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ABSTRACT  14 

Food-borne infection with enterohemorrhagic Escherichia coli (EHEC) is a major cause of 15 

diarrheal illness in humans, and can lead to severe complications such as hemolytic uremic 16 

syndrome. Cattle and other ruminants are the main reservoir of EHEC, which enters the food-17 

chain through contaminated meat, dairy, or vegetables. However, how EHEC transitions from 18 

the transmission vector to colonizing the intestinal tract, and how virulence-specific genes are 19 

regulated during this transition, is not well understood. Here, we describe the establishment of a 20 

vertebrate model for food-borne EHEC infection, using the protozoan Paramecium caudatum as 21 

a vector and the zebrafish (Danio rerio) as a host. At 4 days post fertilization, zebrafish have a 22 

fully developed intestinal tract, yet are fully transparent. This allows us to follow intestinal 23 

colonization, microbe-host cell interactions, and microbial gene induction within the live host 24 

and in real time throughout the infection. Additionally, this model can be adapted to compare 25 

food- and water-borne infections, under gnotobiotic conditions or against the backdrop of an 26 

endogenous (and variable) host microbiota. Finally, the zebrafish allows for investigation of 27 

factors affecting shedding and transmission of bacteria to naïve hosts. High-resolution analysis 28 

of EHEC gene expression within the zebrafish host emphasizes the need for tight transcriptional 29 

regulation of virulence factors for within-host fitness.  30 

 31 

  32 
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IMPORTANCE 33 

Enterohemorrhagic Escherichia coli (EHEC) is a food-borne pathogen which can cause diarrhea, 34 

vomiting and in some cases, severe complications such as kidney problems in humans. Up to 35 

30% of cattle are colonized with EHEC, which can enter the food-chain through contaminated 36 

meat, dairy and vegetables. In order to control infections and stop transmission, it is important to 37 

understand what factors allow EHEC to colonize its hosts, cause virulence and aid transmission. 38 

Since this cannot be systematically studied in humans, it is important to develop animal models 39 

of infection and transmission. We developed a model which allows us to study food-borne 40 

infection in zebrafish, a vertebrate host that is transparent and genetically tractable. Using the 41 

zebrafish host, we can follow the bacterial infection cycle in real time, and gain important 42 

information regarding bacterial physiology and microbe-host interactions. This will allow us to 43 

identify potential new targets for infection control and prevention.  44 

  45 
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INTRODUCTION 46 

Enterohemorrhagic Escherichia coli (EHEC) are a major cause of food-borne infections 47 

worldwide. EHEC are transmitted through consumption of water, meat, dairy or vegetables 48 

contaminated with fecal matter, or hand-to-mouth, which is common in school and nursery 49 

settings. EHEC infection usually presents with bloody diarrhea, vomiting and stomach cramps, 50 

but in rare cases can lead to hemolytic uremic syndrome (HUS), a severe clinical complication 51 

resulting in kidney damage and often life-long morbidity, or mortality. Antibiotics are contra-52 

indicated, since antibiotic treatment can increase toxin production and exacerbate toxin-mediated 53 

disease pathology. Depending on geographical location, up to 30 % of cattle are colonized by 54 

EHEC, which presents a considerable environmental reservoir. One of the main virulence factors 55 

associated with colonization of ruminants as well as human hosts is the locus of enterocyte 56 

effacement (LEE), a horizontally acquired pathogenicity island encoding for a type 3 secretion 57 

system (T3SS). The LEE also encodes for the adhesion intimin and its host translocated receptor 58 

Tir (translocated intimin receptor), which in volunteer studies with the closely related 59 

enteropathogenic E. coli (EPEC) have shown to be a key factor for the development of diarrheal 60 

symptoms (1).  61 

Ongoing studies of EHEC focus on understanding how the LEE is regulated during the EHEC 62 

life cycle, and how the LEE encoded genes and other virulence factors, such as Shiga toxin 63 

(STx) contribute to colonization, disease pathogenesis and transmission. Another area of interest 64 

is how a host’s endogenous microbiota interacts with EHEC, and how this affects host fate 65 

following EHEC ingestion. Several infection models exist to study EHEC virulence factors, most 66 

notably pigs, rabbits and mice. And although no single model host is capable of reproducing the 67 

full clinical presentation of human EHEC infection, each has its own distinct advantages and 68 
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disadvantages (2). Gnotobiotic piglets inoculated with EHEC present a model for GI tract 69 

pathology, but fail to develop systemic symptoms. Additionally, this model is expensive, 70 

requires dedicated and highly specialized facilities, and is not particularly genetically tractable. 71 

Inoculation of neonate or infant rabbits through gastric catheters leads to colonization, diarrhea 72 

and GI tract histopathology that resembles that of human infection, but no mortality (3-5). Mice 73 

present the least expensive and most widely available vertebrate infection model to date, but 74 

their endogenous microbiota prevents EHEC colonization and has to be removed by 75 

streptomycin treatment to allow infection. Streptomycin treated mice can be used to study 76 

colonization, but fail to develop diarrhea, colitis, or A/E lesions (6). All three models present 77 

limited opportunities to study phenotypical changes in microbe and host simultaneously, in real 78 

time, and over a prolonged period. Intravital imaging of intestinal infection in these vertebrate 79 

models is possible but challenging, since part of the intestine has to be surgically exposed, which 80 

constitutes a severe procedure and can only be done for a limited duration. Additionally, it is 81 

technically challenging to study host-microbe interactions at a single cell level in this context. 82 

Here, we set out to study EHEC colonization, host-microbe interactions and transmission in 83 

zebrafish (Danio rerio), a vertebrate host that is inexpensive, gives rise to a large offspring with 84 

short generation times, is genetically tractable and transparent during infancy. Due to these 85 

features, zebrafish larvae have become a well-established model for many bacterial (7, 8), viral 86 

(9) and fungal (10) infections, and for pathogen-microbiota interactions (11, 12). Genetic 87 

tractability paired with its transparency mean that phenotypical features of both microbe and 88 

host, and their change in response to interaction, can be studied during infection within a live 89 

host, over extended periods, and in a high-throughput format (13, 14). Changes in microbial and 90 
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host gene expression, immune cell recruitment, and changes in host tissue morphology and 91 

intracellular signaling thus all become directly observable (15).    92 

We capitalized on these features to study the dynamics of colonization, pathogen-microbiota 93 

interaction, and the effect of previously described virulence factors on microbe-host interaction 94 

following food-borne infection of infant zebrafish with EHEC.  95 

 96 

RESULTS 97 

Paramecium caudatum acts as a vector for Escherichia coli. Existing animal models 98 

predominantly administer E. coli as liquid suspension, through oro-gavage (2). In contrast, 99 

infections in humans usually result from ingestion of contaminated food. The unicellular ciliated 100 

protozoan, Paramecium caudatum, is used as a natural food-source for zebrafish larvae. It is 101 

abundant in freshwater, brackish and marine water, and has been described as a reservoir for 102 

environmental bacteria (16) as well as a vector for fish diseases (17). Thus, we tested whether it 103 

could be established as a vector for food-borne infection of zebrafish larvae with EHEC.  104 

P. caudatum preys on bacteria, algae or yeasts, which it takes up via its ciliated oral groove, 105 

delivers into its mouth opening, from where it reaches the gullet. Eventually, ingested material 106 

blebbs and is internalized into a vacuole, which gradually acidifies and renders contents subject 107 

to degradation. We studied the interactions between P. caudatum and the enterohemorrhagic E. 108 

coli O157:H7 Sakai strain, to establish if and for how long bacteria would persist within 109 

Paramecium. P. caudatum was able to utilize E. coli as food source, as paramecia proliferated 110 

when kept in co-culture, in a dose-dependent manner (Fig. 1A). Fluorescence imaging following 111 

co-culture with EHEC:mCherry revealed that paramecia contained E. coli, which were localized 112 
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within food vacuoles (Fig. 1B-D). Ingestion of EHEC did not seem to have any adverse effects 113 

on P. caudatum (Fig. 1B) and indeed, paramecia were observed to proliferate on a diet of EHEC 114 

(Fig. 1C).  Further investigation using co-culture of P. caudatum and EHEC:gfp revealed that E. 115 

coli containing food-vacuoles remain transiently stable, but eventually acidify (Fig. 1D), leading 116 

to degradation of E. coli. The time course of degradation was determined by plating of viable E. 117 

coli recovered from paramecium (Fig. 1E). Ingested E. coli were degraded with a half-life of 118 

approximately 2.5 hours (Fig. 1E). This aligns with our visual confirmation of EHEC 119 

degradation within paramecia (Fig. S1). Dilution plating of EHEC-containing paramecia grown 120 

on EHEC for two hours showed that each P. caudatum contained an average of 200 viable E. 121 

coli, and that the number of intracellular EHEC was independent of bacterial density over a 122 

concentration range of 2.5107 to 108 CFU/mL. This allowed us to establish P. caudatum as a 123 

vector  to administer a defined dose of food-borne EHEC to zebrafish larvae. 124 
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 125 

Fig. 1. Paramecium caudatum acts as a vector for Escherichia coli. (A) EHEC and P. caudatum were grown in 126 

co-culture for 16 hours, and P.caudatum numbers measured using a hemocytometer. Numbers of paramecia at the 127 

end of the experiment were graphed against initial bacterial concentrations (CFU/ml). Values shown are means ± 128 

stdev. (n=3). (B) Following 2 hours of co-incubation with EHEC:mCherry (red), P. caudatum samples were fixed 129 

and stained with Hoechst (DNA, blue) and concanavalin A (green). Some paramecia were proliferating on a diet of 130 

EHEC, and undergoing cell division (C) Scale bars, 10 μm. (D) Following 2 hours of co-culture with EHEC:gfp 131 

(green), P. caudatum were incubated with lysotracker (red) to visualize vacuole acidification. Scale bar, 5 μm (E) 132 

Following two hours of co-incubation with EHEC, P. caudatum were transferred to medium without bacteria. 133 
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Samples were removed at indicated timepoints and numbers of viable E. coli within paramecia were determined by 134 

dilution plating on selective agar (n=3).  135 

 136 

Fig. S1. Degradation of internalized EHEC by P. caudatum. At specified time points, paramaecia incubated with 137 

EHEC Sakai:mCherry were washed,  fixed in 4% PFA, mounted in anti-fade Gold and imaged using the Zeiss Axio 138 

Observer.  139 

 140 

Food-borne E. coli colonize larval zebrafish more efficiently than water-borne EHEC. 141 

Initially, colonization by water-borne EHEC was characterized in gnotobiotic zebrafish larvae, 142 

which were acquired from bleached eggs and reared under sterile conditions as previouly 143 

described (18). EHEC were administered to larval zebrafish at 4 dpf, at which point larvae had a 144 

fully developed intestinal tract with a functional anal opening. E. coli constitutively expressing 145 

mCherry were used to visualize colonization in vivo. Bacterial burden was initially assessed 146 

following 2 hours of exposure, and increased dependent on the amount of ingested EHEC (Fig. 147 

2A). Colonization was mostly localized to the mid-intestine (Fig. 2B), and accumulation and 148 

secretion of EHEC-containg fecal matter was observed soon after ingestion (Fig. 3).  149 

Next, paramecia loaded with EHEC Sakai:mCherry were administered to larval zebrafish at 4 150 

dpf, at which point larvae were able to swim freely, and prey on paramecium (Figure S2 and 151 

Movie S1). To administer a consistent number of E. coli to zebrafish, paramecia were kept in co-152 

culture with E. coli at a ratio of 1:500, gently washed to remove extracellular E. coli and added 153 
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to fish medium to result in a defined initial concentration as described above, and offered to 154 

zebrafish as a prey.  155 

 156 

Figure S2. Stills from Movie S1, showing a zebrafish larva at 4 dpf preying on P. caudatum loaded with EHEC 157 

Sakai:mCherry.  158 

 159 

Bacterial burden was determined in fish exposed to matched doses of food-borne or water-borne 160 

EHEC, following two hours of exposure. At all three doses tested, colonization levels were 161 

approximately 10 times higher following food-borne infection (Fig. 2C). Food-borne infection 162 

also led to increased persistence of EHEC in the intestinal tract: While water-borne EHEC were 163 

gradually cleared by most fish over the course of 24 hours, food-borne EHEC persisted at high 164 
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levels up to 24 hours post infection (hpi) in approximately 50% of the fish, while the other half 165 

carried lower burdens or cleared the infection over the same time span (Fig. 2D).  166 

 167 

Fig. 2. Colonization of larval zebrafish by water-borne and food-borne EHEC. (A) Water-borne EHEC 168 

infection. Zebrafish larvae were exposed to EHEC for two hours at the indicated concentrations. Following 169 

exposure, fish were washed thoroughly, homogenized, and CFU determined by dilution plating on EHEC selective 170 

agar. Individual data points, means (n=18 for each concentration) and stdev are shown. (B) Live image of zebrafish 171 

larvae exposed to water-borne EHEC:mCherry (108 CFU/mL) for 2 hours. Whole embryo (i), magnified section of 172 

mid-intestinal region (EHEC:mCherry, red, (ii) and EHEC:mCherry/DIC merge (iii) are shown. i.b.: intestinal bulb, 173 

m.i.: mid-intestine, p.i.: posterior intestine. (C) Zebrafish larvae were exposed to food-borne (magenta) or water-174 

borne (purple) EHEC for two hours, at indicated doses. Bacterial burden was determined by dilution plating on 175 

EHEC selective agar. Individual data points, means (n=28 for each condition) and stdev are shown. Statistical 176 

significance was determined using student’s t-test and defined as p<0.05 (*), p<0.01 (**), or p<0.0001 (****). (D) 177 

Zebrafish larvae were exposed to 108 CFU/mL of food-borne (magenta) or water-borne (purple) EHEC for two 178 
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hours, transferred to fresh sterile medium, and bacterial burden was determined by dilution plating on EHEC 179 

selective agar at indicated time points. Individual data points, means (n=10 for each condition) and stdev are shown.  180 

 181 

EHEC triggers transient neutrophil recruitment to the mid-intestine upon colonization. 182 

EHEC infection causes release of IL-8, a potent neutrophil chemoattractant, by the intestinal 183 

mucosa (19). Humans infected with EHEC shed a high number of leukocytes in their feces (20) 184 

and tissue biopsies taken from patients infected with EHEC revealed a severe inflammatory 185 

response to EHEC, and accompanying damage of the tissue in the cecum and colon (21, 22). To 186 

test whether EHEC colonization triggers a pro-inflammatory response in zebrafish, we followed 187 

neutrophil movement in infected transgenic larvae (Tg(mpo::egfp)i114) featuring GFP-expressing 188 

neutrophils. These transgenic zebrafish express GFP under the neutrophil-specific 189 

myeloperoxidase (mpo) promoter (23). Imaging was limited to 12 hpi, due to technical 190 

limitations of the microscope setup. However, rapid neutrophil recruitment to the intestinal 191 

region was observed in infected, but not in uninfected control animals (Fig. 3). Neutrophils were 192 

especially concentrated in areas adjacent to the mid-intestinal infection focus and anal region, 193 

and neutrophil migration through the epithelium and into the lumen was observed (Fig. 3A). 194 

Recruitment was significantly elevated at 2 hpi, peaked around 8 hpi and declined thereafter 195 
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(Fig. 3B). This was accompanied by a decline in the EHEC:mCherry fluorescence signal, 196 

suggesting that neutrophils are involved in bacterial clearance.  197 

 198 

Fig. 3. EHEC triggers transient neutrophil recruitment to the mid-intestine upon colonization. Mpo:gfp 199 

zebrafish larvae were exposed to 108 CFU/mL food-borne EHEC:mCherry for two hours, washed, live-mounted in 200 

low-melt agarose containing tricaine, and imaged for 12 hours at 32°C. (A) Representative frames showing 201 

intestinal tract of infected fish after 0 hours (Ai), 4 (Aii), 8 (Aiii), and 12 hours (Aiv) are shown. (B) Neutrophils in 202 

the intestinal region (counts from intestinal region as shown in A) were enumerated. Individual data points from 203 

infected (grey) and uninfected fish (blue), means (n=5 per condition) and stdev are shown. Statistical significance 204 

was determined using student’s t-test and defined as p<0.05 (*) or p<0.01 (**). ns: not significant. 205 

 206 

EHEC induce the locus of enterocyte effacement at the site of colonization. The locus of 207 

enterocyte effacement (LEE) is a horizontally acquired pathogenicity island encoding for 208 

structural and regulatory components of a type three secretion system (T3SS). It is a shared 209 

feature between A/E lesion producting pathogens, including enteropathogenic E. coli (EPEC), 210 

Citrobacter rodentium and EHEC, and contributes to intestinal persistence and disease severity 211 

in animal models (5, 24). Expression of LEE encoded genes is silenced by H-NS under 212 

environmental conditions (25), and induced under physiological conditions mimicking the host 213 

intestinal tract (26). The LEE is organized in five transcriptional units, which require the LEE1 214 
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encoded masterregulator Ler (LEE encoded regulator) for induction (27). Using an 215 

EHEC:mCherry reporter strain carrying the LEE1 promoter driving GFP expresssion, we 216 

investigated if and where this virulence factor is expressed by EHEC following ingestion by 217 

zebrafish.  218 

While EHEC LEE1:gfp showed low levels of fluorescence outside the host (Fig. 4A), GFP 219 

expression, and thus LEE induction, was observed in the zebrafish intestinal tract (Fig. 4B). In 220 

contrast, a control strain lacking a promoter driving GFP expression formed similar infection 221 

foci, but did not express GFP (Fig. 4C). This suggests the LEE encoded T3SS is induced during 222 

colonization of the zebrafish gastrointestinal tract.  223 

 224 

Figure 4. EHEC induce the locus of enterocyte effacement at the site of colonization. Micrograph of 225 

EHEC:mCherry co-transformed with LEE1:gfp grown in planktonic media (A) and zebrafish colonization by 226 

EHEC:mCherry / LEE1:gfp (B). EHEC:mCherry co-transformed with promoter-less control U9:gfp grown 227 
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planktonically (C) and zebrafish colonization by EHEC:mCherry co-transformed with U9:gfp (D). Zebrafish were 228 

exposed to 109 CFU/ml of food-borne EHEC for 2 hours.  229 

 230 

Fine-tuning of LEE expression is required for successful colonization. Since we observed 231 

LEE expression in the zebrafish intestinal tract, we next tested if LEE expression and EHEC 232 

intestinal colonization levels were linked, using the zebrafish model. The metabolic enzyme 233 

AdhE, a bi-functional acetaldehyde-CoA dehydrogenase and alcohol dehydrogenase, regulates 234 

virulence gene expression in EHEC O157. Deletion of adhE leads to strong suppression of the 235 

T3SS (28). The adhE mutant is significantly less virulent than its parental strain, TUV 93-0, and 236 

showed approximately ten-fold lower colonization levels in an infant rabbit infection model (28). 237 

These observations from the infant rabbit model were recapitulated in our zebrafish model: 238 

Following a two hour exposure to 108 CFU/mL of food-borne EHEC, LEE1:gfp was 239 

significantly induced in the TUV 93-0 wild type strain colonizing the instestinal tract, compared 240 

to plantonic growth (Fig. 5A, B). In contrast, reduced LEE1:gfp induction was observed in the 241 

adhE mutant, in both planktonic culture or during host colonization, as analyzed by imaging 242 

(Fig. 5C, D) and ratiometric analysis across several colonized fish (Fig. 5E).  The bacterial 243 

burden was approximately ten-fold reduced for the adhE mutant compared to the TUV 93-0 wild 244 
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type (Fig. 5F), although both growth (Fig. 5G) and persistence within P. caudatum (Fig. 5H) 245 

were unaltered.   246 

247 

Figure 5. LEE expression and colonization of EHEC ∆adhE. (A) EHEC TUV 93-0 wild type transformed with 248 

mCherry and LEE1:gfp grown planktonically and in zebrafish. (B) EHEC TUV 93-0 wild type transformed with 249 

mCherry and promoter-less U9:gfp grown planktonically and in zebrafish. (C) EHEC TUV 93-0 isogenic ∆adhE 250 

mutant transformed with mCherry and LEE1:gfp grown planktonically and in zebrafish. (D) EHEC TUV 93-0 251 

isogenic ∆adhE mutant transformed with mCherry and promoter-less U9:gfp grown planktonically and in zebrafish. 252 

(E) Ratiometric image analysis comparing levels of LEE1:gfp expression normalized to mCherry signal for  EHEC 253 

TUV 93-0 wild type and ∆adhE mutant (n=9 fish/condition). (F) Bacterial burden was determined by dilution 254 

plating on EHEC selective agar. Individual data points, means (n=15 for each condition) and stdev are shown. 255 

Statistical significance was determined using student’s t-test; p<0.01 (**). (G) Growth curves of TUV 93-0 wild 256 
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type and ∆adhE mutant. (H) Degradation profiles for TUV 93-0 wild type and ∆adhE mutant in P. caudatum as 257 

determined by lysis and dilution plating. Regression analysis showed there is no difference between the slopes 258 

(p=0.2909).  259 

 260 

Next, we set out to test the effect of enhanced T3SS expression on colonization levels and 261 

persistence of EHEC in the zebrafish gut, using the LEE1:gfp reporter. The protein TolA is a 262 

component of the trans-envelope Tol system required for cell wall remodeling in E. coli (29). 263 

Loss of tolA in EHEC leads to activation of the Rcs phosphorelay, and constitutive activation of 264 

LEE encoded virulence genes (30). Despite a higher level of T3SS expression in ΔtolA, the 265 

strain’s adherence to intestinal epithelial cells and its virulence in a Galleria mellonella infection 266 

model are significantly reduced (30). We constructed a non-polar tolA mutant in the Sakai 267 

background, and compared its LEE induction levels and ability to colonize the zebrafish intestine 268 

to those of the wild type Sakai strain following two hours of infection. LEE1:gfp transcriptional 269 

activity was significantly higher in planktonically grown tolA compared to wild type bacteria, as 270 

previously described (30). This also held true for tolA within the zebrafish intestinal tract: 271 

Although LEE1:gfp activity relative to the constitutively active mCherry was enhanced for tolA 272 

compared to wild type bacteria within zebrafish, the bacterial burden of the tolA mutant was 273 

significantly reduced compared to the wild type (Fig. 4 and Fig. 6A-F). This was not due to 274 
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altered growth or degradation within the P. caudatum vector (Fig. 6G, H). Overall, these data 275 

suggest that the tight regulation of T3SS expression is essential for within-host fitness. 276 

 277 

Figure 6. LEE expression and colonization of EHEC ∆tolA. EHEC Sakai isogenic ∆tolA mutant transformed with 278 

mCherry and LEE1:gfp grown planktonically (A) and in zebrafish (B). EHEC Sakai isogenic ∆tolA mutant 279 

transformed with mCherry and promoter-less U9:gfp grown planktonically (C)  and in zebrafish (D). (E) 280 

Ratiometric image analysis comparing levels of LEE1:gfp expression normalized to mCherry signal for  EHEC 281 

Sakai wild type and ∆tolA mutant (n=10 fish/condition). (F) Bacterial burden was determined by dilution plating on 282 

EHEC selective agar. Individual data points, means (n=15 for each condition) and stdev are shown. Statistical 283 

significance was determined using student’s t-test; p<0.001 (***). (G) Growth curves of Sakai wild type and ∆tolA 284 
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mutant. (H) Degradation profiles for Sakai wild type and ∆tolA mutant in P. caudatum as determined by lysis and 285 

dilution plating. Regression analysis showed there is no difference between the slopes (p=0.7016).  286 

 287 

EHEC ingestion causes strain-specific mortality in zebrafish. Having established that T3SS 288 

expression is specifically induced in the zebrafish host and is necessary for efficient intestinal 289 

colonization, we asked if EHEC ingestion would cause mortality in zebrafish. We infected 290 

zebrafish at 4 dpf with a dose of 109 CFU/ml of food-borne EHEC or left them uninfected 291 

(control). Fish were assessed for vital signs (movement, heart beat and circulation) daily for a 292 

total of six days post infection (dpi), and survival was analysed using the Kaplan-Meier estimator 293 

(Fig. 7). Despite showing similar colonization levels (Fig. 5 and 6), Sakai and TUV 93-0 wild 294 

type strains displayed significantly different pathogenicity, with a mean survival of 76% for 295 

Sakai and 56% for TUV 93-0 at the experimental endpoint. The attenuation of the tolA and adhE 296 

mutants observed in terms of intestinal colonization (Fig. 4-6) was also reflected by a reduction 297 

in pathogenicity. The tolA mutant was non-pathogenic in the zebrafish model, with 100% host 298 
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survival and no observable morbidity up until day 6 post infection. The adhE mutant was 299 

similarly attenuated, with a mean host survival of 87% at day 6 post infection (Fig. 7).  300 

 301 

 302 

Figure 7. EHEC ingestion causes strain-specific mortality in zebrafish. Zebrafish at 4dpf were infected with 109 303 

CFU/ml of EHEC (Sakai wt - blue full squares, Sakai tolA – empty squares, TUV 93-0 wt – red filled circles, or 304 

TUV adhE – red empty circles) or left uninfected (black line, runs below tolA data), and incubated at 32 °C for up to 305 

6 dpi. Fish were assessed for vital signs (presence of either movement, heart beat or circulation) every 24 hours and 306 

percent survival plotted using Kaplan-Meier analysis (n=15 per condition).  307 

 308 

Zebrafish as a model to study fecal shedding and transmission. While fecal shedding of 309 

EHEC is often used as a proxy for bacterial burden in rodents, fecal-oral transmission is rarely 310 

studied in these models. The zebrafish model allows simultanous analysis of fecal shedding and 311 

fecal-oral transmission from infected fish to naïve recipients in one experiment. AB fish infected 312 

with food-borne EHEC for two hours were transferred into fresh media together with a naïve 313 

recipient (Fig. 8A). Tg(mpo:gfp) fish were used as recipients to be able to visually distinguish 314 

donor and recipient (green fluorescent). EHEC was continutally shed from donor fish following 315 
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transfer into fresh media, and levels of shed bacteria increased steadily up until 24 hours post 316 

transfer (Fig. 8B). Onward transmission to naïve fish was first observed between 12-24 hours 317 

post transfer (Fig. 8C), at which point EHEC:mCherry could be visualized in the foregut and 318 

mid-intestine of recipient embryos (Fig. 8D). These data demonstrate that the dynamics of fecal 319 

shedding and fecal-oral transmission to naïve hosts can be studied using the zebrafish model.  320 

 321 

Figure 8. Zebrafish as a model to study fecal shedding and transmission. (A) Scheme depicting experimental 322 

setup of shedding and transmission experiment. Infected AB embryos were transferred into fresh media housing 323 

naïve Tg(mpo:egfp) embryos (both 4 dpf). Post transfer, shedding of EHEC into the media and transfer to recipient 324 

animals were monitored over time. (B) EHEC shed into the media were enumerated immediately, 6, 12 or 24 hours 325 

post transfer of infected AB embryos into fresh media. Shown are individual data points, means and stdev (n=5/time 326 

point). (C) Bacterial burden of Tg(mpo:egfp) recipient embryos was quantified immediately, 6, 12 and 24 hours post 327 
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transfer of infected AB (donor) embryos. Shown are individual data points, means and stdev (n=10 embryos/time 328 

point). (D) Example of EHEC:mCherry localization in recipient embryos.  329 

 330 

The zebrafish microbiota provides a barrier to EHEC colonization. To this point, our 331 

experiments were done in gnotobiotic zebrafish, as the endogenous microbiota often proves a 332 

significant barrier to colonization (31, 32). Yet, the interactions between ingested pathogens and 333 

the endogenous microbiota, and the impact of the microbiota composition on the fate of 334 

infection, are of interest, particularly in the case of EHEC (33-35), and it would be desirable to 335 

be able to address these questions in the zebrafish infection model.  336 

It has been reported that zebrafish acquire a microbiota which rapidly diversifies during early 337 

development (18, 36, 37). To test whether EHEC infection can be studied in the zebrafish model 338 

against the backdrop of the endogenous microbiota, we compared levels of EHEC in gnotobiotic 339 

fish and conventionalized fish, which were transferred into a mixture of E3 and tank water 340 

following hatching. Compared to gnotobiotic fish, initial colonization with EHEC was 341 

significantly decreased, but not entirely eliminated, in conventionalized fish (Fig. 9A). 342 

Surprisingly, colonization levels in conventionalized fish were very consistent, even though the 343 

composition as well as levels of the colonizing microbiota differed considerably between 344 
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individual animals (Fig. 9B). In conventialized fish, the bacterial burden expanded with 345 

increased incubation time, and could easily be visualized from 16 hpi (Fig. 9C).  346 

 347 

  348 

Fig. 9.  The zebrafish microbiota provides a barrier to E. coli colonization. (A) Following exposure of 349 

conventionalized or gnotobiotic zebrafish larvae to food-borne EHEC (108 CFU/mL) for two hours, bacterial burden 350 

was determined by dilution plating on EHEC selective agar. Individual data points, means (n=20 for each condition) 351 

and stdev are shown. Statistical significance was determined using student’s t-test, and defined as p<0.0001 (****). 352 

(B) Examples of larval homogenates derived from conventionalized fish following EHEC infection, plated on EHEC 353 

selective CHROMagar. Mauve, blue and white colonies correspond to EHEC, other coliforms, and Proteus sp, 354 

respectively. (C) Colonization of conventionalized zebrafish with EHEC:mCherry following 2 (Ci), 8 (Cii), 16 (Ciii) 355 

and 24 hours (Civ) of infection.  356 

 357 

DISCUSSION 358 

Here, we establish zebrafish larvae as a new vertebrate model for EHEC infection. Maintenance 359 

of zebrafish is inexpensive and their propagation and development is quick compared to other 360 

vertebrate animals, making them an attractive model organism for infection biology. Zebrafish 361 

have been used extensively to study bacterial infections, but to date few gastrointestinal infection 362 

models have been described and our study provides, to our knowledge, the first extensive 363 
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description of a food-borne infection model in zebrafish. P. caudatum is an ideal vector for food-364 

borne infections: It is commonly used as a food-source for young zebrafish, and interactions 365 

between E. coli and Paramecia have been characterized previously (38). In agreement with 366 

earlier studies, we found no detrimental effect of EHEC-associated virulence factors on P. 367 

caudatum proliferation. E. coli is taken up into food vacuoles within seconds to minutes, 368 

depending on the density of suspended particles (39). Vacuoles gradually acidify from an initial 369 

pH of 8 to reach a pH of close to 1 (39), and EHEC have a half-life of approximately 150 370 

minutes under those conditions. This bacterial passage through an acidifying compartment and 371 

subsequent release into the zebrafish foregut upon ingestion of paramecia mimicks passage 372 

through the human GI tract and acidification in the stomach.  373 

Upon ingestion, EHEC rapidly colonize the mid-intestine, and although bacteria were initially 374 

observed both in fore-gut and mid-intestinal tract, EHEC shows a distinct preference for 375 

colonizing the mid-intestine, and the site of infection displays sharp boundaries, with temporary 376 

colonization of the fore-gut during early infection, and no colonization of the posterior intestine 377 

(Fig. 2, 4). In contrast, colonization of infant rabbit is not as localized, with similar bacterial 378 

burdens found in ileum, cecum and colon even at later time points (5).  379 

Human EHEC infection is known to cause a strong pro-inflammatory response, and neutrophil 380 

infiltration of the lamina propria and transmigration through the intestinal epithelium into the gut 381 

lumen has been described in monkey, piglet, and rodent models (5, 40, 41). This is a response of 382 

increased IL-8 production by the intestinal mucosae, although it has been a point of contention 383 

whether Stx or TLR5 recognition of H7 flagellin was the major factor inducing IL-8 secretion. In 384 

vitro and ex vivo studies using flagellar mutants demonstrated that IL-8 secretion is driven by 385 

exposure of epithelial cells to flagellar antigen, and to some extent, TLR4-driven responses to 386 
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LPS (42, 43). In our model, Stx negative EHEC is still capable of mounting a strong neutrophilic 387 

inflammation, which supports these data. While neutrophil depletion has been shown to increase 388 

the bacterial burden of Citrobacter rodentium in mouse (44) and targeting leukocyte adhesion 389 

factor with antibody reduces disease symptoms in rabbits (3), no direct link between neutrophil 390 

recruitment and bacterial clearance has been established for EHEC. The zebrafish immune 391 

system displays many similarities to that of mammals, with counterparts for most human 392 

immune cell types (45). The zebrafish innate immune system starts to develop as early as 24 hpf 393 

with primitive macrophages followed by neutrophils at 32-48 hpf. The development of the 394 

adaptive immune system lags behind, taking another 4 weeks to fully develop (46). This feature 395 

provides an opportunity to exclusively observe the innate immune reaction to an EHEC infection 396 

in our experimental system. Real-time imaging of EHEC infected zebrafish allowed us to 397 

simultaneously follow and establish a temporal link between neutrophilic inflammation and 398 

EHEC persistence in the intestine. We observed a significant increase in neutrophil recruitment 399 

to the infection site as early as 2 hpi, with a peak around 8 hpi. After that, the response gradually 400 

diminished until the experimental endpoint (12 hpi). This coincided with bacterial burden, which 401 

was significantly decreased 3 hpi, and gradually diminished thereafter. However, a low level of 402 

persistence was still observed at the experimental endpoint, 24 hpi. Although only 403 

circumstantial, the timing of these two events suggests bacterial clearance may, at least in part, 404 

be mediated by neutrophils.  405 

EHEC infection in infant rabbits is self-limiting, with a peak in bacterial burden approximately 7 406 

dpi and a decline in inflammation and bacterial burden thereafter (5). We observe a similar, 407 

albeit accelerated pattern in zebrafish, with peak inflammation approximately 8 hpi. Bacterial 408 

burden declines over time, and interestingly, there are two distinct colonization patterns: 409 
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Approximately half the animals clear the infection, while the other half display low but persistent 410 

colonization until the experimental endpoint, without signs of clearance (Fig. 2D). Although 411 

current licence requirements prevented us from doing so, future work will focus on following 412 

infections for longer, to establish if EHEC is eventually fully cleared from these animals.  413 

Following attachment to the host epithelia, EHEC regulates the cordinated expression of a range 414 

of bacterial effectors through the activity of LEE 1-5 encoded virulence factors. The LEE1 415 

encoded masterregulator of the LEE pathogenicity isleand, Ler, has previously been shown in in 416 

vitro models to be activated early in infection and is regulated in part through bacterial 417 

attachment and sensing of fluid shear (47). The activity of the five LEE operons is also temporal, 418 

with in vitro models demonstrating that by 3 hpi LEE1 activity is down regulated, while 419 

transcription of LEE3 and LEE5 encoded genes is upregulated (48). Through the use of EHEC 420 

strains expressing a LEE1:gfp reporter we were able to utilise the zebrafish model to visualise 421 

LEE1 activation in vivo during the early stages of infection, and correlate its expression with the 422 

EHEC colonization pattern. Our results demonstrate the importance of tight control of EHEC 423 

virulence gene regulation for  successful colonization in vivo. Deletion of adhE which post-424 

transcriptionally affects the regulation of virulence genes through Hfq, suppresses production of 425 

the LEE-encoded T3SS and decreases colonization in a rabbit model (28). Decreased 426 

colonization was also recapitulated in the zebrafish model, with both LEE1 induction and 427 

bacterial burden decreased in an adhE mutant compared to the TUV 93-0 wild type strain (Fig. 428 

5).  Our data further demostrate that temporal regulation of LEE activation is important to 429 

success of colonization: Deletion of tolA causes constitutive activation of the Rcs phosphorelay 430 

and expression of LEE encoded virulence genes outside of the host environment (30). Despite 431 

overexpression of T3SS, tolA mutants display decreased attachment to intestinal epithelial cells 432 
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and a reduced virulence in Galleria mellonella infection models. Our model recapitulated these 433 

findings, in that despite higher levels of  LEE1 expression, both in planktonic culture and in vivo, 434 

the bacterial burden was significantly reduced compared to the Sakai wild type strain (Fig. 6). 435 

Both adhE and tolA strains cause significantly reduced morbidity in the zebrafish model, 436 

compared to wild type strains (Fig. 7). These findings demonstrate that the zebrafish system 437 

faithfully reflects the contribution for T3SS, a key virulence factor, and its regulation to bacterial 438 

colonization and persistence. Our data also underpin that induction of virulence factors has to be 439 

carefully timed, and fine-tuned in response to the host environment with deregulated induction of 440 

virulence genes being just as detrimental to a pathogen’s fitness as loss of virulence factors. 441 

 442 

In summary, the zebrafish represents a powerful model to study EHEC infection. The optical 443 

clarity of zebrafish larvae and the availablity of transgenic fish lines, coupled to the use of 444 

bacterial reporter strains, enables simultaneous visualisation of bacterial physiology and the 445 

molecular dynamics of host-pathogen interactions in real time within a living organism. This 446 

model will therfore provide oportunities to study the molecular aspects governing EHEC 447 

colonization and pathogenesis in vivo, at a single cell level and with refined temporal resolution 448 

and sampling size. 449 

 450 

MATERIALS AND METHODS 451 

Bacterial strains and growth conditions. Bacterial wild type strains used in this study were 452 

EHEC O157:H7 strain 813, a derivative of Eschericha coli O157:H7 Sakai (a gift from S. 453 

Busby) and Eschericha coli O157:H7 TUV 93-0 (a gift from A. Roe), both Stx negative. The 454 
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ΔtolA mutant was a derivative of strain 813 and generated by gene-doctoring (49). Mutant 455 

ΔadhE (28, 50), was derived from TUV 93-0 (51), and received as a gift from A. Roe (Univ. of 456 

Glasgow). For monitoring localization in vivo, strains were transformed with plasmid pDP151-457 

mCherry (ampR). To visualize induction of the LEE1-encoded regulator Ler, strains were 458 

transformed with plasmid LEE1:gfp or U9:gfp (promoter-less negative control), both tetR (47). 459 

Strains were grown in LB broth supplemented with 100 µg/ml ampicillin or 34 µg/ml tetracyclin, 460 

where appropriate, at 37 °C with gentle shaking.  461 

 462 

Fish maintenance and breeding. Zebrafish (Danio rerio) strains used in this study were AB 463 

wildtype fish and transgenic fish of the Tg(mpo::egfp)i114 line that produce green fluorescent 464 

protein (GFP) in neutrophils (23). Adult fish were kept in a recirculating tank system at the 465 

University of Birmingham Aquatic Facility, or the UTHealth Center for Laboratory Animal 466 

Medicine and Care at a 14/10 hours light/dark cycle at a pH of 7.5 and 26 °C. Zebrafish care, 467 

breeding and experiments were performed in accordance with the Animal Scientific Procedures 468 

Act 1986, under Home Office Project License 40/3681 (University of Birmingham) and Animal 469 

Welfare Committee protocol AWC-16-0127. Eggs were obtained from natural spawning 470 

between adult fish, which were set up in groups of seven (4♀/3♂) in separate breeding tanks. 471 

After collection of eggs, larvae were kept in a diurnal incubator under a 14h-10h light-dark cycle 472 

with the temperature maintained at 28.5 °C. Embryos were raised in petri dishes containing E3 473 

medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4) supplemented with 0.3 474 

µg/ml of methylene blue. From 24 hpf, 0.003 % 1-phenyl-2-thiourea (PTU) was added to prevent 475 

melanin synthesis. During infections, larvae were maintained at 32 °C. All zebrafish care and 476 

husbandry procedures were performed as described previously (52).  477 
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 478 

Preparation and maintenance of gnotobiotic and conventionalized fish. Gnotobiotic embryos 479 

were produced by step-wise bleaching of eggs with a 0.0045 % sodium hypochlorite solution in 480 

E3 at 12 hpf, as previously described (52). Since the sodium hypochlorite solution leads to a 481 

hardening of the chorion, embryos were freed manually by dechorination. After bleaching, eggs 482 

were transferred and maintained in sterile E3 medium. To enable colonization of embryos by a 483 

conventional gut microbiota, embryos were transferred to untreated tank water directly obtained 484 

from the aquatic system used for maintenance of adult zebrafish following dechorination. 485 

 486 

Maintenance of Paramecium caudatum. Paramecia were cultured at 22 °C in 5 cm petri dishes 487 

with E3 medium containing E. coli MG1655 as a food source. To maintain the culture, 0.5 ml of 488 

an existing paramecium culture were passaged into 9.5 mL of fresh E3 medium containing 108 489 

CFU/mL of E. coli MG1655. 490 

 491 

Uptake and clearance of Escherichia coli O157:H7 by P. caudatum. The uptake of fluorescent 492 

EHEC by paramecia into vacuoles was observed by live imaging and on fixed samples under a 493 

fluorescent microscope. The acidification of the food vacuoles and subsequent 494 

degradation/clearance of bacteria was followed by an additional staining with lysotracker red. To 495 

determine EHEC viability within P. caudatum, samples were removed from P. caudatum 496 

cultures at indicated time points, lysed with 1% Triton-X100 in PBS and homogenized, and 497 

serial dilutions in PBS plated on CHROMagar™ O157 plates for enumeration of CFUs.  498 
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 499 

Food- and water-borne fish infections. For infection experiments bacteria were harvested by 500 

centrifugation at 6000 g for 2 min and adjusted to an OD600 of 1.0 ( concentration of 2x108 501 

bacteria/ml). P. caudatum were quantified using a hemocytometer and added to the suspension to 502 

give a concentration of 104 paramecia/mL, and incubated for 2 h at 32 °C. Following pre-503 

incubation, paramecia were washed and added to zebrafish larvae (4 dpf) housed in 6-well plates, 504 

to give the indicated bacterial concentrations. For water-borne infections, EHEC concentrations 505 

as indicated were directly prepared in E3 and added to zebrafish larvae (2ml/10 zebrafish 506 

larvae/6-well).  Following infections, zebrafish larvae were either anaesthetized by adding 507 

tricaine (final conc. 160 µg/mL) to 20 mL E3 and 2 mL of a 0.1 M sodium-bicarbonate solution 508 

to buffer the medium, or euthanized by adding 1.6 mg/mL tricaine to the buffered medium. For 509 

microscopy, larvae were transferred to a 1.5 mL microcentrifuge tube, washed in PBS, fixed by 510 

adding 1 mL of a 4 % para-formaldehyde solution in PBS, and stored at 4 °C in the dark until 511 

used. 512 

 513 

Imaging of infected fish. For live imaging, infected anaesthetized larvae were positioned in 96-514 

well glass-bottom plates and covered and immobilized with 1 % low-melting-point agarose 515 

solution. 200 µl E3 containing 160 µg/mL tricaine was added to cover the immobilized larvae. 516 

Live imaging was performed at 32 °C and 80 % humidity. A Zeiss Axio Observer inverse 517 

microscope equipped with a 10x objective was used for acquisition of 2 fluorescent channels and 518 

1 differential interference contrast (DIC) channel. The 4D images produced by the time-lapse 519 

acquisitions were processed, clipped, examined and interpreted using the Zen 2 software (Zeiss). 520 
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Maximum intensity projection was used to project developed Z-stacks and files were exported in 521 

tiff format for images or mov format for QuickTime movies. Final figures were assembled with 522 

CorelDrawX5. 523 

 524 

Determination of bacterial burden in infected fish. After euthanasia larvae were transferred to 525 

individual microcentrifuge tubes and disintegrated by repeated pipetting and vortexing in 200 µl 526 

PBS supplemented with 1% Triton X- 100. Serial dilutions of bacterial suspension were plated 527 

onto selective CHROMagar™ O157 plates and plates were incubated at 37 °C for 16 hours. 528 

Colonies identified as EHEC (mauve appearance on selection plate) were quantified for analysis. 529 
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