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To the Editors, 
 
On behalf of my colleagues and me, I hereby submit our revised manuscript entitled 
‘Mycobacterium marinum infection in the adult zebrafish as a model of human tuberculosis’ to JoVE 
for consideration of publication. We have addressed the reviewers’ concerns and proposals and we 
feel that this has improved and clarified the manuscript.  

 
One quarter of the world’s population has been estimated to be infected with Mycobacterium 
tuberculosis. According to the World Health Organization, tuberculosis caused 1.7 million deaths in 
2016 and is the leading cause of death by a single pathogen worldwide. A total of 10.4 million 
tuberculosis cases were reported along with an increasing number of multidrug resistant strains 
(WHO, 2017). As the current prevention and treatment regimens have proven insufficient, new 
treatment strategies are needed.  
 
M. tuberculosis infection includes a wide range of disease outcomes with different pathologies in 
humans. The variation in the infection outcomes caused by this bacterium is hard to model 
experimentally. Mycobacterium marinum causes a very similar disease spectrum in adult zebrafish. 
By using this natural fish-pathogen, it possible to study tuberculosis in a vertebrate model with both 
the functional innate and adaptive immune systems, which is not possible in the commonly used 
zebrafish larva, since they do not have a fully functional adaptive immunity. In this study, we show 
how adult wild-type and rag-/- mutant zebrafish are infected with an intraperitoneal M. marinum 
injection and how the mycobacterial loads are measured with qPCR. In addition, the expression of 
il4 and ifnγ are analyzed with RT-qPCR 4 weeks post infection. The results of increasing 
mycobacterial loads and limited induction of il4 in rag-/- mutant fish compared to wild-type fish 
emphasize the importance of adaptive immunity in the control of mycobacterial infection.  
 
Our work provides a valuable platform for studying tuberculosis. The understanding of the 
mechanisms leading to different disease outcomes will benefit the scientific community in the 
search of new vaccines and treatment regimens against tuberculosis. We wish to thank the reviewers 
for their valuable comments that have helped us improving the study. We hope that the revised 
manuscript is now suitable for publication. 
 
 
 
Thank you for your consideration. 
 
Hanna Luukinen 
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SUMMARY: 22 
Here, we present a protocol to model human tuberculosis in an adult zebrafish using its natural 23 
pathogen Mycobacterium marinum. Extracted DNA and RNA from the internal organs of infected 24 
zebrafish can be used to reveal the total mycobacterial loads in the fish and the host’s immune 25 
responses with qPCR.  26 
 27 
ABSTRACT: 28 
Mycobacterium tuberculosis is currently the deadliest human pathogen causing 1.7 million 29 
deaths and 10.4 million infections every year. Exposure to this bacterium causes a wide disease 30 
spectrum in humans ranging from a sterilized infection to an actively progressing deadly disease. 31 
The most common form is the latent tuberculosis, which is asymptomatic, but has the potential 32 
to reactivate into a fulminant disease. Adult zebrafish and its natural pathogen Mycobacterium 33 
marinum have recently proven to be an applicable model to study the wide disease spectrum of 34 
tuberculosis. Importantly, spontaneous latency and reactivation as well as adaptive immune 35 
responses in the context of mycobacterial infection can be studied in this model. In this article, 36 
we describe methods for the experimental infection of adult zebrafish, the collection of internal 37 
organs for the extraction of nucleic acids for the measurement of mycobacterial loads and host 38 
immune responses by quantitative PCR. The in-house-developed, M. marinum-specific qPCR 39 
assay is more sensitive than the traditional plating methods as it also detects DNA from non-40 
dividing, dormant or recently dead mycobacteria. As both DNA and RNA are extracted from the 41 
same individual, it is possible to study the relationships between the diseased state, and the host 42 
and pathogen gene-expression. The adult zebrafish model for tuberculosis thus presents itself as 43 
a highly applicable, non-mammalian in vivo system to study host-pathogen interactions. 44 
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 45 
INTRODUCTION: 46 
Zebrafish (Danio rerio) is a widely used animal model in biomedical research and it is an accepted 47 
model for common vertebrate biology. The zebrafish has been adapted to many fields of research 48 
modeling human diseases and disorders ranging from cancer1 and cardiac disease2 to infection 49 
and immunological studies of several bacterial 3 and viral infections4,5. In addition, the ex utero 50 
development of zebrafish embryos has made the zebrafish a popular model in developmental 51 
biology6 and toxicology7,8.  52 
 53 
In many fields of research, including infection biology, the optically transparent zebrafish larvae 54 
are commonly used. The first immune cells appear within 24 hours post fertilization (hpf), when 55 
primitive macrophages are detected9. Neutrophils are the next immune cells to appear around 56 
33 hpf10. Zebrafish larvae are thus feasible for studying the early stages of infection and the role 57 
of innate immunity in the absence of adaptive immune cells11. However, the adult zebrafish with 58 
its fully functional adaptive immune system provides an additional layer of complexity for 59 
infection experiments. T cells can be detected around 3 days post fertilization12, and B cells are 60 
able to produce functional antibodies by 4 weeks post fertilization13. The adult zebrafish has all 61 
the main counterparts of the mammalian innate and adaptive immune system. The main 62 
differences between the immune systems of fish and humans are found in antibody isotypes as 63 
well as in the anatomy of lymphoid tissues. The zebrafish has only three antibody classes14, 64 
whereas humans have five15. In the absence of bone marrow and lymph nodes, the primary 65 
lymphoid organs in the fish are the kidney and the thymus16 and the spleen, the kidney and the 66 
gut serve as secondary lymphoid organs17. Despite these differences, with its full immune arsenal 67 
of innate and adaptive cells, the adult zebrafish is a highly applicable, easy-to-use, non-68 
mammalian model for host-pathogen interaction studies. 69 
 70 
The zebrafish has lately been established as a feasible model to study tuberculosis18-22. 71 
Tuberculosis is an airborne disease caused by Mycobacterium tuberculosis. According to the 72 
World Health Organization, tuberculosis caused 1.7 million deaths in 2016 and is the leading 73 
cause of death by a single pathogen worldwide23. Mice24,25, rabbits26 and non-human primates27 74 
are the best-known animal models in tuberculosis research but each face their limitations. The 75 
non-human primate model of M. tuberculosis infection resembles the human disease most 76 
closely, but using this model is limited due to serious ethical considerations. Other animal models 77 
are hindered by the host-specificity of M. tuberculosis that affects the disease pathology. 78 
Probably the biggest issue in modeling tuberculosis is the wide spectrum of infection and disease 79 
outcomes in the human disease: tuberculosis is a very heterogeneous disease ranging from 80 
sterilizing immunity to latent, active and reactivated infection28, which can be hard to reproduce 81 
and model experimentally.  82 
 83 
Mycobacterium marinum is a close relative of M. tuberculosis with ~3,000 orthologous proteins 84 
with 85% amino acid identity29. M. marinum naturally infects zebrafish producing granulomas, 85 
the hallmarks of tuberculosis, in its internal organs19,30. Unlike other animal models used in 86 
tuberculosis research, zebrafish produces many offspring, it requires only a limited space and 87 
importantly, it is neurophysiologically the least developed vertebrate tuberculosis model 88 



   

 
 

available. Additionally, the M. marinum infection causes latent infection, active disease or even 89 
sterilization of mycobacterial infection in adult zebrafish closely mimicking the spectrum of 90 
disease outcomes of human tuberculosis19,31,32. Here, we describe methods for the experimental 91 
tuberculosis model of adult zebrafish by injecting M. marinum into the abdominal cavity and 92 
using quantitative PCR to measure the mycobacterial loads and immune responses from 93 
zebrafish tissue samples.  94 
 95 
PROTOCOL: 96 
 97 
All zebrafish experiments have been approved by the Animal Experiment Board in Finland 98 
(ESAVI/8245/04.10.07/2015). Methods are performed according to the act (497/2013) and the 99 
government decree (564/2013) on the protection of animals used for scientific or educational 100 
purposes in Finland. 101 
 102 
1. Culturing of Mycobacterium marinum  103 
 104 
Note: Since Mycobacterium marinum is a pathogen capable of causing superficial infections in 105 
humans, find out the local guidelines for personal safety and biohazard waste disposal before 106 
starting to work with this bacterium.  107 
 108 
1.1 Culture M. marinum on a 7H10 plate supplemented with OADC (oleic acid, albumin, dextrose, 109 
catalase) enrichment and 0.44% v/v of glycerol at 29 °C for at least 5 days. Maintain M. marinum 110 
cultures by taking fresh bacteria from the freezer every two weeks and transferring onto a new 111 
plate every other week.  112 
 113 
Note: M. marinum is a natural fish pathogen infecting aquatic species and it is important to take 114 
precautions not to contaminate zebrafish stocks with the bacteria. Infected zebrafish and items 115 
contaminated with bacteria have to be kept separate from the breeding facilities.  116 
 117 
1.2 Use a sterile 1-µL inoculation loop to aseptically transfer a loopful of M. marinum bacterial 118 
mass into a cell culture flask containing 10 mL of 7H9 medium with 10% ADC (albumin, dextrose, 119 
catalase) enrichment, 0.2% v/v polysorbate 80 and 0.17% v/v of glycerol. Culture for 3-4 days to 120 
approximately an OD600 (optical density) of 0.7 at 29 °C in the dark without shaking. Leave the 121 
cap loose to allow for the sufficient exchange of gases.  122 
 123 
Note: Polysorbate 80 is added to the medium to prevent the aggregation of bacteria. In addition, 124 
exposure to light leads to phenotypic changes in bacterial colonies (e.g., the color changes from 125 
white to yellow). To avoid this, keep the cultures in the dark. 126 
 127 
1.3 Measure the OD600 value with a spectrophotometer. Dilute the liquid culture to an OD600 of 128 
0.07-0.09 and continue culturing for 2 days at 29 °C in the dark without shaking. Leave the cap 129 
loose.  130 
 131 
Note: During these two days, the bacterial suspension will reach an OD600 of approximately 0.5 132 



   

 
 

corresponding to an early log-phase.  133 
 134 
2. Preparation of Bacterial Solution for Infecting Adult Zebrafish  135 
 136 
2.1 Transfer the bacterial suspension into a big sterile cuvette or a 15 mL tube and place it in the 137 
dark at room temperature for 15 min to allow the biggest clumps to settle. 138 
 139 
2.2 Transfer the top 5–7 mL of the suspension into a clean tube or a cuvette and measure the 140 
OD600. Use this top phase of the suspension for the infections. 141 
 142 
2.3 Collect 1 mL of M. marinum culture into a fresh tube and centrifuge for 3 min at 10,000 x g. 143 
Remove the supernatant and resuspend the pellet in 1 mL of sterile 1x PBS. 144 
 145 
2.4 Dilute to reach the desired bacterial concentration by using sterile 1x PBS with 0.3 mg/mL 146 
phenol red as a tracer. Divide the diluted suspension into three aliquots.  147 
 148 
Note: Use a predetermined OD600 vs. CFU (colony-forming units)/µL curve to estimate the dilution 149 
required to get the wanted number of bacteria in the 5 µL injection volume34. The correlation 150 
between OD600 and concentration of the bacterial suspension needs to be validated before 151 
starting the actual infection experiments. Reserve two weeks for collecting this validation data.  152 
 153 
2.5 Using a 1 mL syringe, slowly pull the suspension through a 27G needle 3x. For each aliquot, 154 
perform this step just before use.  155 
 156 
Note: Do not use the same bacterial solution for more than 2 h.  157 
 158 
3. Experimental M. marinum Infection with Intraperitoneal Injection 159 
 160 
3.1 Pipette a 5 µL droplet of the diluted bacterial solution onto a piece of parafilm film and pull 161 
the droplet into a 30G insulin needle. 162 
 163 
3.2 Use 5–8-month-old wild-type fish and rag1−/− hu1999 mutant fish for the experiment. 164 
Anesthetize adult zebrafish in the tank water with 0.02% 3-aminobenzoic acid ethyl ester (pH 165 
7.0). Position the fish ventral side up into a slit on a moist foamed plastic. 166 
 167 
Note: Rag-/- mutant fish are not able to undergo somatic recombination and produce functional 168 
T and B cells. 169 
 170 
3.3 Inject the needle between the pelvic fins at an approximately 45° angle. Keep the needle 171 
opening upwards to observe that the entire opening is inside the abdominal cavity. Slowly inject 172 
the bacterial suspension and carefully remove the needle. 173 
 174 
Note: In case the red tracer is leaking out of the fish upon injection, exclude the fish from the 175 
experiment.  176 



   

 
 

 177 
3.4 Immediately after injection, transfer the fish into a recovery tank with fresh tank water. 178 
 179 
3.5 Take samples of the bacterial suspension on 7H10 plates every 15 min from the bacterial 180 
aliquot in use and incubate the bacteria at 29 °C for 5 days and verify the infection dose by 181 
counting the colonies on the plates. 182 
 183 
3.6 Check the well-being of the fish regularly and euthanize any fish with symptoms of the 184 
infection with over 0.02% concentration of 3-aminobenzoic acid ethyl ester (pH 7.0).  185 
 186 
Note: Approximately, 7% of the adult zebrafish infected with 34 ± 15 CFU and 30% of zebrafish 187 
infected with 2029 ± 709 CFU will have had symptoms by 8 weeks 19. The symptoms may include 188 
abnormal swimming, lack of response to touch, gasping, edema or observable wasting. 189 
 190 
3.7 Maintain the zebrafish according to the common standards35.  191 
 192 
4. Collection of Internal Organs 193 
 194 
4.1 Euthanize the zebrafish with an overdose of 3-aminobenzoic acid ethyl ester (over 0.02% 195 
concentration, pH 7.0) in the tank water. 196 
 197 
4.2. Insert one pin posterior to the branchiostegal rays and another through the tail to tack the 198 
fish onto the platform. 199 
 200 
4.3 Open the whole abdominal cavity with a scalpel and collect the internal organs by using a 201 
small spoon and sharp-ended tweezers. Start from the heart and work along the spine towards 202 
the tail to detach all internal organs in one block.  203 
 204 
Note: Be sure to collect all kidney tissue by scraping along the spine with the spoon.  205 
 206 
4.4 Finally, use tweezers to detach the gut next to the cloaca and transfer the organs into a 1.5 207 
mL homogenization tube with six 2.8 mm ceramic beads. Immediately place on dry-ice to freeze 208 
the sample. The sample can be stored at – 80 °C until homogenized.  209 
 210 
4.5 Rinse the instruments with 70% ethanol between individuals. 211 
 212 
5. Homogenization and RNA extraction from an organ block.  213 
 214 
Note: The method is modified from the Stanford University protocols 36. 215 
 216 
5.1 Add guanidine thiocyanate-phenol solution used for nucleic acid extraction (Table of 217 
Materials) on the top of the sample to a total volume of 1,500 µL. Ensure that the sample covers 218 
a maximum of 10% of the total volume.  219 
 220 



   

 
 

CAUTION: The expected volume of the harvested tissue is 100 µL. Guanidine thiocyanate-phenol 221 
solution contains toxic and irritating compounds and requires protective clothing, nitrile gloves 222 
and working in a fume hood. Do not combine with bleach as this will cause formation of toxic 223 
gases. Read the material safety data sheet (MSDS) before use.  224 
 225 
5.2 Homogenize samples using a bead-beating homogenizer 3 times for 40 s at 3,200 rpm. Cool 226 
on ice for 30 s between the cycles. Sonicate the homogenized samples in a water bath for 9 min.  227 
 228 
5.3 Centrifuge the samples at 12,000 x g for 10 min at 4 °C and move 1,000 µL of the cleared 229 
homogenate into a fresh microcentrifuge tube.  230 
 231 
5.4 Add 200 µL of chloroform, immediately mix by vortexing for 15 s and incubate for 2 min at 232 
room temperature.  233 
 234 
CAUTION: Chloroform is a toxic and irritant compound if inhaled, swallowed or contacted with 235 
skin or eyes. Use necessary safety equipment for personal protection and work in a fume hood. 236 
Read the material safety data sheet (MSDS) before use. 237 
 238 
5.5 Centrifuge at 12,000 x g for 15 min at 4 °C to separate the aqueous and organic phases. 239 
 240 
5.6 Carefully, transfer 500 µL of the top phase to a fresh tube to avoid contaminating the RNA. 241 
Remove and discard the rest of the aqueous phase (~100 µL) and store the interphase and organic 242 
phase at 4 °C for DNA extraction.  243 
 244 
Note: The top phase contains the RNA. 245 
 246 
5.7 Add 500 µL of 2-propanol and immediately mix by vortexing for 15 s. Incubate for 10 min at 247 
room temperature to precipitate the RNA.  248 
 249 
5.8 Centrifuge at 12,000 x g for 10 min at 4 °C to pellet the RNA. Remove the supernatant by 250 
pipetting.  251 
 252 
5.9 Add 1 mL of 75% ethanol and vortex for 10 s.  253 
 254 
Note: The protocol can be paused here, and the samples kept overnight at 4 °C. 255 
 256 
5.10 Centrifuge at 7,500 x g for 5 min at 4 °C. Remove the supernatant by pipetting.  257 
 258 
5.11 Repeat the wash steps 5.9-5.10. Remove the supernatant carefully by pipetting and let the 259 
pellet air-dry in a fume hood.  260 
 261 
5.12 Dissolve the RNA pellet in 500 µL of nuclease-free water and keep the samples on ice. 262 
Measure the concentrations with a microvolume spectrophotometer or with equivalent 263 
equipment. Store the RNA at -80 °C.  264 



   

 
 

 265 
6. Purification of co-extracted zebrafish and mycobacterial DNA  266 
 267 
6.1 Prepare a back-extraction buffer (BEB) by dissolving 118.2 g of guanidine thiocyanate (final 268 
concentration 4 M), 3.68 g of sodium citrate (final concentration 50 mM) and 30.29 g of Tris free 269 
base (final concentration 1 M) in 120 mL of nuclease-free water (this may require stirring 270 
overnight). Add nuclease-free water to a final total volume of 250 mL and filter to sterilize the 271 
solution. 272 
 273 
Note: This buffer can be stored at room temperature for up to 6 months. Do not combine BEB 274 
with bleach as they react to produce toxic gases such as hydrogen chloride and hydrogen cyanide.  275 
 276 
6.2 Use the interphase and organic phase of the sample to extract mycobacterial DNA. Add 500 277 
μL of BEB to each tube. Mix extensively for 10 min by inversion at room temperature.  278 
 279 
6.3 Centrifuge the tubes at 12,000 x g for 30 min at room temperature and carefully transfer 500 280 
µL of the upper aqueous phase containing the DNA to a new tube.  281 
 282 
6.4 Add 400 μL of 2-propanol. Mix by inverting and incubate for 10 min at room temperature.  283 
 284 
6.5 Centrifuge the samples at 12,000 x g for 15 min at 4 °C. A pellet containing the DNA should 285 
be visible at this point. Carefully remove the supernatant by pipetting.  286 
 287 
6.6 Add 800 μL of 70% ethanol. Wash the pellet by inversion. Do not vortex the samples at this 288 
point, as genomic DNA breaks down easily.  289 
 290 
6.7 Centrifuge the samples at 12,000 x g for 15 min at 4°C and remove the supernatant by 291 
pipetting. Repeat the ethanol wash (steps 6.6 and 6.7).  292 
 293 
6.8 Remove the ethanol by carefully pipetting. Let the samples air-dry for 5-10 min. Dissolve the 294 
pellet in 200 μL of nuclease-free water.  295 
 296 
6.9 Measure DNA concentrations with a microvolume spectrophotometer or with equivalent 297 
equipment. DNA can be stored at 4 °C or at -20 °C for long-term storage.  298 
 299 
7. Quantitative PCR for Measuring Mycobacterial Loads  300 
 301 
7.1 Prepare qPCR reaction mixes with no-ROX (carboxy-X-rhodamine) against the M. marinum 302 
internal transcribed spacer (ITS) between 16S-23S ITS according to the manufacturer’s 303 
instructions with MMITS1 primers (Table 1). Pipette the reaction mix and sample dilutions as 304 
duplicates on a 96-well plate suitable for qPCR. Include a DNA standard dilution series of a known 305 
amount of bacteria in each run. 306 
 307 
Note: The expected M. marinum load per fish can range from 0 CFU to 1,000,000 CFU at 4 wpi. 308 



   

 
 

The qPCR assay can be also performed with other qPCR kits but the annealing temperature for 309 
the primers has to be re-optimized. 310 
 311 
7.2 Seal the plate with an optically transparent film and centrifuge the plate at 2,000 x g for 2 min 312 
at 4 °C. 313 
 314 
7.3 Run the qPCR program shown in the Table 2. 315 
 316 
7.4 Using the standard curve, calculate the number of bacteria in the entire fish sample.  317 
 318 
8. DNase Treatment of the RNA Samples  319 
 320 
8.1 To remove any possible remaining traces of genomic DNA from the RNA, carry out DNase I 321 
treatment. Thaw the RNA samples on ice.  322 
 323 
Note: Be sure to use only RNase-free equipment and solutions and wipe the working surface and 324 
pipettes with a decontamination reagent eliminating RNases (Table of Materials) before starting 325 
to work. Wear a long-sleeved lab coat and gloves to protect your samples. 326 
 327 
8.2 Prepare 10 μL DNase I reaction mixes on ice according to the manufacturer’s instructions. 328 
Mix 1 μL of DNase I, 1 μL of 10x DNase buffer and 8 μL of RNA sample including a maximum of 1 329 
μg of RNA.  330 
 331 
8.3 Gently mix the reactions (no vortexing) and incubate for 30 min at 37 °C.  332 
 333 
8.4 Prior to heat-inactivation, add 1 µL of 50 mM EDTA to each 10-µL sample. If EDTA is not added, 334 
the RNA will undergo chemical degradation when heated.  335 
 336 
8.5 Incubate for 10 min at 65 °C to heat-inactivate DNase I. Continue directly to cDNA synthesis 337 
or store the DNase-treated RNA at -80 °C. 338 
 339 
9. cDNA Synthesis  340 
 341 
9.1 Keep all reagents and samples on ice and prepare the reaction mixes according to the 342 
manufacturer’s instructions. For a 5-μL reaction mix, include 1 μL of Reverse Transcription Master 343 
Mix, 3 μL of nuclease-free water and 1 μL of DNase treated RNA. 344 
 345 
9.2 Gently mix the reverse transcription reactions and briefly spin the tube, if needed. 346 
 347 
9.3 Place samples in a PCR machine and use the program shown in Table 3. 348 
 349 
9.4 Dilute the cDNA in nuclease-free water for qPCR to a maximum concentration of 2.5 ng/μL, if 350 
needed. cDNA can be stored at -20 °C. 351 
 352 



   

 
 

10. Measuring Zebrafish Gene Expression by Quantitative PCR  353 
 354 
10.1 Prepare a qPCR master mix on ice according to the manufacturer’s instructions and protect 355 
from light. Use the primers introduced in Table 1. 356 
 357 
Note: To calculate the fold of induction for each gene, measure the expression also from a pooled 358 
baseline sample extracted from 6 healthy zebrafish. 359 
 360 
10.2 Prepare replicates of each sample and pipette the reaction mixes onto a qPCR plate. Seal 361 
the plate with an optically transparent film and centrifuge the plate at 2,000 x g for 2 min at 4 °C 362 
before starting the run. 363 
 364 
10.3 Run the qPCR program shown in the Table 4 with the annealing temperature depending on 365 
the primer pair used (Table 1).  366 
 367 
10.4 Analyze the gene expression ratio compared to a house-keeping gene (loopern437) with the 368 
ΔCt method using the equation:  369 

ratio =
2𝑔𝑒𝑛𝑒
𝐶𝑡(ℎ𝑒𝑎𝑙𝑡ℎ𝑦)−𝐶𝑡(𝑖𝑛𝑓𝑒𝑐𝑡𝑒𝑑)

2𝑙𝑜𝑜𝑝𝑒𝑟𝑛4
𝐶𝑡(ℎ𝑒𝑎𝑙𝑡ℎ𝑦)−𝐶𝑡(𝑖𝑛𝑓𝑒𝑐𝑡𝑒𝑑)

 370 

 371 
REPRESENTATIVE RESULTS:  372 
The natural fish pathogen Mycobacterium marinum infects the internal organs of the zebrafish 373 
and produces a systemic infection with histologically visible granulomas19. Adult zebrafish are 374 
infected with M. marinum by an intraperitoneal injection. The DNA and RNA are extracted, and 375 
the mycobacterial load is measured by quantitative polymerase chain reaction (qPCR) using DNA 376 
as the template. The outline of the method is shown in Figure 1.  377 
 378 
The initial number of mycobacteria used for infecting the fish is a critical determinant for the 379 
outcome of infection. A high infection dose of M. marinum (~2000 CFU) leads to a progressive 380 
disease in which the mycobacterial loads continue to increase until the average bacterial load 381 
reaches around five million bacteria (Figure 2A) ultimately killing the fish. A low dose (~20-90 382 
CFU) of M. marinum leads to the development of a disease spectrum similar to that seen in 383 
human tuberculosis (Figure 2B). The bacterial load continues to increase until around 4-7 weeks 384 
(Figures 2A & 3A), after which in the majority of the fish the disease reaches a steady-state. 385 
Figure 2B shows an example of the distribution of disease outcomes with a low dose infection: 386 
About 7% of the infected zebrafish were unable to restrict the bacterial growth. These individuals 387 
developed a primary progressive disease and they died within two months after the infection. 388 
Around 10% of the individuals cleared the mycobacterial infection by 4 weeks. The remaining 389 
65% of the fish population developed a latent mycobacterial infection with steady bacterial 390 
burdens. However, between 8 and 32 weeks of infection, in 18%, the latent infection 391 
spontaneously reactivated leading to the progression of the disease.  392 
 393 
By using rag-/- mutant fish, it is possible to study the role of adaptive immune responses in the 394 



   

 
 

adult fish. Rag-/- mutant fish cannot sufficiently limit the growth of mycobacteria leading to 395 
higher bacterial loads (Figure 3A) and increased morbidity (Figure 3B), clearly demonstrating the 396 
importance of adaptive immunity in controlling mycobacterial infection. Also, the importance of 397 
adaptive responses in evoking certain cytokine responses in mycobacterial infection can be 398 
studied in this model. Here, we show that the adaptive response is required for the efficient 399 
induction of interleukin 4 (IL4) (Figure 3C) but is dispensable for the induction of interferon-γ 400 
(IFNγ) at 4 wpi (Figure 3D). Interferon-γ is a cytokine driving the response against intracellular 401 
pathogens whereas interleukin 4 is a common mediator in the adaptive immune response against 402 
extracellular pathogens. The significantly higher expression levels of il4 in the wild-type group 403 
compared to rag-/- mutant fish refers to important adaptive humoral responses in the 404 
mycobacterial infection (Figure 3C).  405 
 406 
FIGURE AND TABLE LEGENDS: 407 
Figure 1. Workflow of studying the development of mycobacterial loads in the adult zebrafish. 408 
Adult zebrafish are infected with an intraperitoneal injection of M. marinum. DNA and RNA are 409 
extracted from the internal organs of the fish and the M. marinum load and host’s immune 410 
responses are analyzed with quantitative polymerase chain reaction (qPCR).  411 
 412 
Figure 2. Injection of M. marinum into adult zebrafish causes a spectrum of disease states. A. 413 
Zebrafish were injected with a low (34±15 CFU) or a high dose (2029±709 CFU) of M. marinum. 414 
Average loads for 5 fish (except 32 weeks (wk) high dose, n = 2) are shown with SD. Low-dose 415 
statistics: * p<0.05 compared with 1 wk, ** p<0.05 compared with 1 and 2 wk. High-dose 416 
statistics: *** p<0.05 compared with 1, 2, 8, 11 and 20 wk. ¤ low dose vs. high dose p<0.05. 417 
Modified from Parikka et al. 201219. B. Typical distribution of disease outcomes within a wild-418 
type zebrafish population infected with a low-dose of M. marinum.  419 
 420 
Figure 3. Adaptive immunity affects the course of mycobacterial infection in the adult 421 
zebrafish. Adult wild-type (wt) and rag1 (−/−) zebrafish were infected with a low dose (n = 30) of 422 
M. marinum. A. The average mycobacterial loads were measured by qPCR at 2, 4, and 7 weeks 423 
post infection (wpi) (n = 10) *P<0.05. B. The fish were euthanized upon the development of 424 
symptoms of the disease and survival plots were created. C. The expression levels of il4 were 425 
measured at 4 wpi. D. The expression levels of IFNγ were measured at 4 wpi. A&B modified from 426 
Parikka et al. 201219. C&D Modified from Hammarén et al. 201438. 427 
 428 
Table 1. Primer sequences and annealing temperatures. The sequences of the primers used and 429 
their optimized annealing temperatures. The primers for the M. marinum 16S-23S rRNA 430 
transcript have been optimized for a No-ROX qPCR kit and the other primers for a ROX including 431 
qPCR kit. 432 
 433 
Table 2. qPCR program for measuring M. marinum DNA. A qPCR protocol designed according to 434 
the manufacturer’s instructions and optimized for measuring M. marinum DNA from zebrafish 435 
samples. 436 
 437 
Table 3. cDNA synthesis program. Protocol for synthesizing cDNA from the extracted RNA of an 438 



   

 
 

infected zebrafish according to the manufacturer’s instructions. 439 
 440 
Table 4. qPCR program for measuring host’s gene expression. A qPCR protocol designed 441 
according to the manufacturer’s instructions and optimized for measuring the expression of 442 
different zebrafish genes. 443 
 444 
DISCUSSION: 445 
Here we describe a qPCR-based application to measure mycobacterial loads from DNA extracted 446 
from experimentally infected adult zebrafish tissues. This application is based on primers 447 
designed around the 16S-23S rRNA internal transcribed spacer sequence40. The total 448 
mycobacterial load in a fish sample is estimated using a standard curve prepared from DNA 449 
extracted from a known number of cultured mycobacteria and assuming that one bacterium has 450 
one copy of its genome at any given moment. The detection limit of the M. marinum -qPCR is 451 
approximately 100 colony forming units18. A clear advantage of the method compared to 452 
traditional plating is that both active and non-dividing dormant bacteria can be detected. In 453 
addition, a common problem of contaminating growth on culture plates from zebrafish tissues is 454 
circumvented by this approach. However, as DNA is used as the template, it is possible that some 455 
of the copies measured can be derived from the DNA of bacteria that have died very recently. A 456 
significant advantage of the nucleic acid-based protocol is that as both DNA and RNA (as well as 457 
proteins, not described here) can be extracted from the same individual, the mycobacterial load 458 
of the individual can be combined with gene expression data of both the host and the bacteria.  459 
 460 
The dosing of M. marinum is a critical determinant of the outcome of infection. The low M. 461 
marinum (~20-90 CFU) infection dose produces a spectrum of disease states with latency as the 462 
most common form. If the infection dose is in the order of thousands, a more progressive disease 463 
develops in the majority of individuals. As the natural infectious dose is known to be low in human 464 
tuberculosis41, using a low dose of M. marinum in the zebrafish model is likely to produce a more 465 
natural infection. To reach the correct dose, make sure to validate the relation between the 466 
OD600 and colony-forming units prior to starting any experiments. The normal variation of the 467 
plated infection doses is approximately 30% and is not considered a problem. However, it is 468 
important to verify that the entire 5 µL volume of the bacterial suspension remains inside the 469 
fish. Leaking of the injection solution will cause extra variation in the infection dose. In addition 470 
to the infection dose, the strain of the bacteria can affect the disease progression. It has been 471 
shown that the virulence of the different M. marinum strains can alter between the strains. The 472 
two most commonly used strains are ATCC927 (fish isolated strain used in these experiments) 473 
and the M strain. However, these strains differ greatly in their virulence. The human-isolated M 474 
strain develops a more progressive disease whereas the fish-isolated strain produces a milder 475 
disease well-suitable for studying the latent form of the mycobacterial infection33. The virulence 476 
of the bacteria within a strain may also alter if the bacteria is serially transferred from one culture 477 
to another, which can be prevented by taking fresh mycobacteria from a freezer stock often 478 
enough. 479 
 480 
In vitro culturing of slowly dividing M. marinum without antibiotics is prone to contaminations. 481 
Therefore, the handling of the bacteria requires strict aseptic approach carried out in a laminar 482 



   

 
 

flow hood. Possible contamination in the culture can be detected as too high an OD600 value, odd-483 
looking bacterial suspension or colonies. M. marinum colonies are normally fuzzy-edged, flat and 484 
matt white in color. M. marinum cultures are sensitive to light and they start producing yellow 485 
pigment when exposed to light. This yellow pigment can be used to distinguish M. marinum 486 
colonies from other bacteria after the infections. Contaminants can cause the fish to die soon 487 
after infection. Usually, the first symptoms of a low-dose infection do not appear before 3 weeks 488 
post infection and any mortalities before this time point are likely due to contamination in the 489 
bacterial suspension or trauma induced during injection. 490 
 491 
Adult zebrafish are very sensitive to 3-aminobenzoic acid ethyl ester and do not survive if the 492 
exposure time is too long or the concentration of the anesthetic is too high. Therefore, when 493 
infecting, the zebrafish should be exposed to the anesthetic only for the minimum of time to 494 
achieve good anesthesia (~1-2 minutes). After infection, adult zebrafish are kept in groups at 495 
water temperature of 26-28 °C. If the temperature is higher or lower than this, it might affect the 496 
M. marinum growth rate and kinetics of the infection. Also, the tank water quality 497 
(microbiological quality, salt concentration, pH, oxygen saturation) is an important part ensuring 498 
a successful experiment. Health monitoring of the fish needs to be carried out daily and fish that 499 
show symptoms of infection need to be removed from the group and euthanized. If the fish die 500 
in the tank, the other fish may become re-infected through the gut, which will affect the 501 
progression of infection. 502 
 503 
The commonly used zebrafish larval model of tuberculosis is applicable to study innate immunity, 504 
which directs the experiments to a limited subset of host-microbe interactions. The use of adult 505 
zebrafish makes it possible to study both innate and adaptive immune responses in a versatile 506 
model18,32,39. Adult zebrafish presents itself as a convenient vertebrate model to study the entire 507 
spectrum of tuberculosis. With a low-dose exposure of M. marinum, 7% of the fish population 508 
develop primary progressive disease, 10% are able to sterilize the infection, 65% develop latent 509 
disease and in 18% spontaneous reactivation occurs (Figure 2). The disease spectrum closely 510 
resembles that seen in human tuberculosis, in which the vast majority develop a latent disease, 511 
approximately 4–14% produce primary active infection within the first five years after the 512 
infection42, 10–20% of heavily exposed persons seem to be able to sterilize the infection43 and 513 
5–10% of the latent infections reactivate44. Differences in hosts’ genetics affects the susceptibility 514 
to tuberculosis and the disease progression45. This is also seen in the zebrafish population that is 515 
genetically very heterogeneous unlike many other laboratory animals46,47. The natural genetic 516 
variation makes it a highly applicable model in the search for optimal immune responses in this 517 
multifactorial disease.  518 
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Gene Primer sequence

MMITS1 F: CACCACGAGAAACACTCCAA

16S–23SITS Locus AB548718 for

M. marinum  quantification 
R: ACATCCCGAAACCAACAGAG

loopern4 F: TGAGCTGAAACTTTACAGACACAT

Expressed repetitive elements R: AGACTTTGGTGTCTCCAGAATG

il4 GCAGGAATGGCTTTGAAGGG

ZDB-GENE-100204-1 GCAGTTTCCAGTCCCGGTAT

ifnγ1-2 F: GGGCGATCAAGGAAAACGACCC, 

ZDB-GENE-040629-1  R: TAGCCTGCCGTCTCTTGCGT

Table1 Click here to download Table Table 1. primer sequences.xlsx 
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Annealing temperature

65
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59.5
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Step Time Temperature

1 3 min 95 °C

2 5 s 95 °C

3 10 s 65 °C

4 5 s 72 °C (fluorescence detection)

5 Go to step 2. 39 times

6
Melting curve analysis 55-95°C

with 0.5°C intervals

7 Forever 4        °C

Table2 Click here to download Table Table 2. qPCR program for
marinum.xlsx
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Time Temperature

5 min 25°C

30 min 42°C

5 min 85°C

forever 4°C

Table3 Click here to download Table Table 3. cDNA synthesis.xlsx 

http://www.editorialmanager.com/jove/download.aspx?id=850501&guid=4b18399f-36f4-497d-9c12-95eb91046752&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=850501&guid=4b18399f-36f4-497d-9c12-95eb91046752&scheme=1


Step Time Temperature

1 30 s 95°C

2 12 s 95°C

3 30 s Annealing °C

4
Go to step 2. for 39

times

5

Melting curve analysis

65–95°C with 0.5°C

intervals

6 Forever 4°C

Table4 Click here to download Table Table 4. qPCR program for hosts
gene expression.xlsx
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Name of Material/ Equipment Company Catalog Number Comments/Description

Mycobacterium marinum American Type Culture Collection ATCC 927 

Middlebrock 7H10 agar BD, Thermo Fisher Scientific 11799042

Middlebrock OADC enrichment BD, Thermo Fisher Scientific 11718173

Middlebrock 7H9 medium BD, Thermo Fisher Scientific 11753473

Middlebrock ADC enrichment BD, Thermo Fisher Scientific 11718173

Tween 80 Sigma-Aldrich P1754

Glycerol Sigma-Aldrich G5516-500ML

GENESYS20 Spectrophotometer Thermo Fisher Scientific

Phosphate buffered saline tablets (PBS) Sigma-Aldrich P4417-50TAB

Phenol red Sigma-Aldrich P3532 

27G needle Henke Sass Wolf 4710004020

1 ml syringe Henke Sass Wolf 4010.200V0

Omnican 100 30G insulin needle Braun 9151133

3-aminobenzoic acid ethyl ester (pH 7.0) Sigma-Aldrich A5040 

1.5 ml homogenization tube Qiagen 13119-1000

2.8 mm ceramic beads Qiagen 13114-325

Ethanol, ETAX Aa Altia 

2-propanol Sigma-Aldrich 278475

Chloroform VWR 22711.290

Guanidine thiocyanate Sigma-Aldrich G9277 FW 118.2 g/mol

Sodium citrate Sigma-Aldrich 1613859 FW 294.1 g/mol

Tris (free base) Sigma-Aldrich TRIS-RO FW 121.14 g/mol

TRI reagent Molecular Research Center TR118 Guanidine thiocyanate-phenol solution

PowerLyzer24 homogenizator Qiagen

Sonicator m08 Finnsonic

Nanodrop 2000 Thermo Fisher Scientific

SENSIFAST No-ROX SYBR, Green Master Mix Bioline BIO-98005

qPCR 96-well plate BioRad HSP9601

Optically transparent film BioRad MSB1001

C1000 Thermal cycler with CFX96 real-time systemBioRad

RNase AWAY Thermo Fisher Scientific 10666421 decontamination reagent eliminating RNases  

DNase I Thermo Fisher Scientific EN0525
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Editorial comments and responses: 

1. The editor has formatted the manuscript to match the journal's style. Please retain the same. 

Formation checked. 

2. Please address specific comments in the manuscript. 

The comments and responses are visible in the manuscript and under these comments.  

3. Please reword the title to more clearly reflect the protocol. 

The title has been reword. 

4. Please remember that the highlighted steps are the steps which are shown in the video. Please ensure 

these are the core steps of the protocol and reflective of the title and manuscript. The manuscript 

emphasizes the identification of microbial loads by qPCR while none of the RNA, DNA, qPCR steps are 

highlighted. 

The extraction of nucleic acids and qPCR was left out because these steps are very familiar to anyone doing 

molecular techniques and it is not interesting to follow someone pipeting from one tube to another. The 

idea was to explain these steps verbally. However, you have a good point and a step where the qPCR 

reactions are pipetted is now added. In this step, also the homogenization of the sample and nucleic acid 

extraction could be briefly mentioned. 

5. Please remember that the highlight should not be more than 2.75 pages including heading and spacings. 

The highlighted text does not exceed 2.75 pages. 

6. The protocol needs more clarity. 

The specific clarity comments has been addressed in the manuscript file. 

7. Please proofread the manuscript for any spelling and grammar issues. 

Checked 

 

Comments within the manuscript: 

Please change the title to reflect the protocol clearly. Please be more specific. Please do not use the term 

model of Human tuberculosis … please tone this down a bit. 

Title modified 

Citation? 

Citations added 

Do you work under BL-2 guideline? Please mention the same as well, if yes. 

There is no ethical approval needed for handling BSL2 pathogen. In this case, the ethical permissions are 

needed only when animals are involved. This part refers to biosafety levels (not laboratory animals). The 

handling of pathogens is regulated locally. Please note, that the Finnish guidelines, that we are following, 

may not be the same in other laboratories. 

Please mention if you needed any local ethics committee approval for your work. Please do not use 

personal pronouns in the protocol section. 
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The permits have been mentioned at the beginning of the protocol section. No other ethical permits were 

required. The text has been combined with the note below. 

Converted to imperative tense, please check. 

Checked, OK 

We cannot have commercial language in the manuscript. Please move this part to the table of materials. 

Commercial language removed and added to the table of materials 

We cannot have paragraphs of text in the protocol section. Please consider moving some parts to the 

discussion. 

Some text was moved to discussion 

Till O.D what? 

Added 

We cannot have one note after another. So I have combined both. Please check. 

Checked, OK 

Since not in imperative tense, this is converted to a note. 

OK 

What is the day of infection- you grow bacteria for 3-4 days in liquid medium till O.D .., then dilute to 0.07 
O.D, then grow  again for two days to reach early log phase…. Then when is the day of infection?  
Please write steps as if you the doing the protocol. 

You followed the protocol correctly. The beginning of the sentence has now been removed 

So, bacteria form clumps in the steps above? What is the O.D. at this time? 

Many bacteria have a natural tendency to form aggregates and so does M. marinum. The bacteria form 

clumps even when tween is added to the culture medium (as it is in this protocol). The settling step does 

not change the OD-value much but gives a better correlation between OD600 and cfu/ul. So, the OD-value 

remains approximately at 0.5.    

Please provide the desired concentration used by you in your experiment. This is important for the person 

who reads to have a sense of what concentrations and volumes are used throughout. 

The infection dose depends on the experimental setup. In this article, we show results that have been 

produced by a low-dose infection (35 cfu) and high-dose infection (2000 cfu). The infection outcome is very 

different with these infection doses and has to be chosen by the reader. Also, adding a range from 35 to 

2000 cfu would give a false impression that any infection dose can be used. 

Notes cannot be filmed. Please convert this to steps in imperative tense if this needs to be filmed. 

Not necessary to film 

Needs citation. Or else how do you predetermine this? 

A citation added 

How do you do this. 



The correlation between OD and cfu/ul has been determined by first measuring OD600-value of the 

bacterial suspension and then plating a sample of the same suspension on 7H10 plate and counting the 

bacterial colonies formed on the plate. The measurements and platings have been repeated in different 

OD-values with a minimum of three replicates. 

What does AB wild-type represent and rag1-/- stands for. Either provide a reference or provide details in 

the materials table. 

AB removed and rag explained in the note below 

This detail should be included either in the introduction or in the protocol section (as a note) where the 

term is introduced. 

Moved from the results 

How do you maintain sterility in this case. 

The injection of the bacterial suspension is not sterile. It would be technically hard to wipe a small zebrafish 
with ethanol. Also, it would do extra harm to the fish.  
 
Please do not use personal pronouns in the protocol text.  
Also, at which step did you add the red tracer to the bacterial solution? 

Red tracer is added at step 2.4., as mentioned 
The sentence has been modified  
 

Take samples of bacterial suspension from where? Do you take samples from the fish? 

The samples are taken from the bacterial suspension used for infecting the fish. We do not take samples 

from the fish at this point. 

How do you verify the infection dose? What is the infection dose in this case. 

We count the colonies that form on the plates. This has been now explained in the protocol. The infection 

dose has to be confirmed with this plating method, we cannot know the exact infection dose beforehand. 

What are the symptoms of infection?  
The symptoms are listed in the following sentence. 

Is there a specific concentration used for euthanisa 

Unfortunately, there is not. It is unethical to test, which concentration of the anesthetic is enough for 

euthanizing the fish. Therefore, we cannot say more specifically. 

Please clarify? What symptoms what 30% ?  
 

This has now been clarified. 

Needs more clarity. Please reword better. 

Sentence modified 
 
Please do not use commercial language and use generic term instead. Also use imperative tense 

throughout. 



Tri reagent changed to guanidine thiocyanate-phenol solution 

Please make this a note or rewrite in imperative tense. 

Added as a note 

Please do not use commercial language in the manuscript. Please use generic terms instead. Please refer to 

the commercial language in the table of materials. 

ROX is an abbreviation of carboxy-X-rhodamine which is now mentioned in the text 

Wouldn’t this section 8 and 9 come before DNA isolation after step 5? 

No, this is in the correct place. We want to remove any possible traces of contaminating genomic DNA in 

our RNA samples. 

Please do not use commercial language in the manuscript. Please use generic term instead. Please refer to 

the commercial language in the Table of materials. 

Modified 

Same primers as before? 

No, the primers are found from the table 1 

This detail should be included either in the introduction or in the protocol section (as a note) where the 

term is introduced. 

Added as a note in the protocol section 

As we are a methods journal, please revise the Discussion to explicitly cover the following in detail in 3-6 

paragraphs with citations: 

a) Critical steps within the protocol 
b) Any modifications and troubleshooting of the technique 
c) Any limitations of the technique 
d) The significance with respect to existing methods 

e) Any future applications of the technique 

Please do not make numbered steps in the discussion. Please use paragraph style instead. 

Discussion modified 

 

Please do not abbreviate journal titles. 

The reference list was made with the jove’s own template found in refworks (proquest). Please consider 

editing the template according to your instructions. 



Most of the figures are reused from previous publications. PlosPathogens allows re-prints when cited 

appropriately, which is stated on their webpage:  

 

http://journals.plos.org/plospathogens/s/licenses-and-copyright 
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