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SUMMARY:  32 
Here, we introduce three different experiments to study Aeromonas infection in C. elegans. Using 33 
these convenient methods, it is easy to evaluate the toxicity among and within Aeromonas 34 
species. 35 
 36 
ABSTRACT:  37 
The human pathogen Aeromonas has been clinically shown to cause gastroenteritis, wound 38 
infections, septicemia, and urinary tract infections. Most human diseases have been reported to 39 
be associated with four species of bacteria: Aeromonas dhakensis, Aeromonas hydrophila, 40 
Aeromonas veronii, and Aeromonas caviae. The model organism Caenorhabditis elegans is a 41 
bacterivore that provides an excellent infection model by which to study the bacterial 42 
pathogenesis of Aeromonas. Here, we introduce three different experiments to study Aeromonas 43 
infection using a C. elegans model, including survival, liquid toxicity, and muscle necrosis assays. 44 
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The results of the three methods determining the virulence of Aeromonas were consistent. A. 45 
dhakensis was shown to be the most toxic among the 4 major Aeromonas species causing clinical 46 
infections. These methods are shown to be a convenient way to evaluate the toxicity among and 47 
within Aeromonas species and contribute to our understanding of the pathogenesis of 48 
Aeromonas infection. 49 
 50 
INTRODUCTION:  51 
The human pathogen, Aeromonas, has been shown clinically to cause gastroenteritis, wound 52 
infections, septicemia, and urinary tract infections 1,2. Most associated human diseases have 53 
been reported to be associated with four bacterial species: Aeromonas dhakensis, Aeromonas 54 
hydrophila, Aeromonas veronii, and Aeromonas caviae 2-5. Among Aeromonas infectious diseases, 55 
soft-tissue infections can cause severe morbidity and mortality in humans. Of note, muscle 56 
necrosis is the most severe form of soft tissue infection6. Observation of the survival and muscle 57 
necrosis of Caenorhabditis elegans after infection is a convenient method by which to speculate 58 
the toxicity of Aeromonas.  59 
 60 
Scientists have already developed numerous model organisms to study bacterial infections. In 61 
previous studies, mice, zebrafishes, and nematodes were used as animal models to study the 62 
pathogenesis and virulence of Aeromonas 6-8. Every animal model has its’ advantages and 63 
applications. The model organism, Caenorhabditis elegans, is a bacterivorous nematode which 64 
intakes bacteria as food naturally. C. elegans has developed a complicated innate immune system 65 
against bacterial infection over the course of its evolution. Under the stress of bacterial infection, 66 
C. elegans has been proven to be an excellent infection model to study the bacterial pathogenesis 67 
of Aeromonas 6,7,9 and other pathogens like fungus 10 and enterohaemorrhagic Escherichia coli 68 
O157:H7 11. However, there is still no publication that focuses on the methodology in using C. 69 
elegans as a model for studying the virulence of Aeromonas. 70 
 71 
Here, we introduce three different experiments to study Aeromonas infection using C. elegans as 72 
an animal model: assays for survival, liquid toxicity, and muscle necrosis. These methods are a 73 
convenient way to evaluate the toxicity among and within Aeromonas species and improve the 74 
understanding of the pathogenesis of Aeromonas. 75 
 76 
PROTOCOL:  77 
 78 
1. Preparation of the Culture Medium  79 
 80 
1.1 To prepare M9 medium12, dissolve 1.5 g of KH2PO4, 5.66 g of Na2HPO4, and 2.5 g of NaCl in 81 
500 mL of deionized water. Autoclave at 121 °C for 20 min. Wait until cooled to room 82 
temperature and then add 0.5 mL of 1 M MgSO4 before first use. 83 
 84 
1.2 To prepare nematode growth medium (NGM)12, dissolve 3 g NaCl, 2.5 g bacterial peptone, 85 
and 20 g agar in 1 L of deionized water. Autoclave at 121 °C for 20 min. Wait until cooled to 55 °C 86 
in a water bath and then add 1 mL of 1 M CaCl2, 1 mL of 1 M MgSO4, 1 mL of 5% cholesterol in 87 
ethanol, and 25 mL of phosphate buffer. Swirl to mix well. 88 



   

 
 

 89 
1.3 Pour about 5 mL NGM into each 6 cm Petri dish. Avoid bubble production on the surface of 90 
plate. Leave plates at room temperature for 1 night and package to save at 4 °C. Bring back to 91 
room temperature before use. 92 
 93 
1.4 To prepare enriched NGM (ENGM), dissolve 3 g NaCl, 5 g bacterial peptone, 1 g yeast extract, 94 
and 30 g agar in 1 L of deionized water. Autoclave at 121 °C for 20 min.  Wait until cooled to 55 95 
°C in a water bath, and add 1 mL of 1 M CaCl2, 1 mL of 1 M MgSO4, 1 mL of 5% cholesterol in 96 
ethanol, and 25 mL of phosphate buffer. Swirl to mix well.  97 
 98 
1.5. Pour about 10 mL ENGM into each 9 cm Petri dish. Avoid bubble production on the surface 99 
of plate. Leave plates at room temperature for 1 night and package to save at 4 °C. Bring to room 100 
temperature before use. 101 
 102 
1.6 To prepare S medium12, mix 40 mL S Basal, 0.4 mL 1 M potassium citrate, 0.4 mL trace metals 103 
solution, 0.12 mL of 1 M CaCl2, 0.12 mL of 1 M MgSO4, 40 µL of 5% cholesterol in ethanol and 1 104 
mL of 8 mM FudR before use.  105 
 106 
Note: See Table 1 for solution preparation. 107 
 108 
2. Synchronization of C. elegans6,9,12 109 
 110 
2.1 Wash about 2,000 worms in the gravid-adult stage with 10 mL of sterile deionized water in a 111 
15 mL tube. Wash out the bacteria 3x, keeping the worms at the bottom of the tube. 112 
 113 
2.2 Centrifuge the sample for 1 min at 500 x g to pull down the worms. Remove the supernatant, 114 
and keep the worms in 3.5 mL deionized water.  115 
 116 
2.3 Add 1 mL NaOCl (10‒15%) and 0.5 mL 5 M KOH into the tube. Mix evenly by shaking for <6 117 
min to lyse the worm bodies.  118 
 119 
2.4 After the eggs are released from the worms, add 10 mL deionized water to stop the lysis. 120 
Centrifuge for 1 min at 1,200 x g to pull down the eggs and remove the supernatant as much as 121 
possible. Wash with 15 mL M9 medium at least 3x.  122 
 123 
Note: See step 1.1 for the composition of M9 medium. 124 
 125 
2.5 Keep eggs in 1 mL M9 medium. Transport eggs to a 3.5 cm dish for incubation at 20 °C for 126 
one night (about 12‒18 h).  127 
 128 
Note: After the incubation, the eggs will hatch to worm larva which is called as first larva (L1) 129 
stage. 130 
 131 



   

 
 

2.6 Pipette out 10 µL of L1 worms in M9 medium. Count the worm number and calculate the 132 
concentration of L1 worms in M9 medium.  133 
 134 
2.7 Seed at most 10,000 incubated L1 stage worms with a pipet on a 9 cm ENGM plate spread 135 
with Escherichia coli OP50. In this step, spread 0.5 mL overnight cultured E. coli OP50 with Luria-136 
Bertani (LB) broth on the 9 cm ENGM plate. Incubate the plate at 37 °C for 16‒18 h 137 
 138 
Note: To avoid contamination, the spreading step should be performed in a laminar flow hood. 139 
 140 
2.8 Cool to room temperature before seeding L1 worms. Seed at most 10,000 incubated L1 stage 141 
worms on a 9 cm ENGM plate with E. coli OP50. Incubate the worms at 20 °C for 44 h or until 142 
they grow to the 4th larva (L4) stage. 143 
 144 
Note: See step 1.3 for the composition of ENGM medium. A worm has a white dot in half-moon 145 
shape at the middle of body side at the L4 stage. 146 
 147 
2.9 Use the synchronized L4 stage worms in the following assays. Use wild type N2 worms in the 148 
C. elegans survival assay with Aeromonas dhakensis and the C. elegans liquid toxicity assay with 149 
Aeromonas dhakensis. Use RW1596 worms (myo-3(st386);stEx30[myo-3p::GFP::myo-3 + rol-150 
6(su1006)]) in the C. elegans muscle necrosis assay with Aeromonas dhakensis. 151 
 152 
3. C. elegans Survival Assay with Aeromonas6,9 153 
 154 
3.1 On the day of seeding L1 worms on the ENGM spreading with E. coli OP50, pick a single colony 155 
of each of the four Aeromonas strains or E. coli OP50 and culture with 2 mL LB broth respectively 156 
at 37 °C for 16 h. 157 
 158 
Note: To avoid contamination, this step should be performed in a laminar flow hood. Here, the 159 
following bacterial strains were used: E. coli OP50, the normal food source of C. elegans. A. 160 
dhakensis AAK1, the first fully-sequenced pathogenic clinical isolated A. dhakensis clone. A. 161 
hydrophila A2-066, A. veronii A2-007, and A. caviae A2-9307121 are representatively clinical 162 
isolates from National Cheng Kung University Hospital. 163 
 164 
3.2 Measure the OD600 absorbance of bacterial broth and adjust the bacterial broth to OD600 = 165 
2.0 with LB broth. 166 
 167 
3.3 Spot and spread 30 µL of bacterial broth each 6 cm NGM plate. Culture the plates at room 168 
temperature overnight.  169 
 170 
Note: See step 1.2 for the composition of NGM medium. 171 
 172 
3.4 On the day the L1 worms grow to the L4 stage, randomly pick and transfer 50 worms to an 173 
NGM plate with each of the four Aeromonas strains or E. coli OP50. 174 
 175 



   

 
 

3.5 Incubate the NGM plates at 20 °C until the assay is finished. 176 
 177 
3.6 Transfer all the living worms to a newly prepared NGM plate with bacteria and count the 178 
numbers of live, dead, and sensor worms every day until the last worm is dead. 179 
 180 
Note: Transfer worms to a fresh-prepared NGM plate every day for the maintenance of infection, 181 
even if using sterile worms (e.g., glp-4, or with FudR). 182 
 183 
3.7 Plot the survival curves based on the daily data calculation.  184 
  185 
4. C. elegans Liquid Toxicity Assay with Aeromonas7 186 
 187 
Note: To avoid contamination, steps should be performed in a laminar flow hood. 188 
 189 
4.1 The day after seeding the L1 worms on the ENGM plate spread with E. coli OP50, pick a single 190 
colony of each of the four Aeromonas strains and E. coli OP50, and culture with 5 mL LB broth 191 
each at 37 °C for 16 h. 192 
 193 
Note: In the protocol, the following bacteria strains were used: E. coli OP50, the normal food 194 
source of C. elegans. A. dhakensis AAK1, the first fully-sequenced pathogenic clinical isolated A. 195 
dhakensis clone. A. hydrophila A2-066, A. veronii A2-007, and A. caviae A2-9307121 are 196 
representatively clinical isolates from National Cheng Kung University Hospital. 197 
 198 
4.2 Measure the OD600 absorbance of the bacteria broth. 199 
 200 
4.3 Centrifuge the bacterial broth at 3,500 x g for 15 min to remove the LB broth. Resuspend the 201 
bacteria and adjust the bacterial broth to OD600 = 3.0 with S medium. Add 195 µL of bacterial 202 
broth in S medium to at least 8 wells of a 96-well plate. 203 
 204 
Note: See step 1.6 for the composition of S medium. 205 
 206 
4.4 Wash off the L4 worms on the ENGM plate with E. coli OP5 using M9 medium. Adjust the 207 
worm solution to a concentration of 5 worms per µL and add 5 µL of the worm solution to each 208 
well of the 96-well plate. Ensure that there are approximately 25 worms per well. 209 
 210 
4.5 Incubate the 96-well plate on a shaker at 200 rpm at 25 °C. 211 
 212 
4.6 Count the number of live worms and dead worms after 24, 48, and 72 h. Calculate the survival 213 
rates of each well with the following formula: (Live worms/Total worms) × 100%. 214 
 215 
4.7 Draw a scatter plot graph with the daily data calculation.  216 
 217 
5. C. elegans Muscle Necrosis Assay with Aeromonas6 218 
 219 



   

 
 

Note: To avoid contamination, these steps should be performed in a laminar flow hood. 220 
 221 
5.1 On the day the L1 worms are seeded on the ENGM spread with E. coli OP50, pick a single 222 
colony of each of the four Aeromonas strains and E. coli OP50 and culture with 2 mL LB broth 223 
each at 37 °C for 16 h. 224 
 225 
Note: Here, the following bacteria strains were used: E. coli OP50, the normal food source of C. 226 
elegans. A. dhakensis AAK1, the first fully-sequenced pathogenic clinical isolated A. dhakensis 227 
clone. A. hydrophila A2-066, A. veronii A2-007, and A. caviae A2-9307121 are representatively 228 
clinical isolates from National Cheng Kung University Hospital. 229 
 230 
5.2 Measure the OD600 absorbance of the bacteria broth and adjust the bacteria broth to OD600 231 
= 2.0 with LB broth. Spot and spread 30 µL of bacterial broth on 6 cm NGM plates. Culture the 232 
plates at room temperature overnight. 233 
 234 
5.3 On the day the L1 worms grow to the L4 stage, transfer 50 worms to each NGM plate with 235 
each of the four Aeromonas strains or E. coli OP50. Incubate the NGM plates at 20 °C. Transfer 236 
worms every 24 h to newly prepared NGM plates with bacteria. 237 
 238 
5.4 Take muscle images using a fluorescence microscope. 239 
 240 
5.4.1. Randomly pick 10 worms onto a 2% agarose gel in M9 medium on a slide. Paralyze the 241 
worms using 2 µL of 1% sodium azide in M9 medium on agarose for less than 5 min before taking 242 
images. 243 
 244 
5.4.2. Place a cover slip and capture the muscle images using a green fluorescent protein (GFP) 245 
filter on a fluorescent microscope with charge-coupled device camera. Capture the muscle 246 
images at 24, 48, and 72 h post the L4 stage.  247 
 248 
5.5 Conduct image analysis and figure preparation with an image processing software.  249 
 250 
Note: The definitions of the scores and the muscle damage levels are shown in Figure 3, for which 251 
the criteria are listed as follows: 3 points for missing muscle fibers; 2 points for ruptured or 252 
broken muscle fibers; 1 point for bent muscle fibers; 0 points for healthy muscle fibers. 253 
 254 
6. Statistical Analyses  255 
 256 
6.1 Perform all experiments a minimum of three times independently.  257 
 258 
6.2 Use the Kaplan-Meier method to assess the C. elegans survival assays, and use the log-rank 259 
test in analyzing survival differences. Set statistical significance at 0.05.  260 
 261 



   

 
 

6.3 Use Student’s t-test to analyze the statistical results of the C. elegans liquid toxicity assays for 262 
the two different groups. Use one-way ANOVA test in analyzing differences among three or more 263 
values for one independent variable. Set statistical significance at 0.05.  264 
 265 
REPRESENTATIVE RESULTS:  266 
By following the protocols described above, it is easy to differentiate between the toxicities from 267 
the four Aeromonas strains. The survival assay of C. elegans is shown in Figure 1. The survival 268 
rates of C. elegans infected with Aeromonas species, shown in order from high to low were: A. 269 
caviae, A. veronii, A. hydrophila, and A. dhakensis. Although there is diversity in terms of toxicity 270 
among and within Aeromonas species, the survival rates of C. elegans, on average, showed 271 
highest mortality among the worms infected with A. dhakensis. The virulence of A. hydrophila 272 
was inferior to that of A. dhakensis (p < 0.01). In contrast to A. dhakensis and A. hydrophila, the 273 
attenuated virulences of both A. veronii and A. caviae were observed in the C. elegans survival 274 
assay. The diversity of the survival rates of C. elegans infected with different Aeromonas species 275 
is consistent with clinical observations of Aeromonas infection7.  276 
 277 
The results of the liquid toxicity assay of C. elegans are shown in Figure 2. With the infection time, 278 
the numbers of worms that survived decreased significantly when C. elegans was infected with 279 
either A. dhakensis or A. hydrophila. The survival rate of the worms infected with A. dhakensis 280 
was inferior to those infected with A. hydrophila. In contrast, the groups infected with A. veronii 281 
or A. caviae had higher survival rates at each time point as compared to A. dhakensis and A. 282 
hydrophila. The trends of survival rates of C. elegans in the liquid toxicity assay representing the 283 
virulence of different Aeromonas species are similar to those observed in the survival assay.   284 
 285 
In the C. elegans muscle necrosis assay, we first classified the levels of muscle damage and 286 
assigned scores according to the corresponding levels. The definitions of the score and the 287 
muscle damage levels are provided in Figure 3. The scoring criteria for each muscle damage level 288 
is as follows: 0 points for healthy muscle fibers; 1 point for bent muscle fibers; 2 points for 289 
ruptured or broken muscle fibers; 3 points for loss of muscle fibers. The results of the C. elegans 290 
muscle necrosis assay in Aeromonas infected-C. elegans is shown in Figure 4. The degrees of 291 
muscle damage varied among the Aeromonas species. The levels of muscle damage ranged in 292 
order from mild to severe as follows: A. caviae, A. veronii, A. hydrophila, and A. dhakensis at each 293 
time point. In contrast with A. hydrophila and A. dhakensis, muscle necrosis was not obvious in 294 
worms infected with A. caviae and A. veronii. Most of the worms infected with A. caviae and A. 295 
veronii were recorded as 0 points. C. elegans infected with A. hydrophila or A. dhakensis exhibited 296 
severe muscle damage. Of note, most of the worms infected with A. dhakensis demonstrated 297 
muscle damage graded ≥ 2 points. The degree of muscle necrosis of C. elegans infected with A. 298 
dhakensis was more severe in terms of a higher percentage of scores ≥ 2 points compared with 299 
A. hydrophila. The severity of muscle necrosis in the 4 Aeromonas species correlated with the 300 
findings from the survival and liquid toxicity assays.  301 
 302 
The methods described above offer a convenient way to differentiate virulence diversity among 303 
and within Aeromonas species. In addition, this is a reliable model by which to study the 304 
interaction between a pathogen and host.  305 



   

 
 

 306 
FIGURE AND TABLE LEGENDS:  307 
 308 
Figure 1: The survival curves of C. elegans. The survival assay shows the diverse toxicities of 309 
different Aeromonas species to C. elegans (**: P < 0.01; *: P < 0.05). 310 
 311 
Figure 2: The survival rate of C. elegans from the liquid toxicity assay. The liquid toxicity assay 312 
shows the different toxicities of various Aeromonas species to C. elegans. At (A) 24 h, (B) 48 h, 313 
and (C) 72 hours post Aeromonas infection, C. elegans infected with A. dhakensis has the lowest 314 
survival rate. The result suggests that A. dhakensis is the most toxic Aeromonas species to C. 315 
elegans (***: P < 0.001; **: P < 0.01, Error bars: standard deviation, SD). 316 
 317 
Figure 3: The corresponding scores for muscle necrosis in C. elegans induced by Aeromonas 318 
infection. The criteria for muscle necrosis and corresponding scores are as follows: 3 points for 319 
missing muscle fibers; 2 points for ruptured or broken muscle fibers; 1 point for bent muscle 320 
fibers; 0 points for healthy muscle fibers. Bent muscle fibers (arrows), ruptured muscle fibers 321 
(arrowheads), and missing muscle fibers (star) are indicated. 322 
 323 
Figure 4: The C. elegans muscle necrosis scores. The muscle necrosis scores show the various 324 
toxicities of different Aeromonas species to C. elegans. At (A) 24 h, (B) 48 h, and (C) 72 h post 325 
Aeromonas infection, the C. elegans muscle damage is the severest from infection with A. 326 
dhakensis. 327 
 328 
Table 1: Solution Preparation. 329 
 330 
DISCUSSION:  331 
C. elegans is a bacterivorous nematode that naturally intakes bacteria as food and has developed 332 
a complicated innate immunity to bacteria during its evolutionary process. Two of the major 333 
organs maintaining and supporting the immunity are the epidermis and intestine9,13. The 334 
epidermis and bands of muscle of C. elegans resemble the soft-tissue structures in mammals and 335 
humans6. Because of these characteristics, C. elegans is applicable as a model organism for 336 
studying the pathogenesis of Aeromonas infection.  337 
 338 
Here, we present three methods for examining Aeromonas infection in C. elegans that are 339 
representative of the diverse toxicity among 4 Aeromonas species and are correlated with clinical 340 
observation 7. These convenient methods distinguish the different degrees of toxicity among the 341 
Aeromonas species. Using these methods, researchers can study the virulence of different 342 
Aeromonas species and the defending mechanism of hosts upon Aeromonas infection.  343 
 344 
In these three methods, C. elegans acts not only as a predator but also as a prey of Aeromonas. 345 
If the worms are not in healthy condition before test, the results of host-pathogen interaction 346 
will be different. Thus, it is important to be very careful when manipulating C. elegans. To avoid 347 
excessive damage to the eggs of C. elegans in the synchronizing step, be sure to observe the 348 
release of eggs continuously. Once the eggs are damaged, the hatching number of C. elegans 349 



   

 
 

eggs will largely decrease. Even if the damaged eggs hatch successfully, the worms are likely to 350 
have developmental problems. Therefore, it is critical to complete step 2.3 within 6 min after the 351 
worms are exposed to NaOCl and KOH. 352 
 353 
The three methods described above show cohesive results on the Aeromonas toxicities to C. 354 
elegans, including two different experiments measuring the survival rates of C. elegans under 355 
Aeromonas infection and one observing the morphological change of muscle. The virulence test 356 
using different designed methods may provide diverse results. For example, scientists have 357 
previously observed different outcomes in C. elegans plate and liquid assays14. In our research, 358 
we also found there was discrepancy existing between these two assays9. It is believed that the 359 
external environment will influence virulence of the pathogen, and the researchers need to find 360 
the optimal conditions to explore the virulence mechanism. From another perspective, it is worth 361 
studying and understanding the underlying mechanisms in specific condition of infection. 362 
 363 
In this work, we established an infection model in C. elegans to study the virulence of Aeromonas 364 
and the corresponding host response after infection. These three methods could be applied to 365 
study the other Aeromonas species beyond the 4 species addressed in the present study. In 366 
addition, these approaches will provide a platform to study the underlying mechanism 367 
responsible for muscle necrosis induced by bacterial infection and to develop potential therapies 368 
to improve the clinical outcomes of severe soft tissue infections.      369 
 370 
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Solution Preparation

Dissolve 119.35 g of KH2PO4 and 21.43 g of 

K2HPO4, in 1 L deionized water.  

Autoclave at 121 °C for 20 min

Adjust the pH value to pH = 6.0 with KOH.

Wait until cooled to room temperature

Dissolve 5.85 g NaCl, 6 g KH2PO4, and 1 g

K2HPO4 in 1 L of deionized water. 

Autoclave at 121 °C for 20 min. 
Wait until cooled to room temperature. 

Dissolve 4 g citric acid•H2O and 58.7 g tri-

potassium citrate•H2O in 0.2 mL of deionized

water. 

 Adjust the pH value to pH=6.0. 

Autoclave at 121 °C for 20 min. 

Wait until cooled to room temperature. 

Dissolve 1.86 g disodium EDTA, 0.69 g FeSO4 •7 

H2O, 0.2 g MnCl2•4 H2O, 0.29 g ZnSO4•7 H2 O, 

0.025 g CuSO4•5 H2O in 1 L deionized water. 

Autoclave at 121 °C for 20 min. 

Wait until cooled to room temperature 

Keep the solution in the dark. 

Dissolve 10 g NaCl, 10 g tryptone, and 5 g yeast

extract in 1 L of deionized water.

Autoclave at 121 °C for 20 min. 
Wait until cooled to room temperature.

Phosphate Buffer

S Basal

1 M Potassium citrate

Trace metals solution

LB broth
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Name of Material/ Equipment Company Catalog Number Comments/Description

Shaker incubator YIH DER LM-570R Bacteria incubation

K2HPO4 J.T.Baker MP021519455 Culture medium preparation 

KH2PO4 J.T.Baker 3246-05 Culture medium preparation 

Na2HPO4 J.T.Baker MP021914405 Culture medium preparation 

NaCl SIGMA 31434 Culture medium preparation 

MgSO4 SIGMA M7506 Culture medium preparation 

agar Difco 214530 Culture medium preparation 

CaCl2 SIGMA C1016 Culture medium preparation 

cholesterol SIGMA C8503 Culture medium preparation 

ethanol SIGMA 32205 Culture medium preparation 

KOH SIGMA P5958 Culture medium preparation 

6 cm petri plate ALPHA PLUS 46 agar plate preparation

96-well plate FALCON 353072 liquid assay

bacterial peptone Affymetrix/USB AAJ20048P2 Culture medium preparation 

yeast extract SIGMA 92144 Culture medium preparation 

citric acid•H2O SIGMA C1909 Culture medium preparation 

tri-potassium citrate•H2O SIGMA 104956 Culture medium preparation 

FudR SIGMA 1271008 Culture medium preparation 

disodium EDTA SIGMA E1644 Culture medium preparation 

FeSO4•7 H2O SIGMA 215422 Culture medium preparation 

MnCl2•4 H2O SIGMA 221279 Culture medium preparation 

ZnSO4•7 H2O SIGMA 204986 Culture medium preparation 

CuSO4•5 H2O SIGMA C8027 Culture medium preparation 

tryptone SIGMA 16922 Culture medium preparation 

Microscope system Nikon 

Eclipase Ti 

inverted microscope imaging

Scientific CCD Camera QImaging 

Retiga-2000R Fast 

1394 microscope imaging
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 Standard Access   Open Access
 
Item 2: Please select one of the following items: 

 The Author is NOT a United States government employee. 
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course of his or her duties as a United States government employee. 

 
ARTICLE AND VIDEO LICENSE AGREEMENT 

 
1. Defined Terms. As used in this Article and Video 
License Agreement, the following terms shall have the 
following meanings: “Agreement” means this Article and 
Video License Agreement; “Article” means the article 
specified on the last page of this Agreement, including any 
associated materials such as texts, figures, tables, artwork, 
abstracts, or summaries contained therein; “Author” 
means the author who is a signatory to this Agreement; 
“Collective Work” means a work, such as a periodical issue, 
anthology or encyclopedia, in which the Materials in their 
entirety in unmodified form, along with a number of other 
contributions, constituting separate and independent 
works in themselves, are assembled into a collective whole; 
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the 
terms and conditions of which can be found at: 
http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based 
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement, 
dramatization, fictionalization, motion picture version, 
sound recording, art reproduction, abridgment, 
condensation, or any other form in which the Materials may 
be recast, transformed, or adapted; “Institution” means 
the institution, listed on the last page of this Agreement, by 
which the Author was employed at the time of the creation 
of the Materials; “JoVE” means MyJove Corporation, a 
Massachusetts corporation and the publisher of The Journal 
of Visualized Experiments; “Materials” means the Article 
and / or the Video; “Parties” means the Author and JoVE; 
“Video” means any video(s) made by the Author, alone or 
in conjunction with any other parties, or by JoVE or its 
affiliates or agents, individually or in collaboration with the 
Author or any other parties, incorporating all or any portion 

of the Article, and in which the Author may or may not 
appear. 
2. Background. The Author, who is the author of the 
Article, in order to ensure the dissemination and protection 
of the Article, desires to have the JoVE publish the Article 
and create and transmit videos based on the Article. In 
furtherance of such goals, the Parties desire to memorialize 
in this Agreement the respective rights of each Party in and 
to the Article and the Video. 
3. Grant of Rights in Article. In consideration of JoVE 
agreeing to publish the Article, the Author hereby grants to 
JoVE, subject to Sections 4 and 7 below, the exclusive, 
royalty-free, perpetual (for the full term of copyright in the 
Article, including any extensions thereto) license (a) to 
publish, reproduce, distribute, display and store the Article 
in all forms, formats and media whether now known or 
hereafter developed (including without limitation in print, 
digital and electronic form) throughout the world, (b) to 
translate the Article into other languages, create 
adaptations, summaries or extracts of the Article or other 
Derivative Works (including, without limitation, the Video) 
or Collective Works based on all or any portion of the Article 
and exercise all of the rights set forth in (a) above in such 
translations, adaptations, summaries, extracts, Derivative 
Works or Collective Works and(c) to license others to do any 
or all of the above. The foregoing rights may be exercised in 
all media and formats, whether now known or hereafter 
devised, and include the right to make such modifications 
as are technically necessary to exercise the rights in other 
media and formats. If the “Open Access” box has been 
checked in Item 1 above, JoVE and the Author hereby grant 
to the public all such rights in the Article as provided in, but 
subject to all limitations and requirements set forth in, the 
CRC License. 
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author. 
5. Grant of Rights in Video – Standard Access. This 
Section 5 applies if the “Standard Access” box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, Subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
the Author is deemed, now or at any time in the future, to 
have any rights of any nature in or to the Video, the Author 
hereby disclaims all such rights and transfers all such rights 
to JoVE. 
6. Grant of Rights in Video – Open Access. This 
Section 6 applies only if the “Open Access” box has been 
checked in Item 1 above. In consideration of JoVE agreeing 
to produce, display or otherwise assist with the Video, the 
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of 
copyright in the Article, including any extensions thereto) 
license (a) to publish, reproduce, distribute, display and 
store the Video in all forms, formats and media whether 
now known or hereafter developed (including without 
limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.
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Editor of JoVE                                          August 20th, 2018 

Dr. Alisha DSouza 

 

Dear Dr. Alisha DSouza: 

We wish to thank the reviewers and the editorial board for the excellent reviews on 

the manuscript entitled “Convenient and reliable methods to evaluate the virulence 

and pathogenesis of Aeromonas infection in a Caenorhabditis elegans model” 

(Manuscript ID: JoVE58768). We have revised the manuscript according to the 

valuable recommendations. The revisions we made are summarized in the following 

context and are marked with underlines. The draft has been edited by a native 

English speaker before re-submission. We hope our revised manuscript will be 

suitable for publication in Froniters in Immunology. 

 

Yours Sincerely, 

 

 

Yi-Wei Chen 
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Editorial comments: 

Changes to be made by the Author(s) regarding the written manuscript: 

1. Please take this opportunity to thoroughly proofread the manuscript to 

ensure that there are no spelling or grammar issues. 

Ans: Many thanks for the suggestion. We have re-edited the English writing of 

manuscript with the help from Miss Savana Moore, an English proofreading 

editor with 15-years experience in English editing of the language center of 

National Chung-Kung University. 

 

2. Please revise the title to be more concise and clear. 

Ans: Many thanks for the suggestion. We have revised the title as follow: 

“Convenient and reliable methods to evaluate the virulence and pathogenesis of 

Aeromonas infection in a Caenorhabditis elegans model”. 

 

3. Please spell out each abbreviation the first time it is used. 

Ans: Many thanks for the suggestion. We have revised to spell out each 

abbreviation the first time it is used. (lines 39-40; 53-54) 

 

4. Please use centrifugal force (x g) for centrifuge speeds. 

Ans: Many thanks for the suggestion. We have revised it. (lines 139)  

 

5. JoVE cannot publish manuscripts containing commercial language. This 

includes trademark symbols (™), registered symbols (®), and company names 

before an instrument or reagent. Please remove all commercial language from 

your manuscript and use generic terms instead. All commercial products 

should be sufficiently referenced in the Table of Materials and Reagents. For 

example: Prison, Nikon Eclipase, QImaging Retiga, etc. 

Ans: Many thanks for the suggestion. We have removed these commercial 

languages. (lines 193, 219, and 238-248) 

 

6. Please revise the protocol (1.11-1.13, 6.1-6.3, etc.) to contain only action 

items that direct the reader to do something (e.g., “Do this,” “Ensure that,” etc.). 

The actions should be described in the imperative tense in complete 

sentences wherever possible. Avoid usage of phrases such as “could be,” 

“should be,” and “would be” throughout the Protocol. Any text that cannot be 

written in the imperative tense may be added as a “Note.” Please include all 

safety procedures and use of hoods, etc. However, notes should be used 



sparingly and actions should be described in the imperative tense wherever 

possible. 

Ans: Many thanks for the suggestion. We have revised the protocol to contain 

only action items. (lines 154-170 and 251-258) 

 

7. Please add more details to your protocol steps. There should be enough 

detail in each step to supplement the actions seen in the video so that viewers 

can easily replicate the protocol. Please ensure you answer the “how” question, 

i.e., how is the step performed? Alternatively, add references to published 

material specifying how to perform the protocol action. 

Ans: Many thanks for the suggestion. We have revised and added more details 

and references of these protocols. (lines 75-258) 

 

1.1: What is ddwater? What volume of ddwater is used to wash? 

Ans: We have revised ddwater to deionized water and added the volume of 

usage. (line 136) 

 

1.5: What eggs? 

Ans: We have revised eggs to “eggs are released from the worms”. (line 143) 

 

1.7: Please provide composition of M9 medium. What volume of M9 medium is 

used to wash? 

Ans: Many thanks for the suggestion. The composition of M9 was described at 

lines 76-81. And we have revised and added the volume of usage. (lines 

146-147) 

 

1.10: How is L4 stage defined? 

Ans: We have added the description of the definition of L4 stage of C. elegans 

as follow: “Note: Worms has a white dot in half-moon shape on the middle of body 

side at L4 stage.“ (line 165) 

 

3.5: Please specify incubation time. 

Ans: Many thanks for the suggestion. We have added the incubation time as 

follow “Incubate the NGM plates at 20oC until the assay is finished.” (line 188) 

 

3.6: How many worms are transferred? 

Ans: All the living worms are needed to be transferred. We have revised at lines 

189-192. 



 

4.4: Please provide composition of S medium. 

Ans: Many thanks for the suggestion. The composition of S medium was 

described at lines 108-129. 

 

5.7: Please describe how to paralyze the worms. For instance, for how long 

are the worms placed in M9 medium with 1% sodium azide? 

Ans: We have revised the protocol of how to paralyze the worms at lines 

238-244.  

 

8. 2.2-2.4: Please break up into sub-steps. 

Ans: Many thanks for the suggestion. We have broken up these steps into 

sub-steps. (lines 76-133) 

 

9. Figure 2: Please define error bars in the figure legend.  

Ans: Many thanks for the suggestion. We have revised as follow: “(Error bars: 

standard deviation, SD)”. (line 309) 

 

10. 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 

Ans: Many thanks for the suggestion. We have revised the discussion at lines 

336-353. 

 

11. Please combine Finding into the Acknowledgements section. 

Ans: Many thanks for the suggestion. We have revised and combined at lines 

363-370. 

 

12. References: Please do not abbreviate journal titles. 

Ans: Many thanks for the suggestion. We have revised at lines 376-410. 

 

Reviewers' comments: 

 

 



 

Reviewer #1: 

 

The paper entitled "Methods to study the virulence and pathogenesis of 

Aeromonas infection in a Caenorhabditis elegans model" describes the three 

approaches to evaluate virulence of Aeromonas spp. The authors have tried 

well to indicate that the adopted methods are convenient and useful. However 

it is not clear which method is more convenient and reliable to evaluate 

virulence? Or all three methods should be tested. 

 

It is also not indicated the need and significance of this work if methods are 

already exist. 

 

The authors have successfully able to generate some useful information and 

may be accepted for publication provided that the above points and points 

mentioned below should be considered. 

 

English grammar and scientific language need to be improved. 

Ans: Many thanks for the suggestion. We have re-edited the English writing of 

manuscript with the help from Miss Savana Moore, an English proofreading 

editor with 15-years experience in English editing of the language center of 

National Chung-Kung University. 

 

Abstract: 

All scientific names should be in italics 

* A. dhakensis, A. hydrophila, A. veronii, and A. caviae 

Caenorhabditis elegans 

Ans: Many thanks for the suggestion. We have revised to spell out each 

abbreviation the first time it is used. (lines 39-40; 53-54) 

 

* The results of the three methods determining the virulence of C. elegans 

were consistent.( This sentence is not clear, As you are determining the 

virulence of bacteria and not C elegans Pls correct it.) 

Ans: Many thanks for the suggestion. We have revised at line 44. 

 

* Clarify change to evaluate 

Ans: Many thanks for the suggestion. We have revised and changed “clarify” 

to “evaluate” at line 46. 



 

* an understanding change to Our understanding 

Ans: Many thanks for the suggestion. We have revised and changed “an” to 

“our” at line 47. 

 

Protocols: 

* References of Protocol used should be given if standard methods were 

adopted. If modification was done then it should be indicated that what 

modification done in the standard was done. 

Ans: Many thanks for the suggestion. We have revised and added references 

at lines 76, 82, and 108. 

 

* Source of Bacterial cultures and C. elegans should be mentioned clearly. 

Ans: Many thanks for the suggestion. We have revised and added description 

at lines 76-258. 

 

REPRESENTATIVE RESULTS: 

The methods described above offer a convenient way to differentiate virulence 

diversity among and within Aeromonas species. In addition, this is also a 

reliable model by which to study the interaction between a pathogen and host. 

 

 

 

 

 

Reviewer #2: 

 

Manuscript Summary: 

This manuscript describes the use of C. elegans as a host to assess virulence 

determinants for four different species of Aeromonas known to cause clinical 

infections. Understanding the mechanisms of virulence and toxicity that are 

responsible for Aeromonas pathogenicity will be helpful for developing new 

strategies for combatting infection. This new C. elegans - Aeromonas infection 

model should make it simpler to evaluate host survival and tissue pathology. I 

think that the procedure is appropriate for publication in JoVE. 

 

Major Concerns: 

None 



 

Minor Concerns: 

 

1) Add more information on C. elegans as a host for various kinds of bacterial 

and fungal infections. 

Ans: Many thanks for the suggestion. We have revised and added description 

at lines 64-67. 

 

2) Define all abbreviations (e.g., ddwater). JoVE is not always read by 

specialists (e.g., some high school teachers use JoVE protocols for their 

biology labs). 

Ans: Many thanks for the suggestion. We have revised to spell out each 

abbreviation the first time it is used. (lines 39-40; 53-54) 

 

3) How do you seed ENGM with OP50? What is the appropriate amount of 

bacteria? 

Ans: Many thanks for the suggestion. We have revised and added the 

description of seeding step. (lines 152-162) 

 

4) Line 133 (step 3.1). Here and elsewhere (e.g. 4.1), what "respectively" 

refers to? Looks like all of the bacteria were cultured in LB. 

Ans: Yes. All the bacteria are cultured separately. 

 

5) Line 134 (step 3.4). How do you transfer worms? Picking? Washing off and 

dropping? 

Ans: Many thanks for the suggestion. We have revised and added the 

description of picking to transfer worms. (lines 186-187) 

 

6) Line 141 (step 3.6) Is the reason for the transfer to avoid progeny of 

non-sterile N2 worms that will interfere with the assay outcome? What 

happens if sterile worms (e.g. fer-15;fem-1, glp-1, glp-4, or FuDR are used?) 

Ans: Yes. Transfer worms every day can avoid the effect of progeny. Besides, 

transfer every day can make sure the worms are fed with fresh-prepared 

bacteria. If using sterile worms, we still suggest to transfer worms every day. 

(lines 189-192) 

 

7) Line 4.10. Given that assay is run for up to 72h, there is likely some 

egg-laying happening. Being in liquid condition strongly enhances internal 



hatching, bagging and death of the mother (e.g. PMID: 10545455). Van 

Voorhie in his manuscript, entitled "The influence of metabolic rate on 

longevity in the nematode Caenorhabditis elegans" states that "In liquid as 

compared to solid medium, C. elegans grows more slowly, has an altered 

morphology, cannot mate, has reduced fertility and adult worms are subject to 

up to 90% mortality rates from internal egg hatching (Braeckman et al., 2000; 

Mitchell et al., 1979; Gandhi et al., 1980)." Was this artifact taken into account 

in this assay? 

Ans: No. The “internal egg hatching” phenotype does not happen because of 

the use of FudR in the S medium in the C. elegans liquid toxicity assay. (lines 

108-129) 


