 600 nm (ODsoo) of the supernatant above the pellet was measured and mean + SD was
plotted (n = 3). One-way ANOVA tests were performed for statistical analyses comparing
the WT strain to the indicated mutants. *, P < 0,05. *** P <0,001.
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Figure 13. Capsule production. Capsule production of polyP metabolism mutants
(Appkl, A ppx and Appkl-Appx) and AwcaJ strain (without capsule) compared to SGH10
WT strain. Uronic acid quantification analysis as described in Materials and Methods.
One-way ANOVA tests were performed for statistical analyses comparing the WT strain

to the indicated mutants. *, P < 0,05. **** P <(,0001.
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Figure 14. Cell imaging by Scanning electron microscopy. The images display log-
phase cultures of (A) SGHIO0O WT, (B) SGHI10Appkl, (C) SGHI10Appx,
(D) SGH10AppkiAppx, and (E) SGH10 AwcaJ cells fixed in 2.5% glutaraldehyde and

stained with 0.15% red ruthenium. The scale bar represents 1-2 um.
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3.5 PPK1 plays a crucial role in biofilm formation.

Biofilm represents the primary lifestyle of bacteria in the environment and within
the host (Flemming et al., 2016). Due to how bacteria are structured, their metabolic state,
and the protection they provide, biofilm is considered a crucial factor in bacterial
virulence. Initial biofilm formation is facilitated by fimbrial adhesins encoded in the core
genome (Wang et al., 2020b). These adhesins have significant clinical implications as they
contribute to critical processes such as antimicrobial resistance and the chronic persistence
of infectious diseases.

To investigate whether mutants involved in polyphosphate metabolism show
alterations in biofilm formation, we conducted a biomass quantification assay using
crystal violet staining (0.1%). The results revealed that Appk! and Appkl-Appx mutants
exhibited a 66% and 56% decrease in biofilm formation compared to the SGH10 WT
strain (Figure 15). This decrease was not observed in the Appx mutant, suggesting that the
absence of PPK1 directly affects biofilm formation. Furthermore, we used Mesalamine to
validate this observation and observed a 76% reduction in biofilm biomass compared to
the SGH10 WT strain.

As a complementary approach to evaluate biofilm formation, we quantified
extracellular polymeric substances (EPS). For this purpose, we employed the Ebbabiolight
680 probe (Choong et al., 2016), an optotracer that binds to curli fibers and cellulose,
increasing its fluorescence. A significant decrease in EPS levels was observed in Appk!
and Appk1-Appx compared to the SGH10 WT strain. No differences were observed in the

Appx mutant (Figure 16). Additionally, the observation of a 24-hour biofilm grown on a
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tilted 96-well microtiter plate under the confocal microscope further confirmed that Appk
(Figure 17B) and AppkI-Appx mutants (Figure 17D) exhibited reduced biofilm biomass
compared to the WT and Appx (Fig. 17A and 17C). In the case of the AwcaJ mutant, we
observed a significant increase (57%) in the biofilm biomass (Figure 15). This correlates
with the observed rise in EPS quantity (Figure 16) and a notable increase in adhered
bacteria on the glass surface observed under confocal microscopy (Figure 17E).

To better understand the relationship between polyphosphate metabolism and
biofilm formation, we conducted a macrocolony biofilm formation assay in a salt-free LB
medium supplemented with Thioflavin S, which selectively binds to cellulose, evidencing
possible differences in biofilm structure and organization (Figure 18). The SGH10 WT
macrocolony biofilm showed a dense central mucoid region, stained green, possibly by
EPS components, showing regular concentric rings. Conversely, the Appkl/ mutant
showed reduced mucosity in the colony's center, no concentric rings, and a smoother
appearance with irregular edges. No evident differences were observed in the Appx mutant
compared to the wild-type strain. In Appkl-Appx, we observed a reduction in the mucoid
ring in the center of the macrocolony biofilm, along with the absence of regular concentric
rings. However, the edges were similar to the WT strain, presenting an intermediate
phenotype between the wild-type strain and the Appk/ mutant. For the AwcaJ mutant, we
observed a flat, dry macrobiofilm that lacked the central mucoid region characteristic of
the SGH10 WT strain. However, it displayed similar concentric rings and regular edges,

resembling those of the WT strain.
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In conclusion, our findings demonstrate that PPK1 plays a crucial role in biofilm
formation, affecting not only the proportion of cells that form biofilms (as observed in the

microwell biofilm assays) but also EPS production and biofilm organization.
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Figure 15. Quantification of biofilm biomass. Relative biofilm formation in mutants in
polyP metabolism by crystal violet (CV) staining 0.1%. Overnight cultures were diluted
to a OD 0,1 and plated in 96-well plates. The measurement was at 24 hrs at 595 nm.
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Figure 16. EbbaBiolight 680 is an optotracer for biofilm visualization and binds to
cellulose and amyloid components in the biofilm. Colonies were grown on agar plates
under biofilm-forming conditions. EbbaBiolight 680™ was diluted in PBS 1:1000 and
added 100 pl into each well of a 96-well plate. Pick bacterial colonies from the agar plate
and resuspend thoroughly into the pre-filled wells. Plates were placed in Plates in a

spectrophotometer to quantify biofilm in the colony resuspensions.
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Figure 17. Confocal microscopy of biofilm. Overnight cultures were diluted 1:100 in
LB and plated on a glass coverslip on a 6-well plate slanted at 80°. The plate was incubated
for 24 hours. (A) SGH10 WT, (B) SGHI10 Appkl, (C) SGHIO Appx,
(D) SGH10 Appk1-Appx, and (E) SGH10 AwcaJ cells. DAPI was used for staining for 30

min, labeling DNA ex/em 358/462. Image obtained in LSM 710 Zeiss microscope, 20X.
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Figure 18. Macrocolony biofilm. It formed by inoculating an overnight culture in LB
broth onto LB agar plates supplemented with 40 ug/mL Thioflavin S. A 5 pL droplet of
the culture was used for inoculation. The plates were subsequently incubated at 28 °C for

ten days.
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3.6 PPK1 is essential for HV K. pneumoniae virulence in D. discoideum

Our findings conclusively indicate that PPK1 is the primary enzyme responsible
for polyP synthesis in the K. pneumoniae SGH10 strain and regulates capsule and biofilm
formation, traits proposed as relevant for HvKp virulence.

To investigate the impact of polyP and PPK1 deficiency on virulence, we utilized the
social amoeba D. discoideum as a model host, validated for other K. pneumoniae strains
(Ortiz-Severin et al., 2015; Bravo-Toncio et al., 2016a; Marcoleta et al., 2018; Varas et
al., 2018). When cultivated on lawns of avirulent bacterial strains, D. discoideum forms
visible phagocytosis plaques. However, the amoeba fails to develop in the presence of
virulent strains, and no phagocytosis plaques are observed.

Using this assay, we determined the minimum number of amoebas needed to generate a
phagocytosis plaque. As shown before, if phagocytosis plaques are formed with 500 or
fewer D. discoideum cells, bacteria exhibit susceptibility to predation, indicating
attenuated virulence (Paquet and Charette, 2016b).

The resistance to predation of SGH10 WT and mutant derivatives was evaluated
on the third and sixth days of the assay (Figure 19). The avirulent strain K. pneumoniae
KpgE (commonly used as food for D. discoideum) was used as control, showing
phagocytosis plaques from the third day with amoebas. For SGH10 WT, a phagocytosis
plaque was observed only with 50,000 amoebas, indicating the strain's virulence towards

D. discoideum.

70



In the case of mutants in polyP metabolism (Appkl; Appx; Appkl-Appx), we
observed an attenuation in virulence, evidenced by the presence of phagocytosis plaques
with 500 amoeba cells. Additionally, a differential impact on virulence was observed by
comparing Appkl and Appkl-Appx with Appx. On the sixth day, larger phagocytosis
plaques were observed in the absence of the ppk/ gene in both mutants, compared to the
Appx strain. This suggests that the lack of PPK1 has a more pronounced effect on
attenuating virulence than the absence of PPX despite both mutations causing a decrease
in virulence. Furthermore, to understand the impact of the capsule polysaccharide from
the SGH10 strain on virulence, the AwcaJ mutant was also assayed. Phagocytosis plaques

were observed by the third day across all concentrations of amoebae studied (Figure 19).

Previous studies have demonstrated that pathogenic bacteria with high virulence
capabilities can impede the social development of D. discoideum (Bravo-Toncio et al.,
2016a; Marcoleta et al., 2018; Varas et al., 2018). Conversely, attenuated or avirulent
bacteria have a minimal impact on social development, which involves at least three
stages: aggregation, including the formation of a phagocytosis plaque and subsequent
cluster formation; elevation, concerning the formation of slugs and fingers; and
culmination, comprising the formation and dispersal of fruiting bodies. Figure 20 shows
the social development. The avirulent strain KpgE promoted normal social development,
culminating between days 2 and 3 with an approximate count of 110 fruiting bodies/cm?
on the third day (Figure 21 and 22). In contrast, the SGH10 WT strain inhibited social

development within the 6-day study period (Figure 20). We were able to quantify an
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average of 2.3 fruiting bodies/cm? on the third day (Figure 21). Mutants in polyP
metabolism exhibited varying levels of virulence attenuation. Appk! displayed the most
marked effect, almost reaching the culmination of social development on the sixth day
(Figure 20), with an average of 38 fruiting bodies/cm? on the third day (Figure 21). This
was followed by Appkl-Appx, which exhibited 17.5 fruiting bodies/cm? on the third day,
also reaching a stage before culmination (Figure 21 and 22). Appx behaved as less
attenuated, with a count of 2.5 fruiting bodies/cm? on the third day (Figure 21). The AwcaJ
mutant exhibited complete attenuation of virulence, evidenced by the normal progression
of social development culminating by day 2-3, with no observable differences compared
to the KpgE strain. Additionally, a similar number of fruiting bodies were quantified by
the third day, comparable to the KpgE strain.

To gather further evidence supporting our findings, we conducted epifluorescence
microscopy to track D. discoideum's phagocytosis of bacteria expressing the green
fluorescent protein sfGFP constitutively. Amoebas were infected with a MOI=10, and
phagocytosis was monitored at 0-, 24-, and 48 h post-infection (Figure 23). For the
avirulent KpgE strain, within the first 24 hours, we observed polarized groups of amoebas
migrating towards aggregation centers to form multicellular clusters and a significant
reduction in the number of bacteria present, as indicated by the decrease in green field
fluorescence intensity (Figures 23-24). After 48 h, we observed abundant multicellular
aggregation bodies visible at 4X magnification (Figure 23). In the case of the SGH10 WT
strain, we did not detect the amoebae polarization characteristic of an aggregation process

(Figure 23). Moreover, at 4X magnification, we did not observe well-defined multicellular
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aggregation structures. Additionally, we observed substantial bacterial proliferation, as
evidenced by a significant increase in green fluorescence intensity at 24 h (Figure 24).
For the Appkl mutant, we observed small amoeba clusters at 24 h and mounds visible at
4X magnification at 48 h (Figure 23). Regarding proliferation, it was significantly lower
when compared to the SGH10 WT strain, both at 24 and 48 h (Figure 24). Similar results
were obtained with the Appkl-Appx mutant. Conversely, no significant differences were
observed at 24-48 h between SGH10 WT and the Appx mutant (Figure 23-24). Regarding
the AwcaJ mutant, at 24 hours, we observed polarized groups of amoebas migrating
towards aggregation centers to form multicellular clusters and a significant reduction in
the number of bacteria present, as indicated by the decrease in fluorescence intensity in
the green field (Figures 23-24). After 48 hours, we observed abundant multicellular
aggregation bodies visible at 4X magnification (Figure 23), thus confirming the complete
attenuation of virulence for this mutant in D. discoideum.

In conclusion, our study strongly supports the importance of PPK1 in hvKp

virulence.

73



Predation resistance assay

Virulence
O Buffer Sorensen Attenuation

Q 5 Amoebas/5uL

O 50 Amoebas/5uL
‘ 500 Amoebas/5uL
@ 5.000 Amoebas/5puL

@ 50.000 Amoebas/5pL ntensified
Virulence

KpgE SGH10 WT Appk1 Appk1Appx
. ‘ ‘ . ‘
. ‘ ‘ ‘ ‘

Figure 19. Predation resistance assay. Three hundred pL of overnight culture were seeded onto a

plate using a Digralsky loop to generate a bacterial lawn. The plate was left to dry and incubated for
24 hours at 23°C. D. discoideum was cultured in HLS medium, and serial dilutions were prepared to
obtain the following cell concentrations: 5 — 50 — 500 — 50.000 cells per 5 puL in Buffer Sorensen.
Subsequently, 5 uL of the serial dilutions of D. discoideum were applied to the bacterial agar plates.
The plates were allowed to dry and were incubated at 21°C for six days. Plaque formation was visually
examined on days 3 and 6. Isolates that did not enable amoebae growth were considered virulent for

the amoeba. Bacterial strains that exhibited social development with 500 D. discoideum were
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considered sensitive to predation. Bacterial strains that exhibited social development with 500 D.

discoideum were considered sensitive to predation

KpgE SGH10 Appk1 Appx Appk1-Appx

Day 5 Day 4 Day 3 Day 2

Day 6

Figure 20. Social development assay. Thirty uL of overnight cultures of the strains under study were
inoculated in a 24-well plate on N agar to generate a lawn. They were incubated for 24 hrs at 23 °C.
D. discoideum was adjusted to 1x10%ml. A 10 pL drop of the dilution was inoculated on each lawn.

The social development of the amoeba was followed for six days. The KpgE commensal strain was

used as a control.
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Figure 21 The number of fruiting bodies on the third day was counted and compared
with the WT strain. One-way ANOVA tests were performed for statistical analysis,
comparing the WT strain to the indicated mutants. **** p <.00001, * p < 0,05.
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Figure 22. Development progress. It evaluated using a numerical scale defined

according to the developmental phase reached at each time point.
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Figure 23. Timelapse of phagocytosis. Timelapse of a 48-hour phagocytosis assay in
GFP channel (bacteria). The KpgE strain was used as a control. Scale 100 um. Images
were acquired using an automated Lionheart FX microscope with a 20X objective. For

multicellular development observation, a 4X objective was used.
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Figure 24. Fluorescence quantification was performed in ImageJ with three biological
replicates. One-way ANOVA tests were performed for statistical analyses comparing the

WT strain to the indicated mutants **** p < .00001, * p < 0,05.
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3.7 Global Proteomic Profiling Reveals Key Proteins Involved in Virulence in
Klebsiella pneumoniae SGH10

To investigate the underlying mechanisms responsible for the significant reduction
in capsule production, biofilm formation, and virulence, we performed a shotgun
proteomic analysis of the mutants with altered polyP metabolism. Samples were obtained
from colonies grown on LB agar at 37°C and subjected to LC-MS/MS analysis using a
Data Dependent Acquisition method and label-free quantification (LFQ). The WT strain
was compared to each mutant strain. Principal component analysis (PCA) on the identified
protein dataset, as shown in Figure 25, revealed the grouping of the samples into their
corresponding clusters (SGH10 WT, Appkl, Appx, and Appkl-Appx groups). Later,
among the 2,287 quantifiable proteins identified, 302, 728, and 673 were determined to
be Differentially Expressed Proteins (DEPs) in the comparisons of WT / Appk, WT / Appx,
and WT / Appkl-Appx, respectively (Table 3). The quantifiable proteins resulting from
these comparisons were visualized as volcano plots (Figure 26), where significantly
upregulated proteins were represented in blue and downregulated proteins in red.

To further investigate potential virulence factors associated with the observed
results, DEPs were compared against the VFDB database, and those matching with a
>50% identity were selected for further analysis. The virulence factors were categorized
into anti-phagocytosis, adherence, iron uptake, and toxins and visualized in a heatmap
(Figure 27), a network of curated interactions (Figure 28) and a chordplot (Figure 29).
Regarding the Adherence category, we observed a significant reduction in proteins from
the mrk operon responsible for synthesizing type III fimbriae (MrkB, MrkC, MrkD,

MrkH), particularly in the Appkl mutant, and to a lesser extent in the Appkl-Appx mutant.
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Additionally, there was an increase in proteins that are part of the type I fimbriae synthesis
pathway (FimA and FimC). In the case of Appx, we observed a significant increase in
proteins from type I (FimA, FimC) and type III fimbriae (MrkB, MrkC, MrkD, MrkH).
Concerning anti-phagocytosis factors, we observed a significant reduction in essential
proteins associated with capsule synthesis, transport, and regulation in K. pneumoniae,
particularly in the double mutant Appkl-Appx. This mutant exhibited decreased
expression of GalF, Wzi, Wza, WcsT, Wca, Ugd, and Gmd compared to the wild-type
strain. Furthermore, in Appkl, Wzi and Ugd proteins showed negative regulation. This
correlates with the decrease in the capsule produced by these mutants compared to the
SGH10 WT strain. Appx showed an overexpression of Wzi compared to the SGH10 WT
strain.

Concerning iron uptake, proteins related to the synthesis of siderophores such as
aerobactin, enterobactin, salmochelin, and yersiniabactin were found to be overexpressed
in all polyP mutants, except for yersiniabactin in AppkI, where no significant differences
were observed compared to the wild-type strain. Both Appx and Appkl-Appx exhibited
upregulation of operons involved in the synthesis of aerobactin and enterobactin, as well
as the protein YbtS, which is implicated in the final step of yersiniabactin union and
modification, playing a crucial role in the overall siderophore biosynthesis process. In
Appkl, several proteins involved in siderophore synthesis, including IucA (aerobactin),
EntB, EntC, FepC (enterobactin), and IroD (salmochelin), were found to be
overexpressed. Regarding the toxin category, in all polyP metabolism mutants, a
significant downregulation was observed in most of the proteins from the colibactin

genotoxin biosynthetic cluster. This downregulation was particularly evident in Appx and
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AppkI-Appx, affecting proteins such as CIbB, ClbD, CIbF, ClbG, ClbH, CIbl, CIbK, CIbL,
CIbN, and CIbQ. In the case of Appkl, the main protein involved in colibactin
biosynthesis, CIbB, was downregulated along with CIbD.

In the Lipid A category, we observed a significant increase in proteins involved in
the biosynthesis and modification of Lipid A, such as ArnA, ArnB, ArnC, PagP, and LpxO
in Appx and AppkI-Appx. Appkl displayed similar differential expression levels in these
proteins; however, no significant differences were observed for ArnA. Additionally,
proteins PagP, LpxC, and FabR, related to Lipopolysaccharide (LPS) biosynthesis and
modification, exhibited decreased expression levels compared to the WT strain. This
prompted us to evaluate whether the differential expression of proteins involved in Lipid
A modification would confer colistin resistance (Fig. 30). However, the mutants did not
show increased colistin resistance, with a 4 pg/mL MIC. Finally, in Figure 31, we present
a z-score plot that considers the abundances of 38 proteins related to each virulence
category (adherence, anti-phagocytosis, toxin, siderophores, lipid A), highlighted in the
heatmap. In this analysis, the Appkl mutant exhibited a negative z-score compared to the
WT for all virulence factors reported in the VFDB database. In conclusion, our global
proteomic profiling of polyP metabolism mutants revealed significant alterations in
protein expression related to biofilm formation, capsule regulation, iron uptake, and toxin

production, corresponding to critical virulence-associated traits in hvKP.
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Figure 25. Principal Component Analysis (PCA) of the set of proteins identified per

sample. Comparison of the protein group from the sum of all proteins per biological

replicate depending on each treatment received.
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Table 3. Number of quantifiable proteins and DEPs (Differential Expression Proteins)

obtained for each comparison.

Comparison Proteins
Quantifiable DEPs (FDR < 0,05)
Appkl vs WT 302
2.287
Appx vs WT 728
Appkl-Appx vs WT 673
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Figure 26. Global proteomic profiling of polyP metabolism mutant of hvKp. Volcano

plot of the differentially expressed proteins from the comparison of each of the

comparisons made. Red, highly expressed proteins. Blue, lower expressed proteins
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Figure 27. Heatmap shows differentially expressed virulence factors (VF). The
proteome was compared with the VDFB database, and the VFs were classified according
to the categories: Adherence, anti-phagocytosis, iron uptake, Toxin and Lipid A. (1)
Appkl vs SGH10; (2) Appx vs SGH10 WT; (3) Appkl-Appx vs SGH10 WT.
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Figure 29. Interaction Chordplot. The chordplot graph illustrates protein-protein
interactions categorized based on the VFDB database. Each arc corresponds to an
interaction category, while the external nodes represent the identified proteins. The color

of each node corresponds to the LogFC value from each analysis.

88



ODGUU

oD 600

SGH10 WT — 32 pm/mL SGH10 Appk1 — 32pm/mL

s — 16 pm/mL i — 16 pm/mL
9] — 8 pmimL 97 — 8pum/mL
— 4ummL — 4pm/mL
2 umimL — 2pum/mL
1.04 Hmm °1.0— — 1 um/mL
— fpm/mb 8 — 05 pmmL
— 05um/mL 5 — 0.25 pmimL
0.5 — 0.25um/mL 0.5 — 0.012 pm/mL
— 0.012um/mlL — Control Without Antibiotic
—— Control Without Antibiotic —— Control MH-2
0.0 T T T T T T T T T T 1 — Control MH-2 0.0 — T T T T T T T T 1T 11 Water
0 2 4 6 8 10 12 14 16 18 20 22 24 Water 0 2 4 6 8 10 12 14 16 18 20 22 24
Hrs Hrs
SGH10 Appx — 32um/mL — 32pm/mL
15 — 16 ym/mL SGH10 Appk1-Apr — 16 ym/mL
: — 8pum/mL 1.5 — gpum/mL
— 4pm/mL — 4pmimL
— 2pum/mL
1.0 Hm/m — 2umimL
— 1 pm/mL 1.0
S — 1 um/mL
— 0.5 um/mL o
— 0.5 pm/mL
0.5 — 0.25 ym/mL 8 Hmim
— 0.012 pm/mL 0.5+ — 0.25 pm/mL
—— Control Without Antibiotic — 0.012 pm/mL
0.0 e e e e s T — Control MH-2 —— Control Without Antibiotic
0 2 4 6 8 10 12 14 16 18 20 22 24 Wat 0.0 L L L L UL L L — Control MH-2
ater 0 2 4 6 8 10 12 14 16 18 20 22 24
Hrs Water

Hours

Figure 30. Colistin Resistance Assay. Concentrations ranging from 0.125 to 32 pg/mL
were evaluated using liquid cultures. The MIC (Minimum Inhibitory Concentration), the
lowest antibiotic concentration that inhibits bacterial growth, was determined using

Pseudomonas aeruginosa spp. PAOLI as a control.
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Figure 31. Z-score plot illustrating the global relative abundance of each protein
associated with virulence factors. Positive z-scores indicate proteins with higher
abundance, while negative z-scores indicate proteins with lower abundance than the

overall mean. The red line represents the average of all z-scores for the virulence factors.

90



4. Discussion

Klebsiella pneumoniae is a growing health threat due to its antibiotic resistance and
the emergence of highly virulent strains. These strains can infect healthy individuals and
are adept at causing severe infections, posing risks to hospitalized patients and the general
population (Wang et al., 2017b; Pal et al., 2019). Traditional approaches targeting
bacterial viability through antibiotic use have led to the selection of multidrug-resistant
strains, necessitating a shift in strategy. In line with the principle of “Disarm and not kill,"
there is an increasing recognition that targeting virulence mechanisms rather than bacterial
viability could provide a promising alternative to mitigate the risk of resistance
development. In this study, we investigated the involvement of polyP metabolism in ST23
hvKp fitness and virulence, focusing on the PPK1 enzyme and its implications on capsule
production, mucoviscosity, biofilm formation, and virulence over the D. discoideum host
model.

In the hypervirulent strain SGH10, we observed that PPK1 is the primary enzyme
responsible for synthesizing inorganic polyphosphates. As anticipated, the absence of
PPK1 and a marked reduction in polyP did not substantially impact viability under
favorable growth conditions (Lv et al., 2022b). However, when exposed to minimal
conditions (stress response), a 2 h delay in reaching exponential growth was observed.
This delay is expected, as nutrient scarcity is known to be one of the primary triggers for
polyphosphate synthesis, and its absence leads to a noticeable growth delay that eventually
recovers when increasing concentrations of polyP are added (Kornberg et al., 1999). In

the PPX mutant, a drastic increase in polyP formation or accumulation in response to
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nutritional downshift in the MOPS medium (0.4% glucose, 0.1 mM K>HPO4) was not
observed. The classical model proposed by A. Kornberg's group for E. coli suggests that
a stress response such as amino acid starvation leads to the accumulation of (p)ppGpp,
which interacts with PPX and inhibits it, promoting polyP accumulation. However, based
on recent evidences, other factors such as DksA and GreA proteins, significantly regulate
polyP accumulation in response to amino acid starvation (Downey, 2019; Gray, 2019).
This could explain our observations in the Appx mutant. However, there is no pronounced
effect on viability, suggesting that PPK1 could be an attractive target for antivirulence
strategies in this hypervirulent strain. Similar results were reported for P. aeruginosa
PAO1, where some PPKI inhibitors affected its virulence, resembling the Appkl
knockout mutant phenotype (Bravo-Toncio et al., 2016b).

Several previous studies have demonstrated that the K1 capsule present in the SGH10
strain is a crucial virulence factor that enables evasion of immune recognition and
resistance to phagocytosis (Tan et al., 2020). Recently, it has been shown that the length
of the capsular polysaccharide is relevant to the characteristic HMV phenotype of
hypervirulent strains, although not exclusive to them (Walker et al., 2020; Ovchinnikova
etal., 2023). This length regulation is mediated by the RmpD protein, which interacts with
Wzc to regulate polysaccharide length. Our results indicate that PPK1 promotes the HMV
phenotype and capsule expression or synthesis. The Appkl mutant displayed longer
sedimentation times during low-speed centrifugation, a standard method to assess
mucoviscosity (Palacios et al., 2018).

Additionally, the Appkl and double mutant cells exhibited lower capsule levels, as

indicated by a reduced uronic acid content and an altered distribution of capsule
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polysaccharides, distinct from the SGH10 strain (Tan et al., 2020). In addition to the
findings in K. pneumoniae, a Appkl mutant of P. aeruginosa also shows altered surface
structures (Fraley et al., 2007b). In Neisseria meningitidis, it has been demonstrated that
polyP can interact with the membrane, forming a capsule-like structure (Tinsley et al.,
1993a). This indicates that the role of PPK1 and polyP in capsule synthesis and structure
may be conserved across different bacterial species.

The presence of polyP appears crucial for the proper assembly and organization of the
capsule, and its absence or disruption can lead to abnormalities in the superficial
structures. The defective membrane pattern observed in the Appkl/ mutant of P.
aeruginosa suggests that polyP regulates external biomolecule biosynthesis or assembly.
Our proteomic analysis of the K. pneumoniae Appkl and Appkl-Appx mutants revealed
decreased expression of proteins involved in capsular polysaccharide synthesis, such as
Wzi-Ugd (Appkl), as well as GalF, GalU, Wza, Wcal, Ugd (Appkl-Appx). This
downregulation could explain the decrease in capsular polysaccharide production and
mucoviscosity, as reported in the HV K. pneumoniae strain NTUH-K2044 (Wu et al.,
2011). These findings suggest that polyP metabolism may be relevant in regulating
capsule expression and the HMV phenotype.

Inorganic polyP may act as a signal molecule, triggering specific regulatory pathways
controlling capsule biosynthesis. Similarly to E. coli and P. aeruginosa, where PPK1 is
predominantly associated with the membrane (Fraley et al., 2007a), it is possible that in
K. pneumoniae, this preferential localization has regulatory roles in biofilm formation and
capsule and membrane processes. Furthermore, polyP may act as a phosphate donor to

form sugar linkages in the capsule synthesis pathway (Miiller et al., 2019). Phosphate is
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crucial in numerous biological molecules and processes within bacteria, encompassing the
synthesis of polysaccharides integral to the bacterial capsule. Mutants deficient in PPK1
and PPK1-PPX have previously exhibited a phenotype associated with phosphate-related
effects in E. coli (Varas et al., 2017b). Phosphates are commonly present as phosphate
groups in the structure of carbohydrates and other biomolecules. Polysaccharides, which
constitute the capsule, can contain phosphate groups as part of their chemical structure or
as a modification of their structure (Meredith and Woodard, 2006). These phosphate
groups may correspond to side chains or substitutions on the sugar molecules forming the
polysaccharide backbone (Perepelov et al., 1999). The presence of phosphate groups in
the capsule can have functional implications, contributing to the overall charge and
hydrophilicity of the capsule and then influencing its interactions with the environment,
such as host tissues and immune cells. Phosphate groups can also be involved in the
binding of cations and other molecules, further modulating the properties and functions of
the capsule.

Biofilm formation is the primary lifestyle of bacteria in their natural state, serving as
a successful strategy to thrive in niches subjected to various stressors and the most
efficient way for the trafficking of mobile genetic elements (Element et al., 2023). There
is a broad consensus in the literature regarding the ability of both classical and multidrug-
resistant K. pneumoniae strains to form biofilms in various niches, particularly in
immunocompromised individuals (Vuotto et al., 2014; Chhibber et al., 2017; Alcantar-
Curiel etal., 2018; Wang et al., 2020b). The fim and mrk operons, responsible for encoding
type I and type III fimbriae, respectively, play a crucial role in the initial adhesion to both

biotic and abiotic surfaces (Schumachera and Zenga, 2016). Regarding hvKp strains, it
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has been observed that their elongated capsular polysaccharides can cover the fimbriae,
hindering their contact with surfaces and resulting in weaker biofilm formation (Dos
Santos Goncalves et al., 2014; Wang et al., 2017a). However, conflicting reports suggest
that the capsule may promote the formation of biofilm structures, particularly within
infectious contexts (Wu et al., 2011; Zheng et al., 2018; Chen et al., 2020b). Our findings
demonstrate the capability of the SGH10 strain to form biofilms on polystyrene plates and
glass (Figures 15 and 17). The Appkl and AppkI-Appx mutants exhibited reduced biofilm
formation compared to the WT strain. These results are consistent with previous reports
in various models (Rashid et al., 2000b; Shi et al., 2004a; Drozd et al., 2014; Recalde et
al., 2021; Lv et al., 2022b).

Interestingly, the adding of mesalamine, a drug used in the treatment of ulcerative
colitis that also inhibits PPK1 (Dahl et al., 2017), induced similar levels of biomass
reduction in the biofilm as those observed in Appkl and Appkl-Appx mutant cells,
confirming the close association between biofilm formation and polyphosphates. While
we observed biofilm formation in the SGH10 WT strain, it was significantly increased in
the capsule-deficient AwcaJ mutant. This has been previously reported in an MDR K.
pneumoniae strain (Pal et al., 2019). As mentioned earlier, several reports suggest that the
capsule could prevent fimbriae from contacting surfaces to promote initial adhesion.
However, although Appkl and Appkl-ppx mutants exhibited lower mucus and capsule
production (indicating a higher biofilm formation), they significantly decreased the
biofilm biomass and the total EPS produced. This suggests that PPK1 and polyP regulate

both virulence factors through a pathway that has not yet been described.
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The proteomic analysis further confirms the relevance of polyP metabolism in biofilm
formation. In the case of the Appkl mutant, we observed a decrease in the levels of MrkC,
MrkD, and MrkH, accompanied by an increase in FimA and FimD proteins. Conversely,
the Appx mutant significantly increased Fim (FimA, FimC, FimD) and Mrk (MrkB, MrkC,
MrkD) proteins. Similarly, the AppkI-Appx mutant exhibited elevated levels of FimA and
FimC proteins. This dysregulation can be partially explained by a previous report pointing
out that polyP degradation during the stationary phase promotes biofilm formation (Grillo-
Puertas et al., 2012).

Consequently, the insufficient levels of polyphosphates in the Appkl and AppkI-Appx
mutants lead to the downregulation of proteins from the mrk operon. However, this
explanation does not fully account for the increased proteins from the fim operon,
indicating the involvement of broader regulatory mechanisms. A recent study has reported
a direct correlation between biofilm formation and the colibactin operon in isolates of E.
coli and K. pneumoniae (Ballén et al., 2022; Luo et al., 2023). Furthermore, it has been
demonstrated that the inactivation of PPK by mutagenesis reduces the promoter activity
of clbB, the gene that encodes for an essential enzyme for colistin biosynthesis, and
decreases the production level of colibactin (Tang-Fichaux et al., 2020), it is possible that
the absence of this enzyme also leads to a decrease in biofilm formation through this
pathway. Recently, a phenotypic switch between type III fimbriae and the
hypermucoviscous capsule in response to iron levels has been reported in the SGH10
strain (Chu et al., 2023a). The iron-regulated outer membrane protein IroP, encoded in the
virulence plasmid, inhibits the expression of the mrk operon under low iron conditions,

inhibiting biofilm formation. Since polyP is directly involved in intracellular iron
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homeostasis as an iron chelator (Beaufay et al., 2020), the observed alterations in the
capsule and biofilm might be related to this recently described phenomenon.

In addition, the role of polyP in forming functional amyloids in prokaryotes and its
potential relationship with the appearance of these fibers in the context of biofilms should
be considered (Erskine et al., 2018). Several amyloid-like proteins, such as curli in E. coli,
have been described, highlighting the potential significance of amyloid formation in
bacterial biofilms. Although K. pneumoniae lacks the curli operon, the GIE492 genomic
island enabling the production of the antimicrobial peptide microcin E492 is highly
prevalent among hvKp (Bieler et al., 2005). This microcin forms amyloid fibers in the
culture supernatant of producing cells (Marcoleta et al., 2016)., Although the biological
role of this phenomenon is still unclear, it could be a structural part of biofilms.

Furthermore, it is worth considering the potential role of interbacterial communication
and quorum sensing in biofilm formation. The coordinated behavior of bacteria within the
biofilm community relies on intricate signaling networks that enable collective responses
and establish structured microbial communities (Flemming et al., 2016). Further
investigations regarding the interplay between polyphosphates, quorum sensing systems,
and other signaling pathways will provide valuable insights into the complex dynamics of
biofilm formation and the development of targeted interventions. Based on our findings,
we propose that polyP could serve as potential extracellular signaling molecules within
the biofilm matrix, acting as an energy source for dynamic biofilm processes and as a
structural component due to their polyanionic nature, like eDNA (Miiller et al., 2019).
Further studies are warranted to ascertain the essential role of polyP as biofilm

constituents rather than solely intracellular signaling molecules. Understanding the
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intricate regulatory pathways involved, including interbacterial communication and
quorum sensing, will provide valuable knowledge for developing strategies to control
biofilm-associated infections and enhance the efficacy of antimicrobial therapies.

Unlike classical K. pneumoniae strains, which can be rapidly cleared during infection
by the host defense system, hvKp strains can evade and resist macrophage- and neutrophil-
mediated killing. However, K. pneumoniae is generally considered an extracellular
pathogen (Paczosa and Mecsas, 2016). However, reports show that hvKp strains can
persist intracellularly for more than 24 hours by diverting the canonical endocytic pathway
and surviving in a phagosome not associated with lysosomes (Cano et al., 2015). In this
regard, D. discoideum has been successfully used as a host model to study virulence and
phagocytosis resistance (Froquet et al., 2009; Bravo-Toncio et al., 2016a). Here, the
predation resistance assay demonstrated the contribution of polyP metabolism to the
virulence of the hypervirulent SGH10 strain (Figure. 5A). This reflects the involvement
of PPK1 in mediating key aspects of virulence in hvKp.

The amoeba model also allowed us to evaluate alterations in social development,
which, under standard laboratory conditions, takes two to three days to go through the
stages of aggregation, elevation, and culmination (Varas et al., 2018). In the presence of
a virulent strain, this process can be delayed or may not occur at all. Appkl and AppkI-
Appx mutants showed reduced virulence with more fruiting bodies by the 3rd day. These
results provide insight into the influence of polyP metabolism in this hypervirulent strain,
as documented in other pathogens. The significant reduction in capsular polysaccharide
production and the decrease in polysaccharide length would enhance the ability of D.

discoideum to recognize molecular patterns such as fimbriae and LPS, promoting
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phagocytosis. This idea is reinforced by using the AwcaJ mutant, which showed complete
virulence attenuation due to the capsule's absence.

Additionally, the reduction in colibactin expression could potentially contribute to the
attenuated virulence over this host model. Furthermore, long-chain bacterial
polyphosphates (> 300 mer) have been shown to interfere with immune cell signaling
pathways, preventing the arrival of macrophages and neutrophils at the site of infection
(Bowlin and Gray, 2021) and inhibiting phagolysosome formation in D. discoideum (Rijal
et al., 2020). The lack of polyP could make the bacteria more vulnerable to the immune
response, as it cannot manipulate or prevent phagolysosome fusion.

We were particularly intrigued by the significant increase in the pool of siderophores
in all mutants, especially in Appx and AppkI-Appx mutants. It has been recently reported
that polyP can sequester free iron, acting as a reservoir under non-stress conditions and
blocking the formation of reactive oxygen species (ROS) during stress by inhibiting the
Fenton reaction (Beaufay et al., 2020). We believe that alterations in polyP metabolism
might dysregulate the expression of siderophores under non-stress conditions, particularly
in the Appx mutant that accumulates slightly higher levels of polyP. The absence of PPX
implies a reduced capacity for polyP degradation and, consequently, a reduced release of
intracellular iron under these conditions. This could serve as a signal to induce the
expression of siderophores to compensate for the lack of free iron necessary for metabolic
activities.

It has been reported that aerobactin is essential for the pathogenicity in hvKp strains.

Approximately 93% to 100% of hvKp strains synthesize aerobactin, with its genes
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encoded on the virulence plasmid, accounting for about 90% of the siderophore activity
(Russo and Marr, 2019). However, in our virulence assessment using D. discoideum under
the studied conditions, we observed an attenuation in virulence, particularly in both Appk!
and AppkI-Appx strains, which led to increased levels of siderophores. A recent report has
suggested that the coexistence of c-rmpA with p-rmpA and p-rmpA2 increases the lethality
of K1 K. pneumoniae strains and the development of hepatic abscesses more than the
coexistence of siderophores (Hu et al., 2023). Each virulence factor present in K.
pneumoniae participates in the infectious process depending on external signals, as in the
case of the recently described iroP switch (Chu et al., 2023b), where iron favors biofilm
formation in iron-rich environments such as the intestine while reducing capsule
production. Therefore, in our virulence model, the capsule becomes highly relevant as a
mechanism hvKp strains use to evade phagocytosis. Further virulence assessments in
other models are needed to determine if our observations regarding virulence attenuation
are replicated.

Despite the extensive body of literature focusing on PPK1, the role of PPX in the
physiology of either non-pathogenic or pathogenic bacteria remains largely unexplored.
Particularly regarding the virulence traits manifested in Appx mutants in bacteria, it has
been reported that PPX is essential for the pathogenesis of Mycobacterium tuberculosis
(Thayil et al., 2011), Bacillus cereus (Shi et al., 2004b) and Neisseria meningitidis
(Tinsley et al., 1993b). Our findings in Appx mutant demonstrated no significant alteration
in its ability to evade phagocytosis and impact the development of amoeba's social life.
In summary, our research highlights the role of polyP synthesis in modulating

extracellular biomolecules and virulence factors in hypervirulent ST23 K. pneumoniae.
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The study offers valuable insights into possible therapeutic targets for its treatment.
However, more research is needed to fully understand the intricate relationship between

polyP metabolism, siderophores, biofilm, capsule and the virulence of the ST23 Klebsiella

hypervirulent strains.
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S. Conclusions

This thesis aimed to study the impact of polyP metabolism on various virulence factors
described for HvKp strains and how the disruption of this metabolism can attenuate
virulence in the D. discoideum infection model. Given the limited number of articles
related to polyP and K. pneumoniae, especially in HvKp strains, this thesis contributes to
the research body in this area.

Based on the results, it was found that the enzyme PPK1 is essential for polyphosphate
synthesis and plays a role in capsule formation, hypermucoviscosity, and biofilm
formation. The absence of PPK1 affected growth under stress and the expression of genes
related to capsules and biofilms. Furthermore, the mutants showed changes in siderophore
production, suggesting an interaction with iron homeostasis. These findings highlight
PPK1 as a potential target to mitigate virulence and enhance antimicrobial strategies in

hypervirulent strains of K. pneumoniae.
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ABSTRACT: The emergence of hypervirulent Klebsiella pneumoniae (hvKP) strains poses a
significant threat to public health due to high mortality rates and propensity to cause
severe community-acquired infections in healthy individuals. The ability to form biofilms
and produce a protective capsule contributes to its enhanced virulence and is a significant
challenge to effective antibiotic treatment. Polyphosphate Kinase 1 (PPK1) is an enzyme
responsible for inorganic polyphosphate synthesis and plays a vital role in regulating
various physiological processes in bacteria. In this study, we investigated the impact of
polyP metabolism on the biofilm and capsule formation and virulence traits in hvKP using
Dictyostelium discoideum amoeba as a model host. We found that the PPK1 null-mutant was
impaired in biofilm and capsule formation and showed attenuated virulence in D.
discoideum compared to the wild-type strain. We performed a proteomic analysis to gain
further insight into the underlying molecular mechanism. The results revealed that the
PPK1 mutant had a differential expression of proteins involved in capsule synthesis (Wzi -
Ugd), biofilm formation (MrkC-D-H), synthesis of the colibactin genotoxin precursor (ClbB),
as well as proteins associated with the synthesis and modification of lipid A (ArnB -LpxC -
PagP). These proteomic findings corroborate the phenotypic observations and indicate that
the PPK1 mutation is associated with impaired biofilm and capsule formation and
attenuated virulence in hvKP. Overall, our study highlights the importance of polyP
synthesis in regulating extracellular biomolecules and virulence in K. pneumoniae, and

provides insights into potential therapeutic targets for treating K. pneumoniae infections.

KEYWORDS: Polyphosphate, Hypervirulent Klebsiella, Proteomics, D. discoideum,

Antivirulence.
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Hypervirulent Klebsiella pneumoniae (hvKP) strains have emerged as a significant public
health threat due to their ability to cause severe and often fatal infections!. Unlike
traditional K. pneumoniae strains which causing hospital-acquired infections in
immunocompromised patients, hvKP strains can cause community-acquired invasive
infections in healthy individuals without any underlying medical conditions 2. These
infections can lead to various clinical manifestations, such as pyogenic liver abscesses
(PLA), meningitis, endophthalmitis, necrotizing fasciitis, and sepsis, with mortality rates as
high as 50% 3. Moreover, the dynamic nature of the K. pneumoniae genome and the
acquisition of virulence and resistance factors through horizontal gene transfer have
facilitated the rapid evolution of K. pneumoniae strains exhibiting both hypervirulence (hv)
and multidrug resistance (MDR), rendering them resistant to all conventional treatment

methods 4.

Frquently, hvKP strains show a thick and prominent capsule and a hypermucoviscous
phenotype 2. These traits are associated with variants of the pLVKP virulence plasmid
(~200 kb)> encoding the transcriptional regulators rmpA1 and rmpAZ2 that activate the
expression of the 20-gene cps operon/locus. Additionally, the rmpD gene encodes a small
protein required for hypermucoviscosity (HMV) ¢, promoting increased capsular
polysaccharide chain length 7. Furthermore, this plasmid harbors the iuc genes involved in

aerobactin siderophore synthesis are linked to hvKP virulence 8.

Surface structures, such as lipopolysaccharide (LPS) and type I and III fimbriae, whose
determinants are frequently encoded in the chromosome, play a crucial role in the invasion

of epithelial cells and biofilm formation on biotic and abiotic surfaces®-12. Genetic
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experiments conducted in various models have revealed that biofilm and capsule
formation, particularly capsular serotypes K1 and K2, are the main mechanisms employed
by hvKP to evade the immune response 1314;: Therefore, targeting biofilm and capsule
production could be a promising strategy to control K. pneumoniae infections. However,
further studies are necessary to elucidate the molecular mechanisms regulating these
processes in hvKP, especially in sequence type 23 (ST23), which encompasses most of the
hvKP strains associated with severe infections in humans, and emerging lineages exhibiting
the convergence of hypervirulence and resistance to carbapenems and other last-line
antibiotics 1°. In this regard, the strain SGH10 was proposed as a as a model for studying
ST23 hvKP pathogenesis 16, and exploring novel approaches and targets to combat these

hypervirulent strains.

Inorganic polyphosphate (polyP) is ubiquitous in all living organisms, from bacteria to
humans, and plays a critical role in various cellular processes. In bacteria, polyP metabolism
has been shown to contribute to stress response, antibiotic resistance, persistence, and virulence
17-19 For example, in Pseudomonas aeruginosa, polyP is involved in biofilm formation and
quorum sensing, contributing to its pathogenicity 2°-22. Similarly, Salmonella enterica utilizes
polyP for intracellular survival 2*?4, and recent studies have highlighted the significance of polyP
and the PPK1 enzyme catalyzing its synthesis, in intracellular survival within macrophages and
modulation of the immune response 2>26. In K. pneumoniae, , the effect of gallein, an inhibitor of
polyP synthesis, has been studied, revealing a concentration-dependent decrease in biofilm

formation 2’. However, the precise mechanism by which polyP metabolism and PPK1 influence

K. pneumoniae virulence remains poorly understood. Here, we investigated the impact of PPK1
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mutation on hvKP biofilm, capsule formation, and virulence traits of hypervirulent ST23 K.

pneumoniae using Dictyostelium discoideum amoeba as a model host.

RESULTS

Mutants lacking genes involved in PolyP synthesis and degradation preserve the

viability and show altered polyP accumulation/content

To investigate the influence of polyP metabolism on hvKp virulence, we generated deletion
mutants of the genes involved in the synthesis (Appk1) and degradation (Appx) of polyP, as
well as the double mutant (Appk1-Appx), starting from the model ST23 hvKp strain SGH10

(Fig. 1S). The corresponding mutations were confirmed by I[llumina genome sequencing..

We first evaluated the effect of the ppkI and ppx gene deletions on bacterial growth in rich
(LB broth) and minimal (MOPS) medium (Fig. S1). No significant differences were observed
between the wild type SGH10 and the mutants under nutrient-rich conditions (Fig. S2A).
However, under nutrient-deprived conditions, a delay of approximately 2 h in reaching
exponential growth was observed in the Appkl and Appk1-Appx mutants but not in Appx
(Fig. S2B), suggesting that the absence of PPK1 specifically affects normal growth under
nutrient limitation. Furthermore, adding different concentrations of polyP 150-mer

restored growth of the mutants lacking ppk1 in these conditions (Fig. S2B).

PPK1 is the main enzyme responsible for synthesizing polyP in bacterial models such as P.
aeruginosa and Acinetobacter baumannii 4?8, However, its role in K. pneumoniae has not
been extensively studied. Nutrient deprivation is a known condition that promotes the

accumulation of polyP in bacteria. To do this, the bacteria were cultured in rich medium
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(LB) until mid-logarithmic phase and transferred to a nutrient-poor medium (MOPS) for
two hours. We observe a significant decrease in the Appk1 and Appk1-Appx mutants
compared to the wild-type (WT) strain and the Appx mutant (Fig. 1A). Furthermore, polyP
accumulation was visualized using confocal microscopy with DAPI staining 2°(Fig. 1B).
Compared to the Appx and WT strains, a significantly lower number of bacteria in the
Appk1 and Appk1-Appx mutants was observed, which correlated with the growth curve
delay observed in the minimal medium (Fig. S1B). Additionally, Appk1 and Appk1-Appx
strains showed less polyP granules, as evidenced by the reduction in the DAPI-polyP
fluorescence in compared to the WT and Appx strains. Moreover, the addition of
Mesalamine, a PPK1 inhibitor 39, caused a similar effect. Thus, oour results suggest that
PPK1 is the primary enzyme responsible for polyP synthesis in K. pneumoniae, and the
absence of exopolyphosphatase (PPX) did not show noticeable effects on polyP synthesis or

accumulation.
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Figure 1. PolyP accumulation under nutrient deprivation. (A) An overnight culture was
diluted 1:100 in 10 mL of LB broth and allowed to grow with agitation until the mid-
logarithmic phase (approximately 2 h). 1 mL of culture cells were pelleted and washed
three times with MOPS medium (0.4% glucose and 0.1 mM K;HPO4), then incubated with
agitation for 2 h at 372C. The level of polyP was quantified before and after the nutritional
shift. (B) The culture was set in the dark with DAPI (5 pg/mL) for 30 min and then
mounted for observation by confocal microscopy using a 63X oil immersion objective. DNA
was visualized using an excitation wavelength of 378 nm and an emission wavelength of
456 nm. PolyP was detected with excitation at 415 nm and emission at 550 nm. DAPI-DNA
is represented in green, while DAPI-polyP is indicated in red for clarity in our visual

representation.
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PolyP metabolism mutants show altered capsule and mucoviscosity.

32337Given the relevance of the K1 capsule and HMV for hvKp virulence, we evaluated the
role of polyP metabolism in these traits. HMV was quantified by low-speed centrifugation
assays, where HMV strains tend to remain buoyant, resulting in a turbid supernatant®. The
Appk1 and Appk1-Appx mutants but not Appx showed significantly decreased HMV,
compared to the WT strain (Fig. 2A). Furthermore, the quantification of uronic acids (UA)
as essential K. pneumoniae capsule components 31, showed a slight but significant reduction
in capsule production in the Appk1 and Appk1-Appx mutants (Fig. 2B). These findings
highlight the importance of PPK1 enzyme activity and polyP levels in regulating capsule

formation and potentially virulence of hvKp.

To investigate whether the observed disparities in mucoviscosity and capsule production
correlate with bacterial cell surface modifications, we visualizedthese strains via scanning
electron microscopy (SEM). Previous studies have indicated that the SGH10 capsule is
uniformly distributed over the cell surface and appears as filamentous projections that
extend in multiple directions under SEM visualization 32-34, [n agreement, we observed a
similar situation with the SGH10 strain (Figure 2C-A). In contrast, the Appk1, and to a lesser
extent, the Appk1-Appx mutant, showed differences in capsule morphology, both in terms
of length and surface coverage. Since the length of the capsular polysaccharide is directly
related to HMV, this result aligns with the significant reduction in mucoviscosity (Fig. 2A)
and a decreased amount of capsule observed in Appk1-Appx and Appk1 (Fig. 2B). We did

not observe significant differences between Appx and the SGH10 WT strain.

ACS Paragon Plus Environment

Page 8 of 66



Page 9 of 66

oNOYTULT D WN =

ACS Infectious Diseases

A Mucoviscosity B
- Capsule quantification
ns | =
0.4+ .
s i
1.4 8
i a
g 12 e
Q 1.0 =}
(] Q
£ 0.8 <
8 2
S 0.6 S
B S
3 0.4- =
=]
9 0.2

Date :23 Aug 2023 EHT =15.00 kv Signal A = SE1 Date :23 Aug 2023
Time :12:38:54 WD = 7.5mm Photo =5172 Time :11:35:11

1 um EHT =15.00 kV Signal A = SE1 Date :23 Aug 2023 ﬁ

1pm EHT =15.00 kv Signal A= SE1 Date :23 Aug 2023
WD = 7.5 mm Photo No. = 5170 Time :11:25:45

WD = 9.0 mm Photo No. = 5181 Time :12:25:49

Figure 2. Capsule production and mucoviscosity in polyP-deficient K. pneumoniae mutants.
(A) Strain mucoid was measured by low-speed centrifugation (3000 rpm for 10 min) in LB.

The optical density at 600 nm (ODsoo) of the supernatant above the pellet was measured
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and mean * SD was plotted (n = 3). (B) Capsule production of polyP metabolism mutants
(Appk1, A ppx and Appk1-Appx). Uronic acid quantification analysis as described in
Materials and Methods. One-way ANOVA tests were performed for statistical analyses
comparing the WT strain to the indicated mutants. *, P < 0.05. **** P <0.0001. (C) Scanning
electron microscopy images of cells fixed in glutaraldehyde 2.5% and 0.15% ruthenium
red, obtained from log-phase cultures of SGH10 WT (1), SGH10 Appk1 (2), SGH10 Appx (3)

and SGH10 Appk1-Appx (4)cells. The scale bar is 1 um.

PPK1 plays a crucial role in biofilm formation.

Recently, it has been reported that mesalamine, a drug used to treat ulcerative colitis,
selectively inhibits PPK1 in gastrointestinal tract bacteria, decreasing biofilm formation
and virulence 30. To investigate whether mutants involved in polyP metabolism exhibit
alterations in biofilm formation, we conducted a biomass quantification assay using crystal
violet staining (0.1%). The Appk1 and Appk1-Appx mutants showed a 66% and 56%
decrease in biofilm formation compared to the WT strain, respectively (Fig. 3A). This
decrease was not observed in the Appx mutant, suggesting that the absence of PPK1
directly affects biofilm formation. Furthermore, we used mesalamine to validate this
observation and observed a 76% reduction in biofilm biomass compared to the WT strain

(Fig. 3A).

As a complementary approach to evaluate biofilm formation, we quantified the
extracellular polymeric substances (EPS) levels. For this purpose, we employed the
Ebbabiolight 680 probe 35 an optotracer that binds to curli and cellulose, increasing its

fluorescence. A significant decrease in EPS levels was observed in Appk1 and Appk1-Appx
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compared to the SGH10 WT strain. No differences were observed in the Appx mutant. (Fig.

3B). Furthermore, the observation of a 24 h biofilm grown on a tilted 96-well microtiter

oNOYTULT D WN =

plate under the confocal microscope further confirmed that the Appk1 and Appk1-Appx

mutants exhibited reduced biofilm biomass compared to the WT and Appx (Fig 3C).

14 To better understand the relationship between polyP metabolism and biofilm formation,
16 we conducted a macrocolony biofilm formation assay in a salt-free LB medium

18 supplemented with Thioflavin S, which selectively binds to EPS, evidencing possible

21 differences in biofilm structure and organization. The SGH10 WT macrocolony biofilm

23 showed a dense central mucoid region, stained green, possibly by EPS components,
showing regular concentric rings. Conversely, the Appkl mutant showed reduced mucosity
28 in the center of the colony, the absence of concentric rings, and a smoother appearance
30 with irregular edges. No evident differences were observed in the Appx mutant compared
to the wild-type strain. In Appk1-Appx, we observed a reduction in the mucoid ring in the
35 center of the macrocolony biofilm, along with the absence of regular concentric rings.

37 However, the edges were like the WT strain, presenting an intermediate phenotype
between the wild-type strain and the AppkI mutant. In conclusion, our findings

42 demonstrate that PPK1 plays a crucial role in biofilm formation, affecting not only the

44 proportion of cells that form biofilms (observed in the microwell biofilm assays) but also

EPS production and biofilm organization.
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Figure 3. Biofilm formation is altered in polyP-deficient mutants. (A)
Measurement/Quantification of relative biofilm formation in polyP metabolism mutants by
0.1% crystal violet staining. Overnight cultures were diluted to an ODeoo= 0.1 and plated in
96-well plates. The measurement was at 24 h at 595 nm. (B) EbbaBiolight 680 is an
optotracer for facilitating biofilm visualization, specifically targeting cellulose and amyloid
constituents within the biofilm matrix. Colonies were grown on agar plates under biofilm-
forming conditions. EbbaBiolight 680™ was diluted in PBS 1:1000 and 100 pL were added
into each well of a 96-well plate. Pick bacterial colonies from the agar plate and resuspend
thoroughly into the pre-filled wells. Plates were placed in Plates in a spectrophotometer to
quantify biofilm in the colony resuspensions. One-way ANOVA tests were performed for
statistical analyses comparing the WT strain to the indicated mutants. *, P < 0.05 **** P <
0.0001. (C) Confocal microscopy. SGH10 WT (1), SGH10 Appk1 (2), SGH10 Appx (3), SGH10
Appk1-Appx (4) Overnight cultures were diluted 1:100 in LB and plated on a glass coverslip
on a 6-well plate slanted at 80°. The plate was incubated for 24 hours. DAPI was used for
biomass staining for 30 min, labeling DNA ex/em 358/462. Image obtained in LSM 710
Zeiss microscope, 20X. (D) Macrocolony biofilm formed by inoculating an overnight culture
in LB broth onto LB agar plates supplemented with 40 pg/mL Thioflavin S. A 5 pL droplet
of the culture was used for inoculation. The plates were subsequently incubated at 28 ¢C

for 10 days.
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PPK1 is essential for HvKp virulence in D. discoideum.

Our findings strongly indicate that PPK1 serves as the primary enzyme responsible for
polyP synthesis in the K. pneumoniae SGH10 strain and that it is involved in the regulation
of capsule and biofilm formation, traits that were proposed as relevant HvKp virulence
factors. To investigate the impact of polyP and PPK1 deficiency on virulence, we used the
social amoeba D. discoideum as a model host, previously validated for other K. pneumoniae
strains 37. When grown on lawns of avirulent bacterial strains, D. discoideum forms visible
phagocytosis plaques. However, the amoeba fails to develop in the presence of virulent
strains, and no phagocytosis plaques are observed 38. Using this assay, we determined the
minimum number of amoebas required to generate a phagocytosis plaque. As shown
previously, if phagocytosis plaques are formed with 500 or fewer D. discoideum cells, the

bacteria exhibit susceptibility to predation, indicating attenuated virulence 3°.

Resistance to predation of SGH10 and the mutant derivatives was evaluated in the third
and sixth day of the assay (Fig. 4A). The avirulent strain K. pneumoniae KpgE (commonly
used as food for D. discoideum) was used as a control, showing phagocytosis plaques
starting from day 3 with amoebae. For SGH10, a phagocytosis plaque was observed only
with 50,000 amoebae, indicating the strain's virulence towards D. discoideum. In the case of
mutants in polyP metabolism (Appk1; Appx; Appk1-Appx), we observed an attenuation in
virulence, as evidenced by the presence of phagocytosis plaques with 500 amoebae cells.
Furthermore, a differential impact on virulence was observed when comparing Appk1 and

Appk1-Appx with Appx. On the sixth day, larger phagocytosis plaques were observed in the
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absence of the ppk1 gene in both mutants, compared to the Appx strain. This suggests that

the lack of PPK1 has a more pronounced effect on attenuating virulence than the absence of

oNOYTULT D WN =

PPX, despite both mutations caused a decreased virulence.
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Previous studies have demonstrated that pathogenic bacteria with high virulence
capabilities can impede the social development of D. discoideum 1837.40_ Conversely,
attenuated or avirulent bacteria have a minimal impact on social development, which
involves at least three stages: aggregation, including the formation of a phagocytosis plaque
and subsequent cluster formation; elevation, involving the formation of slugs and fingers;

and culmination, comprising the formation and dispersal of fruiting bodies.

The avirulent strain KpgE promoted normal social development, culminating between days
2 and 3 with an approximate count of 110 fruiting bodies/cm? on the third day (Figure 4C-
D). In contrast, the SGH10 WT strain inhibited social development within the 6-day study
period (Figure 4C). We were able to quantify in isolation an average of 2.3 fruiting
bodies/cm? on the third day (Figure 4B-D). Mutants in polyP metabolism exhibited varying
levels of virulence attenuation. Appk1 displayed the most marked effect, almost reaching
the culmination of social development on the sixth day (Fig. 4D), with an average of 38
fruiting bodies/cm? on the third day (Fig. 4C). This was followed by Appk1-Appx, which
exhibited 17.5 fruiting bodies/cm? on the third day, also reaching a stage before
culmination (Fig. 4C). Appx behaved as less attenuated, with a count of 2.5 fruiting

bodies/cm? on the third day (Fig. 4B-D).
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To get further evidence of our findings, we conducted epifluorescence microscopy to follow
D. discoideum phagocytosis of bacteria constitutively expressing the green fluorescent
protein sfGFP. Amoebae were infected with a MOI=10, and phagocytosis was monitored at
0-, 24-, and 48 h post-infection (Fig. 4E). For the avirulent KpgE strain, within the first 24
hours, we observed polarized groups of amoebae migrating towards aggregation centers to
form multicellular clusters and a significant reduction in the number of bacteria present, as
indicated by the decrease in green field fluorescence intensity (Fig. 4E and 4F). By 48 h, we
observed abundant multicellular aggregation bodies visible at a 4X magnification (Fig. 4E)..
In the case of the SGH10 WT strain, we did not observe the amoebae polarization
characteristic of an aggregation process (Fig. 4E). Moreover, at a 4X magnification, we did
not observe well-defined multicellular aggregation structures. Additionally, we observed a
substantial bacterial proliferation, as evidenced by a significant increase in the green

fluorescence intensity at 24 h (Fig. 4F).

For the Appkl mutant, we observed small amoebae clusters at 24 h and mounds visible at
4X magnification at 48 h (Fig. 4E).. Regarding proliferation, it was significantly lower when
compared to the SGH10 WT strain, both at 24 and 48 h (Fig. 4F). Similar results were
obtained with the Appk1-Appx mutant. Conversely, no significant differences were
observed at 24-48 h between SGH10 WT and the Appx mutant (Fig. 4E-F). In conclusion,

our study strongly supports the importance of PPK1 in hvKp virulence.

In conclusion, our study strongly supports the involvement of PPK1 in the virulence of

hypervirulent Klebsiella pneumoniae.
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Figure 4. (A) Predation resistance assay. 300 pL of overnight culture were seeded onto a
plate using a Digralsky loop to generate a bacterial lawn. The plate was left to dry and
incubated for 24 hours at 23°C. D. discoideum was cultured in HL5 medium, and serial
dilutions were prepared to obtain the following cell concentrations: 5 - 50 - 500 - 50.000
cells per 5 pL in Buffer Sorensen. Subsequently, 5 pL of D. discoideum serial dilutions were
applied onto the bacterial agar plates, and the plates were allowed to dry and were
incubated at 21°C for 6 days. Plaque formation was visually examined on days 3 and 6.
Strains that did not enable amoebae growth were considered virulent for the amoeba.
Bacterial strains that exhibited social development with 500 D. discoideum were considered
sensitive to predation. (B) 30 mL of overnight cultures of the strains under study were
inoculated in a 24-well plate on N agar to generate a lawn. They were incubated for 24 h at
23 °C. D. discoideum was adjusted to 10/ml. A 10 mL drop of the dilution was inoculated
on each law. Representative images of days 3 and 6 days are presented. The number of
fruiting bodies was counted on the 3rd day and compared with the WT strain (C) and the
social development of the amoeba was followed for six days (D). The KpgE commensal
strain was used as a control. (E) Timelapse of a 48-hour phagocytosis assay in GFP channel
(bacteria). KpgE was used as a control. Scale 100 um. Images were acquired using an
automated Lionheart FX microscope with a 20X objective. For multicellular development
observation, a 4X objective was used. (F) Fluorescence quantification was performed in
Image] with three biological replicates. One-way ANOVA tests were performed for
statistical analyses comparing the WT strain to the indicated mutants. **** p <.00001, * p <

0.05.
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Global Proteomic Profiling of hvKp mutants in polyP metabolism genes.

To investigate the underlying mechanisms responsible for the significant reduction in
capsule production, biofilm formation, and virulence, we performed a shotgun proteomic
analysis of the mutants with altered polyP metabolism. Samples were obtained from
colonies grown on LB agar at 37°C and subjected to LC-MS/MS analysis using a Data
Dependent Acquisition method and label-free quantification (LFQ). The WT strain was
compared to each mutant strain. Principal component analysis (PCA) on the identified
protein dataset, as shown in Figure S4C, revealed the grouping of the samples into their
corresponding clusters [(SGH10 WT, Appk1, Appx, and Appk1-Appx groups). Later, among
the 2,287 quantifiable proteins identified, 302, 728, and 673 were determined to be
Differentially Expressed Proteins (DEPs) in the comparisons of WT vs. Appk1, WT vs. Appx,
and WT vs. Appk1-Appx, respectively (Table S2). The quantifiable proteins resulting from
these comparisons were visualized as volcano plots (Fig. 5A), where significantly

upregulated proteins were represented in blue and downregulated proteins in red.

To further investigate potential virulence factors associated with the observed results,
DEPs were compared against the VFDB database, and those matching with a >50% identity
were selected for further analysis. The virulence factors were categorized into anti-
phagocytosis, adherence, iron uptake, and toxins and visualized in a heatmap (Fig. 5B), a
network of curated interactions (Fig. S5) and a chordplot (Fig. S6). Regarding the
Adherence category, we observed a significant reduction in proteins from the mrk operon
responsible for synthesizing type IlI fimbriae (MrkB, MrkC, MrkD, MrkH), particularly in

the Appk1 mutant, and to a lesser extent in the Appk1-Appx mutant. Additionally, there was
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an increase in proteins that are part of the type [ fimbriae synthesis pathway (FimA and
Fim(C). In the case of Appx, we observed a significant increase in proteins from both type I
(FimA, FimC) and type III fimbriae (MrkB, MrkC, MrkD, MrkH). Concerning anti-
phagocytosis factors, we observed a significant reduction in essential proteins associated
with capsule synthesis, transport, and regulation in K. pneumoniae, particularly in the
double mutant Appk1-Appx. This mutant exhibited decreased expression of GalF, Wzi, Wza,
WcsT, Wca, Ugd, and Gmd compared to the wild-type strain. Furthermore, in Appk1, Wzi
and Ugd proteins showed negative regulation. This correlates with the decrease in the
amount of capsule produced by these mutants compared to the SGH10 WT strain. Appx

showed an overexpression of Wzi compared to the SGH10 WT strain.

Concerning iron uptake, proteins related to the synthesis of siderophores such as
aerobactin, enterobactin, salmochelin, and yersiniabactin were found to be overexpressed
in all polyP mutants, except for yersiniabactin in Appk1, where no significant differences
were observed compared to the wild-type strain. Both Appx and Appk1-Appx exhibited
upregulation of operons involved in the synthesis of aerobactin and enterobactin, as well as
the protein YbtS, which is implicated in the final step of yersiniabactin union and
modification, playing a crucial role in the overall siderophore biosynthesis process. In
Appk1, several proteins involved in siderophore synthesis, including IucA (aerobactin),
EntB, EntC, FepC (enterobactin), and IroD (salmochelin), were found to be overexpressed.
Regarding the toxin category, in all polyP metabolism mutants, a significant
downregulation was observed in most of the proteins from the colibactin genotoxin
biosynthetic cluster. This downregulation was particularly evident in Appx and Appk1-

Appx, affecting proteins such as ClbB, ClbD, CIbF, CIbG, ClbH, Clbl, CIbK, CIbL, CIbN, and
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ClbQ. In the case of Appk1, the main protein involved in colibactin biosynthesis, CIbB, was

downregulated along with ClbD.

In the Lipid A category, we observed a significant increase in proteins involved in the
biosynthesis and modification of Lipid A, such as ArnA, ArnB, ArnC, PagP, and LpxO in Appx
and Appk1-Appx. Appk1 displayed similar differential expression levels in these proteins;
however, no significant differences were observed for ArnA. Additionally, proteins PagP,
LpxC, and FabR, related to Lipopolysaccharide (LPS) biosynthesis and modification,
exhibited decreased expression levels compared to the WT strain. This prompted us to
evaluate whether the differential expression of proteins involved in Lipid A modification
would confer colistin resistance (Fig. S7). However, the mutants did not show increased
colistin resistance, with a 4 pg/mL MIC. Finally, in Figure 5C, we present a z-score plot that
considers the abundances of 38 proteins related to each virulence category (adherence,
anti-phagocytosis, toxin, siderophores, lipid A), highlighted in the heatmap. In this analysis,
the Appk1 mutant exhibited a negative z-score compared to the WT for all virulence factors
reported in the VFDB database. In conclusion, our global proteomic profiling of polyP
metabolism mutants revealed significant alterations in protein expression related to
biofilm formation, capsule regulation, iron uptake, and toxin production, corresponding to

key virulence-associated traits in hvKP.
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Figure 5. Global proteomic profiling of polyP metabolism mutants in hvKP. (A) Volcano
plot of differentially expressed proteins from each polyP metabolism mutant strain. These
colored points indicate different proteins that display large magnitude fold-changes (x-
axis) and high statistical significance (-log10 of p values, y-axis). The dashed horizontal line
shows the cut-off p-values, and the two vertical dashed lines indicate down (blue) /up
(red) differentially expressed proteins. Black points in the significant region mean these
proteins do not satisfy these conditions. (B) Heatmap shows differentially expressed
virulence factors (VF) of polyP metabolism mutants in hvKP (1) Appk1 VS SGH10 WT; (2)
Appx VS SGH10 WT; (3) Appk1-Appx VS SGH10 WT. The proteome was compared with the
VDFB database, and the VFs were classified according to the categories: Adherence, anti-
phagocytosis, siderophores, toxin, lipid A, serum resistance, and secretion system. (C) Z-
score plot illustrating the global relative abundance of each of the proteins associated with
virulence factors. Positive z-scores indicate proteins with higher abundance, while negative
z-scores indicate proteins with lower abundance compared to the overall mean. The red

line represents the average of all z-scores for the virulence factors.

DISCUSSION

K. pneumoniae is a growing health threat due to its antibiotic resistance and the emergence
of highly virulent strains. These strains can infect healthy individuals and are adept at
causing severe infections, posing risks to hospitalized patients and the general
population*!. Traditional approaches targeting bacterial viability through antibiotic use
have led to the selection of multidrug-resistant strains, necessitating a shift in strategy. In

line with the principle of “Disarm and not kill," there is an increasing recognition that
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targeting virulence mechanisms rather than bacterial viability could provide a promising
alternative to mitigate the risk of resistance development. In this study, we investigated the
involvement of polyP metabolism in ST23 hvKp fitness and virulence, focusing on the PPK1
enzyme and its implications on capsule production, mucoviscosity, biofilm formation, and

virulence over the D. discoideum host model.

In the hypervirulent strain SGH10, we observed that PPK1 is the primary enzyme
responsible for synthesizing inorganic polyphosphates. As anticipated, the absence of PPK1
and a marked reduction in polyP did not substantially impact viability under favorable
growth conditions 28. However, when exposed to minimal conditions (stress response), a 2-
h delay in reaching exponential growth was observed. This delay is expected, as nutrient
scarcity is known to be one of the main triggers for polyphosphate synthesis, and its
absence leads to a noticeable growth delay that eventually recovers when increasing
concentrations of polyP were added.!’. In the PPX mutant, a drastic increase in polyP
formation or accumulation in response to nutritional downshift in the MOPS medium
(0.4% glucose, 0.1 mM K2HPO4) was not observed. The classical model proposed by A.
Kornberg's group for E. coli suggests that a stress response such as amino acid starvation
leads to the accumulation of (p)ppGpp, which interacts with PPX and inhibits it, promoting
polyP accumulation. However, based on recent evidence, other factors such as DksA and
GreA proteins significantly regulate polyP accumulation in response to amino acid
starvation 4243, This could explain our observations in the Appx mutant. However, there is
no pronounced effect on viability, suggesting that PPK1 could be an attractive target for

antivirulence strategies in this hypervirulent strain. Similar results were reported for P.
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aeruginosa PAO1, where some PPK1 inhibitors affected its virulence, resembling Appk1

knockout mutant phenotype#4.

Several previous studies have demonstrated that the K1 capsule present in the SGH10
strain is a crucial virulence factor that enables evasion of immune recognition and
resistance to phagocytosis 32. Recently, it has been shown that the length of the capsular
polysaccharide is relevant to the characteristic HMV phenotype of hypervirulent strains,
although not exclusive to them 67. This length regulation is mediated by the RmpD protein,
which interacts with Wzc to regulate polysaccharide length. Our results indicate that PPK1
promotes the HMV phenotype and capsule expression or synthesis. The Appkl mutant
displayed longer sedimentation times during low-speed centrifugation, a standard method
to assess mucoviscosity 4>. Additionally, both the Appk1 and double mutant cells exhibited
lower capsule levels, indicated by reduced uronic acid content and an altered distribution
of capsule polysaccharides, which is distinct from the SGH10 strain.32. In addition to the
findings in K. pneumoniae, a Appk1 mutant of P. aeruginosa also shows altered surface
structures 21. In Neisseria meningitidis, it has been demonstrated that polyP can interact
with the membrane, forming a capsule-like structure 46. This indicates that the role of PPK1
and polyP in capsule synthesis and structure may be conserved across different bacterial

species.

The presence of polyP appears crucial for the proper assembly and organization of the
capsule, and its absence or disruption can lead to abnormalities in the superficial
structures. The defective membrane pattern observed in the Appkl mutant of P. aeruginosa

suggests that polyP regulates external biomolecule biosynthesis or assembly. Our
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proteomic analysis of the K. pneumoniae Appk1 and Appk1-Appx mutants revealed
decreased expression of proteins involved in capsular polysaccharide synthesis, such as
Wzi-Ugd (Appk1), as well as GalF, GalU, Wza, Wca], Ugd (Appk1-Appx). This downregulation
could explain the decrease in capsular polysaccharide production and mucoviscosity, as
reported in the HV K. pneumoniae strain NTUH-K2044 11. These findings suggest that polyP

metabolism may be relevant in regulating capsule expression and the HMV phenotype.

Inorganic polyP may act as a signal molecule, triggering specific regulatory pathways
controlling capsule biosynthesis. Similarly to E. coli and P. aeruginosa, where PPK1 is
predominantly associated with the membrane #7, it is possible that in K. pneumoniae, this
preferential localization has regulatory roles in biofilm formation and capsule and
membrane processes. Furthermore, polyP may act as a phosphate donor to form sugar
linkages in the capsule synthesis pathway 48. Phosphate is crucial in numerous biological
molecules and processes within bacteria, encompassing the synthesis of polysaccharides
integral to the bacterial capsule. Mutants deficient in PPK1 and PPK1-PPX have previously
exhibited a phenotype associated with phosphate-related effects in E. coli 4°. Phosphates
are commonly present as phosphate groups in the structure of carbohydrates and other
biomolecules. Polysaccharides, which constitute the capsule, can contain phosphate groups
as part of their chemical structure or as a modification of their structure 3°. These
phosphate groups may correspond to side chains or substitutions on the sugar molecules
forming the polysaccharide backbone >1. The presence of phosphate groups in the capsule
can have functional implications, contributing to the overall charge and hydrophilicity of

the capsule and then influencing its interactions with the environment, such as host tissues
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and immune cells. Phosphate groups can also be involved in the binding of cations and

other molecules, further modulating the properties and functions of the capsule.

Biofilm formation is the primary lifestyle of bacteria in their natural state and serves as a
successful strategy to thrive in niches subjected to various stressors and the most efficient
way for the trafficking of mobile genetic elements >2. There is a broad consensus in the
literature regarding the ability of both classical and multidrug-resistant Klebsiella
pneumoniae strains to form biofilms in various niches, particularly in
immunocompromised individuals >3-56. The fim and mrk operons, responsible for encoding
type I and type III fimbriaes, respectively, play a crucial role in the initial adhesion to both
biotic and abiotic surfaces >7. Regarding hvKp strains, it has been observed that their
elongated capsular polysaccharides can cover the fimbriae, hindering their contact with
surfaces and resulting in weaker biofilm formation 1058, However, conflicting reports
suggest that the capsule may promote the formation of biofilm structures, particularly
within infectious contexts 11,1259, Our findings demonstrate the capability of the SGH10
strain to form biofilms on polystyrene plates, glass, and at the air-liquid interface. The
Appk1 and Appk1-Appx mutants exhibited reduced biofilm formation compared to the WT
strain. These results are consistent with previous reports in various models 2860-63,
Interestingly, the use of mesalamine, a drug used in the treatment of ulcerative colitis that
also inhibits PPK1 30, showed similar levels of biomass reduction in the biofilm as observed
in Appk1 and Appk1-Appx mutant cells, confirming the close association between biofilm

formation and polyphosphates.

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Infectious Diseases

The proteomic analysis further confirms the relevance of polyP metabolism in biofilm
formation. In the case of the Appk1 mutant, we observed a decrease in the transcription
levels of mrkC, mrkD, and mrkH genes, accompanied by an increase in fimA and fimD.
Conversely, the Appx mutant significantly increased Fim (FimA, FimC, FimD) and Mrk
(MrkB, MrkC, MrkD) proteins. Similarly, the Appk1-Appx mutant exhibited elevated levels
of FimA and FimC proteins. This dysregulation can be partially explained by a previous
report pointing out that polyP degradation during the stationary phase promotes biofilm
formation 4. Consequently, the insufficient levels of polyphosphates in the Appk1 and
Appk1-Appx mutants lead to the downregulation of proteins from the mrk operon.
However, this explanation does not fully account for the increased proteins from the fim
operon, indicating the involvement of broader regulatory mechanisms. A recent study has
reported a direct correlation between biofilm formation and the colibactin operon in
isolates of E. coli and K. pneumoniae 66, Furthermore, since it has been demonstrated that
the inactivation of PPK by mutagenesis reduces the promoter activity of cIbB (the gene that
encodes for an essential enzyme for colistin biosynthesis) and decreases the production
level of colibactin ¢7, it is possible that the absence of this enzyme also leads to a decrease
in biofilm formation through this pathway. Recently, a phenotypic switch between type III
fimbriae and the hypermucoviscous capsule in response to iron levels has been reported in
the SGH10 strain.”’% 27 The iron-regulated outer membrane protein IroP, encoded in the
virulence plasmid, inhibits the expression of the mrk operon under low iron conditions,
inhibiting biofilm formation. Since polyP are directly involved in intracellular iron
homeostasis as an iron chelator®8, the observed alterations in the capsule and biofilm

might be related to this recently described phenomenon.
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In addition, the role of polyP in forming functional amyloids in prokaryotes and its
potential relationship with the appearance of these fibers in the context of biofilms should
be considered ¢°. Several amyloid-like proteins, such as curli in E. coli, have been described,
highlighting the potential significance of amyloid formation in bacterial biofilms. Although
K. pneumoniae lacks the curli operon, the GIE492 genomic island enabling the production of
the antimicrobial peptide microcin E492 is highly prevalent among hvKP 70. This microcin
forms amyloid fibers in the culture supernatant of producing cells’!, although the
biological role of this phenomenon is still unclear. Possibly, it could be a structural part of
biofilms. Furthermore, it is worth considering the potential role of interbacterial
communication and quorum sensing in biofilm formation. The coordinated behavior of
bacteria within the biofilm community relies on intricate signaling networks that enable
collective responses and establish structured microbial communities 72. Further
investigations regarding the interplay between polyphosphates, quorum sensing systems,
and other signaling pathways will provide valuable insights into the complex dynamics of
biofilm formation and the development of targeted interventions. Based on our findings,
we propose that polyP could serve as potential extracellular signaling molecules within the
biofilm matrix, acting as an energy source for dynamic biofilm processes and as a structural
component due to their polyanionic nature, like eDNA 48. Further studies are warranted to
ascertain the essential role of polyP as biofilm constituents rather than solely intracellular
signaling molecules. Understanding the intricate regulatory pathways involved, including
interbacterial communication and quorum sensing, will provide valuable knowledge for
developing strategies to control biofilm-associated infections and enhance the efficacy of

antimicrobial therapies.
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Unlike classical K. pneumoniae strains, which can be rapidly cleared during infection by the
host defense system, hvKP strains can evade and resist macrophage- and neutrophil-
mediated killing, although K. pneumoniae is generally considered an extracellular pathogen
2. However, reports show that hvKP strains can persist intracellularly for more than 24
hours by diverting the canonical endocytic pathway and surviving in a phagosome not
associated with lysosomes 73. In this regard, D. discoideum has been successfully used as a
host model to study virulence and phagocytosis resistance 4074, Here, the predation
resistance assay demonstrated the contribution of polyP metabolism to the virulence of the
hypervirulent SGH10 strain (Fig. 5A). This reflects the involvement of PPK1 in mediating

key aspects of virulence in hvKp.

The amoeba model also allowed us to evaluate alterations in social development, which,
under standard laboratory conditions, takes two to three days to go through the stages of
aggregation, elevation, and culmination 18. In the presence of a virulent strain, this process
can be delayed or may not occur at all. Appk1 and Appk1-Appx mutants showed reduced
virulence with more fruiting bodies by the 3rd day. These results provide insight into the
influence of polyP metabolism in this hypervirulent strain, as documented in other
pathogens. The significant reduction in capsular polysaccharide production, along with the
decrease in polysaccharide length, would enhance the ability of D. discoideum to recognize
molecular patterns such as fimbriae and LPS, promoting phagocytosis. Additionally, the
reduction in colibactin expression could be a potential factor contributing to the attenuated
virulence over this host model. Furthermore, long-chain bacterial polyphosphates (> 300
mer) have been shown to interfere with immune cell signaling pathways, preventing the

arrival of macrophages and neutrophils at the site of infection 26 and inhibiting
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phagolysosome formation in D. discoideum 25. The lack of polyP could make the bacteria
more vulnerable to the immune response, as it cannot manipulate or prevent

phagolysosome fusion.

We were particularly intrigued by the significant increase in the pool of siderophores in all
mutants, especially in Appx and Appk1-Appx mutants. It has been recently reported that
polyP can sequester free iron, acting as a reservoir under non-stress conditions and
blocking the formation of reactive oxygen species (ROS) during stress by inhibiting the
Fenton reaction 8. We believe that alterations in polyP metabolism might dysregulate the
expression of siderophores under non-stress conditions, particularly in the Appx mutant
that accumulates slightly higher levels of polyP. The absence of PPX implies a reduced
capacity for polyP degradation and consequently, a diminished release of intracellular iron
under these conditions. This could serve as a signal to induce the expression of

siderophores to compensate for the lack of free iron necessary for metabolic activities.

It has been reported that aerobactin is particularly essential for the pathogenicity in hvKP
strains. Approximately 93% to 100% of hvKP strains synthesize aerobactin, with its genes
encoded on the virulence plasmid, accounting for about 90% of the siderophore activity!3.
However, in our virulence assessment using D. discoideum under the studied conditions, we
observed an attenuation in virulence, particularly in the Appk1 and Appk1-Appx strains,
which led to increased levels of siderophores. A recent report has suggested that the
coexistence of c-rmpA with p-rmpA and p-rmpAZ2 increases the lethality of K1 K.
pneumoniae strains and the development of hepatic abscesses more than the coexistence

of siderophores. 7> . Each virulence factor present in K. pneumoniae participates in the
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infectious process depending on external signals, as in the case of the recently described
iroP switch’6, where iron favors biofilm formation in iron-rich environments such as the
intestine while reducing capsule production. Therefore, in our virulence model, the capsule
becomes highly relevant as a mechanism used by hvKP strains to evade phagocytosis.
Further virulence assessments in other models are needed to determine if our observations

regarding virulence attenuation are reproduced.

Despite the extensive body of literature focusing on PPK1, the role of PPX in the physiology
of either non-pathogenic or pathogenic bacteria remains largely unexplored. Particularly
regarding the virulence traits manifested in Appx mutants in bacteria, it has been reported
that PPX is essential for the pathogenesis of Mycobacterium tuberculosis 7°, Bacillus cereus
80 and Neisseria meningitidis 81. Our findings in Appx mutant demonstrated no significant

alteration in its ability to evade phagocytosis and impact the amoeba's social development.

In summary, our research highlights the role of polyP synthesis in modulating extracellular
biomolecules and virulence factors in hypervirulent ST23 K. pneumoniae. The study offers
valuable insights into possible therapeutic targets for its treatment. However, more
research is needed to fully understand the intricate relationship between polyP

metabolism, siderophores, and the virulence of the ST23 Klebsiella hypervirulent strains.

CONCLUSION

This study investigated the impact of polyphosphate metabolism in the hypervirulent
strain K. pneumoniae SGH10. It was found that the enzyme PPK1 is essential for
polyphosphate synthesis and plays a role in capsule formation, hypermucoviscosity, and

biofilm formation. The absence of PPK1 affected growth under stress and the expression of
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genes related to capsules and biofilms. Furthermore, the mutants showed changes in
siderophore production, suggesting an interaction with iron homeostasis. These findings
highlight PPK1 as a potential target to mitigate virulence and enhance antimicrobial

strategies in hypervirulent strains of K. pneumoniae.
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Figure 6. Model. In classic Klebsiella pneumoniae strains causing nosocomial infections,
colonization of the intestines typically requires prior dysbiosis induced by factors like
antibiotics or immunocompromised patients. In contrast, hypervirulent Klebsiella
pneumoniae strains could colonize the intestines and invade organs such as the liver,
leading to abscesses throughout the body, regardless of the patient's prior condition. To
achieve this, they possess various virulence factors that facilitate colonization, invasion,
and dissemination from the site of infection. In our study, we established a connection
between polyP metabolism and critical aspects of the expression and regulation of key
virulence factors. This included alterations in capsule formation, the hypermucoviscous

phenotype, decreased biofilm formation, and changes in virulence.
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METHODS

1. Strains, plasmids, and growth conditions
The details of the used strains and plasmids can be found in Table S2. E. coli and K.
pneumoniae strains were grown routinely at 37°C in LB broth (10 g/L Tryptone, 5 g/L
Yeast Extract, 5 g/L NaCl). For solid medium, 1.5% w/v agar was added. MOPS medium
supplemented with 0.4% glucose and 0.1% K2HPO4 was used for the nutrient deprivation
assay. For the macrobiofilm assays, LB agar without NaCl supplemented with Thioflavin S
(40 pg/mL) or Congo Red (40 pg/mL) was used, and 100 pg/mL Ampicillin or Carbenicillin,

50 pg/mL Kanamycin, or 10 pg/mL Tetracycline was used for antibiotic selection.

2. Growth conditions of D. discoideum
We obtained the D. discoideum strain AX4 (DBS0302402) from the Dicty Stock Center 82-84
and cultured it using standard protocols 85. Briefly, the D. discoideum vegetative cells were
maintained at 23°C in SM medium containing 10 g/L glucose, 10 g/L peptone, 1 g/L yeast
extract, 1 g/L MgS04 x 7H2 O, 1.9 g/L KH2PO4, 0.6 g/L K2HPO4, and 20 g/L agar. They were
grown on a confluent lawn of Klebsiella aerogenes DBS0305928 (KpgE, also from the Dicty
Stock Center). Before the assays, amoebae were grown at 23°C with agitation (180 rpm) in
liquid HL5 medium, which contained 14 g/L tryptone, 7 g/L yeast extract, 0.35 g/L
Na;HPO4, 1.2 g/L. KH; PO4, and 14 g/L glucose at pH 6.3. These cultures were axenic,
meaning they were free of bacteria. We harvested amoebae in the early exponential phase
(1-2 x 10° cells/mL) and centrifuged them at 2000 rpm for 5 min. Before the infection
assays, we discarded the supernatant. We washed the pellet three times using Soerensen

buffer (2 g/L KH2 PO4, 0.36 g/L Na;HPO# x 2 H20, pH 6.0) or adjusted it to 10° cells/mL in
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HL5 medium for social development assays. We determined the number of viable amoeba
cells by performing Trypan blue exclusion and counting in a Neubauer chamber. For the
social development assay involving D. discoideum, Agar N (1 g peptone, 1 g glucose, 20 g
agar in 1 L of 17 mM Soerensen phosphate buffer) was employed as the substrate.
Meanwhile, Agar SM served as the substrate in the predation resistance assay.

3. Construction of K. pneumoniae SGH10 mutants

For K. pneumoniae scarless site-directed mutagenesis, we followed the protocol

described previously32. Briefly, we first amplified ~1000 bp fragments upstream and
downstream of the target gene using K. pneumoniae SGH10 genomic DNAas template and
the Q5 high-fidelity DNA polymerase (New England Biolabs). Then, these fragments were
assembled along with the previously PCR-amplified vector pR6KTet-SacB using the
NEBuilder® HiFi DNA Assembly Master Mix (New England Biolabs). The assembled
constructs were then transformed by electroporation into E. coli S17-1Apir (donor strain),
and then conjugated into K. pneumoniae SGH10 (recipient strain), selecting for
transconjugants by plating in LB agar plates supplemented with tetracycline (50 pg/mL)
and ampicillin (100 pg/mL). Afterward, several rounds of sucrose counterselection were
done to select for the second recombination event, leading to the loss of the plasmid
backbone comprising the sacB gene. For this, single tetracycline-resistant clones were
passaged in an LB medium without sodium chloride but supplemented with 20% sucrose.
Successful deletion of the gene of interest was evaluated by PCR amplification of the
respective region from tetracycline-sensitive double recombinant clones and confirmed by
Sanger sequencing. Moreover, to rule out possible off-target mutations, we performed

[llumina whole-genome sequencing of the mutant strains, and the reads were mapped to
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the K. pneumoniae SGH10 complete genome using BWA-MEM 86, The Sanger and Illumina
sequence data from the mutant strains were deposited in the NCBI database under the
GenBank accessions OR753271-73, and the SRA accessions linked to the BioProject

PRJNA1031676, respectively.

4. Quantitative proteomics profiling
The samples were obtained by selecting colonies grown under ideal conditions

directly from an LB-Agar culture plate at 372C. These were then frozen for processing.

a. Protein Extraction

Protease/phosphatase inhibitor (#1861284, Thermo Scientific) was added to each
sample at a 1X final concentration. Then, the samples were lyophilized and resuspended in
8M urea with 25 mM ammonium bicarbonate pH 8 and later, they were homogenized using
ultrasound for 1 min with 10 s pulses (on/off) at an amplitude of 50% using a cold bath.
Then, they were incubated on ice for 5 min and later centrifuged to remove debris at
19,000 x g for 10 min at 4°C. Samples were immediately quantified using the Qubit Protein

Assay reagent (#Q33212, Invitrogen).

b. MS Preparation

The resulting proteins were subjected to chloroform/methanol extraction. Then, they
were equilibrated at room temperature for 10 min, centrifuged at 15,000 x g for 5 min at
4°C, and discarded into the supernatant. The resulting pellet was washed 3 times with cold
80% acetone. Subsequently, the protein pellet was dried in a rotary concentrator. Samples

were resuspended in 30 uL. 8M Urea and 25 mM ammonium bicarbonate. Then, they were
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reduced with DTT to a final concentration of 20 mM in 25 mM ammonium bicarbonate and
incubated for 1 hour at room temperature. They were then alkylated by adding
iodoacetamide to a final concentration of 20 mM in 25 mM ammonium bicarbonate and
incubated for 1 hour in the dark at room temperature. Subsequently, the samples are

diluted 8 times with 25 mM ammonium bicarbonate.

Digestion was performed with sequencing grade Trypsin (#V5071, Promega) in a 1:50
ratio of protease: protein (mass/mass) and incubated for 16 h at 37°C. Digestion was
stopped by pH adding 10% formic acid. Then, the samples were subjected to Clean Up Sep-
Pak C18 Spin Columns (Waters), according to the supplier's instructions. Subsequently, the

clean peptides were dried in a rotary concentrator at 2000 rpm overnight at 40°C.

c. LC-MS/MS (Liquid Chromatography - Tandem Mass Spectrometry)

200 ng of the tryptic peptides obtained in the previous step were injected into a
nanoELUTE nanoUHPLC (Bruker Daltonics) coupled to a timsTOF Pro mass spectrometer
(“Trapped Ion Mobility Spectrometry - Quadrupole Time Of Flight Mass Spectrometer”,
Bruker Daltonics) using an Aurora Ultimate column. UHPLC (25 cm x 75 pm ID, 1.6 um C18,
CSI, IonOpticks, Australia). Liquid chromatography used a 90-min gradient of 2% to 35%
buffer B (0.1% Formic Ac. - Acetonitrile). The collection of results was performed using the
TimsControl 2.0 software (Bruker Daltonics) under 10 PASEF cycles, with a mass range of
100-1,700 m/z, capillary ionization of 1,500 V, and a temperature of 180°C, TOF frequency

of 10 KHz at a resolution of 40,000 FWHM.

d. Protein Identification

The data obtained were analyzed with the MSFragger 3.5 software through the
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Fragpipe v18.0 platform (https://fragpipe.nesvilab.org/) using the “default” workflow in a
data analysis server consisting of 48 cores and 512 Gb of RAM. Mass tolerance parameters
of 50 ppm were used, using monoisotopic masses and 0.05 Da fragment ions. Among the
digestion options, trypsin was used as the enzyme-specific digestion mode and a maximum
of 2 missed cleavages per peptide. The following were used as post-translational
modifications (PTM): Cysteine carbamidomethylation, as fixed PTM: Methionine oxidation
(M), N-terminal acetylation, Asparagine and Glutamine (NQ) deamination, as variable
PTMs. The database used for identification was the proteome of Klebsiella pneumoniae
strain SGH10 (5,405 total entries). The FDR estimate was included using a decoy database.
As afilter, an FDR = 1% and 1 minimum unique peptide per protein were used for

identification.

g. Protein Quantification LFQ (Free Label Quantification)

The columns corresponding to the Uniprot access codes and intensity values were
selected using the protein identification results. Data were concatenated, and missing
values in the intensity columns were imputed. The resulting matrix was subjected to
normalization by medians. Differential expression proteins were determined by applying a
T-Test with a Benjamini-Horschberg multiple correction test (adjusted p-value < 0.05).
DEPs (Differentially Expressed Proteins) were identified between the comparisons:
Appk1vs. WT, Appx vs. WT and Appk1-Appx vs. WT. The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium via the PRIDE 87 partner

repository with the dataset identifier PXD046644.

5. Calculation of the z-score
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The z-score was calculated based on the logFC of each protein belonging to the virulence
categories derived from VFDB (Adherence, antiphagocytosis, toxin, siderophores, lipid A,
serum resistance). [t's important to note that this z-score doesn't refer to the standard
score typically used in statistics but is a simple calculation aimed at indicating whether the
biological process, molecular function, or cellular component is more likely to decrease
(resulting in a negative value) or increase (resulting in a positive value). The calculation
was performed using the following formula:

(up — down)
Vcount

zZscore =

The z-score was determined based on the number of proteins assigned as upregulated
(logFC>0) or downregulated (logFC<0), denoted as "up" and "down," respectively, in the
dataset. Subsequently, the average z-scores of each category were calculated for each

mutant and plotted as "All virulence factors."

6. Growth and polyP production under nutrient deprivation

Mutant strains with alterations in polyP metabolism and the SGH10 WT strain were
cultured overnight. A 1:1000 dilution in LB or MOPS medium was inoculated into a 96-well
plate (the MOPS medium was supplemented with 0,4% glucose and 0.1 mM KzHPO4). The
plate was then incubated for 24 h in a TECAN infinite 200 pro plate reader at 372C and 180
rpm. Readings were taken every 10 min (n = 6) to measure the optical density at 600 nm

(0D600).

To investigate whether PPK1 deficiency affects bacterial polyP accumulation, a polyP

quantification assay was performed 88. Briefly, cultures of K. pneumoniae SGH10 and polyP
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mutants grown overnight were diluted into fresh LB broth and cultured at 180 rpm and
37°C for 2 h. Then, 1 mL of bacterial cells was centrifuged twice in MOPS low-phosphate
minimal medium (containing 0.4% glucose and 0.1 mM potassium phosphate) and
incubated at 37°C for 2 h to stimulate polyP accumulation. Then, cells were harvested by
centrifugation in a 1,5 mL. The supernatant was entirely removed from the cell pellets.
Subsequently, the cell pellets were resuspended in 250 pL of GITC lysis buffer (consisting
of 4 M guanidine isothiocyanate, 50 mM Tris-HCl, pH 7) and subjected to lysis through
incubation at 95 °C for 10 minutes. The lysates were then stored at -80 °C. For the
polyphosphate extraction, 250 pL of 95% ethanol was added to each GITC-lysed sample,
followed by vigorous mixing. This mixture was applied to a silica membrane spin column
and centrifuged for 30 s at 16,100 x g. The flow-through was discarded, and 750 pL of a
solution containing 5 mM Tris-HCI (pH 7.5), 50 mM NaCl, 5 mM EDTA, and 50% ethanol
was added before centrifuging for 30 seconds at 16,100 x g. Once again, the flow-through
was discarded, and a 2-minute centrifugation at 16,100 x g was carried out. The column
was placed in a clean 1.5 mL microfuge tube, and 150 pL of 50 mM Tris-HCI (pH 8) was
added. Following a 5-min incubation at room temperature, polyP was eluted by
centrifuging for 2 minutes at 8,000 x g. PolyP was quantified using the Phosfinity-Quant kit

from Aminoverse, employing the scPPX enzyme.

7. Determination of the minimal inhibitory concentration (MIC) for colistin by broth

microdilution assays.
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The colistin resistance of SGH10 WT, Appk1, Appx, Appk1-Appx was tested at
concentrations ranging from 0.125 to 32 ug/mL. To do this, liquid cultures were grown in
cation-adjusted Miiller-Hinton broth (MH-2) from isolated colonies and incubated
overnight at 37°C until reaching the stationary phase. Subsequently, 96-well plates were
filled with 200 pL of MH-2 broth, supplemented with various concentrations of this
antibiotic through serial dilutions in a 2-fold manner. Bacteria were then inoculated into
the wells. Finally, the cultures were incubated for 32 hours with agitation at 37°C. During
this period, bacterial growth was determined by measuring optical density at 600 nm using
a Tecan M200 Infinite Pro microplate reader. MIC was defined as the lowest antibiotic
concentration with no bacterial growth. Pseudomonas aeruginosa spp. PAO1 strain was

used as a control for MIC determination.

8. Capsule production quantification

Capsule production was quantified by measuring the total amount of uronic acids,
following the method previously described for K. pneumoniae °. Briefly, uronic acids were
extracted from 500 mL of culture using zwittergent, precipitated with ethanol, and
resuspended in a tetraborate/sulfuric acid solution. Then, 3-phenyl phenol was added, and
the uronic acid content was estimated by measuring the absorbance at 520 nm and

comparing it to a standard curve generated with commercial glucuronic acid.

9. Low-speed centrifugation assay
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Four milliliters of a 10° CFU/mL solution of the desired strain in LB were prepared in
15 mL Falcon tubes. The tubes were centrifuged at 2,000 x g for 10 min and imaged against
a black background. The supernatant's ODeoonm was measured using a BioMateTM

spectrophotometer (Thermo Scientific).

10. Quantification of Biofilm Biomass and EPS and Visualization Using Confocal
Microscopy

Biofilm formation was assessed using a previously described protocol 8°, with some
modifications. Briefly, K. pneumoniae SGH10 wild-type and polyP mutant strains were
grown overnight in LB broth, then diluted 1:100 in fresh LB broth. Next, 100 pL of each
dilution was added to a 96-well polystyrene microtiter plate and incubated at 37°C for 24
h. Wells containing only media were used as blanks. After removing planktonic cells, wells
were washed twice with sterile water and stained with 150 pL of 0.1% crystal violet for 30
min. Then, wells were rinsed twice with sterile water, and the stained biofilms were
solubilized with 95% ethanol. Biofilm formation was quantified by measuring the ODs9s5nm
using a TECAN infinite 200 pro plate reader. To quantify EPS components such as curli and
cellulose, the Ebbabiolight 680 probe was used because it bounds to these components
without influencing biofilm formation. EbbaBiolight 680 was diluted in a growth medium at
a 1:1000 ratio for the biofilm assay. Then, the supplemented growth medium was
inoculated with the bacterial culture. Next, the wells of a 96-well plate were filled with 100
uL of the inoculated medium. The unused wells were filled with sterile water to prevent
drying during incubation. The plate was covered with a lid or an adhesive seal.
Fluorescence was measured at 540ex/680em in a TECAN infinite 200 pro plate reader.

Each sample was measured in triplicate, and we calculated averages of the absorbance
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values for analysis. To investigate the accumulation of polyP in the biofilm and its influence

on formation, an overnight culture was diluted 1:100 in the LB broth medium.

oNOYTULT D WN =

Subsequently, a slide was submerged in 10 mL of the 1:100 culture inside a 50-mL falcon
tube and incubated at 372C for 24 h. The slide was washed three times with nanopure

13 water and incubated for 30 minutes with 5 pg/mL DAPI to stain DNA and PolyP. The polyP
15 accumulation was visualized using a CLSM Zeiss 757 confocal microscope, with a

358ex/461em laser to observe DNA and a 358ex/540em laser to observe polyP.

2 11. Scanning electron microscopy

23 To examine potential modifications at the superficial level, including the capsule and
overall morphology, we conducted scanning electron microscopy (SEM) 32 with some

28 changes. We prepared a lawn on LB agar from strains frozen at -802C, then incubated for
30 24 h at 372C. Using a sterile swab, we collected enough bacteria and resuspended them in
32 PBS 1X. We adjusted the ODgoonm to 2.8 (10° CFU/ml) and fixed 500 pL of the suspension

35 with 2.5% glutaraldehyde and 0.15% ruthenium red to improve the capsule visualization
37 contrast. Samples were subjected to critical point drying and gold coating and subsequently
observed in a high vacuum Zeiss EVO M15 scanning electron microscope. To examine

42 superficial morphology in the mutants and WT strains following nutrient deprivation,

44 overnight cultures of K. pneumoniae SGH10 and polyP mutants were diluted into fresh LB
broth and cultured at 180 rpm and 37°C for 2 h. The bacterial cells were centrifuged twice
49 in MOPS low-phosphate minimal medium (containing 0.4% glucose and 0.1 mM potassium
51 phosphate) and incubated at 37°C for 2 h to stimulate polyP accumulation. The samples

were treated in the same manner before observation using SEM.
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12. D. discoideum predation resistance assay

In this predation resistance assay, we semiquantitatively evaluated the possible
attenuation of virulence in polyP metabolism mutants compared to the SGH10 WT strain.
We modified a previously established protocol 38. Bacterial colonies were taken from a -
80°C stock to prepare overnight cultures, and 300 pL were then seeded onto a plate using a
Digralsky loop to generate a bacterial lawn. The plate was left to dry and incubated for 24 h
at 23°C. Meanwhile, D. discoideum was cultured in HL5 medium, and serial dilutions were
prepared to obtain the following cell concentrations: 500,000 - 50,000 - 5,000 - 500 - 50
and 5 cells per 5 pL. The bacterial lawns were then spotted with 5 pL of the serial D.
discoideum dilutions. The plates were allowed to dry and were incubated at 21°C for 6 days.
Plaque formation was visually examined on days 3 and 6. [solates that did not enable
amoebae growth were considered virulent for the amoeba. Bacterial strains that exhibited
social development with 500 D. discoideum cells or less were considered sensitive to

predation 3°.

13. D. discoideum social development Assays
For social development assays, we followed a published protocol 18. Overnight cultures of
each bacterial strain (30 pL) were homogeneously included per well of a 24-well plate

containing N agar (1 g peptone, 1 g glucose, 20 g agar in 1 L of 17 mM Soerensen phosphate

buffer) and grown overnight at 23°C. A drop of a cellular suspension corresponding to 104

D. discoideum cells in HL5 was spotted in the middle of each well and the plates were

further incubated at 23°C for 6 days. The social development of amoebae was monitored

daily for 6 days, and the phase reached was scored, being classified as “aggregation,”
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“elevation,” and “culmination.” A score of “1” was assigned when amoebae aggregated,
forming a phagocytosis plate, “2” when all the well surface elevated structures such as
worms or fingers were observed, and “3” when fruiting bodies were formed across all the
well surfaces. Transitions among these three phases were scored, with half of the value
corresponding to the closest next stage. The number of fruiting bodies on a 1 cm? surface
was also quantified for each strain under study and was compared with the commensal
KpgE strain. Additionally, images of social development were captured on days 1, 2, and 3
using a Zeiss Stemi 305 stereomicroscope with a total magnification of 10X, coupled to a 5

MP OPTIKA camera.

14. Phagocytosis assays
A lawn was prepared on LB agar from strains GFP frozen at -802C and incubated for 24 h at
37°C. Bacteria were collected using a sterile swab and resuspended in Sorensen 1X buffer.
Cell density was adjusted to ODsoonm at 107 cells/mL. Axenic cultures of D. discoideum were
set to a concentration of 10° cells/mL and 1 mL of culture was deposited in 24-well plates.
The plate was centrifuged at 600 x g for 10 minutes and incubated at 23°C for 24 h. Each
well was washed three times with Sorensen buffer and 1 mL of bacterial suspension was
added to each well to obtain an MOI of 10. The plate was centrifuged at 600 x g for 30 min.
The plate was then observed with the Lionheart FX automatic microscope, programmed to
take photographs every 10 minutes for 24 to 48 h in bright field (BF) and GFP and in 4
regions of interest per well at 23°C. The images were analyzed with Gen5 software version

3.08 (Lionheart FX) and Image] software version 2.14.0 (Fiji version).
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Bacterial stress response often involves polyphosphate (polyP) accumulation, critical for
various functions, including virulence. Yet, its role in hypervirulent Klebsiella pneumoniae
strains remains unexplored. Our study manipulated polyP levels through gene mutations
affecting its synthesis (ppk1) and degradation (ppx) and established a link between polyP
and virulence expression/regulation, notably in capsule and biofilm formation. Using
Dictyostelium discoideum as a model, we observed a corresponding decrease in virulence.
Proteomic analysis further identified proteins associated with these virulence mechanisms,

underscoring polyP's importance and potential as a target for new anti-virulence drugs.
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Flow Cytometry and Automated Microscopy Integration for
Phagocytic Analysis of hypervirulent Klebsiella pneumoniae in
Dictyostelium discoideum

Diego Rojas, Antonia Ramos, Matias Galvez, Andrés E. Marcoleta, Francisco P. Chavez

Abstract

1

Introduction

Dictyostelium discoideum is a microorganism commonly found in
forest soils, known for its ability to feed on bacteria and yeast
through phagocytosis. Consequently, it has been extensively
utilized as a model organism for phagocytic cells and as a host for
opportunistic pathogens, primarily to investigate mechanisms of
resistance to phagocytosis, as well as intracellular replication and
survival of these pathogens. As a professional phagocyte, D.
discoideum shares several specific functions with innate immune
phagocytic cells in mammals, rendering it an appropriate
organism for studying various aspects of phagocytosis and
assessing the influence of virulence factors present in
environmentally isolated pathogenic bacteria, as well as those
encountered in clinical settings. The ease of cultivation, low
maintenance and propagation costs, lack of genetic redundancy,
and high susceptibility to genome manipulation due to its haploid
condition, coupled with a comprehensive organism database
(http://dictybase.org/) containing protocols, genetic tools,
mutant strains, and more, collectively establish D. discoideum as a
pivotal model organism for the study of diverse bacterial
phenotypes of interest. In the protocols outlined in this chapter,
virulence can be assessed through a variety of readily adaptable
and scalable methodologies suitable for any laboratory equipped
with basic cell culture facilities.

2

2.1

Materials

Reagents

1. Stock solution of 100 mg/mL Carbenicillin and Kanamycin:
Dissolve 1 g of each antibiotic in 10 mL of distilled water. Sterilize
by filtration and aliquot into 1 mL portions. Store at -20°C.

2. Stock solution of 300 mg/mL Streptomycin sulfate: Dissolve 3
grams of streptomycin sulfate in 10 mL of distilled water. Sterilize
by filtration and aliquot into 1 mL portions. Store at -20°C.

3. Stock solution of 250 mg/mL of ciprofloxacin: Dissolve 2.5 g of
ciprofloxacin in 10 mL of 0.1 M NaOH. Sterilize by filtration and
divide it into 1 mL aliquots. Store at -20°C.



2.2 Media

2.3 Microorganisms

2.4 Other materials

4. Stock solution of propidium iodide

1. LB broth: Use as described by the manufacturer. Store at room
temperature.

2. Liquid HL5 Medium: Dissolve 14 g of tryptone, 7 g of yeast
extract, 0.66 g of Na;PO4, 1.2 g of KH,PO4, and 14 g of glucose.
Adjust the volume to 900 mL. Set the pH to 6.5. Bring the volume
up to 1000 mL with distilled water. Autoclave for 15 minutes.
Store at room temperature (see Note 1).

3. SM Agar: Dissolve 10 g of glucose, 1 g of yeast extract, 10 g of
granulated peptone (Merck), 1.08 g of MgS04-7H20, 1.9 g of
KH2PO4, and 0.6 g of K;HPO4. Adjust the volume to 900 mL and
add 20 g of agar. Set the pH to 6.5. Bring the volume up to 1000
mL with distilled water. Autoclave for 15 minutes (see Note 2).
Store at room temperature.

4. Sgrensen Buffer: Dissolve 2 g of KH2P0O4 and 0.55 g of
Na2HPO4:7H20. Adjust the volume to 1000 mL. Autoclave for 20
min. Store at room temperature.

5. N agar: Dissolve 1 g of peptone, 1 g glucose and 1 g of agar in
1000 mL of Sgrensen Buffer. Autoclave for 15 min. Store at room
temperature.

1. D. discoideum: For storing stock cultures, place them in a freezer
at -80°C. Pellet 2x107 D. discoideum cells from an exponentially
growing culture (2-4x106cells/mL) by centrifuging at 500g for 4-
5 minutes or at 1500 rpm for 5 minutes. Resuspend the pellet in
1800 uL of HL5. Divide this volume into 2 cryotubes and add 100
1L of DMSO to each (10% DMSO). Store at -80°C (see Note 3).

2. K. aerogenes, K. pneumoniae and K. pneumoniae transfected
with GFP: Store stock cultures in a freezer at -80°C. To ensure the
reproducibility of virulence assays, always use cultures from the
-80°C freezer and streak them directly onto LB agar plates
supplemented with carbenicillin (100 pg/mL). Supplemented LB
agar plates with 100 pg/mL carbenicillin and 50 pg/mL
Kanamycin for the GFP+ strain.Incubate at 37°C.

Stereoscopic microscope
Automated microscope Lionheart FX (Agilent)
Flow Cytometer

24-well plates with lids



96-well plates with lids
Plate centrifuge

Sterile pipette tips
Spectrophotometer
Vortex

L-shaped inoculation loop
Round inoculation loop
Cell scraper

10 mL serological pipette.
Hemocytometer (Neubauer improved, 0.100 mm depth).
Tube rotator

5mL Eppendorf tubes

Hemocytometer (Neubauer improved, 0.100 mm depth).

3 Methods
3.1 Maintenance and propagation of D. discoideum

The usual method for cultivating and maintaining D. discoideum cells is on a lawn of
Klebsiella aerogenes on SM agar. The doubling time of the amoeba is approximately 8-12
hours for axenic strains. The incubation period from seeding is 3-4 days until the formation
of phagocytosis plaques. These are observed as "clear” zones where the bacteria have been
phagocytized by D. discoideum.

1. Prepare a pre-culture in 4 mL of LB medium containing
Klebsiella aerogenes (carbenicillin 100 pg/mL) at 37°C, 180 rpm,
for 18 hours.

2. Prepare 90 mm Petri dishes with 25 mL of SM agar.

3. Inoculate 180 uL of the bacterial culture onto the SM agar and
spread it evenly using an L-shaped inoculation loop to create a
bacterial lawn.

4. Quickly retrieve the cryotube with frozen amoebas from the -
80°C freezer and keep them on ice. Scrape the cryotube gently
with a sterile round inoculation loop and streak it gently onto the
agar plate previously spread with bacteria (see Note 4).

5. Wrap the plates in aluminum foil and incubate them upside
down at 22-23°C for 3-4 days (see Note 5 and 6).



6. Using a sterile inoculation loop or sticks, take a sample from the
slanted edge of a phagocytosis plate.

7. Inoculate into a 250 mL cell culture bottle containing 15 mL of
HL5 liquid medium (see Note 7) supplemented with 15 uL of
Carbenicillin  (100mg/mL) and 15 pL of Streptomycin
(300mg/mL) (see Note 8). This is passage S0. Incubate for 3 to 4
days at 23°C.

8. Gently wash the SO culture with 10 mL of Sgrensen buffer to
avoid amoeba detachment (see Note 9).

9. Add 10 mL of HL-5 medium to dislodge D. discoideum using a
cell scraper. Harvest the amoebas in a 50 mL Falcon tube and add
an additional 10 uL of HL-5 to the Falcon tube. Take an aliquot for
cell counting and adjust the amoebas to a minimum density of
5x104cells/mL (see Note 10).

10. Inoculate the D. discoideum concentration and adjust the
volume with HL-5 to 15 mL, adding Carbenicillin (100mg/mL).
This is passage S1. Incubate for 3 days at 23°C. (see Figure 1)

Hmﬂ { Subculture
S1
= L
Phagocytosis l
plaques
l Subculture
S2
Permanent m
Stock
(-80°C) l
Subculture
Subculture
S0 m S3

Figure 1. Scheme of the sub-culturing steps for D. discoideum.

3.2 Predation resistance assay

Predation refers to the act of one organism (D. discoideum) feeding on another (Bacteria) as
a source of food. When a small initial number of amoebas grow on a lawn of commensal or
avirulent bacteria, visible phagocytosis plaques form by the 2nd or 3rd day of cultivation.
In contrast, when amoebas are cultured on a lawn of virulent bacteria, no visible
phagocytosis plaques are formed when a low concentration of amoebas is inoculated at the
beginning of the assay. This sometimes requires higher concentrations of amoebas to
achieve the formation of visible phagocytosis plaques. The predation resistance assay can
be used to study the virulent capabilities of bacteria isolated from the environment, as well
as clinical settings. It also allows for the investigation of the influence of genes on the
virulence of a strain under study.



3.2.1 K. pneumoniae Manipulation

1. Starting from a -80°C stock, streak K. pneumoniae strains onto LB
agar plates (50 ug/mL carbenicillin) and incubate them overnight
at 37°C.

2. Pick a single colony with a sterile loop and resuspend it in 4 mL
of LB broth (50 pug/mL carbenicillin). Incubate this culture
overnight at 37°C with shaking at 180 rpm.

3. Take 200 or 300 pL of the overnight culture and evenly distribute
it on an SM agar plate using an L-shaped inoculation loop. Allow
the bacterial lawns to dry by incubating the plate in a laminar flow
hood or under a Bunsen burner (see Note 11).

4. Incubate the plate at 23°C.
3.2.2 D. discoideum Manipulation

1. When amoebas reach passage S3 (see Note 12), count D.
discoideum using a Neubauer chamber and adjust it to a
concentration of 1x106cells/mL in a final volume of 50 mL, then
transfer them to a 250 mL flask. Incubate the flask at 23°C with
agitation at 50 rpm overnight.

2. Use the Neubauer chamber to count D. discoideum and adjust it
to the required density for the assay. To do this, pour the 50 mL
amoeba suspension into a 50 mL tube and centrifuge it at 2000
rpm for 5 minutes. Resuspend the pellet in 50 mL of Sgrensen
buffer and transfer it to a 250 mL flask. Take a 10 uL aliquot in an
Eppendorf tube. Add 10 pL of trypan blue (see Note 13) and
resuspend to mix.

3. Take 10 uL and fill the Neubauer chamber by capillarity, then
count the number of amoebas in each grid square.

4. Adjust the amount of amoebas so that for every 5 uL of volume,
you have a concentration of 5, 50, 500, 50,000, and 500,000/5 uL
of amoebas.

5. Add 5 uL of each D. discoideum concentration onto the K.
pneumoniae lawn previously grown at 23°C and distribute them
at equidistant points on the lawn. In the center, place 5 uL of

Serensen buffer as a negative control. Let it dry under the laminar
flow hood.

6. Cover the Petri dish with aluminum foil and incubate the
inverted plate at 23°C. Record the results (see Note 14). (Fig. 2)



The assay can be adjusted according to the strain under study. If
you are working with a mucoid or hypermucoid strain, such as K.
pneumoniae SGH10, it is recommended not to invert the plate to
prevent mucosity from adhering to the Petri dish lid. Additionally,
you can perform competition studies by co-cultivating bacteria
with unknown virulence in different proportions with commensal
or avirulent strains to establish the presence of released virulence
factors that may affect the normal development of the amoeba,
even in the presence of commensal or avirulent bacteria in the
lawn.

Predation resistance assay

Attenuated Virulence

‘ | Buffer Sorensen

5 Amoebas/5uL

-

() 50 Amoebas/5yL
O 500 Amoebas/5pL

O 5.000 Amoebas/5pL

O 50.000 Amoebas/5pL

Intensified Virulence

KpgE SGH10 WT Appk1

Day 3

. ‘ ‘

Figure 2. Expected Results: In this assay, the effect of a mutation
in the gene responsible for inorganic polyphosphate synthesis
(ppk1) in the hyper-virulent strain K. pneumoniae SGH10 on
virulence in D. discoideum was evaluated. When D. discoideum
grows on a lawn of avirulent bacteria such as KpgE (K. aerogenes),
phagocytosis plaques are observed at all concentrations on the
third and sixth day. In contrast, phagocytosis plaques are not
observed on a lawn of the hyper-virulent strain at low
concentrations, except for the highest concentration used in the




assay. Furthermore, the effect of the ppkl gene mutation on
virulence attenuation can be evidenced by observing
phagocytosis plaques at low concentrations on the third and sixth
day of result recording.

3.3 Social Development Assay

When D. discoideum grows on a lawn of commensal bacteria, it undergoes a multicellular
development process resulting in the formation of fruiting bodies within 2-3 days on the
plate. This process includes phagocytosis plaque formation, amoeba aggregation,
polarization, and cell movement, leading to the formation of cell streams that converge at
aggregation centers. It progresses through mound formation, slug and finger stages,
ultimately culminating in fruiting body development. Any disruption in this process due to
the growth of D. discoideum on a lawn of bacteria of interest can provide a measure of the
virulence of these bacteria. The methodology presented here assigns a score to each event
in the social development cycle and provides a quantitative measure of fruiting bodies
formed on a lawn of bacteria under study compared to commensal bacteria.

3.3.1 K. pneumoniae Manipulation

1. Prepare a 24-well plate with 2 mL of Agar N using a 10 mL
serological pipette (see Note 15). Allow the agar to cool under the
laminar flow hood or Bunsen burner. Wrap them in aluminum foil
and store at room temperature until use.

2. Starting from a -80°C stock, streak K. pneumoniae strains onto
LB agar plates (50 ug/mL carbenicillin) and incubate them
overnight at 37°C.

3. Pick a single colony with a sterile loop and resuspend it in 4 mL
of LB broth (50 pg/mL carbenicillin). Incubate this culture
overnight at 37°C with shaking at 180 rpm.

4. Dispense 30 uL of the bacterial suspension into each well,
considering one well for the control with D. discoideum only (see
Note 16). Tilt the plate in different directions to ensure the
bacterial suspension contacts the Agar N surface (see Note 17).
Allow it to dry under the laminar flow hood. Incubate overnight
at 23°C.

3.3.2 D. discoideum Manipulation
1. Repeat steps 3.2.2.1, 3.2.2.2, and 3.2.2.3.

2. Adjust the amount of amoebas to 1x10¢cells/mL. To inoculate
10,000 amoebas, add 10 uL of the suspension onto the lawn and
let it dry under the laminar flow hood. Wrap in Alusa Foil and
incubate at 23°C for 6 days.



3. Record the results over 6 days, capturing images with a
stereomicroscope equipped with a digital camera to monitor the
phases of social development. Each achieved phase is classified as
"aggregation,” "elevation,"” and "culmination." A score of '1' will be
assigned when amoebas aggregate to form a phagocytosis plaque,
'2" when elevated structures like worms or fingers are observed
across the surface, and '3' when fruiting bodies form across the
surface of the well. Transitions between any of these three phases
will be scored with half the value of the closest next stage.

4. On the third day, count the fruiting bodies formed on the plate.
Use image analysis software such as Image], and outline a 1 cm?
grid centered in the well, counting the number of fruiting bodies.

The social development assay can be adjusted according to the
research question. You can study the effect of a chemical
compound, a drug, or the interaction of a consortium of bacteria
and assess their impact on the progress of social development

(Fig. 3).
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Figure 3. Expected Results: In this essay, a daily record (over 6
days) was maintained to track the key milestones in the social
development of D. discoideum, using the avirulent strain KpgE and
the pathogen model strain K. pneumoniae SGH10. Attenuation of
virulence is observed in the K.p. SGH10 Appkl mutant. This is a
straightforward and scalable methodology that provides
pertinent insights for studying virulence factors in both
environmental and clinical bacteria, highlighting the utility of
mutants and pharmaceuticals in the process.

3.4 Phagocytosis Resistance Assay

The use of D. discoideum has significantly facilitated the study of the process of bacterial
phagocytosis, as it exhibits a high similarity to phagocytes in the innate immune system of
higher mammals with very similar phagocytosis mechanisms. When D. Dictyostelium is co-
incubated with commensal or avirulent bacteria, a strong fluorescent signal is expected
within the cells early on, indicating a high bacterial load. Over time, this signal decreases as
D. Dictyostelium cells consume the bacteria in the media. In contrast, co-incubation with
virulent bacteria results in only a weak fluorescent signal, which remains relatively constant
over time. The phagocytosis resistance assay can assess the virulence of bacteria isolated
from various environments, including clinical settings. It also allows for the investigation of
the influence of genes on the virulence of the studied strain. In this section, we present a
detailed protocol for assessing phagocytosis resistance using live-cell imaging, time-lapse
techniques and flow cytometry for observation and analysis in the pathogen-host
interaction.

3.4.1 Live-cell imaging
3.4.2 D. dicoideum Manipulation

1. Repeat steps 3.2.2.1, 3.2.2.2 (Use HL-5 medium to resuspend
the pellet), and 3.2.2.3.

2. Adjust the amoeba concentration to 1x106cells/mL in HL5
medium. Dispense 1 mL of the suspension per well into a 24-well
plate.

3. Centrifuge the plate at 600 g for 5 minutes at room
temperature. Incubate for 24 hours at 23°C (see Note 18).

3.4.3 K. pneumoniae Manipulation

1. Starting from a -80°C stock, prepare a lawn of K. pneumoniae
GFP strains on LB agar plates (50 pg/mL carbenicillin, 50 ug/mL
Kanamycin) and incubate them overnight at 37°C.



3.4.4 Co-incubation

2. Use a sterile loop to collect bacteria. Resuspend the bacteria in
1 mL of Sgrensen buffer. Vortex vigorously to fully disperse the
bacteria (see Note 19).

3. Adjust the cell density to an ODeoo of 1x107cells/mL.

1. Wash each well of D. discoideum with Sgrensen buffer, taking
care not to disrupt the amoeba monolayer. Add 1 mL of Sgrensen
buffer to the inner surface of the well. Perform three washes.

2. Inoculate each well with 1 mL of the bacterial suspension
(1x107cells/mL) to achieve an MOI of 10.

3. Centrifuge the plate at 600g for 30 minutes at room
temperature.

3.4.5 Live Cell Imaging: Lionheart programming and data acquisition.

3.4.6 Time-Lapse

1. Set the equipment temperature to 23°C and configure it to
capture images every 10 minutes for 24 hours in both brightfield
and GFP channels.

2. Mount the plate on the Lionheart FX microscope and select two
regions of interest (ROI) per well at a 20X magnification (see Note
20). Adjust the objective height to obtain a sharp image and set
different focal planes.

3. Analyze the acquired images using Gen5 software and generate
a video of the recordings. Evaluate the total fluorescence
intensity. Any differences observed in the RFU (Relative
Fluorescence Units) of the samples can be analyzed using
GraphPad Prism software. (Fig. 4).

If your laboratory lacks an automated microscope for Live-cell imaging, you can still observe
using a confocal or epifluorescence microscope to perform a Time-lapse. Follow these steps:

1. After centrifuging the plate, perform observations under the
confocal or epifluorescence microscope, using brightfield to
visualize amoebas and the GFP channel to observe bacteria at 20X
magnification. This is Time 0 h.

2. Incubate the plate at 23°C at specific time intervals, which can
be 2, 6, 12, 24, and 48 hours. At each hour of incubation, repeat
step 1. Also, observe at 4X magnification to identify aggregation
streams, clusters, slugs, fingers, and fruiting bodies.



Klebsiella GFP*

3. Capture representative images at each time interval and
analyze them using image analysis software like Image]. Identify
relative fluorescence units to determine whether the strain under

study is phagocytosis-resistant by comparing it to the avirulent
strain (see Note 21).

Co-incubation

D. Discoideum

o  Prepare bacterial lawn N TmL vegetative cells
> [ 0 Set to 7x70° cells / mL
) = ‘
Incubate for 24h
/ N

- /
B Wash amoeba
3 cells 3times .

Set to 7

7,
Ix107cell/mL ' Spin at 600g for 30'
Live Cell Imaging [ il R——1 T ) =~

Lionheart FX Microscope
Incubate at 23°C

Record for 24-48 hours
Capture every 10 minutes.

KpgE

1
SGH10
WT

Appk1

L]

‘&
[ T e

£
X3

¢

Figure 4. Expected Results: In this assay, we investigate the
dynamic interaction between D. discoideum and K. pneumoniae
using real-time microscopy. A significant decrease in fluorescence
is observed in the avirulent strain KpgE at 24 hours. For the
hypervirulent strain K.p. SGH10 WT, fluorescence increases from
24 to 48 hours, with no discernible finger or fruiting body
formation. The Appkl mutant displays virulence attenuation, as
evidenced by the organization of amoebas into multicellular

forms at 48 hours. It is possible to employ alternative
fluorophores for labeling phagolysosomes and studying
intracellular dynamics in the phagocytosis process.




3.4.7 Flow cytometry

The rate of phagocytosis can be quantified by measuring the number of bacteria inside D.
Dictyostelium cells over time. When using transfected bacteria that express a fluorescent
molecule such as Green fluorescent protein (GFP), this can be detected by flow cytometry
after different co-incubation times.

3.4.8 K. pneumoniae Manipulation

1. Starting from a -80°C stock, streak K. pneumoniae strains onto
LB agar plates (supplemented with the respective selection
antibiotic for the transfected strain) and incubate overnight at
37°C.

2. Pick a single colony with a sterile loop and create a bacterial
lawn on LB agar plates. Incubate overnight at 37°C.

3. Collect sufficient bacteria from the plate using a sterile loop and
transfer them into the internal walls of a 5 mL Eppendorf tube.
Add 1 mL of Sorensen buffer and vortex vigorously until
homogeneous. Measure the concentration using a
spectrophotometer and adjust it to a concentration of 1x108
cells/mL.

3.3.9 D. discoideum Manipulation

1. When amoebas reach passage S3, collect enough cells and
remove the media by centrifuging at 2000 rpm for 5 minutes.
Discard the supernatant and wash three times with Sorensen
buffer.

2. Use the Neubauer chamber to count D. discoideum cells and
adjust the concentration to 1x10¢ cells/mL.

3.4.10 Coincubation

1. For each co-incubation time point (see Note 22), combine 2 mL
of D. discoideum culture (1x106 cells/mL) with 200 pL of bacterial
culture (1x10¢ cells/mL) (MOI 10). Co-incubate them at 23°C in 5
mL Eppendorf tubes on a tube rotator (see Note 23).

2. After the required time, take 200 pL of the co-incubation
mixture to determine the extracellular titer as an external control
of the experiment. Perform serial dilutions (up to 10-7) in a 96-
well plate and plate dilutions from 10-3 to 10-7 on LB agar plates
using a micro-drop (5 pL) with triplicates. Incubate at 37°C for 24
hours and then count the colonies.

3. The remaining co-incubation mixture (1.8 mL) is used for flow
cytometry analysis. Treat it with ciprofloxacin (250 pg/mL) for 10
minutes, vortexing every 2-3 minutes to ensure the clearance of



extracellular bacteria and those possibly attached to D.
discoideum cells. After treatment, spin the tubes at 2000 rpm for
5 minutes to eliminate bacteria and their debris. Resuspend the
pellet in 500 pL of Sorensen buffer and add 1pL of a 1pg/uL
propidium iodide solution to evaluate cell viability.

3.4.11 Flow Cytometry Analysis

The acquisition and analysis of flow cytometry data (see Note 24)
were performed using Flowing Software, with 10,000 events
recorded for each condition. The gating strategy was as follows:

1. The population was first separated by Forward Scatter to
identify single cells.

2. The single-cell population was then further separated by Side
Scatter to distinguish it from cellular debris.

3. The sub-population was subsequently separated based on
propidium iodide fluorescence. Any cells positive for this signal
were excluded from the analysis as they were considered dead
(see Note 25).

4. Once the live single-cell population was determined, amoebas
exhibiting a positive GFP signal were selected, indicating the
presence of bacteria. (Fig. 5)
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Figure 5. Protocol of the phagocytosis resistance assay by flow



4 Notes

1. This medium is used for initiating and maintaining axenic
cultures of D. discoideum. It is crucial to avoid medium
caramelization (caused by excessive autoclaving time) as it can
affect the nutrient content of the medium and, consequently, the
optimal growth of the amoeba. The optimal time is 15 min.

2. This solid medium is employed for the growth and maintenance
of D. discoideum in conjunction with bacteria (K. aerogenes or E.
coli B/r). The recommended volume per 90mm plate is 25 mL.

3. When the -80°C freezer is situated at a considerable distance
from the laboratory, it is advisable to store amoebas in smaller
aliquots to prevent sample loss in case of thawing.

4. This process should be carried out quickly to prevent the
contents of the cryotube from thawing, and gently to avoid
damaging the agar with the loop.

5. Phagocytosis plaques should start to appear within 3-4 days of
incubation. Once this happens, it is possible to initiate an axenic
culture and store the plate covered with Parafilm at 4°C for
maintenance and renewal.

6. During the formation of phagocytosis plaques, it's important
that the amoebas are evenly distributed on the agar surface and
efficiently phagocytize the bacteria. If they are too active due to
light exposure, they may concentrate in specific areas of the plate
and not distribute uniformly. This could result in the formation of
irregular plaques or a lack of phagocytic activity in some areas.

7. Ensure that the volume of HL5 medium does not exceed 1/5 of
the total flask volume to allow proper oxygenation of the culture.

8. It is crucial to initiate the axenic culture with both antibiotics
(when inoculating from a phagocytosis plate). Failure to do so
may result in bacterial overgrowth in the culture. For subsequent
subcultures, use only Carbenicillin (15 uL from a stock solution at
100mg/mL for 15 mL of HL5 medium).

9. Carefully pour the Sgrensen buffer into the bottle neck to
prevent the buffer from detaching the amoeba film.

10. Liquid cultures of D. discoideum should remain in the
exponential growth phase (1-4x106cells/mL); therefore, they
should be subcultured periodically. The minimum density to
which the amoeba should be subcultured is 5x104cells/mL to
avoid entering a lag phase for an indeterminate period at lower
densities. If you plan to use or refresh the culture in 2 more days,



it's advisable to subculture at a density of 1 or 2x105cells/mL. If
you need cells in exponential phase quickly, you can subculture at
higher densities (e.g., 3, 4, and 5x105). The densities for
subculturing are determined based on the growth kinetics of the
culture. It's good practice to visually monitor and count the
growth (over time, you gain experience correlating turbidity with
the approximate cell density of the culture). What you should do
is establish a schedule specifying the days for subculturing, the
densities, the days for revival from the frozen -80 °C stock and the
days for refreshing maintenance plates, to maintain healthy
axenic cultures of D. discoideum. If the density of a culture exceeds
4x10¢cells/mL, it is recommended not to use it, as the cells will
have initiated development, thus altering the physiology of the
culture.

11. It is important to evenly distribute the bacteria on the agar to
form a uniform bacterial lawn across the entire plate without any
gaps. To achieve this, once you notice dry areas on the plate when
held up to the light, use the L-shaped inoculation loop to
redistribute the bacteria across the entire plate until it dries
completely under the laminar flow hood.

12. The reason for using D. discoideum cells at passage S3 (third
generation) instead of S1 (first generation) or S2 (second
generation) is that in the initial generations of culture, cells may
be in aless stable or less adapted state to the culture environment.
By performing successive passages, cells can better adapt to the
culture conditions and reach a more stable and homogeneous
state. In the case of D. discoideum, it is important to note that these
cells are particularly sensitive to stress and can change their
behavior based on the culture conditions. Therefore, to conduct
more reproducible and consistent experiments, it is common to
use cells in later passages (S3 or later)

13. This staining allows the distinction between live and dead
cells. Live cells appear white under the microscope as they
actively expel the dye, while dead cells appear blue.

14. You can generate records for each of the 6 days of the assay or
at the 3rd and 6th day. It's important to establish the days on
which you will record data to ensure reproducible results.

15. The use of hot medium can affect the calibration of
micropipettes, so use serological pipettes or a syringe to fill the
wells.

16. If you are testing the effect of a drug or molecule, it's
important to add a well to observe whether the compound itself
is affecting the social development of D. discoideum.



17. Tilt the plate in all directions to ensure proper distribution of
the suspension, preventing any Agar N surface from being devoid
of bacteria.

18. You may eventually skip centrifugation since, after 24 hours
of incubation, amoebas settle at the bottom of the plate, forming
a monolayer.

19. If working with a mucoid or hypermucoviscous strain, we
recommend depositing the bacteria on the inner surface ofa 5 mL
tube without touching the Sgrensen buffer, then vigorously
vortexing for approximately 5 minutes. This promotes gradual
bacterial detachment.

20. Select regions that are not oversaturated with bacteria in the
GFP channel and amoebas in the brightfield.

21. When using the K. aerogenes (KpgE) strain as a control, you
will observe a rapid reduction in GFP-labeled bacteria within the
first 2-6 hours. This is due to amoebic phagocytosis.

22. This assay requires measuring different time points to study
the phagocytosis dynamics. Adjust the time points depending on
the strain and experimental logistics. In this case, five time points
were used: 0 hours, 2 hours, 6 hours, 18 hours, and 24 hours of
co-incubation.

23.Since both cultures are prepared in advance, maintain them at
23°C with constant rotation to ensure that cells are in a similar
state regardless of the co-incubation start time.

24. During flow cytometry analysis, it is crucial to have a control
sample of D. discoideum cells without bacteria to normalize the
fluorescence values based on their intrinsic fluorescence.

25. It is important to note that not all bacterial strains exhibit the
same GFP fluorescence. Therefore, normalization is essential to
accurately correlate the fluorescence signal with the quantity of
bacteria inside when working with different strains.
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ABSTRACT

The rise of antibiotic-resistant bacterial strains represents an important challenge for global health,

underscoring the critical need for innovative strategies to confront this threat. Natural products and

their derivatives have emerged as a promising reservoir for drug discovery. The social amoeba

Dictyostelium discoideum is a potent model organism in this effort. Employing this invertebrate

model, we introduce a novel perspective to investigate natural plant extracts in search of molecules

with potential antivirulence activity. Our work established a easy-scalable developmental assay

targeting a virulent strain of Klebsiella pneumoniae, with Helenium aromaticum as the

representative plant. The main objective was to identify tentative compounds from the Helenium

aromaticum extract that attenuate the virulence of K. pneumoniae virulence without inducing

cytotoxic effects on amoeba cells. Notably, the methanolic root extract of H. aromaticum fulfilled

these prerequisites compared to the dichloromethane extract. Using UHPLC-ESI-MS/MS, 63

compounds were tentatively identified in both extracts, 47 in the methanolic and 29 in the

dichloromethane, with 13 compounds in common. This research underscores the potential of

employing D. discoideum-assisted pharmacognosy to discover new antivirulence agents against

multidrug-resistant pathogens.
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INTRODUCTION

Antibiotic resistance is a serious global threat to public health. The overuse and misuse of

antibiotics have led to the emergence of multidrug-resistant (MDR) bacterial strains that are

difficult to treat !. Klebsiella pneumoniae is a bacterium responsible for pneumonia, urinary tract

infections, and sepsis, which has become increasingly resistant to antibiotics, including

carbapenems, the last line of defense against MDR K. pneumoniae infections. The emergence of

carbapenem-resistant K. pneumoniae strains has been a major challenge in clinical settings, as few

effective treatment options are available. Antivirulence therapy is an emerging strategy for

combating antibiotic resistance 2.

Contrary to traditional antibiotics that target essential cellular functions, antimicrobial agents

focus on bacterial virulence factors critical for infection but not for bacterial growth and

development. Antivirulence agents provide multiple benefits compared to conventional

antibiotics; these include reducing the selection pressure leading to resistance and minimizing side

effects often linked with broad-spectrum antibiotics?. This perspective on novel antimicrobial

agents makes exploring natural resources even more pertinent.
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In pharmacognosy, identifying and characterizing bioactive compounds from natural sources

such as plants, fungi, and marine organisms are vital for drug discovery and therapeutic

applications. Plant resources have been explored as a potential source of antimicrobial agents due

to their rich chemical diversity and long history of use in traditional medicine **. Given the

complex mixtures of compounds often found in these natural products, reliable assays for

evaluating biological activity, toxicity, and specificity are crucial. Therefore, combining rigorous

analytical methods such as high-performance liquid chromatography (HPLC) coupled with mass

spectrometry with bioassays for isolating and identifying molecules with potential

pharmacological efficacy is highly desirable. Phenotypic bioassays help to ensure the quality,

safety, and effectiveness of herbal medicines, supplements, and pharmaceuticals derived from

natural extracts. Accordingly, implementing accurate and sensitive assays is indispensable in

pharmacognosy, bridging the gap between traditional ethnomedicine and modern pharmaceutical

research. However, the lack of virulence-based scalable assays for plant pharmacognosy is a

bottleneck for discovering novel antivirulence molecules.

Dictyostelium discoideum, a soil-dwelling social amoeba, has emerged as a valuable model for

host-pathogen interactions and drug discovery 3. D. discoideum is amenable to high-throughput
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screening of natural product extracts and has been used as a host model system for several human

pathogens, including Mycobacterium tuberculosis °, Legionella pneumophila 7, Pseudomonas

aeruginosa 810 and Klebsiella pneumoniae ''. Some reports have used this invertebrate model

12-14.

system to screen the cytotoxicity of natural extracts'*~!4; however, few have simultaneously used

the social amoeba to screen potential anti-virulence drugs without cytotoxic side effects °.

Continuing with this effort, in this study, we established an easily scalable social developmental

assay in D. discoideum to evaluate the antivirulence activity and cytotoxicity of extracts from the

plant Helenium aromaticum against a virulent K. pneumoniae strain. The genus Helenium is part

of the Asferaceae family, one of the largest botanical families with numerous species with

traditional medicinal uses. It is distributed in the North and part of South America'>'® and

particularly, Helenium aromaticum has shown promising therapeutic potential, particularly its

sesquiterpene lactones 117,

RESULTS AND DISCUSSIONS.
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Preparation of plant extracts. The first objective required the preparation of extracts from various

parts of the H. aromaticum plant for the targeted screening of bioactive molecules capable of

attenuating the virulence of K. pneumoniaec RYC 492, a strain shown to be virulent over D.

discoideum ''. A total of six extracts were obtained, corresponding to the dichloromethane or

methanol extracts from flowers, foliage, or roots.

D. discoideum cytotoxicity and virulence assays of plant extracts. Second, using the social

amoeba D. discoideum as a model organism, we assessed the cytotoxicity of all the extracts based

on a previously described methodology !!. The assay operates on the principle that secondary

metabolites from various plant extracts if cytotoxic, will impede the social development of D.

discoideum by delaying its social cycle. Conversely, non-cytotoxic compounds will facilitate

social development's normal progression and culmination. According to this criterion, the six H.

aromaticum extracts were evaluated. The course of social development was considered within six

days under our experimental conditions, and three concentrations (25 pg/mL, 50 ug/mL, and 100

ug/mL) of the different extracts were evaluated. Usually, the amoeba completes the social cycle in

48 hours under these conditions. As shown in Figure 1, amoebae development was affected by all

the dichloromethane plant extracts (flowers, foliage, and roots). By day 3, the culmination of the
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amoeba's cycle was reached in the controls; however, in all dichloromethane extracts, even the

initial phases of the social cycle were not observed. Based on these observations, the
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Figure 1. Cytotoxic evaluation of dichloromethane extracts of H. aromaticum. A) Flowers, B)
Foliage and C) Roots. Statistical analysis was performed using a two-way ANOVA test with
multiple comparisons and Dunnett's post-test (n=9) (* = p < 0.05, ** =p < 0.005, *** =p <
0.001, ** ** = p < 0.0001). The red and blue arrowheads indicate the progression reached on day
3 and day 6, respectively.

All methanolic extracts that showed no cytotoxic effects on the amoeba were evaluated for their

antibiotic and antivirulence assets. As shown in Figure 2 and Table 1, the methanolic root extract

attenuated the virulence of K. pneumoniae RY C492 relative to the control without compromising

bacterial viability in the antibiosis assays. However, the methanolic extracts of foliage and flowers

(as shown in Figures 1S and 2S and Table 1) revealed neither antibiotic nor antivirulence activity

against K. pneumoniae RYC492. Finally, we assessed the antimicrobial activity of the

dichloromethane extracts from foliage and roots, with no antibiotic activity observed (Table 1). In

summary, only methanolic root extract mitigated K. pneumoniae RYC492 virulence.

Table 1. Antibiosis evaluation of H. aromaticum extracts against the virulent K. pneumoniae

RYC492 strain.

Concentrations Controls
Extracts Bacterial 25 50 100 C+ C+ C-
species pg/ml pg/ml pg/ml (KAN) (GEN) (ETHANOL
resistance 20%)

http://mc.manuscriptcentral.com/ptr
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dichloromethane
<
Stem-leaf - - +/- +/- +++ - g
(¢}
dichloromethane <]
=
Root - - +/- +/- +++ - 5
dichloromethane  g7Jepsiella =
=3
neumoniae =
Flower 7 - - +/- +/- +++ - 3
RYC 492 S
methanolic =
=
Stem-leaf - - +/- +/- +++ - E
methanolic s
Root methanolic - - +/- +/- +++ -

* Inhibition zone, including disc diameter (6 mm) average value of repetitions n=9.

(+++) = 1,8cm, (++) < 1,3 cm, (+) 0,9 cm, (+/-) £0,5 cm, (-) 0 cm, C — (negative control), C + (Kan) resistance

control, C + (GEN) positive control.

Chemical composition of plant extracts. Determining the chemical composition of compounds is

fundamental to the pharmacognosy process, as it guides and increases the likelihood of selecting

the most suitable extract for therapeutic applications. Thus, we employed high-resolution tandem

mass spectrometry to identify the predominant compounds present in the extracts. A total of 63

compounds were tentatively identified (Figure 3 and Table S1), where 47 compounds were

identified in the methanolic extract and 29 in the dichloromethane extract, with 13 compounds

common to both extracts. All these compounds were identified by UHPLC-
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Q/Orbitrap/ESI/MS/MS, which is a specific technique that identifies the compounds by their

molecular weight and their characteristic fragmentations.
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Figure 2. Evaluation of the cytotoxic (A) and antivirulence (B) activities of the roots methanolic
extracts of H. aromaticum. Statistical analysis was performed using a two-way ANOVA test with
multiple comparisons and Dunnett's post-test (n=9) (* =p < 0.05, ** =p < 0.005, *** =p <
0.001, ** ** = p < (0.0001).
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Regarding phenolic compounds, 9 were identified in the methanolic extract and one in the

dichloromethane extract. These compounds include dihydroxybenzoic pentoside and caffeic acid,

chlorogenic acid. Fourteen flavonoids were identified, encompassing glycosylated derivatives of

kaempferol, among others. Eleven terpenes were identified, primarily sesquiterpenic lactones,

including various helenalin derivatives. Peaks corresponding to glycosylated terpenes, such as 10-

hydroxyloganin and loganin, were also found. Other compounds, such as organic acids (succinic

acid) and carbohydrates (aldopentose), include six lipids, such as azelaic acid and pinellic acid.

Sixteen compounds remained unidentified.

In summary, of the 63 compounds identified, the predominant groups were phenolic compounds,

including terpenoids and flavonoids, likely associated with observed biological activity. For

instance, sesquiterpene lactones, such as helenalin and its derivatives, might be responsible for the

observed cytotoxicity, as previously reported '3!°. On the other hand, some flavonoids and

terpenes can be accountable for attenuated virulence, as previously reported for Klebsiella

pneumoniae .

Combining the phenotypic assays, which included antibiotic, cytotoxic, and antivirulence

evaluations, with chemical analysis can be crucial to discern both the antivirulence and cytotoxic
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components within the plant extracts. However, further experiments with purified chemical

candidates should be performed to conclusively ascertain the identity of the molecules responsible

for these observed activities.

A)
B)
100 33
80
60
N 3
40 42
o m 35* 1677 49*
é 20_: 33639" J“}?wh sz 60°
g ] Mf l“-"’\WM‘MW«--MWMJ,,,.uu
Q1 0— .
5 Ou ] b) 61
v ]
g 8
% ]
% 60
: 51*
40~ 52¢
] o 62*
] 39 4565 63
20— 2123;29* 33*p, o] B%
T *
n JJM‘.\ 2 A «J\u-f\-‘m.
0 T I‘ T T T T T T T T T T T T T T T T
0 5 10 15 30
Time (min)

Figure 3. A) Overview of the extraction and identification process of H. aromaticum plant
extracts. B) UHPLC-Q/Orbitrap/ESI/MS/MS chromatograms of the methanolic (green) and

dichloromethane (red) extracts from the root of H. aromaticum.

CONCLUSIONS
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Our study developed a platform to identify secondary metabolites or natural plant extracts from H.

aromaticum that attenuated K. pneumoniae virulence without affecting D. discoideum viability.

The amoeba-assisted pharmacognosy of plant resources valuation revealed that only methanolic

extract from H. aromaticumroots fulfilled these criteria. Our approach offers a sustainable method

to discover novel antivirulence agents, potentially leading to more targeted therapies with reduced

resistance risks compared to traditional antibiotics.

EXPERIMENTAL SECTION

Microbial strains and growth conditions. Various bacterial and amoebae strains were used in this

work. The Klebsiella pneumoniae RYC492 strain, recognized for producing the antibacterial

peptide microcin E492 and salmochelin siderophores and exhibiting resistance to both kanamycin

and ampicillin, was used for virulence assays. This strain was shown to be virulent over D.

discoideun?'. Routinely, Klebsiella aecrogenes DBS0305928 strain was used to support the growth

of D. discoideum ?*. For our amoebae experiments, we used the D. discoideum axenic strain AX4

(DBS0302402), which emerged as a spontaneous mutation from its parental strain AX3 and was

obtained from DictyBase Stock Center 23.
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Social development assays for cytotoxicity and K. pmeumoniae virulence evaluations in D.

discoideum. For the social development assays, SM agar plates embedded with a lawn of K.

aerogenes (pre-incubated at 37°C for 18 h) were employed '!. Cytotoxic evaluations of the six

plant extracts were conducted at 25, 50 and 100 pg/mL concentrations in 20% ethanol. Finally, the

same 20% ethanol solution was used as a control growth. Briefly, 5 pL of an axenic D. discoideum

cell suspension from selected subcultures (S3 to S5), at an exponential phase density of 2x10°

cells/mL, was used, totaling an inoculation of 10,000 amoebae cells. Plates were incubated at 23°

C, and social development was monitored for 6 days, tracking aggregation, elevation, and

culmination phases 2*. Scoring ranged from "1" for aggregated amoebae forming a phagocytosis

plaque to "3" for fully formed fruiting bodies, with transitions scored as half-values. Observations

were made every 24 hours over 6 days, and the data were plotted and analyzed using GraphPad

Prism.

H. aromaticum collection, extracts preparation and compound identification. The plant species

were collected from San Carlos de Apoquindo, Las Condes, Metropolitan Region, Chile, from

January to February 2018 at latitude (S): -33.40693, longitude (W): -70.50047. The species was

identified by Gloria Rojas Villegas, the Head of the Botanical Area and Herbarium at the National
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Museum of Natural History of Chile. The specimens were processed, deposited at the museum,

and identified as H. aromaticum (Hook.) L.H. Bailey with a voucher number 169131.

oNOYTULT D WN =

The plant samples were oven-dried at 37°C, ground, and macerated with dichloromethane and

15 methanol at room temperature for 72 h, repeating the process thrice with direct sonication for 1

18 minute and centrifugation at 10,000 xg. The extracted product was filtered and concentrated using

a rotary evaporator at 40°C, then stored at -20°C. For compound identification in H. aromaticum

25 extracts with either potential antivirulence or cytotoxic activity, an Ultra-High Pressure Liquid

28 Chromatograph coupled with a diode array detector and high-resolution mass spectrometer

(UHPLC-ESI-MS/MS) was employed. Sample preparation involved macerating ~3 g of the

35 species with methanol (three times, 30 ml each, for 3 days/extraction) to yield 10 mg of the extract.

39 ASSOCIATED CONTENT
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context, the inorganic polyphosphates (polyP) metabolism has gained considerable
interest as a novel therapeutic target due to its pleiotropic role in regulating various
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interest as a novel therapeutic target due to its pleiotropic role in regulating various
virulence factors in several bacterial pathogens. However, polyP metabolism in
Klebsiella pneumoniae remains poorly understood. Here, we study the molecular and
cellular biology of polyP metabolism mutants we have constructed by homology



recombination in the hypervirulent K. pneumoniae SGH10. We found that polyP
synthesis is essential for virulence in K. pneumoniae, as revealed by the deletion in
the polyP synthesis gene (ppkl) that affects bacterial virulence and biofilm formation.
To get into more details about molecular processes involved in these polyP mutant
phenotypes, global proteomic profiling of ppkl, ppx and double mutants was
performed using non-isotopic LC-MS/MS spectrometry. We found many known
differentially expressed virulence factors in our polyP mutants that may explain the
differential phenotypes between polyP synthesis (ppkl) and polyP degradation (ppx)
mutants. Our results confirm that polyP metabolism, particularly the enzyme
responsible for their synthesis, ppkl, is a good target for designing new antivirulence
drugs.
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