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RESUMEN 

La transferencia horizontal de genes y los elementos genéticos móviles (EGMs) juegan 

un papel fundamental en el desarrollo de patógenos bacterianos que presentan rasgos 

fenotípicos de relevancia clínica, como por ejemplo, resistencia a antibióticos o una mayor 

dotación de factores de virulencia. Este es el caso de cepas hipervirulentas de Klebsiella 

pneumoniae, causantes de abscesos hepáticos y otras infecciones metastásicas graves, las 

cuales cuentan con diversos genes asociados a la virulencia, parte de los cuales están 

codificados en EGMs. En particular, dichas cepas frecuentemente portan las islas 

genómicas GIE492 e ICEKp10, y el plásmido de virulencia pKpVP, aunque se desconoce 

la contribución relativa de cada uno de estos EGMs en distintas etapas del proceso 

infectivo. Hasta la fecha, el estudio de estas cepas hipervirulentas se ha descrito en 

modelos de hospedero mamíferos, los cuales presentan una serie de limitaciones éticas y 

de infraestructura. Por ello, tomando en cuenta las ventajas que ofrece el modelo Danio 

rerio (pez cebra)  y que sus larvas han sido usadas como hospedero de otras cepas de K. 

pneumoniae (no hipervirulentas), en esta Tesis se propuso estudiar la contribución relativa 

de estos EGMs en el proceso infeccioso de la cepa hipervirulenta modelo K. pneumoniae 

SGH10, usando larvas de pez cebra como modelo de hospedero. Para ello, se usaron 

métodos de infección por inmersión estática y microinyección localizada en la vesícula 

ótica, determinando que el modelo de pez cebra es adecuado para el estudio de estas cepas. 

Además, se observó que la capacidad de esta cepa de generar infecciones extraintestinales 
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reportada en mamíferos se recapitula en el modelo de pez cebra. Respecto a la 

contribución de los EGMs bajo estudio en la virulencia mediante ensayos de inmersión, 

no se observaron diferencias significativas en la colonización intestinal ni en la letalidad 

de la cepa SGH10, comparada con mutantes que carecen de uno o más EGMs. Junto con 

esto, en los ensayos de microinyección  se determinó que la cepa que carece del plásmido 

pKpVP presentó un menor grado de virulencia. En relación a la respuesta del sistema 

inmune ante las infecciones con estas cepas se observó que la mutante ΔICEKp10-GIE492 

y la cepa  curada del plásmido pKPvP presentaron un menor reclutamiento de neutrófilos 

en el sitio de infección, lo que sugiere que uno o más factores codificados en dichos EGMs 

contribuyen a la inmunogenicidad de estas cepas. 
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ABSTRACT 

Horizontal gene transfer and mobile genetic elements (MGEs) play a fundamental role in 

the development of bacterial pathogens that present clinically relevant phenotypic traits, 

such as antibiotic resistance or an increased number of virulence factors. This is the case 

of hypervirulent strains of Klebsiella pneumoniae, causing liver abscesses and other 

severe metastatic infections, which have several virulence-associated genes, part of them 

encoded in EGMs. In particular, such strains frequently carry the genomic islands GIE492 

and ICEKp10, and the virulence plasmid pKpVP, although the relative contribution of 

each of these EGMs at different stages of the infectious process is unknown. To date, the 

study of these hypervirulent strains has been described in mammalian host models, which 

present several ethical and infrastructural limitations. Therefore, taking into account the 

advantages offered by the Danio rerio (zebrafish) model and that its larvae have been used 

as a host for other (non-hypervirulent) K. pneumoniae strains, in this Thesis, we proposed 

to study the relative contribution of these EGMs in the infectious process of the 

hypervirulent K. pneumoniae SGH10 model strain, using zebrafish larvae as a host model. 

For this purpose, methods of infection by static immersion and localized microinjection 

in the otic vesicle were used, determining that the zebrafish model is suitable for studying 

these strains. In addition, it was observed that the ability of this strain to generate 

extraintestinal infections reported in mammals is recapitulated in the zebrafish model. 
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Regarding the contribution of the EGMs under study in virulence by immersion assays, 

no significant differences were observed in intestinal colonization or lethality of strain 

SGH10 compared to mutants lacking one or more EGMs. Conversely, in microinjection 

assays, it was determined that the strain lacking the pKpVP plasmid presented a lower 

degree of virulence. In addition, regarding the immune system's response to infections 

with these strains, the ΔICEKp10-GIE492 mutant and pKpVP-cured strain  presented 

lower recruitment of neutrophils at the site of infection, suggesting that one or more 

factors encoded in these EGMs would contribute to the immunogenicity of hypervirulent 

K. pneumoniae.
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1 INTRODUCTION 

1.1 Klebsiella pneumoniae 

Klebsiella pneumoniae is a Gram-negative Enterobacteriaceae species found in various 

environmental conditions and associated with mammalian mucosal surfaces. From a 

clinical point of view and given its opportunistic nature, it is highly related to nosocomial 

infections mainly associated with the urinary tract, bacteremia, and pneumonia (Podschun 

& Ullmann, 1998; Prokesch et al., 2016). Several virulence and resistance factors appear 

to be common in these classical strains, including efflux pumps, fimbriae, 

lipopolysaccharides (LPS), capsule, and siderophores. About 80 to 90% of Klebsiella 

pneumoniae strains contain the  blaSHV-1 β-lactamase gene that confers resistance to 

ampicillin and carbenicillin antibiotics (Chaves et al., 2001). Furthermore, around the 

1980s, strains resistant to multiple antimicrobial compounds began to appear, partly due 

to the ability of this species to acquire resistance genes through horizontal transfer and the 

strong pressure caused by the misuse of antibiotics in the hospital environment (Paczosa 

& Mecsas, 2016; Pendleton et al., 2013). 

 1.2 Hipervirulent Klebsiella penumoniae (hvKp) 

In the 1980s, Asian patients with pyogenic liver abscesses produced by Klebsiella 

pneumoniae strains, which also could spread metastatically, began to appear. These 

strains, when isolated on Luria-Bertani agar plates, had a hypermucoviscous phenotype, 
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which implies a positive string test,  which means  the ability to generate a viscous string 

>5mm when touched with a microbiology loop (Shon et al., 2013). Although the first 

appearances of these strains were associated with Asia, reports of cases have increased in 

different regions of the planet including North America, Europe, South America, Oceania 

(Decré et al., 2011; Fierer et al., 2011; Turton et al., 2007; Vila, 2011). Clinically, these 

strains can generate community-acquired infections in patients with no apparent 

comorbidity. These infections have the singularity to generate metastasic infections from 

intestinal colonization, characteristically producing pyogenic liver abscesses, meningitis, 

and endophthalmitis, among others (Choby et al., 2020; Ye et al., 2016).   

Phylogenetic analyses based on approximately 2000 core genes have shown that there are 

hundreds of clonal groups of Klebsiella pneumoniae, which can be distinguished based on 

their accessory genome content. This accessory genome has been developed due to 

horizontal gene transfer directed by chromosomal recombination and plasmid-mediated 

conjugation, as well as integrative conjugative elements (ICEs). These events have 

generated a great diversity of K. pneumoniae lineages. Within these, a number of clones 

produced represent a health hazard to both animals and humans. There are clonal groups 

encompassing strains resistant to multiple antimicrobial compounds, which are generally 

associated with hospital environments, and hypervirulent lineages, causing community-

acquired metastatic infections (Wyres et al., 2020). The phylogeny of 97 geographically 

diverse hvKp isolates showed that a high proportion (83.5% of all isolates studied) 

belonged to the CG23-I sublineage, which harbored several virulence factors associated 

with mobile gene elements (MGEs) (Lam, et al., 2018). MGEs are DNA segments, some 
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carrying virulence or resistance-associated genes, which may or may not integrate into the 

bacterial chromosome and could be transferred horizontally (Malachowa & Deleo, 2010). 

In particular, two genomic islands and one virulence plasmid were associated with the 

CG23-I sublineage. First, the ICEKp10 island, containing the ybt (siderophore 

yersiniabactin) and clb (colibactin genotoxin) genes, and second, the GIE492 island 

comprising the gene cluster to produce the antibacterial peptide microcin E492 

(MccE492) and the salmochelin siderophores. On the other hand, the virulence plasmid 

pKpVP contains the rmpA, rmpC and rmpD genes involved in the hypermucoviscous 

phenotype, along with the iro and iuc genes associated with the production of salmochelin 

and aerobactin siderophores, respectively (Lam, Wyres, Judd, et al., 2018). Although 

some of these genes encode known K. pneumoniae virulence factors, the relative 

contribution of ICEKp10, GIE492, and pKpVP to the hvKp virulence remains unknown, 

obscuring which of them suppose a higher risk upon acquisition by a K. pneumoniae 

strain.  

1.2.1 Virulence Factors associated with hypervirulent Klebsiella pneumoniae 

Pathogenicity on the host is determined by the ability of the microorganism to cause 

damage. Thus, virulence can be understood as relative  capacity of generating damage, 

because of the dependence of a  susceptible host. Taking into account these considerations, 

virulence factors are microbial components that alter the microorganism-host interaction, 

increasing the level of damage due to the capacity they confer to face the response of the 

affected organism (Casadevall & Pirofski, 2009). This includes not only those components 

that directly cause damage to cells or tissues but also those molecules that allow evasion 
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or modulation of host defense systems (Johnson, 2017). Thus, different categories of 

virulence factors can be observed according to the potential they confer, such as the ability 

to enter the host, evade its defenses, counteract the immune system response, and the 

possibility to acquire iron and nutrients from the environment, among others (Casadevall 

& Pirofski, 2009). 

Considering the above, Klebsiella pneumoniae strains have different and diverse virulence 

factors, including different siderophore systems. Siderophores are low molecular weight 

molecules (400-1000 kDa) with a high affinity for iron produced by these organisms under 

iron-deficient environmental conditions (Saha et al., 2012). The importance of these 

factors relies on the fact that iron is an essential element for the life of plants, animals, and 

microorganisms because it has ideal redox characteristics to participate in the electron 

transport chain and metabolic processes. However, there is low availability of Fe (III) in 

the environment. Therefore one of the strategies of plants, fungi and microorganisms for 

iron accumulation is the production of siderophores (Hider & Kong, 2010). As mentioned 

in the previous section, K. pneumoniae strains from different clonal groups associated 

with hypervirulence present different siderophore systems, such as salmochelin, 

yersiniabactin and enterobactin. These are associated with MGEs, so it is possible to find 

more than one of these systems in the different microorganisms (Lam et al., 2018; Wyres 

et al., 2020). 

The capsule is another relevant factor mediating K. pneumoniae virulence. To date, 79 

capsule serotypes have been described that can be found in the various strains of Klebsiella 
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pneumoniae (Pan et al., 2015). However, the hypervirulent strains are characterized by 

having mainly K1 or K2 serotypes (Yeh et al., 2010). Along with this, and as previously 

mentioned, another distinctive aspect is its hypermucoviscous phenotype. Capsule 

production and hypermucoviscosity have been related with evasion of the immune system 

response. Some evidence indicate that hypermucoviscocity acts mainly as an anti-

adhesion factor, while capsule production mediates resistance to phagocytosis by 

macrophages and other immune cells. In any case, it should be noted that although they 

are different characteristics, capsule production is necessary to generate the 

hypermucoviscous phenotype (Walker et al., 2020). 

The bacteriocin microcin E492 is an antimicrobial peptide with toxic activity against 

several Enterobacteriaceae species, which can be presented in two forms. An active form, 

post-translationally modified by the covalent binding to its C-terminus of a salmochelin 

molecule, or an unmodified (inactive) form. The bactericidal capacity of MccE492 lies in 

the formation of pores in the plasma membrane, acting mainly on bacterial cells 

expressing the catechol siderophore receptors FepA, Fiu and Cir that mediate their 

internalization into the periplasm of the target cell (Lagos et al., 2009; Lagos et al., 1993; 

Riley & Gordon, 1999). However, the role of the production of this peptide in the context 

of infection is unknown. 

Additionally, colibactin is a genotoxic polyketide that induces DNA double-strand breaks. 

Its activity depends on direct contact with host cells and can cause cell cycle arrest or even 

apoptosis (Faïs et al., 2018; Taieb et al., 2016). So far, it is unclear whether colibactin 
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plays a role in the pathogenesis of hypervirulent strains of K. pneumoniae. 

Among strains of this species studied as models of hvKp, K. pneumoniae NTUH K2044 

was used for experimental work and infection assays. However, this strain does not encode 

colibactin determinants and has ICEKp1 instead of ICEKp10, which is more prevalent 

within CG23. More recently, the clinical isolate SGH10 was proposed as more 

representative of hvKp, which was obtained in 2014 from a liver abscess of a 35-year-old 

patient with no comorbidities from Singapore. This strain has the phylogenetic 

characteristics mentioned above, as well as the described mobile gene elements and 

virulence factors (Lam, et al., 2018). 

1.3 Infection models to study K. pneumoniae pathogenesis 

Historically, mammalian models have been used to study different aspects of pathogens' 

virulence. However, given their economic, instrumental, and ethical limitations, 

alternative host infection models have been developed. In this context, Danio rerio 

(zebrafish) has become a validated model for the study of host-pathogen interactions as 

well as human infectious diseases (Torraca et al., 2014; Varas et al., 2017; Vergunst & 

O‘Callaghan, 2014). Among their advantages is the optical transparency that allows 

visualization of the infectious process in vivo in a non-invasive way. Also, the wide 

availability of transgenic lines having different fluorescence-labeled cell lineages enable 

observe physiological changes response to infections (Astin et al., 2017; Saraceni et al., 

2016; Wang et al., 2019). In addition, this model has an innate immune system sharing 

conserved features with the immune system of mammals, including the major components 
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of the signaling pathways, and where about 70% of human genes have an orthologue in 

zebrafish (Howe et al., 2013; Stein et al., 2007).  

The first immune response  avialable during zebrafish development is the innate response, 

while the adaptive one is functional from the fourth-week post fertilization, allowing these 

responses to be studied separately (Benard et al., 2012; Meeker & Trede, 2008). This 

characteristic of the zebrafish larvae model allows to study how the components of the 

innate immune system (mainly macrophages and neutrophils) interact with various 

pathogens, including human pathogens. Macrophages capable of phagocytosing 

microorganisms have previously been recorded in zebrafish as early as 28 hours post 

fertilization (hpf), and functional neutrophils in larvae from 32 to 48 hpf have been 

recorded too (Harvie & Huttenlocher, 2015; Herbomel, 1999). 

Previous work by our research group successfully used zebrafish larvae to compare the 

virulence of three strains of K. pneumoniae, measuring lethality, intestinal colonization 

and immune cell recruitment by static immersion experiments and bacterial injection into 

the otic vesicle (Marcoleta et al., 2018). However, although one of the strains showed 

increased virulence over zebrafish larvae, none corresponded to hypervirulent strains. 

Thus, further studies are required to test the utility of this host model in studying the 

pathogenesis of hvKp. Moreover, if suitable, this model could be used to study the 

contribution of the different characteristic mobile genetic elements associated with hvKp 

to the virulence of this priority bacterial pathogen. 
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Given the background described above, and considering that 1) hypervirulent K. 

pneumoniae are a critical concern pathogen 2) most hvKp carry the GIE492 and ICEKp10 

genomic islands and the pKpVP plasmid 3) zebrafish larvae have shown to be a suitable 

model to study K. pneumoniae virulence and 4) we have access to the hypervirulent model 

strain K. pneumoniae SGH10 and mutant derivatives lacking the mentioned mobile 

elements; in this work, we propose to study the relative contribution of these mobile 

elements in the K. pneumoniae virulence over zebrafish larvae. 

1.4 Hypothesis 

Based on the described above, the following working hypothesis is proposed: 

The mobile gene elements pKpVP, GIE492, and ICEKp10 contribute to hypervirulent 

Klebsiella pneumoniae pathogenesis over the zebrafish host model.  

1.5 Objectives  

1.5.1 General Objective 

To evaluate the relative contribution of the mobile genetic elements pKpVP, GIE492, and 

ICEKp10 to the virulence of hypervirulent K. pneumoniae on zebrafish larvae. 

1.5.2 Specific Objectives 

1) To evaluate the role of the mobile genetic elements pKpVP, GIE492, and ICEKp10 on 

the hvKp lethality over zebrafish larvae. 
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2) To evaluate the role of the mobile genetic elements pKpVP, GIE492 and ICEKp10 on 

the hvKp intestinal and extra-intestinal colonization of zebrafish larvae. 

3) To determine the contribution of the hvKp mobile elements pKpVP, GIE492, and 

ICEKp10 to elicit a zebrafish innate immune cell response.  
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2. MATERIALS AND METHODS 

2.1 Bacterial strains and growth conditions 

The Kp SGH10 strain was kindly provided by Prof. Yunn Hwen Gan from National 

University of Singapore. The mutant strains SGH10 ΔICEKp10, SGH10 ΔGIE492, 

SGH10 ΔICEKp10-GIE492, and the SGH10 pKpVP-cured strain were obtained 

previously by Dr. Andrés Marcoleta by mutagenesis procedure which was performed by 

assembly, conjugation, and homologous recombination of conditional suicide plasmids, 

for subsequent counter-selection with sucrose and tetracycline. This was performed 

following the protocol described by Tan et al. 2020  

 

Table 1. Bacterial strains and plasmids used in this work 

Bacterial strain or plasmid Genotype or comments Source/Reference 

Klebsiella pneumoniae 

SGH10 

Model hypervirulent strain 

isolated from a patient with 

liver abscess in Singapore 

(2014).  

(Lam et al., 2018), 

available from ATCC. 

Kindly provided by Prof. 

Yunn Hwen Gan from the 

National University of 

Singapore. 

 

Klebsiella pneumoniae 

SGH10 ΔGIE492 

Deletion of the complete 

GIE492 genomic island  

 

Laboratory collection 

Klebsiella pneumoniae 

SGH10 ΔICEKp10 

Deletion of the complete 

ICEKp10 genomic island  

 

Laboratory collection 

Klebsiella pneumoniae 

SGH10 ΔICEKp10-GIE492 

Deletion of both genomic 

islands (GIE492 and 

ICEKp10)  

Laboratory collection 
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Klebsiella pneumoniae 

SGH10 pKpVP-cured 

Lacking the virulence 

plasmid pKpVP 

 

Laboratory collection 

Klebsiella pneumoniae 

SGH10 ΔwcaJ 

Deletion of the wcaJ gene 

encoding a 

glycosyltransferase 

indispensable for capsule 

production. 

 

Laboratory collection 

Klebsiella pneumoniae 

DBS0305928 (KpGe) 

Avirulent strain, 

previously used by our 

research group 

 

Laboratory collection. 

Available from the Dicty 

Stock Center 

pBBR-sfGFP Constitutive expression of 

the sfGFP protein, Kanr. 

 

Kindly provided by Prof. 

Yunn Hwen Gan from the 

National University of 

Singapore. 

pBBR-mApple Constitutive expression of 

the mApple protein, Kanr 

 

Kindly provided by Prof. 

Yunn Hwen Gan from the 

National University of 

Singapore. 

2.2 Growth conditions 

Bacterial isolates were routinely grown in Luria-Bertani (LB) (10 g/L tryptone, 5 g/L yeast 

extract, 5 g/L NaCl) agar plates with the respective antibiotics at 37°C (Car 50 µg/mL, 

Kan 50 µg/mL). All work with bacteria was performed in a biosafety cabinet class II type 

a2, complying with all the necessary biosafety measures. 

2.3 Danio rerio (zebrafish) 

The embryos used were obtained from the fish hatchery ZAR-II managed by Dr. Miguel 

Allende's research group, complying with all the norms approved by the Ethics Committee 

of the Universidad de Chile. All the zebrafish embryos, Tab5 and transgenic line 

Tg(MPO:GFP) (Renshaw et al., 2006), were collected by natural spawning. Embryo 
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developmental stages are expressed in hpf. 

The fertilized embryos were maintained at 28°C in E3 medium (5 mM NaCl, 0.17 mM 

KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, equilibrated to pH 7.0, with methylene blue until 

24 hpf in Petri dishes (50 embryos/dish) (Westerfield, 2000), maintaining a photoperiod 

of 14 h of light and 10 h of darkness. The embryo medium was replaced daily with clean 

medium. 

2.4 Lethality assays 

For lethality assays, an adaptation of the immersion infection protocol developed by Varas 

et al., 2017 was performed (Figure 1). This was carried out using 48 hpf Tab5 zebrafish 

larvae dechorionated using forceps and reserved until processing. In parallel, bacterial 

suspensions of strains K. pneumoniae SGH10, the mutant derivatives (ΔICEKp10, 

ΔGIE492,  ΔICEKp10 ΔGIE492 (ΔICEKp10-GIE492), ΔwcaJ),  KpGe and pKpVP-cured  

were made . When required for visualization by fluorescence microscopy, the strains were 

transformed with the pBBRsfGFP plasmid and then grown on LB plates with Car and Kan 

(50 µg/mL). First, bacterial suspensions were made in 50 mL falcon tubes with sterile E3 

medium using sterile swabs to pick up and disperse the bacterial colonies and then shaking 

with vortex at maximum speed until complete homogenization. Then, the suspensions 

were adjusted to an optical density at 600 nm (OD600)=1.4  (equivalent to ~1x109 

CFU/mL, according to viable bacteria recount by serial dilution and plating on LB-agar 

with the respective antibiotics). Afterwards, using 6-well plates, 10 to 15 larvae were 

deposited in wells containing 4 mL of sterile E3 medium and 4 mL of the bacterial 
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suspensions. Each condition was assayed in duplicates completing approximately 30 

individuals, including the control condition only with  sterile E3 medium (lacking 

bacteria).  

The plates with infected larvae were incubated at 28°C for up to 48 h, keeping the 

respective photoperiod. Survival was recorded every three hours during the first 9 hours 

post exposition (hpe), and then recorded again at 24 hpe and 48 hpe. To evaluate the 

survival, tactile stimulation was performed on the tail of the individuals and visualization 

by Zeiss Stemi 305 stereomicroscope of the heartbeat when confirmation was needed. The 

dead larvae in each register were removed  under the necessary biosecurity provisions. 

Kaplan-Meier survival curves were constructed with the data obtained using GraphPad 

Prism version 8.0.1 software. Statistical analysis was performed with the same software 

using 2-way ANOVA tests with Bonferroni's multiple comparison post-test. 
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2.5 Intestinal colonization assays 

These experiments were adapted from similar methods developed by Marcoleta et al., 

2018 (Figure 2). Cell suspensions were obtained as described above, and the strains used 

were SGH10 WT, ΔICEKp10, ΔGIE492, ΔICEKp10-GIE492, pKpVP-cured and KpGe 

,all strains used were transformed with the pBBR-sfGFP plasmid. The ΔwcaJ strain was 

not used in these assays because the report describing and validating this strain as an 

SGH10 avirulent mutantwas after the completion of this objective. Unfortunately, due to 

severe problems in the zebrafish hatchery caused by the COVID-19 pandemic, we were 

unable to obtain more larvae to test the mentioned mutant a posteriori   

Figure 1. Workflow of the zebrafish larvae lethality assays to test the killing capacity of 

KpSGH10,the mobile genetic elements mutants (ΔICEKp10, ΔGIE492, ΔICEKp10-

GIE492 ) and pKpVP-cured strain over 48 hpf zebrafish larvae. 
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Ten to fifteen 72-hpf Tab5 zebrafish larvae were placed per well in a sterile 6-well plate 

with 4 mL of sterile E3 medium and 4 mL of the cell suspension (~1x109 CFU/mL), each 

condition was assayed in duplicates completing approximately 30 individuals. The larvae 

were incubated at 28°C for 24 h. After this, the surviving larvae were washed and 

transferred to  sterile E3 medium, then incubated at 28°C to complete 48 hpe. Both 

incubation processes were performed with the respective light/dark cycles, and in each 

condition, we worked with duplicates adding the control condition only with sterile E3 

medium. 

Bacterial colonization was recorded using an Olympus MVX10 fluorescence 

stereomicroscope. Prior to imaging, zebrafish larvae were anesthetized with 0.01% 

tricaine methanesulfonate and mounted on 1% low melting point E3-agarose plugs. For 

quantitative assessment of intestinal colonization, the gastrointestinal tract of the larvae 

was divided into three segments: anterior, middle and posterior. Based on the level of 

fluorescence and as was made by Marcoleta et al., 2018, four grades were established: (0) 

no colonization, (1) low colonization, (2) intermediate colonization and (3) high 

colonization. Each segment was evaluated with the mentioned colonization degrees.  

Histograms were obtained by compiling the different scores obtained in the photographs 

using GraphPad Prism software version 8.0.1. Statistical analysis was performed with the 

same software using 1-way ANOVA tests using the Kruskal-Wallis test for multiple 

comparisons. 
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2.6 Microinjection assays 

To assess neutrophil recruitment, we adapted a microinjection protocol previously 

described by Marcoleta et al., 2018 (Figure 3). Due to the complexity of the set-up and 

the technical limitations of the equipment, four strains were selected to develop this 

protocol. Bacterial suspensions in PBS buffer were prepared from SGH10 WT, 

ΔICEKp10-GIE492, KpVP-cured and ΔwcaJ strains transformed with the pBBRmApple 

plasmid, adjusting the cell concentration to reach OD600=1.4. From these suspensions, 

between ~5x103 and ~1x104 CFU in a volume of 3 nL were injected into the otic vesicle 

Figure 2. Workflow of the assays to evaluate the ability of SGH10, their derived mutants 

(ΔICEKp10, ΔGIE492,  ΔICEKp10-GIE492 ) and pKpVP-cured strain to colonize the 

intestine of 72-hpf zebrafish larvae. Photographs were taken with Olympus MVX10 

fluorescence stereomicroscope. 
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of MPO:GFP transgenic larvae. A micromanipulator with needles loaded with the 

different suspensions was used to perform the microinjections. The procedure was made 

with larvae previously anesthetized with 0.01% tricaine methanesulfonate and mounted 

on low melting point 1% agarose plugs. At the end of the injections, each needle was 

discharged into a 200 µL eppendorf containing sterile PBS, with which serial dilutions 

were performed, and viable cells were counted on LB agar plates with Car and Kan. 

Control larvae were injected with sterile PBS at the same site. After the injections, the 

larvae were removed from their plugs to be mounted again in 1% low melting point 

agarose rotated 180° around their anteroposterior axis. This last step was necessary for 

optimal visualization of the injected vesicle in an inverted microscope setup used to 

perform live-cell imaging. Once the larvae were in their final position, images were 

captured using a Lionheart FX automated microscope (Agilent), programmed to take 

pictures of each larva every 10 min for 24 h in the bright field, GFP and RFP channels, in 

different Z-planes of the correctly infected larvae. The equipment maintained the humidity 

and temperature (28°C) conditions necessary for the individuals. After 24 h of monitoring, 

the larvae survival was recorded by visualizing the heartbeat in the heart region through 

the Lionheart FX microscope. Finally, the tracked individuals were dismounted from their 

agarose plugs to be processed and count viable cells by adapting the protocol of Mostowy 

et al., 2013. To do this, the larvae were removed and separated individually in 1,5 mL 

Eppendorf tubes, then, 100 µL of lysis buffer (Triton X-100 at 0.2% in 1X PBS buffer ) 

were added and resuspension movements were performed with the pipette. After this, the 

tubes were vortexed at maximum speed for 5 min. Serial dilutions were performed in 

sterile PBS to count viable cells. 
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From the images collected using Gen5 version 3.11 software, the total fluorescence 

intensities of each image in the different channels were obtained, limiting the 

measurement only to the area circumscribed to the otic vesicle of the larvae. These data 

were plotted using GraphPad Prism version 8.0.1 software. Statistical analysis was 

performed with the same software using a mixed-effects analysis test. The lethality and 

bacterial load data obtained using this method of infection were plotted and subsequently 

analyzed statistically using 1-way ANOVA tests and subsequent multiple comparisons 

through the Kruskal-Wallis test. 

 

Figure 3. Workflow of the microinjection assays to evaluate the neutrophil recruitment to 

the otic vesicle of zebrafish larvae after infection with the SGH10 strain, the derived 

mutants, ΔICEKp10-GIE492, ΔwcaJ and pKpVP-cured strain. Monitoring was performed 

for 24 h using Lionheart FX automated microscope. 



19 

 

3. RESULTS 

3.1  Role of the pKpVP, GIE492, and ICEKp10 elements in the hvKp lethality over 

zebrafish larvae 

To determine the role of these elements, static immersion lethality experiments were 

performed. As negative controls, we used K. pneumoniae SGH10 ΔwcaJ, with impaired 

capsule production and shown to be avirulent in a murine infection model (Tan et al., 

2020), and KpGe, previously shown to be avirulent over zebrafish larvae (Marcoleta et al. 

2018). As expected, these control strains caused almost no lethality, while SGH10 killed 

roughly 70% of larvae after 24 h of infection (Figure 4). No significant differences in the 

killing were observed when comparing the infections made with SGH10 and the strains  

lacking one or more mobile genetic elements (pKpVP, ICEKp10, GIE492). Therefore, 

thefactors encoded in the mobile elements studied would not significantly contribute to 

hvKp lethality over zebrafish larvae. 
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3.2  Role of pKpVP, GIE492, and ICEKp10 in the hvKp colonization of the 

zebrafish gut and its extra-intestinal dissemination 

To compare the intestinal colonization levels of the different strains under study, a static 

immersion infection protocol was carried out with Tab5 larvae. In this case, 72-hpf 

individuals were used to minimize larval mortality and allow us to evaluate gut 

colonization. In order to quantify the intestinal colonization levels in the larvae, we scored 

the intestinal colonization according to the level of fluorescence observed in the 

photographs (Figure 5). Similar colonization levels were observed in the different gut 

segments among SGH10 and the different mutants lacking the mobile genetic elements, 

while only KpGe showed a significantly reduced colonization in all the tracts  (Figure 

6a,b,c). A similar situation was observed when comparing the total score, calculated as 

Figure 4. Zebrafish larvae survival upon hvKp infection by static immersion. Survival 

percentages after lethality protocols by static immersion. Statistical analysis was 

performed by two-way ANOVA test with multiple comparison and Bonferroni post-test. 

(After 10 biological replicates n= Wt 193, ΔICEKp10 156, ΔGIE492 167, pKpVP-cured  

167, ΔICEKp10-GIE492  181, KpGe 165, ΔwcaJ 65, Control 196) (*= p < 0.05). 
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the sum of the scores for the three segments of each larva (Figure 6d). 

 

  

 

Figure 5. Representative images of intestinal colonization by K. pneumoniae upon 

zebrafish larvae infection by static immersion at 48 hpe. Scale bar: 500 µm.  
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Figure 6. K. pneumoniae colonization of zebrafish larvae gut upon infection by static 

immersion. Histogram of the scores obtained for each strain in the different intestine 

segments. (a) Anterior intestine, (b) Middle intestine, (c) Posterior intestine, (d) Total 

Score. Statistical analysis was performed by 1-way ANOVA test and using the Kruskal-

Wallis test for multiple comparisons. (After 7 biological replicates n= Wt 74, ΔICEKp10 

74, ΔGIE492 87, pKpVP-cured 84, ΔICEKp10-GIE492  103, KpGe 98, Control 74) (*= p 

< 0.05, ***= p =0.0001, ****= p <0.0001). 
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Subsequently, the same photographic records were used to evaluate the different strains 

capacity to generate extra-intestinal colonization (Figure 7a). However, in this case, the 

occurrence of fluorescent bacteria outside the intestinal tract was evaluated (Figure 7b). 

Between 7 and 9% of the larvae infected either with SGH10 or the mutants lacking the 

mobile elements showed extra-intestinal infections, a frequency considerably higher than 

in the case of KpGe. This result confirms that hvKp has an increased tendency to generate 

this kind of infections, as observed in other animal models. The extra-intestinal infection 

was always accompanied by gut colonization, suggesting that the latter occurs first, 

followed by bacterial dissemination to other organs. Finally, the factors encoded in the 

genetic mobile elements studied seem to have limited relevance in the intestinal and extra-

intestinal colonization of zebrafish larvae. 
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3.3 Contribution of pKpVP, GIE492 and ICEKp10 to hvKp immune cell 

recruitment and evasion 

To evaluate the zebrafish innate immune response elicited against hvKp and the mutants 

lacking the mobile genetic elements under study, a live-cell imaging protocol was 

developed, taking advantage of the optical transparency of this host model. Specifically, 

bacterial microinjections were performed in the otic vesicle of MPO:GFP larvae to 

generate localized infections with 104 CFU approximately. Once the larvae were injected, 

they were mounted on 1% LMP agarose plugs with 0.1% tricaine to be visualized through 

the Lionheart FX microscope, monitoring the infections for 24 h, obtaining time-lapse 

Figure 7. Zebrafish larvae extraintestinal infection by K. pneumoniae SGH10 and 

derivated strains. (a) Representative image of extraintestinal colonization. In the upper 

part, a larva with only intestinal colonization is observed. In the lower image, the point 

corresponding to the extraintestinal colonization developed by the individuals is marked 

with a red arrow. Scale bar, 500µm. (b) Histogram of extraintestinal infection 

percentages developed by zebrafish larvae during intestinal colonization assays. 
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images of neutrophils and the different bacterial strains. The innate immune cells 

recruitment upon infection and the replication capacity of SGH10, pKpVP-cured strain 

and the mutants ΔICEKp10-GIE492  and ΔwcaJ (avirulent control), were evaluated by 

measuring total fluorescence intensity over time. Figure 8 shows representative images of 

the infection time course with the different strains.  

 

 

 

a 
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From 8 biological replicates, 7 to 11 individuals were selected and analyzed for each 

condition. The total fluorescence intensity of both GFP and RFP was quantified every two 

hour, considering only the area circumscribed to the otic vesicle (Figure 9). 

Figure 8. In vivo time-lapse visualization of bacterial load and neutrophil recruitment 

upon bacterial injection into the otic vesicle. Images show merged GFP and RFP channels 

every 2 h after infection (RFP: bacteria, GFP: neutrophils). Representative image series 

of the infection with SGH10 (a), ΔICEKp10-GIE492  (b) pKpVP-cured (c), ΔwcaJ (d), 

or the mock injection with PBS (e) are shown. 

 

 

 

e 
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To compare the behavior upon injection of the different bacterial strains and the 

subsequent neutrophil recruitment, we performed an aggregated data analysis (Figures 10 

and 11). Every point in Figure 10 represents the average total green fluorescence intensity 

at each time, normalized by the values obtained for the mock control. The SGH10 

infection showed higher neutrophil recruitment compared to the infections performed with 

the mutant strains, while the pKpVP-cured strain showed the lowest recruitment among 

the mutants. This is in agreement with the reference images, where no neutrophil 

confinement to the infection zone was observed at any time evaluated (Figure 8c). Figure 

11 shows the total red fluorescence intensity over time of the different bacterial strains 

Figure 9. Total fluorescence intensity of GFP (neutrophils) and RFP (bacteria) over time 

upon injection of the different K. pneumoniae strains in the otic vesicle of zebrafish larvae. 
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upon injection, as a measure of bacterial load, which remained constant between the 

different conditions. It is also observed that the initial bacterial load of the wild-type strain 

would be higher than that of the rest of the strains; however, as shown in Figure 9a and 

Figure A2 (Annex), this phenomenon is influenced by the elevated fluorescence in GFP 

due to the high recruitment of neurotrophils. Therefore, the measurement of bacterial load 

by this approach has limitations that must be considered. 

 

Figure 10. Total green fluorescence intensity over time of selected larvae upon bacterial 

injection. ΔTIx-ΔTIc represents the adjustment made to the total fluorescence intensity 

of the strains studied by subtracting the background fluorescence intensity obtained from 

the control (inoculation with PBS followed for 24 h). Statistical analysis was performed 

by mixed-effects analysis test. (n= Wt 10, pKpVP-cured 9, ΔICEKp10-GIE492  7, ΔwcaJ 

9, Control 11) (***= p< 0.0001). 
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After 24 h, the survival of all the monitored individuals was recorded, and the larvae were 

also processed to count viable bacteria by micro drop plating on LB plates with the 

respective antibiotics to compare the bacterial loads. Figure 12, which shows the CFU/mL 

ratio after 24 h of infection by microinjection of the different strains, shows that in all 

cases, the bacteria can replicate and increase their number after the incubation period; 

however, there are no significant differences between the different treatments. In addition, 

the bacterial load data associated with fluorescence (Figure 11) does not agree with that 

observed by bacterial titers. Figure 13 shows the survival percentages of the larvae that 

were monitored, where it can be observed that infections with strains SGH10 and 

ΔICEKp10-GIE492 show similar levels of survival (50% and 41%, respectively), while 

Figure 11. Total red fluorescence intensity over time of selected larvae upon bacterial 

injection. Statistical analysis was performed by mixed effects analysis test (n= Wt 10, 

pKpVP-cured 9, ΔICEKp10-GIE492  7, ΔwcaJ 9, Control 11) (***= p< 0.0001). 
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survival after infection with pKpVP-cured strain was 80%, which suggests a decrease in 

the virulence of this strain compared to the wild strain. Finally, infection with strain ΔwcaJ 

showed no mortality among individuals. 

 

 

 

 

 

Figure 12. Ratio of change of CFU/mL in zebrafish larvae after 24 h of infection by 

microinjection inoculation of SGH10 strain, pKpVP-cured and ΔICEKp10-GIE492 , 

ΔwcaJ mutants. Statistical analysis was performed by 1-way ANOVA test (n= Wt 10, 

pKpVP-cured 10, ΔICEKp10-GIE492  11, ΔwcaJ 12). 
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Figure 13. Percent survival of zebrafish larvae after 24 h of injection into the otic 

vesicle of SGH10, pKpVP-cured and mutants ΔICEKp10-GIE492 , ΔwcaJ. (n= Wt 

10, pKpVP-cured 10, ΔICEKp10-GIE492  11, ΔwcaJ 12). 
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4. DISCUSSION  

4.1 Mobile genetic elements of Klebsiella pneumoniae SGH10 and their relative 

contribution in virulence on the alternative model Danio rerio 

Zebrafish larvae have been very useful as an alternative to the murine model to study 

bacterial pathogenesis because of its optical transparency and the conserved features of its 

innate immune system with mammals’ one (Shan et al., 2015). Thus, it has been 

successfully used to study the virulence of Clostridioides difficile, Escherichia coli, 

Salmonella enterica, Mycobacterium tuberculosis, Shigella flexneri, and other 

microorganisms of global concern (Hou et al., 2016; Li et al., 2020; Mazon-Moya et al., 

2017; Roca et al., 2019; Tyrkalska et al., 2016). Another microorganism of worldwide 

concern is K. pneumoniae, a species that in the last 30 years has developed multiresistant 

strains to antimicrobial compounds, as well as hypervirulent strains (Marr & Russo, 2019). 

The latter have been previously studied using the murine model and to date there is no 

literature describing the study of hypervirulent strains using the zebrafish model. 

Considering these advantages, we leveraged the zebrafish model to study the pathogenesis 

of hypervirulent K. pneumoniae SGH10 and evaluate the relative contribution of the 

characteristic mobile genetic elements carried by these strains in different aspects and 

stages of the infectious process. 

In the static immersion survival assays, no significant differences were observed when 

comparing the wild-type strain and the mutants lacking the mobile elements, indicating 
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that the absence of these elements would not attenuate the killing capacity of these strains. 

However, significant differences were obtained when observing the survival percentages 

after inoculation by microinjection. In particular, the larvae infected with the pKpVP-

cured strain reached 80% survival, while the wild-type and ΔICEKp10-GIE492 strains 

reached around 41%. The discrepancy in the results obtained between these assays may 

be due to an effect caused by the infection methods used. In previous work comparing the 

proteomic profiles of zebrafish larvae infected with P. aeruginosa either by static 

immersion or caudal artery injection, only larvae infected by static immersion presented 

a strong response to hypoxia through the HIF pathway (Díaz-Pascual et al., 2017). This 

result suggests that during the immersion in a bacterial suspension, a decrease in oxygen 

in the medium would occur, possibly causing additional stress and affecting the larvae 

health and thus the outcome of the infection. 

On the other hand, no significant differences were found in the intestinal colonization 

levels comparing the wild-type strain and the mutants lacking the mobile elements. 

Additionally, there was a tendency towards less colonization in the posterior segment of 

the digestive tract, which may be related to the stage of development in which the 

individuals were used. In this regard, at 76 hpf the intestinal folds have only developed in 

the anterior and middle segments, and although the intestine of the larvae at this stage is 

already functional and has peristaltic movements, only on the seventh day post 

fertilization the digestive system of the larvae is fully functional (Flores et al., 2020).  
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Another phenomenon studied was the possible occurrence of secondary extraintestinal 

infections along with intestinal colonization. Although no differences were observed 

among the strains tested, it was possible to distinguish that all the infections observed 

were present in the same location. Therefore, taking into account the stage of larval 

development and comparing the anatomical positioning of this point with that described 

by Chu & Sadler, 2009, this secondary infection site would correspond to the liver of the 

individuals, but we do not dispose of transgenic lines or hybridization probes to 

corroborate this. However, another possibility is the spleen primordium, which would 

agree with what observed by Tu et al., 2009 in a murine model, where after intestinal 

colonization with a clinical isolate of K. pneumoniae K2 (capable of producing liver 

abscesses), the presence of bacteria was first observed in this organ before the liver. To 

date, although there is no literature describing the organogenesis of the spleen in zebrafish 

larvae, it is known that in adult individuals it is adjacent to one of the hepatic lobes (Menke 

et al., 2011), and also that the splenic veins communicate with the hepatic portal system, 

so it cannot be excluded that the infection observed in our images is in the spleen (Milz & 

Nilsson, 1969). Although it is not possible to determine which organ would be affected 

by this metastatic infection, these results confirm the capacity of this model as host of the 

hypervirulent strain SGH10 and of this pathogen to generate extraintestinal infections 

after colonization of the gastrointestinal tract, as observed in human infections. 

Considering that the capsule and hypermucoviscosity are involved in the evasion of the 

host immune system (Siu et al., 2012; Walker et al., 2020), we examined the possible 

differences that may exist in the response of the innate immune system to infection with 
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the wild type strain and the mutants. For this purpose, microinjection of the different 

bacterial suspensions into the otic vesicle of MPO:GFP individuals was used as a method 

of infection in order to generate a localized infection that would allow us to observe how 

the cells reach the site (Sullivan et al., 2017). The infections with the mutant strains 

presented less neutrophil recruitment to the inoculated site than the wild type, being the 

pKpVP-cured strain  which showed the least recruitment.  

These results indicate that one or more factors encoded in the mobile genetic elements 

would contribute to elicit an immune host response. In this context if we look at the 

genomic islands, the ΔICEKp10-GIE492 mutant lacks the genomic island GIE492, which 

has genes to produce the salmochelin siderophores and microcin E492, and the ICEKp10 

island, which has genes to produce the siderophore yersiniabactin and the genotoxin 

colibactin. Until now, although it is known that microcin E492 is an antimicrobial peptide 

that would inhibit the growth of other microorganisms competing for the same 

siderophores (Lagos et al., 2009), no clear role has been established during host infection. 

Regarding colibactin, it has been described in works associated with the murine model 

that, in infections associated with the digestive tract, it has had inflammatory effects due 

to its capacity to activate the senescence-associated secretory phenotype (SASP) (Kaur et 

al., 2018). Once the cells are in this state, the secretion of inflammatory cytokines (TNF-

α, IL-6, IL-8, IL-1β, among others) and chemokines (GM-CSF, CCL2, 3, 4, and 5, among 

others) increases in nearby tissues, which are signals to initiate an immune response that 

includes the recruitment, infiltration and action of neutrophils (Prata et al., 2018).  
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On the other hand, concerning the siderophores encoded in this islands, it was previously 

described by Holden et al., 2015 that, in a murine infected with a K. pneumoniae strain 

associated with pneumonia, which produced both enterobactin and the two siderophores 

already mentioned, the presence of these three chelators induces the production of the 

cytokines IL-6, CXCL1 and CXCL2, where the latter two function as chemoattractants 

for neutrophils (Bachman, 2016; De Filippo et al., 2013). Thus, the absence of these 

genomic islands could reduce neutrophils recruitment to the inoculated area due to both 

the absence of pro-inflamatory colibactin and iron chelators that promote the production 

of chemoattractants for immune cells. Further studies are needed to determine the separate 

contribution of these islands in the neutrpohil recruitment. However, it should be noted 

that the pKpVP-cured strain lacking the virulence plasmid, although maintains the islands, 

did not produce neutrophil recruitment upon infection. This behavior can be explained by 

differences in the phenotype of the strains, sincethe ΔICEKp10-GIE492 strain presented 

slightly increased hypermucoviscocity than the wild-type strain, while the pKpVP-cured 

strain had lower values (see Annex, Figure A1). Thus, these results would indicate that 

the hypermucoviscous character of strain SGH10 is also relevant for inducing neutrophil 

recruitment. 

After reviewing the survival of zebrafish larvae when inoculated by microinjection, it was 

observed that infections with the ΔICEKp10-GIE492  mutant maintained similar levels of 

lethality compared to the wild-type strain (Figure 13). This would indicate that the 

genomic islands ICEKp10 and GIE492 together would not be essential to immune 

response evasion and thus, this mutant is still able to survive and even propagate inside 
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the otic vesicle. Conversely, when infections were performed with the pKpVP-cured strain 

(lacking the virulence plasmid), the survival of individuals increased  compared to the 

wild strain. This indicate that the pKpVP virulence plasmid significantly contribute to the 

lethality levels of the SGH10 strain. The  rmp genes encoded in this mobile genetic 

element, associated with the hypermucoviscous phenotype, could account for this 

behavior, considering that the increased hypermucoviscosity shown by the ΔICEKp10-

GIE492  strain, while the pKpVP-cured strain significantly reduces its levels (Annex, 

Figure A1a). This behavior is independent of the capsule production, since no significant 

differences were observed in the capsular polysaccharide levels among SGH10 and the 

mutants in mobile elements (Annex, Figure A1b).  

Another possible relevant factor encoded in the pKpVP plasmid is the siderophore 

aerobactin, which has been described as one of the genetic markers of hypervirulent strains 

of K. pneumoniae (Guo et al., 2017; Jung et al., 2013). This iron chelator, like 

yersiniabactin and salmochelin, has a structure that allows it to avoid being captured by 

the Lipocalin 2 protein, but has the advantage of being a molecule that can be reused by 

the pathogen and that is capable of transferring iron from transferrin more efficiently than 

the siderophore enterobactin (Braun et al., 1984; Russo et al., 2015). Along with this, it 

should be noted that in hypervirulent K. pneumoniae strains, the production of aerobactin 

is dominant over the siderophores salmochelin and yersiniabactin, and that its absence 

decreases the virulence in murine infection models (Russo et al., 2014). Thus, our results 

indicate that, at least in the conditions tested, the virulence plasmid pKpVP would have a 

more relevant contribution to the infectious process, compared to the genomic islands 
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ICEKp10 and GIE492. However, further studies examinating further aspactes of the K. 

pneumoniae pathogenesis are needed to confirm this assertion and evaluate separately 

both genomic islands. 

Regarding bacterial load over time upon injection into the otic vesicle, when comparing 

the data obtained through the photographic recording performed by the Lionheart FX 

automated microscope, with those obtained by plating, we found no correlation between 

both datasets. The first approach showed a higher bacterial load for the wild type than the 

rest of the strains tested, while the titration  showed no such differences. Moreover the 

different strains  proliferated after 24 h of infection, which was not observed through the 

fluorescence evaluation. These differences may be the result of two phenomena. One may 

be the limitations of using fluorescence as a measurement method. As can be seen in the 

Figure A2 (Annex), the high fluorescence intensity generated by the neutrophils in the 

GFP field produces a cross-talk with the RFP channel, causing the measurement of the 

bacterial load associated with the latter channel to be influenced by the fluorescence 

coming from the former. The second phenomenon would be related to the region measured 

by the different methods used. Using fluorescence limits the measurement only to the 

region of interest, the otic vesicle, whereas microdrop titration was performed with the 

whole individuals. Although, this should have a limited influence, given that the infection 

is localized by microinjection in the otic vesicle of the zebrafish larvae, the presence of 

bacteria outside this area cannot be discarded due to the dispersion capacity of the strains 

used. 
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4.2 Fluorescence as a tool for measuring bacterial colonization and immune system 

response 

The use of fluorescence as a detection or monitoring method has been a very useful tool 

for biology, which is even more relevant in an organism such as the zebrafish, which, as 

mentioned above, has optical transparency during the first week of development. In this 

study, we took advantage of this condition to perform different analyses based on the 

fluorescence levels. First with the use of the Olympus MVX10 fluorescence 

stereomicroscope and a fluorescence score and then using the Lionheart FX automated 

microscope to obtain time-lapse images and generating quantitative measurements. In this 

process, where the Gen5 software was used, it was necessary to determine a measurement 

threshold that would allow defining an upper and lower sensitivity limit that the points 

analyzed had to meet to be recorded. Considering the analysis of both experiments, a 

common limitation was the fluorescence saturation. In this line, after a certain level of 

bacterial colonization or neutrophil agglomeration due to high recruitment, in some 

captures, the fluorescence intensity registered reached a saturated value, despite the initial 

parameter optimization for the capture. This implies that in a minor fraction of the 

captures, the total fluorescence could be underestimated , which is a limitation of the 

method used. However, in the case of intestinal colonization this behavior did not hinder 

the comparison between the different segments of the intestine, and in turn, in the case of 

recruitment to the otic vesicle, the events of high fluorescence intensity occur within the 

last stages of the infection assays performed, not interferring with the measurements in 

the recruitment kinetics. Therefore, although fluorescence has limitations, it still offers 

convenient methods to evaluate and compare bacterial virulence, especially when using 
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transparent host organisms. However, concerning the evaluation of bacterial load, as 

mentioned above and as seen in Figure 9a, the use of fluorescence-based approaches 

should be taken with caution, especially when a cross-talk between different fluorescence 

channels occur.  

4.3 Infection methods comparison 

In the present work, Danio rerio was used as the infection model, different methods were 

employed in this research to carry out the infections with the different strains of interest. 

First, we used static immersion, which consists of exposing individuals to a medium 

containing a bacterial suspension of a given concentration, depending on the infective 

dose to be achieved. This method has the advantage of being non-invasive, since the way 

the microorganisms enter the individual is mainly through the mouth, and then localize 

and colonize the digestive tract of the fish. However, it should be considered that a high 

concentration of bacteria in the suspension can have unfavorable effects. According to 

Díaz-Pascual et al. (2017), static immersion triggers a hypoxia response mediated by 

HIF1α in zebrafish individuals. Thus, the decrease of oxygen availability in the medium 

and the activation of this signaling pathway would generate a series of physiological 

responses, such as the induction of factors associated with inflammation, which in turn 

can favor iron retention by the organism. Therefore, although this method of infection is 

favorable for not inducing lesions in zebrafish larvae given its passive nature, it is 

necessary to manage the concentrations of microorganisms in the medium to avoid 

generating physiological responses that may affect the analysis of the data.  
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Another method used to perform the infections with the different strains of interest was 

the microinjection of bacterial suspensions into the otic vesicle of the larvae to generate a 

localized inoculation. Compared to static immersion, the advantages of this method lie in 

the fact that no response to hypoxia would be generated because the bacteria are not in the 

medium and the number of bacteria used is much smaller, which means that there is no 

induction of the HIF pathway. Therefore, the results observed are not influenced by the 

physiological responses generated by this process. However, it may be noted that although 

inoculation can be carried out with a small number of bacteria, it is difficult to control the 

number of CFU injected. Also it should not be forgotten that this process implies physical 

damage to the larvae due to the use of capillaries that must break the epithelial tissue to 

discharge the microorganisms. Previous reports indicate that tissue damage can cause 

neutrophil-mediated inflammation in the area (Mathias et al., 2006; Myllymäki et al., 

2022). However, this effect can be compensated with the use of control infections where 

a harmless substance is injected, and thus the potential neutrophil recruitment can be 

considered when evaluating the effects caused by the strains or conditions of interest. 

As it has been described, the different infection methods used in this research have 

advantages and disadvantages, which must be considered to correctly evaluate the 

conditions of interest. 
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CONCLUSIONS  

1) Zebrafish is a suitable model to study hypervirulent K. penumoniae pathogenesis. 

2) The mobile elements pKpVP, ICEKp10, and GIE492 are not essential for lethality and 

zebrafish gut colonization upon immersion in a bacterial suspension. 

3) Hypervirulent K. pneumoniae SGH10 have increased capacity to establish 

extraintestinal infections upon zebrafish gut colonization, recapitulating what is observed 

in mammalian host models. 

4) One or more factors encoded in the pKpVP virulence plasmid contributes to the 

lethality of hvKp SGH10 over zebrafish larvae. 

5) As a method of infection to study hypervirulent K. pneumoniae pathogenesis using 

zebrafish, microinjection has advantages over static immersion because the inoculation of 

individuals can be controlled without developing secondary responses associated with 

hypoxia. 
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Annex 

 

 

 

 

 

Figure A1. Evaluation of hypermucoviscocity and capsular polysaccharide production in 

SGH10 and derived mutants. a. Optical density measurements of mucoviscosity from low-

speed centrifugation of bacterial strain cultures. b. Capsule measurements of strains from 

glucuronic acid extraction 
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Figure A2. Representative image of infection with SGH10 strain in otic vesicle by 

microinjection. The bright field and the GFP (neutrophils) and RFP (bacteria) fields are 

observed at different times. 
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