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Abstract

Toll-like receptors (TLRs) are an important class of pattern recognition receptors 
(PRRs) that recognize microbial and danger signals. Their downstream signaling 
upon ligand-binding is vital for initiation of the innate immune response. In human 

and mammalian models, myeloid differentiation factor 88 (MYD88) is known for its 
central role as an adaptor molecule in interleukin 1 receptor (IL-1R) and TLR-signalling. 
The zebrafish is increasingly used as a complementary model system for disease research 
and drug screening. Here, we describe a line with a truncated version of Myd88 as 
the first zebrafish mutant for a TLR-signaling component. We show that this immune-
compromised mutant has a lower survival rate under standard rearing conditions 
and is more susceptible to challenge with the acute bacterial pathogens Edwardsiella 
tarda and Salmonella typhimurium. Microarray and quantitative PCR (qPCR) analysis 
revealed that expression of genes for transcription factors central to innate immunity, 
including NFĸB and AP-1, and the pro-inflammatory cytokine lIl1b, is dependent 
on Myd88-signalling during these bacterial infections. Nevertheless, expression of 
immune genes independent of Myd88 in the myd88 mutant line was sufficient to limit 
growth of an attenuated S. typhimurium strain. In the case of infection with the chronic 
bacterial pathogen Mycobacterium marinum, we show that Myd88-signaling has an 
important protective role during early pathogenesis. During mycobacterial infection, 
the myd88 mutant shows accelerated formation of granuloma-like aggregates and 
increased bacterial burden, with associated lower induction of genes central to innate 
immunity. This zebrafish myd88 mutant will be a valuable tool to further study the role 
of IL1R- and TLR-signaling in innate immunity processes underlying infectious diseases, 
inflammatory disorders, and cancer.

Introduction

The host innate immune response is the first line of defense against invading microbes. 
Its function is to recognize invading pathogens at the first stage of infection and initiate 
an appropriate immune response1. Pathogen-associated molecular patterns (PAMPs) 
and damage-associated molecular patterns (DAMPs) are recognized by pattern 
recognition receptors (PRRs), of which the Toll-like receptor (TLR) family has been 
studied most extensively1, 2. Myeloid differentiation factor 88 (MYD88) is an important 
adaptor protein in the TLR signaling pathway, since it is used by all TLRs except for TLR3 
3. Its C-terminal TIR-domain enables interaction with TLRs, while the N-terminal death 
domain enables interaction with IL-1 receptor associated kinase 4 (IRAK4), which in 
turn recruits IRAK1 or IRAK2 to form the ‘Myddosome’ signalling complex, activating 
NF-ĸB (nuclear factor ĸB) and MAP-kinase (mitogen activated protein) signaling4-8. The 
Myddosome also functions downstream of the receptors for interleukin 1 (IL-1), IL-18 
and IL-33, and it has been associated with IFN-Υ receptor signaling, adding to its central 
role in inflammation and host defense5, 9, 10.
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Patients with a deficiency in MYD88 suffer from a primary immunodeficiency syndrome11, 

12. This syndrome is characterized by an increased susceptibility to pyogenic bacteria, 
like Streptococcus pneumonia, Staphylococcus aureus, Pseudomonas aeruginosa and 
Salmonella species13. Mice deficient in Myd88 were shown to be hyporesponsive to 
lipopolysaccharide (LPS) Il-1 stimulation and resistant to endotoxic shock9, 14, 15. As a 
consequence of their reduced ability to recognize PAMPs, Myd88-deficient mice are 
more susceptible to infection by Toxoplasma gondii parasites16 and several bacterial 
pathogens, including S. aureus17, Listeria monocytogenes18, Chlamydia pneumonia19, 
and Mycobacterium tuberculosis20.

The zebrafish (Danio rerio) is an excellent model to study the innate immune system that 
can complement research in mouse models and human cell lines21. Major advantages 
are its suitability for genetic approaches, high-throughput screening, and live imaging 
studies that make use of the many available fluorophore-marked transgenic lines. As 
early as one day post fertilization (dpf), zebrafish embryos are capable of mounting an 
effective innate immune response against microbial infections22. This immune response 
has a transcriptional signature similar to responses observed in mammalian and cell 
culture systems23. Furthermore, the major PRRs, their downstream signaling pathways, 
and innate effector mechanisms are conserved between humans and zebrafish24. 
Expression of myd88 in zebrafish leukocytes was confirmed using a transgenic reporter 
line25. Maturation of the adaptive immune system is not complete until approximately 
three weeks post fertilization26, providing a window of at least two weeks in which the 
innate immunity can be studied in the absence of T- and B-cell responses.

The use of zebrafish as a model for infectious diseases, inflammatory disorders, cancer, 
and other immune related diseases is growing rapidly27. Therefore, zebrafish mutants 
for important components of the immune system are eagerly awaited. As an alternative 
to mutant lines, morpholino antisense oligonucleotides may be used for blocking of 
protein production, but knockdown by morpholinos is only temporal and may also cause 
off-target effects28. Knockdown of Myd88 by morpholino in zebrafish embryos affected 
their ability to combat infection with the attenuated Salmonella enterica serovar 
Typhimurium (S. typhimurium) Ra strain29. It was also shown that expression of the pro-
inflammatory cytokine gene il1b was dependent on Myd88, both during Salmonella 
infection and when embryos were stimulated with TLR ligands23, 30. Knockdown analysis 
also demonstrated a role for Myd88 in LPS- or trinitrobenzene sulfonic acid (TNBS)-
induced intestinal inflammation and microbial-dependent intestinal epithelial cell 
proliferation in zebrafish larvae31-33. 

Here we characterize the first myd88 mutant zebrafish line (myd88-/-) and compare its 
immune response to that of wild types when infected with the bacterial pathogens 
Edwardsiella tarda, Salmonella typhimurium, and Mycobacterium marinum. The 
mutant allele contains a premature stopcodon, resulting in a truncated protein that 
lacks part of its death domain and the complete TIR-domain, required for interaction 
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with IRAK4 and TLRs respectively. As expected, the homozygous mutant showed an 
immune compromised phenotype. We show that myd88-/- zebrafish embryos are more 
susceptible to infection by all three pathogens tested, but have sufficient remaining 
innate immunity to limit infection with attenuated S. typhimurium Ra bacteria. Finally, 
we compare the gene expression profile of myd88-/- embryos with that of wild type 
embryos to distinguish between Myd88-dependent and -independent gene expression 
upon infection with different pathogens. This analysis revealed that gene expression of 
transcription factors central to innate immunity, including NFĸB and AP-1, and many 
innate immunity signalling and effector genes is dependent on Myd88-signalling during 
bacterial infections. Using this mutant as a model for mycobacterial pathogenesis, 
we demonstrated that Myd88-signaling has an important protective role during early 
stages of tuberculosis.

Results

Reduced survival of homozygous myd88 mutants
Sequencing of an ENU-mutagenized zebrafish library resulted in the identification of 
a myd88 mutant allele, myd88hu3568, which carries a T to A point mutation creating a 
premature stopcodon (figure 1A). The mutation is located in the N-terminal death 
domain, leading to a truncated protein, lacking part of its death domain required for 
interaction with Irak4. The truncated protein is also missing the complete C-terminal TIR-
domain required for interaction with the cytoplasmic TIR-domain of TLRs. In addition, 
we observed that the mutant transcript is less stable than the wild type transcript 
(supplementary figure 1). Zebrafish embryos homozygous for the mutation were found 
at Mendelian frequencies after crossing of heterozygous parents. They showed no 
developmental differences with their wild type siblings and could only be distinguished 
by genotyping. Two groups of myd88-/- and myd88+/+ embryos were compared under 
normal embryo rearing conditions to test for differences in unchallenged survival during 
development. Up to 8 dpf there was no difference in survival between mutants and 
wild types (figure 1B). After this period myd88-/- larvae showed a significantly decreased 
survival rate compared to wild type larvae (figure 1B). The steady decline of myd88-/- 

larvae ceased at around 20 dpf. Thus, under our rearing conditions, 8 – 20 dpf was a 
critical period for rearing myd88-/- larvae, but subsequent development was normal and 
adults were capable of breeding. We have experienced that the success rate of rearing 
myd88-/- families is highly variable. Furthermore, myd88-/- adults display an increased 
mortality rate compared to wild type individuals and heterozygotes, often showing 
pathological features linked with infection (data not shown). To conclude, we observe 
a reduced survival in embryonic and adult myd88-/- zebrafish, most likely caused by a 
primary immune deficiency due to the lack of functional Myd88.               
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Figure 1. Characterization of myd88 mutant zebrafish and survival following infection with E. 
tarda and S. typhimurium. (A) Mutant sequence and protein structure. A point mutation (T to 
A) in the death domain sequence of zebrafish myd88 introduces a premature stopcodon. The 
truncated protein lacks the TIR domain and part of the death domain. Nucleotide and amino 
acid positions are indicated with respect to the translation start codon (B). Survival assays. 
Percentage survival during the first 20 days of development (under unchallenged conditions) is 
shown for two groups (n=70 per group) of myd88-/- mutants (Mu, grey lines) and myd88+/+ wild 
type (Wt, black lines), grown in two individual experiments. The groups are the F1 offspring of 
myd88-/- and myd88+/+ siblings born from heterozygous parents. At 20 dpf, 83% and 79% of wild 
types survived, compared to 37% and 40% of mutants. The asterisks indicate the significant 
difference between wild type and mutant survival (p<0.0001), tested with a logrank test. 
(C). Quantification of leukocyte numbers. Total numbers of GFP-labeled neutrophils in 3 dpf 
myd88-/--mpx::egfp and myd88+/+-mpx::egfp embryos (n=20 per group) were counted under a 
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Myd88 deficiency has no overt effect on leukocyte development
To test whether myd88-/- embryos have normal leukocyte development, we crossed 
myd88-/- adults with fish carrying the mpx::egfp transgene that specifically marks 
neutrophils34. Leukocyte differentiation was assessed at 3 dpf by GFP fluorescence 
of neutrophils in combination with fluorescent immunohistochemistry for the pan-
leukocytic marker L-plastin (leukocyte-plastin). We observed no differences between 
mutant and wild type larvae in the total numbers of the two major subtypes of 
leukocytes, neutrophils (mpx::GFP/L-plastin double fluorescent cells) and macrophages 
(L-plastin positive and mpx::GFP negative) (figure 1C). Therefore, we conclude that 
early leukocyte hematopoiesis in zebrafish embryos is not overtly affected by Myd88 
deficiency and does not account for the reduced survival observed when rearing myd88-

/- families. 

Myd88-dependent signaling is required for recognition of LPS and flagellin, but not 
Poly I:C
It is expected that myd88-/- embryos are affected in their ability to sense and respond to 
microbial PAMPs. To test this hypothesis, we injected LPS purified from S. typhimurium 

fluorescence stereo microscope. Total numbers of macrophages were determined by performing 
whole mount L-plastin immunohistochemistry and deducting the number of mpx::egfp-positive 
neutrophils from the number of L-plastin-positive total leukocytes per embryo. Each data point 
represents an individual embryo and lines indicate the mean value. No significant difference 
(ns) in numbers of neutrophils or macrophages was observed with a t-test. (D-G). Myd88-/- and 
wild type embryos were injected with purified LPS (100 µg/ml), flagellin (100 µg/ml), or PBS as 
a control. Expression of il1b and mmp9 at 2 hours post injection was analyzed by qPCR. Data 
are combined from three biological replicates (n=20 per group) and statistical significance was 
determined by one-way ANOVA with Tukey’s Multiple Comparison method as a post-hoc test 
(***, p<0.001 and **, p<0.01). (H). Poly I:C exposure. Myd88-/- and wild type embryos were 
exposed to poly I:C (500 µg/ml eggwater) starting at 5 dpf. Survival curves are based on data 
pooled from two individual experiments (n=60 per group in total). Statistical significance (ns) 
was determined by a logrank test. (I) E. tarda infection. At 28 hpf, myd88-/- and wild type embryos 
were infected with approximately 150 CFU E. tarda FL6-60 by injection into the blood island. 
The percentages of embryos surviving infection at 18 hpi are shown for myd88-/- (Mu, n=132, 
1% surviving) and wild type (Wt, n=140, 20% surviving). Data is pooled from two individual 
experiments and statistical significance (***, p<0.001) was tested with a contingency test. (J) S. 
typhimurium infection. Embryos were injected into the blood island at 28 hpf with approximately 
150 CFU of S. typhimurium strain SL1027. Survival curves for mutant (n=103, median survival 
22 hpi) and wild type embryos (n=77, median survival 23 hpi) are based on data pooled from 
two individual experiments. Statistical significance (p<0.001) was determined by a logrank test. 
(K) Phagocytosis assay. Mutant and wild type embryos were injected at 28 hpf into the blood 
island with E. coli cell wall particles labeled with a pH-dependent fluorogenic dye, pHrodo. 
After 2 hours, stereo fluorescence images were taken for fluorescent pixel quantification. Pu.1 
morpholino-injected embryos (Pu.1 Mo), deficient in phagocytic leukocytes, were included as 
a control. Each data point represents an individual embryo and lines indicate the mean value. 
No significant difference (ns) was observed between wild type and mutant embryos, but both 
groups were significantly different (***, p<0.001) from Pu.1 morpholino-injected controls by 
one-way ANOVA with Tukey’s Multiple Comparison method as a post-hoc test .   
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into the blood island of 28 hpf myd88-/- and wild type embryos. We isolated RNA 2 hours 
post injection (hpi) and determined the response to LPS by analyzing the expression of 
il1b and mmp9 by quantitative PCR (qPCR). It has been reported that, unlike in humans, 
recognition of LPS in fish does not occur via Tlr435, 36. Nevertheless, we show here that 
recognition of LPS in zebrafish embryos does require Myd88, since expression of both 
il1b and mmp9 after injection with LPS was significantly lower in mutants compared to 
wild types (figure 1D, E). We also injected groups of embryos with flagellin, a known 
ligand for the Tlr5-Myd88 pathway in zebrafish23. The observed expression levels of 
il1b following injection confirmed the Myd88-dependency for flagellin recognition 
(fig 1F). Interestingly, flagellin-induced mmp9 expression occurred independent of 
Myd88. As a negative control, we also tested poly I:C, a ligand of Tlr3, the only TLR 
that is known to signal completely independent of MyD88. Poly I:C injection did not 
lead to a reproducible induction of immune related genes in 1 dpf embryos (data not 
shown). We therefore determined the sensitivity to poly I:C exposure by incubation 
starting at 5 dpf. We observed a sharp decrease in survival after approximately 24 hours 
of incubation, which was similar between myd88-/- and wild type embryos, showing 
that poly I:C recognition and toxicity occurs Myd88-independently, in contrast to the 
MyD88-dependent recognition of LPS and flagellin.                  

Increased susceptibility of myd88-/- embryos to acute bacterial pathogens is not 
caused by a general defect in phagocytosis
To test the ability of myd88-/- embryos to mount a successful defense response, we 
infected 28 hpf myd88-/- and wild type embryos by blood island injection with two acute 
bacterial pathogens: E. tarda and S. typhimurium. These two pathogens are known to 
cause progressive and fatal infection in wild type zebrafish embryos37, 38. At 18 hpi with 
E. tarda, the percentage of surviving myd88-/- embryos (1%) was significantly lower 
than the percentage of  wild type embryos (20%) that had not yet succumbed to the 
infection (figure 1I). Lethality of S. typhimurium infection also occurred significantly 
faster in mutant than in wild type embryos (figure 1J). These results demonstrate 
that myd88-/- embryos are affected in their response towards invading pathogens. To 
exclude the possibility that the impaired immune response might be due to a defect in 
phagocytosis of bacteria in myd88-/- embryos, we injected both mutants and wild types 
with Escherichia coli cell wall particles labelled with the pH-dependent fluorogenic 
dye, pHrodo. This provides a quantitative measure for phagocytosis, since pHrodo 
only becomes fluorescent in acidic environments, like those encountered in the 
phagolysosomal pathway25. The results showed similar levels of phagocytosis in myd88-

/- and wild type embryos at 2 hours post injection (figure 1K). A control group, where 
a Pu.1 morpholino was injected to severely deplete leukocyte populations39, showed 
low levels of phagocytosis. These results demonstrate that the increased susceptibility 
of myd88-/- embryos to acute bacterial pathogens is not the result of a defect in 
phagocytosing bacterial components, but that myd88-/- embryos are not capable of 
mounting a wild type innate immune response towards these bacteria at a stage after 
primary phagocytosis. 
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The expression of genes that function in immunity are affected in the myd88-/- mutant 
after infection with E. tarda and S. typhimurium 
To study the effect of Myd88 deficiency on gene expression during infection, we analyzed 
the transcriptome profile of myd88-/- and myd88+/+ embryos infected with E. tarda and S. 
typhimurium. Embryos from a heterozygous incross (myd88+/-) were infected by injecting 
150 CFU of either pathogen into the blood island at 28 hpf. Embryos injected with the 
carrier solution alone were taken along as a control. At 8 hpi, RNA was isolated from 
three myd88-/- and three wild type individuals per condition. Transcriptome analysis of 
uninfected myd88-/- and wild type embryos showed that no immune related genes were 
differentially expressed in the absence of Myd88, except for myd88 itself, which was 
consistently downregulated in Myd88-deficient embryos (p<0.00001). Eight hours after 
infection with E. tarda or S. typhimurium, a large number of probes (619 and 1214, 
respectively) were upregulated in wild type embryos (figure 2A). In comparison, the 
numbers of upregulated probes were approximately 3-fold lower in myd88-/- embryos 
(190 for E. tarda and 339 for S. typhimurium) (figure 2A). At the same time point, the 
smaller number of downregulated probes was comparable between wild types (199 for 
E. tarda and 315 for S. typhimurium) and myd88-/- embryos (117 for E. tarda and 196 
for S. typhimurium) (figure 2B). Gene ontology (GO) analysis revealed that the GO term 
‘Immune system process’ was significantly enriched both in wild type and in myd88-

/- embryos infected with E. tarda or S. typhimurium (figure 2C). However, while all GO 
terms belonging to the ‘Immune system process’ subclass were enriched for infected 
wild type embryos, only 1 or 3 out of 5 were significantly enriched for myd88-/- embryos 
infected with E. tarda or S. typhimurium, respectively. GO term-analysis of the probe 
sets that were up- or down- regulated by the different infections in myd88-/- mutants did 
not reveal a specific Myd88-independent signaling pathway that has been activated to 
compensate for the loss of Myd88 function.

For a more in-depth analysis of gene regulation in myd88-/- and wild type embryos 
infected with E. tarda or S. typhimurium, we selected all immune related genes with 
significantly altered expression in mutants, wild types, or both (a fold change of at 
least 2 with P<0,00001 for at least two probes). A heatmap was created to visualize 
the expression differences of these genes between individual embryos. In agreement 
with genotyping of the embryos, myd88 itself was expressed at low levels in all myd88-

/- embryos. In general, infection with either bacterial strain resulted in a large scale 
upregulation of immune related genes in wild type embryos, while myd88-/- embryos 
showed a much weaker transcriptional response (figure 3). Surprisingly, however, in 
one of the myd88-/- embryos infected with S. typhimurium the response of several of the 
selected genes was similar to the wild type level. The most consistent differences in gene 
expression between myd88-/- and wild type embryos were observed for transcription 
factors and genes involved in signal transduction. The number of upregulated genes 
in these categories was lower in myd88-/- embryos, but also the expression level of 
genes that did respond was lower compared to wild type. The residual induction of 
immune-related transcription factors in myd88-/- embryos was reflected in the number 
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Figure 2. Transcriptome analysis of myd88-/- and wild type embryos following infection with E. 
tarda and S. typhimurium. (A,B) Venn-diagrams showing the overlap and differences between 
mutant (Mu) and wild type embryos in numbers of probes up-regulated (A) or down-regulated 
(B) by E. tarda FL6-60 (Et) or S. typhimurium SL1027 (St) infection. Embryos were infected 
with approximately 150 CFU of either pathogen into the caudal vein at 28 hpf and snap frozen 
individually at 8 hpi. Triplicate samples for each infection condition were compared groupwise 
with samples from control embryos (injected with PBS) using a common reference microarray 
design. Significance cut-offs for the ratios of infected vs control groups were set at 2-fold with 
p < 10−5. (C) Gene ontology (GO) analysis. The table displays the enrichment of immune-related 
GO terms following infection of myd88-/- (Mu) and wild type (Wt) embryos with E. tarda (Et) 
or S. typhimurium (St). Go-term enrichment in the gene lists up-regulated by infection was 
determined by master-target statistical testing using eGOn (Beisvag et al., 2006) with the Danio 
rerio UniGene build #124 as background. The numbers of genes associated with each GO-term 
and the p-values for enrichment are indicated. We note that GO analysis is limited by the number 
of Unigene clusters annotated for zebrafish and therefore not all upregulated probes could be 
included in the analysis. 
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of cytokine genes that were regulated upon infection, since those individuals that had 
higher expression of transcription factors also showed more significant upregulation of 
cytokine probes. This indicates a role for Myd88-independent signaling in the activation 
of these cytokine genes. Moreover, the induction of certain cytokine genes (cxc46 and 
ccl-c24i) and components of the complement system (like c3c, c4-2l, and cp) did not 
seem to be changed in the myd88-/- embryos. 

The transcription factor genes that were affected in the infected myd88-/- embryos 
included members of the known transcription factor families activated by TLR-MYD88 
and cytokine signaling in other vertebrates: NFĸB (nfkb2, rel, and relb), AP-1 (fos, fos2l, 
junb, and junbl ), ATF (atf3) and STAT (stat3 and stat4). Expression of the IRF family 
members, irf7, irf9 and irf11, was dependent on Myd88 during an E. tarda infection, while 
irf9 and irf11 appeared Myd88-independent in the presence of S. typhimurium. Among 
the downstream cytokine genes, upregulation of il1b in response to S. typhimurium 
infection was strictly dependent on Myd88 in the microarray analysis. During E. tarda 
infection il1b was upregulated at low levels in myd88-/- embryos, with significant 
reduction compared to wild type embryos. The other major pro-inflammatory cytokine 
gene, tnfa, could still be upregulated in the absence of Myd88 during infections with 
both pathogens. Expression of the gene encoding the chemotactic cytokine Il8 was 
clearly dependent on Myd88 in embryos infected with E. tarda, while it was expressed 
at wild type levels in myd88-/- embryos infected with S. typhimurium.

In conclusion, analysis of the microarray data indicated that a large proportion of the 
genes which are regulated during an innate immune response against E. tarda or S. 
typhimurium rely on proper TLR-Myd88 or IL1R-Myd88 signaling. Without Myd88, 
important transcription factors, cytokines, and other genes involved in defense were 
upregulated at a lower level or not at all. Interestingly, we also identified genes whose 
upregulation was completely independent of Myd88-signaling or appeared to be 
pathogen specific. 

Figure 3: Comparison of the innate immune response of myd88-/- and wild type embryos to E. 
tarda and S. typhimurium. Gene expression profiles of myd88-/- and wild type embryos infected 
with E. tarda FL6-60 or S. typhimurium SL1027 are depicted in a heat map. Embryos were infected 
with 150 CFU of either pathogen into the caudal vein at 28 hpf and snap frozen individually at 
8 hpi. Triplicate samples for each infection condition were compared with samples from control 
embryos (injected with PBS) using a common reference microarray design. Immune-related 
genes in the heat map are ordered in functional groups. All genes included in the heat map 
are represented by a minimum of two probes that showed significant up- or down-regulation 
(Significance cut-offs for the ratios of infected vs control groups were set at 2-fold with p < 10−5). 
Up-regulation and down-regulation is indicated by increasingly bright shades of yellow and blue, 
respectively. All genes listed in this figure are named according to sequence homology with 
mammalian counterparts and in most cases have not yet been confirmed functionally.  
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Expression levels of Myd88-dependent and -independent genes are highly variable 
during infection
Our transcriptome analysis of myd88-/- and wild type embryos infected with E. tarda and 
S. typhimurium showed that Myd88-signaling is required for a large part of the gene 
expression involved in the innate immune response. However, performing microarray 
analysis on three embryos per condition revealed variation between individuals in the 
infection-induced expression levels of important components of the immune response. 
To further investigate the Myd88-dependency of a subset of these genes, we isolated 
RNA from a larger number (n=10) of myd88-/- and wild type embryos infected with E. 
tarda or S. typhimurium and performed qPCR analysis. In agreement with the microarray 
data, wild type embryos showed highly variable infection-induced expression levels of 
il1b (11 to 35 fold change difference compared to controls during E. tarda infection; 4 
to 8 fold change difference in S. typhimurium infection) (figure 4). The il1b induction 
levels of infected myd88-/- embryos were also distributed over a broad range, but were 
significantly lower than in wild type embryos (2 to 20 fold change difference during E. 
tarda infection; no difference to 4 fold change difference for S. typhimurium infection). 
The expression levels of tnfa were spread over a similar range in wild type and myd88-

/- embryos. This gene was strongly induced by S. typhimurium (2 to 17 fold in wild type 
and myd88-/-), while E. tarda induction of tnfa in wild types and mutants was low and not 
significant. These data demonstrate that expression of il1b was dependent on Myd88 
during infection with E. tarda and S. typhimurium, while tnfa expression occurred via 
Myd88-independent pathways during infection with S. typhimurium. 

We used the same approach to analyze the expression of the matrix metalloproteinase 
gene mmp9, the chemotactic cytokine genes il8 and cxcl-c1c, and the antiviral cytokine 
gene ifnphi1, in mutants and wild types infected with E. tarda and S. typhimurium 
(figure 4). We found that expression of mmp9 and cxcl-c1c was dependent on Myd88 
during infection with either pathogen, similar to il1b. Expression of il8 was significantly 
lower in myd88-/- embryos infected with E. tarda compared to infected wild types. In S. 
typhimurium infection, the average induction of il8 in myd88-/- embryos was also lower 
than in wild type embryos but did not result in a significant difference. Infections with 
E. tarda did not significantly induce expression levels of ifnphi1. Expression of ifnphi1 
was slightly upregulated in wild type embryos infected with S. typhimurium, but not in 
infected myd88-/- embryos. Interestingly, only in the case of mmp9 expression during E. 
tarda infection, the induction was completely inhibited by Myd88 deficiency. All other 
genes that showed significant Myd88 dependency could still be induced to low levels in 
mutant embryos. Therefore, the important conclusion from these experiments is that 
pro-inflammatory gene expression in myd88-/- embryos is reduced but not completely 
absent.
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Figure 4: qPCR analysis of 
the response of myd88-/- and 
wild type embryos to E. tarda 
or S. typhimurium infection. 
Expression of il1b, tnfa, il8, 
cxcl-c1c, mmp9, and ifnphi1 
was analyzed by qPCR in E. 
tarda (A) or S. typhimurium 
(B) infected wild type (Wt) and 
mutant (Mu) embryos. RNA 
samples from infected embryos 
(inf) and uninfected controls 
were taken 8 hpi. Each data 
point represents an individual 
embryo and lines indicate the 
mean relative expression level, 
with uninfected wild type set 
at 1. Significant differences 
(*,p<0.05; **,  p<0.01; ***, 
p<0.001) were calculated by 
one-way ANOVA with Tukey’s 
Multiple Comparison method as 
a post-hoc test.   
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Myd88-deficient embryos can limit growth of the attenuated S. typhimurium Ra strain
Based on the partial induction of cytokine genes in myd88-/- embryos, we hypothesized 
that these embryos are not completely immune-compromised. To test this hypothesis, 
we infected myd88-/- and wild type embryos with a fluorescently labeled S. typhimurium 
LPS mutant (S. typhimurium Ra) that has previously been shown to induce attenuated 
infection in zebrafish embryos 38. Four hours after injecting the bacteria into the 
bloodstream, we observed clustered fluorescent bacteria, indicative of phagocytosis, 
in both myd88-/- and wild type embryos (figure 5A and C). In contrast, clustering was 
greatly decreased in a Pu.1 morpholino-injected control group deficient in leukocytes 
(figure 5E). One day post infection, we noted increased infection in myd88-/- embryos 
compared to wild type, which was quantifiable by bacterial pixel counting (figure 5B, D, 
and G). At the same timepoint, embryos in the Pu.1 morpholino-injected control group 
were completely overgrown with infection, with the bacteria spreading throughout the 
entire vasculature (figure 5F). The bacterial pixel count in both myd88-/- and wild type 
embryos gradually declined over the next four days. At the 5dpi timepoint, 58% of the 
wild types had already cleared the infection, while wild types with remaining infection 
showed greatly decreased numbers of bacteria (figure 5H). At the same time, we 
observed a broad range of infection states in myd88-/- embryos, varying from complete 
clearance of the bacteria (28%) to highly infected (30%), and lethally infected (4%). Thus, 
embryos developed more severe infection levels under conditions of Myd88 deficiency, 
but still were capable of limiting the growth of the attenuated S. typhimurium strain. 
In one of the two experimental repeats, we isolated RNA from all individual infected 
embryos for qPCR analysis. Although il1b expression was lower in myd88-/- embryos 

compared to wild type, the difference was not significant (figure 5I). Induction of mmp9 
was also lower in myd88-/- and significantly different from the wild type embryos (figure 
5J). Together, these data confirm the partial induction of pro-inflammatory genes in 
myd88-/- embryos and show that growth of attenuated S. typhimurium Ra bacteria in 
zebrafish embryos can be limited in a Myd88-independent manner.    

Myd88-/- embryos are more susceptible to chronic infection by Mycobacterium 
marinum strains
In contrast to the acute infections with E. tarda and S. typhimurium, M. marinum 
injection into the blood island at 28 hpf leads to a chronic infection that persists during 
larval development in granuloma-like aggregates of immune cells40. M. marinum is a 
natural pathogen of teleost fish and a close relative of M. tuberculosis, the causative 
agent of tuberculosis in humans. We aimed to address the importance of TLR-signaling 
during mycobacterial disease by infecting myd88-/- and wild type embryos with two 
different M. marinum strains: Mma20 and E11. Bacterial pixel counting was performed 
at 3 dpi for embryos infected with M. marinum Mma20 and at 5 dpi for embryos 
infected with the less virulent E11 strain. The formation of granuloma-like structures 
and bacterial burden in myd88-/- embryos infected with either M. marinum strain far 
exceeded that of wild types (figure 6G and H). Furthermore, we compared the effect 
of the myd88 mutant during mycobacterial infection to that of a previously described 



63

3

Figure 5: Bacterial burdens and qPCR analysis of gene expression in myd88-/- and wild type 
embryos  infected with the attenuated S. typhimurium Ra strain. (A-F) Representative stereo 
fluorescence images of infected embryos. At 28 hpf, embryos were infected by injection into the 
blood island using approximately 150 CFU of DsRed-labeled Salmonella typhimurium Ra. Pu.1 
morpholino-injected embryos (Pu.1 Mo: C,F), deficient in phagocytic leukocytes,  were included 
for comparison with wild type (Wt: A,D) and myd88-/- (Mu: B,E) embryos. Dispersal of infected 
leukocytes over the yolk sac at 4 hpi (A-C) and the progression of infection is shown at 1 dpi (D-
F). (G). Quantification of bacterial burden. Stereo fluorescence images of infected embryos at 
1, 2, and 5 dpi were used for quantification of bacterial fluorescent pixels. Data is accumulated 
from two individual experiments. Significant differences of (**, p<0.01; ***, p<0.001) were 
determined by one-way ANOVA with Tukey’s Multiple Comparison method as a post-hoc test. 
(H) Variation in phenotypes at 5 dpi.  Embryos were categorized according to infection levels as 
cleared (no remaining bacterial fluorescent pixels or pixel count below 10), low infected (pixel 
count between 10 and 100), high infected (pixel count above 100), or dead. The distribution 
over categories was significantly different (***, p<0.001) based on a contingency test. (I,J) 
qPCR analysis of pro-inflammatory genes. RNA samples from infected embryos (St Ra) and their 
controls were taken at 5 dpi to determine differences between myd88-/- (Mu) and wild type 
(Wt) in the expression levels of il1b (I) and mmp9 (J). Each data point represents an individual 
embryo and lines indicate the mean relative expression level, with uninfected wild type set at 1. 
Statistical analysis performed by one-way ANOVA with Tukey’s Multiple Comparison method as 
a post-hoc test. The mean expression levels of both genes were lower in infected mutants than 
in infected wild types, but the difference for il1b was not significant (ns) while the difference for 
mmp9 was significant with p<0.001 (***). 
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Figure 6: Bacterial burdens of myd88-/- and wild type embryos infected with M. marinum. 
(A-F) Representative stereo fluorescence images of infected embryos. At 28 hpf, myd88-/- (Mu) 

and wild type (Wt) embryos were infected with approximately 200 CFU of mCherry-labeled M. 
marinum strain Mma 20 (A,B) or strain E11 (C,D) by injection into the blood island and stereo 
fluorescence images were taken at 3 (Mma20 strain) or 5 dpi (E11 strain). For comparison, wild 
type and Myd88 morpholino-injected embryos were infected with the same dose of M. marinum 
Mma 20 (E,F-). (G-H) Quantification of bacterial burden. Red symbols indicate which infected 
individuals are shown as representative images (A-F). Bacterial pixel counts were determined 
based on stereo fluorescence images. Significant differences (***, p<0.001) were determined by 
one-way ANOVA with Tukey’s Multiple Comparison method as a post-hoc test.  

splice-morpholino against myd8831. We observed similar differences between myd88-/-  

and wild type embryos as for myd88 morpholino injected embryos versus wild type 
(figure 6G and I). To further validate that the truncated version of Myd88 described 
here is inactive, we injected an AUG-morpholino targeting the myd88 transcript in both 
wild type and mutant embryos29. The AUG-morpholino increased infection in wild type 
individuals compared to mismatch morpholino injected wild types, but did not increase 
infection in myd88-/- compared to mismatch-control injected mutants (supplementary 
figure 2). These results support that myd88hu3568 is a null mutant allele and demonstrate 
that Myd88-dependent innate immune signaling is required for the control of  
M. marinum infection in zebrafish embryos.                             
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Myd88-signaling is required for induction of key components of the innate immune 
system during mycobacterial infection 
Recently, the zebrafish has been successfully used to unravel the role of dysregulated Tnf 
levels during mycobacterial disease, showing that either too little or too much Tnf leads 
to aggravated infection41, 42. We performed qPCR analysis on RNA from individual myd88-/- 

and wild type embryos infected with M. marinum Mma20 at a time point with clear 
granuloma formation (4 dpi). Both il1b and tnfa were expressed at significantly lower 
levels in infected myd88-/- embryos (figure 7A and B). Using a morpholino knockdown 
approach, it was previously shown that the mycobacterial virulence factor ESAT-6 can 
induce mmp9 expression in host epithelial cells independent of Myd8843. Consistent 
with this result, we found that part of the host’s mmp9 induction occurred independent 
of Myd88 during infection with M. marinum (figure 7C). However, the overall level of 
mmp9 expression was significantly decreased in infected myd88-/- compared to wild type 
embryos. Although the average expression of the chemotactic cytokines il8 and cxcl-c1c 
was lower in infected myd88-/- compared to infected wild type, the difference was not 
significant (figure 7D and E). Finally, the anti-viral cytokine interferon phi1 (ifnphi1) was 
induced independently of Myd88 in both infected groups (figure 7F). In conclusion, like 
during E. tarda and S. typhimurium infection, Myd88-signaling is required for induction 
of key components of the innate immune system during mycobacterial infection.  

Discussion

myd88hu3568 carries a non-functional allele of myd88
In this report we describe a zebrafish mutant for Myd88, a central component in TLR/
IL1R-signaling. A premature stop codon in the mutant allele deletes the complete 
sequence of the domain important for interaction with TLRs (TIR domain) and disrupts 
the domain required for interaction with IRAKs (death domain) by truncating it before 
the location of a critical residue (K95) for signaling 44. In addition to disruption of the 
coding sequence, 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 myd88hu3568 
mRNA and/or by a possible feed-back mechanism by which wild type Myd88 regulates its 
own expression level. RT-PCR analysis of myd88 transcripts in heterozygous individuals 
demonstrated that the mutant transcript indeed has a lower stability (supplementary 
figure 1). Innate immune responses to stimulation with known Myd88-dependent TLR 
ligands, LPS and flagellin, and bacterial challenge were significantly affected in myd88 
mutants. The non-functional role of the mutant allele is further supported by the fact 
that the phenotype of myd88-/- embryos infected with M. marinum is phenocopied by 
morpholino knockdown of myd88 expression and that morpholino injection could not 
further enhance M. marinum infection levels in myd88 mutants (figure 6, supplementary 
figure 2). 

Although early leukocyte hematopoiesis was not affected in these mutants, we observed 
a striking increase in mortality during larval development between 8 and 20 dpf. 
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Figure 7: qPCR analysis of the response of myd88-/- and wild type embryos to M. marinum 
infection. Expression of il1b, tnfa, il8, cxcl-c1c, mmp9, and ifnphi1 was analyzed by qPCR in M. 
marinum Mma20-infected wild type (Wt) and mutant (Mu) embryos. RNA samples from M. 
marinum infected embryos (inf) and uninfected controls were taken at 4 dpi. Each data point 
represents an individual embryo and lines indicate the mean relative expression level, with 
uninfected wild type set at 1.  Significant differences (*,p<0.05; **,  p<0.01; ***, p<0.001) were 
calculated by one-way ANOVA with Tukey’s Multiple Comparison method as a post-hoc test.        
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The mortality rate of developing myd88-/- larvae decreased after this period, which 
might be correlated with the onset of active adaptive immunity. Nevertheless, adult 
myd88-/- zebrafish still display increased mortality compared to wild types. For instance, 
fin clipping of adult myd88-/- for genotyping purposes is followed by a higher incidence 
of death in the next days, possibly caused by infections associated with the wounded 
tailfin or by increased stress sensitivity (data not shown). This is similar to what was 
observed for rag1-/- zebrafish lacking functional T- and B-cells45. Interestingly, humans 
with defective MYD88 suffer from a primary immunodeficiency, with life-threatening 
infections occurring during early infancy46. Children with this deficiency have a 
cumulative mortality of 30-40%46, while adult patients with this immune deficiency had 
no major infections47. This difference was ascribed to the development of proficient 
adaptive immune responses later in life that may compensate for the defects in the 
inflammatory reaction13, a hypothesis that is supported by our observations on the 
survival of myd88-/- zebrafish. With its temporal separation between active innate and 
adaptive immunity, the myd88-/- zebrafish will be an ideal tool to further investigate this 
phenomenon.  

myd88-/-  mutant as a research model for immunity, cancer, and development
The myd88 mutant presented here is a valuable model to determine the role of TLR/
IL1R signaling and innate immunity in numerous important processes. Not only could 
it be used to study host-pathogen interactions in zebrafish21, but also to study the role 
of TLR signaling in the tumor microenvironment48, as well as the role of Myd88 in the 
establishment of normal intestinal microbiota and maturation of the immune system 
during development49. The fact that these processes require a certain progression 
of larval development in order to be studied makes a mutant line more useful than 
a morpholino knock down approach. In this report, we used the myd88 mutant to 
determine the role of TLR-Myd88 signaling during bacterial infections in zebrafish 
embryos and larvae. Migration of leukocytes towards bacteria50 and phagocytosis of 
bacteria are not affected by the absence of Myd88 (figure 1F and 5B). Nevertheless, 
we found that myd88-/- embryos are more susceptible to infection by acute bacterial 
pathogens (E. tarda and S. typhimurium), chronic bacterial pathogens (M. marinum 
strains), and even non-pathogenic mutant bacteria (S. typhimurium Ra). The increased 
susceptibility to bacterial infections is a result of the inability of myd88-/- embryos to 
mount an appropriate innate immune response towards these invading microbes. 
Our transcriptome analysis revealed that important pro-inflammatory regulators are 
expressed at lower levels in infected myd88-/- embryos, including the genes encoding the 
components of the transcription factors NFĸB and AP-1, and the cytokine Il1b (figure 3). 
These differences could not have been caused by variations in the injection dose, since 
we visually controlled for this by using fluorescently labeled bacteria. Since the embryos 
used for microarray analysis of gene expression were offspring from heterozygous 
parents, we could not exclude the possibility that maternally deposited Myd88 
influenced our observations. Therefore, we validated our results using larger groups 
of single embryos from homozygous wild type or mutant parents, also demonstrating 
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that the induction levels of innate immune response genes were in significantly lower 
ranges in mutant than in wild type embryos (figures 5 and 8).

An important finding is that we identified genes, including the chemotactic cytokine 
il8, of which the expression was strongly dependent on Myd88-signaling during 
infection with one pathogen, but Myd88-independent for another pathogen. When 
analyzed on a larger group of myd88-/- and wild type embryos infected with E. tarda and 
S. typhimurium, we demonstrated that the level of il8 expression in infected myd88-/- 

was lower for both pathogens, but the difference with wild type was only significant 
during E. tarda infection. The natural fish pathogen E. tarda may have evolved more 
specialized methods of manipulating or evading the immune system of their aquatic 
hosts, compared to the natural mammalian pathogen S. typhimurium. This possibility 
is also reflected in the total numbers of significantly up- or downregulated microarray 
probes during infection with these two pathogens, which was almost two-fold higher in 
S. typhimurium infection compared with E. tarda infection (figure 2A and B). A similar 
situation occurs when the transcriptome of zebrafish embryos exposed to E. tarda 
is compared to embryos exposed to Pseudomonas aeruginosa, a broad host range 
pathogen, capable of infecting plants, invertebrates, and vertebrates37.      

The myd88-dependency of E. tarda and S. typhimurium induced il1b and mmp9 
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-dependent23. However, in the previous studies it was not 
possible to discriminate between complete or partial myd88-dependency because the 
morpholino knockdown effect itself may be incomplete. With the use of the mutant line 
we could now establish that the E. tarda or S. typhimurium-induced il1b expression at 
8 hpi is lower but not completely absent in myd88-/- embryos, and that mmp9 induction 
at this time point is completely inhibited by Myd88 deficiency during E. tarda infection, 
while partial induction occurs during S. typhimurium infection. Furthermore, a partial 
induction of tnfa was observed in myd88 mutants during M. marinum infection, while 
tnfa induction during S. typhimurium infection was not affected by Myd88 deficiency. 
The (partial) Myd88 dependency of several interleukin and chemokine genes was in 
agreement with studies of cells and organs from Myd88-deficient mice9, 14, 17, 51-53. The 
gene  for  Ifnphi1, which belongs to the type I interferon group54,  was dependent on 
Myd88 for its induction during S. typhimurium infection, as was described for mouse  
IFN1 when macrophages lacking MYD88 were stimulated with LPS51.   

Myd88-independent limitation of the growth of non-pathogenic bacteria
When myd88-/- embryos were infected with non-pathogenic S. typhimurium Ra bacteria, 
we observed large variation in il1b expression levels (figure 5I). Approximately half of 
the infected myd88-/- larvae showed il1b expression levels comparable to uninfected 
controls, while the other half displayed il1b expression at a similar level as infected 
wild types. This variation was also reflected in the outcome of infection observed by 
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microscopy, ranging from complete clearance of the bacteria to lethality of the embryos 
(figure 5H). The data clearly shows that a subset of myd88-/- embryos were capable of 
inducing pro-inflammatory gene expression and even clear the infection in the absence 
of Myd88. Potential mechanisms that could be responsible for recognizing and clearing 
S. typhimurium Ra bacteria in the absence of Tlr-Myd88 signaling are other PRRs, like 
NOD-like receptors or C-type lectins, or activation of the complement system. It is 
known that S. typhimurium Ra are more susceptible to complement lysis, due to a defect 
in the synthesis of the LPS O-antigen55. Transcriptome analysis of infected myd88-/- 

embryos revealed that expression of genes involved in complement is for a large part 
independent of Myd88 (figure 3). It has also been shown that complement component 
C5a is a potent endogenous pro-inflammatory peptide, capable of triggering 
production of Il1b upon infection 56. TLRs and complement can independently induce 
pro-inflammatory responses, but their synergistic interaction results in amplified 
responses57. This may explain why il1b induction in myd88-/- embryos infected with 
pathogenic bacteria was significantly lower, but not completely absent (figure 4). 
Finally, some TLRs, like TLR4, can signal via both Myd88-dependent and –independent 
routes. It is possible that loss of one route can be (partially) compensated by the other 
route. The presence of compensatory signaling routes is also suggested by the observed 
gene expression following flagellin injection, which led to a completely abrogated il1b 
response in myd88 mutant embryos, while mmp9 induction was similar to wild type 
level.

Myd88-signaling has a protective role during early mycobacterial pathogenesis
Although it has been shown that the innate immune system can control early mycobacterial 
infections58, the role of MYD88 in mycobacterial disease remains controversial. Mice 
deficient in MYD88 are more susceptible to infection by Mycobacterium tuberculosis20, 
but it remains unclear whether this is due to the function of MYD88 in innate responses or 
in adaptive immunity. More recently, MYD88 polymorphisms in a Columbian population 
were not associated with increased susceptibility to Mycobacterium tuberculosis59. 
We used the myd88 mutant zebrafish line to study the function of this gene during 
mycobacterial infection in zebrafish larvae that do not yet possess a functional adaptive 
immune system. We demonstrated that Myd88 is important for early control of these 
infections, since homozygous myd88 mutant and Myd88 morpholino injected larvae 
showed accelerated formation of granulomas and at least 5-fold higher bacterial 
burdens compared to their wild type siblings when infected with M. marinum strains. 
Morpholino knockdown of the Tnf receptor and Mmp9 has also been shown to increase 
M. marinum granuloma formation and bacterial burden43, 60. In agreement, the impaired 
control of M. marinum in the absence of functional Myd88 is most likely caused by 
a marked reduced induction of mmp9 and pro-inflammatory cytokines, like il1b and 
tnfa (figure 7). These data point towards a central role for Myd88 in innate immunity 
during the early stages of mycobacterial pathogenesis. Interestingly, expression of most 
immune related genes at the time point of granuloma formation was not completely 
abolished in myd88-/- embryos, demonstrating that other pathways also contribute to 
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attract and activate immune cells at this point. These results from application of the 
myd88 mutant in a zebrafish model for tuberculosis illustrate how this mutant could 
serve as a valuable tool for studying innate immune responses in many other zebrafish 
models for human infectious diseases, inflammatory disorders, and cancer, which have 
been developed in recent years.  

Materials and methods

 Zebrafish husbandry
Zebrafish were handled in compliance with the local animal welfare regulations and 
maintained according to standard protocols (www.zfin.org). Embryos were grown at 
28.5-30°C in egg water (60µg/ml 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).

Myd88 mutant, genotyping, and morpholino injection
The myd88hu3568 mutant allele was identified by sequencing of an ENU-mutagenized 
zebrafish library. The mutant line was obtained from the Hubrecht Laboratory and the 
Sanger Institute Zefrafish Mutation Resource. Heterozygous carriers of the mutation 
were outcrossed twice against wild type (AB strain), and were subsequently incrossed 
twice. Heterozygous fish of the resulting family were used to produce embryos for 
the microarray and M. marinum infection experiments. In all other experiments, 
we used embryos from myd88-/-/mpx::egfp or myd88+/+/mpx::egfpGFP parents, 
obtained by incrossing the heterozygous offspring of myd88+/- fish outcrossed against 
Tg(mpx::egfp)i114 34. For, genotyping, 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. 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 200 and 100 bp products. Determining 
the stability of the mutant transcript versus the wild type transcript was done with 
a RT-PCR using forward primer 5’-GAGGCGATTCCAGTAACAGC-3’ and reverse primer 
5’-GAAAGCATCAAAGGTCTCAGGTG-3’ and the product of this reaction was digested 
with MseI. Knockdown of myd88 by splice morpholino was performed as previously 
described31. Knockdown of  myd88 by AUG-morpholino was previously described by 
Van der Sar et al. (2006). 

Immunohistochemistry
Immunolabeling with L-plastin antibody61 and Alexa568-conjugated secondary antibody 
was as described62.   

Injection conditions
Edwardsiella tarda strain FL6-60 labeled with mCherry63; Salmonella typhimurium 
wild type strain SL1027 and its isogenic LPS derivative SF1592 (Ra), both containing 
the DsRed expression vector pGMDs323; and Mycobacterium marinum strains Mma20 
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and E11 labeled with mCherry64 were used for the infection of zebrafish embryos. 
Bacteria were washed and subsequently suspended in PBS (phosphate-buffered saline), 
amended with 2% polyvinylpyrrolidone (PVP) for E. tarda and M. marinum. Embryos 
were manually dechorionated at 24 hpf. Approximately 150-200 CFUs were injected 
into the blood island after the onset of blood flow at 28 hpf, or PBS (2% PVP for E. 
tarda and M. marinum) was injected as a control. After injection, embryos were kept at 
28°C. Purified TLR ligands: LPS from S. enterica serovar typhimurium (Sigma, #L6511), 
poly I:C high molecular weight (Invivogen, #tirl-pic), flagellin from S. enterica serovar 
typhimurium (Invivogen, #fla-st ultrapure).   

Phagocytosis assay
E. coli pHrodo particles (Life Technologies Europe BV, Bleijswijk, Netherlands) were 
injected into the blood island at 28 hpf (1nl of a 0.5 mg/ml solution). Fluorescent pixel 
quantification was performed at 2 hpi.  

DNA and RNA isolation
The single embryo RNA isolation procedure using TRI reagent (Life Technologies Europe 
BV, Bleijswijk, the Netherlands) was performed as previously described by De Jong et 
al65. DNA for genotyping was isolated from the organic phase and was done according to 
the alternate DNA isolation protocol of the TRI reagent DNA/protein isolation protocol, 
using glycogen as a co-precipitant. RNA from the aqueous phase was purified using the 
Rneasy MinElute Cleanup kit (QIAGEN Benelux B.V., Venlo, Netherlands). 

Microarray analysis
Microarray was performed using our custom-designed Agilent 44k platform GPL10042, 
as previously described37. The raw data were submitted to the Gene Expression Omnibus 
database under accession no. GSE39274. 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 with significant cut-offs for the ratios set at 2-fold change 
at p<10-5. For the heat map construction the fold change values of significant probes 
representing the same gene were averaged. Gene ontology (GO) analysis was performed 
using the GeneTools eGOn v2.0 web-based gene ontology analysis software66. 

cDNA synthesis and quantitative reverse transcriptase PCR
cDNA synthesis reactions and qPCR were performed as previously described and 
normalized against the expression of ppial as a housekeeping gene37. Sequences for 
forward and reverse primers are described in supplementary table 1. 

Microscopy and fluorescent pixel quantification
Embryos injected with fluorescently labeled bacteria or pHrodo-labeled E. coli cell wall 
particles were imaged using a (Leica MZ16FA stereo fluorescence microscope with Leica 
DFC420C camera. Total fluorescent pixels per fish were determined using dedicated 
software67.
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Translational impact box

Background
Toll-like receptors (TLRs) are an important class of receptors that can detect microbial 
and danger signals during infection and inflammation. As an adaptor molecule, myeloid 
differentiation factor 88 (MYD88) is central in TLR-signaling and innate immunity, 
which is illustrated by the fact that patients with MYD88 deficiency suffer from a 
primary immunodeficiency syndrome. The use of zebrafish as a model for infectious 
diseases, inflammatory disorders, cancer, and other immune related disease is growing 
rapidly, owing to many advantages for intravital imaging, genetic screening, and high-
throughput drug discovery. Therefore, zebrafish mutants for important components of 
the immune system are eagerly awaited.   

Results
In this study, we have characterized a zebrafish line with a premature stopcodon in the 
myd88 gene, which is the first zebrafish mutant for a TLR/IL1R-signaling component. 
The mutant line appeared to be immune-compromised and had a higher susceptibility 
to infection by acute (Edwardsiella tarda and Salmonella typhimurium) and chronic 
(Mycobacterium marinum) bacterial pathogens. Microarray and quantitative PCR (qPCR) 
analysis of gene expression revealed that expression of transcription factors central to 
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innate immunity, like NFĸB and AP-1, and pro-inflammatory genes like il1b and mmp9 
are dependent on Myd88-signaling during these bacterial infections. Nevertheless, 
expression of immune genes independent of Myd88 in these mutants was sufficient to 
limit bacterial burdens of an attenuated S. typhimurium strain. 

Implications and future directions
The zebrafish myd88 mutant is a valuable addition to mammalian knockout models, 
especially when combined with transgenic lines with fluorescently marked immune 
cells that facilitate intravital imaging. During zebrafish development, innate immunity 
is active from day 1 onwards, whereas adaptive immunity is not fully functional during 
the first weeks. Zebrafish mutant models therefore can be used not only to study the 
interplay between innate and adaptive immunity (at juvenile and adult stages), but also 
provide the possibility to study functions of the innate immune system with minimal 
interference of adaptive immunity (at embryo and larval stages). In our study we 
exploited this possibility using a zebrafish model for tuberculosis and demonstrated that 
Myd88 has a protective role during early mycobacterial pathogenesis in zebrafish larvae 
when only innate immunity is functional. The zebrafish myd88 mutant model will also be 
a valuable tool for studying innate immune responses in many other zebrafish models 
for human infectious diseases that have emerged in the recent years. Furthermore, it 
can make an important contribution to zebrafish models for inflammatory disorders 
and cancer.
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