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A quantitative method has been developed to identify and predict the acute toxicity of chemicals 44 
by automatically analyzing the phenotypic profiling of Caenorhabditis elegans. This protocol 45 
describes how to treat worms with chemicals in a 384-well plate, capture videos, and quantify 46 
toxicological related phenotypes.  47 
 48 
ABSTRACT: 49 
Applying toxicity testing of chemicals in higher order organisms, such as mice or rats, is time-50 
consuming and expensive, due to their long lifespan and maintenance issues. On the contrary, 51 
the nematode Caenorhabditis elegans (C. elegans) has advantages to make it an ideal choice for 52 
toxicity testing: a short lifespan, easy cultivation, and efficient reproduction. Here, we describe a 53 
protocol for the automatic phenotypic profiling of C. elegans in a 384-well plate. The nematode 54 
worms are cultured in a 384-well plate with liquid medium and chemical treatment, and videos 55 
are taken of each well to quantify the chemical influence on 33 worm features. Experimental 56 
results demonstrate that the quantified phenotype features can classify and predict the acute 57 
toxicity for different chemical compounds and establish a priority list for further traditional 58 
chemical toxicity assessment tests in a rodent model. 59 
 60 
INTRODUCTION:  61 
Along with the rapid development of chemical compounds applied to industrial production and 62 
people’s daily life, it is important to study the toxicity testing models for the chemicals. In many 63 
cases, the rodent animal model is employed to evaluate the potential toxicity of different 64 
chemicals on health. In general, the determination of lethal concentrations (i.e., the assayed 50% 65 
lethal concentration [LC50] of different chemicals) is used as the traditional parameter in a rodent 66 
(rat/mouse) model in vivo, which is time-consuming and very expensive. Due to the reduce, 67 
refine, or replace (3R) principle that is central to animal welfare and ethics, new methods that 68 
allow for the replacement of higher animals are valuable to scientific research1–3. C. elegans is a 69 
free-living nematode that has been isolated from soil. It has been widely used as a research 70 
organism in the laboratory because of its beneficial characteristics, such as a short lifespan, easy 71 
cultivation, and efficient reproduction. In addition, many fundamental biological pathways, 72 
including basic physiological processes and stress responses in C. elegans, are conserved in higher 73 
mammals4–8. In a couple of comparisons we and others have made, there is a good concordance 74 
between C. elegans toxicity and toxicity observed in rodents9. All of this makes C. elegans a good 75 
model to test the effects of chemical toxicities in vivo. 76 
  77 
Recently, some studies quantified the phenotypic features of C. elegans. The features can be 78 
used to analyze the toxicities of chemicals2,3,10 and the aging of worms11. We also developed a 79 
method that combines a liquid worm culturing system and an image analysis system, in which 80 
the worms are cultured in a 384-well plate under different chemical treatments12. An automated 81 
microscope stage is used for experimental video acquisition. The videos are processed by a 82 
custom-designed program, and 33 features related to the worms’ moving behavior are quantified. 83 
The method is used to quantify the worm phenotypes under the treatment of 10 compounds. 84 
The results show that different toxicities can alter the phenotypes of C. elegans. These quantified 85 
phenotypes can be used to identify and predict the acute toxicity of different chemical 86 
compounds. The overall goal of this method is to facilitate the observation and phenotypic 87 



   

quantification of experiments with C. elegans in a liquid culture. This method is useful for the 88 
application of C. elegans in chemical toxicity evaluations and phenotype quantifications, which 89 
help predict the acute toxicity of different chemical compounds and establish a priority list for 90 
further traditional chemical toxicity assessment tests in a rodent model. 91 
 92 
PROTOCOL:  93 
The protocol follows the animal care guidelines of the Animal Ethics Committee of the Beijing 94 
Center for Disease Prevention and Control in China. 95 
 96 
1. Chemical preparation  97 
 98 
1.1. Obtain chemicals (Table 1 and Table of Materials).  99 
 100 
1.2. Determine the highest and lowest dosage of the individual chemicals for a minimum 101 
concentration of 100% lethality (LC100, 24 h) and a maximum concentration of 100% nonlethality 102 
(LC0, 24 h) to worms. Use at least six dilutions of the highest concentration (Table 1).  103 
 104 
NOTE: Conduct a preliminary worm lethality test9 to explore LC100 and LC0 for a new chemical, 105 
to determine the dosage.  106 
 107 
1.3. Dilute each chemical with K-medium (Table of Materials) to 2x the required concentration. 108 
Use K-medium as a control to compare the phenotype alterations caused by the chemicals.  109 
 110 
1.3.1. For example, prepare 7 gradient concentrations of cadmium chloride (CdCl2) (Table 1). To 111 
prepare 2x the highest concentrated aqueous solution (4.64 mg/mL), dissolve 92.8 mg of CdCl2 112 
solid powder in 8 mL of K-medium and fill up to 10 mL after the powder has fully dissolved. 113 
Prepare the other concentration levels by dilution with K-medium. 114 
 115 
1.4. Prepare eight parallel wells for every concentration in the chemical gradient. Each well 116 
contains 50 µL of the 2x chemical solution. Prepare at least three groups of eight parallel wells of 117 
K-medium as a control (Table 2). 118 
 119 
NOTE: In brief, a volume of 500 µL of 2x working solution is necessary for a single dose of each 120 
chemical. 121 
 122 
2. Worm preparation 123 
 124 
2.1. Obtain wild-type N2 worms and Escherichia coli OP50 strains from the Caenorhabditis 125 
Genetics Center (CGC). 126 
 127 
2.2. Obtain synchronized L4 worms. 128 
 129 
2.2.1. Pick a single colony of E. coli OP50 from the streak plate. Aseptically inoculate the colony 130 
in 100 mL of LB broth and grow it overnight at 37 °C.  131 



   

 132 
NOTE: The E. coli OP50 solution is now ready for seeding to nematode growth medium (NGM, 133 
Table of Materials) plates. 134 
 135 
2.2.2. Pour NGM into a 90 mm plastic Petri plate. Seed each plate with 300 µL of E. coli OP50 136 
solution the day after pouring. Incubate N2 worms on the NGM plates with OP50 at 20 °C for 137 
about 2–3 days until most of the worms have reached the adult stage.  138 
 139 
2.2.3. Harvest gravid worms into a 15 mL sterile conical centrifuge tube with sterile H2O. Let the 140 
worms settle down for at least 2 min, aspirate the H2O, and add 5 mL of bleach buffer (Table of 141 
Materials).  142 
 143 
2.2.4. Vortex the tube for 5 min, spin the tube for 30 s (at 1,300 x g) to pellet the eggs, and discard 144 
the supernatant.  145 
 146 
2.2.5. Wash the eggs with 5 mL of sterile H2O and vortex the tube for 5 s. Centrifuge the tube for 147 
30 s (at 1,300 x g), remove the supernatant, and wash again. 148 
 149 
2.2.6. Pipette the eggs onto a new NGM plate with OP50. Incubate them at 20 °C. Monitor the 150 
hatched L1 worms the next morning; the worms will reach the L4 stage in approximately 40 h. 151 
 152 
2.3. Wash the L4 worms off the 90 mm Petri plates with K-medium into a 50 mL sterile conical 153 
tube. Adjust the concentration of worms to ~40 animals per 100 µL of K-medium under a 154 
stereomicroscope. Add 50 µL (~20 worms) into each well of the 384-well plate. These 155 
synchronized worms (L4 stage) are ready for the following treatment by chemicals.  156 
 157 
3. Chemical treatment and video capture 158 
 159 
NOTE: In a 384-well plate, worms (50 µL in each well) are treated to six to seven dosages of an 160 
individual chemical (Table 1). Prepare eight parallel wells, each containing 50 µL of the 2x 161 
chemical solution for every dosage (eight wells are filled with the same chemical and the same 162 
concentration, Table 2). All videos are collected using a digital camera attached to an inverted 163 
microscope (Table of Materials). The chemical treatment experiment lasts for 24 h. Do not add 164 
bacterial food to each well during the 24 h chemical treatment experiment. 165 
 166 
3.1. Before adding the chemicals, set the 384-well plate with the synchronized worms on the 167 
automatic stage and take videos of each well with the programmed acquisition procedure (7 168 
frames per second for 2 s; it takes ~20 min to scan each plate). 169 
 170 
3.2. Add 50 µL of the 2x chemical stock prepared according to section 1 for each well (Table 2). 171 
Set the time as the 0 h point. 172 
 173 
3.3. Incubate the 384-well plate at 20 °C and shake it at 80 rpm in an incubator shaker. 174 
 175 



   

3.4. Remove the plate from the incubator and transfer it to an automatic stage. Take videos of 176 
each well of the whole plate, at 12 h and at 24 h, to check the phenotypes of the worms for each 177 
specific chemical treatment in K-medium. Approximately 25 min are required for one plate 178 
screen. 179 
 180 
4. Experiment video processing 181 
 182 
NOTE: A program for experimental video and images processing was written and packaged. It can 183 
be freely downloaded (see Table of Materials). The experimental video is stored in the form of 184 
an image frame sequence, and the frame sequence of each video is stored in a specific directory. 185 
The program can recognize worms and quantify phenotypes automatically.  186 
 187 
4.1. In the graphical user interface (GUI, Figure 1), add the parameters, such as the frame 188 
sequence directory, the output directory, the worm size parameter, and the movement threshold 189 
parameter. Click the Analyze button to process the experimental images.  190 
 191 
4.1.1. Click the Select button to choose the source images directory.  192 
 193 
4.1.2. Add the middle result directory in the interface.  194 
 195 
NOTE: The middle results include the segmented images. These middle results are useful for the 196 
visual observation of the processed images. 197 
 198 
4.1.3. Add the final result directory in the interface.  199 
 200 
4.1.4. Add the average worm size parameter in the Worm Size textbox in the interface.  201 

 202 
NOTE: The size parameter used in the experiments is 2,000. 203 
 204 
4.1.5. Add the Threshold of moved ratio in the interface.  205 
 206 
NOTE: The ratio used in the experiments is 0.93. 207 
 208 
4.1.6. Click the Analyze button to start the image processing. Click the Reset button to clear the 209 
added parameters.  210 
 211 
NOTE: There are 33 features defined and quantified for worms. All the defined phenotypes are 212 
sorted by categories (listed in Table 3). These features can be quantified from experimental 213 
images. A quantitative comparison among different chemicals, which have different toxicities, 214 
can be done by comparing these features.  215 
 216 
REPRESENTATIVE RESULTS:  217 
We have tested the phenotypes of worms exposed to different concentrations of more than 10 218 
chemicals12. In the test, 33 distinct features were quantified for each chemical compound at three 219 



   

time points (0 h, 12 h, and 24 h). Previously, a comparison between a manual and an automatic 220 
analysis of a lifespan assay was done11,12. In this assay, we found that chemicals and 221 
concentrations can influence the worm phenotypes. An overview of this method is shown in 222 
Figure 2.  223 
 224 
The results (Figure 3 and Figure 4c,d) showed that the worms died quickly as the chemical 225 
concentration increased. At higher concentrations, the worms became straighter and less curved 226 
than at lower concentrations or in control groups (Figure 3 and Figure 4b). In the beginning (at 0 227 
h), there was no significant difference between the control (K-medium) and chemical treatments 228 
for all phenotypes. After 12 h of treatment with a given chemical dosage, the phenotypes of 229 
worms showed different degrees of differences among control and different concentration 230 
groups. For example, the major axis length increased as time increased. There is also a gradient 231 
trend from lower to higher chemical concentrations. The gradient trend of different chemical 232 
concentrations was also significant in the minor axis length (Figure 4a,b).  233 
 234 
In this assay, the worm’s motility was calculated in two ways, based on the area the worm moved 235 
in and the motility ratio (Figure 4c,d). Motility results of both ways showed similar patterns. 236 
There were no significant differences of the worm motility among different concentrations and 237 
control groups at the beginning (at the 0 h time point). As time passed, the worms in the control 238 
groups showed a stable decrease in motility. At 12 h, the worms that underwent chemical 239 
treatments at different concentrations showed significant differences in motility compared with 240 
control groups. In addition, the worms under higher concentration treatments showed weak 241 
motility compared to the worms under lower concentration treatments. This indicates that 242 
worms under higher concentration treatments became less motile and died quicker (Figure 4c,d). 243 
These results suggest that the designed method is useful for chemical toxicity assessments, and 244 
the quantified phenotypes of C. elegans are useful markers for chemical toxicity identification. 245 
 246 
FIGURE AND TABLE LEGENDS:  247 
 248 
Figure 1: The interface of the software. 249 
 250 
Figure 2: The pipeline of a high-throughput assay for the prediction of chemical toxicity by 251 
automated phenotypic profiling of Caenorhabditis elegans. 252 
 253 
Figure 3: Experimental images of worms under 4.64 mg/mL CdCl2 (upper panel), 0.464 mg/mL 254 
CdCl2 (middle panel), and K-medium (bottom panel), at different time points. The images show 255 
the status changes of worms under chemical treatment or in a control group in one 256 
representative well of the 384-well plate throughout time.  257 
 258 
Figure 4: The quantified features of worms under different concentrations of CdCl2. (a) The 259 
quantified major axis length. (b) The quantified minor axis length. (c) The quantified motility by 260 
the moved area. (d) The quantified motility by the moved area/worm size. The bar plots show 261 
the average quantification for each feature on single worms. The error bars denote ± standard 262 
deviation (SD). The concentration unit = mg/mL.  263 



   

 264 
Table 1: Exposure concentration of 10 chemicals for the 384-well-plate C. elegans acute toxicity 265 
test. 266 
 267 
Table 2: A schematic of the 384-well plate layout. 268 
 269 
Table 3: Defined phenotypes of worms. 270 
 271 
DISCUSSION:  272 
The advantages of C. elegans have led to its increasing usage in toxicology9, both for mechanistic 273 
studies and high-throughput screening approaches. An increased role for C. elegans in 274 
complementing other model systems in toxicological research has been remarkable in recent 275 
years, especially for the rapid toxicity assessment of new chemicals. This article provides a new 276 
assay of high-throughput, quantitative screening of worm phenotypes in a 384-well plate for the 277 
automatic identification and assessment of chemical toxicity. This assay is ideal for acute toxicity 278 
testing of chemicals within 24 h, and it could be applied to subacute toxicity testing as well when 279 
more time points of data are collected and food source (OP50) is supplied for the worms.  280 
 281 
The medium used for diluting the chemicals can vary; we chose K-medium in the assay by 282 
referring to Sofie et al.13. Worms were cultured in K-medium in both the control and chemical 283 
treatment groups. An artificial freshwater solution or a soil solution with low ionic strength could 284 
be alternatives to K-medium. 285 
 286 
Chemicals with different toxicities can alter the phenotypes of C. elegans in different patterns. 287 
Chemicals used in this test were chosen from the third to sixth categories of the Globally 288 
Harmonized System of Classification and Labeling of Chemicals (GHS). C. elegans were exposed 289 
to chemicals at six or more dosage levels, which covered the 0%–100% mortality dosage range. 290 
For those chemicals with low water solubility, DMSO is recommended to promote the chemical 291 
dissolution in water. As a high concentration of DMSO may affect worm development and 292 
lifespan14, no more than 0.2% DMSO should be used for aquatic tests. 293 
 294 
The automatically quantified features show significant difference among different toxicities, 295 
which demonstrates that these quantified phenotypes of worms are very useful in identifying the 296 
toxicity of chemicals. It indicated that phenotypic profiling revealed conserved functions to 297 
classify and predict the toxicity of different chemicals using nematode C. elegans as an in vivo 298 
model organism.  299 
 300 
The US National Toxicology Program (NTP) established the Tox21 community through a 301 
memorandum of understanding with the U.S. Environmental Protection Agency (EPA) and the 302 
National Institutes of Health (NIH) Chemical Genomics Center, now the National Center for 303 
Advancing Translational Sciences (NCATS). Tox21 uses high-throughput in vitro screening and in 304 
vivo alternative animal model testing to identify mechanisms of toxicity, to prioritize chemicals 305 
for additional in vivo toxicity testing, and to develop predictive models of human toxicological 306 
responses. As part of that effort, C. elegans was used to screen the EPA’s ToxCast Phase I and 307 



   

Phase II libraries, which contain 292 and 676 chemicals, respectively, for chemicals leading to 308 
decreased larval development and growth15. The COPAS (Complex Object Parametric Analyzer 309 
and Sorter) platform has also been used for the worm toxicological screening studies2. However, 310 
the COPAS platform only quantifies few features, such as worm width, worm length, and the 311 
fluorescence intensity. This method is an improvement to current methods using worms to 312 
rapidly prescreen the toxicity of new chemicals.  313 
 314 
There are several critical steps within the protocol: the worm culture in a 384-well plate, the 315 
chemical treatment, the experimental image capture, and the phenotype quantification. 316 
Compared to traditional toxicity evaluation methods, this protocol can quantify some 317 
phenotypes of worms that are difficult to calculate manually and useful to reflect the toxicities 318 
of every chemical, such as the worm motility, worm width, worm size, and gray intensity. Clearly, 319 
this high-throughput assay for the prediction of chemical toxicity will be a valuable toxicity model 320 
approach and could be used for the prescreening of chemicals before rodent animal experiments.  321 
 322 
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Table 1. Exposure concentration of chemicals for 384 well-plate C. elegans  acute toxicity test.

Chemical GHS grade *C1 C2 C3 C4 C5 C6 C7

Cadmium chloride III 0.0464 0.1 0.215 0.464 1 2.15 4.64

Sodium Fluoride III 0.1 0.215 0.464 1 2.15 4.64

Copper(II) sulfate pentahydrate IV 0.01 0.0215 0.0464 0.1 0.215 0.464 1

Atropine sulfate IV 0.464 1 2.15 4.64 10 21.5 46.4

Potassium chloride V 2.15 4.64 10 21.5 46.4 100

Ethanol VI 2.15 4.64 10 21.5 46.4 100 215

Ethylene glycol VI 4.64 10 21.5 46.4 100 215 464

Anhydrous two propanol VI 2.15 4.64 10 21.5 46.4 100 215

Glycerol VI 4.64 10 21.5 46.4 100 215 464

Sodium Hypochlorite VI 1 2.15 4.64 10 21.5 46.4

*：C stands for concentration (mg/mL)
GHS is an acronym for the Globally Harmonized System of Classification and Labeling of Chemicals (by the United Nations) 
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Table 2. A schematic of the 384-well plate layout
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

A

B X1 X1 X1 X1 X1 X1 X1 X1 W1 W1 W1 W1 W1 W1 W1 W1

C X2 X2 X2 X2 X2 X2 X2 X2 W2 W2 W2 W2 W2 W2 W2 W2

D X3 X3 X3 X3 X3 X3 X3 X3 W3 W3 W3 W3 W3 W3 W3 W3

E X4 X4 X4 X4 X4 X4 X4 X4 W4 W4 W4 W4 W4 W4 W4 W4

F X5 X5 X5 X5 X5 X5 X5 X5 W5 W5 W5 W5 W5 W5 W5 W5

G X6 X6 X6 X6 X6 X6 X6 X6 W6 W6 W6 W6 W6 W6 W6 W6

H X7 X7 X7 X7 X7 X7 X7 X7 W7 W7 W7 W7 W7 W7 W7 W7

I Y1 Y1 Y1 Y1 Y1 Y1 Y1 Y1 V1 V1 V1 V1 V1 V1 V1 V1

J Y2 Y2 Y2 Y2 Y2 Y2 Y2 Y2 V2 V2 V2 V2 V2 V2 V2 V2

K Y3 Y3 Y3 Y3 Y3 Y3 Y3 Y3 V3 V3 V3 V3 V3 V3 V3 V3

L Y4 Y4 Y4 Y4 Y4 Y4 Y4 Y4 V4 V4 V4 V4 V4 V4 V4 V4

M Y5 Y5 Y5 Y5 Y5 Y5 Y5 Y5 V5 V5 V5 V5 V5 V5 V5 V5

N Y6 Y6 Y6 Y6 Y6 Y6 Y6 Y6 V6 V6 V6 V6 V6 V6 V6 V6

O Y7 Y7 Y7 Y7 Y7 Y7 Y7 Y7 V7 V7 V7 V7 V7 V7 V7 V7

P

Note:

100 µL of water (do not need to load worms, without picture capture)

100 µL of K-medium (control group)

X chemical"X"

Y chemical"Y"

W chemical"W"

V chemical"V"

number 1-7: seven gradient concentrations of each chemical (from lowest to highest)

Table 2 Click here to access/download;Table;Table 2-20181108.xlsx
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Category Phenotype Category Phenotype

The single worm number in each well; The average size of single worms;

The living single worm number in each well; The average length of single worms;

The smoothed living worm number, this 

operation is used to calculate the survival 

rate;

The average width of single worms;

Survival rate; The average perimeter of single worms;

The motility of single worms, it is computed 

by the average moved area of single 

worms;

The average size of living single worms;

The motility of single worms, it is the ratio 

between the moved area and worm size;
The average length of living single worms;

The motility of living single worms, it is 

computed by the worm moved area;
The average width of living single worms;

The motility of living single worms, it is the 

ratio between the moved area and worm 

size;

The average perimeter of living single 

worms;

The worms’ disperse situation in each well, 

it is the ratio between the single worm 

number and The total worm number in 

each well;

The major axis length of single worms, it is 

the major axis of the ellipse that has the 

same normalized second central moments 

as the worm body region;

The mean distance of all worms' centroid in 

each well;

The major axis length of living single 

worms;

The standard deviation of all worms' 

centroid distances;

The minor axis length of single worms, it is 

the minor axis of the ellipse that has the 

same normalized second central moments 

as the worm body region;

The average gray intensity of single worms; 
The minor axis length of living single 

worms;

The standard deviation of gray intensity of 

single worms;

The ratio between the single worms’ 

minor axis length and major axis length, 

this feature more close to 1 more close to 

one circle; 

The average gray intensity of living single 

worms;

The ratio between the living single worms’ 

minor axis length and major axis length;

The standard deviation of gray intensity of 

living single worms;

The eccentricity of single worms, it is 

computed from the ellipse of the worm’s 

body region; 

The orientation of single worms, it is the 

angle between the major axis of the 

worm’s body covered ellipse and the x-axis;

The orientation of living single worms;

Table 3. Defined phenotypes.

Worm number

Worm body size

Motility

Worm distribution

Worm body shape

Gray intensity

Worm body 

orientation
The eccentricity of living single worms;

Table 3 Click here to access/download;Table;Table 3-20181108.xlsx
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Name of Material/ Equipment Company Catalog Number

2-Propanol Sigma-Aldrich 59300

384-well plates Throme 142761

Agar Bacto 214010

Atropine sulfate Sigma-Aldrich PHL80892

Bleach buffer

Cadmium chloride Sigma-Aldrich 202908

Calcium chloride Sigma-Aldrich 21074

CCD camera Zeiss AxioCam HRm

Cholesterol Sigma-Aldrich C8667

Copper(II) sulfate Sigma-Aldrich 451657

Ethanol Sigma-Aldrich 24105

Ethylene glycol Sigma-Aldrich 324558

Glycerol Sigma-Aldrich G5516

K-Medium

LB Broth  
Magnesium sulfate 

heptahydrate Sigma-Aldrich 63140

NGM Plate

Peptone Bacto 211677

Potassium chloride Sigma-Aldrich 60130

Potassium phosphate dibasic Sigma-Aldrich 795496

Potassium phosphate monobasic Sigma-Aldrich 795488

PPB buffer

shaker ZHICHENG ZWY-200D

Sodium chloride Sigma-Aldrich 71382

Sodium fluoride Sigma-Aldrich s7920

Sodium hydroxide Sigma-Aldrich 71690

Sodium hypochlorite solution Sigma-Aldrich 239305

The link of program

Tryptone Sigma-Aldrich T7293

Yeast extract Sigma-Aldrich Y1625

Zeiss automatic microscope Zeiss AXIO Observer.Z1

Table of Materials Click here to access/download;Table of
Materials;Materials59082.xlsx

http://www.editorialmanager.com/jove/download.aspx?id=937355&guid=e3d19a3f-3030-4cb7-b2fc-af5c5e0f9b40&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=937355&guid=e3d19a3f-3030-4cb7-b2fc-af5c5e0f9b40&scheme=1


Comments/Description

0.5 mL of 10 M NaOH, 0.5 mL of5% NaClO, 9 mL ofultrapure water

Zeiss microscopy GmbH

3.04 g of NaCl and 2.39 g of KCl in 1 L ultrapure water

10 g/L Tryptone, 5 g/L Yeast Extract, 5 g/L NaCl 

3 g ofNaCl, 17 g ofagar, 2.5 g ofpeptone in 1 L of ultrapure water, 

after autoclave add 1 mL of cholesterol (5 mg/mL in ethanol), 1 

mL of MgSO4 (1 M), 1 mL of CaCl2 (1 M), 25 mL of PPB buffer

35.6 g of K2HPO4, 108.3 g of KH2PO4 in 1 L ultrapure water

https://github.com/weiyangc/ImageProcessForWellPlate

Zeiss automatic microsco with peproprietary software Zen2012 

and charge coupled device(CCD) camera



ARTICLE AND VIDEO LICENSE AGREEMENT 

Title of Article: 

Author(s):  

Item 1 (check one box): The Author elects to have the Materials be made available (as described at 

http://www.jove.com/author) via:      Standard Access       Open Access 

Item 2 (check one box): 

 The Author is NOT a United States government employee. 

 The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the 
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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ARTICLE AND VIDEO LICENSE AGREEMENT 

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. 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.

9. 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.

10. 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 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
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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. 
 
11.  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. 
 
12.  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. 
 
13.  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.   

 
A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission. 

 
CORRESPONDING AUTHOR: 

Name:   

Department:   

Institution:  

Article Title:  

Signature:   Date:  
 
Please submit a signed and dated copy of this license by one of the following three methods: 

1) Upload a scanned copy of the document as a pfd on the JoVE submission site; 
2) Fax the document to +1.866.381.2236; 
3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139 

 
For questions, please email submissions@jove.com or call +1.617.945.9051 
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Response to Reviewers 
 

Please note that the editor or reviewer’s concerns are listed one by one below 
(black characters), followed by our responses (blue characters) and, when 
relevant, the corresponding changes in the text (red characters). 
 
 
Comments from the editors and reviewers: 

 
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. 
We have carefully edited our manuscript for word usage and grammar.  
 
2. Please note that numbering of institutional affiliation should follow the order of 
authors. First author gets 1, next author with different affiliation gets 2, etc., 
following from first to last. 
We have updated the numbering of institutional affiliations in the revised 
manuscript. 

 
3. Please provide an email address for each author. 
We added the email address for each author in the revised manuscript. 

 
4. Please rephrase the Introduction to include a clear statement of the overall goal of 
this method and include Information that can help readers to determine if the 
method is appropriate for their application. 
We have rephrased the Introduction.  
 
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. You may use the generic term 
followed by “(see table of materials)” to draw the readers’ attention to specific 
commercial names. Examples of commercial sounding language in your manuscript 
are: Sigma-Aldrich, MATLAB, Nikon SMZ1000, etc. 
We have removed all commercial language from our manuscript.  
 
6. Please include an ethics statement before your numbered protocol steps, 
indicating that the protocol follows the animal care guidelines of your institution. 
We have included an ethics statement.  

“The protocol follows the animal care guidelines of the Animal Ethical Committee of 
Beijing Center for Disease Prevention and Control in China.” 
 
7. Please adjust the numbering of the Protocol to follow the JoVE Instructions for 
Authors. For example, 1 should be followed by 1.1 and then 1.1.1 and 1.1.2 if 
necessary. Please refrain from using bullets, dashes, or indentations. 

Rebuttal Letter Click here to access/download;Rebuttal Letter;rebuttal letter-
20181108.docx
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We have updated the numbering of the Protocol.  
 
8. Please revise the protocol text to avoid the use of any personal pronouns (e.g., 
"we", "you", "our" etc.). 
We have revised the protocol text.  
 
9. Please revise the protocol 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. 
We have revised the protocol to contain only action items.  
 
10. 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. See examples below: 
Line 80: Please reference Table 1 here for the chemicals tested in this protocol 
We have referenced Table 1 there, and added more details to the protocol 
steps.  
 
Line 81: Please reference Table 1 here for the concentration levels tested in this 
protocol. Please briefly mention how to prepare chemical solutions. What solvent is 
used for solid chemicals? 
We have referenced Table 1 here. And we added an example of describing  
how to prepare chloride (CdCl2) solutions. 

“Take Cadmium chloride (CdCl2) for example, seven gradient concentrations were 
designed (Table 1). The highest concentration was 4.64 mg/mL, 2X of the highest 
concentration aqueous solution was prepared, 92.8 mg CdCl2 solid powder was 
diluted by 8mL of K-Medium, and made up to 10 mL after fully dissolved. The other 
concentration levels were diluted gradiently by K-Medium.” 
 
Line 84: Listing an approximate volume to prepare would be helpful. 
We have added the preparation in the revised manuscript.   

“1.4 Set eight parallel wells for every specific point of the concentration gradients of 
each chemical, each well containing 50 µL of 2X chemical solution. Set at least 3 
groups of eight parallel wells of K-medium as control (Table 2). 
 
NOTE: In brief, a volume of 500 µL of 2X working solution is necessary for a single 
dosage of each chemical.” 
 
Lines 90-91: Please describe how these are done. For example, how are the plates 
seeded with E. coli? How is bleaching done? How long does it take to reach L4 stage? 
We have added the description in the revised manuscript.  



 
Line 93: 100 ul of what? K-medium? Are the worms transferred from the plate to a 
tube, or a new plate? It is unclear. 
We have made it clear in the revised manuscript. 
 
Line 99: Please write the sentence in imperative tense and include it in the step. How 
to carry out 8 parallel tests? How many (8?) wells are filled with the same chemical 
but with different concentrations? 
We have modified the sentence, and the 8 parallel tests are for each 
concentration we carry out 8 parallel tests (8 wells are filled with the same 
chemical and same concentration).  
 
Line 105: Are the wells of plates labelled for different chemical treatment? 
Yes, we numbered each well and recorded the tested chemical and 
concentration in each well.  
 
Line 107: Are the plates taken out from the incubator and transferred to the 
automatic stage for taking videos? Please specify. 
Yes, the plates were taken out from the incubator and transferred to the 
automatic stage for taking videos.  
 
Lines 110-117: Software must have a GUI (graphical user interface) and software 
steps must be more explicitly explained ('click', 'select', etc.). Please add more 
specific details (e.g. button clicks for software actions, numerical values for settings, 
etc.) 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. 
We have added more specific details of software.  
 
Lines 120-121: Please describe in imperative tense how to perform phenotype 
quantification and toxicity analysis. 
We have modified the description.  
 
11. Please include single-line spaces between all paragraphs, headings, steps, etc. 
We have modified the line space.  
 
12. Table 1: Please define GSH. 
GSH is an acronym for Globally Harmonized System of Classification and 
Labeling of Chemicals (by United Nations).  

 
13. Please upload each Figure individually to your Editorial Manager account as 
a .png, .tiff, .pdf, .svg, .eps, .psd, or .ai file. 
We have uploaded each figure individually.  
 
14. Please remove the titles and Figure Legends from the uploaded figures. The 
information provided in the Figure Legends after the Representative Results is 
sufficient. 
We have removed the titles and Figure Legends from the uploaded figures.  



 
15. Figures 2 and 3: Please change “ml” to “mL” and the unit of the scale bar “um” to 
“µm”. Please include a space between all numbers and their units (i.e., 0 h, 12 h, 24 
h, 500 µm). 
We have modified according to your suggestions.  
 
16. Figure 2 legend: Please describe the figure in more detail. For example, what are 
the top and bottom panels? What is in the control well? 
We have added more details accordingly.  
 
17. Figure 3 legend: Please label and explain the different panels. 
We have labeled and explained the different panels.  
 
18. JoVE articles are focused on the methods and the protocol, thus the discussion 
should be similarly focused. 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 
We have revised the discussion.  
 
19. For in-text references, the corresponding reference numbers should appear as 
superscripts after the appropriate statement(s) in the text (before punctuation but 
after closed parenthesis). The references should be numbered in order of 
appearance. 
We have modified accordingly.  
 
20. Please ensure that the references appear as the following: [Lastname, F.I., 
LastName, F.I., LastName, F.I. Article Title. Source. Volume (Issue), FirstPage – 
LastPage (YEAR).] For more than 6 authors, list only the first author then et al. See 
the example below: 
Bedford, C.D., Harris, R.N., Howd, R.A., Goff, D.A., Koolpe, G.A. Quaternary salts of 2-
[(hydroxyimino)methyl]imidazole. Journal of Medicinal Chemistry. 32 (2), 493-503 
(1998). 
We have modified accordingly.  
 
21. References: Please do not abbreviate journal titles. 
We have modified accordingly. 
 
 
 
Reviewers' comments: 
 
Please note that novelty is not a requirement for publication and reviewer comments 
questioning the novelty of the article can be disregarded. 
 



Please note that the reviewers raised some significant concerns regarding your 
method and your manuscript. Please thoroughly address each concern by revising 
the manuscript or addressing the comment in your rebuttal letter. 
We thank reviewers for these suggestions. We have now addressed 
reviewers’ comments point-by-point (below), and revised the manuscript 
accordingly.  
 
 
 
Reviewer #1: 
 
Manuscript Summary: 
The Manuscript "A high-throughput assay for prediction of chemical toxicity by 
automated phenotypic profiling of Caenorhabditis elegans", by Xian Bo et al, 
provides insights into a novel protocol for C. elegans phenotypical screening. While 
of potential interest for the community, a few points needs to be considered before it 
is accepted for publication. 
 
Major Concerns: 
Line 110. My only major concern regarding the protocol are the steps 5 and 6. While 
steps 1-4 are described into enough detail and will allow the user to reproduce the 
method, a much more detailed description of the Experiment video processing 
(Point5) and phenotypes definition (Point6) will be required if another user would 
like to use this method. The current description provide only a general explanation 
on how the software works, but does not give any specific indication on how to use 
the software and how to tune its parameters prior to analysis. A description of the 
type of output that the software provides will be necessary in order to facilitate data 
analysis. 
We have added more details according to this suggestion.  
 
It was also not clear to me if the software is open source or not. In case it is, a link to 
download should be provided. If this was already provided in the paper referenced 
as [11], this should be indicated in the text. 
We have added the link to download the software.  
 
In Line 124. It was also not clear to me if these data referred to are the same data 
reported in the reference [11], or another, or if they are original data. If these data 
were previously reported, the appropriate reference should be included to avoid 
confusion for the reader. 
We included the appropriate reference.  
 
Figure 3 should be reformatted with a clearer colour code. Especially given that the 
k-medium is used as a positive control, this should be clearly distinct from the other 
compound concentrations, such as 2.15 mg/ml. 
We reformatted this figure according to this suggestion.  
 
Providing a comparison of the phenotypical screening with a manual paralysis or 
lifespan assay will be helpful to prove the validity of the method and its advantage 



over manual analysis (which it was not clear to me if it was the sensitivity or the 
throughput). If this comparison was already provided in the previous works, 
providing the reference will be helpful. 
This comparison was already provided in the previous works. We now have 
added the reference of our previous paper (reference [11]). In this paper, we 
did the comparison between manual analysis and automatically analysis 
results.  
 
Minor Concerns: 
Line 80. Please specify which "chemicals" are required. 
We have listed the chemicals in the “table of materials”. 
 
Line 81. Please provide an indication of a specific range of concentrations that can be 
tested in the text. 
We added more detailed description according to this suggestion.  

“Design the highest and lowest dosages of individual chemical at its minimum 
concentration of 100% lethality (LC100, 24h) and maximum concentration of 100% 
non-lethality (LC0, 24h) to worms, with totally at least six serial diluting from the 
highest concentration (Table 1).” 
 
Line 90. Which temperature do you raise the worms, is it 20C? Please provide a 
reference for the bleaching step if details are not provided in the text, as the readers 
may not be familiar with it. 
We added more details accordingly.  
 
Line95. The Authors suggest that this protocol can be used 24h after the L4 stage. Is 
it possible of applying it for more time-points in the lifetime of the worms or is it 
limited to a D0 screening? 
This method is ideal for acute toxicity test within 24 hours. It is possible for 
applying more time-points with food source for worms. 
 
Line 102. Please provide more details for the user for this step to use this automated 
procedure 
We have added more details.  
 
Line 106. Is this step done inside and incubator? 
This step was done in an incubator shaker. 
 
Line 108. An indication on the time required to finish a screening of 384 wells will be 
helpful 
We added the indication “ 7 frames per second for 2s, it takes ~20 min for scanning 
each plate ”    
 
 
Reviewer #2: 
 
Manuscript Summary: 
The paper of Xian Bo et al described a high throughput methods for screening the 



effects of chemicals on survival and behavioural trait of the nematode 
Caenorhabditis elegans. C. elegans is certain likely to prove a useful model system for 
chemical screening and prioritisation, so developing higher throughput testing and 
screening methods with this species is a worthwhile pursuit. That said the work 
presented is not entirely novel, as similar method for screening chemical toxicity with 
C. elegans have already been developed and used with the EU-EPA Tox21 program. 
Screening in Tox21 is done by quantifying population growth rate, rather than 
individual survival and/or movement as done here. However, as survival and 
population growth are linked (not necessarily linearly), it could be argued the 
method presented complements that used in Tox21. Despite the potential usefulness 
of the method, I have a number of concerns about whether the method develop is 
suitable as a universal chemical screening tool, based on concerns about dosing and 
representative exposure as stated below. 
 
Major Concerns: 
 
1. The author do a good job of promoting the advantages of C. elegans for 
toxicological screening. However, this is rather a cherry picked view. Disadvantages 
are not mentioned. For example, comparative studies have shown that C. elegans 
lack up to 40% of all human drug targets. Assumption of a similar proportion of 
missing for specifically acting chemical toxicants (e.g. pesticide receptors etc.), that 
would indicate that a significant portion of more toxic chemical would not be 
identified based on screening in C. elegans alone. There are also difference in 
anatomy, metabolism and organ structures that may mean different effects in C. 
elegans and mammalian studies. These will need to be considered in any scheme 
that uses studies in C. elegans as a toxicological screening tool. 
We added some discussions about these disadvantages.  

“Clearly, this high-throughput assay for prediction of chemical toxicity will be a 
valuable toxicity model approach and could be used to the pre-screening of 
chemicals before the rodent animal experiments.” 
 
2. The author state that for the experimental design, 4-8 treatments should be used. 
Based on describing effects with logistic concentration-response models that may 
contain 3 or 4 parameters, four treatments is too few. The minimum should be at 
least six treatments for more reliable model fitting. 
We have change the statement and recommend users to design more than 
six treatments.  

 
3. Replication levels are not mentioned clearly in the text. The text at the start of 
results section 3. "Chemical treatment and video capture" mentioned single dosage 
and 8 parallel tests, yet it is hard to see how this maps on to the design with multiple 
treatments mentioned early. The replication used needs to be clarified. 
We clarified the replication.  

 
4. Promotion of a single chemical supplier (Sigma-Aldrich) should be removed. Here 
instead details of the purities of substances used or ways to report on the 
composition of any mixtures tested (e.g. formulations, oils etc.) should be included. 



We modified the description accordingly.  

 
5. K-medium is not appropriate for use when conducting toxicity tests. The high ionic 
strength and high chloride content, result in potentially unrealistic chemical 
behaviour in toxicity tests undertaken in this solution. An alternative to K-medium 
with low ionic strength should be recommended for the assay (e.g. artificial 
freshwater or soil solution). 
We appreciate reviewer’s suggestion and add it in the discussion. We have 
added the recommendation in the discussion. 
 
6. In discussing approaches to dosing the authors do not mention what to do with 
poorly water soluble chemicals. Many chemicals have low water solubility and so 
cannot simply be easily dissolved in water and so present a challenge for aquatic 
tests. Yet these chemical can and do present a hazard. Method to use solvents and to 
conduct passive dosing are already published for aquatic tests. These need to be 
integrated here to show how testing for C. elegans can be conducted with more 
lipophilic chemicals, otherwise the test system is not applicable to a large tranche of 
substances on the market today. 
We added more details accordingly.  
 
7. The program for analysis of the phenotyping data needs to be released with the 
paper. If the authors wish to keep this as proprietary software for planned 
commercial exploitation, this is fine. However, in that case the paper should be 
presented for promotional purposes to support software release etc., not published 
as a peer review article that focusses on the method itself 
We have released the software freely and added a link for downloading by 
users.  
 
 
 
 
Reviewer #3: 
 
Manuscript Summary: 
Authors show a method to assay toxicity in C. elegans. They named high-throughput 
because they use 384 well-plates, but they use only 19 compounds only. 
They have an automatized system to take pictures from well, and a customized 
software to score phenotypes that can be relaetd to toxicity. 
 
Major Concerns: 
There are many other methods to study toxicity of compounds in C. elegans in a 
large-scale manner. Surprisingly, authors do not mention any of those but they claim 
that this method "is an improvement of current methods". The discussion section is 
just a summary of settings and results, and do not comment on their method in any 
context. Why somebody should see their video and no others?. I have not found an 
answer in the manuscript. 
We added more details according to suggestions.  
 



There are other concerns, as the solubility of molecules. They used 19 compounds 
but for a high-throughput assay that would find molecules with low solubility in the 
media they used (K-medium) 
We added more descriptions about the solubility of molecules. 
 
There is not info about the matlab pipeline or script that they use. 
We added more information about the matlab pipeline or script.  
 
Minor Concerns: 
They mention the use of a Nikon microscope, but later the refer to a Zeiss. 
We have modified accordingly.  
 
Do you need the 33 features to label a compound as toxic, or would be sufficient 
with less? 
We listed all the features that we can quantify. It provided more optional 
parameters are provided to different users.  
 
Why do you recommend chemicals from Sigma, and not from other suppliers? 
We removed all commercial language from our manuscript.  

 
 
 
 
Reviewer #4: 
 
Manuscript Summary: 
The authors describe an automated method for descriptive and kinematic analysis of 
C. elegans in 384 well plates. The method was used by the authors to analyze 
phenotypes resulting from the exposure of worms to CdCl2 after 12 and 24 hours of 
exposure in the absence of food. Worms showed a dose and time dependent 
decrease in many movement parameters. 
 
Major Concerns: 
It would seem to me that in this submission, Fig. 1, Table 1, and Table 2 have already 
been published in the author's recent BMC Pharm and Tox paper. Fig. 1 in this 
submission is roughly equivalent to Fig. 5 in the BMC paper. Table 1 in this 
submission is equivalent to Supplemental Table 1 in the BMC paper. Likewise Table 2 
in this submission is also listed in the BMC paper 'Methods'. While this information is 
not presented in EXACTLY the same format in the two papers, the exact same 
information is communicated. 
We added the previous paper as reference in related sections. 
 
 
Minor Concerns: 
Many awkward and unclear statements throughout - needs extensive proofreading 
for clear English 
We have carefully edited our manuscript for word usage and grammar. 
 



Why does the fact that the worm genome is fully sequenced make it a good model 
for testing chemical toxicity? Other organisms have fully sequenced genomes as well. 
Please clarify 
We modified the description accordingly.   
 
The MATLAB code needs to be made available in some way with the publication 
We added the link to download the software.  
 
L82 - Can the authors describe or cite a reference to explain 'the degree of saturation 
and Horn method' 
We added the reference accordingly.  
 
Please acknowledge the CGC and its funding information in the 'Acknowledgements' 
section. 
We now have acknowledged the CGC and its funding information in the 
'Acknowledgements' section.  



Response to editor 

 

Please note that the editor’s concerns are listed one by one below (black 

characters), followed by our responses (blue characters) and, when relevant, 

the corresponding changes in the text (green characters). 

 

 

Comments from the editor: 

 

1. Please shorten it to no more than 50 words. 

We have shortened the SUMMARY to no more than 50 words. 

 

2. Please remove the square brackets that enclose the reference numbers. 

We have removed the square brackets that enclose the reference numbers. 

 

3. What is LD50? 

We have removed the ‘LD50’. 

 

4. Can the authors describe or cite a reference to explain 'the degree of saturation 

and Horn method'? 

We have removed this description. 

 

5. What are the criteria for selecting the highest concentration? 

We set the highest dosage of individual chemical at it minimum concentration 

of 100% lethality (LC100, 24h)  

 

6. In the JoVE Protocol format, “Notes” should be concise and used sparingly. They 

should only be used to provide extraneous details, optional steps, or 

recommendations that are not critical to a step. Any text that provides details about 

how to perform a particular step should either be included in the step itself or added 

as a sub-step. Please consider moving some of the notes about the protocol to the 

discussion section. 

We have modified according to this suggestion.  

 

7. Please specify what this stands for. Step 1.2 mentions 4-8 gradient concentration 

levels. 

We have modified this section and described as “Design the highest and 

lowest dosages of individual chemical at it minimum concentration of 100% 

lethality (LC100, 24h) and maximum concentration of 100% non-lethality (LC0, 

24h) to worms, with at least 6 serial diluting among them (Table 1).” 

 

8. In the JoVE Protocol format, “Notes” should be concise and used sparingly. They 

should only be used to provide extraneous details, optional steps, or 
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recommendations that are not critical to a step. Any text that provides details about 

how to perform a particular step should either be included in the step itself or added 

as a sub-step. Please consider moving some of the notes about the protocol to the 

discussion section. 

We have modified according to this suggestion.  

 

9. Please reorganize the steps/notes here so that the protocol can be followed in 

chronological order. 

We have modified according to this suggestion.  

 

10. Please provide the composition of NGM. If it is purchased, provide product 

information in the Table of Materials and cite the Table of Materials here. 

We have added the details of NGM in the Table of Materials and cited the 

Table of Materials.  

 

11. In the JoVE Protocol format, “Notes” should be concise and used sparingly. They 

should only be used to provide extraneous details, optional steps, or 

recommendations that are not critical to a step. Any text that provides details about 

how to perform a particular step should either be included in the step itself or added 

as a sub-step. Please consider moving some of the notes about the protocol to the 

discussion section. 

We have modified according to this suggestion.  

 

12. Please describe how to settle down the worms. 

We have added “let the worms settle down for at least 2 minutes”  

 

13. What is used to wash the eggs? And what volume? 

We have added “wash the eggs by 5mL sterile H2O at least 2 times”. 

 

14. Please provide the program information in the Table of Materials and move the 

weblink to Table of Materials. 

We have provided the program information in the Table of Materials and move 

the Weblink to Table of Materials.  

 

15. Software steps must be more explicitly explained ('click', 'select', etc.). Please add 

more specific details (e.g. button clicks for software actions, numerical values for 

settings, etc.) to your protocol steps. 

We have rewritten this section according to the suggestion.  

 

16. Please revise the protocol 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. Any text that cannot 

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

We have modified according to this suggestion.  



 

17. Please specify the method here. 

We have modified according to this suggestion. 

 

18. Please ensure that the references appear as the following: [Lastname, F.I., 

LastName, F.I., LastName, F.I. Article Title. Source. Volume (Issue), FirstPage – 

LastPage (YEAR).] For more than 6 authors, list only the first author then et al. See 

the example below: 

Bedford, C.D., Harris, R.N., Howd, R.A., Goff, D.A., Koolpe, G.A. Quaternary salts of 

2-[(hydroxyimino)methyl]imidazole. Journal of Medicinal Chemistry. 32 (2), 493-503 

(1998). 

We have reformatted the references.  

 



Response to Editor 

 

Please note that the editor’s concerns are listed one by one below (black 

characters), followed by our responses (blue characters) and, when relevant, 

the corresponding changes in the text (purple characters). 

 

 

Comments from the editor: 

 

1. The description suggests 8 concentrations while Table 1 shows only 7 

concentrations. Or do you mean 6 serial diluting from the highest concentration? 

Yes, we mean "6 serial diluting from the highest concentration" for the description. 

We have modified the manuscript accordingly, "... with totally at least six serial 

diluting from the highest concentration", which is consistent with Table 1.  

 

2. Please provide a reference for how to perform this test. 

We have added reference 9 for this test.   

 

3. Do you mean the eight parallel wells all contain the same chemical with the same 

concentration? Also, Table 1 shows only 7 concentrations. Does one well contain 

K-medium only? A schematic showing the plate layout would be helpful. 

Yes, for each individual chemical, there are at least 6 concentration levels to test. For 

each concentration level, there are eight parallel wells (containing the same chemical, 

same concentration). Also there are at least 3 groups of eight parallel wells of 

K-medium as control. We have added Table 2 as a schematic for showing the 

384-well plate layout. 

 

4. Please specify the volume. 

100 mL. We have modified the manuscript accordingly. 

 

5. Please specify the temperature and other conditions. 

We have added “ Raise N2 worms on the NGM plates with OP50 lawn in 20 °C for 

about 2-3 days when most of worms are reached adult stage. ” 

 

6. I rearranged the steps based on my understanding. Please confirm that the 

intended meaning has been retained. 

We accept the rearrangement and modified some descriptions. Thanks.  

 

7. When are the worms harvested? 

About 2-3 days when most of worms are reached adult stage, the worms were 

harvested. This has been indicated in the modified 2.2.2. 

 

8. Is supernatant discarded after centrifugation? Please specify. 
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Yes, we discarded the supernatant after centrifugation. We have modified the 

manuscript accordingly. 

 

9. Is water removed after each wash? Please specify. 

Yes, we removed the supernatant and add water to rewash the egg each time. We 

have modified the manuscript accordingly. 

 

10. Step 1 describes the preparation of chemicals with different concentrations. The 

results also show the effect of different concentrations. Therefore, in the treatment 

here, please include how the test with different concentrations is performed. 

We have modified the manuscript accordingly. “In 384-well plates, worms (50 µL in 

each well) are treated by individual chemical at 6-7 dosages (Table 1). Set eight 

parallel wells each containing 50 µL of 2X chemical solution for every dosage (8 wells 

are filled with the same chemical and same concentration).”  

 

11. There are 384 wells. So, in this protocol, do you fill other wells with chemical at 

different concentrations and different chemicals? Please specify. 

Yes, we have added Table 2 as a schematic for showing the 384-well plate layout. 

  

12. Why is this needed? 

The middle results include the segmented images. These middle results are useful for 

the visual observation of the processed images.  

 

13. Please specify the size parameter used. 

The size parameter used in the experiments is 2000.  

 

14. Please specify. 

We have modified accordingly. 

 

15. Please specify the ratio used. 

The ratio used in the experiments is 0.93. 

 

16. Please specify. 

We have modified accordingly. 

 

 



Response to Editor 

 

Please note that the editor’s concerns are listed one by one below (black 

characters), followed by our responses (blue characters) and, when relevant, 

the corresponding changes in the text (orange characters). 

 

 

Comments from the editor: 

 

1. The language in the manuscript has been signficantly edited for coherence. Please 

review. 

We accepted and appreciated the modification. 

 

2. In the Table of Materials, the composition of the NGM plate is not very clear 

(mL/L??). Please revise: 

3 g/L NaCl, 17 g/L agar, 2.5 g/L peptone, 1 mL/L cholesterol (5 mg/methyl alcohol), 1 

mL/L 1 M MgSO4, 1 mL 1 M CaCl2, 25 mL/L PPB buffer 

We ‘ve revised this as “3 g NaCl, 17 g agar, 2.5 g peptone in 1L ultrapure water, after 

autoclave add 1 mL cholesterol (5 mg/mL in ethanol), 1 mL MgSO4 (1M), 1 mL CaCl2 

(1M), 25 mL PPB buffer” 

 

3. Please upload the program files here as Supplementary Coding Files. 

Now we have uploaded the program files as Supplementary Coding Files. 

 

4. Additional comments are in the attached manuscript. 

We have modified according to the comments.  

 

5. Figure 4 needs units to define the panel legend on the right: 4.64, 2.15, etc. need 

units for context. 

We have added the units on Figure 4.  

 

6. Please obtain explicit reprint permissions for previously published figures and 

tables. 

The figures and tables we used in this manuscript are different from those published 

previously.  

 

[A1] These are not 6 serial dilutions. Do you make three different solutions and then 

dilute solution 1:10?  

How do you get a 2.15 mg/mL solution from 4.64 mg/mL solution cleanly? 

We diluted the solution 2.15 times from the higher concentration.  

 

[A2] Please revise for clarity. Movement threshold? 

We have modified accordingly. 
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[A3] Again, please revise for clarity. This is not the same language in Figure 1 as well. 

We have modified accordingly.  

 

[A4] Where are the lower concentrations? 

We show the quantified phenotypes of all the used concentrations in Figure 4, we 

have changed the reference from Figure3 to Figure 4. 

We have added 3 representative pictures of worms under 0.464 mg/mL CdCl2 

(middle panel) at 0, 12 and 24 hours in Figure 3.  

 

[A5] ??? Where are the other concentrations? Only the highest (4.64 mg/mL) and the 

control are shown. 

We show the quantified phenotypes of all the used concentrations in Figure 4, we 

have changed the reference from Figure3 to Figure 4. 

We have added 3 representative pictures of worms under 0.464 mg/mL CdCl2 

(middle panel) at 0, 12 and 24 hours in Figure 3. 

 

[A6] Figure 3 or Figure 4? Please specify the panels. 

We have modified.  

 

[A7] Redundant with previous sentence? 

We have deleted this sentence.  

 

[A8] Please revise for clarity. 

We have modified accordingly.  

 

[A9] Please specify the panels. 

We have specified the figures.  

 

[A10] Please revise for clarity. 

We have modified as “This assay is ideal for acute toxicity testing of chemicals within 

24 hours, and it could be applying for subacute toxicity testing as well when more 

time-points of data were collected and food source (OP50) is supplied for worms.” 

 

[A11] ??? 

We have modified the text. 

 

[A12] Table 1 says GSH. Which is it? 

It should be GHS. We have corrected it in the table1.  

 

[A13] ???? 

We have deleted this sentence. 

 

[A14] Citation? 



We have added reference 15 and modified the text. 

 

[A15] Define this abbreviation. 

The COPAS is the abbreviation of Complex Object Parametric Analyzer and Sorter. We 

have modified in the text. 
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