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Abstract 
 

Zebrafish (Danio rerio) is a promising model organism for immunological studies. A time 

window between the development of the innate and adaptive immune system makes it 

possible to investigate the mechanisms originating exclusively from the innate immune 

system. Moreover, zebrafish shows many similarities with the mammalian immune system 

and has counterparts for most of the human immune cells. Here we aim to develop a model 

system to study host-pathogen interaction between Klebsiella pneumoniae and zebrafish 

embryos. According to our results, zebrafish develops reliable systematic infection as a result 

of microinjection in the yolk sac. Moreover, the expression of immune and inflammation 

related genes are similar to the mammalian immune response. Klebsiella pneumoniae is an 

important pathogen, especially because of its ability to possess a wide repertoir of 

carbapenemases, conferring resistance against numerous antibiotics, including colistin, a last-

resort drug. Colistin resistance is based on the modification of lipid A, as a result of 

inactivation of the mgrB gene. Since colistin and our own antimicrobial peptides show the 

same mechanism of action, development of cross-resistance is a serious threat. A previous 

study suggested that colistin resistance may cause increase in virulence. However, recent data 

from our group showed that even though cross-resistance was detectable between colistin and 

LL-37 in bacterial cultures, the inactivation of mgrB gene did not cause any differences in 

virulence and bacterial survival in human blood or serum. The zebrafish model supported this 

finding with showing that there is no significant difference between colistin-resistant and 

colistin-susceptible Klebsiella pneumoniae strains with regard to bacterial growth and 

survival of zebrafish embryos. 

Popular summary 
 

Zebrafish: a small fish with big potential 

 

Besides being a popular choice for aquariums, zebrafish has many other properties, that make 

this small, striped fish a big star in scientific research. Our aim with this study was to use 

zebrafish as a model organism to gain more understanding about bacterial infections. The 

microorganism we used (Klebsiella pneumoniae) is an important pathogen and in the recent 

years it earned a bad reputation due to resisting many antibiotics, including colistin. Colistin 

is one of the old antibiotics, that were taken away from clinical practice due to their toxicity, 

but now they regain importance, as last resort drugs. Besides, another worrying issue is that 

colistin has similar mode of action to antimicrobial peptides, which are small members of our 

innate immune system. Since they can kill bacteria in the same way, the bacteria’s defense is 

able to resist both of them concurrently. Our study consisted of two parts. First, we aimed to 

develop a reliable method to study Klebsiella pneumoniae infection in zebrafish embryos. We 

used two different infection techniques and different bacterial concentrations in order to 

calibrate the model system. Afterwards we tested the model with monitoring the production of 

different innate immunity related proteins. The experiments were fruitful and the model was 

working in the way that we expected. With the zebrafish model in our hands, we could 

contribute to one of the ongoing projects in the group. A previous study suggested that 

colistin resistance may cause increase in the virulence of pathogens. This means, that bacteria 

which is resistant against colistin will be more prone to hide from the immune system and 
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cause serious infection in the host. Our group also found cross-resistance between colistin and 

LL-37, a positively charged antimicrobial peptide, in bacterial cultures. However, this cross-

resistance did not increase the virulence in human blood or serum. Using the freshly 

developed zebrafish model, we could support these findings. We did not find significant 

difference in virulence or in bacterial survival, after infecting zebrafish embryos with colistin-

resistant and colistin-susceptible bacterial strains. Our findings about colistin resistance are 

promising and the importance of cross-resistance between colistin and antimicrobial peptides 

may be more limited, than previously expected. As a conclusion, zebrafish, besides being a 

gem in any aquarium, is a valuable model organism in studying Klebsiellla pneumoniae 

infection. 

Key words 

 
Danio rerio, embryo model, microinjection, innate immunity, inflammation, Klebsiella 

pneumoniae, colistin-resistance, antimicrobial peptides, cross-resistance 

Introduction 
 

Model organisms 

 

Host-pathogen interactions can be examined in vitro or in vivo. Using model organisms is a 

form of in vivo experiments. One of the advantages of using model organisms is that they give 

a more detailed and complex insight into the overall effect of the infection.  

A model organism is a non-human species that is used to study a biological phenomenon with 

the aim to provide insight into the mechanisms of another organism.
1
 This is possible because 

of the common descent of all living organisms and the conservation of the genetic material 

and the developmental and metabolic pathways over the course of evolution.
2
 The chosen 

species should preferably have a high level of taxonomic equivalency to humans, so its 

reaction to the procedure will in a way resemble the human physiology. However the 

biological activity of the model organism may not be completely representative to the human 

pathways. The closer the model organism is to humans on the taxonomic tree, the 

resemblance is higher. 
3
 It is also crucial to keep it in mind that model organisms are living 

creatures and even though the aim of using them is to avoid causing human harm, there are 

also strict ethical rules to follow. The discomfort should be minimized, the amount of the 

model organisms used for the experiments should be reduced and if it is possible they should 

be replaced by cell lines during research. This is the rule of the 3 Rs, standing for Refinement, 

Reduction and Replacement.
4
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Zebrafish as a model organism 

 

Advantages of the zebrafish model 

 

The zebrafish (Danio rerio) was discovered as a model organism in the late 1960s by George 

Streisinger, who wanted to develop a vertebrate model organism that would be suitable for 

forward genetics as well as for modeling human diseases, a characteristic mostly lacking in 

intervertebrates.
5,6

  

 

Zebrafish can be considered as a hybrid between the mouse and intervertebrate models.
7
 The 

small size (≤ 5 cm) of the zebrafish allows to keep large numbers in a relatively small space, 

which makes cost-effective animal husbandry.
5
 The breading of zebrafish is fast, a pair can 

produce 100-300 embryos weekly. The high number of zebrafish progeny facilitates 

statistically significant sample sizes at minimal cost. The fertilization and the development 

occurs externally, which makes it possible to directly observe and manipulate the embryos in 

a wide variety of laboratory conditions.
3
 The embryonic development of the zebrafish is quite 

rapid. As an example, already at 24 hours post fertilization (hpf) zebrafish embryos are 

capable of executing evasive maneuvers upon touch.
3,5

 The zebrafish larvae usually hatch 

from their chorion at 2 days post fertilization (dpf), however lower temperatures can delay the 

hatching.
8
 The major organs including the vasculature and the gut are in place at 2 dpf 

3
, the 

mouth opens at 3 dpf.
8
 The whole embryogenesis of the zebrafish is complete at 5 dpf. The 

high number of zebrafish progeny and the rapid organ development makes it an excellent 

model for medium- and, possibly, high-throughput chemical screening.
3,5

 Since during 

organogenesis, the millimeter sized zebrafish embryos and larvae are permeable to small 

molecules,
3
 it is possible to administer the compounds simply in the medium of the embryo 

and only small quantities are needed from the chemicals.
9
  It is also possible to rear zebrafish 

under germ-free or gnotobiotic conditions, which is allowing accurate control of the animal’s 

microbial environment.
10

  

 

The genome of the zebrafish is fully sequenced and annotated, which provides genetic 

tractability of the organism. The genetic assembly of the zebrafish demonstrates highly 

conserved synteny with the human genome. One of the big advancements is the ability to 

perform forward and reverse genetics through high-throughput mutagenesis screens and the 

usage of genome-editing techniques like CRISPR-Cas9.
5,11

  

 

The innate immune system of zebrafish 

 

Among the animal models with fully developed innate and adaptive immune system, the 

zebrafish is one of the smallest.
5
 The immune system of the zebrafish has many similarities 

with the mammalian immune system and has counterparts for most of the human immune cell 

types, which makes it a good candidate for immunological studies.  

The innate immune system of the zebrafish embryo starts to develop as early as 24 hours post 

fertilization
7
, while the development of the adaptive immune system takes 3-4 weeks to form 

functional immune response. These features make it possible to isolate and study mechanisms 

of host-pathogen interaction originating from the innate immune response, without the effect 

of the adaptive immune system.
11

 The innate immune system of the zebrafish is comprised 
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primarily of neutrophils and macrophages.
12

 However studies also showed the presence of 

eosinophils
13

, mast cells
14

 and cells with cytotoxic properties similar to mammalian natural 

killer (NK) cells.
10

 The zebrafish embryos are capable of developing functional macrophages 

and neutrophils and recruit them at the site of infection as early as 24 hpf and 32-48 hpf 

respectively, however the phagocytic activity of neutrophils is relatively low.
7
 Since the 

development of the embryo’s immune system can be easily monitored, it is possible to study 

the contribution of different immune cell types to host-pathogen interaction. For example, 

infections can be performed before or after the presence of differentiated neutrophils.
9
 The 

zebrafish embryos and early adults are transparent, which makes it possible to directly 

observe the internal organs of the fish by light microscopy (Figure 1).
3
 Moreover, the optical 

transparency allows to perform high-resolution, real-time experiments to visualize infection 

dynamics with fluorescently labelled immune cells and/or infectious organisms.
5,10

  

 

 
 
Figure 1: Zebrafish larva approx. 76 hours after fertilization. The larvae and embryos are transparent, which 

allows to directly observe the internal organs of the fish by light microscopy. 

 

The above-mentioned advantages of the zebrafish system are maximal during the embryonic 

and larval stages, consequently the analysis of host-pathogen interactions are focused on this 

dynamic developmental period of the life cycle.
10

 The zebrafish model is the most useful to 

characterize three aspects of the innate immune system: the interaction between host and 

pathogen, the acute-phase response to infection, and the chemotactic response to injury.
5
 

 

Antimicrobial peptides in zebrafish 

 

Antimicrobial peptides (AMPs) are mainly cationic, amphipathic, multifunctional peptides, 

that are synthesized constitutively or induced at epithelial surfaces, where our immune system 

has the initial contact with all microbes. They are also induced in phagocytes and are secreted 

from neutrophils. AMPs are present in the majority of the organisms, as well as in humans 
15

, 

with the ability to kill Gram-negative and Gram-positive bacteria, enveloped viruses, fungi 

and even transformed or cancerous cells.
16

 This way, AMPs are part of the defense system at 
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the initial meeting point with the pathogens, as well as at the first response for infections.
15

 

Thus AMPs are considered as crucial members of the immune system and they are often 

mentioned as endogenous antibiotics.
17

 Their mode of action in Gram-positive bacteria is 

forming channels through the cytoplasmic membrane and causing structural disruption which 

results in osmotic lysis.
18

 In Gram-negative bacteria they have a more complicated mode of 

action due to complexity of the bacterial membrane. Cationic AMPs, like LL-37, lysozyme 

are electrostatically binding to the negatively charged phospholipids in the outer membrane of 

Gram negative bacteria. This leads to local membrane disruption, followed by pore forming 

through the inner cytoplasmic membrane.
17,18

  

In mammals two major classes of the antimicrobial peptides can be found: defensins and 

cathelicidins. The human AMPs include the α-and β-defensins as well as a single cathelicidin 

called LL-37.
17

 Multiple defensin-like genes were found in zebrafish, which similarly to the 

human defensins, have a cationic charge and six conserved cysteines. The defensin-like 

peptides mostly resemble the beta-defensin family members in mammals and birds.
8
 It is 

possible that the defensin family have arisen from a common ancestor of vertebrates by gene 

or genome duplication events and it has been expanded throughout the vertebrate evolution.
19

 

Hepcidin is another AMP found in zebrafish as well as in humans. Hepcidins are cysteine-rich 

peptides with antimicrobial activity and they  modulate iron absorption and iron delivery to 

erythrocytes.
20,21

 The recombinant hepcidin-2 of zebrafish can effectively inhibit the growth 

of bacteria that need iron for their survival.
22

 The hepcidins belong to the acute phase 

response proteins (along with IL-1β) and their highest expression occurs at 3-6 hours post 

infection (hpi) in fish. In humans hepcidin also acts as a type II acute-phase protein.
21

 

Hepcidin and zebrafish beta-defensin 2 also belong to the cationic antimicrobial peptides. 

 

Disadvantages of the zebrafish model 

 

Even though zebrafish is a promising model organism, it has some disadvantages which 

should be taken into consideration. Among the disadvantages are the lack of zebrafish 

antibodies to specific cell-surface proteins, the difficulty to establish cell cultures and the 

absence of conventional knockout technology. In host-pathogen interactions, the difference 

between the optimal growth temperature for pathogen and fish can cause be an issue. 

Mammalian pathogens normally grow at 37 ˚C, while the zebrafish are generally maintained 

at 28-30˚C. This difference in the temperature may lead to attenuated virulence of the 

infectious agents. For this reason it is favorable to use mammalian strains with lower 

permissive temperature ranges or natural fish pathogens that are closely related to mammalian 

strains.
5
 

 

Antibiotics and antibiotic resistance 

 

Beginning with the discovery of penicillin by Alexander Fleming, antibiotics have 

revolutionized the field of medicine. However, in the recent years, the rapid spreading of 

antibiotic resistance created an emerging crisis. After the triumph of antibiotics, we reached 

the time when many of them are no longer effective against even the simplest infections. 

These difficulties lead to increased number of hospitalizations, more treatment failures and 

the persistence of drug-resistant pathogens.
23
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Characteristics of Klebsiella pneumoniae 

 

Primarily, Klebsiella pneumoniae was known to be an opportunistic pathogen and the 

causative agent of hospital-acquired infections among immunocompromised individuals. 

However, in the recent years due to the emergence and spread of hypervirulent and multidrug-

resistant strains, community-acquired invasive K. pneumoniae infections are reported 

globally.
24,25

 K. pneumoniae was declared as an ”urgent threat to human health” and it 

represents the ”K” of the ”ESKAPE” pathogens, the six most significant and dangerous 

causes of hospital-acquired multiresistant infections.
25

 They tend to ”escape” from eradication 

with antibiotics.
26

 K. pneumoniae is Gram-negative, encapsulated or non-capsulated, 

nonmotile bacterium that resides in the environment, including medical devices. The 

bacterium can colonize human mucosal surfaces, where the colonization appears benign, but 

from these sites the bacteria can gain entry to other tissues and cause severe infections.
24

 K. 

pneumoniae causes a wide range of infections, including pneumonia, pyogenic liver 

abscesses, urinary tract infections, bloodstream infections, intra-abdominal infections and 

meningitis.
 20,23

  

 

Resistance traits of K. pneumoniae 

 

K. pneumoniae strains possess a wide repertoir of carbapenemases, that have been reported 

from many different geographic locations worldwide. The carbapenemases can be divided to 

metallo- (IMP, VIM and NDM) and non-metallo (KPC and OXA-48) enzymes produced by 

K. pneumoniae. These enzymes are able to hydrolyze a broad spectrum of β-lactam antibiotics 

including penicillins, cephalosporins, carbapenems and monobactam.
27 

One of the most 

important virulence factors of the bacteria is the thick polysaccharide capsule, which for 

example confers resistance to antimicrobial peptides. The non-capsulated strains are 

significantly less virulent.
25

 The optimal treatment for infections caused by carbapenemase-

producing Klebsiella pneumoniae is yet unknown. Because of the low production of new 

antimicrobials, clinicians started to use older, previously discarded antimicrobials, such as 

colistin and tygecyclin.
26,28,29

 

Colistin, a last resort antibiotic 

 

Colistin (polymyxin E) was firstly introduced in 1952 and it was used to treat infections 

caused by Gram-negative bacilli until the early 1980s, when it was replaced with other 

antibiotics due to its toxicity. However now colistin and other polymyxins appeared in clinical 

use again as a final alternative, if β-lactam, aminoglycoside or quinolone antibiotics are 

ineffective.
30

 The polymyxins are cationic antimicrobial peptides and they have similar mode 

of action to other cationic AMPs, like LL-37 and lysozyme. However resistance is already 

discovered against polymyxins.
28

 

 

Development of colistin resistance 

 

The resistance mechanism is based on the modification of lipid A, which alters the charge of 

the LPS resulting in a lower binding of the positively charged polymyxins. This process can 

be chromosomally mediated or plasmid mediated. The two most important mechanisms of 
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chromosomally mediated resistance are (1) loss-of-function mutations on the mgrB gene, a 

negative regulator of the PhoPQ signaling system and (2) mutations in the membrane-bound 

kinase PmrB.
28,29,31

 Alarmingly, the mgrB-dependent colistin resistance does not cause a 

significant fitness cost and it is stably maintained in the absence of the selective pressure of 

the antibiotic.
31

 Recently the first case of plasmid mediated colistin resistance mechanism was 

discovered, designated MCR-1.
29

 

 

Zebrafish infection model 

 

Besides the intensive in vitro research on K. pneumoniae, in vivo experiments can provide 

more information about the exact mechanisms of the infection. Previously, the bacteria was 

mainly studied in animal models, like mice, rats and pig, but there is need for smaller, more 

cost-effective model organisms. Among others, zebrafish is considered as a simple and 

effective choice.
25

 The administration of the bacteria differs between the life stages of 

zebrafish. Microinjection and static immersion are the most used techniques to introduce 

bacteria to the zebrafish. Adult animals are usually infected with intraperitoneal or 

intramuscular injection, while embryos are systematically infected via microinjection directly 

in the yolk sac or in blood circulation. Microinjection in the yolk sac is suitable for high-

throughput applications, however injection with fast-replicating bacterial species results in 

massive bacterial growth due to the lack of the immune system in the first 24 hpf. Robust 

replication of the bacteria causes early lethality of the embryos. Zebrafish can be subjected to 

batch immersion in embryonic, larval or adult stage. The bacteria can cross the chorion of 

zebrafish embryos, but this ability differs among the bacterial strains. Immersion is more 

successful after the opening of the mouth at 3 dpf, because this allows infection via the oral 

route.
9
  

The infection leads to inflammation, septicemia and death. The inflammatory response is 

mediated by cytokines produced by macrophages, helper T lymphocytes, monocytes and 

endothelial cells.
 5

 A previous study showed that the competency of the innate immune system 

to fight infections is increased at 2 dpf.
9
 This time marks the differentiation of neutrophils. In 

the first two days the innate immune system is mainly comprised of primitive macrophages.
5
  

Due to the similarities among the mammalian and zebrafish innate immune system and 

inflammatory proteins it is possible to study the expression of the innate immunity related 

genes in the fish model with real-time quantitative PCR.
25

 The virulence of the bacteria can be 

documented through the survival rate among the embryos. By plating and CFU counts it is 

possible to monitor the bacterial growth inside the animal. Moreover, with fluorescence 

microscopy the host-pathogen interaction can be visualized. As a conclusion, zebrafish 

embryo is a simple, but resourceful model to study host-pathogen interactions. Yet, it has to 

be taken into consideration that K. pneumoniae is a mammalian pathogen and the differences 

in the host environment may lead to attenuated virulence.
32
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Aim 
 

Our aim was to develop a zebrafish embryo model in order to study host-pathogen 

interactions with special focus on bacterial growth and zebrafish survival. Moreover, we 

wanted to see if cross-resistance is detectable against colistin and cationic antimicrobial 

peptides in zebrafish embryos infected with colistin-resistant and colistin-susceptible 

Klebsiella pneumoniae. 
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Materials and methods 

 

Reagents 

 

Blood agar plates, phosphate buffered saline (PBS; 10 mM; pH 7.4), lysogeny broth (LB; pH 

7.5), and sterilized de-ionized water (WID; pH 7.0) were obtained from the Substrate Unit at 

Karolinska University Hospital, Stockholm, Sweden. The Tricaine (3-amino benzoic 

acidethylester) and the E3 medium (5mM NaCl, 0.17mM KCl, 0.33mM CaCl2, 0.33mM 

MgSO4) were provided by the zebrafish core facility at Karolinska Institutet, Stockholm, 

Sweden. Phenol red was purchased from Sigma, Stockholm, Sweden. Triton X-100 was 

purchased from Sigma-Aldrich, Darmstadt, Germany. The lysis buffer (RLY) and the 

reagents use for RNA belonged to the Bioline Isolate II. RNA Mini Kit. The TransAmp 

Buffer and the Reverse Transcriptase enzyme were obtained from Bioline SensiFAST
TM 

cDNA Synthesis Kit. For the SYBR Green qPCR Thermo scientific Maxima SYBR Green 

qPCR Master Mix (2X) was used. 

 

Bacterial strains 

 

The development of zebrafish infection model was performed using a multidrug-resistant 

Klebsiella pneumoniae strain (A015200) and a wild type Klebsiella pneumoniae strain 

(ATCC25955), as control. The multidrug-resistant strain is a clinical isolate, acquired in 

Greece and isolated in Stockholm. The strain belongs to the VIM-1 producing K. pneumoniae 

and it contains resistance genes against penicillins, cephalosporins, azeotram, tigecycline, 

ciprofloxacin and at least one aminoglycoside antibiotic. 
33

 

 

For the comparison of colistin-resistant (OM124) and colistin-susceptible (OM322) Klebsiella 

pneumoniae strains two clinical isolates from Oman were used. In the colistin-resistant strain, 

the mgrB gene was inactivated with integration of an insertion element (IS). Both of the 

isolates contain genes encoding different families of β-lactamases as well as NDM-1 (New 

Delhi metallo-beta-lactamase 1). The minimal inhibitory concentration (MIC) was defined at 

16 mg/L for Col-R and 1 mg/L for Col-S. (Al-Farsi et al., submitted manuscript) The location 

of the insertion element and the resistance profile of the Col-R and Col-S strains are shown on 

Figure 2. 
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Figure 2: Location of the mgrB gene of colistin-resistant (OM124) and colistin-susceptible (OM322) K. 

pneumoniae with the integration site of the insertion element (IS). The interrupted mgrB gene fragments are 

presented with crossed lines. The ISKpn14 insertion element is shown as a rectangle, harbored by inverted 

repeats illustrated in black. The minimum inhibitory concentration (MIC) along with the resistance profile is 

presented on the left side of the figure. Col-R; colistin-resistant. Col-S; colistin-susceptible. ST; sequence type. 

mrk; genes cluster of mannose-resistant Klebsiella-like (type III) fimbriae. ure; genes cluster related to urease 

synthesis. ARG; antibiotic resistance genes. (Al-Farsi et al., submitted manuscript) 

 

Microinjection and immersion 

 

Two different routes of infection were performed in order to find the most effective way of 

developing infection. Microinjection and immersion were compared based on the survival rate 

of the embryos. 

 

The AB-strain of zebrafish embryos were collected from the zebrafish core facility at 

Karolinska Institutet. The embryos were screened and the unfertilized ones were discarded 

before injection. The fertilized embryos were lined against a glass slide in a Petri dish and 

microinjection was performed using a glass needle (Harvard apparatus, Québec, Canada) 

controlled with a micromanipulator Narishige MN-153 (Narishige International Limited, 

London, UK) connected to an Eppendorf FemtoJet express (Eppendorf AG, Hamburg, 

Germany). During the infection 1-2 nL bacterial suspension was injected in the zebrafish 

embryos. The volume of the injected suspension was previously adjusted by injecting a 

droplet into mineral oil, while measuring the approximate diameter of the drop over a scale 

bar. The microinjection was directed into the yolk sac approx. 4-5 hour after the fertilization. 

In parallel, a control group was injected with E3 medium only. In order to help the 

visualization of the injection, Phenol red was given to the bacterial suspension. 20-30 

embryos were injected in each experiment and the embryos were kept in a Petri dish with 

adequate amount of E3 media.  

 

During the immersion process, 2 ml bacterial suspension with different concentrations of 

bacteria was added directly to 2 ml E3 media containing 20-30 zebrafish embryo or larvae. 

Similarly, to microinjection, the immersion was performed approx. 4 hpf on 4-5 cell stage 

embryos. The infected embryos were incubated on 30 ˚C for 72 hours after the infection. 

 

ISKpn14 

768 bpCAAATGCCG     CAAATGCCG

144 bp

mgrB

37 bp 107 bp

OM322
COl-S (1 mg/L)

ST-11
K:O-type: KL14:OL104

VF: mrk & ure

ARG: NDM-1,  CTX-M-15, TEM-1-B
SHV-11, CMY-6, DHA-1 

OM124
Col-R (16 mg/L)

ST-11
K:O-type: KL14:O3b

VF: mrk & ure

ARG: NDM-1,  CTX-M-15, TEM-1-B,
SHV-11, CMY-6, DHA-1
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Prior to infection, bacterial suspension was prepared in E3 medium. The chosen bacterial 

strains were grown overnight on blood agar plates. For the injection 3-4 colonies were picked 

and suspended in 5 ml Luria-Bertani (LB) broth, followed by approx. 3 hours of incubation on 

37 ˚C in a shaking incubator. After centrifuging for 5 minutes on 5000 rpm, the extra media 

was carefully removed and 5 ml PBS was added to the pellet. The solution was vortexed in 

order to dissolve the pellet. Following a second centrifuging step, the extra media was 

removed and the pellet was dissolved in 3 ml PBS. 1 ml solution was used for OD 

measurement working with PBS as control. According to the OD, the amount of CFU was 

calculated in the original 3 ml solution. In order to examine the effect of different bacterial 

concentrations, 150-300 CFU/nL, 500 CFU/nL and 1000 CFU/nL concentrations were used 

for the microinjection. In the case of the immersion process 600-750 CFU/nL, 60-75 CFU/nL 

and 6-7,5 CFU/nL concentrations were used. 

 

Survival assay and bacterial count 

 

For both methods 1-3 fish were digested and plated immediately after infection. In order to 

determine the number of bacteria in the injected volume, one drop of it was collected in 50 µL 

PBS and plated on blood agar plates. The injected embryos were transferred into another Petri 

dish with E3 medium and incubated at 30°C for 72 hours. In every 24 hours, the zebrafish 

were monitored for any sign of disease and survival, under a stereomicroscope. The number 

of dead embryos and larvae was determined based on the absence of heartbeat. 

 

In order to study the effect of the infection on the immune system in different stages of the 

embryogenesis, the immersion was performed on zebrafish embryos directly after 

fertilization, on manually dechorionated larvae approx. 24 hpf and on hatched larvae approx. 

48 hpf. This part of the experiment was performed with immersion only. Due to the lack of 

higher resolution microscope we were not able to perform microinjection on larvae in later 

stage. 

 

To document the multiplication of the bacteria inside the zebrafish, 1-3 animals were digested 

and cultured individually in every 24 hours. The embryos were euthanized with Tricaine 

before the digestion. Followed by a washing step, 50 µl Triton X-100 was added and after 15 

minutes of incubation, the embryos were homogenized using syringe and needle. Ten times 

dilutions were prepared and 10 l from each was plated on blood agar plate and cultured 

overnight at 37 ˚C. In order to differentiate the endogenous microbiota of the zebrafish from 

the Klebsiella pneumoniae colonies, 1-2 embryos were plated from the original group on the 

day of the infection and 1-2 embryos from the E3 media injected ones 24, 48 and 72 hpi. 

Figure 3 displays the usual setup of a plate for CFU count. 
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Figure 3: Klebsiella pneumoniae colonies on blood agar plates. In order to document the number of colony 

forming units, 1-3 zebrafish was lysed and plated in every 24 hours. The figure shows 4 different dilutions. The 

sample originates from 1-3 zebrafish embryos, lysed directly after microinjection. 

 

RNA extraction 

 

5-10 zebrafish were collected in every 24 hours, digested in 350 µl of RLY buffer and 

homogenized with syringe and needle. The zebrafish samples were subjected to RNA 

extraction using Bioline Isolate II RNA Mini Kit (Bioline, Memphis, Tennessee, USA) 

according to the manufacturing instruction.
34

 In the last step, the RNA was eluted in 40 L of 

RNase-free water. 

 

Quantification of the extracted RNA 

 

For the quantification of RNA content in the samples, 1,5 L was measured using 

NanoDrop™ 1000 Spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA). 

 

cDNA synthesis 

 

The RNA samples were first converted into cDNA using Bioloine SensiFAST
TM

 cDNA 

Synthesis Kit according to the manufacturer’s instructions.
35

 Briefly, the mixture per sample 

contained 200 ng RNA, 4 L of 5x TransAmp Buffer, 1 L of Reverse Transcriptase and the 

required amount of RNase free water to have 20 L as a total volume. The reaction consisted 

of primer annealing at 25 ˚C for 10 min, followed by reverse transcription at 42 ˚C for 15 min 

and inactivation at 85 ˚C for 5 min. After the PCR, the samples were kept on 4 ˚C in the 

instrument. The cDNA samples were stored at -20 ˚C. 

 



UPPSALA UNIVERSITET Master Degree Project  14 (30) 

 

   

 

 

 

SYBR Green qPCR 

 

 

The cDNA samples were subjected to SYBR Green qPCR.
36

 The mixture per sample 

contained 10 L of Thermo Fisher Scientific Maxima SYBR Green qPCR Master Mix (2X), 

0,4 L of each forward and reverse primers (Table 1) and 6,2 L of nuclease-free water. 30 

ng cDNA was used per sample. The total volume of the reaction was 20 L. The PCR was 

performed using two protocols, differing in the annealing and the extension temperature. 

Protocol 1 was used for genes EEF1A1, IL1β, IL6, CXCL8, IL10, IL17A, IL22, TNFA and 

HAMP. The PCR reaction consisted of initial denaturation at 95 ˚C for 10 min, followed by 

40 cycles of denaturation at 95 ˚C for 10 sec, annealing at 58 ˚C for 30 sec and extension at 72 

˚C for 20 sec. Protocol 2 was used for genes mpx, zfBD2 and iNOS. The reaction consisted of 

initial denaturation at 95 ˚C for 10 min, followed by 40 cycles of denaturation at 95 ˚C for 15 

sec, annealing at 60 ˚C for 1 min and extension at 60 ˚C for 20 sec.  
 
Table 1: Proteins belonging to the innate immune response with the encoding gene and the sequence of the 

primers. F; forward primer. R; reverse primer. 

 

Protein Gene Primer sequence 

EF-1α EEF1A

1 

F: 5’ CCACGTCGACTCCGGAAA 3’ 

R: 3’ CGATTCCACCGCATTTGTAGA 5’ 

IL-1β IL1β F: 5’ CGCCCTGAACAGAATGAAGCAC 3’ 

R: 3’ AAGACGGCACTGAATCCACCAC 5’ 

IL-6 IL6 F: 5’ CACGGAAAGATGTCTAACGCGAAT 3’ 

R: 3’ TTTATGGCCTCCAGCAGTCGTTT 5’ 

IL-8 CXCL8 F: 5’ GTCGCTGCATTGAAACAGAA 3’ 

R: 3’ CTTAACCCATGGAGCAGAGG 5’ 

IL-10 IL10 F: 5’ ATAGGATGTTGCTGGGTTGG 3’ 

R: 3’ GTGGATGAAGTCCATTTGTGC 5’ 

IL-17A IL17A F: 5’ TCCCAACCCATTTACTACCAGAT 3’ 

R: 3’ CGCATGTGCAGCCAACAC 5’ 

IL-22 IL22 F: 5’ CATCGAGGAACAACGGTGTACA 3’ 

R: 3’ CACGAGCACAGCAAAGCAAT 5’ 

TNFα TNFA F: 5’ GGGCAATCAACAAGATGGAAG 3’ 

R: 3’ GCAGCTGATGTGCAAAGACAC 5’ 

Hepcidin HAMP F: 5’ CACAGCCGTTCCCTTCATAC 3’ 

R: 3’ AGTATCCGCAGCCTTTATTG 5’ 

Myeloid-specific 

peroxidase 

mpx F: 5’ TCAATATGAGGACGCCGTTTCT 3’ 

R: 3’ GAATGCGATTGGAAACCAGTCT 5’ 

Zebrafish β-

defensin 2 

zfBD2 F: 5’ CAATAATGTCCTAAGTGATTAATCCGAA 3’ 

R: 3’ AATCCAGGATTTACAACGGT 5’ 

Inducible nitric 

oxide synthase 

iNOS F: 5’ GGAGATGCAAGGTCAGCTTC 3’ 

R: 3’ GGCAAAGCTCAGTGACTTCC 5’ 
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Ethical consideration 

 

The zebrafish study was approved by the ethical review board, Stockholm Animal Research 

Committee (Drn 19204-2017) and by the Swedish Board of Agriculture, Sweden.  
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Results 

Development of the Klebsiella pneumoniae infection model in zebrafish 

 

Klebsiella pneumoniae is an important pathogen, due to its invasive nature and resistance 

against different families of antibiotics. Besides the intensive in vitro research on K. 

pneumoniae, in vivo experiments can provide more information about the exact mechanisms 

of the infection. Previously, the bacteria was mainly studied in animal models, like mice, rats 

and pigs, but there is a need for smaller, more cost-effective model organisms. Among others, 

zebrafish is considered as a simple and effective choice.
37

 Both microinjection and immersion 

have been performed in zebrafish infection models using different species of bacteria. It has 

been shown that microinjection in the yolk sac results in rapid reproduction of the bacteria 

and as a consequence, it causes early lethality of the embryos. On the other hand, immersion 

is a less trustable method because of the reproducibility of the experimental outcome. In order 

to find the more effective method to develop stable infection, these two techniques were 

compared based on the survival rate among the infected embryos.  

 

Optimization of immersion and microinjection 

 

In order to compare the two methods, both the immersion and microinjection process needed 

to be optimized.  

In case of immersion, a gradient with three different concentrations of bacterial suspension 

was used (6,0-7,5*10
8 

CFU/mL, 6,0-7,5*10
7 

CFU/mL, 6,0-7,5*10
6 

CFU/mL). In every 24 

hours, the zebrafish were monitored for any sign of disease and survival, under a 

stereomicroscope. The number of dead embryos and larvae was determined based on the 

absence of heartbeat. The highest concentration was proven to cause the most effective 

infection based on the CFU count and the survival of the embryos. The lower concentrations 

were less effective to cause a detectable reaction. 

Moreover, the infection was repeated with the same inoculum in different stages of the 

embryogenesis (4 hpf, 28 hpf and 52 hpf). This experiment showed that the zebrafish is the 

most responsive in the first 24 hours to K. pneumoniae infection via immersion. Figure 4 

displays the percentage of daily survival of embryos infected with multidrug-resistant and 

wild type Klebsiella pneumoniae strains at 4 hpf, 28 hpf and 52 hpf. 

 

 

 

B A 
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Figure 4: Percentage of survival of zebrafish embryos and larvae in relation to time, infected at  (A) 4 hpf, (B) 

28 hpf and (C)72 hpi. The animals were monitored up to 72 hpi. Infected-WT; infection with wild type strain 

(ATCC25955). Infected-MDR; infection with multidrug-resistant strain (A015200). 
 

In case of microinjection, the optimal bacterial inoculum was determined by using a 

concentration gradient, similarly to immersion. The experiment was performed with three 

different concentrations: 1,5-3,0*10
8
, 5*10

8
, 10

9
 CFU/mL. The lowest bacterial concentration 

(1,5-3,0*10
8 

CFU/mL) resulted in the most reliable infection, based on the percentage of 

survival among the embryos (Figure 5). For the further experiments this bacterial 

concentration was used. We were not able to perform the microinjection in other places than 

the yolk sac, due to the lack of higher resolution microscope.  

 

 

 

 
 

 

 
 
Figure 5: Percentage of survival of zebrafish embryos and larvae in relation to time, infected with different 

concentrations of bacteria: (A) 1,5-3,0*10
8
 CFU/mL, (B) 5*10

8 
CFU/mL, and (C) 10

9
 CFU/mL. The animals 

were monitored up to 72 hpi. ATCC25955; wild type K. pneumoniae strain. Col-R; colistin-resistant K. 

pneumoniae strain. Col-S; colistin-susceptible K. pneumoniae strain. 

C 

C 

A B 
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Comparison of microinjection and immersion 

 

The aim of the experiment was to expose the zebrafish embryos to the same amount of 

bacteria and document which technique develops a stable infection. The experiment was 

performed using multidrug-resistant (A015200) and wild type (ATCC25955) Klebsiella 

pneumoniae strains. Figure 6A and 6B show the percentage of survival related to time in case 

of microinjection and immersion, respectively. The zebrafish embryos, subjected to 

microinjection, were infected individually with approx. 150-600 CFU in 1-2 nL (150-300 

CFU/nL), while the embryos were exposed to approx. 1,2-1,5 × 10
8 

CFU (650-700 CFU/nL) 

through water. This was the highest among the previously tested three different concentrations 

during immersion. Even though the immersion group was exposed to a higher number of 

bacteria, it did not cause a significant decrease in the survival rate. In contrast, microinjection 

resulted in massive growth of the bacteria, which resulted in low survival rate of the embryos. 

However, a certain degree of decrease in survival could also be linked to the technique itself, 

due to its invasive nature. As a conclusion, embryos infected with microinjection developed 

more stable and reproducible infection, while ones infected with immersion defeated the 

infection in a short time. 

According to these results, in the following experiments we continued working exclusively 

with microinjection. 

 
 
Figure 6: Survival graph of 4 hours old zebrafish embryos in relation to time infected with wild type and 

multidrug-resistant K. pneumoniae, using (A) microinjection or (B) immersion. The animals were monitored 

up to 72 hpi. With microinjection 150-300 CFU/nL inoculum was transferred directly into the yolk sac of the 

zebrafish embryos at approx. 4 hpf. The survival graph of the immersion process belongs the highest bacterial 

concentration (600-750 CFU/nL). Infected-WT; infection with wild type strain (ATCC25955). Infected-MDR; 

infection with multidrug-resistant strain (A015200). 

 

 

The effect of Klebsiella pneumoniae infection on the innate immune system 
 

In order to evaluate the K. pneumoniae infection model, we tested the expression of different 

innate immune-related genes. A previous study showed that in case of systematic infection of 

zebrafish with another rapidly proliferating bacteria (Salmonella typimurium), the expression 

of both proinflammatory and anti-inflammatory cytokine genes were induced.
38

 To test if 

Klebsiella pneumoniae infection stimulates the same expression pattern, 11 different innate 

immune response related proteins were quantified in relation to one housekeeping gene.  
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Expression of cytokines 

 

Real-time quantitative PCR was performed in order to measure changes in the expression of 

innate immunity related genes. We used 18S ribosomal RNA as an internal control. In this 

study seven different cytokines (IL-1β, IL-6, IL-8, IL-10, IL-17A, IL-22, TNFα), two 

antimicrobial peptides (zebrafish β-defensin 2 and hepcidin) and two other acute-phase 

proteins (myeloid-specific peroxidase and inducible nitric oxide synthase) were monitored for 

changes in the expression in reaction to infection. Interleukin 1 beta (IL-1β) and interleukin 6 

(IL-6) are important mediators of the inflammatory response and they induce acute phase 

reactions, including fever.
9
 Interleukin 17A (IL-17A) induces the production of other 

cytokines and along with interleukin 22 (IL-22) they have a stimulatory effect on the 

synthesis of antimicrobial peptides, such as defensins.
39

 Interleukin 8 (IL-8) has a special role 

in zebrafish, because the gene is a human ortholog, that is not present in mouse.
9
 IL-8, coded 

by the CXCL8 gene, is also known as neutrophil chemotactic factor and it functions as a 

chemokine to attract neutrophils and other granulocytes to the site of infection.
 39

 It is mainly 

expressed by leukocytes and intestinal cells. 
9
 Interleukin 10 (IL-10) is an anti-inflammatory 

cytokine, it is reported to suppress cytokine production and to inhibit lipopolysaccharide and 

bacterial product mediated induction of  pro-inflammatory cytokines, such as tumor necrosis 

factor alpha (TNFα) and IL-1β. TNFα also belongs to the cytokines and it is involved in 

inducing systematic inflammation and fever, contributing to the acute phase immune 

reaction.
40,41

 However, in contrast to mammals, fish TNFα exerts its main proinflammatory 

effects through the recruitment of leukocytes rather than in their activation.
9
 Zebrafish β-

defensin 2 and hepcidin, as mentioned above are antimicrobial peptides that show similarities 

between mammals and zebrafish. Myeloid-specific peroxidase (mpx) is a zebrafish protein 

localized in the cytoplasm and it cooperates with the inflammatory response by exhibiting 

peroxidase activity. The gene is orthologous to several human genes including eosinophil 

peroxidase (EPX) and myeloperoxidase (MPO).
42,43

 Mpx is primarily expressed by 

neutrophils and it serves as a specific marker of differentiated neutrophilic granulocytes, 

which are present from 2 dpf. However another mpx-expressing myeloid population is present 

at 1 dpf, prior to the differentiation of neutrophils.
25

 Inducible nitric oxide synthase (iNOS) is 

an isoform of the nitric oxide synthase (NOS), a gene that is present in both humans and 

zebrafish. iNOS is expressed by macrophages, T cells and mature dendritic cells (mDCs) after 

induction of cytokines or other stimuli. iNOS is absent in resting cells, but it can be rapidly 

expressed upon infection. The inducible nitric oxide has an important role in the regulation of 

immune cells via nitration of molecules involved in transcriptional or signaling pathways.
44

  

 

Figure 7 A-F shows the relative RNA expression of genes encoding proinflammatory 

cytokines (IL1β, IL-6, IL-17A, IL22), one chemokine (IL-8) and one anti-inflammatory 

cytokine (IL-10). All of the pro- and anti-inflammatory cytokines show upregulated 

expression at 48 hpi. The expression of IL-8 is also upregulated and it is the most increased at 

24 hpi. IL-8 as a chemokine has chemotactic activities and plays an important role in 

recruiting other immune cells. Except of IL-1β, all of the cytokines and IL-8 are showing 

more increased expression in case of infection with the multidrug-resistant K. pneumoniae 

strain.  
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Figure 7: Relative RNA expression of (A) IL-1β, (B) IL-6, (C) IL-8, (D) IL-10, (E) IL-17A and (F) IL-22 at 

24, 48 and 72 hours after infection with wild type and multidrug-resistant K. pneumoniae. The expression was 

measured by SYBR Green quantitative PCR. Infected-WT; infection with wild type strain (ATCC25955). 

Infected-MDR; infection with multidrug-resistant strain (A015200). 

 

  

D 

E 
F 

C 

A B 



UPPSALA UNIVERSITET Master Degree Project  21 (30) 

 

   

 

 

TNFα, similarly to IL-8, shows the highest expression at 24 hpi, however it is more abundant 

than IL-8. TNFα is considered to be a ”master regulator” of the proinflammatory cytokine 

cascade and it is one of the most abundant early mediators of inflammation.
9
 In zebrafish, 

TNFα is predominantly involved in the recruitment of leukocytes and activation of endothelial 

cells.
9
 Both Klebsiella strains induced similar expression patterns, however infection with the 

wild type strain resulted in more increased upregulation of the gene encoding TNFα. The 

expression of TNFα is shown on Figure 8. 

 

 
 
Figure 8: Relative RNA expression of TNF-α at 24, 48 and 72 hours after infection with wild type and 

multidrug-resistant K. pneumoniae. The expression was measured by SYBR Green quantitative PCR. Infected-

WT; infection with wild type strain (ATCC25955). Infected-MDR; infection with multidrug-resistant strain 

(A015200). 

 

 

Expression of antimicrobial peptides 

 

The expression of antimicrobial peptides was expected to be upregulated shortly after the 

infection. Hepcidin is released as early as 3-6 hpi from macrophages in fish. It has to be taken 

into consideration that even the primitive macrophages start to appear approx. 24 hpf. Our 

model correlates with this, as the most intensive expression of hepcidin was detectable at 24 

hpi. However zebrafish β-defensin 2 shows delayed expression, which might be related to the 

infection. The expression of hepcidin displayed increased upregulation in response to the wild 

type strain and the expression of zfBD2 was more increased in case of infection with MDR 

strain. The expression of hepcidin and zfBD2 are shown on Figure 9A and 9B. 
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Figure 9: Relative RNA expression of (A) hepcidin and (B) zfBD2 at 24, 48 and 72 hours after infection with 

wild type and multidrug-resistant K. pneumoniae. The expression was measured by SYBR Green quantitative 

PCR. Infected-WT; infection with wild type strain (ATCC25955). Infected-MDR; infection with multidrug-

resistant strain (A015200). 

 

 

The zebrafish did not display an increase in the expression of myeloid-specific peroxidase 

(mpx) in the monitored time period (Figure 10A). Mpx is primarily expressed by neutrophils 

and it is a specific marker of differentiated neutrophilic granulocytes, which are present from 

48 hpf.
31

  The inducible nitric oxide synthase shows increased expression at 48 hpi. iNOS can 

be released by primitive macrophages shortly after the development of the innate immune 

system (Figure 10B). The MDR strain caused more increased upregulation of the iNOS gene, 

compared to the wild type K. pneumoniae. 

 

 

 

 
 
Figure 10: Relative RNA expression of (A) mpx and (B) iNOS at 24, 48 and 72 hours after infection with wild 

type and multidrug-resistant K. pneumoniae. The expression was measured by SYBR Green quantitative PCR. 

Infected-WT; infection with wild type strain (ATCC25955). Infected-MDR; infection with multidrug-resistant 

strain (A015200). 
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Testing the model with colistin-resistant and colistin-susceptible K. pneumoniae 

 

A previous study has suggested that colistin resistance may cause an increase in virulence.
31

 

However, recent data from our group showed that even though cross-resistance was detectable 

between colistin and LL-37 in bacterial cultures, the inactivation of mgrB gene did not cause 

any differences in virulence and bacterial survival in human blood or serum. (Al-Farsi et al., 

submitted manuscript) To test if zebrafish can support this finding, fish survival and CFU 

count of the Col-R and Col-S strains were monitored. Figure 11A shows the percentage of 

zebrafish survival in case of microinjection with wild type (ATC25955), colistin-resistant 

(OM124) and colistin-susceptible (OM322) K. pneumoniae strains. Zebrafish embryos were 

injected with E3 media, as control. The CFU count of the three Klebsiella strains is presented 

on Figure 11B. No statistically significant differences were observed between Col-R and Col-

S strains with regard to bacterial growth or survival of the zebrafish embryos. However, the 

wild type strain showed higher bacterial counts and caused lower survival among embryos 

compared to the Col-R and Col-S strains. These finding are correlated with the lower fitness 

of Col-R and Col-S strains, consistent with their MDR phenotype. 

 

 

 

 
Figure 11: Comparison of wild type, colistin-resistant and colistin-susceptible K. pneumoniae strains based 

on host survival rate and CFU count. ATCC25955; wild type K. pneumoniae strain. Col-R; colistin-resistant K. 

pneumoniae strain. Col-S; colistin-susceptible K. pneumoniae strain. 
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Discussion 

 

Klebsiella pneumoniae infection model in zebrafish 
 

Our aim was to develop a bacterial infection model using zebrafish embryos. Infection in the 

first few hours of the embryogenesis is not widely studied yet and it has unexploited potential 

towards understanding the initial response of the innate immune system. Infection before the 

development of the innate immune system makes it possible to study the contribution of 

different immune cell types to host-pathogen interaction. For example, since zebrafish 

embryos are able to develop primitive, but functional macrophages as early as 24 hpf, and the 

buildup and maturation of neutrophils need more time (32-48 hpf), it is possible to study the 

effect of macrophages without the phagocytic activity of neutrophils.
45

 This trait is especially 

important, since in a developed immune system neutrophils initiate the leukocyte response to 

infection.
9
 However, since the innate immune system starts to develop approx. 24 hours after 

fertilization, it means that the embryos are unprotected against the bacteria during this period. 

This vulnerable state results in low survival rate and fast multiplication of the bacteria in the 

first 24 hours. This effect can be seen on Figures 1A, 2A, 2B and 7A with a steep decline in 

the percentage of survival at 24 hpi. The optimal bacterial inoculum is supposed to cause a 

stable infection in the zebrafish without lowering the survival rate below 50%. After the 

optimization of microinjection and immersion, the comparison of the two techniques revealed 

that microinjection is more suitable to induce systematic infection in zebrafish. This might be 

explained with differences in the ability of the bacteria to cross the chorion. Moreover, 

immersion has previously been shown to be more successful after the opening of the mouth at 

3 dpf, because this allows infection via the oral route.
 44

 In consequence of our results, in the 

following experiments we favored microinjection over the immersion process. Microinjection 

provides the advantage to inject the same, defined amount of bacteria in the yolk sac of every 

individual embryo. Contrarily, the immersion process does not ensure that every embryo and 

larvae are receiving the same amount of bacteria. Subjecting zebrafish to immersion in 

different stages of the embryogenesis revealed, that the animal is more prone to develop 

infection in the first 24 hpf. The infection is probably less efficient any time before the 

opening of the mouth, but the first 24 hours are the most vulnerable period, due to the lack of 

immunity (Figure 1A and 1B).  

 

With the optimized microinjection model, we were able to monitor the early innate immune 

function in response to Klebsiella pneumoniae infection. As mentioned above, in the first 48 

hpf, macrophages are coordinating the innate immune response. Besides the phagocytic 

activity of macrophages, they are also able to influence inflammation through the release of 

cytokines.
9
 However the competency of the innate immune system to fight infections is more 

increased at 48 hpi, parallel to the differentiation of neutrophils and other cell types.
46

 These 

facts explain why most of the cytokines (except IL-8) showed upregulated expression at 48 

hpi. Even though they are released by primitive macrophages, their presence is not 

significantly detectable (Figures 3A, 3B, 3D, 3E and 3F). Among the genes we chose, TNFA 

and CXCL8 have been expressed the earliest, even before the other pro-inflammatory 

cytokines. TNFα is considered to be a ”master regulator” of the proinflammatory cytokine 

cascade
9
, however in zebrafish it appears to have a stronger effect on the recruitment of 

leukocytes and the activation of endothelial cells (Figure 4).
31

 IL-8 is a chemokine, secreted 
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by any antigen presenting cells in order to recruit other cells (Figure 3C).
 31,47

 This common 

characteristic correlates with the early expression of IL-8 and TNFα, due to their role in 

enhancing the inflammatory response with gathering more immune cells. The antimicrobial 

peptides were expected to be expressed shortly after the detection of the infection. Hepcidin is 

released from macrophages in fish as early as 3-6 hpi. Our model correlates with this, as the 

most intensive expression of hepcidin was visible at 24 hpi (Figure 5A). However zebrafish β-

defensin 2 shows delayed expression, which can be the effect of the pathogens on the 

synthesis of antimicrobial peptides (Figure 5B). The myeloid-specific peroxidase did not 

show upregulated expression in the examined time period, possibly because they are more 

abundantly released by neutrophils (Figure 6A). The delay in the expression of mpx might be 

due to individual differences among the zebrafish embryos. iNOS can be released by 

primitive macrophages shortly after the development of the innate immune system, however 

the gene shows more upregulated expression after the differentiation of neutrophils (at 48 hpi) 

(Figure 6B).  

 

The changes in the RNA relative expression of the chosen innate immunity related genes 

proved that the zebrafish embryo reacts to the bacterial infection. However differences can be 

observed in the expression of the wild type and multidrug-resistant strains, overall the two 

strains induced the similar pattern in the innate immune response. It has to be taken into 

consideration that differences can be observed between the zebrafish individuals. In order to 

eliminate the influence of these differences, higher sample size should be used.  

 

Comparison of colistin-resistant and colistin-susceptible Klebsiella pneumoniae strains 

 

Previous studies showed that the inactivation of the mgrB results in colistin resistance as well 

as it increases the virulence of K. pneumoniae by decreasing the susceptibility to the cationic 

antimicrobial peptides.
18,48

 A potential cross-resistance with AMPs is a serious concern, since 

AMPs are effectors of our innate immune system and any resistance mechanism against them 

could compromise our natural defenses.
7
 Previous reports already mentioned cross resistance 

between colistin and human antimicrobial peptides.
38

 Recent data from our group showed that 

even though cross-resistance was detectable between colistin and LL-37 in bacterial cultures, 

the inactivation of mgrB gene did not cause any differences in virulence and bacterial survival 

in human blood or serum. Moreover, the MDR K. pneumoniae isolates showed a lower fitness 

in human blood and serum, than the control strain. (Al-Farsi et al., unpublished data) 

Our aim was to examine the effect of the Col-R and Col-S K. pneumoniae infection on the 

survival of zebrafish embryos and the bacterial count. The survival graph did not show 

significant difference between the two strains and both of them showed lower virulence 

compared to the wild type strain (Figure 7A). The CFU count revealed fast multiplication of 

all three strains inside the embryos with an increase of two log units up to 48 hpi. After 48 

hpi, the bacterial growth declined rapidly, which could be the result of the development and 

maturation of neutrophils around 32-48 hpf.
49

 On the whole, no significant difference between 

Col-R and Col-S strains was detectable, with regard to bacterial growth or survival of the 

zebrafish embryos. Moreover, the wild type strain showed higher bacterial counts and caused 

lower survival among embryos compared to the Col-R and Col-S strains, which correlates 

with higher fitness cost linked to the multidrug-resistant phenotype. 
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Conclusion 

 

In conclusion, based on the survival, CFU count and the innate immune reaction, zebrafish 

embryo is a suitable model to study host-pathogen interactions. Our data is consistent with the 

findings of Al-Farsi et al. and it suggests that the mgrB-insertions do not have an impact on 

the bacterial fitness in relation to innate immunity in zebrafish embryos. Consequently, the 

clinical significance of cross-resistance between colistin and AMPs may be more limited, than 

expected. However it has to be considered, that the zebrafish infection model is primitive and 

zebrafish do not produce LL-37. More investigation is needed to understand the whole 

mechanism of cross-resistance between colistin and antimicrobial peptides inside the host. 

 

Future plans 

 

We are developing a defensin 2 mutant zebrafish line. This line will be used to investigate the 

role of beta-defensin 2 in host-pathogen interactions, using different bacterial strains. 

Moreover, we want to examine the effect of immunostimulators, like vitamin-D and entinostat 

on host-pathogen interaction. We also would like to test the zebrafish embryo model with 

different bacteria, including Escherichia coli, Mycobacterium marinum and Edwardsiella 

ictaluri. Escherichia coli is important as a reference strain, while M. marinum and E. ictaluri 

are fish pathogens. Infecting zebrafish with its own pathogens could give a more complex and 

reliable result towards the understanding of the innate immune responses. Moreover, we 

would like to use fluorescently labelled immune cells and bacteria in order to visualize the 

interaction between them. 
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