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Abstract 26 

 27 

Animal models are essential to understand COVID-19 pathophysiology and for pre-clinical 28 

assessment of drugs and other therapeutic or prophylactic interventions. We explored the 29 

small, cheap and transparent zebrafish larva as a potential host for SARS-CoV-2. Bath 30 

exposure, as well as microinjection in the coelom, pericardium, brain ventricle, bloodstream, 31 

or yolk, did not result in detectable SARS-CoV-2 replication in wild-type larvae. However, when 32 

the virus was inoculated in the swim bladder, a modest increase in viral RNA was observed 33 

after 24 hours, suggesting a successful infection in some animals. This was confirmed by 34 

immunohistochemistry, with cells positive for SARS-CoV-2 nucleoprotein observed in the 35 

swim bladder. Several variants of concern were also tested with no evidence of increased 36 

infectivity in our model. Low infectivity of SARS-CoV-2 in zebrafish larvae was not due to the 37 

host type I interferon response, as comparable viral loads were detected in type I interferon-38 

deficient animals. Mosaic overexpression of human ACE2 was not sufficient to increase SARS-39 

CoV-2 infectivity in zebrafish embryos or in fish cells in vitro. In conclusion, wild-type zebrafish 40 

larvae appear mostly non-permissive to SARS-CoV-2, except in the swim bladder, an aerial 41 

organ sharing similarities with the mammalian lung.  42 

 43 
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 46 

 47 

Introduction 48 

 49 

 50 

The COVID-19 pandemic has taken an enormous toll worldwide, both in human and 51 

economic losses. Although vaccination is finally under way, the SARS-CoV-2 virus is predicted 52 

to persist for years (Moore et al., 2021), and its variants represent an unpredictable threat. 53 

Thus, it will be necessary to continue the research efforts to understand its heterogeneous 54 

pathology and develop new drugs and vaccines.  55 

Animal models play a central role during any pandemic since they are essential to 56 

analyze pathology, transmission, and test vaccines and drugs. Besides non-human primates, 57 

other mammals such as Syrian hamster and ferrets are naturally susceptible to SARS-CoV-2 58 

(Muñoz-Fontela et al., 2020). Mice, the most widely used model for host-pathogen studies, 59 

require transgene-mediated expression of human angiotensin converting enzyme 2 (hACE2) 60 

to be infected (Lutz et al., 2020), although some recent variants replicate to a significant extent 61 

in wild-type mice (Montagutelli et al., 2021). All these models have several advantages and 62 

disadvantages. Non-human primates are very expensive, require large animal facilities and are 63 

not conducive to large scale experiments. hACE2 transgenic mice remain expensive and not 64 

readily available. As a result, expanding the repertoire of animal models for any disease is 65 

always beneficial and each model may shed light to unique aspects of the pathogen-host 66 

interaction. Here, we test if zebrafish larvae can be added to the list of suitable animal models 67 

for the study of COVID-19. 68 

The zebrafish larva is an increasingly popular model to understand host-pathogen 69 

interactions (Torraca & Mostowy, 2018). Low cost of husbandry, high fecundity, and small size 70 

and transparency at early stages are among its main advantages. Thus, zebrafish larvae allow 71 

live imaging of pathogen dissemination at the whole organism to subcellular scales, and in 72 

vivo molecule screens in 96 well formats. Zebrafish is also a genetically tractable model, and 73 

thousands of mutant and reporter transgenic lines are available in fish facilities and 74 

repositories worldwide. Given that 80% of disease-associated genes of humans have a 75 

zebrafish orthologue (Howe et al., 2013), it is not surprising that zebrafish continue to be 76 

developed as models for human pathogens. Further, zebrafish is a bony vertebrate with an 77 

immune system that is also highly similar to ours. For instance, orthologs of the classical 78 

inflammatory cytokines (IL1b, TNFa, IL-6) as well as type I interferons (IFNs) are all found in 79 

zebrafish (Zou & Secombes, 2016). Interestingly, zebrafish adaptive immunity develops only 80 

at the juvenile stage, weeks after hatching (Lam et al., 2004), and the larva thus constitutes a 81 

system where innate immunity can be evaluated independently of adaptive responses.  These 82 

assets make the zebrafish highly suitable to the study of host-virus interactions (Levraud et 83 

al., 2014). 84 

Experimental infection has been established with various human viruses in zebrafish, 85 

including Herpes simplex virus 1 (Burgos et al., 2008), Chikungunya virus (CHIKV) (Palha et al., 86 

2013), Influenza A virus (IAV) (Gabor et al., 2014) and norovirus (Van Dycke et al., 2019). The 87 

upper temperature limit of proper zebrafish development, 33°C (Kimmel et al., 1995), may be 88 

an issue for some viruses; however, it corresponds to that of upper airways, and in fact SARS-89 

CoV-2 replicates better at 33°C than at 37°C (V9kovski et al., 2021). The absence of lungs is 90 

another drawback to model a respiratory infection; however, teleost fish do possess an air-91 

filled organ, the swim bladder, used for buoyancy regulation. Lungs of tetrapods and swim 92 
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bladders of fish are evolutionary related and share important structural homologies, such as 93 

surfactant coating (Cass et al., 2013). In support, inoculation of IAV in swim bladder resulted 94 

in localized infection (Gabor et al., 2014).  95 

The zebrafish genome contains a unique, unambiguous ortholog of the gene encoding 96 

ACE2, the SARS-CoV-2 receptor; however, modest conservation of amino-acids at the binding 97 

interface make fish ACE2 proteins unlikely to bind the virus spike efficiently (Damas et al., 98 

2020). Despite these in silico predictions, host susceptibility requires experimental validations, 99 

especially given that many other receptors and co-receptors for SARS-CoV-2 have been 100 

identified (Zamorano Cuervo & Grandvaux, 2020). In zebrafish larvae, based on single cell 101 

transcriptomics, ace2 is strongly expressed in a subtype of enterocytes (Postlethwait et al., 102 

2021); the gut is also the organ with strongest ace2 expression in humans.  103 

There have been reports of the use of zebrafish to study COVID-19. We have recently 104 

reported pathological effects after exposure of zebrafish to recombinant SARS-CoV-2 spike 105 

protein, including accelerated heart beat in larvae and severe olfactory damage causing 106 

transient hyposmia in adults after intranasal administration (Kraus et al., 2020). Injection of 107 

recombinant spike to adults has also been reported to induce adverse effects (Ventura 108 

Fernandes et al., 2020). Xenotransplantation of human lung cells in the swim bladder of adult 109 

zebrafish has been proposed to test the effect of an herbal drug on SARS-CoV-2 (Balkrishna et 110 

al., 2020). However, to date, no in-depth assessment of the ability of SARS-CoV-2 to replicate 111 

in zebrafish has been published. 112 

Here we tested several tactics to infect zebrafish larvae with SARS-CoV-2, including bath 113 

exposure and microinjection in various organs or cavities. The swim bladder was the only 114 

organ that supported SARS-CoV-2 replication in wild-type larvae. Preventing type I IFN 115 

responses did not result in increased replication, consistent with the fact that SARS-CoV2 116 

inoculation did not result in strong IFN responses or induction of inflammatory cytokines.  117 

   118 
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Results 119 

 120 

SARS-CoV2 replicates in zebrafish larvae only when injected in the swim bladder  121 

 122 

We first tested if an early strain of SARS-CoV-2 would replicate in wild-type zebrafish 123 

larvae after bath exposure. We exposed 4 days post fertilization (dpf) larvae with inflated 124 

swim bladders (ensuring an open gut) as well as 2 dpf dechorionated embryos with suspension 125 

of either live or heat-inactivated virus added to water (8x104 PFU/mL). Larvae were then 126 

incubated at 32°C and observed regularly; no specific signs of distress were noted. After RNA 127 

extraction, the amount of polyadenylated SARS-CoV2 N transcripts were measured by qRT-128 

PCR. Although viral RNA was readily detectable after 6 hours of exposure, it then declined and 129 

became undetectable after 48 hours (Figure 1). Therefore, bath exposure failed to achieve 130 

infection. 131 

 132 

 133 
Figure 1. Bath exposure of zebrafish larvae to SARS-CoV2. Kinetics of qRT-PCR 134 

measurements of polyadenylated viral N copies; each point corresponds to an individual larva. 135 

N.d., not detected.  136 

 137 

We then turned to microinjection of larvae with SARS-CoV-2. Using a camera-fitted 138 

macroscope under a biosafety hood, a concentrated SARS-CoV-2 suspension was 139 

microinjected in various sites of 3 dpf larvae (Figure 2A). Compared with our previous 140 

experience of microinjection using the eyepieces of a stereomicroscope, this was significantly 141 

harder, notably due to lack of stereovision. These challenging injection conditions resulted in 142 

variability during early attempts; this later improved greatly, and although success of 143 

intravenous (IV) injections remained difficult to ascertain, others, notably in the coelomic 144 

cavity, were achieved reliably and in a reasonable time frame. Injection of the syncytial yolk 145 

cell was relatively easy, but leakage was often observed after capillary withdrawal, in which 146 

case larvae were discarded. Injected larvae were immediately rinsed and transferred into 147 

individual wells of 24-well plates, which were then incubated at 32°C. Larvae were imaged 148 

daily; none of the typical disease signs that we noted during other viral infections (e.g., 149 

edemas, spine bending, necrotic spots, slow blood flow) (Palha et al., 2013) were observed.  150 
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At various time points, individual larvae were euthanized and RNA extracted. The initial 151 

inoculum, measured in larvae lysed ~30 minutes post-injection (pi), was readily detectable by 152 

qRT-PCR (Table 1). Absolute quantification by qRT-PCR, using certified commercial reagents, 153 

revealed an amount of polyadenylated SARS-CoV-2 N transcripts that was ~104-fold higher 154 

than the injected number of PFU (Table 1). Therefore, the overwhelming bulk of viral RNA 155 

injected in larvae must correspond to non-infectious molecules.  156 

 157 

 Viral suspension 1 Viral suspension 2 

Titer (PFU/mL) 1.13 x 108 1.6 x 107 

PFU in 2nL inoculum 205 29 

Median N copies measured in a cDNA sample 

corresponding to 1/100th of larval extract 

11026 5679 

95% confidence interval 5175-12255 4967-7854 

Number of samples 23 12 

Ratio of median N copies to PFU 5378 19583 

Table 1. initial sense N copy numbers. Quantification by RT-qPCR of polyadenylated viral 158 

N transcripts in zebrafish larvae microinjected with 2nL of viral suspension (diluted 1.1-fold by 159 

addition of phenol red) in the coelomic cavity less than one hour before lysis.  160 

 161 

 162 

 163 
Figure 2. Microinjection of SARS-CoV2 to 3dpf wild-type larvae. A. Illustrations of the 164 

targeted sites. Images taken less than one minute after injection of the phenol red-coloured 165 

SARS-CoV-2 suspension. Red arrowheads point to the sites of microinjection. B. quantification 166 

of polyadenylated N transcripts over time, assessed by qRT-PCR; each symbol is an individual 167 

larva. Circles and squares correspond to injection of viral suspensions 1 and 2, as labelled on 168 

Table 1, respectively. Lines connect the means of values measured at each time point.  169 

 170 

We then measured polyadenylated N copies over time. A decline was observed for all 171 

injection sites, with the notable exception of the yolk (Figure 2B). Amounts measured in yolk 172 

were highly variable at early time points, more than in other sites, probably due to leakage.  173 
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To determine if the relatively high amounts detected in yolk at late time points were 174 

due to viral replication, we re-analyzed these RNA samples by performing reverse 175 

transcription with a primer that hybridizes to the 59 leader sequence of negative strand 176 

subgenomic RNAs, a hallmark of active SARS-CoV-2 replication (Kim et al., 2020; Wölfel et al., 177 

2020). Such transcripts were detected in the initial inoculum, but in lower amounts than 178 

polyadenylated transcripts (median values of 1042 and 191 copies for coelom-injected larvae 179 

with viral suspensions 1 and 2, respectively). In coelom-injected larvae, these antisense 180 

transcripts decreased and became undetectable at 48 hours post-injection (hpi). By contrast, 181 

in yolk-injected larvae, levels were stable (Figure S1A). Therefore, both sense and antisense 182 

viral RNA molecules appeared to be protected from degradation in the yolk, and there was no 183 

clear evidence for viral replication. Notably, we did not observe yolk opacity in injected 184 

animals, a hallmark of yolk cell infection with other viruses such as CHIKV (Palha et al., 2013) 185 

and Sindbis virus (SINV) (Figure S2). 186 

 187 

We then tested microinjection of SARS-CoV-2 in the swim bladder, which inflates at 3.5-188 

4dpf (Parichy et al., 2009). We noticed that when the liquid was injected at the rostral end of 189 

the bladder, it was rapidly expelled via the pneumatic duct connecting the swim bladder to 190 

the esophagus. By contrast, when liquid accumulated at the caudal end of the swim bladder, 191 

if was well retained (Figure 3A). Therefore, injections were performed at 4dpf by targeting the 192 

caudal half of the bladder; larvae with liquid injected at the rostral pole were discarded. As 193 

age-matched controls, we also injected 4dpf larvae in the coelomic cavity, i.e. just next to, but 194 

outside of the swim bladder (Figure 3A) 195 

Remarkably, after an initial decrease of viral transcripts during the first 24 hours, a 196 

subsequent increase was often noted in swim bladder-injected larvae; by contrast, the decline 197 

continued in coelom-injected larvae (Figure 3B). This suggests that in swim bladder, after an 198 

initial degradation of viral transcripts, de novo production is taking place, implying successful 199 

infection. However, no disease signs were observed. We repeated the swim bladder injection 200 

several times finding consistent results; extending the experiment by one day yielded 201 

comparable results at days 2 and 3 (Figure 3C). We also measured antisense transcripts in 202 

these larvae, observing the same trend (Figure S1B). 203 

 204 

 205 
Figure 3. Microinjection of SARS-CoV-2 to 4dpf larvae. A. illustrations of injection in the 206 

posterior end of the swim bladder or in the coelomic cavity. B-C. quantification of 207 

polyadenylated N transcripts over time, assessed by qRT-PCR; each symbol is an individual 208 

larva. B. comparison of swim bladder (red) and coelom (blue) injection in a single experiment. 209 

C, four more swim bladder injection experiments. Lines connect the means of values measured 210 
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at each time point Circles and squares correspond to injection of viral suspensions 1 and 2, as 211 

labelled on Table 1.  212 

 213 

To perform statistical analysis with reasonable power, we normalized the results of each 214 

independent experiment to the mean of the values measured just after inoculation, and then 215 

pooled the results by injection type. Because the dispersion increased considerably with time, 216 

we performed tests that allowed for unequal SDs when comparing time points. This analysis 217 

confirmed that after injection in the coelomic cavity, viral RNA amounts decline from 0 to 24 218 

hpi and again from 24 to 48 hpi. By contrast, values measured in yolk were stable. In the swim 219 

bladder, a very significant decrease is observed during the first 24 hpi; while from 24 and 48 220 

hpi, a non-significant re-increase of the means is observed (Figure 4A). Comparison between 221 

the coelom and the swim bladder showed a significantly higher level of viral RNA in the latter 222 

at 48 (but not 24) hpi (Figure 4B), consistent with a successful infection in the swim bladder. 223 

 224 

 225 
Figure 4. Statistical analysis of viral transcript quantifications. A. Comparison of SARS-CoV-2 226 

RNA loads over time in each microinjection location; ANOVA analysis of log-transformed 227 

values, not assuming equal SDs (Brown-Forsythe test with Dunn9s correction). B. Comparison 228 

of coelom and swim bladder injections at each time point; non-parametric multiple 229 

comparisons of non-transformed values (Kruskal-Wallis test with Dunn9s correction). Ns, not 230 

significant; *, p<0.05; **, p<0.01; ****, p<0.0001. Results pooled from four, two and five 231 

experiments for coelom, yolk and swim bladder injections, respectively, after normalization to 232 

the means of values measured at 0 hpi for each experiment.  233 

 234 

To confirm infection by SARS-CoV-2 after SB injection, we used whole-mount 235 

immunohistochemistry (WIHC). We tested several commercial Abs against the SARS-CoV-2 236 

nucleoprotein, and selected a mouse Mab with minimal non-specific staining of naïve larvae, 237 

except for dots in the notochord that we routinely observe and are due to the secondary 238 

antibody only (Levraud et al., 2009). As an anatomical reference, we also labelled glial fibrillary 239 

acidic protein (GFAP), to reveal glial cells and main nerves. In most virus-inoculated larvae at 240 

2 dpi, a patchy signal for N could be clearly detected in the swim bladders which were partially 241 

collapsed due to the fixation and staining procedure (Figure 5). 3D reconstruction (movie S1) 242 

indicate that these signals correspond to a few infected cells in the bladder wall, generally 243 

located close to the rear pole. No infected cells were detected outside of the swim bladders.  244 

 245 
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 246 
 247 

Figure 5. Immunodetection of infected cells in the swim bladder. A. scheme of the 248 

imaged region: the swim bladder is shown in yellow, the brain and spinal cord in magenta, the 249 

liver in grey. B-K, confocal images of SARS-CoV-2 injected (B-H) or uninjected (I-K) larvae fixed 250 

at 2 dpi and subjected to whole mount immunohistochemistry with an anti CoV-2-N antibody 251 

(green) and an anti-GFAP antibody (red), and with nuclei shown in blue. Maximal projections. 252 

The approximate contours of the partially collapsed swim bladders are shown with a dotted 253 

yellow line. N-positive cells shown with green arrowheads. Yellow arrows point to non-specific 254 

punctate signal in the notochord. 255 
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Variants of concern do not show increased infectivity in wild type larvae 257 

 258 

We then tested a series of SARS-CoV-2 variants by swim bladder inoculation. We 259 

obtained aliquotes from early passages after isolation of clinical strains, which had been 260 

titered at 3.107 PFU/mL or more and thus did not require further concentration. We tested 261 

the alpha variant (formerly known as UK variant, or B1.1.7), the beta variant (South African 262 

variant, B1.351), the gamma variant (Brazilian variant, P1) as well as a representative of the 263 

G-clade which arose early during the pandemic. Non-diluted viral suspensions were injected 264 

as described above in the swim bladder of 4dpf larvae, and were then monitored for two days; 265 

no clinical signs were observed. Viral replication was assessed by qRT-PCR. A global decline of 266 

polyadenylated N transcripts over time was observed with all variants (Figure 6). One unique 267 

larva injected with the gamma variant was found to contain slightly more N copies than the 268 

initial inoculum; therefore, the experiment was repeated for the gamma variant, and again, 269 

one larva did not show the same decline as others. Thus, results obtained with the gamma 270 

variant were comparable to those obtained with the initial strain, with a fraction of larvae in 271 

which some replication appeared to take place. No replication was found with the other 272 

strains, which also corresponded to lower inocula according to qPCR results. Overall, we saw 273 

no evidence for an increased infectivity of SARS-CoV-2 variants in zebrafish larvae. 274 

 275 

 276 
Figure 6. Testing SARS-CoV-2 variants. qRT-PCR analysis of larvae at various times after 277 

injection of 2nL of virus suspension in the swim bladder. Dotted lines separate independent 278 

experiments.  279 

 280 

A defective type I interferon response does not increase SARS-CoV-2 replication 281 

 282 

Type I interferons (IFNs) are key antiviral cytokines in vertebrates, including teleost fish. 283 

We thus tested if SARS-CoV-2 may replicate in larvae with a crippled type I IFN response.  284 

First, we used morpholino-mediated knockdown of the type I IFN receptor chains CRFB1 285 

and CRFB2, known to make zebrafish larvae hypersusceptible to infection with CHIKV or SINV 286 

(Boucontet et al., 2018; Palha et al., 2013). After injection of SARS-CoV-2 in the coelom of 3dpf 287 
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larvae, decline of N transcripts was found to be similar in IFNR-knocked down larvae than in 288 

controls (Figure 7A). 289 

To ensure a long-lasting suppression of the IFN response, we used a newly generated 290 

mutant zebrafish line dubbed <triple f=, in which the three type I IFN genes ifnphi1, ifnphi2, 291 

and ifnphi3, tandemly located on chromosome 3, have been inactivated by CRISPR. 292 

Heterozygous triple f mutants were viable and fertile; incrossing them yielded homozygous 293 

embryos at the expected mendelian ratio of ~25%. Homozygous triple f mutants could be 294 

raised up to juvenile stage, but, unlike their siblings, died in the two weeks following 295 

genotyping by fin clipping. To validate the phenotype of the mutants, we injected SINV-GFP 296 

to 3 dpf larvae from a heterozygous incross. 48 h later, all larvae were alive although some 297 

showed strong signs of disease, including loss of reaction to touch, abnormal heart beating, 298 

slow blood flow, edemas and opacified yolk spots. All larvae were imaged with a fluorescence 299 

microscope to measure the extent of infection, then lysed individually and genotyped. 300 

Homozygous mutant displayed a considerably higher level of fluorescence (Figure 7B), and 301 

were also identified a posteriori as the sickest larvae, confirming that triple f mutants are 302 

hypersusceptible to viral infection.  303 

Larvae from triple f heterozygous incrosses were thus injected with SARS-CoV-2, either 304 

in the coelomic cavity at 3dpf or in the swim bladder at 4dpf. Larvae were lysed at 48hpi, 305 

analysed by qRT-PCR, and genotyped. Consistent with previous results, a 100-fold decrease of 306 

viral RNA was observed in coelom-injected larvae, while a weaker decrease was observed for 307 

swim bladder injection, with a bimodal distribution suggesting that infection happened in 308 

about one third of cases. In both situations, viral loads in homozygous triple f mutants were 309 

not different from their wildtype siblings (Figure 7C). Thus, our results indicate that type I IFN 310 

responses are not responsible for the lack of replication of SARS-CoV-2 observed in wild-type 311 

zebrafish larvae. 312 

 313 

 314 
Figure 7. viral infection in IFN-defective larvae. A. IFN-receptor (crfb1 and crfb2 genes) or 315 

control morphants infected at 3dpf in the coelomic cavity; qRT-PCR. B and C. offspring from an 316 

incross of heterozygous triple IFN-mutants. B larvae injected with SINV-GFP IV at 3dpf, 317 

analyzed by fluorescence imaging at 48hpi. C. larvae injected with SARS-CoV-2, either at 3dpf 318 

in the coelom, or at 4dpf in the swim bladder; analysed by qRT-PCR at 0 or 48hpi. B and C, 319 

analysis by 1-way ANOVA. 320 
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Lack of detectable inflammatory responses in SARS-CoV-2 injected larvae 322 

 323 

We then tested if SARS-CoV2 inoculation in the swim bladder resulted in induction of a 324 

type I interferon response or inflammatory cytokines. For this, we performed qPCR on dT17-325 

primed cDNAs from whole larvae. Based on our previous results  (Kraus et al., 2020; Levraud 326 

et al., 2019), we tested the main type I interferon genes inducible in larvae, namely ifnphi1 327 

and ifnphi3; the strongly IFN-inducible gene MXA; the classical inflammatory cytokines il1b 328 

and tnfa; cytokines that reflect induction of type 2 or type 3 responses, il4 and il17a/f3, 329 

respectively, and chemokines ccl19a.1 and ccl20a.3. Although individual experiments 330 

suggested significant induction of ifnphi1 at 48hpi or il17a/f3 at 72h, this could not be 331 

replicated; as shown on Figure 8, in which data from 4 independent experiments have been 332 

pooled, no significant change in expression of any of these genes can be observed compared 333 

to uninjected control larvae. Similar negative results were obtained with larvae injected at 334 

different sites (not shown).  335 

Although these results do not exclude a local response to SARS-CoV-2, they are in 336 

striking contrast with the those we obtained previously in larvae infected with other 337 

pathogens such as SINV or Shigella flexneri, for which many of these genes were induced more 338 

than 100-fold (Boucontet et al., 2018). Since these experiments had been performed at 28°C, 339 

we verified that zebrafish larvae are also able to mount a strong type I response at 32°C (Figure 340 

S3). 341 

 342 



 343 
Figure 8. Host response after SARS-CoV-2 injection in the swim bladder. qRT-PCR, pool 344 

of 4 independent experiments (except for ccl19a.1and ccl20a.3, 3 and 2 experiments 345 

respectively). Numbers on X axis refers to hours post injection; noV (for <no Virus=): pooled 346 

uninjected negative controls, age-matched to 24, 48 or 72 hpi. One-way ANOVA analysis. 347 

 348 
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Mosaic overexpression of hACE2 is not sufficient to support SARS-CoV-2 infection of 350 

3 dpf larvae or fish cells in vitro 351 
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Finally, we tested if mosaic overexpression of human ACE2 in zebrafish larvae would 352 

increase their infectivity of SARS-CoV-2. We subcloned the hace2 ORF in fusion with mCherryF 353 

under the control of the promoter of the ubiquitous ribosomal protein RPS26. In addition, the 354 

fragment is flanked by two inverted I-SceI meganuclease sites for higher transgenesis 355 

efficiency (Grabher et al., 2004). In order to be sure that the in-frame fusion of hACE2 with 356 

mCherry would not interfere with SARS-CoV2 binding to its receptor and entry in the target 357 

cells, another construct was done by inserting a self-cleaving 2A peptide between hACE2 and 358 

mCherry ORFs. We optimized the injected dose of plasmid; 68 pg was the amount yielding the 359 

highest mCherry expression without increasing the proportion of misshapen embryos (Figure 360 

S4A). In 24 hpf embryos, many mCherry+ cells, randomly distributed, were visible in these 361 

embryos under the fluorescence microscope. In swimming larvae, mCherry+ cells were still 362 

clearly visible but in lower amounts (Figure S4B). To get a quantitative assessment of their 363 

frequency, we dissociated 4dpf larvae and analyzed the suspension by flow cytometry, which 364 

indicated that ~0.5% of the cells were mCherry+(Figure S4C). Larvae were fixed and processed 365 

by immunohistochemistry, which confirmed ACE2 expression at the membrane of mCherry+ 366 

cells (Figure S4D). 367 

Zebrafish AB eggs were injected with the plasmid, and at 3dpf, the 25% larvae displaying 368 

the highest mCherry expression and good morphology were selected. They were then 369 

microinjected with SARS-CoV-2 in the coelom or the brain ventricle, and processed as above. 370 

qRT-PCR analysis revealed that viral mRNA transcripts decreased just as it did in AB larvae 371 

(Figure 9). Thus, this approach did not increase infectivity of SARS-CoV-2 in zebrafish larvae. 372 

We finally tested if hACE2 overexpression by in vitro cultured fish cells made them 373 

susceptible to SARS-CoV-2, using the cyprinid cell line EPC. EPC cells were co-transfected with 374 

GFP and hACE2 expression plasmids; transfection efficiency and membrane hACE2 expression 375 

was verified by IHC (Figure S5A,B). These transfected cells were incubated with active or heat-376 

killed SARS-CoV-2 at a MOI of 0.1, and then tested for viral replication by qRT-PCR on cell 377 

lysates. No difference was observed between GFP-only and GFP+hACE2 expressing cells 378 

(Figure S5C); furthermore, the amount of N transcripts fell dramatically from day 0 to day 2, 379 

showing that hACE2-expressing EPC cells were not able to support SARS-CoV-2 replication. 380 

 381 

 382 

 383 
Figure 9. Injection of 3dpf hACE2-mCherry mosaic larvae. Quantification of sense N 384 

transcripts in individual hACE2-mCherry mosaic larvae injected in coelomic cavity (left; one 385 

experiment with hACE2-mCherry, one with hACE2-2A-mCherry) or brain ventricle (right; with 386 

hACE2-2A-mCherry) by qRT-PCR.  387 
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Discussion 388 

 389 

We report here our in-depth attempt to infect zebrafish larvae with SARS-CoV-2. Only 390 

larvae were tested because they present multiple practical advantages over adult fish: they 391 

can be rapidly generated in large quantities, incubated in multi-well plates, are highly 392 

amenable to imaging, and subject to fewer ethical regulations; therefore, they would be most 393 

suitable to drug screening. Whether juvenile or adult zebrafish would be more susceptible to 394 

SARS-CoV-2 remains to be tested.   395 

We used absolute qRT-PCR of viral transcripts to test for viral replication. Surprising high 396 

numbers were measured shortly after injection, as the concentrated viral suspensions we 397 

used contained a considerable amount of non-infectious viral molecules, including negative 398 

strand species. In all likelihood, these molecules were released by infected Vero-E6 cells 399 

during the production of the virus stock; possibly by living cells as defective viral particles or 400 

in vesicles such as exosomes, or as free or membrane-bound RNA from dying cells. Whatever 401 

their origin, they complicate the detection of active viral replication, which has to generate 402 

enough molecules to exceed this background.  403 

In almost all of our tests, a rapid (10 to 100-fold) decrease of mRNA copies was observed 404 

during the first day, likely due to degradation of non-infectious RNA species. After a few hours 405 

bath exposure, viral RNA was detected in doubly-rinsed larvae; this did not require active 406 

fusion or viral particles as RNA was also detected after exposure to heat-inactivated virus, and 407 

may have resulted from sticking of particles to skin surfaces or entry in the pharyngeal cavity. 408 

Two days after the starting of exposure, viral RNA was undetectable and thus the virus failed 409 

to achieve infection by bath, consistent with the results of (Kraus et al., 2020). 410 

Microinjection is the most common way to infect zebrafish larvae with viruses (Levraud 411 

et al., 2014). After microinjection of a few nanoliters in larvae, the inoculum was readily 412 

measurable; however, when injected in the coelom, the pericardium, the bloodstream or the 413 

brain ventricle, viral RNA copy numbers then steadily declined, indicating unsuccessful 414 

infection. Two injection sites yielded different results: the yolk and the swim bladder. In the 415 

yolk, no RNA decrease was observed, suggesting that viral RNA molecules 3 perhaps owing to 416 

their coating with nucleoprotein and/or their localization in vesicles 3 were spared from 417 

degradation. Importantly, the yolk was unique among all tested sites as the one where 418 

injection is performed inside the cytosol of a cell (the yolk syncytial cell, not to be confused 419 

with the yolk sac) and not in the extracellular milieu. This does not necessarily prevent 420 

infection, as other viruses, such as CHIKV (Briolat et al., 2014) or human noroviruses (Van 421 

Dycke et al., 2019) have been shown to infect larvae after yolk injection. No signs of yolk 422 

infection (such as opacity observed with CHIKV and SINV) were observed, and no increase of 423 

viral mRNA was observed, so we believe that yolk injection did not result in active SARS-CoV-424 

2 replication.  425 

By contrast, injections in the swim bladder resulted in a ~20-fold decrease of mRNA 426 

copies during the first day, followed by a small re-increase of the mean associated with a 427 

strong dispersion of values. This strongly suggests that successful infection occurred in some 428 

but not all larvae after swim bladder infection. Replication remained modest however, with 429 

only a 2- to 3-fold increase in copy numbers per day. Because of the considerable spread in 430 

measured copy numbers at 2 dpi, the re-increase is statistically borderline, but the bimodal 431 

distribution observed in the independent type I IFN mutant assay, and the comparisons with 432 

injections in the coelom, support this finding. Importantly, this was also confirmed by an 433 

independent immunohistochemistry assay as we observed, in a fraction of injected larvae, a 434 



few cells in the swim bladder wall there labelled by an antibody that detects the SARS-COV-2 435 

nucleoprotein. It remains unclear why infections succeed in only a fraction of swim-bladder 436 

injected larvae. This could be due to a very low effective inoculum, but this seems unlikely 437 

since the success rate was not obviously higher with viral suspension 1 than suspension 2, 438 

despite a 7-fold higher titer.     439 

It is interesting that the organ found to be most permissive to infection in zebrafish 440 

larvae is homologous to the human lung which is the primary target of the virus. We do not 441 

know if swim bladder epithelial cells express ace2. Unfortunately, there is no <swim bladder 442 

epithelium= subset in the scRNAseq zebrafish developmental atlas (Farnsworth et al., 2020), 443 

perhaps because these cells are too rare or difficult to isolate enzymatically. However, the 444 

swim bladder derives from the gut, which is the only organ in which cells highly express ace2 445 

in the atlas (Postlethwait et al., 2020). One may speculate that, besides surface protein 446 

expression, biophysical parameters such as surfactant coating or pressure-mediated tension 447 

of the epithelium could contribute to infectivity. 448 

Not surprisingly, the SARS-COV-2 virus has evolved during the pandemic with successful 449 

waves of variants of concern with mutated spike protein, predicted to modulate binding to 450 

hACE2 and antibody neutralization. In the normally non-permissive wild-type mouse model, 451 

it has been shown that the beta and gamma variants replicated to a significant extent 452 

(Montagutelli et al., 2021). We tested several variants, including those two, in the zebrafish 453 

swim bladder model but did not find increased infectivity compared to the reference strain. 454 

To stay within the thermal range of both virus and host, we incubated SARS-CoV-2-455 

injected larvae at 32°C. Because SARS-CoV-2 replicates better at 33°C than 37°C in mammalian 456 

cells (V9kovski et al., 2020) (and our own observations), this is unlikely to be the reason for the 457 

poor replication of the virus in larvae. We also verified that at this temperature, larvae are 458 

able to mount a type I IFN response against another virus, eliminating temperature stress as 459 

the explanation for the lack of inflammatory response of zebrafish larvae to SARS-CoV-2. This 460 

is more likely a due to the small number of infected cells in our conditions, and possibly also 461 

active inhibition of some innate immune pathways by the virus. Protocols resulting in stronger 462 

infection will be needed for studying SARS-CoV2-induced inflammation in zebrafish larvae. 463 

This absence of measurable type I IFN response is consistent with the finding that IFN or IFN-464 

R deficiency did not rescue virus infectivity. Thus, a limited compatibility between the virus 465 

and the host, rather than an intrinsic active resistance, seems the most likely explanation for 466 

our largely negative results. 467 

Mosaic overexpression of hACE2 did not result in infectivity of 3 dpf larvae by SARS-CoV-468 

2. We do not know if this was due to the relatively small number of cells expressing the 469 

transgene (<1%), to low expression or misfolding of the hACE2 protein, and/or to other causes. 470 

As an alternative strategy, we also tested injection of synthetic mRNA encoding hACE2-471 

mCherryF; this resulted in clear ubiquitous mCherry expression at 24 hpf, but it had become 472 

undetectable by 2 dpf (not shown). This suggests that the hACE2 protein has a relatively short 473 

half-life in the zebrafish larval context. This issue may be solved by the establishment of stable 474 

transgenic zebrafish lines expressing hACE2. However, we also tested the effect of 475 

overexpression of hACE2 in the more stable context using the EPC cell line. EPCs are derived 476 

from a cyprinid fish, and used routinely to test the pro- of anti-viral activity of zebrafish genes 477 

by overexpression (e.g., (Langevin et al., 2013)). However, expression of hACE2 was not 478 

sufficient to allow replication of SARS-COV-2 on these cells. The lack of replication may be due 479 

to the need for co-expression of the transmembrane serine protease TMPRSS2, which has 480 

been shown to greatly increase SARS-CoV2 infectivity (Hoffmann et al., 2020). We also 481 



attempted to overexpress human TMPRSS2 in zebrafish embryos, either by plasmid or mRNA 482 

injection; unfortunately, this was found to be highly toxic, as it resulted in severe 483 

developmental anomalies that precluded injections.  484 

In conclusion, our experiments indicate that the zebrafish larva is largely not infectable 485 

by SARS-CoV-2, except when the virus is injected in the swim bladder, which appears to result 486 

in modest viral replication in a subset of the animals. Given the expression of ace2 in zebrafish 487 

enterocytes, it would also have been interesting to microinject the virus in the gut lumen. We 488 

tried, unsuccessfully, in part because of the close apposition of the gut and the easily damaged 489 

yolk. It should be noted however, that coelomic injections (the equivalent of intraperitoneal 490 

injections), comparatively easy to perform, deliver the virus in close proximity to the basal 491 

side of enterocytes, but do not yield successful infection. Further optimization of infection 492 

procedures, starting with the generation of transgenic zebrafish expression stably expressing 493 

human ACE2, will be needed to unleash the full potential of the zebrafish larva in the fight 494 

against COVID-19. 495 

  496 



 497 

Methods 498 

 499 

Ethical statement  500 

Animal experiments described in the present study were conducted according to 501 

European Union guidelines for handling of laboratory animals 502 

(http://ec.europa.eu/environment/chemicals/lab_animals/home_en.htm) and were 503 

Approved by the Ethics Committee of Institut Pasteur.  504 

 505 

Fish 506 

Wild-type zebrafish (AB strain), initially obtained from ZIRC (Oregon, USA) were raised 507 

in the aquatic facility of Institut Pasteur. After natural spawning, eggs were collected, treated 508 

for 5 minutes with 0.03% bleach, rinsed twice, and incubated at 28°C in Petri dishes in Volvic 509 

mineral water supplemented with 0.3µg/mL methylene blue (Sigma-Aldrich). After 24 hours, 510 

the water was supplemented with 200µM phenylthiourea (PTU, Sigma-Aldrich) to prevent 511 

pigmentation of larvae. After this step, incubation was conducted at 24, 28 or 32°C depending 512 

on the desired developmental speed. Developmental stages given in the text correspond to 513 

the 28.5°C reference (Kimmel et al., 1995). Sex of larvae is not yet determined at the time of 514 

experiments. 515 

Triple type I interferon CRISPR mutants have been generated by the AMAGEN 516 

transgenesis platform (Gif-sur-Yvette, France) by co-injection of CAS9 with two sgRNA 517 

targeting ifnphi1 (target sequence, GCTCTGCGTCTACTTGCGAAtgg) and ifnphi2 (target 518 

sequence, ATGTGCGCGAAAAAGAGTGCtgg) in one-cell eggs from homozygous ifnphi3ip7/ip7 519 

null mutants of AB background (Maarifi et al., 2019). After growth to adulthood, a founder 520 

was identified that co-transmitted mutations in ifnphi1 and ifnphi2 in addition to the ip7 521 

mutation of ifnphi3. The ip9 allele mutation in ifnphi1 consists in a 7 base pair deletion in the 522 

first exon of the secreted isoform (GAATGGC, 75 bases downstream of the start ATG). The 523 

ip10 allele in ifnphi2 consists in a 19bp deletion in the first exon (TGCGTTCTTATGTCCAGCA, 20 524 

bases downstream of the start ATG). This founder was crossed with AB fish and F1 fish triply 525 

heterozygous for mutations ip7, ip9 and ip10 were selected to establish the <triple j= mutant 526 

line. As expected since ifnphi1, ifnphi2 and ifnphi3 are closely located in tandem on a 35 kb 527 

region of zebrafish chromosome 3, the ip7, ip9 and ip10 mutations were always found to co-528 

segregate. Genotyping PCR primers are listed on Table 2. 529 

 530 

Viruses 531 

The main SARS-CoV-2 stock used (BetaCoV/France/IDF0372/2020 strain) was 532 

propagated twice in Vero-E6 cells and is a kind gift from the National Reference Centre for 533 

Respiratory Viruses at Institut Pasteur, Paris, headed by Dr Sylvie van der Werf; this strain was 534 

isolated from a human sample provided by Drs. Xavier Lescure and Yazdan Yazdanpanah from 535 

the Bichat Hospital, Paris. To generate concentrated virus, Vero-E6 cells were infected with 536 

virus at an MOI of 0.01 PFU/cell in DMEM/2%FBS, and incubated for 72 h at 37°C, 5% CO2. At 537 

this point, the cell culture supernatant was harvested, clarified and concentrated using 538 

Amicon Ultra-15 Centrifugal units 30K (Merck Millipore). Virus titers were quantified by 539 

plaque assay in Vero-E6.  540 

The variants strains used were also supplied by the National Reference Centre for 541 

Respiratory Viruses at Institut Pasteur and were used directly without further propagation. 542 

The G-clade (BetaCoV/France/GE1973/2020; 3x107 PFU/ml), alpha (hCoV-19/France/IDF-543 



IPP11324i/2020; 6.75x107 PFU/ml), beta (hCoV-19/France/PDL-IPP01065i/2021; 1.75x108 544 

PFU/ml), and gamma (hCoV-19/French Guiana/IPP03772i/2021; 5.53x107 PFU/ml) variants 545 

were isolated from human samples provided respectively by Dr Laurent Andreoletti, from 546 

Robert Debré Hospital, Reims, France; Dr Foissaud, HIA Percy, France; Dr Besson J. from 547 

Bioliance Laboratory, France; and Dr Rousset, Institut Pasteur, Cayenne, French Guiana. 548 

The SINV-GFP virus corresponds to the SINV-eGFP/2A strain described in (Boucontet et 549 

al., 2018) and was used as a BHK cell supernatant at 2x107 PFU/mL. 550 

 551 

Bath exposure 552 

Bath exposures were conducted in a 12-well plate with 4 larvae per well in 2 mL of water 553 

plus PTU. 2dpf embryos were manually dechorionated previously. 10 µL of SARS-CoV-2 554 

suspension 2 (either freshly thawed or heat-inactivated for 5 minutes at 70°C) was added to 555 

each well and gently mixed, then the plates were incubated at 32°C. After a given incubation 556 

time, larvae were deeply anesthetized with 0.4mg/ml tricaine (MS222, Sigma-Aldrich), rinsed 557 

twice in 10mL of water, transferred individually into tubes and after removal of almost all 558 

water, lysed in 320 µl of RLT buffer (Qiagen) supplemented with 1% b-mercaptoethanol 559 

(Sigma-Aldrich). 560 

 561 

Microinjection 562 

SARS-CoV-2 microinjections are carried out under a microbiological safety hood inside a 563 

BSL3 laboratory, in which a camera-fitted macroscope (DMS1000, Leica) with a 564 

transilluminated base is installed, as in (Van Dycke et al., 2019). Borosilicate glass capillaries 565 

are loaded with a concentrated SARS-CoV-2 suspension previously coloured by the addition 566 

of 10% (V/V) of 0.5% phenol red in PBS (Sigma), then connected to a FemtoJet 4i microinjector 567 

(Eppendorf). Otherwise, the procedure was similar to the one detailed in (Levraud et al., 568 

2008). After breakage of the capillary tip, pressure was adjusted to obtain droplets with a 569 

diameter of ~0.13mm. Larvae at the desired developmental stage were anesthetized with 570 

0.2mg/mL tricaine and positioned and oriented in the groove molded in agarose of an 571 

injection plate overlaid with water containing tricaine. Using a micromanipulator, the capillary 572 

was then inserted at the desired site and two pulses performed to inject approximatively 2 nL. 573 

Proper injection is ascertained visually with the help of phenol red staining; otherwise, the 574 

larva is discarded. A picture of the injected larva is taken with the camera, and it is then rinsed 575 

by transfer inside a water-filled Petri dish and immediately transferred to its individual well in 576 

a 24-well plate, containing 1mL of water with PTU. Larvae are then incubated at 32°C (actual 577 

temperatures measured inside the incubator ranged from 31.6 to 33.2°C). At daily intervals, 578 

all larvae were anesthetized by addition of a drop of 4mg/mL tricaine into each well and a 579 

snapshot was taken. A randomized subset of larvae was then transferred to tubes and 580 

individually lysed in 320 µl of RLT buffer + 1% b-mercaptoethanol. Water with tricaine was 581 

then removed from the remaining wells, replaced with 1 mL of fresh water with PTU, and the 582 

plate returned to the incubator. 583 

SINV injections were performed in a BSL2 laboratory as described in (Passoni et al., 584 

2017). 585 

 586 

Lysis, RNA extraction, and RTqPCR of larvae 587 

After addition of RLT buffer, larvae were dissociated by 5 up-and-down pipetting 588 

movements. Tubes may then be frozen at -80°C for a few days. Before export from the BSL3 589 

laboratory, RLT lysates were incubated at 70°C for 5 minutes to ensure complete virus 590 



inactivation (preliminary tests confirmed that this had a negligible impact on qRT-PCR results). 591 

Total RNA was then extracted with a RNeasy mini kit (Qiagen) without the DNAse treatment 592 

step and a final elution with 30µL of water. 593 

RT was performed on 6µl of eluted RNA using MMLV reverse transcriptase (Invitrogen) 594 

with either a dT17 primer (for polyadenylated transcripts) or the SgleadSARSCoV2-F primer (for 595 

negative strand viral transcripts) (Wölfel et al., 2020)(Table 2). cDNA was diluted with water 596 

to a final volume of 100 µL, of which 5 µL was used as a template for each qPCR assay. 597 

Real time qPCR was performed with an ABI7300 (Applied Biosystems). Quantitation of 598 

sense or antisense viral N transcripts was performed by a Taqman probe assay, using the 599 

primer-probe mix from the 2019-nCoV RUO kit (IDT) with iTaq Universal Probes One-Step kit 600 

(Bio-Rad). The 2019-nCoV_N_Positive Control plasmid (IDT) was used as a standard for 601 

absolute quantification. Quantification of zebrafish transcripts was performed using a SYBR 602 

assay using the Takyon SYBR Blue mastermix (Eurogentec) with primer pairs listed on Table 2. 603 

These primers typically span exon boundaries to avoid amplification of contaminating 604 

genomic DNA. For absolute quantification of the housekeeping gene rps11, a standard was 605 

produced by PCR using primers to amplify a fragment including the whole open-reading frame, 606 

which was gel-purified and quantified by spectrophotometry. Ratios of other transcripts to 607 

rps11 were estimated by the 2&Ct method.  608 

 609 

Morpholino and plasmid injection in eggs 610 

Morpholino antisense oligonucleotides (Gene Tools) were injected (1 nL volume) in the 611 

cell or yolk of AB embryos at the one to two cells stage as described (Levraud et al., 2008). 612 

crfb1 splice morpholino (2 ng, CGCCAAGATCATACCTGTAAAGTAA) was injected together with 613 

crfb2 splice morpholino (2 ng, CTATGAA TCCTCACCTAGGGTAAAC), knocking down all type I 614 

IFN receptors (Aggad et al., 2009). Control morphants were injected with 4 ng control 615 

morpholino, with no known target (GAAAGCATGGCATCTG GATCATCGA).  616 

Expression plasmids, produced using an endotoxin-free kit (Macherey-Nagel), were co-617 

injected with the I-SceI meganuclease (Grabher et al., 2004). Briefly, 12.5µL of plasmid is 618 

mixed with 1.5µl of Custmart buffer and 1µl of I-SceI (New England Biolabs), and incubated at 619 

room temperature for 5 min before being put on ice until injection of 1 nL inside the cell of AB 620 

embryos at the one-cell stage. 621 

 622 

Live fluorescence imaging 623 

SINV-GFP infected or hACE2-mCherry expressing larvae were imaged with an EVOS FL 624 

Auto microscope (Thermo Fisher Scientific) using a 2× planachromatic objective (numerical 625 

aperture, 0.06), allowing capture of the entire larva in a field. Transmitted light and 626 

fluorescence (GFP or Texas Red cube) images were taken. They were further processed 627 

(superposition of channels, rotation, crop, and fluorescence intensity measure) using Fiji. 628 

Mean background fluorescence of uninjected control animals was subtracted from the 629 

measured signal to obtain the specific fluorescence.  630 

 631 

Flow cytometry 632 

Pools of 10 larvae were dissociated by a combination of mechanical trituration 633 

(repeated pipetting) and enzymatic treatment at 30°C, first with 200µL of 0.25% Trypsin-EDTA 634 

(Gibco) for 10 minutes, and 10 more minutes after addition of 10% sheep serum, CaCl2 to 635 

2µM, and 1µL of 5mM collagenase (C9891, Sigma). Cell suspensions were then washed with 636 

PBS 1x, pelleted, resuspended in PBS, and filtered on a 40µm mesh. Dead cells were labelled 637 



with Sytox AADvanced (ThermoFisher). Cell suspensions were acquired on an Attune NxT flow 638 

cytometer (ThermoFisher) with blue and yellow lasers, and data analyzed with FlowJo. 639 

 640 

Cell culture 641 

Epithelioma papulosum cyprini cell line (EPC) was maintained in Leibovitz-15 media (L15, 642 

Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco), 100 µg/l penicillin and 100 643 

µg/ml streptomycin. EPC cells were cultured at 32)°C without CO2. 644 

 645 

Human ACE2 expressing constructs 646 

The hACE2 ORF was amplified from clone IOH80645 (Thermosfisher, GenBank 647 

NM_021804.2) using primers hACE2NotStart3 and hACE2EndNot3 (table 2). The amplified PCR 648 

fragment was digested by NotI and inserted in the NotI site of the Tol2S263C:mC-F vector 649 

between the promoter of the zebrafish ubiquitous ribosomal protein RPS26 encoded by 650 

chromosome3, and the mCherry ORF. In this construct, the RPS26 promoter drives the 651 

expression of a hACE2 protein fused at its C-term with farnesylated mCherry. In order for the 652 

ORF to drive the expression of two separated proteins (hACE2 and mCherry-F), primers 653 

hACE2NotStart3 and hAce2.2ANot were used to amplify the hACE2 ORF from the IOH80645 654 

clone. The amplified fragment was digested by NotI and cloned in the NotI site of 655 

Tol2S263C:mC-F between the promoter of the zebrafish ubiquitous ribosomal protein RPS26 656 

encoded by chromosome3, and the mCherry ORF. Maps and sequences of plasmids are 657 

available at https://doi.org/10.5281/zenodo.4672028. 658 

For in vitro transfection of EPC cells, plasmid pcDNA3.1-hACE2 (Addgene #1786) was 659 

directly used along plasmid pmEGFP-N1 (Chen & Reich, 2010). 660 

 661 

Cell transfection 662 

EPC cells were electroporated with the Neon transfection system (Invitrogen). Briefly, 663 

EPC cells were trypsinized and resuspended in L15 media supplemented with FBS and 664 

antibiotics. Cells were counted and centrifugated at 2000 rpm for 5 minutes. 0.8 x 106 cells 665 

per condition were resuspended in 80 µl of L15 without phenol red with 2.4 µg of each 666 

plasmid. Cells were electroporated using 10 µl neon tips with 1 pulse of 1700 V during 20 ms. 667 

Electroporated cells were plated in a 6-well plate in L15 + FBS + antibiotics and incubated 3 668 

days at 32°C before experiment. 669 

 670 

Cell infection and RT-qPCR 671 

Transfected EPC cells were transferred to BSL3 laboratory for infection with SARS-CoV2. 672 

Cells were rinsed with L15 media + FBS + antibiotics and incubated 5 minutes at 32°C. Cells 673 

were infected at MOI 0.1 with virus diluted in L15 media + FBS + antibiotics and incubated at 674 

32°C during 1 hour with agitation. After incubation, L15 media + 10% FBS + antibiotics was 675 

added and cells were incubated 2 days at 32°C or processed directly for RNA extraction. 676 

Before RNA extraction, culture medium was removed and cell were rinsed once with 677 

PBS. Extraction of total RNA was performed using Tri-Reagent (Sigma) following manufacturer 678 

recommendations. Total RNA was resuspended in 100 µl of RNase-free water. 679 

Reverse transcription was performed on 5 µl of RNA suspension using QuantiTect 680 

Reverse Transcription kit (Qiagen) with either the qiagen RT primer mix or the 681 

SgleadSARSCoV2-F primer (for negative strand viral transcripts) (Wölfel et al., 2020). cDNA 682 

was diluted with water to a final volume of 50 µL, of which 2.5 µL was used as a template for 683 

each qPCR assay. 684 



Real time qPCR was performed with a Realplex2 (Eppendorf). Quantitation of viral N 685 

transcripts was performed by a Taqman probe assay, using the primer-probe mix from the 686 

2019-nCoV RUO kit (IDT) with iTaq Universal Probes kit (Bio-Rad). Quantitation of actin 687 

transcripts was performed by a SYBR green assay, using primers specific for fathead minnow 688 

³-actin (Table 2) with iTaq universal SYBR green supermix (Bio-Rad). 689 

 690 

Immunohistochemistry  691 

Whole-mount immunohistochemistry of larvae was performed essentially as described in 692 

(Palha et al., 2013) and (Santos et al., 2018). For COV2-N detection, additional treatment with 693 

glycine 0.3M in PBST (30 minutes at RT) and Heat induced antigen retrival (HIER) were 694 

performed. HIER treatment was performed in 150mM Tris-HCl, Ph 9.0 at 70 C for 15 min. 695 

Primary Ab used for this labelling were: mouse anti-SARS COV2 nuceloprotein (Sino Biological, 696 

40143-MM05, 1:100) and rabbit anti-GFAP (GeneTex, GTX128741, 1:100). As secondary Ab 697 

were used: goat anti-mouse F(ab)92 AlexaFluor 488 (Molecular Probes, A11017, 1:300) and 698 

goat anti-rabbit Cy3 (Jackson Laboratories 111-166-003, 1:300). Furthermore, to label the 699 

nuclei was used NucRed Live 647 (ThermoFisher, R37106, 4 drops for mL for 45 minutes). For 700 

hACE2 detection, stainings were performed sequentially since both the primary Ab for ACE2 701 

and the secondary Ab for mCherry were from goat.  Primary staining for ACE2 (goat anti-ACE2, 702 

AF933, R&D systems, 4µg/mL) was performed first, followed by its secondary staining (donkey 703 

anti-goat Ig Alexa 488, A100555, Invitrogen, 1:300), then primary staining for mCherry (rabbit 704 

anti-DsRed, 632393, Clontech, 1:300) and secondary staining (goat anti-rabbit Ig Cy3, 111-166-705 

003, 1:300). Nuclei were labelled with 2µg/mL Hoeschst 33342 (Invitrogen).   706 

After IHC larvae were conserved in 80% Glycerol until acquisition. For acquisition of N-CoV2 707 

the larvae were mounted in 2% Agarose in 80% Glycerol singularly in a glass bottom 8 wells 708 

slide (Ibidi, 80827).Images were acquired using inverted confocal microscope Leica SP8 using 709 

10x objective zoomed 1.25x (PL FLUOTAR 10x/0.30 DRY) and 20x immersion objective (HC PL 710 

APO CS2 20x/0.75 multi-IMM). For both magnification bidirectional resonant scanning 711 

method was used and images were deconvolved using Leica Lightening Plug-in. For acquisition 712 

of hACE2 images were acquired on an upright Leica SPE confocal microscope using a 40x oil 713 

objective (numerical aperture, 1.15). 714 

For IHC of in vitro transfected cells, EPC were cultured in 6-well plate containing sterilized 715 

coverslips. At 3 days-post transfection, culture media was removed and cells were rinsed with 716 

PBS once. Cells were fixed overnight at 4°C with 4% methanol-free formaldehyde (Sigma) in 717 

PBS. Formaldehyde was removed and cells were rinsed twice with PBS and kept at 4°C in PBS 718 

+ 0.05% sodium azide. Fixed cells were rinsed 3 times in PBS. Cells were then permeabilized 719 

and blocked with PBS + 0.3 % triton X-100 + 10% horse serum during 45 min at RT. Cells were 720 

stained 1h at RT with a goat polyclonal anti-human ACE2 (AF933, R&D Systems) diluted at 721 

3µg/ml in PBS + 0.3% triton X-100 + 1% horse serum + 1% BSA + 0,01% sodium azide. Cells 722 

were then rinsed and stained during 1h at RT with Alexa647 anti-goat diluted at 1/500 in PBS 723 

+ 0.3% triton X-100 + 1% horse serum + 1% BSA + 0.01% sodium azide. After 3 rinsing with 724 

PBS, cells were incubated 1h at RT with DAPI diluted at 2.5 µg/ml in PBS. After 3 rinses in PBS, 725 

coverslips were mounted on slides with Fluoromount G (ThermoFisher Scientific). 726 

Transfection efficiency was checked at 3 days post-transfection using a Zeiss Axio Observer Z1 727 

widefield microscope with a 10X/NA 0.25 objective. Phase and GFP channel were acquired on 728 

5 field of view. Confocal acquisition of immunostained EPC cells was performed on a Leica SP8 729 

upright microscope using a 25X/NA 0.95 coverslip corrected objective. Endogenous GFP and 730 

Alexa 647 were excited with 488 nm and 638 nm respectively and detected with PMT. Fiji was 731 



used to adjust brightness and contrast of confocal images of immunostained EPC cells. 732 

Transfection efficiency was quantified using Fiji by manually counting total cells and GFP 733 

expressing cells, respectively. 734 

 735 

Statistical analysis 736 

Analysis were performed with GraphPad Prism. Methods used are indicated in Figure 737 

legends. Normality/lognormality tests of data distribution were performed to decide the most 738 

appropriate assays. 739 

 740 

 741 

 742 
 743 

Table 2. Primers used in this study 744 

  745 
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gene (allele) ZFIN ID forward primer reverse primer

ifnphi1 (wt) ZDB-GENE-030721-3 CTCTGCGTCTACTTGCGAAT CTCCAACCCAACAAGTCGC

ifnphi1 (ip9) AGCTCTGCGTCTACTTGCTT CTCCAACCCAACAAGTCGC

ifnphi2 (wt)  ZDB-GENE-071128-1 TCTTGGGGATTCATGTCTTCA GCGAAAAAGAGTGCTGGACA

ifnphi2 (ip10) TCTTGGGGATTCATGTCTTCA GTGCGCGAAAAAGAGACGAA

ifnphi3 (wt) ZDB-GENE-071128-2 AGAATGGACCTTCACCGTGT CGCAGTCTCCAGAAGTGTAT

ifnphi3 (ip7) ATTCCGTATAGGCATCTGATT CGCAGTCTCCAGAAGTGTAT

(dT)17 TTTTTTTTTTTTTTTTT

sgLeadSARSCoV2-F CGATCTCTTGTAGATCTGTTCTC 

rps11 ZDB-GENE-040426-2701 CGTGAAAGACTGTCTTCCGT TCAACAACACAGAGGAGCCA

ifnphi1 ZDB-GENE-030721-3 TGAGAACTCAAATGTGGACCT GTCCTCCACCTTTGACTTGT

ifnphi3 ZDB-GENE-071128-2 GAGGATCAGGTTACTGGTGT GTTCATGATGCATGTGCTGTA

mxa ZDB-GENE-030721-5 GACCGTCTCTGATGTGGTTA GCATGCTTTAGACTCTGGCT

tnfa ZDB-GENE-050317-1 TTCACGCTCCATAAGACCCA CAGAGTTGTATCCACCTGTTA

il1b ZDB-GENE-040702-2 GAGACAGACGGTGCTGTTTA GTAAGACGGCACTGAATCCA

il4 ZDB-GENE-100204-1 GACAGGACACTACTCTAAGAA CAGTTTCCAGTCCCGGTATA

il17a/f3 ZDB-GENE-041001-192 TCAAAGAAAGACAGCTTGGGT AACAGAAGTTGTGTATGTCCAA

ccl19a.1 ZDB-GENE-060526-181 CCCACGTGATGCTGTAATATT AGCGTCTCTCGATGAACCTT

ccl20a.3 ZDB-GENE-081022-193 AGCTGTGTCGTGTTGCAGAA CCGTTTGTGTGGAATATGACA

b-actin (EPC cells) Pimephales promelas  gene GATGACGCAGATCATGTTCGAG CCGCAAGATTCCATACCAAGGAAGG

rps11  standard ZDB-GENE-040426-2701 CCCAGAGAAGCTATTGATGGC TCACATCCCTGAAGCATGGG

hACE2NotStart3 

ACE2EndNot3

hAce2.2ANot

TATAGCGGCCGCGGGGACGATGTCAAGCTCTTCCT

TATAGCGGCCGCAAAAGGAGGTCTGAACATCA

AATTGCGGCCGCAGGGCCCAGGGTTGGACTCGACGTCTCCCGCAAGCTTAAG

AAGGTCAAAATTCAACAGCTGAGATCTAAAGGAGGTCTGAACATCAT

5'->3' sequencesgenotyping primers

RT primers

qPCR primers

construction primers



and useful discussions (Emma Colucci-Guyon, Anne Schmidt, Philippe Herbomel). We thank 757 

Bertrand Collet and Lise Chaumont (INRAE, Jouy en Josas) for sharing the pmEGFP-N1 plasmid, 758 

helpful advice on transfection, and fathead minnow b-actin primers. 759 

 760 

 761 

 762 

Funding 763 

 764 

This work was supported by the <Urgence COVID-19= fundraising campaign of Institut 765 

Pasteur, a dedicated grant co-funded by Institut Pasteur and Institut du Cerveau -Paris Brain 766 

Institute, the <ZebraCorona= grant from the exceptional research program call of Université 767 

Paris-Saclay, the MUSE-University of Montpellier COVID program, the Agence Nationale de la 768 

Recherche (Grant ANR-16-CE20-0002-03 « fish-RNAvax ») and the <ImageInLife= Innovative 769 

Training Network funded by European Community9s Horizon 2020 Marie-Curie Program under 770 

grant agreement n°721537. 771 

 772 

 773 

 774 

Competing interests  775 

 776 

The authors declare no competing interests. 777 

 778 

 779 

 780 

Author contributions 781 

 782 

JPL, PB, IS and MV designed the study, which was coordinated by JPL. VR generated the 783 

concentrated SARS-CoV-2 virus and supervised early BSL3 work in IP. BdC supervised BSL3 784 

work in INRAE. JPL and VL performed 1-cell injections and SARS-CoV-2 microinjections in the 785 

BSL3 lab, VL performed SINV injections, WIHC, and fluorescence imaging. MF performed in 786 

vitro work. JPL, LB, VL and MF performed qRT-PCR assays. GL generated the overexpression 787 

plasmids. JPL wrote the manuscript with input from all authors.  788 

  789 



References 790 

 791 

Aggad, D., Mazel, M., Boudinot, P., Mogensen, K. E., Hamming, O. J., Hartmann, R., Kotenko, 792 

S., Herbomel, P., Lutfalla, G., & Levraud, J.-P. (2009). The two groups of zebrafish virus-793 

induced interferons signal via distinct receptors with specific and shared chains. Journal 794 

of Immunology (Baltimore, Md./: 1950), 183(6), 392433931. 795 

https://doi.org/10.4049/jimmunol.0901495 796 

Balkrishna, A., Solleti, S. K., Verma, S., & Varshney, A. (2020). Application of Humanized 797 

Zebrafish Model in the Suppression of SARS-CoV-2 Spike  Protein Induced Pathology by 798 

Tri-Herbal Medicine Coronil via Cytokine Modulation. Molecules (Basel, Switzerland), 799 

25(21). https://doi.org/10.3390/molecules25215091 800 

Boucontet, L., Passoni, G., Thiry, V., Maggi, L., Herbomel, P., Levraud, J.-P., & Colucci-Guyon, 801 

E. (2018). A model of superinfection of virus-infected zebrafish larvae: Increased 802 

susceptibility to bacteria associated with neutrophil death. Frontiers in Immunology, 9, 803 

1084. https://doi.org/10.3389/fimmu.2018.01084 804 

Briolat, V., Jouneau, L., Carvalho, R., Palha, N., Langevin, C., Herbomel, P., Schwartz, O., 805 

Spaink, H. P., Levraud, J.-P., & Boudinot, P. (2014). Contrasted Innate Responses to Two 806 

Viruses in Zebrafish: Insights into the Ancestral Repertoire of Vertebrate IFN-Stimulated 807 

Genes. Journal of Immunology (Baltimore, Md./: 1950), 192, 432834341. 808 

https://doi.org/10.4049/jimmunol.1302611 809 

Burgos, J. S., Ripoll-Gomez, J., Alfaro, J. M., Sastre, I., & Valdivieso, F. (2008). Zebrafish as a 810 

new model for herpes simplex virus type 1 infection. Zebrafish, 5, 3233333. 811 

https://doi.org/10.1089/zeb.2008.0552 812 

Cass, A. N., Servetnick, M. D., & McCune, A. R. (2013). Expression of a lung developmental 813 

cassette in the adult and developing zebrafish swimbladder. Evolution and 814 

Development, 15, 1193132. https://doi.org/10.1111/ede.12022 815 

Chen, H.-C., & Reich, N. C. (2010). Live cell imaging reveals continuous STAT6 nuclear 816 

trafficking. Journal of Immunology (Baltimore, Md./: 1950), 185(1), 64370. 817 

https://doi.org/10.4049/jimmunol.0903323 818 

Damas, J., Hughes, G. M., Keough, K. C., Painter, C. A., Persky, N. S., Corbo, M., Hiller, M., 819 

Koepfli, K.-P., Pfenning, A. R., Zhao, H., Genereux, D. P., Swofford, R., Pollard, K. S., 820 

Ryder, O. A., Nweeia, M. T., Lindblad-Toh, K., Teeling, E. C., Karlsson, E. K., & Lewin, H. 821 

A. (2020). Broad host range of SARS-CoV-2 predicted by comparative and structural 822 

analysis of  ACE2 in vertebrates. Proceedings of the National Academy of Sciences of the 823 

United States of America, 117(36), 22311322322. 824 

https://doi.org/10.1073/pnas.2010146117 825 

Farnsworth, D. R., Saunders, L. M., & Miller, A. C. (2020). A single-cell transcriptome atlas for 826 

zebrafish development. Developmental Biology, 459(2), 1003108. 827 

https://doi.org/10.1016/j.ydbio.2019.11.008 828 

Gabor, K. A., Goody, M. F., Mowel, W. K., Breitbach, M. E., Gratacap, R. L., Witten, P. E., & 829 

Kim, C. H. (2014). Influenza A virus infection in zebrafish recapitulates mammalian 830 

infection and sensitivity to anti-influenza drug treatment. DMM Disease Models and 831 

Mechanisms, 7, 122731237. https://doi.org/10.1242/dmm.014746 832 

Grabher, C., Joly, J.-S., & Wittbrodt, J. (2004). Highly efficient zebrafish transgenesis 833 

mediated by the meganuclease I-SceI. Methods in Cell Biology, 77, 3813401. 834 

https://doi.org/10.1016/s0091-679x(04)77021-1 835 

Hoffmann, M., Kleine-Weber, H., Schroeder, S., Krüger, N., Herrler, T., Erichsen, S., 836 



Schiergens, T. S., Herrler, G., Wu, N. H., Nitsche, A., Müller, M. A., Drosten, C., & 837 

Pöhlmann, S. (2020). SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is 838 

Blocked by a Clinically Proven Protease Inhibitor. Cell, 181, 2713280. 839 

https://doi.org/10.1016/j.cell.2020.02.052 840 

Howe, K., Clark, M. D., Torroja, C. F., Torrance, J., Berthelot, C., Muffato, M., Collins, J. E., 841 

Humphray, S., McLaren, K., Matthews, L., McLaren, S., Sealy, I., Caccamo, M., Churcher, 842 

C., Scott, C., Barrett, J. C., Koch, R., Rauch, G.-J., White, S., & Stemple, D. L. (2013). The 843 

zebrafish reference genome sequence and its relationship to the human genome. 844 

Nature, 496(7446), 4983503. https://doi.org/10.1038/nature12111 845 

Kim, D., Lee, J.-Y., Yang, J.-S., Kim, J. W., Kim, V. N., & Chang, H. (2020). The Architecture of 846 

SARS-CoV-2 Transcriptome. Cell, 181(4), 914-921.e10. 847 

https://doi.org/10.1016/j.cell.2020.04.011 848 

Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Ullmann, B., & Schilling, T. F. (1995). Stages of 849 

embryonic development of the zebrafish. Developmental Dynamics/: An Official 850 

Publication of the American Association of Anatomists, 203(3), 2533310. 851 

https://doi.org/10.1002/aja.1002030302 852 

Kraus, A., Casadei, E., Huertas, M., Ye, C., Bradfute, S., Boudinot, P., Levraud, J.-P., & Salinas, 853 

I. (2020). A zebrafish model for COVID-19 recapitulates olfactory and cardiovascular 854 

pathophysiologies caused by SARS-CoV-2. BioRxiv, 2020.11.06.368191. 855 

https://doi.org/10.1101/2020.11.06.368191 856 

Lam, S. H., Chua, H. L., Gong, Z., Lam, T. J., & Sin, Y. M. (2004). Development and maturation 857 

of the immune system in zebrafish, Danio rerio: a gene expression profiling, in situ 858 

hybridization and immunological study. Developmental and Comparative Immunology, 859 

28(1), 9328. 860 

Langevin, C., van der Aa, L. M., Houel,  a, Torhy, C., Briolat, V., Lunazzi,  a, Harmache,  a, 861 

Bremont, M., Levraud, J.-P., & Boudinot, P. (2013). Zebrafish ISG15 exerts a strong 862 

antiviral activity against RNA and DNA viruses and regulates the interferon response. 863 

Journal of Virology, 87(18), 10025310036. https://doi.org/10.1128/JVI.01294-12 864 

Levraud, J.-P., Colucci-Guyon, E., Redd, M. J., Lutfalla, G., & Herbomel, P. (2008). In vivo 865 

analysis of zebrafish innate immunity. Methods in Molecular Biology (Clifton, N.J.), 415, 866 

3373363. 867 

Levraud, J.-P., Disson, O., Kissa, K., Bonne, I., Cossart, P., Herbomel, P., & Lecuit, M. (2009). 868 

Real-time observation of listeria monocytogenes-phagocyte interactions in living 869 

zebrafish larvae. Infection and Immunity, 77(9), 365133660. 870 

https://doi.org/10.1128/IAI.00408-09 871 

Levraud, J.-P., Jouneau, L., Briolat, V., Laghi, V., & Boudinot, P. (2019). Interferon-stimulated 872 

genes in zebrafish and human define an ancient arsenal of antiviral immunity. Journal of 873 

Immunology, 203, 336133373. https://doi.org/10.4049/jimmunol.1900804 874 

Levraud, J.-P., Palha, N., Langevin, C., & Boudinot, P. (2014). Through the looking glass: 875 

witnessing host-virus interplay in zebrafish. Trends in Microbiology, 22, 4903497. 876 

https://doi.org/10.1016/j.tim.2014.04.014 877 

Lutz, C., Maher, L., Lee, C., & Kang, W. (2020). COVID-19 preclinical models: human 878 

angiotensin-converting enzyme 2 transgenic mice. Human Genomics, 14, 20. 879 

https://doi.org/10.1186/s40246-020-00272-6 880 

Maarifi, G., Smith, N., Maillet, S., Moncorgé, O., Chamontin, C., Edouard, J., Sohm, F., 881 

Blanchet, F., Herbeuval, J.-P., Lutfalla, G., Levraud, J.-P., & Nisole, S. (2019). TRIM8 is 882 

required for virus-induced IFN response in human plasmacytoid dendritic cells. Science 883 



Advances, 5, eaax3511. 884 

Montagutelli, X., Prot, M., Levillayer, L., Salazar, E. B., Jouvion, G., Conquet, L., Donati, F., 885 

Albert, M., Gambaro, F., Behillil, S., Enouf, V., Rousset, D., Jaubert, J., Rey, F., van der 886 

Werf, S., & Simon-Loriere, E. (2021). The B1.351 and P.1 variants extend SARS-CoV-2 887 

host range to mice. BioRxiv, 2021.03.18.436013. 888 

https://doi.org/10.1101/2021.03.18.436013 889 

Moore, S., Hill, E. M., Tildesley, M. J., Dyson, L., & Keeling, M. J. (2021). Vaccination and non-890 

pharmaceutical interventions for COVID-19: a mathematical  modelling study. The 891 

Lancet. Infectious Diseases. https://doi.org/10.1016/S1473-3099(21)00143-2 892 

Muñoz-Fontela, C., Dowling, W. E., Funnell, S. G. P., Gsell, P.-S., Riveros-Balta, A. X., Albrecht, 893 

R. A., Andersen, H., Baric, R. S., Carroll, M. W., Cavaleri, M., Qin, C., Crozier, I., 894 

Dallmeier, K., de Waal, L., de Wit, E., Delang, L., Dohm, E., Duprex, W. P., Falzarano, D., 895 

& Barouch, D. H. (2020). Animal models for COVID-19. Nature, 586(7830), 5093515. 896 

https://doi.org/10.1038/s41586-020-2787-6 897 

Palha, N., Guivel-Benhassine, F., Briolat, V., Lutfalla, G., Sourisseau, M., Ellett, F., Wang, C. H., 898 

Lieschke, G. J., Herbomel, P., Schwartz, O., & Levraud, J. P. (2013). Real-Time Whole-899 

Body Visualization of Chikungunya Virus Infection and Host Interferon Response in 900 

Zebrafish. PLoS Pathogens, 9(9), e1003619. 901 

https://doi.org/10.1371/journal.ppat.1003619 902 

Parichy, D. M., Elizondo, M. R., Mills, M. G., Gordon, T. N., & Engeszer, R. E. (2009). Normal 903 

table of postembryonic zebrafish development: staging by externally visible anatomy of 904 

the living fish. Developmental Dynamics/: An Official Publication of the American 905 

Association of Anatomists, 238(12), 297533015. https://doi.org/10.1002/dvdy.22113 906 

Passoni, G., Langevin, C., Palha, N., Mounce, B. C., Briolat, V., Affaticati, P., De Job, E., Joly, J.-907 

S., Vignuzzi, M., Saleh, M.-C., Herbomel, P., Boudinot, P., & Levraud, J.-P. (2017). 908 

Imaging of viral neuroinvasion in the zebrafish reveals that Sindbis and chikungunya 909 

viruses favour different entry routes. DMM Disease Models and Mechanisms, 10(7), 910 

8473857. https://doi.org/10.1242/dmm.029231 911 

Postlethwait, J. H., Farnsworth, D. R., & Miller, A. C. (2020). An intestinal cell type in 912 

zebrafish is the nexus for the SARS-CoV-2 receptor and the Renin-Angiotensin-913 

Aldosterone System that contributes to COVID-19 comorbidities. BioRxiv, 914 

2020.09.01.278366. https://doi.org/10.1101/2020.09.01.278366 915 

Postlethwait, J. H., Massaquoi, M. S., Farnsworth, D. R., Yan, Y.-L., Guillemin, K., & Miller, A. 916 

C. (2021). The SARS-CoV-2 receptor and other key components of the  Renin-917 

Angiotensin-Aldosterone System related to COVID-19 are expressed in enterocytes in 918 

larval zebrafish. Biology Open, 10(3). https://doi.org/10.1242/bio.058172 919 

Santos, D., Monteiro, S. M., & Luzio, A. (2018). General Whole-Mount 920 

Immunohistochemistry of Zebrafish (Danio rerio) Embryos and  Larvae Protocol. 921 

Methods in Molecular Biology (Clifton, N.J.), 1797, 3653371. 922 

https://doi.org/10.1007/978-1-4939-7883-0_19 923 

Torraca, V., & Mostowy, S. (2018). Zebrafish Infection: From Pathogenesis to Cell Biology. 924 

Trends in Cell Biology, 28(2), 1433156. https://doi.org/10.1016/j.tcb.2017.10.002 925 

V9kovski, P., Gultom, M., Kelly, J. N., Steiner, S., Russeil, J., Mangeat, B., Cora, E., Pezoldt, J., 926 

Holwerda, M., Kratzel, A., Laloli, L., Wider, M., Portmann, J., Tran, T., Ebert, N., Stalder, 927 

H., Hartmann, R., Gardeux, V., Alpern, D., & Dijkman, R. (2021). Disparate temperature-928 

dependent virus-host dynamics for SARS-CoV-2 and SARS-CoV in  the human respiratory 929 

epithelium. PLoS Biology, 19(3), e3001158. 930 



https://doi.org/10.1371/journal.pbio.3001158 931 

V9kovski, P., Gultom, M., Kelly, J., Steiner, S., Russeil, J., Mangeat, B., Cora, E., Pezoldt, J., 932 

Holwerda, M., Kratzel, A., Laloli, L., Wider, M., Portmann, J., Tran, T., Ebert, N., Stalder, 933 

H., Hartmann, R., Gardeux, V., Alpern, D., & Dijkman, R. (2020). Disparate temperature-934 

dependent virus 3 host dynamics for SARS-CoV-2 and SARS-CoV in the human 935 

respiratory epithelium. BioRxiv, 2020.04.27.062315. 936 

https://doi.org/10.1101/2020.04.27.062315 937 

Van Dycke, J., Ny, A., Conceição-Neto, N., Maes, J., Hosmillo, M., Cuvry, A., Goodfellow, I., 938 

Nogueira, T. C., Verbeken, E., Matthijnssens, J., De Witte, P., Neyts, J., & Rocha-Pereira, 939 

J. (2019). A robust human norovirus replication model in zebrafish larvae. PLoS 940 

Pathogens, 15, e1008009. https://doi.org/10.1371/journal.ppat.1008009 941 

Ventura Fernandes, B. H., Feitosa, N. M., Barbosa, A. P., Bomfim, C. G., Garnique, A. M. B., 942 

Gomes, F. I. F., Nakajima, R. T., Belo, M. A. A., Eto, S. F., Fernandes, D. C., Malafaia, G., 943 

Manrique, W. G., Conde, G., Rosales, R. R. C., Todeschini, I., Rivero, I., Llontop, E., Sgro, 944 

G. G., Oka, G. U., & Charlie-Silva, I. (2020). Zebrafish studies on the vaccine candidate to 945 

COVID-19, the Spike protein: Production of antibody and adverse reaction. BioRxiv, 946 

2020.10.20.346262. https://doi.org/10.1101/2020.10.20.346262 947 

Wölfel, R., Corman, V. M., Guggemos, W., Seilmaier, M., Zange, S., Müller, M. A., Niemeyer, 948 

D., Jones, T. C., Vollmar, P., Rothe, C., Hoelscher, M., Bleicker, T., Brünink, S., Schneider, 949 

J., Ehmann, R., Zwirglmaier, K., Drosten, C., & Wendtner, C. (2020). Virological 950 

assessment of hospitalized patients with COVID-2019. Nature, 581(7809), 4653469. 951 

https://doi.org/10.1038/s41586-020-2196-x 952 

Zamorano Cuervo, N., & Grandvaux, N. (2020). ACE2: Evidence of role as entry receptor for 953 

SARS-CoV-2 and implications in  comorbidities. ELife, 9. 954 

https://doi.org/10.7554/eLife.61390 955 

Zou, J., & Secombes, C. J. (2016). The Function of Fish Cytokines. Biology, 5(2). 956 

https://doi.org/10.3390/biology5020023 957 

 958 


