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Bacteria represent one of the most ancient life forms on this planet and have 

evolved into the most diverse kingdom in the phylogenetic tree of life. Their 

habitats range from icy conditions to hot springs, from nutrient-rich 

environments to situations of severe nutrient limitation, and from aerobe to 

anaerobe surroundings. In addition, many other characteristics, such as shape 

and growth rate, also differ extensively between bacterial species. Since many 

bacteria in general have the capacity for a high rate of replication, species are 

able to rapidly evolve and adjust to new conditions, making bacteria not only the 

most diverse, but also the most diversifying kingdom. In this abundance of 

bacterial species, it is not surprising that some are harmful to other organisms, 

for example to other bacteria, which might compete for nutrients, but also to 

multicellular organisms such as plants and animals. Although the majority of all 

bacterial species is assumed not to be harmful, there are many different 

pathogenic bacteria that are known to infect plants or animals. In the course of 

evolution, pathogens developed many specific properties, called virulence 

factors, which enhance their ability to survive in multicellular hosts. Examples of 

such virulence factors are toxins, capsules, flagella, and secreted proteins that 

manipulate host cellular processes to the advantage of the pathogen. Due to 

the harmful nature of pathogens, the host species developed specific defence 

mechanisms to counter infections. In turn, this caused new adjustments in the 

virulence factors of pathogens to avoid the host defence mechanisms. 

Consequently, intricate mechanisms of host-pathogen interaction have evolved, 

which are still poorly understood. Knowledge of these mechanisms is the basis 

for development of novel therapies to combat infectious diseases. In this thesis, 

we set up a model to study host-pathogen interactions using the zebrafish 

embryo as a model host and the bacterial species Edwardsiella tarda, a known 

fish pathogen, as the infectious agent. 

 

Regulation of virulence by quorum sensing 

An important characteristic of many bacteria is their ability to coordinate 

behaviour by quorum sensing mechanisms. Quorum sensing is a phenomenon 

that in pathogens is often involved in regulating virulence factors such as the 

secretion systems. Since the production of virulence factors costs energy and 

since these virulence factors are often not effective in low concentrations, it is 

only advantageous for a relatively high number of bacteria to produce them. 
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This requires communication between bacteria to measure their cell density, 

which involves the quorum sensing systems. By means of quorum sensing a 

single bacterial cell is able to determine the number of other bacteria in its 

surroundings through the accumulation of signalling molecules. There are 

several quorum sensing systems, of which the luxI/R-system is the best studied. 

First discovered in Vibrio fischeri, homologues of this system are found in many 

other Gram-negative bacteria [1-4]. In the luxI/R system, the protein LuxI 

produces acyl homoserine lactones (AHLs), also called autoinducers, which 

diffuse freely over the cell membranes into the environment. AHLs bind to the 

protein LuxR, which then binds to the operator region of the target genes. A low 

concentration of AHLs does not bind a sufficient amount of LuxR protein to 

induce the target genes. However, when the population of bacteria reaches a 

certain density, the concentration of AHLs reaches a threshold, where sufficient 

LuxR is bound to induce or repress its target genes. Among the target genes is 

luxI, enabling the bacteria to rapidly increase the concentration of AHLs and 

thereby strongly induce or repress other target genes [5, 6]. These targets 

include several virulence factors. 

 

The contribution of secretion systems to bacterial virulence 

In many cases, virulence factors need to be secreted to be able to exert their 

effect on the host. The mechanisms by which these virulence factors are 

secreted differ and dependent partly on whether the pathogen is Gram-positive 

or Gram-negative. Since many compounds can diffuse across the cell wall, but 

not across the cell membranes, it is obvious that differences in secretion 

mechanisms exist between Gram-positive bacteria, which have a single 

membrane, and Gram-negative bacteria, which have an inner and an outer 

membrane. Gram-positive bacteria use the Sec-pathway and the twin-arginine 

translocation (TAT) system to transport most proteins, containing typical signal 

sequences, across the cytoplasmic membrane [7, 8]. In addition, a secretion 

system for proteins without the classical signal sequences was recently 

discovered in Gram-positives, and named type VII secretion system (T7SS) [9]. 

Like Gram-positive bacteria, Gram-negative bacteria also use the Sec- and 

TAT-pathway to transport proteins across the cytoplasmic membrane, but 

several Sec-independent secretion systems exist as well. However, the proteins 

also need to be transported across the outer membrane and several secretion 
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systems are involved in this transportation step. So far, six secretion systems 

have been discovered in Gram-negative bacteria, called type I to VI secretion 

systems (T1SS – T6SS). The T2SS and T5SS are Sec-dependent, while T1SS, 

T3SS, T4SS and T6SS are Sec-independent [10-15]. The T3SS, T4SS and 

possibly the T6SS are able to pierce the host cell membrane and inject proteins 

directly into the host cytoplasm [10, 12, 16, 17].  

The best studied secretion system is the T3SS, which was found to be an 

important contributor to virulence among many different species. Its basal 

structure is evolutionarily related to the bacterial flagellum. Rings of proteins 

form a tube spanning the inner and outer membrane and the periplasm. The 

flagellum is attached by a hook to this type of basal ring structure, while the 

T3SS has an extracellular needle which can penetrate the host cell membrane 

and deliver effector proteins directly into the cytosol [18, 19]. As the name 

suggests, the effector proteins are the active components with regard to altering 

host behaviour. The effector proteins from different pathogens have specific 

effects on the host, but some common features are present. Pseudomonas, 

Salmonella, Shigella, and Yersinia species all inject effectors into host cells that 

can change actin arrangement. However, where Salmonella and Shigella 

rearrange actin filaments to gain entry into host cells, Pseudomonas and 

Yersinia do this to prevent phagocytosis [20-23]. Another common feature is 

that many T3SS effectors function to alter the host innate immune response. In 

some cases, bacteria use T3SS effectors to promote inflammation, for example 

causing diarrhea, thereby facilitating the spreading of bacteria to new hosts [24]. 

In other cases, T3SS effectors inhibit innate immune signalling pathways and 

suppress inflammation in order to facilitate replication and longer term survival 

in the host [20, 22, 25]. 

Another secretion system which is an important contributor to virulence is 

the T6SS. It was first discovered as a set of genes involved in temperature-

dependent protein secretion in the symbiont Rhizobium, and was subsequently 

found to be present in several animal pathogens such as Pseudomonas 

aeruginosa, Vibrio cholerae, and Edwardsiella ictaluri [26]. In Edwardsiella tarda 

it was recognized as a putative secretion system, and following studies in V. 

cholerae it was finally named T6SS [27, 28]. Although much less is known 

about the T6SS than about the T3SS, this secretion system is now being 

studied intensively and more knowledge is rapidly gained. Like the T3SS, the  
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Figure 1. Secretion systems of Gram-negative bacteria. In Gram-negative bacteria six types of 

secretion systems have been identified, the type I – VI secretion systems (T1SS – T6SS). The 

T2SS and T5SS use the Sec- and/or Tat-dependent-pathway to transport substrates across the 

inner membrane (IM), similar to secretion over the single membrane of Gram-positive bacteria. The 

T2SS is a protein-complex anchored in both the inner and outer membrane that transports 

substrates from the periplasm across the outer membrane (OM). The T5SS include two-partner 

secretion systems and autotransporters. In two partner secretion systems the translocator protein 

transports the effector protein across the OM, whereas autotransporters are multi-domain proteins 

that insert themselves into the OM and transport the passenger domain across it. The T1SS is a 

simple transportation complex crossing both the IM and OM and secreting substrates in one step 

across both membranes. The T3SS, T4SS and T6SS are secretion systems that cross both the IM 

and OM and are also capable of penetrating the host cell membrane, enabling injection of effectors 

directly into the host cell cytoplasm. The structures of the T3SS and T4SS are well studied, while 

that of the T6SS is highly speculative. 

Secretion systems exemplified by: T1SS, haemolysin secretion system in Escherichia coli; 

T2SS, the general secretion pathway (Gsp) system; T3SS, Salmonella enterica subsp. enterica 

serovar Typhimurium system; T4SS, Agrobacterium tumefaciens VirB/D system; T5SS, NalP from 

Neisseria meningitides (autotransporter) and tpsAB system; T6SS, hypothetical structure. 

Abbreviations: Cyt - cytoplasm; IM - inner membrane; PP - periplasm; OM - outer membrane; 

HCM - host cell membrane; HCC - host cell cytoplasm. 

Figure based on: Fronzes, Christie & Gabriel Waksman, Nature Reviews Microbiology, 2009; 

[138] M. Saier, Microbial Genetics, http://saier-144-51.ucsd.edu/~saier/bimm122/ (http://saier-144-

51.ucsd.edu/~saier/bimm130/reading130/week9/Sec_Sys_Gram_nt.png); and KEGG pathway 

(www.genome.jp). 
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T6SS is thought to form a needle complex that punctures the host cell and to 

transport effectors directly into the host cell cytosol. However, whereas the 

T3SS is based on the structure of the bacterial flagellum, the T6SS is 

hypothesized to be similar to the cell-puncturing device of bacteriophages [16, 

17, 29]. Direct evidence of both the structure of the T6SS and the delivery of 

effectors into the host cell is still lacking. Some of the genes that were initially 

thought to be secreted, such as Hcp and VgrG, are now thought to be part of 

the needle like structure [16]. 

 

Unravelling evolution of bacterial genomes and virulence factors 

Since the T3SS and T6SS are widespread among the different pathogens, 

comparisons between the encoding DNA-sequences of different strains and 

species can give much information. The comparisons can reveal if the secretion 

systems and especially their effectors originate from horizontal gene transfer or 

from vertical descent with modifications [30]. In closely related species that 

have the same gene clusters, differences in amino acid sequences of proteins 

involved in virulence might determine different host specificities. In recent years, 

investigations into the evolution of bacterial genomes and virulence systems 

have been boosted by novel technologies for whole genome sequencing [31]. 

The increased speed and highly reduced price of whole genome sequencing, 

has made it possible not only to compare specific gene clusters of several 

strains or species, but also to compare complete bacterial genomes on a large 

scale. The number and type of single-nucleotide polymorphisms (SNPs) or 

insertions and deletions (indels) between large numbers of different strains may 

unravel the evolutionary history at high resolution and identify genomic regions 

with high selective pressure [31]. It can be predicted that virulence factors are 

subject to high selective pressure, for example positive selection (the 

generation and spread of new favourable alleles in the population) diversifying 

selection (the selective maintenance of multiple alleles in the population), or 

purifying selection (selection that acts to eliminate selectively deleterious 

mutations). Differences in pathogenicity or host specificity may be explained by 

studying which selective pressures act on different components of virulence 

factors [30]. 
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Virulence factors of Edwardsiella tarda 

Edwardsiella tarda is a Gram-negative, rod-shaped bacterium, able to cause 

infection in a wide range of animal hosts, such as birds, amphibians, reptiles 

and mammals, including humans [32, 33]. Its most common hosts, however, are 

fish, where it causes disease in many species like carp, tilapia, eel, catfish, 

mullet, salmon, trout and flounder. Not all strains of E. tarda are pathogenic. 

There are four different serotypes (A, B, C and D) and only one, serotype A, is 

highly virulent. It is also the most predominant serotype [34, 35]. Analysis of E. 

tarda strains isolated from different geographical locations shows that random 

amplified polymorphic DNA profiles differ between these locations [36]. This 

finding, combined with differences found in PCR-restriction fragment length 

polymorphism of 16S rDNA of E. tarda strains from different habitats [37], 

indicates that this bacterium is highly plastic and phenotypically polymorphic, 

and therefore capable of adapting to its broad range of hosts. In contrast, the 

close relative Edwardsiella ictaluri, has a more narrow host range, mainly 

restricted to catfish [38]. 

The disease caused by E. tarda is called edwardsiellosis, which can lead to 

mass mortality in fish populations. While the prevalence of the disease in ponds 

is seldom above 5%, in tanks it can reach 50% [39]. Fish are infected by 

waterborne contact with E. tarda, with multiple routes of entry: through the skin, 

gills or oral route [40]. Symptoms and gross signs include lesions on the skin, 

pale gills, tumefaction of the eye, excessive mucus secretion, scale erosion, 

distended abdomen, pigment loss, enlarged kidney, abscesses on internal 

organs and swelling and bleeding of the anus leading to reddening. In mild 

infections, small cutaneous lesions (3-5 mm in diameter) appear on the 

posterolateral parts of the fish [39, 41]. 

Much research into E. tarda has already been done and several virulence 

factors have been identified, although their precise functions are still being 

unravelled. To enter the host, the bacteria adhere to the host using the fimA 

gene. Once inside the host, E. tarda is able to resist complement activity and to 

survive within macrophages. The genes involved in macrophage survival are 

sodB, katB, gadB, isor, astA, pstS, pstC, ompS2 and ssrB [42]. From these 

genes sodB (superoxide dismutase) and katB (catalase) have been studied in 

most detail, revealing that sodB differs between virulent and non-virulent strains 

and that katB is absent in non-virulent strains [43, 44]. 
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The type III and type VI secretion systems are also present in E. tarda [42, 

45-47]. The T3SS secretes EseB, EseC and EseD, which after secretion form a 

protein complex [48]. Knockout mutants of these proteins were unable to 

replicate in murine macrophages, indicating an essential role in intracellular 

replication [46]. The T6SS of E. tarda is one of the best studied secretion 

systems of this class. In one study, 16 known genes of this secretion system 

were knocked out separately. Among these genes, 13 were found to be 

essential for secretion. Three proteins are secreted, EvpC, EvpI and EvpP [47]. 

EvpC and EvpI, which are mutually dependent for secretion, are likely to be part 

of the bacteriophage injectisome-like needle [16, 47, 49]. The third secreted 

protein, EvpP, has so far only been found in E. tarda, and in addition in one 

Aeromonas hydrophila strain, which has been hypothesized to have obtained it 

by horizontal gene transfer [49]. EvpP is suggested to play a critical role in the 

cell invasion mechanism, since, compared to a wild type, an EvpP mutant of E. 

tarda was attenuated in infection of adult zebrafish and Japanese flounder [49]. 

In addition to these virulence factors, E. tarda possesses the classical quorum 

sensing systems homologous to the LuxI/R system and LuxS system [50, 51]. 

These systems regulate several virulence factors such as the T3SS and the 

flagellin protein FliC [51, 52]. 

The strong virulence of E. tarda in fish makes it an interesting pathogen for 

studies into host-pathogen interactions. However, its known common hosts are 

not convenient for studies in the laboratory. Therefore, the zebrafish was 

developed as a model host to study E. tarda pathogenicity [53]. 

 

Zebrafish as a model host organism 

Originally applied as a model organism to study development, the zebrafish was 

subsequently recognized as a useful addition to mammalian models to study 

infectious diseases, cancer and many types of genetic disorders [54-57]. Many 

traits of the zebrafish make it a very practical vertebrate model organism. In 

comparison with rodent models, zebrafish care and maintenance is less costly. 

The adult fish are small (3 – 5 cm) and one pair of fish can lay several hundreds 

of eggs per week. The eggs are fertilized externally and the embryo remains 

transparent during the first days of development. For the study of host-pathogen 

interactions, the value of the zebrafish lies in the facts that in vivo imaging of 

infection is easily accomplished, advanced genetic tools and the genome 
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sequence are available, and the zebrafish and human immune systems are 

highly similar [55, 58-60]. 

Due to their transparency and small size, living zebrafish embryos are highly 

suitable to be studied with microscopic techniques. With the use of fluorescent 

markers, specific cell types of the immune system can be labelled, and their 

behaviour studied. In addition, fluorescently labelled bacteria can be injected 

and their spreading or proliferation followed in time. Several transgenic lines 

have been constructed with fluorescent markers under control of different 

leukocyte specific promoters. For example, in a transgenic line that labels early 

myeloid cells green, gfp was cloned under the control of the spi1-promoter [61-

64]. In another transgenic line GFP is under the control of the neutrophil-specific 

mpx-promoter, labelling all neutrophils green [65, 66]. Macrophage-specific 

lines have also recently been reported [67, 68]These transgenic lines, 

especially in combination with fluorescently labelled pathogens, make in vivo 

imaging of host-pathogen interactions possible at a detail that is unmatched in 

mammalian models. 

In addition to the possibility of constructing transgenic lines, the zebrafish is 

a powerful model for forward and reverse genetics approaches. Forward 

genetics, the induction of random mutations and subsequent screening for 

interesting phenotypes, can be performed at high throughput levels. Classical 

approaches such as retroviral- or transposon-mutagenesis are possible to 

introduce germline mutations in zebrafish, but the use of ethylnitrosurea (ENU) 

on male zebrafish is most common [69]. ENU introduces random point 

mutations in the genome that can be identified by positional cloning. In 

zebrafish, conventional targeted knockout techniques as used in mice are not 

available, but randomly generated mutants can also be used for reverse genetic 

screening. By sequencing a gene of interest in DNA pools from zebrafish 

mutant populations, zebrafish with mutant alleles in that gene can be identified. 

The high throughput sequencing methods make this approach, called TILLING 

(targeting induced local lesions in genomes), very effective [70]. At present, the 

use of zinc finger knock out technologies is under development to expand the 

toolbox for reverse genetics approaches. 

A different approach towards reverse genetics is the use of morpholinos 

[71, 72]. Morpholinos are stable synthetic oligonucleotides that can bind to 

mRNA or pre-mRNA to prevent translation or splicing respectively. The 
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sequence of the morpholino determines which mRNAs are blocked, enabling 

gene specific targeting. Morpholinos injected in the yolk of 1-2 cell stage 

zebrafish embryos can lead to transient gene knockdown for up to the larval 

stage, depending on the dose and the sequence of the morpholino. The 

advantage of morpholinos is that for example in the case of genes involved in 

both embryo development and immunity, the knockdown effect can be titrated in 

order to avoid developmental phenotypes, so that the immune function can be 

studied under these partial knockdown conditions. Disadvantages of the 

morpholino approach are possible non-specific effects that need to be properly 

controlled for, and the transient nature of the technique. 

 

The immune system of zebrafish 

Zebrafish, like all jawed vertebrates, possess an innate and an adaptive 

immune system [59, 60, 73, 74]. Most of the cell types active in the mammalian 

immune system have been identified in the zebrafish or in other teleost fish [55, 

73-75]. Both in mammals and in zebrafish, these cell types develop in distinct 

waves of primitive and definitive hematopoiesis [76-79]. Although the sites of 

hematopoiesis differ between mammals and zebrafish, the cellular and 

regulatory processes are highly conserved [75, 77, 78]. However, a useful 

feature of the zebrafish embryo model is that the innate and adaptive branches 

of the immune system are temporally separated. In the developing embryo, 

active macrophages are already present at 1 day post fertilization (dpf) and 

differentiated neutrophils at 2 dpf [80-82]. In contrast, immature T-cell 

precursors appear only by 4 dpf and the adaptive immune system is not fully 

active until 2 - 4 weeks post fertilization [79, 83, 84]. This separation makes it 

possible to study functions of the innate immune system without interference of 

the adaptive immune system. The innate immune system makes use of cellular 

and soluble components. Macrophages and neutrophils are able to 

phagocytose and kill invading microbes. Macrophages are also able to 

phagocytose cellular debris and apoptotic cell corpses. Neutrophils are able to 

release antimicrobials and proteases, enabling extracellular killing of microbes. 

Examples of soluble components of the innate immune system are acute phase 

proteins such as complement and antimicrobial peptides. Acute phase proteins 

are proteins with pro- and anti-inflammatory effects. Some, like the complement 

components, can bind to microbes either marking them for phagocytosis or
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Figure 2. Schematic overview 

of the development of the 

zebrafish immune system and 

previous research into 

zebrafish Myd88. At 1 dpf two 

populations of innate immune 

cells can already be 

distinguished by expression of 

specific macrophage and 

neutrophil marker genes and 

both populations are capable 

of migrating to infection sites 

[64]. However, based on the 

presence of neutrophilic 

granules and 

myeloperoxidase enzyme 

activity, functional neutrophils 

appear only by 2 dpf [134]. At 

3 dpf the mouth of the embryo 

opens and microbiota start 

colonizing the gut [122]. T-cell 

precursors arise at 4-5 dpf 

and adult zebrafish possess 

a fully mature adaptive 

immune system with T- and B-

cell responses 

[55]. Mammalian MYD88 is 

known as the essential adaptor molecule for most of the Toll-like receptors and the IL-1 receptor. 

Research into Myd88 in the zebrafish model started with its simultaneous discovery and initial 

expression analysis by two different groups (column 1) [91, 92]. Morpholino knockdown was used to 

study the function of Myd88 in Salmonella infection (columns 2 and 5) [96, 115] and in responses of 

the gut to the endogenous microbiota (column 3) [114, 135, 136]. Loss of Myd88 function impaired 

the ability of embryos to clear an otherwise non-pathogenic Salmonella LPS-mutant infection [115]. 

Induction of inflammatory genes such as il1b and mmp9 was shown to require Myd88-dependent 

signalling, while the interferon response was Myd88-independent similar as in mammalian models 

[96, 137]. Zebrafish larvae deficient in the LPS-detoxifying enzyme intestinal alkaline phosphatase 

were shown to display Myd88-dependent hypersensitivity to LPS and excessive neutrophil 

infiltration of the gut mucosa [114]. In addition, Myd88 signalling in zebrafish larvae was shown to 

be required for TNBS-induced intestinal inflammation [136] and for microbial-dependent intestinal 

epithelial cell proliferation [135] To analyse expression of the myd88 gene in different tissues and 

immune cell types, GFP was coupled to the myd88 promoter (column 4) [98]. The bars on the right-

hand side of the figure indicate at which stage of zebrafish development the studies were 

performed. Dark grey bars refer to studies with wild type zebrafish and black bars to morpholino 

knockdown studies. Zebrafish embryo and larva drawings are courtesy of Oliver Stockhammer. 
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killing them directly by forming pores in the microbial membrane. 

In order to raise a response to invading microbes, they must be recognized 

as such. Most microbes have features that differ substantially from host cells. 

Since microbes such as bacteria rapidly evolve, the features used for 

recognition by the innate immune system are often essential and therefore less 

prone to changes. These features are referred to as microbe-associated 

molecular patterns (MAMPs) or pathogen-associated molecular patterns 

(PAMPs). Gram-negative bacteria for example, have LPS on their outer 

membrane and Gram-positive bacteria have their cell wall of peptidoglycan 

exposed to the host. These MAMPs or PAMPs are recognized by several 

different pattern recognition receptors (PRRs), such as the Toll-like receptors 

(TLRs), the NOD-like receptors (NLRs), the RIG-I-like receptors (RLRs), the 

scavenger receptors and lectins [85]. Different PRRs are located on the cell 

membrane, in endosomes, and in the cytosol of cells of the innate immune 

system. The best studied PRRs are the TLRs. TLRs are named due to their 

high homology to the Drosophila Toll receptor, which was discovered in 1985 as 

a receptor involved in determining dorsal-ventral polarity [86]. Later it was found 

to be involved in the anti-fungal immune response of Drosophila [87]. Soon 

after, TLR4 was discovered in mammals and shown to be involved in the 

response to LPS [88]. TLRs are germline-encoded type I transmembrane 

receptors, spanning either the cell membrane or an endosomal membrane. The 

TLRs consist of a leucine-rich repeat (LRR) domain and a Toll/Interleukin-1 

receptor (TIR) domain. The LRR domain is the extracellular domain involved in 

ligand recognition and highly varies between different TLRs. The TIR domain is 

more conserved and is the intracellular domain responsible for signal 

transduction. Interestingly, some bacterial species, including Escherichia coli, 

Brucella melitensis, and E. tarda, also contain TIR-domain containing proteins, 

which they may use to interfere with the host TLR-signalling response [89, 90]. 

In humans, 10 TLRs have been found, each of which recognizes different 

ligands. Zebrafish have several homologues to the human TLRs, but in addition 

have some fish specific TLRs [91, 92]. For some human TLRs, there are two 

homologues in the zebrafish, like tlr4a/b and tlr5a/b, probably due to a 

duplication event. It is not yet known whether these duplicated TLRs differ in 

ligand specificity. Conserved ligand specificity has been shown between some 

mammalian and zebrafish TLRs. Flagellin is recognized by TLR5 in both 
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mammals and zebrafish and there are indications of viral RNA recognition by 

Tlr3 in zebrafish, like in mammals [93-96]. There are however also differences 

in ligand specificity between homologous TLRs in zebrafish and mammals. 

LPS, which is recognized by TLR4 in mammals, fails to activate the 

homologues Tlr4a/b in zebrafish [95, 97]. Consistent with this finding is the 

absence of co-receptors CD14 and MD2 in zebrafish, which are necessary for 

LPS recognition in mammals. Upon ligand binding, TLRs activate a signal 

transduction pathway consisting of several adaptors and other signalling 

proteins. The TLR adaptor proteins Myd88, Mal/Tirap, Trif/Ticam1 and Sarm are 
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Figure 3. Signalling by cell-surface TLRs. Mammalian cell surface TLRs can be activated by 

bacterial compounds such as PGN, LTA, di- and triacylated lipoproteins (TLR2 heterodimers with 

TLR1 or 6), flagellin (TLR5), and LPS (TLR4). Other members of the mammalian TLR family 

(TLR3/7/8/9) that are involved in recognition of nucleic acids are located on endosomal 

compartments (not shown). Upon ligand binding TLR1 and 6 form heterodimers with TLR2, while 

TLR4 and TLR5 form homodimers. These hetero- or homodimeric TLRs all signal through MYD88, 

either directly (TLR5) or via MAL, also known as TIRAP (TLR1/6-2 heterodimers and TLR4). MYD88 

recruits IRAK4, which recruits IRAK1 and IRAK2 that subsequently activate TRAF6. TRAF6 

interacts with IRF5 and with the TAB2, TAB3, TAK1 complex, which activates MAPK signalling and 

the IKK complex, consisting of NEMO and IKKαβ. This leads to phosphorylation and subsequent 

degradation of the IκB inhibitor, enabling transcription factor NFκB to translocate to the nucleus. The 

IRF5, MAPK and NFκB pathways all induce the expression of pro-inflammatory cytokine genes. The 

activation of IRAK1/2 can be inhibited by TOLLIP and IRAK3. In addition to the MYD88/MAL-

dependent pathway, TLR4 also signals through a MYD88-independent pathway that uses TRIF 

(also known as TICAM1) and TRAM (also known as TICAM2). TRIF recruits TRAF6, either directly 

or through RIP1, and TRAF3. Signalling through TRAF6 continues as described for the MYD88-

dependent pathway, with exception of the interaction with IRF5. TRAF3 activates TBK1 and IKKι, 

which in turn activate IRF3, inducing Type I interferons. 

With the exception of TLR6, the mammalian cell surface TLRs are well conserved in zebrafish. As in 

mammals, zebrafish TLR5 has been shown to respond to flagellin [96], but zebrafish TLR4 does not 

appear to recognize LPS [95, 97]. The TLR2 protein of carp, a close relative of zebrafish, has been 

shown to respond to LTA and PGN [139]. The adaptor proteins Myd88, Mal and Trif are also 

conserved in zebrafish, but the zebrafish genome does not contain a homologue of TRAM, which is 

therefore shown in red in the figure. All other signalling intermediates shown in the figure are also 

present in zebrafish, but it remains to be determined to what extent the signalling pathways are 

similar. Ligands in bold have been shown to be recognized by the same TLRs in fish as in 

mammals. 

Figure based on Kawai & Akira, Nature Immunology, 2010 [140]. 

 

 

all expressed in zebrafish embryonic leukocytes [98], but in contrast to the 

TLRs, only single copies of each adaptor protein are present in the genome. A 

fifth adaptor in mammals, Tram/Ticam2 has so far not been found in fish [92, 

99, 100]. The TLR signal transduction pathways in zebrafish are not yet fully 

known. In mammals TLR3 is the only TLR that does not signal through myeloid 

differentiation factor 88 (MYD88), but instead utilizes TRIF. Similarly, the 

involvement of TRIF in zebrafish TLR3 signalling has been demonstrated, 

although there are also differences between the mammalian and zebrafish viral 

innate immune responses [100]. For all other TLRs in mammals, MYD88 is 

required for downstream signalling either by direct interaction with the TLR 

(TLR5, -7, -8 and -9), or by interaction with MAL, which in turn interacts with the 
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TLRs (TLR2 in heterodimers with TLR1 and -6). TLR4 also has direct 

interaction with MYD88, but it also has a MYD88-independent signalling 

pathway, making use of the adapter proteins TRAM (absent in zebrafish) and 

TRIF, leading to the production of type I interferons [101]. SARM is suggested 

to be a negative regulator of TRIF, but it has also been shown to be a positive 

regulator of the viral response in brain cells [102, 103]. 

Since Myd88 is used by all TLRs except for TLR3, it is one of the key 

adaptors in the TLR signalling pathway. In addition, it has been found to be an 

adaptor downstream of the interleukin-1 receptor (IL-1R) and has been 

associated with IFN-γ signalling [104, 105]. The Myd88 protein consists of two 

signalling domains, a TIR domain that interacts with the TIR-domain of the 

TLRs and IL-1R, and a death domain that interacts with the downstream IL-1 

receptor associated kinases (IRAKs). This signalling leads to the production of 

pro-inflammatory cytokines and proteins involved in anti-microbial defence [106-

108]. The key function of Myd88 in innate immune signalling was shown in mice 

deficient in this adaptor. In wild type mice LPS stimulation results in endotoxic 

shock, but the Myd88-deficient mice were hyporesponsive after stimulation. Not 

only LPS, the ligand for TLR4, but also the ligands for TLR2, -5, -7 and -9 failed 

to induce a response [104, 109]. It is therefore not surprising that Myd88-

deficient mice were more susceptible to several pathogens [110-113]. In the 

zebrafish, Myd88 knockdown led to susceptibility towards an otherwise 

harmless Salmonella enterica serovar Typhimurium (Salmonella typhimurium) 

LPS-mutant and a lack of response towards LPS, similar as in mammals [114, 

115]. Furthermore, it was shown that the zebrafish also has a Myd88-dependent 

and -independent pathway, inducing pro-inflammatory cytokines and type I 

interferons respectively [96]. In addition to this seemingly conserved pathway, 

there are fish specific pathways as well, like the Trif-dependent pathway that 

activates interferon in an IRF3/7-independent way and without interaction with 

Traf6 [100]. 

 

Zebrafish infection models 

Recent years have seen an explosion of zebrafish infection models, especially 

with bacteria as the pathogenic invader [54, 56, 57, 116-119]. Both the bacterial 

virulence factors and the zebrafish immune constituents, in embryos as well as 

adults, have been the subject of interest in these models. Some examples of 
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human pathogens that are studied in the zebrafish are the Gram-negative 

bacteria Pseudomonas aeruginosa and Salmonella enterica and the Gram-

positive Streptococcus pyogenes [96, 120-123]. P. aeruginosa is known as a 

broad host range pathogen, capable of infecting both plants and animals, and in 

humans is a primary cause of concern in cystic fibrosis. In the zebrafish, the 

role of the T3SS, quorum sensing and other virulence factors in the 

pathogenicity of P. aeruginosa have been studied, as well as the role of the 

early myeloid cells in battling the infection [120, 121]. Injection of the wild type 

P. aeruginosa strain PAO1 caused lethal infection in zebrafish embryos. Strains 

with mutations in the T3SS or the LasR quorum sensing system were 

attenuated in 50 hpf zebrafish embryos, but not in 28 hpf zebrafish embryos 

[120, 121]. Additionally, morpholino-induced manipulation of the number of 

phagocytic cells present in the zebrafish embryo showed that the T3SS of P. 

aeruginosa protects the bacterium from phagocytes [120]. P. aeruginosa strain 

PAO1 has also been used to study the interactions of gut microbiota with the 

zebrafish embryo in a gnotobiotic system [122]. Interestingly, the zebrafish 

readily ingested the bacteria when exposed by static immersion, but no infection 

occurred. The immune response towards PAO1 in the gut was similar to that in 

the mouse upon establishment of the gut microbiota [122]. S. typhimurium is 

often ingested with contaminated food and causes symptoms such as vomiting 

and diarrhea. In the zebrafish, it was used to study the innate immune response 

during systemic infection in the blood, in which it was shown to activate both the 

Myd88-dependent and -independent pathways [96]. One of several studies 

using S. pyogenes as the infecting agent compared S. pyogenes in an in vitro 

biofilm with S. pyogenes in zebrafish tissue using transcriptional profiling. This 

study showed that in in vitro biofilm S. pyogenes expresses only a small portion 

of the virulence factors that it expresses in live tissue [123]. 

The most extensively studied bacterial pathogen in zebrafish is 

Mycobacterium marinum. This bacterium is a natural fish pathogen, which can 

also cause mild skin infections in humans. What makes it interesting is the fact 

that its pathogenic hallmarks are similar to those of the human pathogen 

Mycobacterium tuberculosis, the causative agent of tuberculosis [124]. M. 

marinum induces the formation of granulomatous aggregates of infected and 

non-infected immune cells in zebrafish that highly resemble the granulomas 

formed during M. tuberculosis infection in humans [124, 125]. Studying this 
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pathogen in zebrafish has already led to new insights in the human disease. For 

example, through its newly discovered T7SS M. marinum secretes ESAT-6, a 

virulence factor that, when the bacterium is phagocytosed, stimulates nearby 

epithelial cells to express mmp9 [126]. This mmp9 induction was shown to be 

required for recruitment of macrophages into granulomas. Whereas granuloma 

formation was previously thought to function solely as a host-protective 

mechanism, studies in zebrafish demonstrated that mycobacteria actively 

exploit the early stages of granuloma formation for their expansion and 

dissemination in the host [127]. 

Many more examples of bacteria used to study host-pathogen interactions 

in zebrafish can be given, but most share at least one characteristic, the need to 

be injected to cause infection. Injection in adults is mostly done intraperitoneally 

or intramuscularly, while the most common injection sites used in embryos are 

the posterior blood island at 1 dpf and the Duct of Cuvier at 2-3 dpf [119]. 

Injection in the yolk of embryos is also possible, but only for slow growing 

bacteria, such as M. marinum [128], since fast growing bacteria rapidly expand 

in the nutrient-rich environment of the yolk, thereby causing early lethality of the 

embryos [82, 129]. For high throughput screening injection is a bottleneck, since 

automated injection is so far impossible for adults and only possible for yolk 

injections in the embryo [128]. It would be useful to identify pathogenic bacteria 

that are able to infect the zebrafish by static immersion only. Though some 

bacteria are able to infect the zebrafish through the oral route or after dermal 

abrasion [53, 54, 122, 130-132], only two bacterial species have been reported 

to infect 1 day old embryos by external exposure [53, 133]. It was found that 

static immersion of 1 dpf embryos in a suspension of E. tarda for 5 hours was 

enough to cause a cumulative lethality of 31% after 14 days, compared to 11% 

in control embryos. In addition, immune response markers tnf and il1b were 

found to be up-regulated in the zebrafish at 2 and 4-8 hpi (hours post infection) 

respectively [53]. In a later study also Flavobacterium columnare was 

successfully used to infect 1 dpf embryos by static immersion [133]. Like E. 

tarda, F. columnare is a highly contagious natural fish pathogen, causing 

disease in both wild and cultured fish populations. These bacteria might prove 

useful for high throughput mutant and drug screening. 
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Outline of this thesis 

At the beginning of this research project, E. tarda was the only pathogen found 

to be able to lethally infect one day old zebrafish embryos by static immersion. 

Since static immersion would allow high throughput screening, we chose to 

work with this bacterium. In this thesis, we used E. tarda to establish a basis for 

comparison of virulence between different strains and for studying the 

contribution of different virulence factors. In addition, we used it to study the 

function of the embryonic innate immune system in the response to E. tarda 

infection. 

 

In Chapter 2 we determined the genome sequence of E. tarda FL6-60 with 

deep sequencing. We compared our genome sequence with that of the recently 

sequenced E. tarda EIB202 and E. ictaluri 93-146 and showed that single 

nucleotide polymorphisms can be identified with 50 nucleotide reads. We also 

compared in detail the T3SS and T6SS of E. tarda strain FL6-60 with the T3SSs 

and T6SSs of other E. tarda strains and an Edwardsiella ictaluri strain of which 

these secretion systems had been sequenced, where we showed a high 

number of polymorphisms that might cause differences in virulence. 

 

Chapter 3 focuses on the method of infection. We set out to test the ability of E. 

tarda to establish a reproducible lethal infection in zebrafish by immersing the 

embryos in a suspension of this pathogen. In addition, we tested whether a 

similar system for P. aeruginosa was feasible. Comparison of mortality rates 

and an analysis of markers for the innate immune response at single embryo 

level demonstrated that caudal vein injection of bacteria led to more 

reproducible infections than the immersion method. Transcriptome profiling of 

embryos infected by the injection method showed a strong induction of 

inflammatory and defence genes, while only few immune-related genes were 

induced in embryos subjected to E. tarda immersion. Based on our microarray 

studies we distinguished markers that most likely result from epithelial 

responses in the immersion system and markers that are only induced upon 

systemic infection. 

 

Finally in Chapter 4 we studied the role of the embryonic host immune system 

to E. tarda infection. To this extent we used a zebrafish knockout mutant in the 
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myd88 gene, which codes for an essential adaptor protein in Toll-like receptor 

signalling. This is the first zebrafish knockout mutant of a central innate immune 

signalling component. The results of microarray expression profiling show that 

myd88 plays a crucial role in the induction of many immune response genes, for 

example encoding cytokines and chemokines, and in the induction of 

transcriptional regulators of the immune response. The study shows the 

advantages of knockout mutant analysis over morpholino knockdown 

technologies. 
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Abstract 

 

Edwardsiella bacteria are well-known pathogens of a wide variety of animals, 

including humans. We have used shotgun deep sequencing technology to get a 

completely saturated (171 times coverage) genome sequence of E. tarda strain 

FL6-60, a common fish pathogen which is also used in zebrafish infection 

models. Bioinformatics analyses revealed interesting technical details of 

Illumina deep sequencing technology, such as a bias against regions with high 

CG content. We have compared our genome sequence with those of 

Edwardsiella strains already available (E. tarda EIB202 and E. ictaluri 93-146). 

These comparisons show that the current deep sequencing using ~50 

nucleotides reads is very well suited to identify single nucleotide polymorphisms 

with high accuracy. Furthermore, we were able to identify all highly diversified 

regions that are related to transposon and viral sequences, thereby giving new 

insights in genome dynamics of closely related bacterial strains. The great 

depth of sequencing made it even possible to identify a novel circular single 

copy prophage that has not been found in other Edwardsiella strains. In 

addition, we show that with this technology it is possible to show with high 

confidence that a plasmid present in E. tarda strain EIB202 is not present in 

strain FL6-60. As an example of the usefulness of these datasets we compared 

single nucleotide polymorphisms in several gene clusters that are associated 

with virulence, also using other published incomplete Edwardsiella sequences. 

The results showed that several virulence genes, including those coding for 

type III and type VI secretion systems, have a remarkable high number of 

polymorphisms. The identification of these variations will be important for further 

comparisons in pathogenicity and virulence of different Edwardsiella strains. 

 

 

Introduction 

 

Edwardsiella tarda is a gram negative pathogen capable of infecting a wide 

range of host species, such as fish, amphibians, reptiles, birds and mammals, 

including humans [1, 2]. Edwardsiellosis, a generalized septicemia caused by E. 

tarda, is an often occurring disease in many fish species in aquaculture, which 

leads to extensive losses [3]. In humans, E. tarda is also a cause of 
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gastrointestinal and extra-intestinal infections [1] and is able to invade non-

phagocytic cells in culture [4, 5]. 

E. tarda strain FL6-60 was shown to be able to infect zebrafish embryos by 

static immersion [6]. Adult zebrafish were susceptible to intraperitoneal injection 

and could also be infected by static immersion, but only in combination with skin 

wounding. With the zebrafish being increasingly used as a model system for 

infectious diseases [7], this makes this strain a valuable test organism for 

disease modelling. The zebrafish E. tarda infection model is now also used for 

detailed innate immune transcriptome analysis (this thesis, chapters 3 and 4). 

Recently the complete genome sequence of Edwardsiella tarda strain EIB202 

has been published [8]. EIB202 was shown to be pathogenic in swordfish, 

turbot and adult zebrafish, but this strain has not been tested yet in zebrafish 

embryo infection models. Furthermore, the genome of its close relative E. 

ictaluri strain 93-146 has been completely sequenced and submitted to the 

Genbank database (accession number CP001600). In addition, a collection of 

unassembled short fragment reads of a shotgun sequencing attempt of E. tarda 

strain ATCC 23685 is available (SRA accession numbers SRX001436 and 

SRX001437). 

The development of new sequencing techniques has rapidly reduced the 

time and cost of whole-genome sequencing making it attractive to compare 

many bacterial genomes [9]. The next-generation sequence platforms, provided 

by Illumina, ABI and 454 Life Sciences (Roche), generate large amounts of 

nucleotide sequence reads [10]. These techniques were primarily developed for 

resequencing of closely related individuals, but are with the increase of the read 

sequence lengths and the availability of assembly software specialized for short 

reads gradually becoming used for de novo genome sequencing [11-14]. We 

sequenced E. tarda strain FL6-60 with the Illumina Genome Analyzer II, which 

provided us with reads of a length of 51 bp that were assembled into large 

contigs and compared to the EIB202 sequence. We have used the FL6-60 

genome sequence for comparison of virulence genes with the known 

sequences of other E. tarda strains to see if there are genetic differences 

between strains that can be a basis for differences in pathogenic behaviour. 

Several virulence factors, common in Gram-negative pathogens, have been 

identified as being important in E. tarda virulence. The three major systems 

involved are the protein secretion systems Type III Secretion System (T3SS) 
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[15] and Type VI Secretion System (T6SS) [16] and the regulatory quorum 

sensing system [17, 18].  

The virulence determinants of E. tarda have been identified by functional 

genomics approaches such as transposon mutagenesis [19] and proteomics 

[20]. Of several E. tarda strains some of the genes found to be associated with 

virulence were sequenced, for instance the complete sequences are available 

for the T3SS gene cluster [15], the T6SS gene cluster [16], the quorum sensing 

genes LuxIR and LuxS, and some genes involved in toxicity [19] and resistance 

to phagocyte-mediated killing [19, 21, 22]. 

Our sequence comparisons show that the used current deep sequencing 

technology is highly suited to identify single nucleotide polymorphisms with high 

accuracy. For two highly related bacterial strains, we have mapped genome 

dynamic regions and identified all single nucleotide polymorphisms in the above 

mentioned loci and the presence or absence of plasmids or circular prophage-

related sequences. 

 

 

Results and discussion 

 

Genome assembly strategy 

The genome of E. tarda FL6-60 was assembled using a combination of 

automated de novo assembly, reference assembly against the recently 

published genome of E. tarda EIB202 and manual inspection of highly variable 

regions (see table 1). Using de novo assembly alone, 98.2% of the sequencing 

reads could be assigned to contigs of at least 200 bp. In a reference assembly 

using the E. tarda EIB202 genome, 92.4% of reads could be mapped. On 

average, every position on this genome is covered by 171 reads; however in 

total 145443 bp (3.9% of the genome) could not covered by any read. A 

reference assembly using plasmid pEIB202 of strain EIB202 did not yield a 

relevant number of matching reads, thereby demonstrating the absence of this 

plasmid in strain FL6-60. 

In the reference assembly, many regions of the EIB202 genome are uniquely 

matched by sequencing reads with at least twice the average coverage (figure 

1), indicating possible genomic duplications. However, when comparing 
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Table 1. Genome statistics of Edwardsiella tarda strain FL6-60. 

Assembly Reference Accession Length %CG ORFs* Assembled 

reads 

Average 

coverage 

De novo - - 3801681 bp in 

623 contigs (N50 

= 12020 bp) 

ND ND 145153318 

(98.2%) 

180.16x 

Reference E. ictaluri 

93-146 

genome 

NC_012779 3812315 bp 57.4% 3935 5234702 

(35.4%) 

63.47x 

Reference E. tarda 

EIB202 

genome 

NC_013508 3760463 bp 59.7% 3664 13661894 

(92.4%) 

171.01x 

Reference E. tarda 

pEIB202 

plasmid 

NC_013509 43703 bp 57.3% 53 2 (0.0%) 0.00x  

Reference E. tarda 

FL6-60 

genome 

 3684607 bp 59.8% 3448 14250618 

(96.4%) 

182.38x 

Reference E. tarda 

FL6-60 

phage-like 

element 

 44194 bp 51.4% 63 268143 

(1.8%) 

293.07x 

 

* The number of ORFs in the reference sequence as found in Genbank or determined by Glimmer 

 

 

local coverage to GC-content, a clear correlation was found (figure 2), 

suggesting a technical artefact that we have further analysed. A bias against 

AT-rich regions has been previously reported for Illumina sequencing [23]. In 

apparent contrast, we find a strong correlation between GC-content and 

sequencing depth: the lower the GC-content of the reference, the higher the 

number of matching reads. However, the E. tarda EIB202 genome contains 

very few AT-rich regions even near the resolution of single sequencing reads 

(100 bp windows), so any bias against AT-rich sequences would be difficult to 

observe. In fact, the observed apparent linear relationship between GC% and 

coverage (figure 1) makes it possible to predict sequencing depth for the whole 

reference genome, allowing several outliers to be quickly identified. 

A complete draft genome of strain FL6-60 was then constructed by 

manually integrating de novo assembled contigs into the gaps of the reference 

assembly using matching flanking sequences (figure 2). One large contig could 
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Figure 1. Overview of the genome of Edwardsiella tarda strain EIB202 excluding one circular 

phage-like element. The circles from outside to inside represent: Annotated genes plus strand (grey, 

protein coding; black, tRNA; purple, rRNA; orange, phage-related/integrase/transposase). 

Annotated genes minus strand (colour coding same as plus strand). CG content above or below the 

median (calculated for 1000 bp windows). Sequencing depth (coverage) for the reference assembly 

of strain FL6-60 (1000 bp windows), dark blue are unique matches, light blue are non-unique 

matches of sequencing reads. Regions masked in the second iteration of the reference assembly of 

strain FL6-60 (dark grey). Genomic islands as determined by IslandViewer (lime). Net insertions 

(green) and deletions (red) in strain FL6-60 with regard to strain EIB202, genes affected can be 

found in supplementary table S1. 
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Figure 2. GC bias of Illumina sequencing. GC content 

and average coverage were calculated for 100 bp 

windows of the EIB202 genome. For 40-80% GC, the 

relationship with read coverage can be described by a 

straight line, allowing easy identification of regions with 

aberrant coverage. As there are few 100 bp windows 

with less than 25% GC, this relationship does not 

contradict reports of a bias against AT-rich regions. 

 

 

 

 

Figure 3. Map of a 44194 bp circular 

phage-like element of Edwardsiella tarda 

strain FL6-60. The circles from outside to 

inside represent: Scale; Annotated genes 

(orange is phage related), numbers with 

the genes indicate the ORF numbers, 

which correspond to those in table 2, a 

more detailed table can be found in 

supplementary table S2; GC content above 

or below median (1000 bp windows); 

Sequencing depth (coverage, 1000bp 

windows). 

 

 

 

Table 2. Reading frame annotation of a circular phage-like element of Edwardsiella tarda FL6-60 

Predicted functions based on sequence similarity Number of open reading frame* 

Phage tail components 4-11, 13, 15, 20, 21 

Phage membrane proteins 12, 18, 50 

Phage methyltransferases 30, 43 

Other phage related proteins 

  (i.e. nucleases, integrases, repressors) 

1, 16, 22, 23, 26, 33, 36, 37, 41, 44, 51-55, 

60, 61, 63 

Phage hypothetical proteins 2, 24, 25, 28, 29, 33, 38, 42, 45, 46, 56, 62 

other proteins 35, 58 

hypothetical proteins 3, 17, 19, 27, 31, 32, 34, 39, 40, 47, 49, 57,  

no blast hit 14, 48, 59 

 

* as indicated in figure 3 
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not be assigned to the genome, and indeed appears to be a separate circular 

entity (figure 3). In a new reference assembly, 98.2% of reads (99.6% using 

less stringent settings) matched either the new draft genome or the circular 

element. Since slightly more reads match the drafts than can be assembled de 

novo (table 1), and the remaining 1.8% could not be further assembled de novo 

into significant contigs because of sequence repeats, we accepted the draft as 

an essentially correct representation of the E. tarda FL6-60 genome. 

 

Comparison of E. tarda FL6-60, E. tarda EIB202 and E. ictaluri 93-

146 

The genome of E. tarda strain FL6-60 is highly similar to that of strain EIB202 

as previously described by Wang et al [8]. Genomic differences due to 

insertions and deletions can be found in the supplementary data but these are 

limited to areas containing many phage-related sequences (table S1). Nearly 

3300 reading frames annotated for the genome of EIB202 by Wang et al [8] 

could also be identified in the genome of strain FL6-60. Automatic sequence 

annotation did not reveal any particular gene differences with the published 

sequence of Wang et al [8] (data not shown). We have looked in detail to 

several gene clusters not discussed in detail by Wang et al [8] such as the 

genes involved in exopolysaccharide production and found these genes to be 

highly conserved as well (99.9-100 % nucleotide sequence identity) (data not 

shown). Differences in the genome represent recent evolutionary changes 

related to phage integrations and shuffling of repetitive sequences. The largest 

differences between the strains appear to be concentrated around predicted 

genomic islands, which harbour phage-related genes and transposons (figure 

1). 

A major difference is the absence of a plasmid that is present in strain 

EIB202. In contrast strain FL6-60 contains an additional circular element (figure 

3). This element has a similar length as representatives of the P22 podoviridae 

and contains many predicted transcripts encoding proteins that are homologous 

to phage proteins (table 2). This element possibly represents a novel viral 

element. Because of the correlation between sequencing depth and GC-

content, the higher coverage and lower GC-content in comparison with the 

genome, indicates that this element is present in a copy number of 1 per cell,  
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Figure 4. Comparison of the genomes of Edwardsiella tarda strains FL6-60 and EIB202 with E. 

ictaluri strain 93-146. The genomes of Edwardsiella tarda strains FL6-60 and EIB202 were 

compared with E. ictaluri strain 93-146 with Mauve. The graphs indicate the conservation. 

Conserved areas are connected with lines between the different genomes, identifying inversions 

and displacements. 

 

 

indicating a strict co-replication with the chromosome. We have also compared 

the genome of strain FL6-60 with that of E. ictaluri strain 93-146 (figure 4). The 

results show there is remarkable overall structural similarity with 35.4 % of 

identity (table 1) and only two regions with a different orientation as confirmed 

by manual inspection of the variable regions (figure 4). 

 

Comparison of type III and type VI secretion systems between 

different Edwardsiella strains 

It was found that the pathogenicity of different natural isolates of E. tarda was 

corresponding with the presence of the T6SS since strains lacking the T6SS 

were not pathogenic [16]. Likewise, E. tarda strains with mutations that partly or 

completely shut down the T3SS were less virulent then their wild types [15].  

Since type III and VI secretion systems are important virulence factors, 

knockdown of a single gene can already cause a decrease in pathogenicity. 

Small changes in these secretion systems might lead to loss of virulence or 

changing the specialization for a specific host. We have therefore compared 

these secretion systems in detail for five type III and four type VI secretion 

systems of Edwardsiella. The results show that the secretion systems of strains 
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FL6-60 and EIB202 are more similar than those of the other E. tarda strains 

(figure 5 and 6). Even though in E. ictaluri the T3SS and T6SS clusters are 

present and in the same order of genes as in E. tarda, there are large 

differences in the encoded protein sequences between the two Edwardsiella 

species. This might be explained by the fact that E. ictaluri is primarily 

pathogenic to catfish and therefore might have specialized for this host, in 

contrast to E. tarda that appears to be less host-specific. It would therefore be 

 

 

 
 

Figure 5. Comparisons of the type III secretion systems of five different Edwardsiella strains. The 

T3SS of E. tarda PPD130/91 [15] was used as the reference for comparison. The differences in 

amino acids in comparison with this strain are notated underneath the clusters. A darker colour 

represents a larger difference. To determine the difference in length, the nucleotide sequences were 

compared first, to exclude differences in length due to different ORF-predictions. The order of the 

genes is the same in all strains compared, with the largest differences found in E. ictaluri. 
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interesting to compare these strains in the same test systems, along with 

several mutants in the genes that are differing between these strains. The gene 

that is most different in the type III secretion systems of strains FL6-60 and 

EIB202 is esrA which is a regulatory gene of a two component system together 

with esrB. Other genes that differ considerably are part of the secretion 

apparatus, such as esaD (figure 5). There are many differences with the type III 

secretion system of E. tarda strain FK1051, with notable large differences in the 

genes eseG and esaV that are secreted proteins or involved in the secretion 

machinery, respectively. It remains a possibility that many of the apparent 

polymorphisms detected are due to sequencing errors in the previously 

submitted sequences, however the degree of polymorphism is too much to 

 

 

 
 

Figure 6. Comparisons of the type VI secretion systems of four different Edwardsiella strains. The 

T6SS of E. tarda PPD130/91 [16] was used as the reference for comparison. The differences in 

amino acids in comparison with this strain are notated underneath the clusters. A darker colour 

represents a larger difference. To determine the difference in length, the nucleotide sequences were 

compared first, to exclude differences in length due to different ORF-predictions. The order of the 

genes is the same in all strains compared, with the largest differences found in E. ictaluri. 
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Figure 7. Evolutionary relationships 

of 9 EvpP genes. The evolutionary 

history was inferred using the 

Neighbour-Joining method [25]. The 

percentage of replicate trees in 

which the associated taxa clustered 

together in the bootstrap test (500 

replicates) is shown next to the 

branches [26]. The tree is drawn to 

scale, with branch lengths in the same units as those of the evolutionary distances used to infer the 

phylogenetic tree. 

 

 

be accounted for by sequencing errors. The most obvious difference with the 

genes of E. ictaluri is in eseC for which 31 of the 105 predicted amino acid 

differences are localized in an area that has been shown to be important for 

secretion and accumulation of EseC in E. tarda [24]. Furthermore, the large 

differences between eseB, eseC and eseD are perhaps relevant since these 

genes have been shown to be important for virulence of E. tarda [15]. For the 

type VI secretion systems the difference between the evpP genes that are 

unique to Edwardsiella and are involved in pathogenicity [16] is shown in more 

detail for 9 Edwardsiella strains. The comparison (figure 7), shows that evpP of 

E. ictaluri is most different from the E. tarda strains and therefore just following 

the expected species divergence and giving no indications for recent horizontal 

gene transfer events between these species. 

Comparison of non-essential genes showed that there is no clear 

correlation of the conservation in protein sequence with the essentiality of the 

gene for secretion as for instance evpJ is strongly conserved in contrast to 

evpD, whereas both have been shown not to be essential for secretion [16]. 

 

Concluding remarks 

Our comparisons show that the current deep sequencing using 50 nucleotides 

reads is highly suited to identify an entire genome with high accuracy. 

Bioinformatics analyses also showed interesting technical details of deep 

sequencing technologies such as depletion of GC rich regions by the Illumina 

technology.  
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As a result we were able to compare the genome of E. tarda FL6-60 with 

previously published sequences of other strains and could identify all highly 

diversified regions with many repeats that are related to transposon and viral 

sequences. These data provide new insights in genomic variations of highly 

related bacterial strains. We have identified one novel circular phage-like 

element and could show with high confidence that a plasmid present in E. tarda 

strain EIB202 was not present in strain FL6-60. As an example of the 

usefulness of gene comparisons we investigated single nucleotide 

polymorphisms in several gene clusters that are associated with virulence also 

using other published incomplete Edwardsiella sequences. The results showed 

that several of the type III and type VI secretion genes, most notably eseG, 

esaV, esrA and evpP have a remarkable high number of polymorphisms not 

only between E. tarda and E. ictaluri species but also between different E. tarda 

strains. Other known virulence factors such as enzymes involved in resistance 

to phagocyte-mediated killing, like katB and ankB [19, 21, 22] showed only 11 

SNPs difference between strains FL6-60 and EIB202. The quorum sensing 

system was found to be almost completely identical (2 SNPs) to those already 

published [17, 18]. The identification of these genomic variations in essential 

virulence genes provides a valuable basis for studying the pathogenic 

behaviour of different Edwardsiella strains. 

 

 

Materials & methods 

 

Sequencing 

Bacterial strain E. tarda FL6-60 was grown on TSB medium at 28 °C. Bacterial 

DNA was isolated using the Qiagen DNeasy Blood and Tissue kit (Qiagen, San 

Diego, CA) according to the manufacturer’s instructions. To sequence the DNA, 

a single read library was made using the Illumina Genomic DNA Sample 

Preparation Kit (Illumina, Hilden, Germany) according to the manufacturer’s 

instructions. This library was sequenced, with a read length of 51 nt, on an 

Illumina GAII (Illumina, Hilden, Germany). Two lanes were sequenced, one lane 

with 3 pmol , and one lane with 4 pmol of library. A total of 16606657 

sequencing reads was obtained. 
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Bioinformatics 

Sequence reads were imported, trimmed to eliminate low quality sequences, 

and assembled using CLCbio Genomics Workbench 3.6.5 (www.clcbio.com). 

Putative genes were found using Glimmer3 

(www.ncbi.nlm.nih.gov/genomes/MICROBES/glimmer_3.cgi) [27]. Genomic 

islands were predicted with IslandViewer 

(www.pathogenomics.sfu.ca/islandviewer) [28], which combines several 

methods based on sequence composition and comparative genomics. 

Comparison of our assembled genome with the available genomes of E. 

tarda (accession number CP001135) and E. ictaluri (accession number 

CP001600) was done with Mauve 2.3.1 [29]. Gene analysis was done with 

Vector NTI and BLAST on the NCBI server. 

Circos [30] was used for the construction of the maps of the genome and 

the circular phage-like element. Mega4 was used for the construction of the 

phylogenetic tree [31]. The evolutionary distances were computed using the 

Poisson correction method [32] and are given in the units of the number of 

amino acid substitutions per site. 

Sequences used in comparisons were obtained from the NCBI-database 

with the following accession numbers excluding the ones already mentioned. 

T3SS: AY643478, AY850613. T6SS: AY424360. EvpP: FJ595672, FJ595674, 

FJ595675, FJ595676, FJ595677 

 

Accession numbers 

The genome sequence has been submitted under accession number 

CP002154 and the sequence of the phage-like element has been submitted 

under accession number CP002155. 
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Abstract 

 

The zebrafish embryo is an important in vivo model to study the host innate 

immune response towards microbial infection. In most zebrafish infectious 

disease models, infection is achieved by micro-injection of bacteria into the 

embryo. Alternatively, Edwardsiella tarda, a natural fish pathogen, has been 

used to treat embryos by static immersion. In this study we used transcriptome 

profiling and quantitative RT-PCR to analyze the immune response induced by 

E. tarda immersion and injection. 

Mortality rates after static immersion of embryos in E. tarda suspension 

varied between 25-75%, while intravenous injection of bacteria resulted in 100% 

mortality. Quantitative RT-PCR analysis on the level of single embryos showed 

that expression of the proinflammatory marker genes il1b and mmp9 was 

induced only in some embryos that were exposed to E. tarda in the immersion 

system, whereas intravenous injection of E. tarda led to il1b and mmp9 

induction in all embryos. In addition, microarray expression profiles of embryos 

subjected to immersion or injection showed little overlap. E. tarda-injected 

embryos displayed strong induction of inflammatory and defence genes and of 

regulatory genes of the immune response. E. tarda-immersed embryos showed 

transient induction of the cytochrome P450 gene cyp1a. This gene was also 

induced after immersion in Escherichia coli and Pseudomonas aeruginosa 

suspensions, but, in contrast, was not induced upon intravenous E. tarda 

injection. One of the rare common responses in the immersion and injection 

systems was induction of irg1l, a homolog of a murine immunoresponsive gene 

of unknown function. 

Based on the differences in mortality rates between experiments and gene 

expression profiles of individual embryos we conclude that zebrafish embryos 

cannot be reproducibly infected by exposure to E. tarda in the immersion 

system. Induction of il1b and mmp9 was consistently observed in embryos that 

had been systemically infected by intravenous injection, while the early 

transcriptional induction of cyp1a and irg1l in the immersion system may reflect 

an epithelial or other tissue response towards cell membrane or other 

molecules that are shed or released by bacteria. Our microarray expression 

data provide a useful reference for future analysis of signal transduction 

pathways underlying the systemic innate immune response versus those 
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underlying responses to external bacteria and secreted virulence factors and 

toxins. 

 

 

Introduction 

 

In the last decade the zebrafish has been firmly established as a model for 

infectious diseases [1-4]. The increasing popularity of the zebrafish is due to its 

many useful characteristics. The embryos develop fast ex utero and are 

transparent, making it possible to follow infection in vivo. The real-time analysis 

of infection processes in this model is facilitated by the development of 

transgenic zebrafish lines with fluorescently marked immune cell populations 

that can be used in combination with differential fluorescently labelled 

pathogens [5-8]. In addition, reverse and forward mutagenesis screens are 

possible, as are antisense knock-down techniques using morpholinos. 

Like all jawed vertebrates the zebrafish possesses an innate and adaptive 

immune system. Innate immunity forms the first line of defence against invading 

microorganisms. Humoral components of the innate immune system, such as 

complement and acute phase proteins, were shown to be expressed in embryos 

and larvae and could be induced by lipopolysaccharide (LPS) challenge or 

infection [9-10]. The major cell types required for cell-mediated innate immunity, 

macrophages and neutrophils, also develop during the first days of zebrafish 

embryogenesis [11-13]. An essential step in innate immunity is the recognition 

of invading microorganisms by pattern recognition receptor families, the most 

well studied being the Toll-like receptor (TLR) family. The TLRs activate a 

signalling pathway leading to a cytokine response and the activation of 

antimicrobial defence genes [14]. The TLR signalling components are highly 

conserved between zebrafish and humans [15, 16]. In adults the innate and 

adaptive immune systems are tightly connected, however in the zebrafish 

embryo there is a temporal segregation. Whereas innate immunity is functional 

as early as 1 day post fertilization (dpf) [11, 17, 18], adaptive immunity does not 

reach full maturity until 2 - 4 weeks post fertilization [13, 19, 20]. This makes the 

zebrafish embryo a useful in vivo model to study vertebrate innate immunity 

separate from adaptive immunity [3]. 
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Bacterial infection models that have been developed in zebrafish differ in 

mode and time of infection, inoculum size, pathogenicity and host response [2-

4]. The most common method of infection is injection, with the caudal vein as 

injection site at 1 dpf or the yolk circulation valley at 2 dpf [21]. Salmonella 

typhimurium, a mammalian pathogen, was shown to be lethal to zebrafish 

embryos after caudal vein injection of a low dose of 25-50 bacteria [22]. In 

contrast, injection of E. coli or an LPS-mutant of Salmonella typhimurium (Ra-

mutant) was not lethal and the bacteria were cleared efficiently by the 

embryonic innate immune system [22]. Pseudomonas aeruginosa, a broad host 

range pathogen, capable of infecting plants, invertebrates, and vertebrates, was 

lethal after injection into the yolk circulation valley at 10-100-fold higher injection 

inocula than used for S. typhimurium, while Burkholderia cenocepacia was 

recently shown to cause a lethal infection upon intravenous injection at a dose 

of less than 10 bacteria [23-25]. At relatively high doses, also gram-positive 

bacteria such as Streptococcus and Staphylococcus species were shown to be 

capable of causing lethality upon injection in both adults and embryos [26-29]. 

Injection of embryos with Mycobacterium marinum does not lead to a lethal 

infection, but the immune system is unable to clear this bacterium, leading to a 

chronic infection. This chronic infection is characterized by aggregation of 

macrophages into granuloma-like structures similar to the tuberculous 

granulomas found in human tuberculosis patients [17]. The different infection 

models were useful to study bacterial virulence factors and the response of the 

host immune system [3, 9, 30, 31]. 

For experimental screening, intravenous injection of zebrafish embryos is a 

relatively low throughput method. For high throughput analysis, such as mutant 

or drug screens, it is highly desirable to have an easier method of infection like 

static immersion. Thus far, the only bacterial pathogens that were reported to be 

capable of infecting zebrafish embryos without the need of injection are 

Edwardsiella tarda and Flavobacterium columnare [32,33], which are Gram-

negative naturally occurring fish pathogens. E. tarda is primarily known for 

infecting channel catfish, Japanese eel and flounder, in which it causes 

edwarsiellosis, a generalized septicemia. Pressley and colleagues showed that 

24 hpf zebrafish embryos immersed for five hours in a suspension of E. tarda 

had a cumulative mortality rate of 31% after 14 days, compared to 11% in the 

control embryos [32]. In addition, the zebrafish embryos showed peaks in the 
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expression of tnfa and il1b at 2 and 4 hours post exposure, respectively. In 

adults, E. tarda is capable of causing infection by static immersion in 

combination with dermal abrasion [32]. 

 The aim of this study was to compare the robustness of immersion and 

injection methods for treatment of 1-day-old zebrafish embryos with E. tarda 

and to identify marker genes that provide a reproducible read-out for the 

immune response. We set out with a microarray analysis of embryos subjected 

to immersion in E. tarda, and used E. coli and P. aeruginosa, both non-lethal in 

the immersion method, for comparison. Several markers were selected for a 

qPCR time-course analysis of the immersion method and for comparison with 

caudal vein injection. Marker expression analysis at single embryo level 

revealed high variation between individuals in response to static immersion. In 

contrast, qPCR and microarray analysis of single embryos that were 

systemically infected by caudal vein injection showed a consistent profile of 

strong activation of the proinflammatory marker genes il1b and mmp9. We 

conclude that the injection method is best suited for studying the innate immune 

response towards systemic infection, while the immersion system is useful for 

studying epithelial or other tissue responses towards cell membrane or other 

molecules that are shed or released by bacteria. 

 

 

Results 

 

Survival of zebrafish embryos after immersion in E. tarda 

suspension 

In order to test the E. tarda immersion method for future screening applications, 

we set out to confirm the results obtained by Pressley et al. [32]. To this end, 

zebrafish embryos at 25 hpf were immersed for 5 h in 108 CFUs/ml of E. tarda 

and survival was monitored for four days. The ability of E. tarda to cause 

mortality by static immersion was confirmed, while exposure to heat-killed 

bacteria did not cause mortality (figure 1). However, the percentage of mortality 

following E. tarda exposure after 4 days was found to be quite variable, ranging 

from 25 % to 75 % between different experiments (figure 1). In addition to E. 

tarda, we also tested the ability of P. aeruginosa to establish a lethal infection 
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Figure 1. Survival curve of zebrafish embryos treated by immersion in E. tarda suspension. For 

each of the independent 7 experiments 20 embryos at 25 hpf were immersed for 5 h in 108 CFUs/ml 

of E. tarda or in clean egg water as a control. Subsequently embryos were washed and transferred 

to fresh egg water, and survival was monitored for 4 days. In one experiment, heat-killed bacteria 

(45 min at 95°C) were included as an extra control group. Survival varied between approximately 25 

and 75%. 

 

 

by static immersion, using strains PAO1 and PA14. However, even with 

concentrations up to 109 CFUs/ml, these strains were unable to cause mortality 

(data not shown). 

 

Microarray analysis of embryos subjected to the immersion system 

The variability of the mortality rate in the E. tarda immersion assay was high. 

Therefore, we performed microarray analysis on pools of 20 zebrafish embryos 

immersed at 25 hpf for 5 h in E. tarda to find markers for a reproducible readout 

of the immune response as alternative. To determine if we could differentiate 

between reactions towards pathogenic and non-pathogenic bacteria, E. coli 

DH5α and P. aeruginosa strains PAO1 and PA14 were tested in addition. 

Surprisingly, E. tarda immersed embryos showed the smallest signature set in 

terms of gene induction or repression (figure 2a). The number of differentially 

expressed genes after E. coli immersion was four times higher (figure 2b), with 

P. aeruginosa PAO1 immersion six times higher (figure 2c), and with P.
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Figure 2. Intensity plots from microarrays of zebrafish embryos treated by immersion in E. tarda, E. 

coli, or P. aeruginosa suspensions. Embryos were immersed at 25 hpf in E. tarda (a), E. coli (b) and 

Pseudomonas aeruginosa PAO1 (c) and PA14 (d) suspensions, or in clean egg water as a control. 

RNA for microarray analysis was isolated from pools of 20 embryos at 5 h post exposure (hpe). 

RNA samples from embryos exposed to bacterial suspensions and control embryos were hybridized 

against a common reference from all treatment groups. The intensity plots show comparisons of 

treatment versus control groups derived from re-ratio analysis against the common reference. 

Significantly (P < 0.0001) up-regulated genes are shown in red, down regulated genes are shown in 

green and remaining genes in blue. 

 

 

aeruginosa PA14 immersion 13 times higher (figure 2d) (supplementary table 

S1). 

Surprisingly, very few of the genes up-regulated in the zebrafish embryo 

after exposure to E. tarda were immune related. Although transient induction of 

il1b and tnfa was previously observed by Pressley et al. [32], no induction of 
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these genes was detected in our microarray analysis. Furthermore, expression 

of mmp9, one of the most strongly induced markers after Salmonella infection 

[9], was only slightly up-regulated (1.4 times). In total only 21 genes showed 2-

fold or higher levels of up-regulation (P<1.0 E-4) after E. tarda exposure 

(supplementary table S1). Some of these genes have a possible immune-

related function. The highest induced gene after exposure to E. tarda was 

cyp1a (9.8-fold induction), which encodes a cytochrome P450 enzyme known to 

be involved in the toxic response [34, 35]. As shown in supplementary table S1, 

this gene is also highly induced after P. aeruginosa and E. coli exposure. The 

second highest induced gene was zgc:154020 (6.8-fold), which shows 62.1 % 

identity with immunoresponsive gene 1 (irg1) from Mus musculus, a gene with 

homology to bacterial methylcitrate dehydratase, which is up-regulated in 

murine macrophages after exposure to LPS, cytokines, and mycobacteria [36-

39]. Zgc:154020 will hereafter be referred to as irg1-like (irg1l). Like cyp1a, irg1l 

was also highly up-regulated after P. aeruginosa and E. coli exposure. A third 

gene with a possible immune-related function is stanniocalcin 1 (stc1), which 

was only induced after E. tarda exposure (2.1-fold). Stanniocalcin is involved in 

Ca2+ homeostasis in fish [40, 41], but in humans has also been implicated in 

inflammatory responses [42-44]. 

To compare the responses of zebrafish embryos to immersion with the 

different bacterial strains, we performed a gene ontology analysis on all genes 

showing differential expression in the microarray analysis (supplementary table 

S2). In embryos immersed in P. aeruginosa PAO1 and PA14, and in E. coli, but 

not in embryos immersed in E. tarda, genes with the GO-term “response to 

stimulus” were significantly enriched. The largest group of up-regulated genes 

with this GO-term (61 genes) was observed in the case of immersion with P. 

aeruginosa PA14. Further analysis into the “response to stimulus” GO category 

revealed that in particular genes with the GO-term “response to stress” were up-

regulated (41 genes in the case of PA14), while only few genes were 

associated with the GO-term “immune response” (6 genes in the case of PA14). 

An overview of the genes with the GO-term “response to stimulus” that were up-

regulated in response to the different bacteria is given in supplementary table 

S3. The lack of induction of many of the known immune response genes after 5 

hours of exposure to E. tarda suggests that at that time, tissue infection has not 

yet been established. 
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Time course analysis of marker gene expression in the immersion 

system 

To determine whether a stronger immune response is induced at later time 

points after exposure to E. tarda, we performed a time-course qPCR analysis of 

several immune related genes. In addition to the putative immune markers 

cyp1a, irg1l and stc1 found in the microarray analysis (supplementary table S1), 

the known immune markers il1b, mmp9 and tnfa were chosen for the time 

course analysis of the E. tarda exposure. Embryos immersed in 108 CFUs/ml of 

E. tarda were snap-frozen in pools of 20 embryos at 5, 24 and 48 hours post 

exposure (hpe). RNA was isolated from pools of embryos collected at each time 

point and the expression of the chosen markers was analyzed. The results 

showed that cyp1a is primarily a marker for the early response towards E. tarda, 

showing 10 times higher expression in E. tarda-exposed than in untreated 

embryos at 5 hpe, but less than 3-fold induction at 24 hpe and no induction at 

 

 

Figure 3. Time course analysis of 

marker gene expression in 

embryos treated by immersion in 

E. tarda suspension. Embryos 

were immersed at 25 hpf for 5 h in 

E. tarda suspension or in clean 

egg water as a control. 

Subsequently, embryos were 

washed and transferred to fresh 

egg water. RNA was isolated from 

pools of 20 embryos at 5, 24 and 

48 h after the start of exposure 

(hpe) and the expression levels of 

cyp1a (a), irg1l (b), mmp9 (c), and 

il1b (d) were quantified by qPCR. 

A representative example of three 

independent experiments is 

shown. Relative induction levels 

are shown with the lowest 

expression level set at 1. 
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48 hpe (figure 3a). This might suggest that cyp1a induction is the result of an 

epithelial response. Irg1l was induced between 10 and 50 fold at all time points 

tested (figure 3b).The mmp9 (figure 3c) and il1b genes (figure 3d) showed little 

to no induction at 5 hpe, but induction started to increase at 24 hpe and reached 

54 to 212-fold induction at 48 hpe. The induction of tnfa and stc1 was highly 

variable between the different experiments and therefore excluded in further 

analyses (data not shown). To test the possibility that the early response in the 

immersion system might be elicited by cell membrane components or other 

molecules released by the bacteria, we separated the E. tarda suspension used 

for the immersion experiments into two fractions by centrifugation. Exposure of 

embryos either to the wash fluid obtained after centrifugation or to the 

resuspended bacterial pellet, showed that expression of cyp1a and irg1l was 

induced to higher levels by the wash fluid than by the washed bacteria, while 

the opposite was observed for the induction of il1b and mmp9 (Figure 4). 

Therefore, the early transcriptional induction of cyp1a and irg1l appears not to 

be due to bacterial infection. 

 

Figure 4. Marker gene expression in 

immersion tests after fractionation of E. 

tarda suspension.  

The E. tarda suspension as used for the 

immersion experiments in Figure 1-3 

was separated into two fractions by 

centrifugation. Embryos were immersed 

at 25 hpf for 5 h in the wash fluid 

obtained after centrifugation, or in the 

resuspended bacterial pellet (washed 

bacteria), or in clean egg water as a 

control. Subsequently, embryos were 

washed and transferred to fresh egg 

water. RNA was isolated from pools of 

20 embryos at 5 and 24 h after the start 

of exposure (hpe) and the expression 

levels of cyp1a (a), irg1l (b), mmp9 (c), 

and il1b (d) were quantified by qPCR. A 

representative example of two 

independent experiments is shown. 

Relative induction levels are shown with 

the lowest expression level set at 1. 
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Immune response in single embryos after static immersion in E. 

tarda 

The variability in mortality rates in the static immersion system, led us to 

hypothesize that not all embryos become systemically infected with this method. 

At 4 days after E. tarda immersion, none of the surviving embryos, even those 

that were close to dying, showed clear fluorescence of the mCherry marker 

plasmid. Subsequently, we plated individual surviving embryos for CFU 

counting. From five surviving embryos, of which three showed a slow heart beat 

indicative of approaching death, we obtained CFU counts of 140 to 690 per 

individual embryo. In contrast, the egg water medium of these embryos, kept 

individually in well plates, contained between 80,000 and 300,000 CFUs. It 

cannot be ascertained from CFU plating if the surviving embryos were actually 

 

 

Figure 5. Marker gene 

expression in individual 

embryos treated by 

immersion in E. tarda 

suspension. Pools of 20 

embryos were immersed 

at 25 hpf for 5h in E. 

tarda suspension or in 

clean egg water as a 

control. Subsequently, 

embryos were washed 

and transferred to fresh 

egg water. RNA was 

isolated from 5 single 

embryos at 48 h after the 

start of exposure (hpe) 

and expression levels of 

cyp1a (a), irg1l (b), 

mmp9 (c) and il1b (d) 

were measured by 

qPCR. Relative induction 

levels are shown with the 

lowest expression level 

set at 1. 
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infected with low numbers of bacteria or that the low CFU counts resulted from 

bacteria sticking to the surface epithelium of these embryos. However, it is clear 

that the surviving embryos did not carry heavy infections. 

To further test our hypothesis that not all embryos are systemically infected 

after immersion, we used an RNA-isolation protocol for single embryos [45]. 

Five single embryos exposed for 5 h to 108 CFUs/ml of E. tarda and five single 

embryos grown under non-inoculated circumstances were snap-frozen at 48 

hpe. RNA was isolated from each embryo and qPCR analysis was done on 

cyp1a, irg1l, mmp9, and il1b (figure 5). Expression of cyp1a showed little to no 

induction, similar to what we observed in the analysis of pools of embryos at 48 

hpe. The difference in induction of il1b and mmp9 between individual embryos 

was much more pronounced than we initially expected. Out of the five embryos 

tested, only one showed a high induction of both markers compared to the 

control embryos. All embryos showed induction of irg1l, but a strong induction of 

this gene was only observed in the embryo that showed a high il1b and mmp9 

induction, which might indicate that irg1l is involved in both an initial response to 

bacterial components and a later systemic immune response. 

 

Immune response in single embryos after caudal vein injection of 

E. tarda 

Results of immersion experiments suggested that induction of il1b and mmp9 

expression may be specifically correlated with systemic infection. To exclude 

that the large variation in il1b and mmp9 induction found after immersion might 

be due to individual variation in responsiveness of different embryos, we 

decided to compare the immersion system with intravenous infection. Embryos 

were injected in the caudal vein with 200 CFUs of E. tarda at 28 hpf and snap-

frozen individually at 4 and 8 hours post infection (hpi) after which RNA was 

isolated. As before, qPCR analysis was done on cyp1a, irg1l, mmp9, and il1b 

(figure 6). The results show that the genes irg1l, mmp9, and il1b were induced 

at much higher levels than in the immersion system, whereas cyp1a showed 

similar induction (2-5-fold) as in the immersion system in some embryos or no 

induction in other embryos. Expression of il1b was clearly induced in all 

embryos at 4 hpi, while mmp9 was induced only in two embryos at this time 

point and irg1l was not induced. Although induction of mmp9 and irg1l at 8 hpi 
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Figure 6. Marker gene expression in individual embryos in response to injection of E. tarda. 

Expression levels of cyp1a (a), irg1l (b), mmp9 (c) and il1b (d) were measured by qPCR in 4 single 

embryos at 4 h and 8 h after injection (hpi) of approximately 200 CFUs of E. tarda into the caudal 

vein of embryos at 28 hpf. Control embryos were injected with PBS. Relative induction levels are 

shown with the lowest expression level set at 1. Lines with * indicate a significant difference of P < 

0.05. Lines with ** indicate a significant difference of P <0.01 (tested by two-way ANOVA analysis of 

log-transformed data with the Bonferroni method as post-hoc test). 

 

 

was consistent, the induction levels showed large variation, ranging between 7- 

and 180-fold for mmp9 and between 4- and 140- fold for irg1l. Induction levels 

of il1b between individual embryos were the least variable, ranging between 5- 

and 50-fold at 4 hpi and between 10- and 30-fold at 8 hpi. Compared to injection 

of 200 CFUs, injection of 25 CFUs resulted in lower il1b and mmp9 induction 

levels (supplementary figure S1). Furthermore, these genes were induced at 

much higher levels by 200 CFUs of live bacteria than by the same dose of heat-

killed bacteria. 
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Figure 7. Survival curve of 

embryos infected by injection 

of E. tarda. Survival after 

injection of approximately 200 

CFUs of E. tarda into the 

caudal vein of embryos at 28 

hpf was monitored for two 

days, after which no embryos 

survived. Control embryos 

were injected with PBS. 

Experiments were performed in 

duplicate. In each experiment 

20 embryos were used per 

treatment group. 

 

In addition to the analysis of cyp1a, irg1l, mmp9 and il1b induction, we 

monitored the embryos for two days after injection for appearance of 

fluorescence from the mCherry-labelled E. tarda and for survival. In all injection 

experiments embryos showed fluorescence at 24 hpi (data not shown) and 

mortality after injection was very consistent, reaching 100% at 48 hpi (figure 7). 

Based on these results we conclude that reproducible systemic infection of 

zebrafish embryos can be achieved by microinjection of E. tarda bacteria, 

accompanied by induction of il1b and mmp9 expression. 

 

Microarray analysis of embryos infected by caudal vein injection 

Microarray analysis was used to further characterize the immune response in 

response to microinjection of E. tarda bacteria and compare this with the 

previous microarray results of the immersion system and with our published 

data of the response to Salmonella typhimurium injection [9]. Single infected 

and mock-injected embryos were analyzed at 8 hpi in triplicate. In gene 

ontology analysis we observed significant enrichment of the GO-terms “immune 

system process” and “response to stimulus” (supplementary table S4), whereas 

these GO-terms were not enriched in results of the immersion method 

(supplementary table S2). In addition, functional annotation using DAVID [46] 

showed significant enrichment of the KEGG pathways for apoptosis and for 

Toll-like receptor, adipocytokine, NOD-like receptor, insulin, MAP kinase, RIG-I-

like receptor, ErbB, and Jak-Stat signalling. Manual annotation of the induced 
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Figure 8. Heat-map and annotations of genes differentially expressed at 8 h after injection of E. 

tarda. Genes were manually annotated and assigned to functional groups based on GO annotations 

of the zebrafish genes and their human homologues and on searching of PubMed abstracts. (a) 

Genes previously implicated to be involved in the immune response or novel genes with strong 

sequence similarity to those genes, (b) genes with known or predicted functions not previously 

linked to the immune response. Up-regulation is indicated by increasingly bright shades of yellow 

and down-regulation by increasingly bright shades of blue. The significance cut-off for the analysis 

was set at P <0.00001. 

 

 

gene group showed several representatives of the categories complement 

activation and acute phase response, immune-related transcription factors and 

signalling components, cytokines and chemokines, apoptosis, and defence 

response (figure 8a). In addition, many genes that were not previously linked to 

the immune response were differentially expressed, including genes involved in 

signal transduction, transporting activity and metabolism (figure 8b). Out of 498 

significantly regulated probes at 8 hpi (supplementary table S5), only 2 down-

regulated probes (for vtg6 and an unannotated transcribed locus) and 1 up-

regulated probe (for an unknown gene) were also significantly changed in the 

immersion system at 5 hpe. The microarray comparison supports that the 

transcriptional signatures of embryos subjected to immersion and injection are 

markedly different, although it should be noted that the immersion and injection 

data are not directly comparable due to a few hours difference in time to 

respond to the bacteria and in the developmental stage of assessment. The E. 

tarda injection microarray data were also compared with our previous 

microarray data set of intravenous Salmonella typhimurium infection of embryos 

at 2, 5 and 8 hpi [9]. This comparison showed an overlap of 141 probes with 

significantly changed expression in response to both pathogens (supplementary 

table S5). These probes represented among others tnfb, il1b, cxcl-c1c, mmp9, 

ncf1, mxc, pglyrp5, hamp1 and several signal transduction (e.g. tlr5b, irak3, 

nfkbiaa, pim1, socs1/3a/3b) and transcription factor genes (e.g. atf3, elf3, fos, 

junb, irf9/11, rel, stat1) (supplementary table S5).  
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Discussion 

 

Zebrafish is being established as an alternative vertebrate model to murine 

models for infection research. To enable large scale mutant and chemical 

screening the development of an easily applicable infection test system is highly 

desired. In this report we studied the effectiveness and variability of treatment of 

zebrafish embryos by static immersion in Edwardsiella tarda, a method 

previously described by Pressley et al. [32], in comparison with the caudal vein 

injection method. 

In order to perform large scale screenings, a model test system should be 

optimized for a reproducible response. Our results confirmed the ability of E. 

tarda to cause mortality in zebrafish embryos after static immersion. However, 

the mortality rate was highly variable between different experiments, ranging 

from 25 – 75 %, comparable to the mortality rate of 31 % reported by Pressley 

et al [32]. In order to find a more reproducible readout, we performed microarray 

analysis on zebrafish embryos that had been exposed to E. tarda by static 

immersion. Surprisingly, only a small number of genes showed differential 

expression. In contrast, a much larger number of genes were regulated by 

immersion in bacterial suspensions of E. coli and P. aeruginosa strains PAO1 

and PA14 that do not cause any mortality. In addition, very few immune-related 

genes were induced by immersion in E. tarda and we observed no induction of 

il1b and tnfa, which showed transient induction patterns between 2 and 12 hpi 

in the study of Pressley et al. [32].  

Interestingly, cyp1a was highly induced by all tested bacteria. In E. tarda 

immersion experiments the induction of this gene preceded that of il1b and 

mmp9 induction. Our results suggest that this gene is not induced by direct 

exposure to the bacteria, but by released cell membrane components or other 

molecules. Expression of cyp1a was most strongly induced by P. aeruginosa. 

Cyp1a is known to be induced by toxic chemicals in vascular endothelium, but 

also in the epithelium of the gills [34, 35]. P. aeruginosa PAO1 and PA14 are 

known to secrete large amounts of toxins and protein virulence factors [47-50]. 

Since cyp1a belongs to the cytochrome P450 family, its induction might be 

involved in a detoxification response. The observation that many of the genes 

regulated by P. aeruginosa are associated with the GO term “response to 

stress”, and the lack of enrichment of genes with the GO-term “immune system 
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process” is consistent with a response to toxins rather than an immune 

response to systemic infection.  

A further time-course analysis by qPCR of pools of embryos subjected to E. 

tarda immersion showed strong induction of il1b and mmp9 after 48 hours. In 

addition, the irg1l gene, one of the few immune-related genes identified in the 

microarray study, was also induced at later time points after exposure to E. 

tarda. The irg1l gene is homologous to mammalian irg1, expression of which in 

murine macrophages is induced by cytokines, agonists of TLR signalling, and 

by mycobacterial infections [36-39]. Sequence similarity of irg1l and mammalian 

irg1 with bacterial methylcitrate dehydratases suggests an important role in 

metabolism, but the function in vertebrates remains unknown. When we 

analyzed gene expression at the level of single embryos we observed that il1b 

and mmp9 were highly expressed in only one out of five treated embryos. 

Expression of irg1l was induced in all embryos, but only at a high level in the 

same embryos that also showed induction of il1b and mmp9. One possible 

explanation for the variable results of the static immersion assay is that 

embryos can individually differ in their resistance towards E. tarda. To test this, 

we compared the immersion system with intravenous injection of bacteria. In 

contrast to the relatively low and highly variable mortality rates that we observed 

with the immersion method, injection of bacteria resulted in a reproducible rate 

of 100% mortality within 2 days. Strong individual differences in levels of gene 

expression were also observed in the injection system, but nevertheless, 

induction of the proinflammatory marker genes il1b and mmp9 was positive in 

all embryos and their induction levels correlated with the dose of live bacteria 

injected. Furthermore, microarray experiments with single injected embryos 

showed a consistent profile of strong activation of proinflammatory and defence 

genes and regulatory genes of the immune response. The observed gene 

expression profiles are concordant with those observed for intravenous 

Salmonella typhimurium infection of embryos at similar time periods after 

injection [9]. Detailed comparisons of the responses to E. tarda and S. 

typhimurium infections will be part of a follow-up study that will also address the 

function of essential immune regulators in these models. 

Since only a subset of embryos in the immersion assay showed induction of 

immune response markers and mortality it is conceivable that only these 

embryos were systemically invaded by E. tarda bacteria or that non-responsive 
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embryos were invaded by a much lower number of bacteria. Neither 

fluorescence monitoring nor CFU plating indicated that embryos become 

heavily infected close before dying. On the contrary, bacteria were present in 

high abundance in the egg water medium and only few were associated with 

dying embryos. It therefore remains uncertain whether infection or toxic insult is 

the actual cause of mortality in the immersion system. It is possible that the 

variable immune gene inductions and mortality rates resulted from slight 

epithelial damage to embryos that occurred during dechorionating and washing 

procedures, providing sites of entry for bacteria. Instead of exposure at 1 dpf, 

we used the same immersion protocol on embryos of 3 dpf, which is the 

developmental stage when the mouth opens and the gut begins to be colonized 

by environmental bacteria [51]. We followed survival until 5 dpf, which is the 

time-point up to which larvae do not fall under the European animal 

experimentation law, but did not observe mortality within that time (data not 

shown). 

Besides being more practical for high-throughput screening, an immersion 

system might be preferred as a more natural route of infection compared to 

injection methods. However, we conclude that the E. tarda immersion method 

as applied here on 1-day-old zebrafish embryos is not suitable to achieve 

reproducible systemic infection. Therefore, unless a more virulent strain can be 

identified, injection remains the preferred method of infection for screening 

purposes. On the other hand, the immersion system is shown to be useful for 

studying epithelial or other tissue responses towards cell membrane or other 

molecules that are shed or released by bacteria. An alternative solution for high-

throughput screening of systemic infection is the use of robotic yolk injection 

system recently developed for Mycobacterium marinum infection [52]. However, 

the wild type E. tarda FL6-60 strain used here causes early lethality after yolk 

injection (data not shown). The use of less virulent (wild type or mutant) strains 

might provide a solution for this problem. In any case, our gene expression 

profiling data sets will be necessary for comparisons to the immune response in 

such alternative yolk infection methods. 
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Conclusions 

 

Zebrafish embryos proved to be remarkably resistant to becoming systemically 

infected after immersion in bacterial suspensions of E. tarda, whereas they are 

strongly susceptible to intravenous injection of this pathogen. While the 

microarray expression profile of intravenously infected embryos indicates a 

strong inflammatory response, the transcriptional signature of embryos 

subjected to immersion was markedly different. Our data suggest that most of 

the early transcriptional responses in the immersion system may reflect an 

epithelial or other tissue response towards cell membrane or other molecules 

that are shed or released by bacteria. Therefore, our studies on the expression 

analysis in the bacterial immersion system will be useful for future analysis of 

signal transduction pathways underlying responses to external bacteria and 

secreted putative virulence factors and toxins. Transient induction of the 

cytochrome P450 gene cyp1a was specifically observed in immersion 

experiments but not when embryos were systemically infected by injection. In 

addition, our identification of the irg1l gene as a rapid response factor to 

externally added bacteria deserves further study of the underlying signal 

transduction pathway as compared to systemic tissue responses. Although irg1l 

is also up-regulated during systemic infection, its expression kinetics in embryos 

immersed in E. tarda is very different from that of well-known inflammation 

genes such as il1b and mmp9. Considering the important function of epithelial 

cells in cross talk with cells of the innate immune system, as recently 

underscored by studies in zebrafish [31], further analysis of infection modes 

using the identified marker genes will help to better understand the systemic 

response of tissues toward an infection in a whole organism context. 

 

 

Materials & methods 

 

Zebrafish husbandry 

Zebrafish were handled in compliance with the local animal welfare regulations 

and maintained according to standard protocols (zfin.org). An albino strain was 

used for all immersion and injection experiment, except for the microarray study 
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of injected embryos that was performed with wild type zebrafish. Embryos were 

grown at 28.5-30°C in egg water (60 µg/ml Instant Ocean salts). For the 

duration of bacterial injections embryos were kept under anaesthesia in egg 

water containing 0.02 % buffered 3-aminobezoic acid ethyl ester (tricaine; 

Sigma-Aldrich). 

 

Bacterial immersion and injection experiments 

Edwardsiella tarda strain FL6-60 was grown over night on tryptic soy agar 

(Difco) at 28 ˚C and subsequently a liquid culture in tryptic soy broth (TSB, 

Difco) was inoculated and grown overnight at 28 ˚C with shaking at 150 rpm. 

Pseudomonas aeruginosa PAO1 and PA14 and Escherichia coli were grown 

over night in Luria-Bertani broth (LB) [53] at 37 ˚C. For immersion experiments 

bacterial cultures were centrifuged in 50 ml tubes and the pellet was 

subsequently suspended in egg water to a final 108 CFU/ml for E. tarda and E. 

coli, and 109 CFU/ml for P. aeruginosa. Embryos were dechorionated at 24 hpf 

by a 3-5 min pronase treatment (2 mg/ml in embryo medium prewarmed to 30 

˚C) and left to recover for one hour in egg water. Subsequently pools of 20 

embryos in 6-well plates were immersed in 5 ml of the bacterial suspension and 

incubated for 5 hours at 28 ˚C. After 5 hours of incubation, the embryos were 

either snap-frozen in liquid nitrogen or transferred to a new 6-wells plate, 

washed 3 times in egg water, and incubated at 28 ˚C in 5 ml of egg-water. For 

CFU plating experiments, embryos were kept individually in 2.5 ml of egg water 

in 24-well plates. 

For caudal vein injection experiments, E. tarda labelled with mCherry [54] 

was washed and subsequently suspended in PBS (phosphate-buffered saline) 

to a final 108 CFU/ml. Embryos were manually dechorionated at 24 hpf. 

Approximately 200 CFUs of E. tarda were injected into the blood island after the 

onset of blood flow at 28 hpf, or PBS was injected as a control. After injection, 

embryos were kept at 28 °C and snap-frozen in liquid nitrogen at the required 

time points. 

 

RNA isolation from pools of embryos 

Pools of 20 – 30 embryos were snap-frozen in liquid nitrogen and subsequently 

stored at –80°C. Embryos were homogenized in 1 ml of TRI reagent (Ambion), 
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and subsequently total RNA was extracted according to the manufacturer’s 

instructions. The RNA samples were incubated for 20 min at 37°C with 10 U of 

DNaseI (Roche Applied Science) to remove residual genomic DNA before 

purification using the RNeasy MinElute Cleanup kit (Qiagen) according to the 

RNA clean-up protocol. The integrity of the RNA was confirmed by lab-on-chip 

analysis using the 2100 Bioanalyzer (Agilent Technologies). Samples used for 

microarray analysis had an average RNA integrity number value of 9 and a 

minimum RNA integrity number value of 8.  

 

RNA isolation from single embryos 

The single embryo RNA isolation procedure was performed according to de 

Jong et al. [45]. Embryos were individually snap-frozen in liquid nitrogen and 

subsequently stored at -80°C. A frozen embryo was crushed with a chilled 

pestle and homogenized in 300 µl of TRI reagent (Ambion). 60 µl of chloroform 

was added and the mixture was transferred to a 1.5 ml reaction tube containing 

50 mg phase lock gel (Eppendorf) and incubated at room temperature for 5 

minutes. The mixture was centrifuged at 12000 g at 4°C for 15 minutes, after 

which the aqueous phase was transferred to a fresh tube. 1 volume of 70 % 

ethanol was added and the mixture transferred to a RNeasy MinElute Cleanup 

kit (Qiagen) column which was centrifuged 15 seconds at 8000 g. 500 µl RPE 

buffer from the kit was applied to the column and centrifuged 15 seconds at 

8000 g. 500 µl 80 % ethanol was applied to the column and centrifuged 2 

minutes at 8000 g. The collection tube was replaced and the column centrifuged 

5 minutes at 14000 g. 14 µl H2O was applied to the column and centrifuged 1 

minute at 14000 g. The average amount of RNA isolated from a single embryo 

was 500 ng. 

 

Microarray analysis 

The microarray slides were custom-designed by Agilent Technologies as 

previously described [9]. The slides contained in total 43,371 probes of a 60-

oligonucleotide length. 

Amino-allyl-modified amplified RNA (aRNA) was synthesized in one 

amplification round from total RNA using the Amino Allyl MessageAmp II aRNA 

Amplification kit (Ambion). The amount of total RNA used was 1 µg in 
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experiments using RNA from pooled embryos and 400 ng in experiments using 

RNA from single embryos. Subsequently, 6 µg of amino-allyl-modified aRNA 

was used for coupling of monoreactive Cy3 and Cy5 dyes (GE Healthcare) and 

column purified. Samples from embryos immersed in E. tarda, E. coli, or P. 

aeruginosa suspensions or untreated control embryos were labelled with Cy5 

and hybridized against a Cy3-labeled common reference that consisted of a 

mixture of all samples from the immersion experiments. E. tarda and control 

immersions were analyzed in triplicate using pools of 20 embryos and 

compared with single experiments of E. coli, P. aeruginosa PAO1 and P. 

aeruginosa PA14 immersion. For the E. tarda injection study, infected embryos 

and control embryos injected with the PVP-carrier solution were labelled with 

Cy5 and analyzed in triplicate against a Cy3-labeled common reference. Dual-

color hybridization of the microarray chips was performed at ServiceXS 

according to Agilent protocol G4140-90050 version 5.7 (www.Agilent.com) for 

two-color microarray-based gene expression analysis. 

Microarray data were processed from raw data image files with Feature 

Extraction Software 9.5.3 (Agilent Technologies). Processed data were 

subsequently imported into Rosetta Resolver 7.0 (Rosetta Biosoftware) and 

subjected to default ratio error modelling. The raw data were submitted to the 

Gene Expression Omnibus database (www.ncbi.nlm.nih.gov/geo) under 

accession no. GSE28486. To compare samples from treatment groups to the 

control samples re-ratio analyses were performed using the Rosetta built-in re-

ratio with common reference application. Data were analyzed at the level of 

UniGene clusters (UniGene build no. 105) and at probe level. Significance cut-

offs for the ratios were set at 1.5-fold change at P < 10-4 for analysis at UniGene 

cluster level and P < 10-5 for analysis at probe level. 

Gene ontology (GO) analysis was performed using the GeneTools eGOn 

v2.0 web-based gene ontology analysis software 

(www.genetools.microarray.ntnu.no) [55]. KEGG pathway analysis was 

performed using DAVID tools for functional annotation 

(http://david.abcc.ncifcrf.gov/) [46]. In addition, genes were manually annotated 

based on information in the ZFIN (zfin.org) and NCBI Entrez Gene databases, 

and PubMed abstracts.  
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cDNA synthesis and quantitative reverse transcriptase PCR 

For RNA samples from pooled embryos, cDNA synthesis reactions were 

performed in a 20 µl mixture of 500 ng of RNA, 4 µl of 5x iScript reaction mix 

(Bio-Rad Laboratories), and 1 µl of iScript reverse transcriptase (Bio-Rad 

Laboratories). For RNA samples from single embryos, cDNA synthesis 

reactions were performed in a 10 µl mixture of 100 ng of RNA, 2 µl of 5x iScript 

reaction mix (Bio-Rad Laboratories), and 0.5 µl of iScript reverse transcriptase 

(Bio-Rad Laboratories). The reaction mixtures were incubated at 25°C for 5 min, 

42°C for 30 min, and 85°C for 5 min.  

Real-time PCR was performed using the Chromo4 Real-time PCR detection 

system (Bio-Rad Laboratories) according to the manufacturer’s instructions. 

Each reaction was performed in a 25-µl volume comprised of 1 µl of cDNA, 12.5 

µl of 2x iQ SYBR Green Supermix (Bio-Rad Laboratories), and 10 pmol of each 

primer. Cycling parameters were 95°C for 3 min to activate the polymerase, 

followed by 40 cycles of 95°C for 15 s and 59°C for 45 s. Fluorescence 

measurements were taken at the end of each cycle. Melting curve analysis was 

performed to verify that no primer dimers were amplified. All reactions were 

performed as technical duplicates. For normalization, peptidylprolyl isomerase 

A-like (ppial), which showed no changes over the infection time course series, 

was taken as reference. Results were analyzed using the ∆∆Ct method. 

Sequences of forward and reverse primers are described in supplementary 

table S6. 
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Supplementary data 

 

Supplementary tables can be found online at:  

Supplementary table S1 

http://www.biomedcentral.com/imedia/3650422161273884/supp1.xls 

Supplementary table S2 

http://www.biomedcentral.com/imedia/1629964913612738/supp2.xls 

Supplementary table S3 

http://www.biomedcentral.com/imedia/1084060966127380/supp3.xls 

Supplementary table S4 

http://www.biomedcentral.com/imedia/1241037959612738/supp5.xls 

Supplementary table S5 

http://www.biomedcentral.com/imedia/1457234230612739/supp7.xls 

Supplementary table S6 

http://www.biomedcentral.com/imedia/1174915202612739/supp8.xls 

 

 

Supplementary figure S1. Marker gene 

expression in individual embryos in response 

to injection of different doses of live and heat-

killed E. tarda. Expression levels of mmp9 (a) 

and il1b (b) were measured by qPCR in single 

embryos at 8 h after injection (hpi) of 

approximately 25 or 200 CFUs of live or heat-

killed (45 min at 95°C) E. tarda into the caudal 

vein embryos at 28 hpf. Control embryos were 

injected with PBS. Relative induction levels 

are shown with the lowest expression level set 

at 1. Lines with * indicate a significant 

difference of P < 0.05 (tested by one-way 

ANOVA analysis with the Bonferroni method 

as post-hoc test). 
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Abstract 

 

The availability of knockout mutants has greatly assisted functional studies in 

many model organisms. However, zebrafish knockout mutants in genes of the 

innate immune system have thus far been lacking. Here we describe the 

functional analysis of a knockout mutant in the gene encoding Myd88, a central 

adaptor in Toll like and IL1 receptor signalling. We focus on the responsiveness 

of myd88 mutant embryos to infection by the natural fish pathogen Edwardsiella 

tarda. The results of microarray expression profiling show that, as expected, 

myd88 plays a crucial role in the response to infection. We have annotated the 

genes whose expression is highly dependent on myd88. Besides impaired 

induction of immune response genes in myd88 mutants, we also observed a 

positive influence of myd88 deficiency on the induction of several gene groups 

after E. tarda infection. The myd88-dependent gene set includes many genes 

that in previously published data were shown to be responsive to Salmonella 

infection in zebrafish embryos. In the Salmonella infection studies, we identified 

il1b, mmp9 and irak3 as myd88-dependent targets. Here we show the myd88-

dependence of these genes in E. tarda infection and add many other immune 

response genes as myd88-dependent targets, for example genes encoding 

transcription factors, chemokines, and the flagellin receptor Tlr5. The cxcl-c1c 

chemokine gene is an example of a myd88-dependent gene that could not be 

identified in previous morpholino knockdown studies due to off target effects of 

these treatments. In addition, our analysis of the knockout mutant showed that 

E. tarda induction of tnfa was independent of the Myd88 pathway, whereas tnfb 

induction did require myd88 function. The significantly impaired innate immune 

response to E. tarda infection demonstrates that the myd88 knockout mutant 

represents an immunodeficient model that will be a valuable asset to 

immunological and cancer studies in zebrafish.  

 

 

Introduction 

 

The innate immune system is the first line of defence against invading 

microbes. Pathogen-associated molecular patterns (PAMPs) are recognized by 

pattern recognition receptors (PRRs), of which the Toll-like receptors (TLRs) 
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have been studied most extensively. There are to date 10 functional TLRs 

identified in humans, each of which recognizes distinct groups of PAMPs [1]. 

Following ligand binding, TLRs recruit one or more cytosolic adaptor molecules, 

thereby initiating a signalling cascade that ultimately leads to the activation of 

the innate immune response. Myeloid differentiation factor 88 (MYD88) is an 

important adaptor protein in the TLR signalling pathway, and is used by all 

TLRs except TLR3. It contains two domains, a C-terminal TIR-domain (Toll/IL-1 

receptor-domain) separated with a short linker sequence from the N-terminal 

death domain. The TIR-domain enables interaction with the TLRs, while the 

death domain enables interaction with IRAKs (IL-1 receptor associated kinase), 

leading to an initiation of signalling to MAP-kinases (mitogen activated protein 

kinases) and NF-κB (nuclear factor κB) [2-4]. MYD88 is the only adaptor used 

by TLR5, -7, -8 and -9. TLR2, forming heterodimers with TLR1 and -6, requires 

an additional adaptor, Mal to bridge the interaction with MYD88. TLR4 signals 

through a MYD88-dependent and a MYD88-independent (TRIF/TRAM-

dependent) signalling pathway, leading to the production of pro-inflammatory 

cytokines and type I interferons, respectively. In addition to its pivotal role in the 

TLR pathway, MYD88 is an adaptor molecule downstream of the interleukin-1 

receptor (IL-1R) and it has been associated with IFN-γ receptor signalling, 

leading to p38 activation [5, 6]. 

Mice deficient in Myd88 were shown to be hyporesponsive to LPS, which in 

wild type mice induces endotoxic shock [7]. Furthermore they were shown to be 

unresponsive to PAMPs recognized by Tlr2, Tlr4, Tlr5, Tlr7 and Tlr9, as well as 

to Il-1 [5, 8]. Myd88-deficient mice were also found to be more susceptible to 

infection by Toxoplasma gondii parasites [9] and by a number of bacterial 

pathogens, including Staphylococcus aureus [10] , Listeria monocytogenes [11], 

Chlamydia pneumoniae [12], and Mycobacterium tuberculosis [13]. 

Elucidating pathways of the innate immune system in animal models is 

complicated by the interaction of the innate immune system with the adaptive 

immune system. To circumvent these interactions, in vitro studies using 

peripheral blood monocytes, polymorphonuclear cells or peritoneal 

macrophages as well as cultured cell lines have been used to elucidate innate 

immunity signalling. The zebrafish embryo model provides a useful in vivo 

alternative to study vertebrate innate immunity, since it has a temporal 

segregation of the development of the innate and adaptive immune system. At 
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one day post fertilization (dpf) the zebrafish embryo has a functional innate 

immune system, capable of mounting an effective immune response against 

different pathogens [14-16]. In contrast, the adaptive immune system does not 

reach maturity until 2 - 4 weeks post fertilization [17-19]. In addition, zebrafish 

embryos are transparent, facilitating the visual study of the immune response 

with the use of fluorescent protein expressing immune cells and bacteria [14, 

16, 20-24]. 

In recent years several infection models have been developed which 

enabled validation of the zebrafish embryo as a model for vertebrate innate 

immunity [25-28]. The highly conserved TLR family was identified in zebrafish 

and its members were found to be highly expressed in one day old zebrafish 

embryos [29-31], at which stage functional macrophages are first present. As in 

mammals, Tlr3 was linked to the response against viral infections and Tlr5 to 

recognition of flagellin [32, 33]. However, zebrafish Tlr4 is not activated by LPS, 

indicating that there are also differences in TLR ligand recognition between fish 

and mammals [34, 35]. 

The TLR adaptor molecules, Myd88, Mal and Trif are conserved in 

zebrafish, while Tram is not found in the zebrafish genome [30, 36, 37]. Similar 

to the TLR receptors, the adaptor molecules are broadly expressed during 

zebrafish embryogenesis [31]. Using a transgenic reporter line, myd88 

expression was detected in adult immune cell lineages and its expression was 

also confirmed in embryonic and larval leukocytes that contribute to wound 

healing and phagocytosis of injected bacteria [38]. Morpholino knockdown of 

Myd88 in zebrafish embryos affected their ability to clear an infection with the 

Salmonella enterica serovar Typhimurium Ra mutant [31]. In addition, 

morpholino knockdown studies showed that, like in mammals, Myd88-

dependent and Myd88-independent signalling pathways are involved in the 

response to Salmonella infection: the Myd88-dependent pathway leading to 

expression of pro-inflammatory genes such as il1b and mmp9, and the Myd88-

independent pathway to expression of ifn1 [33]. Induction of il1b by TLR 

ligands, such as peptidoglycan and lipoteichoic acid, was also impaired under 

Myd88 knockdown conditions in zebrafish embryos [37]. Furthermore, 

knockdown analysis demonstrated the role of Myd88 in LPS- or TNBS-induced 

intestinal inflammation and microbial-dependent intestinal epithelial cell 

proliferation in zebrafish larvae [39-41].  
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A limitation of morpholino knockdown is that it can only achieve a temporal 

and incomplete block of gene activity. For further analysis of myd88 in the 

zebrafish model, it is therefore desirable to have a knockout mutant available. In 

this report we describe a myd88 mutant allele that was identified by 

resequencing of an ENU (N-ethyl-N-nitrosourea)-mutagenized population and 

contains an early stop codon in the N-terminal death domain. This leads to a 

truncated protein, unable to signal, since it lacks most of its death domain, 

necessary for downstream interaction with IRAK, and the complete TIR-domain, 

necessary for the interaction with the TLRs. We used a natural fish pathogen, 

Edwardsiella tarda, to compare the immune response of individual myd88-

knockout embryos to that of their wild-type siblings. Microarray analysis 

revealed that a large set of known immune response genes as well as many 

genes not previously associated with the immune response are dependent on 

myd88 function during E. tarda infection. 

 

 

Results 

 

Identification of a zebrafish knockout mutant in myd88 

Previous morpholino knockdown studies indicated a central role for myd88 in 

the innate immune response of zebrafish embryos and larvae [31, 33, 37, 39-

41]. A stable knockout mutant of this gene is therefore highly useful. 

Resequencing of an N-ethyl-N-nitrosourea (ENU)- mutagenized zebrafish 

library resulted in the identification of a myd88 mutant allele, myd88
hu3568, which 

carries a T to A point mutation creating an early stopcodon (figure 1). The 

mutation is in the N-terminal death domain leading to a truncated protein lacking 

part of its death domain required for interaction with the downstream Irak1 

kinase and lacking also the complete TIR-domain required for interaction with 

cytoplasmic domains of the upstream TLR receptors (figure 1). 

Zebrafish embryos homozygous for the mutation (myd88
-/-) were found at 

Mendelian frequencies after crossing of heterozygous parents. Myd88
-/- 

embryos and larvae showed no developmental differences with their wild type 

siblings and could only be distinguished by genotyping. Until 5 dpf we observed 

no differences in survival between mutants and wild type siblings. However, 
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Figure 1. Wild type and mutant Myd88 sequence and protein structure. A random mutagenized 

zebrafish library was screened for myd88 knockout mutants. One mutant had a T to A point 

mutation at nucleotide position 254 with respect to the ATG start codon, leading to a stopcodon that 

truncates the protein at amino acid position 85 (GenBank accession of wild type sequence: 

AY388401). The schematic drawing shows the resulting truncation of the death domain and lack of 

the TIR domain in the Myd88 mutant protein, with the DNA and amino acid sequences surrounding 

the mutation. 

 

 

until now only a few zebrafish carrying the myd88 mutation reached adulthood 

under our standard aquarium conditions. Similar as reported for rag1
-/- zebrafish 

[42, 43], these few myd88
-/- fish died after finclips were taken for genotyping, 

suggesting a severely compromised immune system. Since we have not yet 

been able to obtain sufficient adults for further analysis, we concentrated this 

study on the characterization of myd88
-/- embryos. 

 

Gene expression profiles of myd88-/- embryos during development  

To determine the effect of the myd88
-/- mutation at the transcriptional level, we 

isolated RNA from wild type and myd88
-/- sibling embryos at 1, 2, and 3 dpf for 

analysis on our previously described custom Agilent 44k microarray platform 

[33]. This platform is a combination of the commercial Agilent 22k and Sigma-

Genosys 16k probe sets that we extended with probes for immune response 

genes. On this platform, a number of immune response genes are represented 

by multiple probes to increase reliability of the microarray data for this subset of 

genes. During the RNA isolation procedure, the chromosomal DNA fraction was 

retained for genotyping, based on which RNA samples from three individual wild 

type and three individual myd88
-/- embryos were selected for microarray 

analysis.  
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Figure 2. Comparison of myd88
-/- 

transcriptomes at different 
development stages. RNA 
isolated from single embryos at 1, 
2 and 3 dpf was analyzed by 
microarray. For each stage 
samples from three individual WT 
or myd88

-/-
 embryos were 

hybridized and averaged. The 
Venn diagram indicates the 
genes that were significantly up- 
or down-regulated in myd88

-/-
 

embryos compared to WT 
siblings in samples of at least two 
developmental stages. The 
arrows in front of the gene names 
indicate whether the gene was 
up- or down-regulated. The 
numbers behind the gene name 
indicates the number of different 
probes sequences for that gene 
that showed up- or down-
regulation. 

 

 

Only 20 probes in total were consistently changed (P<0.00001) between 

myd88
-/- and wild type embryos at all three developmental time points, and only 

22 additional probes were changed at 2 out of 3 time points (figure 2, 

supplementary table S1). The probes changed at all time points included 8 

probes for myd88 itself, all showing down-regulated expression in myd88
-/- 

embryos in comparison to wild type siblings. Two other probes for myd88 

additionally showed down-regulation at 2 out of 3 time points (2 and 3 dpf). 

None of the other probes that were differently expressed between wild type and 

myd88
-/- at 2 or 3 time points corresponded to TLR signalling components. 

Besides the probes for myd88, 5 other probes corresponded to genes 

associated with the immune response and were down-regulated in myd88-/- 

embryos compared to wild type, including: death associated protein (dap, 

identified by 2 probes), identified in HeLa cells as a positive mediator of 

interferon-γ induced programmed cell death [44]; coagulation factor 3a (f3a); 

and pdz and lim domain 2 (pdlim2), which has been shown to function as a 

negative regulator of transcription factor NF-κB [45].  
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Analysis of the immune response of myd88-/- embryos infected 

with E. tarda 

To study the effect of the myd88-/- mutation on the immune response to 

infection, we injected E. tarda bacteria into the bloodstream of 28 hpf embryos 

from MyD88+/- parents. The inoculum was approximately 200 CFU per embryo 

embryo and to avoid clumping of the bacteria we used a carrier solution of 

 

 

 
Figure 3. qPCR analysis of the response of wild type and myd88

-/- embryos to E. tarda. Expression 

of mmp9, irg1l, il1b and ifnphi1 was analysed by qPCR in uninfected (con) and infected (inf) wild 

type (WT) and mutant (MU) embryos. The bars represent the relative expression level with the 

lowest expression set at 1. Each bar represents a single embryo. Lines with * indicate a significant 

difference of P < 0.05. Lines with ** indicate a significant difference of P <0.01 (tested by two-way 

ANOVA analysis with the Bonferroni method as post-hoc test). 



Chapter 4 

96 

polyvinylpyrrolidone (PVP) in PBS for the injections [49]. As a control, embryos 

from the same parents were injected with the carrier solution alone. DNA and 

RNA from control and infected embryos was isolated at 8 hpi and the DNA was 

used for genotyping. RNA from three individual embryos per group was then 

used for quantitative PCR (qPCR) analysis of three previously identified E. 

tarda-responsive genes, matrix metalloproteinase 9 (mmp9), interleukin 1b 

(il1b), and immunoresponsive gene 1 like (irg1l) (Chapter 3). In addition, we 

analyzed the interferon ifnphi1gene, since the pathway to interferon induction is 

expected to be independent of myd88. E. tarda infection did not induce mmp9 

expression in myd88
-/- embryos, while a 20 to 50 fold induction was observed in 

infected wild type siblings (Figure 3a). Expression of il1b was induced by E. 

tarda infection both in wild type and mutant embryos, but induction levels were 

significantly lower in the mutants (Figure 3b). Expression levels of irg1l showed 

a large variation between individual uninfected embryos, but clear induction by 

E. tarda infection was observed only in wild type embryos (Figure 3c). It was not 

possible to draw any conclusion on the myd88-dependence or -independence 

of ifnphi1, since the expression of this gene was increased in only one out of 

three wild type embryos compared to the controls. In summary, qPCR analysis 

showed that a functional myd88 gene is required for the induction of mmp9 and 

irg1l expression during E. tarda infection, and that il1b induction is partially 

dependent on myd88. 

 

Expression profiling of the E. tarda response in myd88-/- embryos 

To further characterize the immune response of myd88
-/- embryos, the same 

samples as used for qPCR were subjected to microarray analysis. RNA 

samples from the individual embryos were hybridized against a common 

reference using the custom designed 44k Agilent microarray platform, as above. 

In the data analysis, the triplicate measurements of the myd88
-/- embryos were 

combined and compared to the combined measurement of the wild type 

siblings. Next, four expression ratios were derived from re-ratio analysis of the 

sample data against the common reference: wild type control vs. wild type 

infected, myd88
-/- control vs. myd88

-/- infected, wild type infected vs. myd88
-/- 

infected, and wild type control vs. myd88
-/- control. Expression differences of the 

wild type control vs. myd88
-/- control ratio were in most cases not significant, 

consistent with the earlier microarray analysis of uninfected embryos at three 
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developmental time points. In contrast, clear differences were observed 

between the infected wild type and mutant embryos. 

Probes that showed a significant expression signature of at least 2-fold (P < 

0.00001) in the wild type control vs. wild type infected ratio (663 probes) and/or 

in the myd88
-/- control vs. myd88

-/- infected ratio (355 probes) were selected 

(912 different probes in total, supplementary table S2). The genes 

corresponding to these infection-responsive probes were then grouped into 

three annotation categories for further analysis. Category 1 (433 probes) 

contains annotated genes previously implicated in the vertebrate immune 

response based on GO annotations of the zebrafish genes and their human 

homologues and on searching of PubMed abstracts. Novel/hypothetical genes 

with sequence similarity to these immune response genes were also included in 

category 1. Category 2 (266 probes) contains all annotated or 

novel/hypothetical genes whose known or predicted functions could not be 

linked to the vertebrate immune response based on the same criteria. Category 

3 (213 probes) contains genes with unknown functions or without any similarity 

to genes with known functions. A hierarchical cluster analysis was performed 

separately for each category (figure 4). For each annotation category two main 

clusters could be identified: the first containing probes that were mostly higher 

expressed in the myd88
-/- infected embryos than in the wild type infected 

embryos (blue in figure 4), and the second (yellow in figure 4) showing the 

opposite response, i.e. a higher expression upon infection of wild type than of 

myd88
-/-

 embryos. In category 1, this second (yellow) cluster was the largest, 

containing 81% of the total number of probes (figure 4a), while in categories 2 

(figure 4b) and 3 (not shown) the two clusters were approximately equal in size. 

This difference is partially explained by the fact that the larger cluster of 

category 1 contains many immune response genes that are represented by 

multiple probes for the same gene. However, also at the gene level, the yellow 

cluster of category 1 was still larger than the first, i.e.73% of the total number of 

genes in category 1 showed higher expression in infected wild type than in 

myd88
-/- embryos. This group of genes included substantial subgroups of 

complement and acute phase response genes, cytokine and chemokine genes, 

defence response genes, lectin genes, proteolytic genes, signal transduction 

genes and transcription factor genes. Smaller subgroups of each, except for the 

transcription factor gene subgroup, were present in the other (blue) cluster, 
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Figure 4. Cluster analysis of differentially expressed genes in E. 

tarda infection of wild type and myd88
-/-embryos. Zebrafish 

embryos were injected at 28 hpf with 200 CFUs of E. tarda in 

PVP carrier solution, or with carrier solution alone. RNA was 

isolated from single embryos at 8 hpi. Microarray results of 

triplicate samples were analyzed and the responding genes 

sorted in three categories: 1, annotated genes previously 

implicated in the immune response or novel genes with strong sequence similarity to those genes; 

2, genes with known or predicted functions not previously linked to the immune response; 3, genes 

with unknown function. Hierarchical cluster analysis was performed separately for genes in category 

1 (a) and in category 2 (b). In both cases two main clusters are distinguished: the first containing 

probes that show lower expression levels in wild type infected embryos than in mutant infected 

embryos, and the second containing probes that show higher expression levels in wild type infected 

embryos than in mutant infected embryos. The genes in these main clusters are indicated in the 

blue and yellow boxes and are sorted in functional annotation categories. The genes indicated in 

red are induced in a myd88-dependent manner based on the microarray data, and additional qPCR 

data for selected genes (Fig. 3). The black numbers in front of the clusters are the number of 

different probes in a cluster and the red numbers are the number of different genes represented by 
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these probes. Increasingly brighter shades of yellow indicate a higher up-regulation of the probe. 

Increasingly brighter shades of blue indicate a higher down-regulation. 

WTinf/WTcon: infected vs uninfected (control) wild type embryos; MUinf/MUcon: infected vs 

uninfected (control) myd88 knockout mutants; MUinf/WTinf: infected myd88 knockout mutant vs 

infected wild type embryos; MUcon/WTcon: uninfected myd88 knockout mutant vs uninfected wild 

type embryos. 



Chapter 4 

100 

containing the genes with higher expression in infected mutants than wild type. 

In category 2 (figure 3b), the majority of genes in both the blue and yellow 

clusters fitted in subgroups of metabolic genes, signal transduction genes, 

transcription factor genes, and genes for proteins with transporter activity. 

 A closer look at the blue and yellow clusters of categories 1 and 2 revealed 

further differences. In the blue cluster of category 1 most genes were down-

regulated by infection both in wild type and in myd88
-/- embryos, but to a lesser 

extent in the mutants than in the wild type. In the blue cluster of category 2 

many genes are slightly up-regulated in the myd88
-/- embryos, while down-

regulated in the wild type embryos. In addition, approximately half of the blue 

cluster of category 2 represents a group of genes with weakly up-regulated 

expression in infected wild type embryos, but much stronger up-regulation in 

myd88
-/- embryos. Such a group of genes is not observed in category 1. Most of 

the genes in the yellow cluster of category 1 were higher induced in wild type 

infected embryos than in myd88
-/- infected embryos. Again there is a clear 

difference between the genes in category 1 and 2. In category 1, most genes 

are up-regulated both in wild type and myd88
-/- embryos, while only a small 

number of genes is up-regulated in the wild type embryos and down-regulated 

in the mutant embryos. In category 2, however, there is a larger group of genes 

that is up-regulated by infection in wild type and down-regulated in myd88
-/- 

embryos.  

In conclusion, microarray analysis showed that the infection-induction of a 

large group of immune response genes was reduced in myd88
-/- embryos 

compared to the induction in wild type siblings, as expected based on its role as 

a signalling adaptor of the TLR and IL1R pathways. In addition, the microarray 

data also indicated a positive influence of myd88-deficiency on other E. tarda-

induced gene groups.  

 

Myd88-dependency of transcription factor and signal transduction 

gene induction during E. tarda infection 

As shown in the cluster analysis of figure 4a, a number of known immune-

related transcription factor and signal transduction genes were induced by E. 

tarda infection. Several of these genes are represented by more than one probe 

on our custom microarray. We selected these genes for further analysis of 
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myd88 function in the infection response. To this end, we re-analyzed the 

microarray data, this time comparing each of the individual myd88
-/- embryos 

separately to a wild type sibling in order to show the biological variation 

(supplementary table S2). Subsequently, the induction levels (control vs. 

infected) of different probes for the same gene were averaged and compared 

between myd88
-/- and wild type embryos (figure 5). This analysis showed that E. 

tarda-induction of immune-related transcription factor genes, including members 

of the ATF, AP-1, IRF, NFκB, and STAT families, was largely dependent on 

myd88 function. In addition, this analysis showed myd88-dependency of the 

induction of irak3, a negative regulator of TLR signalling, isg15, encoding an 

interferon-activated ubiquitin-like protein, the receptor-interacting serine-

threonine kinase gene ripk2, and the TLR family genes, tlr3, tlr5a, and tlr5b. 

 

Role of myd88 in induction of other immune response genes  

The same analysis as performed for the transcription factor and signal 

transduction genes was applied to other immune response genes that were 

induced by E. tarda infection in wild type embryos and represented by multiple 

probes with a significant expression signature on the microarray (figure 6, 

supplementary table S2). These included seven cytokine/chemokine genes and 

the genes for matrix metalloproteinase 9 (mmp9), neutrophil cytosolic factor 1 

(ncf1) and the homologue of the human metalloreductase STEAP4, also known 

as TNFα-induced protein9 (zgc:112143). Seven of the ten investigated genes, 

including two CXCL chemokine genes (cxcl-C1c, cxcl-C13d), a CC chemokine 

gene (si:dkeyp-59a8.1), tnfb, mmp9, ncf1 and zgc:112143, were not or barely 

induced in myd88
-/- embryos, indicating their dependency on the myd88 

pathway during E. tarda infection. Consistent with the qPCR analysis described 

above, the il1b gene showed lower induction in myd88
-/- embryos than in WT 

embryos, suggesting a partial dependence on myd88. The expression of 

interleukin 10 (il10) also seemed to be partially dependent on myd88, but this 

result remains inconclusive since one of the wild type infected embryos showed 

a very low induction of this gene. In zebrafish, two genes, tnfa and tnfb, are 

homologous to the mammalian TNF gene, which encodes tumor necrosis factor 

alpha and is a known target of MYD88-dependent signalling. While our 

microarray data showed that E. tarda-induction of tnfb was myd88-dependent, 
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Figure 6. Induction of effector genes of the immune response by E. tarda infection of wild type and 

mutant embryos. Microarray induction levels of cytokine genes, chemokine genes and other 

immune response genes were compared for three individual wild type (WT) embryos and three 

individual myd88 knockout mutant (MU) embryos infected with 200 CFUs of E. tarda. Gene 

expression levels of each infected embryo (WTinf and MUinf) are shown relative to a corresponding 

uninfected control embryo (WTcon and MUcon). For all genes shown in the figure at least three 

different probes on the microarray had a significant signature (il1b: 11 probes, il10: 3 probes, tnfa: 

10 probes, tnfb: 11 probes, cxcl-c13d (LOC100003911): 7 probes, cxcl-c1c (si:ch73-6k14.1): 6 

probes, si:dkeyp-59a8.1: 3 probes, mmp9: 15 probes, ncf1: 12 probes, zgc:112143: 11 probes). 

Induction levels of the different probes are averaged and the errorbars indicate the standard error. 

 

 

Figure 5. Induction of transcription factor and signal transduction genes by E. tarda infection of wild 

type and mutant embryos. Microarray induction levels of transcription factor and signal transduction 

genes were compared for three individual wild type (WT) embryos and three individual myd88 

knockout mutant (MU) embryos infected with 200 CFUs of E. tarda. Gene expression levels of each 

infected embryo (WTinf and MUinf) are shown relative to a corresponding uninfected control embryo 

(WTcon and MUcon). For all genes shown in the figure at least three different probes on the 

microarray had a significant signature (atf3: 8 probes, fos: 14 probes, irf9: 13 probes, irf11: 3 

probes, junb: 15 probes, nfkb2: 5 probes, rel: 10 probes, relB (Wu:fj85b02): 4 probes, stat4: 5 

probes, irak3: 5 probes, isg15: 6 probes, ripk2: 10 probes, tlr3: 9 probes, tlr5a: 4 probes, tlr5b: 9 

probes). Induction levels of the different probes are averaged and the error bars indicate the 

standard error. 



Chapter 4 

104 

surprisingly, tnfa was induced to similar levels in wild type and myd88
-/- 

embryos, suggesting that expression of the two zebrafish tnf genes is controlled 

by different pathways. The complete myd88-dependency of mmp9 induction 

and partial myd88-dependency of il1b induction was consistent between the 

results of qPCR (figure 3) and microarray analysis (figure 6).  

 

 

Discussion 

 

Many zebrafish models for infectious diseases have recently been developed 

and these have proved useful additions to mammalian models [27]. However, 

with the zebrafish still being a relative newcomer in immunological studies, 

there is a strong need to expand the toolbox of immunological reagents and 

mutants. Targeted knockout approaches in zebrafish, known as TILLING, allow 

the detection of point mutations in genes of interest in chemically mutagenized 

genomes. The success of this approach was first demonstrated in 2002 with the 

targeted inactivation of a gene central to the adaptive immune system, the 

recombination activating gene 1 (rag1) [47]. However, mutants disrupted in 

central pathways of the innate immune system, have not been available thus 

far. Here we describe a knockout mutant of the zebrafish homolog of human 

MYD88, a gene with a pivotal function in TLR and IL1R signalling. By 

transcriptome profiling analysis we show that zebrafish myd88 is critically 

involved in the innate immune response of zebrafish embryos infected with the 

natural fish pathogen E. tarda. 

An early stop codon in the myd88
hu3568 mutant allele leads to deletion of the 

conserved C-terminal TIR domain, which is indispensible for interaction with the 

cytoplasmic face of the TLR and IL1R receptors. In addition, the mutation 

disrupts the N-terminal death domain of Myd88, required for interaction with 

downstream IRAK family kinases. We cannot exclude a possible effect of the 

presence of a partial death domain in the truncated Myd88 mutant protein. 

However, this is unlikely to play a major role, because we observed that myd88 

mutant mRNA was expressed at a significantly lower level than mRNA of the 

wild type allele. This may be explained by a lower stability of myd88
hu3568 mRNA 

or by a possible feed-back mechanism by which wild type Myd88 might regulate 

its own expression level. In any case, based on the deletion of the TIR domain, 
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the truncation of the death domain and reduced mRNA expression level, the 

myd88
hu3568 mutation can be considered a null allele. 

While myd88
-/- embryos and larvae showed no developmental 

abnormalities, it has been difficult to rear them to adulthood. We suspect that 

this problem can be attributed to an increased susceptibility to infections, since 

the few myd88
-/- adults that we obtained appeared normal but died after fin 

clipping, similar to what has been reported for rag1
-/- fish [42, 43]. Therefore, we 

kept heterozygous fish and analyzed individual wild type and mutant siblings 

from their offspring. To this end, we used a procedure for simultaneous DNA 

and RNA isolation from single embryos [48] and compared the gene expression 

profiles of embryos at 1, 2 and 3 dpf, i.e. before intestinal colonization might 

induce microbe-dependent differences. Besides the observed down-regulation 

of myd88 mutant transcript levels, discussed above, our microarray analysis 

identified only a few other genes that showed consistent differences between 

wild type and mutant siblings at all developmental time points. Genes changed 

at only one developmental time point probably reflect individual variation rather 

than effects of the mutation. In previous studies we used triplicate pools of 

embryos to level out such variation (e.g. [33]), but here triplicate analyses were 

performed on single embryo level as our study required individual genotyping. 

Only four of the genes, other than myd88, that were differentially expressed 

between wild type and mutant siblings had an association with the immune 

system. Therefore, microarray analysis showed that, in the absence of infection, 

wild type and mutant siblings display largely similar basal levels of immune-

related genes. In contrast, following E. tarda infection, the transcriptome profiles 

of mutants and wild type siblings were significantly different. 

As expected, the induction of a large set of immune-related genes by E. 

tarda infection was found to be dependent on the presence of a functional 

myd88 gene. For several of these genes, including a group of transcriptional 

regulators of the immune response and several effector genes of the innate 

immune system, the myd88-dependency was supported by multiple probes on 

our microarray platform that showed consistent expression differences between 

infected mutants and wild type embryos. In addition, we confirmed the myd88-

dependency of mmp9, il1b and irg1l by qPCR. Of these three genes, mmp9 and 

il1b show the highest induction levels upon E. tarda infection of wild embryos, in 

both cases in the range of 15-50-fold induction compared to uninfected controls. 
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Interestingly, the induction profiles of these two proinflammatory markers in 

mutants were different: il1b induction showed a partial dependence on myd88, 

while mmp9 induction was completely absent in myd88
-/- embryos. Several 

other genes also showed complete myd88-dependency, for example chemokine 

genes such as cxcl-c1c and cxcl-c13d, and irak3, a negative regulator of TLR 

signalling.  

The myd88-dependency of E. tarda induced mmp9, il1b, and irak3 

expression was consistent with our earlier observations in myd88 morpholino 

knockdown studies, where the induction of these genes by S. typhimurium 

infection was also found to be myd88-dependent. However, in the previous 

studies it was not possible to discriminate between complete or partial myd88-

dependency because a morpholino knockdown effect in itself may be 

incomplete. Furthermore, for other genes analyzed in the previous study, 

including cxcl-c1c and tnfa, we could not draw conclusions due to non-specific 

morpholino effects on the expression of these genes. Therefore, we have not 

subjected myd88 morpholino knockdown embryos to microarray analysis. The 

availability of a knockout mutant now solves these problems. Microarray 

analysis of myd88
-/- embryos clearly demonstrates the myd88 dependency of 

cxcl-c1c, whereas tnfa induction by E. tarda infection appears myd88 

independent. For the first time, we also show that induction of the flagellin 

receptor homologues, tlr5a and tlr5b, is directly dependent on myd88-mediated 

signalling. Several genes identified as (partially) dependent on myd88 in the E. 

tarda infection study overlap with genes identified as traf6-dependent based on 

morpholino knockdown in the context of S. typhimurium infection, for example 

mmp9, il1b, tnfb, ncf1, zgc:114032 (complement factor B), zgc:112143 (TNFα-

induced protein 9), and tlr5b. Therefore, these genes can now be placed as 

targets of a myd88-traf6 signalling pathway.  

In multiple studies investigating macrophages and spleen cells from MyD88 

knockout mice the expression of Tnfα in response to different stimuli (IL-1, LPS, 

S. aureus infection, Staphylococcal enterotoxin A) was found to be critically 

dependent on MyD88 [5, 7, 10, 49-51]. Zebrafish contain two copies of the gene 

encoding Tnfα, designated tnfa and tnfb, both of which are induced by E. tarda 

infection in wild type embryos. Interestingly, we observed that only the induction 

of tnfb was dependent on myd88, whereas tnfa induction levels where similar 

between wild type and mutant siblings. The difference in Myd88 dependency of 
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zebrafish tnfa and mouse Tnfα may be linked to functional divergence between 

these cytokines in fish and mammals. Recombinant zebrafish Tnfa protein and 

recombinant Tnfα proteins from seabream and carp failed to exert classical 

proinflammatory effects on phagocytes [52, 53]. Instead, fish Tnfα is thought to 

be predominantly involved in the recruitment of phagocytes rather than in their 

activation and its main proinflammatory effects are thought to be mediated 

through the activation of endothelial cells [53].  

In agreement with studies of cells and organs from MyD88-deficient mice 

the induction of several interleukin and chemokine genes was Myd88 

dependent in zebrafish embryos [5, 7, 10, 50, 51, 54]. In some cases induction 

was not completely abrogated in mutant embryos. For example, as mentioned 

above, il1b induction appeared to be mediated both by Myd88-dependent and 

MyD88-independent pathways. It is currently unknown if these pathways 

operate simultaneously or sequentially in the same cell type, or that distinct cell 

types or organs in the embryo induce il1b either in a Myd88-dependent or 

Myd88-independent manner. In this respect, it is of interest to note that 

microarray analysis of spleen and liver from septic wild-type and Myd88-

deficient mice revealed striking differences. Whereas sepsis-induced gene 

expression in the liver was strongly dependent on Myd88, responses in the 

spleen were largely independent of Myd88, thus indicating an organ-specific 

contribution of Myd88 to gene expression [54]. 

In previous S. typhimurium infection studies, we concluded that ifnphi1 and 

il8 were induced independently of myd88 morpholino knockdown. In the present 

study we observed no induction of il8 upon E. tarda infection and ifnphi1 was 

induced only in one out of three wild type embryos, thus not permitting 

conclusions about the relationship to myd88. E. tarda infection also did not 

induce zebrafish homologues of interferon-responsive genes that were shown 

to be induced through a TRIF-dependent pathway in mice [50]. However, our 

microarray analysis indicated that approximately 61% of the genes induced by 

E. tarda infection are induced in a myd88-independent manner. This is much 

less than in a study of LPS stimulation, where approximately 75% of the 

transcriptional response was similar between macrophages taken from Myd88 

null mice and wild type mice [49]. 

In addition to the large set of genes whose induction during E. tarda 

infection was impaired by myd88 deficiency, we also observed gene groups that 
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were repressed to a larger extent in myd88 mutants than in wild type embryos 

and observed a positively influence of myd88 on the expression of other gene 

groups. Similar observations were made in mice knockout mutants [49, 54, 55]. 

In particular, interferon-regulated genes were found to be overexpressed in 

septic Myd88-deficient organs compared to wild type organs [54]. In another 

study, overexpression of genes involved in post-transcriptional processes, 

including mRNA splicing and translation, was observed in LPS-stimulated 

macrophages from Myd88 knockout mice [55]. The overexpression of these 

genes was suggested to act as a compensatory mechanism for the reduced 

transcriptional activation of many immune response genes. In our study, we did 

not observe increased expression of interferon-regulated genes or of a gene set 

involved in post-transcriptional processes, but many metabolic genes and 

genes involved in signal transduction were induced to higher levels in E. tarda-

infected mutant embryos than in wild type siblings. These observations are of 

great interest for follow up studies. 

Because E. tarda infection of zebrafish embryos is lethal within one to two 

days, this infection model is less useful to analyze the effect of myd88 

knockdown on bacterial proliferation or host survival. In future work, infection 

models using attenuated mutants of E. tarda or pathogens causing chronic 

infection, such as Mycobacterium marinum, will be more suitable to further 

study the myd88 knockout effect. Preliminary results already point to a critical 

role of myd88 in control of M. marinum infection. Currently, we are using this 

model to investigate the link between the myd88-dependent innate immune 

response and autophagy, a process recently shown to play a significant role in 

control of mycobacterial and other pathogenic infections by the host immune 

system. The myd88 knockout mutant will also be highly useful to study the 

interplay with other components of TLR and IL1R signalling and for application 

as an immune-compromised zebrafish model in cancer studies.  
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Materials and methods 

 

Zebrafish husbandry 

Zebrafish were handled in compliance with the local animal welfare regulations 

and maintained according to standard protocols (zfin.org). Embryos were grown 

at 28.5-30°C in egg water (60 µg/ml Instant Ocean salts). For the duration of 

bacterial injections embryos were kept under anaesthesia in egg water 

containing 0.02 % buffered 3-aminobezoic acid ethyl ester (tricaine; Sigma-

Aldrich). 

 

Myd88 mutant and Genotyping 

The myd88
hu3568 mutant line was isolated in the TILLING programme of the 

Hubrecht Institute led by Dr. Edwin Cuppen. Heterozygous carriers of the 

mutation were outcrossed twice against wild type (AB strain), and subsequently 

were incrossed twice. Heterozygous fish of the resulting family were used to 

produce embryos for the infection experiments. Genotyping zebrafish embryos 

was done by restriction analysis after PCR. Genomic DNA was amplified using 

forward primer 5’-GAGGCGATTCCAGTAACAGC-3’ and reverse primer 5’-

GAAGCGAACAAAGAAAAGCAA-3’ and the product of this reaction was 

digested with MseI (New England Biolabs). Fragments were analysed on 2% 

agarose (Difco) gel. The mutant allele can be distinguished from the wild type 

allele by the presence of an extra MseI site that cuts a fragment of 

approximately 300 bp into two fragments of 200 and 100 bp.  

 

Infection conditions 

Edwardsiella tarda labelled with mCherry [56] was grown over night in tryptic 

soy broth (TSB, Difco) supplemented with 8 µg/ml tetracycline at 28 ˚C. For 

caudal vein injection experiments, E. tarda was washed and subsequently 

suspended in PBS amended with 2% polyvinylpyrrolidone (PVP, Sigma) to a 

final concentration of 108 CFU/ml. Embryos were manually dechorionated at 24 

hpf. Approximately 200 CFUs of E. tarda were injected into the blood island 

after the onset of bloodflow, or PBS amended with 2% PVP was injected as a 

control. After injection, embryos were kept at 28 °C and snap-frozen in liquid 

nitrogen at the required time points. 
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DNA-isolation, RNA isolation, labelling, and hybridization 

The single embryo RNA isolation procedure was according to de Jong et al. 

[48]. Embryos for RNA isolation were snap-frozen in liquid nitrogen and 

subsequently stored at -80°C. Embryos were homogenized in 300 µl TRI 

reagent (Ambion). After chloroform extraction the aqueous phase was stored at 

-80°C until the embryos were genotyped. 

DNA isolation from the trizol phase was done according to the alternate 

DNA isolation protocol of the TRI reagent DNA/protein isolation protocol 

(Ambion), using glycogen as a co-precipitant. 

RNA from the aqueous phase was purified using the RNeasy MinElute 

Cleanup kit (Qiagen) according to the RNA clean-up protocol. 

Amino-allyl-modified amplified RNA (aRNA) was synthesized in one 

amplification round from 500 ng of total RNA using the Amino Allyl 

MessageAmp II aRNA Amplification kit (Ambion). Subsequently 6µg of amino-

allyl-modified aRNA was used for coupling of monoreactive Cy3 and Cy5 dyes 

(GE Healthcare) and column purified. The dual-color hybridization of the 

microarray chips was performed at the Microarray Department of the University 

of Amsterdam according to Agilent protocol G4140-90050 version 5.7 

(www.agilent.com) for two-color microarray-based gene expression analysis. 

 

cDNA synthesis and quantitative reverse transcriptase PCR 

cDNA synthesis reactions were performed in a 10-µl mixture of 100 ng of RNA, 

2 µl of 5x iScript reaction mix (Bio-Rad Laboratories), and 0.5 µl of iScript 

reverse transcriptase (Bio-Rad Laboratories). The reaction mixtures were 

incubated at 25°C for 5 min, 42°C for 30 min, and 85°C for 5 min. 

Real-time PCR was performed using the Chromo4 Real-time PCR detection 

system (Bio-Rad Laboratories) according to the manufacturer’s instructions. 

Each reaction was performed in a 25-µl volume comprised of 1 µl of cDNA, 12.5 

µl of 2x iQ SYBR Green Supermix (Bio-Rad Laboratories), and 10 pmol of each 

primer. Cycling parameters were 95°C for 3 min to activate the polymerase, 

followed by 40 cycles of 95°C for 15 s and 59°C for 45 s. Fluorescence 

measurements were taken at the end of each cycle. Melting curve analysis was 

performed to verify that no primer dimers were amplified. All reactions were 

performed as technical duplicates. For normalization, peptidylprolyl isomerase 
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A-like (ppial), which showed no changes over the infection time course series, 

was taken as reference. Results were analyzed using the ∆∆Ct method. 

Sequences of forward and reverse primers are as in chapter 3. 

 

Microarray analysis 

The microarray slides were custom-designed by Agilent Technologies as 

previously described [33]. The slides contained in total 43,371 probes of a 60-

oligonucleotide length. 

Samples from E. tarda or control injections were labelled with Cy5 and 

hybridized against a Cy3-labeled common reference that consisted of a mixture 

of samples from the injection experiments. E. tarda and control injections were 

analyzed in triplicate. Microarray data were processed from raw data image files 

with Feature Extraction Software 9.5.3 (Agilent Technologies). Processed data 

were subsequently imported into Rosetta Resolver 7.0 (Rosetta Biosoftware) 

and subjected to default ratio error modelling. The raw data were submitted to 

the Gene Expression Omnibus database (www.ncbi.nlm.nih.gov/geo) under 

accession no. …. To compare wild type control, mutant control, wild type 

infected and mutant infected samples a re-ratio experiment was performed 

using the Rosetta built-in re-ratio with common reference application. Data were 

analyzed at the level of probes. Significance cut-offs for the ratios were set at 2-

fold change at p < 10–5 for the probes. 

One dimensional hierarchical cluster analysis was performed using 

MultiExperiment Viewer (MeV, v 4.5.1) [57] with the settings to Pearson 

correlation, average linkage and leaf order optimization. 
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In a world where bacterial infections are becoming harder and harder to fight 

due to rising antibiotic resistance, disease models that allow high throughput 

screening are needed more than ever. Such models will allow the discovery and 

study of novel and existing virulence factors of infectious agents by mutant 

screens, as well as discovery of novel antimicrobial compounds and 

compounds that enhance the immune system of the host. Model organisms 

used in disease studies range from invertebrates to mammals, for example the 

nematode Caenorhabditis elegans and the mouse. Of these two examples the 

mouse allows a fairly high extrapolation of the results to human, however it is 

not suitable for high throughput screening. In contrast C. elegans is suitable for 

high throughput screening. For example, it has been used to study 

Pseudomonas aeruginosa virulence, even to the extent of comparing the 

genomes of P. aeruginosa strains PAO1 and the more virulent PA14. However, 

for C. elegans extrapolation of the results to humans is difficult. Several other 

model organisms have similar shortcomings, thus, the need for a model 

organism that allows both extrapolation of the results and high throughput 

screening arose. This gap has now been successfully filled by the zebrafish. 

The embryos and larvae of the zebrafish are highly suited for high 

throughput screening. A female can lay up to two hundred eggs, which are 

fertilized ex utero. Before the larvae start to be able to eat they are not 

considered an experimental animal under European guidelines for animal 

experimentation. At this stage the brain and neuronal system is still not fully 

developed and therefore large throughput screening for medical purposes at 

this stage can be considered broadly ethically acceptable. From a scientific 

perspective, the developing embryos are transparent, enabling real-time 

analysis of infection and the immune response. Several transgenic zebrafish 

lines with fluorescently labelled immune related cells are available. Like all 

jawed vertebrates, the zebrafish possesses the innate and adaptive immune 

system, however, in the developing zebrafish, these are temporally separated. 

The innate immune system is already functional at 1 day post fertilization (dpf), 

while the adaptive immune system does not reach full maturity until 2 - 4 weeks 

post fertilization. This allows the innate immune system to be studied separate 

from the adaptive immune system. 

At the start of the research described in this thesis, several bacterial 

infection systems in the zebrafish had already been set up, both with Gram-
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positive bacteria (e.g. Streptococcus sp.) and Gram-negative bacteria (e.g. 

Salmonella typhimurium). Additionally, extensive research was being done with 

Mycobacterium marinum, which forms granulomas in zebrafish just as its close 

relative Mycobacterium tuberculosis does in humans. However, almost all of the 

zebrafish infection models required intravenous injection of the infecting agent, 

laborious work that does not allow for high throughput screening. For high 

throughput screening it would be easier if infection could be achieved by 

immersion only within the first five days after infection and one bacterium 

capable of just that had been just described, Edwardsiella tarda. 

E. tarda is a naturally occurring fish pathogen, capable of infecting many 

different hosts, not restricted to fish alone. This bacterium was found to be able 

to cause a lethal infection in zebrafish embryos after 5 hour immersion of these 

embryos in a bacterial suspension. Not much was known yet about this 

bacterium and we chose it to conduct our studies. 

 

Genome sequence of E. tarda 

With new sequencing techniques greatly reducing the cost and the time to 

sequence a whole genome, and with no available genome of E. tarda, we set 

out to be the first to sequence it and determine the virulence factors of the strain 

FL6-60 that was chosen for our study. Just after our first de novo construction of 

the genome however, the genome of another E. tarda, strain EIB202, was 

published. Therefore in chapter 2 we used E. tarda EIB202 as a reference 

genome for the assembly of our E. tarda FL6-60 genome. This allowed us to 

almost completely assemble the genome, leaving only a small amount of de 

novo assembled contigs to be added manually. By matching flanking 

sequences of these contigs with the gaps in the reference assembly, we 

completed the genome. However, several contigs were left unassembled. E. 

tarda EIB202 contains a plasmid, but none of the reads generated in the 

sequencing could be matched to this plasmid, showing its absence in E. tarda 

FL6-60. The unassembled contigs however could be de novo assembled into a 

circular element with several overlapping reads. The coverage of this element, 

when corrected for the bias that we found towards the AT-rich regions, equalled 

that of the completed genome, showing that it is present in one copy per cell. 

When annotating the genes, they were primarily found to be phage related. 
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Moreover, the length of the element is similar to that of the P22-podoviridae, 

leading us to hypothesize that it is a novel phage-like element. 

The genomes of the two E. tarda strains were compared and were found to 

be very similar. The gaps in the E. tarda FL6-60 genome that needed to be filled 

manually with de novo assembled contigs were all regions containing phage 

related genes. Other regions with high variation between the two strains were 

concentrated around predicted genomic islands, also containing phage-related 

genes and additionally transposons. These observations show that these two 

strains have rarely diverged in the none-phage-related genes. Comparison with 

E. trade’s close relative Edwardsiella ictaluri also showed a remarkable 

structural similarity. Only two regions had a different orientation and the identity 

between the two species was 35.4 %. 

To look in more detail for differences between different E. tarda strains and 

E. ictaluri, we compared the T3SS and the T6SS of the different strains. This 

showed a high identity between the E. tarda strains EIB202 and FL6-60. The 

T3SS of E. tarda strain FK1051 showed the highest divergence from the other 

E. tarda strains, but this might be due to sequencing errors. This in depth 

comparison between the different strains of E. tarda shows that the deep 

sequencing technology used is highly suited to quickly identify differences 

between genomes. 

Where E. tarda has quite a broad host range, its close relative E. ictaluri is a 

more specialized pathogen, mainly infecting catfish. Differences in hosts or 

host-range could be attributed to differences in the virulence factors. Therefore 

we took E. ictaluri along in the analysis of the secretion systems. We found that 

the order of the genes of both the T3SS and the T6SS is the same between E. 

tarda and E. ictaluri, but that there is a significant amount of divergence within 

the genes. It would be very interesting to study the effect of the differences 

between different Edwardsiella strains in a single model organism, as well as 

the contribution of other virulence-related genes with the help of mutants. 

 

Exposure of zebrafish embryos to E. tarda 

Having determined the presence of the virulence factors of E. tarda in our 

strain, we set out to set up the infection model by immersion in our lab, as 

described in chapter 3. In this chapter, we started out by attempting to confirm 

the ability of E. tarda FL6-60 to cause lethal infection in zebrafish embryos by 
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immersion. In addition to E. tarda, we also tested the pathogen Pseudomonas 

aeruginosa strains PAO1 and PA14, known to have a broad host range. Where 

E. tarda indeed caused mortality in zebrafish embryos, both strains of P. 

aeruginosa were unable to. The mortality of zebrafish embryos upon immersion 

in an E. tarda suspension was however very variable, ranging from 25 to 75 % 

after 4 days between different experiments. This kind of variation is too large 

when screening for attenuated mutants or antimicrobial compounds, so we 

wanted a different readout in stead of mortality. 

In order to find a different readout of infection, microarray analysis was 

performed on zebrafish embryos immersed in an E. tarda suspension. 

Additionally, we wanted to see if P. aeruginosa PAO1 and PA14 did elicit a 

transcriptional response, since they did not cause mortality. As a non-

pathogenic control Escherichia coli was taken along in the analysis. The 

microarray yielded some surprising results. E. tarda, the only bacterium among 

the four tested able to cause mortality after immersion, caused the smallest 

number of up- and down-regulated genes in the zebrafish, smaller even than 

the non-pathogenic E. coli. Interestingly, P. aeruginosa PAO1 and PA14 caused 

a very high response of the zebrafish. Further analysis of the different 

responses to the bacteria, revealed that barely any immune response gene was 

up-regulated. The highest up-regulated gene after exposure to E. tarda was 

cyp1a, a gene of the cytochrome p450 family, known to be induced by toxic 

chemicals in vascular endothelium and the epithelium of the gills. This gene 

was up-regulated by all four bacteria, and most strongly by P. aeruginosa, 

which is known to excrete large amounts of toxins and other virulence factors. 

Other genes that were found to be up-regulated upon exposure to E. tarda were 

zgc:154020, a gene with high identity to the mouse immunoresponsive gene 1 

(irg1) which we therefore named irg1-like (irg1l), and stanniocalcin 1 (stc1), 

which in humans has been implicated in the inflammatory response. Gene 

ontology analysis confirmed the lack of an immune response, showing only an 

enrichment of the genes with the GO-term “response to stimulus” and more 

specifically “response to stress”. 

The lack of up-regulated immune-related genes at 5 hours post exposure 

(hpe) indicated that no tissue infection had been established yet, and that the 

regulated genes possibly reflected an epithelial response. Therefore we wanted 

to look at later time points after immersion in E. tarda. For this analysis, six 
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genes were chosen for qPCR analysis, cyp1a, irg1l and stc1 from the 

microarray results and known immune markers il1b, mmp9 and tnfa. The 

immune markers il1b and mmp9 showed a response at 24 hpe which became 

much stronger at 48 hpe. Irg1l was induced at all time points. Stc1 and tnfa had 

such variable results, that we excluded them from analysis, but these variations, 

in combination with the variation in mortality rate, led us to hypothesize that not 

all embryos were infected. Experiments fractionating the E. tarda suspension by 

centrifugation into a wash fluid and washed bacteria showed that the early 

response of cyp1a and irg1l could be explained as a response to shed cell 

membrane components or other released bacterial compounds. The response 

to these bacterial compounds could be epithelial, where that of cyp1a is 

relatively short lived and irg1l might be continued as an internal tissue response 

towards systemic infection or as a remaining response to the bacterial 

components. While it is possible that this is a purely epithelial response, one 

can imagine that shed bacterial compounds might diffuse into the embryo 

causing a general response. The response of il1b and mmp9 showed to be 

primarily due to the bacterial fraction, suggesting that these are markers for 

systemic infection. 

Using a single embryo RNA-extraction protocol, we tested the regulation of 

the genes cyp1a, irg1l, il1b and mmp9 in individual embryos at 48 hpe with 

qPCR. The results confirmed our hypothesis stronger than expected. Where 

cyp1a was, as expected, not induced and irg1l was induced in all embryos as a 

possible result of a response to shed bacterial compounds, mmp9 and il1b were 

only up-regulated in one out of five embryos, suggesting that only this embryo 

was systemically infected.  

To check whether the found variation was due to individual differences 

between the embryos, we decided to inject zebrafish with E. tarda. The 

response of the same four genes as before was determined by qPCR at two 

time points, 4 hours post infection (hpi) and 8 hpi. Cyp1a showed little to no 

induction, consistent with our suggestion that it may be involved in a response 

of the skin epithelium upon external exposure to shed bacterial compounds. Of 

the other three genes irg1l and mmp9 were not or only weakly induced at 4 hpi, 

but highly induced at 8 hpi in all embryos, while il1b was highly induced at both 

time points, also in all embryos. Not only the transcriptional response proved 
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reproducible in all embryos upon E. tarda injection, but also the mortality, since 

after 48 hpi all embryos had died.  

Seeing that injection of embryos gave more reproducible results on the level 

of single embryos, we did a microarray analysis on E. tarda injected embryos. In 

contrast to the results of the microarray from the immersion experiment, this 

microarray showed up-regulation of many immune response genes other than 

irg1l, mmp9 and il1b. A gene ontology analysis reflected this by a significant 

enrichment of the GO-term “immune system process” in addition to the “ 

response to stimulus”, the last one of which was the only one found after 

immersion. 

The results described in this chapter raise some interesting points for 

discussion and further research. One of the most striking conclusions that can 

be drawn is that the zebrafish embryo is remarkably resistant to external 

infection. Of the many bacteria tested by different research groups, only two, E. 

tarda and Flavobacterium columnare, were reported to be able to infect 1 dpf 

zebrafish embryos by static immersion. However, as shown in this thesis, the 

ability of E. tarda to cause infection in the immersion assay remains doubtful. If 

infection occurs at all, this is with low efficiency, and it cannot be excluded that 

the embryos die as the result of a toxic response instead. A pilot with E. tarda 

immersion of 3 dpf embryos, embryos with open mouths, did not provide a 

suitable alternative, as all embryos survived the following 2 days and after this 

time frame the zebrafish embryo becomes less interesting for high throughput 

screening. These results would suggest a very strong immune system being 

present very early on, but the mortality rate of 100% after intravenous injection 

shows that this is not the case. Instead, the bacteria do not seem to be able to 

penetrate the zebrafish skin or gut epithelium, thereby unable to cause internal 

infection. While it might be possible that E. tarda and F. columnare are able to 

penetrate the skin, it is more likely that small unintended damage to the skin, 

caused during handling of the embryos, provides points of entry. In fact, at the 

beginning of this research, the P. aeruginosa strains PAO1 and PA14 seemed 

to cause mortality upon immersion, but when more experience was gained in 

working with zebrafish embryos, this mortality was reduced to none. Still, E. 

tarda and F. columnare are special, since they seem to be the only tested 

bacteria needing very little skin damage to be able to cause infection. 
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The resistance of zebrafish embryos to external exposure is likely to be by 

preventing entry. The question that remains is how this is achieved. Maybe the 

epithelium produces so far unidentified antimicrobial compounds. Another 

explanation is that the zebrafish epithelium is surrounded by mucus that traps 

the bacteria. More likely it is a combination of both, mucus invested with 

antimicrobials, but this should be studied in more detail. Maybe the ability of E. 

tarda and F. columnare to infect embryos arises from a resistance to possible 

antimicrobials. 

The results of the microarray after immersion show a response of the 

zebrafish towards external bacteria and, as shown by qPCR, especially towards 

shed or excreted bacterial compounds, a response we think might be epithelial. 

The most interesting result was that P. aeruginosa strains PAO1 and especially 

PA14 elicited a much stronger response than E. tarda. Since P aeruginosa is 

known to excrete many compounds, it is interesting to use this bacterium in 

addition to E. tarda to further study this response and see whether it is 

epithelial. Differences between E. tarda and P. aeruginosa in the compounds 

involved in epithelial responses can be identified. To test if secretion systems 

are involved, bacterial mutants and additionally a trans-well assay could be 

used. In the trans-well assay, the bacteria and the embryos in a well are 

separated by a 0.2 µm filter mesh, barring the passage of bacteria, but allowing 

secreted compounds to pass and interact with the embryos. To test if the 

response was caused by LPS components (lipopolysaccharides) sheared of the 

bacterial membrane during the washing process, which is equally possible, 

studies with purified LPS and LPS-mutants can be done. 

In conclusion to chapter 3 it can be said that the E. tarda immersion assay is 

not suitable for high throughput screening. Recently, a robotic injection system 

for high throughput screening has been described. In this system bacteria are 

automatically injected into the yolk of fertilized eggs, which slowly proliferate to 

cause an infection in a fully grown embryo. It is very useful for the study of 

Mycobacterium marinum. However, due to the pathogenicity of E. tarda it is not 

suitable for this bacterium, since it would kill the developing zygote before it 

becomes a full grown embryo. This may change if attenuated E. tarda mutants 

are found. 
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Analysis of a zebrafish mutant in Myd88 

During this project the first knockout mutant in an essential immune-related 

gene was identified in a TILLING-screen. Therefore, in chapter 4, we used E. 

tarda to characterize this zebrafish with a knockout mutation in the gene 

encoding Myd88. Myd88 is an important adaptor protein in the Toll-like receptor 

(TLR) pathway. TLRs are one family of receptors of the innate immune system 

that recognize pathogen-associated molecular patterns. Several studies with 

myd88-morpholinos have already been conducted, but morpholinos have 

several downsides. They are only applicable during the first days of embryo 

development, since they will be diluted out or destroyed during further growth. 

Moreover, they can cause non-specific effects. The point mutation in myd88 

creates an early stop codon, leading to a truncated Myd88 protein, consisting 

only of a partial death domain, that has been cut off just before a residue 

essential for communication with downstream components, and completely 

lacking the TIR-domain, responsible for communication with the TLR. 

Comparison of transcriptional profiles between wild type and myd88
-/- embryos 

at three different time points showed that only a small amount of genes was 

consistently changed, the changed genes including myd88 itself. This latter 

observation suggests either a feedback loop of myd88 to itself or a strongly 

reduced stability of the mutated myd88 mRNA. 

Raising the myd88
-/- mutants to adulthood has proven difficult. When we 

started this investigation adults died as soon as they were fin clipped for 

genotyping. Therefore we used the wild type and mutant siblings from the 

offspring of heterozygous adults. Since the immersion assay was shown not to 

be suitable for analysis on the level of single embryos and did not produce a 

clear immune response, we used intravenous injection for characterization of 

the immune response of this mutant. qPCR analysis was performed on the 

genes mmp9, irg1l, il1b and ifn. This showed that mmp9 is clearly dependent on 

Myd88 and irg1l and il1b are at least partially dependent. For ifn it was not 

possible to draw any conclusions, since this gene was up-regulated in only one 

of the wild type embryos. 

The embryos used for the qPCR analysis were then subjected to microarray 

analysis. As expected, expression of many immune-related genes was shown 

to be dependent on Myd88. Making use of the presence of multiple probes for 

several immune-related genes on the array, we could confidently identify 
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several of them as being (partially) myd88-dependent. Confirming previous 

results obtained with myd88 morpholino knockdown and Salmonella infection, 

we found mmp9, il1b and irak3 expression to be myd88-dependent. Several 

other genes such as transcription factor genes (e.g. junb), signal transduction 

genes (e.g. rip2k), cytokine genes (e.g. tnfb), chemokine genes (e.g. cxcl-c1c) 

and other immune response genes (e.g. ncf1) were shown to be myd88-

dependent. These results are in line with findings in MyD88-deficient mice. 

Several genes that were shown to be (partially) myd88-dependent, were 

previously shown to be traf6-dependent in a morpholino knockdown study. 

These included mmp9, il1b, tnfb, ncf1, zgc:114032 (complement factor B), 

zgc:112143 (TNFα-induced protein 9), and tlr5b. These genes can now be 

placed as targets of a myd88-traf6 signalling pathway. 

The most surprising observation was the difference in expression between 

tnfa and tnfb in the myd88
-/- mutant. In contrast to tnfb, which was shown to be 

completely dependent on Myd88, tnfa was completely independent on Myd88. 

Tnfa and tnfb are two copies in the zebrafish genome of the gene encoding TNF 

in the mouse and human. While tnfb reflects the same dependence on Myd88 

as human TNF, tnfa does not, possibly reflecting the functional divergence of 

these homologous genes. 

The observation that several genes (such as il1b) are partially dependent on 

Myd88 may be due to tissue specific differences. Since in these experiments 

RNA was isolated from whole embryos, differences between different tissues 

are lost. In septic wild type and Myd88-deficient mice for example, striking 

differences were found between the transcriptional response of spleen and liver. 

The response of the liver showed a strong dependence on Myd88, while the 

response of the spleen was largely independent on Myd88. 

In this chapter, we have shown that the myd88
-/- mutant zebrafish is 

severely impaired in its innate immune response towards E. tarda. Studies 

using this zebrafish mutant with other infecting agents are already on its way. 

Initial results show that myd88 plays an important role in the control of a M. 

marinum infection. Since the problems with raising the myd88
-/- mutant 

zebrafish to adulthood are now resolved, the full scale possibilities of the 

zebrafish mutant, as opposed to a morpholino knockdown, can be taken 

advantage of. Furthermore, increased efficiency of the TILLING-screens due to 

high throughput sequencing techniques will lead to the identification of more  
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Figure 1. Schematic representation of the Tlr-Myd88 dependent pathway. Transcriptional regulation 

of components pictured in color was shown to be Myd88-dependent in this thesis, as well as all of 

the immune response effector genes shown. The pathway shown is based on knowledge of TLR 

signalling in mammalian species and it should be noted that most interactions remain to be 

experimentally confirmed in zebrafish. 
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immune-related mutants soon. In fact, a mutant in tirap, encoding another 

adaptor protein of the TLRs that cooperates with Myd88, has already been 

identified. The ambition of the Sanger Institute is that within a couple of years 

zebrafish mutants for each gene will be available. In addition to the TILLING-

screens, zinc finger technology for the zebrafish is fast emerging, making 

targeted gene knock-out and gene knock-in possible. These developments will 

allow the zebrafish to quickly catch up with the mouse. 

 

Conclusion 

In conclusion, the research described in this thesis provides a strong basis for 

future research. The genome of E. tarda can provide insight in differences 

between pathogenic and non-pathogenic strains, as well as in broad host-range 

and more host-specific Edwardsiella-strains. The zebrafish embryo model will 

be especially suitable to study the interaction of E. tarda virulence factors with 

the host innate immune system, where comparison with the response to E. 

ictaluri infection will also be of interest. Unfortunately, we found that E. tarda is 

not completely suitable for high throughput screening, since the immersion 

assay is not reproducible enough, while on the other hand it is too pathogenic to 

use in automated yolk injection. Still, our studies into the immersion system 

gave many interesting leads for studying the epithelial response of the 

zebrafish, not only in response to E. tarda, but also with regard to the P. 

aeruginosa strains. Not only the epithelial response is of interest, but also the 

bacterial components that cause this response. 

However, the characterization of the myd88
-/- mutant will probably be the 

most important legacy of this thesis. It is the first zebrafish knock-out mutant in 

a gene central in the innate immune system. In the future, studies with many 

different pathogens and with different cancer models can be done, revealing the 

complete role of myd88 in the zebrafish, with possible novel insights in the 

function of the innate immune system. 
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In een wereld waarin het steeds moeilijker wordt om bacteriële infecties te 

bestrijden vanwege de toenemende resistentie tegen antibiotica, zijn 

ziektemodellen die snelle screening van grote aantallen proefdieren mogelijk 

maken meer dan ooit nodig. Zulke modelsystemen kunnen helpen bij de 

ontdekking en studie van virulentiefactoren van ziekteverwekkers en bij de 

ontdekking van nieuwe antibiotica en stoffen die het immuunsysteem 

versterken. Modelorganismen die in de studie van ziekten worden gebruikt, 

lopen uiteen van invertebraten, zoals de nematode Caenorhabditis elegans, tot 

vertebraten, zoals de muis. De resultaten verkregen uit onderzoek met de muis 

zijn het beste te extrapoleren naar de mens, maar de muis is niet geschikt voor 

een snelle screening van grote aantallen, in tegenstelling tot C. elegans. C. 

elegans is bijvoorbeeld gebruikt om de virulentie van verschillende stammen 

van Pseudomonas aeruginosa te vergelijken. De extrapolatie van resultaten 

verkregen met deze nematode naar de mens is echter lastig. Verschillende 

andere modelorganismen hebben vergelijkbare tekortkomingen en dus rees de 

vraag naar een modelorganisme dat een goede extrapolatie naar de mens en 

snelle screening van grote aantallen combineerde. De zebravis als 

infectiemodel is hiervoor zeer geschikt. 

De embryo’s en larven van een zebravis zijn zeer geschikt voor snelle 

screening van grote aantallen. Een vrouwtje kan tot wel tweehonderd eitjes 

leggen die ex utero bevrucht worden. Zolang de larven niet zelfstandig kunnen 

eten, worden ze volgens de Europese wetgeving niet als proefdier beschouwd. 

In dit stadium zijn de hersenen en het zenuwstelsel nog niet volledig ontwikkeld 

en om die reden kan snelle screening van grote aantallen voor medische 

doeleinden als ethisch aanvaardbaar worden beschouwd. Belangrijk voor het 

wetenschappelijk onderzoek is dat de zich ontwikkelende embryo’s transparant 

zijn, wat real-time analyse van de infectie en de reactie van het immuunsysteem 

mogelijk maakt. Hiervoor zijn verschillende transgene zebravislijnen met 

fluorescerende immuungerelateerde cellen beschikbaar. Zoals alle vertebraten, 

met uitzondering van primitieve kaakloze vissen zoals de prik en de lamprei, 

heeft de zebravis een aangeboren en een adaptief (verworven) 

immuunsysteem. Deze zijn tijdens de ontwikkeling van het embryo echter 

gescheiden in de tijd. Het aangeboren immuunsysteem is reeds één dag na 

bevruchting functioneel, terwijl het adaptieve immuunsysteem pas drie weken 
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na bevruchting volledig functioneel is. Dit maakt het mogelijk om het 

aangeboren immuunsysteem los van het adaptieve te bestuderen. 

Bij aanvang van het in dit proefschrift beschreven onderzoek waren er al 

verscheidene bacteriële infectiesystemen met de zebravis opgezet, zowel met 

Gram-positieve bacteriën (bijvoorbeeld Streptococcus pyogenes ) als met 

Gram-negatieve bacteriën (bijvoorbeeld Salmonella typhimurium). Tevens werd 

er uitgebreid onderzoek gedaan met Mycobacterium marinum, die granulomen 

vormt in de zebravis en nauw verwant is aan Mycobacterium tuberculosis, die 

granulomen vormt in de mens. Voor de meeste van deze infectiesystemen in 

zebravisembryo’s was het echter noodzakelijk dat de ziekteverwekker in de 

bloedbaan werd geïnjecteerd: tijdrovend werk dat niet geschikt is voor snelle 

screening van grote aantallen. Hiervoor zou het makkelijker zijn als immersie 

van de zebravisembryo’s in een oplossing met de ziekteverwekker binnen 

enkele dagen zou kunnen resulteren in een infectie. Eén bacterie met precies 

dit vermogen was net beschreven in de literatuur, Edwardsiella tarda. 

E. tarda is een natuurlijke vispathogeen die behalve vissen tevens veel 

andere gastheren kan infecteren. Er werd ontdekt dat deze bacterie het 

vermogen heeft om een dodelijke infectie te veroorzaken in zebravisembryo’s, 

wanneer deze op de leeftijd van 1 dag oud vijf uur aan een suspensie van deze 

bacterie worden blootgesteld. Over deze bacterie, die wij kozen voor ons 

onderzoek, was nog niet veel bekend. 

 

Genoomsequentie E. tarda 

Doordat nieuwe technieken de kosten en tijd van het bepalen van een 

genoomsequentie flink omlaag hadden gebracht en het genoom van E. tarda 

nog niet bekend was, wilden we als eerste het genoom van E. tarda bepalen, 

evenals de virulentiefactoren van de stam FL6-60, die we hadden gekozen voor 

ons onderzoek. Net na de eerste de novo samenstelling van het FL6-60-

genoom werd het genoom van een andere E. tarda stam, EIB202, 

gepubliceerd. Daarom is in hoofdstuk 2 het genoom van E. tarda EIB202 

gebruikt als referentie voor het samenstellen van het E. tarda FL6-60 genoom. 

Dit maakte het voor ons mogelijk om het genoom bijna compleet samen te 

stellen, waarbij er slechts een klein aantal van de novo samengestelde contigs 

handmatig moesten worden toegevoegd. Door de flankerende sequenties van 

deze contigs te vergelijken met de gaten in het genoom, kon dit genoom 
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gecompleteerd worden. Een aantal contigs viel echter buiten het 

samengestelde genoom. Hoewel E. tarda EIB202 een plasmide bevat, kon 

geen van de reads op dit plasmide worden teruggevonden, wat laat zien dat dit 

plasmide ontbreekt in E. tarda FL6-60. De overgebleven contigs konden echter 

wel de novo worden samengesteld tot een circulair element met meerdere 

overlappende reads. Na correctie voor de grotere hoeveelheid reads van AT-

rijke regio’s bleek dat het element dezelfde dekking heeft als het genoom, wat 

betekent dat er slechts één kopie is per cel. Bij de annotatie van de genen van 

het element bleek dat deze voornamelijk gerelateerd zijn aan de genen van 

bacteriële virussen, de bacteriofagen of kortweg fagen. Tevens is de lengte van 

het element vergelijkbaar met dat van de P22-podoviridae, wat leidde tot de 

veronderstelling dat het een nieuw element is afkomstig van fagen. 

De genomen van de twee stammen van E. tarda bleken zeer vergelijkbaar. 

De gaten in het genoom van E. tarda FL6-60 die handmatig gevuld moesten 

worden met de novo samengestelde contigs, waren stuk voor stuk regio’s met 

faaggerelateerde genen. Andere regio’s met grote variatie tussen de twee 

stammen, waren voornamelijk geconcentreerd rond voorspelde genomische 

eilanden die eveneens faaggerelateerde genen en ook transposons bevatten. 

Deze twee observaties laten zien dat de twee stammen nauwelijks veranderd 

zijn in de niet-faaggerelateerde genen. Vergelijking met Edwardsiella ictaluri, de 

nauwe verwant van E. tarda, liet eveneens een opmerkelijke structurele 

overeenkomst zien. Slechts twee regio’s hadden een andere oriëntatie en de 

twee soorten waren voor 35,4 % identiek. 

Om de verschillen tussen de verschillende E. tarda stammen en E. ictaluri 

meer in detail te bekijken, vergeleken we het type III secretiesysteem (T3SS) en 

het type VI secretiesysteem (T6SS) van de verschillende stammen. Deze 

vergelijking liet een grote mate van gelijkheid zien tussen de E. tarda stammen 

EIB202 en FL6-60. Het T3SS van de E. tarda stam FK1051 week het meest af 

van de andere E. tarda stammen, maar dit zou kunnen komen door fouten 

tijdens het sequencen. Deze dieptevergelijking tussen de verschillende 

stammen van E. tarda laat zien dat de gebruikte sequencingtechniek zeer 

geschikt is om snel verschillen tussen genomen te identificeren. 

Terwijl E. tarda een groot aantal gastheren kan infecteren, is de nauw 

verwante E. ictaluri meer gespecialiseerd. Deze bacteriesoort infecteert 

voornamelijk meervallen. Verschillen in gastheren of in gastheerbereik kan 
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worden toegewezen aan verschillen in de virulentiefactoren. Om die reden 

hebben we E. ictaluri meegenomen in onze analyse van de secretiesystemen. 

Uit deze analyse bleek dat de volgorde van de genen van zowel het T3SS als 

het T6SS hetzelfde is tussen E. tarda en E. ictaluri, maar dat er significante 

verschillen zijn binnen de genen. Het zou erg interessant zijn om het effect van 

deze verschillen tussen Edwarsiella stammen te onderzoeken in een 

modelorganisme zoals de zebravis en om de bijdrage van andere 

virulentiegenen te onderzoeken met behulp van mutanten. 

 

Blootstelling van zebravisembryo’s aan E. tarda 

Na bepaling van de aanwezigheid van virulentiefactoren van E. tarda in de 

gebruikte FL6-60-stam, hebben we getracht om een systeem op te zetten om 

zebravisembryo’s door middel van immersie in E. tarda-suspensie te infecteren, 

zoals beschreven in hoofdstuk 3. Naast E. tarda zijn ook de stammen PAO1 

en PA14 van de pathogeen P. aeruginosa, die bekend staat om zijn grote 

verscheidenheid aan gastheren, getest. Terwijl E. tarda in de immersieassay 

sterfte van zebravisembryo’s veroorzaakte, deden beide stammen van P. 

aeruginosa dat niet. Het sterftepercentage van de zebravisembryo’s na 

immersie in een E. tarda-suspensie was echter zeer wisselend tussen 

verschillende experimenten, variërend van 25 tot 75 % na vier dagen. Deze 

mate van variatie is te groot om te screenen op verzwakte mutanten of 

antimicrobiële stoffen, dus wilden we een andere methode voor het uitlezen van 

infectie vinden dan bepaling van het sterftepercentage. 

Om genexpressiemarkers voor de mogelijke infectie te vinden werd een 

microarray-analyse uitgevoerd op zebravisembryo’s na immersie in E. tarda-

suspensie. Verder werd onderzocht of P. aeruginosa PAO1 en PA14 een 

reactie op transcriptieniveau zouden geven, aangezien ze geen sterfte 

veroorzaken. Als niet-pathogene controle werd ook Escherichia coli 

meegenomen in de analyse. De resultaten van de microarray-analyse waren 

verrassend. E. tarda, de enige van de vier geteste bacteriën die sterfte 

veroorzaakt na immersie, bracht de kleinste verandering in expressie van de 

genen in de zebravis teweeg, kleiner zelfs dan de niet-pathogene E. coli. 

Interessant was het dat P. aeruginosa PAO1 en PA14 voor een zeer grote 

reactie van de zebravis zorgden. Verdere analyse van de verschillende reacties 

op de bacteriën liet zien dat er nauwelijks immuungerelateerde genen tussen de 
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genen met een hogere expressie zaten. Het gen dat het meest omhoog was 

gegaan in expressie na blootstelling aan E. tarda was cyp1a, een gen van de 

cytochroom p450-familie, waarvan bekend is dat het door toxische stoffen in het 

vasculaire epitheel en het epitheel van de kieuwen wordt geïnduceerd. Dit gen 

had een hogere expressie na immersie in alle vier de bacteriën, het hoogst na 

blootstelling aan P. aeruginosa, waarvan bekend is dat het grote hoeveelheden 

toxines en andere virulentiefactoren uitscheidt. Andere genen waarvan een 

hogere expressie gevonden werd na blootstelling, waren zgc:154020, een gen 

met een grote overeenkomst met het muis-gen immuno-responsive gene 1 

(irg1) en die we daarom irg1-like (irg1l) hebben genoemd, en stanniocalcin 1 

(stc1), dat bij mensen in verband is gebracht met de ontstekingsreactie. 

Analyse van de ontologie van de genen bevestigde het gebrek aan een 

immuunrespons. Enkel bij genen met de GO-term “response to stimulus” en 

meer specifiek “response to stress” werd een significante verrijking gevonden. 

De afwezigheid van een geïnduceerde expressie van immuungerelateerde 

genen 5 uur na immersie, wees erop dat er nog geen infectie van het weefsel 

had plaatsgevonden en dat de gevonden veranderingen in expressie mogelijk 

een reactie van het epitheel waren. Daarom hebben we naar latere tijdspunten 

na immersie in E. tarda gekeken. Voor deze analyse werden zes genen 

uitgekozen voor qPCR-analyse, cyp1a, irg1l en stc1, geselecteerd op basis van 

de microarray-analyse, en de bekende immuunmarkers il1b, mmp9 en tnfa. De 

immuunmarkers il1b en mmp9 vertoonden 24 uur na infectie een reactie, die 48 

uur na infectie nog veel sterker was. Irg1l was op alle tijdspunten geïnduceerd. 

Stc1 en tnfa gaven dermate wisselende resultaten, dat deze verder niet zijn 

meegenomen in de analyse. Echter, deze variatie in combinatie met de variatie 

van het sterftepercentage, leidde tot de hypothese dat niet alle embryo’s 

werden geïnfecteerd. Experimenten waarin de E. tarda suspensie werd 

gefractioneerd in de was-vloeistof en gewassen bacteriën lieten zien dat de 

vroege reacties van cyp1a en irg1l verklaard konden worden als een reactie op 

losgelaten delen van de celmembraan of andere losse bacteriële stoffen. De 

reactie op deze bacteriële stoffen kan van het epitheel zijn. Hierbij is de reactie 

van cyp1a relatief kort, terwijl die van irg1l misschien doorgezet wordt als een 

reactie op systemische infectie van interne weefsels of als een blijvende reactie 

op de bacteriële stoffen. Hoewel het mogelijk is dat dit puur een reactie is van 

het epitheel, kan het ook zijn dat de losgekomen bacteriële stoffen het embryo 
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in diffunderen, waar het vervolgens een algemene reactie veroorzaakt. De 

reacties van il1b en mmp9 volgden voornamelijk op de blootstelling aan de 

bacteriële fractie, wat suggereert dat dit markers zijn voor een systemische 

infectie. 

Door gebruik te maken van een protocol voor de isolatie van RNA uit een 

enkel embryo, konden we de regulatie van de genen cyp1a, irg1l, il1b en mmp9 

in individuele embryo’s 48 uur na infectie testen. De resultaten gaven een 

sterkere bevestiging van onze hypothese. Terwijl cyp1a zoals verwacht niet was 

geïnduceerd en irg1l geïnduceerd was in alle embryo’s, mogelijk als een reactie 

op losgelaten bacteriële stoffen, waren mmp9 en il1b geïnduceerd in slechts 

één van de vijf embryo’s. Het lijkt er dan ook op dat alleen dat ene embryo 

daadwerkelijk geïnfecteerd was. 

Om te controleren of de gevonden variatie veroorzaakt werd door 

individuele verschillen tussen de embryo’s, werd besloten om de zebravissen 

met E. tarda te injecteren. De reactie van dezelfde vier genen werd bepaald 

door middel van qPCR op twee tijdspunten, namelijk 4 en 8 uur na infectie. 

Cyp1a werd niet of nauwelijks geïnduceerd, wat in overeenstemming is met 

onze suggestie dat het een rol zou kunnen spelen in de reactie van het 

huidepitheel bij externe blootstelling aan bacteriële stoffen. Van de andere drie 

genen waren irg1l en mmp9 4 uur na infectie niet of zwak geïnduceerd, maar 8 

uur na infectie zeer sterk geïnduceerd in alle embryo’s, dit terwijl il1b sterk 

geïnduceerd was op beide tijdspunten, eveneens in alle embryo’s. Niet alleen 

de reactie op transcriptieniveau bleek reproduceerbaar in alle embryo’s na 

injectie met E. tarda, maar ook het sterftepercentage, aangezien 48 uur na 

infectie alle embryo’s dood waren. 

Nadat gebleken was dat injectie van E. tarda in embryo’s beter 

reproduceerbare resultaten gaf op het niveau van individuele embryo’s, hebben 

we hier microarray-analyse op uitgevoerd. In tegenstelling tot de resultaten van 

de microarray van het immersie-experiment, toonde deze microarray-analyse 

een hogere inductie van een groot aantal immuungerelateerde genen naast 

irg1l, mmp9 en il1b. Een ontologie-analyse van de genen weerspiegelde dit met 

een significante verrijking van de GO-term “immune system process” naast 

“response to stimulus”, die als enige werd gevonden na immersie. 

De resultaten beschreven in dit hoofdstuk, zorgen voor enkele interessante 

discussiepunten en punten voor toekomstig onderzoek. Een van de meest 
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opvallende conclusies die getrokken kan worden, is dat het zebravisembryo 

verbazingwekkend resistent is tegen infectie van externe ziekteverwekkers. Van 

de diverse bacteriën die door verschillende onderzoeksgroepen zijn getest, zijn 

er slechts twee gevonden die één dag oude embryo’s mogelijk kunnen 

infecteren door middel van statische immersie, namelijk E. tarda en 

Flavobacterium columnare. Bovendien, zoals aangetoond in dit proefschrift, is 

het zelfs twijfelachtig of E. tarda in immersieassays echt infectie kan 

veroorzaken. Als er al infectie optreedt dan is dat met een lage efficiëntie, maar 

het is ook niet uit te sluiten dat een deel van de embryo’s dood gaat als gevolg 

van een toxische respons. Een test met statische immersie van drie dagen 

oude embryo’s, waarvan de mond open is, was ook geen bruikbaar alternatief, 

aangezien er geen sterfte optrad in de daaropvolgende 2 dagen en na deze 

periode worden de zebravisembryo’s minder interessant voor 

screeningsprojecten. Deze resultaten suggereren de vroege aanwezigheid van 

een zeer sterk immuunsysteem. Echter, het sterftepercentage van 100 % na 

intraveneuze injectie laat zien dat dit niet het geval is. In plaats daarvan lijkt het 

erop dat de bacteriën de huid of het darmepitheel niet kunnen penetreren en 

daarom geen interne infectie kunnen veroorzaken. Hoewel het mogelijk is dat E. 

tarda en F. columnare de huid wel kunnen penetreren, is het waarschijnlijker 

dat kleine, onbedoelde beschadigingen van de huid, veroorzaakt tijdens het 

werken met de embryo’s, ervoor zorgen dat bacteriën binnen kunnen komen. 

Aan het begin van dit onderzoek leek het erop dat P. aeruginosa stammen 

PAO1 en PA14 sterfte veroorzaakten na immersie van de zebravisembryo’s in 

suspensies van deze bacteriën. Naarmate meer ervaring in het werken met 

embryo’s werd opgedaan, nam deze sterfte af tot het punt dat alle embryo’s 

overleefden. Desalniettemin zijn E. tarda en F. columnare speciaal, aangezien 

zij de enige geteste bacteriën lijken te zijn die slechts weinig schade aan de 

huid nodig hebben om een infectie te kunnen veroorzaken. 

De reden van de resistentie van zebravisembryo’s tegen externe 

blootstelling aan bacteriën is waarschijnlijk dat het binnenkomen van bacteriën 

wordt voorkomen. De vraag is hoe dit wordt bereikt. Misschien produceert het 

epitheel tot nu toe ongeïdentificeerde antimicrobiële stoffen. Een andere 

mogelijke verklaring is dat het epitheel van zebravissen is omgeven door een 

slijmlaag die bacterïen tegenhoudt. Waarschijnlijker is dat het een combinatie 

van deze twee verklaringen is: een slijmlaag vol met antimicrobiële stoffen. De 
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aanwezigheid van resistentie tegen deze stoffen zou de virulentie van E. tarda 

en F. columnare in de immersieassay, kunnen verklaren. Dit zou meer in detail 

bestudeerd moeten worden. De resultaten van de microarray-analyse na 

immersie laten een reactie zien van de zebravis op uitwendig aanwezige 

bacteriën en voornamelijk, zoals aangetoond met qPCR, op losgelaten of 

uitgescheiden bacteriële stoffen. Deze reactie zou van het epitheel kunnen 

komen. Het meest interessante resultaat was dat P. aeruginosa stammen 

PAO1 en vooral PA14, een veel sterkere reactie veroorzaakten dan E. tarda. 

Aangezien bekend is dat P. aeruginosa veel stoffen uitscheidt, zou deze 

bacterie naast E. tarda gebruikt kunnen worden om deze reactie te 

onderzoeken en te bepalen of deze inderdaad van het epitheel afkomstig is. 

Verschillen tussen E. tarda en P. aeruginosa in de stoffen die een rol spelen in 

de respons van het epitheel, kunnen dan worden geïdentificeerd. Om te testen 

of de secretiesystemen een rol spelen, kunnen mutanten van bacteriën en 

“trans-well”-proeven worden gebruikt. In “trans-well”-proeven worden de 

bacteriën en de embryo’s gescheiden door een filter met poriën van 0,2 µm. 

Deze laat geen bacteriën, maar wel uitgescheiden stoffen door, die vervolgens 

het embryo kunnen beïnvloeden. Om te testen of de reactie veroorzaakt wordt 

door componenten van LPS (lipopolysacchariden), losgekomen van de 

buitenmembraan tijdens het wassen, kan geëxperimenteerd worden met 

gezuiverde LPS of met LPS-mutanten. 

De conclusie van hoofdstuk 3 is, dat het E. tarda immersiesysteem niet 

geschikt is voor grote screeningsprojecten. Recentelijk is er een automatisch 

injectiesysteem voor snelle screening van grote aantallen embryo’s beschreven. 

In dit systeem worden bacteriën automatisch in de dooiers van bevruchte eieren 

geïnjecteerd, die vervolgens langzaam prolifereren om pas in een volgroeid 

embryo een infectie te veroorzaken. Dit systeem is zeer bruikbaar voor 

onderzoek met Mycobacterium marinum. Voor E. tarda is dit systeem echter 

niet geschikt vanwege de pathogeniciteit en snelle vermeerdering van de 

bacterie. Het zou de zich ontwikkelende zygote doden voordat het zich tot een 

volgroeid embryo kan ontwikkelen. Dit systeem kan mogelijk wel bruikbaar zijn 

als er verzwakte mutanten van E. tarda worden gevonden. 
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Analyse van een zebravismutant in Myd88 

Tijdens dit promotieonderzoek werd, in een TILLING-screen, de eerste mutant 

geïdentificeerd met een knock-out-mutatie in een essentieel immuungerelateerd 

gen. Daarom hebben we in hoofdstuk 4 E. tarda gebruikt om deze zebravis 

met een knock-out-mutatie in het gen coderend voor Myd88 te karakteriseren. 

Myd88 is een belangrijk adapter-eiwit in de Toll-like receptor (TLR) 

signaaltransductie. TLR’s vormen één van de families van receptoren van het 

aangeboren immuunsysteem dat pathogeen-gerelateerde moleculen herkent. 

Er waren al eerdere studies met myd88-morpholino’s uitgevoerd, maar 

morpholino’s hebben een aantal nadelen. Ze kunnen alleen gebruikt worden 

voor de uitschakeling van genen tijdens de eerste paar dagen van de embryo-

ontwikkeling, omdat ze te veel verdund of afgebroken worden tijdens latere 

stadia. Verder kunnen ze niet-specifieke effecten veroorzaken. De puntmutatie 

in myd88 creëert een voortijdig stopcodon. Dit leidt tot een incompleet Myd88-

eiwit, dat slechts bestaat uit een gedeeltelijk “death domain”, dat net een deel 

mist dat essentieel is voor communicatie met verder in de 

signaaltransductieroute gelegen componenten. Dit eiwit mist eveneens het 

volledige TIR-domein, nodig voor communicatie met de TLR. Vergelijking van 

de transcriptieprofielen van de wild-type en de myd88
-/- embryo’s op drie 

verschillende tijdstippen liet slechts een klein aantal genen zien met een 

consistente verandering in expressie, inclusief myd88 zelf. Deze laatste 

observatie suggereert een terugkoppeling van myd88 naar zichzelf of een sterk 

verminderde stabiliteit van het gemuteerde myd88-mRNA. 

Het opkweken van de myd88
-/- mutanten tot volwassen vissen is moeilijk 

gebleken. Bij de start van dit onderzoek stierven de volwassen vissen zodra er 

een stukje vin geknipt werd voor genotypering. Daarom maakten we gebruik 

van wild-type en mutante zebravisembryo’s van heterozygote volwassenen. 

Aangezien van het immersiesysteem in hoofdstuk 3 was aangetoond dat het 

niet geschikt is voor analyse op het niveau van individuele embryo’s en het 

bovendien geen makkelijk meetbare immuunrespons opwekt, gebruikten we de 

intraveneuze injectiemethode voor de karakterisering van de immuunrespons 

van deze mutant. Er werd qPCR-analyse gedaan op de genen mmp9, irg1l, il1b 

en ifn. Dit liet een duidelijke myd88-afhankelijkheid zien van mmp9 en een 

gedeeltelijke myd88-afhankelijkheid van irg1l en il1b. Voor ifn was het niet 
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mogelijk om conclusies te trekken, aangezien dit gen slechts in één van de wild-

type embryo’s was geïnduceerd. 

De embryo’s die voor de qPCR-analyse waren gebruikt, werden vervolgens 

geanalyseerd met microarrays. Zoals verwacht, liet dit zien dat veel 

immuungerelateerde genen afhankelijk zijn van Myd88. Omdat een aantal van 

deze immuungerelateerde genen op de array vertegenwoordigd is door 

meerdere probes, konden deze op een betrouwbare manier worden 

geïdentificeerd als myd88-afhankelijke genen. Onze resultaten lieten zien dat 

mmp9, il1b en irak3 expressie myd88-afhankelijk zijn, wat eerdere resultaten 

verkregen met myd88-morpholino knockdown en Salmonella infectie, bevestigt. 

Ook verschillende andere genen zoals transcriptiefactoren (bijv. junb), 

signaaltransductiegenen (bijv. rip2k), cytokinegenen (bijv. tnfb), 

chemokinegenen (bijv. cxcl-clc) en andere immuunresponsgenen (bijv. ncf1) 

vertoonden afhankelijkheid van Myd88. Deze resultaten komen overeen met 

bevindingen uit onderzoek met knock-out-muizen van MyD88. Van een aantal 

genen, waarvan werd aangetoond dat ze myd88-afhankelijk zijn, was eerder in 

een morpholino-onderzoek ook aangetoond dat ze traf6-afhankelijk zijn. Dit 

waren onder andere mmp9, il1b, tnfb, ncf1, zgc:114032 (complement factor B), 

zgc:112143 (TNFα-induced protein 9) en tlr5b. Deze genen kunnen nu als 

doelwitgenen van de myd88-traf6-signaaltransductie worden beschouwd. 

De meest verrassende observatie was het verschil in expressie tussen tnfa 

en tnfb in de myd88
-/--mutant. In tegenstelling tot tnfb, dat volledig myd88-

afhankelijk bleek te zijn, was tnfa totaal onafhankelijk van Myd88. Tnfa en tnfb 

zijn twee kopieën in het zebravisgenoom van het gen dat in de muis en in de 

mens codeert voor TNFα. Terwijl tnfb dezelfde afhankelijkheid van Myd88 laat 

zien als humaan TNFα, doet tnfa dat niet, wat mogelijk een divergentie van de 

functie van deze homologe genen weerspiegelt. 

De inductie van verschillende genen (zoals il1b) bleek niet volledig maar 

gedeeltelijk afhankelijk zijn van Myd88, wat mogelijk verklaard kan worden door 

weefselspecifieke verschillen. Aangezien in deze experimenten het RNA 

geïsoleerd werd van hele embryo’s, gaan de verschillen tussen de diverse 

weefsels verloren. Zo werden er bijvoorbeeld opvallende verschillen gevonden 

tussen de transcriptionele respons van de milt en de lever bij septische wild-

type muizen en knock-out-muizen van Myd88. De reactie van de lever toonde 
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een sterke afhankelijkheid van Myd88, terwijl de reactie van de milt grotendeels 

Myd88-onafhankelijk was. 

In dit hoofdstuk hebben we aangetoond dat de myd88
-/- mutant van de 

zebravis een sterk verminderde aangeboren immuunrespons tegen E. tarda 

heeft. Momenteel worden experimenten met deze zebravismutant gedaan, 

waarin andere pathogenen worden onderzocht. De eerste resultaten wijzen 

erop dat myd88 een belangrijke rol speelt bij het onder controle houden van een 

M. marinum-infectie. Aangezien de problemen met het opkweken van de 

myd88
-/- zebravis mutant naar volwassenheid inmiddels zijn opgelost, kan het 

voordeel van de zebravismutant ten opzichte van de morpholino-knockdown nu 

volledig worden benut. Daarbij zullen nieuwe TILLING-screens, waarvan de 

efficiëntie door nieuwe sequencingtechnieken in de laatste jaren enorm is 

toegenomen, ertoe leiden dat er snel meer immuungerelateerde mutanten 

geïdentificeerd zullen worden. Het Sanger Instituut heeft de ambitie om binnen 

een paar jaar zebravismutanten voor ieder gen beschikbaar te hebben. Naast 

de TILLING-screens is ook het gebruik van de zinkvinger-technologie snel in 

opkomst, wat gerichte knock-out en knock-in van genen in de zebravis mogelijk 

maakt. Deze ontwikkelingen zullen ervoor zorgen dat de zebravis als genetisch 

testmodel snel op gelijke hoogte zal komen met de muis. 

 

Conclusie 

Concluderend legt het in dit proefschrift beschreven onderzoek een sterke basis 

voor toekomstig onderzoek. Het genoom van E. tarda kan inzicht geven in de 

verschillen tussen pathogene en niet-pathogene stammen en ook in de 

verschillen tussen gastheer-specifieke E. tarda-stammen en stammen met een 

breder gastheerbereik. Het zebravisembryomodel zal bij uitstek geschikt zijn om 

de interactie van virulentiefactoren van E. tarda met het aangeboren 

immuunsysteem van de gastheer te bestuderen. Hierbij zal het ook zeer 

interessant zijn om de reactie op E. tarda te vergelijken met de reactie op E. 

ictaluri. Helaas moeten we concluderen dat E. tarda weinig geschikt is voor 

grote screeningsprojecten, aangezien het immersiesysteem niet 

reproduceerbaar genoeg is en de bacterie een te sterke pathogeen is voor 

geautomatiseerde dooierinjecties. Toch heeft ons onderzoek naar het 

immersiesysteem veel interessante openingen gecreëerd voor het onderzoeken 

van de reactie van het zebravisepitheel, niet alleen in reactie op E. tarda maar 
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ook met betrekking tot de P. aeruginosa stammen. Niet alleen is de respons 

van het epitheel interessant, maar ook de bacteriële stoffen die deze respons 

veroorzaken. De karakterisering van de myd88
-/--mutant is waarschijnlijk de 

belangrijkste contributie van dit proefschrift aan toekomstig onderzoek. Het is 

de eerste zebravismutant met een knock-out mutatie in een gen, dat centraal 

staat in het aangeboren immuunsysteem. In de toekomst kunnen er 

onderzoeksprojecten worden uitgevoerd met verschillende pathogenen en 

kankermodellen, waarbij de volledige rol van myd88 in de zebravis kan worden 

blootgelegd, mogelijk leidend tot nieuwe inzichten in de functie van het 

aangeboren immuunsysteem. 
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